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Preface 
 

On behalf of the Organizing Committee, we are delighted to issue the proceeding of 

Sustainable Energy Technologies (ICSET 2023), held from 9-11 November 2023 at the 

Industrial University of Ho Chi Minh City, Ho Chi Minh City, Vietnam. 

  

This year 2023, the ICSET 2023 at the Industrial University of Ho Chi Minh City would like 

to evolve into one of the leading academic conferences in the field of sustainable energy 

technologies through insightful lectures and presentations for even more attendees.  

  
During the conference, we were particularly pleased with the extended exchanges between 

the existing participants and Vietnamese researchers. The Industrial University of Ho Chi 

Minh City (IUH) hosted joint workshops in collaboration with the Vietnamese-German 

University (VGU), the Ho Chi Minh City University of Technology (HUTECH), and the 

Department of Science and Technology of Ho Chi Minh City. 

  

The purpose of this ICSET2023 is to explore and ensure an understanding of critical aspects 

contributing to sustainable energy development, especially new technologies of energy and 

energy use, materials, machines, and methods. From such understanding, the conference aims 

to provide an overall approach to assist policymakers, industries, and researchers at various 

levels in positioning local technological development towards sustainable energy 

development in the global context. The goal is to aid decision-making for a greener approach, 

particularly concerning materials, machines, and methods. 

 

We would like to express our gratitude to the members of the International Organizing and 

Academic Committees of the conference, for their hard work and advice which was helpful 

in maintaining the high level of the conference. We thank to Vingroup Innovation Foundation 

(VINIF – VINBIGDATA) for the sponsorship of the International Conference "Sustainable 

Energy Technologies - ICSET 2023”. We also thank the Industrial University of Ho Chi Minh 

City publishing house for publishing the selected papers. We hope that all the papers will 

serve as a valuable source of information for academics, researchers, engineers, and students 

in their scientific work. 

 

Best regards! 

 

Sivanappan Kumar 

Djourkov, Todor Georgiev. 

Seung-Bok Choi 

Hung Xuan Nguyen 

Hung Quoc Nguyen 

Thanh Trung Bui 
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Abstract. To achieve the goal of Vietnam's commitment to be carbon neutral by 2050 at the 26 COPs, 

avoid long-distance power loss, local electricity shortages and reduce high pressure from source-grid 

investment costs, Vietnam needs to decentralize the large power stations to district-scaled plants. 

Furthermore, based on the potential of Vietnam's biomass from the main export items being rice and wood, 

a study to evaluate and optimize the heat balance diagram of the power plant using Thermal flow's steam-

pro software is carried out, including checking the power flow of the unit used the Siemens’s PSS/ E 

software. The article also evaluates and compares heat balance diagram types in terms of total investment, 

fuel consumption costs and feet-in-tariff electric incentive prices, thereby making suitable proposals for 

choosing a standard design of a new biomass power plant in Vietnam in the near future. In addition, the 

study also evaluates and makes relevant recommendations in converting the existing bagasse-burning 

cogeneration plant into an independent power generation plant combining by optimizing the modeling 

combustion replacement biomass fuel using Ansys software and by an experimental evaluation for 

performance guarantees using the on-line measure-directed method. Moreover, the carbon net zero curves 

between mixed rates and outlet flue gas temperature at all stable loads was build up and vertified by the 

simulations of combustion modeling of biomass co-firing in domestic anthracite coal-fired sub-critical and 

imported sub-bitumen coal-fired supercritical larger-scale (+600 MW) power units at mix rate 16.67% and 

33.33% of new added burners for rice husks in W-flame furnace and existing pulverized system for wood 

pellets in L-flame combustion chamber, respectively. From the results of this study, it is found that wood 

pellets is not available at 8.47 US Cents per kWh of FIT price and gram of capacity is 10 MW for new 

biomass power unit for a district scale is suitable in Vietnam conditions. Additionally, the loss of fuel 

consumption rate at 87 g/kWh of forest residuals is found when switching from a bagasse combine heat and 

power unit to a forest residuals independent power plant. The difference temperature among 100%RO and 

75%RO of W-flame furnace are better than subcritical units by about 4 deg.C. As a result, a road map for 

biomass co-firing in pulverized coal larger-scale plants should be immediately performed. It is also 

suggested that the PG_cal program should be used for the performance guarantees and tests at all stable 

loads not only in new biomass plants, but also in biomass co-firing coal power plants in order to achieve 

the decarbonization practical imperative for Vietnam's "net zero" goal of 2050 in the field of power 

generation in general as well as to establish policies on environmental protection for industries. 

Keywords. Biomass, power plant, energy efficiency, power flow, performance guarantees, carbon neutral, 

CFD, co-firing, Flue gas temperature. 

1 INTRODUCTION 

Recently, Vietnam has significantly increased its solar and wind power installed capacity with Feed-in-

tariff incentive electricity price policies [1]. However, these energy sources are high fluctuated from actual 

operation. Typically, on March 19, 2022, the total generating capacity of Vietnam's wind power dropped 

to only 15 MW from the total installed capacity of 3,980 MW, as shown in [2], while the load demand of 

the whole system remained stably. This shows that solar and wind power are not reliable until the large-

scale power storages such as batteries, pump storage hydro-powers, hydrogen technology and so on, are 

available. Therefore, the short-term solutions to reduce emissions carbon should be considered in Vietnam 

is biomass energy. 

In another aspect, although new coal-fired larger-scale power plant has been stopped, the remaining delayed 

larger-scale coal fired units in Vietnam are still under construction and have not been COD yet such as Van 
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Phong 1, Quang Trach 1, Thai Binh 2, etc. Moreover, according to the draft of the Power Development 

Plan 8 [1], by 2045, the proportion of coal-fired power plants still contribute from 9.7% to 13.2% in total 

generation capacity in Vietnam.  

Based on the above analyses, the problems of biomass potential, ability of power grid to release capacity, 

selection of optimal heat balance diagram, simulation of combustion modeling, guaranteed performances, 

economic and financial analysis based on intensive electricity prices should be reviewed, evaluated and 

proposed roadmap. This is not only necessary for the construction of new biomass power plants, but also 

important in the conversion of biomass combined heat and power to independent power plants, and 

especially the biomass co-firing in the existing coal-fired plant to meet the target of carbon neutrality by 

2050 in Vietnam. 

2 LITERATURE REVIEW 

Co-firing technologies have been verified in coal-fired power plants, including (i) direct co-firing in 

Gelderland Power Station, Nijmegen, The Netherlands and Wallerawang Power Station, NSW, Australia; 

(ii) indirect co-firing in Zeltweg Power Plant, Austria and Amer Power Plant, The Netherlands, and (iii) 

parallel co-firing in Avedøre Power Plant, Denmark [3-4]. Biomass firing in coal plants can result in 

increasing tube corrosion/fouling and slagging caused by chlorine and alkali metals [5-16]. In negative side 

of co-firing applications, the reduction in boiler efficiency 0.2- 4% with biomass percentage 5-30% 

respectively, was shown in [15]. A process model to optimize the soot-blowing for ash deposits to reduce 

CO2 has been carried out in [17]. A review for carbon-negative fuels as syngas productions from biomass 

has shown in [18]. However, in the positive side, co-firing has helped to reduce CO2 emissions in coal-

fired power plants with minimal modifications and moderate investment [19-20]. The change in CO2 

emissions from 800 to 400 kg CO2/MWhe was linear with the amount of coal offset by biomass from 0 to 

50%, as presented in [21]. A life cycle assessment of co-firing wood pellets at 10% mixing rate was reported 

to reduce GHG emissions by 9% in the United States [22]. In Vietnam, an integrated model simulating the 

economics, environmental and social implications of blending 5% of rice straw in two existing coal power 

plants indicated the saving coal of 6,808 mil. USD per year for Mong Duong 1 Plant and 1,742 mil. USD 

per year for Ninh Binh Plant, reflectively [23]. For country-scale, Tere Vad´en et al. [24] suggested that 

Finland needed over 140 Mm3 of forest biomass for their goal of carbon neutrality by 2035. For the 

numerical aspect, F. O. Centeno-González et al. [25] carried out a CFD model on an boiler burning 

sugarcane bagasse by using Ansys fluent software to define devolatilization phenomenon through the 

particle trajectory to predicting the thermal fields. In term of biomass ration in co-firing, most of the biomass 

fuel mix ratio in pulverized coal plants is less than 10%, circulating fluidized bed (CFB) can be up to 15%, 

and grate combustion or bubbling fluidized bed (BFB) can be completely [26].  

Based on the above literature review, the study on the problems when switching from a biomass combine 

heat and power unit to an independent power plant has not been found.  Furthermore, the characteristic 

curves between mixed rates and outlet flue gas temperature and the performance guarantees and tests of 

thermal power plant at all stable loads in biomass plants as well as biomass co-firing coal power plants have 

not been studied.  Therefore, this study will focus on these issues. 

The contents of this paper include (i) the evaluation of woody and rice husks reserves, transport capacity, 

checking power flow for a district scale in Vietnam in order to choose the standard capacity of power unit, 

(ii) the selection of optimized heat balance diagram, increasing and decreasing steam parameters, number 

of heat exchangers, biomass fuel ratios including wood pellets, forest residuals and rice husks in order to 

evaluate efficiency, fuel consumption, and CO2 emissions, (iii) the economic and financial analysis based 

on changes in total investment, fuel consumption and preferential electricity prices, (iv) the consideration 

of an existing combined heat and power unit switching to an independent power generation unit under 

modeling combustion of biomass-fired using Ansys software and experimental evaluation for performance 

guarantee using the on-line measure-directed method and (v) draws the carbon net zero curve between 

mixing rate and flue gas temperature at exit furnace and verify by the simulation of combustion modeling 

of co-firing in domestic coal-fired sub-critical and imported coal-fired supercritical larger-scale (+600 MW) 

power units.  
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3 METHOD AND DATA 

Research methods are based on specific evidence, explicitly cites and used primary source data with high reliability. 

The conclusions was drawed complying with objective and rigorous evidence by high-precision calculation tools as 

Ansys, Siemens’s PSS/ E software and Thermal flow's steam-pro. 

The sumary of combustion calculated is denote in Table 1, [27].  

 

Table 1: Sumary of Furnace exit temperature. 

Name Formular 

The theoretical air volume required to burned 1 

kg of fuel completely 
𝑉0 = 0.0889(𝐶𝑝 + 0.375𝑆𝑜𝑝+𝑘

𝑝
) + 0.265𝐻𝑝 − 0.0333𝑂𝑝 

The resultant volume of the sum CO2 and SO2 

produced from 1 kg of fuel burnt 𝑉𝑅𝑂2 = 1.866
𝐶𝑝 + 0.375𝑆𝑜𝑝+𝑘

𝑝

100
 

The theoretical nitrogen volume 𝑉𝑁2
0 = 0.79𝑉𝐵

0 + 0.008𝑁𝑝 

The total volume of water from 1 kg fuel 𝑉𝐻2𝑂
0 = 0.111𝐻𝑝 + 0.0124𝑊𝑝 + 0.0161𝑉0 

The total water vapor volume in flue gas volume: 𝑉𝐻2𝑂 = 𝑉𝐻2𝑂
0 + 0.0161( − 1)𝑉0 

Volume fraction of CO2 and SO2 𝑟𝑅𝑂2
= 𝑉𝑅𝑂2

/𝑉𝑟 

Volume fraction of water vapor 𝑟𝐻2𝑂 = 𝑉𝐻2𝑂/𝑉𝑟  

The concentration of fly ash: µ = 10𝐴𝑝𝑎𝑦𝐻/𝑉𝑝 

The excess air coefficient 
 =

𝑉

𝑉0
 

The enthalpy of total air required for combustion 

of 1 kg fuel 
𝐼𝐵 = 𝑉0(𝑐𝑡)𝐵 

 

The enthalpy for theoretical amount of flue gas 𝐼
0 = 𝑉𝑅𝑂2

(𝑐𝜗)𝑅𝑂2
+ 𝑉𝑁2

0 (𝑐𝜗)𝑁2
+ 𝑉𝐻2𝑂

0 (𝑐𝜗)𝐻2𝑂 

 

The enthalpy of the flue gas at a temperature 𝐼 = 𝐼
0 + ( − 1)𝐼𝐵

0 

Fuel consumption of boiler 
𝐵 =

𝐷(𝑖𝜋 − 𝑖𝜋.𝐵) + 𝐷𝜋𝑝(𝑖𝐾𝐻𝜋 − 𝑖𝜋.𝐵)

𝑄𝑝
𝑝


𝜋

 

Waste gas lose 
𝑞2 =

(𝐼𝑦𝑥 − 𝛼𝑦𝑥𝐼𝑋.𝐵
0 )(100 − 𝑞4)

𝑄𝑝
𝑝  

Heat release rate per unit volume 𝑞𝑉 = 𝐵𝑄𝐻
𝑝

/𝑉𝜏 

Heat release rate per unit cross sectional area 𝑞𝑅 = 𝐵𝑄𝐻
𝑝

/𝑅 

The coefficient of radiant absorption due to tri-

atomic gases 𝑘 = (
7.8 + 16𝑟𝐻2𝑂

3.16√𝑝𝑛𝑠
− 1) . (1 − 0.37

𝜗"𝑇 + 273

1000
) 

Furnace exit temperature 
𝜗"𝑇 =

𝑇𝑎

𝑀 (
5.67

𝑐𝑝
𝐹𝐶𝑇𝑎𝑇𝑇𝑎

3

1011𝜑𝐵𝑝𝑉𝑐𝑐𝑝
)

0.6

+ 1

− 273 

 

Fuel characteristics and furnace chamber dimensions and simulation were created as shown in Table 

2&3. 
 

Table 2: Fuel characteristics. 

 Unit Rice Husk Wood pellets Forest Residuals Anthracite Sub-

bitumen 

Proximate Analysis (weight %) 

Moisture % 10.94 8.7 48.91 7.4 27.33 

Ash % 18.05 0.5 2.03 34.86 5.62 

Volatile 

Matter 

% 56.57 74.4 42.1 6.5 33.7 

Fixed Carbon % 14.44 16.4 6.96 51.24 33.35 

Total % 100 100 100 100 100 

Heating 

Values HHV 

kJ/kg 

 

14,106.3 18,197.0 

 

10,301 

 

19,577 19,744 

Bulk density 

(dry) 

Kg/m3 85.60 585.00 130.9 1400 850 
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Table 3: Furnace chamber dimensions and simulation. 

Name Unit 688MW 622.5MW 25MW 

Lengh M 20.6 34.4 8.48 

Width M 15.5 15.6 8 

Number of Burner  30 36 6 

Diameter of burner Mm 1168 770 300 

Mesh Sized M 0.8 0.8 0.1 

Viscous model  k-epsilon k-epsilon k-epsilon 

4 RESULTS AND DISCUSSION 

4.1 New biomass power plant 

Rice husk reserves and 40-tons barges transport capacity with the interlaced canal system of the Mekong 

River Delta are considered convenient for biomass power plants. With an annual output of 24 million tons 

of paddy, as shown in [28], the rice husks quantity is about 4.8 million tons per year that is enough to meet 

the power capacity of 70 MW for 13 provinces in the Mekong River Delta. 

Wood material in Vietnam is mainly transported by trucks with a payload of 20-40 tons, the total amount 

of timber within a district is assessed based on the Forestry data sharing system, for example as shown [29], 

with 9.5 million cubic meters in Minh Hoa District, Quang Binh Province with the average time of planting 

from about 6 years, this volume is enough capacity to meet the power unit for 10 MW. 

In order to examine the scenarios of decentralize the power stations to district-scales, the PSS/E software 

from Siemens was used to calculate the performances of power flows and short circuits for different districts 

in Vietnam. Fig. 1 and 2 show the power flows for 10 MW unit in the scenarios of 2025 and 2030 

respectively in Long My district, Hau Giang province as an example. As shown in these figures, in the 

normal operating mode as well as in the fault mode N-1, the lines synchronizing with the power plant are 

normally loaded and none of the lines are overloaded. 

 
Figure 1: Power flow for 10 MW unit in scenario 2025. 

 

 
Figure 2: Power flow for 10 MW unit in scenario 2030. 

 

Then, the Thermal flow's steam-pro software was used to design the different types of heat balance diagrams 
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including (i) 63.3 bar, 480 deg.C (ii) 100 bar, 520 deg.C and one low pressure heater, change fuel burned 

in furnace such as (i) wood pellets, (ii) rice husks and (iii) forest residuals providing that the changes in 

plant efficiency, fuel consumptions and CO2 emissions as illustrated in Figs. 3-4 and Table 1. The input 

data are the ambient conditions such as 1.013 bar, 27 deg.C, 84% relative humidity and 24.84 deg.C 

temperature wet bulb. 

 
 

Figure 3: Heat balance diagram of Forest Residuals unit at 63.3 bar, 480 deg.C. 

 
Figure 4: Forest Residuals consumption and CO2 rates at 63.3 bar, 480 deg.C. 
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The calculated results as indicated on Table 4 including carbonic emission rates, but a biomass plant are 

usually negative carbon dioxide emission in comparison with amount of absorbed by plants. In constract, 

with reference from carbon emission factor 0.8041 tCO2/MWh [30] of Vietnam power grid system, the 

volume of CO2 reduction in comparison with fosis unit with number of operation 6,500 hours per year is 

48,1~48,9 thousand tCO2/year. 
Table 4: The output of calculation for biomass power units. 

Name Unit 

63.3 bar, 480 deg.C 100 bar, 520 deg.C 

Wood 

pellets 

Forest 

residuals 

Rice 

husks 

Wood 

pellets 

Forest 

residuals 
Rice husk 

Plant gross power kW 10002 10002 10002 10002 10002 10002 

Plant net power kW 9363 9280 9260 9317 
9238 

 
9212 

Plant net HR 

(HHV/LHV) 

kJ/kWh 

 

14117/ 

13021 

 

16106 

13437 

 

14562/ 

13334 

13431/ 

12388 

15305/ 

12768 

 

13867/ 

12697 

Plant net eff 

(HHV/LHV) 
% 25.5/27.65 

22.35/ 

26.79 

24.72/ 

27 

26.8/ 

29.06 

23.52/ 

28.2 

25.96/ 

28.35 

Aux. & losses 

flow 
kW 638.1 721.7 741.5 684.7 763.8 789.7 

Fuel heat input 

(HHV/LHV) 
GJ/h 

132.2/ 

121.9 

149.5/ 

124.7 

134.9/ 

123.5 

125.1/ 

115.4 

141.4 

118 

127.7/ 

117 

Fuel flow ton/day 174 348 229 165 329 217 

BOILER EFF 

(HHV/LHV)  
% 

82.5/  

89.5 
72.9/ 87.5 

80.8 /  

88.4 

82.7/  

89.7 

73.2 /  

87.8 

81/  

88.5 

TURBINE HR  kJ/kWh 10804 10804 10804 10223 10223 10223  

CO2 ton/day 290.2 325.2 288.4 274.8 307.6 273.2 

 

From the assessment of fuel reserves, transportation ability within a radius of 60 kilometers, average load 

demand per district, reduction in construction costs of 110 kV switchyard substations, power loss from 

transmission lines, the gram of capacity 10 MW power unit for a district scale is suitable in Vietnam 

conditions. In term of the economic and financial analysis, the total investment cost was reference with the 

quotation of main equipment from suppliers such as Siemens, Shinko, Howden, Babcock & Wilcock, 

Valmet, Vyncke, Nantong Wanda Boiler, ABB, Schneider, etc. to KNIC. The different investment costs 

between US $13,373,839.85 of 63.3 bar, 480 deg.C and US $15,191,335.33 of 100 bar, 520 deg.C unit 

caused of increasing the alloy metal costs. The total investment cost was considered in condition of existing 

environmental standards in Vietnam as fabric filter at downstream of flue gas. 

Table 5: Financial analysis for Steam parameters. 

Name Unit 

63.3 bar, 480 deg.C unit 100 bar, 520 deg.C unit 

Rice 

husks 

Forest 

residuals 

Wood 

pellets 

Rice 

husks 

Forest 

residuals 

Wood 

pellets 

Plant net efficiency HHV % 24.72 22.35 25.5 25.96 23.52 26.8 

Fuel consumption t/h ̣9.559 14.51 7.264 9.056 13.73 6.877 

Fuel cost USD/tons 
max. 

32.37 

max. 

21.58 

max. 

44.02 

Max. 

28.05 

Max. 

18.56 

Max. 

37.98 

WACC % 8.28 8.28 8.28 8.28 8.28 8.28 

FIRRe % 12.16 11.96 11.93 11.89 12.00 11.97 

NPVp USD 90,694.61 18,939.89 9,804.15 307.44 41,589.27 31,440.17 

B/Cp  1.006 1.004 1.004 1.003 1.004 1.004 

 

Fuel costs of new plant are maximum at 32.37 and 21.58 USD per ton of rice husks and forest residual, 

respectively, in 63.3 bar, 480 deg.C and 28.05 and 18.56 USD per tons in 100 bar, 520 deg.C for rice husks 

and forest residual, respectively in order to make this plant financially feasible as indicated in Table 5.   

With the price of wood pellets at 130 USD per ton at International Seaport in Nghi Son, Quang Ninh, Phu 
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My and [31], a new biomass power plant with feed-in-tariffs of 8.47 cents per kWh is financially infeasible. 

In the recent energy crisis in the World, the price of coal is nearly equivalent to that of wood pellets [32], 

making the biomass co-firing in the exiting coal-fired plants more financially feasible. On the other hand, 

to achieve the goal of Vietnam's commitment to be carbon neutral by 2050 at the 26 COPs, Vietnamese 

government should have policies to attract more investors in biomass power plants and biomass co-firing 

in the exiting coal-fired plants such as carbon credit market, CO2 tax and preferable loans.  

4.2 Cogeneration switched to independent power plant 

Experimental evaluation for performance guarantees and combustion modeling of 25 MW biomass-fired 

combined heat and power unit switched to independent power generation units in Viet Nam was 

implemented. The cogeneration plant in Tuyen Quang, Viet Nam, a sugar plant with extraction steam and 

condenser, but due to the difficulty of bagasse materials, the plant is only operated two months per year. 

Therefore, with an incentive price of electricity, the switch to an independent power plant with forest 

residuals has been carried out in order to increase the number of operation hours per year. 

The combustion modeling of boiler fired forest residual replace to bagasse is performed, the field 

distribution of temperature and oxidation in the furnace verified stable as illustrated in Figs. 5. 

  
Figure 5: field distribution of temperature and oxidation diffusion of cogeneration plant switched to independent 

power plant. 

The on-line measure-directed method using the meters of fuel feeders and tariff metering to focus on the 

coal consumption rates as shown on operation parameters, combine heat and power is 1.321 kg/kWh in 

comparison with independent power plant is 1.234 kg/kWh net at the same parameter of steam and 

combustion. The variated of 87 g/kWh is not large in considering of the condition that the unit has paid off 

with a incentive feed-in-tariffs. 

4.3 Biomass co-firing in existing coal-fired power plant 

The able 6 was denoted that the calculated results of flue gas temperature at the exit of the furnace W-flame 

which extracted from calculation program using Microsoft excel tool.  
Table 6: The calculated results of flue gas temperature at the exit of the furnace W-flame. 

Name  Unit 
100% 

Anthracite 

100%Rice 

Husk 

50%Rice 

Husks 

33.33%Rice 

Husks 

16.67%Rice 

Husks 

Heat release per unit 

volume in the 

furnace 

q_V kW/m3 73.89 72.31 73.22 73.47 73.69 

Heat release per unit 

cross area of the 

furnace 

q_R kW/m2 2219.85 2172.38 2199.79 2207.14 2213.79 

Effective radiant 

layer thickness of 

the furnace 

s m 15.07 15.07 15.07 15.07 15.07 
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Name  Unit 
100% 

Anthracite 

100%Rice 

Husk 

50%Rice 

Husks 

33.33%Rice 

Husks 

16.67%Rice 

Husks 

Coefficient M  0.44 0.44 0.44 0.44 0.44 

excess air 

coefficient 
  1.70 1.70 1.70 1.70 1.70 

Temperature of the 

cold air 
tkk 

 30.00 30.00 30.00 30.00 30.00 

Theoretical enthalpy 

of the coal air 
I0kk kJ/kg 204.98 122.52 163.75 177.49 191.23 

Heat carried into the 

furnace by the air 
Qkk kJ/kg 348.46 208.28 278.37 301.74 325.09 

Heat carried into the 

furnace by per unit 

kg fuel 

Qb® kJ/kg 20051.96 14314.28 17183.12 18139.59 19095.49 

Average specific 

heat of the 

combustions 

products 

Vctb kJ/kg.K 15.62 10.40 13.03 13.89 14.82 

Volume faction of 

the water vapor 
rH2O  0.05 0.11 0.07 0.06 0.05 

Volume faction of 

the tri-atomic gas 
rRO2 

 0.11 0.11 0.11 0.11 0.11 

Furnace pressure p MPa 0.10 0.10 0.10 0.10 0.10 

Radiant absorption 

coefficient of the 

tri-atomic gas 
k_  1.39 1.85 1.57 1.50 1.44 

Flame emissivity a_fl  0.93 0.97 0.95 0.95 0.95 

Fuel consumption B Kg/s 60.59 82.83 69.99 66.55 63.43 

Flue gas 

temperature at the 

exit of the furnace 

𝜗"𝑇 C 973.00 989.00 979.00 977.00 975.00 

 
The Carbon Net Zero Curves between Mixed Rates and Outlet Flue gas Temp. of Furnace W and L-flame 

at all stable loads was indicated in Fig. 6 & 7. 

 
 

Figure 6: The Carbon Net Zero Curves between 

Mixed Rates and Outlet Flue gas Temp. of 622.5 

MW Furnace W-flame at all stable loads. 

 
Figure 7: The Carbon Net Zero Curves between Mixed Rates 

and Outlet Flue gas Temp. of 688 MW Furnace L-flame at all 

stable loads. 

The difference temperature W-flame furnace is better than subcritical units by about 4 deg.C at 100%RO 

or 75%RO, as illustrated in Figures 6–7. This is due to the fact that wood pellets with minimal modifications 

and moderate investment in comparison with rice husks subcritical technology. 
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To verify the calculation results, the simulating of combustion modeling of co-firing in domestic anthracite 

coal-fired sub-critical (622.5 MW) and imported sub-bitumen coal-fired supercritical larger-scale (688 

MW) power units was built by Ansys software. 

The imported sub-bitumen supercritical combustion chamber inserts wood pellets of 16.67% and 33.33% 

using existing burners. The domestic anthracite sub-critical furnace injects rice husk in the same mixed rate 

using new burners put on top of exiting burners.  

The combustion modeling of boiler fired is performed, the field distribution of temperature and oxidation 

in the furnace verified stable as illustrated in Figs. 8-9. The temperatures between calculated and modeling 

are equivalent and the deviation is negligible. 
(i) 16.67% wood pellets (ii) 33.33% wood pellets 

  

  
Figure 8: Static temperature and mass faction of oxidation in super-critical import sub-bitume coal 688MW furnace 

with mixed rates of (i) 16.67% and (ii) 33.33% wood pellets, replectively. 

 

(a) 16.67% Rice Husks. (b) 33.33% Rice Husks. 
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Figure 9: Static temperature, mass faction of oxidation and particle in sub-critical domestic anthracite coal 

622.5MW furnace with mixed rates of (a) 16.67%, and (b) 22.22% rice husks, replectively. 

For the specific case in Vietnam, the authors suggest using three options as analyzed above to reduce carbon 

emissions. The continuous works should be carryout performance guarantes test and calculate using 

PG_Cal created by the authors as meansion in [1] for all stable loads of power generation units to meet the 

Vietnam’s “net zero” goal in 2050.  

5 CONCLUSION 

From the above analysis of technical and economic in incentives electrical price, taking into account the 

limiting factor of environmental emissions to propose the choice of capacity for new biomass power unit 

as appropriate in Vietnam, 10 MW biomass power units for district-scales are proposed. The authors found 

that wood pellets is not available at 8.47 US Cents per kWh of FIT price for new biomass plant, 87 g/kWh 

loss in cogeneration switched to independent power plant under paid back conditions is acceptable, the 

difference of outlet temperature between 100%RO and 75%RO of W-flame furnace are about 5 deg.C and 

L-flame is about 9 deg.C in the mixed rated of 16.67%, 33.33%, 50% and 100% , respectively. and biomass 

co-firing was suitable for pulverized coal larger-scale plants regarding to field distribution of temperature 

and oxidation diffusion and its road map should be immediatly performed even on the covid period. The 

results of the article are not only meaningful in building a new biomass plant, but also in co-firing biomass 

in coal-fired plant to reduce carbon with the goal of “net zero” 2050 in the field of electricity generation in 

general as well as in setting policies on environmental protection in industries.  
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Abstract. Julienne-cut white radish (Raphanus raphanistrum) was utilized as the raw material for the 

production process of pickled white radish. Canned pickled white radish was a product that can mitigate 

post-harvest losses and enhance the value of local agricultural produce. However, the production process 

of canned pickled white radish often encounters issues such as discoloration and reduced crispness of the 

julienne-cut white radish within a short period of time. The objective of this study is to investigate the 

technologies for the pre-processing stage of julienne-cut white radish and its storage conditions prior to its 

use in the production of canned pickled white radish. During the pre-processing stage, the julienne-cut 

white radish was soaked in water, NaCl, NaHSO3, and citric acid before being dried, and the color change 

was measured after 1, 15, 30, and 45 days of storage. Correspondingly, NaHSO3 concentrations ranging 

from 0.01% to 0.03% were also implemented. The drying temperature for the julienne-cut white radish 

ranged from 50°C to 80°C. When storing the julienne-cut white radish, ambient preservation methods and 

refrigeration (5-10°C) were applied, and color parameters were measured. The results demonstrated that 

using a 0.02% concentration of NaHSO3 for pre-soaking, combined with refrigeration storage at 5-10°C, 

yielded favorable results after a 45-day investigation period. The adjustment and control of these stages are 

necessary to improve product quality and address the issue of product discoloration. 

Keywords. julienne-cut white radish, pickled white radish, storage, pre-processing stage, ambient 

preservation, refrigeration method 

1 INTRODUCTION 

Raphanus raphanistrum commonly known as radish, belongs to the genus Raphanus, within the 

Brassicaceae family. It stands as one of the prevalent cultivated plant species worldwide, with significant 

cultivation hubs in regions such as China, Japan, South Korea, and Southeast Asian countries [1, 2]. In 

Vietnam, radishes are extensively cultivated in Mekong Delta, where they exhibit high yields [2]. Within 

the composition of radish, water constitutes the majority (95%), while dry matter constitutes a minor portion 

(5%). Among the dry matter, carbohydrates (2.63%) are the most abundant, comprising sugars (1.23%) and 

dietary fiber (1.4%). Protein content (1.1%) and lipids (0.1%) contribute relatively modest proportions. The 

predominant fatty acids found in the lipids are linolenic acid, erucic acid, and palmitic acid [3–5]. 

According to Manivannan et al. (2019), the medical nutritional value of radishes has been empirically 

substantiated [6]. The potential of these radishes was attributed to the presence of certain beneficial 

secondary metabolites, such as glucosinolates, polyphenols, and isothiocyanates. Glucosinolates represent 

a distinct class of metabolites exclusively identified in vegetables of the cruciferous family. Additionally, 

according to research findings by Maina et al. (2020), glucosinolates and their hydrolyzed products manifest 

bioactivity at the molecular level [7]. 

White radishes, which contain approximately 95% water, are prone to spoilage within a few days. 

Consequently, various preparations are employed to facilitate preservation. As stated by Gamba et al. 

(2021), white radishes can be cooked until tender, pickled with other vegetables, or processed into pickles 

or canned products [8]. Moreover, according to Wills et al. (2003), Asian white radishes have been 

extensively processed and are widely utilized in Japan and South Korea, consumed in various forms such 

as fresh, dried, salted, and pickled [9] 

As per Jones et al. (1943), regarding salt-soaked and picked radish products, each product involves distinct 
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soaking and salting techniques. Based on research findings, salt-soaked radish preservation stands as the 

oldest traditional food preservation method, encompassing four salt-soaking techniques—two employing 

dry salt and two utilizing brine soaking. The nutritional value of salt-soaked radish is significantly retained, 

and the presence of microorganisms in salt-soaked radish is nearly negligible. In the case of pickled white 

radish, fresh radishes, after undergoing drying, are subjected to water immersion [10]. 

The use of dehydrated radishes must ensure a moisture content below 10% as a primary consideration. The 

distinctive characteristics of pickled white radish include their typical white color, odorless and non-

pungent brine, and absence of foreign matter. The texture of the radishes is crisp, devoid of softness or 

limpness. As indicated by Bae et al. (2012), alterations in nutritional content occur due to thermal treatment 

compared to untreated conditions [11]. In the case of pickled white radish products, the processing approach 

directly influences color development, demanding the guarantee of minimal susceptibility to discoloration 

in radishes. Apart from product color, maintaining structural integrity is of equal significance. When 

delivered to consumers, radishes should exhibit a crisp texture rather than softness. Thus, process 

standardization is essential to fulfill these criteria. 

The conversion of pickled white radish products from a traditional to an industrial scale poses several 

significant challenges, with the most prominent being the susceptibility to radish darkening and structural 

alterations due to soaking and washing activities over time. The technology employed for manufacturing 

canned pickled products in such cases often utilizes dried radishes to ensure both crispness and elasticity, 

simultaneously enhancing the product's soaking fluid permeability [12]. The dehydration process of 

radishes also results in the accumulation of amino acids, including alanine, proline, and GABA, during 

processing, contributing to flavor and health benefits. However, due to the effects of enzymes and oxidative 

colorants inherent in radishes, gradual darkening occurs during drying and storage. This is precisely why, 

before immersing radishes in vinegar, the washing and soaking steps are essential. This pretreatment 

process significantly impacts both the color and the structure of the product over time. 

The aim of this research is to investigate the technologies for the pre-processing stage of julienne-cut white 

radish and its storage conditions prior to its use in the production of canned pickled white radish.  

2 MATERIALS AND METHODS 

2.1 Materials 

The white radish utilized was of the Hong Kong cultivar and must possess the following attributes: 

freshness, bright white skin, and minimal blemishes. Radishes aged 40 - 45 days are employed, with an 

average root weight of 250 - 300g. The outer skin should exhibit a bright white hue, while undersized, 

withered, soft, or discolored radishes are excluded. Quality standards entail a brix level within the range of 

5-6, a fruit solution pH of 4 - 4.5, and radishes meeting VIETGAP certification. No plant protection agents 

are permitted to be applied within 15 days prior to harvest. 

2.2 Prepare the julienne-cut white radish 

The process begins with washing and peeling the radish, followed by cutting it into 1cm-thick slices called 

julienne-cut white radish. Subsequently, the slices are subjected to a whitening treatment involving 

immersion (for 30 minutes) with predetermined concentrations of whitening immersion solution. After the 

whitening treatment, the julienne-cut white radish undergoes a single rinsing step. Next, they are subjected 

to a drying process, the temperature of which is meticulously monitored. 

The whitening immersion solution comprises of NaCl, citric acid, and NaHSO3. 

2.3 Experiment design 

2.3.1 Study 1. The effect of the whitening immersion solution on the color of dried julienne-cut 

white radish 

The whitening immersion solution to soak julienne-cut white radish before drying are described in Table 1 
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Table 1: The whitening immersion solution to soak julienne-cut white radish. 

Sample names M1 M2 M3 M4 

The whitening 

immersion solution 
Untreated NaCl 1% Acid citric 0.1% 

NaHSO3 

0.02% 

 

Soaking time: 30 minutes 

Drying temperature: 60 ºC 

Drying time: 10 - 12 hours 

Storage time: 1 – 45 days 

Moisture content after drying: < 10% 

 

2.3.2 Study 2. The effect of the concentration of whitening immersion solution on the color of 

dried julienne-cut white radish 
 

The concentration of whitening immersion solution to soak julienne-cut white radish before drying are 

described in Table 2 

Table 2: The concentration of whitening immersion solution to soak julienne-cut white radish. 

Sample names MH1 MH2 MH3 MH4 MH5 

The concentration of 

whitening immersion 

solution 

0.01% 0.015% 0.02% 0.025% 0.03% 

 

The whitening immersion solution: selected from study 1 

Soaking time: 30 minutes 

Drying temperature 60 ºC 

Drying time: 10 - 12 hours 

Storage time: 1 – 45 days 

Moisture content after drying: < 10% 

 

2.3.3 Study 3. The effect of drying temperature on the color of dried julienne-cut white radish 

 

Table 3 describes sample names and parameters of drying temperature changed in the experiment 

Table 3: The parameters of drying temperature. 

Sample names MA1 MA2 MA3 MA4 

Drying temperature 50 ºC 60 ºC 70 ºC 80 ºC 

 

The whitening immersion solution: selected from study 1 

The concentration of whitening immersion solution: selected from study 2 

Soaking time: 30 minutes 

Drying time: 10 - 12 hours 

Storage time: 1 – 45 days 

Moisture content after drying: < 10% 

2.3.4 Study 4. The effect of storage conditions on the color of dried julienne-cut white radish 

Table 4: Storage conditions. 

Sample names MP1 MP2 

Storage conditions 25 - 29 ºC 5 - 10 ºC 
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The whitening immersion solution: selected from study 1 

The concentration of whitening immersion solution: selected from study 2 

Soaking time: 30 minutes 

Drying temperature: selected from study 3 

Drying time: 10 - 12 hours 

Storage time: 1 – 45 days 

Moisture content after drying: < 10% 

2.4 Color measurement method 

The color of the julienne-cut white radish was determined using a Minolta CR400 colorimeter (Konica Co., 

Japan). Measurements are conducted on each surface of the sample. Color was recorded utilizing the 

standardized CIE-Lab* color space. 

Where: 

L*: Represents lightness (brightness or darkness) 

a*: Represents color on the green (-) to red (+) axis 

b*: Represents color on the blue (-) to yellow (+) axis 

The numerical values of L, a, and b are employed for estimating the overall color difference (ΔE). 

The outcome was the average value obtained from three readings for each batch of samples. The parameter 

ΔE* signifies the color deviation concerning the standard sample (white background of the colorimeter).  

2.5 Data analysis 

A one-way analysis of variance (ANOVA) method was applied to the data in order to compare significant 

differences with a significance level of p < 0.05, utilizing the Stargraphics Centurion XV.I software. The 

visualization of the average outcomes was created using Microsoft Excel 2019 software. 

3 RESULTS AND DISCUSTIONS 

3.1 Study 1. The effect of the whitening immersion solution on the color of dried julienne-

cut white radish 

Table 5: The change in color of dried julienne-cut white radish treated with different whitening immersion solution 

after storage time. 

Samples 
Storage time (day) 

1 15 30 45 

L* 

M1 59.9±1.7a 58.2±1.6a 42.0±0.3a 38.2±2.0a 

M2 60.4±0.5a 60.0 ±0.8a 49.3±0.6b 40.8±0.4ab 

M3 66.6±2.4b 65.9±0.6b 49.4±2.9b 43.1±0.7b 

M4 72.5±1.2c 72.0±0.4c 70.6±1.2c 64.2±2.1a 

a* 

M1 4.25±0.16bc 9.18±0.38d 10.31±0.71c 14.12±0.21c 

M2 5.32±0.43c 6.35 ±0.25c 7.73±0.71b 11.33±1.53b 

M3 2.45±1.21a 7.62±0.27b 9.92±1.20c 11.36±1.41b 

M4 3.01±0.7ab 4.89±0.4a 6.07±0.2a 5.91±0.14a 

b* 

M1 34.0±1.5b 41.4±2.7c 34.3±3.1b 29.8±1.0b 

M2 32.0±6.1b 34.3±3.3b 37.7±0.7c 38.2±0.7d 

M3 24.5 ±0.7a 30.8±2.1b 33.9±1.2b 35.5±0.2c 

M4 21.7±1.8a 24.9±0.2a 26.3±0.9a 27.0±0.8a 

ΔE* 

M1 46.5±2.1c 53.5±1.5d 62.1±1.3c 64.0±1.6bc 

M2 45.2±3.7c 46.9±1.7c 57.4±0.7b 65.2±0.4c 

M3 35.2±1.6b 40.5±1.2b 55.6 ±1.9b 61.9±0.6b 

M4 28.9±2.1a 31.6±0.4a 33.8±0.3a 39.0 ±1.5a 

Different letters in same column indicate statistically significant differences (α = 5 %) 
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The color measurement outcomes of the julienne-cut white radish subjected to diverse chemical treatments 

are illustrated in Table 5. The results exhibit significance in the distinctions among the samples' color 

indices. The L* values of all samples exhibit a consistent declining trend over the storage duration. 

Chemically treated samples (M2, M3, M4) manifest higher L* brightness values and less pronounced levels 

of discoloration compared to the untreated sample (M1). Notably, sample M4 showcases the highest 

luminosity and the most resilient maintenance of brightness, as manifested by the lowest ΔE* value. The 

a* values of all samples cluster around 0, signifying the midpoint between the red and green color 

spectrums. As the storage duration advances, all samples exhibit a progressive shift towards the red 

spectrum, indicative of a darkening inclination. Positive b* values denote a progressive trend towards 

yellow hues, intensifying into deeper shades of yellow with prolonged storage. These findings harmonize 

with the research conducted by Impaprasert et al. (2020) on Konjac [13]. 

Different chemical treatments exhibit distinct mechanisms for mitigating color changes. The primary cause 

of color alteration over time is attributed to the action of the polyphenol oxidase (PPO) enzyme, which 

catalyzes the o-hydroxylation of monophenols into o-diphenols and subsequently oxidizing o-diphenols 

into o-quinones in the presence of molecular oxygen. The ensuing quinone polymerization leads to the 

formation of brown or black pigments. The highly effective outcome of using NaHSO3 might be attributed 

to its dual capacity as an oxidative agent, capable of oxidizing chromogens, and an inhibitor of the inherent 

PPO enzyme within the radishes, thereby restraining microbial activity over time. The color-preserving 

effect of NaHSO3 has also been noted in the study by Ling Li et al. (2018) on fresh-cut potato [14]. 

Sodium chloride (NaCl) acts as a strong electrolyte that inhibits microbial activity and the functioning of 

the PPO enzyme. It also restricts the penetration of oxygen into cellular structures during drying, in brighter 

color compared to untreated samples. However, the color changes significantly during storage. This 

conclusion aligns with the findings of Win Yee et al. (2019) on sweet potatoes [15]. 

Citric acid, as a reducing agent, can convert quinols to phenols and lower pH, slowing down color 

transformation reactions. Additionally, it acts as a metal chelator, promoting oxidative color reactions. 

Hence, citric acid imparts a brighter color compared to samples without chemicals or salt, albeit less 

effectively than NaHSO3 [16]. Nevertheless, beyond 30 days, all samples experience rapid and noticeable 

color degradation, as evidenced by the L* values. This could be attributed to the reactivation of residual 

polyphenol oxidase, leading to further enzymatic browning reactions [17]. Consequently, it can be asserted 

that pre-drying chemical treatments significantly impact color changes over time. The results confirm that 

the use of NaHSO3 yields the most beneficial effect in enhancing julienne-cut white radish color during 

both drying and storage. 

3.2 Study 2. The effect of the concentration of whitening immersion solution on the color 

of dried julienne-cut white radish 

The outcomes indicate significant variations in color parameters among different samples (Table 6). Over 

the storage duration, there is a consistent decrease in the L* values. Samples treated with higher 

concentrations (MH3, MH4, MH5) exhibit higher L* values, indicating brighter color and slower color 

degradation compared to samples treated with lower concentrations (MH1, MH2). After one day of drying, 

there is no discernible difference in brightness among the four samples MH2, MH3, MH4, and MH5. This 

demonstrates the effectiveness of using NaHSO3 for treatment compared to untreated samples, as well as 

the beneficial effect of higher chemical concentrations in Sample M1. This outcome could be attributed to 

the sufficient concentration of chemicals in sample M2, which effectively mitigated surface discoloration 

immediately after drying. However, there is no significant difference between samples M1 and M2 after 15 

and 45 days of storage. This color degradation might be due to accelerated oxidation of the porous fiber 

structure upon drying or inadequate chemical concentration to fully oxidize internal pigments, leading to 

quicker discoloration in samples with higher concentrations. In a study on Nevadar radish, Rosario 

Goyeneche et al. (2003) explained that changes in color (L*) are related to variations in soluble and 

insoluble pectic substances, total glucosinolates, and other color-producing compounds [18]. This suggests 

that the enhanced effectiveness of higher concentrations in samples MH3, MH4, MH5 in maintaining 

brightness might stem from their sufficient concentration to oxidize these color-producing compounds. 

Samples MH3, MH4, MH5 exhibit similar color maintenance capabilities over the storage duration. 
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Furthermore, as storage duration increases, the color of dried julienne-cut white radish intensifies, as 

evidenced by the significant increase in a* and b* values. This phenomenon could result from the 

transformation of 1-(2-thioxopyrrolidin-3-yl)-1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid into the 

yellow pigment 2-[3-(2-thioxopyrrolidin-3-ylidene)methyl]-tryptophan [19]. Based on these results, 

selecting sample MH3, which utilizes 0.02% NaHSO3, provides a high level of brightness, maintains stable 

brightness, and requires a moderate amount of chemicals for treatment. 

Table 6: The change in color of dried julienne-cut white radish treated with various concentration of whitening 

immersion solution after storage time (NaHSO3). 

Samples 
Storage time (day) 

1 15 30 45 

L* 

MH1 70.4±0.4a 70.5 ±2.2a 62.9± 1.4a 59.9±2.1a 

MH2 72.8±1.1b 69.9±2.9a 65.1±1.0b 59.8±0.8a 

MH3 72.4 ±0.6b 72.5±1.3a 70.6 ±1.2d 64.2±2.1b 

MH4 72.2±0.8b 73.1±0.8ab 68.2±1.1c 62.8±0.6b 

MH5 72.5±0.7b 75.8 ±0.3b 68.1±1.2c 62.8±0.2b 

a* 

MH1 3.79±0.17c 4.50±0.21c 7.54±0.33b 8.80±0.30c 

MH2 3.58±0.04bc 3.09±0.2b 7.29±0.54b 7.56±0.36b 

MH3 3.45±0.23b 3.16±0.22b 6.27±0.23a 6.23±0.10a 

MH4 3.44±0.07b 2.89±0.19b 6.23±0.12a 6.42±0.10a 

MH5 3.18±0.07a 1.54±0.18a 6.35±0.3a 6.57±0.29a 

b* 

MH1 28.4±0.4bc 33.1±0.3b 33.3±0.3b 36.8±2.3b 

MH2 25.2±2.7a 30.3±2.0b 35.1±2.7b 36.3±1.5b 

MH3 26.6±0.7ab 25.9 ±1.2a 26.3±0.9b 27.0 ±0.8a 

MH4 31.7±1.3d 32.0 ±2.5b 34.3±1.2b 35.7±05b 

MH5 31.0±0.9cd 33.1±0.7b 34.6±0.5b 35.3±2.7b 

ΔE* 

MH1 35.0±0.4b 38.5±1.7c 44.2±0.9c 49.1±0.6c 

MH2 31.1±1.3a 36.6±3.0bc 43.9±1.4c 48.5±1.0c 

MH3 32.3±0.5a 31.7±1.7a 33.8±0.3a 39.1±1.5a 

MH4 36.2±1.5b 35.9±1.6bc 41.2±0.9b 45.8±0.7b 

MH5 35.5±1.5b 35.1±0.5b 41.5±0.7b 45.5±1.9b 

Different letters in same column indicate statistically significant differences (α = 5 %) 

 

3.3 Study 3. The effect of drying temperature on the color of dried julienne-cut white 

radish 

The color measurement results of the samples when subjected to drying at different temperatures are 

depicted in Table 7. The findings indicate significant color variations among samples dried at different 

temperatures. The L* values decrease with increasing temperature, and Sample MA1 possesses higher 

brightness than the other three samples (MA2, MA3, MA4). Sample MA1 exhibits the highest luminosity, 

evident by the smallest ΔE* value. The a* values of all samples are positive, indicating a shift towards red 

hues, with higher drying temperatures resulting in increased a* values. Positive b* values suggest a 

tendency towards yellow hues. These results also align with the study conducted by Vega-Gálvez et al. 

(2012) on apples [20]. These outcomes demonstrate the influence of temperature on color changes attributed 

to non-enzymatic browning phenomena. The radish composition includes amino acids and sugars, which 

may engage in Maillard reactions leading to discoloration. These reactions are more pronounced when 

water loss is substantial, increasing the concentration of dry matter. Greater water loss occurs at higher 

temperatures, accelerating the reaction rate. Surface characteristics of the fiber alter due to rapid 

dehydration, reducing water evaporation rate from the outer surface, as governed by the drying process. 

This leads to enhanced internal oxidation and color alteration in samples dried at higher temperatures, such 

as MA2, MA3, and MA4. Surface color changes may be due to high temperature or prolonged drying time, 

combined with the presence of convective air oxygenation, enhancing the color development of julienne-
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cut white radish color compounds like anthocyanins. Extended drying at higher temperatures triggers 

browning reactions, which reduce L* values. The changes in L*, a*, and b* values might arise from the 

degradation of color pigments or Maillard browning reactions [21]. To ensure bright color in dried julienne-

cut white radish, a temperature of 50°C is optimal. However, to achieve moisture content < 10%, it requires 

more than 18 hours, whereas drying at 60 °C only necessitates 10-12 hours while maintaining the required 

brightness. Drying at 60 °C not only saves energy but also offers higher economic efficiency. Hence, a 

temperature of 60 °C is the best choice for fiber drying. 

Table 7: The change in color of dried julienne-cut white radish treated with different drying temperatures. 

Samples MA1 MA2 MA3 MA4 

L* 71.8±0.6c 59.9±1.7b 55.4±0.7a 54.7±1.3a 

a* 2.40±0.36a 4.25±0.16b 4.76±0.14c 5.33±0.23d 

b* 21.7±2.0a 34.0±1.5b 38.8±0.6c 34.6±0.3b 

ΔE* 29.4±0.8a 46.5±2.0b 53.0±0.3c 50.9±1.3c 

Different letters in same row indicate statistically significant differences (α = 5 %) 

3.4 The effect of storage conditions on the color of dried julienne-cut white radish 

Table 8: The change in color of dried julienne-cut white radish treated with different storage conditions  

after storage time. 

Samples Storage time (day) 

1 15 30 45 

L* 
MP1 59.9±1.7c 58.2 ±1.6c 42.0±0.3b 38.2±2.0a 

MP2 59.9±1.7c 58.2±0.8c 48.8±0.3b 42.1±1.3a 

a* 
MP1 4.25±0.16a 9.18±0.38b 10.31±0.71c 14.12±0.21d 

MP2 4.25±0.16a 5.34±0.44b 9.45±0.76c 10.50±0.64d 

b* 
MP1 34.0±1.5ab 41.4±2.7c 34.3±3.1b 29.8±1.0a 

MP2 34.0±1.5a 37.9 ±0.3b 34.1±1.4a 32.2±0.8a 

ΔE* 
MP1 46.5±2.1a 53.5±1.5b 62.1±1.3c 64.0±1.6c 

MP2 46.5±2.1a 50.4±0.4b 56.1 ±0.8c 60.9 ±1.0d 

Different letters in same row indicate statistically significant differences (α = 5 %) 

 

The color measurement results of the sample after different storage conditions are presented in Table 8. 

The findings indicate significant color variations among samples stored under different conditions. The L* 

values of both samples tend to decrease over time. Samples stored under refrigeration exhibit brighter and 

slower color deterioration compared to those stored at room temperature. Refrigerated samples with 

brighter appearance also demonstrate better color retention, as evidenced by lower ΔE* values. The a* 

values of both samples gradually increase, shifting towards red hues. Positive b* values suggest a tendency 

towards yellow hues. These results are in line with the findings of Liuquing et al. (2018), they investigated 

the influence of different storage conditions on the sensory attributes of freeze-dried Agaricus bisporus 

slices [22]. These outcomes may arise from the influence of enzyme activity affected by storage 

temperature. Low temperatures inhibit enzyme activity, resulting in slower color changes in dried julienne-

cut white radish. Storage temperature significantly impacts the rate of browning. According to Rosselló et 

al. (1994), the minimum temperature for non-enzymatic browning is 4 °C, and the browning rate starts to 

increase above 20 °C [23]. 

4 CONCLUSIONS 

The results of this study have highlighted that immersion in a 0.02% NaHSO3 solution followed by drying 

at 60°C is capable of enhancing the color of julienne-cut white radish after drying over storage duration. 

The rapid discoloration resulting from the occurrence of browning during storage can be mitigated by 

employing this solution, coupled with refrigerated storage, to achieve prolonged preservation effectiveness. 

However, numerous studies have indicated that NaHSO3 negatively affects the condition of individuals 
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with asthma, hence over time, it could be replaced with natural browning inhibitors such as citric acid, and 

their concentrations should be re-evaluated to achieve optimal efficacy. Immersing julienne-cut white 

radish is a pre-processing step prior to optimal canning to avoid affecting the color and structure of the 

product. Nonetheless, after a storage period of 5 months, the product's structure also noticeably diminishes, 

falling short of sensory quality requirements. Consequently, there is a need to adopt an alternative method 

to improve the product's structure. As suggested by Xiang Li et al. (2018), pre-treatment with ferulic acid 

could potentially mitigate the softening of julienne-cut white radish during heat processing [24]. 
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Abstract. Ejector refrigeration system has widely used in the purpose of saving energy. The ejector 

refrigeration system is proposed in this study. The refrigerant R134A and R410A were chosen as a pair of 

working fluid. The R410A was used for the vapor compression cycle, and R134A was used for the ejection 

cycle. The size of the ejector was determined by using mathematical models. The experiment was 

conducted to evaluate the performance of the ejector refrigeration system. The freezer cabinet with the 

volume of 90 liters was employed. The experimental result showed that the proposed system obtained at -

25.4 oC for the case of empty freezer cabinet, at -21.8 oC for the case of 1kg basa fish in the freezer cabinet. 

Keywords. ejector, saving energy, R134A, R410A, working fluid. 
 

Nomenclature 
A3  Cross sectional area of the constant area chamber in the ejector (m2)  

Aey Cross sectional area, required for the secondary flow at the constant area chamber the ejector (m2)  

Ag1  Cross sectional area at the exit of the primary nozzle (m2)  

Agy  Cross sectional area, required for the primary flow at the constant area chamber in the ejector (m2)  

Maey  Mach number of the secondary flow in the constant area chamber in the ejector 

Mag Mach number of the primary flow from the generator 

Mag1  Mach number of the fluid from the generator, which expands through the nozzle  

Magy  Mach number of the primary flow in the constant area chamber in the ejector 

Pe  Evaporator pressure (Pa)  

Pey  Pressure of the secondary flow at the entrance of the constant area chamber in the ejector (Pa)  

Pg  Generator pressure (Pa)  

Pg1  Pressure at the exit of the primary nozzle (Pa)  

Pgy  Pressure of the primary flow at the entrance of the constant area chamber in the ejector (Pa)  

Pm  Pressure of the mixed flow in the constant area chamber (Pa)  

Pt  Pressure at the throat of the nozzle (Pa)  

Py  Pressure at the entrance of the constant area chamber (Pa) 

Te  Evaporator temperature (°C)  

Tey  Temperature of the secondary flow in the constant area chamber (K)  

Tg  Generator temperature (K)  

tg  Generator temperature (°C)  

Tgy  Temperature of the primary flow in the constant area chamber (K) 

φg  Arbitrary coefficient for the primary flow 

1 INTRODUCTION 

In low temperature freezers techique, the common refrigeration system often employs multi-compressor. It 

means that this leads to the need to consume a lot of energy for compressors in the common refrigeration 

mailto:nguyenvantuan@iuh.edu.vn,%20trandinhanhtuan@iuh.edu.vn,%20hothikhanhphuong@iuh.edu.vn
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system. Therefore, a cascade refrigeration system with ejector could achieve a considerable saving energy. 

Ejector equipment which is one of components in the auto-cascade refrigeration system, has developed in 

decades. The feature ejector has a simple structure, low manufacturing cost and good expansion work 

recovery effect. Thus, it has attracted much attention by scholars to improve the vapor compression 

refrigeration in the past few years. Yu et al. [1] was conducted an auto-cascade refrigeration system using 

the refrigerant mixture of R23/R134a with two different ejectors and the results showed the improvement 

in COP could gained 19.1%. Similarly, an experimental evaluation of an auto-cascade refrigeration system 

with ejector in the steady state operation indicated that this system increased by 25.1% of the system exergy 

efficiency in comparision to the conventional cycle [2]. The advantages of the ejector-assisted refrigeration 

system have also been demonstrated in a series of publications [3–5].  

The starting point of the research on applying ejectors to refrigeration systems was using water as the 

refrigerant. However, the disadvantage of this system was that it had a low COP and reached temperatures 

around 0 °C [6]. Therefore, halocarbon refrigerant has been proposed for use in ejector-supported 

refrigeration systems to overcome this shortcoming. Various common halocarbon compound refrigerants 

were proposed and tested, including R123 [7], R134a [7–9], mix R290/R600a [3]. However, the choice of 

working fluids in an ejector refrigeration system that is environmentally friendly, especially using zero 

ozone depletion HFC refrigerants, is getting more and more attention. Nowaday, as an alternative to the 

widely used R12, the pure refrigerant R134a, a kind of HFC, has been selected as the most preferred choice 

as the working fluid in a refrigeration system. In detail, it can be found that R134a was proposed by Zhao 

et al. [5], Kim and Kim [4], as the working fluid in an ejector refrigeration system. Besides the R134a 

refrigerant, the R410A refrigerant is widely used in numerous refrigeration systems. For instance, Heredia-

Aricapa Y et al. [10] presented a study that proved that refrigerants R134a and R410A still prevail in 

different commercial refrigeration systems. Gustavo Potker et al. [11] also conducted the experimental 

performance data of a ejector-based refrigeration system using R410a. The result showed that R410A has 

greater work recovery potential than most of conventional refrigerants due to its relatively high throttling 

losses.  

Considering these findings, as a result, with a system cooling capacity of 0.5 kW, a set of feasible design 

conditions will be obtained using a parametric study altering the generator, condenser, and evaporator 

temperatures and employing a validated multi-geometry ejector mathematical model. The operating fluids 

are 410A and 134a refrigerant mixes. 

2 OPERATING PRINCIPLE OF EJECTOR SYSTEM 

Figure 1 illustrates the schematic diagram of the proposed cascade ejector system setup. There are two 

cycles including the vapor compression cycle and the ejection cycle. The apparatuses of proposed system 

setup consist of a compressor, an air-cooled condenser, a separator, an ejector, an evaporation condenser 

and a freezer cabinet. The working fluid is the common refrigerant couple R134a/R410a. The working 

theory of this system is described as follows: The superheated vapor mixture (state point 1) after the 

evaporator-condenser (e) is drawn by the compressor (a) and becomes high-temperature and pressure vapor 

(state point 2). Then, it is separated from the oil at the oil separator (b). After the oil separator, the refrigerant 

mixture partially condenses when it goes through the condenser (c) (state point 3). Therefore, the refrigerant 

mixture becomes a two-phase fluid in the separator (d). At the separator, most of the R134a condensed into 

a high-temperature and pressure refrigerant liquid (state point 4) due to its higher boiling point of this 

medium (-26.1oC), while most of the refrigerant R410A enters the separator as a refrigerant vapor (state 

point 5) due to its low boiling temperature point (-82oC). This two-phase fluid is separated in the separator. 

As a result, two different refrigerant streams can be obtained by shifting the composition of the refrigerant 

mixture. After being separated, the plurality vapor R410A continues to enter the evaporator-condenser to 

release isostatic heat for the condensate R134a to convert phase to liquid (state point 6), then through the 

expansion valve (f). As a result of the expansion process, the subcooling fluid R410a vaporizes partially, 

and its temperature decreases (state point 7). The cooled refrigerant then passes through an evaporator (state 

point 8), where it absorbs heat in the cabinet.  

Meanwhile, the R134a refrigerant liquid (state point 4) in the separator enters the ejector nozzle and 
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expands as an ultrasonic two-phase liquid at the ejector inlet (state point 4’). The low-pressure R410A 

coming from evaporator (state point 8) is drawn into the nozzle due to the pressure difference. The mixing 

and diffusion processes in the ejector device are performed. Then the pressure of two-phase fluid is 

increased (state point 10) and leave the ejector vaporizes as superheated steam in the evaporator-condenser 

and return to the compressor. 

 
a. compressor; b. oil separator; c. Condenser; d. separator; e. Evaporation/Condenser; f. expansion valve; g. evaparator;               

h. ejector 

Figure 1: Schematic diagram of the ejector refrigeration system. 

3 MATHEMATICAL DESIGN OF EJECTOR 

3.1 The expansion process of the primary flow through the nozzle. 

Vapour from the generator expands irreversibly in the primary nozzle creating a partial vacuum at the 

nozzle exit. Applying the first law of thermodynamics by using the energy balance equation: 

2 2c c
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   (1) 

With the assumption of adiabatic condition (q = 0), no work (εt =0), and no influence of elevation 

change ( zgy = zmy ), the velocity of the stream at the nozzle exit (cey) can be expressed as 
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 (2) 

The mass flow from the generator through the nozzle at choking condition can be expressed as, 
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The mach number of the fluid from the generator (Mag,1), which expands through the nozzle can be 

depicted as, 
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The relation between the Mach number and the cross sectional area can be depicted as, 
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The Mach number of the primary flow at cross section y-y can be calculated from 
k
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3.2 The secondary flow 

The secondary flow rate at choking condition (section y-y) is illustrated as, 
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Assuming that the entrained flow reaches choking conditions, the Mach number of the secondary flow 

at section y-y is approximately one, 
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3.3 Cross-sectional area at section y-y (A3) 

A cross-sectional area at y-y is the summation of the area for primary flow (Agy) and entrained flow 

(Aey), 

3 gy eyA A A= +
 (10) 

3.4 Mixing section 

Energy balance at the mixing point can be expressed as 

∅𝑚(𝑚𝑔. ℎ𝑔,𝑒𝑥𝑝 + 𝑚𝑒 . ℎ𝑒) = (𝑚𝑔 + 𝑚𝑒). 𝑐𝑚 

where  

hm: enthalpy of the mixing fluid at the mixing point  

he: enthalpy of the entrained refrigerant (secondary fluid) from the evaporator  

hg,exp: enthalpy of the driving fluid from the generator after expansion through the nozzle 

me: the secondary flow rate 

mg: the mass flow from the generator through the nozzle 

The direction of the mixing portion will be determined by the relationship to the nozzle adhesive line: 

mix 3L 4.D=
 

The angle of the mixing section is also important. The spray efficiency will decrease if the angle is too 

large, conversely, if the angle is too small, the sprayer will not be able to compress the steam flow to design 

the condenser pressure. The angles of the mixing section cone are about 7-10 degrees for the first part and 
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3 to 4 degrees for the second part[12]. 
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An arbitrary coefficient accounting for friction loss m, varies with the ejector area ratio (A3/At). Huang 

and Chang [12], reported that  
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The performance of an ejector is generally defined in terms of the mass flow rate ratio ω between the 

streams from the evaporator and generator. 
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4 RESULTS 

4.1 Determination of parameters in ejector refrigeration cycle 

The input parameters for calculation were as follow: the cooling load was Qo = 0,5kW, the evaporating 

temperature was Te = -25oC, the condensing temperature was Tc = 40 oC. The other operating parameters 

at each point was determined in Table 1. 
Table 1: Results of determination for parameters at points. 

Point  Temperatue 

T [°C] 

Pressure 

p [bar] 

specific volume, 

v[m3/kg] 

Enthalpy 

h [kJ/kg] 

Entropy  

S [kJ/K] 

Refrigerant State of 

Refrigerant 

1 13.602 12 0.022067 429.520 1.8013 R410a gas 

1’ 46.322 12 0.016632 420.959 1.7052 R134a gas 

2 37.708 18.6 0.014478 441.234 1.8013 R410a gas 

2’ 65.923 18.6 0.010306 429.556 1.7052 R134a gas 

3 36.107 18.6 0.01432 439.63 1.796 R410a gas 

3’ 64.322 18.6 - 294.563 - R134a liquid 

4=3’ 64.322 18.6 - 294.563 - R134a liquid 

5=3 36.107 18.6 0.01432 439.63 1.796 R410a gas 

6 29.613 18.6 - 250 1.170 R410a liquid 

7 -25 3.347 - 249.973 - R410a liquid 

8 -25 3.347 0.078628 412.681 1.8658 R410a gas 

10’ 46.322 12 - 294.563 - R134a liquid 

Based on the equations (1-14) and the results in Table 1, the dimensions of the ejector were shown in the 

Table 2.  
Table 2: Ejector dimensions. 

Specifications Result 

Primary part 

 

Mass flow mg (kg/s) 4,035.10-3 

Nozzle neck diameter dt (mm) 5,22 

Inlet diameter dg1 (mm 23,028 

Outlet diameter ra dgy (mm) 27,25 

Secondary part 
Mass flow me (kg/s) 3,073.10-3 

Diameter dey (mm) 19,5 
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Mixing section Length Lmix (mm) 134 

Constant Area Section 
Diameter d3 (mm) 33,5 

Length L3 (mm) 167,5 

Diffuser 

 

Inlet diameter d3 (mm) 33,5 

Outlet diameter d4 (mm) 60,5 

Length LD 210 

 The designed ejector is illustrated in the Figure 2 as bellows. 

 
Figure 2: The designed ejector. 

4.2 Experimental for validation 

The experiment was conducted to validate the operation of the system with the designed ejector in this 

study. The experimental procedures are as follows: 

i) Dry nitrogen was employed for testing leakage detection in the system 

ii) The mixture of refrigerant was charged by following the higher boiling temperature R134a first and 

the lower boiling temperature R410a with the assistance of the compressor. The amount of mixture of 

refrigerant was referred to as the ratio mass flow rate ratio . The  was about 0.76 in this study by 

calculation 

iii) The system was conducted in the laboratory room with a temperature of ambient about 25 oC 

The experiment was tested in two conditions without and with load (about 1kg of catfish). The data was 

recorded in an interval of 5 minutes. The average of three times data was given in Table 3 

Table 3: The results of the validated experiment. 

No. Time  Temperature in chamber with load Temperature in chamber without load 

1 10h00 30 29.7 

2 10h05 27.3 27 

3 10h10 24 23.3 

4 10h15 21.2 18.7 

5 10h20 16.4 14.3 

6 10h25 11.5 11.7 

7 10h30 6.3 7.7 

8 10h35 4.2 4.1 

9 10h40 1.8 1.4 

10 10h45 0.8 -2.7 

11 10h50 -3.1 -6.1 

12 10h55 -6.7 -12.1 

13 11h00 -9.6 -16.6 

14 11h05 -12.3 -19.7 

15 11h10 -15.7 -21.6 

16 11h15 -17.2 -23.1 

17 11h20 -19 -23.4 

18 11h25 -20.3 -24.3 

19 11h30 -21.6 -25.1 

20 11h35 -21.8 -25.4 

21 11h40 -21.8 -25.4 
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The results of experiments are indicated in Figure 3 
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Figure 3: Temperature changes throughout the experiment. 

The results in Figure 3 showed that the lowest temperature achieved by the ejector refrigeration system 

during 1 hour and 40 minutes was -21.8 oC for the case with a cooling load and -25.4 oC for the case without 

a cooling load. During the first period, i.e., from 10:00 h to 10:40 h, the temperature decrease in both cases 

was not much different. However, in the later stage, in the experimental case without a cooling load, the 

temperature decrease in the cold chamber was faster than in the experimental case with a cooling load. This 

can be explained because, in the early stages, the heat entering is much greater than that generated from 

1kg of fish. Once this heat has been rejected, the remaining heat inside the freezer chamber is mainly that 

of 1kg of fish. 

5 CONCLUSIONS 

The current study develops a rejector design that works with R134a/R410a. The vapor compression cycle 

used R410A, whereas the ejection cycle used R134A. Mathematical models were used to establish the size 

of the ejector. The experiment was carried out in order to validate the performance of the refrigeration 

system with the designed ejector. In the experiment, a freezer cabinet with a volume of 90 liters was used. 

Moreover, the experiment was carried out in two cases with and without a cooling load in the freezer 

cabinet. The experimental results revealed that the suggested system obtained at -25.4 oC for an empty 

freezer cabinet and at -21.8 oC for a freezer cabinet containing 1kg basa fish. 
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Abstract. The efficient energy using depends a lot on the design and installation of the refrigeration 

system, especially the system operation. The refrigeration system with efficient operating helps reduce 

energy costs for production thereby reducing product costs and increasing the competitiveness of 

enterprises is necessary problem of any enterprise. In addition, the efficient energy using also contributes 

to reducing CO2 emissions - the main factor causing the greenhouse effect and climate change globally. In 

this paper, solutions for control of condensation temperature have been applied at Minh Dang company 

such as installing inverters for fans and pumps, installing anti-fouling equipment, calculating pressure loss, 

separating non-condensing air and oil restriction at the condenser have reduced the condensation 

temperature by 5C corresponding to a potential energy saving of 15% of the entire refrigeration system. 

Keywords. Industrial refrigeration system, control of condensation temperature, efficient energy using, 

energy saving, Minh Dang company. 

1 INTRODUCTION 

The refrigeration system plays a important role in the operation of food processing factories in general and 

seafood processing factories in particular. The refrigeration system used in the factories is a continuous 

refrigeration system and uses electricity. used for the refrigeration system accounts for 80-85% of the total 

energy consumption of the factory 

In a food processing plant, to increase the shelf life of products, it is necessary to bring the product 

temperature below the activation temperature of most enzymes and microorganisms. cold system. 

Depending on the requirements of the product, the refrigeration system will create a different temperature 

environment. 

The power consumption of the cooling system of the condenser accounts for about 20-25% of the total 

power consumption of the refrigeration system. Power consumption accounts for a relative percentage of 

power consumption, but it determines the performance of the refrigeration system Normally, when 

designing a refrigeration system, the condensing temperature tc = 40 – 43 C is chosen, but the average 

annual temperature of the southern provinces usually ranges from 25 – 28 C, moreover, about half of the 

year the ambient temperature is below 26 C. Reducing the condensation temperature of the medium, 

controlling the power of the fan and pump of the condenser according to the ambient temperature helps the 

refrigeration system operate more efficiently. To measure efficiency, the energy efficiency coefficient COP 

(Coeficient of Performance) is used. 

2 METHODOLOGY 

2.1 Theoretical basis 

Calculating the heat of condensers is based on two basic equations [1]: 

Heat balance equation: 

 𝐺1𝐶𝑝1( 𝑡′1
′ − 𝑡1

′′′
) = 𝐺2𝐶𝑝2( 𝑡2

′′ − 𝑡2
′ ′

) = 𝑄  (1) 

 

Heat transfer equation: 

 𝑑𝑄 =  𝑘(𝑡1 − 𝑡2)𝑑𝐹 =  𝑘∆𝑡. 𝑑𝐹 (2) 

Where: 
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K: heat transfer coefficient, [W/(m2 .K)] 

t1 - t2 = t Logarithmic mean temperature difference (K) 

Integrating equation (2) over the entire surface of the condenser, we get the heat exchanged at the condenser: 

𝑄 =  ∫ 𝑘𝐹∆𝑡
𝐹

  (3) 

In most cases, the change in coefficient k is not significant (k=const), so equation (3) is rewritten: 

𝑄 =  𝑘∆𝑡̅̅ ̅ 𝑑𝐹 (4) 

Continuous refrigeration systems in seafood processing factories use evaporative condensers, so the cooling 

medium is water and air, from here we determine the water and air flow needed to cool the machine. The 

condenser is: 

The water flow rate Gw (kg/s) is determined by the formula: 

𝐺𝑤 =
𝑄𝑎

𝐶𝑤𝜌𝑤∆𝑡𝑤
  (5) 

Where: 

Cw – Specific heat capacity of water, kJ/(kg.K). 

w – Density of water, kg/m3. 

tw - Logarithmic mean temperature difference, K 

The air flow rate Ga (kg/s) is determined by the formula: 

𝐺𝑎 =
𝑄𝑎

𝐶𝑎𝜌𝑎∆𝑡𝑎
kg/s  (6) 

Where: 

Ca – Specific heat capacity of air, kJ/(kg.K). 

a – Density of air, kg/m 3. 

ta - Logarithmic mean temperature difference, K. 

COP is the energy efficiency coefficient (Coefficient Of Performance) equivalent to the cooling 

coefficient and is calculated according to the following formula: 

COPcooling =
Q0

Ne
       (7) 

Where: 

 Q0 : Useful cooling capacity obtained at the evaporator , kW 

 Ne : Useful compressive work, kW 

Normally, the COP coefficient is calculated only for the compressor, but in reality, the refrigeration 

system has many power-consuming devices such as fans, pumps, resistors...etc. Therefore, to determine the 

efficiency of the system, the power consumed from the auxiliary equipment must be added, for seafood 

processing plants, it is calculated by the coefficient of kWh/1 ton of product. 

2.2 Research subjects 

 

Figure 1: Continuous refrigeration system and evaporative condenser at Minh Dang Company 

The continuous refrigeration system of Minh Dang Co., Ltd. in My Xuyen District - Soc Trang Province is 

the object of research, the continuous system using NH3 refrigerant includes : 01 N4A – 30 kW compressor; 

04 compressors N62B – 90 kW; 05 compressors N42B – 55 kW; 01 compressor SRM 1612SL – 110 kW; 

01 compressor SRM 2016SL – 200 kW; 01 compressor N62WB – 90 kW; 02 compressors N62M – 90 kW, 

condenser system for continuous refrigeration system including: 01 condenser with capacity of 584 kW, 02 
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condensers with capacity of 500 kW, 03 condensers with capacity of 300 kW. The potential for energy 

savings for this system is great if the condensing temperature of the refrigerant in the system is well 

controlled. 

2.3 Condenser control solutions 

When calculating the design of a refrigeration system, it is common to choose the ambient temperature 

parameters of the hottest day of the year, in addition, consider the system operating at its maximum capacity. 

In fact, seafood processing factories have appropriate technology requirements depending on the season 

and orders. Therefore, the refrigerating system operates with a variable coefficient of concurrency. 

The climate in the Southwest region in general and Soc Trang in particular is often sunny during the day 

but at night the ambient temperature is lower. In addition, during the rainy season, the temperature will 

generally be lower than the average temperature. of year. If we can control the condensation temperature 

according to the ambient temperature, this is also the potential to save energy for the continuous 

refrigeration system [2]. 

2.3.1 Installation of inverter for fan and pump in condenser 
Normally the condenser fan and pump parameters are fixed according to the manufacturer, the air and water 

flow cannot be adjusted. 

In cases where due to production requirements, only one IQF system or contact freezer, air freezer, etc., is 

operated, it is not necessary that all compressors in the system operate but operate according to actual 

cooling load requirements. There are cases where even though the compressor load has been reduced, there 

is still excess cooling capacity due to the air and water flow supplied to the condenser remaining unchanged. 

In case the ambient temperature is low, such as in the morning or when it rains, the fan and pump power 

cannot be adjusted to maintain the condensation temperature, causing ineffective energy use. 

 

Figure 2: Installation of inverter for fan and pump [3] 

Therefore, installing an inverter for the fan and pump of the condenser will make the flow control of the 

fan and pump more flexible. The input signal to control the fan and pump is the condensing temperature of 

the refrigerating system. When the condenser temperature increases, the inverter will increase the frequency 

to increase the flow of the air and the fan. If the temperature still exceeds the set value, it will give a signal 

to the next condenser in the system to operate and vice versa. 

2.3.2 Installation of anti-scale device for condenser 
After the operation time of the refrigeration system, there is the formation of scale deposits on the pipes of 

the condenser, when scale is formed, reducing the ability to exchange heat between the refrigerant and the 

cooling environment. 

As the condensing temperature increases, the condensing area must increase to ensure heat exchange, but 

the heat exchange area (F) cannot be changed, so the only option is to maintain the heat exchange 

coefficient. This means that the condenser temperature must be at the design temperature. 

In the problems that increase the condenser temperature, the fouling of scale has a great influence on the 

condenser. Therefore, to ensure the designed heat exchange area, scale removal is necessary for the system 

to operate stably [4]. 
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Figure 3: The process of formation, development and rupture of air bubbles [5]. 

Installing an anti-scaling system in an ultrasonic condenser is a solution that many installation projects 

bring great efficiency, minimizing the possibility of scale build-up and reducing maintenance labor costs. 

system maintenance, in addition to be more effective, we can apply other solutions such as running 

chemicals periodically. 

2.3.3 Calculation of pressure loss at condenser 
After condensing, the refrigerant must be brought back to the high-pressure container to release the volume 

occupied by the liquid, so that the heat exchange area of the condenser is always the largest. 

In fact, when designing - constructing contractors, they depend a lot on the installation space of the factory, 

further reducing costs by saving materials, so they usually don't care much about pressure loss when 

installing the system. condensation. It is the low pressure loss on the pipeline that reduces the ability of the 

liquid after condensing to return to the high-pressure container. 

 

Figure 4 : Calculation of pressure loss and condenser height [6] 

Based on Bernoulli's equation, it is found that if the pressure loss at the condenser is 0.1bar, it is 

necessary to raise the height of the condenser by 1700 mm to compensate for this pressure loss, ensuring 

the refrigerant liquid returns to the high-pressure reservoir completely. 

2.3.4 Separation of non-condensing air  
In the industrial refrigeration system, there is always an amount of non-condensable gas in the system, non-

condensable gas enters the system when maintaining and repairing the system, decomposing the refrigerant, 

and lubricating oil. When the system exists non-condensable gas, it causes the condensate pressure to 

increase, reducing the efficiency of the system, and reducing the reliability of the system. 

Normally, refrigeration systems have installed a non-condensing air separator, but like other equipment, 

contractors design and manufacture it themselves, so the efficiency is not high, in addition, how to operate 
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the air separator. This is also not taken care of, leading to the existence of a large amount of non-

condensable gas in the system, leading to reduced efficiency of the condenser, leading to a decrease in 

system efficiency [8]. 

 

Figure 5: Location of non-condensable gas at the condenser [7]. 

2.3.5 Limitation of oil in condenser 
During the process of compressing the refrigerant at the compressor, there is always a certain amount of 

lubricating oil accompanying the refrigerant. Even though every refrigeration system has an oil separator, 

the ability to separate the oil is not thorough, especially in reality in Vietnam. Oil separators are often self-

made and not scientifically designed, so the amount of oil separated is not thorough [9]. 

When the oil follows the medium to the condenser, it will create a thermal resistance layer that prevents 

heat exchange between the medium and the cooling medium, leading to reduced performance of the 

condenser. 

NH3 and lubricating oil do not dissolve, so when the amount of oil on the condenser is high, it will be 

deposited in the condenser, the space occupied by the oil will reduce the actual heat exchange area of the 

device. condensation. 

 

Figure 6: Oil separator in industrial refrigeration system. 

The continuous refrigeration system at Minh Dang company uses a horizontal oil separator designed and 

manufactured by the contractor, currently using a traditional vertical oil separator, the pipe diameter does 

not change from the ceramic pipe to the bottom. oil separator. Newly designed horizontal oil separator with 

multiple flow barriers, the pipe diameter from the sump and the oil separator has been increased to increase 

the oil separation efficiency of the device. 

In addition, periodically draining the oil from the oil concentration location at the condenser also contributes 

to reducing the amount of oil deposited in the condenser. 

3 RESULTS AND DISCUSSION 

The control of condensing temperature in general and of the continuous refrigeration system at Minh Dang 

company in particular must apply many solutions in a synchronous manner to bring about the best energy 
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efficiency, these solutions have a close relationship with each other, complement each other to maintain the 

condensing temperature of the system. 

3.1 Evaluation of condenser temperature control solutions 

The continuous refrigeration system at Minh Dang company is being designed with a condensing 

temperature of 40C, after applying the solutions mentioned above, it will maintain the condensing 

temperature of the system at 35C. 

With the option of installing an inverter, it is possible to flexibly control the air flow and water flow 

according to the condensation temperature signal at times when the ambient temperature is low such as: 

night, rain... or flexibly. Operating when the cooling capacity according to production requirements changes 

can save 20% on the total energy of the fan pump and condenser pump. 

Table 1: Energy saving potential at condensers. 

No Condenser 
Power 

(kW) 
Fan power (kW) 

Pump capacity 

(kW) 

Savings potential 

(%) 

1 Condenser 1 500 20 3 20 

2 Condenser 2 500 20 3 20 

3 Condenser 3 300 12 3 20 

4 Condenser 4 300 12 3 20 

5 Condenser 5 300 12 3 20 

6 Condenser 6 584 20 3 20 

 

With the average operating coefficient of the system, the condenser is 60 – 70% of the load in the year, the 

amount of power needed for the pump and the condenser fan is: 669,000 kWh, when saving 20% 

corresponds to the energy consumed. consumption reduced by 139,800 kWh. 

The solution of installing anti-scale ultrasonic equipment will reduce the cost of labor and maintenance of 

the system but also ensure the heat exchange efficiency of the refrigeration system. 

Non-condensing air separation solution is to replace low efficiency non-condensing air separators with 

higher efficiency non-condensing air separators that have been calculated and designed to suit the capacity 

of the refrigeration system at Minh Dang. 

 

Figure 7: Non-condensing air separator. 

Similarly, replace the oil separator that is not calculated and designed properly according to the capacity of 

the system with a calculated and designed oil separator, to ensure the maximum reduction of oil according 

to the medium to the condenser. 
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Figure 8: Efficiency analysis of old and new air separators. 

In addition, the solutions are complementary to each other to reduce the condensing temperature of the 

system from tk = 40C, down to the condensing temperature tk = 35C. 

3.2 Evaluation of energy saving potential 

According to previous studies [7], when we increase the condensing temperature by 1C, respectively, the 

cooling capacity decreases by 1% and the power consumption increases by 3%. Therefore, when applying 

solutions to control the condensing temperature of the system at the temperature tc = 35C, it is reduced by 

5C compared to the original. 

With the condensing temperature reduced by 5C corresponding to the energy saving potential of the entire 

system of 15%, the average total power of Minh Dang company is 3,564,064 kWh/ year, the potential for 

energy saving The amount for this refrigeration system is very large. 

In order to effectively control the condenser temperature, it is necessary to implement solutions in a 

synchronous manner and strictly follow the operation and maintenance procedures of the system to ensure 

stable and long-term effectiveness.  

4 CONCLUSIONS 

The problem of global warming is an urgent issue today, all countries must join hands to reduce CO2 

emissions, the main cause of this phenomenon. In order to contribute to reducing CO2 shortage, efficient 

use of energy is essential. 

The potential for energy savings for the current refrigeration system is very large, the refrigeration systems 

in food processing plants are usually continuous refrigeration systems with large capacity, the equipment 

in the system is a complete system. most closely related to each other. Therefore, the research to come up 

with solutions must be synchronized for all devices in the system. 

Due to the close and consistent relationship between the devices in the system, it is impossible to separate 

each device for research in addition to production factors, so the simultaneous operation of the devices is 

not uniform, so the 15% energy saving potential is a relative estimate when analyzing relevant factors that 

lead to changes in system operating parameters. 
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Abstract. A combination of the Rankine cycle and the cold ejector cycle is analyzed in this study. Steam 

from the high-pressure turbine is partially extracted for the motive flow of the ejector. The study was carried 

out with 7 different working substances. The fraction of steam extracted (MF) varies between 0.2 and 0.8. 

Boiler temperature (Tb), generation temperature (Tg), condenser temperature (Tc), and evaporator 

temperature (Te) are varied in the range of 100 to 130C, 55 to 90C, 30 to 40C, and -10 to 0C, 

respectively. The mathematical model was written in EES software to investigate the effect of the key 

parameters on the useful output energy and the coupled cycle efficiency. The results indicate that the 

working fluid of ethanol achieves the greatest energy efficiency. At high evaporator temperatures, the 

extracted vapor for the ejector cycle should increase. The useful output is greatest at the optimum generator 

temperature of 72.5C and MF of 0.2. When the condenser temperature is high, the amount of refrigerant 

extracted for the ejector system should be reduced. The efficiency increases by about 5% as boiler 

temperature increases in the examined range.  

Keywords. Combined cycle, Thermodynamic analysis, Fluid selection, Integrated power and cooling 

system. 

1 INTRODUCTION 

A combined power and cooling cycle, also known as a cogeneration system, is a highly efficient energy 

system that simultaneously generates both electricity and useful thermal energy for cooling purposes [1]. It 

integrates the processes of power generation and thermal energy utilization to maximize overall energy 

efficiency. The basic principle behind a combined power and cooling cycle is to capture and utilize the 

waste heat produced during power generation. In traditional power plants, a significant amount of heat is 

generated as a byproduct and released into the atmosphere, resulting in a considerable energy loss. In a 

combined cycle system, this waste heat is harnessed and used for various heating or cooling applications, 

thus increasing the overall efficiency of the system [2]. The combined cycle of refrigeration and power, 

also known as a combined cooling, heating, and power (CCHP) system, is a highly efficient and 

environmentally friendly approach to meeting multiple energy needs simultaneously. It combines the 

generation of electricity, heating, and cooling within a single system. The combined cycle of refrigeration 

and power, or combined cooling, heating, and power systems, provides a holistic and efficient approach to 

meeting multiple energy needs, offering economic, environmental, and operational advantages across 

various applications. 

Researchers often use waste heat from a power cycle to drive an absorption cooling cycle [3, 4]. However, 

the combined cycle of organic Rankine and ejector cooling lacks attention [5]. The cycle is composed of a 

standalone ejector refrigerator and a standalone organic Rankine cycle. The ejector refrigerator, also known 

as an ejector-driven refrigeration system or ejector cycle, offers several advantages compared to 

conventional refrigeration systems. Ejector refrigerators have a simple design with fewer moving parts 

compared to traditional refrigeration systems, such as vapor compression refrigeration. Ejector refrigerators 

typically use environmentally friendly refrigerants, such as water, ammonia, or carbon dioxide (CO2). 
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Ejector refrigerators can achieve higher energy efficiency compared to conventional refrigeration systems. 

Ejector refrigerators can use various heat sources, including waste heat, solar thermal energy, or low-grade 

heat, to drive the refrigeration cycle [6]. Ejector refrigeration systems can be easily scaled up or down to 

meet different cooling demands. Due to their improved energy efficiency and the ability to use waste heat 

as a heat source, ejector refrigerators can result in lower operating costs compared to traditional 

refrigeration systems. Ejector refrigerators tend to operate at lower noise levels compared to conventional 

refrigeration systems. The absence of mechanical compressors and reduced vibration contribute to a quieter 

operation, which can be particularly advantageous in noise-sensitive environments, such as residential or 

office spaces. It's important to note that while ejector refrigerators offer several advantages, they also have 

some limitations, such as relatively lower coefficient of performance (COP) compared to vapor 

compression refrigeration systems and higher initial costs for certain applications. Therefore, a thorough 

evaluation of specific requirements and considerations should be conducted when considering the 

implementation of an ejector refrigerator. 

The Organic Rankine Cycle (ORC) is a thermodynamic cycle that uses organic fluids, such as hydrocarbons 

or refrigerants, as the working fluid instead of water, allowing for the conversion of low-temperature heat 

sources into useful power. The ORC has several advantages over traditional steam Rankine cycles when it 

comes to certain applications. Overall, the Organic Rankine Cycle offers unique advantages in terms of 

low-temperature heat utilization, compatibility with diverse heat sources, environmental benefits, 

scalability, flexibility in fluid selection, and higher efficiency in certain applications. These advantages 

make it an attractive choice for various sectors, including renewable energy generation, waste heat recovery, 

and distributed power generation. 

In this paper, the Rankine cycle is intermediately superheated and partial vapor leaving the high-pressure 

turbine is used as a motive vapor of an ejector refrigerator. Energy analysis of each component of the 

combined cycle is performed and the combined cycle efficiency is evaluated. In addition, seven working 

fluids are considered to determine the optimal fluid for maximum efficiency.  

2 MODEL DESCRIPTION 

Figures 1 and 2 show the schematic diagram of the combined cycle of the organic Rankine cycle and the 

ejector refrigeration cycle. The superheated vapor (state 9) enters the high-pressure turbine of the Rankine 

cycle. The saturated vapor leaving the turbine (corresponding to generator temperature Tg of an ejector 

refrigerator) is divided into two streams. A stream passes through the reheater and the other enters the 

ejector of the ejector refrigeration cycle. The former stream expands in the low-pressure turbine and 

condenses in condenser 1. The latter stream travels the nozzle of the ejector to the state “a” to suck the 

vapor out of the evaporator (state 2) and mix into state “b”. The stream of the state “b” is pressurized in the 

diffuser of the ejector to condenser pressure. The saturated liquid coming out of the two condensers is mixed 

to state 7 and pumped into the boiler. The vapor temperatures entering the turbines are assumed to be the 

same in this study, i.e., T9=T10. 

The energy analysis model of the combined cycle is presented below with the following assumptions: 

- The flow is steady, and changes in kinetic energy and potential energy are ignored. 

- The heat loss from equipment to the environment is negligible. 

The thermodynamic analysis model of the combined cycle is written as follows [7, 8]:  

Enthalpy of the state “b” is estimated from energy balance as [9]: 
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Diffuser efficiency:  
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( ) ( )3 /diffuser b s b 3h h h h = − −

 (3) 

Mass conservation in ejector cycle:  

 g e cm m m+ =
 (4) 

Mass conservation in Rankine cycle:  

 g LTm m m= +
 (5) 

Flow entrainment ratio of ejector:   

 e gw m / m=
 (6) 

Extracted stream to ejector cycle is determined by mass fraction (MF) as:  

 gm MF m= 
 (7) 

Heat transfer rate of the boiler: 

 
( )9 8bQ m h h=  −

 (8) 

Power of the high-pressure turbine:  

 
( )9 1HTW m h h=  −

 (9) 

Heat transfer rate of the reheater:   

 
( )10 1RH LTQ m h h=  −

 (10) 

Power of the low-pressure turbine:  

 
( )10 11LT LTW m h h=  −

 (11) 

Heat transfer rate of the condenser 1:  

 
( )1 11 6c LTQ m h h=  −

 (12) 

Heat transfer rate of the condenser 2:  

 
( )2 4c c 3Q m h h= −

 (13)

   

Heat transfer rate of the evaporator:  

 
( )2 5e eQ m h h=  −

 (14) 

Power of the pump: 

 
( )8 7pW m h h=  −

 (15) 

Net power and cooling capacity of the combined cycle:  

 HT LT e pOutput W W Q W= + + −
 (16) 

Thermal efficiency of the coupled cycle:  

 

HT LT e p

couple

b RH

W W Q W

Q Q

+ + −
 =

+
 (17) 

Table 1 presents the values of the fixed parameters and the independent parameters to investigate their 

effects on the output and the coupled cycle efficiency. The calculation program is written in EES software. 

 
Table 1: Input parameters. 

Parameter Value/Range 

Nozzle efficiency, nozzle  0.9 

Diffuser efficiency, diffuser  0.85 
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Boiler mass flow rate, m  1 kg/s 

Mass fraction, MF 0.2 – 0.8 

Generator temperature, Tg 55 - 90C 

Boiler temperature, Tb 100 - 130C 

Condenser temperature, Tc 30 - 40C 

Evaporator temperature, Te -10 - 0C 

 

 
Figure 1: Process flow diagram of the combined 

power and cooling cycle. 

 

 
Figure 2: T-s diagram of the combined power and 

cooling cycle. 

3 MODEL VALIDATION 

Figure 3 presents a comparison of the effect of evaporator temperature on the flow entrainment ratio of 

ejector cycle. Table 2 compares the energies of the components in the reheated Rankine cycle. The results 

showed very good agreement between the present study and others. 

 
Figure 3: The comparison of flow entrainment ratio between the present study and published data [9]. 

 

Table 2: The comparison of results from Hysys simulator and developed EES code for the Rankine cycle. 

Component HYSYS EES error (%) 

QB (kW) 185.7 180.9 2.6 

WHT (kW) 2.929 2.938 0.3 

QRH (kW) 25.06 27.19 8.5 

WLT (kW) 28.72 28.74 0.1 

Qc1 (kW) 181.8 179 1.5 
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Wp (kW) 2.692 2.663 1.1 

 

4 RESULTS AND DISCUSSION 

Figure 4 shows the effect of the working fluids on the combined cycle efficiency. R236fa had the smallest 

yield and ethanol achieved the greatest yield. The use of ethanol as a refrigerant offers several advantages 

compared to conventional refrigerants. Ethanol is a natural and renewable refrigerant derived from biomass 

sources, such as sugarcane or corn. Ethanol has favorable thermodynamic properties, including a high latent 

heat of vaporization, which contributes to efficient heat transfer and energy efficiency. Ethanol is 

considered a safer refrigerant option compared to certain synthetic refrigerants. Ethanol is compatible with 

common materials used in refrigeration systems, such as copper, steel, and aluminum. Ethanol is widely 

available and produced on a large scale as a biofuel. Ethanol can be produced from biomass or agricultural 

waste, creating a link between energy production and waste utilization. Retrofitting existing refrigeration 

systems to use ethanol as a refrigerant can be relatively straightforward in some cases. Therefore, ethanol 

is selected for further investigation.  

 
Figure 4: Effect of working fluids on the coupled cycle efficiency. 

 

Figure 5 shows the effect of generator temperature on powers and thermal duties at mass flow ratio MF = 

0.2. When the temperature is increased, the capacity of the evaporator increases because the energy of the 

motive vapor increases, increasing the flow of refrigerant through the evaporator. Cooling capacity Qe 

increases from 2.6 W to 33.7 W (13 times) when increasing Tg from 55 to 90C. Enthalpy of the vapor 

leaving the low-pressure turbine (h11) decreases dramatically with the temperature so that WLT doubles 

when Tg increased from 55 to 90C. The increase of Tg reduces the high-pressure turbine power (WHT). In 

addition, the increase also reduces the temperature T10 thereby reducing the reheater capacity. The trade-

off between the increase and the decrease results in maximum output at the optimum temperature Tg of 

72.5C at MF=0.2 as shown in Fig. 6. At larger mass ratios, the increase of Qe and WLT is larger than the 

decrease of WHT so the output increases with the generator temperature Tg. 
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Figure 5: Effect of generator temperature on the 

powers and heat transfer rates. 

 
Figure 6: Effect of generator temperature on the output. 

 
Figure 7: Effect of generator temperature on the coupled 

cycle efficiency. 

 
Figure 8: Effect of boiler temperature on the output. 

 

The coupled cycle efficiency varies with MF and Tg, as shown in Figure 7. As a result of the increase in the 

useful output, the efficiency increases with Tg. As MF increases, the slope of the curves increases. This is 

because Qe increases sharply with MF. As the boiler temperature (Tb) increases the output increases as 

shown in Figure 8. Because as Tb increases, WHT increases, and WLT also increases. This leads to an increase 

in efficiency with Tb as shown in Figure 9. In addition, as MF increases, Qe increases significantly so 

efficiency increases with Tb and MF. Efficiency increases by about 5% as boiler temperature increases from 

100 to 130C. This increase is considerable because the combined cycle uses a low-temperature heat source 

thus the efficiency of the cycle is low. 

 
Figure 9: Effect of boiler temperature on the coupled 

cycle efficiency. 

 
Figure 10: Effect of condenser temperature on the 
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Figure 11: Effect of condenser temperature on the 

coupled cycle efficiency. 

 
Figure 12: Effect of evaporator temperature on the 

output. 

 

As the condenser temperature (Tc) increases, the output and the efficiency decrease as shown in Figures 10 

and 11. This is obvious because the efficiencies of both the power cycle and the cold cycle are inversely 

proportional to the condenser temperature. At low condenser temperature, a high mass ratio (MF) should 

be selected and vice versa. 

The effect of evaporating temperature (Te) as shown in Figures 12 and 13 is opposite to that of condensing 

temperature. This means that when increasing the evaporator temperature, the output and efficiency 

increase. Especially, when the evaporator temperature is high, large MF should be selected. At Te = 0C, 

the efficiency increased from 21% to 25% as the MF increased from 0.2 to 0.8. 

 
Figure 13: Effect of evaporator temperature on the coupled cycle efficiency. 

5 CONCLUSIONS 

The thermodynamic analysis of an integrated cycle of organic Rankine and ejector chiller was performed 

in this study. The vapor after the high-pressure turbine is fed directly into the ejector without using an 

intermediate device to heat the generator of the ejector cooling system. The main results are drawn as 

follows: 

- Among the 7 refrigerants investigated, ethanol achieved the greatest efficiency. 

- At high evaporator temperatures, the extracted flow for the ejector cycle should increase. 

- The maximum useful output obtained at the optimum generation temperature of 72.5C and the mass ratio 

of 0.2. 

- When the condenser temperature is high, the amount of refrigerant extracted for the ejector system should 

be reduced. 

- Efficiency increases by 5% when boiler temperature increases from 100 to 130C. 
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Abstract. Electricity development on the principle with overall optimization of the power source factors, 

electricity transmission, electricity distribution, economical and efficient use of electricity, Vietnam strives 

to have 50% of office buildings and 50% of households use rooftop solar system for self-produced and self-

consumed by 2030. To solve this urgent problem, the evaluation of household PV systems to find the most 

suitable solar model was presented in this article. This household PV system to be applied must provide 

efficient energy supply, reduce transmission to the national power grid, save land, and satisfy daily energy 

load demand of Vietnamese households in rural and urban areas. That would be analyzed the benefits and 

conformity assessment based on the specific simulation results, helping the investor to select and contractor 

to construct have a common voice with high consensus. 

Keywords. Homer, solar home system, off-grid PV; on-grid PV. 

1 INTRODUCTION 

Please In front of fighting climate change and protecting the environment are two big issues of world 

concern from social organizations to national governments. On the basis of the National Determined 

Contributions - NDC on Climate Change in Paris (Paris Agreement - COP21) in 2015, all of the countries 

have a step-by-step roadmap for limiting, eliminating fossil fuel sources, and setting targets for developing 

renewable energy [1]. Vietnam is strongly innovating to integrate with the world's development trends, 

taking responsibility for future generations in protecting the living environment. Especially, green power 

innovation is one of the most concern fields. 

Vietnam prioritizes strongly developing renewable energy sources for electricity production, reaching a 

rate of 30.9-39.2% by 2030 and 67.5-71.5% by 2050 promulgated in Power Plan VIII [2]. The highlights 

of Solar home system (SHS) are promoting a shift in energy consumption and associating practices [3]. 

SHSs also play an important role which are reconfigured to match the temporal practices; so, it is easy to 

blend Off-grid PV with other resource or storage.Vietnam strives that 50% of office buildings and 50% of 

residential homes will use self-produced/self-consumed rooftop PV system (for on-site consumption, not 

selling electricity to the national grid) with policies and programmes by 2030. These mandatory 

requirements make the researches on renewable energy exploitation and the incentive programs of rooftop 

PV system have been strongly deploying. 

The three big trends for the renewable energy sector are cost declines, local manufacturing and distributed 

energy. From two new options of energy access, grid extention and diesel generators are replaced by 

minigrids or SHSs. Hybrid minigrids are clearly preferable, but they require high capital cost. SHS can 

supply small isolated areas because of economics [4]. For a long time, diesel generators still idea for backup 

power. But PV + batteries now less expensive and low operating cost, utilised as a backup power that 

enables an emergency response to any disturbance. This is suitable for households. Diesel backup used 

infrequently provides reliability in big load size to reduce size of solar + batteries.  

mailto:anguyenhieunghia@iuh.edu.vn
mailto:bnguyentrungkien.08@iuh.edu.vn
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Most of researchers use Homer, some of them use analytical method; there are other popular industrial-

standard for PV system simulation software: PVsyst, HelioScope…. In this study, in spite of our reliance 

on Homer for designing SHS and the undertaking pre/post-Homer analyses, our contribution arises from 

three novel features: 1) most of the studies in the past have considered the blended renewable systems 

whereas we have considered three streamlining design diagrams of Off-grid PV, On-grid PV, and Off/on-

grid PV systems; 2) the load respond analysis of the Off-grid PV system, the On-grid solar system for both 

low-income rural household and high-income urban household; 3) the aid of a diesel generator used for 

CO2 credit mitigation evaluation and finding the optimal blended SHS/generator. These novel features help 

to select and construct strong quickly when the investment product is clearly evaluated from suited cases 

analysis. Pre-determined eligibility criteria based on some main principles related to the SHS configuration 

[5-10]. Model of optimal sizing methodology for solar home system which are classified and arranged 

according to typical standards for the streamlining of the system design diagrams.  

2 METHODOLOGY  

2.1 Household Loads Assessment 

In 2023, Vietnam's population is expected to increase 745,096 people and reach 100,059,299 people 

in early 2024. 38.77% of the population lives in urban areas (38,361,911 people in 2019) [11]. Based 

on their economic income, rural households are low appliances and urban households are high appliances. 

Household’s energy consumption is closely related to routinised usages [12-14]. The proposed loads are 

compared with the load types, used for typical rural and urban household in Vietnam nowadays. The 

electricity for rural households is lower than urban households which are estimated average daily working 

hours of the appliances are listed in Table 1 and Table 2. 

Table 1: Typical loads of low-income households in rural areas. 

Appliance Power (W) Quantity ACLoad (W) Use (h/d) AC Daily load (Wh) 

Lighting 10 3 30 6 180 

pump 370 1 370 0.5 185 

radio 14 1 14 3 42 

TV set 60 1 60 3 180 

Fan 15 2 30 11 330 

Mobile 

charger 
4 2 

8 
2.5 

20 

Refrigerator 80 1 80 24 1920 

stove 1000 1 1000 2 2000 

Laptop 130 1 130 4 520 

  AC total load: 1722 W AC daily load: 5377 Wh 

Table 2: Typical loads of high-income households in urban areas. 

Appliance Power (W) Quantity AC Load (W) Use (h/d) AC Daily load (Wh) 

Lighting 10 5 50 5 250 

pump 370 1 370 0.5 185 

radio 14 1 14 3 42 

TV set 60 1 60 4 240 

Fan 15 2 30 10 300 

Mobile 

charger 
4 2 

8 
4.5 

36 

Refrigerator 132 1 132 24 3168 

stove 1500 1 1500 2 3000 

Air-con 1100 1 1100 4 4400 

Laptop 130 2 260 4 1040 

  AC total load: 3524 W AC daily load: 12661 Wh 
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Figure 1, Figure 2 illustrate the hourly load profiles of rural low-income households and urban high-income 

households. In both cases, the refrigerator working all day and night. Load consumption is relatively 

uniform during the day from 6 AM to 10 PM with three peak loads in the morning, afternoon and evening 

because of family reunion and dinner preparation at this time. However, three peak loads in rural areas are 

1 hour earlier than those in urban areas. The average daily load demand and the peak load of rural low-

income households and urban high-income households are 5377 Wh/day, 1722 W and 12661 W, 3524 W, 

respectively. 

 

Figure 1: Hourly load profiles of the households. 

2.2 Energy resources assessment 

The total land area in the south is 77,700 km2, has a population of about 36 million people (37% of the 

country's population). Intensity of solar radiation in the end South Central and Southern regions are 4.3 – 

4.9 (kWh/m2/day), number of sunny hours in a year are 2.200 – 2.500 hours. The location is selected in Go 

Vap district, Ho Chi Minh City, Vietnam (at 10 oN, 106 oE) is given in Figure 3. The amount of solar 

radiation, the ambient temperature and the wind speed downloaded from Nasa prediction of Worldwide 

Energy Resource database on August 29, 2023. Consequently, the monthly average values of those are used 

as input parameters [6]. 

 

Figure 2: Data resources extraction in Go Vap, Vietnam. 

The global horizontal solar radiation ranges and the clearness index ranges 4.57 ÷ 6.01 kWh/m2/day and 

0.443-0.599, respectively with a scaled annual average of 5.09 kWh/m2/day. Compared with other places 

in Vietnam, solar radiation levels observed in the studied area are higher, offering attractive potency for the 

utilization of PV technology. The monthly average ambient temperature for southern Vietnam ranges 25.75 

÷ 30.13 oC. The annual average ambient temperature is 27.43 oC. The last role is wind speed. The monthly 

average wind speed ranges 4.05-5.84 m/s, and the annual average is 4 m/s. 
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2.3 Household components assessment 

The SHS Suitability analysis was performed using the HOMER software. Figure 3 shows the schematic 

diagram considered in the optimization. The components considered are PV, converter, battery bank and 

loading system. 

 

Figure 3: The schematic diagram considered in the optimization. 

The parameters of PV arrays, batteries, converter, and diesel generator review in similar work [4, 7, 15-

18]. The simulation parameters are shown in Table 3. Homer takes into account the number of units, capital 

costs, replacement and O&M costs, and operating hours to simulate the system. PV array takes into account 

the Generic flat plate PV module. Battery bank use kinetic battery model 12V. Converter is a generic system 

converter, combines the tasks of battery charger, inverter, and controller. 

Table 3: Economic analysis results 

Parameter PV Batt. Conv. Gen. 

Rate power  1 kW 1 kWh 1 kW 1 kW 

Capital cost  4000 $/kW 200 $/kWh 470 $/kW 220 $/kW 

Rep. cost  4000 $/kW 200 $/kW 470 $/kW 200 $/kW 

O&M cost 10 $/yr 8 $/yr 10 $/yr 0.03 $/kW/hour 

Lifetime  25 yr 10 yr 15 yr 15,000 h 

3 RESULTS AND DISCUSSION 

3.1 Optimal SHS 

Discount rate and inflation rate are economic input parameters, are presumed to be 8% and 2%, respectively. 

The project lifetime is assumed to be 25 years [21]. Because reported SHS adopters were unable to provide 

100% the energy required to energy needs such as India 43.4% [19]. SHS provided predominantly TV, 

stereo, phones and light [20]; next priority is as rice cookers, electric kettles, and electric stoves [21]. The 

results are demonstrated range from 100% solar fraction to 40% solar fraction in an overall form based on 

their categorized optimization, in which the possible low cost is regarded for each optimal system of 

household satisfaction percent. Table 4 and Table 5 show thoes multiple optimal cases of Off-grid and On-

grid PV systems with their total net present cost (NPC) and their cost of energy (COE). 
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Table 4: Categorized optimization results of rural low-income households. 

SHS PV 

(kW) 

1 kWh 

LA 

Conv. 

(kW) 

NPC 

($) 

COE 

($) 

O&M 

cost 

($/yr) 

Initial 

capital 

($) 

Grid 

Frac. 

(%) 

PV 

capital 

cost ($) 

PV 

production 

(kWh/yr) 

Off-

grid 

2.85 23 2.02 23,813 0.616 529,68 16,965 0 11,418 4,323 

On-

grid 

1.92 26 1.73 21,108 0.925 573.43 13,695 10 7,680 2,908 

2.09 20 1.54 18,944 0.934 451.9 13,102 20 8,378 3,172 

1.63 19 1.76 16,758 0.945 432.57 11,166 30 6,536 2,475 

1.31 17 1.62 14.410 0.946 386.48 9,414 40 5,252 1,988 

1.11 14 1.00 11,740 0.926 311.09 7,718 50 4,447 1,684 

1.04 10 0.874 9,538 0.941 228.28 6,587 60 4,176 1,581 

Table 5. Categorized optimization results of urban high-income households. 

SHS PV 

(kW) 

1 

kWh 

LA 

Conv. 

(kW) 

NPC 

($) 

COE 

($) 

O&M 

cost 

($/yr) 

Initial 

capital 

($) 

Grid 

Frac. 

(%) 

PV 

capital 

cost ($) 

PV 

productio

n 

(kWh/yr) 

Off-

grid 

5.04 63 3.97 52,580 0.881 1,388 34,633 0 20,165 7,635 

On-

grid 

4.38 58 2.85 46,717 0.87 1,257 30,464 10 17,525 6,635 

4.74 45 2.98 42,359 0.887 1,006 29,352 20 18,951 7,175 

4.45 37 2.64 37,260 0.892 837.18 26,437 30 17,794 6,737 

3.51 34 2.33 31,780 0.887 761.26 21,938 40 14,043 5,317 

2,71 30 1.54 26,064 0.873 656.28 17,580 50 10,855 4,110 

1.85 27 1.26 20,896 0.869 581.79 13,375 60 7,383 2,795 

3.2 Economic and emission comparison 

The diesel generator has capital, replacement, and O&M cost of $220/kW, $200/kW, and $0.03/kW/hours, 

respectively with a lifetime of 15,000 h [3]. The current diesel price in Vietnam is around $0.8/L. The total 

cost of the Off-grid PV system of low and high income household projects are 25.1% ($23.81 vs $31.78) 

and 0.1% ($52.58 vs $52.62) lower than the diesel generator case, respectively as shown in Table 6. 

Table 6: Off-grid system and generator costs comparison. 

Cost ($) Rural low-income Urban high-income 

 Off-grid system Generator Off-grid system Generator 

Power (kW) 2.85 2 5.04 3.2  

Capital ($) 16,965 440 34,633 704 

Replacement ($) 4,466 2,902 11,924 4,642 

O&M ($) 3,008 6,842 7,681 10,951 

Fuel ($) 0 21,634 0 36,380 

Salvage ($) -627 -38.33 -1,658 -61.33 

Total ($) 23,813 31,780 52,580 52,616 

 

The aid of a diesel generator used for CO2 credit mitigation evaluation. These credits can be traded in 

international market as per the current price $0.67/tonCO2 [5] . The high diesel fuel consumptions lead to 

an increase in the CO2 emissions [6]. Since a private generator is usually installed beside the house, these 

emissions have a severe negative impact on the health of residents, not to mention their impacts on the local 

environment. Table 7 shows the CO2 mitigation and CO2 Credits of rural low-income households and urban 

high-income households compared to a generator. 
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Table 7. Carbon credit of SHS. 

SHS CO2 mitigation 

(ton/yr) 

Price 

($/ton) 

Credit 

($/yr) 

Project life 

(yr) 

Credit of 

Project ($) 

Rural low-income 5.476 0.67 3.66892 25 91.723 

Urban high-income 9.208 0.67 6.16936 25 154.234 

3.3 Inserting a diesel generator in proposed SHS 

A diesel generator of 2 kW is integrated into the Off-grid PV system for the low-income in rural areas to 

decrease the initial capital and also provides reliability which the PV and battery outputs are not enough to 

satisfy the load. The optimum blended SHS/generator system configuration consists: 0.885 kW PV arrays, 

and 5 x 1 kWh LA unit batteries each of which contained 1 kWh of sized power, 0.451 kW converter, 2 

kW generator. This system has IRR = 39%, ROI 34%, Simple payback 2.5 yr as shown in Figure 4. 

In blended SHS/generator system of rural low-income household, the generator is found to have high 

operating hours, calculated 1,440 h/yr with high fuel consumption of 386 L/yr, decrease the solar fraction 

from 100% to 51.4%. 

 

Figure 4: Money saving of the blended SHS/generator for rural low-income. 

A diesel generator of 3.2 kW is integrated into the Off-grid PV system for the high-income in urban areas 

to decrease the initial capital and also provides reliability which the PV and battery outputs are not enough 

to satisfy the load. The optimum blended SHS/generator system configuration consists: 1.77 kW PV arrays, 

and 9 x 1 kWh LA unit batteries each of which contained 1 kWh of sized power, 1.71 kW converter, 3.2 

kW generator. This system has IRR = 29%, ROI 24%, Simple payback 3.2 yr as shown in Figure 5. 

In blended SHS/generator system of urban high-income household, the generator is found to have high 

operating hours, calculated 1,210 h/yr with high fuel consumption of 827 L/yr, decrease the solar fraction 

from 100% to 40%. 

 
Figure 5: Money saving of the blended SHS/generator for urban high-income. 
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4 CONCLUSIONS 

Responding to Vietnam's self-produced/self-consumed electricity planning policy of rooftop PV system, 

we found: 1) The optimal SHS consists of 2.85 kW PV arrays, 23 x 1 kWh Lead Acid batteries, a 2.02 kW 

converter, without the power of the national grid which has an initial capital $16,965 and a PV production 

4,323 kWh/yr satisfy 100% typical load demand for rural low-income household. 2) The optimal SHS 

consists of 5.04 kW PV arrays, 63 x 1 kWh Lead Acid batteries, a 3.97 kW converter, without the power 

of the national grid which has an initial capital $34,633 and a PV production 7,635 kWh/yr satisfy 100% 

typical load demand for urban high-income household. Depend on the satisfaction requirement of the 

household, the SHS capacity can be reduced by 10%, 20%, 30%…. are also analyzed.  

In addition of the national grid has provided electricity to 100% of communes and over 99% of rural 

households, Off/on-grid PV system is the most reasonable SHS solution can both use electricity from the 

grid to meet peak load and also be self-produced/self-consumed to reduce transmission to the national grid, 

save land. This Off/on-grid PV system applies the new converter technologies to ensure uninterruptible 

supply with the competitive price. 

About economics and emissions, the total cost of the Off-grid PV system of low and high income household 

projects are 25.1% ($23.81 vs $31.78) and 0.1% ($52.58 vs $52.62) lower than the diesel generator case; 

and Carbon credits of CO2 mitigation projects equal $91.72 (3.66 $/yr) and $154.23 (6.17 $/yr), 

respectively.  

If the householders want to invest the blended SHS/generator to decrease the initial capital because the aid 

of a diesel generator can be done later. The optimal combination for rural low-income household consists 

of 0.885 kW PV arrays, 5 x 1 kWh Lead Acid batteries, a 0.451 kW converter and 2 kW diesel generator, 

without the power of the national grid. This case has a NPC of $13,001 and an initial capital $5,193 which 

is about 59.1% lower and 91.6% higher than those of generator case, respectively. The optimal combination 

for urban high-income household consists of 1.17 kW PV arrays, 9 x 1 kWh Lead Acid batteries, a 1.71 

kW converter and a 3.2 kW diesel generator, without the power of the national grid. This case has a NPC 

of $26,656 and an initial capital $10,397 which is about 49.3% lower and 93.2% higher than those of 

generator case, respectively. 
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Abstract. This paper presents an experimental investigation of the heat transfer coefficient of refrigerants 

R410A, R32, R22, and propane inside a mini-channel multiport tube. The experiments were conducted at 

an average saturation temperature of 48°C and a mass flux range of 50-300 kg/m2s. The results show that 

the heat transfer coefficient increases with the increase in mass flux for all refrigerants. propane has the 

highest heat transfer coefficient among the four refrigerants, followed by R410A, R22, and R32. The 

experimental data were used to develop a new heat transfer coefficient correlation for each refrigerant. The 

developed correlations were compared with existing correlations available in the literature. The results 

show that the new correlations provide better heat transfer coefficient predictions than existing ones. The 

maximum deviation between the predicted and experimental heat transfer coefficient values for the 

developed correlations is less than 15%. The results of this study provide helpful information for designing 

and optimizing mini-channel multiport heat exchangers using refrigerants R410A, R32, R22, and propane. 

Keywords. Heat transfer, correlation, multiport 

1 INTRODUCTION 

The heat transfer coefficient of refrigerants is affected by several factors, including the refrigerant 

properties, the flow conditions, and the heat exchanger geometry. The multiport mini-channel tube is used 

as a heat exchanger that can improve the heat transfer coefficient of refrigerant. This design provides a large 

surface area for heat transfer and increases high turbulence in the flow of fluids. There have been a number 

of studies that have investigated the heat transfer coefficient of refrigerants in mini-channel multiport tubes 

[1–8]. These studies have generally found that the heat transfer coefficient of refrigerants in mini-channel 

multiport tubes is higher than in conventional heat exchangers [9]. 

Zhang et al. investigated the heat transfer coefficient of R134a in mini-channel multiport tubes with 

different channel sizes and port configurations. They found that the heat transfer coefficient was higher in 

tubes with smaller channels and more ports. This is because the smaller channels and more ports create a 

larger surface area for heat transfer. The heat transfer coefficient in microchannels is often calculated using 

correlations that assume a thin liquid film on the wall. This assumption is valid because the influence of 

gravity can be neglected in microchannels, and the surface tension predominates. This leads to an 

accumulation of liquid at the corners of rectangular or triangular channels. A promising theoretical model 

for heat transfer in microchannels has been proposed by Jige et al. [10]. This model assumes a thin liquid 

film with a constant thickness throughout the circumference of the channel. They introduced terms for the 

vapor shear stress effect and the surface tension effect on the Nusselt number. These terms capture the 

relevant influences of mass flux and vapor quality on heat transfer. In study of Sakamatapan et al. [11] 

investigates the condensation heat transfer characteristics of R-134a flowing inside multiport minichannels. 

The authors experimented with different channel sizes, port configurations, and mass fluxes. They found 

that the condensation heat transfer coefficient increased with decreasing channel size, port density, and 

mass flux. 

Although hydrochlorofluorocarbons (HCFCs) exhibit significantly lower ozone depletion potential (OPD) 

compared to chlorofluorocarbons (CFCs), the global warming potential (GWP) of these substances has 

emerged as a growing apprehension. Consequently, a concerted endeavor has been made to identify drop-

in replacements that leverage existing equipment and infrastructure. Some hydrofluorocarbons (HFCs), 

such as R410a, have achieved this objective. Nevertheless, there has been a drive to regulate and ultimately 
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eliminate HFCs due to their elevated GWP. Consequently, natural refrigerants are being reconsidered as 

viable alternatives. R290 stands out as one of the most extensively examined hydrocarbon refrigerants. 

While R290 closely resembles R22 regarding thermodynamic properties, its major drawback lies in its 

flammability. By adopting a mixed principle that capitalizes on complementary advantages, near-azeotropic 

mixtures of R32 and R290 in mass fraction ratios ranging from 70/30 to 60/40 have been proposed by Yu 

et al. [12] and Higashi. [13] R32, a constituent of R407C and R410A, possesses a relatively lower GWP 

value and offers a higher cooling capacity per unit volume, making it a promising alternative that has 

garnered considerable attention, as highlighted by Ro et al.[14] . However, it is essential to note that R32 

exhibits weak flammability and operates at higher working pressures, particularly with a discharge 

temperature approximately 20K higher than R410A, posing potential risks to compressor safety during 

operation. 

This paper conducts an experimental investigation on condensation heat transfer of R410A, R22, R32, and 

R290 inside a horizontal multiport minichannel tube. The authors also developed a theoretical model to 

predict the condensation heat transfer coefficient. The model considers the effects of channel size, port 

density, mass flux, and vapor quality. The model was in good agreement with the experimental data. 

2 EXPERIMENTAL APPARATUS 

A schematic diagram represents the experimental apparatus depicted in Fig. 1. The system comprises four 

main parts: a refrigerant cycle system, a cooling water system, a circulatory system for ethylene glycol, and 

data acquisition systems. This facility allows for the control, measurement, and variation of all variables of 

interest, including the saturation temperature or refrigerants, vapor quality at the refrigerant inlet, mass flux, 

and heat flux. 

 
Figure 1: Experimental apparatus. 

The condensation heat transfer coefficients of R22, R410A, R32, and R290 were determined using 

multiport minichannel tubes of 18 rectangular channels. The test section lengths were 200mm and 500mm. 

For the 200mm test section, the mass flux values were set at 50, 100, and 200 kg/m2s, while for the 500mm 

test section, the mass flux was set at 300 kg/m2s. To measure the outside wall tube temperature, 20 T-type 

thermocouples with a diameter of 0.13mm were attached at 5 points along the test section tube on both the 

top and bottom sides. Four resistance temperature detectors (RTDs) of class-A sensors were placed at the 

inlet and outlet of both the refrigerant and cooling water to measure their respective temperatures. The 

energy balance reliability was verified by conducting initial tests on single-phase flow heat transfer of 
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water-water in the test section. The heat balance error between the cooling water side and the inside hot 

fluid was consistently within ±3%. The specific details of the test section can be observed in Fig. 2.  

In addition,  Figure 3 compares fluid and thermal properties between R22, R410A, R32, and R290 at a 

saturation temperature 48℃. Propane demonstrates a higher latent heat and lower density than conventional 

refrigerants while maintaining a comparable saturation pressure and thermal conductivity. 

 
Figure 2: Detail of the test section. 

 
Figure 3: Thermal properties comparison. 

The heat flow rate transferred in the test section is derived from a thermal balance on the cooling water side 

along with measured data of the refrigerant flow rate, the wall heat flux, and the pressure, the quality change 

in the test section is calculated as follows: 

 𝑥𝑖𝑛𝑙𝑒𝑡 =
1

ℎ𝑓𝑔
[

𝑄𝑝𝑟𝑒

𝑚𝑟𝑒𝑓
− 𝐶𝑝(𝑇𝑠𝑎𝑡 − 𝑇𝑝,𝑖𝑛𝑙𝑒𝑡)] (1) 

And the average condensation heat transfer coefficient is obtained as: 

 

 ℎ =
𝐴𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙

𝐴𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙

𝑞

(𝑇𝑠𝑎𝑡−𝑇𝑤,𝑖)
 (2) 

Where 𝑄𝑝𝑟𝑒 is the heat supplied to the pre-heater and 𝑇𝑝,𝑖𝑛𝑙𝑒𝑡 is the refrigerant temperature into the pre-

heater.  𝐴𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙, 𝐴𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 are the outer and the inner area surface of test tube, 𝑞 is the wall heat flux based 

on the outer surface area of the test tube, and 𝑇𝑤,𝑖 is the internal wall temperature. The physical properties 

in data reduction of each experiment are calculated using the REFPROP Version 8.0. 
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3 RESULTS AND DISCUSSION 

An experiment was conducted to investigate the influence of various parameters on the condensation heat 

transfer coefficient (HTC) of refrigerants. The parameters investigated included the vapor quality at the 

inlet of the test section (ranging from 0 to 0.9), mass flow rate (ranging from 50 to 500 kg/m2s), and heat 

flux (ranging from 3 to 12 kW/m2) at a saturation temperature of 48℃. The relationship between HTC, 

vapor quality, and mass flux for R22, R410A, R32, and propane is presented in Fig. 4. The results show 

that the HTC increases as the mass flux increases for all four refrigerants. This can be attributed to the 

higher mass flux, which leads to increased velocities of the vapor and liquid phases, thereby enhancing 

turbulence at the interface between the liquid film and the vapor phase. The turbulence promotes more 

effective heat transfer between the two phases. The HTC of refrigerants is influenced by both surface 

tension and shear stress. Surface tension causes the liquid film to become thinner and more uniform, thereby 

improving heat transfer. On the other hand, shear stress is generated by the movement of the vapor and 

liquid phases and contributes to increased turbulence, further enhancing heat transfer.  

At low vapor qualities and low mass fluxes, the HTC shows minimal dependence on the mass flux. This 

behavior can be attributed to the dominance of surface tension in heat transfer under these conditions. The 

surface tension of the liquid film results in a thinner and more uniform film at the edges of the rectangular 

mini channels, which enhances heat transfer. However, at high mass fluxes, the contributions of forced 

convective condensation HTC and shear stress effects become dominant. Conversely, under low mass flux 

conditions, surface tension plays a more significant role, and shear stress effects may be diminished. The 

findings of this research can be utilized to improve the design and operation of refrigeration systems. By 

optimizing parameters such as mass flow rate and vapor quality, it is possible to enhance the HTC of 

refrigerants, thus improving the overall efficiency of the system. 

 
Figure 4: The effect of mass flux on the heat transfer coefficients. 

The relationship between the average heat flux and the condensation heat transfer coefficient can be 

observed in Fig. 5. As the heat flux increases, there is a corresponding rise in the heat transfer coefficient. 

This behavior can be attributed to the phenomenon of subcooling. Subcooling refers to the temperature 

difference between the condensing surface and the saturated vapor temperature. With increased heat flux, 
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the condensate experiences greater subcooling, which enhances its thermal conductivity. This improved 

thermal conductivity leads to a significant increase in the heat transfer coefficient. These findings align 

with the research conducted by Zhang et al. [15], who also reported that the heat transfer coefficient 

increases with higher heat flux due to the combined effects of mass flux and heat flux on the interface 

temperature between the liquid film and bulk vapor. 

 
Figure 5: The effect of heat flux on the heat transfer coefficients. 

 
Figure 6: Heat transfer coefficient comparison between four refrigerants. 

Comparing the heat transfer coefficients of R22, R410A, R32, and propane in Fig. 6, we can observe 

differences resulting from their distinct thermophysical properties. Propane exhibits lower liquid density, 

vapor density, liquid and vapor viscosities, surface tension, and higher latent heat compared to the other 

refrigerants. These variations in properties contribute to differences in heat transfer coefficients among the 

refrigerants. For example, the condensation heat transfer coefficient of R410A is 3-11% smaller than that 

of R22 and 17.8-52.2% lower than that of R32, primarily due to these physical property differences. 

In the case of a multiport tube, the condensation heat transfer coefficient is strongly influenced by surface 

tension and liquid density. At a temperature of 48°C, R22 exhibits a liquid density that is 13% greater than 

that of R410A. This higher liquid density causes the condensed liquid film at the top wall to fall more 
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easily, resulting in a higher heat transfer coefficient. Additionally, R22's higher surface tension generates a 

thinner liquid film compared to R410A, which reduces thermal resistance and further enhances heat 

transfer. 

The primary objective of this study is to evaluate, analyze, and improve the design of heat exchangers used 

in refrigeration, heat pumps, and air-conditioning systems. However, due to the complexity of the 

experimental conditions and the channel geometry, existing models may fail to accurately predict the 

findings of this study. Consequently, a new correlation for the condensation heat transfer coefficient has 

been proposed, taking into consideration data obtained from experiments conducted on four different types 

of tubes under varying testing conditions. The proposed correlation builds upon the heat transfer correlation 

previously introduced by Pham et al. [16] for a multiport rectangular channel. This correlation serves as the 

foundation for the newly suggested approach. Additionally, Shah and London [17] have proposed a 

correlation that accounts for the influence of channel geometry on heat transfer. This correlation considers 

the effect of channel geometry on the heat transfer coefficient and provides valuable insights for the current 

study.   

ℎ = 2.67𝐵𝑜0.128Re𝑒𝑞
0.507 (

1−𝑥

Pr𝑙
)

−0.154
((1 − 𝑥)0.8 +

𝑥

𝑝𝑟
)

0.092
(

𝑞

𝐺ℎ𝑙𝑣
.

𝐴𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙

𝐴int𝑒𝑟𝑛𝑎𝑙
)

0.293
(

𝜙𝑣

𝑋𝑡𝑡
)

−0.034 𝑘𝑙

𝑑
         (3) 

 

This correlation allows for a more comprehensive understanding of the interaction between channel 

geometry and heat transfer. The development of the new correlation involved regression analysis 

techniques, which enabled the formulation of equations that accurately represent the relationship between 

the various parameters involved. 

 
Figure 7: Comparison between the measured data and developed correlation 

In Figure 7, a comparison is presented between the experimental data and the prediction value of the 

condensation heat transfer coefficient based on the new correlation. The results indicate that the proposed 

heat transfer correlation aligns well with established correlations and exhibits a mean deviation of just 

15.31%. 

These newly developed equations and correlations provide a more refined and accurate approach to 

predicting the condensation heat transfer coefficient, considering the complexities of the experimental setup 

and channel geometry. By incorporating these advancements, researchers and engineers can enhance the 

design and performance of heat exchangers in refrigeration, heat pump, and air-conditioning systems, 

ultimately leading to improved system efficiency and effectiveness. 
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4 CONCLUSION 

This study investigated the influence of various parameters on the condensation heat transfer coefficient of 

refrigerants inside a multiport mini-channel tube. The results showed that the heat transfer coefficient 

increases with higher mass flux, primarily due to increased velocities and turbulence at the liquid-vapor 

interface.  

Furthermore, the study demonstrated the relationship between average heat flux and the condensation heat 

transfer coefficient. As the heat flux increases, the subcooling effect enhances the thermal conductivity of 

the condensate, leading to an increase in the heat transfer coefficient. 

The comparison of heat transfer coefficients among different refrigerants highlighted the impact of 

thermophysical properties. Variations in properties such as liquid density, vapor density, viscosities, surface 

tension, and latent heat influenced the heat transfer coefficients.  

The study also addressed the influence of channel geometry on the heat transfer coefficient, proposing a 

new correlation that considers the effects of channel geometry, surface tension, and shear stress. The new 

correlation, derived through regression analysis, provides an improved understanding of the relationship 

between parameters and accurately predicts the condensation heat transfer coefficient. 

Overall, the findings of this study contribute to the optimization of heat exchanger design and operation in 

refrigeration, heat pump, and air-conditioning systems. By considering parameters such as mass flow rate, 

vapor quality, and heat flux, engineers can enhance the heat transfer coefficient and ultimately improve the 

efficiency of these systems. The proposed correlation incorporating channel geometry provides a more 

accurate prediction method, aiding in the design and performance optimization of heat exchangers. 
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Abstract. Melaleuca oil serves as a potent immune system booster, swiftly combating various viral, 

bacterial, and fungal infections. Despite its potential, Melaleuca oil production in Vietnam remains limited 

due to outdated techniques. This research focused on enhancing production by employing the steam 

explosion method prior to steam distillation for two Melaleuca species: alternifolia and quinquenervia. 

Steam explosion, which plays as a preliminary treatment, subjects Melaleuca material to rapid pressure 

changes, causing a mechanical 'explosion.' This process fractures the material's structure, facilitating 

essential oil migration from the interior to the surface, and significantly shortening distillation time. 

Experiments varying steam explosion duration (1, 3, and 5 minutes) were conducted at the steam pressure 

of 5 barg. With a 5-minute steam explosion, approximately 9.6 mL of essential oil was extracted from 3 kg 

of raw Melaleuca quinquenervia – nearly doubling traditional non-explosive methods. Moreover, 

distillation time was reduced by 60%. The needle-like leaves of alternifolia contributed to steam explosion's 

efficacy, yielding more oil. These findings underscore the importance of pretreatment in enhancing oil 

extraction efficiency, including yield and energy consumption. 

Keywords. Melaleuca oil, pretreatment, oil yield, steam explosion 

1 INTRODUCTION 

Essential oil has emerged as a pivotal component within the realm of medicinal herbs, commanding 

substantial trust and a significant market share in present-day consumption. Notably, Vietnam has made 

remarkable strides in exporting essential oils to approximately 30 out of 167 countries that display a demand 

for such imports. This achievement accounts for 1.16% in volume and 0.6% of the global essential oil 

market [1], underscoring the transformative positive evolution of the country's oil production and extraction 

sector, which now stands as a promising industry. There are two types of Melaleuca oil extracted from two 

species, alternifolia and quinquenervia. The latter type is commonly used in Vietnam. However, the raw 

quinquenervia material source is scattered, difficult to cultivate, and has low leaf yield. Meanwhile, the 

alternifolia type is relatively easy to cultivate and offers a higher leaf yield. This type of essential oil owns 

highly antimicrobial activity [2] and widely popular in Australia and European countries. Currently, 

Vietnam is focusing on cultivating and exploiting this promising alternifolia species for distilling the 

essential oil from its leaves.  

In Vietnam, the existing models for Melaleuca oil distillation remain constrained by small-scale, manually-

driven processes that rely heavily on outdated technology and experiential knowledge. Advanced 

methodologies have yet to be explored or implemented to enhance the efficiency of oil extraction. In 

particular, an on-site study of the actual production procedures at Bao Ngoc Melaleuca Essential Oil Co., 

Ltd. in Hai Lang town, Quang Tri province, reveals a steam distillation approach necessitating an average 

distillation time of 360-480 minutes per batch of 200 kg of raw material. A significant drawback of this 

method is its prolonged duration, which leads to heightened energy and water consumption, consequently 

driving up production costs and dampening competitiveness within the market. 

Moreover, the manual distillation process lacks stringent testing protocols, resulting in inconsistent and 

subpar product quality. This inconsistency further contributes to the wastage of substantial quantities of 

raw materials and energy resources. Consequently, these challenges have culminated in the selection of this 

topic, aiming to address and overcome the issues posed by the existing practices. 
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This study employs the steam explosion technique [3-6] to disrupt the composition of Melaleuca prior to 

its introduction into the distillation process, departing from the conventional method. The primary objective 

centers on expediting distillation duration, consequentially curtailing energy consumption, while 

concurrently augmenting essential oil yield—effectively enhancing product competitiveness.  

 
Figure 1: Disrupted structure of biomass fibers post steam explosion. 

The steam explosion method's pretreatment stage stands as a pivotal facet in the overall biomass conversion 

sequence, facilitating the breakdown of the plant's external protective layer. During steam explosion, high-

pressure saturated steam rapidly engulfs the melaleuca material for a brief interval before swiftly 

plummeting to atmospheric pressure. This abrupt pressure reduction prompts a swift expansion of water 

vapor within the material, akin to a mechanical "explosion." Consequently, the material's structure 

(encompassing lignin, hemicellulose, and cellulose) is fractured, as illustrated in Fig. 1. Consequently, the 

resistance for essential oil immigrating from the inner to surface of materials is reduced, then distillation 

duration experiences significant reduction. Furthermore, this mechanical expansion procedure 

preconditions the input material, resulting in diminished water requirements for subsequent distillation, 

when contrasted with the conventional manual method that relies purely on water's thermal energy for 

material structure disruption and steam for essential oil extraction. 

2 EXPERIMENTAL 

2.1 Production process diagram  

Figure 2 illustrates a typical essential oil production process. The raw materials, consisting of Melaleuca 

branches and leaves, progress through a sequence of stages: collection, processing, and cleansing. 

Following this, they are introduced into the distillation pot, which functions as the essential oil extraction 

tank. The specific technology chosen dictates the approach: either the materials are immersed in water 

(hydro-distillation) or the distillation pot's lower portion is filled with water, enabling only steam to pass 

through the materials (steam distillation). 

In this study, steam distillation is employed to extract oil from Melaleuca. Specifically, water at the base 

of the pot is heated until it reaches its boiling point, generating steam. This steam then traverses through 

the material's cavity, warming the material in the process. The oil present in the material vaporizes and 

mingles with the steam, subsequently advancing to the condenser. Within the condenser, the mixed vapor 

undergoes condensation, transforming into a liquid state. 

The resultant liquid is subsequently directed to a dissociation apparatus, from which the uppermost layer 

of condensed essential oil is separated (referred to as crude oil). This separation is feasible due to the lower 

density of essential oil in comparison to water. The water settled at the base of the dissociation apparatus 

is recycled back into the distillation vessel to sustain the ongoing distillation process, as it retains a certain 

quantity of essential oil. Upon the completion of the extraction of all essential oils from the raw materials, 
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the distillation procedure concludes. The remaining residue can serve as a potential source of fuel or as 

organic fertilizer. 

 
Figure 2: Flowchart of essential oil production process. 

2.2 Principle diagram of a steam explosion device  

Prior to introducing materials into the essential oil distillation apparatus, as shown in Fig.2, they undergo 

a pretreatment known as steam explosion. The process for steam exploding Melaleuca leaves and branches 

is depicted in Fig. 3. Freshly harvested Melaleuca (comprising leaves and terminal branches) are first cut 

into sizes ranging from 1 to 3 cm. It's important to ensure that the materials are shielded from high 

temperatures and humid conditions, as excessive humidity can hinder the extraction of the maximum 

amount of oil. 

Before placing the Melaleuca material into the explosion reactor, careful attention is required to eliminate 

impurities such as grass and debris that may have become mixed in during the collection process. 

Subsequently, the prepared Melaleuca leaves are loaded into the reactor. For each experimental run, the 

parameters of saturated steam (gauge) pressure are adjusted accordingly. Valves connecting the reactor 

and the receiver are securely fastened. Once the pressure reaches the desired parameters, the time relay for 

the steam explosion is set. 

 
Figure 3: Diagram of steam explosion device. 

At this point, the steam supply valve to the reactor is opened, allowing the reactor to be filled with steam 

while maintaining a consistent pressure throughout each test. This practice ensures that the steam 

temperature remains constant for the duration of the experiment. 

Once the material temperature reaches the designated test value, the time relay initiates its countdown. 

Upon the completion of the predetermined holding time, an audible alert from a buzzer indicates the end 

of this phase. Swiftly, the connecting valve linking the reactor and the receiver is opened to execute the 

steam explosion procedure. The abrupt drop in pressure triggers the fragmentation and splitting of the 

Melaleuca into smaller fragments. In the context of the current paper, the specified holding times are set at 

intervals of 1, 3, and 5 minutes. Furthermore, the steam distillation was carried out on Quinquenervia 

materials without the aid of steam explosion for clarifying the advantage of the steam explosion 

pretreatment.   

2.3 Essential oil distillation  

Upon completing the pretreatment through the steam explosion method, the outlet located under the receiver 

(6), as shown in Fig. 3, is opened to gather the treated materials. These materials are then directly loaded 
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into the distillation apparatus. Care should be taken not to overly compress the material during loading, as 

excessive compression can hinder the uniform distribution of steam throughout the material block. 

Conversely, the material shouldn't be loaded too loosely and porous, as this would cause steam to escape 

through voids without adequately interacting with the entire block of raw materials. 

 
 

Figure 4: Schematic image of an essential oil distillation device. 
Once the materials are loaded, secure the lid of the distillation apparatus and initiate the distillation process 

using an electric stove. The distillation procedure is considered stable when the temperature reaches a 

constant level and the mixture of condensed liquid (oil and water) flows evenly and continuously from the 

water-cooled condenser. This composite solution of oil and water then proceeds into the dissociation device. 

Melaleuca essential oil, due to its lower density, floats atop the water layer, enabling its separation from the 

water and allowing for the extraction of the essential oil. 

During the distillation process, the quantity of extracted oil is monitored at regular intervals, usually every 

30 minutes, for all three experimental cases. Additionally, a simple method to ascertain the completion of 

distillation involves using a glass container to collect a small portion of the condensate. If oil is discernible 

on the glass, it signifies that the distillation process has not concluded. 

Furthermore, the author conducted an additional experiment involving the extraction of Melaleuca essential 

oil using steam distillation without incorporating the step of steam explosion. This experiment serves as a 

representation of the conventional method and will serve as a benchmark for comparison with the 

experiments involving steam explosion.   

3 RESULTS AND DISCUSSION 

In all experiments, Melaleuca leaves and terminal branches were cut into pieces ranging in size from 1 to 3 

cm, as depicted in Figure 5a. Each experiment utilized 3 kg of materials (before steam explosion). Figure 

5b displays images of the materials post-steam explosion, highlighting three different holding durations at 

a pressure of 5 barg.  

 
(a) 

 
(b) 

Figure 5: Quinquenervia materials after steam explosion at 3 different holding durations. 

The current steam pressure was determined based on our prior research [3]. It is evident that a higher 

explosion pressure leads to more efficient interior destruction of biomass materials. However, it's crucial to 

consider that in essential oil extraction, steam temperature plays a significant role in oil yield, as high 

temperatures can lead to oil decomposition. In line with our earlier work [3], it was observed that the highest 
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oil yield was achieved at an explosion pressure of 5 barg, surpassing the results obtained at pressures of 3 

and 7 barg  

Materials following the steam explosion demonstrated a volume increase of 20-25% compared to the weight 

of the original feed material due to heightened moisture content. Figure 6 illustrates the essential oil yield 

over time for both the steam explosion method and the traditional method (without steam explosion). The 

graph in Figure 6 reveals several key points of significance: 

 

(1) The oil extraction rate is faster if there is a steam explosion pretreatment and the oil extraction time 

is reduced to 90 minutes compared to 150 minutes without steam explosion (traditional method).  

Certainly, incorporating the steam explosion step to assist in the distillation process contributes to a 

reduction in the required distillation time. Specifically, the distillation time is shortened to just 90 

minutes, equivalent to 60% of the time needed for traditional distillation without steam explosion. 

Consequently, this reduction in time leads to lowered energy consumption and labor costs. 

(2) The essential oil yield in the scenario where steam explosion was employed as a pretreatment at a 

pressure of 5 barg and for a duration of 5 minutes amounted to 9.6 mL, nearly twice the amount 

obtained through the traditional method (5.3 mL). 

 
Figure 6: Comparison between extracted oils without steam explosion (Conventional) and with 5-minute steam 

explosion at 5 barg. 

In addition, when considering the sensory attributes of the essential oil, observations have shown that the 

oil obtained through the steam explosion pretreatment method showcases a marginally darker and more 

concentrated color. Moreover, it carries a more pronounced aroma compared to the essential oil derived 

from the traditional distillation process. On the contrary, the oil obtained through the conventional method 

is characterized by a lighter color and a more diluted consistency, accompanied by a subtler fragrance. 

However, in order to thoroughly assess the quality of the essential oil in both methods, more detailed 

compositional analyses are required in subsequent studies. 

 
Figure 7: Amount of oil from two types of Melaleuca with steam explosion collected  

every 30 minutes during distillation. 

Figure 7 shows the amount of oil obtained after every 30 minutes of distillation from two types of Melaleuca 

with steam explosion. From this graph, it can be seen that the highest oil yield after the first 30 minutes in 

both types. The amount of oil extracted from Alternifolia material is significantly higher than that from 

Quinquenervia material, especially within the first 30 minutes. The highest oil yield is achieved when the 

steam explosion process is extended to 5 minutes. This result indicates that as the steam explosion duration 



The International Conference on Sustainable Energy Technologies - 2023 (ICSET2023)  

                                    

© 2023 Industrial University of Ho Chi Minh City     81 

increases, the internal structure of the material undergoes more significant disruption, leading to a greater 

release of oil. 

During the time interval from 90 to 120 minutes, the oil yield is very low for all steam explosion durations 

and both material types. From this, a preliminary conclusion can be drawn that the combined steam 

explosion and distillation time should not exceed 90 minutes.  

Figure 8 illustrates the total amount of extracted oil from the distillation process employing steam explosion 

for two types of raw materials. It is evident that the amount of oil obtained from Alternifolia type is 

consistently greater than the combined oil yield from Quinquenervia type. The most pronounced difference 

is observed when a 5-minute steam explosion is applied, where the oil yield from Alternifolia type (18.5 

mL) is nearly twice that of Quinquenervia type (9.6 mL). Since the oil content in the two Melaleuca species 

is nearly the same,  2% (or approximately 67 mL per 3 kg of material) [2, 7, 8], the main difference in the 

total oil yield might primarily arise from the distinct biological characteristics of these two types. 

Specifically, the leaves of the Alternifolia type are needle-shaped and measure from 1 to 3 cm in length. 

Therefore, under the impact of the steam explosion within 5 minutes, the internal structure of Alternifolia 

type is more susceptible to disruption compared to the Quinquenervia type, which has broader and oval-

shaped leaves. In other words, the Quinquenervia species requires a longer steam distillation time to extract 

a higher quantity of oil.  

Additionally, in the steam distillation method, whether or not the steam explosion method (as a pretreatment 

step) is employed, the extraction efficiency remains low. Specifically, when using steam explosion, the oil 

yield only reaches 27.6% (18.5/67 mL/mL) for Alternifolia and 14.3% (9.6/67 mL/mL) for Quinquenervia, 

compared to the theoretically extractable oil content. In cases where steam explosion is not utilized, the oil 

yield is considerably lower, at only 7.9% or 5.3/67 mL/mL of the theoretical oil content in the raw material. 

However, the steam distillation method is characterized by its simplicity, ease of implementation, and 

suitability for large-scale production. Therefore, in large-scale production, if the steam explosion method 

is integrated as a pretreatment step, the efficiency of the water-driven steam distillation process can be 

enhanced.  

 
Figure 8: Total amount of oil extracted from two species of Melaleuca with steam explosion at three different 

pressure holding durations. 

4 CONCLUSION 

The process of distillation and essential oil collection, both in general and with specific focus on Melaleuca 

essential oil, has been innovatively enhanced through the incorporation of the steam explosion pretreatment 

method. This novel approach presents a multitude of advantages when compared to traditional 

methodologies. Findings from this study, conducted with Melaleuca trees in Thua Thien Hue province, 

showcase a noteworthy reduction in distillation time for essential oil extraction, amounting to 60% less 

time than conventional methods. This abbreviated time frame leads to a substantial reduction in energy 

consumption, facilitated by the preliminary treatment of materials using the steam explosion technique. 

The experimental investigations yield several key conclusions: 
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Employing the steam explosion pretreatment at the specified conditions (5 barg pressure, 5 minutes of steam 

explosion) results in an essential oil yield of 9.6 mL per 3 kg of input material, nearly twice the yield of 

traditional oil production methods. Although the oil yields supported by steam explosion are lower than the 

maximum theoretically value (approximately 67 mL per 3 kg of material), the effectiveness of steam 

explosion is evident when compared to the conventional method (without steam explosion). 

With the same initial oil content, the type of Alternifolia, when combined with the steam explosion method, 

yields a higher amount of oil compared to Quinquenervia. 

Moreover, the essential oil obtained through steam explosion pretreatment exhibits distinct sensory 

characteristics, including a deeper hue, denser consistency, and a more pronounced and characteristic aroma 

when compared to oil obtained through traditional means. 

While these preliminary research outcomes represent significant advancements in enhancing essential oil 

extraction efficiency and reducing energy consumption, there remains room for further refinements in the 

essential oil production system incorporating steam explosion pretreatment. This approach can be readily 

extended to the production of other essential oils, such as basil, lemongrass, and orange peel, heralding 

promising prospects for the broader essential oil industry. 
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Abstract. This paper shows a comparison of energy efficiency assessment methods for residential inverter 

air conditioners. The study indicates similarities between the two methods come from the principle of the 

bin method. Still, the differences are caused by distinctive approaches to their core method to be compatible 

with different climatic zones. Additionally, the study assesses the influence of these methods on consumers, 

manufacturers and governments from economic and technical perspectives. The data of some air-cooled air 

conditioners that have nominal cooling up to 24000 BTU/h were used in this study. Additionally, seasonal 

energy efficiency ratio (SEER) of those air conditioners in conditions of ISO 16358 was calculated. 

Furthermore, energy efficiency decreased, and power consumption rose considerably when changing the 

operating condition from EN 14825:2012 to ISO 16358-1:2013 because of the transition in equivalent 

active hour and bin temperature. 

Keywords. Air conditioner, bin temperature method, energy efficiency, power consumption, SEER  

1 INTRODUCTION 

According to International Energy Agency (IEA), the number of operating air conditioners has passed the 

two billion units mark and is forecasted to rise to 40% in the following years when the world goes to the 

year 2030 [1]. Air conditioners have become essential equipment in hot climates, especially when outdoor 

temperatures go above 30ºC. However, only twelve per cent of people who live in tropical climates own at 

least one air conditioner [1]. The chance to expand the air conditioning market is still available, especially 

in developing countries such as Vietnam, which is evaluated up to 2.4 billion USD with more than 50 per 

cent of households not having this equipment [2]. In addition, 44 per cent global population lives in tropical 

climates, but only twelve per cent of people own at least one air conditioner [1]. The chance for expanding 

the air conditioning market is still many, especially in developing countries such as Vietnam, which is 

evaluated up to 2.4 billion USD with more than 50 per cent of households don’t have this equipment [2]. 

In Vietnam, split air conditioner holds a major part of the market with more than 9 of 10, and most of them 

are household air conditioners [3]. 

In recent years, electricity peak demand in Vietnam has gone up with the following years higher than in 

previous years, especially in the summer when Vietnamese people need air conditioners for cooling. Energy 

efficiency policies in Vietnam have been mandatory since 2011, and the government recommends people 

choose high energy efficiency with less power consumption equipment, including air conditioners, to limit 

the substantial rise of peak demand. With the introduction of cooling seasonal performance factor (CSPF) 

by ISO (International Organization for Standardization), Vietnam quickly adopted and published the 

National standard TCVN 10273-1:2013 (equivalent to ISO 16358-1:2013) that covered the assessment 

method based on it. In 2015, National standard TCVN 7830:2015 was the first Minimum Energy 

Performance Standard (MEPS) compulsory to use only this method for all household air conditioners with 

the cooling capacity smaller than 41,000 BTU/h. However, TCVN 10273-1:2013 has the reference outdoor 

temperature bin that is more suitable for moderate climates, for instance, Europe or the USA. Additionally, 

CSPF only evaluates the operation state of the air conditioner without considering other modes, including 

mailto:dung.trinhquoc@hust.edu.vn
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thermostat-off and standby, so CSPF in Vietnam may not reflect precisely the energy efficiency and total 

power consumption for air conditioners. On the other hand, there is a method that is also based on the bin 

method: it uses the seasonal energy efficiency ratio (SEER) in Europe (EU), in European standard EN 

14825. This methodology evaluates all mode power consumption which is an advantage over using CSPF. 

This paper will examine thoroughly and compare these assessment methods based on various aspects, such 

as experimental conditions. It also evaluates the suitable level of methods to apply in Vietnam. In addition, 

the SEER of air conditioners in conditions of ISO 16358 and original EN 14825 will be calculated to 

investigate the shift in energy efficiency and power consumption for some household Inverter air 

conditioners that have nominal cooling capacity from 9000 BTU/h (2.5 kW) to 24000 BTU/h (7.1 kW) and 

operate in Europe. 

2 INPUT PARAMETERS 

2.1 Reference outdoor temperature bins and reference hours for modes of air conditioners 

Table 1 describes the reference temperature distributions for SEER and CSPF. Although SEER applies for 

temperate climates in Europe, the highest temp is 39°C. CSPF also represents for moderate climate, but the 

highest temperature is only 35°C. Each bin has a distinctive temperature range: for SEER, it gathers around 

17 to 23°C with a total of 2602 hours while the other is from 24 to 28°C. 
Table 1: Sample outdoor temperature used for calculation CSPF and SEER [4], [5]. 

tj, °C 17 18 19 20 21 22 23 24 25 26 27 28 29 

Hour 
CSPF - - - - 100 139 165 196 210 215 210 181 150 

SEER 205 227 225 225 216 215 218 197 178 158 137 109 88 

Table 1. (continue) 

tj, °C 30 31 32 33 34 35 36 37 38 39 Total 

Hour 
CSPF 120 75 35 11 6 4 - - - - 1817 

SEER 63 39 31 24 17 13 9 4 3 1 2602 

 

As mentioned earlier, the calculation of SEER includes the power consumption from all modes of the air 

conditioner. These reference hours are shown in Table 2 and depict how an air conditioner operates in a 

year. 

Table 2: Reference hours used for SEER calculation [4]. 

 Modes 
Number of hours 

Cooling only Reversible 

A Total hours per year 8760 8760 

B Off mode (HOFF) 5088 0 

C Hours for the reference cooling season 

(= A – B) 
3672 3672 

D Thermostat off (HTO) 221 221 

E Standby (HSB) 2142 2142 

F Active mode hours without setback 

correction (= C – D – E) 
1309 1309 

G Setback correction 355 355 

H Active mode hours corrected for 

setback impact (= F – G or F ∙ 0,73) 
954 954 

I Equivalent active hours (HCE) 350 350 

K Crankcase heater mode (HCK) 7760 2672 
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2.2 Equations and technical data of air conditioners 

The British Standard Institution [4] and Vietnam National Standard [5] have described the calculations of 

SEER and CSPF, respectively. The CSPF is derived from: 

CSPF =  
LCST

CCSE
   (1) 

where: LCST – Cooling seasonal total load, W⋅h or kW⋅h, is calculated by: 

LCST =  ∑ Lc(tj) ∙ nj + ∑ ϕful(tj) ∙ nj
n
j=m+1

m
j=1   (2) 

with Lc(tj) – Cooling load at outdoor temperature tj, W or kW; ϕful(tj) – Cooling full capacity at outdoor 

temperature tj, W or kW; 

and CCSE – Cooling seasonal energy consumption, W⋅h or kW⋅h, is calculated by: 

CCSE =  ∑
X(tj)∙Phaf(tj)∙nj

FPL(tj)

p
j=1 + ∑ Phf(tj)

m
j=p+1 ∙ nj + ∑ Pful(tj)

n
j=m+1 ∙ nj  (3) 

where X(tj) – Ratio of cooling load and cooling capacity in half load operation; Phaf(tj) – Power input in 

half load operation at outdoor temperature tj, W;  FPL(tj) = 1 −  CD[1 − X(tj)] – Part load factor at outdoor 

temperature tj; CD – Degradation coefficient with a default value is 0.25; Phf(tj) – Power input between 

half and full load operation, W or kW; Pful(tj) – Power input in full load operation at outdoor temperature 

tj, W or kW. 

If the examination acquires minimum specifications: 

CCSE =  ∑
X(tj)∙Pmin(tj)∙nj

FPL(tj)

k
j=1 + ∑ Pmh(tj)

p
j=k+1 ∙ nj + ∑ Phf(tj)

m
j=p+1 ∙ nj + ∑ Pful(tj)

n
j=m+1 ∙ nj  (4) 

with X(tj) – Ratio of cooling load and cooling capacity in minimum load operation; Pmh(tj) – Power input 

between minimum and half load operation, W or kW. 

About SEER, it works out in Eq. (5) and Eq. (6): 

SEER =  
QC

QC
SEERon

+ HTO ∙ PTO + HSB ∙ PSB + HCK ∙ PCK + HOFF ∙ POFF

 
(5) 

SEERon =  
∑ hj ∙ Pc(Tj)

n
j=1

∑ hj ∙ [
Pc(Tj)

EERPL(Tj)
]n

j=1

 
(6) 

where QC = Pdesignc ∙ HCE – Reference annual cooling demand, kW⋅h; Pdesignc – Cooling capacity at 

design temp 35°C; HCE – Equivalent active hour; SEERon – Seasonal energy efficiency ratio of active 

mode; PTO, PSB, PCK, POFF: The power input during respectively thermostat-off mode, standby mode, 

crankcase heater mode and off mode correspond with the number of hours HTO, HSB, HCK, HOFF. 

Most specifications of air conditioners come from the Eurovent Certification website with a total of 32 

models. Table 3 shows performance data of air conditioners which have up to 12000 BTU/h (3.5 kW) 

cooling capacity. Cung [6] mentioned other data up to 24000 BTU/h (7.1 kW) cooling capacity air 

conditioners. 

Table 3: Technical data of Inverter air conditioners for SEER. 

Brand No. 1S No. 2S No. 3S No. 4S No. 5S No. 6S 

Model SB-13SJ SB-13SK SC-35TF SD-14QS SE-35ZX SG-35XA SG-35AX 

Pdesignc, kW 3.50 3.50 3.50 4.10 3.50 3.40 3.44 
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Technical 

data 

Q30, kW 2.58 2.58 2.60 2.77 2.58 2.51 2.34 

Q25, kW 1.66 1.66 1.90 1.87 1.66 1.61 1.54 

Q20, kW 1.00 0.90 1.80 1.41 1.28 1.33 1.36 

EER35 3.89 4.38 4.61 3.23 4.49 4.37 3.30 

EER30 7.85 7.27 7.50 5.20 7.20 6.28 5.14 

EER25 10.60 11.22 11.70 8.74 12.40 10.58 8.57 

EER20 12.65 12.00 16.30 15.95 16.60 16.21 12.70 

Poff, kW 0.001 0.001 0.001 0.009 0.004 0.001 0.002 

Psb, kW 0.001 0.001 0.001 0.009 0.004 0.001 0.002 

Pto, kW 0.024 0.029 0.012 0.010 0.011 0.007 0.024 

SEER 8.60 8.70 9.00 6.80 9.20 8.73 6.78 

Table 4. (continue) 

Brand No. 1S No. 4S No. 5S No. 6S 

Model SB-10SJ SB-10SK SE-25ZX SF-20ZK SF-25ZK SG-25XA SG-25AX 

Technical 

data 

Pdesignc, kW 2.50 2.50 2.50 2.10 2.50 2.50 2.57 

Q30, kW 1.84 1.84 1.84 1.60 1.86 1.84 1.78 

Q25, kW 1.18 1.18 1.18 1.33 1.30 1.18 1.29 

Q20, kW 0.90 1.24 1.25 1.33 1.38 1.29 1.35 

EER35 4.63 4.63 5.68 4.56 4.90 4.46 3.30 

EER30 7.85 8.03 8.65 7.25 7.59 6.79 5.47 

EER25 10.85 11.00 12.50 10.38 12.05 10.35 8.96 

EER20 12.70 13.30 17.30 13.85 17.01 16.30 11.70 

Poff, kW 0.001 0.001 0.004 0.001 0.001 0.001 0.002 

Psb, kW 0.001 0.001 0.004 0.001 0.001 0.001 0.002 

Pto, kW 0.024 0.029 0.017 0.017 0.020 0.007 0.021 

SEER 8.60 8.60 9.40 8.10 9.40 8.74 6.74 

2.3 Conversion between SEER and CSPF reference equivalent active hours 

In SEER equations, the equivalent active hour (HCE) is a crucial factor to determine power consumption 

and annual cooling demand. It is also a way to evaluate and compare the average cooling load of bin 

temperature. However, this parameter is established most by using simulations because there is no data in 

reality, and it depends on the type of building and climatic zones. European Commission has a review of 

Regulation 206/2012 which is the same as EN 14825:2012, and it is including an equivalent active hour’s 

study for EN 14825 and other standards in [7]. Table 5 describes HCE for some standards. 

Table 5: Equivalent active hour of some energy efficiency standard [7]. 

Parameters 
Standards 

EN 14825:2012 AHRI 210/240 ISO 16358:2013 

Average temp, °C 25.6 27.8 27.5 

Average load, % 51 57 50 

HCE, hour 350 730 800 

In section 3.2, the authors will discuss more the energy efficiency of some air conditioners that use SEER 

rating and how they would perform in ISO bin temperature based on HCE for ISO 16358:2013. Because of 

the lack of detail time in other modes of ISO 16358-1:2013, the power consumption of those air 



The International Conference on Sustainable Energy Technologies - 2023 (ICSET2023)  

© 2023 Industrial University of Ho Chi Minh City     87 

conditioners, by using equations from SEER, will apply temporarily the reference hours for other modes in 

Table 2. 

3 RESULTS AND DISCUSSIONS 

3.1 SEER and CSPF – Same core method but the difference in approaching directions 

When the air conditioner was invented, the only tool to calculate energy efficiency was Energy Efficiency 

Ratio (EER). It is simple, but it also has a limitation: it calculates in a constant condition only, generally, 

it’s at 35 °C outdoor temperature and 27 °C indoor temperature. Furthermore, when the inverter technology 

is adapted to control the compressor, EER is no longer suitable to illustrate energy efficiency because this 

technology can change power input to match the cooling capacity and the heat load of room (zone). On 

account of that, a new method needs to be applicable for all air conditioners and all operating situations, so 

SEER and CSPF exist to remove the limitation of EER. 

SEER and CSPF have the same core methodology – the bin method, so they share some factors. The bin 

method calculates at cooling load at many temperatures and hypothesises the heat load of a comfortable 

zone that depends only on outdoor temperature while the indoor heat load is consistent. Moreover, there 

always exists a balance temperature point which has a net heat transfer equal to zero: in SEER of Europe, 

it is 16°C, and in CSPF of ISO, it is 20 °C. Another similar factor is the calculation power input which 

equals cooling loads divided by interpolation EER at matching temperatures. Finally, although the 

equations have different parameters, they still have the same energy efficiency calculation that divides the 

total cooling load by total power consumption in a year, nearly the same meaning as EER.  

On the other hand, the distinctive approaches of these methods make their calculations different in 

complexity. SEER mandates testing air conditioners at four different outdoor temperatures: 20, 25, 30 and 

35 °C for all types of air conditioners while the indoor temperature is constant at 27 °C as described in [4]. 

SEER closely links with the bin method to examine air conditioners operating at different temperatures, 

especially inverter air conditioners depending on control algorithms of control circuits. Therefore, it 

increases the accuracy of inspection energy efficiency and gives the policymakers and researchers 

specifically technical insights, it also provides data analysis reports that help manufacturers to enhance the 

product more efficiently. However, two set point outdoor temperatures, 20 and 25°C, are difficult to conduct 

in warm and hot climate countries such as Vietnam. Because testing facilities simulate environment 

(outdoor) temperature by using high-precision air conditioners, they consume large electricity to attain that 

required temp. Thus, it increases the cost of examination and leads to a price rise for a single air conditioner, 

which means air conditioners are harder to approach customers. Furthermore, at these outdoor temperatures, 

consumers usually choose other cooling solutions such as electric fans combined with opening the window 

to have natural ventilation which are simpler and save more energy than air conditioners, so those test points 

may not have much practical value in daily life.  

Another difficulty of using SEER to evaluate the energy efficiency of air conditioners are identifying the 

reference hours and equivalent active hour (HCE), especially HCE. Before the EN 14825:2012 was approved 

and published in 2012, research had been conducted to specify the characteristics of building, climate and 

consumer behaviour in Europe from 2005 to 2009, described in P. Riviere et al. [8] and explained in 

ARMINES and V. Maagøe [7]. Then, from the data, they determined the reference hours and equivalent 

active hours for most European countries. HCE is unique because only EN 14825 in Europe is using it, and 

the bin method does not mention this specification. In Vietnam, there is no related research which had been 

conducted or available data to establish these parameters. Because of that, it is not practical to use SEER in 

Vietnam to convert directly European bin temperature to more appropriate Vietnamese bin temperature.  

Because of the above limitations in hot climates, ISO reduces the compulsory testing point to 35 °C only 

which is equivalent to full capacity for most air conditioners. Nonetheless, variable-speed air conditioners 

need more than one examination point to calculate exact energy efficiency, so ISO requires a half-capacity 

test at an outdoor temperature of 35 °C and leaves an option to check in minimum capacity. To have data 

at lower temps, these parameters interpolate with the standard value at the outdoor temperature of 29 °C as 
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it is shown in [5]. Because the number of tests reduced in half, this may help the performance audit in hot 

climates to be conducted more easily than the requirements in EN 14825, so the government and 

manufacturers would cost less for the inspections than EN 14825, and consumers are going to have a more 

affordable price for air conditioners. However, it leads to other problems: one, intermediate parameters 

exist between air conditioner modes and two, it could decrease the test accuracy. In Eq. (3), Phf(tj) is an 

intermediate parameter, but in [5], the control level of the air conditioner is more complicated, more 

parameters participate in the calculation process and appear in final equations, especially in variable-speed 

air conditioners that have minimum specifications as in Eq. (4). Therefore, they make the calculation more 

difficult than SEER noticeably. 

3.2 SEER of air conditioners in ISO bin temperature 

With distinctive test procedures, calculations and reference temperature bins as discussed above, if an air 

conditioner which evaluated through EN 14825:2012 is reassessed based on ISO 16358-1:2013, the CSPF 

value is not the same as SEER. Because of that, policymakers usually conduct inspections to import air 

conditioners and make sure they meet requirements of regional MEPS, it also means the governments and 

manufacturers would cost a significant budget for the re-examination of energy efficiency leading to an 

increase in the price of those air conditioners. Park et al. [9] have established convert equations between 

some energy efficiency metrics based on large air conditioner technical databases from various regions, 

including EU SEER and ISO CSPF. With much sample data, the accuracy of those equations is high and 

trusted enough to be an extremely useful tool for researchers and policymakers to switch between energy 

efficiency metrics, and it could reduce the number of tests for import air conditioners and save a 

considerable amount of money for the governments and manufacturers. 

However, there is another way to compare EU SEER and ISO CSPF: Using ISO bin temperature to calculate 

SEER. As mentioned in 2.3Error! Reference source not found., ARMINES and V. Maagøe [7] analysed H

CE for some energy standards, including ISO 16358-1:2013 and EN 14825:2012. HCE is a critical factor in 

calculating SEER, so SEER based on ISO bin temperature can be established. The only limitation of this 

computation is the reference hours of non-active mode for ISO such as Thermostat-off, Standby and Off 

mode. Although ISO 16358-1:2013 described these reference hours in Total Cooling Seasonal Performance 

Factor (TCSPF) or Appendix B [5] which is rarely used on air conditioners, these reference hours are not 

calculated in detail as EN 14825:2012. Because of that, the reference hours from EU SEER in Table 2 are 

temporarily used for the calculation of SEER with ISO bin temperature. SEERs of up to 12000 BTU/h (3.5 

kW) cooling capacity air conditioners by two different bins are depicted in Figure 3.  

 
Figure 3: SEERs of up to 3.5 kW cooling capacity air conditioners by different bins. 

The energy efficiency of these models in ISO 16358 dropped off markedly in the range from 1.28% to 

12.50%, with the highest belonging to SG-35XA and the smallest being SB-10SK. Additionally, the 

average decrease of SEER is 5.95% which is a noticeable decline for air conditioners. Next, the power 

consumption of 3.5 kW air conditioners in ISO bin temp rocketed up more than double the power 

consumption in Europe. Figure 4 illustrates these results in detail. 
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Figure 4: Power consumption of up to 3.5 kW cooling capacity air conditioners by different bins. 

One of the reasons is ISO bin temp has more hours at higher temperatures than EN 14825, thus, it raises 

power consumption and decreases 𝑆𝐸𝐸𝑅𝑜𝑛. Another reason is the active hour of EN 14825 lower than ISO 

16358. In Table 2, the numbers of active hours without and with setback correction are 1309 and 954, 

respectively. These numbers are not the same as the total hour of bin temperature in EN 14825 while the 

active hour in ISO 16358 equals the total hour in its bin. Therefore, the equivalent active hour in EN 14825 

only has 350 hours while ISO 16358 has 800 hours. In Eq. (5), QC depends on HCE and affects the 

calculation of power consumption, hence, power consumption with conditions of ISO 16358 increase at 

least 2.28 times compare to EN 14825. However, these results for ISO are not accurate 100% and may 

change because the calculation temporarily uses reference hours in Table 2. Detail reference hours at other 

modes for ISO 16358 need more time to study to have more precise results. 

4 CONCLUSIONS 

The paper has conducted the analysis and comparison of energy efficiency assessment methods for inverter 

air conditioners based on the bin method. This work also studied the change in energy efficiency and power 

consumption of air conditioners when they operate in conditions of ISO 16358:2013. The similarities of 

both methods are from the bin method, but the differences in approaching this method affect substantially 

experiment conditions and equations. In conditions of ISO 16358, air conditioners declined in SEER and 

rose power consumption considerably compare to the original calculation EN 14825 because of the change 

of bin temperature and equivalent active hour. Although reference hours at other modes were used 

temporarily from EN 14825, the results still give the overview about the distinction between these methods 

to evaluate energy efficiency and power consumption of variable-speed air conditioners from European 

Standard and ISO. 

 

REFERENCES 

[1]  C. Delmastro, T. Abergel, K. Lane and Y. Monschauer, "Cooling - Analysis - IEA," November 2021. [Online]. 

Available: https://www.iea.org/reports/cooling. 

[2]  T. T. newspaper, "Vietnam's air conditioner market, which is valued at about 2.4 billion, has a new domestic 

competitor," 2022. [Online]. Available: https://tuoitre.vn/thi-truong-dieu-hoa-viet-2-4-ti-usd-co-them-tan-binh-

noi-dia-20220107174412427.htm. 

[3]  CLASP and E. a. E. I. , "Vietnam Room Air Conditioner Market Assessment and Policy Options Analysis," 2019. 



The International Conference on Sustainable Energy Technologies - 2023 (ICSET2023)  

90  © 2023 Industrial University of Ho Chi Minh City 

[4]  T. B. S. Institution, British Standard, Air conditioners, liquid chilling packages and heat pumps, with electrically 

driver compressors, for space heating and cooling - Testing and rating at part load conditions and calculation of 

seasonal performance, BS EN 14825:2012, 2012.  

[5]  "National Standard TCVN 10273-1:2013 (ISO 16358-1:2013), Air-cooled air conditioners and air-to-air heat 

pumps - Testing and calculating method for seasonal performance factor - Part 1: Cooling seasonal performance 

factor," Hanoi, 2013. 

[6]  D. H. Cung, Analysis and comparison of energy efficiency assessment methods for household inverter air 

conditioners in Vietnam based on bin method, Master Thesis, Hanoi, 2023.  

[7]  A. and V. Maagøe, "Review of Regulation 206/2012 and 626/2011 Air conditioners and comfort fans - Task 3 

Users," 2018. [Online]. Available: https://www.eceee.org/ecodesign/products/airco-ventilation/. 

[8]  P. Riviere et al, "Preparatory study on the environmental performance of residential room conditioning appliances 

(airco and ventilation) - Final report of Task 4, TECHNICAL ANALYSIS OF EXISTING PRODUCTS," 2009. 

[Online]. Available: https://www.eup-network.de/product-groups/preparatory-studies/completed/ & 

https://www.eceee.org/ecodesign/products/airco-ventilation/. 

[9]  W. Y. Park, N. Shah, J. Y. Choi, H. J. Kang, D. H. Kim and A. Phadke, "Lost in translation: Overcoming divergent 

seasonal performance metrics to strengthen air conditioner energy-efficiency policies," Energy for Sustainable 

Development, no. 55, pp. 56-68, 2020.  

 

 

 

  



The International Conference on Sustainable Energy Technologies - 2023 (ICSET2023)  

© 2023 Industrial University of Ho Chi Minh City     91 

 

DESIGN AND FABRICATION OF A 4-AXIS FDM 3D PRINTER 
 

BINH-NGUYEN TRAN 1* , NHAT-KHIEM TRAN 1*, BA-HUY NGUYEN 1*, NGOC CAM TIEN 

TRINH 1*, NGOC KIM NGA NGUYEN 1*, NGOC DANG KHOA TRAN 1,  

TRIEU KHOA NGUYEN 1** 

 
1Faculty of Mechanical Engineering, Industrial University of Ho Chi Minh City; 

*First author, **Corresponding author 
*congtusoyeu@gmail.com, tranngocdangkhoa@iuh.edu.vn, **nguyenkhoatrieu@iuh.edu.vn 

 

Abstract: Although 3D printing technology was established early (around 1980), its application in the 

manufacturing industry (rapid prototyping, food, fashion, molten casting, ...) was only developed and 

become popular recently. And it can be classified as a special (non-traditional) processing technology. 

Currently, in Vietnam, 3D printing technology is developing rapidly and is applied in many different 

industries such as mechanics, interior decoration, medicine, biology, fashion, etc. However, the research 

and manufacturing of types of equipment that use 3D printing technology have not yet been invested in to 

meet actual needs. Therefore, a 4-axis 3D printer based on the structure of a CNC machine has been 

proposed to solve the above needs. This paper presents the results of developing, designing, and 

manufacturing a 4-axis 3D printer. With the 360-degree rotating A-axis, it is possible to print complex 

structural parts without the use of supporting structures. The device applies Slic3r software to control the 

3D printing process of complex structural details that need to limit the amount of support to ensure the 

surface's aesthetics and minimize the product's post-processing after printing. In addition, the 4-axis 3D 

printer can be utilized for the teaching, research, and learning of lecturers and students. 

Keywords: 3D printing, FDM, 4-axis, supporting structure, Slic3r, A-axis. 

1 INTRODUCTION 

3D printers using the fused deposition modeling (FDM) method are usually based on a three-linear axis 

mechanism [1]. However, due to the limited location of the workpiece, the shape of the model that can be 

created using this type of 3D printer is limited [2]. 3D printers create 3D models by stacking materials in 

one layer. Due to this principle, a base is required to support the laminate, and it is impossible to develop 

model shapes with overhangs without support components. While making a foundation out of base material 

can solve the problem, shaping and removing the material takes time. Therefore, this traditional method is 

very time-consuming [3]. Therefore, printers as well as 4D and 5D printing algorithms have been developed 

to overcome these disadvantages [4]. Some authors have researched 4D and 5D printers to take advantage 

of their advantage of not needing a support structure [4-6]. While many authors present the process of 

developing traditional 3D printers [7, 8], 4 and 5D printers have only been researched mainly on algorithms 

[9]. Therefore, there is a need for research on low-cost, easy-to-develop 4D printers. 

Hence, a new three-axis 3D printer was developed using the FDM method and its control program was 

designed. In addition, the hardware consisting of the mechanical structure and servo control system was 

developed, and the lamination path that can exert the effect of the four-axis mechanism was calculated. The 

shape of the workpiece can be controlled by installing an A-axis tilt angle of 45 degrees, which allows the 

A-axis to rotate 180 degrees in the Z direction, adding to a three-axis configuration 3D printer. In addition, 

a 4-axis synchronous control program has been developed to control the 4-axis synchronous motion. The 

machining time of the 4-axis-controlled 3D printers was shorter than that of conventional 3-axis-controlled 

3D printers. 

2 MATERIALS AND METHODS 

2.1 FDM 3D printing technique 

FDM technology was developed in the late 1980s and commercialized in the early 1990s [10]. This 

technology has many advantages, including non-toxic materials, unlimited geometric complexity, and with 
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a wide range of materials, short operating cycle, easy material change, low printing temperature, small 

equipment size and low maintenance costs. In the conventional FDM process, the plastic filament is melted 

and extruded through the nozzle by following the cross-section of each layer of the product [11]. Therefore, 

the product consists of multiple layers of filaments combined. Hence, the final printed product is formed 

by a matrix of filaments except for the peripheral sheath. And the product can also be a porous model. 

2.2 PLA materials 

PLA plastic is the abbreviation for “Polylactic Acid”. This is a biodegradable thermoplastic derived from 

renewable sources [12]. The composition of this plastic includes many additives such as cornstarch, 

sugarcane, cassava roots, or even potato starch. PLA printing resin is one of the popular FDM 3D printing 

resins on the market. This type of plastic is quite low-cost, easy to print, and comes in many vibrant colors. 

PLA has many outstanding advantages over other online petrochemical plastic products such as ABS 

(Acrylonitrile butadiene styrene) or PVA (Polyvinyl Alcohol). With the ability to self-decompose in the 

environment. PLA is widely used to produce everyday items. Products such as food packaging, trays or 

cups, food film, and so on. 

3 RESULTS AND DISCUSSION 

3.1 Calculation and Design of the A-axis 

The print head assembly is optimized to a 360 rotation axis on the XOZ coordinate system, so we consider 

the print head to be a robot system with 1 Oz rotation and 2 Oz, Ox translation steps as shown in Figure 1 

[3, 13]. 

 
Figure 1: A-axis printhead principle diagram. 

 

• PROJECT KINEMATIC PROBLEM 

Matrix representing the position and orientation of the links with respect to the fixed coordinate 

system O [14]: 

1 1 2 1
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3 1 2 3

1 3
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sin( ) cos( ) 0 d cos( )
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 
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 (1) 

The matrix representing the direction of the operation: 
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Matrix representing the position of the end impact point: 
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Angle speed of manipulator: 
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Acceleration of the end point of impact [15]: 
2
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Angular velocity of the links: 
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• BUILDING ORIGINAL MOVEMENT 

Simulate the manipulation space on MAPLE 17, the results were shown in Figure 2. 

 
Figure 2: The manipulation space on MAPLE 17. 
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Simulate impact the end point, the results were shown in Figures 3 and 4. 

 
Figure 3: The velocity of the endpoint E. 

 

 
Figure 4: The trajectory of the endpoint E. 

3.2 The Design of the Machine 

• OBJECTIVE: 

The main objective of our project is to design and fabricate a working model of a 4-axis FDM 3D Printer 

along with that we have perform some calculations on how to select the printhead tilt angle and analyze the 

amount of flow to optimize the surface of the workpiece when put into printing with a 4-axis 3D printer 

incorporating a Cartesian coordinate system with 2 translational degrees of freedom and 1 degree of 

freedom of rotation. 

• NX MODELLING:  

NX software was utilized to design a solid model as shown in Figures 5 and 6. 
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Figure 5: The model of the A-axis and the frame. 

 

 
Figure 6: The model of the 4-axis printing machine. 

 

3.3 Fabrication and Testing 

The fabrication and testing process basically includes the following steps: 

a/ Chassis installation: The chassis is made of 2020 EU Black aluminum. The four main axes include 3 

moving axes X, Y, and Z of the nozzle and 1 rotating axis of the print head. 

b/ Installing moving parts: Stepper motor, stepper motor mounting part, and belt for the X, Y, and Z 

axes to create translational motion, and the stepper motor of the print head creates a 360-degree rotation. 

c/ Installing the electrical system: Wires, cables, switches, sensors, control circuits, power.  

d/ Code loading: Arduino IDE and Visual Code are software for writing code and loading code into the 

control circuit. 

e/ Hardware installation: Thermal nozzle, heat bed, fiber plastic extruder. 

f/ Support software: Ultimate Cura and Slic3r are the control and slicing software for the machine. NX, 

Solid Works, and AutoCAD are 3D and 2D design software for details that form printers and printed 

products. 

g/ Test print and evaluate printed samples. 
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The printer was fabricated and assembled as shown in Figure 7. The printer uses 5 stepper motors for the 

machine's 4D and 1 stepper motor for plastic extrusion. In particular, 2 stepper motors ensure that the print 

head moves up and down along the z-axis. The printing bed size is 210×210 without a heating device. 

Figure 8 shows the printer during test printing. The device can print special products without the need for 

a support structure. 

 
Figure 7: FDM 4 – Axis 3D printer. 

 

 
 

Figure 8: The FDM 4 – Axis 3D printer in testing. 
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4 CONCLUSION 

In this study, a 4D printer was successfully designed, manufactured, and tested. First, research projects 

around the world on the process of building 3-4 D printers were compiled and analyzed. From the 

advantages and disadvantages of existing machines, a suitable 4D printer diagram was designed using NX. 

With the 360-degree rotating A-axis, the current device is capable of printing complex structural parts 

without the use of supporting structures. The kinematic equations of the A-axis were also calculated using 

Maple 17 to ensure that its rotation angle could be controlled using the Slic3r 3D printer control slicer 

software. With a low cost (about 5 million VND) and simple structure, this research project promises to 

provide the ability for users to build their own 4D printers and progress to 5D. Therefore, this work may 

contribute to the further development of the additive manufacturing industry in Vietnam. 
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Abstract. Rose is a flower with high economic value, especially in high-tech agriculture in Vietnam. 

However, the harvesting of roses in gardeners is still using human resources, leading to low yield and low 

quality. Therefore, applying technology in harvesting roses is an urgent need in florists. This paper presents 

the design and operation of an automatic rose harvesting robot. The robot employed image processing 

techniques to identify roses and control the manipulators to the respective flower locations to accurately 

perform the cutting and harvesting process and ensure flower quality. A prototype robot was built and 

operated. The robot can detect red roses and locate the position according to the xy coordinates, and the 

robot arm is responsible for picking and cutting the roses. Then transport the rose to the container and repeat 

the process. This robot is expected to save human labor. It can be integrated into different systems to create 

a 4.0 high-tech agricultural ecosystem. 

Keywords. Rose, harvesting, image processing, control system. 

1 INTRODUCTION 

The Industrial Revolution 4.0 has profoundly affected the agriculture and floriculture industry. In order to 

satisfy the growing market demand, automation machines are applied to increase productivity and product 

quality while saving labor costs [1]. In particular, the rose is a high value flower that symbolizes luxury 

beauty. For that reason, roses are chosen by many people to decorate their homes or give to their loved ones 

on important days. Harvesting roses at large farms requires large human resources and expensive costs, so 

applying high technologies in rose harvesting is a practical necessity today. 

Robots are applied in harvesting flowers and different agricultural products [2]. A simple flower-harvesting 

robot model was presented by VinothKumar et al. [3], a robotic arm responsible for harvesting flowers and 

a camera capable of detecting 80% of the experimental flowers. Rath and Kawollek [4] designed a robot 

for harvesting Gerbera Jamesonii. The robot includes a 6-DOF arm and a linear belt to transport the tree to 

the robot arm. An algorithm was developed for the robot to detect flowers based on the image, transmit the 

position to the robot arm, and perform flower cutting. A real-time flower harvesting robot was introduced 

by Bhaskar et al. [5]. Robots help increase flower harvest productivity and limit direct human involvement. 

Robots that move automatically in flower fields can detect pests, spray pesticides, and harvest flowers. The 

control process combines image processing, IOT to distinguish flowers, and a Raspberry Pi microprocessor 

to help manipulate and operate the robot. Zhang et al. [6] developed a robot that can pick safflower with 

ant colony algorithm. The actuator utilizes two rollers to collect flowers. The image processing technique 

is applied to harvest flower size parameters in space, and the optimal algorithm controls the robot arm to 

collect flowers. 

Besides, Roses are flowers of different sizes that do not follow specific rules. Therefore, the types of robots 

that serve to harvest roses have specific characteristics. Gurel et al. [7] developed an algorithm to locate 

suitable roses for stem cutting. The algorithm investigates the size of the flower stem and the branch points 

to apply the optimal method and select suitable cutting positions for roses while still ensuring flower quality. 

A simple rose harvesting robot introduced by Abarna and Selvakumar [8], the robot is composed of a 2-

DOF robotic arm and works on an automated guided vehicle body, color detection sensor, and the profile 

is used to define the flower. Manikanta et al. [9] simulated an autonomous robot that detect blossomed rose 

with a Gaussian Naïve Bayes algorithm with high accuracy to catch the rose. Raspberry Pi is also 
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implemented to detect roses during harvesting [10]. The system includes many boards and drivers that 

improve the capture of objects with high precision. A 4-DOF robot is employed to collect roses, as 

demonstrated by Kohan et al. [11]. The stereo vision techniques indicate the flower's position and send the 

signal to the control unit. The successful harvesting flower of the robot is higher than the other. However, 

most of the research on rose harvesting robots is only at the experimental level, not in practical applications, 

so many environmental factors have not been researched and verified. 

In this study, a robot model for rose harvesting was developed with cutting and picking mechanisms that 

ensure high product quality. The control system uses image processing to help predict the position and 

distance of the flowers and, from there, to give the execution command of the actuator. Practical 

experiments help determine the exact position and operating time of the robot. 

2 MECHANICAL DESIGN 

The robot structure consists of a stationary frame; flowers are placed inside the frame, and the camera is 

placed on top of the robot. The camera is responsible for taking pictures and transmitting signals to the 

control unit, from which the control unit will analyze and determine the coordinates of each flower. After 

that, the flower harvesting mechanism works. The mechanism, including the manipulator, moves forward 

in two X and Y axes. When the appropriate position coordinates are reached, the Z-axis moving mechanism 

will operate, the flower tube covers the flower stem, and the cutting mechanism will separate the flower 

and the stem. The flower will be kept in the flower tube and moved to the original coordinate. To harvest 

flowers and keep moving to new locations to harvest flowers. Figure 1 shows the structure of the robot and 

its components. The coordinate system is also shown in the figure. 

 

Figure 1: Components of rose harvesting robot. 

Figure 2 depicts the details of the harvester. After determining the position of the flower and the robot arm 

moving in two x and y axes, the Z-axis motor works to move along the axis. The flower tube will insert the 

flower into the appropriate position, the cutting motor will work and cut the stem, the flower will be kept 

in the flower tube and moved up for flower transportation and storage. The cutting force of the knife is 

determined at the value of 117 N. This value is obtained after the actual flower stem cutting force evaluation 

tests. Using the loadcell, the cutting force is determined and used in the design of the robot cutter. 
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Figure 2: The details of harvesting component. 

3 CONTROL SYSTEM 

Based on the robot's mechanical model, the control system's components are presented in Figure 3. The 

central control block is responsible for receiving signals from push buttons, encoders, and processing data. 

The Arduino UNO R3 was applied to build the control unit. DC servo motors are used to control the X, Y 

and Z axis of the robot arm. Image processing and thereby provide implementations for axes motors. The 

motors perform the movement function monitored by encoders for precise feedback and position control. 

The cutting motor that drives the flower stem cutter is adopted as a stepper motor.  

 

Figure 3: Basic components of the control system of rose harvesting robot. 

The camera will capture the image from above, allowing to determine the position of the flower on the XY 

plane. Matlab software is used for image analysis and processing. Roses are mainly red, so the image is 

processed to filter white light so that the image only has the primary redRGB colors. Next, the image is red 

filtered, converted to grayscale, and brightness increases. In the final step, the image is converted to black 

and white, from which to export to pixels and determine the coordinates of the position of the flower. These 

coordinates will be included in the control unit for the calculation and execution of the manipulator. Figure 

4a shows the original image acquired by the camera, and Figure 4b shows the detected flower coordinates 

in pixels. Through it, the computer catches the position of four red roses. 
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a) b) 

Figure 4: Image processing of robot. a) Original image capture by camera, b) Image with coordinate of flower. 

The camera is located at the center of the work area, and the flowers are distributed throughout the work 

area. As a result, the actual coordinates of the flower will be deviated. An experiment was carried out to 

correct this deviation and found the relationship between the parameters. D is the distance from the camera 

to the background, d is the height of the rose, L is the distance from the camera's center to the center of the 

rose in the image, and l is the distance of the rose. Figure 5 presents the distance and the parameters. D is a 

constant value. 

After many experiments with the above parameters. The equation for the coordinate position on the 

computer follows: 
                                                       𝑙 = 𝐿 − (𝐿 ∗ 0,44)                            (1) 

 

Figure 5: Parameter of image processing of rose harvesting robot. 
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Figure 6: Algorithmic flow chart of the program. 

Figure 6 displays the flow chart of the program for the autonomous detection and harvesting of flowers. 

Initially, the program checks the coordinates of X, Y, and Z motors at zero points. A picture of the flower 

was caught by camera and image processing analysis and indicated the coordinates of the flower. X, Y, and 

Z motors run to the flower's location, and the cutting motor executes. After that, X, Y, and Z motors move 

to the zero points and release the flower. The program matches the number of flowers in the picture and 

continues to harvest flowers.  

4  RESULTS AND DISCUSSIONS 

A prototype of a rose harvesting robot is fabricated with the dimensions of a stationary frame 

577mm ,720mm and 1134 mm, respectively dimensions in the X, Y, and Z axes. Figure 7a shows the robot 

after assembly, and Figure 7b shows the flower stems after the cut and rose harvesting of the robot. The 

robot's successful rose harvest rate reaches 93% 
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a) b) 

Figure 7: Prototype of rose harvesting robot. a) Real model, b) Rose after harvesting. 

The interface of the control program is shown in Figure 8. On the interface that displays the original image 

of the red rose from above and the processed image in coordinate form, the coordinate values of each flower 

are also displayed on the image. The interface is designed to identify the number of 5 flowers. The harvest 

button helps the robot program to perform the actual flower harvesting. The manipulator prioritizes flowers 

that are located close to the origin. 

 

Figure 8: Interface of rose harvesting robot. 

Table 1 shows the difference in the position of the flower on the x-axis after calculating according to 

formula (1), shown in the interface, and the real distance of the flower and the distance on the image are 

also presented. Thereby, the difference between the actual location and the location recorded on the 

software is less than 3%. Equation (1) is suitable for determining the position of the rose in the real image. 

Table 1: Result of real distance and image distance in image processing. 

No. Real distance (mm) L (mm) l (mm)  Error (%) 

1 10 18 10,26 2,1 

2 30 53,65 30,28 1,1 

3 50 88,27 50,31 1,1 

4 70 122,88 70,04 1,0 

5 90 157,5 89,78 1,0 

6 110 192,12 109,51 1,0 

7 130 226,73 129,24 0.9 

8 170 295,96 168,7 1,1 
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5 CONCLUSIONS 

A rose harvesting robot model has been researched and developed incorporating image processing 

technology. A robot with a manipulator moves on coordinate axes and performs the process of cutting and 

holding flowers. The image obtained from the camera is analyzed, and the coordinate positions are retrieved 

for the correct operation of the manipulator. An automatic control system has been built to keep the robot 

working continuously. A prototype was built and operated to harvest flowers with a 370-480 mm height 

and a 30-60 mm flower diameter. The robot can harvest flowers with a 93% success rate. The equation for 

calculating coordinates on the image is given and tested with a coordinate error of less than 1%. The robot 

applies optimization to control the manipulator and investigate the system's stability when harvesting 

flowers with different diameters and colors in future work. 
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Abstract. Hydroelectric power is electricity generated from hydropower. According to the latest statistics, 

it supplies a third of Vietnam's electricity, almost 95 TWh, which is more than all other renewable sources 

combined. Dam construction plays a key role in any project of hydroelectric power station. From the 

economic point of view, it involves a vast amount of concrete material, which normally accounts for a third 

of the overall project cost. While from the technical standpoint, heat from mass concrete placement during 

the construction that may result in a fault or defect for the dam urges an engineer to sort out the problem. 

To deal with this, one of the solutions is to lower cement content in a concrete mix proportion by using 

mineral addition such as granulated slag, pozzolan, ect. However, twenty-five coal-fired thermal power 

plants are currently in operation in Vietnam, producing an industrial waste with a total volume of ash and 

slag of around 13 million tons per year, of which fly ash accounts for 85%. If handled properly, fly ash 

could be an excellent option. The use of high fly ash content roller-compacted concrete, or RCC, for 

hydroelectric dam construction is proposed in this research. Several RCC mixes with two third fly ash of 

the total binder content have been produced successfully. This outcome promises not only to bring a cost-

efficient material for the dam construction, but also to reduce the amount of fly ash in the disposing area of 

the thermal power plant. 

Keywords. RCC, fly ash, dam construction, hydroelectric power station. 

1 INTRODUCTION 

Although the electricity system of Vietnam has changed a lot in terms of source structure and diversification 

of sources, hydroelectricity is still very important in electricity supply, serving the country's socio-economic 

development. In addition, medium and large hydropower plants also play an important role in flood 

regulation, ensuring water security and ecological environment. As the power system integrated with 

renewable energy sources increases, the role of hydroelectricity becomes even more important, helping the 

power system to operate stably, reliably and safely. At the same time, contributing to the implementation 

of green energy transition, clean energy, reducing CO2 emission power sources and implementing 

Vietnam's international commitments at COP26, bringing net “zero” emissions to by 2050 [1, 11]. 

Vietnam has comparatively considerable hydropower resources due to its geographical location in the 

tropical climate, which is hot and humid with a lot of rain. Due to the topographical difference, the 

topographic distribution ranging from North to South with a coastline of more than 3400 km and a shift in 

altitude of more than 3,100 m to sea level has generated a vast potential energy source. Many studies have 

shown that Vietnam has a hydroelectric capacity of 25,000-26,000 MW, which equates to 90-100 billion 

kWh of energy. However, the potential for exploitable hydroelectric capacity is significantly greater. 

According to global hydroelectricity exploitation experience, the hydropower capacity in Vietnam that can 

be exploited in the future ranges from 30,000 MW to 38,000 MW, with an estimated capacity of 100 - 110 

billion kWh. The greatest hydroelectric projects built and finished to date include Son La hydroelectric 

(2400 MW), Lai Chau Hydropower (1200 MW), and Huoi Quang Hydropower (560 MW) [2]. 

With respect to the report of the Electricity of Vietnam (EVN): By the end of 2022, the overall power 

capacity of the entire system will be around 77,800 MW, a 1,180 MW increase over 2021 (76,620 MW). 

In which, coal-fired thermal power plant with a total capacity of 25,312 MW (accounting for 32.5%), gas 
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thermal power plant with 7,160 MW (accounting for 9.2%) and renewable energy including hydropower. 

accounted for 55.4% of the whole system's capacity. In which, the total capacity of wind and solar power 

sources is 20,165 MW (accounting for 26.4%) and hydroelectricity (including small hydroelectricity) is 

22,544 MW (accounting for 29.0%).  

In terms of electricity production and supply for the whole system in 2022, it will reach 268,442 billion 

kWh, an increase of 5.26% compared to 2021, of which the power output from hydroelectricity will reach 

95,054 billion kWh, an increase of 16,381 billion kWh compared to 2021; electricity from gas turbines 

increased by 3.252 billion kWh; electricity from renewable energy increased by 4,944 billion kWh; 

electricity from coal-fired thermal power decreased by 13.11 billion kWh. The maximum load capacity of 

the whole system in 2022 is 45,434 MW on June 21, 2022, an increase of 4.41% compared to 2021 (43,518 

MW). The structure of power supply capacity of the whole system in 2022 is shown in Figure 1 [3]. 

 

Figure 1: Electricity sources in Vietnam in 2022. 

According to the Ministry of Industry and Trade's most recent data, the country has 25 coal-fired thermal 

power plants in operation, generating a total of around 13 million tons of ash and slag each year, of which 

fly ash accounts for 80% to 85%. Emissions are located mostly in the North, accounting for 65% of total 

emissions, with the Central region accounting for 23% and the South accounting for 12%. The quantity of 

ash and slag emitted by the EVN group's 13 coal-fired power stations is 8.57 million tons, accounting for 

64% of the country's total emissions [4]. As an example, the Na Duong coal-fired power station in Lang 

Son province emits around 430,000 tons of ash and slag into the environment each year [5]. An increasing 

amount of trash without treatment poses a risk of dust pollution and requires a considerable amount of land 

to keep waste [6]. This necessitates the development of a method for recycling and reusing materials in 

order to make valuable items for human consumption. 

On the other hand, dam construction is required for generating hydropower energy. To build it, it needs to 

cast a massive roller compacted concrete (RCC) [7]. However, the inherent drawback of massive RCC is 

the heat emission owing to the high cement content, which in turn results in crack propagation in the 

concrete matrix [8]. Under the pressure, water would penetrate through the crack and cause damage for the 

dam in the long term. Therefore, from the technical standpoint, it is necessary to lower the heat emission 

from the massive RCC. From the literature review, so far other authors have intended to use fly ash up to 

60% of the powder content [4, 5, 12-14]. Therefore, this paper proposes the use of high-content fly ash, i.e. 

more the 60% of the powder content, for the RCC mix proportion, which not only minimizes heat emissions 

but also solves the issue of fly ash emissions from the country's coal-fired power plants.  
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2 MATERIALS AND METHOD 

2.1 Cement and fly ash 

The Portland cement PC40 with the But Son brand name was used, which meets the European cement 

standard EN 197-1. Furthermore, fly ash from the Na Duong coal-fired power station in Lang Son province 

is used as a supplemental cementitious material in the concrete mix, along with cement. Tables 1 and 2 

show the chemical and physical properties of cement and fly ash, respectively.   

It is noteworthy that the loss on ignition (LOI) of fly ash is almost fourfold that of cement, as it can be seen 

in Table 1, however, its value still complies with the one prescribed in the standard that are suitable for a 

concrete mix. Besides, Blaine fineness of fly ash is higher than that of cement, as it can be observed in 

Table 2. It depicts that fly ash particles are able to go inside the gap of cement particles, in order to have a 

dense matrix of cementitious paste [9].  

Table 1: Chemical composition of cement and fly ash (in weight percentage). 

Compound Cement Fly ash 

SiO2 23.32 35.54 

Al2O3 4.95 20.19 

Fe2O3 4.84 13.59 

CaO  63.22 11.54 

MgO 1.62 2.82 

SO3 - 6.71 

K2O 0.11 2.34 

Na2O 0.26 0.57 

TiO2 0.05 0.40 

Loss on ignition 1.63 6.3 

Table 2: Physical and mechanical characteristics of cement. 

Parameters Units Cement Fly ash 

Specific density g/cm3 3.13 2.2 

Bulk density g/cm3 1.31 0.8 

Blaine fineness cm2/g 3230 4318 

Consistency % 28.5 - 

Initial setting time min. 150 - 

Final setting time min. 230 - 

Soundness of cement mm 1.0 - 

3 days compressive strength N/mm2 26.1 - 

28 days compressive strength N/mm2 47.6 - 
 

2.2 Coarse and fine aggregates 

This study advocates for the use of crushed stone sand in place of expensive natural river sand. RCC is 

proportioned using stone and sand from Kien Khe - Ha Nam Province. Furthermore, crushed stone with a 

maximum size of 40 mm is used for the RCC. Table 3 shows the compliant TCVN 7572:2006 

characteristics. In addition, sieve analysis was performed to determine aggregate grading, and the results 

are shown in Table 4. 

Table 3: Characteristic of sand and stone. 

Parameters Units Sand Stone 

Specific density g/cm3 2.67 2.71 

Bulk density g/cm3 1.65 1.48 

Porosity % 38.2 44.1 
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Moisture content % 1.0 0.9 

Clay, silt and dust content % 0,5 1.5 

Fineness modulus - 2.57 - 

Table 4: Gradation of sand and stone by sieve analysis. 

Sieve size (mm) Sand Stone 

70  0.0 

40  2.9 

20  49.5 

10  80.3 

5 0.0 98.0 

2.5 9.0  

1.25 23.5  

0.63 46.3  

0.315 84.0  

0.14 94.5  

Pan 100 100 

 

2.3 Chemical admixture and water 

Chemical admixture used is a slow-setting admixture with commercial name VMAT. While water used in 

this study is tap water in the Hanoi area. Characteristics of water and admixture are shown in Table 5. 

Table 5: Characteristic of water and admixture. 

Parameter Units Admixture Water 

Specific density g/cm3 1,13 ÷1,17 1 

pH value - 9 ÷ 10 7 

 

2.4 Experimental programme 

In order to have the mixed proportion of RCC, the Bolomey-Skramtaev method is involved. Several trial 

mixes are prepared to adjust the constituent material content. Besides, for the evaluation of RCC fresh 

properties, the Vebe test is used, as it can be observed in Figure 2. 

This test determines how quickly new concrete flattens when vibrated. A hollow conical frustum set in a 

bigger hollow upright cylinder, a clear plastic disk, a vibrating table, and a timer comprise the testing 

apparatus. The following is the testing procedure [10]: 

• Concrete is poured into the frustum, which is then placed in the cylinder on the vibrating table, 

and the cone is removed. 

• After that, the clear plastic disk is placed on top of the concrete and the vibrating table is 

activated. 

• The vibration will cause the concrete to solidify. 

• The time it takes for the entire transparent plastic disk to make contact with the concrete is 

measured. This is known as the Vebe time. 

The Vebe test simulates how concrete would behave when compacted on site and is thus a great tool to see 

how concrete will behave during compaction. Furthermore, because it is a dynamic test, it is excellent for 

determining the workability of fresh concrete samples that are too stiff to be assessed by a standard slump 

test. 

After the Vebe test, the fresh RCC is placed into the steel mould with the proper compaction, in order to 

prepare the specimens for mechanical test after that, as it can be seen in Figure 3. The cylindrical specimen 

is 150 mm in diameter and 300 mm in height. 
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Figure 2: Vebe test. Figure 3: Specimen preparation. 

Regarding the mechanical test, once the specimen hardens, the mould is removed, and all of the specimens 

are cured under the standard condition up to 28 days. After that, they are left in the outdoor condition up to 

the testing date. 

In this study, compression and tensile tests are used to determine the hardened properties of RCC, as they 

are illustrated in Figure 4 and Figure 5 respectively. The specimens are tested at the age of 365 days. 
 

  

Figure 4: Compression test on the specimens. Figure 5: Tensile test on the specimens. 

3 RESULTS AND DISCUSSION 

3.1 RCC mix proportion 

This study aims to prepare RCC mix proportion of strength class 15 MPa. Indeed, after several adjustments, 

two mixes M1 and M2 are the outcome of the concerned purpose. These mixes are presented in detail in 

Table 6 below. 

Table 6: RCC mix proportion. 

Mix Cement PC40 Fly ash Sand Stone Admixture Water Vebe time Classification 

kg kg kg kg L L Second - 

M1 60 160 852 1385 1.45 110 16 Very stiff 

M2 60 160 802 1445 1.45 115 16 Very stiff 
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Looking into Table 6, it can be seen that the binder content, which are cement and fly ash, is kept minimum, 

its volume is less than one tenth in a single cubic meter of the concrete. Besides, fly ash content is more 

than two third of the binder content. This means that a significant amount of cement can be replaced by fly 

ash, resulting in lowering the heat emission during the hydration [8, 9]. 

In the mix M2, the aggregate content is modified that stone content increases and sand content decreases. 

Doing that to have a content Vebe time, water dosage in the mix M2 is slightly higher than that in the mix 

M1. Both of mixes have the Vebe time being 16 seconds and classified as “very stiff”, as it can be observed 

in Table 6. With the outcome of fresh properties, it is probably hard to compact the mixes at fresh state. 

However, this result is common for RCC mixes, because they are compacted by rollers of high capacity. 

Moreover, since the slow-setting admixture is used for the mixes, the rollers have enough time to do its 

work properly.  

3.2 RCC hardened properties 

The test results at hardened state of the mixes M1 and M2 are included in Table 7. It can be seen that they 

have almost a similar bulk density. Both compression and tensile strength of the M1 are higher than those 

of the M2. This is mainly due to the water content used in the M1 being less than that in the M2. 

However, both of the mixes M1 and M2 behave well, as their compression and tensile exceed the minimum 

value prescribed by the strength class 15 MPa, as it can be observed evidently in Table 7. It points out that 

these RCC mixes have been successfully prepared for being used in the dam construction. 

Table 7: RCC hardened properties. 

Mix Bulk density Compression strength Tensile strength 

Experiment Required minimum Experiment Required minimum 

g/cm3 MPa MPa MPa MPa 

M1 2.55 23.6 16.5 1.51 1.3 

M2 2.54 21.2 16.5 1.38 1.3 

 

4 CONCLUSIONS 

In this paper, fly ash from the Na Duong coal-fired power plant, which is stored abundantly in the dumping 

pond of the plant, was used for the mix proportion of roller compacted concrete (RCC). Two RCC mixes 

have been successfully prepared. Fly ash replaced more than two thirds of cement content in the 

conventional mix. Binder content by volume is less than one tenth of one cubic meter. Cement content was 

kept at 60 kg per one concrete cubic meter. This could minimize the heat emission during the hydration of 

RCC, besides less cement content would bring RCC mix with an economical cost expenditure. 

Regarding the hardened state, compression and tensile strength of these RCC mixes have exceeded those 

values prescribed by the designed strength class. Besides, the bulk density of these mixes were quite similar 

and can be classified as heavy concrete. Since a huge amount of fly ash is effectively used for RCC to build 

the hydraulic dam, this would save land area for storage of ash and slag at the Na Duong coal-fired power 

plant and vitally diminish the impact on the surrounding environment. 
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Abstract. In today's engineering industries, measurement technology has developed very strongly 

according to trends and innovation needs, including pressure measurement. At present, most industrial 

refrigeration systems use pressure sensors such as solid-state pressure sensors, pressure transducers, and 

digital pressure sensors. Meanwhile, the optical pressure sensor has recently received intensive attention 

and research. It has shown great potential for application in general engineering and refrigeration 

engineering in particular. In this paper, the authors propose to apply a study on optical pressure sensors in 

measuring evaporative pressure in industrial refrigeration systems. The optical pressure sensor test shows 

very good sensitivity and linearity. Specifically, in the tested pressure range from 1 to 5 atm, a total 

wavelength shift of 3.498 nm was observed, corresponding to a sensitivity of 0.8745 nm/atm. The sensor 

demonstrates a linearity of more than 97%, indicating its high stability. The pressure range tested in this 

study corresponds to some low-pressure locations in the refrigeration system, such as the evaporator and 

liquid separator. Therefore, the application of this optical pressure sensor to the refrigeration system has 

great potential. 

 

Keywords. Evaporative pressure, pressure sensor, refrigeration systems, fiber Bragg grating sensor, 

optical pressure sensor. 

1 INTRODUCTION 

Nowadays, optical sensors are strongly researched and applied in many technical fields with many 

outstanding features. Among them, optical pressure sensors are also of interest to scientists worldwide in 

the field of pressure measurement to improve sensitivity, stability, multiplexing capability, or measurability 

in harsh environments [1]. 

With the development of science and technology over the past decades, the importance of 3D printing 

technology cannot be overlooked. This innovation offers numerous advantages in the fabrication of devices 

and auxiliary frameworks for scientific, engineering, and manufacturing contexts. Its main advantages 

include automated processes, time and cost efficiencies, and, most importantly, a high degree of 

customization [2, 3]. 

Refrigeration systems are widely used on a daily basis, such as air conditioning systems, storage 

warehouses, frozen food and seafood storage [4]... Critical parameters such as pressure and temperature at 

key nodes are closely monitored during the system operation. Based on the parameters obtained from the 

system, the operator or the engineer can monitor and evaluate the working efficiency and predict the 

refrigeration system's possible failure of the refrigeration system. The current pressure measurement device 

mainly adopts solid-state pressure sensors, pressure transducers and digital pressure sensors. Of course, 

these types have their advantages, but their common disadvantages are signal delay, multiplexing capability 

and high cost. 

In this report, the authors propose the application of an optical pressure sensor using a 3D printed structure, 

which has been tested in a pressure chamber from 1 atm to 5 atm to measure the evaporative pressure in 
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industrial refrigeration systems such as building air conditioning systems, cold storage systems, freezing 

warehouses. 

2 BASIC PRINCIPLES OF INDUSTRIAL REFRIGERATION SYSTEM 

The refrigeration system operates on the fundamental principle of transferring heat from a lower-

temperature region to a higher-temperature one, using the phase change of a refrigerant [4]. This cycle 

involves four main components: a compressor, a condenser, an expansion valve (or throttle valve), and an 

evaporator (1). The refrigerant evaporates in the evaporator, absorbing heat and cooling the surrounding 

environment. The vapor is then compressed by the compressor, which increases its temperature and 

pressure. This high-pressure, high-temperature vapor flows into the condenser, where it releases heat to the 

environment and condenses into a liquid. The high-pressure liquid then passes through the expansion valve, 

reducing its pressure and temperature, and the cycle begins again. This process allows the system to 

maintain controlled cooling or refrigeration in various applications. 

In industrial refrigeration systems, in addition to the main equipment mentioned above, there are several 

auxiliary equipment such as liquid separator, oil separator, cooling tower, high-pressure tank and low-

pressure tank. The low-pressure tank is installed behind the solenoid valve, expansion valve and in front of 

the evaporator. This equipment is usually installed with a pressure gauge to monitor the evaporating 

pressure. 

 

 
Figure 1: The basic working diagram of the refrigeration system. 

3 THE OPTICAL PRESSURE SENSOR  

3.1 Optical sensor manufacturing 

The optical single optical fiber used in this study has an inner core diameter of 9.6 μm and an outer coating 

diameter of 124.9 μm, both produced by Fibercore Ltd. located in Southampton, UK. The Bragg gratings 

were inscribed onto the fiber using a pulsed KrF-laser system (Coherent Xantos, 248 nm wavelength, 12 

mJ/cm2, Coherent, USA). The phase mask was used to create the fiber Bragg grating (FBG), and a peak 

wavelength of 1540.51 nm was selected for pressure-sensing purposes. 

3.2 Sensor structure 

The structure of the sensor is designed using Solidworks software and then sent to Cura software to set 

printing parameters. Finally, it is transferred to a 3D printer for printing. The printing material is polylactic 
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acid (PLA). Once the structure is completed, the FBG sensor is mounted inside the structure, as shown in 

Figure 2. 

3.3 Working principle 

The Fiber Bragg Grating refers to a cyclic refractive index modulation within the core of an optical fiber. 

When light is directed into the fiber core via an optical connector, the FBG reflects a specific narrowband 

wavelength while allowing the remaining broadband light to propagate. The center wavelength of the 

reflection spectrum is called the Bragg wavelength (λb). The relationship between the Bragg wavelength 

shift inside the FBG (Δλb/λb) and the axial strain (  ) and temperature in the operating environment ( T ) 

for the fiber grating is expressed by the formula [1, 5]: 

( ) ( )1
f

b
e

b

p a T


 



= −  + +   (1) 

where, af is the thermal expansion coefficient,  is the thermal optic coefficient, pe is the elastic-optical 

coefficient, and pe = 0.22.  

Based on the above formula, the optical Fiber Bragg Grating shows remarkable sensitivity to deformation 

and temperature changes. This property provides the basis for the FBG pressure sensor, which uses the 

change in wavelength as a direct indicator of pressure changes. Furthermore, the experiment was conducted 

in a well-controlled laboratory environment and at room temperature, so the effect of room temperature is 

considered negligible. This mechanism is conveniently illustrated in Figure . 

 
Figure 2: The working mechanism of an optical pressure sensor. 

4 EXPERIMENT SETUP 

The sensor is located in the pressure chamber, and it is well-controlled. The pressure inside the chamber is 

regulated by a manual piston pump that pushes water into the chamber. The light source is fed into the FBG 

through an optocoupler. The reflectance spectrum of the FBG is then transferred to the optocoupler and fed 

to the optical spectrum analyzer (OSA). The pressure in the chamber space will exert pressure on the wall 

of the sensing structure. This causes the structure to be pulled on both sides, creating axial stress in the 

FBG. The test pressure in this study ranged from 01 atm to 05 atm in 0.1 atm increments. The applied 

pressure change resulted in a corresponding change in the Bragg wavelength peak of the FBG and was 

recorded with OSA (Figure 3). This is one of the tests of the oval pressure sensor that the authors have 

performed repeatedly, with some slight variations related to the thickness of the structure and the structural 

material, with or without exterior paint. Different FBG sensors were used for each test. The sensor that gave 
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the best results both in terms of sensitivity as well as linearity and stability of the structure was selected [3]. 

The results presented in the next section also do not overlap with the published results. 

 
Figure 3: Devices layout diagram. 

5 RESULTS AND DISCUSSIONS 

5.1 Experiment results 

Figure 4 shows that the spectrum of wavelengths recorded by the OSA shifts with respect to a pressure 

change from 1 to 5 atm with a step of 0.1 atm. The total Bragg wavelength shift over the applied pressure 

range is 3.498 nm, corresponding to a pressure sensitivity of 0.8745 nm/atm. 

 
Figure 4: The reflectance spectrum of wavelength in FBG sensor. 

Figure 5 shows the displacement of the Bragg wavelength peak with different pressures applied in the 

chamber space. It can be seen that the nodes tend to go up as the pressure gradually increases. This means 
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that there is a good linear relationship between the wavelength peak shift and the applied pressure. This 

linearity is greater than 97%, as shown in the figure below: 

 
Figure 5: Bragg wavelength shift and linear line. 

5.2 Discussing the application of optical pressure sensors in refrigeration systems 

Many different types of refrigerants are used in industrial refrigeration systems today. Manufacturers also 

research and select the best refrigerant for their products. Some refrigerants commonly used in refrigeration 

systems currently and in the near future are listed below [6]: 

Table 1: Evaporation temperature of some common refrigerants according to evaporator pressure (1-5 atm) [7]. 

Evaporating  

pressure (atm) 

Evaporating temperature (℃) 

R22 R404A R407C R410A R32 R134a R1234yf 

1 -40.81 -45.47 -36.63 -51.36 -51.65 -26.07 -29.49 

2 -24.85 -29.95 -21.38 -36.69 -37.02 -9.71 -12.42 

3 -14.29 -19.67 -11.32 -27.02 -27.4 1.04 -1.12 

4 -6.17 -11.75 -3.61 -19.6 -20.03 9.32 7.58 

5 0.53 -5.21 2.75 -13.49 -13.96 16.15 14.76 

 

1 also shows that the evaporating temperature of some refrigerants in the evaporating pressure range from 

01 to 05 atm is relatively low, which is suitable for the needs of the evaporator temperature requirements 

in the corresponding range, such as storage systems, freezing (R22, R404A, R407C) or building air 

conditioning system (R22, R410A, R32) and even refrigerants for residential refrigeration systems such as 

R134a or R1234yf. 

Based on the experimental results of the optical pressure sensor presented in the above sections, it can be 

seen that it has great potential and can be applied to measure the evaporative pressure in industrial 

refrigeration systems using the above refrigerants. 

5.3 Schematic diagram of refrigeration system using proposed optical pressure sensor 

From the diagram of the basic refrigeration system combined with the optical measurement system, the 

authors propose a diagram to connect the optical pressure measurement system to the refrigeration system. 

Some locations where optical pressure sensors can be placed to measure evaporator pressure are evaporator, 

low-pressure vessel (if any), and liquid separator (if any), as shown in Figure6 below. 
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Figure 6: Schematic diagram of refrigeration system using proposed optical pressure sensor. 

In addition, in the case of further development of high-pressure optical sensors to measure discharge 

pressure or condenser pressure, it is also easy to connect these optical sensors sequentially based on the 

advantages of the multichannel connection of optical measurement systems. However, it is clear that the 

measurement of the signal by the optical sensor will cost the measurement equipment of the attached plan, 

such as an optical spectrum analyzer (OSA), light source, fiber optic connector and computer. Overall, 

while there are potential benefits to using FBG pressure sensors in refrigeration systems, it is important to 

carefully consider the costs and technical requirements before making a decision to replace traditional 

pressure sensors with FBG sensors. 

6 CONCLUSIONS 

Based on the research results and analysis of the proposed application of the optical pressure sensor, the 

authors make the following conclusions and recommendations: 

- The proposed optical pressure sensor has a working range from 01 to 05 atm, with a sensitivity of 0.8745 

nm/atm and linearity up to over 97%. 

- This sensor has potential application in evaporative pressure measurement in various industrial 

refrigeration systems with different refrigerants, corresponding to evaporator pressure and temperature. 

- Optical sensors have many outstanding advantages, such as the ability to operate in harsh environments, 

high accuracy, and multi-channel connectivity... so it is predicted that there will soon be further 

development and application in the field of metrology. 
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Abstract. The demand for renewable energy for Ho Chi Minh City citizens is increasing due to the 

continuous intense heat throughout the year. However, most households here have installed fixed rooftop 

solar power systems leading to low efficiency. To improve the photovoltaic efficiency by maximizing the 

solar radiation, a photovoltaic string prototype with a two-axis tracking mechanism driven by the linear 

actuator electric cylinders is proposed, this solution aims to maximize the received solar radiation and to 

minimize the consumption for tracking regardless of the weather conditions changes. The proposed design 

of a PV tracker string has been developed based on the digital platform on integrated software such as 

SOLIDWORKS for the development of a solid solar tracker model, ADAMS for investigating the dynamic 

behaviour of the mechanical system, and MATLAB/Simulink for developing control systems. The 

simulation results on the virtual prototype model demonstrate the proposed solution can be applied to the 

real. 

 

Keywords. Two-axis solar tracker, linear actuator electric cylinder, virtual prototype technology, tracking 

mechanism, photovoltaic string, control system, co-simulation system. 

1 INTRODUCTION 

Vietnam is located geographically in the sub-equatorial region, so it has a lot of the advantages of solar 

energy with a total number of high sunshine hours up to over 2,500 hours/year, the average total amount of 

radiation per year in about 5 KWh/m2/day, increasing gradually to the south. Therefore, the area of Ho Chi 

Minh City (HCMC) and the southern province of Vietnam has the advantage of exploiting this solar energy 

source, to attend to the needs of life and manufacturing as well as reducing the cost of buying electricity 

from the national grid. Most of the solar power systems installed in Ho Chi Minh City are rooftop solar 

systems, which means the string of photovoltaics is fixed on the rooftop of the building so the efficiency is 

not high, it mainly just synchronises to the grid to reduce the electricity bill and heat protection for the 

building from the sun directly. Until now many people do not still understand the productivity of the PV 

solar tracker compared to the fixed rooftop PV solar system. For a fixed solar method, the PV solar panels 

are mounted on the rooftop of the building while the sun cannot stand still in a fixed position. It moves 

from the east to the west in a parabolic arc from sunrise to sunset and its trajectories across the sky change 

with the season and time of day. Baraa et al. [1] have provided a comparative analysis of the performance 

of both systems fixed and tracker systems, and they have concretely illustrated via simulation studies that 

the single-axis tracker system yields about 15% more energy than the conventional fixed-mounted system 

when being implemented across Peninsular Malaysia at a large-scale manner. Some authors [2,3] showed 

that the photovoltaic system with tracking is more efficient than the same module without tracking (fixed) 

and the efficiency increasing of the conversion system from 20% up to 50%. To improve the yields of the 

PV solar panel, currently, several research focusing on the solar trackers model which is to increase the 

photovoltaic efficiency by maximizing the degree of use of solar radiation have been studied and proposed 

[2-23]. 

For studying the solar tracker system, according to P. Gerro et al. [4], solar trackers can be categorized into 

two types such as single-axial and dual-axial systems based on the number of degrees of freedom. Single-

axis system allows the sun to track a single axis corresponding to the diurnal movement or elevation 

movement. Meanwhile, a bi-axial tracking system allows both movements.  

The solar tracker system is seen as a mechatronic system that is completely integrated with mechanics, 

electronics, and information technology. Therefore, to increase the efficiency of the photovoltaic system, it 
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is necessary to develop an optimized mechanical design and propose an appropriate control strategy 

simultaneously. Table 1 shows some types of PV tracking systems based on achieved energy gain from the 

literature [5]. 

Table 1: The achieved energy gain by some solutions of the PV tracking systems. 

Ref. Solar Tracker Mechanism Control Strategy Achieved Energy Gain 

[6] bi-axial open-loop 41.45% 

[7] mono-axial open-loop 24.2% 

[8] 

[9] 

[10] 

[11] 

bi-axial 

mono-axial/bi-axial 

mono-axial/bi-axial 

bi-axial 

closed-loop 

closed-loop 

open-loop 

open-loop 

44.89% 

20%/40% 

30.04%/39.96% 

26.9% 

Based on the analyzed result in Table 1 shows the highest energy gain achieved when using the PV tracking 

system with a combination of a bi-axis mechanism and closed-loop control strategy. Therefore, in this 

research, this solution is proposed to apply for the PV tracking system on the roof of a building in Ho Chi 

Minh City – Vietnam.  

For developing a solar tracker mechanical system: The PV tracking system includes many complex 

mechanisms such as linkages, joints, gear mechanisms, cam mechanisms, and chain or belt transmission 

which are driven by a controlled motor or linear actuator cylinder. Previous studies showed that it is difficult 

to develop a PV tracking mechanism in the actual stage due to there being no unitary modellings on 

structural, kinematical, and dynamical models in designing the mechanical structure of the PV tracking 

systems. Therefore, the development of a solar tracker design from conceptual to derive a new structural 

synthesis for a solar tracker mechanism is missing. In this research, to make a unitary modelling method of 

mechanism, the multi-body system (MBS) method [12-15] is proposed for execution. This method 

facilitates the self-formulating algorithms experiment, having goal the reducing of the processing time and 

cost in the design phase. 

Regarding the control system of the PV tracking systems, Authors [16-18] applied a closed-loop control 

system in which the photoresistor sensors traditionally are used. These photo sensors are responsible for 

distinguishing the sun's position based on the change in resistance of sensors and sending electrical signals 

for rotation or stopping the actuators (motor or linear cylinder), serving for tracking the direction of the sun. 

However, the orientation based on the detecting sensors may introduce errors in the detection of the real 

position of the sun for variable weather conditions. To eliminate the influence of the weather factor, another 

algorithm is proposed based on predefined Sun's position trajectories, which can be precisely established 

based on the Earth-Sun astronomical system [20, 21]. Lastly, by combining closed-loop and open-loop 

strategies, so-called hybrid control systems are obtained [22,23]. 

This paper proposes a strategy for developing a photovoltaic string, which aims to increase the efficiency 

of solar energy conversion into electric energy by using a dual axis tracking mechanism with two degrees 

of freedom. In the meantime, the control strategy is a closed-loop method based on predefined Sun's 

position trajectories. A virtual prototyping platform, which includes CAD (Computer Aided Design)—

SOLIDWORKS, MBS (Multi-Body Systems)—ADAMS, and DFC (Design for Control)—

MATLAB/SIMULINK software solutions, was used to design and test the proposed tracking system. The 

proposed solar tracker model will test, evaluate and apply for the roof of the building in HCM-Vietnam. 

2 MATERIAL AND METHODS 

2.1 Determining the sun position and orientaion 

The relative position of the sun with a point on the ground is determined by the elevation angle (altitude) 

and direction angle (azimuth) based on the time and location of observation. The algorithm for PV tracking 

based on the trajectories of the elevation and azimuth to compute the tilt angle for the PV tracking will be 

adjusted. For determination of the elevation and azimuth angles of the sun, is based on the literature [24]. 

The input parameters to determine the solar position include Local Solar Time (LST), declination angle (δ), 
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Hour angle (H) and latitude (φ). The equation of time (ET) is determined based on calculating the difference 

between solar Greenwich mean time (GMT) and local solar time (LST). 

9,87sin(2 ) 7,53cos( ) 1,5sin( )ET B B B= − −  [min]                                  (1) 

Where:  

360( 81)

365

d
B

−
=  [deg], with d is the number of days in the month of a year. 

Conversion between local solar time (LST) and local solar time (LT) is expressed through the corrected 

local solar time (LST) expression: 

60

TC
LST LT= +  [hour]                                                                  (2) 

Time correction coefficient (TC): 

4.( )TC Longitude LSTM ET= − +  [min]                                                  (3) 

Where Longitude is the observation longitude, LSTM is the local standard longitude. 

The hour angle (H) is calculated through the following expression: 

15 ( 12)oH LST= −  [Degree]                                                             (4) 

Declination angle (δ) is calculated through the following expression: 

1 360
sin [sin(23,45 ).sin( ( 81))]

365

o d −= −  [deg]                                          (5) 

The sun position from the observation point on the earth's surface is described in Figure 1. 

 

Figure 1: Combined coordinate system with vector parallel solar rays S, S'. 

The elevation angle (𝛼) at the observed latitude is determined by the formula: 
1sin [sin .sin cos .cos .cos ]H    −= +  [deg]                                          (6) 

The azimuth angle (A) at the observed latitude is determined by the formula: 

1 sin .cos cos .cos .sin
cos [ ]

cos

H
A

   



− −
=   [deg]                                           (7) 

Based on Eq.6 and Eq.7 we can calculate the elevation angle and azimuth angle which help to define the 

Sun position. 

Applying the above formula for determining position of the Sun, we have determined its position on certain 

days of the year. According to "Solar Window", the tracking time of the day will start from 9 am to 3 pm, 

the time to track positioning angle of the Sun is every 15 minutes. 

2.2 Designing the PV tracking system 

Based on the Sun position and orientation analyzed above, we propose to design a PV tracker system with 

a string of three solar panels and a PID controller is developed to control the PV tracker string to follow 

precisely the Sun’s trajectories over one year. 

Central rays 

from the sun



The International Conference on Sustainable Energy Technologies - 2023 (ICSET2023)  

© 2023 Industrial University of Ho Chi Minh City     123 

The proposed PV tracker string uses a two-axis tracking mechanism, including two degrees of freedom, 

which correspond to the daily and seasonal movements. For daily (azimuth) movement, a linear actuator 

electric cylinder is used (Figure 2a), which is mounted on the frame of the PV model. This linear actuator 

electric cylinder directly drives three panels, it is to push or pull the connecting rods (3,4,5,6) which create 

a rotational driver of the PV solar panels based on the hinge mechanism. Meanwhile, in the seasonal 

(elevation) motion, another linear actuator electric cylinder is used to push/pull the auxiliary joint (3) 

(Figure 2b), which is linked to the rods supporting the PV solar panels based on the rotary joints (E), the 

linked mechanism will move accordingly, the mobile bar will slide on the sliding joint (4) helping this 

mechanism to raise and lower to create to the system's elevation angle. The mechanism for driving the PV 

solar panels follows daily motion and seasonal motion is described in Figure 2a, b.  

 

Figure 2: Linear cylinders drive the daily motion (a) and the seasonal motion (b). 

For simulation of the proposed PV tracker dynamic behaviour, the PV string virtual prototype has been 

developed in mechatronic concept based on the integrated-software solution [25]: CAD—Computer Aided 

Design (SOLIDWORKS) - for creating the solid model, this model contains information about the mass & 

inertia properties of the rigid PV tracker parts. MBS—MultiBody Systems (ADAMS\View) - for modelling 

and simulating the PV tracker mechanical devices to analyze and optimize the mechanical device, and 

MATLAB/Simulink is used to develop a control system. The proposed PV tracker geometric model is 

transferred from SOLIDWORKS to ADAMS/View utilizing the STEP file format, the dynamic model is 

then assembled by utilizing the geometric constraints based on the object characteristics. The PV tracker 

virtual prototype model is presented in Figure 3. 

 

Figure 3: The PV tracker virtual prototype model with two-axis tracking system. 

For dynamic behaviour simulation of the PV tracking system, the constraints for the components of this 

system must be done, it can be described as follows:  

Sliding joint
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The constraints of components in the elevation motion:  The cylinder shell and piston of the elevation 

cylinder are linked together by translational motion (translation joint-1), and the elevation cylinder is 

connected to the auxiliary pillars, which are rotated rotary joints (2,3) so that the cylinder extend or retract 

will work easier. In position (4), the horizontal bars supporting the PV module are attached to the auxiliary 

pillar and the fixed pillar with the rotary joint. The sliding ball and movable pillar (5) move forward along 

the rail using a sliding joint. 

The constraints of components in the azimuth motion: The cylinder shell and azimuth piston are connected 

through a sliding joint (6). Strings of PV modules can operate synchronously by being attached to the 

connecting rod via a rotary joint (9). The azimuth piston (7) and the PV connecting rod are attached by a 

rotary joint, creating a transition between the cylinder's translational action to the PV chain's rotational 

action. The elevation cylinder is attached to the PV string support rod using a rotary joint (8). The solar 

panel support shaft is attached to the two supporting beams at both ends with a rotary joint (10). 

Additionally, this dynamic model is considered for configuring the mass forces, the reaction in joints, and 

the joint frictions. 

 

Figure 4: The constraints for the components of the PV tracking system. 

2.3 Designing the control system for PV tracking string 

The control algorithm for the PV tracking string was proposed in the concurrent engineering concept which 

integrated the electronic control system embedded in the mechanical device at the virtual prototype level 

[14]. The control system of the virtual prototype is designed as a control loop comprised of the MBS 

mechanical model connected with the dynamic model of the linear electric device. Thus, the physical testing 

and verifying processes are greatly simplified, and the risks of the control law being conflicted with the real 

model are eliminated. In this study, the control scheme of the mechatronic solar tracker string was 

developed using MATLAB/Simulink software, and the data transfer between two mechanical and control 

models is managed through the ADAMS/Controls interface. To connect the mechanical PV string model 

(developed in ADAMS/View) and the control scheme (developed in MATLAB/Simulink), the input & 

output parameters of the PV tracking model are configured first. The control forces are then generated by 

two linear actuator electric cylinders (for the daily and seasonal motions) representing the input parameters 

of the mechanical PV tracker model. The output signals transferred to the controller are the azimuth and 

elevation angles, which are measured on the PV tracker string module. The ADAMS model of the PV 

tracker string is then transferred to the MATLAB/Simulink environment where a .m file and an adams_sys 

is generated. The adams_sys denotes the non-linear MSC.ADAMS model as described in Figure 5. The 

ADAMS block of the PV tracker string model was created based on the information from the .m file and a 

control system is developed in MATLAB/Simulink based on the adams_sys has just been created. Two 

input signals of the adams_sys is generated from two controllers, and the output signals are the measured 

values of two azimuth and elevation angles, respectively. 

The constraints of components 

in the elevation motion

The constraints of components in 

the azimuth motion
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Figure 5: Configuration of the ADAMS block in adams_sys. 

The PV tracking system works in different weather conditions, from the controller point of view, to reduce 

position errors, a PID controller with a control loop system was developed. The controller tuning includes 

the proportional (P), integral (I), and derivative (D) gains are performed based on the trajectories of azimuth 

and elevation angles. The block diagram of a PID control system for the PV tracking string is shown in 

Figure 6. 

 

Figure 6: The block diagram of PID control system for PV tracking string. 

2.4 Simulation results 

The testing and validating the proposed control method is executed based on the sun trajectory on 

Decembe21st, 2021 at Industrial University of HCM (located at 106.6871 degrees East Longitude, 10.8221 

degrees North latitude). The co-simulation process is implemented with input references as the table of 

Sun's points trajectory on December 21st, 2021, at IUH.  The disturbances are considered with the wind 

parameters changes. 

Table 2: The achieved values of PID controller parameters of the PV virtual prototype model. 

The PID elevation controller  The PID azimuth controller 

Reference elevation points trajectory  Reference Azimuth points trajectory 

Kp 16000 Kp 2000 

Ki 24000 Ki 200 

Kd 2030 Kd 90 

RiseTime: tr (s) 0.035  
RiseTime: tr (s) 0.051 

Declaration of 

inputs and outputs 

variables
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Settling Time (s) 0.576  
Settling Time (s) 0.135 

Overshoot(%) 1.233  Overshoot(%) 3.672 

Error (%) 2.822  Error (%) 0.424 

 

 

Figure 7: The controlled simulation results of the elevation and the azimuth angles. 

3 CONCLUSIONS 

In this study, the simulation results of the behaviour dynamic of the PV tracker string virtual prototype 

using ADAMS were implemented. The testing was then executed to verify the mechanical behaviour of 

this PV tracker string based on the virtual prototype model in accordance with the real PV string model. 

The co-simulation prototype of the PV tracker control model based on the PID control technology was 

formed in ADAMS and MATLAB/Simulink to study the performances of PID controller in the cases of the 

weather condition changes. Through this method the analysis and evaluation of the PV tracking mechanism 

can be executed without using the traditional develop-and-test approach. The proposed method to help the 

design engineers to modify the mechanism and control algorithms to remove the exis errors and reduces 

time and cost for developing the real system. 
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Abstract. A mechanism to convert linear motion to rotary motion has been studied for application in 

microelectromechanical systems (MEMs). The means to achieve the linear-to-rotary motion transduction 

is attributed to a symmetric arrangement of two linear motion inputs. The linear motion is provided by a 

comdrive actuator suspended by a symmetrical springs system. The translational movement is formed by 

the electrostatic force that acts between the movable comb-drive acting as V_- and the fixed comb-drive 

working as the V_+. In order to achieve a transduction ratio of the rotation compared to the linear motion, 

the Genetic Algorithm is used to optimize the design for the Bézier parametric curve. In this investigation, 

composite materials consisting of a metal layer and a silicon dioxide SiO_2 layer above and below the 

metal layer were used to fabricate the structure. With the strong development of science and high 

technology, this mechanism can be used for enormous optical applications like attenuation, switching 

diffraction, etc. The behaviors of the transduction mechanism were carried out by using finite element 

analyses. To meet the fabrication requirements, the mechanism integrating the control circuit will be 

designed using Cadence Virtuoso software. 

 

Keywords. Linear-to-rotary, motion transduction, comb-drive actuator. 

1 INTRODUCTION 

In application of hard disk drives [1], positioning stages [2], and micro-manipulators [3], rotary micro 

positioners emerge as an important and useful conclusion. A rotary micro-positioner actuated by thermal 

expansion of silicon/polymer composites to acquire the stroke requirements without consuming more power 

or decreasing the mechanical resonant frequency presented by Lau et al. [1]. In this study, the rotary micro-

positioner reaches a 35 kHz sway resonant frequency and produces a six to seven time’s larger stroke at the 

slipper apex than the lateral design. In addition, a pseudo-rigid-body model, a beam deflection theory and 

a thermal circuit model are presented in this analytical modeling to estimate the electro-thermo-mechanical 

response. However, the low cut-off frequency and the gain decay are the weaknesses of this rotary micro-

positioner. Yi et al. [2] illustrated a 3DOFs micro positioning mechanism compound of flexural hinges. 

This mechanism has 12 piezoelectric actuators to acquire 2DOFs and 1DOF angular of their platform. In 

their work, the simulation results are more or less compliant as compared to the experimental results. There 

are several possibilities for this reason. A rotary stage mechanism includes linear motion inputs and flexural 

hinges reported by Chao et al [3]. In order to reach high precision, a piezoelectric ceramic element is 

selected as actuators.  Arefin et al. [4] introduced a rotary stage actuated driven by thermal expansion of 

beam segments. They provided an analytical model to investigate steady state temperature profile along the 

length of actuator and predict the rotational behavior of the cold segment under driving voltage. In their 

result, rotational behavior obtained from both FEA and analytical model with that of acquired form testing 

illustrates close agreement. A produced model used to analyze the steady state behavior of the rotary type 

micro actuator [5]. It contemplates longitudinal conduction throughout polysilicon structure and heat 

conduction from the bottom of device goes through the surrounding air to the substrate. A FEA model was 

figured out by calculating an air volume from the level of top surface of the actuator followed by substrate. 

The results show good agreement from analytical and existing finite element analysis results of the rotation 

behavior of the cold segment. To deal with heat conduction from the actuator to the air surrounding, Lin 
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and Chiao et al. [6] established a parameter named conduction shape factor. Janak et al. [7] developed a 

thermal actuated free space single crystal silicon micromirror device by using one wafer low-cost 

fabrication process. The device with a set of four thermal bimorph actuators placed on the opposite sides 

of a central mirror plate through flexural springs. The micromirror was investigated to obtain up to 10o 

repeatable angular deflection, 8-13ms thermal response time. However, when the angular deflection was 

increased more than 10o the switching behavior could not be repeatable. All the structural components of 

the device are fabricated in single crystal silicon using bulking silicon micromachining technology. The 

device is useful for optical communication networks or scanning type of applications. Butler et al. [8] used 

CMOS compatible actuator arrays for positioning surface micro machined scanning and rotating 

micromirrors. A computer based digital pulse control system was developed for the precise positioning of 

the mirrors. A piezoelectric material is deformed under the application of electric field. This type of actuator 

can generate large deflection and force. The advantages of this are that piezoelectric material are high force, 

high switching speeds, low power dissipation, sensitive to temperature variation and it needs further 

development in fabrication process to prove its potential. On the other hand, the disadvantage of 

piezoelectric material is that small strains must be engineered into useful displacement, complex fabrication 

and nontrivial materials. Zhang et al [9] presented the cantilever actuators which are composed of a PZT 

thin film on a low stress silicon nitride. The long cantilever achieved a large downward tip displacement of 

30 µm with increasing various driving voltages. The measurement results for this geometry agree well with 

the simulation. Motions of a micro thermal actuator mainly based on its structural topology. The amount of 

force and deflection will be obtained by relative arrangement of various sections of an asymmetrical thermal 

actuator. For designing a new actuator, the effects of existing structural topology on the behavior of 

actuators are vital study for researcher at the beginning. Enikov et al. [10] presented the analytical solution 

of the electro-thermal and thermo-mechanical problem of Chervon type beam actuators by using the theory 

of beam columns. The results of analytical predictions, FEA models and experimental observations 

indicated excellent agreement. However, at higher thermal loading nonlinear effects such as lateral buckling 

results in reduced tip displacement. 

2 OPERATION PRINCIPLES 

In this project, we design a compliant linear-rotary transduction mechanism.  Figure 1(a) shows a schematic 

of the mechanism.  It consists of a rotary stage, two Bézier curved beams, four serpentine springs and two 

comb drives.  A Cartesian coordinate system is also shown in the figure.  When DC voltages,   and  , are 

applied the fixed combs and the anchors, respectively, as shown in Figure 2(b), the movable combs are 

attracted to the fixed combs with a displacement  , resulting in a rotary motion of the rotary stage with a 

rotation angle  .  Due to geometric symmetry, the center of the rotary stage has no translation in the   plane.  

Figures 1(d) and (e) are enlarged views of the mechanism in the circled area A and B in Figure 1(a), 

respectively.  Geometry parameters of the comb fingers and the serpentine are marked Figures 1(d) and (e), 

respectively. The original and deformed configuration of the linear-rotary transduction mechanism are 

represented by solid lines and dashed lines, respectively, in Figure 2.  In this project, we use two sets of 

fixed combs and movable combs to drive the mechanism (see Figure 1(b)).  The electrostatic force exerted 

to the mechanism can be estimated as 

𝐹𝑒𝑙𝑒𝑐 =
𝑁𝜀ℎ

𝑔𝑐
𝑉2 (1) 

where N is the number of combs, h is the depth of the comb, is the gap between neighboring movable 

comb and fixed comb, ε is the dielectric constant of the medium between combs, and V is the voltage bias 

between the movable combs and the fixed combs.  V can be expressed as 

𝑉 = 𝑉+ − 𝑉− (2) 

3 DESIGN 

An optimization approach is adopted for design of the mechanism.  The objective functions are: 
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𝑀𝑎𝑥 
𝜃

𝑑
 

𝑀𝑖𝑛 𝜎𝑚𝑎𝑥 

(3) 

 

Figure 1: (a) A schematic of a linear-rotary transduction mechanism.  (b) Electrostatic actuation of the mechanism.  

Geometry parameters of the Bézier curved beam and the rotary stage (c);  

the comb fingers (d); the serpentine spring (e). 

 

Figure 2: Original and deformed configuration of the mechanism. 
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where 𝜎𝑚𝑎𝑥  is the maximum von Mises stress of the mechanism.  The maximum input displacement   is 

taken as 10um during the optimization process.  Based on the Mises yield criterion, the mechanism may 

yield when 𝜎𝑚𝑎𝑥 is greater than the yield stress of the material of the mechanism.  The geometrical 

parameters R, D and W of the rotary stage have values of 45 um, 80 um and 5 um, respectively. The design 

of the mechanism for high transduction ratio 
𝜃

𝑑
 is optimized via the parameters of the Bézier curved beam. 

The Bézier curve has eight-point Bézier polygon Q1, Q2, Q3, Q4, Q5, Q6, Q7, Q8 as shown in Figure 1(c).  

The points Q1 and Q8 on the curve coincide with the first and last points of the defining polygon as 

described.  The tangent vectors at the ends of the curve have the same directions as the first and last polygon 

spans, respectively.  The parametric Bézier curve is given by: 
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where 𝑡 is the parameter, and 𝑃𝑄𝑖
 is the position vector of the point 𝑄𝑖 .  The transduction ratio 

𝜃

𝑑
  is 

optimized by allowing points Q2 through Q7 to move in the design space enclosed by the dashed rectangle 

in Figure 1(c).  The positions of the points Q1 and Q8, located at the center of the movable comb and at the 

right end of the rotary stage, respectively, are fixed.  The width of the Bézier curved beam W is taken as 5 

um. An optimization procedure is developed and outlined in Figure 3.  The nondominated sorting genetic 

algorithm is applied to the optimization of the mechanism. Two-dimensional finite element analysis by a 

commercial software ABAQUS is utilized to obtain the   curve and   of the mechanism.  4-node element 

CPE4R of the finite element program ABAQUS is used for the finite element model.  The finite element 

model has 43620 elements.  It is assumed that the out-of-plane motion of the mechanism is small and does 

not affect its in-plane motion. To design and optimize the profile of the Bézier curved beam and the 

coordinates of all nodes, the commercial software MATLAB used to perform genetic algorithm 

optimization procedure. 

4 MATERIALS 

In this investigation, the mechanism consists of only the metal 6 (ME6) layer and the silicon dioxide above 

and below the ME6 layer. The metal and oxide are assumed to be linear elastic materials. Their material 

properties are listed in Table 1. A homogeneous material of the laminate is used in the finite element 

analyses. The equivalent Young’s modulus 
cE and Poisson’s ratio

cv of the laminate are given by: 
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Figure 3: Design flowchart. 

where )/( 2111 hhhf +=  and )/( 2122 hhhf +=  represent the volume fraction of the ME6 layer and the 

oxide layer, respectively. 

Table 1:  Properties of the metal, the oxide and the composite. 

 

The number of generations is chosen to be 45 and the population of each generation is set to be 30 for the 

optimization process. Figure 4 shows the dimensions of the optimal design.  The dimensions of the comb 

drive and the serpentine spring are shown in Figures 5(a) and (b), respectively. 

5 RESULTS 

Figures 6 and 7 shows the 𝜃 − 𝑑 and 𝜎𝑚𝑎𝑥 − 𝑑 curve of the optimal design of the mechanism based on the 

finite element analyses. 𝜃 and 𝜎𝑚𝑎𝑥 increase as d increases.  When the input displacement reaches a value 

of 9.6 um, the rotation angle has a value of   and the 𝜎𝑚𝑎𝑥 is 39.4 MPa, a value well below the typical yield 

stress of aluminum 124 MPa and oxide 320 MPa. 
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Figure 4: The input displacement versus output angular displacement. 

 

Figure 5: The maximum misses stress versus input displacement curve. 

 

Figure 6: The displacement of the centroid of the rotary stage versus input displacement. 
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Figure 6 shows the displacement in the x direction and y direction of the centroid of the rotary stage for 

the input displacement ranging from 0 to 9.6 um based on the finite element analyses.  It appears that the 

centroid has a very small displacement in the range of the input displacement considered. 

6 CONCLUSION  

Due to the considerable benefits, micro-actuators in MEMS continue to be researched, developed and used 

for new designs. This study presents a flexible mechanism that converts reciprocating motion into circular 

motion dynamically. Different design topologies for this actuator are also considered to achieve maximum 

transduction ratios. The report also presents the design and modeling of motion transmission with 

comparative results. It is clear that controlling the position of the points of the Bézier parametric curve is 

quite complicated to achieve the desired goal. The optimization goal will be implemented by the NSGA-II 

genetic algorithm. The results of the CAE technical analysis show that the reactions and stresses in the 

structure are within safe levels. In addition, the mechanism achieves a transduction ratio between translation 

and rotation of approximately 1.2 degrees/µm when the maximum displacement is 9.6 µm. An experimental 

setup was presented in preparation for testing after the device was built. The structure is machined, 

packaged in a chip with integrated circuits. 
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Abstract. Back injuries pose a significant occupational health concern that can be mitigated through the 

use of wearable robots. However, current exoskeletons face limitations in terms of weight, energy 

consumption, and lifting force. In light of these challenges, this study introduces a new design approach 

centered around a lockable floating spring mechanism capable of modulating the stiffness and output force 

without affecting the stored energy. The proposed variable stiffness mechanism is aimed at providing higher 

stiffness and output forces to support workers when lifting heavy loads, all while minimizing the initial 

compression force. The dynamic model is formulated based on the proposed structure, and subsequent 

simulations are conducted to evaluate its dynamic performance. The results demonstrate the promising 

potential of the proposed mechanism, indicating its applicability in real working conditions. Furthermore, 

the lockable floating spring mechanism proves to be a viable solution for the development of wearable 

robots designed to provide lower back support. 

 

Keywords. Back exoskeleton, back injuries, back kinematic, lower back exoskeleton, variable stiffness. 

1 INTRODUCTION 

In the 21st century, the development of the global economy has resulted in a higher demand for productivity 

across all economic sectors, especially in construction and industry. However, the repetitive heavy lifting 

involved in these sectors has detrimental effects on the human spine. According to a 2016 statistic from the 

American Bureau of Labor Statistics (BLS) [1], back injuries accounted for 16% of non-fatal injuries in 

construction, with over one million workers experiencing back injuries each year. These injuries rank 

among the top five workplace injury cases, leading to significant compensation expenses that amount to 

billions of dollars annually [1]. 

The load on the human spine is typically a combination of external forces, moments produced during 

physical activities, gravitational forces, and muscle tension [2]. These loads exert a compression force on 

the spine, particularly on the lumbar lordosis section (from the sacrum S5 to the thoracic vertebrae T12 

[3]), which is primarily responsible for supporting the weight of the human body [4]. The compression 

force is the highest in the lumbar spine, ranging from 200 N to 300 N in a lying position and increasing up 

to 1400 N while standing without any external load at a 30-degree trunk angle. External loads can 

significantly amplify this force, especially during dynamic lifting. Additionally, lifting posture plays a 

crucial role in low back injuries, with the peak compression force being much higher during stoop lifting 

compared to squat lifting [5]. 

Over the past two decades, studies have demonstrated that industrial exoskeletons can reduce total work, 

fatigue, and load while increasing productivity and work quality [6, 7]. However, back-support 

exoskeletons face challenges in meeting the stringent requirements for enhancing human capabilities while 

reducing weight and initial energy consumption [8, 9]. State-of-the-art mechanisms utilizing variable 

stiffness springs have been developed to address these demands [10, 11, 12], but they come with increased 

costs due to the high energy required to store energy in the springs [8, 13, 14]. A new approach involves 

the application of zero-energy cost stiffness modulation theory, enabling independent modulation of 

stiffness and stored spring energy [15]. 
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This paper introduces a novel mechanism designed to assist the lower back spine, specifically the five 

weakest lumbar vertebrae, during heavy lifting in a stooped posture. The mechanism utilizes flexible 

mechanical springs optimized for energy efficiency. It can adjust spring stiffness and stored potential energy 

independently, generate greater reflected forces during extension, and provide stiffness at any deflection to 

accommodate a broader range of applications. 

 5
th

 Lumbar 

vertebrae

1
st
 Scaral 

vertebrae

Lifting 

Center Point  
Figure 1: Weak points of the human spine [3]. 

2 PROPOSED MECHANISM  

2.1 Design requirements 

The human spine undergoes rotation around the hip during the lifting motion, which impacts the load on 

the lumbar vertebral disks [15]. Consequently, the mechanism needs to accommodate the ranges of motion 

(ROM) of the human spine and hips, as well as adhere to the dimensions dictated by human anatomy. The 

design of the mechanism is constrained by the need to facilitate motion in the sagittal plane. The ROM of 

the human spine is provided in Table 1 [5]. 

Table 1: Human spine and hip range of motion. 

Parts 
Range of motion 

Flexion Extension Lateral bending 

Trunk ~180° ~50° ~50° 

Extension ~60° ~30° ~20° 

Hip ~120° ~15° 
Abduction~50° 

Adduction~30° 

The purpose of the back exoskeleton is to alleviate compression and shear forces that contribute to low 

back pain in the lumbar vertebral disks. An analytical model can be employed to estimate the impact of the 

assistive force on reducing forces in the human spine and muscles [5]. Figure 2 illustrates the force analysis 

of a human bending over to lift a box. The force equilibrium between the human and the exoskeleton 

mechanism is described as follows: 

 𝐹𝑒 . 𝐷𝑒 = −𝐹𝑒𝑥𝑜. 𝐷𝑒𝑥𝑜 + 𝑀𝑙𝑜𝑎𝑑. 𝑔. 𝐷𝑙𝑜𝑎𝑑 + 𝑀ℎ𝑚. 𝑔. 𝐷ℎ𝑚 (1) 

 𝐹𝑐𝑜𝑚 = 𝐹𝑒 + 𝑀ℎ𝑚. 𝑔. 𝑐𝑜𝑠θ + 𝑀𝑙𝑜𝑎𝑑. 𝑔. 𝑐𝑜𝑠θ (2) 

 𝐹𝑠ℎ = −𝐹𝑒𝑥𝑜 + 𝑀ℎ𝑚. 𝑔. 𝑠𝑖𝑛θ + 𝑀𝑙𝑜𝑎𝑑 . 𝑔. 𝑠𝑖𝑛θ (3)  

where, 𝐹𝑐𝑜𝑚 and 𝐹𝑠ℎ are compressive and shear forces; 𝑀ℎ𝑚 and 𝑀𝑙𝑜𝑎𝑑 represent the masses of the human 

and load; 𝐹𝑒 is the lumbar muscle force; 𝐹𝑒𝑥𝑜 represents the force generated by the back exoskeleton; 𝐷𝑙𝑜𝑎𝑑, 

𝐷𝑒𝑥𝑜, 𝐷ℎ𝑚, and 𝐷𝑒 are the force arms of the load, exoskeleton mechanism, human, and muscle, respectively. 

Simultaneously increasing the exoskeleton force will result in the reduction of the erector muscle force, 

compressive force, and shear force. Furthermore, the detrimental effects on the lumbar region during load 
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lifting are also mitigated. 
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Figure 2: Human lifting force analysis. 

2.2 Lockable floating spring mechanism design 

The proposed mechanism is depicted in Figure 3(a) and consists of two rigid links connected by a 

cylindrical joint. It also includes a constant stiffness spring with an adjustable position. The endpoints of 

the spring are attached to two sliders that  can move along the rigid links, altering the position values of 𝑥 

while keeping the spring length locked at l = 𝑙∗. In Figure 4, the upper endpoint of the spring is shifted 

from 𝑥11 to 𝑥12 resulting in a change in the force deflection relative to the mechanism. This adjustment 

enables in increase in output force at the same deflection 𝑞. 

The design of the adjustable spring mechanism is illustrated in Figure 3(b). It consists of two linear bars 

connected by a cylindrical joint, and each endpoint of the spring is held by lockable sliders. To control the 

positions of the spring during working cycles, a motor and timing belt system, as depicted in Figure 3(c), 

are utilized. 

 

Coil 

Spring

Lockable 

Sliders

Timing 

Belt

Motor

Load 

CellAluminum 

bars

 

Low 

Stiffness

High 
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(a) (b) (c) 

Figure 3: Proposed mechanism: (a) Configuration, (b) Detailed structure, (c) Stiffness variations.  

The operating principle, as depicted in Figure 4, involves three steps: compressing the spring to the desired 

value and locking its length, moving it to a new position, and releasing the stored energy at maximum 

output force and stiffness. Initially, the two endpoints of the spring are locked to the inflexible links, and 

the spring is compressed to the desired value (indicated in black). Subsequently, the length of the spring is 

locked, and it is moved to its new position (indicated in red). Since the length of the spring is locked, no 

energy is released during the movement of the spring from its upper to lower positions. Once again, the 

endpoints of the spring are locked to the mechanism, and its length is released. As a result, the spring 

extends and releases the stored energy during compression, but at a higher output force and stiffness. 
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3 STIFFNESS MODULATION ANALYSIS   

The mathematical model of the proposed structure is presented in Figure 4. In this figure, the initial 

positions are denoted as  𝑥11 and 𝑥21 , while the desired positions are represented by 𝑥12 and 𝑥22. The 

deflection is indicated as  𝑞 , and the output force is denoted as 𝐹(𝑞).  

x11

q

F(q)

x21

x12

x22

 
Figure 4: Mathematical model of the proposed mechanism. 

The potential energy of the movable spring can be expressed as: 

 𝑉 =
1

2
𝑘𝑠∆𝑙(𝑞, 𝑥1, 𝑥2)2 (4) 

where, 𝑘𝑠 represents the stiffness of the spring, and Δ𝑙 is the change in the spring length determined by the 

resulting position and two variables, 𝑥1 and 𝑥2. The output force and output stiffness can be calculated 

using the following equations: 

 F = −
∂V

∂q
= 𝑘𝑠Δ𝑙(𝑞, 𝑥1, 𝑥2)

∂Δ𝑙(𝑞,𝑥1,𝑥2)

∂𝑞
= 𝐹𝑠

∂Δ𝑙(𝑞,𝑥1,𝑥2)

∂𝑞
≥ 𝐹𝑠 (5) 

 k =
∂2𝑉

∂2𝑞
= 𝑘𝑠 (

∂Δ𝑙(𝑞,𝑥1,𝑥2)

∂𝑞
)

2
+ 𝑘𝑠∆𝑙(𝑞, 𝑥1, 𝑥2)

∂2Δ𝑙(𝑞,𝑥1,𝑥2)

∂𝑞2 > 𝑘𝑠 (6) 

 

The condition for the independence of energy stored by the spring with respect to the change of position, 

δ𝑥1, and δ𝑥2, can be determined as: 

 ∀𝑞: δV =  
∂V

∂𝑥1
δ𝑥1 +

∂V

∂𝑥2
δ𝑥2 = 0 (7) 

The condition for stiffness at any output variation is determined as follows: 

 ∀𝑞: δk =  
∂k

∂𝑥1
δ𝑥1 +

∂k

∂𝑥2
𝑥2 ≠ 0 (8) 

The design of the proposed variable stiffness mechanism focuses on meeting the requirement that the 

deflection  𝛿𝑥1, 𝛿𝑥2 can be modified simultaneously satisfy equations (7) and (8). Equation (7) can be 

satisfied if the endpoint positions of 𝛿𝑥1, 𝛿𝑥2 remain unchanged, meaning that no mechanical work needs 

to be done: δ𝑉 = −𝐹1δ𝑥1 − 𝐹2δ𝑥2 = 0. However, the condition in equation (8) cannot be satisfied. It is 

possible to use sub-motors to independently change the positions 𝑥1, 𝑥2. However, it is important to note 

that no mechanical work does not imply no energy cost, as electric motors require energy to generate static 

forces. Another method can be employed to satisfy equation (7) by ensuring that the input motors are not 

affected by the spring force: 

 ∀𝑞 ∶ 𝐹1,2 = 0 (9) 

The design of the variable stiffness mechanism aims to satisfy the condition (9) without being influenced 

by the output positions 𝑞. This condition not only ensures that the input motors do not perform mechanical 

work but also allows for the use of small input motors to demonstrate the independence of stiffness 

modulation from the energy stored in the spring. By locking the movable spring, conditions (7) and (9) can 

be satisfied: 
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 ∀q: Δl∗ = Δl(q, x1, x2) (10) 

Locking the spring leads to the following condition: 

 ∀q: Δl∗ =
∂Δl

∂x1
δx1 +

∂Δl

∂x2
δx2 = 0 (11)  

As a result of equation (11), the potential energy stored in the spring remains constant regardless of changes 

in  𝑞, 𝑥1, 𝑥2: 

 ∀𝑞:  𝑉∗(𝑞, 𝑥1, 𝑥2) =  
1

2
𝑘𝑠Δl∗2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (12) 

The outcome of equation (12) demonstrates that by using locking mechanisms, it is possible to modify the 

stiffness of the mechanism (5). Consequently, the released force during extension (6) in work cycles 

increases irrespective of the stored energy. This provides additional force to support workers when lifting 

heavy loads. 

4 SIMULATION RESULT AND DISCUSSION 

A simulation of the proposed mechanism was conducted to demonstrate the force-deflection and stored 

energy-deflection characteristics. Figure 5(a) depicts the force-deflection relationship, while Figure 5(b) 

illustrates the stored energy-deflection relationship. The results indicate that the spring releases higher 

forces and exhibits greater stiffness during extension, even at the same stored energy. By employing a 

lockable sliding mechanism, the spring can be locked while the stiffness changes with a small applied force 

at one endpoint, regardless of the stored energy. As a result, the energy required to adjust the stiffness is 

independent of the stored energy in the spring and the output deflection. This additional force capability 

can effectively support workers in lifting heavy loads. 

  
(a) (b) 

Figure 5: Simulation results: (a) force versus deflection (b) stored energy versus deflection. 

In general, the simulation illustrates that the proposed concept can be further developed to design a new 

mechanism that supports employees when lifting heavy loads in work conditions. The results clearly 

demonstrate that by utilizing locking mechanisms, it is feasible to adjust the stiffness of the mechanism and 

enhance the released force during extension in work cycles, all without impacting the stored energy. This 

capability provides an additional force to support workers who are lifting heavy loads. 

5 CONCLUSION 

This paper introduces a novel lockable spring mechanism that allows for independent modulation of spring 

stiffness without affecting the energy stored in the spring. The mathematical model of this innovative 

structure was derived, and its features were validated through simulation. The proposed design successfully 

demonstrates that stiffness modulation of the spring can be achieved at any deflection with minimal energy 

consumption. The simulation results also indicate that the spring is capable of generating higher forces and 

stiffness during extension in work cycles, thereby providing additional support for workers engaged in 
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lifting heavy loads. This concept can be applied to the design of a new mechanism aimed at assisting the 

lower back spine, particularly the five weakest lumbar vertebrae, during the lifting of heavy objects in a 

stooped posture. The mechanism utilizes flexible mechanical springs following optimized energy 

principles. Furthermore, the model can be extended to design upper exoskeletons, specifically targeting the 

upper-shoulder-arm and elbow regions. In future developments, the proposed structure will be enhanced 

with a magnetorheological damper, and its performance will be compared with existing models.  
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Abstract. Due to its capability to meet essential requirements such as high accuracy and superior surface 

quality, AM (Additive Manufacturing) resin has a lot of potential for use in the production of investment 

casting. Selecting and adjusting the proper process parameters as well as controlling variables that have an 

impact on the manufacturing process's quality are important to produce a high-quality investment casting. 

Because desktop resin may be produced at a lower cost and in a smaller size, scientists have been 

researching its usage in pattern casting in recent years. The goal of this research is to examine the AM 

resin's technological characteristics and how they affect the final product's quality. From there, further 

research directions are suggested which will result in better casting samples, higher productivity, and more 

cost-effective manufacturing pattern processes employing AM desktop or open-source equipment suitable 

for the circumstances of developing nations, such as Viet Nam. The findings indicate that technological 

factors such as slice thickness, exposure period, and build orientation have the biggest effects on the 

objective. Support parameters also require more research in order to speed up manufacturing and 

conservation materials. 

 

Keywords. AM resin, desktop equipment, effect of technological parameters, investment casting, 

technological parameters. 

1 INTRODUCTION 

In many industries, additive manufacturing (AM) technology is employed to produce "samples'' or 

"products" prior to mass production or commercialization. Using layer-by-layer addition and bonding of 

materials, additive manufacturing (AM) constructs products by creating a cross-section of the final object 

from the original CAD data. Material Extrusion, Vat Photopolymerization, Binder Jetting, Direct Energy 

Deposition, Sheet Lamination, Powder Bed Fusion, and Material Jetting are the seven categories of AM 

technology which are organized in accordance with ASTM International standards [1]. This technology is 

developing and expanding in popularity. The statistical data by Wohlers [2] demonstrated the versatility of 

AM technology. As a result, the cost of production utilizing AM technology rises annually. According to 

Wholer, the cost of production utilizing this technology would be close to $1.5 billion by 2019. Prototyping 

for the process of pattern casting accounts for 9% of all other uses. When compared to conventional 

methods, using AM technology speeds up prototyping while maintaining quality, which improves the 

pattern casting method of product manufacture. 

Otto Munz first proposed the concept of AM resin in 1956 [3], and Hideo Kodama from the Nagoya 

Municipal Industrial Research Institute demonstrated the use of UV light in the creation of 3D objects in 

1981 [4]. When Charles Hull invented, commercialized, and patented the first 3D printer in 1986, he also 

created the word "Stereolithography" [5]. The following technologies can be used to categorize AM resin: 

Stereo Lithography Appearance (SLA), Digital Light Processing (DLP), Liquid Crystal Display (LCD), 
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Multi-jet Printing (MJP), Continuous Liquid Interface Production (CLIP), and Two-photon 3D Printing 

(TPP) [6]. SLA, DLP, and LCD technologies are among them, and they are the three most widely used ones 

today. The first method, in particular, is SLA, which uses laser energy to harden liquid photosensitive 

plastic materials (regulated in accordance with a pre-programmed profile). The only technology that can 

produce large-scale items is SLA. However, this technology has a very low productivity. SLA technology 

will have a lower resolution than other resin technologies since the resolution of the SLA technology 

depends on the size of the laser [6]. DLP technology, on the other hand, solidifies plastic materials using 

projector energy [7]. A projector directs light from tens of thousands of small mirrors known as DMDs 

(Digital Micromirror Devices) to cover the whole area of a section and solidify the necessary plastic 

portions [8]. Small-scale product fabrication uses DLP. At the same time, DLP is relatively expensive [6]. 

Like DLP, LCD technology also employs the LCD screen's energy source to harden the plastic into the 

desired cut shape. This technology is inexpensive and offers a modest resolution. 

Photosensitive resin is the substance that is utilized to make AM resin [6]. Photochemical resin procedure 

is the name of the process used to harden the resin. UV light is used to start this process, which is used to 

link the polymers together to make solid objects by shining it into the plastic tank. Three elements monomer, 

oligomer, and photoinitiator are contained within the resin. A catalyst for the bonding process between 

monomers and oligomers will be released by the photoinitiator under the influence of UV light, causing the 

resin to solidify [7]. Manufacturers have introduced specialized resins, such as Wax Castable Resin [9], 

which the producer claims is akin to wax, to suit the need for using AM resin technology in casting. It is 

utilized for jewelry, particularly surface samples and samples with stone settings, and it burns cleanly 

following the lost wax process. Dark Sharp Castable Resin [10], the second option, is a resin that works 

well, for example with fine features and stone settings. 

The processes in the overall procedure used to create AM resin products are as follows: converting concepts 

into 3D models with CAD tools like Inventor, SolidWorks, etc. The 3D model will be made once everything 

is finished and converted into STL format. Specialized software is used to edit and perform "slicing" on 

STL files. The slicing program for AM resin technology generates a series of photos for each layer of the 

3D model. The technical parameters, support production, and positioning are all under the control of the 

slicing program [11]. There are several popular slicing programs, including Chitubox, Lychee Slicer 3, 

Photon Workshop, etc. The process of creating things using 3D printing technology follows the completion 

of the slicing. The following categories apply to these gadgets: In terms of technological security, desktop 

and industrial equipment is included, as is equipment that is open and closed source. These devices differ 

mostly in terms of product size, quality, and price. After fabrication, the product is taken off the machine 

plate, cleaned, and subjected to post-processing, which may involve removing the support, washing with 

an appropriate solution, like alcohol, exposure in a UV chamber, and sanding the product's surface. 

Numerous variables affect the quality of AM resin products, but the selection and setup of technical 

parameters are the most crucial. 

2 TECHNOLOGICAL PARAMETERS 

Product parameters and Support structure parameters are two categories for the technical parameters. 

2.1 Product parameters 

Build orientation: The sample is in this position and tilted at this angle in the printer's three axes (X, Y, and 

Z). Build orientation is a parameter that impacts the sample's error probability, flexural strength, adhesion 

between layers [12], dimensional correctness, and force-resistance [13]. 

Layer thickness: This represents a single layer's thickness in the printing direction (often the Z axis). The 

typical layer height for resin 3D printing is 0.05 mm. This parameter is also a crucial one that influences 

the sample's flexural strength [14], surface roughness [15], and tensile strength [16]. 

Exposure time: This is a significant parameter, just like the previous two. This is how long a UV light 

source needs to cure (or harden) a layer. The exposure time will vary for various materials. In addition to 

layer thickness and build orientation, exposure duration is another parameter that affects the sample's 

numerous properties, including dimension accuracy [16], flexural strength [14], surface roughness [15], etc. 
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Bottom layer count: is the number of first layers to be printed, and first layers typically have exposure times 

that are longer than second layers. These layers aid the sample's grip on the printing platform, preventing 

falling and other printing mistakes. A light source's service life will be shortened by an excessive adjustment 

to the number of bottom layers, which will also lengthen the lead time and working time of the light source. 

Experience suggests that there should be five or more of these layers. 

Bottom layer exposure time: Bottom layers have exposure time just like top layers do. In contrast to upper 

layers, bottom layers will be exposed for a longer period of time. This amount should be 8–12 times more 

than the exposure duration for typical layers, per Chitubox's recommendation. The printing process will 

take longer if the exposure period is too long. The grip of these initial layers will not be ensured, though, if 

the exposure duration is too brief. 

2.2 Support structure parameters 

Three components, including top, bottom, and center, will make up the supporting framework of objects 

made with resin during 3D printing. Since the top support structure has a direct relationship to the sample, 

the top support structure's specifications will have an impact on the sample's surface quality. The component 

that attaches the printing platform to the sample is made up of the bottom support structure and the middle 

support structure. The characteristics of these two structures will determine how well the sample adheres 

to its platform. The support structure has a raft in addition to the previously mentioned three components. 

Between the printing platform and the bottom support structure, there are layers in the raft. The raft has the 

effect of improving the bottom support structures' platform stickiness. Additionally, the raft aids in uniting 

the bottom support structures into one block, making it simpler to remove the sample off the printing 

platform. However, using a raft requires more material. 

Muslim Muhktarkhanov et al.'s research from 2020 [2] indicated that a pattern for the investment casting 

process must satisfy specifications like high accuracy, low melting temperature, good surface quality, 

hardness, durability and leaving no ash after finishing wax process. Since then, the purpose of this paper is 

to find out how those process factors affect the sample's accuracy, mechanical characteristics (flexural 

strength, tensile strength), and surface quality. Following that, to enhance the sample's quality with the 

intention of using resin 3D printing technology to create investment casting patterns. To achieve that goal, 

this research bases its findings on analysis of each technological aspect to determine how it affects the 

sample's quality. 

3 EFFECT OF TECHNICAL PARAMETERS ON SAMPLES QUALITY 

3.1 Dimensional accuracy 

Dimensional accuracy is an important factor for casting. J. S. Shim et al. [12] studied the effect of build 

orientation on the dimensional accuracy by testing with rods specimens designed according to ISO 178 with 

dimensions of 80 × 10 × 4 mm on an SLA machine. The results showed that build orientation 900 gives the 

lowest error rate in length and build orientation 450 gives the highest error rate in thickness. A. Unkovski 

et al [13] conducted the experiment with a bar specimen designed according to DIN EN ISO 4049 with 

dimensions of 30 × 5 × 5 mm. The results showed that the vertical dimensions of the SLA samples were 

more prone to deviation than the other two directions, and the sizes of the SLA samples at the edge of the 

print bed are more prone to deviation than when in the center position. A. Ibrahim et al [16] studied the 

influence of two parameters, layer thickness and exposure time, on the dimensional accuracy of samples 

generated by DLP technology. The results showed that when the layer thickness and exposure time 

parameters were 0.05 mm and 9 s, the size deviation would reach 3.8%. S. L. Sherman et al. [17] reported 

that layer thickness values of 0.05 mm and 0.1 mm and at the center of the table an open-source 3D printer 

would give an acceptable dimensional accuracy of the DLP sample. In addition, temperature was also a 

parameter that affects the dimensional accuracy of the product. A. Katheng et al. [18] studied the effect of 

temperature on sample dimensional accuracy and showed that low temperature corresponded to tolerances 

and geometric tolerance of samples fabricated by SLA technology. S. L. Campanelli et al. [19] studied to 

optimize the parameters including Hatch Overcure (HO), Border Overcure (BO) and layer thickness to 
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dimensional accuracy. The prototype was designed according to the following criteria: there were small 

and medium sizes to apply to small details such as jewelry, without consuming too many materials and 

manufacturing time. The research team has determined the optimal set of parameters as follows: for layer 

thickness of 0.05 mm, HO = 0.25 mm and BO = 0.225 mm; for layer thickness 0.1 mm, HO = 0.05 mm and 

BO = 0.3 mm. P. Zmarzly et al [20] studied the possibility of applying AM technology to the casting process 

with samples fabricated by AM. The results showed that the product after casting has a size deviation of 

about 5%. Meanwhile, A. Iftikhar et al [21] has studied and fabricated turbine blades using FDM technology 

and resin with the size of 30.2 × 44.2 × 88.5 mm. The authors say that SLA technology has dimensional 

accuracy less than 160 μm and FDM has dimensional accuracy greater than 240 μm. A. L. Giudice et al. 

[22] evaluated the dimensional accuracy of dental samples fabricated on three different devices, including 

two common types, Anycubic Photon S, Elegoo Mars Pro and EnvisionTEC Vector 3SP specialized 

equipment. The results showed that conventional 3D printing equipment for samples had lower dimensional 

accuracy. M. N. Islam et al. [23] did a comparative study on dimensional accuracy between two SLAs and 

PBP technologies with the same test sample. The results showed that the SLA product has better 

dimensional accuracy in the Z-axis while PBP gave the product with better dimensional accuracy in the X, 

Y directions. G. Budzik [24] compared the propeller prototyping capabilities of the two technologies SLA 

and 3DP and found that the propeller made by SLA technology gave higher dimensional accuracy than 3DP 

technology. Besides dimensional accuracy, the mechanical properties of the sample such as flexural 

strength, tensile strength, impact resistance were also factors that scientists are interested in studying. 

3.2 Mechanical properties 

The mechanical properties (flexural strength, tensile strength…) of AM resin products are also influenced 

by technological parameters. Romli el al. [14] also studied the effect of layer thickness and exposure time 

on the flexural strength of samples created by AM DLP technology. The test samples were designed 

according to ASTM 7790. The results showed that the layer thickness affects 10%, exposure time affects 

2% on the flexural strength of the sample and the interaction between the two parameters to the target is 

87%. R. Bangalore et al. [16] studied the effect of layer thickness, build orientation and line spacing 

parameters on flexural strength, tensile strength, and impact resistance of SLA test specimens. The tensile 

strength test specimens were designed according to ASTM D638-01, the flexural strength test specimens 

were designed according to ASTM D790-03 and the impact resistance test specimens were designed 

according to ASTM D256-04. The results showed that all parameters affected the target and the optimal set 

of parameters found includes: layer thickness 0.125 mm, build orientation 900 and hatch spacing 0.015 mm. 

J. S. Shim et al. [17] showed that the build orientation had a value of 900 for the sample with the lowest 

flexural strength and A. Ibrahim et al. [22] showed for a parameter set consisting of layer thickness 0.05 

mm, an exposure time of 9s would give the sample high flexural strength and tensile strength valued with 

tensile strength and flexural strength valued of 8.98 N/mm2 and 18.39 N/mm2 respectively. 

3.3 Surface quality 

In addition to the two factors mentioned above, surface quality is also one of the quality criteria that should 

be paid special attention to the sample used for the casting process. The improvement of surface quality 

will reduce the time for post-processing making the casting process more optimal. Like dimensional 

accuracy and mechanical properties, surface quality is also influenced by technological parameters. D. P. 

Putra et al [15] studied optimizing the parameters for DLP 3D printers with the desire to achieve the lowest 

surface roughness. Parameters included layer thickness, exposure time and bottom layer exposure time. The 

bar specimen has dimensions of 30 × 15 × 4 mm. The results showed that with the obtained optimal set of 

parameters including layer thickness 0.035 mm, exposure time 19,542s and bottom layer exposure time 

60,679s. Then the surface roughness of the sample had a value of 0.469 μm. At the same time, the authors 

also concluded that the DLP 3D printer could fabricate samples with high dimensional accuracy and 

detailed surface. A. Iftikhar et al [21] showed that AM resin gave the product a higher surface quality than 

FDM with the surface roughness of the resin sample being 0.866 μm and the FDM sample being 1,345 μm. 

A. Tulcan et al. [25] studied the influence of support on the quality of flat and curved surfaces of 55 × 35×5 
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mm test pieces with 3 bobbins and 3 cylinders with sequential diameter values are 5 mm, 10 mm and 15 

mm and height 10 mm. The test results compared with the ISO 2768-2 standard, showed that a support 

density in the range of 50% - 52% will give a good flat surface quality. C. Arnold et al. [26] studied the 

effect of layer thickness, support, sample position and build orientation on the surface roughness of SLA 

samples. Experimental results showed that the SLA sample has a much smoother surface than the one made 

by the turning method. 

4 DISCUSSION 

Due to its advantages, resin 3D printing is used in many sectors with a lot of potential. Investment casting 

is one of these fields. High precision and an excellent surface polish are needed for molded samples. 

Another benefit of this technology is cost reduction compared to the conventional approach. In order to 

facilitate this process, plastic producers have introduced a variety of resins having wax-like characteristics. 

These resins are frequently known as castable resin such as: Dark Sharp Castable Resin, Wax Castable 

Resin. With this resin, there won't be any leftover ash from the casting process burning to enhance the final 

product. Additionally, this application is a study topic. Numerous studies have been conducted in this area 

with the goal of enhancing the investment casting process through technological considerations, such as 

comparing shell thickness or simply evaluating the pattern-making abilities of various 3D printing 

technologies. Accordingly, many studies are based on different experimental methods with the aim of 

evaluating the influence of technological parameters on the dimensional accuracy, mechanical properties 

and surface quality of casting pattern. Test specimens in many researches are often used according to ISO 

and ASTM standards to evaluate dimensional accuracy, mechanical properties, surface roughness. 

However, the majority of the apparatus used in many current researches are industrial apparatus. Therefore, 

researchers are also concentrating on managing and altering technological parameters on open source, 

desktop equipment with strong production process to help reduce costs and suitable for the condition of 

developing countries.  

5 CONCLUSION 

Technological characteristics have a significant impact on the sample quality, as may be demonstrated by 

surveys of technological parameters and research studies. The parameter that has generated the most interest 

in research is layer thickness. This suggests that this factor has the greatest impact on the quality of the final 

result. Additionally, the settings for build orientation and exposure time are crucial elements. Particularly, 

the layer thickness, orientation, exposure time, temperature, and sample location have an impact on 

dimensional accuracy. The parameters of layer thickness, exposure duration, orientation, hatch spacing 

(SLA technique), and material all have an impact on the specimen's mechanical characteristics, including 

flexural strength, tensile strength, and impact resistance. The characteristics of layer thickness, exposure 

time, initial layer exposure time, support structure, pattern orientation, and sample position all have an 

impact on the surface quality of the sample. Because the support structure is the component immediately 

related to the surface of the sample in further study, improving its parameters will assist increase the surface 

quality and accuracy of the sample. The casting process will be improved with the use of AM technology 

by optimizing these parameters, which will also assist in cutting down on the amount of time and resources 

needed for prototypes. 
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Abstract. Photoplethysmography (PPG) is an optical technique used to measure the blood volume in the 

microvascular bed of tissue. The change of blood volume is cyclic. Thus, the PPG signal can be used to 

determine the heart rate by counting the peaks of PPG signal. In this paper, samples of PPG signal are 

extracted from the MIMIC III data set. Recorded samples consist of 763 records from 390 patients. In 

which, 61% of the samples are from patients affected with cardiovascular diseases (CVD) and the others 

are records of those with normal sinus rhythm (NSR). The algorithm in this paper shows the application of 

PPG in deciding the CVD health status of a person. The algorithm has an accuracy of 94% in deciding 

whether someone has a cardiovascular disease or not. The detection run on PPG is extremely useful for 

doctors to diagnose their patients. 

Keywords. Photoplethysmography signal, cardiovascular disease, detect for peak PPG signal. 

1 INTRODUCTION 

Photoplethysmography (PPG) is a low-budget and non-invasive optical technique that can detect changes 

in blood volume. The PPG signal acquired from this technique provides valuable data regarding our 

cardiovascular system. In addition, PPG signal is applied to clinically track the patients’ conditions such as 

heart rate (HR) or blood’s oxygen level (SPO2) changes, … Moreover, the PPG has also been integrated 

into small devices, specifically smart watches. These smart watches use PPG sensors to collect, calculate 

and display the HR for the users. 

PPG’s signal the repetition of basic signals bearing the distinctive features shown in Figure 1. A PPG signal 

contains Systolic Peak, Diastolic Peak, Dicrotic Notch and on/off-set points. 

 

Figure 1: Distinctive features of a basic PPG signal. 

In recent years, there have been many studies regarding the applications of PPG signals, especially in 

diagnosing the conditions of the cardiovascular system, and other heart diseases as well as atherosclerosis. 

Machine learning (ML) or Deep learning algorithms are also applied to increase the effectiveness of the 

diagnoses. The algorithms mentioned are: CNN, RNN, U-net, LSTM. Many achievements have been made: 

Early detection of cardiovascular disease with photoplethysmography (PPG) sensor [1]. Atrial fibrillation 

detection from wrist photoplethysmography signals using smart-watches [2]. Estimating blood pressure 

from the photoplethysmography signal and demographic features using machine learning techniques [3-4]. 
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Continuous blood pressure estimation using exclusively PPG by LSTM-based signal-to-signal translation 

U-Net architecture-based approach [5] or LSTM [6].  

Due to the wide range of applications, the need to determine the features of PPG signals is crucial. This 

would require the accuracy from the algorithms used in extracting or acquiring data from the PPG signals. 

Algorithms such as: motion artifact filtering, HR calculation, and especially the Systolic Peak, Diastolic 

Peak detection were very popular many years ago. Some other algorithms related are: Adaptive threshold 

method for the peak detection of PPG waveform [7], Systolic peak detection in acceleration PPG measured 

from emergency responders in tropical conditions [8]. The mountaineer's method for peak detection in PPG 

signal in 2019 [9].  

To determine the peaks and on/off-sets of the signals, we can find the second derivative of the PPG signal 

combining with the extreme point detection algorithm since the peaks and set points are the extreme points 

of the signal from the mathematical point of view. The important feature of this method is that we determine 

the extreme points of the PPG signal not only from the original signal itself but also from its second 

derivative to reduce the error of calculations. From this algorithm, we can calculate instantaneous HR and 

compare it to the HR before and after that. There have been many researches using the instantaneous HR 

to detect HR-related diseases like: Atrial fibrillation detection using a novel cardiac ambulatory monitor 

based on photoplethysmography at the wrist [10], Detecting atrial fibrillation and atrial flutter in daily life 

using photoplethysmography data [11], Premature atrial and ventricular contraction detection using 

photoplethysmography data from a smart-watch [12].  

PPG’s parameters can be used to evaluate the heart rate variability (HRV), this index is usually applied in 

ECG, giving evaluation results of the patient’s conditions. Most cardiovascular diseases can be detected by 

evaluating the fluctuation of instantaneous HR throughout a period of time. We can observe the variation 

of the HR using transformation methods like the Poincaré plot [12]. However, if we only focus on 

determining the variations of HR without considering the changes in blood flow then we will not be able to 

detect every potential patient affected by cardiovascular diseases. For instance, if the patient has a disease 

but the instantaneous HR does not change dramatically then the methods mentioned above will not be able 

to process and determine the diseases. The reason is that the mentioned algorithms only focus on the 

variation of only one heart rate. In some cases, despite a stable HR, the patient is diagnosed to have a 

cardiovascular disease based on the data set from MIMIC III. Therefore, we need to also take the blood 

flow changes into consideration besides the HRV index. The method will be presented in the sections 

below. Many cases also showed that a patient has a normal HR but also has an abnormal change in blood 

flow. This paper will give an algorithm that can detect potential patient even with a stable HR. 

2 DATA AND METHOD 

2.1 Data 

The data resource for this paper is acquired from MIMIC III, an open and public clinical source. The MIMIC 

III contains 763 PPG’s signals from 390 individuals, aged 22 – 87. The signal is sampled at 125Hz and 

contains 4001 data points/signal; sampling duration lasts 32 seconds. The short duration of time is the result 

of filtering, picking and removing motion artifacts. The entire research, including signal processing and 

algorithm building, is conducted on Matlab 2020b.  

2.2 Proposed Method 

Peak Determination Algorithm: As seen from Figure 1, the PPG signal shows the Systolic Peak, Diastolic 

Peak and the on/off set points as the extreme points of the signal’s graph. Mathematically, the signal’s peaks 

and feet will be the extreme points; the extreme points will show the peak positions of wave a and wave b 

in the second derivative of the PPG’s signal. Figure 2 shows a PPG cycle and its second derivative, this 

shows the difference between mathematical theories and actual data. From the data recorded, the Peaks and 

the set points have a large variation from the positions of waves a and b. These errors can be caused by 
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noises (no motion artifact) which leads to the fact that these positions are near accurate if we can filter the 

bandwidth with a small enough domain of frequency [4]. 

 

Figure 2: PPG signal taken from fingertips. (a). Photoplethysmogram signal. (b) second derivative of the 

photoplethysmogram signal [13]. 

For this reason, we should not directly determine the peaks and set points on the PPG but instead reach the 

solution based on its second derivative. To calculate the position of the 2 waves a and b, we use the 2 

Elgendi’s average lines [14]. The algorithm is shown in Figure 3. 

 

Figure 3: Algorithm to determine the peaks. 

Band-pass Filter: Based on the algorithm, we will perform the filtering twice with the first one focusing 

on filtering the PPG input using the Chebyshev 2 algorithm. This applies for 4 degrees of freedom (DOF) 

(Phase 0) with the bandwidth from 0.5 – 10 Hz and below 20 dB to remove a part of the noises or the 

motion artifact. After the first filtering, we will receive the fPPG[n]. 

Meanwhile, the second filtering will be performed on the fPPG[n] with a bandwidth within 0.5 - 5Hz. The 

aim of the second filtering is to optimize the calculation of the peaks using waves a and b. Some of the 

researches mentioned the filtering of low frequency bandwidth to remove parts of the PPG’s noises but did 

not state the exact frequency domain. As mentioned in previous sections, if the bandwidth filter domain is 

small enough, then the positions of the peaks and the set points will be approximate to the positions of 

waves a and b. Although the bandwidth domain of 0.5 – 5 Hz contains certain errors, they will be removed 

in the following steps. The result after filtering will be 𝑆2[𝑛]. 

Second Derivative:  To reach the second derivative of the PPG signal, we perform the derivation of 𝑆2[𝑛] 

twice using the formulas (1) and (2). From the filtered 𝑆2[𝑛]  above, we can use the functions in Matlab to 

create the 𝐴𝑃𝐺 signal.  

𝑆2
′ [𝑛] =

𝑑𝑆2

𝑑𝑡
  =  

1

2𝑇
(𝑆2[𝑛 + 1]  − 𝑆2[𝑛 −  1])     (1) 
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𝐴𝑃𝐺[𝑛] =
𝑑𝑆2

′

𝑑𝑡
  =  

1

2𝑇
(𝑆2

′ [𝑛 + 1]  − 𝑆2
′ [𝑛 −  1])    (2) 

With: T as the sampling cycle equals the inverse of the sampling frequency of Fs, n as the order of the 

sample data. 

Cancellation of a wave: According to Elgendi [14], we must first determine the position of wave a on the 

𝐴𝑃𝐺 signal. However, there are some cases where the Diastolic Peak is shown very clearly, but the Dicrotic 

notch is very deep. As seen from Figure 4, from the 𝐴𝑃𝐺 signal shows a very similar amplitude between 

waves a and c; this can lead to mistaking the c wave for the a wave. As a result, solving the b wave in the 

first place would be much easier since there is only one distinctive Systolic Peak separated from the 

Diastolic Peak, the result of the second derivative will give a clear position of wave b. Wave b can hardly 

be mistaken with wave d because d has a rather small amplitude (Figure 2). In this step, the APG signal 

will be reversed to remove wave a by using the formula (3).  

𝐹[𝑛] =   − 1 ∗  𝐴𝑃𝐺 [𝑛]     (3) 

with 𝐹[𝑛] being the reversed signal from APG. Wave a’s amplitude will be negative after the reversal of 

the signal. Therefore, we transform all negative signals to 0 with formula (4). 

 𝐹[𝑛]  =  0  𝑖𝑓 𝐹[𝑛]   <  0       (4) 

 

 

Figure 4: Example of similarity between the amplitude of c wave and a wave. PPG data (upper) and APG 

data (below). 

Square: After the removal of the wave a, we receive 𝐹[𝑛]. This step aims to clarify the amplitude of the 

wave b by squaring the signal after removing a wave. Formula (5) is displayed below: 

𝑔[𝑛]  =  𝐹[𝑛] 2     (5) 

Generating blocks of interest: We will calculate the 2 moving average values to mark the positions where 

the wave b emerges. Elgendi specified that the optimal values 𝑊1 = 175𝑚𝑠 and 𝑊2 = 1000𝑚𝑠 [14]. 𝑊1 

is the amount of time for sampling the average values indicating the window size of the Systolic Peak and 

𝑊2 is the amount of time for sampling the average values indicating the window size of a heartbeat. The 

first moving average line is the 𝑀𝐴𝑝𝑒𝑎𝑘 and the second moving average line is the 𝑀𝐴𝑏𝑒𝑎𝑡 .  

𝑀𝐴𝑝𝑒𝑎𝑘[𝑛] =
1

𝑊1
(𝑔 [𝑛 −  

𝑊1−1

2
] + ⋯ + 𝑔[𝑛] + ⋯ + 𝑔 [𝑛 +  

𝑊1−1

2
])    (6) 

𝑀𝐴𝑏𝑒𝑎𝑡[𝑛] =
1

𝑊2
(𝑔 [𝑛 −  

𝑊2−1

2
] + ⋯ + 𝑔[𝑛] + ⋯ + 𝑔 [𝑛 +  

𝑊2−1

2
])  (7) 

Threshold: Many blocks created will contain the functions of PPG. Amongst those, there were some blocks 

created by noises. The removal of noise blocks is based on the width of the Systolic Peak, the blocks with 
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a width wider than the 𝑇𝐻𝑅2 threshold will contain the Systolic Peak. Equation (8) and (9) will be used to 

determine the thresholds called 𝑇𝐻𝑅1 and 𝑇𝐻𝑅2.  

𝑇𝐻𝑅1 =  𝑀𝐴𝑏𝑒𝑎𝑡[𝑛]  +  𝛼     (8) 

𝑇𝐻𝑅2 =  𝑊1      (9) 

In which, 𝛼 equals β*z̅, the optimal value for 𝛽 is 2% [14], where 𝑧̅ is the average value of the filtered 𝐹[𝑛] signal. 

Here, the 𝑇𝐻𝑅2 is given the value W1. The blocks are then created by comparing 𝑀𝐴𝑝𝑒𝑎𝑘 and 𝑇𝐻𝑅1. 

Determining wave b and the Systolic Peak: In this step, wave b is calculated by the highest value of 𝐹[𝑛] 

according to each block and the width of the block must be higher than that of the 𝑇𝐻𝑅2.  

Each wave b determined will yield the position of a Systolic Peak.  We look for the highest position in the 

filtered data (fPPG[n]), a range surrounding the position of the wave b we just determined in the previous 

steps. As mentioned, due to the inaccurate position of the bandwidth that needs filtering, there is a certain 

error to the position of the Systolic Peak and the wave b.  

To simplify the calculations, we will take the highest value in the domain of 70 -100 ms to both sides of 

the positions of the wave b’s peaks. Figure 5 shows the methods to determine the positions of wave b and 

the Systolic Peak. The waveform is the PPG input: The positions of the b wave and the position of the 

Systolic Peaks. 

 

Figure 5: The positions of the Systolic Peaks compared to those of wave b’s peaks. Top figure: Shows the PPG 

and the position of the Systolic Peak; Middle figure: Second derivative of the PPG and the calculated position of 

wave b; Bottom figure: Shows the 2 moving average lines and the block created from the threshold. 

Determining the a wave and the foot of the signal: In the APG’s signal shown in Figure 4, we can clearly 

see that the position of the a wave is also the position of the highest point before the b wave. Therefore, the 

acquisition of the a wave is performed by finding the position of the highest peak on the APG signal, tracing 

back from the position of the b wave to the beginning of the recorded signal, the range of time for this is k 

ms; with k ranging from 8 ms to 136 ms [14]. 

For each wave, we calculated a position of a foot of the signal. Similar to the Systolic Peak, the foot of 

the signal will be determined through the lowest position on the filtered signal (fPPG[n]) in proximity of 

the position of the a wave. To simplify the calculations, we will take the lowest point during the period of 

80 -120ms to both sides of the position of the a wave as shown in Figure 6: 
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Figure 6: Position of the foot of the signal and wave a. 

Heart diseases detection algorithm: Patients with cardiovascular diseases will usually have unstable or 

abnormal heart rates through time. Another case is when they have a stable heart rate but coupled with 

abnormal PPG. Therefore, detecting heart diseases requires the calculation of the changes and fluctuation 

of the heart rate through time. After the calculation of the instantaneous heart rate, we can draw out the 

changes in heart rate through time as in Figure 7 or through the Poincaré plot as in Dong Han [12]. Besides, 

we can evaluate the instability of the heart using the HRV index normally seen in ECG. Then, we can come 

to the assessment of the chance of having a heart disease or not? Common cardiovascular diseases can be 

atrial fibrillations, arrhythmias and premature ventricular contractions. 

Calculating changes in the heart rate: From the peak finding algorithm, we can determine the 

instantaneous heart rate at a point in time using the formula (10): 

  𝐵𝑃𝑀𝑡𝑢𝑐𝑡ℎ𝑜𝑖   = 
60∗ 𝐹𝑠

𝑁𝑠
      (10) 

In which, 𝐹𝑠 is the sampling frequency of the signal, 𝑁𝑠  is the number of samples in 1 heart rate cycle (the 

signal range between 2 continuous peaks). Figure 7 is an example representing the peak-finding algorithm 

and the deviation of heart rates through time of a patient diagnosed with cardiovascular diseases. 

 

Figure 7: An example for a peak calculation algorithm(upper) and the changes of the heart rate through each cycle 

(below). This is the record of patient 85. 
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Display of changes in the heart rate using the Poincaré plot [12]: Poincaré shows the difference between 

2 continuous heart rates. With x-axis represents ∆𝐻𝑅𝑛−1  and y-axis represents ∆𝐻𝑅𝑛. Both of which are 

calculated using formula (11) below. The usage of Poincaré is to evaluate changes of the continuous heart 

rate from a wide point of view. Furthermore, cardiovascular diseases can also be detected by calculating 

specific positions in the plot. Figure 8 shows examples of the Poincaré plot being applied to the set of data. 

∆𝐻𝑅𝑛  =  𝐵𝑃𝑀𝑛   −   𝐵𝑃𝑀𝑛−1       (11) 

 

Figure 8: A Poincaré plot of a PPG heart rate for records No.45 (upper) and No.124 (below). 

According to [12], algorithms developed for detection of atrial fibrillations and atrial flutters have been 

very effective. For example (Figure 9), despite the changes of heart rate through each stable cycle (the 

figure below the HRV), the Poincaré plot remains stable (The points showing the changes of sequential 

cycles are still positioned around the center). The heart rate does not change drastically if we only look at 

the Poincaré plot. However, this record of PPG possesses signs of atrial fibrillations or atrial flutters as the 

amplitude of the PPG’s signal fluctuates abnormally. If this occurs regularly throughout the PPG, repeating 

several times in a minute, then the subject has a high chance of having cardiovascular diseases. Several 

abnormal heart beats in a day, in this case, will be a warning for a potential cardiovascular disease. The 

health conditions in this case relies on the frequency of these sudden heart rates.  
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Figure 9: A Poincaré plot of records with sudden surges in amplitudes. Record no.7 and no.73. 

As seen from Figure 9, there are positions where the heart rate’s cycle does not change compared to its 

proximity while the amplitude contains considerable deviations. These deviations are clear symptoms of a 

cardiovascular disease which cannot be detected using the methods from [10-12]. Clearly, if we only use 

the changes in heart rate through time and the Poincaré plot, we would not be able to detect patients having 

cardiovascular diseases in cases where the amplitudes have anomalies despite a steady heart rate. Normally, 

the amplitude of the PPG will depend on the blood flow, this is what we can see from the signal when the 

blood flow suddenly surges or drops. Those are amongst the symptoms of cardiovascular disease. If we 

consider the instantaneous heart rate as the main criteria, we could never observe these fluctuations in the 

signal’s amplitude. As can be seen from Figure 10, a cycle of heart rate consists of 2 parts: first is the crest 

time (from the foot to the systolic peak) called CT and the rest is from the Systolic Peak to the foot of the 

next cycle called GT. As a result, the amount of time for a heart rate cycle equals CT plus GT.  
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Figure 10: Components of a heart rate through time (CT + GT). 

Looking back at Figure 9, we can observe that in cases where the heart rate does not change much then the 

use of a Poincaré plot cannot assess or decide whether someone is having cardiovascular diseases or not. 

This ultimately means that a patient can have cardiovascular disease even when their heart rate is steady. 

Taking a single cycle into consideration, the heart rate not changing may happen when the CT increases 

and the GT drops with a similar amount and vice versa. Consequentially, we can consider changes in 

proportion between CT and GT to assess if a heart rate is abnormal or not. The result can be seen in Figure 

11, combining the Poincaré, CT and GT.  
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Figure 11: Poincaré + CT + GT from records 7, 73. 

From the graph that shows the fluctuation of CT and GT in Figure 11, we can observe sudden changes of 

the CT and GT even when the heart rate remains stable. This is what the [12] did not mention.  

Following that, instead of a diagnosis based solely on the Poincaré plot, we will perform the task based on 

the graph of CT and GT. There are 2 indexes that require optimization for the algorithm: CT and GT’s 

thresholds. In this paper, we will consider the difference between the time (or sample) of CT and GT’s 

continuous values. When the values reach a certain threshold for CT and GT, the sampled person has a 

chance of having cardiovascular diseases. Figure 12 below is the optimizing process of the 2 indexes 

mentioned. For the difference in CT, we will take 1 to 10 samples. As for GT, the amount will be from 1 to 

30 samples. The change in the number of samples is a result from the data set where the fluctuation of CT 

is often insignificant compared to that of the GT.  
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Figure 12: The results of the CT-GT optimization process. 

From Figure 12, we can clearly see the impact of CT and GT’s values on the effectiveness of the algorithm. 

The values are at their optimal when 𝐶𝑇 = 8,  𝐺𝑇 = 6 or when 𝐶𝑇 = 9,  𝐺𝑇 = 6 , both of which possess 

an accuracy of up to 94.10% compared to the labels of the data set. Labels of the data set are listed in 

MIMIC III and have been categorized in 2 groups: one is diagnosed with cardiovascular diseases one is 

healthy in terms of their cardiovascular system. We set the data into 2 categories: PPG signal of those with 

disease will have the value of 1 and others will be set to 0. From our sampling, we can observe that as the 

sample size gets larger, the more accurate the algorithm gets. However, this only applies when the sample 

size is lower than a certain value. We also optimize the 𝐺𝑇, as we increase the GT to a specific value, the 

efficiency of the algorithm is at its highest. The efficiency then gradually decreases as the 𝐺𝑇’s values keep 

increasing past the threshold value. In contrast, when 𝐶𝑇 values increases the efficiency of the algorithm 

decreases, therefore, the graphs only show 1 – 10 CT samples. This results in the optimal value for 𝐶𝑇 is 

64 – 72ms and for 𝐺𝑇 is 48ms.  

In brief, the method applied to detect potential patients are based around the calculation of changes in the 

values of CT and GT through time. If the difference between the values of CT passes 64 ms or 48ms for 

GT (equivalent to 6 samples at 𝐹𝑠 = 125 Hz), the sampled person may carry a cardiovascular disease. Figure 

13 is some typical results of the algorithm. 
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a) 

b) 

c) 
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Figure 13: a), b), c), d), e) Some data samples of patients diagnosed with AF (Atrial fibrillation or atrial flutter) and 

f) is the data record of a normal person (NSR). 

3 RESULTS AND DISCUSSIONS 

3.1 Algorithm for detecting peaks: 

The efficiency of each algorithm is evaluated by using the sensitivity (SE) and its correct predicted values 

(+P) by a percentage of the total amount of samples. In which, SE and +P are calculated using formula (12) 

and (13): 

d) 

e) 

f) 
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𝑆𝐸 =  
𝑇𝑃

𝑇𝑃 + 𝐹𝑁
                   (12) 

+𝑃 =  
𝑇𝑃

𝑇𝑃 + 𝐹𝑃
                  (13) 

Where: TP, FN and FP are respectively true positive number (Systolic Peak is marked), false negative 

number (Systolic Peak present but not detected) and false positive number (Systolic Peak falsely marked). 

Table 1: Results of the algorithm for peak finding. 

Reference peaks Algorithm TP FN FP SE (%) +P (%) Error (%) 

32428 ADP 32236 191 84 99.41 99.73 0.85 

Table 2: Results for the foot of the signal. 

Reference peaks Algorithm TP FN FP SE (%) +P (%) Error (%) 

32432 ADP 32104 326 227 98.99 99.30 1.71 

 

The application of the second derivative to calculate the signal’s peak has an accuracy/efficiency of up to 

99.41% and 98.99% for the foot of the signal. However, the effectiveness of the algorithm depends largely 

on filtering processes aimed at removing noises and motion artifacts. Causes for errors in the results of the 

algorithm: most of the miscalculations in the peak’s positions come from the inconsistent noise filtering. It 

results in the appearance of multiple signal surges in the proximity of the Systolic Peak while the focus of 

this method is to detect the highest values in the signal. Similarly, the errors while detecting the foot of the 

signal also come from the drop points in the signal near the Systolic Peak. Figure 14 will demonstrate the 

cases with errors. 

 

Figure 14: Faulty cases of the peak-finding algorithm. 



The International Conference on Sustainable Energy Technologies - 2023 (ICSET2023)  

© 2023 Industrial University of Ho Chi Minh City     163 

Another cause for the miscalculation of the peaks stemmed from our use of second derivative on the b wave 

to detect the Systolic Peak, as the algorithm relied on detecting the peak of the b wave, if the signal of the 

b wave is unclear then the detection of the b wave cannot be completed. Consequently, the errors of the 

Systolic Peak and the foot of the signal were inevitable. The aim of these steps is to calculate the time cycle 

of the heart rates, therefore, we needed to accurately pin point the peaks of the PPG signal for the algorithm 

to detect cardiovascular diseases in the most efficient way. 

3.2 Algorithm for detecting patients: 

Evaluation indexes for a classification algorithm: 

- Accuracy: The percentage of correct predictions of the labels compared to results in reality. 

- +P (Precision): The percentage of correct predictions of True Positive(TP) divided by the sum of 

TP and FP. 

- SE (Recall): The percentage of correct predictions of TP divided by the sum of TP and FN. 

- F1 Score: The combined result of Precision and Recall. 

In order to display all the parameters, we needed to calculate a confusion matrix (the matrix of TP, TN, 

FN, FP). 

Table 3: An example of a confusion matrix 

N = Amount of Samples 
Predicted label 

 

TP = True Positive 

Negative(0) Positive(1) TN = True Negative 

T
R

U
E

 

Negative(0) TN FP FP = False Positive 

Positive(1) FN TP FN = False Negative 

Algorithm’s calculation results: 

 

Figure 15: Confusion matrix of the algorithm. 
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Table 4: Results evaluation. 

 

The labels of the data set were referenced from the MIMIC III. After editing, we chose 763 samples as 

shown above. After the calculations to give the predictions and comparison to the results of the data set, we 

received the data shown in Figure 15, the algorithm detected almost all the patients with cardiovascular 

disease (456/466 patients). The algorithm has an accuracy of 94% in deciding whether someone has a 

cardiovascular disease or not. This accuracy went up to 98% for the results that showed positive with 

cardiovascular diseases. 

4 CONCLUSION 

The paper has explained the peak finding algorithm to calculate the instantaneous heart rate and detect 

cardiovascular diseases; some conclusions can be made: 

• The application of detecting the peak and foot of the PPG signal using the wave a and the wave b on 

the signal’s second derivative has very high accuracy at 99.41% and 98.99%. 

• Detection of cardiovascular diseases using the fluctuation of heart rates is possible. However, if we 

only focus on the changes of heart rate, we will not detect anomalies in changes of the blood flow. 

Therefore, consideration of CT and GT is also required to fully evaluate a heart rate. 

• Besides the use of the Poincaré plot, we can also consider the CT and GT plot to fully detect patients 

with cardiovascular diseases, especially in cases where blood flow rapidly changes.  

The algorithm is effective in spotting cardiovascular diseases. To precisely diagnose which disease is active, 

we can combine the use of Poincaré plot as in Dong Han [12] with CT and GT plots. The result of this 

combination can be applied to give warnings or diagnosis which can be used as reference points for doctors 

to use. Last but not least, an algorithm to detect the PPG’s signal peaks in crucial to the diagnosis and 

prediction processes. 
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Abstract. This study investigates the feasibility of utilizing dredged soil as a sustainable alternative for 

backfilling, with a primary focus on sub-base construction in remote and rural regions. Experimental testing 

involves substituting natural construction sand with varying proportions of dredged soil (50%, 75%, and 

100%) while incorporating bottom ash. Additionally, the introduction of air-foam technology at a 15% 

volume ratio enhances self-leveling characteristics and reduces overall weight. Compressive strength tests 

indicate a reduction in strength (ranging from 10% to 30%) when compared to the original composition; 

nevertheless, these values remain suitable for sub-base construction in remote and rural environments. 

Beyond the technical aspects, this research aligns with principles of sustainable development and the 

circular economy by repurposing locally available dredged soil. These findings support the adoption of this 

environmentally friendly backfill solution for sub-base construction while addressing sustainable energy 

challenges. This research also introduces innovative solutions that promote energy efficiency within the 

construction industry by integrating air-foam technology, reducing reliance on energy-intensive 

compaction machinery and equipment, and aligning with broader sustainable energy objectives. 

Keywords. Sustainable construction, dredged soil, subbase, mix design, silica fume, air-foam. 

1 INTRODUCTION 

The demand for sustainable infrastructure development has become imperative in today's world, with 

increasing emphasis on environmentally conscious solutions that can cater to the needs of both urban and 

remote regions [1]. One critical aspect of this pursuit is the efficient utilization of construction materials, 

particularly in sub-base construction for rural roads and isolated areas [2]. The significance of this lies not 

only in the structural integrity of the built environment but also in the broader context of resource 

conservation and sustainable practices [3]. 

Traditional construction materials often involve significant resource extraction, transportation, and energy 

consumption, contributing to environmental degradation and carbon emissions [4]. In contrast, the 

exploration of alternative materials derived from locally available resources has emerged as a pivotal 

strategy for achieving sustainable development goals. Dredged soil, a byproduct of waterway maintenance, 

presents a unique opportunity in this regard [5]. Historically considered a waste material with limited 

applications, dredged soil holds the potential to transform into a valuable resource when carefully examined 

and incorporated into construction practices. Stabilization techniques, such as cementitious additives and 

air-foam technology, have been explored to enhance their mechanical characteristics [4]. Challenges 

concerning variability and contaminants are acknowledged, emphasizing the importance of quality control 

[5].  

Despite its potential benefits, the application of dredged soil as a construction material does come with 

limitations. One notable limitation is the variability in the composition and quality of dredged soil obtained 

from different sources [6]. This variability can affect the engineering properties and performance of the 

material, making it challenging to establish consistent design guidelines and specifications. Furthermore, 

the presence of potential contaminants, such as heavy metals or organic matter, in dredged soil could raise 

mailto:yummy10041004@gmail.com
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concerns about its long-term environmental impact and suitability for certain construction applications [7]. 

Addressing these issues necessitates rigorous testing, quality control measures, and site-specific 

assessments to ensure that the use of dredged soil aligns with both safety standards and sustainable 

development objectives. 

This study delves into the potential of dredged soil as a viable and sustainable alternative for sub-base 

backfilling applications in rural and remote areas. By redirecting dredged soil from disposal sites to 

construction sites, not only can the environmental impact of dredging operations be mitigated, but also an 

innovative and eco-friendly construction solution can be realized. Consequently, within the context of these 

challenges and opportunities, this study investigates the use of dredged soil as a sustainable alternative for 

backfilling applications, with a specific focus on sub-base construction for rural roads and remote areas. 

The experimental investigation encompasses a range of innovations, including the substitution of dredged 

soil with varying proportions of natural construction sand (50%, 75%, and 100%), the incorporation of 

bottom ash with fixed Portland cement of 120kg/m3, and the implementation of air-foam technology at a 

volume ratio of 15% to concurrently reduce self-weight and enhance self-leveling properties. The 

evaluation of these formulations extends to comprehensive compressive strength tests, providing a thorough 

assessment of the resulting mixtures' mechanical properties and their potential in meeting the unique 

demands of sustainable construction in challenging environments. 

2 MATERIALS AND METHODS 

2.1 Materials 

Dredged Soil: As shown in Figure 1a, the dredged soil used in this study was collected from District 12, Ho 

Chi Minh City, Viet Nam. The physical and geotechnical properties of the dredged soil were thoroughly 

characterized. Specific gravity was measured using the pycnometer method, and the plasticity index was 

determined according to ASTM D4318 [8]. Construction sand exhibits a larger grain size range of 0.2 to 

2.0 mm, while dredged soil spans from 0.1 to 4.0 mm. The specific gravity of construction sand is slightly 

higher at 2.65, compared to 2.35 for dredged soil. Moisture content varies with construction sand at 1-3%, 

while dredged soil replacement tends to be higher, ranging from 10-15%. In terms of organic matter content, 

construction sand maintains minimal levels (<1%), whereas dredged soil replacement can have elevated 

levels of 2-5%. In this research, the material is termed as controlled low-strength material (CLSM) to meet 

the requirement for the actual application of this material. 
 

    
 

Figure 1: (a) Preparation of dredged soil, (b) air foam, (c) setting time, (d) unconfined compressive strength test. 
 

Bottom Ash and Portland Cement: Bottom ash was characterized by its chemical composition and 

physical properties. Portland cement, used as a stabilizing agent in the mixtures, was analyzed for the 

specific surface area using the Blaine method and fineness according to ASTM C204 [9]. Table 1 

summarizes the Cementous materials used in this research.  

Air-Foam Technology: As presented in Figure 1b, the air-foam generator produced foam with a stable 

volume ratio of 15%. The foam's density, determined using the ASTM D6103[10], was monitored to ensure 

consistent foam quality across various mixtures. 

Silica Fume: Silica fume, an essential component in this research, is incorporated into the mixture at a 

proportion of 2%. Renowned for its high reactivity and elevated silicon dioxide (SiO2) content, silica fume 

profoundly enhances the compactness of the concrete matrix due to its minute particle size.  
 

 

a b c d 
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Table 1: Summary of Material Properties: Portland Cement, Bottom Ash, and Silica Fume. 

Material Property Portland 

Cement 

Bottom Ash Silica Fume 

Chemical 

compositions 

SiO2 22.5% 42.3% 92.8% 

Al2O3 5.3% 14.7% 1.2% 

Fe2O3 3.1% 6.5% 0.5% 

CaO 62.1% 20.9% 2.1% 

MgO 1.8% 1.8% 0.3% 

Physical 

Properties 

Specific Surface Area (m²/kg) 380 280 20,000 

Fineness (Blaine Value, cm²/g) 350 300 23,000 

Particle Size Distribution <75μm (25%) <75μm (30%) <45μm (90%) 

Chemical 

Properties 

Loss on Ignition (%) <1 7 <0.5 

Chemical Reactivity Moderate Low High 

 

Mixing Procedure: The mixing process involves dry-blending the constituents, which encompass dredged 

soil, natural construction sand, bottom ash with varying Portland cement percentages, and air-foam 

technology, at a steady mixing rate of 30 rounds per minute. This dry mixing is followed by the gradual 

addition of water to achieve the desired workability while accounting for the foam volume. Subsequently, 

air-foam technology is introduced at the final stage to ensure the durability of the foam structure. After this, 

the well-mixed material is promptly placed into cylindrical molds measuring 100 mm in diameter and 200 

mm in height, ensuring proper compaction and eliminating voids. The specimens are then cured in a 

controlled environment at 20°C and 100% relative humidity for 24 hours before undergoing subsequent 

testing.   

2.2 Testing methods 

Flowability test of flowable materials: The flowability test for the material involves filling a flow cone 

apparatus with the CLSM mixture and allowing it to flow freely from the cone as followed by ASTM 

D6103[10]. The flow height achieved after the material stops flowing is measured, and the flowability is 

calculated as the ratio of the flow height to the cone diameter, multiplied by 100. The target range for 

flowability is typically set at 200 mm ± 20 mm, ensuring that the CLSM achieves a desirable flow height 

while maintaining consistency in placement characteristics. The flowability test outcomes presented are 

derived from averaging measurements collected across three replicates of every CLSM mixture. 

Setting time test: Using a penetration resistance apparatus with a standardized needle, the initial setting 

time is determined by recording the moment the needle fails to penetrate to a specific depth, such as 5 mm, 

after applying gentle pressure on the CLSM's surface following ASTM C403 [11] as shown in Figure 1c. 

Subsequent penetrations are conducted at regular intervals to identify the final setting time, indicated by 

the point at which the needle no longer penetrates to the specified depth. The setting time test results 

provided are an average compilation of measurements taken from three repetitions of each CLSM sample. 

Compressive Strength Testing: The unconfined compressive strength test involves evaluating the 

mechanical characteristics of the materials following ASTM D4832 [12] as presented in Figure 1d. 

Cylindrical specimens, each with dimensions of 100 mm in diameter and 200 mm in height, were prepared 

following the mix design. A dataset comprising 10 specimens, numbered sequentially, was subjected to 

axial loading using a universal testing machine at a constant loading rate of 1.0 mm/min. The reported test 

results represent the average unconfined compressive strength obtained from three replicates of each 

specimen. 

3 RESULTS AND DISCUSSIONS 

3.1 Flowability test results 

The flowability test results, as depicted in Figure 2a, offer valuable insights into the behavior of various 

mixtures distinguished by different percentages of dredged soil replacing construction sand. The data 

showcases flowability values in mm for mixtures prepared with distinct air foam ratios (20% and two 

instances of 15%), with one of the latter ratios combined with bottom ash. Analysis of the dataset reveals a 
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consistent trend: as the dredged soil replacement percentage increases, a corresponding reduction in 

flowability is observed across all compositions. This trend is particularly evident in mixtures with the same 

air foam ratios, such as 15% air foam. For instance, at 0% dredged soil replacement, the flowability is 213.9 

mm, which decreases to 145.6 mm at 100% replacement. Moreover, a comparison between mixtures 

utilizing 15% and 20% air foam ratios indicates a slight decrease in flowability with higher air foam content. 

These findings underscore the intricate interplay between dredged soil content and air foam ratio in 

influencing flowability, which holds significant implications for optimizing workability in sub-base 

construction. 

 
Figure 2: (a) Flowability test result, (b) Setting time test results. 

3.2 Setting time test results 

The setting time results, outlined in the provided Figure 2b, provide insight into the setting characteristics 

of different mixtures distinguished by varying percentages of dredged soil replacing construction sand. The 

data indicates setting time values in hours for mixtures formulated with different combinations of air foam 

and bottom ash, specifically utilizing a 15% air foam ratio. A clear trend emerges as the dredged soil 

replacement percentage increases: setting time progressively extends across all three types of mixtures, 

which involve 15% air foam and 40% bottom ash, 15% air foam and 20% bottom ash, and a pure 15% air 

foam mixture. For instance, at 0% dredged soil replacement, the setting times are 16.65 hours, 15.3 hours, 

and 12.6 hours, respectively. As the dredged soil replacement percentage rises to 100%, the setting times 

also increase, reaching values of 24.75 hours, 22.05 hours, and 19.35 hours. This dataset underscores the 

interplay between dredged soil replacement and setting time, underscoring the need to consider these 

characteristics when refining mix designs for sub-base construction, particularly concerning construction 

scheduling and workability adjustments. 

3.3 14 days unconfined compressive strength  

The dataset presented in Figure 3a reveals a conspicuous and consistent trend in the unconfined compressive 

strength of the developed mixtures, closely linked to the varying percentages of dredged soil replacing 

construction sand. A discernible reduction in compressive strength is evident as the replacement percentage 

increases, a pattern uniformly observed across all mixtures. This trend is manifest within both the category 

of normal cement mortar and the mixtures incorporating air foam and bottom ash. For instance, in the 

normal cement mortar category, the compressive strength diminishes from 0.41 MPa at 0% replacement to 

0.30 MPa at 100% replacement after a 10-day curing period. This downward trajectory is consistently 

echoed in the mixture containing 15% air foam and 20% bottom ash, where the compressive strength 

decreases from 0.40 MPa to 0.22 MPa under identical replacement conditions. Intriguingly, the introduction 

of air foam has a marginal compounding effect on this trend, leading to a slight additional reduction in 

strength. This multifaceted trend is underpinned by the intrinsic mechanical distinctions between dredged 

soil and construction sand. The escalation in dredged soil content introduces an elevated fines component, 

potentially hampering particle interlocking and load transfer efficiency. Concurrently, the presence of air 

a b 
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foam and bottom ash exerts an additional influence on the mixture's matrix, impacting particle cohesion 

and frictional characteristics, thereby further shaping compressive strength. 

  

Figure 3: (a) 14 days unconfined compressive strength results; (b) 28 days unconfined compressive strength results 

3.4 28 days unconfined compressive strength 

Figure 3b serves as a comprehensive insight into the outcomes of the unconfined compressive strength 

assessments conducted after a 28-day curing period for various mixtures. The presented data intricately 

showcases the impact of different percentages of dredged soil utilized as replacements for construction 

sand, while concurrently considering the influence of distinct mix designs involving normal cement mortar 

and combinations of air foam and bottom ash. A discernible pattern in the development of compressive 

strength emerges over the extended curing duration. Within the domain of normal cement mortar, the 

compressive strength ranges from 0.60 MPa (at 100% dredged soil replacement) to 0.81 MPa (at 0% 

replacement). This pattern resonates across diverse compositions, such as the mixture with 15% air foam 

and 20% bottom ash, where the strength decreases from 0.48 MPa to 0.73 MPa, respectively, under identical 

replacement conditions. Percentage-based comparisons significantly underscore the sway of dredged soil 

replacement on compressive strength. Notably, in normal cement mortar, a 26% decrease in compressive 

strength is apparent when transitioning from 0% to 100% dredged soil replacement, while the mixture 

containing 15% air foam and 20% bottom ash experiences a 34% reduction under an equivalent replacement 

scenario. It is noteworthy that although a majority of dredged soil was used, these mixtures still meet the 

required strength criteria for backfill and the basement of a roadway, surpassing the threshold of 500 kPa 

(0.5 MPa). The dataset provides valuable insights into the persistent impact of dredged soil content on 

compressive strength and divulges the cumulative nature of strength evolution over time. It underscores the 

necessity for a judicious approach to mix design, catering to both immediate and long-term performance 

needs. Furthermore, the presence of air foam and bottom ash perpetuates the overarching trend, signifying 

the vital role of precise compositional modifications.  

3.5 Effect of silica fume 

The impact of Silica Fume on unconfined compressive strength at 28 days is elucidated through the 

provided Figure 4. The data highlights the performance of different mixtures with varying dredged soil 

replacement percentages and the inclusion of Silica Fume. Four distinct mixture types are considered: 

normal cement mortar, Silica Fume at 12% combined with normal cement, Silica Fume at 12% combined 

with 15% air foam and 20% bottom ash, and Silica Fume at 12% combined with 20% bottom ash. Analysis 

reveals that the incorporation of Silica Fume generally enhances compressive strength compared to standard 

cement mortar. This enhancement is evident across dredged soil replacement scenarios, showcasing the 

potential of Silica Fume as an effective additive to improve the structural performance of mixtures, even in 

a b 
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the context of using alternative materials like dredged soil. For instance, even at 100% dredged soil 

replacement, the compressive strength remains notably higher with Silica Fume than in the absence of this 

additive. These findings underscore the valuable role of Silica Fume in addressing the challenges posed by 

the use of alternative materials and in advancing the overall sustainability and durability of sub-base 

construction. 

 
Figure 4: Impact of silica fume on unconfined compressive strength test results. 

 

3.6 Energy Effectiveness 

In the context of sustainable development, this research introduces innovative solutions that indirectly 

promote energy effectiveness within the construction industry. The incorporation of air-foam technology 

into the self-leveling material significantly reduces the reliance on energy-intensive compaction machinery 

and handling equipment during construction. This reduction streamlines construction processes, leading to 

diminished energy consumption and a decreased carbon footprint, which align with the broader sustainable 

energy objectives. Additionally, the lightweight air-foam structure within the material has the potential to 

enhance thermal insulation, resulting in reduced energy consumption for heating and cooling in buildings, 

thus contributing to energy efficiency and the wider goals of sustainable energy conservation and 

environmentally responsible building methods. 

4 CONCLUSIONS 

This manuscript delves into the sustainable utilization of dredged soil as a viable alternative in subbase 

construction for rural and remote areas. Through a meticulous experimental investigation, we explore the 

interplay of various mixed components, including dredged soil, construction sand, bottom ash, air foam, 

and Silica Fume. By systematically analyzing unconfined compressive strength, flowability, and setting 

time data, the test results reveal intricate trends that provide valuable insights for optimizing mix designs. 

The dataset for unconfined compressive strength at 10 and 28 days consistently demonstrates a decline as 

the percentage of dredged soil used for replacing construction sand increases. This decline underscores the 

challenge of achieving comparable strength with higher dredged soil content. However, despite this 

reduction, the compressive strength values remained within acceptable limits for sub-base construction, 

with values exceeding 0.5 MPa even at 100% replacement. 

The incorporation of air foam at varying ratios (15% and 20%) demonstrates a slight reduction in 

compressive strength across all mixtures. While this reduction is within the expected range, it emphasizes 

the role of air content in modulating the mechanical properties of the mixtures. 

A noteworthy trend in setting time is observed as the proportion of dredged soil replacement increases. The 

setting time consistently prolongs for all mixture types, indicating a potential impact on construction 

scheduling and workability adjustments. 

Flowability decreases uniformly with increasing dredged soil replacement. This emphasizes the potential 

challenge of achieving optimal workability with higher dredged soil content, which is crucial for efficient 
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construction practices. 

The inclusion of Silica Fume at 12% demonstrates a positive impact on compressive strength, particularly 

evident in comparisons with normal cement mortar. This effect is significant across all dredged soil 

replacement percentages, suggesting Silica Fume's potential to bolster structural performance, even when 

alternative materials are incorporated. 

The comprehensive dataset underscores the delicate balance between achieving sustainable practices and 

maintaining the requisite mechanical properties. While dredged soil can be a sustainable alternative, a 

judicious mix design is essential to ensure optimal strength without compromising workability and 

performance. 
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Abstract. In shrimp farming, monitoring water quality is a very important factor to ensure the health and 

living environment of shrimp. However, traditional monitoring methods require manual data collection 

using boats and handheld sensors, which are costly, time-consuming, and inefficient. To address this issue, 

the method of using autonomous surface vehicles (ASVs) has been developed to automatically collect data 

and display real-time water quality parameters in shrimp farming. The ASV is optimized in mechanical 

design through computer simulation and 3D printing technology to ensure efficiency. ASV is equipped with 

a GPS module and ultrasound sensor to automatically set the path according to predetermined points and 

avoid obstacles in the shrimp farming pond, minimizing manual intervention. The GPS system improves 

accuracy and data collection speed, leading to improved performance and data management. The ASV is 

powered by a Lithium Polymer (Li-Po) battery to optimize usage time. ASV uses ESP32 and Raspberry Pi 

4 with Wi-Fi and Internet connectivity to develop a web server displaying real-time water environmental 

data collected from sensors on the ASV. The expected results of this study are to continuously and 

accurately collect water quality data from the ASV, and for the ASV to navigate precisely to the 

predetermined points on the map with an error less than 3m. The evaluation criteria include position 

accuracy, continuous operating time, and sensor accuracy. In summary, the ASV is a breakthrough and 

effective approach to monitoring water quality in shrimp farming, helping to reduce costs, improve data 

accuracy, and enhance overall efficiency in shrimp farming activities. 

 

Keywords. Shrimp farming, water quality monitoring, dissolved oxygen, autonomous surface vehicles 

(ASVs), real-time monitoring. 

1 INTRODUCTION 

Regular water quality monitoring is essential for healthy and productive shrimp aquaculture. However, the 

current manual sampling methods using boats or buoys have significant limitations in terms of cost, labor, 

and data continuity [1-3]. Autonomous surface vehicles (ASVs) present an opportunity to automate the 

water quality monitoring process with increased flexibility, lower cost, and reduced human time and risks 

compared to manual sampling [4-6]. While ASVs have been researched and utilized for applications such 

as ocean data gathering and maritime security [7,8], there has been limited focus on developing ASVs 

customized for the specific conditions and needs of small aquaculture ponds and farms. 

Therefore, the overarching goal of this research study is to design, develop, and evaluate an autonomous 

surface vehicle tailored specifically for continuous, real-time monitoring of water quality parameters in 

small shrimp ponds. The primary research objectives are: 1) To design an ASV with compact physical 

dimensions optimized for stable navigation in tight 1 hectare ponds; 2) To develop effective navigation 

algorithms and obstacle avoidance capabilities suited for operation in confined pond environments; 3) To 

incorporate water quality sensors and wireless transmission mechanisms for acquiring and transmitting real-

time data; and 4) To collect performance metrics on key parameters including position accuracy, data 

transmission reliability, sensor validation, and battery/operational lifetime. 

The customized shallow water ASV developed through this research is expected to enable collection of 

substantially more frequent and reliable water quality data compared to existing manual sampling 

approaches. The results are anticipated to demonstrate the potential for ASVs to provide ubiquitous real-

time water quality monitoring on shrimp farms, allowing early disease prevention and growth optimization 

through precision aquaculture management approaches. 
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2 HARDWARE DESIGN 

2.1 Mechanical Design 

 

Figure 1: Autonomous Vessel Model. 

The autonomous vessel incorporates a specialized bi-rudder propulsion system and brushless motors to 

enhance maneuverability, efficiency, and adaptation to aquaculture ponds (Figure 1). The twin hull 

structure improves stability while providing modular mounting points for monitoring sensors. Shaped 

aluminum bars interconnect the hulls to achieve both structural rigidity and lightweighting. A stepper motor 

adjusts sensor elevation. Key advantages of this optimized mechanical design include accurate motion 

control via dual rudders; increased propulsive efficiency with brushless motors; reduced noise pollution; 

eco-friendly, efficient power system; simplified maintenance; and adaptability to various pond conditions. 

The modular architecture facilitates sensor upgrades for multifaceted monitoring applications. 

In summary, the vessel's mechanical design is optimized for stable navigation, efficient propulsion, and 

flexibility in shallow, confined ponds while supporting specialized environmental monitoring payloads. 

The focus on eco-friendly operation and modular upgradability provides a versatile platform tailored for 

sustainable, precision aquaculture applications. 

Table 1: Summary of key mechanical specifications of the ASV. 

Specification Dimension/Value 

Dimensions 680 × 520 × 230 mm3 

Maximum Speed 2 m/s 

Weight 15 kg 

Maximum Load 5 kg 

Rudder Dimensions 8 × 4 × 20 cm3 

Lifting Mechanism Dimensions (Moving) 200 × 12 × 60 mm3 

Lifting Mechanism Dimensions (Measuring) 200 × 12 × 870 mm3 

2.2 Electronic Design 

The electrical system comprises a control subsystem for autonomy and a communications subsystem for 

data transfer (Figure 2). The control layer employs three interconnected ESP32 modules to coordinate GPS 

navigation, obstacle avoidance, propulsion, and sensor positioning. The communication layer exchanges 

data between the on-board systems and a shore-based web server via a LoRa transceiver module. A 

Raspberry Pi hosts the web server with custom Python and JavaScript applications. This enables real-time 

monitoring and control of the vessel. The optimized multi-controller architecture provides versatile and 

efficient autonomous operation capabilities alongside flexible cloud-based data logging and analysis. 

In summary, the system integrates specialized ESP32 microcontrollers for real-time vessel control with 

long-range wireless communications to a cloud-based web server. This allows continuous monitoring and 
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data collection during autonomous surveys, while enabling remote commanding when required. The dual-

layer design provides adaptability for evolving aquaculture applications. 

 

Figure 2: Overview diagram of the electrical system of the autonomous vessel. 

The power system utilizes a multi-voltage design to meet the specific requirements of each component 

(Figure 3). A 24V supply drives the stepper motor for sensor positioning. The propulsion motors operate at 

16.8V for efficient brushless control. Microcontrollers, GPS, ESCs, and other support electronics run on a 

5V rail. This optimized power architecture provides stable, efficient operation by powering each subsystem 

at its ideal voltage level. 

In summary, the stratified power supply with isolated rails for motors, digital logic, and analog circuits 

enhances system stability and efficiency. This allows optimal voltage allocation tailored to each subsystem's 

needs. 

 

Figure 3: Power supply diagram of the autonomous vessel. 

2.3 Complete Design 

The final vessel configuration strategically locates the port and starboard motor controllers symmetrically 

to balance weight distribution and reduce electromagnetic interference while the main circuit board is 

centrally mounted to serve as an integration hub for electronic subsystems (Figure 4). The GPS receiver is 

deliberately positioned at the highest point of the vessel to optimize signal reception from satellites above 

by minimizing obstructions. In summary, the completed design utilizes intentional component placement 

to enhance system performance through symmetric weight balancing for stability, centralized circuits for 

simplified integration, and optimized topside GPS positioning to maximize navigation accuracy. 
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Figure 4: Final System Layout showcases the finalized configuration of the system after the design and installation 

phases have been completed. 

3 SOFTWARE PROGRAMING 

3.1 System Architecture 

The system's architecture is compartmentalized into three fundamental modules: Sensors, Data Processing, 

and Actuation, each fulfilling a distinct role within the operational workflow of the vessel. 

Sensors: The Sensing module employs GPS sensors for geospatial positioning and utilizes ultrasonic 

sensors for the real-time detection of obstacles in the vessel's path. 

Data Processing: The Data Processing module is engineered around an ESP32 microcontroller platform. 

Sophisticated algorithms, incorporating machine learning and artificial intelligence paradigms, are 

deployed to process incoming sensor data. These computational techniques contribute to optimizing the 

vessel's navigational efficiency. 

Actuation: In the Actuation module, processed data is employed to dynamically control the propulsion 

motors and steering mechanisms. This ensures that the vessel navigates accurately and efficiently toward 

its predetermined or dynamically computed destination points destination. 

3.2 Algorithms and Diagrams 

Algorithm for controlling the vessel: The Navigation Algorithm serves as the decision-making kernel 

within the autonomous navigation system. This algorithm uses input data from the Global Positioning 



The International Conference on Sustainable Energy Technologies - 2023 (ICSET2023)  

© 2023 Industrial University of Ho Chi Minh City     177 

System (GPS) sensor and optimization techniques to determine the direction and speed of progress, 

minimizing time and energy consumption when reaching the destination. 

 

Figure 5: Flowchart of the boat control algorithm. 

Explaining the flowchart: 

1. Initialization: On power-up, the system syncs with the Lora Master Module for route and position data. 

2. Coordinate Setup: Preset coordinates from the web are received, confirmed, and parsed into an array. 

3. Navigation: The boat connects to GPS, calculates distance and angle to the next point, and moves while 

avoiding obstacles. 

4. Motor Activation: Motors are turned on to hold the boat at a specific location. 

5. Sensor Deployment: If closer than 3m to the destination, the boat stops and deploys sensors. 

6. Loop or Return: The boat moves to the next point or returns to the start if all points are visited. 
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Obstacle avoidance algorithm: The Obstacle Avoidance Algorithm uses data from ultrasonic sensors 

to detect potential obstacles in the boat's path. Integrated with machine learning techniques, this 

algorithm is capable of making real-time collision avoidance decisions. 

 

Figure 6: Flowchart of the Obstacle Avoidance Algorithm. 

 

Explaining the flowchart: 

1. Start calculations and measure the distance from the boat to the obstacle. 

2. If the distance to the obstacle in front (L1) and to the left side (L2) is short, the boat will turn right to 

avoid the obstacle. 

3. If the distance to the obstacle in front (L3) and to the right side (L4) is short, the boat will turn left to 

avoid the obstacle. 

4. If there are no obstacles, the boat will proceed straight. 

5. Without any obstacles, the boat will steer according to the set waypoint to reach the predetermined 

position. 

Boat Navigation Algorithm: The Direction Control Algorithm is an essential part of ensuring 

navigational stability and performance. It utilizes optimization techniques to calculate the angle needed 
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for adjustment based on the current and target directions, and then controls the engine and steering 

system to implement this adjustment. 

 

Figure 7: Flowchart for determining rotation angle. 

Explaining the flowchart: 

1. Once the anchoring point is determined, the engine is started. 

2. Allow for an angular margin according to the left and right anchoring points. If the right anchoring point 

is greater than 360, it needs to be converted, for example, 380 would become a 20-degree angle. Similarly, 

if the left anchoring point is -5, it should be converted to 355 degrees. 

3. With the left and right anchoring points determined, the steering is then adjusted to guide the boat to the 

next position. 

4. If the boat encounters obstacles, it will prioritize avoiding them; otherwise, it will continue in the target 

direction. 
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Figure 8: Flowchart for rotation direction algorithm. 

 

Explaining the flowchart: 

1. Normally, the right anchor point will be greater than the left anchor point. However, in special cases 

where the anchor angle ranges from 349 to 11 degrees and we allow for a 10-degree margin of error, 

this theory fails and requires different handling. 

2. In other cases, the ship will move as usual. However, there is another special circumstance where, if the 

compass angle is between 349 and 11 degrees, the above theory about the right being greater than the 

left will not hold true. Therefore, in each case, we handle it differently to ensure the most accurate 

movement of the ship. 

3. If the ship is at any rotation angle, it will calculate to find the shortest rotation angle to turn towards the 

required direction. 

3.3 Control Algorithm 

The primary logic for autonomous navigation and sensor data acquisition is written in Python and C++. 

The Python scripts are mainly running on the Raspberry Pi, focusing on high-level tasks like data 

management, GPS waypoint following, and web server communication. The C++ code runs on the ESP32 

and handles real-time tasks, such as sensor data collection, motor control, and LoRa communication. 

For navigation, we employ a waypoint-following algorithm that uses the GPS module's data to calculate 

the distance and angle to the next waypoint. Depending on this information, the microcontroller adjusts the 

speed and direction of the ASV. 
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3.4 Data Acquisition and Communication 

The ASV's water quality sensors interface with an ESP32 controller module to package and wirelessly 

transmit data to a shore-based LoRa receiver module up to 2 km away using long-range LoRa 

communication (Figure 9). The shore LoRa gateway module passes the ASV sensor data via WiFi to a 

Raspberry Pi server for real-time processing, storage and hosting, allowing remote monitoring via WiFi. 

The system also enables complete remote command and control over LoRa by sending waypoints and 

actuation commands from the Raspberry Pi to the ASV's ESP32 controller via the shore LoRa module. This 

integrated data harvesting and wireless control architecture provides flexible real-time water quality 

monitoring and unmanned operation. 

 

Figure 9: Send coordinate string from home Lora and parse into ship's movement coordinates. 

3.5 Web Server Development 

The web server is developed using Django, a high-level Python web framework. The server runs on the 

Raspberry Pi and provides a real-time dashboard that displays water quality parameters, such as 

temperature, pH, and dissolved oxygen levels, among others. The Django server also provides API 

endpoints that can be used for more advanced data analytics and integration with other systems. 

4 SENSOR DATA ACQUISITION 

Real-time water quality monitoring is critical for productive aquaculture, but traditional manual sampling 

has limitations, thus sensor-based systems are needed to enable continuous measurement and early 

detection of issues like low oxygen levels. The proposed system incorporates various sensors to monitor 

parameters including dissolved oxygen using optical fluorescence quenching, electrical conductivity via 

measuring diffusion currents, pH through electrodes detecting potential differences, and turbidity by 

measuring backscattered light. Regular calibration and temperature compensation of the sensors are 

required to ensure accurate readings. By integrating appropriate technologies, the system aims to provide 

automated, reliable, and continuous monitoring of key water quality parameters to support effective 

aquaculture management. 

 

Figure 10: IHM real time inside the PI board. 
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Figure 11: Statistic on all values (1000 max). 

 

Figure 12: History on 1H, 8H or 24H. 

5 EXPERIMENTS 

Test Case: The autonomous boat navigates in a ZigZag pattern: 

Step 1: Select the travel destination on the map. 

 

Figure 13: Select points for ZigZag path for the autonomous boat. 
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Step 2: The autonomous boat receives data from the website. 

Step 3: The autonomous boat moves along the path.  
a. The autonomous boat goes from point 1 to point 2. 

 

Figure 14: The autonomous boat moves to point 2 in a ZigZag pattern as marked on the website. 

b. The autonomous boat moves from point 2 to point 3. 

 

Figure 15: The autonomous boat moves to point 3 in a ZigZag pattern when marked on the web. 

6 CONCLUSION AND SUMMARY  

This paper has presented a comprehensive design and implementation of an Autonomous Surface Vessel 

(ASV) tailored for the continuous monitoring and management of water quality in shrimp ponds. By 

addressing the limitations of traditional monitoring methods, our ASV model introduces a cost-effective, 

reliable, and flexible solution that minimizes human risk and optimizes data acquisition. 

6.1 Key Contributions 

Modular Design: The mechanical, electronic, and software components were designed with modularity in 

mind, enabling straightforward upgrades and adaptability to various environmental conditions. 

Advanced Algorithms: Utilizing machine learning and artificial intelligence techniques, our ASV adapts in 

real-time to environmental variables, thereby enhancing navigational efficiency and obstacle avoidance. 
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Multifaceted Application: Beyond water quality monitoring, the vessel's versatile design permits a range of 

other applications, including shrimp feed distribution, thus contributing to sustainable aquaculture 

practices. 

Power Efficiency: A well-thought-out power supply scheme enhances operational efficiency and ensures 

system stability. 

6.2 Technological Implications 

The operational efficacy of the ASV in navigating through varying water conditions, combined with its 

real-time data collection capability, indicates its potential to be a game-changer in aquaculture management. 

Furthermore, the incorporation of the LoRa Gateway and a Raspberry Pi-based web server enables long-

range communication, adding an additional layer of functionality for remote monitoring and control. 

6.4 Future Work 

Although the current implementation has exhibited robust performance, there are avenues for further 

improvement. Future research could delve into the integration of more sophisticated sensor technologies 

for a deeper understanding of environmental factors. Additionally, adaptive algorithms that learn from long-

term operational data could be developed to further enhance the ASV’s capabilities. 

6.5 Final Remarks 

The integration of advanced computational algorithms, modular design, and practical utility in our ASV 

model represents a significant leap forward in the field of automated environmental monitoring. As global 

aquaculture industries continue to grow, innovations like this offer a vision of a future marked by smarter, 

more sustainable operations. 
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Abstract. In this study, a new system which is named Parallel Rotary Double Inverted Pendulum (for 

short PRDIP) has been studied by using pole placement technique (for short PPT). PRDIP is an upgraded 

version of Single Rotary Inverted Pendulum (SRIP). Controlling PRDIP is a difficult problem in control 

engineering due to its nonlinearity and instability. The construction of PRDIP has two parallel pendulums 

which are placed at direct drive motor. In this article, two equilibrium points of PRDIP consist of two 

pendulums stabilize at vertical upright position, and one pendulum stabilizes at upward position – the other 

stabilizes at downward position, are validated using PPT. Besides, pole placement controller is designed in 

two forms include pole placement with integral action and without integral action. Simulation results in 

MATLAB/Simulink environment are shown and discussed to prove the effectiveness and robustness of two 

control schemes at two operation points.  

Keywords. Parallel rotary double inverted pendulum (PRDIP), pole placement technique, pole placement 

with integral action, pole placement without integral action.  

1 INTRODUCTION 

Underactuated Single Rotary Inverted Pendulum system (SRIP) or Furuta Pendulum (FP) has been studied 

in many articles after being introduced 31 years ago by Professor Katsuhisa Furuta and his colleagues [1-

3]. Until now, studies on underactuated systems still play a pivotal role and have attracted attention in 

control system theory. Therefore, researchers continuously study and develop new systems based on SRIP 

[4, 5]. Separated the rotary inverted pendulum into parallel mechanism or series mechanism. In the case of 

series mechanisms, construction of system uses only a motor to control two serially connected pendulums. 

This system is known as Serial Rotary Double Inverted Pendulum (SRDIP) [6, 7]. Stabilization control 

schemes [6], swing-up approaches [7] have been qualified and discussed on SRDIP. In the case of the 

parallel mechanism, PRDIP [8, 9] and Triple Furuta Pendulum (TFP) [10] are represented in this class. For 

the TFP system, there are three freedom links which are controlled by a motor. For the PRDIP system, two 

freedom links are mounted on an arm and opposite each other. The most important thing in controlling the 

parallel mechanism is when the natural frequency of the pendulum is match, system becomes 

uncontrollable. Therefore, the length of pendulums is designed to be different.  

In this study, application of pole placement techniques including pole placement with integral action and 

without integral action is focused on controlling of PRDIP. PRDIP is controlled in two positions: two 

pendulums stand at vertical upright position and one pendulum stands at upward position – other stands at 

downward position.  

The organization of this article consists of five sections. The first section introduces PRDIP and research 

purposes. In the second section, mathematical modeling of PRDIP is derived and expressed in state space 

equation. Section 3 presents pole placement architectures include pole placement with integral action and 
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without integral action. In the next section, simulation results are shown, and discussed. Finally, in Section 

5, conclusion and final remarks are drawn.  

2 PRDIP DESIGN DYNAMIC MODEL 

2.1 Mathematical Modeling 

The PRDIP system is shown in Figure 1. According to [9], the equations of motion in matrix form are 

presented in Equation (1) 

 

Figure 1: PRDIP system. 
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 (1) 

where 
2 2 2 2 2 2

11 0 1 1 1 1 2 2 2 2sin sing gD J m l m L m l m L = + + + +  

12 1 1 1cosgD m Ll = −  
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23 0D =  
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e (counts): Motor driving command 
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System parameters and their values are shown in Table 1. Those values are captured based on real-time 

experiment setup in our previous research [11]. 

Table 1: System parameters and values. 

Parameters (unit) 

 

Value 

Arm (i=0) Pendulum 1 (i=1) Pendulum 2 (i=2) 

mi – Mass of the ith link (kg) na 0.059 0.127 

lgi – Length of the ith link (m) na 0.038 0.082 

Ji - Inertia of the ith link (kgm2) 0.75 0.00267 0.00137 

Ci - Viscous coefficient (Nm.s) 1.5260e-04 4.6930e-04 1.443 

L – Length of arm link (m) na na 0.51 

g - Gravity constant (m/s2) 9.81 

Kb - Back emf constant (V/(rad/sec)) 0.064943 

Kt – Torque constant (V/(rad/sec)) 0.064943 

Rm – Armature resistance (Ω) 6.835271 

2.2 Linear Model 

As mentioned in the beginning of this paper, PRDIP is controlled at two operation points, including 

1 2 1 20; 0; ; 0; 0; 0             and 
1 2 1 20; 0; 0; 0; 0; 0           . The system 

model can be linearized by using the small-angle approximation. Let 
T

1 2 1 2[ ]x      =  (2) 

The linear model at the equilibrium points can be obtained by 

j jx A x B e

y Cx

= +


=

 with 1,2j =  (3) 

In this paper, the output matrix C is defined as follows: 

 1 0 0 0 0 0C =  (4) 

To check the controllability of PRDIP, we create a matrix ctM , known as controllability matrix. For the 

system to be completely state controllable, the controllability matrix:  
5

ctj j j j j jM B A B A B =     (5) 

For equilibrium point: 
1 2 1 20; 0; ; 0; 0; 0             (Called Position 1 (j=1)). The purpose 

of this position is to combine two control strategies, including balancing control and anti-oscillation control.  

1

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

0 0.1008 0.0388 -3.7506 -0.0002 0

0 20.4029 0.0410 -3.9575 -0.0424 0

0 -0.0985 -18.8431 3.6667  0.0002 0

A

 
 
 
 

=  
 
 
 
 

;  1 0 0 0 0.0124 0.0130 0.0178
T

B = −  
(6) 

Besides, 
1 1det(( ) 6; 8.3893e- 4) 0ct ctrank M M == . The rank of 1ctM  is equal to the number of states 

( n=6 ), thus the matrix is full rank, and 
1det( ) 0ctM  . The system is controllable at Position 1.  

For equilibrium point: 
1 2 1 20; 0; 0; 0; 0; 0            (Called Position 2 (j=2)). The purpose of 

this position is to control two inverted pendulums stabilized in vertical orientation.  

Accordingly, 
2 2det(( ) 6; 1.2022e- 6) 0ct ctrank M M == . The rank of 2ctM  is equal to the number of 

states ( n=6 ), thus the matrix is full rank, and 
2det( ) 0ctM  . PRDIP is controllable at Position 2. 
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2

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

0 0.1008 0.0388 -3.7506 -0.0002 0

0 20.4029 0.0410 -3.9575 -0.0424 0

0 0.0986 18.8631 -3.6667  -0.0002 0

A

 
 
 
 

=  
 
 
 
 

;  2 0 0 0 0.0123 0.0130 0.0121
T

B =  
(7) 

3 POLE PLACEMENT TECHNIQUE [12] 

Consider the PRDIP in Figure 1. The control target is to keep the inverted pendulums at two proposed 

positions as given in subsection 2.2 and control the position of the arm link. In this section, two control 

strategies are built up to control of PRDIP system at Position 1 and Position 2. For the case of Pole 

Placement Control without Integral Action (known as Type 0). For the case of Pole Placement Control with 

Integral Action (known as Type 1).  

3.1 Pole Placement Control without Integral Action (Type 0) 

The block diagram of Figure 2 is a basic form of Pole Placement Control without Integral Action (Type 0). 

 
Figure 2: Pole placement control without integral action architecture. 

Referring to Figure 2, we obtain the equations for the system as follows: 

j jx A x B e

y Cx

= +


=

 (8) 

The control signal e is given by Equation (9) 

je H x= −  (9) 

The control design and time-response requirements are as follows: the settling time of approximately 2 

~ 4 seconds and the maximum overshot of 20% in the step response of the arm link. Let choose the desired 

closed-loop poles at ps = (p = 1, 2, 3, 4, 5, 6) for Position 1 and Position 2. 

Table 2: The desired closed-loop poles for Position 1 and Position 2. 

Position 

 

Poles 

1  
2  

3  
4  

5  
6  

1 2 2.091 j− +  2 2.091 j− −  -5 -5 -5 -5 

2 1.9941 2.091 j− +  1.9941 2.091 j− −  -5 -10 -20 -30 

The state-feedback gain matrices 
jH  are computed by using the MATLAB command 

( )ˆ ˆker , ,jH ac A B J= . The value of 
jH are obtained in Table 3: 

Table 3: The state-feedback gain matrices 
jH of Position 1 and Position 2. 

Position Value of 
jH  

1  1 1.0 06 0.1111 1.8519 0.1131 0.1126 0.4090 0.0975H e= + − − −  

2  2 1.0 06 0.0531 4.0196 4.4954 0.0465 0.8638 0.9743H e= + − −  
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3.2 Pole Placement Control with Integral Action (Type 1) 

The block diagram of Figure 3 is a basic form of Pole Placement Control with Integral Action (Type 1).  

 
Figure 3: Pole placement control with integral action architecture. 

Referring to Figure 3, we obtain the equations for the system as follows: 

j j

j I

x A x B e

y Cx

e K x K

r y r Cx





= +


=

= − +

= − = −

 (10) 

Where e  is control signal; y is output signal; is output of the integrator; r is reference input signal. 

The state error equation as given by Equation (11):  
ˆ ˆe A e B e

r j r j v
= +  

(11) 

where 

0
ˆ

0

A
jA

C

 
=  

 − 

; ˆ
0

B
B

 
=  

 

 
 

The control signal is given by Equation (12): 
ˆ

v j re K e= −  (12) 

where ˆ
j j IK K K = − 

 

The control design and time-response requirements are as follows: the settling time of approximately 2 

~ 4 seconds and the maximum overshot of 20% in the step response of the arm link. Let choose the desired 

closed-loop poles at ps = (p = 1, 2, 3, 4, 5, 6 ,7) for Position 1 and Position 2. 

Table 4: The desired closed-loop poles for Position 1 and Position 2. 

Position 

 

Poles 

1  
2  

3  
4  

5  
6  

7  

1 2 2.091 j− +  2 2.091 j− −  -5 -5 -5 -5 -5 

2 1.9941 2.091 j− +  1.9941 2.091 j− −  -5 -10 -20 -30 -40 

The state-feedback gain matrices ˆ
jK are computed by using the MATLAB command ( )ˆˆ ˆker , ,jK ac A B J= . 

The value of ˆ
jK for Position 1 and Position 2 are obtained in Table 5: 

Table 5: The state-feedback gain matrices ˆ
jK of Position 1 and Position 2. 

Position 

 

Value 

jK  
IK  

1  1 1.0 04 0.8219 3.916 0.3742 0.5837 0.865 0.1276K e= + − −  1.0 04[0.5555]e +  

2  2 1.0 07 0.1378 1.1523 0.0004 0.1537 0.2544 0.0103K e= + − − −  1.0 07[ 0.2125]e + −  
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4 VALIDATION 

4.1 Simulation Results of PRDIP With Type 0 Controller 

   

Figure 4: Responses of output system with Type 0 at 

Position 1. 

Figure 5: Responses of output system with Type 0 at 

Position 2. 

Simulation results of responses of PRDIP with Type 0 architecture are shown in Figures 4 and 5. Firstly, 

we concentrate on Figure 4. We expect the angular position of the arm to operate at 0 rad but Type 0 

controller cannot control at zero radian. The angle of the arm with Type 0 controller is stable at -3.23 rad 

after 4 seconds. While the pendulum 1 and pendulum 2 are stable at setting points after 4 seconds. Next 

look on Figure 5, PRDIP is set up to control the system at Position 2. The angle of arm, pendulum 1 and 

pendulum 2 stabilize at vertical upright position after 4 seconds. The maximum overshot ranges of arm, 

pendulum 1, pendulum 2 are [-0.05; 0.05] rad, [-0.05; 0.05] rad, and [-0.048; 0.05] rad, respectively. In 

conclusion, target control of PRDIP at Position 2 meet expectation. However, the performance of the system 

with Type 0 at Position 1 failed.  

4.2 Simulation Results of PRDIP With Type 1 Controller 

  
Figure 6: Responses of output system with Type 1 at 

Position 1. 

Figure 7: Responses of output system with Type 1 at 

Position 2. 

Simulation results of responses of PRDIP with Type 1 architecture are presented in Figures 6 and 7. In 

Figure 6, we observe that Type 1 controller can fix the issue which is caused by Type 0 control scheme. 
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The curved angle of arm versus t (x1), angle of pendulum 1 versus t (x2), angle of pendulum 2 versus t (x3) 

are stable at setting points after 4 seconds. We analyze the settling time of PRDIP in Figure 6, the responses 

of output system with Type 1 stand at “0” radian after 2 seconds. It is faster than the system that is controlled 

by Type 0. Next concentrating on maximum overshoot range of each curve, maximum overshoot ranges of 

arm, pendulum 1, pendulum 2 are [-0.033; 0.05] rad, [-0.05; 0.039] rad, and [-0.041; 0.037] rad, 

respectively. The maximum overshot range of each curve is reduced when compared to the system with 

Type 0. Long story short, targets control of PRDIP at Position 1 and Position 2 meet expectation. 

5 CONCLUSION 

In this paper, PPT is designed in pole placement with integral action and pole placement without integral 

action for controlling the PRDIP at two equilibrium points. As simulation results are given in validation 

section, PRDIP with pole placement with integral action architecture has better performance than pole 

placement without integral action. The performance of output system with pole placement control with 

integral action (Type 1) proves the effectiveness and meets expectation at two equilibrium points. In the 

future research, we focus on deploying pole placement control with integral action control scheme on the 

real-time experimental setup.  
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Abstract. The study focused on the effect of different drying methods such as hot air (HA) drying method, 

heat pump (HP) drying method and infrared (IR) assisted heat pump (HP) drying method (IR+HP) on drying 

rate and color change of dried sliced purple yam. The experimental drying process was conducted with the 

drying air temperature of 45oC and the drying air velocity of 2.5 m/s. The experimental drying results 

showed that the IR assisted HP drying method got the highest drying rate with the shortest drying time of 

105 minutes, that reduced about 56% and 65% as compared to HP drying (240 minutes) and HA drying 

(300 minutes). However, dried yam after heat pump drying achieved the best color retention with the lowest 

color change index of 2.40 as compared to IR assisted HP drying (4.66) and HA drying (7.58). The dried 

products of all drying methods got the requirement of drying process, the dried product surface was not 

cracked, and the dried product still retained the characteristic flavor of purple yam. 

Keywords. Purple yam, color change index, drying time, hot air drying, heat pump drying, infrared 

assisted heat pump. 

1 INTRODUCTION 

Yam has been statistically one of the most important food crops for many tropical countries such as Burkina 

Faso, Ghana, Togo, Nigeria, and Vietnam with over 600 classifications, in which, a few of them as purple 

yam, yellow yam and water yam were used commonly for food purpose [1]. Yams contain many nutrients 

that are very good for people’s health such as proteins, starch, minerals, lipids, and vitamin C [2]. Yam was 

also considered as a good source of carbohydrate [3]. However, like many agricultural products, yam has a 

high moisture content of about 50 – 80 % (w.b). High moisture content in food products stimulates bacterial 

activities, and biochemical reactions [4]. So, it is easily spoiled during storage, and difficult to store fresh 

yams for a long period [5]. Drying has become an effective food preservation method. The drying process 

was a complex thermal process of simultaneous heat and mass transfer [6]. After drying process, the 

moisture content of dried agricultural products reduced, and its shelf life was extended for long time 

preservation [7]. Dried yam could be stored for a longer period, and used for cooking, and extraction of 

resistant starch [8]. Drying process includes three major methods of heat transfer such as conduction, 

convection and radiation [9]. There were some common drying technologies which have been applied for 

drying agricultural products including sun drying, hot air convective drying, heat pump drying, vacuum 

drying, radio frequency drying, microwave drying, infrared drying and hybrid drying [10]. Hot air drying 

has been widely used because of its main advantages as high drying rate, easy operation and low operating 

costs [11]. But the temperature of drying air can affect the quality of dried products reasonably. In heat 

pump drying, the drying air has low humidity and low temperature, that supports the moisture diffusion 

process from the inside of the material to the surface and shortens the drying time [12]. The drying 

techniques using infrared radiation have several advantages such as higher heating rate, shorter drying time 

and higher drying product quality [13]. In which, IR heating mechanism is the effect of the electromagnetic 

radiation on drying material, that causes the internal heating within material and supports the heating rate 

[14, 15].  The hybrid drying using IR combining with other drying methods as hot air drying and heat pump 

drying can obtain an effective drying process [16 – 19].  

There were some previous studies of yam drying to identify the efficiency of yam drying method and quality 
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of dried yam. Ononogbo et al, conducted the experimental drying of yam by hot air drying at temperature 

in range of 55oC – 75oC, drying air velocity in range of 1.0 – 2.0 m/s and the sample slice thickness of 1.0 

– 2.0 mm. The results of drying time varied from 195 – 705 minutes [20], and the drying rate became higher 

at higher temperature and velocity of drying air. Adebimpe et al., studied the thin layer drying 

characteristics of blanch-assisted and un-blanch-assisted water yam slices by hot air drying with the drying 

air temperature of 50, 60 and 70oC, the drying air velocity of 0.8 m/s and yam slice thickness of 0.8cm. The 

results showed that the drying rate of blanch-assisted slices was significantly higher than un-blanch-assisted 

slices [21]. Chineze et al., investigated the effect of different drying technics in drying of some kinds of 

yam such as oven drying, solar drying and sun drying. The results indicated the drying time of oven drying 

was the shortest (180 – 300 minutes), followed by solar drying (390 – 480 minutes) and sun drying (780 – 

960 minutes). In which, in oven drying method, purple yam dried faster (180 mins) followed by yellow 

yam (240 mins) and white yam (300 mins) [22]. Nurdi et al., investigated the effect of drying method on 

quality of dried yam with Oven drying, blanching Oven drying and blanching freeze-drying. In which, the 

color change index of dried yam in Oven drying got the highest value, followed by blanching Oven drying 

and blanching freeze-drying. This confirmed that the dried yam of blanching freeze-drying process retained 

the original color best [23].   

The objectives of the study were to conduct the experimental drying of yam by HA drying, HP drying, and 

IR assisted HP drying in order to evaluate the effectiveness of drying methods. In which, the output 

parameters of drying process were drying time and color change index of dried yam. 

2 MATERIAL AND METHODS 

2.1 Material 

Raw material was fresh purple yam purchased at Thu Duc Agricultural Market, Ho Chi Minh City, Vietnam. 

After purchasing, purple yams were washed, peeled, and sliced to 2.5 mm thickness. The initial moisture 

content of fresh yam samples was 73.8 ± 0.1 (%, w.b). The weight of yams was 2 kg per drying batch. The 

fresh yam samples were given in Figure 1. 

 

 

Figure 1: Fresh sliced purple yam samples. 

2.2 Experimental methods 

The drying methods were used to dry purple yam including HA drying, HP drying, and IR assisted HP 

drying. The input experimental drying parameters were controlled in drying process such as drying air 

temperature of 45oC, and drying air velocity of 2.5 m/s. 

A hot air convective dryer was used for experimental drying of yam has a maximum operation capacity of 

2 kW. The drying air was sucked into the drying chamber by a centrifugal fan (1) and heated by thermistors 

(2) to reach the desired drying temperature. The drying air temperature and drying air velocity could be 

controlled in the drying process. The HA drier was given in Figure 2. 
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Figure 2: The HA dryer. 

In which, 1. Fan, 2. Thermistors, 3. Drying tray, 4. Yam samples, 5. Pipe, 6. Air controlling valves, 7. 

Controller unit,  

The heat pump drier used for experimental drying of yam had the maximum operating capacity of 0.75 kW. 

The HP dryer is also the IR assisted HP dryer as shown in Figure 3, in which the HP only drying method 

was conducted as the infrared light was off. The drying air was pumped through the heat pump unit 

concluding compressor, condenser, expansion valve and evaporator in order to achieve the specific 

temperature, humidity and velocity. Then, the drying air continued to enter the drying chamber to perform 

the yam drying process.  

The IR assisted HP drier was composed of an infrared light installed inside the drying chamber of the heat 

pump dryer. The IR assisted HP drier was given in Figure 3. The infrared light had electromagnetic 

wavelengths ranging from 0.76 - 1,000μm, frequency of 50Hz and operating capacity of 220W. After 

passing through the heat pump unit, the drying air would combine with infrared energy for the drying 

process.  

 

Figure 3: The IR assisted HP dryer. 

In which, 1. Evaporator, 2. Condenser, 3. Sub-condenser, 4.  Sub-condenser fan, 5. Compresser, 6. Fan, 7. 

Thermistors, 8. Pipe reducer, 9. Controller unit, 10. Infrared light, 11. Drying tray, 12. Yam samples, 13. 
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infrared light, 14. Pipe. 

The initial moisture content of the yam was determined by a moisture analyzer (YOKE DSH-100A-10, 

maximum analyzed sample weight: 100 ± 0.01 g, analyzed moisture range: 0 –100 ± 0.01%).  

The moisture content of sliced yam was determined by using an infrared moisture-drying balance of 

A&D-MX 50 brand of Japan, the sensitivity of the scale was 0.001 gram; the analytical temperature range 

was 50 - 200oC. An electronic balance measures the mass of the dried material and the moisture content at 

the drying time t is determined by the equation (1) [24]. 

 𝑀𝑡 = 100 −
𝑊0

𝑊𝑡
(100 − 𝑀0)  (1) 

Where: Mt: moisture content of sliced yam at drying time t (% wb.); M0: initial moisture content of sliced 

yam (%wb.); Wt: weight of sliced yam at drying time t (h); W0: initial weight of sliced yam (g). 

An electronic scale (Lutron GM-5000, maximum measurement value of 5000 ± 0.01 g) was used to weigh 

yam samples during the drying process, regularly every 15 minutes. Each experiment was conducted until 

the drying material achieved the moisture content of 12 ± 0.2 (%, w.b) and completed in triplicates.   

An X-rite colorimeter (Ci64) was used to evaluate the color of fresh yam samples and dried yam samples 

based on the CIELab color scale. About 10 yam slices per drying batch were chosen for color measurement 

and the average measurement value was obtained. The following indicators assess the color change of the 

dried product was determined by equation (2). 

                           ΔL* = L0 – L*; Δa* = a0 – a*; Δb* = b0 – b*                       (2) 

The overall color change of yam was determined by the overall color change index ΔE* which was 

determined by equation (3) [24]. 

 ∆E∗ = √∆L∗2+∆a∗2 + ∆b∗2
  (3) 

In which, the L-value (lightness color) varied in range of 0 (black) to 100 (white); the a-value (red and blue 

color) varied in range of 0 to 60 (red) or 0 to -60 (blue); b-value (yellow and green color) varied in range 

of 0 to 60 (yellow) or 0 to -60 (green). 

3 RESULTS AND DISCUSSION 

3.1 The effect of different drying methods on drying time 

The moisture content versus drying time during HA drying, HP drying, and IR assisted HP drying of sliced 

purple yam process was presented graphically in Figure 4. 

 

Figure 4: The moisture content of the drying material versus drying time. 

As shown in Figure 4, the yam’s moisture content reduction during drying process with different drying 

methods had a similar trend that was consistent with the agricultural drying curve theory. In IR-assisted HP 

drying method, the support of IR could improve the drying rate significantly and shorten the drying time 

appreciably as compared to HP drying and HA drying. In IR-assisted HP drying method, the drying time 
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required was 105 minutes, whiles, drying time of HP drying was 240 minutes and drying time of HA drying 

was 300 minutes. The drying time of IR-assisted HP drying reduced about 56% and 65% as compared to 

HP drying and HA drying. This was explained by the IR heating mechanism, in which, the effect of the 

electromagnetic radiation on drying material surface causes changes in the electronic, rotational, and 

vibrational states of atoms and molecules [25]. When the materials absorb IR radiation energy, the 

constituent molecules would vibrate at high frequency and intermolecular friction occurs which results in 

the internal heating within material and the surface temperature increases quickly, which is much faster 

than that in conduction and convection heat transfer [14, 15]. The result was that the drying rate in IR-

assisted HP drying process was improved. During the heat pump drying process, the drying air that passed 

through the heat pump system would have relatively low humidity, that made the process of diffusion of 

moisture from the inside of the drying material to the surface become faster than that of hot air-drying 

process. The result was to improve moisture reduction rate and shorten drying time by 20% as compared to 

hot air drying.  

3.2 The effect of different drying methods on color change of the drying material 

The color change index of drying material corresponding to the different drying methods was given in Table 

1. The dried products of different drying methods were shown in Figure 5.  

Table 1: The color change index value of sliced purple yam corresponding to different drying methods. 

Drying method Color change index 

L* a* b* E 

HA drying 74.8 0.74 11.45 7.58 

IF assisted HP drying 77.61 -0.25 13.25 2.40 

HP drying 79.58 -0.27 12.15 4.66 

Raw sliced purple yam 81.71 -0.35 14.36 – 

 

 

Figure 5: The products of HA drying (a), HP drying (b) and IR assisted HP drying (c). 

Table 1 showed that in HA drying process the color change (∆E) of dried yam got the highest value (7.58), 

followed by the IR assisted HP drying process (4.66) and HP drying (2.40). This indicated that the color of 

dried yam in HP drying process got the smallest change after drying. The change in color was attributed to 

enzymatic browning because of differences in phenolic compounds, which were associated with oxidative 

browning of yam [26]. Lightness (L*) values of HA drying process (74.8), IR assisted HP drying process 

(77.61) and HP drying process (79.58) indicated that in HP drying process, the dried yam became brighter 

than the other drying methods. This was explained by the fact that in HA drying process, the drying material 

exposed longer with hot air and the color of dried yam would become darker. In HP drying and IR assisted 

HP drying process, the shorter drying time would support the color of dried material being brighter. 

Blueness (a*) value of yam in HP drying got the lowest value of -0.27 and followed by IR assisted HP 

drying (-0.25), while in HA drying, the a* index got the redness value of 0.74. This showed that the dried 
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yam retained the color of greenness well in HP drying and IR assisted HP drying. In HA drying, the color 

of dried yam would change into light redness because of thermal effect. Yellowness (b*) value of dried 

yam was 12.95, 10.75 and 9.78 corresponding to HA drying, IR assisted HP drying and HP drying. This 

confirmed that in HA drying, the prolonged exposure of yams to hot air has resulted in changing into more 

yellow color of dried yams. The shorter drying time of IR assisted HP drying and HP drying made the color 

of dried yam change into less yellow than HA drying. The values of L*, a* and b* showed the improvement 

in the appearance of yam after drying, in which, the dried yam in HP drying obtained the best color retention 

and followed by IR assisted HP drying and HA drying.  

Besides, Figure 5 showed that the dried yam after HA drying had the best color retention, the products has 

maintained the original bright green color of fresh yam samples. Although the products of IR assisted HP 

drying still retained the unique color of fresh yam, the bright green color of the yam was reduced and darker 

than that of HP drying because of the thermal effect of infrared power in drying process. Meanwhile, the 

color change of the products of HA drying got the highest due to thermal effect with prolonged drying time 

and the dried yam lost the original bright green and changed into light redness and yellow. 

In general, the dried products of three drying methods have got the requirement of drying process, the 

product surface was not cracked, and the dried product still retained the characteristic flavor of purple yam. 

The surface quality and flavor of dried products were evaluated through human senses. 

4 CONCLUSIONS 

The experimental drying of sliced purple yam by different drying methods as HA drying, HP drying and 

IR assisted HP drying method was carried out with drying air temperature of 45oC, drying air velocity of 

2.5 m/s. The drying results showed that HP drying, and IR assisted HP drying method obtained high drying 

efficiency such as reducing the drying time and maintaining the color of the dried product better than HA 

drying. In which, the drying time of IR-assisted HP drying reduced about 56% and 65% as compared to HP 

drying and HA drying. Although the drying time of HP drying was shorter than HA drying and longer than 

IR-assisted HP drying, the products of HP drying obtained the best quality when the dried products has 

maintained the original bright green color of fresh purple yam samples. In general, the dried products of 

three drying methods have got the requirement of drying process, the product surface was not cracked, and 

the dried product still retained the characteristic flavor of purple yam. 
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Abstract. The article's content discusses the analysis and selection of the vibration table pressing principle 

for calculating and designing the assembly of a vibration table press used in concrete brick production. The 

design calculations yield the following results: The produced brick is a 4-hole brick, measuring 80 × 80 × 

180 mm3, with a mass of 1.5 kg per brick; The mold accommodates 72 bricks; The press's capacity is 

100,000 bricks per shift. The vibrating table's mass is 1100 kg; The mass of the lower mold is 934 kg; The 

vibration amplitude is 0.6mm; The vibration angular velocity is 314 rad/s; The required vibration force is 

126.716kN; The optimal pressing force  is 5,202 kN, suitable vibrating concrete column height is under 

200cm; The maximum pressure to ensure collision safety is 4,270 kN; Each working cycle lasts 15 seconds; 

The cylinder's working stroke (L) is 470mm; The maximum force applied to the cylinder is 103.06 kN; The 

impact load on each vibrating rod amounts to 23.287 kN. 

Keywords. Unburnt bricks, vibrating press, concrete block press machine, vibrating platform, vibration 

frequency. 

1 INTRODUCTION 

Based on the survey and an analysis of the trends for concrete brick applications of [1], compared to other 

static pressing techniques (SPT), vibration pressing technology (VPT) has a 50% lower investment, faster 

feeding time from 12 - 25s, machine productivity is 3-5 times higher than the SPT in the same segment, 

machine structure is simple and easy to maintain and repair. It is evident that the VPT surpasses SPT in 

terms of productivity. The VPT proves versatile in handling input materials and is exceptionally well-suited 

for various production environments. In the contemporary landscape, it stands as the most advanced 

technology worldwide. 

For designing of the VP mechanism of the concrete brick presser, we undertake an examination of three 

distinctive options for configuring the VP assembly, as detailed below: 

Option 1: The operational sequence is outlined in Figure 1: Raw materials are introduced onto the conveyor 

and subsequently fed by the feeder (5) towards the mold (4). During the feeding process, the vibrator (8) 

activates to facilitate material settling. Once the material filling is accomplished, the vibrator (8) ceases 

operation. Subsequently, the feeder (5) retracts to its initial position for the next material acquisition. 

Cylinder (1) extends and lowers the male mold, aligning it with the surface of the material residing on the 

female mold (4). Following this, the vibrator (8) reactivates, initiating the next phase. The pressing mold 

(3) progressively descends until it reaches the predetermined height for the brick, at which point it halts. 

Concurrently, the vibrator (8) also ceases operation. Cylinder (9) elevates the female mold (4) to a level 

exceeding the brick's height before coming to a stop. During this interval, Cylinder (1) retracts, returning 

the male mold (3) to its original position. The Conveyor (6) triggers, transporting a fresh pallet to the 

position on the vibrating table. Simultaneously, the newly formed brick-laden pallet is pushed onto 

Conveyor (11), prepping for the subsequent brick pressing cycle. Conveyor (11) undertakes the task of 

transporting the brick-laden tray to the designated stacking location for eventual placement in the curing 

area. With the new pallet in position courtesy of the rear conveyor, Cylinder (9) lowers the female mold 

back to its initial placement, primed for the ensuing forming cycle. 
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Option 2: The operational principle closely resembles Option 1, with a notable alteration in the 

arrangement of the female mold driving cylinder (9). This modified configuration is depicted in Figure 2. 

 

 
1- Male mould drive cylinder; 2- Chassis; 3- Male mold; 

4- Female mold; 5- Feeder; 6- Pallet feed conveyor; 7- 

Spring; 8- Vibrator; 9- Cylinder drive the mold; 10- 

Vibrating table; 11- Product pickup conveyor; 12- Brick 

products; 13- mould pedestal; 14- Female mold 

clamping kit. 

Figure 1: Operation principle concrete brick press 

vibrating table principal Option 1. 

 
1-Male mould drive cylinder; 2- Chassis; 3- Male mold; 

4- Female mold; 5- Feeder; 6- Pallet feed conveyor; 7- 

Spring; 8- Vibrator; 9- Cylinder drive the mold; 10- 

Vibrating table; 11- Product pickup conveyor; 12- Brick 

products; 13- mould pedestal; 14- Female mold 

clamping kit. 

Figure 2: Operation principle concrete brick press 

vibrating table principal Option 2. 

Option 3:  For this option, we will bring the vibrator (14) above the male mold as shown in Figure 3. 

 

1- Male mould drive cylinder; 2- Spring; 3- Male 

mold; 4- Female mold; 5- Feeder; 6- Pallet feed 

conveyor; 7- Chassis; 8- Female mold clamping 

kit; 9- Cylinder drive the mold; 10- Frame sup-

porting the mold; 11- Product pickup conveyor; 

12- Brick products; 13- mould pedestal; 14- Vi-

brating table; 

Figure 3: Operation principle concrete brick press 

vibrating table principal Option 3. 

Reviews on the options: In the Option 2, adopting the cylinder placement as illustrated in Figure 2 leads to 

heightened pressure on the cylinder head during the manipulation of lifting and lowering the female mold 

(4). Consequently, to uphold structural integrity and manage the load effectively, the implementation of a 

larger capacity cylinder system becomes essential. This accommodation, while ensuring proper load 

handling, inadvertently contributes to an escalation in overall costs. 

Regarding Option 3, the arrangement involving positioning the vibrator (14) at the uppermost point, as 

depicted in Figure 3, carries implications for material compaction efficiency. This setup is anticipated to 

yield a lower efficiency in material compaction in comparison to Option 1. Moreover, due to the substantial 

dimensions of the vibrating table, there arises a challenge of unwieldiness concerning the mold mounting 

structure. This unwieldiness, in turn, adversely impacts both the pressing process and the seamless feeding 

of materials into the mold. 

Conclusion:  Upon analyzing the operational principles of the three outlined options, it becomes evident 

that Option 1 stands out as the most rational choice. This choice guarantees the integrity of the machine's 

structure while maintaining its aesthetic appeal. In practice, the survey results corroborate that Option 1 has 

been adopted by numerous manufacturers of unbaked brick presses within advanced production lines 

globally. 

2 MATERIALS AND METHODS 

2.1 Stages of Concrete Forming Using Vertical Vibrating Tables 

The process of forming concrete structures through the utilization of vibrating tables encompasses three 
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distinctive phases: two primary phases and one secondary phase, namely the forming and pressing stages. 

As delineated in references [2] and [3]: (i) In the initial stage, the arrangement of aggregates necessitates a 

methodical layer-by-layer pouring of the concrete. Based on practical experience, the most optimal concrete 

mixture loading speed is ≤ 0.5 ÷ 1 m/min in accordance with the height of the structure. This approach 

involves pouring one layer, followed by vibration, and subsequently pouring the subsequent layer, ensuring 

the expulsion of air from the concrete. This stratified pouring process enhances air elimination. 

Consequently, the primary impact is attributed to vibration, making static loading largely unnecessary 

during this phase. It is recommended to conclude stage 1 before introducing additional loads, thereby 

optimizing the vibration's effect. For concrete mixtures with limited fluidity, the culmination of this phase 

signifies the completion of the compacting process. This concluding step can augment structural strength 

by up to 15% [2]. (ii) The second stage, referred to as the pressing stage, is of particular significance for 

robust concrete mixtures. This phase necessitates the application of loads, whether dynamic or static, to 

realize the most effective operational mode of the press, characterized by controlled collision. Moreover, 

these loads induce pressure that contributes to the consolidation of the concrete mixture. In instances of less 

rigid concrete, loading primarily serves the purpose of generating pressure for compacting the mixture. The 

determination of the optimal non-inertial load value is achievable through the utilization of Equation 1[4]. 
*

0

*
(0.39 1)bt

tö bt

bt R bt

P Q
Q Q

Q Q Q
= −

+
 (1) 

Where: Qtu- optimal load value. 

            The inertial force, N : 
2

0 ( . ) /P K g=  

Where:K- The coefficient of static moment of the rotating object creates vibration; - angular velocity 

/rad s ; G- Gravitational acceleration, 
2/m s ;

btQ - concrete mass, kg ; *

btQ - The volume of concrete 

participating fluctuates, kg ; 

*

bt (0.2 0.4) ÷ btQQ =  (2) 

For components with height H ≤ 0,5m then: 

*

bt

1
(0.2 0.4) (0.2 0. ÷ )

5
÷ 4 bt btQ Q Q= +                                                           (2’) 

For components with height H ≥ 1m then: 
*

bt (0.3 0.6) ÷ btQQ =   (2’’) 

The duration of vibration during stage 2, under the presence of a load, is contingent upon several factors, 

including the concrete mixture's hardness, the operational mode of the press, as well as the configuration 

and weight of the components involved. As the second stage culminates, the fundamental cutting and 

shaping procedures are concluded.  

(iii) Stage 3: occurs to redistribute moisture in the structure. At this stage, large static pressure is 

required:   

                    
ep  2.5 tuQQ =                                                                                                                      (3) 

epQ  usually, 2.5 times greater than the optimum load pressure value at stage 2. The end of phase 3 will 

make the concrete tighter and more beautiful [4]. 

 

2.2 Hypotheses about the process of tightening concrete mixture 

As stated in reference [5], the effectiveness of vibration is influenced by factors, encompassing the 

composition of the mixture, its mechanical and physical properties, and the attributes of external forces. 

The theories regarding the process of concrete compaction can be categorized into two distinct directions:  

(i) One theoretical perspective involves perceiving the mixture as possessing a lattice structure, where 

the nodes represent sizeable aggregate particles, interconnected by a cementitious mortar. Within this 

framework, concrete mixtures are visualized as compositions of substantial aggregate particles, bound 

together by a cohesive cement mortar. This hypothesis provides a lens through which the rheological 
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processes occurring during vibration in the concrete mixture can be comprehended. Within the context of 

this first hypothesis, it becomes conceivable to formulate the concept of resonant vibration within the 

confines of fixed-profile aggregate particles. This entails the judicious selection of a vibration frequency, 

contingent upon the size of the aggregates; 

 (ii) The second perspective revolves around material mixtures characterized by properties like 

continuity, viscoelasticity, and elasticity attributed to the presence of air bubbles. According to this premise, 

the process of compacting concrete with considerable height is explicable through the application of the 

wave equation. However, it is important to note that this hypothesis falls short in elucidating the vibration 

mechanism involved in compacting rigid, coarse-aggregate concrete compositions. 

Both of the aforementioned hypotheses fall short in fully elucidating the mechanism of compaction and 

fail to provide the most plausible operational modes for vibrator mechanisms. Instead, the hypothesis of 

"reasonable vibration intensity" emerges as a solution, rooted in experimental evidence. 

In the context of harmonic oscillations, the quantification of vibration intensity is established through 

the equation 4 [4]:         
2 3.I A =                                                                                                            (4) 

Where: A  – amplitude, m ;  - angular velocity (also known as angular frequency, rad/s) 

This means that if the working mode has the same, I value, then the same vibration effect. 

Therefore, it is necessary to choose the amplitude and angular frequency reasonably. If we hypothesize 

the harmonic oscillation system: 

  .X A sin t= ;    
.

. .cosX A t = ;      
..

. .2sinX A t = −                                                                     (5) 

Thus, the amplitude of acceleration 2| |a A= −  largest [ ]a  

In there: [ ]a - The limit amplitude determined experimentally for each type of mixture (also called 

concrete aggregate):             2| |a A=                                                                                                      (6) 

                                        2 3| |I A =                                                                                                      (7) 

Inferred:                           . [ ]I a   

Value [ ]a  = 70 
2/m s  for most types of concrete mixtures, [10] 

                                  
[ ] 70

   
a

I
 

 =                                                                                                                  (8) 

Thus, the tightening efficiency increases as the value of vibration intensity (I) must be larger. 

Consequently, guided by the "Reasonable Vibration Intensity" hypothesis, the process of concrete 

compaction is delineated into two distinct steps: (i) Step 1: The initial step involves crafting an extensive 

network of large aggregate structures within the mixture. To achieve this, a substantial amplitude coupled 

with a low frequency (falling within a specific value range) is necessary. This phenomenon is characterized 

by vertical oscillations lasting 2-3 minutes; (ii) Step 2: The second step entails the catalytic action on the 

cement mortar, accompanied by the liberation of entrapped air bubbles within the mixture. 

2.3 Theoretical basis for tightening concrete by vibration 

According to references [4] and [5], the categorization of vibrators based on frequency reveals three distinct 

types: type 1, characterized by a low frequency range of 20 – 33 Hz; type 2, featuring a medium frequency 

range of 33 – 66 Hz; and type 3, encompassing high frequencies within the 66 – 100 Hz range. 

Regarding the concrete tightening mechanism: The concrete mixture comprises aggregates, cement mortar, 

and air bubbles. As the vibrating table operates, the aggregate particles within the concrete undergo a sliding 

motion over one another. For instance, let's consider a scenario where a single aggregate particle is sliding 

upon another aggregate particle with a velocity denoted as V. 

The force that propels the movement of these aggregate particles holds significant importance [5]. 

                                         .       F f N                                                                                                            (9) 

Where: f  – Friction coefficient; N – compression force, N; 

Because the concrete mixture consists of several phases, the pressure should be given. 
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0  .   F f N N= +                                                                                                        (10) 

Where: – adhesive force (the special case is that dry friction acts on the aggregate particle with a small 

force Q, of any direction relative to the motion). 

To induce movement of the particle in the direction of force Q, requiring only a slight velocity 

adjustment, the force can be expressed as follows: 

                                           .  dQ N f                                                                                                            (11) 

Where: 
df  – coefficient of dynamic friction 

For vertical vibrators, where the dry friction force is the main one, the average value of the aggregate 

particle submersible velocity (Vtb) is calculated according to equation 12 [4]. 

( )2 22.k . . /  πtb aV F F QQ= −                                                                       (12) 

For horizontal vibrators, according to [4] 

                           
2 2 2k / π tb a Q F QV = −                                                                                                  (13) 

Where: ka– amplitude value of sliding velocity of aggregate particles, m; Q - Gravity of the particle, N;

F - The force that moves the particle, N; 

When considering vertical vibration, it's important to acknowledge that the force of gravity, denoted as 

Q, aligns with the particle's direction of movement. Consequently, the rate at which the particle descends 

is consistently higher compared to scenarios involving horizontal vibration. 

Focusing solely on "equation 12" and "equation 13," it becomes evident that when "equation 12" 

surpasses "equation 13" by an amount defined by Equation (14), a specific outcome follows. 

2 2
1

F

F Q


−
 (14) 

As the velocity magnitude grows, the rate at which the grain sinks accelerate, leading to an enhanced 

tightening process. When maintaining a consistent amplitude magnitude and elevating the frequency, the 

sliding velocity will also experience an increase. 

To prevent the concrete mixture from detaching from the mold and introducing air into the concrete 

structure, it's imperative to choose the amplitude of oscillation in accordance with the formula presented as 

equation 15           
2

7g
A


                                                                                                                               (15) 

This means that (ka) the amplitude of the particle's sliding velocity is controlled by Equation (15) when 

the upward acceleration does not exceed 7g (in there: g– gravitational acceleration) [4]. 

2.4 Determining method of the excitation force for vibration.  

To ensure that the amplitude of both the mold and concrete aligns with the permissible lifting capacity and 

operational frequency of the vibrating table, it is essential for the vibration excitation force (Fk) applied to 

the vibrator to operate outside the resonance zone.  

The vibration excitation force is calculated [4]. 

                             2 . .  k rF m A w=                                                                                                                          (16) 

Where:    - oscillation frequency, rad/s; A  – oscillation amplitude, m; mr- Oscillating volume, kg;   

                              mr = mk + mm+ kmbt                                                                                                                 (17) 

Where: mk - mold mass, kg; mm - The volume of machines participating in oscillations, kg; kmbt - The 

volume of concrete involved fluctuates, kg; 

The required moment of static inertia of the eccentric wheel causes vibration according to [5][4] 

                                
0 2

kF g
k m r


= =                                                                                                                       (18) 
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3 DESIGN CALCULATIONS 

3.1 Vibrator design 

According to the principle of pedestal vibration, the vibration system plays an important role in shaping 

and creating mechanical properties for bricks. Based on the stated theoretical bases and research process 

from Patent No. US4830597A, 16/5/1989, by Klaus F. et al on-pedestal vibration system in concrete brick 

forming machine [7]. 

 
1- frame; 2- spring; 3- vibrating table; 4- support bar; 5- 

pallet; 6- Mold; 7- hydraulic cylinder; 8- spring; 9- table 

support bar trembles; 10, 11- axis of rotation; 12, 13- 

eccentric wheel 

Figure 4: Vibration model according to Patent No. 

US4830597A [7]. 

 
1-Pedestal; 2- Rubber dampers; 3- Air cushion; 4- 

Vibrator; 5- Mold; 6- Mold gripper kit; 7- Pallet 

 

Figure 5: Vibration system design for brick molding 

machine [7]. 

Our vibration system is meticulously crafted around the concept of generating vibrational force through the 

synchronized rotation of eccentric wheels in opposing directions. This force acts directly upon the brick 

pallets and molds within predefined timeframes. Our design is heavily influenced by Patent No. 

US4830597A, although specific modifications are being introduced to accommodate a range of factors, 

including overall dimensions, the machine's operational principles, and, most notably, the need to meet 

productivity targets such as: The dimensions of the vibrating table are meticulously calculated by factoring 

in the pallet size and a host of technical prerequisites. This approach is aimed at ensuring that the 

transmission of vibrational force to both the pallets and molds is fully optimized, thereby enhancing the 

efficiency of the entire process. 

The components of the system are organized as follows: The pedestal (1) provides support for the vibrating 

tables and pallets; Rubber dampers (2) play a vital role in attenuating undesirable impacts stemming from 

the vibrating table, safeguarding other components from potential damage; The air cushion (3) facilitates 

convenient mold adjustments during mold replacement and disassembly. It also prevents damage caused 

by the vibration force exceeding permissible limits; The vibrator (4) exerts vibrations onto the pallet. 

Positioned beneath the vibrating table is a vibrating gearbox housing eccentric wheels, which generates the 

necessary vibrational force; The mold (5) houses the compacted material; The mold gripper (6) securely 

holds and positions the mold, contributing to noise reduction. The use of soft joints facilitates easy 

disassembly for mold replacement or cleaning; Pallets (7) shoulder the load during compaction and 

transportation of bricks. Pallets are integral in the brick shaping process, as well as conveying bricks to 

subsequent stages such as feeding and surface grinding. Given their high operating frequency, it's crucial 

to thoughtfully select optimal manufacturing materials and design features for pallets. Simplicity is key, 

ensuring mechanical robustness, durability, ease of replacement, and seamless transport on chain conveyors 

to subsequent stages. 

Within this design context, the pallets are expertly tailored to measure 1000 x 900mm. This sizing is derived 

through careful interpolation from the mold dimensions and chassis width. These pallets boast a thickness 

of 12mm, and their construction employs C55 steel material, chosen for its remarkable load-bearing 

capacity and resistance to wear. 

The vibrating table has been meticulously designed to incorporate several key components, ensuring 
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optimal functionality. These components include the Vibrating Base (1), Vibrating Bars (2), and Vibrating 

Gearbox (3). The lower vibrating gearbox (3) is composed of 4 drive shafts and 8 vibrating eccentric wheels. 

The selected material for the vibrating table is SS400, which not only fulfills all operational requirements 

but also proves to be an economically viable choice. The yield stress limit of this material ranges from 240 

to 280 N/mm². Because of the vibrating table which encounters highest load when the pressure surpasses 

the vibration excitation force, In addition, during work, the vibrating table is constantly bumped onto the 

surface, so it wear out very quickly, so we design vibrating bars (2) to be mounted on the surface to easily 

replace. Besides we also use rubber shock absorbers to reduce unnecessary impact forces on other parts 

3.2 Vibrating table design 

  

Figure 7: Vibrator in the vibrating system. 

3.3 Calculation of the kinematic parameters of the vibration system   

The product of 4-hole brick with dimensions of 80 x 80 x180 mm, in which the mass of each brick has a 

mass of m = 1.5 kg, the number of bricks pressed on the mold is 72. 

We call: 
brm -The vibrating table mass is 

brm = 1100 kg ;
kdm  - The lower mold mass is 

kdm  = 934 kg     

A  - The vibration amplitude is A = 0.6;  - The angular velocity of vibration is   = 314 /rad s ;
btm  - 

The mass of concrete on the mold (including 72 bricks) 

 Thus:                            
btm  =72 bricks. m  = 72.1.5 = 108 kg  

             
rm  - The vibration part mass     mr = mkd + mbr = 934 + 1100 = 2034 kg  

             
Rm  - The vibration mass              2034  108  2142R r btm m m kg= + = + =  

According to [4] vibration excitation force  

 
2

2.
. .  2142.6.10 4.3142 126715.51   126.716 k R

K
F m A N kN

g


= = = == −                          (19) 

Also, according to [4], Optimum force (
tuQ ) 

   

*

0

*

126715.5 1059.48
(0.98 . 1) 1059.48 0.98 . -1 =5.202kN 

1059.48 19953.54 1059.48

bt
tu bt

bt r bt

P Q
Q Q

Q Q Q

 
= − =  

+ + 
 

In there: 
0P : the vibration excitation force, N ;  

𝑃0 = 𝐹𝑘 = 126.716 𝐾𝑁 

According to [4] concrete column height cases   0.2 H m  

Thus           
  *  108.9.81 1059.48 bt btQ Q N= = =                                                                   (20) 

                                      .     2034.9.81  19953.54                 r rQ m g N= = =              
    

                
 (21)

 

Optimum pressure at stage 3      
3  2.5 13004.39tu tuQ Q N= = =13kN                                           (22) 

The maximum pressure ensures a collision [4]: 

max 0 126715.5 1059.48
2. 2.1059.48 4270.05 4.27

( ) ( )

bt
e bt

bt R bt R

P Q
Q Q N kN

Q Q Q Q


= − = − = =

+ +
                (23) 

According to [4] specific capacity for tightening concrete blocks [m2/s3] 
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( )

( ) ( )

2 2 3 2 3__

bt R

2 k k
 . 

4 R R bt Rm m
N

m mm m

  


= =

+ +
                                                                       (24) 

When mbt = mR, we have the formula 25 [4]: 

               
( )2

2 3 2 3__ k . k
1

2
  .57

R R bt R

N
m m m m

 
= =

+
                                                                                    (25) 

Where: k is the static moment of inertia calculated according to equation 18 has the value: 

2 2

126715.51 9.81 1243079.2
12,6

314 98596

kF g
K



 
= = = = 

 
 

Substituting the values into equation 24 we calculate   

        
2 3 2 3 2

3

1.28 3.14
3.14 3.14 36.5

( ) (2034 108)2034r bt r

K m
N

m m m s

− 
= = =

+ +
 

According to the results of Kavinop O.A was presented in [4] 

The required vibration time in equations (26) 

                                 
____ __

/r W N =                                                                                                           (26) 

Where: r- required vibration time, s; 
____

W - specific capacity tightening, m2/s2; 
__

N - smallest specific 

capacity. Also, according to Kavinop, O.A was presented by [4], he got the empirical table for less hard 

concrete. The specific power tightens 
____

W variability is 100 ÷ 200 m2/s2; We choose 
____

W =150 m2/s2  

We calculate the required load and vibration time 
2 2

2 3

150 m / s
4.1

36.5 /
r s

m s
 = =  

We set the working time of one pressing cycle. 

1 2 3 4 6 2 4 3 15s    = + + + = + + + =  

Where:
1  is the feed time. (

1  6s = );
2 is the time the cylinder lowers the pressing head to the contact 

position. (
2  2s = );

3  is loading and vibration timing (
3  4s = );

4 is cylinder time back to its original 

position. (
4  3s = ) 

We preliminarily select the working stroke of the cylinder  470 L mm=  

The greatest force applied to the cylinder:  

                                      
k e kt R

'F F Q Q Q= + − −                                                                                 (27) 

Where: The impact force of the vibrating part:   126715.5kF N=  

   Force reaction ( e

'Q ):    
max

e e

' 4270.05Q NQ= =   

   Upper mold weight (
ktQ ):                      . 704 9.81 6906.24Nkt ktQ m g= =  =                     (28) 

   Weight of vibration (
RQ ):      2142. 9.81 21013.02R NQ =  =  

F=126715.5+4270.05-704.9.81-21013.02=103066.3N=103.1kN 

The load acting on each vibrating rod (we designed 6 vibrating rod). 

            
' 126715.5 13004.39

23287
6 6

k tuF Q
NF

+ +
= = =                                                               (29) 

Where: Fk - vibration excitation force, N; Qtu -Optimum force, N. 

After calculating and designing the vibrating table structure, we calculate and design the vibrating 

gearbox with the task of creating vibration force acting on the vibrating table and the mold to create 

mechanical properties for the brick. 
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4 CONCLUSIONS 

The research team presented the analysis and selection of the vibration table pressing principle for 

calculating and designing a concrete brick press's vibration table assembly.  

 Design calculation results are as follows: The pressed brick product is a 4-hole brick with dimensions of 

80 × 80 × 180 mm3, weighing 1.5 kg per brick. The injection mold accommodates 72 bricks, with a pressing 

capacity of 100,000 bricks per shift. The vibrating table mass of 1100 kg, while the mass below the mold 

is 934 kg. The vibration amplitude is 0.6 mm, and vibration angular velocity is 314 rad/s. The required 

vibration force is 126.716 kN, and the optimal pressing force is 5.202 kN, with a vibrating concrete column 

height of under 200cm. The maximum pressure ensuring collision safety is 4.270 kN.  

 The working cycle consists of 1 cycle lasting 15 seconds, wherein feeding time (τ1) is 6 seconds, time taken 

by the cylinder to lower the press head to the contact position (τ2) is 2 seconds, loading time (τ3) is 4 seconds, 

and the cylinder time to return to the original position (τ4) is 3 seconds. The cylinder's working stroke (L) 

spans 470 mm, and the maximum force exerted on the cylinder is 103.06 kN. The impact load on each 

vibrating rod is 23.287 kN. 

5 ACKNOWLEDGMENTS 

The research team extends sincere gratitude to the Ho Chi Minh City Science and Technology Development 

Fund for their generous funding in support of our project titled "Development of an Automated Concrete 

Brick Molding Machine with Combined Vibration Mold and Vibration Table, Capable of Producing 

100,000 Bricks QTC per Shift." This endeavor is carried out under contract No. 67/2020/HD-QPTKHCN. 

REFERENCES 

[1] B. T. Thanh, N. Q. Hung, N. M. Cuong, T. T. Ngoc, T. N. D. Khoa, C. M. Quang, & N. N. Sam, Research on 

technology selection and processing for creating a concrete brick production line suitable for Vietnamese conditions, 

Journal of Rural Industry, volume 46, pp 21-31, 2022. 

[2] V. H. Nam & L. D. Long, Technology of concrete brick production. In Project for increasing production and use 

of adobe bricks in Vietnam: Training material on adobe bricks, Module 4, the Construction Publishing House., 2019. 

[3] B. D. Thien et al., Technology for manufacturing building materials and building components: Fired bricks. Project 

for increasing production and use of unburnt bricks in Vietnam. Ministry of Science and Technology, for Universities 

and Technical Colleges, Construction Publishing House, 2019. 

[4] T. V. Tuan, Technical basis of vibration in construction and building materials production, Construction 

Publishing House, 2005. 

[5] N. D. Chieu, N. Trong & N. A. Tuan, Technical basis of vibration in construction, Science and Engineering 

Publishing House, 2004. 

[6] T. T. Hong & N. T. H. Ngan, Vibration techniques in construction machines, National University Publishing 

House of Ho Chi Minh City, 2008. 

[7] Klaus F. Steier, Munich; Erich W. Holthaus, Remscheid; Hermann Kargl, Vibrator for a block molding machine, 

Germany United States, Patent Number: Patent Number: 4,830,597 Date of May 16, 1989. 

 

  



The International Conference on Sustainable Energy Technologies - 2023 (ICSET2023)  

210  © 2023 Industrial University of Ho Chi Minh City 

 

CRASHING BEHAVIOR OF THE BIO-INSPIRED FOAM-FILLED MULTI-CELL 

TUBES UNDER VARIOUS LOADING CONDITION 

 

TU PHAM HOANG 1, VAN NGUYEN THAI 2, MINH LE HOANG 3, DAT TRAN QUOC 4, DUC HIEU 

LE5, KET TRAN MINH 1, TRONG NHAN TRAN 6 

 
1 Faculty of Automotive Engineering, School of Technology, Van Lang University, Ho Chi Minh City, 

Vietnam  
2 Department of Scientific Management and International Cooperation; Vinh Long University of 

Technology Education, Vietnam 
3 Department of Engineering, Waterway Transport College No 2, Ho Chi Minh City, Vietnam 
4 Department of Mechanical, Nam Sai Gon Polytechnic College, Ho Chi Minh City, Vietnam 

5Faculty of Automobile Technology, Hanoi University of Industry, Bac Tu Liem District, Hanoi, Vietnam 
6Faculty of Mechanical Engineering, Industrial University of Ho Chi Minh City, Ho Chi Minh City, 

Vietnam; 

Corresponding author: tu.ph@vlu.edu.vn, ket.tm@vlu.edu.vn, vannt@vlute.edu.vn, 

trantrongnhan@iuh.edu.vn,  

 

Abstract. This study aims to numerically investigate the crashworthiness performance of a bio-inspired 

foam-filled multi-cell tube (BFMT) that mimics the microstructure of bamboo culm. The BFMT combines 

the advantages of bionic structures, foam, and thin-walled tubes, resulting in remarkable properties such as 

superior energy absorption, shock absorption, and a high energy absorption-to-mass ratio. The focus of this 

research is to explore the impact resistance of the BFMT under various loading conditions and to analyze 

its behavior during impact processes and failure modes. The results demonstrate that the crushing behavior 

of the BFMT is significantly influenced by loading conditions and impact velocity. Specifically, increasing 

the impact velocity leads to a decrease in initial peak load (IPL) and an increase in specific energy 

absorption (SEA) and crushing deformation energy (CDE). However, this ability to protect passengers 

decreases as larger impact velocities lead to extensive deformation, reducing the passenger’s survival space. 

Additionally, it was observed that a larger load angle leads to a decrease in peak impact loading and specific 

energy absorption. 

Keywords. Bio-inspired multicell tube, crashworthiness, energy absorption, foam, impact. 

1 INTRODUCTION 

In the design of crashworthy structures for automobiles, the primary objective is to manage and minimize 

damage effectively during accidents by utilizing controlled and progressive plastic deformation to absorb 

impact energy. The focus of crashworthiness design is achieving high performance levels while considering 

weight constraints and enhancing safety within mass and volume limitations. Consequently, multi-cell tubes 

with foam cores have emerged as superior energy absorbers compared to other alternatives. 

Over the past two decades, investigations have been conducted to explore potential enhancements of 

crushed tube performance through the use of filler materials. One promising material that has been 

extensively studied is aluminum foam, which has demonstrated favorable energy-absorption characteristics 

under dynamic loading conditions [1]. In a study by Kılıçaslan et al. [2], the mechanical properties of 

aluminum foam-filled tubes were examined under axial impact loading. The results indicated that 

corrugated double-circular tubes filled with aluminum foam exhibited the highest values of specific energy 

absorption (SEA), with SEA values increasing as the radius of the inner circular tube increased. Another 

study by Abdulqadir et al. [3] focused on the energy absorption properties of thin-walled aluminum alloy 

tubes filled with aluminum foam under both direct and oblique loads. The findings revealed that the 
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incorporation of aluminum foam led to an enhancement in the deformation mode of the filled tubes and an 

increase in their energy absorption capacity. 

In nature, multi-cell structures, such as bamboo [4] and beetle forewing [5], serve as inspiring examples of 

low-density, high-strength, and high-energy absorption capacities. These natural structures provide 

motivation for the design of novel multi-cell structures with exceptional energy absorption properties. For 

instance, Zhang et al. [6], proposed a novel bionic fractal hierarchical tube, drawing inspiration from the 

intricate structure of a spider web. The incorporation of bionic fractal hierarchical configurations into 

traditional thin-walled structures was found to significantly enhance their energy absorption capabilities. 

Previous studies have investigated the crash behavior of different tubes under various conditions, including 

impact velocities of 7.67 m/s [7], 10 m/s [8] and 15.6 m/s [9]. Some researchers have also focused on 

studying the deformation of tubes under axial or oblique loading [10]. In this study, we aim to examine the 

crash behavior of a bio-inspired foam-filled multi-cell tube (BFMT) that mimics the microstructure of 

bamboo culm under different loading conditions. Specifically, we select impact velocities of 7.67 m/s, 10 

m/s, and 15.6 m/s, while varying the loading angle from 0 degrees to 15 degrees in 5-degree increments. 

2 METHODOLOGY 

With increasing velocity, traffic accidents pose a significant threat to passenger safety and result in 

substantial economic losses in road traffic. Extensive research into the history of traffic accidents has 

revealed that these accidents cannot be completely avoided, even with the implementation of many active 

protection technologies in vehicles. To enhance passenger safety and reduce losses from accidents, it is 

crucial to investigate the crash response of tubes used as crash boxes under various loading conditions. The 

steps involved in this investigation are outlined in Figure 1. 

 

 

Figure 1: Flowchart of the crashworthiness problem. 

2.1 Crashworthiness indexes 

By analyzing and comparing the crashworthiness indicators, the crashworthiness performance of the 

BFMT, as a bio-inspired foam-filled multi-cell tube, can be effectively evaluated. The following indicators 

are then defined as follows: 

Energy Absorption (EA): EA is calculated as the area under the load-crushing distance curve up to the 

compaction zone. The formula for EA is given by 

 𝐸𝐴 = ∫ 𝐹(𝑓)𝑑𝑥
𝑥

0
, (1) 

where F(x) represents the crushing force and x is the crushing distance. 

Specific Energy Absorption (SEA): SEA quantifies the absorbed crash energy per unit mass of the crushed 

specimen. It is defined as 

Defining the crashworthiness problem
Proposing the tube inspired the biological 

structure

Developing the numerical model 
The tube behaviors under various loading 

condition

Analyzing the effect of loading condition on the tube's crashworthiness 
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 𝑆𝐸𝐴 =
𝐸𝐴

𝑚
, (2) 

where m denotes the mass of the BFMT. 

Initial Peak Load (IPL): IPL is a critical parameter during the impact of samples and represents the first 

peak observed in the load-crushing distance curve. 

Crushing distance efficiency (CDE) is used to evaluate the deformation of the tube, which is defined as 

the ratio of the crushing distance (d) to the initial length (l) of the tube. Mathematically, it is expressed as 

 𝐶𝐷𝐸 =
𝑑

𝑙
  (3) 

2.2 Bio-inspired tube 

Through the process of natural evolution, living organisms that have survived have displayed remarkable 

survival traits. Researchers have been captivated by the exquisite features found in animals and plants. By 

studying and drawing inspiration from nature, researchers have gained valuable insights into various 

biologically-inspired structural designs, leading to the development of bio-inspired approaches in 

engineering. These approaches hold great potential for significantly enhancing mechanical performance by 

leveraging the lessons learned from nature’s optimized solutions. 

As shown in Figure 1(a), the microstructure of a bamboo culm exhibits the arrangement of vascular bundles 

and parenchyma cells. Taking cues from this microstructure, the present study introduces a bionic foam-

filled multi-tube structure with cylindrical shapes, as depicted in Figure 1(b). The structure includes one 

large square tube of 60x60x2 mm and four small square tubes of 30x30x2 mm. To improve its performance, 

four cores of aluminum foam were inserted into the four small tubes. The figure also provides an overview 

of the tube parameters. It is important to note that the length of the tube in this investigation is 120 mm. 

 

 

Figure 2: a) microstructure of the bamboo culm [4] and b) cross-section of bio-inspired foam-filled multi-cell tube 

(BFMT). 

2.3 Numerical simulation 

The collapse performance and energy absorption features of the BFMT were investigated using the 

Hypermesh/Ls-Dyna software. The finite element (FE) model is depicted in Figure 3. For the foam 

materials, the MAT_CRUSHABLE_FOAM material model was found to be suitable. The SEAM in 

connectors was used to simulate line welding. Finally, the MAT_PIECEWISE_LINEAR_PLASTICITY 

material model was used for the aluminum tubes.  

The boundary conditions applied to the tubes involved the introduction of two walls. The bottom end of 

the tube is supported by a rigid platform, while the top end of the tube is crashed by a moving rigid plate. 
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The “CONTACT_AUTOMATIC_NODES_TO_SURFACE” was applied to simulate the contact 

relationship between the moving rigid plate and the tube. The 

“CONTACT_AUTOMATIC_SINGLE_SURFACE” was applied to the tube to prevent interpenetration 

during the crashing process. A general contact formulation with a friction coefficient of 0.25 was employed 

in the FE model. To ensure numerical accuracy, an average element size of 2.5 mm was utilized for both 

the tube and foam components. 

The tube and foam materials used in the simulation consisted of aluminum alloy 6063-T5 and closed-cell 

aluminum foam, respectively [7]. The mechanical properties of these materials are provided in Table 1. 

 

 
Figure 3: Schema of model. 

3 SIMULATION RESULT 

In terms of deformation mode, a stable progressive collapse behavior is observed, indicating a high energy 

absorption capacity. Figure 4 illustrates the plastic collapse deformations for the investigated cases. A 

comparison between the impact velocities of 7.67 m/s, 10 m/s, and 15.6 m/s reveals that the number of 

folds increases with higher velocities. Under axial impact and with the same impact duration, the number 

of folds for the respective velocities are as follows: one complete fold and one non-complete fold for 7.67 

m/s, two complete folds for 10 m/s, and three complete folds and one non-complete fold for 15.6 m/s. 

Similar trends are observed for oblique impact cases at angles of 5°, 10°, and 15°. Therefore, regardless of 

the loading cases, the number of folds increases with the increase in impact velocity. 

Table 1: Mechanical properties of aluminum alloy 6063-T5 and closed-cell aluminum foam. 

AA 6063T5 
 (kg/m3) y (Mpa) u (Mpa) E (Gpa)  

2631.00 123.3 147.4 51.3 0.33 

Foam 
 (kg/m3) Plateau stress Densification strain E (Gpa)  

252.00 1.98 0.6 75.58 0.3 

 

It is evident that an increase in impact velocity leads to a larger crushing distance in the tube, resulting in 

greater material involvement in plastic deformation and higher energy dissipation. Therefore, the energy 

absorbed increases with increase of impact velocity. Although a slight bending to the left is observed in the 
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case of oblique impact at 15° with an impact velocity of 15.6 m/s, it is noteworthy that no significant 

bending collapse occurs in most oblique impact cases. Bending deformation in the tube is undesirable as it 

significantly reduces the energy absorption capacity. 

 

 
Figure 4: Deformations of a bio-inspired foam-filled multi-cell tube under various loading conditions. 

 

The load and energy absorption responses of the BFMT under the investigated loading conditions are 

presented in Figures 5-7. These figures reveal that the load and energy absorption behaviors are similar 

among the different impact velocities, with differences in their load and energy absorption levels. In the 

case of an impact velocity of 7.67 m/s, the mean load of the tube at different loading cases is 163 kN. 

Regarding the case of an impact velocity of 10 m/s, the mean load at different loading cases is 172 kN, 

while the mean load at different loading cases at an impact velocity of 15.6 m/s is 183 kN. Accordingly, 

the BFMT exhibits the largest mean loads and energy absorptions at an impact velocity of 15.6 m/s, while 

the smallest values are observed at an impact velocity of 7.67 m/s. 

In the case of axial impact, the load initially rises to its peak value, then slightly decreases before rising to 

a second peak. Subsequently, the load drops suddenly and fluctuates around a mean load value. For a small 

oblique impact with a load angle of 5°, the load gradually rises to its peak and then fluctuates around the 

mean load. In the cases of oblique impacts with load angles of 10° and 15°, a similar load response trend is 

observed, as in the case of oblique impact with a load angle of 5°. However, the peak loads for these angles 

are smaller and significantly lower compared to the oblique impact with a load angle of 5° (Figures 5(a)-

7(a)). A common observation for all loading cases at different impact velocities is that, during the steady 

deformation stage, their average forces remain approximately the same.  
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Figure 5: a) Load and b) energy absorption responses at 7.67 m/s. 

 

 
Figure 6: a) Load and b) energy absorption responses at 10 m/s. 
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Figure 7: a) Load and b) energy absorption responses at 15.6 m/s. 

 

Regarding the energy absorption response shown in Figures 5(b) to 7(b), it can be observed that the BFMT 

exhibits the highest energy absorption capacity under axial impact, while the energy absorption capacity is 

significantly reduced for oblique impact with a load angle of 15°. Thus, an increase in the load angle results 

in a substantial decrease in energy absorption. 

4 INFLUENCE OF LOADING CONDITIONS ON CRASHWORTHINESS 

To evaluate the impact of loading conditions on crashworthiness indicators, the values of initial peak load 

(IPL), specific energy absorption (SEA), and crushing distance efficiency (CDE) were plotted in Figure 8. 

The results show that IPL, SEA, and CDE decrease with increasing load angle. Figure 8(a) shows that the 

IPLs of the BFMT under an impact velocity of 7.67 m/s are larger than those of the BFMT subjected to 

impact velocities of 10 m/s and 15.6 m/s at all loading angles. This can be explained by the longer contact 

time between the moving mass and the BFMT at an impact velocity of 7.67 m/s, as opposed to the impact 

velocities of 10 m/s and 15.6 m/s. The decrease ratios in IPL under all three impact velocities in cases of 

oblique impacts with load angles of 5°, 10°, and 15° are quite similar. 

Under impact velocities of 7.67 m/s, 10 m/s, and 15.6 m/s, the decrease ratios in IPL of load angles of 5°, 

10°, and 15° when compared to the axial impact (load angle of 0°) range from 73.1% to 78.7%, from 73.1% 

to 83.6%, and from 74.5% to 84.3%, respectively. This suggests that the decrease in IPL increases with an 

increase in the impact velocity, as expected, since a higher impact velocity results in greater energy 

dissipation. It is also noticeable that the decrease in IPL is greater for higher loading angles. 

In contrast to the IPL, the SEA and CDE of the BFMT under impact velocities of 10 m/s and 15.6 m/s are 

greater than those under an impact velocity of 7.67 m/s at all loading angles. The average SEA and CDE of 

the BFMT under an impact velocity of 10 m/s are 46.38% and 38.84% larger, respectively, than those under 

an impact velocity of 7.67 m/s. Similarly, the average SEA and CDE of the BFMT under an impact velocity 

of 15.6 m/s are 164.39% and 134.15% larger, respectively, than those under an impact velocity of 7.67 m/s. 

Therefore, the loading conditions including impact velocity and load angle have a significant effect on the 

crashworthiness performance of the tube. 
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Figure 8: Influence of tube parameter on: a) IPL, b) SEA, and c) CDE. 

5 CONCLUSIONS 

In this study, the crashworthiness performance of a bio-inspired foam-filled multi-cell tube, which mimics 

the microstructure of the bamboo culm, was numerically investigated. The loading conditions, including 

the impact velocity and load angle, have a significant influence on the tube’s crashworthiness performance. 

An increase in impact velocity results in a decrease in initial peak load (IPL) and an increase in specific 

energy absorption (SEA) and crushing deformation energy (CDE). As a result, the ability to protect 

passengers decreases with larger impact velocities due to extensive deformation, which reduces the 

passenger’s survival space. 

Furthermore, an increase in the load angle reduces the IPL, SEA, and CDE. However, with a load angle of 

5°, the IPL plummets by about 73%, while SEA only experiences a slight decrease of about 3.4%. These 

results provide valuable insight for designers in the development of impact energy absorbers.  
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Abstract. Thin-walled square tubes are widely utilized in energy-absorbing components due to their 

superior energy absorption capabilities and strength. This study aims to examine the crashworthiness 

characteristics of these tubes under axial and oblique loading conditions. Quasi-static tests are performed 

to analyze the influence of the crushing angle on the behavior of a single tube, while dynamic impacts are 

executed to investigate the crash behaviors of nested tubes under small loading angles. This paper offers a 

comprehensive overview of the entire crushing process, encompassing force-displacement curves and 

deformation patterns. The results eveal that the crushing angle significantly impacts the tube’s behavior 

during crushing. An increase in the load angle results in a decrease in both First Peak Load (FPL) and 

Specific Energy Absorption (SEA), with the decrease in FPL being more pronounced than that in SEA. The 

study identifies oblique crushing with smaller angles as the most efficient condition, as it demonstrates 

superior energy absorption characteristics, promotes plastic collapse deformation, and enhances passenger 

safety. The results underscore the benefits of oblique impact with small load angles and the potential of 

bio-inspired nested tubes to enhance crashworthiness performance. 

Keywords. Axial loading, bio-inspired nested tube, crashworthiness, oblique loading, square tube. 

1 INTRODUCTION 

Energy-absorbing devices play a pivotal role in dissipating kinetic energy during impacts and are 

extensively employed in various sectors such as automobiles, ships, and aircraft. In the event of an accident, 

these devices serve to protect the vehicle by reducing severe damage and ensuring the safety of occupants. 

Thin-walled tubes, recognized for their cost-effectiveness and high energy absorption capabilities, have 

been widely adopted in collision kinetic energy absorption systems across different types of vehicles [1]. 

Studies conducted by Yamashita et al. [2], Nia and Hamedani [3], Lu and Yu [4] have primarily 

concentrated on examining the influence of cross-sectional shape on energy absorbers within a vehicle’s 

crushing system. Their findings consistently indicate that metallic polygonal axially loaded tubes with a 

greater number of corners display increased crushing strength and enhanced energy absorption capacity. 

These studies underscore the significance of geometric factors in optimizing the performance of energy-

absorbing devices. 

In relation to oblique loading, a study conducted by Kim and Wierzbicki [5] investigated two possible 

impact modes: angled and off-axis loading. They used nonlinear finite element analysis to determine the 

most efficient oblique loading condition based on the impact angle, using square and rectangular tubes as 

their subjects of analysis. Reyes et al. [6] investigated oblique impact up to a 30° angle under off-axis 

loading using aluminum square tubes. They found that tube performance was primarily influenced by 
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factors such as tube wall thickness and initial length. Cornered oblique impact was therefore identified as 

a more effective loading condition across all investigated crushing angles. 

The trend of mimicking biological structures in crashworthiness design has opened up new possibilities for 

developing more efficient and effective energy absorbing systems. Researchers continue to explore and 

draw inspiration from various biological systems to enhance crashworthy structures. For instance, Yin et 

al. [7] conducted a study on bio-inspired energy-absorbing structures that replicated the cross-sectional 

characteristics of five horsetail plants. Their findings highlighted the significant influence of tube 

parameters on the crashworthiness performance of the structure. 

This study serves as an example of the ongoing endeavors to harness biological inspirations in order to 

enhance energy absorption in engineered systems. Initially, the research investigates the behavior of a single 

square tube under quasi-static axial and oblique loading, specifically considering load angles of 5° and 10°. 

Subsequently, drawing inspiration from the microstructure of wood [8], a bio-inspired nested configuration 

is proposed, and its performance is studied under axial and oblique impacts, focusing on small load angles 

of 2°, 4°, and 6°, with the aim of improving the crashworthiness characteristics. 

2 METHODOLOGY 

An analysis of crushing behavior was conducted to enhance the crashworthiness performance of the front 

structure. This analysis involved the use of both quasi-static and impact testing methods. The objective was 

to investigate impact loading conditions with small load angles, with the aim of reducing the first peak load 

(FPL) while maintaining the specific energy absorption (SEA) during crash scenarios. The flowchart for 

the crashworthiness problem is presented in Figure 1. 

 

 

Figure 1: Flowchart of the crashworthiness problem. 

2.1 Crashworthiness indexes 

Assessing the energy dissipation capabilities of different designs and materials through plastic deformation 

is crucial to crashworthiness. To quantitatively measure the amount of energy dissipated through 

deformation, both the crushing force and the material's deformation during the crushing process must be 

evaluated. In this context, several indicators are defined, including energy absorption (EA), specific energy 

absorption (SEA), and first peak load (FPL). 

Energy absorption (EA) represents the energy absorbed during plastic deformation and can be calculated 

using the integral: 

𝐸𝐴 = ∫ 𝑃(𝑥)𝑑𝑥
𝑥

0
, (1)  

where P(x) denotes the crushing force and x represents the collapsing displacement. 

Specific energy absorption (SEA) measures the energy absorbed by a mass during plastic deformation and 

is determined by the equation: 

𝑆𝐸𝐴 =
𝐸𝐴

𝑚
 , (2) 

Defining the crashworthiness problem
Behavior of single tubes under quasi-

static loading

Developing the bio-inspired tube
Behavior of the bio-inspired tube 

under impact loading

Influence of small load angles on 
crahsworthiness indicators 

Conclusion
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where m corresponds to the mass of the tube. 

First Peak Load (FPL), also known as the initial crush force in the load displacement response, signifies 

the deceleration transmitted to the vehicle occupant during a crash. It corresponds to the highest point on 

the load displacement curve at the beginning of the crushing process. Minimizing the FPL is of utmost 

importance, as it reflects the minimum load required to initiate collapse, and reducing this value 

significantly contributes to improved crashworthiness. 

2.2 Bio-inspired structural configuration 

 

Figure 2: Bio-inspired tube [8]. 

As organisms have evolved, they have developed physical adaptations to better cope with the demands of 

their environments. By mimicking biological structures, we can create stronger structures that can withstand 

extreme conditions. Wood is a prime example of such a structure, known for its strength, lightness, and 

stiffness due to its structural design, which allows for efficient energy absorption. Inspired by this 

concentric microstructure, we have employed these lightweight and crash-resistant principles to create thin 

tubes. This design has progressed even further, as we have developed bio-inspired nested tubes (Figure 2). 

2.3 Material and testing 

 
Figure 3: Stress-strain curve of mild steel. 

This investigation employed square tubes with dimensions of 30x30x1.2 mm and 50x50x1.2 mm as 

samples. These specimens were fabricated from mild steel, and their mechanical properties are presented 

in Fig. 3. Quasi-static testing was performed on a universal testing machine with a maximum load of 500 

kN at a loading rate of 7 mm/min (Figure 4(a)). For the quasi-static test, load angles of 0⁰, 5⁰, and 10⁰ were 

selected. The schema for the impact test using finite element analysis is depicted in Figure 4(b). The impact 

velocity was set to 15.6 m/s at small load angles of 0⁰, 2⁰, 4⁰, and 6⁰ to enhance the crashworthiness 

performance of the tube used in the design of crashworthy structures. 

A three-dimensional finite element model (FEM) was established using the explicit nonlinear solver in 

ABAQUS for numerical simulation. Figure 4(b) illustrates the FEM model of a sample, which includes a 

fixed rigid wall at the bottom and an impactor of 500 kg at the top. The impactor and rigid wall were 

modeled as Rigid elements with a mesh size of 10 mm. The tube was modeled using an S4R element with 

five integration points along the thickness direction. The model utilized a friction coefficient of 0.25 for 
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contact behavior at all surface pair locations. The bottom surface of the tube was tie-constrained with the 

bottom plate using master and slave surfaces to maintain the tube’s stability during the crash. 

 

 
Figure 4: Schema of testing: a) Quasi-static compression with load angles of 0⁰, 5⁰, and 10⁰ and b) impact with small 

load angles of 0⁰, 2⁰, 4⁰, and 6⁰. 

3 C RUSHING RESPONSE  

3.1 Quasi-static loading case 

Following the testing of single square tubes with dimensions 30x30x1.2 and 50x50x1.2, the resulting 

deformations are depicted in Figures 5 and 6, respectively. The observations reveal that for the single square 

tube of dimensions 30x30x1.2, the initial wrinkle emerges at the top end of the tube, and subsequent 

wrinkles propagate towards the bottom end (Figure 5). The deformation process of the single square tube 

of dimensions 50x50x1.2 (Figure 6) exhibits similarities to that of the single square tube of dimensions 

30x30x1.2. In both types of tubes, wrinkles gradually develop without experiencing bending deformation 

in all three loading scenarios. This progressive wrinkle mode is the preferred deformation pattern for tubes 

subjected to axial or oblique loading due to its stable deformation characteristics and higher energy 

dissipation capacity during collapse. 
Table 1: Crashworthiness indicators in case of quasi-static load. 

Tube Load angle (⁰) FPL (kN) SEA (kJ/kg) 

30301.2-0 0 38.01 21.32 

30301.2-5 5 29.80 21.03 

30301.2-10 10 28.13 20.84 

50501.2-0 0 57.20 13.89 

50501.2-5 5 41.10 13.71 

50501.2-10 10 28.22 13.49 

While the number of wrinkles remains approximately consistent across all three loading cases, the 

compacting level of the tube under axial compression (load angle of 0⁰) surpasses that of the tube under 

oblique compression with load angles of 5⁰ and 10⁰. This discrepancy indicates that the tube requires greater 

energy dissipation under axial compression. Moreover, the deformations of both tube types indicate that 

the smaller tube exhibits a higher number of folds compared to the larger tube. Furthermore, the larger tube 

(50x50x1.2) possesses a greater wavelength compared to the smaller tube (30x30x1.2). Consequently, the 

larger tube exhibits enhanced energy dissipation capabilities in comparison to the smaller tube. 

Figure 7 illustrates the load and energy responses of the 30x30x1.2 and 50x50x1.2 single square tubes. The 

graph demonstrates a gradual decrease in FPL as the load angle increases, and it can be observed that the 

load and energy absorption responses of the 50x50x1.2 tube are greater than those of the 30x30x1.2 tube 

across all loading cases. 
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Figure 5: Deformation process of single square tube 30301.2 under quasi-static compression. 

 

 
Figure 6: Deformation process of single square tube 50501.2 under quasi-static compression. 

When comparing both tube types, the load responses under oblique loading with load angles of 5° and 10° 

exhibit similar behavior, while they slightly differ from the load response observed under axial loading with 

a load angle of 0°. This variation in the load response can be attributed to the complete contact between the 
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upper platen of the compression machine and the upper end of the tube in the case of axial loading with a 

load angle of 0°. Conversely, under oblique loading, there is only partial contact between the upper platen 

and the upper end of the tube. 

In terms of the energy absorption response, both tube types exhibit similar behavior during the compression 

process. The difference in energy absorption between the two types is relatively small, as there is not a 

significant variation in the amount of material involved in deformation. 

The variations in crashworthiness indicators under axial and oblique loading are presented in Table 1. For 

the 30x30x1.2 tube, when comparing the indicators of tubes under oblique loading with load angles of 5° 

and 10° to those of the tube under axial loading, there is a decrease of 21.6% and 26% in FPL, and a decrease 

of 1.3% and 2.3% in SEA, respectively. In the case of the 50x50x1.2 tube, the decreases in these indicators 

under oblique loading with load angles of 5° and 10°, compared to axial loading, are 28.1% and 50.6% in 

FPL, and 1.3% and 2.8% in SEA, respectively. 

Under the same loading conditions, while the decrease in SEA is the same for both tube types, the decrease 

in FPL of the 50x50x1.2 tube is larger than that of the 30x30x1.2 tube due to the higher initial value of FPL 

in the 50x50x1.2 tube. Table 2 highlights the advantage of using oblique loading in crashworthy design, as 

it leads to a greater decrease in FPL compared to SEA. This reduction in FPL helps to minimize the negative 

impact on passengers in the event of an accident. 

 
Figure 7: Load and energy absorption responses: a) single tube 30301.2 and b) single tube 50501.2. 

3.2 Impact loading case 

Leveraging the favorable features observed in single tubes under oblique loading, this section focuses on 

investigating the crashworthiness performance of a 30x50x1.2 bio-inspired nested configuration. The bio-

nested tube consists of two component tubes, namely the 30x30x1.2 and 50x50x1.2 tubes. The dynamic 

loading is applied at axial and oblique impact with load angles of 0°, 2°, 4°, and 6°, with an impact velocity 

of 15.6 m/s. 

Figure 8 presents the collapsing processes of the 30x50x1.2 bio-inspired nested tubes under different 

loading conditions, demonstrating similar progressive deformation modes. Notably, no bending 

phenomenon is observed in the deformation when subjected to small load angles of 2°, 4°, and 6°. Although 

these tubes exhibit the same number of wrinkles, the wavelengths vary due to differences in the compacting 

level. 

It is evident that the tube under axial impact demonstrates the highest compacting level, while the tube 
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under oblique impact with a load angle of 6° exhibits the lowest compacting level. Consequently, the tube 

with a lower compacting level requires less energy dissipation to undergo collapse. 

Figure 9 illustrates the load and energy absorption responses of the 30x50x1.2 bio-inspired nested tube 

under both axial and oblique impacts. The graph highlights the influence of the loading condition on the 

tube’s load and energy absorption characteristics. 

 

 
Figure 8: Deformation process of the bio-inspired nested tube 30501.2 under impact load with load angles of 0⁰, 2⁰, 

4⁰, and 6⁰. 

 
Figure 9: a) load and b) energy absorption responses. 

 

Regarding the load response, larger fluctuations are observed in the 30x30x1.2-0 tube under axial impact 

compared to the other cases. This results in a higher energy absorption capacity, as depicted in Figure 9(b). 



The International Conference on Sustainable Energy Technologies - 2023 (ICSET2023)  

226  © 2023 Industrial University of Ho Chi Minh City 

In contrast, the load and energy responses of the 30x30x1.2-2, 30x30x1.2-4, and 30x30x1.2-6 tubes under 

oblique impact with small load angles of 2°, 4°, and 6° exhibit similarities with minor deviations. This 

similarity in load conditions contributes to their comparable energy absorption behaviors. 

4 DISCUSION 

This section focuses on analyzing the impact of load angles on the crashworthiness performance of the bio-

inspired nested tube under dynamic loading. Table 2 presents the First Peak Load (FPL) and Specific 

Energy Absorption (SEA) indicators, demonstrating the influence of load angles on these performance 

measures. A decrease in load angle leads to a decrease in both FPL and SEA, but the magnitude of the 

decrease differs significantly between FPL and SEA. 

Compared to the 30501.2-0 tube under axial impact with a load angle of 0°, the 30501.2-2, 30501.2-4, and 

30501.2-6 tubes under oblique impact with load angles of 2°, 4°, and 6°, respectively, exhibit significant 

decreases in FPL of 18.5%, 25.1%, and 39.8%, respectively. On the other hand, the decreases in SEA for 

the 30501.2-2, 30501.2-4, and 30501.2-6 tubes under oblique impact with load angles of 2°, 4°, and 6°, 

respectively, compared to the 30501.2-0 tube under axial impact with a load angle of 0°, are 7.7%, 13.1%, 

and 15.1%, respectively. These results indicate that oblique impact with small load angles has a significant 

effect on the crashworthiness performance of the tube, with a much larger impact on FPL compared to SEA. 

Additionally, the bio-inspired nested tube demonstrates an increased crushing resistance without occupying 

additional space. 
Table 2: Crashworthiness indicators in case of impact load. 

Tube Load angle (⁰) FPL (kN) SEA (kJ/kg) 

30501.2-0 0 84.20 12.69 

30501.2-2 2 68.55 11.70 

30501.2-4 4 63.03 11.02 

30501.2-6 6 50.64 10.76 

5 CONCLUSIONS 

This paper investigated the influence of load angle on the crashworthiness performance of single square 

tubes and bio-inspired nested tubes under both quasi-static and dynamic loading conditions. The findings 

of this study highlight the significant impact of load angle on the crashworthiness performance of the tubes. 

It was observed that an increase in load angle resulted in a decrease in both FPL and SEA. However, the 

decrease in FPL was found to be larger than the decrease in SEA. 

The FPL in cases of 2°, 4°, and 6° decreases by 18.5%, 25.1%, and 39.8%, respectively, compared to that 

in the case of axial impact, while the SEA in cases of 2°, 4°, and 6° decreases by 7.7%, 13.1%, and 15.1%, 

respectively, compared to that in the case of axial impact. Additionally, under these loading cases, its 

deformation mode is a progressive folding mode, which is a desirable deformation type in case of crushing 

loading. This suggests the advantage of utilizing small loading angles in the design of crashworthy 

structures, as it can lead to a greater reduction in FPL, which is a crucial indicator of crash energy 

absorption. 

Furthermore, the bio-inspired nested tube configuration demonstrated its effectiveness in enhancing the 

crushing resistance of the tube without requiring additional space. This highlights the potential benefits of 

adopting bio-inspired designs in crashworthy structures. 
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Abstract 
Nowadays, the global electric vehicle (EV) has continued their strong growth and is being studied with 

many research works. This paper accomplishes the electric Renault ZOE 2020 simulation by the Advanced 

Vehicle Simulator (ADVISOR) software and compares reality test cases in the road test. One of the most 

widely used computer simulation tools for HEVs and EVs is ADVISOR developed by the National 

Renewable Energy Laboratory. This program is flexible enough to operate on most platforms in the popular 

MATLAB/SIMULINK programming environment. This research applied ADVISOR to simulate the 

operation of Renault ZOE 2020 and estimate the vehicle performances such as acceleration time, the 

distance of EV on one charge, charge or discharge current of the battery, State of Charge (SOC), torque of 

wheel, ... Besides, the paper presents experimental results, performed in Renault ZOE 2020 with road test 

following EUDC driving cycle. The paper compares simulation and experimental results to help the 

researcher design and estimate EV components. 

Keywords. ADVISOR; Electric Vehicle (EV); Renault ZOE; Performances of EV; Energy Consumption 

1 INTRODUCTION 

The emissions of the greenhouse effect are the unwanted product, which usually related to burning of fossil 

fuel for energy needs. The severity of climate change due to greenhouse effect emissions has reached a 

threatening level and can be easily seen with the present global warming and melting of large icebergs. The 

research group in China realized that increasing emissions from road transportation endanger China’s 

objective to reduce national greenhouse gas emissions. Through analysis of the emissions, they proposed 

to promote electric vehicles and biofuels [1]. Countries such as United Kingdom, France, Germany, 

Netherlands and other countries have adopted the Paris agreement goals and pursued developing strategies 

predicated on electrification of the transportation sector by revealing a schedule to stop producing internal 

combustion engine vehicles by 2040 [2]. Electric vehicles show remarkable ability with comparable lower 

life cost per kilometer to that of internal combustion engine vehicles and can be researched more 

improvements by the development of more durable electric vehicles [3]. In recent years, Electric vehicles, 

as a promising way to reduce the greenhouse effect, have been researched extensively. Big automakers now 

offer 40-plus EV models such as Tesla Cybertruck, Audi E-tron, Hyundai Ioniq 5, Toyota bZ4X, ..., 

boasting at least 200 kilometers of range, unique high-tech features and increasing performance. 

Gaizka et al [4] compared and contrasted the different electrical equivalent circuit models, impedance 

models, and runtime models for battery-based EV applications, addressing their characteristics, advantages, 

disadvantages, and usual applications in the field of electromobility. 

Advanced Vehicle Simulator (ADVISOR) was researched and developed in November 1994 at the National 

Renewable Energy Laboratory in USA. It is designed to quickly analyze the performance and fuel economy 

of conventional, electric and hybrid vehicles. ADVISOR is a MATLAB/Simulink based simulation 

program. MATLAB provides an easy-to-use matrix-based programming environment for performing 

calculations while Simulink can be used to represent complex systems graphically using block diagrams 

[5, 6]. 

ADVISOR is a simulation software for electric and hybrid vehicles. A significant advantage of using a 

model that is in the MATLAB/Simulink environment is the flexibility, ease of analysis and ease of changing 

the model, such as replacing one control strategy or regenerative braking algorithm with another [7], [8]. 

This paper presents simulation results from ADVISOR software based on the technical specifications of 

Renault ZOE 2020. Besides that, this paper also shows experimental results when testing on Renault ZOE 
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2020 such as acceleration time, state of charge, charge or discharge current of battery, torque of the motor. 

The aim of this study is to research and compare the features of the electric vehicle, thereby contributing to 

the improvement of electric vehicles in the future. 

2 OVERVIEW OF THE ELECTRIC VEHICLE MODEL 

The features of electric vehicles are represented by specifications such as: the distance of an electric vehicle 

can travel on a full charge, the ratio between the vehicle's traveling power and energy consumption (energy 

efficiency), the time it takes to fully charge the vehicle's battery, the ratio of the capacity of the battery to 

its nominal capacity after a period of use and indicates the maximum amount of electricity that can be stored 

in the battery (state of charge (SOC)). 

The construction of the electric vehicle is represented by Figure 1, the main components of model consist 

of energy storage system, motor/controller and vehicle. 

 
Figure 1: Electric vehicle configuration of Renault ZOE in Advisor. 

2.1 Energy Storage System (ESS) 

The ESS was implemented with internal resistance battery model (Rint). The voltage source (open-circuit 

voltage, or OCV) is the function which depended SOC and temperature (t). The resistor (internal resistance, 

or R) is the parameters vary with OCV and the direction of current flow (e.g. if the battery is charging or 

discharging). The thermal model is a lumped capacity model. The SOC for the Rint model was estimated by 

performing amp counting, including Coulombic efficiency losses when charging, as shown in Eq. (1) 

[9,10]: 

 𝑆𝑂𝐶 =
𝐴ℎ𝑚𝑎𝑥−𝐴ℎ𝑢𝑠𝑒(𝜂𝑐𝑜𝑢𝑙)

𝐴ℎ𝑚𝑎𝑥
      (1) 

In which: 

• SOC is State of charge. 

• Ah is battery capacity. 

•  𝐴ℎ𝑢𝑠𝑒 = ∫ 𝐴𝜂𝑐𝑜𝑢𝑙
𝑡

0
𝑑𝑡  for A < 0 (charge) 

2.2 Motor/controller 

The motor/controller model include loss data, rotation inertia, and performance limits. Available torque (T) 

is computed from available power (P) by assuming that the ratio of rotor torque to input (electric) power is 

the same for the actual/achievable situation as was computed for the request. This is mathematically 

equivalent to assuming that the motor/controller efficiency (η). Rotor speed for the actual/achievable 

calculations is as computed in the 'request' branch such as Eq. (3).  

𝑃 = 𝑇. 𝜔. 𝜂𝑘where k = -1 (for propulsion mode), k = 1 (for generating mode)  (2) 

2.3 Vehicle model 

The longitudinal vehicle dynamics can be represented by Eq. (3) 

 𝑀𝑎 = 𝐹𝑡 − 𝐹𝑟      (3) 
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Where M, a, Ft, and Fr are mass of vehicle, acceleration of vehicle, traction force from motor, and resistance 

force (include in aerodynamic drag resistance, rolling resistance, inertia resitance and road gradient 

resistance), respectively. 

This block uses the required vehicle speed with vehicle parameters and the previous speed and classic, 

straightforward equations to determine the tractive force required at the tire/road interface. 

Renault is a famous automaker in the world, under Renault Group in France. Renault Group is at the 

forefront of a mobility that is reinventing itself and researching many works related to electric vehicles. 

One of the best electric vehicles of Renault is Renault ZOE with modern technologies. 

Renault ZOE is a full-electric vehicle with outstanding advantages and superior technical specifications 

such as more battery capacity, more range and more technology [12]. 
Table 1: 2020 Renault ZOE Z.E50 - Specifications. 

ELECTRIC MOTOR BATTERY 

Manufacturer Renault Manufacturer 
Renault and LG 

Chem 

Model  R110 Model  Z.E 50 

Location of the motor Front 
Type of rechargeable 

battery 
Lithium-Ion 

Power 

80 kW (kilowatts) 

107.3 hp (mechanical 

horsepower) 

Battery capacity  54.66 kWh 

Maximum power 

RPM 
3395 - 10886 rpm Number of cells 192 

Torque 

225 Nm (Newton meters) 

22.9 kgm (kilogram meters) 

166.0 ft-lb (foot-pounds) 

Number of modules 12 

Maximum torque 

RPM 
500 – 3395 rpm Voltage 400 V 

Driving modes Eco, Normal, B-mode, D-mode BATTERY CELL 

Regenerative braking Yes Battery cell model LGX E78 

 
Battery cell voltage 3.65 V 

Battery cell capacity 78 Ah 

3 SIMUALATION AND RESULT 

ADVISOR is a simulate software to analyze and research about features of vehicles. With the versatility, 

convenience and efficiency of ADVISOR, authors simulated some features of Renault ZOE such as 

acceleration time, the distance of EV on one charge, charge or discharge current of the battery, State of 

Charge (SOC), moment of the motor. 

3.1 Set-up vehicle parameters in Advisor  

For setting up, the authors manipulate the parameters of Renault ZOE (energy storage, motor, wheel, 

powertrain control, ...) and add to ADVISOR as figure 2. 
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Figure 2: ADVISOR vehicle input screen with Renault ZOE parameters. 

Simulation on a standard cycle is tested. A driving cycle is a set of speed points over time. It is used to 

estimate fuel consumption and pollutant emissions of a vehicle in a standardized way, so that we can 

compare the different between vehicles. The European cycle (CYC_ECE_EUDC – Figure 3) is chose as a 

reference. It can mimic the conditions encountered on European roads. This cycle consists of acceleration, 

deceleration and constant speed bearings [13]. This cycle is mainly used for measuring fuel consumption 

and vehicle emissions and the analysis of these performances. 

 
Figure 3: Using CYC_ECE_EUDC driving cycle. 

3.2 Simulation Results 

 
Figure 4: Simulation results: Speed, SOC, Current, Torque, Power. 
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After the simulation with Renault ZOE parameters, tests were made for European road EUDC cycle on the 

distance of approximately 10.93 km for 1200 s, maximum speed 120km/h. The simulation results are 

suitable with theories. 

- State of charge (SOC): The initial SOC is 100% for batteries, after performing EUDC driving cycle, 

SOC is reduced by about 4%. With regenerate brake, the graph line is not a straight line but curves and 

increases SOC values at the points where the car slows down. 

- Current: When the vehicle accelerates at a higher speed, the high-voltage battery will give a larger 

current to meet the requirements and the larger current from the regenerative operates to recharge the high-

voltage battery. 

- Torque: When the vehicle accelerates, the torque increases and decreases gradually when the 

desired speed value is reached. At points less than zero, the regenerative brake operates to recharge the 

high-voltage battery. 

4 TESTING EXPERIMENT 

After simulating in ADVISOR, authors set up test devices to Renault ZOE and performed some modes of 

the EUDC driving cycle, from which the author makes comparisons of vehicle performance in simulation 

and reality. 

4.1 Set-up for vehicle test 

  
Figure 4: Sensors for testing experiment: a) Torque sensor; b) Current sensor;  

c) Wheel speed sensor; d) Q.brixx STATION. 

Torque sensor (Dx transmitter unit with strain gauge; supply via ring stator) is a robust and compact wireless 

telemetry systems for the non-contact transmission of measurement data for torsion on vehicles. When the 

metal wire on the surface of the sensor is pulled, the cross-sectional area will be smaller and the wire length 

will increase, so the resistance will also increase and vice versa. Changing the sensor's resistance will 

change the voltage signal and send it to the DX transmitter SCT [14]. 

Current sensor (LEM sensor) is applied closed loop Hall effect to create voltage Hall when current passes 

through the sensor [15]. 

Wheel speed sensor (PEGASEM) is set up at the wheel and operates based on encoder method. Thereby 

helping to calculate vehicle speed with tire parameters. 

Q.brixx A127 model of Q.brixx STATION is able to measure the high voltage of battery directly; after that, 

equation (1) is applied to show SOC value [16]. 

a) b) c) d) 
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4.2 Experiment Results 

 
Figure 5: The result chart of EUDC driving cycle at mode 1 (15 km/h):  

a) Simulation results; b) Experimental results. 

 
Figure 6: The result chart of EUDC driving cycle at mode 2 (32 km/h):  

a) Simulation results; b) Experimental results. 

Figure 5 and Figure 6 show result graphs in simulation and experimental as vehicle speed, state of charge 

(SOC), current output of battery and torque. The outlines of result graphs in simulation and experimental are 

the same and suitable with expectation.  

However, the loss SOC of experimental is smaller than simulation. Differences in torque between simulation 

and experimental are affected by realistic driving behavior, to achieve the desired speed threshold, the driver push 

acceleration pedal and when the vehicle speed is approximated expected value, the driver will reduce acceleration 

pedal; that's why the torque can not maintain a specific value. The currents value at the deceleration shows the charging 

of the regenerative brake for battery and the SOC value is increased a little. 
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5 CONCLUSIONS 

In this study, a simulation model of an electric vehicle system (Renault ZOE) is developed and applied to 

simulate the performance of Renault ZOE with EUDC driving cycle, Matlab-Simulink simulation 

environment and plus package ADVISOR is used. Next, the testing devices is set up to measure vehicle 

speed, state of charge (SOC), current of battery and torque of wheel. The comparation between simulation 

and experimental results is done with 2 modes (0 - 15 - 0 km/h; 0 - 32 - 0 km/h) in EUDC driving cycle. Its 

effectiveness were evaluated via simulation results, the outlines of the simulated and experimental graphs 

are the same. Besides, we realize the regenerative braking process on Renault Zoe during the operation of 

the vehicle. Accordingly, the measurement of the experimental progress with testing devices helps to 

reliably assess the performance of Renault ZOE and experimental progress in other vehicles will be 

conducted for further evaluation. 
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Abstract. Heavy vehicles are gaining increasing importance in transportation and goods transshipment, 

constituting over 70% of total freight transport in developing countries. However, the operation of these 

vehicles requests improvement due to the impact of changing dynamic loads, which contributes to degrada-

tion of infrastructure systems such roads surface and bridges. Although air suspension systems have been 

considered for addressing these issues, their complex structure, high installation and maintenance costs, 

and inability to meet strict criteria for heavy vehicles have hindered their widespread implementation. 

Owing to its large force generation, fast-acting time, quick response to transient requirements, controlled 

suspension system with an integrated electro-hydraulic actuator promises significant benefits in ones. This 

paper investigates full representation of quarter suspension system on truck utilizing hydraulic electric servo 

valve actuator. The Linear Quadratic Regulator controller is elaborated to satisfy the system's principal 

prerequisites: vehicle comfort and road safety, reducing dynamic load acting on road sur-face and causing 

damage to road facilities. The time and frequency domains simulation results for road excitation in the ideal 

sine-wave shape with different frequency range endorsed the superiority of proposed system in-creased 

vehicle comfort criteria up to 90.12%, compared to the passive sus-pension system. 

Keywords. Heavy Vehicle, Hydraulic Electric Servo Valve Actuator, Linear Quadratic Regulator 

Controller, Vehicle Comfort, Road Holding. 

1 INTRODUCTION 

In recent years, active suspensions have gained significant attention and popularity in automobile 

applications due to their numerous advantages over semi-active and passive suspensions. The utilization of 

sensors within the control structure has emerged as a primary challenge in enhancing passenger comfort 

and safety, particularly in terms of road holding. Consequently, extensive research efforts have been 

dedicated to developing various control approaches for active suspensions, focusing on different types of 

shock absorbers such as MR, ER, and air actuators in suspension systems of commercial vehicles. However, 

these advancements have primarily been limited to cars, passenger vehicles, and trucks, while heavy 

vehicles face a distinct challenge related to the force requirements of the controller. 

Studies exploring electro-hydraulic actuator systems have revealed the substantial force generation 

capabilities of current or voltage-controlled actuators, reaching levels as high as 30-120kN [1, 2]. These 

actuator systems have proven effective in applications demanding significant forces and moments. 

Consequently, integrating electro-hydraulic actuators into heavy-duty trucks has been extensively 

investigated, particularly in the context of active anti-roll bar systems [3]. Many researchers have employed 

servo-valve-controlled electro-hydraulic actuators in quarter car models to generate controlled forces for 

the suspension system. While some studies have examined PID, SMC, and Fuzzy-PID controllers for the 

Active Suspension Systems (ASS) using electro-hydraulic actuators [3–5], the linearized actuator models 
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employed in these studies impose limitations [6, 7]. 

Furthermore, the application of servo-valve control and Artificial Neural Network (ANN) prediction has 

been explored for ASS utilizing electro-hydraulic actuators [8–10]. In adaptive dynamic surface control 

strategies have also been proposed to address uncertainties related to electro-hydraulic actuators and un-

known external disturbances in vehicle ASS [11]. Additionally, the development of controllers for 

nonlinear half-car ASS with hydraulic actuator dynamics has been investigated using frequency domain 

analysis and time domain simulations [12]. Furthermore, the supervision of a half-car active suspension 

model using an MPC-LQR-LPV controller has been demonstrated to satisfy comfort and road-holding 

criteria [13]. However, these studies have primarily focused on system response in the time domain and 

have not adequately addressed the stability of the system under varying parameter instabilities. 

To address these research gaps, this study aims to develop a controlled sus-pension system for a quarter 

heavy vehicle model, focusing on the following objectives: constructing a model of a heavy-duty vehicle 

integrated with an Electronic Servo-Valve Hydraulic (ESVH) actuator and designing an LQR controller to 

regulate the current of the servo-valve in the ESVH actuator. This research intends to enhance the 

smoothness and traction of heavy-duty vehicles, thereby contributing to the advancement of ASS tailored 

specifically for heavy vehicles. 

2 QUARTER HEAVY VEHICLE MODELLING 

A quarter heavy vehicle model represents a single corner of a heavy vehicle with two degrees of freedom, 

as shown in Fig. 1. This model, which contains the vertical chassis and wheel bounce displacement, allows 

studying only the vertical dynamic behaviour of the heavy vehicle. This simple model consists of the sprung 

mass sm  represents a quarter of the vehicle body (chassis). The unsprung mass um represents the wheel and 

the tire of the vehicle. ,s uZ Z stand for the vertical displacement of sprung mass and unsprung mass, 

respectively. The suspension is composed of a spring with the stiffness coefficient sk and a damper with the 

passive damper coefficient sc . The tire is modeled by a spring with the stiffness coefficient tk . Finally, q  

represents the road profile vertical disturbance. 

 

Figure 1: Quarter heavy vehicle model. 

The dynamic equations of the system around the equilibrium can be derived using Newton's second law 

of motion. 

 
- (z - z ) - ( - z ) -

(z - z ) ( - z ) - (z - )

s s s s u s s u act

u u s s u s s u t u act

m z k c z F

m z k c z k q F

=


= + +
 (1) 

 

Figure 2: Diagram of the ESVH actuator. 
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Fig. 2 illustrates the diagram of a hydraulic cylinder in combination with an electronic servo-valve. The 

spool valve of the electronic servo-valve is controlled by a current that generates a displacement vX . The 

high-pressure oil supply sP  is always stored outside the electronic servo valve, and the moving spool valve 

distributes the high-pressure oil into two chambers of the hydraulic cylinder. The difference in pressure 

1 2P P P = −  between the two chambers within the area of the piston 
pA  produces the output force actF  

given by: 

 act PF A P=    (2) 

Therefore, the equations in each chamber become: 

 

0 1

1 1 2 1

0 2

1 2 2 2

( )

( )

p aa

p ip ep

e

p aa

p ip ep

e

V A ydy dP
A Q C P P C P

dt dt

V A ydy dP
A C P P C P Q

dt dt





+
+ = − − −




−− + = − − −



 (3) 

With 2tp ip epC C C= +  is the total leakage coefficient of the hydraulic cylinder, now it becomes. 

 0

1 22 2 2 a

L tp p

e

dy V d P
Q Q Q C P A

dt dt


= + =  + +   (4) 

From equations (3) and (4), the dynamic equation of the servo-valve hydraulic cylinder is obtained as 

follows: 

 ( ) 0
4

t a

P tp x v p

e

V dyd P
K C P K X A

dt dt


+ +  − + =  (5) 

Where ay  is the displacement of the piston inside the hydraulic cylinder. 

The three-land-four-way spool valve is used in the ESVH actuator has the electrical current u controls 

displacement of the spool valve vX . The effects of hysteresis and flow forces on the servo-valve are 

neglected here, then the dynamical behaviour of the electronic servo-valve can be approximated by a first-

order model as: 

 
1

0v v

v

dX K
X u

dt  
+ − =  (6) 

where   is the time constant and vK  the gain of the servo-valve model. 

From (1), (2) and (6), the formulation that describes the characteristic of the quarter heavy vehicle 

integrated ESVH can be determined as: 
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- ( - ) - ( - ) -

( - ) ( - ) - (z - )
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  

 

 = 


= + + 
 + 
 = +  −


 − = −


 (7) 

Table 1: Parameter for the quarter heavy vehicle model [14]. 

Symbols Description Value Symbols Description Value 

pA  Area of the piston 0.0123 2m  vK  Servo-valve gain 0.0243 m A  

xK  
Valve flow gain 

coefficient 
2.5 2m s  

sm  Sprung mass 4638 kg 

PK  
Total flow pressure 

coefficient 

4.2×10-11

5m Ns  um  Unsprung mass 584 kg 

tpC  Total leakage coefficient 

of the actuator 
0 sc  

Damper 

coefficient 
25000 N m  
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tV  
Total volume of trapped 

oil 
0.0014 3m  sk  

Suspension 

stiffness 
226209 N m  

e  
Effective bulk modulus 

of the oil 

6.89×106

2
N m  tk  Tyre stiffness 

1793290

N m  

  
Time constant of the 

servo-valve 
0.01s    

3 DESIGN LINEAR QUADRATIC CONTROLLER FOR HEAVY VEHICLE 

3.1 LQR Control Theory 

The linear approach basically commences with the conversion of nonlinear into linear systems. Thus, the 

Linear Time Invariant (LTI) dynamical modelling is commonly adopted for control and observation 

purposes for both Single-Input-Single-Output and Multi-Input-Multi-Output systems. LTI dynamic system 

equations are given by: 

 ( ) ( ) 01 ( ) 02 ( )

( ) ( ) 01 ( ) 02 ( )

t t t t

t t t t

x Ax B u B w

z Cx D u D w

= + +


= + +

 (8) 

Where ( )tx  denotes state, ( )tw  is disturbance, ( )tu  represents control input and ( )tz  is the output. 

 

Figure 5: Schematic of LQR controller. 

A general LQR controller in Fig. 3 uses feedback signal from output ( )tz  to generate appropriate control 

input ( )tu . For LQR controller design, it assumes that all states can be measured or estimated. The main 

objective of LQR controller is to determine the control input U  in order to minimize performance index 

J . This index consists of not only performance characteristic requirement but also the controller input 

limitations, which is usually presented by: 

 ( )
0

2T T TJ X QX U RU X NU dt



= + +  (9) 

Where Q , R  and N  are positive definite weighting matrices. 

Consider the state feedback control law as follows: 

 u KX= −  (10) 

Where K  denotes the state feedback gain matrix and has the following form: 

 ( )1 T TK R B P N−= +  (11) 

And where the matrix P  is the solution of Riccati equation as follows: 

 1. . . . . 0T TA P A P P B R B P Q−+ − + =  (12) 

The optimal closed-loop system is achieved from equations (9) and (12) as: 

 ( ) 01 ( ) 02 ( )

( ) 01 ( ) 02 ( )

( . )

( . )

t t t

t t t

x A B K x B w

z C D K x D w

= − +


= − +

 (13) 

3.2 Design Controller for Quarter Heavy Vehicle 

By selecting the input vector 
( )tx  in equation (13) as ( ) 1 2 3 4 5 6[ , , , , , ]T

tx x x x x x x=
6[ , , , , , ]T

s s u u vZ Z Z Z P X R=    

the output vector 6

( ) ( )t tz x R=  , the control input vector ( )tu  is the current of the ESVH. 

The main objective of designing an LQR controller for an active suspension system in quarter heavy 

vehicles is to minimize vehicle displacement, velocity, and acceleration. Because of their direct impacts on 
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vehicle comfort and road holding, these characteristics should decrease to meet control objectives 

mentioned. Furthermore, the actF  generated by ESVH is required to be within the bearable saturation of 

actuators. Therefore, the performance index J  in equation (9) is chosen as follows: 

 ( )2 2 2 2 2 2

1 2 3 2 2 2

0

s s u u vJ Z Z Z Z P X dt     


= + + + +  +  (14) 

Where 1 2 3 4 5 6, , , , ,       are weighting parameters of performance index J  

From equations (9) and (14), the matrices Q , R  and N  are selected as: 

 1 2 3 4 5 6Q diag      =  ;   (1)R eye=  ;   (6,1)N zeros= . 

4 SIMULATION RESULTS ANALYSIS 

 

Figure 6: Road disturbance. 

In the time domain, the quarter-heavy vehicle integrated with ESVH is simulated as sine-wave excitation 

with an oscillation amplitude of 0.01m in the frequency of 5 rad/s, as in Fig. 4. 

Fig. 5 displays the time response , ,s s uz z z  due to the time. The blue line represents the truck's passive 

suspension model, and the dashed red line represents the resulting model with ESVH integration with LQR 

controller. The effectiveness of the proposed model is evaluated explicitly through the Root Mean Squared 

(RMS) of the displacement, velocity, and acceleration signals of both suspended and unsuspended masses, 

illustrated in Table 2. We find that, when compared to the system with an integrated controller, the 

suspended mass displacement is markedly reduced by 90.12% while its acceleration is reduced at 89.7%. 

In addition, the RMS of the unsuspended mass was also significantly reduced. Namely, its acceleration, 

displacement, and velocity were reduced at 11.09%, 10.87%, and 4.95%, respectively. Under different 

ranges of vibration excitation frequency 5÷10rad/s, the characteristics of sprung mass acceleration in 

passive and active model are shown in Fig. 6. 

 

Figure 7: Time response of sprung mass displacement, sprung mass acceleration, unsprung mass displacement, 

unsprung mass velocity, controlled force by hydraulic actuator. 
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Figure 8: Sprung mass acceleration responds due to frequency of disturbance: LQR controller (left), Passive (right). 

Table 2: Root Mean Square of the referred signals. 

Signal Passive LQR Reduction Signal Passive LQR Reduction 

sZ  0.0125 0.0012 90.12% uZ  0.0081 0.0072 10.87% 

sZ  0.0583 0.0061 89.50% uZ  0.0379 0.0360 4.95% 

sZ  0.3135 0.0323 89.70% uZ  0.2244 0.1995 11.09% 

 

Figure 9: Frequency response of sprung mass displacement, sprung mass velocity, unsprung mass 

displacement due to the disturbance of 5 rad/s. 

In Fig. 7, a comparison is presented regarding the reductions in sprung mass displacement, sprung mass 

velocity, and unsprung mass displacement in the frequency domain. It is observed that when subjected to 

road surface excitation at a frequency of 5rad/s, the controller outperforms the system. Specifically, the 

suspension shift is reduced from 5dB to -15dB, while the mass displacement experiences a reduction of 

approximately 2dB. 

5 CONCLUSION 

This paper presented the design and implementation of an integrated electro-hydraulic actuator and LQR 

controller for an active suspension system in a quarter of a heavy vehicle model. The simulation results 

have showcased substantial improvements in vehicle smoothness, comfort, and performance when 

compared to a passive suspension system. Notably, the proposed model achieved a remarkable 90.12% 

reduction in the root mean square (RMS) of sprung mass displacement, accompanied by an 89.7% reduction 

in acceleration. Moreover, significant reductions were observed in the RMS of unsprung mass, with 

acceleration, displacement, and velocity decreasing by 11.09%, 10.87%, and 4.95%, respectively. These 

findings serve as evidence of the effectiveness of the integrated system in fulfilling the critical criteria for 

mitigating vibrations transmitted from the road surface and improving the overall performance of the 

vehicle suspension system. This research contributes to the body of knowledge in the field of vehicle 

dynamics and serves as a foundation for further advancements in ASS for heavy vehicles. 
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Abstract. This paper proposes a Central Force Optimization (CFO) algorithm to optimize the coefficients 

of an Adaptive Neural Sliding Mode Controller (ANSMC) for water level control in a coupled tank system 

(CTS). The controlled plant is a nonlinear system with high time delay and various uncertain factors. The 

controller consists of a Sliding Mode Controller (SMC) combined with an indirectly adaptive neural 

controller to online update the controller parameters and compensate for uncertain factors, even without 

explicit knowledge of the controlled object. The CFO algorithm optimizes the coefficients of the ANSMC, 

reducing the learning time of the neural network and improving the overall performance of the controller. 

To demonstrate the effectiveness of the proposed control algorithm, simulations are conducted, and 

compared with the SMC controller, ANSMC, and PID controller. The simulation results show that the 

proposed controller achieves better performance compared to the other algorithms. 

Keywords. Central Force Optimization (CFO) algorithm, Adaptive Neural Sliding Mode Controller 

(ANSMC), Adaptive Neural Sliding Mode Controller optimized by CFO algorithm (ANSMC-CFO), 

sliding mode controller (SMC), sliding mode controller optimized by CFO algorithms (SMC-CFO), 

Proportional-Integral-Derivative controller (PID), coupled tank system (CTS). 

1 INTRODUCTION 

The CTS is a nonlinear and time-delay system in industrial applications. Therefore, controlling the fluid 

level and flow of this system effectively is a challenge for control experts. First, sliding mode control 

algorithms were proposed to control the liquid levels in tanks for improved control quality in papers [1-3]. 

The next, research [4] proposed an Adaptive Sliding Mode Controller for the Quadruple tank system, 

yielding better robustness against input changes and external disturbances than other control methods. 

Additionally, papers [5-8] leveraged the convergent and rapid learning capabilities of sliding mode 

controllers, combined with the strong generalization ability of neural networks, resulting in enhanced 

control quality. 

Calculating and selecting optimal parameters for controllers is a complex issue. Therefore, in recent years, 

intelligent algorithms combined with heuristic optimization algorithms have been employed to control and 

identify various system models, resulting in significantly improved control quality. Notable algorithms 

include Differential Evolution (DE) [9], Genetic Algorithm (GA) [10], Jaya algorithm [11], Particle Swarm 

Optimization (PSO) [12], central force optimization (CFO) [13-16], etc. Among these, the central force 

optimization (CFO) algorithm has emerged as a search meta-heuristic method developed by Formato in 

2007 [13], functioning based on the interaction of gravitational fields. Subsequently, this algorithm has 

been effectively applied in diverse domains, such as neural network training [14], and optimal stable gait 

solutions for nonlinear uncertain humanoid robots [16]. 

However, according to the scope of the research team's investigation, the optimal CFO algorithm has not 

yet been applied to the optimization of coefficients for the Adaptive Neural Sliding Mode Controller 

(ANSMC) for the CTS system control. The ANSMC controller in [8] has certain coefficients chosen 

through trial and error, making it challenging to achieve optimal values. Thus, this paper proposes the 

ANSMC-CFO controller, which incorporates the ANSMC controller from [8] with coefficients optimized 

mailto:natuan@sgu.edu.vn
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using the CFO algorithm. 

This paper is divided into 5 sections: Section 1 presents the introduction, and Section 2 presents the 

modeling and system description of the control plant. Subsequently, Section 3 outlines the proposed 

algorithm. Section 4 presents the simulation results. Finally, Section 5 provides the conclusion. 

2 MODELING AND DESCRIPTION OF THE CONTROL PLANT 

Figure 1 depicts the interconnected nonlinear uncertain CTS system based on the Quanser tank model with 

two degrees of freedom. The parameters are specified in Table 1. 

 

 

Figure 1: Liquid CTS system. 

The mathematical model of the CTS system [9] is as follows: 

                       (1) 

 

Where u is the control voltage applied to the pump motor, and ,  represent the water levels of tank 1 

and tank 2, respectively. The significance of the parameters is presented in Table 1. These values will be 

used in the simulation. 
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Table 1.  The CTS system parameters used in the simulation. 

Symbol Physical meaning Value Unit 

1A  The surface area of the inner tank 1 16.619 cm2 

2A  The surface area of the inner tank 2 16.619 cm2 

1b  The cross-sectional area of the drain 

pipe in Tank 1 
1 

cm2 

2b  The cross-sectional area of the drain 

pipe in Tank 2 
1 

cm2 

1C  
Tank 1 – discharging ratio of the 

outlet 
0.8  

2C  
Tank 2 – discharging ratio of the 

outlet 
0.8  

g Gravitation 981 cm/s2
 

pK  Pump flow value 50 cm3/(s.V) 

The main objective of this paper is to design an adaptive sliding mode neural network controller with 

optimized coefficients to achieve an output that closely follows the desired trajectory. 

3  THE PROPOSED ALGORITHM  

3.1 ANSMC controller and problem formulation 

The ANSMC control algorithm [8] is summarized as follows: 

From equation (2.1), the state equation of the CTS system is as follows: 

 
( ) ( )

( )

x f x g u

y h x

= +


=
 (2) 

Where  = , the equation (3.1) can be rewritten: 

 

1 1 1 1

1

2 1 1 1 2 2 2

2

2

1
( b c 2 )

1
(b c 2 b c 2 )

px K u gx
A

x gx gx
A

y x


= −




= −

 =



 (3) 

The ANSMC controller:  

 ce siu u u= +  (4) 

The controlled system ( ) ( )y a x b x u= +  has two degrees of freedom. 

The adaptive neural SMC controller estimates the functions of ( ) ( )ˆˆ ;a x b x  

 
( ) ( ) ( )( )

( ) ( )

1ˆ ˆ
ce

d

u b x a x v t

v t y ke Ksign s

− = − +


= + +

 (5) 

Where the chosen sliding surface being s e ke= + , and 
dy being the reference signal. 

The neural RBF has 3 basic functions in the hidden layer to estimate the functions of ( ) ( )ˆˆ ;a x b x  
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T
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a x x
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 (6) 
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Where the parameter vectors a  and b are the neural network's weights which are updated online to approach 

optimal values: 
*

a a →  ,
*

b b → , and the basic functions are defined as follows 

( )
( )

2

2

x

x e





 −  −

=
 (7)

 

Choose the Lyapunov function as follows.  

 21 1 1

2 2 2

T T

a a a b b bV s Q Q   = + +  (8) 

Take the derivative of the Lyapunov function 

 ( ) ( ) ( )( )

( ) ( ) ( )

T T

a a a b b b

a b ce

T T

a a a a b b ce b b si

V ss Q Q

sKsign s s x x u

s Q u s Q b x u s

   

 

     

= + +

= − + − − +

+ + + −

 (9) 

Where ( )a x  and ( )b x are the structure variations compared to the ideal model, *T

a a a  = − , 
*T

b b b  = −  

Choose a sliding control law so that the V is definite negative. 

 
( )

( ) ( )( )1
( )si a b ceu x x u sign s

b x
 = +  (10) 

Then choose the adaptive law as 

 

1

1

a a a

b b a ce

Q s

Q u s

 

 

−

−

 = −


= −
 (11) 

 

Then  

 ( ) ( ) ( )( ) ( )a b ce siV sKsign s s x x u b x u s  − + + −  (12) 

 
( )

( ) ( )( )1
( )si a b ceu x x u sign s

b x
 = +  (13) 

where ( ) ( ),a bx x  are the upper limits of parameters variation; ( )b x  represents the lower limit of ( )b x . 

 ( )
( )

( )
( ) ( )( )1 0a b ce

b x
V sKsign s x x u s

b x
 

 
  − − − + 
 
 

 (14) 

Since the Lyapunov function 0V  . Thus the system is asymptotically stable. 

The issue with the algorithm presented above is that the coefficients include k, K,  , aQ and bQ  in the 

equations (3.4), (3.6), and (3.7) are chosen through trial and error which is highly complex. Therefore, 

this paper proposes the addition of the CFO algorithm to find optimal values for these coefficients. 

3.2  The proposed CFO optimization algorithm  

The proposed CFO optimal algorithm is a search meta-heuristic method developed by Formato in 2007 

[13]. The algorithm's process is depicted in the flowchart shown in Figure 2. Under the influence of 

gravitational forces, the acceleration of probe p is generated by probe n as follows: 

 

1 11 1 1 1
1

1 1

. ( ).( ) .( )

1   if 0
( )

0  otherwise

n p
n p n p

p j jj j j j
j

n p

j j

G U F F F F x x
a

x x

z
U z





− −− − − −
−

− −

 − − −
 =

 −

 
 = 
 

 (15) 
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Figure 2: Flowchart of optimal CFO algorithm. 

3.3 Optimizing the coefficients of the proposed ANSMC controller using the CFO 
optimization algorithm 

 

Figure 3: Diagram of the proposed ANSMC controller with coefficients optimized by the CFO algorithm. 

Figure 3 illustrates the ANSMC algorithm with the coefficients of the ANSMC optimized by CFO. 

Select the fitness function based on the integral of squared error (ISE) criterion over the time interval t=1000 

seconds, as follows: 

 fitness = 
2

0

1

( )

t

e t dt
 (16) 

  

 

 

 

 

 

 

 

 

 

 

 

FCO-Optimal 

ANSMC 

controller 

y 
 

u r 
Coupled-tank 

Calculate the initial positions, initial accelerations, and corresponding fitness 

values of the probes. 

Report the optimum solution. 

Is the termination 

criterion satisfied?  

 

No 

Yes 

Calculate the new positions of the probes based on the previous accelerations. 

Verify the position of each probe in the decision space and adjust if necessary. 

Update the corresponding fitness for each position from equation (3.15) 

Calculate the accelerations for the next step based on the new positions 

Initialize the number of individuals 50pN = , variables 5dN = , 

termination criterion  200tN = , and variable constraints 
minX , 

maxX  
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Table 2: The values of the decision variables after optimization by the CFO algorithm 

 Decision variables 

Solution X k  K      
Value 2.9559 1.9757 2.4666 64.0511 0.1 

Where the coefficients k, K,  , aQ , bQ  from equations (3.4), (3.6), and (3.7), and optimized offline. 

4 SIMULATION RESULT 

Perform the simulation of the ANSMC controller with the coefficients tuned using the CFO algorithm in 

Section 3.3 to control the CTS system. The results are compared against the other algorithms.  

 

Figure 4: Compare the output responses of the CTS system among the algorithms with trained ref signals. 

Table 3: Compare the control system quality indices among the algorithms. 

 ANSMC-CFO ANSMC SMC-CFO PID 

IAE 18.17 744.5 422.9 93.42 

ISE 14.08 4521 1859 387.7 

ITAE 6004 1.449 x 510  1.899 x 510  3.857 x 410  

ITSE 1.426 x 410  1.956 x 410  7.631 x 410  1.438 x 410  

Figure 4 presents the results of comparing output responses among the algorithms with the trained signal. 
With the reference signal change, the proposed algorithm for higher quality outperforms the remaining algorithms, 

including fast response, no overshoot, low error, and zero steady-state error. The control quality indices in Table 

3 demonstrate that the ANSMC-CFO controller outperforms the other three algorithms in terms of control 

quality.  

Comparison of step information between the ANSMC and SMC-CFO controllers  
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Figure 5: Compare the step response of the output signal 
2x of the CTS system among the algorithms with 

the trained reference signal ref. 

Figure 5 depicts that the ANSMC-CFO controller gives the output response with significantly faster initial learning 

time and much lower error compared to the ANMSC controller. 

Table 4: Compare the step response information of the output signal for the system among the algorithms. 

 Rise 

Time 

Settling 

Time 

Settling 

Min 

Settling 

Max 

Over

shoot 

Under 

shoot 

Peak Peak 

Time 

ANSMC-CFO 11.384 19.690 9.023 10 0 0 10 100 

ANSMC 1.923 87.829 0 9.947 0 0 9.94 100 

The step response indices in Table 4 indicate that both algorithms yield zero Overshoot and zero Undershoot 

results. The remaining indices of the ANSMC-CFO algorithm are superior to those of the ANSMC 

algorithm. These results emphasize the superiority of the ANSMC algorithm combined with the CFO 

optimization algorithm compared to the conventional ANSMC algorithm. 

5 CONCLUSIONS 

This paper proposes the novel ANSMC-CFO controller, which integrates the CFO optimization algorithm 

in optimally tuning the coefficients of the ANSMC controller [8] for controlling the liquid level of the 

complex CTS system, representing a highly nonlinear and time-delay system. To demonstrate the 

effectiveness of the proposed algorithm, simulation comparisons are conducted among the proposed 

algorithm, the ANSMC controller [8], the PID controller, and the SMC-CFO controller which includes the 

traditional SMC algorithm with its coefficients optimized by the CFO algorithm. Simulation results show 

that the proposed controller achieves rapid response, zero overshoot, and zero steady-state error in the 

output response. Specifically, the initial learning time of the proposed controller is significantly faster, and 

the overall response quality is superior to the conventional ANSMC controller [8]. Moreover, the control 

quality metrics are all improved compared to other advanced control algorithms. Hence, the proposed 

ANSMC-CFO algorithm has the potential to be effectively applied in controlling various other nonlinear 

SISO as well as multivariable nonlinear MIMO systems.  



The International Conference on Sustainable Energy Technologies - 2023 (ICSET2023)  

250  © 2023 Industrial University of Ho Chi Minh City 

6 ACKNOWLEDGMENT 

This study is funded by Saigon University (SGU) under grant number CSB2022-53.  We acknowledge Ho 

Chi Minh City University of Technology (HCMUT), and VNU-HCM for supporting this study. 

REFERENCES 

[1] Geylani, O. and B. Ata. Adaptive Sliding Mode Control of a Coupled Tank System. in 2022 International Congress 

on Human-Computer Interaction, Optimization and Robotic Applications (HORA). 2022. IEEE. 

[2] Choueikh, S., M. Kermani, and F.J.C. M’sahli, A Comparative Study of Nonsingular Terminal Sliding Mode and 

Backstepping Schemes for the Coupled Two-Tank System. 2021. 2021: p. 1-18. 

[3] Mehri, E., M.J.J.o.C. Tabatabaei, Automation, and E. Systems, Control of quadruple tank process using an adaptive 

fractional-order sliding mode controller. 2021. 32: p. 605-614. 

[4] Osman, A., T. Kara, and M.J.I.J.o.R. Arıcı, Robust adaptive control of a quadruple tank process with sliding mode 

and pole placement control strategies. 2023. 69(5): p. 2412-2425. 

[5] Sun, J. and K.J.I.J.o. A.R.S. Zhao, Adaptive neural network sliding mode control for active suspension systems 

with electrohydraulic actuator dynamics. 2020. 17(4): p. 1729881420941986. 

[6] Chu, Y., et al., Adaptive global sliding-mode control for dynamic systems using double hidden layer recurrent 

neural network structure. 2019. 31(4): p. 1297-1309. 

[7] Dat, N.T., C. Van Kien, and H.P.H. Anh. Advanced Adaptive Neural Sliding Mode Approach Applied in PMSM 

Speed Control. in Computational Intelligence Methods for Green Technology and Sustainable Development: 

Proceedings of the International Conference GTSD2022. 2022. Springer. 

[8] Tuan, N.A., et al. Robust Adaptive Neural Sliding Mode Method for Coupled-Tank System Intelligent Control. in 

2022 6th International Conference on Green Technology and Sustainable Development (GTSD). 2022. IEEE. 

[9] Van Kien, C., H.P.H. Anh, and N.N.J.A.I. Son, Adaptive inverse multilayer fuzzy control for uncertain nonlinear 

system optimizing with differential evolution algorithm. 2021. 51: p. 527-548. 

[10]  YILMAZ, M., et al., PI+ Feed Forward Controller Tuning Based on Genetic Algorithm for Liquid Level Control 

of Coupled-Tank System. 2021. 11(2): p. 1014-1026. 

[11]  Van Kien, C., N.N. Son, and H.P.H. Anh. Adaptive MIMO Fuzzy Controller for Double Coupled Tank System 

Optimization by Jaya Algorithm. in 2020 5th International Conference on Green Technology and Sustainable 

Development (GTSD). 2020. IEEE. 

[12]  Vavilala, S.K., et al., Design and Implementation of the FOIMC Using the PSO Algorithm for the Coupled Tank 

System, in Design and Control Advances in Robotics. 2023, IGI Global. p. 127-151. 

[13]  Formato, R., Central force optimization: a new metaheuristic with applications in applied electromagnetics. Prog 

Electromagn Res 77: 425–491. 2007. 

[14]  Green II, R.C., L. Wang, and M.J.E.S.w.A. Alam, Training neural networks using central force optimization 

and particle swarm optimization: insights and comparisons. 2012. 39(1): p. 555-563. 

[15]  Chen, Y., et al., Modified central force optimization (MCFO) algorithm for 3D UAV path planning. 2016. 171: 

p. 878-888. 

[16]  Huan, T.T. and H.P.H.J.E.C. Anh, Optimal stable gait for a nonlinear uncertain humanoid robot using central 

force optimization algorithm. 2019. 36(2): p. 599-621. 

  



The International Conference on Sustainable Energy Technologies - 2023 (ICSET2023)  

© 2023 Industrial University of Ho Chi Minh City     251 

 

DESIGN TRAFFIC LIGHTS CONTROL BASED ON FUZZY LOGIC CONTROLLER 

AND FPGA 
 

VU THI HONG NGA1, LAM HOANG PHUC 1, NGUYEN ANH KHOI 1 

 

1 Industrial University of Ho Chi Minh City; 

1vuthihongnga@iuh.edu.vn, 2lamhoangphuc78@gmail.com, 3anhkhoi7610@gmail.com 

 

Abstract: The paper designs traffic lights controller applying fuzzy control algorithm on Field 

Programmable Gate Array (FPGA). The fuzzy controller is programmed in C language, using the Mamdani 

algorithm and implemented on the ALOGIC_V4 board, using the Cyclone IV EP4CE6F17C8N chip [1]. 

The two inputs of the fuzzy controller are Maximum Queue Length and Average Fill Rate from each 

approach of the intersection. The data is obtained through image processing on the Raspberry Pi 4 and 

communicates with the FPGA via UART. The output of the controller is weights with values from 0 to 100. 

From the output value, we calculate the optimal time to control the traffic lights. Users can observe the 

system's operation and control traffic lights directly on the Website. Besides, the image captured from the 

camera will be saved on SQL server [2]. By using a fuzzy controller on the FPGA to control traffic lights, 

it contributes to hardware optimization and reduces traffic congestion. 

Keywords: FPGA, fuzzy logic, Mamdani algorithm, traffic light control, Cyclone IV EP4CE6F17C8N, 

Raspberry Pi 4, SQL Server. 

 

1 INTRODUCTION 
In general, with the rapidly growing urbanization process all over the world and in Vietnam particular, the 

traffic infrastructure planning using smart traffic is an issue that is being oriented in the future. All types of 

transport vehicles are increasing at a rapid rate. That requires us to always find appropriate solutions to 

meet traffic needs and reduce traffic jams in big cities. Along with that is the great development of FPGA 

technology, a semiconductor chip with high processing speed, typically it can change the hardware structure 

in accordance with the improvement and development of the algorithm of the programmer. In this paper, 

we performed image processing to identify traffic density and design a traffic light controller using the 

fuzzy control algorithm in the Field Programmable Gate Array (FPGA), which saves maximum hardware 

production cost, high working speed with frequency f = 50 MHz and can change hardware flexibly 

according to user requirements [3]. 

 

2 FUZZY CONTROLLER DESIGN ON FPGA 
2.1 Fuzzy controller structure 
Fuzzy controller uses Mamdani algorithm, fuzzy rules are written according to the programmer's thinking 

and practical experience, from that we execute on FPGA and control traffic lights according to users’ 

wishes. [1]. 
 

mailto:vuthihongnga@iuh.edu.vn
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Figure 1: Functional diagram of fuzzy controller. 

 

In there: 

• x1, x2: inputs to fuzzy controller.  

• µ: the value after being fuzzification 

• β: the result after implementing the composition rule 

• y0: is the clear value after defuzzification. 

• Fuzzification block: transform the traffic density value into a vector µ whose value element 

corresponds to the number of input fuzzy sets. 

• Composition device: implement Max-Min composition rule based on fuzzy control rules. 

• Defuzzification block: convert the output fuzzy set to the corresponding y0 clear value. 
 

2.2 Traffic flow modeling 
To calculate the number of vehicles on the road, we use image data collected from cameras through two 

directions, East-West and South-North, and obtain two values: Maximum queue length and Average fill 

rate of traffic density [4]. 

• Maximum queue length (m): the queue length is the distance from the stop line of the traffic light 

to the queuing traffic (Figure 3). During the Red light period, the camera records the longest part of the 

queue (maximum queue length) of that lane every second. Then take the last value at the start of the Green 

light period as input to the fuzzy controller. 

• Average fill rate (%): The detection area is set from the stop line of the traffic light back to a space 

to record the fill rate. Understand as the ratio of vehicles detected in the detection area to the area of the 

area (figure 3). During the green light period, the camera records the fill rate per second. At the start of the 

red light period, the average fill rate during the green light period is taken as the input of the fuzzy controller. 

From the above two values, after defuzzification, we get the weights with values from 0 to 100. These 

weights decide the light time of the Green, Red, and Yellow lights in the two directions South-North and 

East-West. 

2.3 Fuzzy control process 
The Green light time in the next cycle is calculated from the data in the previous cycle. Here, the system 

uses information about the maximum queue length and the average fill rate of the traffic density to estimate 

the appropriate Green light time of each phase [5]. From this, the time of the Red and Yellow lights is 

inferred. In which, the fixed Yellow light is 3 seconds or can be adjusted depending on the programmer. 

 

 Control rules 

 Composition device  Fuzzification  Defuzzification 
  

 

x1 

x2 
y0 
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Figure 2: Calculation of Green light time value for next cycle. 

 

Fuzzy controller uses the maximum queue length and average fill rate collected in the previous cycle to 

calculate the weights (Weight) of each signal direction. The maximum weighted value between two 

opposite directions North-South is chosen as the W1-weighted value of period 1. Similarly, this is also 

applied to period 2. Finally, the values W1 and W2 is used to calculate the total green time of a cycle. 

Combined with the phase weights and the total Green light time to estimate the reasonable Green light time 

of each direction for the next cycle. The calculation is applied according to the following formula: 

         (1) 

 

(2) 

 

 

In there: 

- Total_GT: Total green time of a cycle. 

-         : Sum of the weights of the stages. 

- Min1 and Max1: Minimum and Maximum value of the total weight. 

- Min2 and Max2: Minimum and Maximum value of total Green time in a cycle. 

- n: number of stages, experimental results are applied with n = 2. 

- GT_Stagen (Green Time Stage n) is the Green time of n stages 

2.4 Fuzzification and membership function 
We use trapezoidal and triangular membership functions to fuzzification the input and output values of the 

system, because these functions are diverse and efficient for calculating values. The partition numbers on 

the output fuzzy use trial and error method to select the numbers. Fuzzy variables are conventionally and 

described as follows [6]: 

Queue length: {Low, Medium, High, Very High} 

Average fill rate: {Low, Medium, High, Very High} 

Weight output value: {Very very low, Very low, Low, Medium, High, Very high, Very very high}. 
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Figure 3: Diagram of input and output membership functions. 

 

2.5 Fuzzy control law 
The fuzzy control rule has the function of representing the rule in the form of an if-then structure. It consists 

of a combination of inputs and outputs that have been represented as fuzzy. The number of fuzzy rules will 

correspond to the combination of the inputs. For a problem with two inputs, each input has four levels, so 

the fuzzy rule will consist of sixteen rules. In fuzzy rule, because queue length has higher priority, fuzzy 

rule will be chosen so that it is optimal according to maximum queue length [6]. 

 
 

Weight 
Maximum queue length 

L M  H VH 

Occupancy 

medium 

L VVL L M H 

M VL L H VH 

H L M  H VVH 

VH M H VH VVH 

Figure 4: Fuzzy control rules. 

 

Note: VVL: Very Very Low, VL: Very Low, L: Low, M: Medium, H: High, VH: Very High, VVH: Very Very 

High 

There are two common types of fuzzy controllers, Mamdani and Sugeno. However, here we use Mamdani 

method and weighted average defuzzification method for fuzzy controller on FPGA so that the system runs 

optimally and can easily change the output values. 

 

3. EXPERIMENT AND EVALUATION 
3.1 Creating embedded chips and programming NIOS II on FPGA 
Create 32-bit embedded chip using Qsys tool in Quartus II software with necessary modules to build a 

traffic light control system: PIO, Timer, UART [1]. With the flexible customization of the FPGA on the 

ALOGIC_V4 circuit, it allows creating or changing the hardware configuration according to the 

programmer's wishes [2]. After creating the microprocessor, we used it. Use the Nios II Software Build 

Tools for Eclipse to install a fuzzy controller on it using the embedded programming language C [7]. 
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3.2 Model Deployment 

Here we develop a miniature model with corresponding model cars, the deployment model consists of 4 

lanes defined as North - South - West - East, each lane will correspond to a fuzzy value.The model consists 

of four lanes with four traffic lights and four double seven-segment LEDs, which show the time when the 

lights are on. The model has a camera that collects data from above that will transmit the signal through 

the Raspberry. In Raspberry will process the data to give the input of the fuzzy rule. The model will capture 

the image from the camera, the image will be processed in the Raspberry to pass the FPGA ALOGIC_V4 

input values for fuzzy processing in the fuzzy controller. Output the values to calculate the two Green light 

parameters corresponding to the two directions of North-South and West-East [8]. 

 

  
Figure 5: Model of crossroad traffic lights. 

 

3.3 Data collection and labeling 

In order for vehicle image data, including images of motorcycles, cars, etc. to be used for training, it is 

necessary to label the data with the LabelImg labeling tool. This step will label fixed objects in the image, 

to help identify the classification between cars and motorbikes on the road by drawing a rectangle around 

the vehicles. The obtained data includes .txt files with the names corresponding to the labeled images as 

follows [9]: 
                 
  

 

 

 

 

 
 

Figure 6: Data Labeling. 

 

3.4 Identification of data 

The labeled data will be trained with the Yolov4 model with the darknet library. Yolov4 is a deep neural 

network model that allows processing and recognition of video and image objects. Fast and accurate 

processing speed. To train the data with Yolov4, we use Colab which provides a third-party GPU, which 

will help the training speed be faster and not be interrupted by external agents. The results will produce 

“.weight” files, these files have the effect of identifying vehicles participating in traffic on the road with 

high accuracy, the chart checks the accuracy of the recognition is good about 94%. To make it possible 

to process this data to identify vehicles on the road with the camera, we use the cv2 library, which is an 

image processing library on Python [2]. 
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Figure 7: Level of recognition. 

3.5 Data processing 

Fuzzy controller controls traffic lights, whose inputs are data processing values that have been image 

processed by Python on raspberry. One fuzzy output corresponding to two data inputs. This will collect two 

data parameters, “Maximum Queue Length” and “Average Fill Rate”. The use of these two data is based 

on evaluation, observation, “Maximum Queue Length” will be collected while the Red light time of that 

lane, i.e. the longest length value, and “Average Fill Rate” will be collected while the Green light period of 

that lane, i.e. will take the average ratio of the total area occupied (filled) by vehicles during the Green light 

period, The average area of the total vehicles will be considered with the area of the specified lane. 

The result will produce four pairs of values corresponding to four directions: North - South - West - East. 

These values will be transmitted through the FPGA as input to the fuzzy controller via the UART 

transmission protocol [10]. 

3.6 Website, database and winform 

We build a local website and simultaneously connect and store data on Microsoft SQL Server using 

Raspberry Pi 4. To connect to SQL Server, we use smartphones to broadcast wifi network connected to 

Server computer and Raspberry Pi. At that time, the smartphone acts as a router device providing internet 

service. Then we use the open source FreeTDS driver used in the Linux environment. It allows connecting, 
manipulating and accessing databases to SQL Server using python code [2]. To connect successfully, it is 

necessary to perform the steps to public Microsoft SQL Server over the Internet including the default 

port 1433 and the IP address of the Server machine[8]. 
We use Microsoft SQL Server Management Studio software. Proceed to initialize the table with columns 

including ID, Image, Time, Date with basic query statements. The image data needs to be converted to 

binary and then stored in the data table. 

In addition, we also create a simple Winform in C# programming language. Images stored on the Server 

will be accessed on the screen according to the date and time that the user chooses. 

 

4. TRAFFIC LIGHT CONTROL USING FUZZY CONTROL RESULTS 
4.1 Results of running on the model 

 

 

 

  

 

 

Figure 8: Results of running on the Yellow, Red, and Green lights model. 

4.2 Results run on the website 

Running the model, we will get the data displayed on the website of 4 lanes as follows: 
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Figure 9: Parameter display interface. 

4.3 Modelsim simulation results 

The simulation results of modelsim control normal traffic lights and control traffic lights based on fuzzy 

logic as follows: 

 

 

 

    Figure 10: Simulation of normal traffic lights                Figure 11: Simulation of traffic lights based on fuzzy logic.  
Based on the above two simulation results with the same traffic conditions, we can see the efficiency of 

traffic light control based on fuzzy logic controller. Because the simulation results of the open controller 
show that the Green light time is extended on the side of the road with higher traffic density. It will free up 

more queues than normal traffic light control in the same operating cycle [3]. 

5. Conclusions and directions for development 
The article presented how to design a fuzzy controller on FPGA to control traffic lights, including the 

hardware used ALOGIC_V4 kit, Raspberry Pi 4 Model B kit combining software such as Quartus, Python, 

C languages , SQL Server. The result of the paper is a traffic light model running in real time, showing high 

efficiency in traffic control of the fuzzy controller with different test cases. The system works well, the 

website accesses real-time monitoring and traffic light control runs stable. Research and development 

directions for the topic to become more and more complete, such as: traffic accident identification, giving 

way to priority vehicles, red light detection, cloud storage for system data. 
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Abstract. The paper presents a control and monitoring system for seed storage in storage using ZigBee 

wireless network, the UART communication standard, incorporating the SCADA interface designed on 

Visual. The system is designed with 2 Slaves and 1 Master. Each slave is designed based on an Arduino 

UNO microcontroller connected to ZigBee, DHT11 temperature and humidity sensors, and modules to shut 

off electrical devices, lights, fans, heaters, etc. The Master is connected to ZigBee to receive and send data 

to the Slaves according to the UART communication standards. The Master is connected to the WinForm 

interface via the Serial Port to receive and send data to SCADA, monitor, and control through the interface 

on WinForm. The SCADA interface allows users to collect and monitor actuators' temperature, humidity, 

and operating status parameters in different seed warehouses in 1 central control room via a wireless ZigBee 

network. 

Keywords. ZigBee, Agriculture, Seed Preserving, Visual Studio, SCADA 

1 INTRODUCTION 

Vietnam is an agricultural country. But currently, the arable land area is shrinking, especially the seedling 

areas are decreasing. Therefore, it is necessary to manage and preserve the quality of seeds. Some seed 

warehouses and farms manually monitor the quality of sources, checking the temperature and humidity of 

each warehouse or placing LCD screens outside the warehouse for monitoring. However, warehouse 

managers have no centralized control room for easy tracking and control. The primary method of seed 

preservation in warehouses relies on weather conditions. Each warehouse stores different seeds in a seed 

warehouse or station, so it is tough to connect all warehouses to a central control room, not to mention the 

high electricity. 

Studies on seed preservation in storage are relatively common in agricultural countries such as 

Bangladesh, China, Thailand, India, etc. Research on wireless networks applied in various human-related 

fields, with a particular focus on agriculture, has also attracted the attention of scientists [1-8]. A smart 

home that controls the status of electronic devices, lighting, TV, and household appliances using the LoRa 

network [1]. In the study [2], a software system for monitoring, collecting sensor data, detecting and alerting 

water leakage through WSNs and Java Web technology was developed. The advantages and challenges of 

agricultural applications and IoT-based agricultural software are presented in the research [3]. In [4], the 

author built an intelligent agricultural service system using the LoRa network to collect light intensity, 

temperature, soil moisture, and carbon dioxide concentration in greenhouses and warehouses. Research [5], 

an IoT-based system for automating maintenance, pesticide control, crop management, and monitoring is 

in question. The monitoring system for cereal grains through PLC and HMI using the ZigBee network is 

mentioned in the study [6]. In the research [7], WSNs collect temperature and humidity data using RF 

waves. In [8], a low-power IoT network for intelligent agriculture is built to monitor soil moisture through 

a 4G Modem. However, these studies may experience transmission interruptions when network nodes lose 

connection, affecting the entire system. In this study, the author proposes to use a ZigBee wireless network 

and SCADA interface to solve limited wiring problems, reduce power consumption, increase control and 

monitoring information in the system, monitor seed preservation in storage, and maintain wireless network 

connectivity in case one of the connections in a warehouse fails without disrupting communication with 

other warehouses. 

The main content of the research paper is to build hardware systems on Arduino and software on 
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computers using WinForm C# to create SCADA interfaces to control and monitor temperature, humidity, 

devices, and actuators at seed storage warehouses. Enhance efficiency in monitoring and preserving seeds, 

reducing incidents while ensuring quality and cost savings. The article structure consists of Part 1 – 

Introduction. Part 2 – Wireless Sensor Networks and Zigbee Technology. Part 3 – Design and construction 

of the system. Part 4 – Complete the model and evaluate the system operation. Finally, there is a conclusion 

section and reference materials. 

2 DESIGN AND CONSTRUCTION OF THE SYSTEM 

2.1 System Block Diagram 

Figure 1 presents the block diagram of the system with three main functional blocks. The first block, 

Central Controller (MASTER), receives, processes, and sends data to Warehouse 1, Warehouse 2, and 

SCADA. The second block consists of sensor network nodes Slave 1 and Slave 2, representing Warehouse 

1 and Warehouse 2. This block is a Slave node with the function of collecting data from the DHT 11 

temperature and humidity sensor, waiting to receive data from the Master, then executing to the actuators 

and the ZigBee CC2530 module has the function of wireless communication between the Slave and Master 

blocks. Finally, the SCADA block serves as a user interface and communication management software with 

the Central Controller through a Serial Port. This allows operators and managers to control and monitor the 

system easily on a computer at a low cost. 

 
Figure 1: System Block Diagram. 

a) Central Controller (Master) 

 
Figure 2: Schematic of Master block. 

The Central Controller is considered a Master responsible for handling important tasks of the system. 

This block is designed to include an Arduino UNO microcontroller combined with a Zigbee CC2530 

module. The UART communication standard connects the two devices, as illustrated in Figure 2. 

The ZigBee CC2530 module was chosen as the wireless communication network of the system. 
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Combines the excellent performance of the RF transceiver with the industry-standard MCU 8051, resulting 

in a compact-sized product of the ZigBee CC2530. It allows the construction of network nodes with a 

maximum Baudrate of up to 115200, an ideal transmission distance of up to 250m, commonly used voltage: 

3-5.5 VDC, ZigBee 2.4Ghz frequency band, and especially low power consumption <30mA [9]. 

b) WareHouse (Slave) 

 
Figure 3: Schematic of Slave block. 

Each Slave acts as the network node of the system (figure 3). Each node is based on Figure 3 and includes 

an Arduino UNO microcontroller that connects to the ZigBee module via UART standard. Input is a DHT11 

sensor device, push buttons and switches. Output is actuators such as Fans, Heat, Light, etc. 

DHT11 temperature and humidity sensor has an operating voltage range: 3.5V – 5.5V easy to connect to 

microcontrollers, Operating current: 0.3mA (measuring) 60uA (standby), Output: Serial data, Temperature 

Range: 0°C to 50°C, Humidity Range: 20% to 90%, Accuracy: ±1°C and ±1% [10]. Since the specifications 

are suitable for the Vietnamese environment and the cost is low, the author chose to use the DHT11 sensor 

for data measurement in the system. Follow two steps to communicate DHT 11 with Arduino Uno [10]. 

Step 1: Send the Start signal you want to measure to DHT 11, then DHT 11 confirms 

Step 2: Once communicating with DHT 11, the sensor will send back 5 bytes of data and the measured 

temperature. If Byte 5 = (8 bits) (Byte1 + Byte2 + Byte3 + Byte4 ), then the humidity and temperature 

values are correct. If incorrect, the measurement results are meaningless. 

 
Figure 4: Sensor communication DHT 11 with MCU [10]. 

c) SCADA 

 
Figure 5: System interface layout. 
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In this paper, the author builds a SCADA interface system with features for transmitting, receiving, 

controlling, and monitoring data using Visual Studio C# software. 

A WinForm software designed to run on the Windows platform, allowing connection to Arduino UNO 

microcontroller by Serial Port saves license costs and does not require high computer configuration 

compared to other SCADA systems. 

Figure 5 describes the system interface consisting of the Login Screen, WareHouse's Name, Arduino 

Connection, Warehouse 1, Warehouse 2, Control, Monitoring, etc. The author plans to design according to 

the operator's and manager's wishes. Therefore, Unifying the design to build and develop software is easy.  

2.2 Algorithm flowchart. 

 
  

Figure 6: a) Flowchart of Master Algorithm, b) Flowchart of Slave Algorithm. 

Figure 6a describes the operation algorithm of the Master block. Figure 6b describes the program 

algorithm of the Slave block. The communication standard between the Master and Slave blocks is UART, 

so data transmission and reception must be checked before executing commands.  

3 COMPLETE THE MODEL AND EVALUATE THE SYSTEM OPERATION 

3.1 Hardware model of the system 

 

 

Figure 7: Hardware Model of Slave block. 
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Figure 7 depicts the hardware model of the WareHouse (Slave) designed based on the schematic diagram 

of the Slave block (Figure 2). The slave block consists of the Arduino UNO connected to ZigBee which is 

responsible for communicating data with the Master block. The Arduino UNO in the Slave block has input 

signals that are DHT 11 temperature sensors, push buttons, and output signals that are actuators. 

 
Figure 8: Hardware Model of Master Block. 

Figure 8 is the Central Controller (Master) block consisting of an Arduino UNO microcontroller 

connected to the ZigBee module according to UART standards. The cable connects to the USB Serial Port 

of the laptop to both power the controller and connect to SCADA software. 

This system uses the Zigbee network to monitor and preserve seeds in the Warehouse on SCADA with 

components such as sensors, computers, controllers, software, and wireless communication systems. The 

system allows humans to easily connect desired information and data at different locations within an area 

through the Zigbee wireless network. Slave sensor nodes in Warehouse 1 and 2 test and collect data from 

sensors. The central control unit (Master) retrieves data from Slave nodes through Zigbee and UART 

communication standards. If the temperature and humidity exceed the specified threshold, the Master sends 

a signal to the slave. Finally, the Slave network node that receives the signal from the Master will execute 

the requested task. Operators and relevant management staff can observe the Warehouse's temperature, 

humidity, and necessary information through the SCADA interface built on WinForm. In addition, 

operators can remotely turn on/off emergency devices such as fans, ventilation devices, and heating devices 

manually or automatically. 

3.2 System operation results  

 
Figure 9: Model experimental activities. 

Figure 9 depicts the actual operation of the model with the master module and the slave module 

positioned 80m apart. The model works well at different distances; the transfer speed of the master module 
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and the slave module will change at different rates to ensure that the transmitted data will not be interrupted 

(table 1). 

A user interface logs into the system like Figure 10a. Design user permissions for different accounts to 

ensure the features as well as tasks of management departments in the system. 

Figure 10b is the central monitoring interface of the system, including the following functions: 

Connect Arduino: 

▪ Set serial port parameters to connect to the control circuit (COM port name, baud rate). 

▪ Button to connect and disconnect to the control circuit 

▪ Display connection status and no connection with the control board. 

The monitoring screen includes Man and Auto modes and cells showing the temperature and 

humidity of the two warehouses. 

The control screen includes the following functions: 

▪ Turn on the light, turn off the light. 

▪ Turn on the fan, turn off the fan. 

▪ Set temperature and humidity values for two warehouses. 

Warehouse 1 and Warehouse 2 have the following functions: 

▪ Displays temperature and humidity values sent by the control screen. 

▪ Display temperature and humidity values sent by the control circuit. 

▪ Display the current status of lights (on/off) and fans (on/off). 

 
                                 a)                                                                                   b) 

Figure 10:a) System login interface, b) System SCADA Interface. 

After successfully connecting the SCADA interface with Arduino, the temperature and humidity data 

from WareHouse 1 and WareHouse 2 are sent to the SCADA interface. The Monitoring area displays the 

temperature and humidity at the monitored positions. The Control area is used to remotely control objects 

in the warehouse when Manual mode is selected. By selecting auto mode, enter the Setpoint parameters 

(Set Temp K1, Set Temp K2, Set Hum K1, Set Hum K2) shown in Figure 10b for the system to operate 

fully automatically. 

Table  1: ZigBee data transmission results table in different conditions. 

Enviroment Distance Baud Rate Zigbee (bauds) 

Open environment, no obstacles 100 m 38400 

Classroom environment, with a retaining wall 80 m 19200 

Classroom environment, with two retaining walls 50 m 14400 

Classroom environment, with two retaining walls 30 m 9600 

Classroom environment, there is a retaining wall 

made of glass 

100 m 9600 
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Classroom environment, there are two retaining 

walls made of glass 

70 m 4800 

Classroom environment, there are three retaining 

walls made of glass 

50 m 2400 

 

Table 1 shows the results of transmission distance and speed in different environmental conditions. In 

conditions without any obstacles like walls or glass, the distance and speed of data transmission are highest. 

When passing through environments with many obstacles like between 2 classrooms or 3 classrooms, the 

distance and speed of data transmission are reduced. For the warehouses in this study, the ZigBee wave 

antennas are placed outside the room. Therefore, the distance and transmission speed in the wireless 

network can be ensured. 

4 CONCLUSION 

The paper presents a solution for building a monitoring and preservation system for seeds in a warehouse 

using the ZigBee wireless network on Visual Studio C# software. With the model and experimental results 

on communication distance and system stability, the system meets the conditions for application and 

deployment in small agricultural seed warehouses in villages with an area of about 4,000 m2 under suitable 

environmental conditions and surrounding obstacles. The system can be upgraded on a larger scale by using 

repeater devices to extend the coverage of the Zigbee wireless network. The system can also be applied to 

other goods, such as food, pharmaceuticals, or environmentally sensitive products. Additionally, to enhance 

the automation of the system, Smart control can be implemented, along with deploying the system on IoT 

to remotely collect data for analysis and evaluation, providing optimal conclusions to ensure seed quality. 
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Abstract. Predicting the load power of a base solar power plant is critical to improving the profit from 

available solar energy. This research develops a deep learning method to predict the load power utilizing 

the long short-term memory model. The proposed method could increase the accuracy in hourly predicting 

the full load power of commercial buildings integrated with a solar power plant. The load operation is 

generally influenced by the weather parameters such as temperature, dew point, humidity, pressure, wind 

direction, and wind speed. These parameters affect the load power, which is considered the target factor. 

Moreover, the advanced meter infrastructure also collects the internal parameters of the solar power 

microgrids over one year, including the battery-discharged power. These additional parameters were also 

examined as input parameters in the proposed method. The Long short-term memory (LSTM) algorithm is 

sought for predicting the full load power of the building. The performance and accuracy of the proposed 

LSTM are compared and evaluated with other deep learning methodologies with MSE and MAE 

benchmarks. The experiment results proved that the LSTM scores a higher performance with the maximum 

improvements of 39.64% MSE, 27.05% MAE in the training data, and 12.58% MSE, 19.94% MAE in the 

validating operation, respectively. 

Keywords. Load power prediction; Load power prediction; Long short-term memory; Smart solar 

microgrid. 

1 INTRODUCTION 

Many assumptions are required for load-predicting analysis in smart solar microgrids to account for the 

unpredictability factor. These assumptions required thousands of nonlinear equations, which takes lots of 

computational analysis and the experience of experts. To eliminate these difficulties, the deep learning 

methodology is developed as an alternative to traditional neural network approaches to predict the load 

power based on input and output parameters. Predicting load power in smart solar microgrids based on a 

regression approach is the most common solution researched in the literature review. Deep learning 

methodologies control a system's response and unpredictability parameters for forecasting load power. 

Many real-life problems can be effectively solved and evaluated using machine learning approaches to 

improve accuracy of predictive models. 

Accurate prediction of the load power in the smart solar microgrid improves electricity producers to be 

more successful in the market. Similarly, smart solar operators require accurate load information for reliable 

and secure smart solar operation. Also, short-term load power prediction is important in the energy 

resources management and operation of the smart solar microgrid. Load power is time series data, which 
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normally has complex behavior.  The complexities of load power include nonlinear, time series complexity, 

and variable behavior. Many researches have been done in recent years due to the importance of short-term 

load power prediction [1][2][3][4][5][6][7][8][9]. Wi et al. employed fuzzy polynomial regression to 

forecast load power considering economic and weather parameters [10]. The effectiveness of the developed 

method was demonstrated by evaluating mutual data between weather and season to season. However, the 

predicting performance was influenced by the accuracy of weather forecasting algorithms. Lopez et al. 

developed self-organizing maps NN in load forecasting, which provide a deep analysis in real-world 

applications [11]. The study on the significance of meteorological parameters and frequency components 

was analyzed to build decision-support applications of the Spanish electricity market. Ahmad et al. evaluate 

the medium-term and long-term energy prediction based on the nonlinear autoregressive approaches and 

actual environmental information [3]. The optimal model could guarantee the predicting accuracy of the 

designed energy systems with the coefficient of variation of the LSBoost approach. The developed 

methodology was compared and analyzed with the previous Gaussian regression model, which 

demonstrated its effectiveness in real-world applications. Petra et al. deployed support vector regression to 

short-term load forecast to save cost and significant contribution to the grid innovations of the electricity 

market [12]. The proposed approach was compared with ten state-of-the-art forecasting models to 

demonstrate its accuracy with Irish CER data. The application of SVR in an online forecasting framework 

showed its advantages in smart city systems. Nazar et al. deployed wavelet Kalman machines for 

simultaneous load prediction, which combined the Kohonen Self-Organizing Map to find similar days of 

load components [13]. In the next stage, the MLP-ANN and ANFIS were employed to forecast the load 

and price variables, respectively. The developed method was compared with recent forecasting algorithms, 

which achieved better performance for day-ahead electricity prediction. Ekonomoou et al. developed a 

precise electric load prediction based on artificial neural networks and wavelet denoising methodology [14]. 

The combined algorithm provided better historical load signals during the training operation and achieved 

better forecasting accuracy. The short-term load predicting approach did not consider the holiday and 

economic developing factors, which greatly affected the predicting accuracy. Chen et al. provide a short-

term forecasting model based on deep residual networks, which could integrate domain knowledge to 

improve the forecast performance [15]. Moreover, a two-stage ensemble strategy was deployed to predict 

probabilistic load with Monte Carlo dropout. The effectiveness of the developed method was simulated in 

three public datasets, which demonstrate its higher generalization ability in load forecasting. Rana et al. 

applied feature selections in the electricity demand forecast combined neural network, which utilized half-

hourly electricity demand data [16]. The correlative feature selection could improve the coverage 

probability up to 97.44% and 91.89% for the Australian and British data, respectively. Gowri et al. utilized 

deep learning methodology to predict thermal load based on advanced feature selection, achieving 

computationally efficiently with higher accuracy [17]. The deep learning method could achieve better 

MAPE benchmarks, which provide lesser computation periods. Kouhi et al. developed short-term load 

prediction based on NN and chaotic intelligent feature selection [18]. The relevant input data are selected 

to improve the predicting accuracy of MLP NN with hybrid Levenverg-Marquardt and DE methodologies. 

The hybrid method was simulated in PJM and England datasets, which achieved higher performance in 

recent STLF technologies. Raza et al. proposed an intelligent hybrid ANN and GPSO in training 

technology, which improved forecasting demand due to exogenous meteorological variables [19]. The 

dataset of the New England grid demonstrated its significant improvement in forecasting accuracy and 

convergence velocity compared with contemporary methodologies in the literature. Therefore, the 

applications of deep learning algorithms have demonstrated their outstanding performance compared with 

traditional neural networks in short-term load prediction. 

Although many methodologies have been developed to forecast the short-term load, no research 

concentrates on power prediction in the smart solar microgrid. Therefore, this research proposed the long 

short-term memory (LSTM) to predict the load power regarding weather factors, including temperature, 

precipitation, relative humidity, and battery discharge data. The predicting performance of the proposed 

LSTM algorithm is compared with the recurrent neural network (RNN) model to analyze and evaluate. The 

methodologies are illustrated in the next section. The experiment results are presented in the third part, and 
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the final section is the conclusion of this study. 

2 METHODOLOGY 

2.1 Data preparation 

The general structure to integrate deep learning methodology is illustrated in Figure 1. The smart solar 

microgrid can collect different parameters based on IoT modules, including weather parameters and battery-

discharged power. The hourly sequential data are accumulated for more than one year. The battery-

discharged power data is selected as an additional input feature to improve the predicting efficiency. The 

collected data are normalized with the min-max method, which are calculated by Eq. (1). The 𝑥𝑚𝑖𝑛 and 

𝑥𝑚𝑎𝑥 are the minimum and maximum data for each collected variable. The min-max normalization 

approach transfers all collected features in the same range (0,1), which could be comfortably proceeded by 

the deep learning machine. 

 𝑥̇𝑡 =
𝑋𝑚𝑖𝑛−𝑥𝑡

𝑥𝑚𝑖𝑛−𝑥𝑚𝑎𝑥
 (1) 

2.2 Introduction of deep learning methodologies 

In this study, some deep learning, which can process sequential information data, is deployed to predict 

the load power in the smart solar microgrid. The recurrent neural network (RNN) could process the 

temporal dynamics in historical variables constructed from a feedforward NN [20]. The RNN could achieve 

knowledge from previous historical information in the short term, which deployed the input, hidden, and 

output gates. The RNN architecture could map previous historical variables by recursively transferring 

Figure 1: The general structure of developed deep learning methodology in the smart solar microgrid. 

Figure 2: The general structure of recurrent neural network. 
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current input to the output data, as in Figure 2. The output information is calculated in Eqs. (2) and (3), 

which updated weight and bias vectors in training operations. However, the simple RNN architecture is 

generally affected by the gradient vanishing problem [21], [22]. 

 ℎ𝑡 = 𝑡𝑎𝑛ℎ(𝑊ℎℎℎ𝑡−1 + 𝑊ℎ𝑖𝑖𝑡 + 𝑏ℎℎ) (2) 

 𝑜𝑡 = 𝑡𝑎𝑛ℎ(𝑊𝑦𝑜ℎ𝑡 + 𝑏ℎ𝑜) (3) 

Although the RNN model could maintain the previous memory, the standard architecture still experiences 

the vanishing gradient problem [23]. Therefore, the LSTM was introduced to solve this issue [22][24]. The 

LSTM could identify the optimal long-term variables for time-sequential historical data. The LSTM selects 

the primary correlation between historical input data and target output [25][26]. This structure involves 

different controllable gates, input, output, and forget gates, as illustrated in Figure 3. These gates 

continuously function resetting, writing, and reading operations that provide the storing and accessing data 

in the long-term memory, as described in Eq. (3a)-(3f). The sequential input vector, 𝑥𝑡, is calculated 

through the hidden state, ℎ𝑡, to output the flow sequence, 𝑜𝑡, by iterating the following functions, where 

𝑊 and 𝑏 are the weight matrix and bias vector in different gates. The 𝑥𝑡, 𝑓𝑡, 𝑐𝑡, and 𝑜𝑡 are the input vector, 

the forget gate, the cell activation vectors, and the output vector of the LSTM cell.  

 𝑓𝑡 = 𝑠𝑖𝑔𝑚𝑜𝑖𝑑 (𝑊𝑓ℎℎ𝑡−1 + 𝑊𝑓𝑥𝑥𝑡 + 𝑏𝑓) (3a) 

  𝑖𝑡 = 𝑠𝑖𝑔𝑚𝑜𝑖𝑑 (𝑊𝑖𝑥𝑥𝑡 + 𝑊𝑖ℎℎ𝑡−1 + 𝑏𝑖) (3b) 

 𝑧𝑡 = 𝑡𝑎𝑛ℎ (𝑊𝑧𝑥𝑥𝑡 + 𝑊𝑧ℎℎ𝑡−1 + 𝑏𝑧) (3c) 

 𝑜𝑡 = 𝑠𝑖𝑔𝑚𝑜𝑖𝑑 (𝑊𝑜𝑥𝑥𝑡 + 𝑊𝑜ℎℎ𝑡−1 + 𝑏𝑜) (3d) 

 𝑐𝑡 = 𝑓𝑡⨀𝑐𝑡−1 + 𝑖𝑡⨀𝑧𝑡 (3e) 

 ℎ𝑡 = 𝑜𝑡⨀𝑡𝑎𝑛ℎ (𝑐𝑡) (3f) 

 To evaluate the performance of predicting methodology, the mean square errors (MSE) and mean 

absolute error (MAE) are utilized as benchmark metrics, as computed as follows, where 𝑦𝑖 and 𝑦̂𝑖 are the 

predicted value and target variable respectively, as computed in Eqs. (4)-(5). 

 𝑀𝑆𝐸 =
1

𝑛
∑ (𝑦𝑖 − 𝑦̂𝑖)

2𝑛
𝑖=1  (4) 

  𝑀𝐴𝐸 =
1

𝑛
∑ |𝑦

𝑖
− 𝑦̂

𝑖
|𝑛

𝑖=1  (5) 

3 EXPERIMENT RESULTS 

To prove the effectiveness of the proposed LSTM methodology, the experiment results of LSTM and RNN 

are analyzed with different MSE and MAE benchmarks. The simulated results are presented in Table 1 

with different window sizes in the sequential historical information. The window sizes are the number of 

sequential historical data which are deployed as two-dimensional features. All the data are collected in 

installed smart solar microgrid for more than one year in Kaohsiung, Taiwan. All the anomaly data are 

filtered before deploying in predicting methodology. 

In the 6 sequential window sizes, the LSTM model achieves 0.0027, 0.0259, 0.0049, 0.0366, while the 

Figure 10: The general structure of long short-term memory cell 
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RNN algorithm obtains 0.0033, 0.0355, 0.0056, and 0.0457 for MSE and MAE during the training and 

validating process, respectively. Compared with the RNN method, the LSTM outperforms the traditional 

RNN model, which attains 18.40% MSE, 27.05% MAE, 12.58% MSE, and 19.94% MAE improvements 

in training and validating operations. Therefore, the LSTM algorithms demonstrate their effectiveness and 

stability in processing load power historical information in smart solar microgrids.  

In the 12 sequential windows, the RNN achieves 0.0038 MSE and 0.0349 MAE in the training process and 

0.0060 MSE and 0.0424 MAE in the validating operation. In addition, the developed algorithm acquires 

0.0023 MSE and 0.0260 MAE in the training process and 0.0053 MSE and 0.0402 MAE in the validating 

procedure. Compared with the traditional RNN model, the LSTM method obtained significant 

enhancements of 39.64% MSE, 25.53% MAE, 11.98% MSE, and 5.24% MAE, respectively. Therefore, 

the LSTM proves its capability in processing long-term sequential information with higher accuracy and 

better performance in both MSE and MAE benchmarks.  

Table 1: The experiment results between RNN and LSTM models. 

In general, comparing across window size, the LSTM model scores a higher performance with the 

maximum improvements of 39.64% MSE, 27.05% MAE in the training data, and 12.58% MSE, 19.94% 

(a) (b) 

Figure 4: The MSE values during the training and validating process: (a) 6-window size, (b) 12-

window size 
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Figure 5: The MAE values during the training and validating process: (a) 6-window size, (b) 12-

window size 
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MAE in the validating operation, respectively. Therefore, the proposed LSTM algorithm demonstrates its 

effectiveness in predicting load power in smart solar microgrids, which achieves outstanding performance 

compared with the traditional RNN model. In addition, during the training and validating operations, the 

proposed LSTM converges better velocity compared with the RNN approach and obtains lower MSE and 

MAE benchmarks. Therefore, the LSTM achieves the highest performance in predicting the load power in 

the smart solar microgrid. 

4 CONCLUSION 

In this study, the load power in the smart solar microgrid is predicted based on the proposed LSTM 

algorithms. Many internal and external historical parameters are collected by deploying IoT modules in the 

solar system every hour. The proposed LSTM model is compared and analyzed with the RNN model in 

different window sizes. The experiment results proved that the LSTM scores a higher performance with the 

maximum improvements of 39.64% MSE, 27.05% MAE in the training data, and 12.58% MSE, 19.94% 

MAE in the validating operation, respectively. Therefore, the LSTM methodology could provide optimal 

accuracy in predicting load power, which is integrated into the energy management system of the smart 

solar microgrid. 
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Abstract. This study explores the utilization of an optic film as an innovative optical enhancement in LED 

luminaires for rear lights. The optic film, functioning akin to an array of cylindrical convex lenses, is 

employed to replicate each LED as a series of virtual image lines. This optical arrangement mitigates the 

glare associated with high-intensity LED point sources and concentrates the emitted light within a specific 

angle, ultimately enhancing the efficiency of LED lighting. The paper delves into the principles behind the 

optic film's operation, including the critical angle α and the refractive index. Furthermore, it investigates 

the behavior of light within the optic film, classifying it into three distinct modes: emission, recursion, and 

high angle. Key parameters defining triangular units within the optic film are also discussed. Experimental 

results demonstrate a significant improvement in light output efficiency, with the LED luminaire 

incorporating the optic film achieving a 45.95% increase in intensity compared to its counterpart without 

the film. These findings underscore the effectiveness of the optic film in improving LED luminaire 

performance, making it a compelling choice for applications requiring enhanced lighting efficiency. 

 

Keyword. LED luminaire, Flame barrier, 8750 safety regulation, LED design.  

1 INTRODUCTION 

In the realm of lighting technology, the quest for energy efficiency, enhanced luminosity, and reduced glare 

has been a perennial challenge. In this pursuit, the integration of innovative optical elements has emerged 

as a pivotal avenue for achieving superior lighting performance. Among these advancements, the utilization 

of optic films has garnered substantial attention as a transformative solution, particularly in the context of 

Light Emitting Diode (LED) luminaires [1-2]. 

Past studies have laid the foundation for our exploration, revealing the transformative potential of optic 

films in enhancing LED luminaire efficiency. These studies have consistently demonstrated that optic films, 

by functioning as an array of cylindrical convex lenses, have the remarkable capability to replicate each 

individual LED within a luminaire as a series of virtual image lines. This seemingly subtle yet profound 

optical arrangement has the potential to revolutionize the efficiency and performance of LED lighting 

systems, particularly in applications where precise control of light distribution and intensity is paramount 

[3]. 

Building upon this rich legacy of research, our paper embarks on a comprehensive exploration of the 

application of optic films in LED luminaires, with a specific focus on their role in rear lighting systems. 

Through a systematic analysis of the underlying optical principles, the behavior of light within the optic 

film, and critical parameters that define its functionality, we aim to unveil the intrinsic advantages and 

practical implications of this innovative technology [4]. 

mailto:lethanhhien2012@gmail.com
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We present new experimental results that substantiate the efficacy of the optic film in enhancing the output 

of LED luminaires. These findings not only corroborate the earlier studies but also provide additional 

insights into the adaptability and versatility of optic films in various lighting scenarios. 

As we delve into the intricacies of optic films and their impact on LED luminaire performance, we anticipate 

that this research will contribute to the evolving landscape of energy-efficient, visually appealing, and 

technologically advanced lighting solutions. It is within this context that we embark on our exploration, 

driven by the promise of illuminating a brighter and more efficient future in the world of lighting 

technology. 

2 THE LIGHTING DESIGN 

The LED luminaire design incorporates a meticulously engineered housing and heat sink, an efficient 

thermal pad, a high-performance LED PC board light engine, a protective White Flame Barrier (WFB), and 

an innovative Optic Film. This holistic design ensures not only the reliability and longevity of the luminaire 

but also delivers superior lighting performance with optimized light distribution, reduced glare, and 

enhanced energy efficiency, shown in Figure 1. 

Housing and Heat Sink: The LED luminaire's design begins with a well-engineered housing and an efficient 

heat sink system. The housing not only provides protection for the internal components but also contributes 

to the luminaire's aesthetics and durability. It is typically crafted from a high-quality material that is both 

lightweight and thermally conductive, ensuring effective heat dissipation. Integrated into the housing is a 

robust heat sink mechanism. Heat sinks are essential to manage the heat generated by the LEDs during 

operation. These heat sinks are strategically designed with fins and channels to maximize surface area and 

facilitate the efficient transfer of heat away from the LEDs. This helps maintain optimal operating 

temperatures, which is critical for the longevity and performance of the LED modules. 

Thermal Pad: To further enhance the heat dissipation capabilities of the luminaire, a thermal pad is 

employed. This thermal pad serves as a bridge between the LED PC board and the heat sink. It is composed 

of thermally conductive material that ensures effective thermal coupling. The thermal pad facilitates the 

transfer of heat from the LED PC board to the heat sink, enabling rapid dissipation and preventing thermal 

buildup that could otherwise degrade LED performance. 

LED PC Board Light Engine: At the heart of the luminaire lies the LED PC board light engine. This 

component is designed to accommodate high-efficiency LEDs, which are carefully selected based on the 

specific lighting requirements and intended applications. The LED PC board incorporates multiple LED 

modules arranged in an optimal configuration to achieve the desired lumen output and light distribution. 

Sophisticated drivers and control circuitry are integrated into the LED PC board to regulate power supply, 

dimming capabilities, and ensure the LEDs operate within their specified parameters. The LED PC board 

is engineered for longevity and reliability, with features such as surge protection and thermal management. 

Layer 1White Flame Barrier (WFB): The first layer within the luminaire is the White Flame Barrier (WFB). 

This component serves a dual purpose: it acts as a protective barrier for the LED modules and also enhances 

the overall optical performance of the luminaire. The WFB is designed to withstand high temperatures and 

provide thermal insulation, ensuring the safety and longevity of the LEDs. Additionally, it reflects and 

diffuses light, contributing to improved light distribution and reduced glare. 

Layer 2 Optic Film: The final layer in the luminaire design is the Optic Film. This innovative component 

functions as an array of cylindrical convex lenses, each capable of replicating the LED light source as a 

series of virtual image lines. This optical arrangement serves to reduce glare and precisely control the 

direction and distribution of light. By concentrating and shaping the emitted light within specified angles, 

the Optic Film significantly enhances the efficiency and performance of the LED luminaire. 
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Figure 1: The principle of LED luminaries with optics film 

3 THE PRINCIPLE OF OPTICS FILM 

The optic film works like an array of cylindrical convex lenses, so it can replicate each LED of a rear light 

as a line of its virtual images. In consequence, if a LED light is used, multiple line source images will be 

formed and overlapped to each other. The glare incurred by the high brightness of LED point source will 

be thus decreased. Besides, the optic film can condense the divergent light from each LED to increase the 

optical intensity within a certain angle. The efficiency of LED light is enhanced consequently. The behavior 

of LED light interacted with the optic film is illustrated in Figure 2. Of the light rays emitted from the LED 

module, the angle α was defined by the value which are refracted by the ray parallel with the end surface 

of the prims sheet, and that was shown by the formula 1 [5-7] 

 The optical film functions akin to an array of cylindrical convex lenses, allowing it to reproduce each LED 

of a rear light as a series of virtual image lines. Consequently, when an LED light source is utilized, multiple 

line-shaped image sources are generated and superimposed upon each other. This diminishes the glare 

produced by the high luminosity of the LED's focal point. Additionally, the optical film can converge the 

divergent light emanating from each LED, thereby amplifying the optical intensity within a specific angle. 

This, in turn, enhances the efficiency of the LED light source. The interaction between the LED light and 

the optical film is depicted in Figure 4. Among the light rays emitted from the LED module, angle α is 

defined as the value resulting from refraction by the ray parallel to the end surface of the optical film, as 

expressed by Formula 1 [8]. 

Angle α is determined by the rays refracted when they are parallel to the end surface of the optic film, and 

this relationship is represented by Formula 1. 

 nwsin(α) =1  (1) 

The condition for a optic film to have a refractive index within the range nw > 1.4 is important. In this 

context, the angle β is defined as β = π/2 – α, and it's determined by the rays' incidence on the upper surface 

of the prism. The condition nwsin(β) > 1 signifies that the sine of angle β multiplied by the refractive index 

nw should be greater than 1. This condition is relevant for ensuring the desired optical behavior of the optic 

film [9-11]. 

 

Figure 2: The interaction of light rays with the optic film. 
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The optic film are designed with the primary objective of concentrating the emitted light rays from the 

source. As illustrated in Figure 3(a), the behavior of light within the optic film can be categorized into three 

modes: Emission mode: In this mode, light is emitted from the upper surface of the optic film; Recursion 

mode: Light follows a path where it is reflected back through the optic film; w: Light is emitted at angles 

that fall outside the effective field of view [5-8]. 

Each triangular unit within the optic film is defined by specific parameters outlined in Figure 3(b). These 

parameters include: ϕ and θ: These values represent the inside corner angles of each triangular unit, both 

falling within the range of 0 to 90 degrees (0° < ϕ = θ < 90°); h: The thickness parameter, which varies 

within the range of 0.05 mm to 0.25 mm; x: The pitch parameter, which ranges from 0.024 mm to 0.05 mm. 

These parameters play a crucial role in determining how light interacts with the optic film, and they are 

essential for achieving the desired optical effects and performance characteristics. 

 

(a) 

 

(b) 

Figure 3: (a) Behavior of light rays in the optic film layer; (b) the parameter of a unit of prism. 

In order to evaluate the performance of the commercial rear position lamp shown in Figure 6(a), its optical 

model is built by Solid Work software and simulated by optical software Light Tools to get the illumination 

distribution. The inside corner angle of the prism element and pitch is set as ϕ = 60°, θ = 60° and the optic 

film thin x = 0.05 mm at initial stage, respectively.   

4 EXPERIMENTAL RESULTS  

The experimental results, as depicted in Figure 4, provide valuable insights into the performance of the 

lighting designs. Specifically, the polar intensity of the commercial design was found to be weaker 

compared to that of the new design. This disparity is illustrated in Figure 4, where the polar intensity shape 

of the new design appears longer, indicating a higher light output efficiency in comparison to the 

commercial design. In more specific terms, at an angle of 60 degrees, the commercial design exhibited a 

polar intensity value of approximately 1016 cd/klm. Conversely, the new design achieved a significantly 

higher polar intensity value of 1880 cd/klm. This substantial increase in polar intensity highlights the 

improved performance and enhanced light output efficiency of the new design when compared to the 

commercial design. 

These findings underscore the efficacy of the new design, showcasing its ability to generate higher levels 

of light output while maintaining optimal lighting efficiency. The significant difference in polar intensity 

values further emphasizes the superior performance of the new design, making it a compelling choice for 

applications where maximizing light output is essential. 
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(a) (b) 

Figure 4: Polar intensity diagram of integrated LED luminaire; (a) Commercial design without optic films;  

(b) New design with optic films 

As depicted in Figure 4, the intensity data indicates that the LED luminaire with the optic film has an 

intensity of 1016 cd/klm whereas the LED luminaire without the optic film has an intensity of 1880 cd/klm. 

This result demonstrates that the LED luminaire with the optic film produces an intensity output that is 864 

cd/klm higher than the luminaire without the optic film. To express this difference as a percentage, we can 

calculate the LED luminaire with the optic film provides an intensity output approximately 45.95% higher 

than the luminaire without the optic film. 

5 CONCLUSIONS  

The incorporation of an optic film in LED luminaires for rear lights has shown promising results in terms 

of improving light output efficiency. By replicating LEDs as virtual image lines and concentrating emitted 

light within specific angles, the optic film effectively reduces glare and enhances the overall efficiency of 

LED lighting systems. 

The experimental results presented in this study clearly demonstrate the advantages of using the optic film. 

The LED luminaire equipped with the film exhibited a substantial 45.95% increase in intensity compared 

to the luminaire without the film, highlighting its potential to significantly improve lighting performance. 

These findings have practical implications for various applications where maximizing light output and 

minimizing glare are essential considerations, such as automotive lighting and architectural lighting design. 

The optic film represents a valuable innovation in the field of LED lighting technology, offering a promising 

avenue for achieving enhanced lighting efficiency and improved visual comfort. Further research and 

development in this area hold the potential to drive advancements in energy-efficient and visually appealing 

lighting solutions. 
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Abstract. This paper presents a novel active quasi Z-source multilevel inverter, which incorporates an 

additional active switch and diode into the impedance-source network. The proposed topology consists of 

two main components: an active quasi-Z source to improve the inverter voltage gain and a front-side Three-

phase 3-level T-type inverter. The shoot-through state is effectively incorporated into the operational state 

of the T-type inverter. This allows for appropriate input voltage handling by enabling the charging and 

discharging of components on the impedance network side, resulting in increased benefits. This paper 

proposes a discontinuous pulse width modulation (DPWM) scheme for controlling the inverter, which 

effectively reduces the number of commutations in comparison to traditional strategies. By adopting this 

approach, the inclusion of a shoot-through state does not result in any additional commutations when 

compared to conventional voltage-source inverters. This study will present analysis and simulation results 

as verification of the proposed approach's efficacy in order to ensure its reliability. 

 

Keywords. DPWM, Multilevel Inverter, Impedance Source Network, Active quasi-Z Source inverter, T-

type Inverter 

1 INTRODUCTION 

The voltage source inverters (VSIs) have grown in popularity in modern industrial applications such as 

electric vehicles, renewable energy systems, energy storage systems, and motor control [1–3]. It is critical 

to choose an appropriate topology for these applications, taking into account factors such as high 

performance, compact size, cost-effectiveness, and availability. In this study, the use of a multilevel inverter 

appears to be a viable solution for meeting the aforementioned requirements. Figure 1 shows the 

conventional voltage source inverter. 

The T-type inverter is a promising topology among various inverter topologies, offering significant 

advantages over other inverter family members. Because of its ability to achieve high energy conversion 

efficiency and improved power quality, this converter has gained popularity in automotive and photovoltaic 

(PV) systems [4]. In contrast to the traditional three-level neutral point clamped (NPC) inverter, the T-type 

inverter uses two active bidirectional switches connected to the DC-link voltage neutral point [5], reducing 

the need for two clamping diodes per phase leg [6]. Because of this design choice, conduction losses are 

reduced and the implementation is more compact. Furthermore, each bidirectional switch connected to the 

DC-link neutral point requires only half of the DC-link voltage to be withstandable, allowing for the use of 

lower voltage power devices [7]. 

The VSI and the current source inverter (CSI) are two common types of traditional two-level inverters. The 

VSI functions as a voltage buck converter, where the peak-to-peak value of the AC output phase voltage is 

lower than the DC link voltage. On the other hand, the CSI acts as a boost converter and requires additional 
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components such as diodes. There has been growing interest among researchers in inverters capable of 

accommodating a wide range of input voltages. However, conventional VSI and CSI inverters are not 

designed to handle such wide input voltage ranges [8]. As a solution, the conventional approach involves 

incorporating a DC-DC boost converter before the VSI, enabling buck-boost characteristics in a two-stage 

power conversion process. This configuration enhances the input voltage prior to feeding it into the inverter 

circuit. The operation of all switches in one or more phase legs, resulting in the formation of a short-circuit 

current, offers a considerable danger of system damage. This state, known as the shoot-through (ST) state, 

is absolutely forbidden in VSI. 

To solve these issues, F.Z. Peng presented the Z-Source Inverter (ZSI) in 2003 as a novel approach based 

on impedance networks. The ZSI used an X-shaped arrangement with two inductors (L1, L2) and two 

capacitors (C1, C2) [9]. Figure 2 illustrates the topology of the Z-Source impedance network. The charge-

discharge characteristics of these elements permitted an increase in the DC-Link voltage by selectively 

adding shoot-through operations. The ZSI, on the other hand, had some problems, such as discontinuous 

input current, higher beginning current, high voltage stress on capacitors, and bulky components. To 

address these shortcomings, the quasi-Z Source Inverter (q-ZSI) was developed. The q-ZSI preserved the 

benefits of the ZSI while adopting an alternative connecting approach based on passive power elements 

such as inductors (L) and capacitors (C). Notable features of the q-ZSI included continuous DC current, 

lower voltage stress on capacitors, and smaller component sizes. Because of these developments, the q-ZSI 

is a viable solution for dealing with the problems that traditional voltage source inverters [10]. 

A reduction in the required ST duty ratio corresponds to an increase in the boost factor or voltage gain. This 

decrease in duty ratio has the beneficial effect of lowering conduction loss and increasing system efficiency. 

Furthermore, the ST duty ratio has a significant impact on the current through the inductor. A lower duty 

ratio causes less inductor current ripple, reducing inductor size and increasing inverter power density [11]. 

The addition of the shoot-through state significantly increases the number of switching commutations. 

During the ST insertion process, conventional methods for impedance-source inverters generate at least 

two more commutations. These extra commutations contribute to increased switching losses in 

semiconductor devices. As an outcome, numerous studies on techniques for reducing switching 

commutations and minimizing the ST duty ratio have been conducted [12]. 

In this paper, a new active impedance source was presented by adding a switch and a diode to the traditional 

q-ZSI to eliminate the above disadvantages, which can be called an active quasi - z source inverter (Aq-

ZSI). In addition, the discontinuous PWM algorithm (DPWM) is used to reduce switching commutations 

and increase efficiency for the T-type three-level inverter system. By changing the number of voltage levels, 

we only need to add the proposed impedance in quantity (n-1) where n is the number of level and n is an 

odd number. Theoretical analysis and simulation results will be performed in this study. 

2 THREE-PHASE 3-LEVEL ACTIVE QUASI-Z SOURCE T-TYPE INVERTER 

Fig.3 illustrates the topology of  three-phase 3-level AqZS T-type Inverter (3L-AqZS-T2I). This scheme 

includes a single-state boost DC-link and a three-level T-type inverter. 

ZA
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A
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C0Vin +
-
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C ZB
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Figure 1: Conventional Voltage Source Inverter. 
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2.1 Circuit Analysis 

By focusing on the common-emitter node of the bidirectional switch, the 3L-AqZS-T2I topology represents 

a significant advancement over conventional multilevel inverter design. The aim of this research is to 

effectively reduce the voltage stress experienced by the system's power switches. The 3L-AqZS-T2I 

achieves enhanced voltage distribution and reliability by carefully analyzing and optimizing the common-

emitter node. In terms of operation, the 3L-AqZS-T2I topology is similar to a diode-free configuration. This 

eliminates the need for extra  

diodes, which are commonly used in traditional designs. Like other three-level configurations, has three 

distinct voltage levels: positive (P), zero (O), and negative (N). 

The 3L-AqZS-T2I is operational in both ST and two non-shoot through (NST 1, NST 2) modes. Table 1 

presents the output voltages that correspond to switching operating modes. Three states of the 3L-AqZS-

T2I are shown in Fig. 4. (in NST1, NST2 and ST). In the ST mode, all switches on at least one phase leg 

turn on, , and two switches (SP and SN) in impedance network turn off. Therefore charging the impedance 

network. Figure 4(a) shows the operation of the ST state 

In the state of NST 1, SP and SN are turned on, diodes D2P and D2N are reverse biased while D1P and D1N are 

forward biased. This results in inductors L2P, L2N being shorted while L1P and L1N discharge. Capacitors 

C2P,C2N discharge and C1P,C1N charge due to the influence of energy from the inductors. The state of NST1 

is shown in Figure 4(b). In NST 2, SP and SN are turn off, the topology works like a conventional T-type 

inverter. All diodes in impedance network are forward biased. Figure 4(c) illustrates the state of NST2. 

The output voltages that correspond to the switch operating modes are shown in Table 1. 
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Figure 2: The topology of the Z-Source impedance network. 
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                 Figure 3: The topology of Three-phase 3-level AqZS T-type Inverter. 
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2.2 DPWM Scheme 

To decrease switching commutation, the suggested approach adopts a DPWM mechanism for producing 

control signals to the inverter switches. To provide a complete description of this modulation approach, 

three signals 
_ref xV ( , , )x a b c=  as follows: 
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Where M is modulation index limited to 0 1M  . 

The above signals are re-modulated by subtracting the minimum from all 3 reference signals as follows: 
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Figure 4: Operating modes of 3L-AqZS-T2I. a) ST mode, b) NST1 mode, c) NST2 mode 
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Figure 5: Waveforms of gating signals of control technique for the 3L-AqZS-T2I inverter using DPWM algothirim 

Table 1: The switching states and the output voltage of 3L-AQZS-T2I 

Mode 

State of switches 
Output 

voltage SP SN 
Other Switch 

(x=a, b, c) 

NST1 ON ON S1x,S2x/S2x,S3x/S3x,S4x 

+Vdc/2, 

0, 

 or -

Vdc/2 

NST2 OFF OFF S1x,S2x/S2x,S3x/S3x,S4x 

+Vdc/2, 

0, 

 or -

Vdc/2 

ST OFF OFF S1x,S2x,S3x,S4x 0 

 

VST are constant reference voltages used to generate the shoot-through state. We have 1STV d= − . With d 

is shoot-through ratio ( )0 1d  .When the shoot-through condition occurs in this DPWM algorithm, all 

switches are switched on. The
conv   signal provides the control signal for the two switches SP and SN. The 

Vcon is defined as: 

0conv d=                                                                                      (3) 

Where 
0d is duty ratio of SP and SN. To ensure stable operation of the system, the value of vcon must satisfy 

the following requirements: 

3

2
con

M
v                                                                                        (4) 

All the above reference signals will be compared with a high frequency triangle pulse 
triV  to generate 

control signals for the switches. Figure 5 illustrates the control scheme using DPWM. 

From the operating principles and algorithms just presented, we determine 
1 2 1 2, , ,P P N NC C C C   as follows:  
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From equation (5) and (6), the DC-link voltage (
PNV ) can be defined as: 

1 1

0
2 /2 2 /2

0 0

(1 )
( ) ( )

1 2 .P N

dc
PN C C P dc C C N dc

Upper impedace source network Lower impedace source network

V d
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(7) 

 

The inverter's boost factor, B, can be described as: 

0

0 0

1

1 (2 )
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dc

V d
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(8) 

The determination of the peak value of the fundamental component of the output phase voltage is carried 

out according to the following procedure: 

ˆ . .
2

dc
x

V
V M B=  (9) 

Where ˆ
xV  is the input voltage of the inverter after impedance network. The voltage gain (G) is defined as: 

3 SIMULATION RESULTS 

To validate the performance of the DPWM approach for the 3L-AqZS-T2I topology, extensive simulations 

were performed utilizing the PSIM simulation software. The simulations occurred with the settings listed 

in Table II, allowing a thorough examination of the technique's operation and effectiveness. 

 
Table 2: Parameters used in simulation. 

Parameters Value 

Input voltage 180VDC 

DC-link 328VDC 

Output voltage 220Vpeak 

Output current 2.6Arms 

Shoot-through ratio (Dst) 0.2 

Duty ratio of SP and SN 0.2 

Modulation index 0.8 

Carrier frequency 10kHz 

Inductance(L1,L2,L3,L4) 500uH 

Capacitance (C1,C2,C3,C4) 1mF 

Load 40Ω 

Lowpass Filter 3mH/10uF 

 

ˆ /x dcG V V=  (10) 
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.  

Figure 6: Simulation results of 3L-aqZS-T2I are presented in order from top to bottom input voltage Vin, DC-link 

voltage. 

 

 
Figure 7: Simulation results of 3L-aqZS-T¬2I. From top to bottom waveform of the output phase voltage VAG, the 

pole voltage VAO 

 

Figure 6 depicts the simulation results for the 3L-AqZS-T2I configuration. The input voltage is specified as  

Vin=180Vdc, and the DC-Link voltage is 328 Vdc with a duty cycle of 0.2. Because of the reconfiguration 

of the shoot-through signal, the DC-Link voltage in the proposed topology exceeds that of a traditional 

impedance network. A single occurrence of the shoot-through signal causes an increase in the DC-Link 

voltage within each cycle, accounting for the observed increase 

Figure 7 displays the waveform of the output phase voltage for the 3L-AqZS-T2I configuration prior to 

being filtered by a low-pass filter. Notably, the output phase voltage exhibits 9 voltage levels, reflecting the 

multilevel nature of the inverter. On the other hand, the pole voltage VAO illustrates the terminal voltage, 

which features 3 voltage levels: DC-link/2,0, -DC-link/2. 
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Fig.8 (a) shows the line voltage of the 3L-AqZS-T2I. This result is obtained between phase A and phase B 

with the value VAB=218VRMS; (b) shows the voltage and current through the load after being filtered by a 

low-pass filter. With a  
base frequency of 50Hz. 

 
Figure 9: Harmonic analysis findings utilizing the FFT method on a linear load to obtain THDu and THDi 

The author employed linear load in this work to simplify testing the proposed algorithm and topology. As 

a result of passing via the LC filter, we get THDu=THDi=4.67%. Fig.9 depicts the Psim software 

calculation findings. 

 
Figure 10: Calculation results comparing power loss between the proposed topology and conventional topology. 

By evaluating the power loss components on the device, as shown in [13], we can see that the proposed 

topology has about 10% lower power loss than the conventional topology [14]. Fig.10 depicts the 

calculation results when configured to operate at 0.5kW output power. 
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(a)                                                                                              (b) 

Figure 8: Simulation results of 3L-aqZS-T2I. (a)the output line voltage; (b) Phase voltage and current 

through the load after passing the LC filter. 
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4 CONCLUSION 

This study recommends the 3L-AqZS-T2I topology for low to medium-power industrial applications that 

use a DPWM control scheme. The output voltage results obtained are in accordance with the specifications. 

The use of a shoot-through insertion algorithm and a Discontinuous PWM scheme effectively increases the 

output voltage while minimizing switching commutations in the system. To support the proposed approach, 

the study includes extensive circuit analysis and operating theory. The PSIM software simulation confirms 

the accuracy of the proposed method, as the simulation and calculation results agree. Overall, the 3L-AqZS-

T2I topology performs well and has the potential for practical implementation in relevant industrial 

applications. 
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