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 Energy conservation and diversification are becoming a major research issue. 
Awareness of the limited sources of energy from fossil fuels encourages 

research on renewable energy. Bioethanol is a promising fuel substitute for 
gasoline. Bioethanol processing includes sugar extraction, fermentation, 
distillation, and absorption. Temperature and pressure controls are essential 
in bioethanol processing. This paper presents a feedback-feedforward fuzzy 
logic approach for temperature control in a bioethanol vacuum distiller. In 
this study, vacuum pressure is employed as feedforward inputs for a fuzzy 
logic controller. The feedforward input directly modifies the main controller, 
i.e., fuzzy logic controller, through fuzzy rules. The controller is 
implemented using Arduino Mega 2560 microcontroller. The results show 

that the proposed feedback-feedforward fuzzy logic controller could 
successfully maintain the temperature at the desired setpoint value with small 
steady-state error (3.85%) and relatively shorter settling time compared to 
classical PID controller and fuzzy logic controller. 
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1. INTRODUCTION  

Energy is a fundamental need in modern life. According to the data from the International Energy 

Agency (IEA), the average world energy demand increase by 1.6% per year. This demand, was 

approximately 80% supplied from fossil fuels [1]. On the other hand, petroleum experts estimated that fossil 

fuels would run out in about 30 years [2]. Thus, it is an urgent need to explore alternative fuel sources as a 

substitute for fossil fuels. One of the promising candidates is bioethanol. Bioethanol is extracted from the rest 

of the crop which still contains sugar. The process of making bioethanol include sugar extraction, 

fermentation, distillation, and finally absorption process to purify the bioethanol in order to obtain fuel grade 
ethanol (FGE). Absorption process is done by using absorber that can take 2-3 days. Alternatively, it can be 

done in a vacuum distillation process that allows the formation of FGE in a relatively shorter time [3]. 

A concept of distillation in near vacuum condition is well explained in [4], while successful application of 

vacuum distillation is presented in [5] for biodiesel production and in [6] for crude lead refining. In vacuum 

distillation of bioethanol, the boiling point of water and pure bioethanol are very close. So, it is an urgent 

need to develop a strict temperature control for the distillation process.  

Conventional controls, such as on-off control and PID control, are still widely used in temperature 

control. Examples of successful applications are reported in [7] for reducing return water temperature, in [8] 

for controlling domestic hot water and in [9] for controlling the fluid temperature in the heat exchanger. The 

use of the on-off controller and PID controller and their performances for vacuum distillation has been 

reported in [3]. Another widely use temperature control strategy is using fuzzy logic. Examples of successful 
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application of fuzzy logic controller were reported in [10] for greenhouse application, in [11] for industrial 

roaster application, in [12] for furnace application, in [13] for an electric vehicle, in [14] for pantograph-

catenary system, in [15] for swarm robotics and in [16] for the superheated steam application.  Application of 

fuzzy logic controller (FLC) in vacuum distiller was reported in [17]. Two inputs, namely temperature error 

and difference of two consecutive errors, were used and its performance was compared to classical PID 

controller in [3]. The FLC outperform PID controller in term of overshoot and settling time of the response. 

This comparison result also complies with [18] comparing the performance of the on-off controller, PID 

controller, and fuzzy logic controller. Taking advantage of both PID controller and fuzzy logic controller, it 

is possible to employ a combination of fuzzy-PID control strategy such as in [19].  

Dynamical characteristic of vacuum distiller can be studied from its model. The model can be 
derived analytically, such as in [20], or experimentally by system identification. Mathematical modeling 

through identification of vacuum distiller has been reported in [21]. Two approaches have been carried out, 

the first was based on extended least square (ELS) method and the later was based on adaptive neuro-fuzzy 

inference system (ANFIS). Experimental results suggest that a multi-input model approach should be used. 

Both methods suggest vacuum pressure as the candidate of additional input for the controller besides 

temperature error as in common approach. Since vacuum pressure tends to deviate the output temperature 

from its desired value, vacuum pressure should be treated as a disturbance to the process. This also complies 

with [22], suggesting to consider pressure in the dynamical model. Understanding the dynamic of vacuum 

pressure before it deviates the output would be beneficent, hence a feedforward control strategy would be a 

good candidate so alleviate the effect of variation in vacuum pressure.  

Feedforward control study already attracted many researchers. Amerongen, J [23] proposed model 
reference adaptive control principle to design a feedforward controller. A successful example of a feed 

forward control strategy for temperature control was reported in [24]. Combination of feedforward controller 

with another control strategy, in the form of feedback-feedforward controller, were reported in [25-28]. Chen, 

W. [25] generate fuzzy feedforward by decoupling concept such as in multivariable control approach. While 

Haifeng, S. et al. [26] used feedforward controller to modify a fuzzy PID controller. A common approach for 

feedback-feedforward controller was explained in [27] and [28], both threat disturbance input to modify the 

output of the feedback controller. In this study, vacuum pressure is proposed as feedforward inputs for a 

fuzzy logic controller. Differ from approaches in [25-28], the feedforward input is directly modify the main 

controller, i.e. fuzzy logic controller, through fuzzy rules. Using this feedback-feedforward fuzzy logic 

controller (FF FLC) approach, it is hoped to improve control performance in temperature control. 

 

 

2. RESEARCH METHOD  

Bioethanol vacuum distiller which have been developed in our earlier studies [17] is used in this 

study. As shown in Figure 1, the device consists of a distillation tube, control panels, heaters, condensation 

tube, cooling water container and a container for distillation product. The temperature sensor is located inside 

the distillation tube, while the vacuum pressure sensor is placed at the outlet of the distillation tube. In a 

distillation cycle, 25 liters of low concentrated bioethanol can be processed with this apparatus. 

 

 

 
 

Figure 1. Bioethanol Vacuum Distilller Apparatus 
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Raw materials for the experiment is low concentrated bioethanol. This material is obtained by 

fermentation of the base material in the form of molasses. Fermentation results is low concentrated 

bioethanol with the maximum ethanol concentration is 30%. This concentration level would be increased in 

the distillation process. The basic principle of distillation is the separation of a mixture of two or more liquids 

through the process of evaporation. In order to be separated, the boiling point of constituent substances (in 

this study are bioethanol and water) must be different. Water boiling point is 100 degrees Celsius at a 

pressure of 1 Atm, while bioethanol is 77 degrees Celsius. Thus it is possible to separate these two liquids 

through a distillation process. On the condition of close to the vacuum, the boiling point of the liquid will 
decrease, so it is possible to get the distillation at a relatively lower temperature. 

Bioethanol distillation procedures in this study follow: 

1. Operate the vacuum pump until the pressure is around 0.5 Atm 

2. Raise the temperature gradually until the temperature reached 62oC (boiling point of ethanol at 0.5 Atm) 

3. Maintain the temperature and pressure until the volume until the material (low concentrated bioethanol) is 

run out. 

Figure 2 shows a diagram block of the proposed control scheme. Set point for the system is desired 

temperature of inner tube temperature. Since vacuum pressure is maintained at 0.5 Atm, the reference 

temperature is set at 62 oC. A fuzzy logic controller (FLC), embedded in an Arduino Mega 2560 

microcontroller, is employed to provide PWM signal to drive heating elements. Fuzzy logic controller 

proposed in this research is the development of [17] using the classical approach of the fuzzy logic controller 

with two inputs, the error signal, and the difference signal error.  
 

 

 
 

Figure 2. Proposed Control Scheme 

 

 

Figure 2 shows a block diagram of a temperature control system is proposed. It is shown that the 

fuzzy logic controller has two pieces of feedback. Namely the difference between the reference temperature 
with the temperature in the tank (temperature error signal) and a pressure sensor readings MPX5100A. Figure 

3, 4 and 5 respectively show the preliminary design of the fuzzy set of input I (temperature error), input II 

(vacuum pressure) and output, PWM signal form that will set the dimmer circuit which will distribute the 

heating element. 

 

 

 

 
 

Figure 3. Initial fuzzy set of temperature error (o C) 

 



Indonesian J Elec Eng & Comp Sci  ISSN: 2502-4752  

 

Feedback-feedforward fuzzy logic approach for temperature control in  .... (Muhammad Aziz Muslim) 

681 

 
 

Figure 4. Fuzzy set of vacuum pressure (Atm) 

 
 

 

 
 

Figure 5. Fuzzy set of Output (Duty cycle of PWM Signal) 
 

 

The labels of fuzzy sets in Figure 3-6 respectively are as follows: “L” is Low, “LM” is Low 

Medium, “M” for Medium, “MH” for Medium High, and “H” for High. Fuzzy rules have been prepared on 

the possible combinations of fuzzy input sets, bringing the total there are 25 fuzzy rules. Table 1 summarizes 

all the fuzzy rules used in this study. Premise 1 (Temperature Error) and Premise 2 (Vacuum Pressure) are 

connected with AND logic. An example of a fuzzy rule generated using Table 1 is IF Temperature Error is 

Medium AND Vacuum Pressure is Low THEN Duty Cycle of PWM is Low. 

 

 

Table 1. Fuzzy Rules 

Fuzzy Rule 
Vacuum Pressure 

L LM M MH H 

T
em
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E
rr
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L L L L L L 

LM L L LM M M 

M L LM M M MH 

MH M MH MH H H 

H H H H H H 

 

 

The fuzzy rules and fuzzy sets definitions are programmed into the microcontroller Arduino Mega 

2560. Then the experiments were performed to tune the fuzzy set that provides the best performance. In this 

study, without loss of generality, the procedures are simplified so that only fuzzy sets of first input 
(temperature error) are re-tuned. The tuning process is done heuristically, by redefining the range of error and 

error of fuzzy sets by taking into account the temperature which gives a dominant influence on the output 

response. Figure 6 shows the temperature error of fuzzy sets that give the best results. The best criterion is 

based on the specifications of the selected response, i.e. steady state error of less than 5 %, the maximum 

overshoot less than 10 % and settling time (time to reach steady state) is less than 2 hours. 

 

 

 
 

Figure 6. Fuzzy set of temperature error (after tuning) 



                ISSN: 2502-4752 

Indonesian J Elec Eng & Comp Sci, Vol. 16, No. 2, November 2019 :  678-684 

682 

3. RESULTS AND ANALYSIS 

Following the procedure in section 2, the experiments were carried out. Figure 7 shows the 

experimental results. In this figure, the temperature was set to 62 oC. The response was the first time to reach 

the set point in about 4000 seconds.  Table 2 provides a summary and comparison of the performance of the 

proposed control scheme with another approach in [3, 17]. The response of our proposed feed-forward fuzzy 

logic controller has small overshoot and error steady state. However, the values are still below the design 

specification, i.e., 10% and 5% overshoot and error steady state, respectively. In term of settling time, the 

performance of the proposed approach is better than in [17]. This value is particularly important since time to 
reach a steady state condition will determine the speed of bioethanol purification. 

 

 

 
 

Figure 7. Distillation response 

 

 

Table 2. Performance Comparison of Several Controllers 
Control Strategy Overshoot (%) Settling time (sec) 

PID Control [3] 2.63 6000 

Fuzzy Logic Control [17] 

FF Fuzzy Logic Control 

0 

3.85 

5400 

4270 

 

 

4. CONCLUSION  

This paper presents a feedback-feedforward fuzzy logic controller is proposed. Vacuum pressure is 

employed as feedforward inputs for a fuzzy logic controller. The feedforward input directly modifies the 

main controller, i.e., fuzzy logic controller, through fuzzy rules. Experimental results show that the response 

of feedforward fuzzy logic controller has small overshoot and error steady state. However, the values are still 
below the design specification, i.e., 10% and 5% overshoot and error steady state, respectively. In term of 

settling time, the performance of the proposed approach is better than our previous study. This value is 

particularly important since time to reach a steady state condition will determine the speed of bioethanol 

purification. 

 

 

REFERENCES 
[1] Anonim, “World Energy Outlook 2010,” International Energy Agency, vol. 14, 2009. 
[2] B. R. Singh and O. Singh, “Global Trends of Fossil Fuel Reserves and Climate Change in the 21st Century,” in 

Fossil Fuel and the Environment, S. Khan, Ed. IntechOpen, pp. 167-192, 2012. 
[3] M. A. Muslim, et al., “Design and Development of Vacuum Distiller for Bioethanol Production,” Proceeding of the 

2014 International Conference on Electrical Engineering Computer Science and Informatics, pp. 198-201, 2014. 
[4] Z. Olujić, “High and Low Pressure Distillation,” Encyclopedia of Separation Science, Elsevier, pp. 1-11, 2007. 

[5] Q. Xie, et al., “High vacuum distillation for low-sulfur biodiesel production: From laboratory to large scale,” J. 
Clean. Prod., vol. 223, pp. 379-385, 2019. 



Indonesian J Elec Eng & Comp Sci  ISSN: 2502-4752  

 

Feedback-feedforward fuzzy logic approach for temperature control in  .... (Muhammad Aziz Muslim) 

683 

[6] Y. Zhang, et al., “Application of vacuum distillation in refining crude lead,” Vacuum, vol. 148, pp. 140-148, 2018. 
[7] Y. Li and J. Xia, “An On-off Control Strategy to Reduce Return Water Temperature,” Energy Procedia, vol. 142, 

pp. 538-544, 2017. 
[8] A. Araújo, et al., “Solar thermal modeling for rapid estimation of auxiliary energy requirements in domestic hot 

water production: On-off versus proportional flow rate control,” Sol. Energy, vol. 177, pp. 68-79, 2019. 
[9] M. Dulǎu, et al., “Fluid temperature control using heat exchanger,” Procedia Manuf., vol. 22, pp. 498-505, 2018. 
[10] R. S and S. N, “Fuzzy Based Temperature Control of Greenhouse,” IFAC-PapersOnLine, vol. 49, pp. 549-554, 

2019. 
[11] W. F. Godoy, et al., “Fuzzy logic applied at industrial roasters in the temperature control,” IFAC Proc, vol. 46, pp. 

450-455, 2013. 

[12] T. Rauma, et al., “Fuzzy Control of Furnace Temperature in a Zinc Roaster,” in IFAC Future Trends in Automation 
in Mineral and Metal Processing, pp. 149-153, 2000. 

[13] B. S. K. K. Ibrahim, et al., “Fuzzy-based temperature and humidity control for HVAC of electric vehicle,” Procedia 
Eng., vol. 41, pp. 904-910, 2012. 

[14] M. F. Farhan, et al., “A simplify fuzzy logic controller design based safe experimentation dynamics for pantograph-
catenary system,” Indones. J. Electr. Eng. Comput. Sci., vol. 14, pp. 903, 2019. 

[15] A. S. Handayani, et al., “Analysis on swarm robot coordination using fuzzy logic,” Indones. J. Electr. Eng. 
Comput. Sci., vol. 13, pp. 48-57, 2019. 

[16] T. Nahlovsky, “Optimization of fuzzy controller parameters for the temperature control of superheated steam,” 
Procedia Eng., vol. 100, pp. 1547-1555, 2015. 

[17] M. A. Muslim and G. D. Nusantoro, “Fuzzy logic based temperature control of a vacuum distiller,” Int. J. Appl. 
Eng. Res., vol. 10, pp. 38504-38508, 2015. 

[18] G. Ulpiani, et al., “Comparing the performance of on/off, PID and fuzzy controllers applied to the heating system of 
an energy-efficient building,” Energy Build., vol. 116, pp. 1-17, 2016. 

[19] C. Zhou, et al., “A precision temperature control approach for piezoelectric jet dispenser,” Optik (Stuttg)., vol. 183, 
pp. 273-276, 2019. 

[20] H. Dai and D. P. Tao, “Application of the modified molecular interaction volume model (M-MIVM) to vapor-

liquid phase equilibrium of binary alloys in vacuum distillation,” Vacuum, vol. 163, pp. 342-351, 2019. 
[21] M. A. Muslim and G. D. Nusantoro, “System identification of a vacuum distiller using ANFIS with an ARMAX 

structure,” in Proceeding - 2016 International Seminar on Intelligent Technology and Its Application, ISITIA 2016: 
Recent Trends in Intelligent Computational Technologies for Sustainable Energy, 2017. 

[22] Z. Olujić, “Vacuum and High-Pressure Distillation,” in Distillation: Equipment and Processes, Academic Press, 
pp. 295-318, 2014. 

[23] J. Van Amerongen, “A MRAS–based Learning Feed–Forward Controller,” pp. 758-763, 2000. 
[24] B. Thomas, et al., “Feed-forward in temperature control of buildings,” vol. 37, pp. 755-761, 2005. 

[25] W. Chen, “Fuzzy multivariable controller for collecting main pressure control by fuzzy feed-forward decoupling 
method,” 2010 Int. Conf. Comput. Des. Appl., vol. 3, pp. V3-427-V3-430, 2010. 

[26] S. Haifeng, et al., “Feed forward Fuzzy PID Controller for Common-rail Pressure Control of Diesel Engine,” 2010 
Int. Conf. Meas. Technol. Mechatronics Autom., vol. 2, pp. 264-267, 2010. 

[27] P. Groche, et al., “Blanking-bending process chain with disturbance feed-forward and closed-loop control,” vol. 24, 
pp. 62-70, 2016. 

[28] Y. Huang, et al., “A Feed-forward and Feedback Control Scheme for Boiler-turbine Coordination Control System,” 
pp. 3860-3863, 2017. 

 
 

BIOGRAPHIES OF AUTHORS  

 

 
 

M. Aziz Muslim received his Bachelor Degree and Master Degree from Electrical Engineering 
Department of Institut Teknologi Sepuluh Nopember, Surabaya, Indonesia, in 1998 and 2001, 
respectively. In 2008 he received a Ph.D. degree from Kyushu Institute of Technology, Japan. 

Since 2000 he is with the Electrical Engineering Department, Brawijaya University. His current 
research interests are control systems and computational intelligence, including its broad 
applications in electronics, power systems, telecommunications, controls, and informatics. 

 

Tegar Sukma Yudha received his bachelor degree from the Electrical Engineering Department of 
Brawijaya University in 2016. Since 2017 he is with PT PLN (Indonesia Electricity Company), 
Indonesia. His current research interests are control systems and power distribution system.  



                ISSN: 2502-4752 

Indonesian J Elec Eng & Comp Sci, Vol. 16, No. 2, November 2019 :  678-684 

684 

 

Dr. Babul Salam KSM Kader Ibrahim (Ph.D. from Sheffield University, United Kingdom) is an 
Assistant Professor in Automation and Robotic of School of Mechanical, Aerospace, and 
Automotive, Coventry University. Before this appointment, he was an Associate Professor in the 

Department of Mechatronic and Robotic Engineering at University Tun Hussein Onn Malaysia. 
Dr. Ibrahim is a Chartered Engineer of Institution of Engineering and Technology (IET) UK, 
Professional Engineer of Board of Engineers Malaysia and member of IEEE. His research 
interests include an electric vehicle, mechatronics, nonlinear control and modeling, rehabilitation 
robotics and control in the biomedical application.  

 


