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Abstract 
 

This paper presents a comparison simulation performance of robustness test using intelligent fuzzy based controller in extraction process 

of essential oil. In this study, the control variable is the steam temperature since it gives large effect to quality of essential oil.  Ideally, 

the aims of control system applications and design the controllers is to ensure the close loop system satisfies performance criteria such as 

the system must be stable, minimize the effects of disturbances, good set-point tracking which is rapid and smooth response to set point 

changes.  Thus, the robustness test is applied in this study to provide the controller that can produce a smooth control response and also 

robust to any changes of the operation conditions during running process. The standard performance criteria used to represent dynamic 

performance are percentage overshoot, rise time, settling time, root mean square error (RMSE) and time on recovering load disturbance. 

The STFPID controller that was used in controlling steam temperature for extraction process shows the excellent performances based on 

the result. However, both controllers pass the robustness test with small %OS, RMSE, settling time and rise time. 
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1. Introduction 

The ability of PID control mode to compensate most practical 

industrial processes has led to their wide acceptance due to the 

simple structure and ease of implementation. Nevertheless, PID 

controller will only performed well within limited operating range 

where tuning was performed unless the process is linear. Unfortu-

nately, even though the control structure seems simple, there were 

no generic tuning procedures that can sustain satisfactory perfor-

mance over variation of process types. This drawback has led to 

continual research in PID control leading to different kind of tun-

ing approaches such as intelligent fuzzy based controllers, model 

predictive control (MPC), model reference adaptive controller 

(MRAC), artificial neural networks (ANN), generalized predictive 

control and adaptive control [1-7]     

Control systems using fuzzy PID controller are gaining increasing 

interest in the research community due to its additional flexibility 

and superior design performance [8-9].This intelligent control 

systems can be find in wide applications such as process control 

[10-11] nuclear reactor control [12], chaos synchronization [13], 

solar photovoltaic, diesel engine, fuel-cell, aqua electrolyze etc. 

Fractional calculus has also been integrated with fuzzy logic [14-

15] and PSO to enhance their performance. Also, computational 

intelligence based design for fractional order control systems have 

been found expedient in different power system applications like 

automatic voltage regulator [16], two area load frequency control, 

micro grid frequency control etc. The result shows that the fuzzy 

controller also shows stronger robustness properties against sys-

tem parameter variation and rate constraint nonlinearity, than that 

with the other controller structures [17]. The robustness is a highly 

desirable property in such a scenario since many components of 

the hybrid power system may be switched on/off or may run at 

lower/higher power output, at different time instants [17]. Moti-

vated by the success of such diverse applications of computational 

intelligence based fractional order control system, an intelligent 

fuzzy based controller is explored in this paper for the case of 

steam temperature control in essential oil extraction process. 

2. Methodology 

2.1. Fuzzy Logic Controller Design 

The fuzzy logic controller (FLC) is more robust than PID control-

lers because this controller can cover a much wider range of oper-

ating conditions and can operate with white-noise disturbances of 

different natures. The architecture of the FLC is given in Fig. 1 

where the output is denoted by y(t), input to the plant is u(t) and 

the reference input to the FLC is denoted by r(t) [18] : 

http://creativecommons.org/licenses/by/3.0/
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Fig. 1: The architecture of fuzzy set 

The inputs, u(t) and reference input, r(t) are crisp values, which 

are real numbers, not fuzzy sets [18].The FLC consists of fuzzifi-

cation, rule-base, inference mechanism and defuzzification com-

ponents. The fuzzification converts controller inputs into infor-

mation that the inference mechanism can easily be used to activate 

and compare with the rules in the rule-base. A rule-base holds the 

knowledge of the expert’s linguistic description of how best to 

control the system. An inference mechanism also called an infer-

ence engine or fuzzy inference evaluates which control rules are 

relevant to the current time and then decide what the input to the 

plant should be. The defuzzification converts the conclusions 

about the inference mechanism into crisp real value of a fuzzy 

output [19]. 

2.1.1. Selection of controller input 

 

In designing the fuzzy logic controller, the first step is to take the 

inputs and determine the degree to which they belong to each of 

the appropriate fuzzy sets via membership functions. The input is 

always a crisp numerical value limited to the universe of discourse 

of the input variable [18]. However, the choice of the inputs to the 

controller is a crucial job. This is because to make sure the con-

troller will have the proper information in order to make good 

decisions and have proper control inputs to be able to maintain the 

system at the desired and achieve high-performance operation. 

Practically, for most control applications, two inputs were em-

ployed, namely an error signal, e(t) and change of error (e(t)) ̇[20]. 

These inputs can describe the condition of the step response, 

whether the error is negative or positive [21-22]. 

 

2.1.2. Membership function 

 

A membership function (MF) is a curve that defines how each 

point in the input space is mapped to a membership value or de-

gree of membership. The input space is referred to as the universe 

of discourse. The MF must vary between 0 and 1. The member-

ship function is often given the designation of μ  [18] 

     There are many other’s choices for the shape of membership 

functions are possible such as: 

• Piecewise linear (triangular and trapezoidal) 

• Gaussian distribution function 

• Quadratic and cubic polynomial curves  

• Sigmoid curve 

 

Different shapes will provide a different meaning of the linguistic 

values that they quantify [18, 23]. Different researchers choose 

numerous shapes in various application problems. In most applica-

tions of identification and control, triangular and trapezoidal 

membership functions have proven to be more popular with fuzzy 

logic theoreticians and practitioners. Their reasons are [23]: 

• The simplicity of this function often allows for the pre-

diction and calculation of an output of the fuzzy system. 

• The extra smoothness introduced by higher-order fuzzy 

sets and demanding higher computational consumption 

is not strongly reflected in the quality of a fuzzy model. 

 

 
Fig. 2: The triangular and trapezoidal membership function shapes 

These considerations are advised in selecting the membership 

functions [23]: 

• Initially, one chooses the width of the membership func-

tions to provide the whole overlap about 12-14 percent. 

• In order to improve steady-state accuracy one has to de-

crease the membership functions’ whole overlaps after 

their initial choice and simulation. 

• In order to improve stability characteristics such as os-

cillation, settling time and overshoot, one has to increase 

the whole overlap. 

• The use of a fuzzy controller with wider membership 

functions and higher overlap can be recommended in the 

presence of high disturbances. 

 

2.1.3. Interface rules 

 

The rule-based is a set of linguistic statement. In rule-based infer-

ence systems, the universes are partitioned using concepts, mod-

elled via sets. Reasoning is then based on expressions of logical 

relationships between the concepts: “IF-THEN” rules. The vast 

majority of if-then rules used in fuzzy control and identification, 

and represented such as in equation (1) [19]: 

 

𝒊𝒇 𝑝𝑟𝑒𝑚𝑖𝑠𝑒 𝒕𝒉𝒆𝒏 𝑐𝑜𝑛𝑠𝑒𝑞𝑢𝑒𝑛𝑡           (1) 

 

𝑅𝑖      𝐼𝑓 �̃� 𝑖𝑠 �̃�, 𝑡ℎ𝑒𝑛 𝑦 ̃𝑖𝑠 �̃�                (2) 

 

where  x ̃ is a linguistic variable defined on universe χ, P ̃ is a lin-

guistic value described by fuzzy set P defined on universe χ, y  ̃is a 

linguistic variable on universe ƴ, and Q ̃ is a linguistic value de-

scribed by fuzzy set Q defined on universe ƴ. The first part of the 

statement "x ̃  is P ̃" is called the premise of the rule, sometimes 

called antecedents and the second part of the statement "y" ĩs  "Q" 

 ̃  is called the consequent of the rule, sometimes called actions. In 

a fuzzy system, sometimes there may be more than one part upon 

the premise, which is the rule Rj denoted as [19-20]. 

2.1.4. Defuzzification 

 

The function of the defuzzification is to convert the collection of 

recommendations on all rules into crisp real value of a fuzzy out-

put. In order to get one crisp output, all the recommendations will 

be combined by taking a weighted average of the various recom-

mendations [19]. The choice of the defuzzification procedure de-

pends mainly on personal preference. There are many methods in 

deffuzification procedure such as the mean of maxima, height 

deffuzification, center average (CA), first-of-maxima, and centre-

of-largest-area defuzzification. However, the centre-of-area meth-

od also known as the centre- of-gravity (COG) method is the most 

well-known defuzzification method [24]. This method gives better 

accuracy and faster computation time [21]. The COG method 

determines the centre of the area under the combined membership 

function. Equation (3) expressed the COG defuzzification as [21, 

23]: 
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𝑼 =
∑ 𝑼𝒊𝝁(𝒚)𝒍

𝒊=𝟏

∑ 𝝁𝒍
𝒊=𝟏 (𝒚)

              (3) 

 

where Ui is the centre of the output membership function, and μ(y) 

is the degree of fulfilment. 

2.2. Hybrid Fuzzy PID Controller 

In this study, we implemented the hybrid fuzzy PID controller to 

control the steam temperature of the extraction process in hydro 

diffusion system. Fig. 3 shows the Simulink block diagram of 

hybrid fuzzy PID using Matlab software. The connection diagram 

and control surface of fuzzy PID using triangular and trapezoidal 

shapes is shown in Fig. 4 and Fig. 5, respectively. The detail ex-

planation on experiment design and robustness test implementa-

tion for fuzzy PID can be found in our previous study [7, 24]. 

 

 
Fig. 3: The simulink block diagram of hybrid fuzzy PID controller 

 

 
Fig. 4: The connection diagram of a fuzzy PID controller 

 

 
Fig. 5: The control surface of fuzzy PID 

2.3. Self-tuning Fuzzy PID Controller 

The robustness test performance of fuzzy PID was compared with 

the self-tuning fuzzy PID controller. Fig. 6 shows the simulink 

block diagram using self-tuning controller to regulate the steam 

temperature in hydro diffusion system. . The detail explanation on 

experiment design and robustness test implementation for self-

tuning fuzzy PID can be found in our previous study [25]. 

 
Fig. 6: The simulink block diagram of self-tuning fuzzy PID 

Fig. 7 shows the connection diagram of the fuzzy system by im-

plementing Mamdani based fuzzy inference system. Fig. 8 illus-

trated the control surface of self-tuning fuzzy PID controller, re-

spectively. 

 
Fig. 7: The connection diagram of a self-tuning fuzzy PID controller 

 

 
Fig. 8: The control surface of self-tuning fuzzy PID 

3. Result and Discussion 

3.1. Set point tracking 

Fig. 9 presents the combination result for set point tracking test for 

all proposed controllers. Generally, the proposed PID, HFPID-3, 

HFPID-5, HFPID-7, STFPID-3, STFPID-5 and STFPID-7 con-

trollers show a satisfactory result because can track the changes in 

set point whether in small or large set point change. The control 

signal for all designed controllers is between 0 V to 5 V, until the 

output achieve the desired set point. Overall, hybrid fuzzy and 

self-tuning fuzzy offer better performances in terms of rise time, 

settling time and RMSE compared with the PID controller. Tables 

1, 2 and 3 are summarized the analysis performance for set point 

change at 60 oC, 80 oC and 90 oC, respectively. 
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Fig. 9: Output for all proposed controllers on set point tracking test (simu-
lation) 

Table 1 shows the detail analysis for comparison of simulation 

performance of PID, HFPID-3, HFPID-5, HFPID-7, STFPID-3, 

STFPID-5 and STFPID-7 controller to track the set point change 

(at set point 60 oC). Based on analysis, it shows that at set point 60 
oC, the STFPID-5 provides the best performance compared with 

other controllers. The STFPID-5 produced very encouraging re-

sults where the rise time less 571 s, settling time less 756 s and 

RMSE less 0.2469 than the PID controller. Meanwhile, the 

HFPID-5 shows the best performance among HFPID schemes by 

producing the rise time less 485 s, settling time less 461 s and 

RMSE less 0.1952 s than PID controller. 

Table 1: Analysis for comparison of simulation performance of PID, 

HFPID-3, HFPID-5, HFPID-7, STFPID-3, STFPID-5 and STFPID-7 on 

set point tracking (set point 60 oC) 

No Controller Rise time, 

(s) 

Settling 

time, (s) 

%OS RMSE 

1 PID 1171 1498 0 0.2927 

2 HFPID-3 799 1431 0 0.1833 

3 HFPID-5 686 1037 0 0.0975 

4 HFPID-7 702 1120 0 0.1224 

5 STFPID-3 600 804 0 0.1000 

6 STFPID-5 600 742 0 0.0458 

7 STFPID-7 600 847 0 0.1192 

HFPID-5 com-

pared with PID 485 s (>8 

min) 

461 s (>7 

min) 

- 

0.1952 

STFPID-5 com-

pared with PID 571 s (>9 
min) 

756 s (>12 
min) 

- 

0.2469 

STFPID-5 com-

pared with HFPID-

5 
86 s (>1 

min) 

295 s (>5 

min) 

- 

0.0517 

Table 2 shows the detail analysis for comparison of simulation 

performance of PID, HFPID-3, HFPID-5, HFPID-7, STFPID-3, 

STFPID-5 and STFPID-7 controller on tracking the set point 

change (at set point 80 oC). It shows that at set point 80 oC, the 

HFPID-5 and SFTPID-5 provide the comparable performances. 

The HFPID-5 shows the best performance among HFPID schemes 

by producing rise time less 261 s, settling time less 390 s and 

RMSE less 0.1523 s than PID controller. The STFPID-5 produced 

very significant results where the rise time less 216 s, settling time 

less 369 s and RMSE less 0.1735 than the PID controller. 

Table 2: Analysis for comparison of simulation performance of PID, 

HFPID-3, HFPID-5, HFPID-7, STFPID-3, STFPID-5 and STFPID-7 on 

set point tracking (set point 80 oC) 

No Controller Rise time, 

(s) 

Settling 

time, (s) 

%OS RMSE 

1 PID 416 639 0 0.2147 

2 HFPID-3 386 672 0 0.0854 

3 HFPID-5 200 249 0 0.0624 

4 HFPID-7 381 631 0 0.910 

5 STFPID-3 228 425 0 0.0877 

6 STFPID-5 200 270 0 0.0412 

7 STFPID-7 260 484 0 0.0883 

HFPID-5 compared 

with PID 216 s 

(>4min) 

390 s (>6 

min) 

- 0.1523 

STFPID-5 com-

pared with PID 216 s (>4 

min) 

369 s (>6 

min) 

- 0.1735 

STFPID-5 com-

pared with HFPID-

5 
- -21 s - 0.0212 

Table 3 shows the detail analysis for comparison of simulation 

performance of PID, HFPID-3, HFPID-5, HFPID-7, STFPID-3, 

STFPID-5 and STFPID-7 controller to track the set point change 

(at set point 90 oC). Based on analysis, it shows that at set point 90 
oC, the HFPID-5 provides the best performance compared with 

other controllers. The HFPID-5 shows very significant results by 

producing the rise time less 170 s, settling time less 341 s and 

RMSE less 0.1566 s than PID controller. The STFPID-5 produced 

the best performance among STFPID schemes where the rise time 

less 164 s, settling time less 306 s and RMSE less 0.1795 than the 

PID controller. 

Table 3: Analysis for comparison of simulation performance of PID, 

HFPID-3, HFPID-5, HFPID-7, STFPID-3, STFPID-5 and STFPID-7 on 

set point tracking (set point 90 oC) 

No Controller Rise time, 

(s) 

Settling 

time, (s) 

%OS RMSE 

1 PID 270 468 0 0.2182 

2 HFPID-3 362 639 0 0.0480 

3 HFPID-5 100 127 0 0.0616 

4 HFPID-7 319 548 0 0.0730 

5 STFPID-3 181 386 0 0.0774 

6 STFPID-5 106 162 0 0.0387 

7 STFPID-7 228 449 0 0.0800 

HFPID-5 compared 

with PID 170 s (>2 
min) 

341 s (>5 
min) 

- 0.1566 

STFPID-5 com-

pared with PID 164 s (>2 

min) 

306 s (>5 

min) 

- 0.1795 

STFPID-5 com-

pared with HFPID-

5 
-6 s -35 s - 0.0229 

 

3.2. Load Disturbance 
 

Fig. 10 shows the simulation results that have been combined for 

all developed controllers for the comparison purposed on recover-

ing load disturbance test. From the Figure 10, it is clearly shown 

that before the loads are introduced, all controllers exhibit a good 

output and able to meet desired set point. However, when the dis-

turbance is suddenly added during running process, it is greatly 

affected the output for all controller schemes. The desired steam 

temperature drop and recovery process appear. The detail perfor-

mance’s evaluation for each controller design based on time re-

quired on recovering load disturbance is tabulated in Table 4. 

 
Fig. 10: Output for all proposed controllers on recovering load disturbance 

test (simulation) 
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Table 4: Analysis performance for simulation of PID, HFPID-3, HFPID-5, 

HFPID-7, STFPID-3, STFPID-5 and STFPID-7 controller on recovering 

load disturbance 

No Controller Tmin, 
oC Recovery time ,s 

1 PID 80  270  

2 HFPID-3 80  235  

3 HFPID-5 80  198  

4 HFPID-7 80  166  

5 STFPID-3 80  182 

6 STFPID-5 80  105 

7 STFPID-7 80  228 

HFPID-7 compared with 

PID 

- 104 s (>1 min) 
 

STFPID-5 compared with 

PID 

- 165 s (>2 min) 

STFPID-5 compared with 

HFPID-7 

- 61 s (>1 min) 

 
Fig. 11: Comparison of time required for all proposed controller on recov-

ering load disturbance 

Fig. 11 shows the comparison of time required for PID, HFPID-3, 

HFPID-5, HFPID-7, STFPID-3, STFPID-5 and STFPID-7 on 

recovering load disturbance that was suddenly added during run-

ning process, respectively. Statistical analysis in Table 4 and Fig. 

11 revealed that the good robustness of HFPID and STFPID since 

PID controller takes the longest time on recover load disturbance 

with 270 s. The time taken for HFPID-3, HFPID-5, and HFPID-7 

are 235 s, 198 s, and 166 s, accordingly. It is apparent that for 

hydro diffusion system using a hybrid controller scheme, the 

steam temperature drop resulting from the disturbance rejection is 

greatly suppressed, and recovery process is significantly shortened 

by increasing the number of membership function. From the data, 

we can see that STFPID-5 scheme shows the superior perfor-

mance compared to other controllers. It is indicated from the fast-

est load disturbance recover, which is 105 s. The STFPID-5 takes 

165 s and the HFPID-7 takes 104 s less than PID controller to 

returns to the set point. Overall, the average time required for the 

recovery process is around 105 s to 270 s. 

3. Conclusions 

The STFPID controller that was used in controlling steam temper-

ature for extraction process shows the excellent performances 

based on the result. However, both controllers pass the robustness 

test with small %OS, RMSE, settling time and rise time. 
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