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 Essential oils are one of the industry's major compounds, particularly in the 

pharmaceutical, perfume and food sectors. They were acquired using several 

methods such as steam distillation. In this method, heat from the steam will 

release the aromatic molecule at their specific boiling points. Thus, it is 

important to regulate the steam temperature at the correct level to get the 

perfect composition of the yield. Many studies have shown that essential oil 

is volatile and sensitive to excess heat. In order to maintain the desired steam 

temperature, this study proposed an internal model control (IMC) based PID 

with fractional-order filter as a controller for this system. IMC is a model-

based control structure that can handle parameter variations and load 

disturbance very well. With the inverse model imposed in the loop, IMC can 

gain a perfect tracking control as well. The implementation of a fractional-

order filter cascaded to the PID controller may enhance the system 

robustness to process gain with its iso-damping properties. This study was 

conducted by simulation using MATLAB R2018. The step response of the 

closed-loop system has been evaluated with varying filter parameters 

depending on the desired phase margin of the open-loop reference model. 
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1. INTRODUCTION  

Essential oils are botanical substances that can be obtained through the extraction process of 

aromatic plants. Essential oils are primarily used in the flavour, fragrance, cosmetics and pharmaceutical 

industries [1-4]. The essential oils contain a complex mixture of volatile chemical compounds and they are 

sensitive towards temperature which may affect the quality of the oils [5-7]. Steam distillation is one of the 

effective and affordable methods used to maintain a strict temperature range. The essential oils will not be 

distilled if the temperature is too low and it will damage if the temperature is too high. 

Steam distillation method can purify or isolate sensitive materials such as natural aromatic 

compounds, where steam is injected into the plant to release aromatic molecule. Moreover, steam distillation 

is the most popular method to be used in collection essential oil [8]. Almost 93% of essential oils extracted 

using this method [9, 10]. Furthermore, the advantage of steam distillation is that it can be precisely 

controlled and adjusted the temperature to ensure that the system remains consistent within the optimal 

temperature range [11]. It is also considered as a low-cost system, but able to improve productivity leading to 

industry preferences [12, 13]. 

https://creativecommons.org/licenses/by-sa/4.0/
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For many decades, the Proportional Integral Derivative (PID) controller has remained the largest 

used process control technique [12-16]. However, when the PID controller was tuned using a basic method, 

the control loop performance will be drifted if the parameter of control loop changed and load disturbance 

occurs, resulting in undesired results [17, 18]. Therefore in 1980s, Morari et al. in [18-20] had introduced the 

PID tuning using Internal Model Control (IMC). IMC control structure can be decomposed into two transfer 

function; the PID controller and a simple filter equation. The first application of IMC was applied to the 

continuous distillation plant [18]. As the pioneer in the IMC, they had demonstrated the benefits of IMC 

control design in many processes. Li et al. in [21] had applied the Internal Model Control based PID (IMC-

PID) tuning method for superheated steam temperature control. In their research, the IMC PID was designed 

using the Skogestad-IMC (SIMC) tuning method [22] to achieve perfect setpoint tracking. Rao et al. [23] 

proposed an IMC-PID controller for integrating system with time delay. They used the estimation of first-

order Pade’s for the time-delay term. The comparative studies had been made between servo and regulatory 

problem. The result shows that the proposed method gives better integral performance criteria in terms of 

ISE, IAE and ITAE. 

In recent advancement, many researchers had included a fractional-order filter instead of an ordinary 

filter. This is because the filter give the advantage of iso-damping properties of a fractional-order function 

that is robust to gain variation. In [24, 25], Bettayeb and Mansouri studied the IMC-PID cascased with 

fractional-order filter controller design for integer order system. They had generalized the tuning rule for a 

different type of processes using CRONE principle. The processes that had studied were the liquid level 

system and angular velocity control a servo system. Both procecess show a good result in both setpoint 

tracking and disturbance rejection when applied the proposed design as the controller. 

The main objective of this project is to design a new controller for steam distillation essential oil 

extraction process using IMC based PID controller with fractional-order filter to regulate the steam 

temperature and at the same time guarantee the robustness of the process towards disturbance and process 

parameters change. The controller design criteria was based on Bettayeb and Mansouri purposed in [25]. One 

of the controller design criteria is using the CRONE principle to achieve the design requirement specified by 

the desired phase margin and crossover frequency. The simulation was done by Simulink in MATLAB 

R2018 software to evaluate the performance of the closed-loop system for several sets of requirements. 

 

 

2. RESEARCH METHOD  

Figure 1 shows the flow chart of designing the controller. First of all, the literature review must be 

done before designing the controller because information of this research needs to be read and understand the 

context very well. Next are the ORA and IMC synthesis. ORA stands for Oustaloup Recursive 

Approximation that widely used as an open-loop reference to find a rational integer-order approximation for 

fractional-order integrators and differentiator [26]. ORA will affect the fractional-order filter inside the 

designed controller while IMC synthesis will affect the PID parameter of the system. Next from the 

derivation by using IMC controller design and fractional filter, the parameters of the controller are calculated. 

Then, design the block diagram of the system and run the simulation using MATLAB/Simulink. Every 

design had its own value for PID parameters and observed the step responses. Moreover, from this 

simulation, the reaction curve was observed by the characteristic of the curve. If the reaction curve is not 

meet the criteria, the parameter of the controller can be varied. Then if the reaction curve meets the criteria, 

the objective of designing the controller is achieved. 

 

2.1.  Internal model control (IMC) 

The basic arrangement of IMC is shown in Figure 2 where Gm(s) is the process and Gm’(s) is the 

process model. If both process and its model is similar, it will result in the ability to estimate disturbance. In 

addition, the predicted disturbance is the actual disturbance when both processes are equal. The IMC 

controller can eliminate any disturbance from the setpoint, thus fulfilling the perfect control. 

In order to derive the IMC algorithm, Figure 2 can be transformed equally into Figure 3. Then, by 

simplifying the feedback loop within the dotted box, yields a transfer function of a controller in terms of 

CIMC(s) and Gm’(s). Finally, the simplified IMC structure is shown in Figure 4. 
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Figure 1. Flow chart of controller design 

 

 

 
 

Figure 2. Basic IMC structure 

 

 

 
 

Figure 3. IMC structure’s rearrangement 
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Figure 4. Simplified IMC structure 

 

 

 In consequence, the standard feedback controller yields using IMC structure is given in (1). 

 

 (1) 

 

This study applies Bode ideal principle as proposed by Bettayeb and Mansouri in tuning the IMC 

controller. It is based on an ideal shape of an open loop transfer function in the form, 

 

 (2) 

 

where the gain crossover frequency is,  

 

    
 

  
   (3) 

 

|  (  )|     

 

Hence, the slope of magnitude curve which on log-log scale is parameter of α. It is assumes that 

integer value as well as non-integer value. The value of α in transfer function of L(s) is fractional-order 

differentiator when α < 0 and fractional integrator when α > 0. The bode diagram is simple where the 

amplitude curve is straight line of constant slope -20α dB/dec where the phase margin can be derived as (4). 

 

     (     ) (4) 

 

Considering the unity feedback system shown in Figure 3, if the forward transfer function is equal to 

L(s), then L(s) will determine the property of the closed-loop system. Phase margin will remain equal even 

though there are changes in system gain. The closed loop system of Figure 4 is same as given by at (1). 

While the desired closed loop transfer function is given by, 

 

 (5) 

 

As shown in (5) is used as a reference model for tuning the controller C(s). Based on this reference 

model, the overshoot which depends on α and the settling time which depends on τc can be determined 

respectively. 

 

2.2.  IMC PID with fractional-order filter 

In this section, the derivation of IMC PID with fractional-order filter will be discussed. The idea of 

this design is to have an integer-order PID that is cascaded with fractional-order filter to meet closed loop 

specifications. The general equation of such controller is given by, 

 

 (6) 

 

where H(s) is a fractional-order filter. The PID parameter such as Kp is the gain, Ti is the integral time 

constant and Td is derivative time constant. If we consider a first-order plus dead-time system, 
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 (7) 

 

To simplify, we substitute the dead-time, θ with first-order Pade’ approximation expressed by, 

 

 (8) 

 

Then, substitute (8) into (7) yields, 

 

 (9) 

 

The transfer function in (9) can be factorized into the invertible and non-invertible elements where 

the Gm’
+
(s) contains time delay and right-half plane zeros while Gm’

-
(s) contains zero at left-half plane. The 

equation is describe as follows, 

 

  
  ( )   

  

(     )(      )
 (10) 

 

  
  ( )            (11) 

 

Then, a perfect control can be achieved with the idealized controller which is in term of the inverse 

of process model with fractional-order filter H(s), as follow, 

 

 (12) 

 

In order to obtain the stability of controller and desirable of iso-damping properties, H(s) is 

represented by L(s) in fractional-order,  

 

            ;  (13) 

 

The fractional property of the controller represented by fractional reference model H(s) given in (13) 

where the parameter τc is time constant and α are chosen to impose phase margin and crossover frequency, ωc 

of closed loop. Next, substitute (13) into (12). Hence, the IMC controller with fractional filter is given by, 

 

    ( )   
(      )(      )

  
 [

 

(      
   )

] (14) 

 

where α is the parameter of fractional order and τc is the closed- loop time constant. Then, substitute (14) into 

(1) and expand the equation to get (16), 
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  (      
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 (15) 

 

 (16) 

 

Compare (16) to (6) to get the ideal PID controller as below, 
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Hence, the tuning parameter of an ideal PID controller based IMC strategy can be obtain by  

 

 (18) 

 

 
 

 
 

The fractional-order filter parameter from (13) that given in (19) 

 

   
     

 

 

   (19) 

 

 (20) 

 

Table 1 shows the calculated value of α and time constant τc calculated using (19) for a desired phase 

margin and crossover frequency while the Bode plot is shown in Figure 5. Crossover frequency ωc is constant 

value of 0.008 which one of the controller design criteria in [25]. As stated in (13), value of α is between  

0 to 1. When α more than 1, the time constant τc gave the slowest response among other value α. 

 

 

Table 1. Desired value of open loop reference 
Phase margin, 

(open loop reference model) 

Crossover 

frequency, ωc 
Alpha, α 

Time 

constant, τc 

170 0.008 0.1111 213.74 
160 0.008 0.2222 365.47 

150 0.008 0.3333 624.90 

140 0.008 0.4444 1068.51 
80 0.008 1.1111 26716.94 

60 0.008 1.3333 78,112.4 

 

 

 
 

Figure 5. Bode plot of open loop reference 
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Figure 5 shows the Bode plot of open loop reference by using ORA that using varies values of α. 

When the value of α varied, it give us desired value phase margin and crossover frequency that will use to 

calculate the fractional order filter at (19). 

 

 

3. RESULTS AND DISCUSSION  

In this study, block diagram of the proposed method has been designed in MATLAB/Simulink 

software. The step input signal has been set from 0 to 15 to represent the temperature from 70ºC to 85 ºC. 

The PID controller block is set according to the parameter of Kc=5.2, Ti=1/292.5 and Td=62.64 using formula 

in (18). Besides that, the controller consist of fractional filter have been cascaded with IMC-PID block 

diagram. The cascaded block diagram used to impose the phase margin and crossover frequency by using the 

value of parameter α and τc. The step response of IMC-PID with fractional-order filter controller was 

compared based on the parameter where the block diagrams for all tuning are the same. Table 2 shows the 

result where there is a fractional characteristic of the open loop system. In this case, adjust the magnitude 

(gain) to increase the crossover frequency by 1 to achieve the fractional specification.  

 

 

Table 2. Data for open loop system 

Alpha,α 
Phase 

margin,φm 

Crossover 
frequency, ωc 

0.1111 165 1.02 

0.2222 155 1.00 
0.3333 145 1.04 

0.4444 135 0.98 

1.1111 75.5 1.01 
1.3333 55.6 0.93 

 

 

Based on Figure 6 shows the bode plot of the open-loop system represents for other value of alpha. 

It shows the difference of the result obtained before and after increase the gain to achieve the crossover 

frequency ωc =1rad/s. In the Bode plot open-loop system, the phase curve is flat around the gain of crossover 

frequency, ωc and the system has a phase margin of approximate to the desired value. For example, the 

closed-loop system of α=0.1111 and time constant, τc =213.74s have imposed the approximate of phase 

margin which is PM=165° close to phase margin of open-loop reference PM=170°. This observation leads to 

a conclusion that the controller tune by the proposed method is robust against gain variation and having iso-

damping property around the gain crossover frequency. 

 

 

 
 

Figure 6. Bode plot of open loop system ɑ=0.1111 
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Table 3 shows the transient response of the IMC-PID fractional-order filter tuning method with 

varying value of α. Based on the result obtain, the highest percentage of overshoot is 12.1% at α=1.333 where 

the settling time is Ts=845s that is slower than others. The performance of this system was improved at 

α=0.3333 when the overshoot was lower and diminished. The settling time response also improve at  

Tr =461s. However, the rise time is a bit slower compared to other alpha. 

 

 

Table 3. Comparison of transient response in various range of alpha, α 

Alpha,α 
Rise 

Time(Tr), 

Settling time 

(Ts) 

Overshoot 

(%OS) 

0.1111 300 517 - 
0.2222 290 490 - 

0.3333 281 461 - 

0.4444 274 431 0.056 

1.1111 257 779 7.25 

1.3333 256 845 12.1 

 

 

Figure 7 shows the closed-loop system step response. The performance of the closed-loop system 

obtains from simulation have produced better transient response when α <1. Besides that, the percentage of 

overshoot also has decreased and disappears. However, the rise time, Tr has a slower response compared to 

the fast-responding when α >1. In terms of settling time Ts, when α>1 has the slowest response due to the 

overshoot compared to the value of α <1 where it has a lower value without overshooting. Based on 

observation, the lower value of alpha, α with the highest value of phase margin has reduced the overshoot 

compared to the lower phase margin where it increases the overshoot. Besides, this relation has proved that 

the percentage of overshoot depends on alpha, α where the settling time depends on the time constant, τc. 

 

 

 
 

Figure 7. Step response for closed loop system of IMC PID with fractional order filter 

 

 

4. CONCLUSION  

This paper presented the IMC-PID controller with fractional-order filter for steam distillation 

essential oil extraction process. This study aims to design a controller that can control the steam temperature 

during the extraction. It consists of a conventional PID controller based on an IMC paradigm and cascaded 

with a fractional-order filter. This proposed method is more attractive than conventional PID as it has the iso-

damping robustness and more degree of freedom to meet other specification. The parameter of the closed-

loop step response has been tuned by the simulation to obtain the desired overshoot (depends on α) and 

desired settling time (depends on the time constant, τc). The proposed method has met all the fractional 

specification and also have better performance of a closed-loop system. 
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