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 Abstract- Steam distillation is one of the most popular methods 
used to extract the essential oils. Because of the behavior of 
aromatic plants that are volatile and fragile to excess heat, steam 
temperature needs to be regulated within a permissible range. 
Changes in the dynamics of steam temperature because of several 
factors such as variation of water level, capacity of loads, error in 
modelling and others had made the control effort more 
challenging. In fact, variation of parameters in plant models have 
interrupted the stability of the system and may jeopardize the 
quality of essential oils. In this paper, a CRONE controller which 
means Non-integer order robust controller will be applied to 
suppress the effect of variability in process parameter changes to 
the control loop. CRONE controller design pursued in frequency 
domain approach made it easier to achieve a constant transient 
within an iso-damping region. The CRONE performance will be 
compared with Internal Model Control PID with fractional-order 
Filter (IMCPID-FOF). The comparative study was done in time 
and frequency domain to reveal the robustness of the two 
controllers. It was shown that both controllers have good 
performance in time domain of closed-loop system where the 
desired percentage overshoot 5% ±3% are followed by system due 
to parameter of phase margin and gain crossover frequency. 
However, CRONE-2 has better performance while handling plant 
uncertainty with approximately 3% and 10% faster than IMC 
PID-FOF in rise time and settling time, respectively. 
 

Keywords—Essential oils extraction, Steam temperature, 
FOPDT model of steam distillation, Fractional Order Controller, 
second generation CRONE (CRONE-2), Internal Model Control 
(IMC). 

I. INTRODUCTION 
 In the past few years, essential oils have become popular 
because of its benefits to human health and well-being. It was 
shown that by inhaling certain essential oils such as Lavender 
scents might have a positive side effect on people who have 
mild sleep disturbance[1]. Besides that, essential oils had also  

 
 

 
been used for household products such as repellent of mosquito 
[2], refreshing up things like cleaning agent or freshener for 
home [3], natural scents for cosmetics and others. 

Essential oils can be obtained from botanical sources such as 
lavender plant, rosemary, pandan leaves, serai wangi and  many 
others. Hence, the extraction process must be done to extract 
the oils from the aromatic plants and strictly no other chemical 
mixture was allowed to produce an authentic essential oil. In 
essential oil industries, the quality of essential oils becomes one 
of the significant attributes in attracting customers to buy their 
products. Most essential oils has volatile chemical compounds 
with its unique combination and they are too fragile to external 
parameters such as temperature [4]. According to [5]-[6] , 
temperature control is crucial especially when handling a 
sensitive environment because it can react with almost 
everything and the effect might include the material, pressure, 
conductivity and others. 
 Generally, essential oils are extracted using a distillation 
process. There are various types of distillation processes such 
as hydro distillation and steam distillation. In this study, the 
steam distillation process was chosen as a method of extraction 
where it was able to produce highly concentrated oil. A strict 
range of temperature is maintained to preserve the essential oil 
quality. From previous studies conducted on Cymbopogon 
Nardus extraction, the optimal temperature range was found to 
be between 70°C to 85°C. According to [7], the higher 
temperature will change in composition of major chemical 
compounds and it will not be released if the temperature is too 
low. 
 The natural aromatic plant material can be purified or 
isolated by using steam distillation method where the process 
was done by injecting the steam into the plant. Thus, the 
aromatic molecule is released. Indeed, almost 93% have used 
this extraction method compared to other methods [8]. 
Furthermore, the steam distillation is good in handling heat 
sensitive materials and the temperature can be adjusted within 
the desired range. The system is cheap but good in productivity 
which leads to industry preference.  
 This study was focused only on steam temperature control of 
a steam distillation process. Steam temperature dynamics are 
not sustainable due to influences from internal and external 
factors such as quantity of loads, water level, noise, error in 
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plant modelling and others had made control effort more 
challenging.  Fractional-order calculus is widely used in 
various fields especially in engineering such as signal 
processing, control system and system theory. Fractional-order 
was also known because of its flexible frequency shape and 
fulfilling more demanding design requirements [9].The 
development of fractional order was started by Bode in the 19th 
century who had proposed a Bode’s Ideal transfer function in 
control system and also Tustin who had implemented a 
fractional- order in position control of massive objects [10]. 
Next, Oustaloup has proposed a Commande Robuste d’Orde 
Non Entier in French is an acronym for CRONE which can be 
translated as Non-integer order Robust Controller with three 
generation of control strategies which are First, Second and 
Third generation of CRONE controller by implementing a 
frequency domain approach in order to achieve robustness on a 
stable system [11].  
 The first Generation of CRONE [12] is a controller with 
strategy of achieving constant phase around open loop gain 
crossover frequency, 𝜔𝜔𝑐𝑐𝑐𝑐. Thus, the phase margin only varies 
from the variation of the plant gain. Within this range, the 
variety of plants is acquired. However, the high frequencies in 
this range lead to high levels of control input. Hence, this 
problem was referred to the next generation of CRONE. 
 The Second Generation of CRONE [13] uses a constant 
phase of nominal around open loop gain crossover frequency, 
𝜔𝜔𝑐𝑐𝑐𝑐. The focus was in open loop Nichols locus which have a 
vertical straight-line segment called vertical template around 
𝜔𝜔𝑐𝑐𝑐𝑐. The performance on vertical sliding of template was along 
one contour at different parameter of gain around 𝜔𝜔𝑐𝑐𝑐𝑐, proved 
the robustness of control. Thus, second generation of CRONE 
controller will be evaluated in this study. 
 Recently, many researchers were interested in developing 
CRONE controllers in different types of plant uncertainty. 
Hussein et al [14] performed a comparative study on robustness 
of plants between First generation CRONE and PID controllers 
on anti-roll system for electric vehicles where the specification 
value of gain crossover frequency around frequency range was 
fixed in this plant. The result illustrated that First Generation of 
CRONE is more robust to plant uncertainty compared to PID 
controller when the phase margin was constant along the 
frequency range, 𝜔𝜔𝑐𝑐𝑐𝑐. Other research referred in [15], the 
CRONE Controller was implemented in Speed Control of 
Permanent Magnet Direct Current Motors. This study 
highlighted on the effect of torque on PMDC motor speed 
control, where the temperature was increase and the frequency 
are decreases cause the uncertainty on shaft of the motor. From 
the results, they had proved that second generation of CRONE 
are good in handling plant uncertainty. Francisco et.al [16] 
studied on Robust control of a wind turbine using third 
generation of CRONE. In this study, the controller in the 
simulation environment was tested on three different types of 
disturbance such as step, modelled harmonic turbulent wind and 
white noise. The result was obtained where the performance of 
plant using CRONE controller shows better performance of ISE 
compared to uncontrolled plant. This performance also 
supported by [17] and [18] where both studies on CRONE have 
proven less sensitive to disturbance and parameter rejection. 
 The objective of this study is to design a fractional order 
controller in order to maintain the temperature of steam at its 

saturated level even though the plant parameters vary. The 
Second generation of CRONE controller was chosen as a 
proposed controller to be evaluated and the result was compared 
with other controllers that have a fractional order property. 
 An Internal Model Control based PID with Fractional Order 
Filter (IMC-PID-FOF) was proposed by [19] where it also 
proved robust and had better control by previous research study. 
The structure of the controller was a combination of IMC 
structure based PID controller and cascaded with a fractional 
order filter. This control technique has only two parameters 
which belong to fractional order filter that need to be 
manipulated to have a better control. Thus, an Oustaloup 
Recursive Approximation method has been used to find the 
integer order.  
 An overview of the plant model uncertainty will be described 
in section II. Next, the design methodology of a fractional-order 
controller using CRONE-2 and IMC-PID-FOF controller will 
be discussed in section III. The performance analysis of the 
controllers will be discussed in section IV. In the last section, 
summary and conclusion of this study will be drawn with some 
future recommendations. 

II. PLANT MODELLING 
 The experimental study was conducted by [20] using a pilot-
scale steam distillation plant. Figure 1 shows the schematic 
diagram of a steam distillation plant where it consists of a 
condenser with mounted steel and stainless-steel column. The 
operation starts with filling in the water and boiling it in a 
distillation column to generate the saturated steam. The water 
was heated up by a 1.5kW coil-type heater. Two TCs 
(Temperature Control) were installed; TC2 was used for water 
temperature monitoring, while TC1 was installed approximate 
of 40 cm from the water level for steam temperature control. 
 The TC1 has begun to measure the steam temperature during 
closed-loop operation and a signal converter was used to 
convert the resistance to voltage. The output signal of the signal 
converter was set within 1 to 5 Vdc to represent the temperature 
from 0 °C to 120 °C. An offset of 1 Vdc was set intentionally 
by researcher to detect any malfunction in the sensor whenever 
the output becomes zero. In addition, the electrical heater used 
in this research can be manipulated by a power controller, 
where the input voltage of controller can influence the output 
voltage. Thus, the input voltage was set in the range of 0V to 
5V. In the result, the temperature of water will change and 
influence the temperature of the steam. 

The process model of this system was adopted in [8]. The 
researchers proposed a linear transfer function which is First 
Order Plus Dead Time (FOPDT) model due to specific 
operating range of steam temperature shows a linear S-shape 
step response which is between 85°C until 100°C. Hence, 
FOPDT model of steam distillation was defined by equation 
(1). 
 

𝐺𝐺(𝑠𝑠) =
𝑘𝑘

𝜏𝜏𝑠𝑠 + 1
𝑒𝑒−𝜃𝜃𝜃𝜃 =  

4.5
280𝑠𝑠 + 1

𝑒𝑒−25𝜃𝜃 
(1) 

 
where the value of gain, K is 4.5, time constant, 𝜏𝜏 is 280 and the 
dead time, θ is 25 second. 
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Fig 1. Schematic diagram of steam distillation plant[8] 
 

A.  Plant uncertainty 
 In the previous section, it was mentioned how the steam 
temperature was generated. One of the factors that influence the 
dynamic of steam temperature was the water level in the 
distillation column. The water level for a nominal plant is 10 
liters. However, it may decrease over time as the process is 
running. The variation in water level causes changes in the 
process time constant. As the process is running, the time 
constant will become faster as the water level may decrease. 
Thus, uncertainty in the plant parameters were distinct. In this 
study, we focused on the variation of time constant with 280 
±10% by maintaining the parameter of gain k=4.5 and time 
delay, θ=25 second. Table 1 shows three possible plant models 
with variation of time constant that will be evaluated in this 
study. 
 

TABLE I 
PLANT MODEL WITH TIME CONSTANT VARIATION 

Plant model Plant 1 
(nominal) 

Plant 2 Plant 3 

Time constant 280 252 308 

 

III. CONTROLLER FRAMEWORK 
 The development of controller was based on transfer function 
of plant modelling (the system to be controlled) with unity 
feedback control system diagram such in Fig. 2. 
 

 
Fig 2. Block diagram of closed loop with unity feedback 

 

Bref(t) is a reference (desired) value of output B(t), C(s) is the 
linear controller with control effort k(t), G(s) is transfer 
function of its linear model, di(t) and do(t) is the input and output 
disturbance for plant, and Fmes(t) is a high frequency 
measurement noise. In this study, there are two types of 
controllers with fractional order which are CRONE controller 
(CRONE-2) using CRONE CSD toolbox and Internal Model 
Control based PID with FOF controller. The controller design 
is followed by the specification in the next section. 
 

A. Design Specification 
 To design a fractional order controller, there are several 
specifications that need to be considered so that the system can 
achieve accuracy in plant uncertainty [21]. In this study, 
stability margin and robust constraint were considered in the 
design. 

 
1) Phase margin definition: 
  Phase margin can be obtained by relationship of damping 

ratio and phase margin for open loop frequency response 
where it can be written as equation (2). 

 

𝜁𝜁 =
−𝐼𝐼𝐼𝐼 (%𝑂𝑂𝑂𝑂 100⁄ )

�𝜋𝜋2 + 𝐼𝐼𝐼𝐼2((%𝑂𝑂𝑂𝑂 100⁄ )
 

 

∅m = tan−1 2ζ

�−2ζ2+�4ζ4+1
                          (2) 

According to [22], the damping ratio of system was typically 
in the range of 0.4 until 0.8 since small value of damping ratio 
produces severe overshoot and if the value is higher, the rise 
time increases. Table 2 indicates three of phase margin and 
overshoot with fixed value of crossover frequency 𝜔𝜔𝑐𝑐𝑐𝑐 =
0.0075 where it has been suggested by [23] to be evaluated in 
this system. Hence, to preserve the essential oil quality, the 
settling time was set to 400 s which represent by gain crossover 
frequency of 0.0075 and percentage overshoot of ±10% with 
phase margin, ∅m of 84°. 

 
 
 

TABLE II 
LIST OF PHASE MARGIN AND OVERSHOOT 

Damping 
ratio, 𝜁𝜁 

Phase 
margin,∅m 

Overshoot,% 

0.4 45.25 25 
0.5 57.24 15 
0.7 84.02 5 

 
2) Gain crossover frequency,𝜔𝜔𝑐𝑐𝑐𝑐 that proposed in [11] 

 
|𝐺𝐺(𝑗𝑗𝜔𝜔)𝐶𝐶(𝑗𝑗𝜔𝜔)| = 1                         (3) 

 
3) Iso damping properties where the phase curve open loop 

transfer function is flat within its frequency range that leads 
to better control against parameter variation in specific 
range. 
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B.  Second Generation Of CRONE  
 The transfer function of a Second generation CRONE was 
obtained through derivation where the transfer function of open 
loop system for frequency in the range [𝜔𝜔𝐴𝐴,𝜔𝜔𝐵𝐵] was defined in 
equation (4), 
 

𝛽𝛽(𝑠𝑠) = �
𝜔𝜔𝑐𝑐𝑐𝑐
𝑠𝑠 �

𝐼𝐼
                                  (4) 

 
where 𝜔𝜔𝑐𝑐𝑐𝑐 is gain crossover frequency for which uncertainty 
does not affected on the phase variation, 𝐼𝐼 ∈ 𝑅𝑅. Besides that, 
the control signal and transient response can be obtained by 
adding an integrator and eliminating equation (4) in frequency. 
Hence, the new open loop transfer function was defined by 
equation (5) 

 

𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐(𝑠𝑠) = 𝛽𝛽0 �
1+ 𝑠𝑠

𝜔𝜔1
𝑠𝑠
𝜔𝜔1

�
𝑛𝑛1

�
1+ 𝑠𝑠

𝜔𝜔ℎ
𝑠𝑠
𝜔𝜔𝑙𝑙

�
𝑛𝑛

�1 + 𝜃𝜃
𝜔𝜔ℎ
�
−𝑛𝑛ℎ

     (5) 

 
where ωl and ωh represent the low and high transitional 
frequencies with nland nh as a system behaviour for those 
frequency, n is the fractional order around the frequency ωcg 
between 1 and 2, and β0 is a constant value that assures a 
crossover frequency ωcg. The controller was strictly proper 
when low pass filler was added into (5). Thus, it reduced gain 
of the control sensitivity function .The transfer function was 
defined based on the requirement in design specifications in 
section A. Fractional order transfer function was computed 
using CRONE Toolbox [24]. Thus, the transfer function was 
given in equation (6). 
 
 

(6) 
 

 
 

C. Internal Model Control (IMC) based PID with 
FractionalOrder Filter (IMC PID-FOF) 

 The IMC PID- FOF controller was discussed in detailed 
based on paper [19], [23], [25] and [26]. The transfer function 
of controller was defined by equation (7) where the parameter 
of controller consists of Kp, Ki and Kd for PID controller and two 
extra parameter which alpha, α and time constant, 𝜏𝜏𝑐𝑐 for 
fractional order filter.  

 
𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼 = 1

1+�2𝜏𝜏𝑐𝑐 𝜃𝜃� �𝑆𝑆𝛼𝛼
2𝜏𝜏𝑝𝑝+𝜃𝜃
𝑘𝑘𝑝𝑝𝜃𝜃

(1 + 1
2𝜏𝜏𝑝𝑝+𝜃𝜃

2

𝑠𝑠 + 𝜏𝜏𝑝𝑝𝜃𝜃
2𝜏𝜏𝑝𝑝+𝜃𝜃

𝑠𝑠2)                 (7) 

 
The desired specification of IMCPID-FOF controller also 

based on requirement in section A Thus, the transfer function 
was determined by equation (8) 

 
𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼 = 1

1+�405.16
25� �𝑆𝑆0.1 5.2(1 + 1

292.5
𝑠𝑠 + 11.97𝑠𝑠)       (8) 

 

IV. RESULTS AND DISCUSSION 
 The simulation results using Simulink/MATLAB is 
presented in this section where the step input is 70°-85°C for 
1500 seconds. In addition, the performance analysis of the plant 
model with time constant variation was discussed in section A 
for both controllers with feedback control input only in the 
frequency and time domain. Then, the analysis on step response 
for closed loop system of steam distillationwas discussed in 
section B. 
 
A. Performance analysis of plant model with time constant 

variation 

 The illustration of the stability degree robustness versus time 
constant variation can be seen in frequency response properties 
where Bode and Nichols plot diagram of open loop system for 
both controllers were presented in Fig. 3 and Fig. 4. For bode 
plot diagram, the system is proven robust when phase curves 
are constant around its gain crossover frequency within its 
frequency range. Thus, this behaviour is presented in IMC PID-
FOF controller where the phase margin for all three plants have 
small differences with 2° - 4° of each other. Besides that, it also 
can be proved by Nichols plot that represents CRONE-2 
behavior where the performance vertical sliding of Nichols 
template was along the same contour which is -3db for all three 
plants. All the data have been listed in Table 3. 

 
(a) 

 

 
 

(b) 
 

Fig 3. Bode diagram of open loop system (a) CRONE-2 



Pezol et al.: Temperature Control of Essential Oil Extraction Process Using Second Generation of Commande Robuste d’Ordre Non Entier (CRONE-2) 

182 
 

(b) IMC PID with FOF 

 
(a) 

 
(b) 

Fig 4.  Nichols plot of open loop system (a) CRONE-2 
(b) IMC PID with FOF 

 
TABLE III 

PARAMETER OF OPEN LOOP SYSTEM  
 CRONE-2 IMC PID FOF 

 
Phase 

margin, 
Pm 

Gain 
crossover 
frequency
𝜔𝜔𝑐𝑐𝑐𝑐 

Phase 
margin, 

Pm 

Gain 
crossover 
frequency
𝜔𝜔𝑐𝑐𝑐𝑐 

Plant 1 
(Nominal plant) 88.5 0.0073 87 0.0060 

Plant 2 90.7 0.0079 89.8 0.0061 
Plant 3 86.5 0.0067 84.3 0.0056 

 
Figure 5 shows the step response of plant variation for both 
controller and has been listed in Table 4. As for closed loop step 
response, all of three plant model for both controllers show the 
same result where the overshoot value are 5% with ±3 or 10% 
of overshoot are still acceptable. However, the response of IMC 
PID-FOF controller are oscillate at 641 seconds and settle at 
791 seconds for plant 3 while the response of CRONE-2 are 
smooth. Thus, this behavior proves  CRONE-2 controller have 
better control towards plant uncertainty. 

 
(a) 

(b) 
Fig 5. Step response of closed loop system for plant uncertainty 

 (a) CRONE-2 (b) IMC PID with FOF 
 
 

TABLE IV 
STEP RESPONSE OF CLOSED LOOP SYSTEM  

 
 CRONE-2 IMC PID FOF 

 Overshoot, 
% Overshoot, % 

Plant 1 (Nominal plant) 3.8 2.8 
Plant 2 2.0 1.7 

Plant 3 6.0 5.3 
 
 

B. Step response of Closed loop system 
 The step response of the closed loop system presented in Fig. 

6 and the data were tabulated in Table 5. The response of the 
CRONE-2 controller arises 3 percent faster than IMC PID-FOF 
at 306.9 seconds. However, the percentage overshoot for IMC 
PID-FOF are smaller than CRONE-2 controller with 2.8 and 
3.8 percent, respectively. Besides that, the settling time of 5 
percent of the tolerance band was led by the CRONE-2 
controller with 320 seconds which are 10 percent faster than 
IMC-PID with FOF controller. 
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Fig 6. Step response of closed loop system for both controller 

 
 

TABLE V 
PARAMETER OF STEP RESPONSE  

Parameter CRONE 2 IMC-PID FOF 

Rise Time, sec 297.6 306.9 

Settling Time, sec 323.7 360 

Percent Overshoot, % 3.8 2.8 

 

C. Control signal 
 The practical implementation of the controller can be 
validated by control signal requirement. Figure 7(a) shows the 
controller techniques are out of control signal requirements 
which exceed 5V. However, saturation block was implemented 
into the Simulink block to have minimum control with the range 
of 0 until 5V. It can be seen in Fig. 7(b), where both control 
signals start from 5V at 0s. Then, the signal drops are slowly 
begun by IMC PID-FOF controller at 200s and followed by 
CRONE-2 controllers at 300s. However, the control signals for 
CRONE-2 are saturated at 500s with output signal 3.33V which 
is faster than IMC PID-FOF controller at 800s with output signal 
3.35V. This can prove that CRONE-2 is a more reliable 
controller in terms of real time implementation.  

V. CONCLUSION 
 In conclusion, this paper successfully implemented the 
Second generation CRONE controller (CRONE-2) in the steam 
distillation system by complying with the design specifications. 
In addition, a comparative study was conducted by comparing 
CRONE-2 and IMC PID-FOF controllers where both 
controllers have fractional order properties. Both controllers 
were designed with the same criteria, such as phase margin and 
gain crossover frequency. The CRONE-2 has shown better 
performance with 3% and 10% faster than IMC PID-FOF in rise 
time and settling time, respectively. Also, both controllers can 
follow the desired overshoot value needed by the user. While in 
CRONE 2, it meets the robustness requirement in handling 
plant uncertainty of steam distillation. For future 
recommendation, this controller can be implemented with other 
controllers in real application. 
 
 
 

 
(a) 

 
(b) 

 
Fig 7. Performance of control signal (a) without saturation b) with saturation 
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