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Abstract: A chemical reaction occurring in CSTR (Continuous Stirred Tank Reactor) is significantly affected by the concen-

tration, temperature, pressure, and reacting time of materials, and thus it has strong nonlinear and time-varying characteristics. 

Also, when an existing linear PID controller with fixed gain is used, the performance could deteriorate or could be unstable if 

the system parameters change due to the change in the operating point of CSTR.

In this study, a technique for the design of a fuzzy PD plus I controller was proposed for the temperature control of a CSTR 

process. In the fuzzy PD plus I controller, a linear integral controller was added to a fuzzy PD controller in parallel, and the 

steady-state performance could be improved based on this. For the fuzzy membership function, a Gaussian type was used; for 

the fuzzy inference, the Max-Min method of Mamdani was used; and for the defuzzification, the center of gravity method was 

used. In addition, the saturation state of the actuator was also considered during controller design. The validity of the proposed 

method was examined by comparing the set-point tracking performance and the robustness to the parameter change with those 

of an adaptive controller and a nonlinear proportional-integral-differential controller. 

Keywords: CSTR, feedback control, temperature control, Fuzzy controller, NPID controller

1. Introduction

CSTR is a continuous stirred tank reactor, and it is widely 

used in the chemical industry field. A chemical reaction occur-

ring in CSTR is significantly affected by the concentration, 

temperature, pressure, catalyst, and reacting time of materials. 

Thus, it has strong nonlinear and time-varying characteristics, 

and also shows stable or unstable state depending on the oper-

ating point. Accordingly, it is one of the very difficult process 

to control [1][2].

When this process is operated at the entire operating point, 

parameters change depending on the change in the operating 

point during operation; and if an existing linear PID controller 

with fixed gain is applied, the performance could deteriorate 

or could be unstable in some cases. Therefore, to design a 

CSTR process controller with precise and stable performance, 

many efforts have been made based on the application of non-

linear PID control, adaptive control, neural network, fuzzy 

control, and evolutionary technique [3]-[7]. 

Korkmaz et al. [3] suggested a method that nonlinearly 

changes the three gains of a controller by applying a nonlinear 

function based on error and Gaussian error function to the 

structure of an existing linear PID controller. Chen and Peng 

[4] suggested an adaptive control method that performs the 

learning control of a bounded nonlinear controller in order to 

control the temperature of the coolant outlet of CSTR. In this 

regard, the learning algorithm for the changing process was 

obtained based on the Lyapunov stability theory. Saoud et al. 

[5] suggested an embedded system based on a microcontroller 

by applying a neural network that performs learning through a 

backpropagation algorithm. Banu and Uma [6] suggested a 

method that divides the entire region of CSTR into the local 

models of low, medium, and high-concentration regions, ob-

tains the gain matrix of the state feedback controller based on 

the pole placement method, and controls the concentration 

through fuzzy gain scheduling.

Nekoui et al. [7] suggested a method that obtains a model 

at one operating point for the concentration control of CSTR, 

and performs optimal tuning of PID parameters based on PSO 
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(Particle Swarm Optimization) algorithm by minimizing ITAE 

(Integral of Time multiplied by Absolute Error). These meth-

ods presented rather satisfactory results in different control en-

vironments, but further improvements are needed.

Therefore, for the temperature control of a CSTR process, 

the present study deals with the design of a fuzzy controller 

which is widely used for the control of complicated and un-

certain systems and which shows important results. A fuzzy 

controller is appropriate for the temperature control of CSTR 

because it can deal with uncertain information, can directly ex-

press the knowledge of experts using linguistic control rules, 

and does not require a mathematical model of a control target 

[8][9]. In this regard, a saturator that is commonly used for a 

control valve was considered, and an integral controller that is 

combined with the fuzzy controller in parallel was added in 

order to eliminate steady-state error. The validity of the pro-

posed method was examined by comparing the performance 

with those of a nonlinear PID controller and an adaptive con-

troller through computer simulations.

2. CSTR Modeling

2.1 CSTR

A reaction occurring in CSTR is either exothermic or 

endothermic. Thus, to maintain a constant temperature of the 

reactor, it needs to be cooled or heated by an external 

medium. Figure 1 shows the schematic diagram of a CSTR 

process, where an exothermic reaction was considered. In the 

figure , ,  and  ,  ,   represent the concentration 

[mol/m3], temperature [K], and flux [m3/sec] at the inlet and 

outlet of the fluid, respectively; and ,  and ,  rep-

resent the temperature and flux at the inlet and outlet of the 

coolant, respectively.

f f fC ,T ,F

c cT ,F

C,T,F

cf cfT ,F

Figure 1: Nonisothermal CSTR process

To simplify the problem, it is assumed that the irreversible 

reaction is an exothermic reaction, and the reaction is the first 

order system with respect to the reactant. It is also assumed 

that the fluid in the reactor is well stirred, the input and out-

put fluxes are identical, and the parameters are constant re-

gardless of the temperature. When the material and energy 

conservation laws are applied to the CSTR process, the fol-

lowing dimensionless dynamic equations can be obtained [1].

  exp


             (1a)

    exp




       +                                        (1b)

                                               (1c)

where  and  are the state variables that represent the con-

centration   and the temperature  , respectively;  and  

are the fluid outlet temperature and the coolant temperature, 

which are output and input of the CSTR, respectively; and  

and  are the disturbances. Also,  is the Damökhler num-

ber,  is the heat of reaction,   is the heat transfer co-

efficient,  is the volume of the CSTR [m3],   ,  

is the activation energy [cal/mol], and   is the gas constant 

[cal/mol-K].

In this regard, the , ,  , and  in Equation (1) are 

made to be dimensionless as shown in Equation (2).

 

 
,  

 
,  

 
,       (2a)
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                                            (2b)

Considering the physical limit of the control valve that op-

erates for temperature control in the CSTR process, it is as-

sumed that a saturator expressed as the following nonlinear 

equations exists between the controller and the CSTR process.

 











min    min

  min ≤  ≤ max

max    max

                     (3)

where min  and max  are the minimum and maximum values 

of the saturator, respectively; and  is the output of the sat-

urator or control input.

Thus, the control system that combined the saturator and the 

CSTR process can be expressed as a block diagram as shown 

in Figure 2.
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u
CSTR
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Figure 2: CSTR process with a saturator

When the open loop system in Eq. (1) has the values of = 

0.072, = 20, =8, and =0.3 in a steady state, three equili-

brium points (= [0.144, 0.886]T,   = [0.447, 2.752]T, and 

 = [0.765, 4.705]T) exist, where  and  are stable 

equilibrium points and   is an unstable equilibrium point. 

Figure 3 shows the three equilibrium points on a phase diagram.
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Figure 3: Phase-portrait for three equilibrium points

Figure 4 shows the open loop responses of the CSTR for the 

various step inputs. As shown in the figure, the response and 

the gain vary significantly depending on the step input. In par-

ticular, when the step input is smaller than 1, a very small dif-

ference in the input has a large effect on the response. Due to 

this strong nonlinearity, it is not easy to control the CSTR us-

ing an existing linear PID controller.
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Figure 4: Open loop responses of the CSTR for step inputs

3. Fuzzy PD plus I Controller

3.1 Basic structure of a Fuzzy-PD controller

A fuzzy PD controller generally consists of fuzzification, 

fuzzy inference by fuzzy rules, and defuzzification, as shown 

in Figure 5.
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Figure 5: Typical structure of fuzzy PD controller

For the inputs of the fuzzy PD controller, there are two 

kinds of signals (the error and the variation in the error) as 

shown in Equation (4); and the output is defined as  .

 

    

 



     

                               (4)

where    is the set point,  and  are the linguistic 

variables for the error and the variation in the error, re-

spectively,   and   are the scaling factors for the input 

signals, and F(·) represents the fuzzy inference.

The fuzzy sets of the linguistic variables for all the in-

put/output of the fuzzy PD controller used in this study were 

defined by normalization as [-1 1] as follows.

   ∈      

 ∈      

      →  ∀  ⋯

      →  ∀  ⋯

      →  ∀  ⋯

            (5)

The linguistic labels used to describe the fuzzy sets are 

‘negative big’ (NB), ‘negative medium’ (NM), ‘negative small’ 

(NS), ‘zero’ (Z), ‘positive small’ (PS), ‘positive medium’ 

(PM), ‘positive big’ (PB). For the membership function, a 

Gaussian-type fuzzy set was used as shown in Figure 6.

-1 -0.5 0 0.5 1
0

1
NB NM NS ZO PS PM PB

Figure 6: The membership functions of normalized inputs 

and output variables
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For convenience, the fuzzy rules are summarized in Table 

1; and they are interpreted as follows.

IF  is 

and  is   THAN  is            (6)

For the fuzzy rules, widely used rules based on the expe-

rience and knowledge of humans were used, and all the rules 

consisted of fuzzy relationships. For the fuzzy inference, the 

Max-Min method was used based on the Mamdani type; and 

for the defuzzification, the center of gravity method was 

applied. Figure 7 shows the control surface of the fuzzy PD 

controller.

Table 1: The fuzzy rule matrix of fuzzy PD controller

 Error   

Error change rate 

NB NM NS ZO PS PM PB

NB NB NB NB NB NM NS ZO

NM NB NB NB NM NS ZO PS

NS NB NB NM NS ZO PS PM

ZO NB NM NS ZO PS PM PB

PS NM NS ZO PS PM PB PB

PM NS ZO PS PM PB PB PB

PB ZO PS PM PB PB PB PB
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Figure 7: The control surface of Fuzzy PD controller

3.2 Structure of a Fuzzy PD plus I controller

A series of studies using fuzzy technique have recently 

been conducted, but they perform control by obtaining a lin-

ear model at one operating point of CSTR [10][11]. In the 

present study, a fuzzy PD plus I controller that combined a 

fuzzy PD controller in parallel with a linear integral con-

troller was used to control the temperature of CSTR, and the 

performances for the set-point tracking and for the parameter  

change in the CSTR were improved.

As shown in Figure 8, the fuzzy PD plus I controller can 

improve the steady-state performance of CSTR temperature 

through the linear integral controller that is added after the 

fuzzy inference of the fuzzy PD controller. In Figure 8,   

and   are the scaling factors for the fuzzy input variables, 

  is the scaling factor for the fuzzy output variable, and   

is the gain of the linear integral controller. Appropriate scaling 

factors for input and output signals enable flexible and adap-

tive response to the dynamic characteristics of the control 

target. In this study, they were determined by trial and error.
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Figure 8: Fuzzy PD plus I controller 

4. Computer Simulation Results

4.1 Control technique of the comparison target

Chen and Peng [4] recently suggested an adaptive controller 

for a system with saturator min ≤  ≤ max , and the 

control input can be expressed as Equation (7).

  


max min             (7)

where   is a hyperbolic tangent function, and is expressed 

as follows.

 exp 

exp 
                     (8)

where   is the error between the set point and the out-

put,   is the slope, and   is the bias.   has a value 

between -1 and 1, and thus,   is maintained within the 

limit value of the saturator.

As shown in Equation (8),   has two adjustable 

parameters. In particular, the size and sign of the slope   

sensitively respond to the characteristics of the controller. 

Thus, Chen and Peng suggested an algorithm that fixes   and 

adaptively adjusts only the bias   depending on the 

problem.

The tuning algorithm of   can be expressed as follows.

 


        (9)

where  is the learning rate, and it is a positive number. 




  is the value of ±1 that is determined by the re-

sponse direction of the system, and it is obtained from a step 
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response experiment or the physical characteristics of the con-

trol target. In this way, the algorithm continuously adjusts the 

parameters of the controller based on the error between a set 

point and an actual output. In addition, in Korkmaz et al. [3] 

that was also used for comparison, the structure of an existing 

linear PID controller was maintained, and three gains were 

nonlinearly changed. The nonlinear PID (NPID) controller of 

Korkmaz is expressed as Equation (10).

   


                    (10)  

where  ,  , and   are nonlinear functions 

based on the error   and the Gaussian error function, and they 

play roles similar to the proportional, integral, and derivative 

gains of a linear PID controller.

   

  

  

                             (11)

where,   

 









                     

The controller gain parameters , , , and  in Equation 

(11) are positive constants, and are appropriately adjusted by a 

user. Based on this, NPID controller of Korkmaz operates so 

that the proportional and derivative gains can be increased 

when the absolute value of the error is large and so that the 

integral gain can reduce the steady-state deviation when the 

absolute value of the error is small.

4.2 Data and controller parameters for the simulation

For the data of the CSTR used in the simulation, = 

0.072, = 20, H= 8, = 0.3, the upper and lower limit values 

of the saturator were ±5, and the sampling interval was 0.01.

Chen and Peng used = 0.2 and = 5 for the temperature 

control of CSTR with a saturator, and 


  was 1 be-

cause a CSTR process has positive gain. For the parameters 

, , , and  of the NPID controller in Korkmaz et al. [3], 

35.87, 21.70, 43.33, and 2.73 were used, respectively.

In addition, the scaling factors of the fuzzy PD plus I con-

troller shown in Figure 8 were selected to be =1.2, 

=0.1, =55, and =1.8 through trial and error.

4.3 Performance comparison

4.3.1 Set-point tracking performance

First, a set-point tracking experiment was conducted consid-

ering a control environment that changes the temperature at the 

outlet of the CSTR coolant. In the experiment, when the proc-

ess was in a stable equilibrium state (= [0.144, 0.886]T), 

the set point was step-wisely increased to = 2.75, which 

changed the output  to an unstable equilibrium state  . 

Then, at = 10, it was again step-wisely increased to = 

4.705, which led to a stable equilibrium state . Figure 9 

shows the output   and the saturator output .

As shown in the figure, both the adaptive controller of 

Chen and Peng and the NPID controller of korkmaz reached 

the set point without a steady-state error, but the proposed 

method approached quickly with a smaller overshoot than 

those of the other two methods. In particular, for all the con-

trollers, the overshoot of the response was larger when it was 

changed from   to   compared to when it was changed 

from  to ; and this is considered because of the in-

trinsic nonlinearity of the CSTR.

Table 2 summarizes the overshoot (), rising time (= 

-), and 2% setting time () in order to compare the  

performances of the three methods. In this regard,  and  

refer to the times required for the output to reach 10% and 

90% of the set point, respectively. As summarized in the table, 

the proposed method showed superior performance compared 

to the other two methods.
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Figure 9: Set-point tracking responses when set point   is 

step-wisely increased from 0.886 to 4.705.
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Table2 : Comparison of set-point tracking performances when set 

point   is step-wisely increased from 0.886 to 4.705.

Methods
= 0.886 2.75 = 2.75 4.705

       

Proposed 2.33 1.54 0.88 2.51 3.07 10.96 0.53 1.37

Chen 8.94 1.61 0.93 2.58 13.61 11.03 0.35 2.16

Korkmaz 6.75 1.43 0.89 2.58 6.06 10.97 0.33 1.31

As for the intrinsic nonlinearity of the CSTR, the re-

sponse characteristics could vary when the set point   is 

increased or decreased. Figure 10 shows the response 

where the set point   was changed to 2.75 when the 

process was in an equilibrium state (= [0.765, 

4.705]T), and the   was again stepwisely decreased to 

0.886 at = 10 when the process was at  . Table 3 

summarizes the performances of the three methods, similar 

to Table 2.

In particular, for the NPID controller of korkmaz, the con-

trol input showed significant hunting.
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Figure 10: Set-point tracking responses when set point   is 

step-wisely increased from 4.705 to 0.886.

Table3 : Comparison of set-point tracking performances when set 

point   is decreased from 4.705 to 0.886.

Methods
= 4.705 2.75 = 2.75 0.886

       

Proposed 2.70 1.31 0.67 1.58 0.87 11.45 0.76 1.05

Chen 2.55 1.35 0.69 2.94 0.82 11.65 0.59 1.67

Korkmaz 2.57 1.32 0.66 2.43 0.73 11.45 0.56 2.39

4.3.2 Parameter change performance

The performance of the controller regarding the change in 

the parameter of the CSTR was examined. As the CSTR was 

expressed as dimensionless dynamic equations, it was not easy 

to consider the change in the parameter. Thus, in this study, it 

was assumed that the heat transfer coefficient   decreased due 

to the long-term use of the CSTR.

An experiment was first performed assuming a 20% de-

crease in the nominal value of the heat transfer coefficient   

(to 0.24 from 0.3 ) (Figure 11), and an experiment was then 

performed assuming a 40% decrease to 0.18 (Figure 12). As 

shown in the figures, the proposed method was more robust to 

the parameter changes than the other two methods.

In particular, when the   was decreased by 40%, the adaptive con-

troller of Chen and the NPID of Korkmaz showed large overshoot.
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Figure 11: Parameter change responses from –20% for the 

heat transfer coefficient 
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Figure 12: Parameter change responses from –40% for the 

heat transfer coefficient 

5. Conclusion

This study dealt with the temperature control of a CSTR 

process based on a fuzzy PD plus I controller. A fuzzy PD 

plus I controller was designed by considering a saturator that is 

commonly used for a control valve on the sites, combining a 

fuzzy PD controller in parallel with a linear integral controller, 

and selecting the scaling factors through trial and error. To ex-

amine the validity of the proposed method, the set-point track-

ing performance and the parameter change performance were 

compared with those of an adaptive controller and an NPID 

controller, and the results indicated that the control perform-

ance was improved. In the future, studies on the optimal tuning 

of the scaling factors using optimization tools are needed.
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