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Abstract - Continuous Stirred Tank Reactor (CSTR) play an important role in chemical production 
equipment whose reaction temperature is an important control parameter for the equipment. In 
actual chemical production, the quality of CSTR temperature control directly affects product quality 
and production safety, so temperature control has been the focus of professional and technical 
personnel. This paper focuses on how to optimize the temperature control scheme of CSTR using 
the dual/valve position-cascade control system. The traditional PID control is analyses, and the 
dynamic characteristics of the system scheme can only meet the process requirements of 
polypropylene. In order to fully exert the control performance of the CSTR, the cooling 
characteristics of the tube and the tank were analysed successively. In order to make the 
temperature control system take into account their respective advantages, which leads to 
coordinated use the dual/valve position-cascade control scheme, this "double cooling" control idea 
effectively solves this problem, and the tube and the tank are cooled. The simulation result shows 
that the traditional PID control and the dual/valve position-cascade are compared in terms of 
dynamic performance and energy saving, which verifies the superiority of the proposed system. It 
was concluded that the dynamic response of the tube can better meet the process requirements of 
the polypropylene due to the tank, but it is not conducive to economic effects. 
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1. Introduction 
 
The temperature control is critical in CSTR 
applications because temperature control in many 
productions directly affects product quality and 
production safety. In addition, since the reactor is a 
closed structure, the internal pressure is closely 
related to the temperature. If the temperature is too 
high, the pressure will be too large to exceed the 
tolerance of the reactor to induce a safety accident. 
For example, in the process of producing 
polypropylene by the slurry method, if the 
polymerization temperature is too high, the internal 
pressure of the reactor is too large to cause a safety 
accident. Temperature control plays a vital role in 
the quality of the product. Therefore, in the process 
of making polypropylene by slurry method, the 
accuracy of temperature is quite high, and the 
temperature of CSTR needs to be strictly controlled 
to meet the production requirements to ensure 
production. The process went smoothly. It can be 
seen that the effective control of the temperature 
will determine whether the important prerequisites 
for production can be completed [1]. 

In a CSTR, the system itself has nonlinearity, 
strong coupling, and large hysteresis, and the 
reaction is a highly exothermic process. Nowadays, 

the control field is developing rapidly, and various 
control methods have appeared one after another, 
which makes it possible to research and apply the 
CSTR control scheme. Many processes involve high 
temperatures, high pressures, and hazardous 
conditions, which makes the acquisition of detailed 
experimental data impractical [1].  

The effects of imperfect mixing on the 
performance of reactors have been well 
characterized based on the pioneering work of the 
concept of residence time distribution (RTD) [2].  

Models based on combinations of well-mixed 
reactors (compartments) are often used to simulate 
observed RTD data [3-5].  

Relating reactor design, scale, and operating 
conditions to performance requires many 
experiments to fit the parameters of the models. The 
factors that have a great influence on the reaction 
are: the concentration and flow rate of the reactants, 
the concentration of the catalyst, the pressure of the 
reactor, the characteristics of the cooling device, the 
temperature and flow rate of the cooling water, and 
the like [6, 7].  

So far, the real potential of the CSTR has not been 
fully realized, and there is still a lot of room for 
improvement in the CSTR. In most current control 
schemes, "single cooling" is used, that is, only one 
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cooling device is used for temperature control. This 
method is simple and convenient, and is suitable for 
those applications where temperature control is not 
demanding. However, in the context of this paper, 
combined with the process of manufacturing 
polypropylene, not only the system has a good 
cooling effect, but also has a good economic effect to 
meet the needs of production. Therefore, this paper 
will introduce the "double cooling" method, which 
effectively combines the two heat sinks of the tube 
and the tank to make their respective advantages.  

The CSTR temperature control will be carried out 
for a petrochemical company's process of making 
polypropylene into pulp. 
  

2. Description of CSTR Temperature 
Control Scheme 
 

Based on the above quantitative analysis of the 
cooling device (snake tube and tank) in the CSTR, it 
is found that the cooling efficiency of the tube is 
lower than that of the tank, which is not conducive to 
the economic effect of production [8]. However, its 
dynamic performance is better due to its large heat 
exchange area and rapid cooling process.  

For the tank, the heat dissipation process is 
similar to that of the tube, but because the internal 
cooling water flow rate is slower than that of the 
tube, the temperature difference between the  

cooling water and the inside of the reactor is 
gradually reduced, and the heat exchange rate is 
gradually reduced. The thermal area is small, so the 
heat exchange rate is slower than that of the tube, 
and its dynamic performance is weaker than that of 
the tube [9]. However, the static performance of the 
tank is relatively good and the cooling water 
consumption can be elatively reduced, which has a 
good economic effect.  

Therefore, if the advantages of these two types of 
cooling devices can be simultaneously exerted and 
overcome their respective shortcomings, it will be 
the focus of this study. The temperature control 
scheme of the conventional PID and the dual/valve 
position-cascade control scheme will be described 
below. 

In the actual production process, although the 
tube cooling device has good dynamic performance 
and large heat exchange area, the rapid water flow in 
the tube leads to excessive consumption of cooling 
water, and its economic benefit is low.  

Therefore, in the production process, people 
prefer to use a tank cooling device [10].  

The reason is that the water flow in the tank is 
slow, and it is superior to the tube in economy and 
static characteristics. In the case of low temperature 
control requirements, the single use of the tank is a 
very good choice. Figure.1 below shows the 
traditional cascade control scheme: 

 
 

 
Figure 1:  Block diagram of CSTR temperature conventional control 

 
In the design of the above figure, the reaction 

temperature yT is taken as the controlled variable, 
and V8 is the flow rate of the tank cooling water as 
the control variable.  The temperature controller acts 
as the main controller of the control scheme [11].  

The temperature control loop compares the set 
value with the actual value through negative 
feedback to keep the actual temperature at the set 
value, and the secondary circuit mainly stabilizes the 
fluctuation of the water flow in the tank, and 
improves the control performance of the system so 
that the system can reach the predetermined time.  

The design mainly uses a tank cooling device to 

control the temperature inside the kettle by 

controlling the flow rate of the cooling water inside 

the tank.  

Compared with the tube, the heat exchange area 

of the tank is small, the heat transfer rate is slow, but 

the static performance of the device is good, which 

can save energy and reduce consumption in 

economic benefit. Figure 2 is the cascade tube 

control system. 
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Figure 2:  Block diagram of the cascade tube control system. 

 
As can be seen from the above figure, the cascade 

tube control system actually replaces the tank in the 
traditional PID control with a tube, and greatly 
improves the control capability of the system by 
using the good dynamic performance of the tube [12-
14]. However, the consumption of cooling water by 
tube cooling is extremely high, which is not 
conducive to economic benefits.  

In order to adapt to the process requirements, it 
is necessary to design a scheme that is fast and saves 
energy. Double/valve position – the cascade control 
system can meet its requirements, and it can be used 
with both the tube and the tank. It has the 
characteristics of energy saving and good static 
characteristics of the tank, and has the high precision 
and rapidity of the tube. The characteristics enable 
an effective combination of the two devices to 
achieve good control results. 
 

3. Proposed Double / Valve Position 
3.1 Proposed double / valve position 
 

As with the conventional PID, the reaction 
temperature yT is selected as the controlled variable.  
 

According to the above analysis of the tanked 
tube, when the temperature is stable, most of the 
cooling load in the kettle is taken up by the static 
characteristics of the tank. When the temperature 
fluctuates, the dynamic characteristics of the tube 
cooling are used to quickly reach the set temperature 
in the kettle. After the temperature is stable, the valve 
opening controller V8 is changed by the valve 
position controller, and the tank is gradually 
continued to bear most of the load cooling.  

This allows the system to respond quickly and 
reach the set range when the temperature fluctuates, 
and save energy when the temperature is stable. In 
the design, the secondary loop control variable of the 
cascade control is the tube cooling water flow F7, and 
the valve position control object is the opening 
degree of the tank cooling water valve V8, and the 
control variable is the tank water flow V8. Figure 3 
shows the CSTR dual/valve position – cascade 
temperature control [8] system block diagram, and 
Figure .4 shows the dual/valve position – cascade 
control system diagram. (Note: This paper 
temporarily calls this control method double/valve 
position-cascade control.) 

 

 
Figure 3:  CSTR Dual/Valve Position - Cascade Control System Block Diagram 
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Figure 4:  CSTR temperature dual / valve position - cascade control system 

 
3.1.1 Dual / valve position - control process of 
cascade temperature control system 
  

As shown in Figure.3, the main control loop uses 

V7 as the control variable, and yT is the controlled 

variable. It mainly eliminates the yT by adjusting the 

tube cooling water valve when the deviation 

between rT and yT occurs under normal operating 

conditions (eTrTyT). Deviation from rT for control 

purposes of fast, stable temperature.  

When the system adjusts the opening degree of 

the tube cooling valve V7, the control signal of the 

tube cooling valve deviates from rVPC, and the valve 

position controller controls the opening degree of 

the tank cooling valve V8 according to the magnitude 

of the deviation, thereby sharing the kettle.  
The cooling load inside will gradually reduce the 

tube cooling valve V7. When V7 is equal to or close to 
rVPC, the tank will bear most of the cooling load. 
Because the cooling water in the tank has a long 
residence time and high cooling efficiency, the 
cooling water consumption is reduced.  

Therefore, how to make the tank as much as 
possible to bear the cooling load is the key to control 
system energy saving. 

In addition, the main purpose of adding the 
secondary circuit (flow control) in the main control 
loop and the valve position control loop is to 
suppress the fluctuation of the internal cooling water 
flow caused by the change of the water pressure.  

In the valve position control loop, V8 (tank flow) 
is added as an auxiliary control variable, and V7 
(snake flow) is added to the main control loop as an 
auxiliary control loop. 
 
 

3.1.2 Selection of VPC algorithm 
 

When the VPC algorithm is selected: the valve 
position control algorithm, this design scheme uses a 
proportional control algorithm. The reason is that in 
the temperature control system, two control 
variables are required to cooperate. If there is 
integral link I in the control link, when the valve 
position input deviation is not 0, the integral link will 
continue to function until the system deviation is 
zero or integral.  

The function is saturated and the controller will 
be stable. On the other hand, when the system 
contains the differential integral link D, if the system 
fluctuates, that is, when the temperature suddenly 
rises, the VPC control signal will increase, and since 
the integral action is to eliminate the deviation, the 
VPC will continue to increase until the integral action 
is saturated, and the integral action in the main loop 
will continue to act so that the main loop output 
signal continues to increase until it is saturated, 
which will damage the stability of the system and 
make it difficult to meet its control requirements. 
 
3.1.3 Selection of set value rVPC (set value of 
valve position controller) in VPC 
 

Since the valve position control is based on the 
difference between the rVPC and the tube cooling 
valve opening degree V7 to control the opening 
degree of the tank cooling valve V8, in order to 
achieve a good control effect of the control system, 
and to make it stand out for its economy,  

It is required to ensure that the rVPC is set to be as 
small as possible while meeting the control 
requirements. 
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If the rVPC setting is too small, the tube valve 
opening is kept too small, which indicates that the 
cooling capacity of the tank is too large, which makes 
the system warm up, which leads to waste of raw 
materials; if the rVPC is set too large, it indicates the 
tube  

The cooling valve opening degree V7 will be 
maintained in an excessively large state, which will 
make the cooling capacity of the tank too small, 
resulting in the continuous operation of the tube and 
the inability to achieve energy saving.  

Therefore, while taking into account the control 
effect, the system must be able to produce within the 
required temperature range to reduce the 
consumption during the driving phase and the 
consumption of cooling water under normal 
conditions.  

Then the set value of rVPC should ensure system 
control. The effect is as small as possible. 
 
 

3.2  Modelling of Dual/Valve Position-
System 
 

In the above, the control process of the double-
valve cascade control has been described.  

The two types of cooling devices, the tube and the 
tank, make the system perform well in dynamic 
response, and save energy in a steady state.  

The advantages of both the tube and the tank are 
two cooling devices. 

The control characteristics of the Dual/valve 
position cascade control scheme can also be 
analyzed theoretically.  

The control characteristics of the control system 
will be theoretically analyzed below, and the 
secondary circuit (tank flow loop and tube flow loop) 
in the valve position control and cascade control will 
be ignored for the convenience of the study. Figure 5 
is obtained by analysis. 
 

 
Figure 5:  Dual/Valve Position - Cascade Control Simplified Block Diagram 

 
In Figure 5, GTC(s) and GVPC(s) respectively make 

the transfer function of the temperature controller 
and the valve position controller, GSOC(s) and GJCO(s), 
the generalized transfer functions of the tube and the 
tank, respectively.  

It is known from Figure.5 that the solution is a 2-
input 1-output system. Set the transfer function of 
the temperature transmitter GTM(s)=1. Then you can 
get the S domain expression of  YT. 
 

 

                                   (1) 
  

When the temperature deviates from the set 
value, the main circuit of the control system adjusts 
the tube valve opening degree V7 by the deviation 
eT(yTrT) to quickly stabilize the temperature 
within the set range. At this time, the system works 
in the high frequency band. Due to the 
characteristics of the tank itself, the corresponding 
process is relatively slow relative to the tube.  

That is to say, the control of the valve position 
control GVPC(s) (corresponding to GJCO(s) is slow, 
indicating that it is high. The product of GVPC(jw) and 
GJCO(jw) in the frequency band is small, so in this 
frequency band, the generalized object of the 
temperature controller GTC(s) can be approximated 
as GSOC(s).  

This Eq.1 can be approximated as Eq.2. 
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                   (2) 
When the reaction temperature yT deviates from 

the set temperature rT, the temperature controller 
GTC(s) controls the flow rate of the tube cooling 
water by adjusting the valve opening degree V7 of 
the tube, thereby returning yT to the set range. When 
the reaction temperature yT returns to the set value, 
the system works in the low frequency band. At this 
time, the product amplitude of GVPC(s) and GJCO(s) 
becomes larger, the valve position control channel 
starts to function, and the valve position controller 
GVPC (Jw) according to the opening of the tube 
cooling valve V7 and rVPS. 

The deviation adjusts the tank valve opening 
degree V8, and replaces the tube cooling load with 
the tank cooling, so that the tube water valve V7 
returns to the set value rVPS, so that the cooling load 
of the steady state process is mainly borne by the 
tank cooling. 
 

4. Results and Discussions 
 
In order to verify the superiority of the dual/valve 
position-cascade control system in terms of control 
effect and energy saving, the following is a 
simulation experiment. In the system, the traditional 
tuning cascade control system cannot be used to set 
the parameters. Due to the interaction of the main 
circuit and the valve position control loop, the 
specific method of "from the inside out" in the 
parameter tuning is as follows: 

1) First assume that the single-loop tube flow 
control, and then set the loop as a part of the main 
controller. 

2) When the valve position controller is in the 
manual state, the control parameters of the main 
circuit are set according to the single loop tuning 
method. 

3) Put the main circuit in an automatic state, 
adjust the VPC setting value, and the control 
parameters of the VPC controller. 

4) After the above steps are completed, repeat 
3 steps until the system achieves satisfactory control 
results. 
 

4.1 Comparison of Cascade Control and 
Conventional Control 

  
The simulation will be performed in 

MATLAB/SIMULINK to compare the dual/valve-
cascade temperature control scheme with the 
conventional control scheme.  

The transfer function model of the tank and the 
tube is represented by Eqs. (1) and (2), respectively.  

Firstly, the simulation program is built in 
MATLAB/SIMULINK, and the conventional control 
scheme and dual/valve position-cascade control are 
built on one working plane.  

By adding the step signal to both schemes 
simultaneously, and disturbing around 400S, pass 
Observe the resulting waveform to analyze the 
control performance of the two scenarios as shown 
Figure.5. 
 

 
Figure 6:  Dual / valve position - simulation program for cascade control and conventional control scheme. 

 
In this design, the main loop controller uses the 

PID algorithm. Adjusted by PID parameters: KP=15, 
KI=0.4, KD=3; It is concluded from the previous 
conclusion that the valve position controller selects 

the P algorithm, its setting value is -6, the 
proportionality is 1.25; the tube flow secondary loop 
controller. 
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The proportional algorithm is also used for the 
tanked flow secondary controllers, and the scales are 
1.25 and 2, respectively. In the conventional cascade 
control system, the main controller selects the PID 
algorithm: KP=25, KI=0.4, KD=4; the secondary 
controller selects the proportional algorithm, and 
the proportionality is 1.25. 

According to the simulation results (Figure7), 
when the step response signal is added to the 
system, the overshoot of the traditional PID control 
system is about 80%, and the adjustment time is 
about 280s; the double/valve position is the super 
control of the cascade control system. The 
adjustment is about 60%, the adjustment time is 
about 80s, and the steady-state error of both is 0.  

From the dynamic response of the dual / valve 
position cascade - the control system is better than 
the traditional PID control program. The reason is 
that conventional PID control always uses tank 

cooling when adjusting temperature, which is not 
the case for cascade/dual position control systems. 
When the temperature deviates from the set value, 
the dual control (double valve cascade control) 
system uses the dynamic characteristics of the tube 
to quickly stabilize the temperature at the set value.  

When the temperature is stable, the valve 
position controller passes the tube valve V7 and the 
tanked valve. The V8 deviation adjusts the tank 
water flow so that the opening of the tube valve is 
gradually reduced so that the tank bears most of the 
cooling load. 

In the 400s, the external loop temperature, the 
tube flow, and the tank flow were respectively 
externally interfered.  

The results show that the dual/valve-cascade 
control system is superior to the traditional PID 
control in terms of anti-interference. 

 
 

 
（a）Response curve (interference from main loop control) 

 
（b）Response curve (interference of water flow in the tank) 

Figure: 7 Comparison of Cascade Control and Conventional Control Schemes under Normal Operating Conditions (C) 
Response curve (interference of water flow in the tube) 

 

Compared with the traditional control scheme, 

the dual/valve position - the cascade control system.  

The traditional control system, it will cause 

temperature fluctuations when the interference 

occurs and affect the stability of the system.  

The proposed methods have a small overshoot, 

requires a short adjustment time, and has a fast 

response speed and it can effectively suppress the 

interference from the main circuit, the tank water 

flow and the tube water flow.  

4.2 Comparison of cascade control and 
dual/valve position cascade control 
 

Dual/valve position – The cascade control system 
not only stabilizes the system, overcomes various 
disturbances, but also saves energy and reduces 
consumption from an economic point of view.  

In addition, the system can achieve the control 
requirements of the process in terms of control 
performance, and maintain continuous production 
under normal conditions.  
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Although the temperature control of the single 
use of tube cooling can meet the temperature 
requirements of the production process, the waste of 
the cooling water is greatly detrimental to the 
economic benefits.  

The dual/valve position is illustrated by the semi-
physical simulation of Figure 8 and Figure 9.  

The cascade control system has the advantage of 
saving energy and reducing consumption compared 
with single loop tube cooling. 

 
Figure 8 Semi-physical simulation of cascade tube 

control 
 

It is known from the true curve of Figure8 that 
the tube has a good dynamic performance and 
responds quickly to the temperature of the 
production process when the temperature 
fluctuates. However, due to the low cooling efficiency 
of the tube, the cooling water consumption is about 
50m3/h, which is not benefit economical. In the 
dual/valve position - cascade control system, the 
cooling device is not only a snake tube, so it can 
effectively improve the economic efficiency, which is 
illustrated in Figure9 below. 

 

 
Figure 9 Dual / valve position - semi-physical 

simulation of the control system 
 

When the temperature fluctuates, the dual/valve 
position-cascade control can quickly restore the 
temperature to the set range, which is slightly better 
than the cascade tube control in the dynamic 
process. Because of the dual control (dual / valve 
position - cascade control) system, not only the tube 
but also the tank is involved in the cooling process in 
the dynamic process. After the temperature is stable, 
the valve position controller adjusts the tank cooling 
water flow to gradually assume most of the cooling 
load, which makes the tube cooling load smaller and 
reduces the cooling water consumption.  

As shown in Figure 9, the total cooling water 
consumption of the dual control (dual/valve 
position-cascade control) system is about 24m3/h, 
which is significant compared to the cascade tube 
control. 
 

4. Conclusions 
 

Due to the poor rapidity of the CSTR temperature 
control, it is not possible to quickly stabilize the 
temperature within the setting range and the 
product quality cannot be guaranteed.  

This paper focus on CSTR temperature control 
scheme for higher temperature accuracy and., and 
stabilize the continuous increase of the temperature. 
For the above reasons, it is necessary to use the 
double control for better dynamic performance of 
the tube to meet the temperature requirements of 
the process.  

This paper can be concluding as follows:  
1. Introduced the conventional PID control 

scheme. 
2. Through the shortcomings of the conventional 

PID scheme, it is proposed to use the dual/valve 
position-cascade control system to control the 
temperature. 

3. Introduced the control process of the 
dual/valve position-cascade control system, and 
theoretically analyzed the working principle of the 
system. Rational, proved the feasibility of the system. 

4. Through experimental simulation, the 
superiority of dual/valve position-cascade control in 
CSTR temperature control is further verified. 
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