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 Shell and tube heat exchanger are the most generally utilized types of heat 
exchanger for heat transfer in many industrial purposes. Shell and tube heat 
exchanger comprise a set of units. One unit includes mechanical parts and 

another unit consists of controlling part. Both the unit has to be modelled to 
ensure the efficient operation of shell and tube heat exchanger. The 
mechanical modelling is completely established on the type of applications. 
The controller modelling is independent of the kind of applications. The 
controller only needs the input fluid and output fluid properties such as 
temperature and flow rate. Hence the primary objective of the paper is to 
focus on the controller part for enhancing the heat exchanger performance. 
This paper proposes the novel fuzzy-PID controlling technique based on the 
multiplication operation to make the settling time and overshoot of setpoint 

temperature to be less to a greater extent and the results are compared with 
the conventional PI method with various tuning algorithms. 
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1. INTRODUCTION  

Generally, the shell and tube heat exchangers with optimal design and control techniques are used in 

many industrial applications such as chemical, food and refrigeration industries [1-5]. This exchanger 

consists of two structures one is shell and tube. The tube structure belongs to the input fluid or process fluid 
which is to be heated and shell structure belongs to the fluid which will transfer the heat to the input fluid. 

The tube structure consists of tubes and shell structure consists of a cylindrical shell [6-8]. The modeling of 

the controller is also a time overwhelming process. In order to model the controller first, there should be a 

complete understanding of heat exchanger process. The accurate modeling of the system is quite difficult to 

achieve is the drawback of the existing methods [9-11].  

Hereafter, the nominal modeling should be based on both the open and closed loop conditions. The 

controller's main objective is to maintain the output process fluid temperature according to the set point. The 

controlling parameter includes a flow rate of fluid coming to the shell structure and it also takes the flow rate 

of input fluid as a disturbance. After the modeling, there is a decision-making step to choosing the control 

techniques. There are various control techniques are available in practice [12-15]. The typical PID controller 

has been attracted by many industries because of easy modeling, tuning of constants flexibility and 
controllability [16-19]. The constants are normally tuned by the Ziegler–Nichols method. This method gives 

the nominal values of tuning constants with quick response and acceptableness of changing conditions. In 

spite of its advantages, it also has disadvantages such as optimization of tuning constants and it can be 

honorably used for the linear systems rather than the non-linear systems due to its low performance on non-
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linear systems [20-21]. The fuzzy logic is introduced and it uses their expert systems of arranging the 

operating points which increases the accuracy [22-23]. The other controller such as SMC and MPC has high 

benefits over dynamic control but it is quite complex to design and hard to implement. Nowadays the 

combined structure of controllers has been designed. The main aim of the design is to utilize both the benefits 

of the combined controllers. The fuzzy-PID has attracted most of the researchers because of its simple 

structure as well as PID has the advantage of high performance on steady state and fuzzy has the advantage 

of high performance on the dynamic state [24-25]. Owing to their advantage fuzzy-PID has been used but 

there are various mathematical operations are performed between the outputs coming from them. The optimal 

operation has to be chosen for the desired plant operations. 

In this paper, the mathematical model of the controller has been developed for the shell and tube 
heat exchanger using transfer functions. The objective is to build a detailed model of shell and tube heat 

exchanger in MATLAB/Simulink based on experimental data and exchangers mathematical model. Fuzzy 

and PID control schemes are used to control the temperature of outlet fluid from heat exchanger. This model 

is controlled in which flow rates and inlet temperature for hot stream is set and temperatures can be 

monitored simultaneously with measured flow rates. The modeling is based on the flow rate of input fluid 

and flow rate of fluid coming into the shell, temperature sensor range, valve capacity to increase the flow rate 

and pressure. The fuzzy-PID structure with multiplication operation is implemented as the controller. In 

addition to this the feed forward controller [12] is get involved for obtaining the benefits such as less peak 

overshoot and settling time has been obtained for the desired set point. 

 

 

2. MATHEMATICAL MODEL  

The temperature sensor is used in the system to get the feedback from the input fluid coming out 

from the heat exchanger. The sensor is designed in the range of sensing the temperature 500-1500C. The 

temperature signal is converted into the current signal by the transducer to the value of 4-20mA. The 

feedback gain and time constant is given as, 

 

𝐾𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 =
(20−4)𝑚𝐴

(150−50)0𝐶
, 𝑇𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 = 10𝑠𝑒𝑐 (1)

 
 

The transfer function of feedback is given by (1) and (2) 

 

𝐺𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 =
1

10𝑠+1
∗ 0.16 (2) 

 

The input fluid transfer function which is taken as disturbance model is given by, 

 

𝑇𝑖𝑛𝑝𝑢𝑡𝑓𝑙𝑢𝑖𝑑 = 30𝑠𝑒𝑐, 𝐺𝑖𝑛𝑝𝑢𝑡𝑓𝑙𝑢𝑖𝑑 =
1

30𝑠+1
∗ 𝑉𝑎𝑟𝑦𝑖𝑛𝑔 𝑖𝑛𝑝𝑢𝑡 𝑓𝑙𝑢𝑖𝑑 𝑔𝑎𝑖𝑛 (3) 

 

The transfer function of fluid flowing into the shell is given by, 

 

𝐾𝑠ℎ𝑒𝑙𝑙𝑓𝑙𝑢𝑖𝑑 =
500𝑐

(
𝑘𝑔

𝑠
)

, 𝑇𝑠ℎ𝑒𝑙𝑙𝑓𝑙𝑢𝑖𝑑 = 30𝑠𝑒𝑐, 𝐺𝑠ℎ𝑒𝑙𝑙𝑓𝑙𝑢𝑖𝑑 =
1

30𝑠+1
∗ 50 (4) 

 

The measured sensor value which is converted into the current signal is again converted into pressure signal 

and it is calculated as. 

 

𝐾𝑣𝑎𝑙𝑣𝑒 =
(15−3)𝑝𝑠𝑖

(20−4)𝑚𝐴
 (5) 

 

The valve capacity gain is given by below equation, and the transfer function of the valve which is used to 

increase the flow rate of fluid coming into theshell is given by: 

 

𝐾𝑣𝑎𝑙𝑣𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =
1.6𝑘𝑔/𝑠

(15−6)𝑝𝑠𝑖
,  𝑇𝑣𝑎𝑙𝑣𝑒 = 3𝑠𝑒𝑐, 𝐺𝑣𝑎𝑙𝑣𝑒 =

1

3𝑠+1
∗ 0.75 ∗ 0.13 (6) 

 
To control the temperature coming out of the tube outlet is controlled by the combined structure of fuzzy-PID 

controller as well as feed forward controller is also added in this part to diminishes the error caused by the 
input fluid disturbance coming through the tube inlet. The general block diagram in Figure 1 is included for 

easy understanding. 
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Figure 1. General block diagram 

 

 

3. CONTROLLERS 

3.1. PID controller 

The PID controller is one of the most traditional controllers used in the control systems of the 

industry because of its simplicity and ease of implementation. Even though it has a simple structure the 

tuning of gain value makes some difficulties in using them. In general, PID consists of three signals such as 
proportional, integral and derivative signals and they are added each other to generate error correction signal 

to the plant model. The gains of each signal are a proportional gain (Kd), integral gain (Ki), derivative gain 

(Kd). The input to the PID controller is error and output coming from the PID is error corrective value. The 

mathematical equation is given by: 

 

𝑃𝐼𝐷𝑜𝑢𝑡𝑝𝑢𝑡 = 𝐾𝑝 ∗ 𝑒𝑟𝑟𝑜𝑟 + 𝐾𝑖 ∗ ∫ 𝑒𝑟𝑟𝑜𝑟 ∗ 𝑑𝑡  + 𝐾𝑑 ∗
𝑑𝑒𝑟𝑟𝑜𝑟

𝑑𝑡
 (7) 

 

There are several tuning methods are experimented for tuning the PID gains. In that Ziegler Nichols tuning has 

been used in this paper because of its fast& adaptable gain process and non-complex structure [13]. Ziegler-

Nicholas method consists of two types of tuning methodology, 

- By finding the dead time and time constant 

- By finding critical gain and critical time period 

 

3.1.1. First methodology 
In this method shown in Figure 2, the dead time (D) is calculated based on the time taken for the 

initial response of the set point. The time constant (T) is found by the line drawn a tangent to the response 

curve up to the set point and subtracting the time corresponding to the tangent line meeting up the set point 

with the dead time. Kprocess is the gain of the process which is found by calculating the distance to meet the 

set point. This method of tuning is basically an open loop tuning method. The equations of the gain by the 

first methodology are given by: 

 

𝐾𝑝 =
1.2∗𝑇

𝐾𝑝𝑟𝑜𝑐𝑒𝑠𝑠∗𝐷
, 𝐾𝑖 = 2 ∗ 𝐷, 𝐾𝑑 = 0.5 ∗ 𝐷 (8) 

 

 

 
 

Figure 2. Input set point temperature 
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3.1.2. Second methodology 

In this method shown in Figure 3, the critical gain (Kcritical) and critical time period (Pcritical) is 

found by two methods. The first method is making the integral gain and derivative gain to zero and changing 

the proportional gain to find the point where the system becomes more unstable. The proportional gain with 

system becomes unstable with more number of oscillations is taken as critical gain (Kcritical). The critical 

time period (Pcritical) is found by calculating the time between those oscillations. 

 

𝐾𝑝 = 0.6 ∗ 𝐾𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 , 𝐾𝑖 = 0.5 ∗ 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 , 𝐾𝑑 = 0.125 ∗ 𝑃𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  (9) 

 

 

 
 

Figure 3. Output set point temperature 

 

 

The second method includes the Routh criteria i.e., R-H criteria for finding the Kcritical and 

Pcritical. In this paper second methodology is implemented in which the first method is chosen and the Kp, 

Ki and Kd values are 13.25, 0.36, 56.25 respectively. 

 

3.1.3. Feed Forward Controller 

The feed forward controller is also included in order to reduce the error caused by the input fluid 

which is treated as a disturbance. This controller rather than acting as a closed loop it will act as an open loop 

which reduces the complexity as well as a burden to the controller. The feed forward controller transfer 

function is given by: 

 

𝐺𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 =
−18.461𝑠2−6.769𝑠−0.205

30𝑠2+31𝑠+1
 (10) 

 
The above transfer function is obtained by the process transfer function and input fluid transfer function,

  

𝐺𝑝𝑟𝑜𝑐𝑒𝑠𝑠 =
4.875

90𝑠2+33𝑠+1
, 𝐺𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 =

𝐺𝑖𝑛𝑝𝑢𝑡𝑓𝑙𝑢𝑖𝑑

(𝐺𝑝𝑟𝑜𝑐𝑒𝑠𝑠(𝑠))
−1

∗(𝜆𝑠+1)
 (11)

  

λ ranges from 0 to1 which is used as a parameter for filtering the transfer function to be accurate. 

 

3.2. Fuzzy controller 

The fuzzy controller system is introduced in many control application in industries to find the exact 

fittest points for the problem. Fuzzy used the fuzzy logic (FLC) system which is one of the combinations of 

human and expert knowledge system. The working of the expert system has a huge difference from normal 

Boolean expression. For example, the Boolean expression gives the answer whether the food is tasty or not 

tasty but the FLC gives the additional answer such as slightly tasty and slightly not tasty. With these results, 

we can find the exact solutions to the problems. The fuzzy system invokes the operation of converting the 

crisp values which are given as input to the fuzzy values by using the membership functions. The rules have 
been implemented based on the shell and tube heat exchanger model to get the fuzzy set output values [14]. 

The fuzzy set output values are converted into crisp outputs by using the defuzzification process. The rules of 

the proposed system are given in Table 1 
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Table 1. Fuzzy set rules for the proposed model 
IF-THEN rules 

∆e 

E 

n p 

N n p 

Ze p ze 

P ze p 

 

 

3.3. Fuzzy-PID 

The novel combination of fuzzy-PID is proposed in this paper for temperature control of shell and 

tube heat exchanger. There is various paper have been proposed in this combination [15]. The previously 

proposed methods are based on two types of operation. They are 1. Based on the logical operation 2. Based 

on the arithmetic operation. The fuzzy controller has to attain the dynamic response. The PI controller 

provides the response time interval and guarantees good steady-state response. Because of these advantages 

both the fuzzy and PI controllers are utilized. 

 

3.3.1. Based on the logical operation 

In this method, the Boolean operation is included for selecting which output has to be used for the 

plant model. There are two cases. 

- The output is chosen based on comparing the outputs from the two controllers i.e., if the error signal is 

lower than the critical value then the input(i) is taken as false, value is given as 0 and if it is greater than 

input(i) is taken as true, value is given as 1. The first case equation is given by: 

 

𝐹𝑢𝑧𝑧𝑦 − 𝑃𝐼𝐷𝑜𝑢𝑡 = (𝑃𝐼𝐷𝑜𝑢𝑡 ∧ 𝑖)̄ ∨ (𝐹𝑢𝑧𝑧𝑦𝑜𝑢𝑡 ∧ 𝑖) (12) 

 

In this case, the fuzzy output shows the high performance of steady state and PID output shows the 
high performance on the dynamic state. 

- The second case also consists of the same operation but the equation varies and it is given by: 

 

𝐹𝑢𝑧𝑧𝑦 − 𝑃𝐼𝐷𝑜𝑢𝑡 = (𝑃𝐼𝐷𝑜𝑢𝑡 ∧ 𝑖) ∨ (𝐹𝑢𝑧𝑧𝑦𝑜𝑢𝑡 ∧ 𝑖)̄ (13) 

 

In this case, the fuzzy output and PID output is contradicted when compared to the first case i.e., fuzzy 

shows the high performance of dynamic state and PID output shows the high performance on steady state. 
 

3.3.2. Based on the arithmetic operation 
In this method, the arithmetic operation is utilized for getting the output which is given to the plant 

model. It also consists of two cases.  

- This case uses the addition operation includes the adding of the output coming from the fuzzy and PID. 

The addition operation invokes the setting the saturation limit to the overflow. The equation is : 

 

𝐹𝑢𝑧𝑧𝑦 − 𝑃𝐼𝐷𝑜𝑢𝑡 = 𝑃𝐼𝐷𝑜𝑢𝑡 + 𝐹𝑢𝑧𝑧𝑦𝑜𝑢𝑡 (14) 

 

This combination fuzzy-PID includes both the advantages and disadvantages of the individual 

controller to the plant model. 

- This case used the multiplication operation includes the multiplying of the output coming from the fuzzy 

and PID. This multiplication operation performs the amplifier action which saturates the overflow. The 

fuzzy amplifies the output coming from the PID and the amplified signal is given to the plant model. The 

equation is given by: 
 

𝐹𝑢𝑧𝑧𝑦 − 𝑃𝐼𝐷𝑜𝑢𝑡 = 𝑃𝐼𝐷𝑜𝑢𝑡 ∗ 𝐹𝑢𝑧𝑧𝑦𝑜𝑢𝑡 (15) 
 

In this paper, the fuzzy-PID with multiplication operation is implemented because of the less 

overshoot and settling time than the addition operation based fuzzy-PID. The proposed controller block 

diagram is shown in Figure 4. 
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Figure 4. Proposed controller block diagram 

 

 

4. RESULTS AND ANALYSIS 

Simulation testing shown in Figure 5 has been done on the transfer function modeled shell and tube 
heat exchanger. The simulation run time is chosen as 400sec and the set point temperature is kept at 900C, 

input fluid gain is kept as 20 and Kp, Ki, Kd values are kept as 13.25, 0.36, 56.25 respectively and the results 

have been obtained for the verification with conventional one using MATLAB/SIMULINK. Figures 2 and 3 

shows the input and output set point temperature. Fuzzy-PID controller output, Fuzzy-PID+Feed forward 

controller output are shown in Figures 6 and 7 respectively. The settling time and peak overshoot shown in 

Figures 8 and 9 has been compared with conventional method. The settling time of conventional method is 

81.6 sec. The settling time of set point temperature using proposed controller is 74 sec. The conventional 

peak overshoot is 5.4% but in proposed peak overshoot of set point temperature is 3.54%. 

 

 

 
 

Figure 5. Simulation test model 

 

 

 
 

Figure 6. Fuzzy-PID controller output 
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Figure 7. Fuzzy-PID+Feedforward controller output 

 

 

 
 

Figure 8. Settling time of set point temperature using proposed controller 

 

 

 
 

Figure 9. Peak Overshoot of set point temperature using proposed controller 

 

 

The peak overshoot percentage is calculated as: 

 

%𝑝𝑒𝑎𝑘𝑜𝑣𝑒𝑟𝑠ℎ𝑜𝑜𝑡 =
93.2−90

90
∗ 100 = 3.54% (16) 

 

 

5. CONCLUSION 

Simulation has been done on the temperature control on the shell and tube heat exchanger model 

using fuzzy-PID controller. The shell and tube heat exchanger controller part is modeled by the transfer 

function model. The fuzzy-PID with feed forward controller is implemented to reduce the error caused by the 

input fluid. The PID tuning is done by the Ziegler-Nicholas method which is one of the fast& adaptable gain 

process and non-complex structure tuning methods. The fuzzy has been modeled based on the shell and tube 
heat exchanger model which acts as an amplifier for the PID output. The fuzzy-PID which is the combined 

using multiplication operation has made peak overshoot and settling time of output set point temperature with 

the least values of 3.54% and 74 sec respectively. The values of peak overshoot and settling time obtained 

from the proposed control strategy which is less than the PI control method. 
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