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Abstract—Heat exchanger system is widely used in chemical plants 

because it can sustain wide range of temperature and pressure. The 

main purpose of a heat exchanger system is to transfer heat from a 

hot fluid to a cooler fluid, so temperature control of outlet fluid is a 

prime importance. This paper analyzes the performance of two 

controllers: classical PID and SMC (sliding mode control) controllers 

to regulate the temperature of outlet fluid of a shell and tube heat 

exchanger to a certain reference value. The transient performance and 

the error criteria of the controllers are analyzed and the best 

controller is found out. From the simulation results, it is found out 

that the sliding mode control outperforms classical the PID controller. 

The developed SMC controller has demonstrated better improvement 

in the overshoot and settling time compared to the classical 

controller. 
Keywords— Heat exchanger, Mathematical model, PID design, 

SMC design. 

I.  INTRODUCTION  

The heat exchanger allows heat to be transferred 

between two different mediums while preventing them from 

mixing together. Heat exchangers are used to manipulate the 

temperature of fluids inside closed processes including large 

industrial systems. Heat exchanger is seen as one of the most 

efficient method of transferring heat between mediums. Heat 

exchangers can improve the cooling process for various 

industrials machines. 

Heat exchangers can be classified based on the flow 

arrangement of the fluids. The basic type is the one in which 

the hot and cold fluids flow in the same or opposite directions 

inside a tube construction. The fluids enter at the same end, 

flow in the same direction then leave from other end of the 

tube. In the opposite setup, fluids flow in opposite direction to 

each other; the fluids enter at opposite ends, flow in opposite 

directions then leave from opposite ends [1]. 
Synthesis of a controller for any process or servo-mechanism 

problem is one of the challenging tasks due to many aspects. 

To design a controller, an accurate mathematical model is 

required which can be obtained either from the physical 

principle model or from a black box system identification 

experiment [2]. A controller has two distinct objectives 

including set-point tracking and load disturbance rejection. 

Set-point tracking is a major issue in servo control whereas the 

main focus area of regulatory control is load disturbance 

rejection and to maintain steady state conditions. 

Apart from the mathematical model of the process the system 

designer has to consider various other aspects like process 

uncertainty, measurement noise, and robustness of system 

while developing a controller. 

Skogestad [3] reported that the control of a process can be 

classified as either smooth control or tight control. Tight 

control technique gives the fastest way of control which will 

result in an acceptable robustness whereas smooth control 

gives the slowest possible control which produces a good 

disturbance rejection property. 

This paper reports a work that considers a heat exchanger and 

builds a single-input single outputs model of the system with 

the help of mathematical model using Matlab/Simulink 

package. The outlet temperature of the heat exchanger system 

has to be kept at a desired set point according to a process 

requirement. Firstly a classical PID controller is implemented 

in a feedback control loop in order to achieve the control 

objectives [4]. PID controllers exhibits high overshoot which 

is undesirable. To reduce the overshoot and optimize the 

control performance, a sliding mode controller SMC is used 

along with a sign function and then with saturation function 

[5]. 

II. HEAT EXCHANGER STRUCTURE 

The tube and shell heat exchangers  have been considered  of  

the most powerful machines in the application  of heat 

exchangers and  the most reliable type related to the  

"performance". This  has been concluded by many engineers 

who are interested in the field of the thermal area, concerning 

also with designing of heat exchangers shell and tube as a 

reference [6]. 

The tube and shell heat exchangers contains several of tube 

bundle. The type of shell - tube heat exchanger that will be 

used, is the single shell and tube heat exchanger. The structure 

of piping and instrumentation diagram PID for tube and shell 

heat exchanger is shown in Figure1. 
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Fig.1. Tube and shell heat exchanger 

 

Note that the controlled variable is the outlet temperature of 

the tube while the manipulated variable is the flow of the 

steam in shell side, according to heat transfer equation: 

 

𝑀𝑐𝐶𝑝(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡) = 𝑀𝑠𝐴                       (1) 

 

Where, Mc, Ms, Cp, Tin and Tout are flow rate of water, flow rate 

of steam, water specific heat, inlet water temperature and 

outlet water temperature, respectively. 

III. MATHEMATICAL MODEL OF HEAT EXCHANGER 

Before the total heat transfer in tube and shell heat 
exchanger can be described as the follows [7]: 

𝑄𝑓 = 𝑄𝑠 + ∑ 𝐶𝑖𝜌𝑖𝑉𝑖𝑑𝑇𝑖
𝑛
𝑖=1                (2) 

Where, Qf, Qs, C, ρ, V and dT are denoted to total heat 
capacity, total heat dissipation, medium density, volume and 
temperature rate, respectively. 

The total dissipation capacity QS of the system is given by the 
following equation:  

𝑄𝑆 = ∑ 𝑃𝑖𝐴𝑖(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡)𝑛
𝑖=1    (3) 

Where, Pi and Ai refer to the heat transfer coefficient and heat 
transfer area of heat exchanger. 

 The total balance energy of the heat exchanger is given by the 
following equation [7]: 

𝐶𝑐𝜌𝑐𝑄𝑐(𝑇𝑐𝑜 − 𝑇𝑐𝑖)𝑑𝜏 = 𝐶ℎ𝜌ℎ𝑄ℎ(𝑇ℎ𝑜 − 𝑇ℎ𝑖)𝑑𝜏   (4) 

Where, the subscripts c and h refer to the cold and hot water of 
the heat exchanger. Therefore considering all above equations, 
the differential equation of the shell and tube heat exchanger is 
shown in next equation [7]: 

𝑑𝑇

𝑑𝜏
+ 𝐹𝑇 = 𝑁(𝑥 − 𝜏)                    (5) 

Where, N(x-τ) refers to the nonlinear equation as function of 
time delay when the flow rate of water can be described by:  

𝐹 =
𝐾𝑖𝐴𝑖

𝐶𝑜𝜌𝑜𝑉
                         (6) 

By using Laplace transformation, the transfer function can be 
derived from equation (5) and described as first order with time 
delay as the follows: 

𝐺(𝑆) =
𝐾

1+𝑇𝑆
𝑒−𝜏𝑠                    (7) 

Where, T, k and τ are time constant, system gain and time 
delay, respectively. 

By neglecting the time delay and combine dynamic model of 
the control valve to the process mathematical model, then the 
system will be third order as the follows: 

𝐺(𝑠) =
𝐾1𝐾2𝐾3

(1+𝑇1𝑠)(1+𝑇2𝑠+𝑇3𝑠2)
                (8) 

Where, k1 and (k2, k3)are constant gains of the valve and the 
process, respectively while T1 and(T2,T3) are time constants for 
the valve and the process, respectively. 

 

By substituting the previous parameters, the transfer function 
of the control valve is given by: 

            𝐺𝑣 =
0.047

1+4.98𝑆
                       (9) 

The transfer function of the process is given by: 

       𝐺𝑝 =
255

1+27.47𝑆+26.98𝑆2              (10) 

Finally, combining the above equations and after some 
algebraic manipulation, the total transfer function can be 
obtained as the follows [7]: 

𝐺(𝑠) =
11.98

134.4𝑆3+163.8𝑆2+32.5𝑆+1
     (11) 

 

IV. CONTROL SYSTEM DESIGN 

A. Conventional PID control. 

The PID controller consists of three modes; the 

proportional mode, the integral mode and the derivative mode. 

Not necessary to use all the three modes, but instead, two 

modes only can be used according to the application to be 

applied to. The parameters “P”, “I” and “D” are to be specified 

for each mode to be used. The most applied combinations of 

the three modes used regularly are: P, PI, PD and PID. 

Figure 2. shows the block diagram of the classical PID 

controller with a closed loop system. A control system with a 

PID controller consists of three parts, the sensor coupled to the 

plant (process), decision in a controller element and action 

through an output device (actuator). When the controller 

receives data from the sensor, it calculates the error by 

subtracting the measured value from the pre-defined set point 

[8]. 

 

Fig.2. Three mode PID controller 
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The transfer function of this type of PID controller in S-domain 

is given by: 

𝐺𝐶(𝑆) = 𝐾𝑝 +
𝐾𝑖

𝑆
+ 𝐾𝑑𝑆       (12) 

Where the parameters Kp, Ki, and Kd are proportional, integral 

and derivative gain, respectively. 

After using trial and error method, the best selection of PID 

parameters were found as the follows: 

Proportional (P) = 0.148215, Integral (I) =0.006584 , 

Derivative(D)=-0.25928 . 

B. Sliding mode control system SMC 

Sliding mode control SMC has two main advantages. The first 

one is that the dynamic performance of the system might be fit 

by the specific selection of the sliding function. The second 

advantage is that the closed-loop response gets completely 

insensitive to specific uncertainties. This theory covers 

disturbance, model parameter uncertainties and non-linearity. 

In brief, the SMC offers the ability to control non-linear 

processes exposed to external disturbances and noises [9]. 

Figure3. shows the block diagram of SMC system. 
 

 

Fig.3. Sliding Mode control system 

 

      Taking for example a nonlinear plant with Ɵr and Ɵ 

represent the scalar input and output variables. The control 

target is to force the output of the plant Ɵ to follow reference 

input Ɵr , to make the error between the actual output and the 

reference value, e(t)=Ɵr – Ɵ tends to vicinity of zero after an 

acceptable transient time. The design of first order SMC 

includes two phases: 

B.I  Sliding surface Design. 

The first phase is the sliding surface mode that define a certain  

scalar function of the system state, for example: 

σ(x): Rn → R 

Note that, the sliding surface depends on the tracking error e(t) 

along with its derivatives. 

 

𝜎 = 𝜎(𝑒, (�̇�) … … … . . (𝑒)𝑘)           (13) 

 

The most usual selection for the sliding manifold is a set of 

linear equations as follows [9]: 

 

𝜎 = 𝑒(𝑘) + ∑ 𝐶𝑖𝑒
(𝑖)𝑘−1

𝑖=0                (14) 

 

The number of derived equations to be involved (the "k" 

coefficient in equation (14)) has to be as k = r-1, where r is the 

input-output relation degree and ci are arbitrary coefficients. 

A classical formula for the sliding surface is shown below, 

where it depends on a single variable m. 

 

𝜎 = (
𝑑

𝑑𝑡
+ 𝑚)

𝑘

𝑒                (15) 

If k=1         then:    𝜎 = �̇� + 𝑚𝑒 

If k=2   then    𝜎 = �̈� + 2𝑚�̇� + 𝑚2𝑒 

 

The selection of the variable m is almost arbitrary, and 

describes the exclusive pole of the resultant "reduced 

dynamics " when the system is in sliding [9]. 

According to the equation (15),the relative degree between the 

output F and the input T of the system transfer function is        

r =3. In this case K=r-1=2 which refers that the error should be 

differentiated twice during system simulation. 

 

C. Control input design. 

The second phase is to discover a control action that force the 

system’s routes to the sliding manifold. The control action can 

be expressed mathematically as follows:  

 

 U = -sgn (σ)                       (16) 

 

Where:   𝑈 = [
−𝜌 𝜎 > 0
𝜌 𝜎 < 0

] 

The parameter ρ should be chosen large positive number and 

usually is scaling the SNG function. 

One disadvantage of using sliding mode is the creation of 

chattering on the system, which affects the actuator like 

valves. Figure 4 shows the chattering that exists in the system 

[10]. 

 

 
Fig. 4. Typical evolution of control signal with chattering 

 

V. SIMULATION RESULTS 

 The model was verified using SIMULINK/MATLAB 
when PID and SMC have been simulated under some 
conditions such as step change and process disturbances. 

Figure 5 and 6 show the block diagram and the step response of 
the system without control when the temperature of the heat 
exchanger water was set to 100oC. 
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Fig. 5. Closed loop system without control 

 

Fig. 6. Step response without control 

 

 

Note that Figure 6 shows the step response without a 

controller when the overshoot was about 44.9oC and settling 

time was 56 sec but the system still suffers from steady state 

error. 

In order to increase the system response and eliminate the 

steady state error, the tuned parameters of the PID controller 

have been introduced for the heat exchanger. 

Figures7 and 8 illustrate the bock diagram and step response 

of the process with PID controller. 

 

 
Fig. 7. Block diagram of PID control system 

 

 
Fig. 8. Step response of PID control 

 

By using PID control, it was so obvious that the overshoot is 

reduced to 8.7% and the settling time is 70.8 sec. However, 

the steady state error has been reduced to almost zero. 

Now we have injected the disturbance into the PID controlled 

system as shown in Figure 9 and the effect of the disturbance 

is shown in Figure 10. 

 
Fig. 9. PID control system including disturbance 

 

 
Fig. 10. PID control system response under disturbance 

 

The above figure illustrated the effect of different magnitudes 

of disturbance on the step response. It was clear that the PID 

controller can eliminate the disturbance but after only a short   

period of time.  

 

Now, the first order SMC is applied in order to investigate the 

performance of this type of controller under the same PID 

controller conditions. 

By assuming that the parameter m=1(chosen arbitrarily), then 

the sliding surface equation becomes: 
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𝜎 = �̈� + 2�̇� + 𝑒              (17) 

 

Figures 11 and 12 shows the SMC block diagram and the step 

response, respectively. 

 
Fig. 11. SMC block diagram with "SGN" function 

 

 
Fig. 12. Step response of SMC (without disturbance) 

 

It was clear that SMC can eliminate the overshoot and reduced 

the settling time up to 20 sec. However, the disadvantage of 

the SMC that the controller output exhibits some kind of 

chattering phenomena when using "SGN" function as shown 

in Figure 13. 

 

 
Fig. 13. SMC control signal with chattering 

 

In order to reduce the chattering phenomena, the "saturation" 

function was inserted into the control system instead of "sign" 

function. Figures 14 and15 show the SMC block diagram with 

"SAT" function and control signal, respectively. 

 

 
Fig. 14. SMC block diagram with SAT function 

 

 
Fig. 15. SMC control signal with small chattering 

 

Now, we introduced the disturbance to SMC system. Figures 

16 and 17 show the SMC block diagram with the disturbance 

effect and the step response, respectively. 

 

 
Fig. 16. SMC block diagram with disturbance 

 

 
Fig. 17. Step response of SMC with disturbance 

 

According to Figure 17, it was obvious that the disturbance 

had no effect on SMC system and also the system keeps good 

response under SAT function. 
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VI.  COMPARISON BETWEEN PID AND SMC 

 

Figure 18 shows the step response for both PID and SMC. It 

can be seen the difference between them in terms of the 

overshoot and settling time. 

 
Fig. 18. Step response for PID and SMC system 

 

Table .1 shows the numerical results obtained from PID and 

SMC systems. 

 

 
Table 1. Comparison between PID and SMC 

 PID  SMC  

Settling time 70.8 sec 20 sec 

Overshoot 8.7% Non 

S. state error Non Non 

Disturbance Effected Rejected 

Rise time 19.5 sec 6 sec 

 

        One can see that using conventional PID control for heat 

exchanger is quite possible and can produce good results as 

shown in Figure. 8. The steady state error of the process can 

be deleted by adding the integral gain of the PID control loop. 

However, PID system exhibits over shooting, long settling 

time (about 70 sec) and large disturbance has serious impact 

on the response of PID controller system as shown in Figure. 

10. 

Using the SMC system for heat exchanger, it can clearly be 

seen that the settling time (about 20 sec) has been shortened 

considerably and the disturbance had no impact on the step 

response signal as shown in Figure 17. The disadvantage of 

SMC was the chattering phenomena caused by the control 

signal and may be harm for some actuators like control valves 

or hydraulic systems. However, the chattering can be reduced 

by using SAT function instead of SGN function as shown in 

Figure. 15. Note that there are some spikes on the beginning of 

simulation time due to small effect of chattering still exist. 

 

VII. CONCLUSIONS 

In conclusion, applying SMC control system can give better 

results over PID control although the chattering problem does 

exist. SMC has the ability to improve the performance of the 

system by speeding up the control response and rejecting the 

disturbance entirely. 

As a future plan, the second order sliding mode control system 

will be designed for chemical processes such as distillation 

columns or fuel boilers in order to overcome the transient 

effect of chattering and improve the control performance. 
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