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Temperature control is an important factor which influences the accuracy of refrig-
erant heat transfer experimental results. In this paper, the three temperature control
methods for the electric heating water tank (EHWT) in the single tube heat trans-
fer experimental rig are investigated. The error of proportional-integral-derivative
(PID) controller is £1 °C and the stability time is 390 seconds. The control perfor-
mance is not satisfactory. A fuzzy controller and a fuzzy PID controller are designed
to improve temperature control performance. The designed controllers are simulated
by MATLAB/SIMULINK and the results prove that the designed controllers is suit-
able for EHWT. The experimental results show that the performance of the designed
controllers are improved concerning. The error of two controllers is 0.1 °C. Com-
pared to the PID controller, the stability time of the fuzzy controller and the fuzzy
PID controller are decreased by 14.9% and 43.1% and the overshoot of the two
controllers are reduced by 100% and 62.5%, respectively. The results and the control
method have great significance for the refrigerant heat transfer experiment.
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Introduction

Precise control of temperature is an important factor in various industrial tasks [1].
Temperature control is usually achieved by the heater and the precision of the heater tempera-
ture control depends on the accuracy and sensitivity of its controllers [2]. The PID controllers
are used widely in industrial control owing to their simplicity and adaptability [3]. The accuracy
of PID controllers is a bit lower because their parameters are constant. The control performance
of PID controllers for processes with large time delays is undesirable in the presence of process
noise or the presence of non-linear operating conditions [4].

Temperature control is a typical time delay case. It is well known that time delay have
a negative influence on the performance of control systems [5]. The PID controllers are lim-
ited in industrial control applications because of their disadvantages. Therefore, the improve-
ment of PID controller performance has become a research issue. Fuzzy logic control greatly
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reduces computation time and memory because of its ability to simplify functions and rules.
This advantage makes fuzzy logic control suitable for temperature control systems for heating,
ventilation and air conditioning [6]. The experimental studies have proved that the fuzzy logic
control combined with PID control had good performance in temperature control [7]. Another
advantage of fuzzy logic control is the ability to include a great number of variables and rules
at the same time. It has been shown that fuzzy logic control is suitable for temperature control
of different systems [8].

Fuzzy PID controllers for temperature control have been used in many fields. Liang
et al. [7] controlled the temperature of the vehicle climate by a fuzzy PID controller. The ex-
perimental results showed that the designed controller reduced the stability time, overshoot and
downshoot. The time-averaged temperature error was reduced for both high and low tempera-
ture tests. Jia et al. [9] used an improved smith fuzzy PID controller to control the temperature
of heating boilers in power plants, the improved controller enhanced the stability and balance
of the system. Li et al. [10] studied the control of coolant temperature in the reactor core power
control system. The experimental results showed that the errors with both fuzzy controller and
fuzzy PID controller were acceptable. Zhang et al. [11] controlled the orchard temperature by
a fuzzy PID controller to provide a comfortable growth environment for fruits. Experiments
showed that the designed controller can effectively control the temperature difference between
day and night. Liu ef a/. [12] used fuzzy PID controller and PID controller for segment control
when conducting the test. Under the same test conditions, the test results become more accurate
and the whole test time become shorter due to the better control of the fuzzy PID controller
compared to the PID controller. Hu et al. [13] studied the temperature control of the injection
machine. The fuzzy PID controller was superior to the PID controller in all aspect. Cojbasi¢
et al. [14] proposed intelligent optimization method for temperature controller to increase con-
trol performance and energy efficiency. Fuzzy PID controller has shown excellent performance
in other areas such as automotive industry [15], animal husbandry [16], an electromechanical
actuator system [17], cold storage [18], and heating, ventilation and air conditioning system
control [19]. In terms of energy consumption, fuzzy control was superior to PID controllers,
reducing energy consumption by 30-70% [20].

In this paper, the effective temperature control of EHWT in the experimental rig is
investigated. In the first part, the control performance of the existing PID controller is tested. It
is found that the existing PID controller does not perform well in controlling the temperature of
the EHWT through experiments. In the second part, a fuzzy controller and a fuzzy PID control-
ler are designed by LabVIEW software based on fuzzy control rules. The designed controllers
are verified to be suitable for the EHWT by MATLAB/SIMULINK simulation. Last, the ex-
perimental investigation of the two designed controllers is carried out to finish the temperature
control performance analysis.

Experimental rig

The system schematic fig. 1(a) and the physical diagram fig. 1(b) of the single tube heat
transfer experimental rig are shown in fig. 1. The experimental rig is composed of the control sys-
tem, water system and refrigerant system. The EHWT is located in the water circulation system.
The test section is a double-tube. Water flows in the outer pipe and refrigerant flows in the inner
pipe. The conditions that can be changed are the refrigerant pump frequency, the pump frequency,
the water tank heating power and the valve opening. A flowmeter is installed in each closed pipe.
Temperature and pressure measurement units are installed before and after the test section, respec-
tively. The required cooling capacity of the experimental rig is provided by the chiller.
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The structure of the EHWT is shown in
fig. 2. Length, width, and height are 51 cm,
13 cm, and 38 cm, respectively. The EHWT
is mainly consisted of rubber-plastic and steel.
The main materials of rubber-plastic insula-
tion material are rubber and polyvinyl chloride
(NBR/PVC). The thickness of the rubber-plas-
tic and steel just mentioned are 25 mm and
1.2 mm, respectively. There are three heating
tubes inside the EHWT, and the maximum
power of each heating tube is 500 W. The water
flows in from the inlet at the lower part of the
EHWT and out from the outlet at the upper part.

Reservoar

Figure 2. The structure of the EHWT
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The water temperature is measured with a platinum resistor. A current signal is
generated by the sensor to indicate the measurement, from 4-20 mA (corresponding to
—40-60 °C). Then the electrical signal is delivered to a PLC module. After analyzed by a control
algorithm, the current signal is output by the module to the power controller of the EHWT.

The temperature control of the water side inlet of the test section is especially sig-
nificant and is the core part of the whole experiment rig. The precise temperature control not
only contributes to the accuracy of the experiment, but also reduces energy consumption. The
control of the outlet temperature of the EHWT (inlet temperature of the water side of the test
section) is discussed in the next section.

Experimental rig control and control algorithm

The PLC-HMI based monitoring system has been designed for the experimental rig
[21]. The operator can monitor and control the experiment rig remotely through the monitoring
system. The monitoring system can be optimized for more intelligent control. The EHWT is
equipped with a conventional PID controller. Conventional PID controller is first used to con-
trol the temperature of the EHWT. The output of the PID controller:

(,)

t
1
u(t):KP e t —Ie dt T, €))
T;
0
where u(?) is the power output, e(f) — the deviation between set temperature and current tem-
perature, K — the proportional gain, 7; — the is the integral time, and 7, — the derivative time.

The PID parameter setting

Parameter setting is one of the core issues in PID controller applications. Various PID
parameter setting methods have been proposed in industry. In this paper, the parameters of the
PID controller are set by the critical proportion method [22]. In the case of pure proportional
regulation, Kp is decreased from large to small until the temperature curve equal amplitude
oscillation is occurred according to the critical proportion method. By this step, K and T are
obtained, where Ty is equal amplitude oscillation time. The common critical proportion method
is expressed by o:

1
S=—0
X, )
where 0 is proportionality.
The equation for solving the PID parameters is shown in tab. 1.

Table 1. Controller parameters are set according to
the critical proportion method

Controller type ) g T,
P 20 © 0
PI 2290 0.833 T; 0

PID 1.706 0.5 Tk 0.125 Ty

From the steps described previously, there is a constant amplitude oscillation at
Kp = 0.45. The oscillation curve is shown in fig. 3. As shown in the figure, 6 = 2.5 and
Tx =119 seconds are obtained.
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Figure 3. Schematic diagram of equal Figure 4. Temperature change by PID control
amplitude oscillation
The PID control test

According to tab. 1, the parameters of the PID controller are 6 =4.3, 7,= 59.5 seconds, and
T,=14.9 seconds. The control performance of the EHWT by PID controller is tested. The relevant
data of the experiment are the power of the EHWT is set to 450 W, the opening of the electronic ex-
pansion valve is set to 50%, the frequency of the refrigerant pump is set to 15 Hz and the frequency
of the test pump is set to 50 Hz. These are nominal values for system operation. The experiment is
conducted at room temperature. The temperature variation of EHWT is shown in fig. 4.

It is obvious that the PID controller is not as effective as it could be. The experimental
results shows that the stability time of the PID controller is 390 seconds. The error after stabi-
lization is +1 °C. The overshoot is 7% of the set value. Such control performance will have a
great impact on the accuracy of the experimental results.

The control of the chiller is on/off. There is a fluctuation of =2 °C in the outlet water
temperature. The temperature of the refrigerant after subcooling is also unstable due to the
aforementioned reason. It leads to unstable heat transfer between refrigerant and water. Further,
it affects the outlet temperature of the EHWT. The PID controller cannot realize the real-time
change of parameters. Conventional PID controller is not suitable for the temperature control
of the EHWT in the experiment rig. A more intelligent control method is needed to improve the
control performance since the existing PID controller is not effective.

Fuzzy controller and Fuzzy PID controller

Improvement of control performance by combining other intelligent algorithms with
PID control was proven to be feasible. For example, fuzzy PID control. Hu et al. [23] proposed
a fuzzy PID control regulation method for the temperature control of screw shaft with an oil
cooling cycle that can reduce the temperature variation by about 3 °C. Chu et al. [22] carried
out four control methods for the temperature control of the experimental platform. The results
showed that the controller with the best performance is the proposed fuzzy PID. It had less
overshoot and shorter setting time.

In order to improve the control performance, a fuzzy controller and fuzzy PID con-
troller are designed based on NI LabVIEW software for the temperature control of EHWT. The
controllers designed based on NI LabVIEW software can communicate with PLC through OPC
protocol to realize remote control of the experimental rig.
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Fuzzy logic control is a control method based on fuzzy set theory, fuzzy linguistic
variables and fuzzy logic reasoning [24], which is proposed by professor Zadeh. The fuzzy
rules are written based on expert experience as well as system characteristics. The whole fuzzy
control is composed of the following parts: the signal is first fuzzified as an input to the fuzzy
controller. Then defuzzification is carried out according to the written fuzzy rules. At last, the
output values are transferred to the actuator after completing fuzzy inference. The basic sche-
matic of fuzzy logic control is shown fig. 5. Currently, fuzzy logic control combined with PID
control is widely used as a more effective control method. The shortcomings of traditional PID
control can be compensated by fuzzy logic control. The system control accuracy is more accu-
rate and responds more rapidly under fuzzy PID control [25].

+ Calculation
Fuzz Fuzz
> y y
(S AD_ [~ of control | | 4 antitative || control [+ Fuzzy Ll petuzaification | D/A
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processing rules
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Figure 5. Basic schematic of fuzzy control

Fuzzy controller

The temperature error, £, and the rate of error, EC, are used as inputs to the fuzzy
controller. The power output, u, of the EHWT is used as the output. The physical domains of £,
EC, and u are set to [-1, 1]. The fuzzy subsets are set as {NB, NM, NS, ZO, PS, PM, PB} [26].
In this paper, the membership function used is a triangle. The setting of fuzzy rules is the key
to the fuzzy control algorithm, which directly influences the performance of the controller. The
form formed is an if-then statement. The fuzzy rules table is obtained based on the logical rea-
soning of AND-OR. Fuzzy rules are set based on previous engineering experience. An output
value is determined by two input values. There are 49 fuzzy rules in the fuzzy controller [22].
The output u function curve of the fuzzy controller and the correspondence surface of input and
output are shown in figs. 6(a) and 6(b).
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Figure 6. Membership function curve (a) and input and output correspondence surface (b)
of fuzzy controller
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respectively; (b), (d), and (f) input and output correspondence surface of
AKp, AK;, and AK,, respectively
Fuzzy PID controller

The E and EC are used as inputs to the fuzzy PID controller. The three parameters of
the PID are used as outputs of the fuzzy PID controller. The current £ and EC are collected and
analyzed when the controller is operating. The three parameters of the PID are also adjusted
online by fuzzification and fuzzy inference. The physical domain of £, EC, and AK are set to
[-1, 1], the physical domain of AK; is set to [-0.03, 0.03] and the physical domain of AK, is
set to [-0.001, 0.001] based on experience. The fuzzy subsets are set as {NB, NM, NS, ZO,
PS, PM, PB}. Three different output values are determined by two input values. There are 147
fuzzy rules in the fuzzy PID controller [22]. The three output function curves of the fuzzy PID
controller and the corresponding surface of the input and output are shown in fig. 7.
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The designed fuzzy PID controller improves the control performance while maintain-
ing the simple structure of the PID controller. Fuzzy PID controller can improve performance
without modifying any hardware part of the PID controller. The fuzzy PID controller is based
on the system characteristics to identify the fuzzy relationship between the three outputs and
the two inputs. Then the three parameters are adjusted online by the set fuzzy control rules to
achieve better dynamic stability performance of the controlled object [27].

Simulation test
Simulation model

In order to verify the suitability of the designed controllers for EHWT control in this
experimental rig, the designed controllers are simulated by using MATLAB/SIMULINK. The
block diagrams of the fuzzy controller and fuzzy PID controller are shown in fig. 8. The key
step in the simulation is to establish the transfer function. It is essential to simplify the transfer
function since many factors are involved in the heating of the water tank. Therefore, the transfer
function is described as a first-order transfer function:

K

T, +1
where K is the static amplification factor, 7 — the time constant, and 7 — the pure delay time.

G(s)=

e 3)

Transfer

Fuzzy controller function

Fuzzy Algorithm

Transfer ‘
function ‘

Figure 8. Block diagrams of the fuzzy controller and fuzzy PID controller

In this paper, the step disturbance response method is used to establish the transfer func-
tion of the simulation model. The power and outlet temperature of the EHWT are used as the input
and output of the model, respectively. According to the common experimental conditions, the
input control data is chosen to be 30% (input power of the heating rod is 450 W and total power is
1500 W). The step response curve of temperature-time is obtained as shown in fig. 9.

The relevant value of the controlled subject is represented by dimensionless form:

v (1)= % )
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where y(7) is the EHWT outlet temperature val-
ue at ¢ time obtained and y(c) — the maximum
temperature of EHWT and y(0) is the initial
temperature of EHWT. According to tempera-
ture-time curve y() is 46.25 °C. From the tem-
perature curve: ¢, = 200 seconds, ¢, = 380 sec-
ond, y(t;) = 26.78, and y(t,) = 37.12:

Temperature [°C]

v (4)=043
. )
y (t2 ) =0.65
The parameters of the transfer function ) . : ! ; ‘
are accessed by the following equation, where S R s e
T'=360,7=20, and K= 1.962: Figure 9. The temperature-time curve
T=2(t,-1)
T=24—1,
(=)-5(0) ©
K="+ "
T
Hence the first-order transfer function is represented as:
1.962 50,
G(s)=———¢
(5) 360, +1 )

Simulation results

The simulation results of the designed controllers are shown in fig. 10. The tempera-
ture of the controller is set to 18 °C. From the figure, it is observed that the error of the fuzzy
PID controller is 0 °C and there is an overshoot of 12.8%. The error of the fuzzy controller is
0.1 °C with no overshoot. From the simulation results, it is clear that the performance of the two
designed controllers is improved compared to the PID controller. So the fuzzy controller and
the fuzzy PID controller can be used to control the temperature of the EHWT.

22 Fuzzy PID controller
U 20~

Temperature [*

Fuzzy controller

NONBMOOONDO

| L L | !
10 20 30 40 50 60 70 80 90 100
Time [s]

Figure 10. Simulation results of the fuzzy controller and the fuzzy PID controller

o

Experimental results and discussion

In order to confirm the actual control effect of the two designed controllers, experi-
ments are carried out at the target temperature of 18 °C and 30 °C, respectively. The environ-
mental temperature is room temperature. Regarding the experimental steps are:
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— The instrument is checked for normal display.

— The valves of refrigerant pipe-line and water pipe-line are opened.

— The water pump and refrigerant pump are turned on in turn. The frequencies of the water
pump and refrigerant pump are set to 50 Hz and 15 Hz, respectively.

— The electric heater of the water tank is turned on and the target temperature is set.

— The designed controller is run. The data is recorded after the temperature stabilization.

— The electric heating tank, refrigerant pump and water pump are turned off in turn.

The experimental results of the fuzzy controller and fuzzy PID controller are shown in
figs. 11 and 12, respectively. The actual regulation trend of both controllers are the same com-
pared with the simulation results. Increased stability time and reduced overshoot of the fuzzy
PID controller, which due to the simplified transfer function. From the experimental results,
the error of the fuzzy PID controller are £0.1 °C in the experiments where the set temperature
are 18 °C and 30 °C, respectively. The stability time is 222 seconds and 237 seconds, respec-
tively. The overshoot are 0.04% and 0.02%, respectively. The error of the fuzzy controller are
0.1 °C in two experiments, respectively. The stability time are 332 seconds and 338 seconds
in two experiments, respectively. The fuzzy controller has no overshoot.
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Figure 11. Temperature change (a) and control signal (b) of fuzzy controller
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Figure 12. Temperature change (a) and control signal (b) of fuzzy PID controller

At the condition of the set temperature of 18 °C, the control performance comparision
of the three controllers are finished. In terms of accuracy, the error of the three controllers are
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+1 °C, 0.1 °C, and +0.1 °C, respectively. The accuracy of the two designed controllers are im-
proved by 90% compared to the PID controller. The stability time of fuzzy controller and fuzzy
PID controller are 222 seconds and 332 seconds, respectively. Compared to PID controller, the
stability time of the two designed controllers are reduced by 14.9% and 43.1%, respectively.
The improvement of the fuzzy PID controller is significant. Better performance of the stability
time provides the fuzzy PID controller with a faster response time when the experimental con-
ditions of the system are changed. In terms of overshoot, the overshoot of the fuzzy PID con-
troller is 0.04% and the fuzzy controller has no overshoot. In general, the control performance
of the designed controllers is improved in each aspect compared to the existing PID controller.
Based on the aforementioned study, the fuzzy PID controller is more suitable for the equipment
with high requirement of stability time. The fuzzy controller is more suitable for equipment
with high requirements of low overshoot. The fuzzy controller and the fuzzy PID controller can
be applied for one equipment and intelligent selection of the controller depends on the specific
situation. Considering the experiment time, because the overshoot of fuzzy PID controller is
allowed, the fuzzy PID controller is recommended for the experimental rig.

Conclusions

The temperature control of the EHWT in the single tube heat transfer experimental rig
is investigated to improve the accuracy of the experimental results of refrigerant heat transfer
in this paper. The following results are obtained based on the previous experimental studies.

e A fuzzy controller and a fuzzy PID controller are designed for the temperature control of
the EHWT. A model for the heating process is established and the suitability of the designed
controllers are verified by MATLAB/SIMULINK simulation.

® The experimental results show that the performance of the two designed controllers are
improved compared to the existing PID controller. The stability time of the fuzzy PID con-
troller has greater decline. The overshoot of the fuzzy controller has bigger decrease.

® The overshoot of the fuzzy PID controller is allowed for the temperature control of the
EHWT. In order to shorten the experimental time, the fuzzy PID controller is recommend
for the temperature control of the EHWT in the experimental rig.

Acknowledgment

The authors would like to acknowledge the National 13" Five-year Key R and D
Program of China (2019YFD0901604) and the Shanghai Science and Technology Commission
Public Service Platform Construction Project (17DZ2293400) for grants and supports.
Nomenclature

E — temperature error, [°C] AK; —integral gain

EC  — error rate of change
e(t) —input function
G(s) - transfer function

K — static amplification factor

T — time constant, [second]

T,  —derivative time, [second]

Ty —equal amplitude oscillation periods,
[second]

T; — integral time, [second]

u — output power

u(f) — output function
AK, - derivative gain

AKp — proportional gain

Greek symbols

0 — proportional band

T — pure delay tim, [second]
Acronyms

EHWT - electric heating water tank
HMI  — human machine interface
NB — negative big

NBR  — nitrile butadiene rubber
NM —negative medium
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NS — negative small PLC  — programmable logic controller

OPC - ole for process control PM — positive medium

PB — positive big PVC  —polyvinyl chloride

PID — proportional-integral-derivative Z0 — Zero
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