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Abstract - The Water Bath System (WBS) may comprise a single or a mixture of substances used in clinical laboratories.
Temperature is the most often varying parameter in the WBS that can affect the production of different products. Therefore, to
deal with the temperature control of WBS, a Fuzzy Fractional Order Proportional Integral Derivative Controller (F?PID) is
proposed in this paper. The proposed F?PID controller combines the advantage of a Fractional Order Proportional Integral
Derivative (FOPID) controller and a Fuzzy Logic Controller (FLC). In the proposed F?PID, the controlling parameters of
FOPID are tuned by fuzzy logic that chooses optimum parameters of the proportional, integral, and derivative gains are 3, 0,
and 1, respectively. The WBS is implemented in the MATLAB/Simulink platform, and the results are compared with existing

controllers under different set points. The comparative analysis shows that the proposed controller is well suited for the

application with different temperature set points.
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1. Introduction

Most industrial processes require a constant heating or
uniform velocity temperature control mode [1]. The heating
process in the industry takes place in a Water Bath System
(WBS) in which there is a water tank and heating coils
connected to a power supply through a thyristor, an outlet,
and an inlet [2].

The inlet allows the fluid material to flow into the tank,
in which a stirrer will stir the fluid so that it would be mixed
up with the leftovers of the tank. This allows for lowering the
heating value of the fluid already present in the tank. This
causes further heating of the fluid, but the major problem is
that the temperature value of the fluid at this point is
unknown to the user. These data could be achieved by
utilizing fluid sensors to measure temperature [3]. Moreover,
the amount of heat fed to the fluid through the heating coil is
unknown, which may lead to overheating or underheating
fluid. Hence, a controller is used to control the heating
induced by the heating coil.

The water bathing system could be used in clinical
laboratories, research laboratories, food processing
industries, and water plants. In this application, it is essential
to have the desired temperature at a specific period of time so
that errors in the work processes can be minimized. As the
WABS is used in various temperature control applications. The
normal temperature of natural gas is 25°C and should be
maintained for transport through pipelines. However,
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sometimes, the temperature drops below the standard value
when the pressure value decreases [4]. When preparing
nanofibrils, the protein-isolated solution is heated to 80°C;
hence, temperature control is required in this model [5]. In
the synthesis of deep eutectic solvents (DESs), the
temperature of WBS should be maintained at 90°C.

During the synthesis, the p chlorophenol (2.58 g) was
placed in a 10 mL screw-cap test tube kept at 70°C [6].
When preparing a non-eutectic SAT-urea mixture, the
temperature in the WBS must be maintained at 60°C for 2
hours to melt the mix [7]. In the vitro digestion systems, the
temperature is controlled using a heating lamp, a thermal
sensor, and a water bath [8]. Humidity, atmospheric pressure,
and dust are the main factors affecting the accuracy of the
temperature in the WBS [9].

Hence, several sensors have been used to have better
tracking capability. A thermometer circuit for a water bath
system [10] was developed that uses the heating current
without other measuring devices. In that approach, LED-
LDR is adapted to isolate the transmitted high voltage with
the output voltage indicator. The system was calibrated to
have perfect mixing and data acquisition; hence, six K-type
thermocouple sensors [9] were used. The readings of the
sensor are displayed or stored on the personal computer. In
the bio-oil recovery process [11], the percentage of aromatic
and phenolic are analyzed using water bath temperature
control.
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Although many methods of temperature measurement
have been used, the problem of temperature control in the
tank is a crucial parameter. The control structure should be
framed so that its liquid can be used efficiently for industrial
purposes. The primary research requirement is to acquire
constant temperature on any components used in industrial
processes. This could be done by considering controller
designs such as Proportional-Integral (PI), Proportional
Integral Derivative (PID), and Proportional Derivative (PD)
controllers [12].

A model predictive control with a PID [13] is used to
control the temperature in the case of processing beverages
and treatment for different diseases. Following this, some
fuzzy-based approaches are formulated for the control of
temperature. A self-learning-based sliding mode control [14]
system that uses a rule modifier for the updation of firing
strength weight is employed. The method proved the tracking
stability performance, but that method did not compensate
for sudden changes in input. Hence, an adaptive neuro-fuzzy
interference system [15] aims to focus on the fuzzy logic
problem by inhibiting the neural concept. Based on the
parameters of the plant, the controller tuned itself through the
backpropagation mechanism.

Feedback control of the temperature related to fuzzy
logic is implemented by [16] using an air conditioner for
overheating problems. The controller decides whether
cooling a setpoint or heating is required. Then, on gas, the
sensitive material analyzer, a temperature control system
based on proportional integral derivative with long short-
term memory, is reported by [17], which is trained by
nonlinear dynamics of the Peltier system.

Here, the parameters in controllers are tuned by a hybrid
approach of mean centre opposition-based learning particle
swarm optimization. By considering the water bath system as
an integer and non-integer system [18], a temperature control
model is made concerning internal model control. In that
method, a DC power source is used as a supply while a solid-
state relay regulates the power flow.

In recent years, PID controllers have been used to
control the temperature of nonlinear systems, which can also
be used to control pressure and flow. In recent years, FOPID
controllers have replaced PID controllers. Several
complexities have arisen in temperature control in the
industry. However, PID controllers lack nonlinear system
control. At the same time, fractional calculus can be used for
modelling with higher accuracy.

The fractional order calculus also faced some issues in
the complex system [19]. Controllers are adopted in order to
overcome the issues in fractional calculus. Moreover, the
fuzzy logic is used to tune the control parameters of the
controller. To bring the benefits of both these control
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approaches, the fuzzy-tuned FOPID controller is proposed in
this work.

Prime contributions of this paper are given as follows,

To design a WBS controller to limit the fluid
temperature based on the application used.

Model the Fractional Order Proportional Integral
Derivative controller (FOPID) controller through fuzzy
logic.

To validate the performance of the control process with
traditional methods.

The remaining part of this paper is organized as follows:
Several recent works for temperature control in the WBS are
discussed in section 2. The modelling of WBS, along with
the proposed fuzzy-based FOPID (F?PID) controller, is
elaborated under section 3. The results of the proposed
controller are evaluated in section 4, and the conclusion is
given in section 5.

2. Literature Survey

Flavonoid is a bioactive compound found in plants used
in medicinal, cosmetics, and pharmaceutical applications.
Soursop leaf has the most antioxidant abilities. The
extraction of flavonoids from the leaf was essential. Abdin et
al. [20] proposed the extraction of flavonoids from plants
using a water bath with a PID controller. The proportional
integral derivative timer regulates the temperature for 45°C
20 minutes automatically. When an AC dimmer supplied the
water bath, the stirring DC motor levelled the water
temperature, which was incorporated in it, and then the
sensor sensed the temperature.

The temperature of the used water was below the set
point 45°C. So, the heater was ON to raise the temperature,
and a proportional integral derivative controller was adopted
in the control unit to bring the temperature as a particular
value with the steady state error, overshoot less than 2% and
5% concerning Ziegler-Nichols method for tuning. After
that, the ultrasonic device was turned ON when the
temperature was 45°C to extract flavonoids from the plant
for 20 minutes. The time was displayed on the LCD; after 20
minutes, the heater and stirrer motor. In addition, other
tuning and controlling methods with less overshoot will be
implemented to extract more flavonoids.

The efficiency of rotary evaporators mainly depended on
the quality of the instrument, which cannot be controlled due
to the absence of a relevant standard. Long Wang et al. [21]
implemented a rotary evaporator’s water bath control system.
Factors like water bath temperature, condensation efficiency,
etc, influenced the sample recovery rate and solvent
evaporation rate. In order to clarify the water bath
temperature of the rotary evaporator, an accurate control
technique was needed by using the recovery rate of Phthalate
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Esters (PE). PE was an environmental compound, and the
concentration rate was based on the temperature of the liquid.
The temperature of the liquid was highly stable and
controlled accurately when the system was modified. The
recovery rate was developed by regulating the water bath
temperature used in the rotary evaporator. The non-
optimization-based control methods and the proportional
integral derivative controller cannot handle the effective
input and output constraints.

In order to rectify that, Aslam et al. [13] designed the
temperature control of the water bath system using model
predictive control. Model predictive control was an
optimized control technique adopted to control the
temperature in three cases without constraints, with input
constraints, and with output constraints. Model predictive
control was based on a system model and optimizer which
regulates the temperature in the water bath without violating
input and output constraints by reducing cost function for all
three cases. By varying the inlet flow rate of water to the
tank, the robustness of the model predictive control for
temperature control was evaluated.

Even though model predictive control provides a better
controlling process, it creates a high computational burden,
and therefore, PLC was implemented with MPC for the
industrial control process. Aslam et al. [22] proposed the
real-time implementation of the Programmable Logic
Controller (PLC) based model predictive control to regulate
the tank’s temperature and level of water in a bottle for
industrial processes.

The resistive heating element heated the liquid in the
tank, whereas a thermocouple and feedback-sensed
temperature were given to PLC. The pulse width modulation-
based flow control valve regulated the water flow of the
bottle after reaching a particular temperature. Then, the water
level was measured by weight cell and feedback to PLC, and
it could be operated based on a scan cycle loop. Finally,
MPC was implemented in real-time with PLC to regulate the
temperature and level of water in the tank effectively.

Rybolt & Mebane [23] have implemented high-
temperature water bath control and monitoring with sous
vide cooking devices. It was a low-cost substitute to the
normal scientific water bath and hot plate stirrer water bath
in laboratories. The paper explained that raw food was sealed
in a bag under a vacuum and then immersed in a water bath,
which maintained a particular temperature to cook the food.
The polycarbonate container was utilized as a hot water bath
container.

The sous vide immersion circulator includes Bluetooth
installed smartphone to turn the on and off the device and
monitor the temperature an LED display. The precision
cookers maintained the water at an exact temperature over a
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long period to cook the raw food and maintained the
laboratory water bath + 0.1°C.

Wei et al. [24] suggested the smart bath assistive device
for monitoring the temperature in WBS. In that model, six
temperature sensors were affixed at different depths to get an
optimum depth for measuring the temperature. Based on the
experimental analysis, the mushroom-shaped device was
modelled in which the stem part was immersed in water. The
designed device can float in hot water and can monitor the
variation in temperature over a long time. The performance
of the suggested model was validated on a commercial
analog bathing system.

Kativa et al. [25] suggested the Proportional Integral
Derivative (PID) controller for temperature control in WBS.
In that model, the parameters of the PID controller were
tuned by the Zeigler-Nichols method. The simulation was
carried out for the Proportional-Integral (PI1) and Proportional
Derivative (PD) controllers. The comparative analysis shows
that the PID has provided a better outcome in terms of lower
rise time and peak time.

Nasir et al. [18] suggested the Bat algorithm for fuzzy
controller design for temperature control in WBS. In that
paper, the suggested bat algorithm was adopted for
generating the triangular membership functions. The initial
population was generated based on real values of vectors.
The suggested controller was validated on the WBS for
varying set points such as 35°C, 55°C, and 75°C. Moreover,
the robustness of the controller was examined for the
proposed control signals.

Mahmood et al. [26] suggested the use of a PID
controller for temperature control of the water tank. The
controller parameters of PID were tuned using the Ziegler-
Nichols tuning method. The results obtained from the PID
controller gains were compared with the other controllers
tuning approaches. As it is shown that the Ziegler-Nichols
tuning method has lower errors than the Tyreus-Luyben
approach.

Tavoosi [27] suggested a type-2 fuzzy neural network
controller for temperature control of WBS. Two fuzzy neural
networks of type-2 have been used in that model; one was
used as an identifier, and another one was used as a
controller. The identifier was used to adjust the parameters,
and the reverse model was used as the identifier.

Goel et al. [28] suggested the genetic algorithm-tuned
neuro-fuzzy controller for temperature control in WBS. That
suggested model does not require prior knowledge about the
system and avoids the manual tuning of membership
functions. The results of the suggested model were estimated
under different operating points of 30°C-40°C-50°C.
Moreover, the results were verified using the disturbance
rejection test and variable delay test.
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2.1. Problem Definition

In a water bath system, the temperature of the fluid used
in it has to be maintained for the user reference value. This is
the main requirement in food processes and laboratories
since, in those cases, the change in temperature of the
medium used will impact the use of that material and make
the whole system ineffective. Hence, the researchers employ
several control structures, but the accuracy of the readings
made by the sensor is poor. This is due to the unstable
control generated by the controller. Some controllers have
poor transient characteristics, while controllers like
proportional integral controllers have the problem of vast
steady-state error. The major issue in the existing controller,
such as the PID and fuzzy, is the significant steady-state
error. In the literature [20], the required temperature level is
45°C, and the PID controller produces large error values.

Moreover, the Zeigler Nichols method-based tuning
method [25, 26] results in a more significant rise time and
peak time. Temperature control is the key variable to be
regulated in industrial scenarios; however, the least
explorations are conducted on this topic. Moreover, it is
observed that the set points are varied in different
applications. Hence, this proposal aims to design a fuzzy-
based FOPID controller to reduce inaccurate results in the
water bath system under different scenarios.

3. Methodology

The temperature control on the water bath tank is
essential since, for various industrial purposes, the fluid
viscosity, temperature, and heating ratio vary. Hence, based
on demand, the fluid temperature has to vary. To control the
temperature of the liquid in the water bath system, a novel
F2PID controller is proposed in this paper. The proposed
F2PID controller works as the hybrid framework concerning
Fuzzy rules and Fractional Order Proportional Integral
Derivative (FOPID) controller. First, the temperature of the
liquid is measured and fed into the controller, which
examines the difference between the set point and the
measured temperature. The fuzzy membership functions are
generated based on the temperature error and error deviation
values. Using the fuzzy rules, the controlling parameters of
FOPID are tuned, and the temperature is controlled. The
workflow of the proposed methodology is shown in Figure 1.

Temperature
Set Point

Measured

Water Bath System Temperature

Controlled
[Temperature

Fractional Order Fuzzy
Proportional Integral Derivative

(F°PID)
Fig. 1 Flow of the proposed methodology
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3.1. Modelling of Water Bath System

The water tank, heater, sensor, and stirrer are essential
components in a water bath system. The water bath consists
of a suitable inlet and outlet that controls the tank’s water
level. The sensor in the tank measures process variables
inside the water bath system. The value sensed by the sensor
is fed into the controller for taking appropriate control
actions. The Water Bath System (WBS) is modelled in this
proposed work through transfer functions. Some assumptions
are made for deriving the WBS that is given as follows.

The heat capacity, density, and volume of the water tank
are kept constant.
The state of the tank is stable.

The balancing equations of material are given as
follows,

M = M;

accumulate incoming — Mleaving (1)
Herev Maccumulate! Mincoming and Mleaving are the

accumulated, entering and leaving the system’s mass.

dMwp
dat

= M — Moy 2

Here, My, 5, M, and M,,, are the mass of the water
bath, incoming water, and outgoing water, respectively.

The equation of mass can be reframed in terms of flow
rate, and density is given as follows.

aMp

o — Fip—Fp

®)
Here, p is the mass density, V is the liquid volume,
Fiand F are the inflow and outflow of the liquid,
respectively. If the tank volume is constant, the following
condition will occur.
Fip—Fp=0 4
The WBS works based on the liquid flow; thus, the
material concept is required for generating the energy model.

The energy balancing equations of WBS are given as
follows,

®)

Here, Eqccumuiate 1S the accumulated energy in the
system, E;, and E,,. are the energy entering and leaving the
system, respectively.

Eaccumuiate = Ein — Eout

VU,p S = FUp(T; = T) + Q (6)
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The above equation can be written as follows,

Q
VUpp

daT F
—=;T =T+ (7
Here, U, is the heat capacity of the tank (J/Kg°C), p is
the fluid density of the tank (Kg/m?®), V is the tank volume
(m3), Q is the heat energy supplied by the base heater (J/sec),
T and T; are the time constant and integral, respectively. The
generalized form of the above equation is given by,
var 1

+T = prTi (8)

F dt FU

Here, Y = 7 is the time constant of the system, — =k
F FUpp

is the system gain. Based on these equations, the first-order
equation is represented as,

TS+ T =KQ+T, 9)

The transfer function of the water bath system is given
as follows,

K__T6)
TS+1 Q(s)

Gy(s) = (10)

By applying the specification of WBS, the transfer
function is obtained as,

60
720s+1

Gy(s) = (11)

By applying the dead time as the 30s, the transfer
function is obtained as,

Ga(s) = —— (12)

30s+1

The overall transfer function of the WBS is written as
follows.

60 1

GP(S) T 720s+1 30s+1 (14)
60

G(s) = 2160052+720s+1 (15)

G(s) = 0.0029 (16)

(5+0.0014).(s+0.033)

Equation (13) is the overall transfer function of WBS
while applying the dead time 30s in this equation; the final
model of WBS is obtained as Equation (16), which is used in
the Simulink model to represent the WBS.

3.2. Temperature Control in WBS

The process control system is nonlinear; thus, it is
difficult to obtain an accurate system model. Thus, several
controllers have been developed for first and second-order
systems to control the process variables. The WBS consists
of different components, such as a water tank, controller and
heater. In practical applications, the temperature in WBS is
measured with sensors. The user sets the reference
temperature value based on the applications. In this work,
different temperature set points are given to the controller to
examine its performance efficacy.

3.2.1. Proposed F2PID Controller for Temperature Control
in WBS

In this proposed work, F?PID is designed by considering
the nonlinear dynamics of the WBS. Thus, the controlling
parameters of the F?PID controller need to be modified to
minimize the error and improve the system stability. The
F2PID controller combines the benefits of Fuzzy Logic and
Fractional Order PID (FO-PID) controller.

The FOPID controller has more degrees of freedom than
the traditional PID controller. The FOPID controller has an
integer and differentiator in the order of [29] and [30]. In
F2PID, fuzzy rules are added before the FOPID controller to
tune the gain parameters. Fuzzy rules are generated to the
error and deviation in error. The working of the proposed

G(s) = Gq(s). Gy(s) (13) F2PID controller is shown in Figure 2.
o e e
|
| K,
| Fuzzy Rule 1 »
Set Point |
" Error (e) |—m
|
p |
| K| FOPID |-~ WBS [+
1 [* Fuzzy Rule 2 Controller
|
Error :
Deviation — K Controlled
(de/dt) : L | Fuzzy Rule 3 d Temperature
|
.
Measured Temperature

Fig. 2 Proposed F?PID based temperature control
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Table 1. Fuzzy rule-1 for parameters tuning of Kp

de/dt (Kp)
e (Kp) -L -M -S Z +S +M +B
-L -L -L -S -S +S z 4
-M -L -L -M -S -S 4 +S
-S -L -M -S -S Z +S +S
Z -M -M -S Z +S +M +B
+S -S -S Z +S +S +M +S
+M -S Z +S +M +M +M +B
+B V4 z -S -S -S +B +B
Table 2. Fuzzy rule-2 for parameters tuning of Ki
de/dt (Ki)
e (Ki) -L -M -S Z +S +M +B
-L +B +B +M +M +S Z Z
-M +B +B +M +S +S 4 4
-S +B +M +S +S Z -S -S
Z +M +M +S V4 -S -M -M
+S +M +S Z -S -S -M -L
+M Z V4 -S -S -M -L -L
+B Z V4 -S -M -M -L -L
Table 3. Fuzzy rule-3 for parameters tuning of Kd
e/dt (Kd)
e (Kd) -L -M -S 4 +S +M +B
-L -S +S +B +B +B +M -S
-M +S +S +B +M +M +S Z
-S 4 +S +M +M +S +S Z
Z 4 +S +S +S +S +S Z
+S z z z z 4 Z 4
+M -L -S -S -S -S -S -L
+B -L -M -M -M -S -S -L
The fuzzy membership functions examine the e Case 1: Constant temperature set point (40°C).

proportional, integral and derivative gains. The fuzzy rules
generated for optimum parameter tuning are given in Tables
1, 2 and 3. Here, the control parameters are optimized
between the ranges of -3 to 3. Here, the membership
functions are represented as large negative (-N), negative
medium (-M), negative small (-S), zero (Z), small positive
(+S), positive minimum (+M) and positive big (+B). The
fuzzy rules are generated based on the membership functions
of errors and error deviations of temperature. This work,
three different rules are generated for the proportional,
integral and derivative gains.

4. Result and Analysis

The Simulink model of the proposed work for constant
set point is depicted in Figure 3, in which the transfer
function equation denotes the WBS. The proposed controller
is validated under two different cases.

e Case 2: Varied temperature set points (40°C-50°C-60°C)
and (30°C-40°C-50°C).

The required range of temperature varies in terms of
different applications, as mentioned in sections 1 and 2.
Hence, two different cases are considered for validating the
performance of the controller.

One of the cases is considered for a constant level of
temperature, and another case is taken for varying levels of
temperature. Here, the temperature level varies between 40°C
and 70°C. In order to check the efficacy of the proposed
controller, these points are randomly taken.

In case 2, the set points of the temperature variations in
time; thus, 3 different set points are given to the WBS model.
The Simulink model of the proposed work under case 2 is
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shown in Figure 4. In this case, the fuzzy rules generate
optimum values for the FOPID controller; thus, it controls
the WBS temperature based on the set points.

Figure 5 shows the temperature curves of the WBS while
using the proposed controller under case-1 and case-2. Figure
5(a) shows the controlled temperature of the WBS during
40°C. Moreover, the temperature set point varies from 40°C,
50°C, and 60°C up to 20s, 60s, and 100s, respectively. These

results verify that the proposed controller has a lower settling
time of 10s under case 1. In case 2, the settling point of the
proposed controller is 10s, 25s and 65s for varying set points.
The actual temperature of the liquid in the WBS is 38°C in
case-1, and the temperature under case-2 ranges between O-
58°C after using the proposed controller. The range of
controlled temperature is raised to the set points in different
cases, indicating the proposed controller’s performance
efficacy under varying set points.

Transfer Function

0.0029
S 4+ 0.0333
Transfer Function

_'@ S+ 01.0014 4—B>

Water Bath
System

Output

—

Temp Error

Fractional Integrator

du/dt

E]::qu._ Oupgp,_In

Proportional Gain(K)

S Pl s Bl & o N TN N
Integral
Gain(K)) Fuzzy Rule K

Fractional Derivative

El:_om In

Derivative Gain(K )

4':_4

Fuzzy Rule K,

—+—

Fuzzy Rule K,

Fig. 3 Simulink model of the proposed work for case 1

g
r+ - Output
) i 1_( | S +0.0014 ;I X —'&-ﬁﬂ
Input/Setpoint + Transfer Function Water Bath o=
Sum System P
0.0029
| S +0.0333

Transfer Function

Fractional Integrator

1/s

Fractional Derivative

Proportional Gain(K,)

Integral Gain(K))

PR ) e L e £

Derivative Gain(K )

El::om'”

Fuzzy Rule K,

o

Fuzzy Rule K.

Fuzzy Rule K,

Fig. 4 Simulink model of the proposed work for case 2
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— Temperature
o —Setpoint |
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3 |
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Fig. 5 Temperature variation in WBS over time under case-1
60+
50+ } } iy
G [ ——Temperature
< 40 = Setpoint e
e
2
g;_ 30r g
£
£ 20 1
10 1
0 4
0 10 20 30 40 50 60 70 80 90 100
Time (seconds)
(@
Temperature
60} P
Setpoint
50}
r
S 40 4
o
8
£ 30 g
(5]
'_
20+ 8
10 4
1 1 . 1
0 20 40 60 80 100
Time (seconds)

(b)

Fig. 6 Temperature variation in WBS over time under case-2: (a) 40°C-50°C-60°C, and (b) 30°C-40°C-50°C.

The values of the FOPID controller tuned by fuzzy rules
are shown in Table 4. The comparative analysis of
temperature control by the F?PID controller is depicted in
Figure 7. Here, the performance of the proposed controller is
validated with existing controllers such as PI [20], PID [20],
modified controller [21] and PLC-predictive controller [22].
Here, the existing controllers are compared to the proposed
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controller under two cases. In Figure 7(a), the set point of
temperature is given as 40°C for all the controllers. As
shown, the proposed model’s temperature is raised from 0°C,
whereas the controllers, such as Pl and PID, are raised from
25°C based on their application. The different ranges of
temperatures are reached at the set point while using the
controllers. Moreover, the modified controller controls the
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temperature near the set point but has a more considerable
settling time. The results imply that the proposed controller
has a lower settling time when compared with existing
controllers.

In Figure 7(b), the comparative analysis of temperature
control is carried out based on three different set points in
proposed and existing controllers. In this case, the
performance of controllers is taken for the same set points. In
the existing controller, the set points are given as 50°C-60 °C-
70°C for varying times. When changing the set points, the

settling time of the existing PLC controller takes 15 seconds
to reach the set point of 50°C; at the same time, the settling
time of the proposed controller takes 7 seconds to reach the
set point of 50°C.

The comparative analysis shows that the proposed
controller is efficient for the WBS for different applications.
The hardware model of WBS consists of a sensor, water tank
and coil heater. The WBS is supplied with a coil heater with
power 2500W. The specifications of WBS used in the
experimental model are shown in Table 5.

Table 4. Control parameters tuned by fuzzy rules

Parameters Values
P 2
| 2
D 2
A 1
2 1
o
< i
i
o
qg) —— Setpoint
2 — PI Controller
10 ——PID Controller
—— Modified Controller
0 . N F’PID (Proposed)
20 40 60 80 100
Time (seconds)
(a)
80
o
@
2
2 4
a
IS
(5]
=20 - — - Setpoint
——— PLC Controller (Existing)
ol . — FPID (Proposed)
0 20 40 60 80 100
Time (seconds)

(b)

Fig. 7 Comparative analysis of temperature control in WBS: (a) Case-1, and (b) Case-2.
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Table 5. Specifications of the experimental model

Parameters Values
Water Tank Capacity 12 litres
Temperature of Inlet Water 25°C
Flow Rate 1 litre/min
Sampling Period 30s

Table 6. Experimental results

Performance Criteria PID Controller F?PID Controller
(Existing) (Proposed)
Time to Reach the Set Point 30°C 150s 120s
Maximum(°C) 5.89 2.16
] Overshoot —
Time to Reach 30°C Minimum (°C) 0.29 0.25
Maximum(°C) 0.61 0.68
Undershoot —
Minimum (°C) - 0.47
Time to Reach the Set Point 40°C 330s 240s
Overshoot Maximum(°C) 3.68 1.82
Time to Reach 40°C Minimum (°C) 0.78 0.28
Undershoot Maximum(°C) 1.12 0.72
Minimum (°C) - 0.28
Time to Reach the Set Point 50°C 300 270s
Overshoot Maximum(°C) 4.93 2.32
Time to Reach 50°C Minimum (°C) 0.13 0.02
Undershoot Maximum(°C) 0.57 0.41
Minimum (°C) 0.37 0.24
Table 7. Comparative analysis of error metrics
Pl Using Ziegler- PID Using Ziegler- | Pl Using Tyreus- PID Using
ichol . chol ° b - Tyreus-Luyben d
Controllers Nicholas Tuning Nicholas Tuning Luyben Tuning Tuning Propose
(Mahmood et al. (Mahmood et al. (Mahmood et al. (Mahmood et al Controller
2018) 2018) 2018) 2018)
Integral Absolute 48.92 (case 1)
Error (1AE) 702 60.1 68.6 595 33.41 (case 2)
Integral Square 138.9 (case 1)
Error (ISE) 186.48 144.6 180.93 142.1 121.5 (case 2)

The results measured from the experimental model are
illustrated in Table 6. The comparative analysis of error
metrics is shown in Table 7.

5. Conclusion

In this work, the F?PID controller is proposed for
temperature control of the WBS in different set points.
Initially, the mathematical equations for WBS are presented
in this paper, and the final transfer function equation is used
in the Simulink model to represent the WBS. The measured
temperature from WBS is fed into the F?PID along with the
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set point. The F?PID controller combines both the FOPID
controller and the FLC, in which different fuzzy rules choose
the controlling parameters of the FOPID.

The performance of the proposed model is implemented
on MATLAB/Simulink, and the results are taken in terms of
two cases of constant and varying set points. Moreover, the
IAE and ISE values for the proposed controller under case-1
are 48.92 and 138.9, respectively. Meanwhile, the IAE and
ISE values for the proposed controller under case 2 are 33.41
and 121.5, respectively. From this analysis, it is concluded
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that the proposed controller has better performance in terms existing controllers. In future work, intelligent controllers
of varying operating conditions. Moreover, the results imply ~ will be used for temperature control in WBS under different
that the proposed controller has a lower settling time than  test cases.

References

[1]

[2]

(3]

[4]

[5]

(6]

[7]

(8]

[0]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Laveet Kumar, M. Hasanuzzaman, and N.A. Rahim, “Global Advancement of Solar Thermal Energy Technologies for Industrial
Process Heat and Its Future Prospects: A Review,” Energy Conversion and Management, vol. 195, pp. 885-908, 2019. [CrossRef]
[Google Scholar] [Publisher Link]

Barbooti M.M., Ibrahim N.K., and Alwan A.H., “Design of Experiments for the Optimization of Biochemical Treatment of Tannery
Wastewater,” Journal of Bacteriology & Mycology: Open Access, vol. 5, no. 4, pp. 328-333, 2017. [CrossRef] [Google Scholar]
[Publisher Link]

Rastegar Saeed et al., “Experimental Investigation of the Increased Thermal Efficiency of an Indirect Water Bath Heater by Use of
Thermosyphon Heat Pipe,” Thermal Science, vol. 24, no. 6B, pp. 4277-4287, 2020. [CrossRef] [Google Scholar] [Publisher Link]
Seyyed Reza Razavi, Mehran Sadeghalvaad, and Samad Sabbaghi, “Experimental Investigation on the Stability and Thermophysical
Properties of Al203/DW and CuO/DW Nanofluids to be Utilized in an Indirect Water Bath Heater,” Journal of Thermal Analysis and
Calorimetry, vol. 142, pp. 2303-2318, 2020. [CrossRef] [Google Scholar] [Publisher Link]

Warji et al., “Portable Water Bath to Support Nanofibrils Processing,” IOP Conference Series: Earth and Environmental Science, vol.
355, 2019. [CrossRef] [Google Scholar] [Publisher Link]

Mir Ali Farajzadeh, Ali Shahedi Hojghan, and Mohammad Reza Afshar Mogaddam, “Development of a New Temperature-Controlled
Liquid Phase Microextraction Using Deep Eutectic Solvent for Extraction and Preconcentration of Diazinon, Metalaxyl,
Bromopropylate, Oxadiazon, and Fenazaquin Pesticides from Fruit Juice and Vegetable Samples Followed by Gas Chromatography-
Flame lonization Detection,” Journal of Food Composition and Analysis, vol. 66, pp. 90-97, 2018. [CrossRef] [Google Scholar]
[Publisher Link]

Wanwan Fu et al., “Thermal Properties and Thermal Conductivity Enhancement of Composite Phase Change Material Using Sodium
Acetate Trihydrate—Urea/Expanded Graphite for Radiant Floor Heating System,” Applied Thermal Engineering, vol. 138, pp. 618-626,
2018. [CrossRef] [Google Scholar] [Publisher Link]

Cheng Li et al., “Current in Vitro Digestion Systems for Understanding Food Digestion in Human Upper Gastrointestinal Tract,” Trends
in Food Science & Technology, vol. 96, pp. 114-126, 2020. [CrossRef] [Google Scholar] [Publisher Link]

Yanti Kusumawardani, Endang Dian Setioningsih, and Dyah Titisari, “Water-Bath Calibration Device with Data Storage Using Six
Thermocouple Sensor,” Journal of Electronics, Electromedical Engineering, and Medical Informatics, vol. 2, no. 2, pp. 40-47, 2020.
[CrossRef] [Google Scholar] [Publisher Link]

Sudipta Chakraborty et al., “Design of a Simple Temperature Transmitter Circuit of an Electric Heater-Operated Water Bath,” IEEE
Sensors Journal, vol. 18, no. 8, pp. 3140-3151, 2018. [CrossRef] [Google Scholar] [Publisher Link]

Chu Wang et al., “Experimental Study on Composition Evolution of Biomass Pyrolysis Vapors with Condensing Temperature in a
Vertical Tubular Condenser,” Bioresource Technology, vol. 307, 2020. [CrossRef] [Google Scholar] [Publisher Link]

J.S. Madugu, and P.G. Vasira, “Modeling and Performance Evaluation of P, PI, PD and PID Temperature Controller for Water Bath,”
American Academic Scientific Research Journal for Engineering, Technology, and Sciences, vol. 47, no. 1, pp. 186-200, 2018. [Google
Scholar] [Publisher Link]

Sohaib Aslam et al., “Temperature Control of Water-Bath System in Presence of Constraints by Using MPC,” International Journal of
Advanced and Applied Sciences, vol. 3, no. 12, pp. 62-68, 2016. [CrossRef] [Google Scholar] [Publisher Link]

Enkh-Amgalan Boldbaatar, and Chih-Min Lin, “Self-Learning Fuzzy Sliding-Mode Control for a Water Bath Temperature Control
System,” International Journal of Fuzzy Systems, vol. 17, no. 1, pp. 31-38, 2015. [CrossRef] [Google Scholar] [Publisher Link]

Bharat Bhushan, Ajit Kumar Sharma, and Deepti Singh, “Fuzzy & ANFIS-Based Temperature Control of Water Bath System,” 2016
IEEE 1% International Conference on Power Electronics, Intelligent Control and Energy Systems (ICPEICES), Delhi, India, pp. 1-6,
2016. [CrossRef] [Google Scholar] [Publisher Link]

Aaron Don M. Africa, Arl Marion Josef L. Divino, and Kyle Austin B. Hartigan-Go, “Fuzzy Logic Temperature Control: A Feedback
Control System Implemented by Fuzzy Logic,” International Journal of Emerging Trends in Engineering Research, vol. 8, no. 5, pp.
1879-1885, 2020. [CrossRef] [Google Scholar] [Publisher Link]

Tianhai Lu et al., “Intelligent Modeling and Design of a Novel Temperature Control System for a Cantilever-Based Gas-Sensitive
Material Analyzer,” IEEE Access, vol. 9, pp. 21132-21148, 2021. [CrossRef] [Google Scholar] [Publisher Link]

Abdul Wahid Nasir, Idamakanti Kasireddy, and Arun Kumar Singh, “IMC Based Temperature Control of a Water Bath System
Modeled as Integer and Non-Integer System,” 2018 International Conference on Recent Trends in Electrical, Control, and
Communication (RTECC), Malaysia, pp. 275-280, 2018. [CrossRef] [Google Scholar] [Publisher Link]

Adeel Ahmad Jamil et al., “Fractional-Order PID Controllers for Temperature Control: A Review,” Energies, vol. 15, no. 10, pp. 1-28,
2022. [CrossRef] [Google Scholar] [Publisher Link]

112


https://doi.org/10.1016/j.enconman.2019.05.081
https://scholar.google.com/scholar?q=Global+advancement+of+solar+thermal+energy+technologies+for+industrial+process+heat+and+its+future+prospects:+A+review&hl=en&as_sdt=0,5
https://www.sciencedirect.com/science/article/abs/pii/S0196890419306363
https://doi.org/10.15406/jbmoa.2017.05.00141
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design+of+Experiments+for+the+Optimization+of+Biochemical+Treatment+of+Tannery+Wastewater&btnG=
https://medcraveonline.com/JBMOA/design-of-experiments-for-the-optimization-of-biochemicalt-treatment-of-tannery-wastewater.html#:~:text=The%20biochemical%20treatment%20of%20vegetable,concentration%2C%2016.8%20mg%2FL.
https://doi.org/10.2298/TSCI190428054R
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Experimental+investigation+of+the+increased+thermal+efficiency+of+an+indirect+water+bath+heater+by+use+of+thermosyphon+heat+pipe&btnG=
https://doiserbia.nb.rs/Article.aspx?ID=0354-98362000054R
https://doi.org/10.1007/s10973-020-09592-0
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Experimental+investigation+on+the+stability+and+thermophysical+properties+of+Al+2+O+3%2FDW+and+CuO%2FDW+nanofluids+to+be+utilized+in+an+indirect+water+bath+heater&btnG=
https://link.springer.com/article/10.1007/s10973-020-09592-0
https://doi.org/10.1088/1755-1315/355/1/012086
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Portable+Water+Bath+to+Support+Nanofibrils+Processing&btnG=
https://iopscience.iop.org/article/10.1088/1755-1315/355/1/012086#:~:text=Nanofibrils%20are%20nano%2Dsized%20fibrils,heat%20and%20stir%20protein%20isolates.
https://doi.org/10.1016/j.jfca.2017.12.007
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Development+of+a+new+temperature-controlled+liquid+phase+microextraction+using+deep+eutectic+solvent+for+extraction+and+preconcentration+of+diazinon%2C+metalaxyl%2C+bromopropylate%2C%E2%80%9D+oxadiazon%2C+and+fenazaquin+pesticides+from+fruit+juice+and+vegetable+samples+followed+by+gas+chromatography-flame+ionization+detection&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0889157517302855
https://doi.org/10.1016/j.applthermaleng.2018.04.102
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Thermal+properties+and+thermal+conductivity+enhancement+of+composite+phase+change+material+using+sodium+acetate+trihydrate%E2%80%93urea%2Fexpanded+graphite+for+radiant+floor+heating+system&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1359431117380158
https://doi.org/10.1016/j.tifs.2019.12.015
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Current+in+vitro+digestion+systems+for+understanding+food+digestion+in+human+upper+gastrointestinal+tract&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0924224419304959
https://doi.org/10.35882/jeeemi.v2i2.2
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Water-Bath+Calibration+Device+with+Data+Storage+Using+Six+Thermocouple+Sensor&btnG=
https://jeeemi.org/index.php/jeeemi/article/view/78
https://doi.org/10.1109/JSEN.2018.2809465
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Design+of+a+simple+temperature+transmitter+circuit+of+an+electric+heater-operated+water+bath&btnG=
https://ieeexplore.ieee.org/document/8302569
https://doi.org/10.1016/j.biortech.2020.123252
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Experimental+study+on+composition+evolution+of+biomass+pyrolysis+vapors+with+condensing+temperature+in+a+vertical+tubular+condenser&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S096085242030523X#:~:text=A%20new%20method%20for%20studying,furfural%20and%20guaiacols%20were%20provided.
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Modeling+and+performance+evaluation+of+P%2C+PI%2C+PD+and+PID+temperature+controller+for+water+bath&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Modeling+and+performance+evaluation+of+P%2C+PI%2C+PD+and+PID+temperature+controller+for+water+bath&btnG=
https://asrjetsjournal.org/index.php/American_Scientific_Journal/article/view/4433
https://doi.org/10.21833/ijaas.2016.12.009
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Temperature+control+of+water-bath+system+in+presence+of+constraints+by+using+MPC&btnG=
https://www.science-gate.com/IJAAS/V3I12/Aslam.html
https://doi.org/10.1007/s40815-015-0015-6
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Self-learning+fuzzy+sliding-mode+control+for+a+water+bath+temperature+control+system&btnG=
https://link.springer.com/article/10.1007/s40815-015-0015-6
https://doi.org/10.1109/ICPEICES.2016.7853729
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fuzzy+%26+ANFIS-based+temperature+control+of+water+bath+system&btnG=
https://ieeexplore.ieee.org/document/7853729
https://doi.org/10.30534/ijeter/2020/66852020
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fuzzy+Logic+Temperature+Control%3A+A+feedback+control+system+implemented+by+fuzzy+logic&btnG=
https://animorepository.dlsu.edu.ph/faculty_research/3000/
https://doi.org/10.1109/ACCESS.2021.3051339
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Intelligent+Modeling+and+Design+of+a+Novel+Temperature+Control+System+for+a+Cantilever-Based+Gas-Sensitive+Material+Analyzer&btnG=
https://ieeexplore.ieee.org/document/9321399
https://doi.org/10.1109/RTECC.2018.8625651
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=IMC+Based+Temperature+Control+of+a+Water+Bath+System+Modeled+as+Integer+and+Non-integer+System&btnG=
https://ieeexplore.ieee.org/document/8625651
https://doi.org/10.3390/en15103800
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Fractional-order+PID+controllers+for+temperature+control%3A+A+review&btnG=
https://www.mdpi.com/1996-1073/15/10/3800

Pankaj Mohindru / 1JEEE, 10(12), 102-113, 2023

[20] Zainul Abidin et al., “Water Bath Sonicator Integrated with PID-Based Temperature Controller for Flavonoid Extraction,”
TELKOMNIKA (Telecommunication Computing Electronics and Control), vol. 18, no. 2, pp. 970-976, 2020. [CrossRef] [Google
Scholar] [Publisher Link]

[21] Long Wang et al., “Effect of Rotary Evaporator Water Bath Temperature on the Recovery Rate of Phthalate Esters,” Bulletin of
Environmental Contamination and Toxicology, vol. 101, pp. 810-813, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[22] Sohaib Aslam et al., “PLC Based Model Predictive Control for Industrial Process Control,” International Journal of Advanced and
Applied Sciences, vol. 4, no. 6, pp. 63-71, 2017. [CrossRef] [Google Scholar] [Publisher Link]

[23] Thomas R. Rybolt, and Robert C. Mebane, “Economical High-Temperature Water Bath Control and Monitoring with a Sous Vide
Cooking Device,” Journal of Chemical Education, vol. 95, no. 8, pp. 1402-1405, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[24] Qun Wei, So-Myoung Kang, and Jae Ho Lee, “Designing a Smart Bath Assistive Device Based on Measuring Inner Water Temperature
for Bathing Temperature Monitoring,” Sensors, vol. 20, no. 8, pp. 1-12, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[25] T. Kativa et al., “Temperature Control Water Bath System Using PID Controller,” International Journal of Applied Engineering
Research, vol. 10, no. 4, pp. 3443-3446, 2015. [Google Scholar]

[26] Qahtan A. Mahmood et al., “PID Temperature Control of Demineralized Water Tank,” IOP Conference Series: Materials Science and
Engineering. vol. 454, 2018. [CrossRef] [Google Scholar] [Publisher Link]

[27] Jafar Tavoosi, “An Experimental Study on Inverse Adaptive Neural Fuzzy Control for Nonlinear Systems,” International Journal of
Knowledge-Based and Intelligent Engineering Systems, vol. 24, no. 2, pp. 135-143, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[28] Ashok Kumar Goel, Suresh Chandra Saxena, and Surekha Bhanot, “A Genetic Based Neuro-Fuzzy Controller for Thermal
Processes,” Journal of Computer Science and Technology, vol. 5, no. 1, pp. 37-43, 2005. [Google Scholar] [Publisher Link]

[29] Oussama Maroufi, Abdelghani Choucha, and Lakhdar Chaib, “Hybrid Fractional Fuzzy PID Design for MPPT-Pitch Control of Wind
Turbine-Based Bat Algorithm,” Electrical Engineering, vol. 102, pp. 2149-2160, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[30] Lu Liu, Dingyu Xue, and Shuo Zhang, “General-Type Industrial Temperature System Control Based on Fuzzy Fractional-Order PID
Controller,” Complex & Intelligent Systems, vol. 9, pp. 2585-2597, 2021. [CrossRef] [Google Scholar] [Publisher Link]

113


http://doi.org/10.12928/telkomnika.v18i2.14830
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Water+bath+sonicator+integrated+with+PID-based+temperature+controller+for+flavonoid+extraction&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Water+bath+sonicator+integrated+with+PID-based+temperature+controller+for+flavonoid+extraction&btnG=
http://telkomnika.uad.ac.id/index.php/TELKOMNIKA/article/view/14830
https://doi.org/10.1007/s00128-018-2440-3
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+rotary+evaporator+water+bath+temperature+on+the+recovery+rate+of+phthalate+esters&btnG=
https://link.springer.com/article/10.1007/s00128-018-2440-3
https://doi.org/10.21833/ijaas.2017.06.009
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=PLC+based+model+predictive+control+for+industrial+process+control&btnG=
https://www.science-gate.com/IJAAS/V4I6/Aslam.html
https://doi.org/10.1021/acs.jchemed.8b00163
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Economical+High-Temperature+Water+Bath+Control+and+Monitoring+with+a+Sous+Vide+Cooking+Device&btnG=
https://pubs.acs.org/doi/10.1021/acs.jchemed.8b00163
https://doi.org/10.3390/s20082405
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Designing+a+Smart+Bath+Assistive+Device+Based+on+Measuring+Inner+Water+Temperature+for+Bathing+Temperature+Monitoring&btnG=
https://www.mdpi.com/1424-8220/20/8/2405#:~:text=According%20to%20the%20measurement%20results,measure%20the%20inner%20water%20temperature.
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Temperature+control+water+bath+system+using+PID+controller&btnG=
https://doi.org/10.1088/1757-899X/454/1/012031
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=PID+temperature+control+of+demineralized+water+tank&btnG=
https://iopscience.iop.org/article/10.1088/1757-899X/454/1/012031
https://doi.org/10.3233/KES-200036
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=An+experimental+study+on+inverse+adaptive+neural+fuzzy+control+for+nonlinear+systems&btnG=
https://content.iospress.com/articles/international-journal-of-knowledge-based-and-intelligent-engineering-systems/kes200036
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A+genetic+based+neuro-fuzzy+controller+for+thermal+processes&btnG=
https://www.redalyc.org/articulo.oa?id=638067346002
https://doi.org/10.1007/s00202-020-01007-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Hybrid+fractional+fuzzy+PID+design+for+MPPT-pitch+control+of+wind+turbine-based+bat+algorithm&btnG=
https://link.springer.com/article/10.1007/s00202-020-01007-5
https://doi.org/10.1007/s40747-021-00431-9
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=General-type+industrial+temperature+system+control+based+on+fuzzy+fractional-order+PID+controller&btnG=
https://link.springer.com/article/10.1007/s40747-021-00431-9

