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Abstract

Water bath temperature control is one of the most widely used processes in academic laboratories and industries.
It usually contains single or mixture of liquid substances whose temperature is the subject of control. In this
paper, a performance evaluation of P, Pl, PD, and PID algorithms for the system was investigated. A
mathematical model of the first order system was derived using the lumped parameter model. The time constant
of the water bath was obtained theoretically and found to be 356s and time lag of 5s. The gain of the heater of
1500 W was computed and found to be 0.047 °C/K. An open loop reaction curve of the system was then
obtained by measuring the temperature response to step input against time and plotting same using MATLAB.
The P, PI, PD and PID control strategies were subsequently designed to control the temperature of the water
bath. The compensators were manually tuned to P = 3000; P = 21.5599, | = 0.0034539; P = 22.7179, D =
0.0067356; and P = 25.4904, | = 0.0034802, D = 10.5302 respectively. These gains were used to manipulate the
temperature set points for the water bath. The performance of the MATLAB simulated results were evaluated
and compared against each other. The results show that P control requires high step input (3000 W) though the
offset could be reduced. The PI control on the other hand exhibits fast response and reduced steady state error.
PD control for the plant was found to be highly unstable for all the tuned values of the gains which makes it
unfit for the first order system. The PID compensator provided compromise between the P and PI. It exhibited a
rise time of 5415, settling time of 794s and an overshoot 1.10%.
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1. Introduction

A water bath is a tank—heater system with single feed stream and single output stream. It is a vessel which is
usually adiabatic that contains some liquidized food materials in which its objective is to control the temperature
of the mixture. Reference [1] Water baths are used in industrial clinical laboratories, academic facilities,
government research laboratories, environment applications as well as food technology and water plants [2-5].
Because water retains heat so well, using water baths was one of the very first means of incubation.
Applications of Water Baths include sample thawing, bacteriological examinations, warming reagents; coli form

determination and microbiological assays [6-8].

Temperature is the most often measured environmental quantity. This might be expected since most physical,
electronic, chemical, mechanical and biological systems are affected by temperature. Some processes work well
within a narrow range of temperatures. Certain chemical reactions, biological processes and even electronic
circuits perform best within specified temperature ranges. When the processes need to be optimized, control

systems that keep temperatures within specified limits or constant are often used [9].

The field of process control has grown rapidly since its inception in the 1950s. It has become one of the core
areas of chemical engineering. One of the most important process variables to be controlled is temperature of

liquids in industrial problems [10].

Water bath temperature control is one of the most important and widely used in process control industries. Its
application in the production of a variety of products is common in process industries such as Nestle and Yeoh
Seng [11-13]. Since temperature is critical in such processes, its lack of proper control will result in defective
products or damage to the plant. Hence suitable temperature controller for water bath is one of the common
requirements of industry. While significant number of works, in industry and academic, has been done on water
bath temperature control, it still continues to elicit interest because of the critical role it plays in the quality of

products and safety.

2. Materials and Method

In this study, a water bath was constructed. The temperature gain of the system was then obtained by supplying
power to the plant and measuring the temperature variation with an MAS 345 digital multi-meter with computer
interface. The reaction curve of the bath water bath was obtained using both experimental and theoretical

parameters. The major tool used is MATLAB along with laptop computer.

2.1 Thermal model of the water bath

The major components of the water bath are water tank, coil heater, sensor and stirrer. The physical size of the
bath is 4 litters. The heating element is fixed inside the bath. It has suitable inlet and outlet and stores water. The
temperature of this water is to be kept constant at desired value. A temperature sensor is used for the
measurement of the process variable, temperature, inside the bath. The output of the sensor which is

proportional to the temperature is feedback to the controller to initiate necessary steps for taking proper control
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action. Since water is characterized by heat capacitance, it has negligible resistance to heat flow. Thus,
g=KA8 (D)
where:

g = heat flow rate, ki/s
A0 = temperature difference, °C
K = Coefficient, ki/s °C

For heat transfer by convection or conduction between two substances,
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Since thermal conductivity and convection coefficients are almost constant, the thermal resistance for either

conduction or convection is constant.

The thermal capacitance, C+ is defined as:
C; =mc

m = mass of substance considered in kg

¢ = specific heat of substance in ki/kg °C

Inlet——= |
-] Stirrer

Heater

..

—= Qutlet

Figure 1: Thermal model of the water bath

The diagram of the water bath thermal system is shown in Figure 1. It consists of a heat tank, heater, sensor,
and a stirrer. The vessel consists of one inlet and one outlet. The tank was locally fabricated and has a 1500 W

boiling ring fitted into it. The tank was insulated to prevent heat loss to the environment. Since in practice, it
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might not be easy to isolate the system from interaction with the ambient conditions, several assumptions were
made. It is assumed that the tank is insulated to eliminate heat loss to the surrounding air. It is also assumed that
there is no heat storage in the insulation and that the liquid in the tank is perfectly mixed so that it is at a uniform
temperature (notwithstanding the position of the heater). Thus a single temperature is used to describe the

temperature of the liquid inside the tank and of the outflowing liquid. Defining the system variables:
O; = steady state temperature of inflowing liquid, °C

O, = steady state temperature of outflowing liquid, °C

L = steady state liquid flow rate, kg/s

m = mass of liquid in tank, kg

¢ = specific heat of liquid, kJ/kg °C

Rt = thermal resistance, °C s /kJ

Cr = thermal capacitance, kJ/°C

Q = steady state heat input rate, kl/s

It is also assumed that the temperature of the outflowing liquid is kept constant while the heat input by the
heater is varied from Q to Q + g;. The heat flow rate will then vary gradually from Q to Q,. Consequently, the

temperature of the outflowing liquid will also vary from ©, to ©, + 0. Then,

g, = Lcé

C; =mc
0
Rp =—=-— 3)

The heat balance equation for this system is:

Crdo = (g ~q,)dt or

déo

Cr 4 =0 G @

which may be re-written as:
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Note that the time constant of the system is

m

The transfer function relating 6 and q; in (5) is given by:
RrC1 ©(s)s +0O(s) = Ry Qi (s)
O(s)(RrCrs+1) =R Qi (s)

O(s) Ry
Qi(s) RrCrs+l

, which implies that:

0B _ K @
Qi(s) w+1

Design requirements are that the system should have minimum overshoot and minimum settling time with
minimum steady state error. The accuracy with which the control system will meet the design specifications
rests on the accuracy of the mathematical model, design methodology, tools and skills and experience of the
designer [15]. For this work, obtaining the thermal model of the system is reduced to finding the gain K and the

time constant T.

Simple open loop experiment shows that for range of initial temperatures (27-97°C) and heat input (1500W), K
= 0.047°C/W.

The time constant of the process could be theoretically obtained. Given that the heat capacity of water, Cy =
4.184kJ and since the mass of the 4 liters water inside the bath is 4 kg, it follows that: T = RtCy = 21.43 x 4.184
x4 = 356s. Also, since the response of the heater is not instantaneous, the system will have a dead time, 5s, as

shown in Figure 2.

It follows from Figure 3 that the transfer function of the system from equation (7) is given by:

O(s)  0.047¢™>
Qi(s) 356s+1

®)

Equation (8) is the transfer function of the systems with dead time ty = 5s
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Figure 2: Reaction curve: dead time Figure 3: Reaction curve: time constant
2.2 P—Control
The closed loop transfer function is expressed as:
KK,
O(s KK KK
6) __m+l _ P P where:
Q; (s) KK s+KK,+1 KK, +1 7541
1+
5+1
T
7 =
KK, +1
. . A
For a unit-step input, Q, (s) =—,
S
KK A
o(s) = P )
KKp +1 s(z's+1)
or,
AKK —sT
Ot)=——|1-e © (10)
KK, +1
. . . 1 . .
From (8) and (P control), it can be seen that the response time improves by a factor—l, that is, the time
+

p

constant decreases. There is also a steady state offset between the desired response and the output response:

. KK _ A
KK, +1) KK, +1
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11)

This steady state offset error can be reduced by increasing the proportional gain. For higher order system,
increasing the gain causes oscillation. This is demonstrated by the result of the simulation of Proportional

control algorithm in Figures

2.2 PI1 control

Pl—action provides the dual advantages of fast response due to P—action and the zero steady state error due to

the I—action. The error transfer function of the above system can be expressed as:

e(s) _ 1 _ Tis(s+1)
Qi (s) . KKp(Mis+1) 27T, +Ts(KK , +1)+KK
T,s(zs+1)

where the characteristic equation for Pl action is

Tis? + (KK, +)T;s+ KK, =0 (12)
Solving (10),
KK, +1) [ T.
P i
= 13
¢ ( 2 J KK 7 13)

For the PI control action, the damping constant can be changed by varying K. This implies that for Pl, steady

state error can be brought down to zero while the transient response can be improved.
2.3 PD control
The transfer function of a PD controller is given by:
U(s) =K, [1+Tys) (14)
PD control for the process transfer function F(s) :% is obviously not very useful since it cannot reduce the
steady state error to zero.
2.4 PID control

A PID controller is the classical control algorithm in the field of process control. Its predominance of
conventional controller in the process control remains satisfactory for many years due to its robustness and

effectiveness for a variety of operating conditions and its function simplicity.
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A PID controller provides smooth and fast change of parameters without oscillation. Majority of appliances at
home and some water baths use on-off control algorithm. While being relatively simple, the main drawback is

that, it is unstable and oscillatory temperature due to the inertia of the heater.

The control system is simplified to a single input single output (SISO). This implies that all disturbances into the
system are neglected. The controller could take different structures which means different design methodologies
are available for designing the controller in order to achieve desired performance level. The output of the PID

controller U(t) can be expressed in terms of the input e(t) as:

de(

t
U@t)=K,|et)+T, —tt)+Ti_je(r)dr (15)
o

P d

where U(t) is the manipulated variable, e(t) the error signal and K, T;, and T4 represents proportional, integral
and derivative gains respectively [20]. Obviously, a suitable combination of proportional, integral and derivative
actions provides the design requirements of the water bath system, .and the transfer function of the controller is

given by:
(16)

U(s)= Kp[1+Tds+T—1J

Simulations tools help define the recommended PID gains. The gains are tuned, thus:

J=LE 4212 1e18 Ky = =1 ~010; Ky =05t, =250

This tuning of gains and control of temperatures is found in many literatures [16-18]. A PID Controller
computes an error value as the difference between a measured process variable and a desired set point. It then
attempts to reduce the error by adjusting the process through use of a manipulated variable. The weighted sum
of these three actions (PID) is used to adjust the process via a control element such a Triac which supplies

power to the heating element.

3. Results and Discussion

Figure 4 is the steady state closed loop response with only the proportional compensator. This unturned steady
state response demonstrated fast response (7.96s) and quick settling time (14.20s). While it is important that a
system should response fast to step input, it is much more important that there should be no steady state error.
Figures 5 and Figure 6 show that there is steady state offset between the set point temperature and the output
response. This steady state offset reduces as the proportional gain is increased. However, increasing the gain
also means that a larger heater would be needed to meet such response. Table 1 show that even when the gain is
increased to 3000, there is still offset or steady state error. Proportional control for this system is only used

within a narrow band.
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Figure 6: Steady state response for P = 3000

Figure 7 shows the unturned MATLAB simulated closed loop steady state control with proportional and integral

(PI) control action. Obviously, the rise time is relatively short and the settling as well.

However, the system overshoots (20.1%). However, the response can be improved (equation 13) by varying the

proportional gain, K.

Obviously, the response could also be improved by varying the integral time. Figure 8 shows the PI control

action driven by fast integral time (56.1798 and low proportional gain (0.0047576).
The system has long rise time and very long settling time (2800s) and overshoot of 46.6%.

This implies that whereas the proportional gain could be reduced, it makes the system to oscillate until 2800s
before it achieve stability. Figure 9 is a better tuned system. The overshoot is significantly reduced to 0.664%,

though the response is still relatively high as seen in Table 1.

Figure 7: Steady state response for P = 1818; 1 = 0.10
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Figure 8: teady state response for P = 0.0047576; | =56.1798

Figure 9: Steady state response for P = 21.5599; | = 0.0034539

Figure 10 shows the unturned proportional and derivative (PD) control response. The system does not only

oscillate but is very unstable. Figure 11 is the tuned response.

Though the system rise and settling times have improved, the steady sate offset cannot be reduced to zero.

Apparently, PD control is not so useful to the simple first order system (equation 7) under consideration.
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Figure 10: Steady state response for P = 1818; D 2.50

196



American Scientific Research Journal for Engineering, Technology, and Sciences (ASRJETS) (2018) Volume 47, No 1, pp 186-200

o
5
.
.
0

EEasEyE

i
gg

Figure 11: Steady state closed loop response for P = 22.7179; D = 0.0067356

The MATLAB simulated unturned steady state closed loop response of the PID compensated system is shown
in Figure 12. It shows that the system is highly unstable due to the oscillation. This oscillation is very unhealthy
for systems. Figure 13 shows the tuned PID response. Though the response in Figure 13 is slower than either P
or PI, the gains (P = 25.4904; | = 0.0034802; D = 10.5302) as in Table 1 are relatively lower (as against P =

3000), which means a heater with smaller input power could be employed. The overshoot is also relatively low.

"tf:'|"]_!f|'|'-'|]f

Figure 12: Steady state response P = 1818; | = 0.10; D = 2.50

Figure 13: Steady state response for P = 25.4904; | = 0.0034802; D = 10.5302
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Table 2: Summary of results for P, PI, PD and PID compensation

Rise )

SNo. P | b _ Settling Overshoot Peak Clos-e-d loop
time time(s) (%) stability
(s)

1 1818 7.96 14.2 0 0.988 Stable

2 100 136 243 0 0.825 Stable

3 500 3090 55 0 0.959 Stable

4 1000 15.2 27.10 0 0.979 Stable

5 2000 7.15 12.70 0 0.989 Stable

6 3000 4.42 7.87 0 0.993 Stable

7 1818 0.10 4.97 30.50 20.10 1.20  Stable

8 0.0047 56.1798 211 2800 46.60 1.47  Stable

9 21.5599 0.0034539 612 936 0.664 1.01  Stable

10 1818 2.50 NaN NaN NaN Inf Unstable

11 22.7179 0.0067356 331 1170 9.96 1.10  Stable

12 1818 0.10 2.50 NaN NaN NaN Inf Unstable

13 25.4904 0.0034802 10.5302 541 794 1.10 1.01  Stable

3.2 Conclusion

From the results of the simulation and Table 1, it is found that tuning the P controller. However, it introduces

steady state errors. Therefore, it is not suitable for the thermal model under study. The PI controller is also found

not to cause the offset exhibited by P control. It is suitable for use in systems which do not have large time

constants. From the results, it could also be concluded that PD control is suitable for only higher order system ,

not like the first order system under study. PID control is generally found to be the best compromise between

the other three compensators studied. It finds universal application, though tuning the gains is more challenging.

It is best used for controlling slow process variables, such as temperature as studied.
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