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Graphical abstract Abstract

Level control of liquid in a tank or any similar container is widely used in applications
such as chemical and oil industrial processes. Control the level at desired value is

~

A e very important. This paper studies the performance of P, Pl, and PID controllers in
5 confrolling the level of a liquid. Mass balance is used to find mathematical model
R = of water tank level. Ziegler-Nichol (Z-N) and Cohen-Coon (C-C) tuning methods are
54 L / ——setpoint used to evaluate parameters of the controllers. The error indices such as Integral
/ cc Absolute Error (IAE) and Integral Squared Error (ISE) are used to compare between

3 O o ” o 5o fime sec performances of the controllers. MATLAB is used to test the control system

performance and compare the results with real values. Both simulation and
experimental results show that liquid level system can be controlled effectively by
using Z-N funing method. The result shows that the Pl controller gives better
performance in comparison with P and PID controller.
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1.0 INTRODUCTION

controllers are investigated to conftrol the liquid level
in a tfank by adjusting the inlet flowrate of the water

Controlling of liquid level in many processes is very to the tank. There are many ways to tuning PID

important. The refinery process requires the crude oil
to be pumped, stored in tanks then pumped to
disfillation column and stored in another tank. The
level of the fluid in the tanks must be always
controlled within the desired variables. Level confrol
is widely used in process industries and wastewater
freatment industries [1]. Simulation is used in initial
system design to optimize controller gains, as well as
in Model Based Design. Real-time operation of
continuous simulation is used for operator training
and off-line controller tuning. The software has to
solve the mass and energy balance to find a stable
operating point. Process simulation is widely used to
find optimal conditions for an examined process [2].
In this paper the performance of P, Pl and PID

confrollers. In this paper the most famous of these
methods, Ziegler-Nichol (Z-N) and Cohen-Coon (C-
C) were used to find controller parameters. The
process simulation is carried out using MATLAB and
the results are compared with results from real
system.

2.0 METHODOLOGY

2.1 Modeling of Liquid Level

The mathematical modeling of liquid level in the
tank is obtained using Mass balance. The scheme of
the tank system is shown in Figure 1. Water is flowing
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to the tank at flowrate gin (lit/hr.) and the outlet flow
is qo (lit/hr.). The cross-section area of tank is (A cm?).
The height of the water level in the tank is
represented by h (cm) which is controlled by
adjusting the flowrate of the pump. Assuming the
density of the inlet and outlet flowrate is constant
and the tank has a uniform cross-sectional area [3].

git) —

- G5t

Figure 1 scheme of tank system

Amaterial balance around the SISO tank gives [3].
(Mass in) = (Mass out) = (accumulation of mass in
tank)

dav
Pqi = Plo=P o7 €Y)
dh
qi — qo=A I (2)

The output volumetric flowrate of the tank is
assumed follows nonlinear relationships (square root
of height).

a0 =cVh 3)

Where c is constant
Substitute equation (3) in equation (2) we get

dh
g —cvh=A— ©

The inlet flowrate gin is a function of time. The outlet
Qo is modeled as a nonlinear function of the liquid
level.

1
ﬁ—ﬁﬁﬁm—hg) (5)
1 dh
Qi—C[m+ﬁ(h—hs)]=AE (6)

dh
qis_c[\/h_s] =Ad_ts

Subtracting equation (7) from equation (6) and
rearrangement we get.

at s.s h=hg ™

0 c H_AdH ®)
¢ 2\/h_s dt

Assume =

RAdH+H_ R 9
i = R.Q; (C)]

Taken Laplace for both sides of equation (9)

(s + 1)H(s) =R. Qi(s)
Hs _ R

sys (s) 0, (s + 1) (10)
(s)
Table 1 Tank level parameters
Parameters Value Units
Area of tank (A) 240.4 cm?
Height (H) 7 cm
R 0.472 sec/cm?

The final transfer function of tank level is
evaluated by using the values of the parameters
shown in Table 1 as follows:

Hs 0472
Qi) 11345+1

2.2 PID Controller

PID confrol composed of three types of controllers
(P. 1'and D) as shown in Figure 2 [4, 5].

K Py elf) T
Desired State  &(f) I Control Signal

— K[ et () M
+ Iy
d
Kp d—re(rj
Feedback Signal

Measured S fate

Figure 2 Schematic of PID Controller

2.2.1 Proportional Control

The proportional conftroller is used to reduce the
error between the process output (measure value
MV) and the set point (SP), but cannot eliminate it.
[4, 5].

Pour = Kp.e(t)

The P-conftroller has one adjustable parameter, (the
controller gain)[5, 6].

2.2.2 Integral Control

Integral control ultimately drives the error to zero by
the proportional control [4, 7]
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t
Loyt = Kl-f e(t)
0

The Pl-controller has two adjustable parameters,
(the gain) and (the integral time) [4, 8].

2.2.3 Derivative Control

The derivative controller acts upon the derivative of
the error, so it is most active when the eror is
changing rapidly. The derivative controller is worked
to decrease oscillation in output process[4, 9].

d
Doyt = KD-& e(t)

The PID- controller has three adjustable parameters,
(the gain),(the integral time) and (the derivative
fime)[4, 7].

2.2.4  Tunning of the Controller
Ziegler-Nichols

The Ziegler-Nichole (Z-N) setting has been widely
used as a benchmark for evaluating different tuning
methods and control strategies [5, 6]. Ziegler-Nichole
(Z-N) is applied in a closed loop system for tuning a
PID contfroller as follows [5, 10-12]:
1. Reduce the (integral fime) and (derivative
fime) to zero and using only P-controller.
2. Increase Kp untill oscillations occur at critical
value (Kp=Kcu)
3. Evaluate (ultimate gain Key) (ultimate period
Py sec) as shown in Figure 3.

[~

Time
Kc = KEE

Figure 3 Experimental determination of the ultimate gain
KCU

The PID-conftroller parameters are now specified
as showns in Table 2.

Table 2 Ziegler-Nichols setting based on the contfinuous
cycling method

Ziegler- Ke m .
eg (Proportional (integral (derivative
Nichols " i .
gain) time) time)
P-
controller Keu/2 —
PI-
controller Kew/2.2 Pu/1.2 —
PID-
controller Ke/1.7 Pu/2 P./8

Cohen-Coon

The Cohen and Coon tuning method is applied in
the graphical construction as shown in Figure 4. (C-
C) method reduces the process reaction curve to
first-order with the fransport lag model given by
equation (11) [4, 13-15].

H(S) 3 R e—Q.S
Qi(s) (TS + 1)

Gsys (s) = (11)

B,
Tangent line, slope = 7‘ =5

Figure 4 Typical process reaction curve showing graphical
consfruction

The experimental procedure for (C-C) tuning
method is quite simple and the confrol loop shown
in Figure 5. When the process reaches to steady-
state, the controller is changed to a manual mode.
Then (3 to 5 %) step change in the confroller output
is infroduced. The response of the system is called
the process reaction curve [5, 16].

The parameters of PID-controller tuning by using
(Cohen — Coon) open loop response are shown in
Table 3.
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Figure 5 Control loop for process reaction curve method

Table 3 PID controller parameters by (Cohen-Coon) tuning

Controller K¢ T Tp
1t 1
P I —
KL+J
0
1 1 30+ 3=
PI —[0.93+—] 0 3
kL6 12 9+ 207
T
114 1 32+69
PID —[—3+— — X 5)
K130 " 2 13+82 11+22

2.3 Simulation

The simulation for the tank process system was
created by using MATLAB Simulink software, and the
block diagram is shown in Figure 6 [17-20]. The
system simulation response is analyzed for change in
the set point of the liquid level in the tank from (3 to
6%) and responses recorded at a different controller
and different confroller tuning methods.

W unitied C - Sl

File Edit View Simulation Format Tools Help

DeEdS Bla |22y i [N N DERes REE®

»

Scope

0.407

1.83s+1
Transfer Fcn

Transport

Step
Delay

PID Controller

Figure 6 Simulink Block Diagram for Process Tank

2.4 Experimental Work

A five-liter cylindrical vessel made from glasses is
used as a tank as shown in Figure 7. The pump is
used to flowrate the water (0 to 200 lit/hr.) from the

receiver to the tank. The flowrate is measured by
using a rotameter on the discharge of the pump.
The outlet flowrate is adjusted by using a hand valve
between the tank and the receiver to circulate the
water. The level transmitter is used to measure the
level inside the tank and send a signal to the PID
controller which is used to confrol the pump speed.

Figure 7 Experimental tank level control

3.0 RESULTS AND DISCUSSION
3.1 Modeling of Liquid Level

A step change (25 to 30%) in the input flowrate to
the process is done and the output response of the
system is observed as shown in Figure 8. This
procedure is called the (process reaction curve).

13

[y
[

Level cm

o

7 - T
0 10 20 30 40 50 60 70 80 90 100

time sec

Figure 8 Tank level reaction curve for Cohen-Coon tuning

The dynamic model for liquid level is described
by a (first order with dead fime), as shown in
Equation (11).

Hg Re™®S

Qi(s) a (TS + 1)

Gsys ()= 11
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The parameters of analytical model, Equation (10)
and experimental model, Equation (11) are
calculated and summarized in Table 4.

Table 4 Parameters of fransfer function of liquid level

Parameters Analytical Experimental
R sec/cm? 0.472 0.407
T second 113.4 110
6 second 0.5 3.5

From the results, we see small differences in
values between analytical and experimental model
for the liquid level.

3.2 (Ziegler-Nichols) and (Cohen-Coon) Methods
(Z-N) Is used for closed loop response which made
the system oscillate, and the values of ultimate gain
and ultimate period are found to be as shown in
Table 5.

Table 5 Parameters (Ziegler—Nichols) closed loop response

(Ultimate gain Kcu) (Ultimate period Py )(sec)

12 10

Cohen and Coon used the approximate model
as shown in equation (11) and estimate the values
(R, 6 andt) as shown in Table 6.

Table é Parameters of (Cohen — Coon) approximate model

compare with (C-C) tuning method. Figures 13 and
14 show response of PID controller to step change in
set point of liquid level from (3 to 6 %) and we see
the PID controller have oscillation with (Z-N) and (C-
C) tuning method.

B Scope

(=R R

2B ek DS Ba |

Respanse P controller by using [2-N] tuning
10 T T T T T T T T T

: : : : : Response
gl : . : H H : i
|11 7 s
] : fl i I ,‘ : .
g : : ] :
Z s : B B
>
504
3
2 4
1 4
0 i i i i 1 i i i
0 20 30 40 50 B0 70 80 a0 100
Time sec

¥

Figure 9 Simulation response of P-controller by using (Z-N)
tuning

R [sec/cm?)] 7 (sec) 0 (sec)
0.407 110 3.5
The values of PID-controller parameters

calculated by applying both (Z-N) and (C-C) tuning
methods are summarized in Table 7.

Table 7 Parameters of PID controller

Ziegler- Nichols Cohen-Coon

Controller
Ke 1;5ec  tpsec Ke  1,sec  tpsec
P 6 78
Pl 54 833 69 7
PID 7.2 5 1.25 98 8.5 1.27

3.3 Simulation Results

Simulation results of (Z-N) and (C-C) methods are
discussed in this section. Responses of P controller to
step change in set point of liquid level from (3 to é %)
has been shown in Figures 9 and 10. From the
figures, we see the P controller with (Z-N) tuning is
better than (C-C) tuning method. Similarity, response
of PI conftroller to step change in set point of liquid
level from (3 fo 6 %) has been shown in Figures 11
and 12. From the figures, we see the Pl controller
with (Z-N) tuning is better and have less oscillation in

B scope — - =S |
ab|Qsh| 05K 0aF -
- Response P contraller by uzing [C-C) tuning
T T T T
3l : Set point i
: Response |
=1 0.0 0 A O 30 I O JH U R PN JUT R v el
7L 4
Ll o ;
Z sl .
3 :
; 1 I 1 e 5 U Y 0 O AP S i .
| ST L A O O N O Y SO ) U U D
2t B R
1H : 4
0 i i 1 1 I i
] 10 20 30 40 50 B0 70 20 50 100
Time sec

Figure 10 Simulation response of P-conftroller by using (C-C)
tuning

=Nl |

B Scope - —

L LI R ' .

Level cm

Figure 11 Simulation response of Pl-controller by using (Z-N)
tuning
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Figure 12 Simulation response of Pl-controller by using (C-C)
funing
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Figure 13 Simulation response of PID-confroller by using (Z-
N) funing
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Figure 14 Simulation response of PID-confroller by using (C-
C) tuning

3.4 Performance Analysis of System

In this section, P, Pl and PID confroller have been
used to control the liquid level efficiently. The three
parameters of the PID controller have been
adjusted by applying (Z-N) and (C-C) tuning
methods as summarized in Table 7. The performance

of P, Pl and PID controller to step-change in set point
of liquid level from (3 to 6 %) have been observed
and applied in real-time. Figures 15, 16 and 17 show
the response of controllers in real-time. From the
figures, we found that the PI- confroller has lower
overshoot and minimum rise time.

7
6
£
: = 7-N
35
3 et point
4 T-C
3
0 20 40 60 gp time sec

Figure 15 Real time response of P-confroller by using (Z-N)
and (C-C) tuning

7
6 4
£
(5]
35 zn
>
(%] .
- e set point
4
—c_c
3 ‘
0 20 40 60 gp time sec

Figure 16 Real time response of Pl-confroller by using (Z-N)
and (C-C) tuning

7
6
£
)
— EE— Z_n
gs
— = set point
4 €-C
3
0 20 40 60 8o time sec

Figure 17 Real time response of PID-confroller by using (Z-N)
and (C-C) tuning
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The comparison between the Rise time, Seftling
time, and percentage overshoot for the controllers
P, PI, and PID is shown in Table 8. It is noted that the
Pl-controller provides more satisfactory performance
with reference fto rise time, settling fime and
percentage overshoot % in comparison to the P and
PID contfroller.

Table 8 Comparison of Performance Response between (Z-
N) and (C-C) Methods

Tuning (Ziegler-Nichols) (Cohen-Coon)
rules Method Method

P Pl PID P PI__PID
Rise time 17 16 18 19 18 25
(sec)
Settling >80 65 >80 >80 >80 >80
time (sec)
Overshoot oo 142 192 19%  18%
% (cm)

The integral absolute error (IAE) and integral
square error (ISE) are often used to evaluate the
response of control system at different controller
tuning methods as shown in Table 9. From the table,
it is observed that Pl-conftroller with (Z-N) and (C-C)
tuning has the lowest value of (IAE) and (ISE).

Table 9 Error Analysis for Different Tuning Methods

Method P- Controller Pl- Controller  PID- Controller

IAE ISE IAE ISE IAE ISE

Z-N 29.560 46724 29285  46.477 29.90 52.386
C-C 31.195  56.450 30.368 48.970 39.950  68.386

4.0 CONCLUSION

In this study, PID Controller is implemented to control
the liquid level in tank within the desire values. (Z-N)
and (C-C) tuning methods were used to find
conftrolling variables that were actually tested in the
real time to find the efficiency of the controllers. The
mathematical model of liquid level in the tank has
been derived depending on the material balance
and the fransfer function was first order with a delay
time.

H(S) 3 R e—e.S
Qi(s) B (TS + 1)

Gsys (s) =

MATLAB is used to fest the confroller’s
performance and then compare the results with
those presented in the real time. From simulation
results, it was found that Pl controller has best
performance and giving lower overshoot and less
setting time. (IAE) and (ISE) values are calculated for
tow tuning methods, and it is observed that (Z-N)
method give good performance for Pl-controller.
Hence, we concluded that Pl controller tuning with

(Z-N) method gives best response for the controlling
of liquid level.

Nomenclature

g :Water flow inlet (cm3/sec)

Jo : Water flow outlet (cmd/sec)

\ : Volume of water in the tank (cm3)
A : Area of tank (cm?)

H : Height of water in tank (cm)

Py 1 Outputsignal from controller, psig.
R : Process gain (sec/cm?)

Ke : Proportional gain

Ku : Ultimate gain.

Pu : Ultimate period (minutes per cycle)
e : Error (set point)-(measured variable).

Greek Letters

p : Water density (g/cm?)

T Integral time (minute)

™ : Derivative time (minute)
0 : Time delay (minute)

T : Time constant (minute)
Abbreviations

P Proportional

Pl : Proportional-Integral

PID :Proportional-Integral-Derivative
IAE  :Integral Absolute Error
ISE  :Integral Square Error
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