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Graphical abstract Abstract

The liquid level control in tanks and flow control between cascaded or coupled tanks
are the basic control problems exist in process industries nowadays. Liquids are to be
pumped, stored or mixed in tanks for various types of chemical processes and all these
require essential control and regulation of flow and liquid level. In this paper, different
types of tuning methods are proposed for Proportional-Integral (Pl) controller and are
further improved with integration of Advanced Process Control (APC) method such as
feedforward and gain scheduling to essenfially control the liquid level in Tank 2 of a
coupled tank system. The MATLAB/Simulink tools are used to design Pl controller using
pole-placement, Ciancone, Cohen Coon and modified Ziegler-Nichols tuning method
with Cohen Coon tuning method found to have a better performance. Advanced
process control such as feedforward-plus-Pl, Gain Scheduling (GS) based PI, Internal
Model Control (IMC) based PI, feedforward-plus-GS-based Pl and feedforward-plus-IMC-
based Pl confrollers are further tested as improvement version to further compare the
significance of the advanced process control outcomes hence GS-Pl, improved Gl-base
Pl-plus FF found to have better performance. The GS method is built over five operating
points to approximate the system’s nonlinearity and is eventually combined with
feedforward conftrol to yield a much better performance.
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1.0 INTRODUCTION with  lumping lag, nonlinear and complex
characteristics where the control accuracy is directly

In the process of industrial production, liquid-level is
an important parameter, and widely applied in
various field such as liquid storage tank, feeding tank,
product tank, intermediate buffer containers and
water tanks as well as other equipment [1]. The liquid-
level control of coupled tank system is a typical
representative of the process control and is also one
of the hot researches in control field. Usually, liquid-
level control of coupled tanks is always associated

aoffected by system status, system parameters and
the control algorithm [2]. The primary objective of
process contfrol is to maintain a process at the
desired operating conditions safely and efficiently,
while safisfying environmental and product quality
requirements [3, 4].

In typical control application, it’s almost impossible
to achieve all the control goals such as zero steady
state, stable closed loop system with no disturbances,
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good fracking, and high robustness simultaneously
since they involve inherent conflicts and tradeoffs [5,
6]. The ftradeoffs must balance between
performance and robustness which can be achieved
by applying the right tuning method to the system
but, sometimes the best turning methods seems to be
something of a puzzle because the turning method
that is best for a particular process or system may not
necessary be the best in another process/or system
of entirely different configuration [7, 8]. That is why,
one may not generalized and conclude the best
turning among all the tuning method because every
turning method has its own pros and cons but can
conclude that some turning method have excellent
performance in disturbance rejection and /or
robustness than others . Thus, different types of tuning
method have been proposed to achieve the
satisfactory fradeoffs between performance and
robustness as suggested by Astrom and Hagglund
[5]. In this paper the same notion is being adopted in
the study of coupled tank system whereby different
turning method have been investigated to achieved
the best tradeoff and couple it with the advanced
confrol strategy have been proposed in order to
improve the transient response of the system.

The coupled-tank system as shown in Figure 1,
consists of one water basin, two tanks and a water
pump where the closed-loop system is designed to
control the water level in tank 2 with a feedback
loop between tank 1T and tank 2. Input to the system
is voltage applied to the pump where tank 1 is
assumed to be in steady state. The pump thrusts
water vertically to the orifice "Out1” before entering
the upper tank. Tank 1 then feeds tank 2 as shown in
Figure 1 and water levels are measured in unit of
centimeters. The other elements of the work include
modeling and analysis of the control system using
Proportional Integral (Pl) controller as well as various
tuning methods in obfaining the desirable
performances of the system. Implementation of
advanced process control methods are also being
done to show the distinguish improvement of the
fransient response of the system over the
conventional single loop feedback system.

This paper is organized in five sections where
Section 1 gives the infroduction of process control
problems and detailed description of the coupled
tank system. This is followed by the mathematical
derivation of tank 2 model using both analytfical and
empirical method in Section 2. In Section 3, various
tuning methods are used in Pl confrol design whereas
APC method such as feedforward, IMC and gain
scheduling are adopted for further improvement. The
simulations results are presented and analyzed in
Section 4 and ended with conclusion in Section 5.

2.0 MATHEMATICAL MODELING

Two approaches have been used to obtain the
model of the system. The first method is via analytical
approach with derivation of fundamental laws and
followed by the use of Process Reaction Curves (PRC)
in empirical approach.

2.1 Analytical Approach
The parameters for the coupled-tank system and the

design specifications of the controller are presented
in Table 1 and 2 respectively.

Ot 2

WWaTRr

Figure 1 Coupled fank system

Table 1 Tank 2 model parameters

Parameters Valve

Inside Diameter of Tank 1, Dn 4.445 cm

Inside Diameter of Tank 2, Dr2 4.445 cm
Pump flow constant, Ky 3.3 cm3/s/V
Cross seoCJlﬂoeq?wlcj:ijf fank 1 0.1781 cm2
Cross sectional area of tank 2 0.1781 cm?

outlet hole, Aoz

Cross sectional area of tank 1, An 15.5179 cm?
Cross sectional area of tank 2, A 15.5179 cm?

Gravitational constant, g 981 cm/s2

Table 2 Confroller design specifications

Performance Specifications Value

The operating point, Lio = L2o 15¢cm
Percent overshoot, PO2 PO, < 10%
Settling time, Ts T2<20's
Steady state error, & 0
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By using the law of conservation of mass and
Bernoulli's theorem:

Qin = Ao1v29L1 and Qo = Ap2y/29L;

dL,

i j‘:z ZgL2+£,/2gL1
=2 2g (L) + 32 2g (D)

Since equation 1 is nonlinear, linearize using Taylor
Series Expansion:

f(h) = f(ho) + f (ho)(h— hg) (2)

Where the non linear terms are Jhl and 4/h,
= Iy

Llo+ |h0(h ho)

= L10+2 10(L1 L) (3)

and

fw =L,

L20+ |h0(h ho)

Ly +5 'L 2(Lz —Lyo)(4)

220

Substitute the linearized equation (3) and (4) info
equation (1),

1
dL 1,
At d_tz = —Anv/29 [\/Lzo +5Ly Ly = LZO)] +
L2
Ap1y29 [\/ Ly, +;L12(L1 = L10)|(5)

In steady-state, equation (5) becomes
dL,,

1
AtZ 7 = _AOZ\/ Zg [\/ L20 + ELZ(Z)(LZO - LZO)] +
Aol\/ Zg [ Llo +%LI(E)(L10 - Llo)]
Expressing in deviation terms, equation (5)-(6):
AtZ d = —Ap2y/2 [ Lzo(Lz LZO)]
+4014/29 [;qg (L - L1o)]

let Ly =L, —L;, and L, =L, — Ly,

Equation (7) becomes

dL,

App—— dt = 02\/ [2 20 +A01\/ 2 10 ]
Therefore the linearized equation become;-

d_L'2 _1 (- Ao2y2gL, + Ao1y/2gL;
dt 2 At2+/L2o Atz2+/L1o

(8)

Applying Laplace fransform on equation (8),

02\/_ - 01\/_
tz\/—z()+ tz\/—l()

sLy(s) = —

) Ao1VL2o
Ly(s) _ Ao2yL10
Ly(s) \/—AtZ\/LZO

Aoz\/—

Rearranging the equotions

Gy(s) = = 9)
Where
Ly(s) A \/—AtZ\/E Aolx/E
Ly(s) - 2(5)’ t= Ao2Vg T ond K AOZ\/E
Therefore,

Gy ()= 15.23185+1 (10)

Hence, G2(s) is the 1st order transfer function with
process gain, Ky = 1, and time constant, 72 = 15.2438
s. Tank 2 is a 1st order system with no time delay.

2.2 Empirical Model

Process Reaction Curve (PRC) method is used in this
section to obtain the model of Tank 2. Cohen and
coon reported that process reaction curve for most
controlled process can be reasonably approximated
by the step response of a first order system with time
delay requiring only some parameters kp, i and 6 fo
determine the process without which the furning
parameters for the corresponding conftrollers will not
be possible. Figure 2 shows the nonlinear output
response of Tank 2.

Tank2 Process Reaction Curve
16
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>

E 10l |y:9.08
9 o

T 8 /

3

o sk X:9.72

x Y:4.2

& /

e A

0 50 100 150
Time, t(s)

Figure 2 Process reaction curve for Tank 2
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From Figure 2, the parameters needed to obtained
the models are as follows

t63% = 2502 S, tzg% =972s

We obtain,
A
K, = ﬁ =1, =153 —tass), 0 =tlezgp—T
= 1.5(25.02 — 9.72) = 25.02 — 22.95
=2295s =2.07s
Hence,

_ 1 -2.07
G(s) = 2295541 ¢ ° (1)

Basically both the analytical and empirical methods
obtain the same 1st order model but with slightly
different time constant, and dead time as shown
below:

Tanalytical = 15.23 s

dif ferenceof 7.72 s
Tempirical = 22.95 5} ff f

And

eanalytical =0s

dif ferenceof 2.07 s
eempirical = 2.07 S} 1 f

This shows that the transfer function obtained from
empirical method has a much slower response
compared to analytical method and there is also a
small dead time of 2.07 seconds in the empirical
method.

In conjunction with that, referring to the linearized
model obtained in equation (8), the nonlinear term, (

Jh and\/h, ) has been removed through the

linearization process and the whole system s
multiplied by a gain of 0.5. This makes the time
constant for linearized model equation (10) become
much smaller compare to one obtained from
empirical modeling equation (11). Thus, linearized
model of equation (10) has faster response as clearly
shown in Figure 3.

Comparison between Linearized and Nonlinear Response

Water Level,{cm)

Time, t(s)

Figure 3 Comparisons between linear and nonlinear
response

3.0 CONTROLLER DESIGN

The design of Pl controller and integration of
advanced control methods are discussed in this
section.

3.1 Proportional-Integral (PI) Control Design

In this paper, we focus only on the design of
Proportional-integral  (Pl) controller where the
controller gains Ke and K; are obtained and compare
via four different tuning methods to get the best
performance, namely pole placement, Ciancone,
Modified Ziegler-Nichols and Cohen-Coon methods.

3.1.1 Pole Placement Method

Proportional-plus-Integral (Pl) controller gains are
designed using pole placement method which
yieldsK, = 5.1 and K, = 1.7.

The characteristic equation of the system is obtained
as

14 G,(s)Gey(s) =0

Hence,
Kaca [szs + Kiz] =0
T,5+ 1 s
7252 + 5 + (Kge2) (Kp2)s + KiaKaea = 0
T2$2 + (1 + chzsz)S + KiZKdCZ =0
Therefore,
1+ K,;.,K, K;» K,
SZ+( dc2 p2)s+ i2 dc2=0
T2 T2
Comparing with
s2+2{w,s+ w2 =0
20w, = (1+ch2Kp2)ond w? = KizKdca
Ty T2
_ 2{wnTy-1 o WiTy
sz - chz KLZ - chz
Where,
4
T —3
2 [e1any
Therefore,
=——-—-=0.3383rad
Wno ,20) rad/s

After we obtained the value of {, and w,,, the gain
value of K,, and K;; can be obtained as follows:

2(0.5912)(0.3383)(15.2368) — 1
vz = ( X - U V=1 _ 50948~ 51
_wit,  (0.3383)%(15.2368)

Ko = = =1.7438~ 1.7
2 chz 1
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Therefore, the fransfer function of the controller is
obtained as

Gc(s)=KC+%=5.1+1si (12)
3.1.2 Ciancone Method
By referring to the empirical model obtained in
equation (11) and the Ciancone Correlation Curve

for set point change, fraction dead time is obtained
as

(ﬁ) =0.083s

and

K.K, =13

K, =135
and

91"1 =0.73

7; = 0.73(2.07 + 22.95)

= 18.2646 s
Hence,
K, 1.35
Ki= T, 182646 0.0739

Therefore, the transfer function of the controller is
obtained as

Ge(s) = Ko+ = 1.35 + 22 (13)
3.1.3 Modified Ziegler-Nichols Method
By referring to the empirical model obtained in

equation (11) and the modified Ziegler-Nichols
method by Seborg [6],

T _ 09(2295) _

Ke = 0975 =200 = 9.9783
and

1; = 3.33(0) = 3.33(2.07) = 6.8931
Thus,

K = ’;— =272 — 14476

Therefore, the transfer function of the controller is
obtained as

Ge(s) = Ko+ =9.9783 + =22 (14)

N

3.1.4 Cohen Coon Method

By referring to the empirical model obtained in
equation (11) and the Cohen-Coon Method,

K—[O9+ 0 T _[09+ 2.07 (22.95)
T T 12ed\k,0) 1T 12(22.95)1\1(2.07)

Thus,

K. =10.0616
and

0 [30 +3 (9)] 2.07 [30 +3 (ﬂ)]

;= = 229572 = 5.7998
i 9+20(9) 9+20(ﬂ) '
T 22.95
Hence,
o _Ke_100616
T 7 57998

Therefore,

Ge(s) = K+~ = 10.06 + = (15)

3.2 Advanced Process Control Method

In order to further improve the transient response of
the system, feed forward control and gain scheduling
method have been infroduced in this paper for liquid
level control. Advanced process control methods are
said to be have much higher efficiency than the
conventional single loop feedback response.

3.2.1 Pl-plus-Feedforward Control Design

Combination of feedforward and Pl feedback
controller can improve the feedback response of the
system significantly as compared to single feedback
contfrol alone. This is due to the fact that,
feedforward conftroller is able to anficipate the
disturbances effect by taking earlier compensate
actions before it affects the output of the system. The
block diagram of feedforward-plus-Pl controller is as
shown in Figure 4.

Kee

-

+ +
+ + — Ly Lo
S

Figure 4 Tank 2 control system block diagram

In this system we assume that the dynamics in
Tank 1 is neglected for simplicity of analysis since we
only focus on controlling the water level for Tank 2, in
whichGy,(s) = 1.

By definifion, af static equilibrium point (L, , Lyy);
Ly=Ly=L, , Ly=Ly=1Ly

At steady-state:
0 =—Ap2v29 Lo + 451 29\/ Ly,

AoZ\/E Ly, = Aolm\/ Ly,
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Rearranging,

Lo _ Aoz
LZo Aol

Thus,
Lo _ 45
Ly  Af,
Therefore,

Thus, the feedforward controller is used to
compensate the water withdrawal through Tank 2's
bottom ouftlet orifice.

3.2.2 IMC-based-PI Control Design

In designing the IMC-based-Pl conftrollerfor Tank 2,
the control block diagram is as shown in Figure 5.

+ — —
Ly * ¥ Giue " G;azl Ly

Gz )

Figure 5 Tank 2 control system block diagram

The IMC controller is defined as

Giuc(s) = (Gma(s)7)7?
_ TS+l
= e
and must be augmented with a proper filter

fls) = —

(As+1)"

Thus, the final control equation is obtained as

Gime finar(8) = Gruc(s) x f(s)
T,5+1
= ((As+1)") (17)

Ais a parameter which determines speed of
response.
n is the filter order.

where

According fo [4], the value of 2 must be greater than
0.17, thus, by sefting 1as 4 and nas 1, the final

equation of controller becomes
15.2368s+1

4s+1

GIMC,final(S) = (18)
The PI control parameters can be found by equating
the standard transfer function of IMC controller with
the transfer function of a Pl controller where:

Gine(s) = GiMmc, final(s)
mc 1_Gp2(S)GIMC,final(s)

Tos+1

Gimc(s) =m (19)
Gri(s) = K (%5) (20)

Comparing equation (19) and (20), the Pl parameters
are obtfained as below:

T, _ 152368

Ko =ty =202 =381
T, =1, = 15.236
K, =% =025

T;

Therefore, the transfer function of the conftroller is
obtained as

Ge(s) = K.+ =381+ 22 (21)

3.2.3 Gain Scheduling-based-PI Control Design

Gain Scheduling is a simple effective technique that
is used widely in industry. It is good when the system is
non-linear or when the system dynamics vary with
fime [, 10]. Engineers prefer it as it is relatively easy to
implement and needs small execution fime
comparing to other controlling techniques.

A steady state input output relationship is
measured for tank 2 system to study the non-linearity
of the system and decide the where to setup the
operation points for the gain scheduling.

Input Vs. Output steady state relationship

.| X: 32
Y:16.45

Water Level,(cm)
x

X:9
2 X3 Y:1.302
¥: 0.1446 e

o -

5 10 25 30 35

15 20
Qi flow (cm3/min)

Figure 6 Operating points for Tank 2 linearized model

Five different operating points are selected from
the nonlinear output response of tank 2 to be applied
in gain scheduling. The system is then linearized
based on the five points and five 15t order linear
models are obtained. Pl confroller is designed based
on each model. The models are tuned and Pl
parameters are obtained. Table 3 shows the models
with their tuned parameters.
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Table 3 Controller Design Specifications

Operation

R Model Kc Ki
Points
0.04821
(3.0, 0.144) 1296 71 106.55 71.22
0.1446
(2.0, 1.30) _ 56.29 12.54
4488s + 1
0.241
(15.0, 3.62) -_— 40.61 5.42
748s + 1
0.3696
(23.0, 8.5) Ti47s + 1 21.77 1.91
0.5142
(32.0, 16.45) 15965 + 1 21.77 1.91

The input to the model is used for the selection of
parameters. Parameters are inserted into a lookup
table, linear interpolation is used to approximate
values in the intervals between the operation points.
The interpolated parameters are injected into a
dynamic Pl controller.

4.0 RESULTS AND DISCUSSION

The simulation results of each of the confrollers
designed in section Il are showed and discussed in
this section. The Simulink blocks for confroller tuning is
as shown in Figure 7.

Feedback Control
Pale Placement

EETr T

Figure 7 Pl Control tuning simulink blocks

Advanced Process Control

Figure 8 APC Control design simulink blocks

4.1 Performance of Feedback Control using different
Methods

The output responses of pole placement, Ciancone,
Cohen Coon and modified Ziegler Nichols are
simulated using the Simulink block as shown in Figure
8. The responses of the controllers are compared and
shown in Figure 9.

Output Responses from Different Controllers

18
~
16 | \,
I
4 —
14 Ref-input
. i — Pole-place
£ 12 i Modified-ZN
= [ Ciancone
3 Cohen Coon
— 1ot |l
< |
3 I
= &t |l 17
o~
= il
T 6 16
[ |
4 15
2 14 l
o [ 10 20 30
o 50 100 150

Time, t(s)

Figure 9 Comparison of different controller tfuning
performances

From Figure 9, four types of tuning methods
namely pole placement method, Ciancone method,
Modified Ziegler-Nichols method and lastly Cohen-
Coon method have been used to tune the controller
parameters of Pl controller. Figure 9 shows that the
Cohen Coon method tends to outperform the other
method with the fastest response and lowest
overshoot. This is then closely followed by the Z-N
method with slightly higher overshoot. On the other
hand, Ciancone method shows a sluggish response
whereas pole placement method yields a very high
overshoot.

ITAE performance is chosen to validate the
performance since it gives the balance frade-off
between response speed and percentage of
overshoot. The ftransient performances and ITAE
values of each of the conftrollers are shown in Table 4:

Table 4 Transient Performance and ITAE Value of Pl Control

Controller Percent Rise Settling ITAE

OS (%) Time (s) Time (s) Value

Pole 14.4528 38184 202591  457.7
Placement

Moz‘i'g'ed 25146 35665 169936 2202

Ciancone 1048263 621505 104.8263 1€

Cohen

3.0465 3.0178 16.7844 198.1
Coon

From Table 4, Cohen Coon method gives the best
fransient response with fastest rise time and settling
fime as well as lowest overshoot percentage. As
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expected, it gives the lowest ITAE value of 198.1
followed by Z-N method of 220.2.

4.2 Performance of Pl-plus-Feedforward Control

The performance of Pl-plus-Feedforward Controller is
shown in Figure 10 where it can be seen that the
feedforward-feedback control shows improved
speed response and lower ITAE value of 188.2 as
compared to feedback controlwith ITAE value of
198.1.

PI-plus-Feedforward Control Performance

14 / Ref-input
| FF-FB
( FB(Gohen)

1zr ||
E o
S ook
S0
= |
E 8 | 15
o
< ol | 14
o
L | 13

4

12
z
1
0 o 10 20 30
0 50 100 150
Time, t(s)

Figure 10 Pl-plus-feedforward control performances (cohen
coon)

This shows that addition of feedforward control
loop is able to compensate for the disturbance
(outflow of water through Tank 2's bottom outlet
orifice).

4.3 Performance of Advanced Process Controllers

Pl-plus-Feedforward control has shown an improved
performance in water level confrol which is as
expected. Nevertheless, other advanced control
methods such as IMC-based-Pl, gain scheduling-
based-PI are also being simulated and compared to
investigate the most suitable controller for the
coupled tank system. The comparison results are
shown in Figure 11.

Comparison of Advanced Control Performances

16

i
B

f/ — Ref-input
I Pl-plus-FF(Gohen)

o
N

o
=]

Tank 2 Level, L2(cm)
@ =

5 10 15 20 25
o 50 100 150
Time, t(s)

Figure 11 Comparisons of advanced control performances

From Figure 11, it can be seen that among all the
advanced confrol methods, GS-based-PlI conftrol
tends to outperform all the other conftrollers with zero
overshoot and fast seftling time. It gives an ITAE value
of 151.2 which is much better than what we obtained
using Pl-plus-FF previously.

Table 5 Transient performance and ITAE value of advanced
control methods

Percen Rise Settling

Controller tos Time (s) Time (s) ITAE
Value
(%)
PLRIUSFE 53770 39889 115734 1882
(Cohen)
'MC'Ibpf'sed' 0 99631 385144 1019
GS-based-PI 0 18015 109540 1512

On the other hand, IMC-based-PI does not
perform as expected which is probably due to the
influence of disturbance that affects the overall
fransient response. Although it shows zero overshoot
but overall a sluggish response as compared to PI-
plus-FF (Cohen). The detailed fransient performance
and ITAE value of the advanced controllers are
tabulated in Table 5.

4.4 Comparisons of different Feedforward-Feedback
Control

From previous simulafion results, the advanced
control methods are most likely to outperform the
conventional feedback control. This is definitely the
case for feedforward-feedback control.

In order to further investigate the best controllers
for the system, different types of feedforward-
feedback Pl confrollers with the integration of
advanced control methods have been simulated
and compared with the best result achieved so far
using Gain scheduling-based-Pl. The results are as
shown in Figure 12.

Clomparisons of Feed forward-feedback Controllers

14 i Rel-input

I GS-based-P|

I Plplus-FF(Cohen)
12 / (IMC-based Pl)-pls-FF
\I‘ (GS-based-Pl}-plus-F F

Tank 2 Level, L2{cm)

o 50 100 150
Time, t(s)

Figure 12 Comparisons of feedforward-feedback confrollers
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As expected, GS-based-Pl-plus-FF control has shown
the best transient performance as well as ITAE
valuewith the addition of feedforward control in the
confrol  loop.Thus, we can conclude that
feedforward-feedback control is able to improve the
closed loop response of the system significantly
especially an advanced control method is being
incorporated. The defailed transient performance
and ITAE value of each of the controllers are
tabulated in Table 6.

Table 6 Transient performance and ITAE value of
feedforward-feedback controllers & GS-based-PI

Percen Rise Settling ITAE

Controller t Os Time (s) Time (s)
Value

(%)
GS-based-PI 0 18015 109540 1512
PIRIUSFE 55770 39889 115734 1882
(Cohen)
(MC-based- 49327 143540 2732
PI)-FF
‘GSF;S_C;SFed' 0.1557 15512 74916  68.46

From Table 6, GS-based-Pl-plus-feedforward
control gives the best fransient response with slight
overshoot but the fastest rise time and settling time as
compared to other conftrollers. It also shows the best
ITAE value achieved so far of 68.46 only.

5.0 CONCLUSION

This paper studies about the best controller to control
the water level of tank 2 in a coupled tank system.
The coupled tank system is a nonlinear system that
requires an advanced coniroller to achieve both
robust and good transient performance. The systemis
linearized and PI controller is applied to yield closed
loop performance. Pole placement, modified Z-N,
Ciancone and Cohen Coon method were used to
tune the Pl parameters. The best tuning performance
was obtained with Cohen method. However, the

controller can sfill be further improved with the
integration of advanced control method where the
Gain Scheduling-based-Pl control was implemented
in the system, tuned and finally further improved with
the addition of feedforward control loop fo give the
best fransient performance and ITAE value.
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