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Abstract: In this paper, real time application of a sliding mode control (SMC) is used for level control of experimental setup of liquid
level system due to its properties such as robustness against large parameter variation and disturbances rejection. A well-tuned
conventional proportional integral (P1) controller is also applied to the two coupled tank system for comparison with the SMC controller.
Experimentation of the coupled tank system is realized in two different configurations, namely configuration #1 and configuration #2
respectively. In configuration #1, the water level in the top tank is controlled by a pump. In configuration #2, the water level in the
bottom tank is controlled by the water flow coming out of the top tank. The performance of controllers is analysed according to their
tracking performance and error elimination capability for different references applied to the system. Experimental results prove that the
SMC shows better trajectory tracking performance than PI controller in that the plant transient responses to the desired output changes
have shorter settling time and smaller magnitude overshot/undershoot. Robustness of the SMC with respect to water level variation and

capability to eliminate external disturbances are also achieved.

Keywords: Liquid Level Control, Sliding Mode Control.

1. Introduction

Liquid level control is one of the essential problems of process
industry. In nuclear power plants, wastewater treatment plants,
filling-disposal plants etc., high sensitive liquid level systems
must be used to do complex and dangerous processes that are not
done by humans. To achieve correct mixture ratio, adjust liquid
flow between tanks precisely and to get high level performance
from this systems, well-designed controllers must be also used.
Due to their nonlinear system dynamics and can be effected
disturbances easily, the control of liquid level systems are
difficult. To overcome these difficulties and control this kind of
systems in a desired efficiency, many control algorithms have
been proposed by the researchers. Due to their simple structures,
easy parameter adjustment and basic calculation knowledge
needed P, PI, PID controllers are used to control liquid level of
the tanks [1-3]. In the experimental application, classical P, PI,
PID controllers are not sufficient for a precise control where
sudden changes occur, parameter adjustment and fast response
are needed. For these reasons, conventional P, Pl and PID
controllers are not a good choice for a nonlinear system. In
control engineering and relevant areas, some nonlinear controllers
have been developed to apply the systems that have nonlinear
system dynamics. As an example, the backstepping controller has
been presented to control the systems where system dynamics can
be written in a lower triangular form [4-7]. Also, it has a
recursive structure and its stability analysis can be proven based
on Lyapunov stability theorem, the backstepping controller
mostly preferred. On the other hand, the all states of the system
must be measured and in complex systems, more mathematical
processes are needed to calculate the control input signal.
Moreover, fuzzy controller is proposed where the system is not
well defined and does not have an exact mathematical model [8].
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Apart from these advantages, the fuzzy controller is not good
enough to stabilize the system where the quick response is needed
and the controller’s sensivity need to be very high. Also, it is a
rule

based controller and there is no theorem to proof its stability
criteria. As an another solution, SMC is proposed to control
nonlinear systems. The SMC is a type of nonlinear controller and
preferred for the systems where the controller must be very robust
to model uncertainties and external disturbances [9-14]. In
addition to this advantages mentioned on SMC, it has a simple
structure and its stability criteria can be proven using Lyapunov
stability theorem. In this study, the liquid level control of coupled
tank system is examined in experimental application using Pl and
SMC controllers for different reference inputs. Both controllers
are compared in term of error elimination capability and
robustness against to parameter uncertainty. The results prove
that the SMC shows better trajectory tracking performance than
PI controller. Also, the results show that SMC is really robust to
model uncertainties occur in the system and good at eliminating
the errors compared with the PI controller.

2. Modelling and Control of the Coupled Tank
System

2.1. Single Tank Model (Configuration #1)

Single tank system which consisting of the top tank is shown in
Fig. 1. It is reminded that in configuration #1, the pump feeds
into tank 1 and that tank 2 is not considered at all. Therefore, the
input to the process is the voltage to the pump and its output is
the water level in tank 1. The model of the single tank system
determined by relating the volumetric inflow rate f;; into tank
and the outflow rate f leaving through the hole at the tank
bottom.

The volumetric inflow rate and the outflow rate to tank 1 can be
expressed as [15],
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Figure 1. Tank configuration #1.

where Ay, is the outlet cross sectional area, V o is the tank 1

outflow velocity, 7=K /Ay is constant, K, is the pump

p
volumetric flow constant and u(t) =V, is the actual pump input

voltage. The outflow velocity by using Bernoulli’s equation
V= \/E\/ gL,
(©)

where g is the gravitational constant on earth. As a remark, the
cross-section area of tank 1 outlet hole can be calculated by,

1
Aol = Z 7ZD 012 (4)

In the Eq. (4) Dy is the tank 1 outlet diameter. Using Eq. (3) the
outflow rate from tank 1 given in Eq. (3) becomes,

f o =An \/E\/ o] )

Moreover using the mass balance principle for tank 1, we obtain
the following first-order differential equation in L,

dL
Atl(d_;] =fi—fo (6)

where, A¢q is tank 1 inside cross-section area. Substituting Eq.

(1) and (2) into Eqg. (6) and it can be rearranged in the following
form for the tank 1 system,

dL,  KpVp-Aqv2y/gl,
dt A,

2.2. Coupled Tank Model (Configuration #2)

U]

A schematic of the coupled tank plant is depicted in Fig. 2. In
configuration #2 the pump feeds into tank 1, which in turn feeds

into tank 2. As far as tank 1 is concerned, the same equation as
the ones previously developed in section (2.1) is applied.
However, the water level equation of motion in tank 2 still needs
to be derived. In the coupled tank, the system states are the level
L, in tank 1 and the level L, in tank 2. The outflow rate from
tank 2 can be expressed as;

(=
Out2 Outt

Figure 2. Tank configuration #2.

f02 = AJZVOZ (8)

Tank 2 outflow velocity by using Bernoulli’s equation

V,, =v2./gL, ©)

As a remark, the cross-section area of tank 2 outlet hole can be
calculated by,

1 D, (10)

A>2=4

Using Eq. (9) and (10) the outflow rate from tank 2 given in Eq.
(8) becomes

foo = A ‘/E\/E (11)

Using Eq. (5) the inflow rate to tank 2 is as follow

fi = &1\/5@ (12)

Moreover using the mass balance principle for tank 2, we obtain
the following first-order differential equation in L,

d
Az(d_lfj =f,— 1y (13)

substituting Eq. (12) and (11) into Eg. (13) and it can be
rearranged in the following form for the tank 2 system,

dl, _ —AxV2ygl, + A2, gl
dt A,

(14)

3. Sliding Mode Controller Design for Tank 1

We assume that flow rates cannot be negative and we agree as
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follows,
f=>0 (15)

Therefore, following equation must satisfy as the flow rate to be
above,

L >L, (16)

Thus, the following equation can be written.

L =2,L,=2,, a7
A2 | An20 )
M 1
Ay A
k, =k, =k, (19)

If writing to these assumptions in the dynamic model of the
coupled tank system the following equations can be obtained.

Z =—k\/z_l +nu (20)
2, =k\Jz, —kq[z, 1)
y=1, (22)

The model of the coupled tank system dynamics model is
nonlinear. Therefore the dynamics of the so called coupled tank
system allow dynamic model subject to a transformation equation
as follows.

Let x= Kl } , and the transformation x =T (z) such that,

2
X =17 (23)
X, =2, = —kl\/z_1 +nu (24)

Equations are obtained. Then the dynamics of the coupled tank
system can be rewritten as shown below.

X, =X, (25)

=—1 (26)

—k
. —kl\/z_1+77u) @7

e

Thus, the dynamics of the combined form of coupled tank system
can be written as follows,

X, =X, (28)
-k
X, =f+gu= (-ky/z, +nu) (29)
) T Jz
where,
kZ
f=— 30
> (30)

k
27,

Define a sliding surface s(t) as given below,

p=- n (31)

d n-1
s=(—+ﬂ] e=/Je+é (32)
dt

wheren is the order of the system to be controlled, A is a
positive constant, e is the error. We take error as a reference and
the measured difference and we obtained the following equation.

€ = Llr - L:L (33)
e =X, — X (34)

If we take the derivative of both sides of the Eq. (32) the
following equation obtained.

S=1€ +€ (35)
Eq. (35) is employed as the expression written instead of the
second order derivative of the error, following equations can
be written,

S=18 + (X, —X,) (36)
Ideally, we want to sliding surface to be equal to zero. If

sliding surface is zero than derivative of the sliding surface will
be zero as following equations.

0=28, + (%, — %) 37)
0= +%, — F () —g(X)u,q (38)
If u,, in Eq. (38) left alone than Eq. (39) can be obtained.

eq

_—f(X)+ A8 T

NTTH0 40 40

Considering the system parameters and disruptive we can
get our control signal as follows.

(39)

u=u,, +k, sgn(s) (40)

Substituting Ugq into Eq. (40) and it can be rearranged in the
following form which is control signal for the tank 1 system,

LG 24T %2

L +k, sgn(s) (41)
n kn kn

4. Sliding Mode Controller Design for Tank 2

Considering the dynamic of equality for tank 2, the following
equations are considered to control tank 2.

L=z,L,=2 (42)

Anl2 | Ae2g | -
Ay A

k, =k, =k (44)
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If writing to these assumptions in place of the coupled tank
system dynamic model equations are obtained from the
following equation.

2, =-ky/z, +nu (45)
2, =kyz, —kyz; (46)
y=1, 47)

X
Let x :{ ! } , and the transformation X =T (z) such that,
Xz

X, =7 (48)

X, =2, =Ky, —k\[2, (49)

Thus, the dynamics of the combined form of coupled tank system
can be written as follows,

X, =X, (50)

k

ko ko
= 2,2, % 2z 4
, k k

X, = (—kﬂzz +77U)—2—\/Z—1(k1[22 —k,;Zl) (52)

2,7,

(51)

_knu _k2 Z,
22 z, 24z,

(53)

Thus, the dynamics of the combined form of coupled tank system
can be written as follows,

X =X%; (54)
k’Jz, Kk
)'(2=f+¢u=——‘/_2+iu (55)
2jn 2z,
where,
Kyz,
f=- (56)
2z,
k
= 57
¢ 2/ 7 67
It can be expressed. Define a sliding surface s(t) as,
d n-1
S=|—+A| e=1e+é 58
(&+2) e

where, N is the order of the system to be controlled, A is a
positive constant, € is the error. Error we take as a reference-
measured, and we have obtained the following equation.

e=L, —-L, (59)

€ =Xy =X (60)

If we take the derivative of both sides of the Eq. (58) the
following equation obtained.

S=16, +8, (61)
Eqg. (61) is employed as the expression written instead of the
second order derivative of the error is obtained the following
equation.

$=28, + (X, — %) (62)

Ideally, we want to sliding surface to be equal to zero. If
sliding surface is zero than derivative of the sliding surface will
be zero as following equations.

0=16, + (X, — %) (63)
0=718, + %, — F(X) - (U, (64)
If Ugq in Eq. (64) left alone than Eq. (65) can be obtained.

), 48 | X
Ugq = 2 (65)
g(x) () #(x)

Considering the system parameters and disruptive we can get our
control signal as follows.

u=u,, +k, sgn(s) (66)

Substituting Ug, into Eg. (66) the following equation which is
control signal of the tank 2 can be obtained.

kL, | 22 L6 R 2L,

u= Lk, sgn(s) (67)
L, ki ky

where, k, sgn(s) is  switching control

function.k,, is the

switching gain and sgn(s) can be expressed given below [17].

1 s(t))0
sgn(s(t)) =4 O s(t)=0 (68)
-1 s(t)0

Using the controller law given in Eq. (41) and (67) in to Eq. (36)
and (62), it follows that [16],

$ =—-w, sgn(s) (69)

The state trajectories associated with this unforced discontinuous
dynamics i.e. Eq. (45) exhibit a finite time reachability to zero

from any value of initial condition subject to the value of Ws
must be positive. Since system driven its states to zero in finite
time, the desired level Y =2, =h; and Y=2;=h; in both tanks
are regulated after a finite time by first order dynamics
y+a;(y—H)=0where H is desired value from the system
output. Hence, the output of both the tank will asymptotically
converge to its desired value since @s is positive.

5. Experimental Results

In the first experiment of configuration #1, the step+sinusoidal
reference signal is applied for Pl and SMC controllers given in
Fig. 3 and Fig. 4 respectively. For the step reference signal part,
Pl controller has more overshoot and has longer settling time
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compared with the SMC. The time varying part of the reference
signal, both controllers show the same performance in term of
tracking the reference signal, under/overshoot and error
elimination capability etc. On the other hand, SMC is generated
the pump voltage with more chattering phenomena than the pump
voltage generated by Pl controller. For the second experiment
of configuration #1, the step+sawtooth reference signal is
applied to show the responses and performance of both
controllers shown in Fig. 5 and Fig. 7 respectively. The
sawtooth reference signal is important due to consisting of
the sudden and continuously changing part in the same
period. For Pl controller, it has more overshoot and longer
settling time compared with SMC. Also, Pl controller has
continued to make overshoot through the continuously changing
part of the sawtooth signal. Besides, SMC has no overshoot while
tracking the step+sawtooth signal and has better performance in
term of error elimination and robustness to parameter variations
occur in the system.
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Figure 3. Pl experimental results for step + sin reference in configuration
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Figure 5. Pl experimental results for step + sawtooth reference in
configuration #1.

The experimental results given for configuration #2, are
realized using the step + trapezoidal reference signal for Pl
and SMC controllers shown in Fig. 6 and Fig. 8 respectively. In
this section, the cascaded tank system is used to realize
level control for different reference signals. For Pl controller, it
has longer rising and settling time. Also, PI controller has more
overshoot than SMC controller. At the same time, SMC shows
better performance for position tracking and also has given
fast response the parameter variations.
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Figure 4. SMC experimental results for step + sin reference in
configuration #1.
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Figure 6. Pl experimental results for step + trapezoidal reference in
configuration #2.
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Figure 7. SMC experimental results for step + sawtooth reference in
configuration #1.

6. Conclusion

In this study, SMC has been designed and applied to two
tank liquid level system in order to maintain a stable reference
tracking for different reference signals for both configurations.
The experimental results indicate that the proposed controller has
better performance in term of error elimination capability, good
reference signal tracking, robustness to parameter variations. It
can be also noticed from the results obtained that SMC is
reasonably prior to the classical PI controller for the levels that
required to be kept at a constant level and following time
varying reference signals very well.
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