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A novel method of disturbance observer-based integral backstepping control is proposed for the two-tank liquid level system with
external disturbances. The problem of external disturbances can be settled in this paper. Firstly, the mathematical model of the
two-tank liquid level system is established based on fluid mechanics and principle of mass conservation. Secondly, an integral
backstepping control strategy is designed in order to ensure liquid level tracking performance by making the tracking errors
converge to zero in finite time. Thirdly, a disturbance observer is designed for the two-tank liquid level system with external
disturbances. Finally, the validity of the proposed method is verified by simulation and experiment. By doing so, the simulation
and experimental results prove that the scheme of disturbance observer-based integral backstepping control strategy can suppress
external disturbances more effective than the disturbance observer-based sliding mode control method and has better dynamic
and steady performance of the two-tank liquid level system.

1. Introduction

In the last decade or so, the two-tank liquid level control
system has been widely used in industrial production. From
the point of view of control, the liquid level system repre-
sented complex multivariable nonlinear problems, which is
one of the important fields of nonlinear control theory
application. The liquid level system is affected by external
disturbances and the parameters are of great uncertainty,
which makes the control task more complicated [1]. So, the
precise control of the two-tank liquid level system is very
difficult. Sliding mode control is a robust control method for
uncertain systems, which maintains high robustness against
various uncertainties, such as external disturbances and
measurement errors. For a class of nonlinear systems with
multiple input and multiple output, a second-order sliding
mode control algorithm [2] was proposed, which takes the
input and output of nonlinear systems as the standard form
of controller design. In [3], feedback linearization and
sliding mode algorithm are designed for a controller based
on feedback linearization for a four-tank system. By

inserting a boundary layer around the sliding surface,
buffeting associated with sliding mode control can be re-
duced, which is far better than traditional proportional
integral (PI) control. A fractional-order proportional inte-
gral-differential sliding surface sliding mode controller [4]
for liquid level control in the two-tank system was proposed.
In [5], for a class of uncertainty and unknown disturbance of
multiple-input-multiple-output data-driven sliding mode
control problem of nonlinear discrete systems, Weng and
Gao used the nonparametric dynamic linearization tech-
nique and the second-order discrete sliding mode observer
and proposed a discrete sliding mode control law based on
the proportion integration differentiation (PID) sliding
surface in order to obtain the faster transient response and
the smaller steady-state tracking error. Benamor and Mes-
saoud [6] studied the robust adaptive sliding mode control
law for uncertain discrete systems with unknown time-
varying time-delay input. Finally, the verification results of
the control law on the actual system showed that although
there was no overmodulation phenomenon, there was still
chattering phenomenon. Although the advanced control


mailto:yu.hs@163.com
https://orcid.org/0000-0002-5250-7386
https://orcid.org/0000-0003-1698-5556
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/6801205

algorithm can obtain better control performance in the
simulation research, its structure is often complex and there
are many undetermined parameters, so it is difficult to be
popularized in practice, limiting its application in practice.
Therefore, it is necessary to select a control strategy with
relatively simple method and good control performance.

For the two-tank liquid level system, a model-based
backstepping controller and an adaptive backstepping
controller were designed [7]. In order to illustrate the ef-
fectiveness of the adaptive inverse control design, a detailed
experimental comparison is made with the proportional
integral controller. A nonlinear generalized predictive
control and a backstepping algorithm were applied and
tested in [8, 9]. Khalili et al. [10] have developed a robust
backstepping sliding mode controller for tracking control of
a 2-DOF piezoelectric micro-operating system to eliminate
chattering phenomenon in the control process. Combining
the finite time current observer with the adaptive back-
stepping control scheme, a control mechanism with high
cost performance and strong robustness was obtained. The
results show that the control scheme can successfully esti-
mate the unknown current, providing a possibility for the
realization of the current-free sensor controller [11]. An
active queue management scheme to control network
congestion in combination with Hoo theory and integral
backstepping technique to ensure better tracking perfor-
mance and asymptotically stable of all signal probabilities in
the closed-loop system is given in [12]. In [13, 14], the
authors have applied nonlinear backstepping to ship control
for quite a long time. And the strong coupling characteristic
of underactuated system was resolved by a virtual controller
[15].

In practice, more and more attention has been paid to
the influence of external interference on nonlinear systems
and the suppression of interference. The distributed adaptive
command-filtered backstepping scheme [16] based on the
neural network was presented, which can ensure that the
tracking error of the container reaches the desired origin
neighborhood and all signals in the closed-loop system are
bounded. An adaptive output feedback control problem [17]
was studied for a class of uncertain nonlinear systems with
input delay and disturbance. In [18-21], the general
framework of the nonlinear system can be obtained by using
the disturbance observer-based control technology, and the
application of this method in the industrial field was il-
lustrated. In [22], when the static feedback cannot guarantee
the closed-loop stability, the disturbance observer was
allowed to feedback as a dynamic system. Liu et al. [23, 24]
studied the speed tracking control problem of the syn-
chronous motor drive system under a matched and un-
matched interference, a terminal sliding mode control
method, and a port control Hamiltonian control method
based on nonlinear disturbance observer, which was pro-
posed to realize the speed and current tracking control of the
permanent magnet synchronous motor drive system. In
addition, an adaptive sliding mode control strategy based on
interference observer [25] was proposed to solve the
problems of multiple actuator faults, parameter uncertainty,
and external disturbances in a quadrotor helicopter.
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FIGURE 1: The schematic diagram of the two-tank process.
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TasLE 1: Adjustable parameters of the system mode.

Parameters Value Unit
a, 0.2 cm?
a, 0.3 cm?
a, 0.3 cm?
a, 0.3 cm?
A, 196 cm?
A, 196 cm?

Different mechanisms compensate actuator fault, parameter
uncertainty, and external disturbances, respectively, adopt
an adaptive scheme to adjust actuator fault and parameter
uncertainty, and design a disturbance observer to attenuate
external disturbance. Moreover, the multivariable distur-
bance observer was proposed to improve the antidisturbance
performance of traditional advanced feedback control [26].
In [27], a robust control method based on the finite time
disturbance observer was proposed to track the output of the
three-tank system in the presence of mismatched uncer-
tainties. Then, a robust control strategy with time delay
compensation was designed for multiple-input-multiple-
output processes [28] with matching uncertainty and pro-
cess delay. Based on the mixed fuzzy reasoning system,
artificial hydrocarbon network was used in the
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Ficure 3: The liquid-level curve of tank 2.

defuzzification stage, which was called fuzzy molecular
control [29]. Gouta et al. [30] proposed an adaptive control
and a generalized predictive control method of the coupled
two-tank system, which are to minimize the multilevel cost
function defined on the prediction layer. Aiming at the

TaBLE 4: The disturbance observer parameters.

Parameters Value
hy 10
h, -1
hy 1
h, -0.01

problem of four-tank control [31], a set of disturbance
uncertainty suppression control laws were compared and
proved, whose control requirements were usually expressed
in the literature in the form of a set value sequence. The
uncertainty class was defined as the union of four subclasses:
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FIGURE 5: The liquid-level curve of tank 2 after adding disturbance.

unknown disturbance, parameter uncertainty, measure-
ment error, and neglected dynamics. In addition to the
above literature, the second-order sliding controller [32]
was successfully used to adjust the liquid level of the two-
tank coupling liquid level system and the computer sim-
ulation results show that the controller can adjust the liquid

level with little difference in performance. A real-time
implementation method of fuzzy coordinated classical
proportional integral (PI) control scheme was proposed.
Experimental results show that the controller structure
track parameter changed quickly and had good perfor-
mance when load disturbance and the set value changed
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FiGure 8: The liquid-level curve of tank 1 after adding disturbance.

[33]. The performance of an active disturbance rejection
control method in coupling tank system control was
studied [34]. The results show that compared with other
controllers, the active disturbance rejection control method
was effective in improving time domain measurement and
suppressing interference, but it lacked experimental veri-
fication. Smida et al. [35] adopted the observation scheme
combining the high-gain observer and sliding mode ob-
server to improve the robustness of state estimation quality
and to reconstruct the disturbance waveform in a better
way.

In this paper, mathematical model for the two-tank
liquid level system is established based on the principle of
hydromechanics and the principle of mass conservation.
Then, an integral backstepping control method for the two-
tank liquid level system and disturbance observer is de-
veloped. Furthermore, research studies of the integral
backstepping control method and the system with dis-
turbance have been carried out on the innovative experi-
mental platform for the complex control system of four-
tank NTC-I type in quantity. Simulation and experiment
results prove this suggested control strategy and distur-
bance attenuation strategy highly effective compared with
the disturbance observer-based sliding mode control
strategy of the two-tank liquid level system. Moreover, the

controller has fewer adjusting parameters, simpler struc-
ture, and easier implementation. And the steady-state and
dynamic performance of the proposed controller are both
far better than some complex algorithms listed in the
references, such as [32]. The results show that the proposed
method has high-blooded dynamic and steady-state per-
formances. In practical industrial application, the factory
workshop will change the given value irregularly according
to production demand. However, it is not realistic to
readjust the controller parameters every time when the
given value is changed. Therefore, the control method
proposed in this paper has a wide range of practical ap-
plication prospects.

2. System Description and Modeling

The schematic drawing in Figure 1 represents the model of a
two-tank liquid level system. This system consists of two
tanks, two level sensors (the level sensor is located at the top
of each tank), two orifices (the orifice at the bottom of each
tank), two pumps, a storage tank, and four manual valves.
The two tanks have same cross sections, but the cross sec-
tions of the four manual valves are different. In this ex-
perimental device, the pump 1 feeds tank 1 and the outflow
of tank 1 turns into partial input of tank 2. The pump 2 feeds
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FIGURE 14: Experimental platform.

tank 2, and the effluent from tank 2 is discharged into the
storage tank.

It can be known from the law of conservation of mass
and the time rate of change of liquid in each tank is given

by

d
g7 [PAM (D] = pain (1) = pou (8); e

where p is density of liquid, A; is the cross section of tank i
(the unit is cm?), a; is the cross section of the outlet manual
valve i, h; () is the height of liquid inside tank i (the unit is
cm), i €{1,2,3,4}, the g;,(t) is the output flow rate of
electric control valve, and g, (¢) is the output flow rate of
the tank at the bottom (the unit is cm3/s).

By the Bernoulli equation in hydrodynamics, the liquid
flow velocity g, (t) of flowing out of the tank at the bottom
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FiGure 15: Wincc liquid-level monitoring interface.

TasLE 5: The sliding mode controller adjustable parameters.

Parameters Value
m, 100
mn 10
b, 0.01
m, 100
m, 10
b, 0.01

is related to the cross-sectional area a; of the manual control
valve at the bottom of the tank and the liquid level height in
the tank. So, the outflow velocity of the valve outlet the tank
can be expressed as

qout (t) = ai \/ zghz (t)s (2)

where g is the gravitational acceleration.
According to the conservation of mass principle, the
differential equation of tank 1 and tank 2 can be written as

follows:
: _93 4
hy (t) = Uit A, \/2gh1 (1),
(3)
2
h, () = A, q2 \l2gh A, \[2gh, (),

where g, and g, are the output flow of the pump 1 and pump
2, respectively.
Define the system state and input as

x; = h;,
{ (4)

Ui =4
where i € {1,2}.
Thus, the mathematical model of the two-tank liquid
level system can be expressed as

. as
X, = —A— ngl +A—L£1,
1 1

(5)

2 2

3. Controller Design of the Two-Tank Liquid
Level System

To facilitate the calculation and interpretation of the main
contents in this section, the following constants are defined:

ay
=1 .2g,
Al\/—

B=2,
Al
a
C=2"29, (©6)
2
)
D=-22g,
Az\/—
E=2%
AZ

Based on the situation above, the system described by
equation (5) can be rewritten as follows:

X, = —A\/.x_l +B1/l1,
%, = Cy/&] - Dy/&; + Eu,.

(7)

3.1. The Integral Backstepping Controller Design and Stability
Analysis. The accuracy of the control target will be quantified
by the liquid level tracking errors e, and e, of tank 1 and tank
2, respectively. And tracking errors are as follows:

(8)

{61 =X~ X190

€) = Xy = X4

Then, first-order derivative of equation (8) can be written
as
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él = 3&1 - xld’
{ . 9
€y = X, — Xyy.
Define the first-order derivative of the errors as
t
é, = —kje; — ¢, J e dt,
’ (10)

t
é, =—k,e, — ¢, Jo e,dt,

where k; >0, k, >0, ¢; >0, and ¢, > 0.
Substitute equation (10) into equation (9) and end up
with

t
X; =Xy —kieg — ¢ Jo e, dt,
(11)
t
X, = Xpy —kye, — ¢, Jo e,drt.

TaBLE 6: The integral backstepping controller adjustable
parameters.
Parameters Value
k, 0.08
[ 10
k, 0.12
[ 1

By combining equations (7) and (11), the controller can
be computed as

X1y + AVxX] — ke, —¢ Jg e dt
U, = B ,
(12)

X5+ DX, —C/x] —kye, — ¢, f:) e,dt
u, = .
E
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Hence, the integral backstepping controller can be de- TasLe 7: The disturbance observer parameters.
rived from equations (6), (8), and (12). The result is Parameters Value
h, 1
h, -0.01
hs 1
h, -0.01
( . t
S (al\/zgxl /Al) + X0~k (2 —x19) — ¢ Io (%1 = x14)dt
' (as/Ay) )
] (13)
. t
" = (‘12 V29%; /Az) _(al\/zgxl /Az) + X0 = kg (x5 = x09) — € Jo (%, = x5q)dt
| ? (a4/4,) '
Select the Lyapunov function V as VeV 4V, = lez N lez (15)
1tV =ge o6
v, = 1 ef, Taking the first-order time derivative for equation (15),

we can obtain

(14) V=V, +V,=eé +epé, (16)

Then, we can apply equation (10) to equation (16) and
the result of the equation (16) can be calculated as
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t t
V= el<—k1e1 - J,O eldt) + ez(—kze2 -, JO ezdt>

t t
= kel - ¢, jo erdt —kyel — ¢, Jo exdt.
(17)

Obviously, V is positive definite and V is negative
definite, and both satisfy Lyapunov stability theorem, so
system (5) is asymptotically stable.

Remark 1. Assume that there exists a scalar function V of
the state x, with continuous first-order derivatives such
that
(i) V(x) is positive definite

(i) V (x) is negative definite

(iii) V(x) — 00 as ||x|| — oo

Then, the equilibrium at the x is globally asymptotically
stable [36]. x, is the expected value of the liquid level.

3.2. Design and Stability Analysis of the Controller with the
Disturbance Observer. This paper considers a class of

nonlinear systems with exogenous disturbances, which can
be described as

X, =—A\X| +Bu, +d,
X, = Cy/x] = D+/x; + Eu, +d,,

where d, and d, are exogenous disturbances, and they are

(18)

bounded.
d,| <Dy,
4] <Dy (19)
|d,| <D,,
where D, and D, are known positive constants.
Construct the disturbance observers as
X, = —A+\X| +Bu, + d,+h (x, = %)),
- (20)
dy =h, (xl - gl)’
X, = Cy&] — D\%; + Euy +dy + hy (x, - %), 1)
. 21

az = hy (%, - %),

where hy, hy, hs, and h, are the adjustable parameters.
With the estimated disturbance d; and d,, the distur-
bance estimated errors are defined as
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FiGure 19: The liquid-level curves of tank 1 with disturbance on integral backstepping control.

il

1= X1~ Xp

{ d,=d, -d,
X, =%, — X,
{ d,=d,-d,.

By combining equations (19) and (21), the first-order

derivative of the disturbance estimation errors can be cal-
culate as

(22)

d, =-\d,, (23)

d -
2= dz - 32 = —hyd,,

1

(NW|

ANW|

there A, and A, are both the nonlinear disturbance observer
gains.
Then, the observer error equation is given as

z; = Hiz,. (24)

Here,

So, one can get

[zl
2

—_—
I
|
N |
|
=
(e}
—
N N
) —
—

(25)
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(26)

It is easy to prove that the observer is asymptotically
stable with proper choice of h,, h,, h;, and h,.

Remark 2. If the linearized system is strictly stable (i.e., if all
eigenvalues of H are strictly in the left-half complex plane),
then the equilibrium point is asymptotically stable (for the
actual nonlinear system) [36].

Finally, according to equations (13), (18), (20), and (21),
the controller for the nonlinear system with disturbances can
be obtained as follows:

. ¢ ~
(al V2%, /A1) + Xy — ki (X = x19) — ¢ _[0 (x = x14)dt - d,

(as/A;)

>

(27)

_ (az V29%, /Az) _(a1\/29x1 /Az) + X0 — kg (35 — %) — € _[(t) (%, = xpq)dt - 2lz

(ay/Ay)
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In this case, tracking error equation (8) can be rewritten

!
{ €1= X1~ X4
!
€= X3 ~ Xa4-
Consider the rate of error change, the time derivative of
(28) can be expressed as

. . .
{ € = X1~ X
./ . .
€y = Xy — Xyy.
Choose a Lyapunov function V' for nonlinear system
(18) as

as

(28)

(29)

1 ) 1~2
VI, ziel +Ed1,
(30)
1 ) 1-2
VZ, 2562 +Ed2,
1, 12 1, 1=
V/ :V{+V2’:E€12+Edl+E€22+£d2. (31)

Then, the first-order time derivative of the selected
Lyapunov function (31) is obtained as

V' 2 V!4V = elél + dld! + elel + ALl (32)
By combining equations (10) and (32), (32) can be re-
written as

t t
V' = el'(—klel' -q Jo el'dt) + eé(—kzez’ -c, Jo ez'dt)

t
2 2
L6 dt — k,ey — ¢,

- Alai - Azaz = _kle;z ! J
t —~ —~

- I 2dt - 3 - L,
0

(33)

Obviously, V' is positive definite. In addition, from
equation (33), one can know that V' is negative definite.
Hence, it satisfied Lyapunov stability theorem, which means
system (18) is asymptotically stable.
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—— The liquid-level curve of tank 1
—— The liquid-level curve of tank 2

Figure 22: The liquid-level curves of tank 2 with disturbance on integral backstepping control.

4. Simulation Results and Analysis

The disturbance observer-based sliding mode controller
can be described as

In order to verify the effectiveness of the above control
strategy, we compared it with the disturbance observer-
based sliding mode control method.

A
u, = a_: {—[mlsgn (s1) +(ny + b)) (x; = x14) + by Jeldt] + X+

a;\2gx, 3 }
1(>

Ay
(34)
A . a,\/2gx a,\/2gx ~
u, =2 —[mzsgn(sz) +(ny +by) (%, — xp9) + Myb, Jezdt] + Xy + 9% _GN<gE dyt,

a, Ay A,

where by, b,, m,, m,, n,;, and n, are positive constants. The desired equilibrium points are
The comparative study results of the two control strat-

egies are carried out in Simulink environment. Then, the X4 =20cm, (35)

adjustable parameters of the two-tank coupled liquid level
system are given in Table 1.

X5y = 16 cm.
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19/11/11 21:21:55 21:23:35 21:25:15

21:26:55 21:28:35 21:30:15 21:31:55

—— The input curve of integral backstepping controller u;

—— The input curve of integral backstepping controller u,

FiGUure 23: The input curves of the integral backstepping controller.

4.1. The Undisturbed Simulation Results

4.1.1. Sliding Mode Controller. The controlled liquid level
trajectories of the two tanks are given in Figures 2 and 3,
respectively. The adjustable parameters are determined, as
shown in Table 2.

As shown in Figures 2 and 3, the dynamic response
time of the liquid-level curve of tank 1 is short, its rise
time is t, = 10s, but overshoot occurs, its overshoot is
0% = 0.0000025%, and there has always been a steady-
state error of 0.0002 cm. Although the liquid-level curve
of tank 2 did not overshoot, its dynamic stage rose slowly
when approaching the equilibrium point, and the rise
time is £, = 100s.

4.1.2. Integral Backstepping Controller. The controlled liquid
level trajectories of the two tanks are shown in Figures 2 and
3, respectively. The adjustable parameters are determined, as
shown in Table 3.

As shown in Figures 2 and 3. The rise time of liquid-level
curve of tank 1 is also ¢, = 10s. Although overshoot occurs
and overshoot is 0% = 0.0000025%, the steady-state error is
zero. The liquid-level curve of tank 2 did not overshoot and its
dynamic response time is short, and its rise time is ¢, = 10s.

4.2. Simulation Results with Disturbance. The simulation
verification in this paper is obtained by injecting the disturbance
in the form of step signal into the system without changing the
controller parameters of the two-tank liquid level system. The
adjustable parameters are determined, as shown in Table 4.

4.2.1. Sliding Mode Controller. The liquid-level curves and
control inputs trajectories of two tanks are given in Figures 4
and 5 and Figures 6 and 7, respectively. The disturbances are
added to tank 1 and tank 2 at the simulation time of 100
seconds, respectively. Simulation results show that the in-
jection of external disturbances into a single tank has no
effect on the liquid level of another tank. It can be seen from
Figures 8 and 9 that the recovery time is relatively long of
liquid levels in tank 1 and tank 2 after injection of external
disturbance, and the adjustment time is ¢, = 50s.

4.2.2. Integral Backstepping Controller. The liquid-level
curves and control inputs trajectories of two tanks are given in
Figures 10 and 11 and Figures 6 and 7, respectively. At the
simulation time of 100 seconds, the disturbances are added to
tank 1 and tank 2, respectively. Then, the simulation results
show that the injection of external disturbances into a single
tank can also achieve almost no effect on the liquid level of
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19/11/11 17:50:18 17:51:58 17:53:38

—— The liquid-level curve of tank 1
—— The liquid-level curve of tank 2

17:55:18 17:56:58 17:58:38 18:00:18

FIGURE 24: The liquid-level changed curves of sliding mode control.

another tank. It can be seen from Figures 8 and 9 that the
recovery time is faster of liquid levels in tank 1 and tank 2 after
injection of external disturbance, and the adjustment time is
t,=10s.

4.3. Comparison of Simulation Results. For the determina-
tion and optimization of the parameters, the Lyapunov
stability theorem is used to determine the range of pa-
rameters, and then the specific parameter values are de-
termined by the empirical trial and error method, such as in
Figures 12 and 13.

Simulation results show that the two-tank liquid level
system with sliding mode control algorithm has a slight
liquid level overshoot, which not only has a certain
amount of steady-state error but also takes a long time to
restore stability after injection of disturbances. In the two-
tank liquid level system, using the integral backstepping
control algorithm based on the disturbance observer, the
liquid level has a slight overshoot, but its steady-state
error is zero, and it can recover to a stable value in a very
short time after injecting the external disturbances.
According to the above discussion, the integral back-
stepping control method based on the disturbance ob-
server has good dynamic, stability, and disturbance
suppression characteristics.

5. Experimental Results and Analysis

In order to verify the performances of the propose control
strategy, experiments are developed on the Innovative ex-
perimental platform for the complex control system of the
four-tank NTC-I type. As shown in Figures 14 and 15, they
are the experimental platform and Wincc liquid-level
monitoring interface, respectively. The experimental appa-
ratus is a typical process control object in industrial process-
four tank. For the object, a feedback control system based on
programmable logic controller (PLC) and Matlab/simulink
are constructed. The PLC part uses the Siemens CPU s7-300
module to extend the special analog input. The module
collects the actual water level of the four-capacity water tank
and expands the dedicated analog output module feed water.
The pump provides the actual required analog voltage.
Communication between Matlab and PLC/HMI industrial
control is realized through OLE for process control (OPC)
communication technology. The control system is integrated
with some advanced system identification techniques and
advanced control methods that can be applied to the con-
trolled object of the four-tank easily. The upper computer
uses a common desktop computer, and the operating system
uses Microsoft’s Windows XP system. Other development
software used in this device includes WinCC V6.2, moni-
toring software of SIEMENS, down-bit STEP7 V 5.4 of PLC
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F1GURE 25: The liquid-level changed curves of integral backstepping control.

controller configuration programming and configuration
communication mode, and OPC server conﬁguration
SIMATIC NET software. The adjustable parameters of the
two-tank liquid level system are given in Table 1.

The desired equilibrium points are

X4 =20 cm,
(36)
X5y = 16 cm.

5.1. The Undisturbed Experimental Results

5.1.1. Sliding Mode Controller. The controller adjustable
parameters are given in Table 5.

The actual controlled liquid-level trajectories of the two
tanks are shown in Figure 16. The dynamic response time of
the experimental curves of tank 1 and tank 2 are relatively fast,
rising time is t, = 35s and t, = 45, respectively, but there is
always obvious chattering phenomenon of the liquid level,
and the amplitude is +0.5cm.

5.1.2. Integral Backstepping Controller. The integral back-

stepping controller adjustable parameters are given in
Table 6.

The actual controlled liquid-level trajectories of the two
tanks are given in Figure 17. Under the same condition of
valve opening, the dynamic response time of tank 1 and tank
2 liquid-level curves is still very fast and the rising time is ¢, =
30s and t,=40s, respectively. Moreover, there is no chat-
tering phenomenon in the liquid-level curve under this
control method and the steady-state process is very good.

5.2. Experimental Results with Disturbance. In this paper,
disturbances are added to the two-tank liquid level system
and the controller parameters are unchanged. The distur-
bance observer parameters are shown in Table 7.

5.2.1. Sliding Mode Controller. 'The actual controlled liquid-
level curves and control input trajectories of the two tanks
with disturbances are shown in Figures 18-20. A certain
amount of water is injected into tank 1 at 20: 07: 20. The
liquid level of tank 1 has apparent fluctuation, and the
adjustment time is t; = 30s. At 17: 26: 40, a certain amount
of water is injected into tank 2, the liquid level of tank 2 has
apparent fluctuation, and the adjustment time is t, = 30s.

5.2.2. Integral Backstepping Controller. The actual con-
trolled liquid-level curves and control input trajectories of
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the two tanks with disturbances are given in Figures 21-23.
A certain amount of water is injected into tank 1 and tank 2
at11: 12: 30 and 11: 00: 30, respectively. The liquid levels of
tank 1 and tank 2 have hardly any fluctuation, and the
adjustment time is t, = 15s and t; = 155, respectively.

As shown in Figures 24 and 25, without changing the
controller parameters of the two-tank liquid level system, It
still has good dynamic and steady-state performance when
the set value is changed.

5.3. Comparison of Experimental Results. The sliding mode
control algorithm is tested and verified on the equipment
platform. It can be seen from Figures 16, 18 and 19 that the
two-tank liquid level system controlled by the sliding mode
algorithm always has the phenomenon of chattering, es-
pecially when the liquid level is disturbed externally. As can
be seen from Figures 17, 21 and 22, the disturbance observer-
based integral backstepping control method not only has no
chattering phenomenon but also exhibits good steady-state
performance and disturbance-suppression characteristics in
the case of disturbance.

6. Conclusions

In view of the two-tank liquid level system, a methodology of
disturbance observer-based integral backstepping control is
proposed in this paper. According to the principle of fluid
mechanics and mass conservation, the mathematical model of
the two-tank liquid level system is established. As can be seen
from the simulation results, when the external disturbance is
added to a single tank, the liquid-level value of another tank has
no influence. Furthermore, it can be known from the experi-
ment results that the given value can be set discretionarily and
reached quickly. Then, the results of simulation and experiment
verified that the disturbance observer-based integral back-
stepping control methodology has good dynamic and static
performance compared with the disturbance observer-based
sliding mode control method. Moreover, the steady-state and
dynamic performance of the proposed controller are both far
better than some complex algorithms listed in the references. Its
structure is simpler, and adjustable parameters are fewer and
easier to realize. Therefore, the control method proposed in this
paper has a wide range of practical application prospects.
However, the controller proposed in this paper does not con-
sider the influence of time delay on the system, and it is only
limited to the two-tank water level system. Whether it is suitable
for the four-tank water level system needs to be further verified.

Further, in addition to considering the influence of
disturbance on the system, the influence of time delay on the
system is also considered and corresponding solution is
given, which is combined with the method proposed in this
paper to achieve better control effect. Then, the composite
control method is extended and applied to the four-tank
liquid level system.

Data Availability

The data used to support the findings of this study are in-
cluded within the article.

21

Conflicts of Interest

The authors declare no conflicts of interest.

Authors’ Contributions

M.X.X. developed the theoretical results, wrote the paper,
and performed the experiments; Y.H.S. modified the
mathematical formula and grammar; W.H.R. ensured the
hardware and software support; and X.T. analyzed the al-
gorithms. All authors have read and approved the final

paper.

Acknowledgments

This research was funded by the National Natural Science
Foundation of China Grant no. 61573203.

References

[1] H. Yu,J. Yu, H. Wu, and H. Li, “Energy-shaping and integral
control of the three-tank liquid level system,” Nonlinear
Dynamics, vol. 73, no. 4, pp. 2149-2156, 2013.

[2] M. K. Khan and S. K. Spurgeon, “Robust MIMO water level
control in interconnected twin-tanks using second order
sliding mode control,” Control Engineering Practice, vol. 14,
no. 4, pp. 375-386, 2006.

[3] P.P.Biswas, R. Srivastava, S. Ray, and A. N. Samanta, “Sliding

mode control of quadruple tank process,” Mechatronics,

vol. 19, no. 4, pp. 548-561, 2009.

E. Govind Kumar and J. Arunshankar, “Control of nonlinear

two-tank hybrid system using sliding mode controller with

fractional-order PI-D sliding surface,” Computers & Electrical

Engineering, vol. 71, pp. 953-965, 2018.

[5] Y.P. Weng and X. W. Gao, “Data-driven sliding mode control
of unknown MIMO nonlinear discrete-time systems with
moving PID sliding surface,” Journal of the Franklin Institute,
vol. 354, no. 15, pp. 6463-6502, 2017.

[6] A.Benamor and H. Messaoud, “Robust adaptive sliding mode
control for uncertain systems with unknown time-varying
delay input,” ISA Transactions, vol. 79, pp. 1-12, 2018.

[7] H. Pan, H. Wong, V. Kapila, and M. S. de Queiroz, “Ex-

perimental validation of a nonlinear backstepping liquid level

controller for a state coupled two tank system,” Control

Engineering Practice, vol. 13, no. 1, pp. 27-40, 2005.

H. Gouta, S. Hadj Said, and F. M’sahli, “Model-Based Pre-

dictive and Backstepping controllers for a state coupled four-

tank system with bounded control inputs: a comparative

study,” Journal of the Franklin Institute, vol. 352, no. 11,

pp. 4864-4889, 2015.

[9] J.-H. Huo, T. Meng, R.-T. Song, and Z.-H. Jin, “Adaptive
prediction backstepping attitude control for liquid-filled
micro-satellite with flexible appendages,” Acta Astronautica,
vol. 152, pp. 557-566, 2018.

[10] A. Khalili, Z. Mohamed, and M. Basri, “Enhanced back-
stepping sliding mode controller for motion tracking of a
nonlinear 2-DOF piezo-actuated micromanipulation system,”
Microsystem Technologies, vol. 25, no. 3, pp. 1-13, 2019.

[11] T. K. Nizami, A. Chakravarty, and C. Mahanta, “Analysis and
experimental investigation into a finite time current observer
based adaptive backstepping control of buck converters,”
Journal of the Franklin Institute, vol. 355, pp. 4771-5350, 2018.

[4

[8



22

[12] Y. Liu, X. Liu, Y. Jing, Z. Zhang, and X. Chen, “Congestion
tracking control for uncertain TCP/AQM network based on
integral backstepping,” ISA Transactions, vol. 89, pp. 131-138,
2019.

[13] J. Peng and R. Dubay, “Adaptive fuzzy backstepping control
for a class of uncertain nonlinear strict-feedback systems
based on dynamic surface control approach,” Expert Systems
With Applications, vol. 120, pp. 239-252, 2019.

[14] C. Fu, W. Hong, H. Lu, L. Zhang, X. Guo, and Y. Tian,
“Adaptive robust backstepping attitude control for a multi-
rotor unmanned aerial vehicle with time-varying output
constraints,” Aerospace Science and Technology, vol. 78,
pp. 593-603, 2018.

[15] X. Shi, Y. Cheng, C. Yin, S. Dadras, and X. Huang, “Design of

fractional-order backstepping sliding mode control for

quadrotor UAV,” Asian Journal of Control, vol. 21, no. 1,

pp. 156-171, 2019.

L. Zhao, J. Yu, H. Yu, and C. Lin, “Neuroadaptive contain-

ment control of nonlinear multiagent systems with input

saturations,” International Journal of Robust and Nonlinear

Control, vol. 29, no. 9, pp. 2742-2756, 2019.

[17] J. Ma, S. Xu, Y. Li, Y. Chu, and Z. Zhang, “Neural networks-

based adaptive output feedback control for a class of uncertain

nonlinear systems with input delay and disturbances,” Journal

of the Franklin Institute, vol. 355, no. 13, pp. 5503-5519, 2018.

A. Vahidi-Moghaddam, A. Rajaei, and M. Ayati, “Distur-

bance-observer-based fuzzy terminal sliding mode control for

MIMO uncertain nonlinear systems,” Applied Mathematical

Modelling, vol. 70, pp. 109-127, 2019.

[19] X.K. Chen, S. Komada, and T. Fukuda, “Design of a nonlinear
disturbance observer,” IEEE Transactions on Industrial
Electronics, vol. 47, pp. 429-436, 2000.

[20] W.-H. Chen, “Disturbance observer based control for non-
linear systems,” IEEE/ASME Transactions on Mechatronics,
vol. 9, no. 4, pp. 706-710, 2004.

[21] J. Yang, S. Li, and W.-H. Chen, “Nonlinear disturbance ob-
server-based control for multi-input multi-output nonlinear
systems subject to mismatching condition,” International
Journal of Control, vol. 85, no. 8, pp. 1071-1082, 2012.

[22] W.-H. Chen, J. Yang, L. Guo, and S. Li, “Disturbance-ob-
server-based control and related methods-an overview,” IEEE
Transactions on Industrial Electronics, vol. 63, no. 2,
pp. 10831095, 2016.

[23] X. Liu, H. Yu, J. Yu, and L. Zhao, “Combined speed and
current terminal sliding mode control with nonlinear dis-
turbance observer for PMSM drive,” IEEE Access, vol. 6,
pp- 29594-29601, 2018.

[24] X. Liu, H. Yu, J. Yu, and Y. Zhao, “A novel speed control
method based on port-controlled Hamiltonian and distur-
bance observer for PMSM drives,” IEEE Access, vol. 7,
pp. 111115-111123, 2019.

[25] B. Wang, X. Yu, L. Mu, and Y. Zhang, “Disturbance observer-

based adaptive fault-tolerant control for a quadrotor heli-

copter subject to parametric uncertainties and external dis-
turbances,” Mechanical Systems and Signal Processing,

vol. 120, pp. 727-743, 2019.

P. Zhou, W. Dai, and T. Y. Chai, “Multivariable disturbance

observer based advanced feedback control design and its

application to a grinding circuit,” IEEE Transactions on

Control Systems Technology, vol. 4, pp. 1471-1485, 2014.

[27] Z.-]. Yang and H. Sugiura, “Robust nonlinear control of a
three-tank system using finite-time disturbance observers,”
Control Engineering Practice, vol. 84, pp. 63-71, 2019.

[16

(18

[26

Mathematical Problems in Engineering

[28] D. H. Shah and D. M. Patel, “Design of sliding mode control
for quadruple-tank MIMO process with time delay com-
pensation,” Journal of Process Control, vol. 76, pp. 46-61, 2019.

[29] H. Ponce, P. Ponce, H. Bastida, and A. Molina, “A novel
robust liquid level controller for coupled-tanks systems using
artificial hydrocarbon networks,” Expert Systems with Ap-
plications, vol. 42, no. 22, pp. 8858-8867, 2015.

[30] H. Gouta, S. Hadj Said, A. Turki, and F. M’Sahli, “Experi-
mental sensorless control for a coupled two-tank system using
high gain adaptive observer and nonlinear generalized pre-
dictive strategy,” ISA Transactions, vol. 87, pp. 187-199, 2019.

[31] C. Huang, E. Canuto, and C. Novara, “The four-tank control
problem: comparison of two disturbance rejection control
solutions,” Isa Transactions, vol. 71, pp. 252-271, 2017.

[32] F. A. Khadra and J. A. Qudeiri, “Second order sliding mode
control of the coupled tanks system,” Mathematical Problems
in Engineering, vol. 2015, Article ID 167852, 9 pages, 2015.

[33] N. Kanagaraj, P. Sivashanmugam, and S. Paramasivam,
“Fuzzy coordinated PI controller: application to the real-time
pressure control process,” Advances in Fuzzy Systems,
vol. 2008, Article ID 691808, 9 pages, 2008.

[34] F. Abukhadra, “Active disturbance rejection control of a
coupled-tank System,” Journal of Engineering, vol. 2018,
Article ID 7494085, 6 pages, 2018.

[35] F. Smida, S. Hadj Said, and F. M’sahli, “Robust high-gain
observers based liquid levels and leakage flow rate estima-
tion,” Journal of Control Science and Engineering, vol. 2018,
Article ID 8793284, 8 pages, 2018.

[36] J.J. Slotine and W. P. Li, Applied nonlinear control, Prentice-
Hall, Englewood Cliffs, NJ, USA, 1991.



Advances in Advances in . Journal of The Scientific Journal of
Operations Research Decision Sciences  Applied Mathematics World Journal Probability and Statistics

|nternational
Journal of
Mathematics and
Mathematical
Sciences

Journal of

Optimization

Hindawi

Submit your manuscripts at
www.hindawi.com

International Journal of
Engineering
Mathematics

International Journal of

Analysis

Journal of : Advances in ] Mathematical Problems International Journal of Discrete Dynamics in
Complex Analysis Numerical Analysis in Engineering Differential Equations Nature and Society

International Journa!

of
Stochastic Analysis Mathematics Function Spaces Applied Analysis Mathematical Physics

Journal of Journal of Abstract and ; Advances in



https://www.hindawi.com/journals/jmath/
https://www.hindawi.com/journals/mpe/
https://www.hindawi.com/journals/jam/
https://www.hindawi.com/journals/jps/
https://www.hindawi.com/journals/amp/
https://www.hindawi.com/journals/jca/
https://www.hindawi.com/journals/jopti/
https://www.hindawi.com/journals/ijem/
https://www.hindawi.com/journals/aor/
https://www.hindawi.com/journals/jfs/
https://www.hindawi.com/journals/aaa/
https://www.hindawi.com/journals/ijmms/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/ana/
https://www.hindawi.com/journals/ddns/
https://www.hindawi.com/journals/ijde/
https://www.hindawi.com/journals/ads/
https://www.hindawi.com/journals/ijanal/
https://www.hindawi.com/journals/ijsa/
https://www.hindawi.com/
https://www.hindawi.com/

