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Abstract

This work presents the integration of two robust controllers such as back-stepping and sliding mode controller, which is designed for
nonlinear system with external disturbance injected to its actuator. Gravitational Search Algorithm (GSA) is applied to the designed con-
troller to optimize the control and reaching law parameters for the system. The dynamics of the system is developed by consider the ex-
ternal force as system’s nonlinearities. The tracking output and tracking error produced by combination of these two controllers is com-
pared with the performance of classical sliding mode controller. Based on the results obtained, integration of these two controllers gener-
ates better performance than classical sliding mode controller based on its output and error.
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1. Introduction

The design of back-stepping controller is started with scalar equa-
tion that is step back toward the control input. These two signals
are separated by biggest number of integration process. Since
back-stepping controller has a recursive structure, its design pro-
cedure starts with a stable system and insert new controllers to
stabilize outer subsystem [1]. This process is repeated until the
final outer control is achieved. In comparison to the linearization
method, back-stepping is able to avoid terminations of useful non-
linearities and while continue with the stabilization and tracking
process. Besides, this controller has the ability to overcome the
situation where the perturbation exists in the input of system by
hiding the signal from the input equation. For tracking purpose, in
order to develop the design process, this controller use the differ-
ent between the real and reference input. Basic idea on the design
procedure of this controller is explained by [1-2]. The technique is
implemented in various uses such as flight control [3], automation
application [4], nonlinear systems of wind turbine-based power
production, electro-hydraulic actuator system [5] and robotic sys-
tem. In addition, this technique also applied as a tool in parameter
estimation [6] and optimal control. Besides, this control technique
is used as an observer for force control of electrohydraulic actua-
tor system and DC servo motor [7].

Sliding mode control is an alternative of control method that
commonly used in nonlinear system. This control technique intro-
duces a discontinuous signal to the system. This signal forces the
system to slide along a trajectory that is always opposite from of a
system’s normal behavior. In order to ensure the moving of trajec-
tories towards an adjacent region, several control structures are
considered. The final chosen trajectory will move laterally the

borders of the control forms. This movement is known as sliding
mode. The control technique has been implied for numerous ap-
plications which are coupled-tank system [8], suspension system
[9], robotic [10], underwater system [11], electromechanical sys-
tem [12], induction motor system [13] and hydraulic actuator sys-
tem [14-16].

Gravitational Search Algorithm (GSA) is developed by [17] creat-
ed on the law of gravity and mass relations. This algorithm im-
plied a searcher agents in a bunch of masses which communicate
among them based on the laws of motion and Newtonian gravity.
Instead of using trial and error to set the value of control parame-
ter, this research work applied optimization process in order to
acquire the suitable value for these parameters so that good track-
ing performance can be achieved. GSA is chosen to optimize these
parameters. Since GSA is among a new technique in optimization
field, it has not been used widely. However, there are some re-
searchers tried to integrate GSA with PID controller [18-19] and
GSA with back-stepping [20-23]. In [24], the performance of GSA
with back-stepping is compared with performance of PSO with
similar controller. In the controller design process for tracking
system, the value of tracking error is significant. Tracking error,
gt is the dissimilarity between preferred input and real output.
The error obtained is implied to design controller for the selected
system based on Lyapunov Function and for optimization process.
As nonlinear controller, back-stepping and sliding mode control-
lers have their capability and limitation. Several studies combine
these two nonlinear controller such that their own strength can
support to each other weaknesses. In [25] integrate these two con-
trollers to increase the tracking performance of permanent magnet
synchronous motor control system. Combination of these two
controllers also been proved too has robustness to the exterior
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disturbances and virtuous flexibility to variation of the parameter
of a coupled-tank system [26]. A vane-type air motor X-Y table
motion system also adapts these two control techniques for track-
ing purpose [27] and to overcome chaotic problem [28]. Besides,
combination of these method with neural networks to develop a
controller for a strict feedback form system which has unidentified
uncertainties and instabilities [29]. Additional integration of them
also can be found in [30] to stabilize the cart pendulum system and
[31] for unmanned aerial vehicle. In [32-33] also integrate these
two controllers for two different nonlinear systems.

This research performs a controller development for a nonlinear
system which associates two different controllers, which are back-
stepping and sliding mode controller to enhance the tracing
presentation of the system. Gravitational Search Algorithm (GSA)
is integrated to the designed controller such that it is automatically
fine-tune the control constraints based on the dynamic variations
of that system. Constant force is injecting to the system as an ex-
ternal disturbance such that it will disturb the dynamic of the sys-
tem. The valuation of the tracking presentation of it is shown
based on its tracking error and output by looking at the value Sum
of Squared Error (SSE). This assessment is compared with the
output of the classical sliding mode controller with similar index
performance.

2. System Dynamic

Electro-hydraulic actuator (EHA) is one of a non-linear system
with uncertain changing aspects. This work involves the process
of external disturbance is injected to the actuator of electro hy-
draulic actuator system (EHA). It considers Sum of Squared Error
(SSE) as an objective function for optimization process because
the position tracing of this system is highly nonlinear [34-35]. A
model of this system is represented as
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xy is movement of the load, x is load speed and x5 is differential
pressure p, — g, among the cylinder compartments. F; , a con-
stant or time-varying signal is external disturbance injected to the
system. The parameter of this system is shown in Table 1 [5].

Table 1: Parameter of the tested system

Load at the EHS rod, m 0.33Ns?/cm
Piston area, & 10cm?
Coefficient of viscous friction, f 27.5Ns/cm
Coefficient of aerodynamic elastic force, & 1000N/cm
Valve port width,w 0.05cm
Supply pressure,Fy 2100N/cm?
Coefficient of volumetric flow of the valve 0.63
port, £

Coefficient of internal leakage between the

2.38% 10 em®/Ns
cylinder chambers, &;

Coefficient of servo valve, k., 0.017cm/V

Coefficient involving bulk modulus and

2.5% 10 % em® /N
EHA volume, &

Oil density g, B.B7X 10~ 'Ns*/cm*

3. Controller Design

A robust control for a plant with uncertainty might be designed by
using a combination of back-stepping and sliding mode control

techniques. In this section, a systematic design procedure is pro-
posed to develop these two control techniques. The design process
is started by defining the Lyapunov function as
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with g is tracking error for each state while = is sliding surface for
sliding mode controller. Based on these Lyapunov functions, the
control signals for back-stepping sliding mode controller for this
system can be derived as
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The designed control signal for sliding mode controller is given as
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4. Optimization

This research considers Sum of Squared Error (SSE) as an objec-
tive function in optimization of control and Lyapunov parameters.
The formula of SSE is given in {11].

mn "
SSE=) (5~ yrep)’

where SSE stands for sum of squared error, i is number of iteration,
x; is system output at i iteration and .. represents reference input.
A good tracking response will give smaller SSE.

(11)

5. Results and Discussion

This section presents the analysis of tracking performance of the

designed controller.

x, produced by backstepping sliding mode controller optimized by
gravitational search algorithm (GSA)
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Fig. 1: x; produced by integration of back-stepping and sliding mode
controller and classical sliding mode controller
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The upper plot in Figure 1 shows the output formed by combina-
tion of sliding mode controller and back-stepping while the lower
plot illustrates the output produced by classical sliding mode con-
troller. Referring to the figure, combination of sliding mode con-
troller and back-stepping yield better system’s output. Its tracking
error is almost zero compared to the classical sliding mode con-
troller only. The output of the system tracked the reference input
smoothly. Although the system with sliding mode controller man-
aged to track the shape of the reference input, its tracking error is
bigger than the top plot. This scenario is proved in error plot in
Figure 2.

Position tracking error, e produced by backstepping sliding mode controller
optimized by using gravitational search algorithm
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Fig. 2: Tracking error value generated by combination of back-stepping
and sliding mode controller and classical sliding mode controller

The first plot in Figure 2 shows the error generated by integration
of back-stepping and sliding mode controller, while the second
plot illustrates the error produced by classical sliding mode con-
troller. The figure shows that integration of back-stepping and
sliding mode controller yield zero error but classical sliding mode
controller produced around 0.2 error. This result proved that inte-
gration of sliding mode controller with back-stepping produced
better performance.

Figure 3 illustrates the sliding surface, = of combination of back-
stepping with sliding mode controller and classical sliding mode

controller.
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By looking at Figure 3, the upper graph shows the sliding sur-
face, = for integration of back-stepping and sliding mode control-
ler while the lower graph presents = for classical sliding mode

controller. Both graphs proved the condition £ =2 = 0, which
means the stability of the system is accomplished.
Figure 4 demonstrates the control signal, « produced for the de-

signed controller.
Control signal, u produced by backstepping-sliding mode controller
optimized by gravitational search algorithm

1
5% 10 .

control signal, u
o

o
bk
[S]8
wh
N
b
ok
-
=3
©
3

Time, t (s)
Control signal, u produced by sliding mode controller
optimized by gravitational search algorithm

w
o

contol signal, u
=)

G
DO
—L
S8
wh
INE
wh
ol
Qb
ol
©
S

Time, t (s)
Fig. 4: Control signal, = for designed controller

Referring to Figure 4, the upper plot shows the control signal,
produced by combination of sliding mode controller and back-
stepping while the similar signal generated by classical sliding
mode controller is shown in the bottom plot. The figure shows that
plain control signal is produced by integration of sliding mode
controller and back-stepping, while the classical sliding mode
controller produced control signal with small chattering.

6. Conclusion

This work proposed integration of back-stepping with sliding
mode controller for nonlinear system. Since the designed control-
ler consists of several controls and reaching law parameter, Gravi-
tational search algorithm (GSA) technique is applied to search for
optimum value of these parameters. Therefore, the designed con-
troller has an adaptation ability to vary its parameters repeatedly
regarding to the systems dynamic. The results obtained are com-
pared with the designed classical sliding mode controller. Refer-
ring to the results, integration of sliding mode and back-stepping
controller yields better tracking performance than classical sliding
mode controller itself. It can be proved by smooth tracking plot,
smaller tracking error and less chattering in control signal. The
stability of the designed controller also is verified by Lyapunov
Function.
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