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Abstract: This paper highlights the problem of tuning the gains of a non-adaptive backstepping controller in an
electrohydraulic servo system. While the other non-adaptive controllers in the literature have precise gains
tuning methods, the non-self-tuning backstepping controller has no rigorous gain tuning method. The proposed
study aims to analyze the contribution of each backstepping controller gain in the closed-loop performance. Our
final goal is to establish a rigorous gains-tuning method for the non-adaptive backstepping controller. The study
starts with the development of three-stage gains backstepping controller using a non-conventional time
derivative Lyapunov function. This particular Lyapunov function makes it possible to analyze the response of
the system when all the controller gains are cancelled. Then, we analyze the effect of each gain by cancelling
out the values of the others. The first simulation results show that the convergence of the tracking error to zero
is not maintained when all gains are set to O despite the presence of a negative definite of the Lyapunov
function time derivative. In this case, the equilibrium point is not the expected one as time goes to infinity. The
second set of results indicates that adjusting the gain related to the feedback of the actual output only ensures
the asymptotic convergence of the tracking error to zero as time goes to infinity. However, developing a
heuristic tuning of the three controller gains like Ziegler Nichols tuning remains a challenge.
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1 Introduction electrohydraulic actuators are implanted using PID
Electro-Hydraulic Servo Systems (EHSS) are used control laws because of their well-known and
to handle large mechanical loads with a fast, flexible methodology. PID controller consists of
accurate, and robust response. In these systems, tuning three gains. The literature identifies rigorous
pressurized hydraulic oil is used to transmit power. approaches for non-self-tuning controllers like
Some industrial EHSS applications include Ziegler Nichols, [4]. Good results but only in a
aerospace actuation, [1], automobile actuation, [2], limited operating point range are achieved using the
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strong nonlinearities, [5], making the linear control
theory inadequate to guarantee satisfactory
performances over a large panel of operating points.
PID control may be combined with some methods
like fuzzy logic, [6], sliding mode, [7], fractional
order strategy, [8], and optimization tools, [9], to
improve the performance. However, when linear
control is used on nonlinear systems, it is difficult to
ensure both improved performances and expanded
working conditions, [10].

Of all the control laws encountered in the
literature, the backstepping control has advantages,
especially when faced with system nonlinearities.
Unlike feedback linearization control, this approach
allows choosing which nonlinearity to cancel, [11],
thus improving the robustness of the closed-loop
system. Moreover, the recursive construction of the
Lyapunov function allows the flexibility of the
architecture of the control law, [12]. Backstepping
control consists of dismantling the system into first-
order subsystems where a state variable is
considered as a control signal, [13]. These virtual
controls or desired system variable states, [14], are
chosen to ensure the negative definition of the
Lyapunov function time derivative. Experimental
and numerical results show that the backstepping
controller is more efficient than the PID controller,

[15].
There are two drawbacks to using the
backstepping approach. The first one is the

explosion of complexity due to repeated calculations
when the plant model has a high order, [15]. The
second drawback, and the one discussed in this
paper, is the lack of a rigorous gains-tuning
approach. At each recursive step in the design of the
backstepping controller, a gain to be adjusted
appears. In this paper, we focus on non-self-
adjusting backstepping controller gain strategies. In
[16], the authors show that there is a trade-off
between the chattering effect and the convergence
of the tracking error while adjusting the gains of the
backstepping controller. An optimal gain is difficult
to find in the absence of a rigorous tuning method.
The literature identifies rigorous methods for tuning
the parameters of non-self-tuning controllers like
Ziegler Nichols, [17], for PID controllers and pole
placement for feedback linearizing controllers, [18].
However, to our knowledge, authors in the literature
adjust the gains of the non-self-tuning backstepping
controller via trial and error. Few authors try to
analyze the effect of the gain in the closed loop
performance. Authors, [19], show that the
backstepping controller gains affect the robustness
against parametric uncertainties. For each gain, they
found a minimum value, an optimum value and a
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maximum value to guarantee convergence of the
error. However, the contribution of each gain is not
highlighted. In [20], authors show that the three
gains of the backstepping controller affect the
performance of the electrohydraulic brake system by
varying one gain and setting the others to zero. They
found that two of the three gains affect overshoot
and steady state. However, their backstepping
control law contains two input variables that operate
alternately. The three gains appear in these input
variables. The complex conditions of these inputs
weaken the actual influence of the three gains.

The main contributions of this article are listed
below:

- an unconventional Lyapunov function that
makes possible the analysis of the performance
while the controller gains are set to O;

- an actual analysis of each gain contribution in
the closed loop performance using a simple non-
self-tuning backstepping control law with one input
variable;

- a discussion of the perspective of tuning
methods.

2 System Modelling

Fig. 1 shows the electrohydraulic servo system
considered in this study. It is the same system
presented in our previous work, [21]. It consists of a
hydraulic motor that drives a rotating load. The
hydraulic unit includes the pump, tank, pressure
relief valve, and accumulator. It provides hydraulic
oil flow at constant pressure. The electrohydraulic
servo-valve is the interface between the operative
part and the control part. The electric signal u(t) acts
on the servo-valve spool by varying the oil flow into
the hydraulic motor. Because a mechanical load is
attached to the motor, a pressure difference P.(t) is
noted across the hydraulic motor lines. The
objective of the control law is that the actual angular
velocity tracks the desired angular velocity. The
measure of the actual angular velocity is sent to the
control law via a sensor. The state-space equation
(1) is developed from three equations. The first
equation describes the motion equation of the load.
The second equation is the continuity equation
through the motor lines. The third equation shows
the dynamics of the servo valve.
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Fig. 1: Electro-hydraulic servo system
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Where

x,(t)is the angular velocity 4(t)
X,(t) is the motor pressure difference due to the load

x(t) is the servo-valve opening area due to the
input signal

u(t) is the control current input

J is the hydraulic motor's total inertia

d,, is the volumetric displacement of the motor

A is the fluid bulk modulus

V_ is the total oil volume of the hydraulic motor

¢, is the servo-valve discharge coefficient

p is the fluid mass density

c,, IS the leakage coefficient of the hydraulic motor
P. is the supply pressure at the inlet of the servo

valve
K is the servo-valve amplifier gain
7 1S the servo-valve time constant

To satisfy the Lipschitz condition in this paper,
we choose to approximate the sign function to the
continuous function (2) proposed in the work of
[22].

sign(x(t))0 %:sigm(x(t)) 2
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3 Backstepping Controller Design

In this section, the angular velocity backstepping

controller is derived. It is the same controller

presented in [21]. Here, we focus on the controller

gains locations and tuning. The desired state

variables are denoted by Xia(t).
Now, consider the

first  subsystem

Xi(t):%—mxz(t)—%xi(t) of the state space model (1).

The first candidate Lyapunov function for this
subsystem is

®)

Where e (t)=x(t)-x,(t). The time derivative of this
Lyapunov function gives

If we choose Xaq(t) as the first virtual control such
that

o (0= B (04, ke )] ©

m

Where the first gain controllerk >0, we obtain

V,(t)= —(bJ—er lief (t)+dJ—me2 (t)e (t) (6)

Now, we choose the second candidate Lyapunov
function for the second subsystem of (1)

xz(t)%(XB(t)j_d;\/ps-sigm(xs(t))xz(t)-dmxl(t)-csmxz(t)]

as

1 1
V, (1) =2 (1) + € (1) )
2 2
Its time derivative gives
vz(t)?[%mml]ef(t)
d 4pc -
e (1) + ey (1) P —sigm(x; (1)), (t)
et J4ﬂc e 4pd 4pc
+VJ;—7x3u(t) P, =sigm (% (1)), (1) === (6) == 7% (6)= s (1)
(8)
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If we choose x,(t) as the second virtual control
such that

4d,,
& (t)+——="x(t)
(1) torp A
4y [P —sigm (3, (6))%, (6)| 4 450 5 1)+, (1) =kes, (1)
©)
Where the second controllerk, >0, we obtain
v‘z(t):_(bfmmJef(t)_(“waz]eg(t)
\:ﬁj/%ez(t \/P—S|gn (% (1)) %, (t)
(10)
Finally, consider  the  third subsystem

%, (1) =£u(t)—lx3 (t). Choose the final candidate
T T

Lyapunov function for this subsystem as

Vv, (t) = —e (t)+ e (t)+ el (t)

(11)

The time derivative of this Lyapunov function gives

va(t)=_(%m+k1]ef (t)—[%+kzje§ ()

4pc, e

VWJ;

(O =sign (% [O)% 1)+ u()
1

,;93(t)+%xgd () =% (1)

(12)

+e,(t)

If we choose the control signal u(t) such that

4p¢,

u(t)—;[ixad (t)+ % ()~
(13)

Where the third controller gaink, >0, we obtain

. b 2 4Csm 2 1 2

V3(t)=—(7m+k1Jel(t)—(€—+k2Je2(t)—(;+k3)e3(t)
(14)

Fig. 2 shows the implementation of the

backstepping controller in Matlab /Simulink with
the highlight of the three steps.
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Fig. 2: Closed-loop controlled system block diagram
in Matlab /Simulink environment

3.1 Tuning Issue Analysis

One can note that the gains of our backstepping
controller are chosen such that the time derivative of
the final Lyapunov function gives (14). In most
works, [13], [19], [20], these gains are located such

b 4ﬁ Csm

that the other terms -, and 1 do not

v, 4

appear in the time derivative of the Lyapunov
function. Because (14) leads to inequality (15), the
Lasalle principle states that the tracking errors

e (t)e(t)and e (t) go to zero as time goes to infinity.

V, (t)<—ke? (t)—k,e5 (t)—kqel (t)<0 (15)

Unlike the feedback linearization controller or
PID controller, the backstepping controller does not
show a weighted sum of the angular velocity error
and its time derivatives. The different tracking
errors e(t) are not related in a direct sense. The

angular velocity tracking error occurs in the first
virtual control. The pressure difference tracking
error occurs in the second virtual control and so on.
The gains of the different tracking errors, k,, k, and

k, must be adjusted in a given order shown by the

work of [16], where certain dynamics of the state
variables are neglected. In [20], the authors show
that varying the controller gains one by one may
affect the robustness of the closed-loop response
under parametric uncertainties. Their backstepping
controller has two variable inputs. Our control law
has one variable input. Additionally, no disturbance
is present and the focus is on the effect of each gain
in the closed-loop performance. We vary the value
of each gain while the others are set to zero. Our
objective is to see if a heuristic method like the one
of Ziegler Nichols can be developed.

4 Results

In this section, the results of the numerical
simulation are presented. The performances of the
proposed backstepping controller are obtained in the
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Matlab/ Simulink environment using the closed-
loop block diagram of Fig. 2. The sampling time is
0.01 seconds and the simulation is performed in 20
seconds. Table 1 lists the numerical value used for
the simulation.

Table 1. Numerical values used for the simulation

- Value and
Symbol Description units
EHSS
a Sigmoid function constant 10?
T Servo valve time constant 0.01s
K Servo valve amplifier gain 8.10"'m?/mA
Vi Total oil volume of the 310“4m?3
hydraulic motor
s Fluid bulk modulus 8 108 Pa
Cd Flow discharge coefficient 0.61
Ps Supply pressure 9108
Csm Leakage coefficient 9103 m¥
dm Volumetric displacement of the 3 10%m3/rad
motor
P Fluid mass density 900 Kg/m?
J Total inertia of the motor and 0.05 N.m.s?
B Viscous damping coefficient 0.2N.m.s

Fig. 3 shows the reference signal describing the
desired trajectory of the angular velocity used for
the simulation. In the first ten seconds, the desired
angular velocity is a step of amplitude 1 rad/s. In the
last ten seconds, the desired angular velocity has a
sinusoidal waveform with an amplitude of 1 rad/s
and a frequency of 2 rad/s.

14 - .
J [_n...n.r ) g nr vekocity
)

" # i 10 12 | % 1

=

Tune (9)

Fig. 3: Reference signal used for the simulation

The first sets of simulations present the
performances of the backstepping controller when
the gainsk,, k, and k, equal 0. Fig 4 shows that

angular velocity tracking error does not converge to
zero as time goes to infinity. To appreciate the
infinity response behaviour, the time of simulation
is extended to 80 seconds. The tracking error does
not go to infinity as time goes to infinity. It is seen
that its value is limited to approximately 90 rad/s.
According to (14), the time derivative of the
deducing Lyapunov function is negative define.
Hence, the equilibrium state ¢(t)=0 is
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asymptotically stable. In Fig 5, at the start of the
simulation, the zoomed view shows that the tracking
error is negligible before 4 seconds. The tracking
error converges to 0 before 4s. However, without a
disturbance in the closed loop system at 3,5 seconds,
the system response starts to diverge from the
desired output. We can conclude that the
equilibrium state is not asymptotically stable and
diverges to a limit cycle or other equilibrium state.

10 20 4 40

Time (8)

Fig. 4: System response when k =k, =k, =0

Fig. 5. Zoomed view of system response when
k =k, =k, =0

4.1 k2 and k3 Gains Tuning Results

The next set of figures shows the backstepping
controller performances where the first gain k, is 0.
The gains k, and k, are varied to see the effect of
these gains on the backstepping controller
performance. Fig. 6 and Fig. 7 show that the
response obtained with k =0 gives the same result
obtained in the previous section. The angular
velocity tracking error converges to O at the start of
the simulation. As time goes to infinity, the tracking
error diverges from zero but remains bounded
around =+9orad/s. The variation of k, and k, gains
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does not affect the backstepping controller
performances.
e :_'7A.’L..l gL -c'l‘_-,ﬂ:.‘-r'-"; :‘mv\".;. angaar .Q(‘/;‘!’ ; - - VDI’IJVC"A‘I
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Fig. 6: System response when k =k,=0 a) k,=0 b)
k, =100 and c) k, =1000
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Fig. 7: System response when k =k,=0 a) k=0 b)
k, =100 and c) k, =1000

4.2 k1 Gain Tuning Results

In this section, the response of the proposed
backstepping controller is analyzed by varying the
k, gain while the other gains are set to 0. Fig 8
shows that the k, gain strongly affects the behaviour

of the closed-loop response. The convergence of the
angular velocity varies while changing the tuning of
the «, gain. The closed-loop response displays the

same behaviour encountered in the previous section
when k=o0. The response behaviour drastically

changes when « =o. In Fig.8 a and Fig. 8 b, we note

that the response remains limited at 90 rad/s.
Meanwhile, in Fig 8 ¢, when «k=1000, high-
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frequency sustained oscillations with amplitude less
than 40 rad/s are visible in the response. In Fig 9,
the «, gain is varied with a larger sweep to observe

further changes. However, beyond the value of
1000, the response shows the same profile.

Fig. 10 shows that the tracking error converges to 0
when the value of the «, gain is close to 27. In Fig

10. b, the tracking error is negligible when k =272.

In Fig 10. a, the tracking error shows large
overshoots at 10 s when the reference signal
changes its form. The zoomed view of the response,
when k =27according to Fig. 11, shows that the

tracking error is small on either side of the change in
the profile of the reference. In Fig 10. c, the
chattering effect or high frequency sustained
oscillations with small amplitude occurs in the
backstepping controller response when k =275.

According to [16], there is a trade-off between the
robustness and the chattering effect in the closed-
loop response while adjusting the ki gain. The
robustness, in the simulations where k; is about 27,
is described by the change in the reference signal.
As one can see, large overshoots occur in Fig.10 a
while no overshoot is visible in Fig. 10 c.

Actual angular veticity =e=e= Desred anguiar velodly = = = Tracking enor |

ol (rad
\‘ N

=g

10t (ra

14

Fig. 8: System response when k,=k,=0 a) k=0 b)
k =100 and C)k =1000
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Fig. 11: Zoomed view of system response when
k,=k,=0 and k, =27

5 Discussion and Gains
Method Perspective

In this section, we discuss two issues encountered in
the results section.

The first problem concerns the change in the
response profile by varying the ki gain while no
change is noted with the other gains. In (5), the k:

Tuning
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gain is the coefficient of the feedback term
appearing in the second virtual control. When k; is
0, the first virtual control does not give the desired
second state variable. Since the second virtual
control depends on the first one via the backstepping
effect, the desired third state variable is also bhiased.
The ki value provides feedback on the actual
angular velocity in the backstepping controller. This
feedback link guarantees the convergence of the
tracking error to zero. However, without this link,
the tracking error does not maintain the convergence
as time goes to infinity.

The second problem concerns the limit values
indicated in certain simulations. This problem may
be related to the first one because the biased virtual
control leads to biased tracking errors. Indeed, our
tracking error is calculated using the reference
signal. However, without the feedback link, the
equilibrium point in the Lyapunov function is not
the desired one. The limit value noted in some
simulations may be the biased equilibrium point.

6 Conclusion

In this paper, we address the problem of adjusting
the gains of the non-self-tuning backstepping
controller. The objective is to analyze the effect of
each controller gain in the closed-loop response to
propose a standardized approach to tune these gains.
The results show that only one of the three gains
affects the convergence of the tracking error to zero
as time tends to infinity. This gain provides the
feedback link of the actual angular velocity in the
backstepping controller. The calculated virtual
controls are not those expected when this gain is not
well adjusted. Future works will investigate the
analytic value of this critical gain. The effect of the
other gains once the critical gain is adjusted, will be
studied to propose a rigorous gain tuning method.

References:

[1] S. Zhao et al., "A Generalized Control Model and
Its  Digital ~ Algorithm  for  Aerospace
Electrohydraulic Actuators," in Proceedings, 2020,
vol. 64, no. 1, p. 31: MDPI.

[2] B. Shaer, J.-P. Kenné, C. Kaddissi, and C. Fallaha,
"A chattering-free fuzzy hybrid sliding mode
control of an electrohydraulic active suspension,”
Transactions of the Institute of Measurement and
Control, vol. 40, no. 1, pp. 222-238, 2018.

[3] S. Lietal, "Failure analysis for hydraulic systems
of heavy-duty machine tools with incomplete
failure data," Applied Sciences, vol. 11, no. 3, p.
1249, 2021.

[4] F. Alargin, H. Demirel, M. E. Su, and A. J. A. P.
H. Yurtseven, "Conventional PID and modified

Volume 18, 2023



(5]
(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

WSEAS TRANSACTIONS on SYSTEMS and CONTROL
DOI: 10.37394/23203.2023.18.17

PID controller design for roll fin electro-hydraulic
actuator,” Acta Polytechnica Hungarica, vol. 11,
no. 3, pp. 233-248, 2014.

H. E. Merritt, Hydraulic Control Systems. John
Wiley & Sons Inc, 1967.

T.C. Do, D. T. Tran, T. Q. Dinh, and K. K. Ahn,
"Tracking Control for an Electro-Hydraulic Rotary
Actuator Using Fractional Order Fuzzy PID
Controller," Electronics, vol. 9, no. 6, p. 926,
2020.

M. F. Ghani et al., "Improved Third Order PID
Sliding Mode Controller for Electrohydraulic
Actuator Tracking Control," Journal of Robotics
and Control, vol. 3, no. 2, pp. 219-226, 2022.

M. A. Shamseldin, M. Sallam, A. Bassiuny, and A.
A.J. W. T. S. C. Ghany, "A new model reference
self-tuning fractional order PD control for one
stage  servomechanism system,”  WSEAS
Transactions on Systems and Control, vol. 14, pp.
8-18, 20109.

H. Feng, W. Ma, C. Yin, and D. Cao, "Trajectory
control of electro-hydraulic position servo system
using improved PSO-PID controller," Automation
in Construction, vol. 127, p. 103722, 2021/07/01/
2021.

X. Zuo, J.-w. Liu, X. Wang, and H.-q. Liang,
"Adaptive PID and Model Reference Adaptive
Control Switch Controller for Nonlinear Hydraulic
Actuator," Mathematical Problems in Engineering,
vol. 2017, p. 6970146, 2017/10/15 2017.

M. Krstic, P. V. Kokotovic, and I
Kanellakopoulos, Nonlinear and Adaptive Control
Design. John Wiley & Sons, Inc., 1995.

C. Kaddissi, M. Saad, J.-P. J. J. 0. V. Kenné, and
Control, "Interlaced backstepping and integrator
forwarding for nonlinear control of an
electrohydraulic active suspension,” Journal of
Vibration and Control, vol. 15, no. 1, pp. 101-131,
2009.

G. Chen et al., "Position Output Adaptive
Backstepping Control of Electro-Hydraulic Servo
Closed-Pump Control System," Processes, vol. 9,
no. 12, p. 2209, 2021.

A. M. Al Aela, J.-P. Kenne, H. A. J. J. 0. V.
Mintsa, and Control, "Adaptive neural network
and nonlinear electrohydraulic active suspension
control system," Journal of Vibration and Control,
vol. 28, no. 3-4, pp. 243-259, 2022.

Q. Guo et al., "Prescribed Performance Constraint
Regulation of Electrohydraulic Control Based on
Backstepping with Dynamic Surface,” Applied
Sciences, vol. 8, no. 1, p. 76, 2018.

C. Kaddissi, J. P. Kenne, and M. Saad,
"ldentification and Real-Time Control of an
Electrohydraulic  Servo  System Based on
Nonlinear Backstepping," IEEE/ASME
Transactions on Mechatronics, vol. 12, no. 1, pp.
12-22, 2007.

Z. Xiang, D. Ji, H. Zhang, H. Wu, and Y. J. I. S.
Li, "A simple PID-based strategy for particle

E-ISSN: 2224-2856

173

Honorine Angue Mintsa, Geremino Ella Eny,
Nzamba Senouveau, Rolland Michel Assoumou Nzue

swarm optimization algorithm,” Information
Sciences, vol. 502, pp. 558-574, 2019.

H. M. J. W. T. o. S. Nguyen and Control,
"Nonlinear Feedback Linearization Control for
Wind Generators in  Hybrid Wind Energy
Conversion Systems," WSEAS Transactions on
Systems and Control, vol. 16, pp. 493-501, 2021.
Y. Chaou, S. Ziani, H. B. Achour, A. J. W. T. 0. S.
Daoudia, and Control, "Nonlinear Control of the
Permanent Magnet Synchronous Motor PMSM
using Backstepping Method," WSEAS
Transactions on Systems and Control, vol. 17, pp.
56-61, 2022.

J. Zhao, D. Song, B. Zhu, Z. Chen, and Y. J. I. A.
Sun, "Nonlinear backstepping control of electro-
hydraulic brake system based on bond graph
model," IEEE Access, vol. 8, pp. 19100-19112,
2020.

H. A. Mintsa, G. E. Eny, N. Senouveau, J.-P.
Kenné, R. M. A. J. J. o. R. Nzué, and Control, "An
Alternative  Nonlinear  Lyapunov  Redesign
Velocity Controller for an Electrohydraulic Drive,"
Journal of Robotics and Control, vol. 4, no. 2, pp.
192-201, 2023.

F. Shokouhi and A.-H. Davaie Markazi, "A new
continuous approximation of sign function for
sliding mode control,” in International Conference
on Robotics and Mechatronics (ICRoM 2018).
Tehran. Iran, 2018.

[18]

[19]

[20]

[21]

[22]

Contribution of Individual Authors to the
Creation of a Scientific Article (Ghostwriting
Policy)

-Honorine Angue Mintsa and Rolland Michel
Assoumou Nzué carried out the design and the
Matlab ~ Simulink  implementation  of  the
backstepping controller.

-Gérémino Ella Eny was responsible for the
literature review and the analysis of the results
shown in Section 4.

-Nzamba Senouveau executed the numerical results
by varying the different gains in the controller.

Sources of Funding for Research Presented in a
Scientific Article or Scientific Article Itself
No funding was received for conducting this study.

Conflict of Interest
The authors have no conflict of interest to declare.

Creative Commons Attribution License 4.0

(Attribution 4.0 International, CC BY 4.0)

This article is published under the terms of the

Creative Commons Attribution License 4.0

https://creativecommons.org/licenses/by/4.0/deed.en
us

Volume 18, 2023


https://creativecommons.org/licenses/by/4.0/deed.en_US
https://creativecommons.org/licenses/by/4.0/deed.en_US



