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Abstract: The hip’s lower limb exoskeleton essential and most important function is to support human’s payload as
well as to enhance and assist human’s motion. It utilizes an electro-hydraulic servo manipulator which is required to
achieve precise trajectory tracking and positioning operations. Nevertheless, these tasks require precise and robust
control, which is very difficult to attain due to the inherent nonlinear dynamic behavior of the electro-hydraulic system
caused by flow-pressure characteristics and fluid volume control variations of the servo valve. The sliding mode
controller (SMC) is a widely used nonlinear robust controller, yet uncertainties and delay in the output degrade the
closed-loop system performance and cause system instability. This work proposes a robust controller scheme that
counts for the output delay and the inherent parameter uncertainties. Namely, a sliding mode controller enhanced by
time-delay compensating observer for a typical electro-hydraulic servo system is adapted. SMC is utilized for its
robustness against servo system parameters’ uncertainty whereas a time-delay observer estimates the variable states
of the controller (velocity and acceleration). The main contribution of this paper is improving on the closed loop
performance of the electro hydraulic servo system and mitigating the delay time effects. Simulation results prove the
robustness of this controller, which forces the position to track the desired path regardless of the changes of the
amount of transport delay of the system’s states. The performance of the proposed controller is validated by repeating
the simulation analysis while varying the amount of delay time.
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0 Introduction

Electro-hydraulic servo systems have a great in-
dispensable role in many applications where large
torque load and inertia have to be controlled with
high degree of accuracy and efficient performance.
Because of the nonlinear dynamic behavior of elec-
tro-hydraulic systems, such as {low-pressure charac-
teristics and fluid volume control variations of the
servo valve, the control of these systems becomes
very difficult in return. Electro hydraulic models con-

tain huge uncertainties and unmodeled dynamics"".
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With this regard,
(SMC) has attracted considerable attention as it

the sliding mode controller

solves the problem of stability, modelling uncertain-
ty, disturbances and it has a fast-transient response

1”%). SMC is often combined with other con-

as wel
troller schemes to further improve the system perfor-
mance and to eliminate the most critical drawback of
SMC which is called chattering caused by the high-
frequency switching SMC, switching imperfection,
delays in switching and small-time constants of actu-
[46]

ators

It is well known that time delay is a widely ex-
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isting phenomenon in many industrial processes,
such as electro hydraulic systems, electric circuits,
etc. ). Time-delay and uncertainties result in the
system instability and closed loop performance deg-
radation. Therefore, time delay systems have
drawn significant research interest in the area of de-
veloping new compensation techniques in the past
few years. The delay compensation techniques guar-
antee that the controller designed for the system
with no delay can be used for the control of the time
delayed system given that the full state is measur-
able and delays are determined®'”. In Ref.[11], a
robust control scheme for time delayed uncertain
systems based on disturbance observer technique
was proposed. It solves the linear matrix inequalities
(LMIs) for the design parameters of the disturbance
observer. Similarly, in Ref.[12], a robust control
scheme for discrete time delayed uncertain systems
based on disturbance observer technique was pro-
posed.

In this paper, a robust nonlinear control tech-
nique is adapted for the control of electro hydraulic
servo system. A time delay estimation with SMC
(TDE-SMC) that counts for the time delay and the
system uncertainties is proposed to ensure good per-
formance and stable system. The response to the
varying time delay is numerically tested for some
given values of transport delay introduced to the sys-

tem output.

1 Problem Formulation

1.1 System dynamics and modeling

The rotary electro-hydraulic system of the hip’s
exoskeleton shown in Fig.1 is discussed in this pa-
per. It is mainly composed of a double-ended hy-
draulic curved piston rod, a center-mounted rotating
shaft, an angular displacement sensor, a guide
sleeve, two rigid links and an electro-hydraulic ser-
vo-proportional valve. In addition, it has some indis-
pensable sealing components to prevent oil’ s exter-
nal leakage as well as internal leakage between the
two chambers'*!",

The dynamical model for the cylinder can be

described via Newton’s Law by the following equa-
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Fig.1 Schematic diagram of electro-hydraulic servo system

tion'lz,m

Jg= (P2, — Q. P,)R—b6R6— T\ (1)
where R is the shortest distance between the center
of rotation and the attached load’ s centroid of the
mass; m the mass of the load and actuator; & the
damping coefficient, and 6 the angular displacement.
0, and 0, are the effective ram areas of the cylinder.

The ratio between the effective area at both

ends of the asymmetric cylinder is*!"
2,
ey (2)

Hence, P, = P, — pP..
The dynamical model for the cylinder becomes
J6 =P .0,R—bRO— T, (3)
For an ideal electro hydraulic servo valve with
symmetric and matched orifice, the load pressure P,
and flow Q. can be expressed as
Q. = Cywa, /P‘ — ng(‘”")P" (4)

where C, is the valve discharge coefficient, w the

spool valve area gradient, P, the supply pressure
and p the fluid density.
The dynamics of the spool valve is described

aS'ISJ
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&, ——x, T+ K.u (5)
where x, is the spool valve displacement related to
the current input u=i, and z, and K, are the time
constant and gain of the servo valve, respectively.
The natural frequency of the servo valve is greater
than that of the circular hydraulic cylinder, so that

the spool valve dynamics is neglected and we have

r,=K.u (6)
Substituting Eq.(6) to Eq.(4) and choosing
u,= /P, —sgn(x,) P u (7)

The system states are selected as
[«Tl X «Ts]’r:[a 0 P[,JT (8)

and the state space representation of the system is

shown as
1.‘1:1'2
.2'?2:*¢1$2+¢2-T3 9)
XT3 — TYLT T Y X + Hu,— C P+ T,
bR QR 21+ 9B R
where ¢1:7,¢2: } ’W1:$a

_ 204986y o 201+ 7)B.CowkK,

V. V. \[0

The actual manipulation (control) signal of the

2

system is defined by
sgn(u,)=sgn(u) (10)
u,

u— (11)
P, — sgn(u,)x;

The corresponding errors of the system states
and their relative derivations are represented by the
difference by the desired and the actual states as rep-
resented in Egs.(12, 13).

Oi=(— o+ o) — & (12)
é; :(ff’? — Gy X, —(Pry T Poyr) s T
(¢.H u,— 0, (13)

é2:i2—

1.2 Design of sliding mode controller

SMC is a nonlinear controller that provides a
robust control action for nonlinear systems exhibit-
ing uncertainties in its parameters. The sliding sur-
face is firstly defined as'*

Sy=e,+ e (14)

But when differentiating the control input, u
will not appear in the derived function because the
relative degree between « and S is greater than one.

Then, the sliding surface is chosen to be the follow-

ing function with a relative degree equal to one be-

tween « and "',
S=e,+ Ae, + Aie (15)

The control input « will appear when differenti-
ating the sliding surface function. Furthermore, 2,
and A, are positive constants to drive the system
states towards the sliding surface and remain there,
hence ensuring the stability of the system. When the
switching function reaches its zero level, the states
will approach the origin as well !,

The sliding mode controller law ensures that
the states are driven to zero (towards the sliding sur-
face) , which is determined such that both reaching
phase and sliding phase are 55<20.

S=é,+ de.+ e, (16)

The equivalent control is selected by the neces-
sary condition of sliding mode to let S=0 with
nominal value.

U =(H) "(—(pt — dov)x: + (1 +

pos) Xy 0, Ases— Aiey) (17)

The control rule is designed to meet the sliding
condition regardless the estimation of errors.
Hence, a discontinuous term is added to Eq.(17).

u=u.,t u, (18)
where u,, = H 'Ksgn(S).

Achieving trajectories tracking with zero error
requires all system states to be forced to converge to
S in finite time and remain on S afterwards. For the
system stability, the Lyapunov function is'*’

V=058" (19)

The reaching condition of SMC is obtained

where IT is a positive design parameter. Hence

V:o.5%52<—ms| (20)

The gain K of the discontinuous part of the con-
troller rule is determined to meet the following con-
dition

K=B(F+1I) +(8—1)H|u|+ D

(21)
Hme\x/Hmin >1 H71H<ﬂ

If the discontinuous switching gain K is met,
reaching condition will be achieved and the tracking
will be done within the specified error bounds of £

and F.
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1.3 Time delay estimation (TDE) with SMC

As elaborated in the previous section, the time
delay of the electro hydraulic servo system degrades
the system performance and excites undesirable
noise that cause the system instability'**/. In this
paper, the aim is to design a time-delay observer
that estimates the states and ensure the system sta-
bility as well as ensure the system stability over the
delay range'®’.

The delayed output observer is designed as

2(2) = AZ(t) + Hu(?) +L{5x(z) — % (#(1—

Al)-hi"(t—Az))} (22)

A must be Hurwitz and K is selected to make

A-KC Hurwitz as well'®’,

Let 8(0) =5(1) — 5 (31— A)+E(1— 4))23)

y=x(t—A)=C(t—A),C=[100] (24)
=2, + L)

Iy=—¢ &+ $ods+ LO(2) (25)
Zy=—y & — wods + Huy+ L 6(2)
L=[L, L, L, (26)
e=1,— 0,
é=1,— 6, (27)

The tracking error between the delayed output
observer and the desired trajectories is
e,=a,— 0, = —¢ 2.+ o2y — 0, FLo(r) (28)
&= (1 — oy ) B —($rpo + poy) &5+
(¢.H)u,— 6,+Lo(2) (29)
The observing variable is
S=é, 26 +Aé (30)
where A, and A, are positive constants. The Lyapu-
nov function 1s selected as
V=0.55" (31)
V=564 26+ 1.é)=
SA(((ﬁ — Gy )T — (i T Poy) Xy 1
(¢poH)u,— 0, +L6(2) + A8, +Aé) (32)
We select the controller as
u=u.,+ u, (33)

where u,, = b 'Ksgn(S).
u, = (. H ) (*(ﬂﬁ — o), (i T
Goy) s+ 0, — Ases — Ajey) (34)
V=—KSsgn(S)=—K|S|<0 (35)
Therefore, there exists ¢, for z=1¢., we have
S=¢é,+ 2,6, + Aé (36)

1.e., é,,e,e >0 as t—>0.

2 Results and Analysis

The simulation of this technique is carried on
MATLAB Simulink Table 1 lists all parameters
used to represent the linearized model of the rotary
electro hydraulic servo system. This defined model
is then tested for some delay that is introduced to its
states. The system 1is tested at five different delay
times(0.25,0.55,0.8s,15,1.55).

Table 1 Electro hydraulic servo system parameters

Symbol Value Unit
0, 2.4x 10" m?
0, 4.9% 10°* m?
b 850 N/(m-s ')
B 7.45% 10° Pa
K, 1.26X107* m/V
w 1.2X 1072 m?
C; 8x 10 Y m?®/(Pa-s)
v, 2.09% 1077 m’
v, 6.96X 107 m®
A 35000 N/A
Ay 16 000 N/A
0 850 kg/m®
Cy 0.8 N/A
K, 0.342 m?/s
P, 5% 10° Pa
K 1.1 N/A
R 0.06 m
J 0.06 kg-m’

Fig.2 shows the actual state variables and the
observer estimated states namely (&, &,). The esti-
mated states mimic and preserve the dynamical char-
acteristics of the actual states. These estimated
states are used as inputs for the sliding mode control-
ler because in real systems some of the states are dif-
ficult to measure and the level noise raises the risk
of triggering unwanted oscillations. The desired, ac-
tual trajectories and the estimated delay compensat-
ed trajectories are depicted when there is no delay at

the system states.
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Fig.2 Output trajectories with delay-free system states

Fig.3 shows the system trajectory tracking
when the introduced delay is alleviated. Regardless
of the delay of the output states the system response
is maintained to be close to the desired one. This in-
dicates that the delay effects have been eliminated.
The system steady state errors are kept noticeably
low and the response transient response are main-
tained within acceptable ranges. On the other hand,
Fig.4 depicts the system response while this delay
exists for a step command positioning task.

Fig.5 shows a comparison when the delay ex-
ists and when compensated. When delay exists, the
system’ s response become instable and its motion
profile can no longer be expected. Fig.6 shows the
error between the desired output state and the esti-
mated delay compensated trajectories for different
delay periods. It can be clear that the error margin is

low regardless of the delay period. These signals are

15
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1ok . — Error signal

0.0 05 1.0 s 2.0
Time / 10* ms

Fig.3 Estimated trajectory V| actual response (Delay is

compensated)
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Fig.5 System response when delay exists and is compensated
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Fig.6  Error difference between the desired input trajectory
and the estimated delay compensated output for a va-

riety of delay ranges

fed to the sliding mode controller and the system sta-
bility is maintained. Similarly, Fig.7 shows that the
larger the delay, the larger the error. However,

these transient and steady state errors are within the
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Fig.7 Magnitude of error signal for different delays

acceptable range with which a precise and smooth

tracking are achieved.

3 Conclusions

A delay compensating observer for the SMC-
controlled rotary electro-hydraulic servo systems
with uncertain dynamics is considered. It estimates
the states of the controller by which mitigating delay
time of the system states becomes possible. A tiny
delay in the output of an electro-hydraulic servo sys-
tem that is controlled by the classical SMC could
drive the system to be unstable and fire undesired at-
tenuation. However, the designed technique is ro-
bust to the delay occurring in the output and stable
over a wide operating range. Furthermore, the ob-
tained numerical simulation results show desirable
performance in terms of transient and steady re-
sponse. It also shows a smooth and accurate track-
ing performance. The tracking error is kept notice-
ably low with less steady state error and settling
time regardless of the transport delay occurring in
the system states. Improving this new control tech-
nique that counts for the output delay phenomenon
problem is the main contribution of this work. This
technique is tested and validated by simulation in
MATLAB.
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