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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 flow-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［1］.

With this regard， the sliding mode controller
（SMC） has attracted considerable attention as it
solves the problem of stability，modelling uncertain⁃
ty，disturbances and it has a fast-transient response
as well［2-3］. SMC is often combined with other con⁃
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⁃
ators［4-6］.

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.［7］. 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［8-10］. 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［13-15］.

The dynamical model for the cylinder can be
described via Newton’s Law by the following equa⁃

tion［12，16］

Jθ̈= (P 1Ω 1 - Ω 2 P 2) R- bRθ̇- TL (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；b the
damping coefficient，and θ̇ the angular displacement.
Ω 1 and Ω 2 are the effective ram areas of the cylinder.

The ratio between the effective area at both
ends of the asymmetric cylinder is［14-17］

η= Ω 2
Ω 1

(2)

Hence,PL = P 1 - ηP 2.
The dynamical model for the cylinder becomes

Jθ̈= PLΩ 1R- bRθ̇- TL (3)
For an ideal electro hydraulic servo valve with

symmetric and matched orifice，the load pressure PL
and flow QL can be expressed as

QL = C dwx v
P s - sgn ( x v ) PL

ρ
(4)

where Cd is the valve discharge coefficient，w the
spool valve area gradient，Ps the supply pressure
and ρ the fluid density.

The dynamics of the spool valve is described
as［18］

Fig.1 Schematic diagram of electro-hydraulic servo system
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τv ẋ v =-x v + K vu (5)
where xv is the spool valve displacement related to
the current input u=i，and τv and Kv 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

x v = K vu (6)
Substituting Eq.（6）to Eq.（4）and choosing

u0 = P s - sgn ( x v ) PL u (7)
The system states are selected as

[ x 1 x 2 x 3 ] T=[ θ θ̇ PL ] T (8)
and the state space representation of the system is
shown as

ì

í

î

ïï
ïï

ẋ 1 = x 2
ẋ 2 =-ϕ 1 x 2 + ϕ 2 x 3
ẋ 3 =-ψ 1 x 2 - ψ 2 x 3 + Hu0 - C ts P s + TL

(9)

where ϕ 1=
bR
J

，ϕ 2=
Ω 1R
J

，ψ 1=
2( 1+η2 ) β eΩ 1R

V t
，

ψ 2 =
2( 1+ η2 ) β eC tp

V t
，H = 2(1+ η2 ) β eC dwK v

V t ρ
.

The actual manipulation（control）signal of the
system is defined by

sgn ( u0 )= sgn (u) (10)

u= u0
P s - sgn ( u0 ) x 3

(11)

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 Eqs.（12，13）.

ė2 = ẍ 2 - θd = (-ϕ 1 ẋ 2 + ϕ 2 ẋ 3 )- xd (12)
ė2 = ( ϕ21 - ϕ 2ψ 1 ) x 2 -( ϕ1ϕ2 + ϕ 2ψ 2 ) x 3 +

( ϕ2H ) u0 - θd (13)

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［18］

S 0 = e1 + λ1e (14)
But when differentiating the control input，u

will not appear in the derived function because the
relative degree between u 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 u and S［19］.

S= e2 + λ2e1 + λ1e (15)
The control input u will appear when differenti⁃

ating the sliding surface function. Furthermore，λ2
and λ1 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［20-21］.

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 SṠ<0.

Ṡ= ė2 + λ2e2 + λ1e1 (16)
The equivalent control is selected by the neces⁃

sary condition of sliding mode to let Ṡ= 0 with
nominal value.
u eq = ( ϕ2H )-1 (-( ϕ21 - ϕ 2ψ 1 ) x 2 +( ϕ1ϕ2 +

ϕ 2ψ 2 ) x 3 + θd- λ2e2 - λ1e1 ) (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 eq + u sw (18)
where u sw = H -1Ksgn ( 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［22］

V = 0.5 S2 (19)
The reaching condition of SMC is obtained

where Π is a positive design parameter. Hence

V̇ = 0.5 ddt S
2 ≤-Π | S | (20)

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

{K≥ β ( )F+ Π +( β- 1 )H || u + D

β= Hmax/Hmin ≥ 1 H -1H ≤ β
(21)

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 β
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［22-24］. 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［8］.

The delayed output observer is designed as

ẋ̂ ( t) = Ax̂ ( t) + Hu ( t) + L é
ë
êȳ ( t) - 1

2 ( x̂ ( t-

Δ 1 )+ x̂ ( t- Δ 2 ) ) ù
û
ú (22)

A must be Hurwitz and K is selected to make
A-KC Hurwitz as well［25］.

Let δ ( t) = ȳ ( t) - 1
2 ( x̂ ( t- Δ 1 )+ x̂ ( t- Δ 2 ) )(23)

ȳ= x ( t- Δ) = C ( t- Δ ),C=[ 1 0 0 ] (24)
ì

í

î

ïï
ïï

ẋ̂ 1 = x̂ 2 + L δ ( )t
ẋ̂ 2 =-ϕ 1 x̂ 2 + ϕ 2 x̂ 3 + L δ ( )t
ẋ̂ 3 =-ψ 1 x̂ 2 - ψ 2 x̂ 3 + Hu0 + L δ ( )t

(25)

L=[ L 1 L 2 L 3 ]T (26)

{ê= x̂ 1 - θd
ê1 = x̂ 2 - θ̇d
ê2 = ẋ̂ 2 - θ̈d

(27)

The tracking error between the delayed output
observer and the desired trajectories is
ė̂2 = ẍ̂ 2 - θd =-ϕ 1 ẋ̂ 2 + ϕ 2 ẋ̂ 3 - θd + Lδ ( t) (28)

ė̂2 = ( ϕ21 - ϕ 2ψ 1 ) x̂ 2 -( ϕ1ϕ2 + ϕ 2ψ 2 ) x̂ 3 +

( ϕ2H ) u0 - θd + Lδ ( t) (29)
The observing variable is

Ŝ= ê2 + λ1 ê1 + λ2 ê (30)
where λ1 and λ2 are positive constants. The Lyapu⁃
nov function is selected as

V = 0.5 Ŝ2 (31)
V̇ = Ŝ ( ė̂2 + λ1 ê2 + λ2 ê1 )=

Ŝ ( ( ϕ21 - ϕ 2ψ 1 ) x̂ 2 -( ϕ1ϕ2 + ϕ 2ψ 2 ) x̂ 3 +
( ϕ2H ) u0 - θd + L δ ( )t + λ1 ê2 + λ2 ê1 ) (32)
We select the controller as

u= u eq + u sw (33)

where u sw = b-1Ksgn ( S ).
u eq = ( ϕ2H )-1 (-( ϕ21 - ϕ 2ψ 1 ) x̂ 2 +( ϕ1ϕ2 +

ϕ 2ψ 2 ) x̂ 3 + θd - λ2e2 - λ1e1 ) (34)
V̇ =-KŜ sgn ( Ŝ )=-K |Ŝ|≤ 0 (35)

Therefore，there exists ts，for t≥ ts，we have
Ŝ= ê2 + λ1 ê1 + λ2 ê (36)

i.e.，ê2，ê1，ê → 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 is tested at five different delay
times（0.2 s，0.5 s，0.8 s，1 s，1.5 s）.

Fig. 2 shows the actual state variables and the
observer estimated states namely（x 1，x̂ 1 ). 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.

Table 1 Electro hydraulic servo system parameters

Symbol
Ω 1
Ω 2
b
βe
K v
w
C i
V 1

V 2

λ1
λ2
ρ
C d
K q
P s
K
R
J

Value
2.4× 10-4
4.9× 10-4
850

7.45× 108
1.26×10-4
1.2× 10-2
8× 10-13
2.09× 10-5
6.96× 10-5
35 000
16 000
850
0.8
0.342
5×106
1.1
0.06
0.06

Unit
m2

m2

N/( m ⋅ s-1 )
Pa
m/V
m2

m3/( Pa ⋅ s )
m3

m3

N/A
N/A
kg/m3

N/A
m2/s
Pa
N/A
m

kg ⋅ m2
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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

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

Fig.5 System response when delay exists and is compensated

Fig.2 Output trajectories with delay-free system states

Fig.3 Estimated trajectory Vs actual response (Delay is
compensated)

Fig.6 Error difference between the desired input trajectory
and the estimated delay compensated output for a va⁃
riety of delay ranges

Fig.4 Estimated trajectory Vs actual response (Delay time
response is not compensated)
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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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旋转电液伺服系统的延迟补偿观察器与滑模控制器

ZAKARYA Omar1，2，KHALID Hussein1，王兴松 1，
ORELAJA Olusyi Adwale1

（1.东南大学机械工程学院, 南京 211189, 中国；2.萨那大学工程学院, 萨那, 也门）

摘要：臀部的下肢外骨骼必不可少且最重要的功能是支持人类的有效载荷以及增强和辅助人类的运动。它采用

电液伺服机械手，实现精确的轨迹跟踪和定位操作。然而，这些任务需要精确和稳健的控制，由于伺服阀的流量⁃
压力特性和流体体积控制变化导致电动液压系统固有的非线性动态行为，因此很难实现。滑模控制器（SMC）是

一种广泛使用的非线性鲁棒控制器，但输出中的不确定性和延迟会降低闭环系统的性能并导致系统不稳定。该

工作提出了一种稳健的控制器方案，该方案考虑了输出延迟和固有参数的不确定性，即采用了典型电液伺服系

统的时滞补偿观测器增强的滑模控制器。SMC因其对伺服系统参数不确定性的鲁棒性而被利用，而时延观测

器则估计控制器的可变状态（速度和加速度）。本文的主要贡献是改进电液伺服系统的闭环性能并减轻延迟时

间影响。仿真结果证明了该控制器的鲁棒性，无论系统状态的传输延迟量如何变化，它都会迫使位置跟踪所需

的路径。通过在改变延迟时间量的同时重复仿真分析来验证所提出控制器的性能。

关键词：滑模控制器；旋转电液伺服系统；延迟补偿观察器；传输延迟

56


