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a b s t r a c t

The hydraulically driven shaking table has been developed for damping characteristic experiments on
shock absorbers in this paper. The damping characteristics and corresponding experiments on the
double-tube hydraulic absorber are analyzed firstly, and its damping force model is also built. Then
the working principle is introduced, and the structure and components of the physical shaking table
are described, especially the hydraulic actuator, composed of servo valve controlled asymmetric cylinder
with damping load, is analyzed. Considering parameter uncertainty, nonlinearity, asymmetry and time-
variation of such hydraulic system, as well as repeatability of desired trajectory, an open-closed-loop ILC
scheme is designed to solve the challenging control issue. The simulation and experiments are developed
to verify the feasibility of working principle and the superiority of proposed control method. The hydrau-
lically driven shaking table developed by discussed electro-hydraulic control technology has been applied
in actual damping characteristic experiments for a serial of shock absorbers, and achieved satisfactory
testing performance.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

As an important device used in suspension systems of modern
vehicles, the shock absorber is mounted between auto bridge and
frame for damping the vibration caused by uneven road to moder-
ate impulsive load [1]. Therefore, the damping performance of the
shock absorber is of importance to running smoothness, operating
steadiness and through capacity of vehicles. With demanding
requirements for safety and comfort of driving vehicle, research
on the shock absorber have gained more and more attention,
including its high frequency performance, experiments for damp-
ing characteristic, temperature control, noise issue, etc. [2]. In this
paper, based on electro-hydraulic control technology, experiments
on damping characteristic of the shock absorbers are researched.

The shaking table, as an important experimental device, has
been widely used in design, manufacturing and inspection stages
of the shock absorbers, to simulate the vibration condition and test
the damping characteristic of absorbers. Regarding the shaking
table for shock absorbers, Dutch KONI Co. is in the leading position,
whose products have been widely applied by many vehicle manu-
factures [3], while American MTS Co. and German SCHECK Co. also

have developed advanced shaking table products for the shock
absorbers [4].

The shaking table for the shock absorbers is normally driven by
hydraulic cylinder or electric-motor to generate vibrations [5]. The
electric shaking table, driven by electric-motor (as shown in Fig. 1),
uses crank and connecting rod mechanism to turn rotation into
simple harmonic vibration, although having advantages of simple
structure and easy control, as well as low cost, such kind of shaking
table also has some notable disadvantages, such as poor control
precision, limited vibration bandwidth and inconvenient adjust-
ment for vibration parameters. Hydraulically driven shaking table
drives tested absorber to vibrate by means of cylinder’s movement
directly, then it could regulate the vibration parameters flexibly
and achieve ideal control performance, due to advantages of
hydraulic control system, such as high power–mass ratio and stiff-
ness, fast response, high control precision, compactness and high
payload capability [6]. Therefore, a hydraulically driven shaking
table is designed and developed in this paper.

The hydraulic actuator, servo valve controlled asymmetric cyl-
inder, employed in most hydraulically driven shaking tables, is
subjected to friction, dead zone, fluid compressibility, internal
leakage and hysteresis [7], and the dynamic performance of servo
valve is often influenced by supply pressure, fluid and ambient
temperature, etc [8], furthermore, the asymmetric structure of sin-
gle-rod cylinder brings great asymmetry and time-variation. Apart
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from such nonlinear nature of hydraulic dynamics, the electro-
hydraulic servo system also has a large extent of model uncertain-
ties, which cannot be modeled exactly, and the nonlinear functions
that describe them accurately are difficult to get known [9].
Therefore, control for hydraulically driven shaking table is always
a challenging issue.

Traditional proportional–integral–derivative (PID) control
method has been widely applied in many electro-hydraulic control
systems due to its simplicity, clear functionality and easy
implementation [10], but on the other hand, it is difficult to
achieve satisfactory control performance because of above factors
of nonlinearity, asymmetry and parameter uncertainty.

Therefore present research for electro-hydraulic servo systems
is focused on nonlinear control methods, designed to change con-
trol parameters adaptively in real time so as to achieve the desired
performance. Sliding mode control [11,12] has a wide range of
application in hydraulic control, which is frequently along with
some uncertainty learning and compensation techniques to deal
with uncertainty and nonlinearity of controlled plant. The adaptive
control method [13,14] is equally a research hotspot, employing
adaptive laws to compensate for uncertain parameters. Other con-
trol methods, such as fuzzy PID control [15], backstepping control
[16], feedback linearization control [17], robust H1 control [18],
quantitative feedback control [19], and neural network control
[20] are also designed for electro-hydraulic servo systems, but
their disadvantages could not be ignored. For example,
complicated calculation may be required, which cannot meet the
real-time requirement in motion control systems; many parame-
ters should be estimated in advance, which leads to difficult tuning
process.

Iterative learning control (ILC) has gained considerable interests
from researchers, and become a hotspot issue in recent years. Gen-
erally speaking, ILC uses information from previous executions in
the iterative process of finding the learned commands so as to
improve performance under repetitive motion [21]. ILC could pro-
vide a feasible solution for electro-hydraulic control issue, and
some applications of ILC in hydraulic control system have proved
its effectiveness. Considering the repetition of vibration in damp-
ing characteristic experiments for absorbs, the control scheme
based on open-closed-loop ILC is designed for hydraulic control
system with high precision.

In this paper, the hydraulically driven shaking table is
developed for damping characteristic experiments on the shock
absorbers, and an open-closed-loop ILC method is proposed to
solve control issue. The rest of the paper is organized as follows.
Section 2 introduces the damping characteristics of the double-
tube hydraulic shock absorber, including force analysis, math
model and relative experiment items. Section 3 describes system

principle and actual components of hydraulically driven shaking
table. In Section 4, the model of hydraulic actuator is derived,
and its characteristic is also analyzed. In Section 5, the fundamen-
tal principle of ILC is introduced, and an open-closed-loop PD-type
ILC method is designed for electro-hydraulic control in the shaking
table. Section 6 gives simulation results of system principle and
control method. Section 7 presents the experimental results of
the hydraulically driven shaking table. Lastly, conclusions are
made to summarize the main work of this paper.

2. Damping characteristic of shock absorbers

2.1. Operating principle of two-tube hydraulic shock absorbers

The two-tube hydraulic shock absorber has been extensively
adopted in suspension systems of various vehicles, therefore it is
regarded as the tested object in this paper. Generally speaking,
the hydraulic shock absorber is a kind of energy-consuming unit,
turning vibration energy into thermal energy [22]. The relative
motion between the frame and suspension of vehicle drives the
absorber to compress and rebound repetitively, then hydraulic oil
keeps flowing between different chambers via the orifice itera-
tively, which forms the damping force to resist the vibration
[23]. The fundamental structure and operating principle of two-
tube hydraulic shock absorbers can be described in Fig. 2.

The two-tube hydraulic shock absorber is made up of a piston
rod, three chambers (compression, rebound and reserve chambers)
and four valves (rebound, rebound intake, compression and
compression intake valves). The motion of piston rod changes pres-
sures of three chambers, and then drives hydraulic oil to flow
between these chambers. The rebound intake and compression
intake valves, also called bottom valves due to locating on the bot-
tom plate, are to intake and discharge hydraulic oil between
rebound and reserve chambers. The rebound and compression
valves, also called piston valves due to locating on the piston, act
as unloading valve with greater spring stiffness to produce the
main damping force [24].

The operating principle of two-tube hydraulic shock absorber
may be divided into compression and rebound stages. As shown
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Fig. 1. The shaking table driven by electric-motor.
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Fig. 2. Structure and operating principle of two-tube hydraulic shock absorber.
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