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Resume

Hydraulic motion platforms are widely utilized in various environments
due to their capacity to bear heavy loads and provide long actuator strokes.
The predominant control system employed for hydraulic motion platforms
is the electro-hydraulic servo system (EHSS) due to its high accuracy
and robustness. However, compared to other types of hydraulic valves,
the electro-hydraulic servo valve (EHSV) is less durable. An alternative
system to EHSS is the electro-hydraulic proportional system (EHPS), which
employs an electro-hydraulic proportional valve (EHPV) instead of the
EHSV. The EHPV resolves the durability issue at the expense of accuracy
and system error. The optimization of durability and accuracy is the core
of this study. The tracking behavior and response of both Three degrees of
freedom (3 DOF) motion platforms using EHSS and EHPS are investigated
across different frequency ranges.
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1 Introduction

their exceptional capacity to deliver high torque and

force while maintaining a favorable power-to-weight

Motion platforms are devices comprising two
platforms, with the lower platform being stationary
while the upper platform follows the desired motion.
They are widely used in transportation simulators,
replicating real-world vehicle movements with high
precision. They enhance driver training, vehicle
testing, and the development of advanced driving
assistance systems. Numerous research works have
focused on electro-hydraulic systems, exploring their
various aspects. Akers et al. [1] extensively discussed
the potential configurations of electro-hydraulic systems,
providing insights into the performance analysis of
system components and operational methodologies.
Additionally, Watton [2] delved into the modelling
and simulation of electro-hydraulic systems, exploring
mathematical derivations of different hydraulic system
structures.

Electro-hydraulic systems have gained significant
popularity in numerous industrial applications due to

ratio. These Hydraulic Servo Systems find applications
across a wide range of industries, including aircraft,
robotics, mining machinery, manufacturing systems,
active suspensions, test machines, paper machines, and
injection molding machines.

The primary objective of an electro-hydraulic
system is to precisely control the desired displacement.
To achieve this goal, advanced techniques have been
developed to ensure high response and minimize errors.
Typically, displacement control and error reduction
involve comparing the position, velocity, pressure, and
force of the system’s output against the input signal,
thereby striving to achieve the desired response as
accurately as possible.

Optimal system tuning has been extensively
explored by researchers, who have employed various
methodologies to achieve the desired results. These
include root locus analysis, and the Zeigler-Nichols
method [3] that are the most famous techniques
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used in this field. Genetic Algorithm (GA), Particle
Swarm Optimization (PSO), and Adaptive Weighted
PSO (AWPSO) are examples of evolutionary techniques
that are used for tuning Proportional, Integral, and
Derivative (PID) controller. The PID controller is applied
in this approach to hydraulic servo system (HSS)
simulation model and real-time HSS.

Electro-hydraulic servo systems EHSS have
been studied by many researchers due to their great
importance in industrial fields. One of the main problems
in studying EHSS is the nonlinearity problem of the
dynamics of the hydraulic system as stated by Sohl
et al. [4]. The friction, non-smooth motion, and valve
directional change resulted in system nonlinearities.
Many studies dealt with analyzing and controlling the
nonlinearity of EHSS. These studies helped in providing
system stability for a good position and force tracking.

To ensure accurate tracking of position,
acceleration, pressure, and force, the EHSS has been
equipped with various automatic controllers. Guan
and Pan [5] presented a new control technique based
on an adaptive sliding mode method for controlling
the electro-hydraulic system. The controlling method
is applied experimentally, and the results proved the
effectiveness of it in tracking any trajectory by the
hydraulic actuator. Niksefat and Sepehri [6-7] used
a quantitative feedback theory (QFT) to control the
hydraulic actuator displacement by evaluating the force
acting on the cylinder. Lichen et al. [8] presented a new
control strategy for hydraulic servo systems to obtain
more robustness and stability using the PID tuning.

Tian [9] studied the actuator external torque and
invented a new control theory. The utilization of a
Fuzzy Logic Controller (FLC) has been highlighted for
precise position control of electro-hydraulic actuators.
Additionally, an (ACO) ant colony optimization technique
is employed to optimize the parameters of the fuzzy
neural network, ensuring the attainment of optimal
values [10].

The enhancement of position-tracking performance
is achieved through the application of the invariance
principle and feed-forward compensation, utilizing the
pole-zero placement theory of the system. This approach
allows for the development of improved control strategies
to ensure accurate and efficient position tracking, as
described in [11].

A hydraulic position servo system control is
established by employing a Particle Swarm Optimization
(PSO) algorithm to regulate the PID loops. This
implementation enables effective optimization of the
control parameters, resulting in improved performance
and precision of the servo system as presented in
[12]. The force control of the hydraulic servo system
is achieved through the design and implementation
of fuzzy controllers. These controllers are specifically
designed to minimize force overshoot and protect the
load from potential failure. By employing the fuzzy
control techniques, the system ensures precise force

regulation and safeguards the overall stability and
integrity of the load, as illustrated in [13]. Three control
strategies are employed to regulate an electro-pneumatic
3DOF platform by Prieto et al. [14].

Proportional valves demand significantly higher
input power typically hundreds of milliamps or more
compared to servo valves, which operate on mere tens of
milliamps as mentioned by Bin [15]. While proportional
valves offer less precise control and can exhibit greater
hysteresis, the servo valves excel in accuracy. The
performance of EHSV is discussed by MI et al. [16].

In the previous review, focused on controlling
stabilization platforms and electro-hydraulic systems,
the emphasis was placed on selecting an appropriate
control method to address system errors and transient
response. However, this study shifts its attention to the
key control component of the hydraulic system, namely
the electro-hydraulic valve. It delves into examining the
impact of valve parameters on platform stability and
the potential for improving error reduction within the
system.

2 Model description

The 3 DOF motion platform shown in Figure 1
consists of the lower plate, which is fixed, and the upper
plate which is moving to track the required position. The
two plates are connected via three hydraulic actuators
driven by an electro-hydraulic system. The actuators are
joined with the two plats by six universal joints. The
electro-hydraulic system forces the three actuators to
extract or retract to enable the upper plate to track the
required motion. The figure shows the orientation of the
three axes x, y, and z and two rotations which are roll
and pitch.

The overall system of the 3 DOF motion platform
is depicted in the block diagram shown in Figure 2.
The input signal from the transition motion in the
z-direction and the rotation motion in both roll and pitch
were transformed to a linear motion by the mean of the
rotation matrix block, which are described later. These
signals were then analyzed after feeding back from the
position sensor and operating the EHSVs/ EHPVs. The
three valves were fed by the required flow rate from
the hydraulic power block. The three actuators are
operated to drive the upper plate with the required input
position signal. The lower plate remained stationary as
a reference frame, so the motion of the upper plate was
referred to concerning it.

3 Modeling of 3 DOF motion platform using
EHPS and EHSS

The electro-hydraulic system could be used for
motion platforms; it can be either EHSS or EHPS. The
mathematical model of the EHPS for one hydraulic
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Figure 1 Motion platform with 3 DOF motion
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Figure 2 Hydraulic motion platform with 3 DOF block diagram

actuator was discussed recently by Yuan in [17] and [18].
The mathematical model is derived in this section. The
single hydraulic actuator system is then integrated into
the MATLAB Simulink program to model the 3 DOF
motion platform. The Q-P mathematical relation of the
pump was found in Rabie [19], as follows:

Qr = Qu— cFs, (1)

where:
Q,, is the theoretical maximum flow rate of the gear
pump,
c is a constant equal 7x1073,
P, is the pump output pressure.
The mathematical equations, which describe the

operation of the relief valve, as in Rabie [19], are:
The equation of poppet motion:

2
mp%+fr%+k,(z+20):ﬁz4p+ﬂmf 2
Foew = K20 ) @
Ay = nD*/4(m?), @
where:

m , is the relief valve poppet mass, kg,

z is the displacement of relief valve poppet, m,

f, is the pump output pressure,

K is the stiffness coefficient of relief valve spring, N/m,
A, is the poppet area of the relief valve, m?,
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F

seat

is the seat reaction of the relief valve, N.
The flow-rate equation through the relief valve is:

Qn = C4A, /W’

where:
C, is the discharge coefficient.
P, is the tank pressure, Pa.

The EHPV is a 4/3 valve hydraulic ring manufactured
of type NG6. It is designed with a valve spool that
exhibits zero overlap and is regulated by the movement
of two electrical proportional solenoids.

The equation of motion of the valve spool could be
written as follows:

(5)

d’x

Fo=ms g

+ fs% + ksx, (6)
where:

m, is the mass of spool (kg),

f, is the EHPV spool damping coefficient [13] (N),

k_is the EHPV return spring stiffness (N/m),

x is the spool displacement.

The first term on the right-hand side of Equation (6)
represents the inertia force of the spool during motion.
The second term represents the damping force, while
the last term represents the force applied by the return
spring. The internal orifices of the valve are shown in
Figure 3.

The flow-rate equations throughout the valve orifices
are given by the following equations:
from port B to port T,

Q. = Cata o 221 ™
from port P to port B,

Qs = CaAp(x)y/ M ) (8)
from port P to port A,

Q= Gy 2EZ L) ©
from port A to port T,

Q= Coda(a)y 2P (10)
where:

A= A=A x=0, (11)
Ay =Ai=wV(x*+ ") x=0, (12)
Ar=Ac=w/(xX +c*)  x<0, (13)
Ay = Ag= A, x>0, (14)
where

o is the width of the port,
¢ is the spool radial clearance,
x is the valve opening distance,
A is the radial clearance area.

To obtain a mathematical model for the cylinder; the
internal and external flows of the cylinder are described
in the schematic drawing shown in Figure 4.
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Figure 3 Internal orifices of proportional-directional valve
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Figure 4 Flow directions inside and outside the hydraulic cylinder
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The continuity equation, applied on the control
volume CVland CV2, could be written as follows:

dy (Ve +ay) ., dPe _
QAR —a dt - Qi - Qe - B X dt - 07 (15)
dy (Ves + Ay) . dPp _
dt - A QPSB - B X dt - O . (16)

The equation of motion, applied for the piston and
its rod, could be described as follows:
d’y dy

dPR—APps = M. dtz +fcﬁ+ F. (17)

4 Analysis for kinematics

Much research dealt with the 6DOF parallel
manipulator platform and its motion. This study focuses
on investigating the design and implementation of a
system that incorporates inverse kinematics and motion
monitoring for a 3DOF platform. The aim is to explore
the execution and effectiveness of this system as done by
[20]. The system enables motion along is the three linear
translations (x, y, and z directions) and three rotations
around the three axes (yaw, pitch, and roll, denoted as v,
0, and ¢, respectively).

In this study, 3 DOF is the main concern which
are two rotation pitch 0, roll ¢, and one translation in
the z-direction. These linear and rotation motions are
represented in Figure 5, by representing the two frames;
one is fixed while the other is moving with respect to
the fixed frame. The length vector between the fixed
and a moving plate 1 is determined from the following
equation:

I t+P .R,-D, (18)

where:

[, is the length of the actuators,

t is the translational position vector of the origin of the
moving frame with respect to  the reference frame,

P2

b1

| Extensible leg

P, are represents each actuator’s position vector
about the moving frame,

b, are represents each actuator’s position vector
about the reference frame,

R, are represents a mix of rotation matrix stationary
and moving frames by knowing input rotation angles in
roll and pitch, as discussed in [13].

Ce 0 SG
R, =] SeSy Cy —CoSy|, (19)
—S6Cy Sy CoCy
where:

C,is cos 0 and S, is sin ¢, etc.

The design of a 3DOF translational parallel
manipulator, utilizing hydraulic actuation, was recently
studied by [21].

The mathematical model of the entire hydraulic
system could be obtained by integrating all derived
mathematical equations with the aim of the MATLAB
Simulink program. The system transfer function was
identified using the system identification tool as follows:

As) = 8.468S + 11.05

TSP+ 8.5228 + 1111 (20)

Modelling and validation of the EHSV system are
done based on the published work by Ibrahim et al. [22].
The model was utilized in this study to simulate the
3 DOF motion platform using the MATLAB Simulink
program.

5 Experimental work

The 3 DOF motion platform test rig was established
with EHPS using The Military Technical College
laboratory facilities. The test rig was used to investigate
the motion of the platform in roll and pitch directions
with a maximum inclination angle of 10° and elevation
up to 100 mm.

Platform 21 Y1

b

Figure 5 Coordinates diagram for 3 DOF motion platform
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Figure 6 Experimental test rig for SDOF

Table 1 Hydraulic circuit components description

=

hydraulic motion platform

Component Specification
Pum A fixed displacement gear pump produces up to 6.05 liters per minute at its highest output flow rate, at a
P nominal speed of 600 rpm
RV. Relieving pressure at 60 bar
PV. 4/3 EHPV type NG6
Actuator Cylinder to road ratio 1.6:1 with 32/22 mm area and a max. pressure of 160 bar
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Figure 7 Electric circuit for controlling 3 DOF hydraulic stabilization platform

Figure 6 shows the test rig which consists of an
oil tank (1) that delivers the circuit with the required
hydraulic oil. Three hydraulic actuators (2) were used
to perform the required motion by the feeding from
three (EHPV) (3), which are the main control unit.
Two plates (4) and (6) are used as upper and lower

plates, respectively. Three (LVDT) (5) are used to feed
the controller with the cylinder’s displacement. The
hydraulic circuit components are described in Table 1.
The electric circuit used in controlling the proposed
motion platform is designed with the aid of the “Proteus
8.8” program [23]. Figure 7 illustrates the block diagram
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Figure 8 Experimental and model tracking the behavior of 3DOF motion platform with EHPS to a roll motion

of this electric circuit. Four LVDT sensors are used in
this circuit using a power supply of 24 V DC and its
output signal is 10 V DC. The control card is Arduino
Mega with input/output volt 5 V DC. Two 10-ohm
resistors are used in series to protect the control card
from damage. Arduino delivers the sensors signal to
the MATLAB Simulink program to adjust the required
output to the proportional valve coils. The output voltage
of the control card is 5 V DC while the proportional
valve coils operate at 24 V DC. Thus, to increase the
pulse width modulation from a voltage range of 5 V
DC to +24 V DC, six MOSFET transistors (IRLZ44) are
utilized.

6 System validation

The 3DOF motion plate in this study utilizes an
electro-hydraulic proportional valve EHPV instead of
EHSV. The outcomes of tracking the motion platform’s
behavior (experimental vs. model), in response to a
sinusoidal input signal with a 10° amplitude and 0.1 Hz
frequency, are displayed in Figure 8. When compared
to the input signal and the experimental findings, the
model shows a good tracking position. There was a
recorded 0.038 root-mean-square error between the
motion platform model and the input signal. However,
there was a 0.046 root-mean-square error between the
experimental and model results. The model has a good
tracking position with the input signal. The maximum
motion platform model tracking angle recorded +9.86°
(i.e., it deviates from its maximum target by 0.14°).

7 Result and discussion

The motion platforms with EHSS and EHPS are
examined by applying a sinusoidal input signal with a

frequency range (0.1 - 0.5 Hz) to study their tracking
behavior. Figure 9 shows the tracking behavior of the
motion platform with both systems EHSS and EHPS
to a sinusoidal input signal with an amplitude of 10°
and frequency of 0.1 Hz. The two models have a good
tracking position with the input signal. The root-mean-
square error between the input signal and the motion
platform with EHPS was recorded at 0.038 and the
maximum motion platform tracking angle was recorded
at +9.86° (i.e., it deviates from its maximum target by
0.14°). The root-mean-square error between the input
signal and the motion platform with EHSS was recorded
at 0.02 and the maximum motion platform tracking
angle was recorded at +9.9° (i.e., it deviates from its
maximum target by 0.1°).

Figure 10 shows the motion platform response with
EHSS and EHPS to a sinusoidal wave with a frequency
of 0.5 Hz and amplitude of 10°. The motion platform
with EHPS tracks the input signal with a root-mean-
square error of 0.27 and the maximum motion platform
tracking angle recorded +8.67° (i.e., it deviates from
its maximum target by 1.33°). The motion platform
with EHSS tracks the input signal with a root-mean-
square error of 0.11 and the maximum motion platform
tracking angle recorded £9.6° (i.e., it deviates from its
maximum target by 0.4°), which agreed with the data
plotted in [24].

Figure 11 shows a comparison between the 3DOF
motion platform with EHSS and EHPS by applying
the input-signal frequencies (0.1, 0.2, 0.3, 0.4, and 0.5
Hz). The results focus on deviation from the maximum
target angle. The results show that both systems are
affected by high frequency. The results, shown in
Figure 12, represent the recorded root-mean-square
error with respect to the input signals. Both system’s
error increases by increasing the input-signal frequency.
However, the error resulting from using the EHPS has a
major record in comparison to EHSS.
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Figure 11 Deviation of the 3 DOF motion platform from the maximum target using EHSS and EHPS
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Figure 12 Root-mean-square error of the 3SDOF motion platform using EHSS and EHPS

Table 2 EHSS and EHPS tracking behavior by changing input signal frequency

Input frequency (Hz) RMSE between the Rxos(ﬁlb;rtlvge;n 11;1t1e Deviation from target =~ Deviation from target
put Irequency model and input EHSS. P EHSS EHPS
EHPS.
0.1 0.02 0.038 0.1° 0.14°
0.2 0.04 0.08 0.11° 0.24°
0.3 0.05 0.14 0.13° 0.46°
0.4 0.08 0.21 0.17° 0.81°
0.5 0.11 0.27 0.4° 1.33°

Figure 12 shows the effect of changing the input 2. The platform deviates from its target as the frequency
signal frequency on the platform stability and the is increased by using both systems; however, by using
deviation achieved from the accurate required inclination =~ the EHPS the deviation is larger than by using EHSS.
using EHSS and EHPS, which is also clarified in Table These results confirm the effectiveness of EHPS in
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low-frequency applications and it is not useful for high
frequency up to 0.3 Hz.

8 Conclusion

This study was focused on the design and analysis
of 3DOF motion plate models equipped with EHPS and
EHSS to investigate their respective frequency ranges.

Firstly, both motion platforms were evaluated, and it
was observed that their responses were nearly identical
for the low-frequency input signals. This suggests that
both systems are capable of effectively handling low-
frequency motions.

However, as the input signal frequency increased,
both systems exhibited an increase in error. Notably,
the EHPS system demonstrated a significant error
compared to the EHSS system. This indicates that the
EHSS system outperforms the EHPS system in terms of
accuracy and precision, especially at higher frequencies.

The suggested motion platform with EHPS, which
has been extensively tested and verified over a wide
range of frequency ranges, is the best suited for the low-
frequency applications, according to the study’s findings.
This platform can be employed in scenarios where
precise motion control is required within a relatively
lower frequency range.

In summary, this research contributes to
understanding of the frequency capabilities and
limitations of the 3DOF motion plate models with
EHPS and EHSS. The results highlight the superior
performance of the EHSS system, particularly at higher
frequencies, while emphasizing the suitability of the
EHPS system for the low-frequency applications. These
findings can inform the selection and utilization of
motion platforms in diverse industrial and research
settings. Further research can focus on optimizing
the performance of EHPS systems to mitigate their
error at higher frequencies and enhance their overall
functionality.
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Appendix
Table A Nomenclature
Symbol Definition
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Cylinder area rod side, m?

Cylinder area piston side, m?

PV. Throttle area (a), m?

PV. Throttle area (b), m?

PV. Throttle area (c), m?

PV. Throttle area (d), m?

RV. Poppet area, m?

Hydraulic oil’s bulk modulus of elasticity, N.m™
Coefficient of discharge

Radial clearance, m

Cylinder rod side diameter, m

Cylinder side piston diameter, m

RV. Poppet damping coefficient, N.sec.m™
PV. Spool damping coefficient, N.sec/m™!
PV. Solenoid force, N

RV. Seat reaction, N

PV. Spring stiffness, N.m*

RV. Poppet mass, kg

PV. Moving parts mass, kg

Pressure, Pa

PV. Pressure port (A), Pa

PV. Pressure port (B), Pa

PV. Pressure port (P), Pa

Tank pressure, Pa

Flow rate, m?/sec

PV. Flow rate through area (a), m%sec

Flow rate from port A to rod side chamber in the hydraulic cylinder, m®.sec!

PV. Flow rate through area (b), m®.sec?!
PV. Flow rate through area (c), m3.sec?!
PV. Flow rate through area (d), m3.sec?
PV. Spool displacement, m
Displacement of the cylinder rod, m

RV. Poppet displacement, m
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