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1. INTRODUCTION

Modelling, Transient Response and
Hydraulic Behaviour of 2DOF
Stabilization Platform

The main part of the hydraulic circuit of the hydraulic stabilization

platform (HSP) is the electro-hydraulic servo valve (EHSV), which is very
expensive due to its manufacturing requirements, so the proper selection

for the geometrical configuration of electro hydraulic servo valve (EHSYV)

and maintaining the system stability are the main goal for estabilishing
HSP. Also improving the performance of (HSP) to achieve the position
tracking in two degrees of freedom (2DOF) based on modifying the
different parameters of the hydraulic circuit (actuator size — hydraulic
servo actuator geometric configuration- different load on the platform) to
achieve the best performance. The system offers a proposal for an upper
stabilized platform with moving lower base to be used with ships to
achieve a stabilization condition for many purposes such as radar.
MATLAB Simulink and Simscape-multibody has been used in modeling the
system. Changing the different parameters in the program block library
input data (orifice area and spool slot width) to achieve best configuration
of the system to be stabilized is discused.

The results show that using 0.6 mm’ servo valve orifice area and more
raises the system pressure and has a bad effect on system stability, also
using 4 mm servo valve slot width has more fluctuation in the system
pressure in the transient time than using (3, 2 or 1)mm slot width until
approaching stable condition but has a better effect on system stability in
the running (operation)time.

Keywords: servo valve, stabilization platform, electro hydraulic servo

valve and stabilization platform.

This study is an attempt to assign a geometrical
configuration for the electrohydraulic servo valve

Stabilization platform (SP) has many applications in air,
sea or ground. Examples for air applications are airborne
camera stabilization (gimbal camera) which is mounted
in the planes and is used for high Precession photo, the
Hubble Scope Telescope used for space observation and
the aircraft simulator used to simulate the motion of flight
for pilot training purpose. Examples for sea applications
are stabilization platform that is used in naval radar to
stabilize the radar set while sailing and an unmanned
ships which are used for military purpose that need a
stabilized platform; also in ground applications it is used
for tracking target in tanks.

Some platform applications deal with the error bet-
ween the target that required to approach and the actual
position that the platform reach, other platforms deal
with the transient time that the platform take to app-
roach the steady state condition and other deal with the
maximum overshoot that is reached by the platform.

Most studies in this field deal with the control
method used in the stabilization platform which is the
input data to the (EHSV).
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(EHSV) that helps to verify the required operation
conditions for the stabilization platform.

Proportional valves are widely used in aerospace
application instead of (EHSV), and hence a high res-
ponse should be satisfactory, the time delay of the
proportional valves is investigated by B. Xu. et al. [1],
the valve composed of four subsystems which are mec-
hanical, electronic, electromagnetic and fluid dynamics
which are modeled in the study. The valve used in this
study is pilot operated three-position four-port propor-
tional directional valve, where the main spool is ope-
rated by the pilot pressure and its position is detected by
the inductive position transducer (closed loop), the
simulation study explained the reasons of the delay in
four main regions.

The study focuses on the main delay parameters in
the valve which are the electromagnetic force delay and
the pilot valve dead zone. Tis study recommends to es-
tigate how to diminish the delay caused by the previous
two main parameters.

A modification in spool geometry of a proportion
valve has been done experimentally and by simulation
in Computational Fluid Dynamics (CFD) by E. Lisow-
ski. et al. [2]. In order to reduce the flow force value,
four proposed geometry modifications on the spool have
been used which are single notch - no relief grooves,
two symmetrical notches - no relief grooves, single
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notch with relief grooves and two symmetrical notches
with relief grooves. The purpose of the grooves is to
allow the fluid flow before main gaps are opened. The
study deduced that the Reduction in motion resistance
has been achieved using two notches arranged symmet-
rically on both sides of the spool, which resulted in
significant radial force compensation.

Cavitation phenomenon in the flapper nozzle of pilot
stage in servo valve has been investigated by many
researches. In order to maintain the valve in an app-
ropriate condition, modification of flapper shape has
been studied by NayZar A. et al. [3]. Different flapper
shape have been studied by simulation. A rectangular
shape flapper achieved a reduction in cavitation com-
pared with the traditional curved edge. The performance
of the flow control is the same in both traditional and
proposed structure of the flapper.

A new technique has been studied by He Yang et.al.
[4], to reduce the cavitation phenomenon in the flapper
of the pilot stage of the servo valve which is create a
micro jet with the main jet. A simulation study is made
by the aid of FLUENT 17.0. An experimental validation
has been done to the mass flow rate measurements. The
study concludes that using of the micro jet has a great
contribution to the reduction of the cavitation on the
flapper region even by applying a high pressure.

Most research dealt with the control of hydraulic
simulator (manipulator) as an example of hydraulic stabi-
lization platform. Some research studies use a pneumatic
actuators others use hydraulic actuators. The trend in the
research is to construct an algorithm which observe and
control the disturbance or error of the system.

In 2008 HongBo et al [5] designed a cascade control
of hydraulic (6DOF) platform. A mathematical model
was obtained with mechanical and hydraulic dynamics,
modeling of hydraulic servo actuator was obtained
using the continuity equation and the equation of
motion, and also a simple linearizing the relationship
between the flow rate and the valve displacement and
the pressure by defining a proportional constant bet-
ween valve input voltage and valve displacement. The
control of the system consists of inner and outer loop
control by velocity and load feedback. It uses a cascade
controller based on sliding mode and is experimentally
compared with a well-tuned proportional controller.

In 2010 a disturbance observer of a six-degree of free-
dom (6DOF) manipulator was constructed by Yangjun Pi,
[6] and then a cascade control was applied using cascade
controller. A mathematical model is obtained for both
kinematics and dynamics of actuators, which determine the
length of the actuators during the motion of the platform
(kinematics), and also continuity equation and equation of
motion are used to determine the dynamics of the
actuators. An inner loop controller was designed to detect
the error between the actual force acting on the piston and
the desired force. An outer loop was designed to define the
desired force. The aim of this paper is to add a new
algorithm which detects the disturbance force acting by
fluid dynamics on the actuators and hence the error
between the desired force and the actual force acting on the
platform are well known to approach the stabilization state.

In 2013 Justin et al [7] developed a platform driven
by seven pneumatic actuators (6) actuators like Stewart
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platform [8] with addition actuator in the middle). The
usage of pneumatic actuators instead of hydraulic ones
is to obtain a high dynamic motion with low power and
hence low cost. Pneumatic actuators required a more
complicated control compared with hydraulic due to the
nonlinearities of the system. A mathematical model was
obtained for both dynamic and kinematic of the cylinder
by means of other research. The desired length of each
actuator was obtained. Two controllers were used to
approach the desired motion with respect to the
experimental measurements (actual condition). [9-11].

The selection of 3DOF manipulator as an aplicaion
of centrifuge for pilot training was discussed by Dancuo
etal [12].

A proposal for manned mission to Mars is simulated
by G load by Dancuo et al [13].

2. SYSTEM DESCRIPTION

The system used in fig(1) is composed of upper base
(1), lower base (2), connected via two hydraulic
actuators(3), by yoke joint(4), and mid cylinder (5) to
prevent axial motion.

Figure 1. Two degree of freedom (2DOF) model
demonstration.

Figure (2) demonestrates the block diagram of the
overall control system which consists of input signal ac-
ted on the lower plate of the system and a feed back from
this motion to the rotation matrix which convert the an-
gular motion to a linear motion in the form of signal input
to each of the actuator. Then a PID controller block to ad-
just this motion and reduce system error and deliver this
signal to the two servo valve blocks to operate the two
actuators in order to maintain the upper plate stabilized.

Figure (3) demonstrates the hydraulic circuit of the
system which is composed of hydraulic pump (1),
relief valve (2) that delivers the hydraulic to the flow
devider (3) to divide and feed it to two one way valve
(4), then to the two electro-hydraulic servo valve (5)
that control the motion of the tow actuators (6).

The upper base is tried to be stabilized against motion
from the lower base which is in two degree of freedom (z
direction up and down — pitch around y axis). The input
trajectory is assumed to be sinusoidal wave with ampli-
tude 200mm for z direction and 10 degree around y axis.

The length vector of the actuator to extract or retract
depends on inversing the length vector resulting from
converting the motion between tow plates. One is moving
while the other is fixed as in parallel multi-manipulator
Platform which is derived by Serdar Kucuk in 1999, [14].
It will be discussed in the following section.
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Figure 2. The block diagram of the control system
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Figure 3. Two degree of freedom (2DOF) hydraulic circuit

3. ANALYSIS FOR KINEMATICS

In the commonly parallel multi-manipulator Platform 6
degrees-of-freedom, the motion is three linear trans-
lations in the x, y and z direction and three rotations
about the three axes v, 0, [] which are yaw, pitch and
roll respectively.

Fig (4) shows the two frames which are fixed and
are moving.

The length vector between the fixed plate (refe-
rence frame) and moving plate (platform frame) (/) is
determined from the following equation,

I=t+Rp-b (1)

FME Transactions

where / is the length vector of each actuator, ¢ is the
translation vector of the moving platform frame with
respect to the reference frame, p is the position vector
of each actuator with respect to the moving frame, b is
the position vector of each actuator with respect to the
reference frame and R is the combined rotation matrix
between fixed and moving frames by the given input
rotation angles in yaw, pitch and roll w, 6, [1 as
discussed in [5].

cy.cld cysOsp—sy.cop Ssy.se+cy.sd.cp
sy.cl cy.cop+sy.sOsp sy.sO.co—cy.sp
—sd cO.s@ cl.cop
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where cy.....is cos y and sy.....is sin y and etc.

Figure 4. Six degree of freedom (6DOF) stabilization
platform and its coordinates

This study deals with two degrees of freedom
(2DOF), so the translation in both x and y direction
will be neglected and the rotation around x and z (y [1)
will also be neglected. It means that only translation in
z direction and rotation around y axis (pitch) will be
under research.

4. ELECTROHYDRAULIC SERVO VALVE MATHE-
MATICAL MODEL

An electrohydraulic servo valve (EHSV) is a valve that
is operated electrically to control the hydraulic
fluid direction which operates the actuator. It is mainly
used to control powerful the hydraulic actuators with a
small electrical signal, and it can precisely control
position, velocity, pressure, and force.

The servo valve mathematical model was derived in
2009, by G. Rabie, [15] shown in fig. (5). It consists
of electromagnetic torque motor (1), which drive the
flapper (2), that creates a pressure difference between
the two nozzles (3), forces the spool (4), allows the
pressure port (5), feeds either port (6) or (7), while the
other side of the spool allows the hydraulic oil to return
through the return port (8), while the two orifices (9)
apply a pressure difference.

The torque motor shown in fig. (6) consists of Polar
pieces (1), Permanent magnet (2), Flexible tube (3),
Flapper (4), Control coils (5) and Armature (6).

The effective torque delivered by the electro-
magnetic motor is given by the following equation.

T=Ki*i 2)
where
_ NAp u0 AL

Ki
2x2

& 1 input current. N. number of turns of the coil, Ap...
magneto-motive force of the permanent magnet, po0...
permeability of free space, A... area of air gap. L..
armature length, X,.. length of the air gap in the neutral
position of the armature.

The armature equation of motion is

_ g0 ¢, do
T—Jdt2+fvdt+kt9+Tl+Tp+TF 3)

where J... is the moment of inertia of the rotating parts,
T,... is the torque due to flapper displacement limiter,
f,.. is the damping coefficient, K,.. is the stiffness of
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flexure tube, Tr.. is the feedback torque, T,.. is the
torque due to the pressure forces.

OB

Q.

i

Figure 5. Two-stage servo-valve with mechanical
feedback.

[OX

LL

Figure 6. electro-magnetic torque motor.
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The flow rate as shown in fig. (7), affecting on the
flapper and make a pressure difference between both
sides of the spool is obtained by

(xi+x) | (%)

QB - 04

Pr Pr
p 7 P2
1 A

]
€«—Q @Q@—> -

]

Figure 7. Schematic of a double jet flapper valve.

Q1= CdAo z(PS - P1
Y2

Q2 =CdAo /E(PS - P2)
P

Q3 =Cdndf(Xi+ Xf) /E(Pl - P3)
Y2

Q4 = Cardf(Xi+ Xf) /E(Pz - P3)
P

where Q.. is the flow rate, C,.. is the discharge coef-
ficients, Ay.. is the orifice area, ds .. is the flapper

“
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nozzle diameter, Ps.. is the feeding pressure, Pr.. is the
return pressure, Xp.. is the flapper displacement on the
level of jet nozzles, X;.. is the initial flapper nozzle
opening, p.. is the oil density.

The flapper chamber continuity equations are

Q1-Q3 + As IX _ V0= ASX dpt

dt B dt

Q2-Qa— Asdx V0+BASX% 5)
V3 dp3

3+Q4 =

Q+Q B dt

As... is the spool cross-sectional area, B.. is the bulk
modulus of oil, V,.. is the initial volume of oil in the
spool side chamber, Vs.. is the volume of the flapper
valve return chamber.

The spool equation of motion is

AS(P2— P1) = ms (Ciltx-‘rfs%-i—F)+Fs (6)

5. RESULTS AND DISCUSSION

The system is validated as shown in fig. (8), with an
experimental data used in [16] and it has a good agre-
ement with the experimental result, with input sinusoidal
wave 0.03 (m) bias 0.05 (m), a frequency 0.1 (HZ) and
PID controller which is an important item for adjusting
and resolving the system error. It controls the system by
evaluating the feedback of the system and compensating
the system error. The mathematical equation of the PID
controller is presented by Astrém et al [17].

u(t) = Kre(t) + sz e(t)d(t)+ Kda——~

de(t)
0 dt

where u(t) is the controller output, e(t) is the system
error, Kp K;and K, are the controller constants where
Kp (20) K; (1) K, (0.01).

0.1

simulation
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Figure 8. Experimental and simulation tracking
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Figure 9 Effect of servovalve orifice area (0.2, 0.4, 0.6 and
0.8) mm?. on system stability
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e  The result in fig. (9) shows that using orifice
area (0.2 mm?®) the fluctuation in the transient time tells
that reaching the steady state is less than any further
more area, the platforms inclined (1.1 degree) in
positive direction, and the system then fluctuated
around (0 degree) (horizontal position) with a
magnitude (0.2 degree) and transient time (0.55 sec.).

e using orifice area (0.4 mm®)the platform made
an overshoot more than using (0.2 mm?) orifice area in
the transient time tells that reaching the steady state,
the platforms inclined (1.2 degree) in positive direc-
tion, the system then fluctuated around (0 degree)
(horizontal position) with a magnitude (0.2 degree), the
transient time still (0.55 sec.).

e using orifice area (0.6 mm?®) the platform
inclined tells that reaching the steady state, to record
(1.5 degree) in positive direction, the system then
fluctuated around (0 degree) (horizontal position) with
a magnitude (0.2 degree) with transient time (0.6 sec.).

e the clearly observed phenomena that if the
orifice area increased to (0.8 mm?) the system start to
fluctuate more and more and incline with relatively
high inclination angle (1.9 degree) and also there is an
increase in the transient time to (0.75 sec.).

e In fig. (10) and (11), using orifice area (0.2
mm?) reduces the pressure and hence reduce the
consumed power by the system,

. using orifice area (0.4 mm?) consumed more
pressure and hence more power is consumed by the
system and the pressure .

e using orifice area (0.6 mm’) and more
pressure consumed lead the system to the maximum
pressure and hence open relief valve makes the system
unstable in the transient time.

left piston servovalve spool pressure
120

o 100 F
) /|
o 80 7
T§ 60 orifice area 0.2 mm2
g 40 orifice area 0.4 mm2
g I orifice area 0.6 mm2
§ e l ! [ orifice area 0.8 mm2
s 0 »

0 0.5 time (sec) 1 1.5

Figure 10. Effect of servovalve orifice area (0.2, 0.4, 0.6
and 0.8) mm’ on servovalve spool pressure (left side)

right piston servovalve spool pressure
120

?

3 100 -

80

[}

2 60

= orifice area 0.2 mm2

g 40 orifice area 0.4 mm2

5 20 /I orifice area 0.6 mm2

g l [ orifice area 0.8 mm2

0 >
0 0.5 1 1.5
time (sec)

Figure 11. Effect of servovalve orifice area (0.2, 0.4, 0.6
and 0.8) mm? on servovalve spool pressure (right side).

. The result in fig. (12) shows that the four used
slot widths have different behaviour in the transient
time, and also indicate that as the slot width increases
the error during running time decreases. It means that
the platform is inclined more by using small slot width.
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e using slot width (4 mm) made a relatively
high fluctuation in the transient time, the system
inclined 1.4 degree in positive direction to (0 degree)
(horizontal position) and then is inclined 0.85 degree in
negative direction to (0 degree). Then the system
fluctuated around (0 degree) (horizontal position) with
a magnitude (0.05 degree).

e  using slot width (2 mm) made less fluctuation
in the transient time, the system is inclined 1.2 degree in
positive direction to (0 degree) (horizontal position) and
then is inclined 0.5 degree in negative direction to (0
degree). Then the system fluctuated around (0 degree)
(horizontal position) with a magnitude (0.1 degree).

e  using slot width (I mm) made less fluctuation
than using (2,3 or 4 mm) in the transient time but has
more fluctuation in running (operation) time. The system
fluctuated around (0 degree) (horizontal position) with a
magnitude (0.2 degree), which means that the error of
the system is increased during running conditions.

deviation from the horizontal position (pitch)

15 y slot width 1 mm
slot width 2 mm
slot width 3 mm
slot width 4 mm

-

eee——e———

angle (deg)

=
o
\ 4

Z: time (sec) 3 e =

Figure 12. Effect of servovalve slot width (1, 2, 3 and 4)
mm. on system stability.

e in fig. (13) and (14), using slot width (I mm)
reduces the pressure fluctuation in the transient time
and hence it explains the reason for the stability of the
system in the transient time.

e the result shows that using (2 mm) slot width
has more fluctuation in pressure than using (1 mm) slot
width. Also as slot width increased the system pressure
fluctuated more and more, which explains the reason
for system instability in the transient time.

left piston servovalve spool pressure

80 ‘r

o ~ -
S 60 | N ———— — — — — —
-t
*
E
g 40 slot width 1 mm
= slot width 2 mm
g 20 |- - - slot width 3 mm
ﬁ slot width 4 mm
8 >

0 0.5 1 1.5

time (sec)

Figure 13. Effect of servovalve slot width (1, 2, 3 and 4)
mm. on servovalve spool pressure (left side).
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0 0.5 1 1.5

time (sec)

Figure 14. Effect of servovalve slot width (1, 2, 3 and 4)
mm. on servovalve spool pressure (right side).
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6. CONCLUSION

Using 0.2 mm’ servo valve orifice area reduces the
consumed pressure and there is hence less power
consumption. It has a good effect on system stability
on the transient time, while using (0.4, 0.6 or 0.8) mm”
servo valve nozzle area consumed more pressure and
has a bad effect on system stability.

Changing the orifice area doesn’t affect the system
error during running (operation) condition.

Using 4 mm servo valve slot width increases the
fluctuation in pressure in the transient time and hence
instability in transient time until approaching stable
condition. But it has a good effect on system stability
on running (operation) time, while using (3, 2) mm
servo valve slot width has less fluctuation in pressure
in the transient time than using 4 mm slot width until
approaching stable condition, which has relatively the
same effect on system stability as 4 mm slot width.

Using 1 mm servo valve slot width has a low
fluctuation in pressure in the transient time than using
(2, 3 or 4) mm orifice width until approaching stable
condition but it has a bad effect on system stability in
the running (operation) time.

NOMENCLATURE

SP stabilization platform

HSP stabilization platform

EHSV  electro-hydraulic servo valve
DOF degree of freedom

CFD computational fluid dynamics.

w, 6, [1  yaw, pitch and roll, respectively

/ length vector of each actuator.

t translation vector of the moving platform
frame with respect to the reference frame

P position vector of each actuator with respect
to the moving frame

b position vector of each actuator with respect
to the reference frame

R combined rotation matrix

Cy, sy cos y and sin v

T torque delivered by the electromagnetic
motor

input current

N number of coil turns

A magneto-motive force of the permanent
magnet

Ho permeability of free space.

A area of air gap

L armature legnth

Xo length of the air gap

J Moment of inertia of the rotating parts

T, torque due to flapper displacement limiter

f, damping coefficient

K, stiffness of flexure tube

Tr feedback torque

T, torque due to the pressure forces

Q flow rate

Cu discharge coefficient

Ay orifice area

ds Flapper nozzle diameter

P feeding pressure

FME Transactions



returns pressure

X flapper displacement

X; initial flapper nozzle opening

P oil density

A spool cross-sectional area

B bulk modulus

Vo initial volume of oil in the spool side
V; volume of the flapper valve return chamber
L actuator stroke

V, geometric volume

Ny volumetric eficiency

D, nozzle diameter

m spool mass

Dy orifice diameter

K, proportional coefficient

K; integral coefficient

K, derivative coefficient
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MOJIEJIMPAILE, O/I3UB Y BPEMEHY
IMPEJIAZHOI' PEXKUMA U XUAPAYJINYHO
INOHAITAIE CTABMIN3AIIMOHE
HJIAT®OPME O]l ABA CTEIIEHA CJIOBOJAE

E.E. U6paxum, T. Exnagu, M.C. Xacan, U. Canex
I'maBHM [e0 XWIOPAayNIUYHOT KOJIA XHAPAYJTHYHE

crabmwm3zammone 1iathpopme (XCII) je emekrpo-
xuapaynmnaan - cepBo  BeHTHN (EXCB) umja je
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NPOW3BOAKa BEOMa CKyla, IIa je ageksaTaH H300p
reomerpujcke koHdurypammje XCII u onpxaBame
CTa0MJIHOCTH CHCTEMa TIJIaBHH LWJb YCIOCTaBJbakha
wiatgopme. [Tobossmame neppopmancu XCIl-a, vy
by npahema 1oJioaja Ko 2 crerneHa cioboje, ce
BpUIM  MOAMGHUKALMjOM Pa3IUYUTUX [apamerapa
XMIpAyJIMYHOT Koyla (AMMEH3Wje akTyaropa —
reoMeTpujcKa KOHGUTypalyja XHIpayJIudHOT CEpBO
akTyaropa — pasnuuuTa onrtepehema Ha matdopmn).
VY panmy ce maje mpeanor 3a CTaOWIM30BaHY TOPHY
mw1athopMy ca MOKPETHOM IOHOM OCHOBOM, KOja ce
MOXX€ KOPHCTUTH 3a TIOCTH3ame cTabuim3amnyje
OpozmoBa mpu Kopuiiheme pajapa W 3a MHOTE JApyre
HaMeHe.
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Cuctem je wMoaenupaH KopuIIhemeM Iporpama
MATLAB Simulink u Simscape-multibody. Pa3marpa
ce Memame pa3IMuUTUX NapaMeTrapa 3a YJasHe I0-
Jnatke Oyok Oubinorexke mporpama (30Ha OTBOpa |
HIMpUHA Tpope3a KajiemMa) ja O ce IOCTUIIa Hajoosba
KOH(UTrypaIuja cucreMa Koju Tpeda CTaOMIn30BaTy.
Pesynrati mokasyjy na cepBO BEHTHJI ca MOBPLIMHOM
30He 0TBOpa 01 0,6 MM’ M HABHIIIE MOIMKE IPUTUCAK Yy
CHCTEMY M Jla MMa HEeraTUBAaH yTHIIA] HA FHETrOBY CTa-
omnHocT. [Tpn xopumhemy cepBo BEHTHIA ca IINPH-
HOM Tipope3a on 4 MM jaBipa ce Beha ¢uykryammja
MIPUTHCKA Y BPEMEHY MPEJIa3HOT PeKHMa HEro Kaja je
mupuHa Tpope3a 3, 2 wiam 1 MM CBe JIOK ce He
JOCTHUTHE CTAOMIIHOCT CHCTEMA Y PaJIHOM BPEMEHY.

FME Transactions





