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ABSTRACT

Pressure relief valves uncertainty and parameter variations are of major significance in
the hydraulic system operations. The use of one such valve, compound pressure relief
valve is the subject of this paper. From the deduced differential equations, MATLAB-
SIMULINK simulation model developed. The pressure response of a valve with damping
spool pilot poppet has been investigated and compared with the experimental results.

Also simulated the effects of some critical parameters on the valve dynamic performance.
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Introduction

Hydraulics system deals with the generation, control and
transmission of power by the use of pressurized liquids.
Hydraulic circuits system complexity depends upon a variety
of factors ranging from end-product stability, responsiveness,
cost sensitivity and energy requirements. From simple
hydraulic components to computer controlled electro
hydraulic systems, stabilized output is essential. . It is a multi-
disciplinary field; create challenges in efficiency, components
design, integration and compactness, environmental impact,
user-friendly and energy-efficient applications [1, 2, 3, 4, 5].

Precision pressure regulation is the key operation in this
system. All most all circuits contain pressure relief valve for
limiting maximum system pressure. This valve is a necessary
safety element that protects the hydraulic system and its
component from excessive pressure. When the relief valves
are incorrectly designed, selected and operated, instability of
the system may occur.

The basic function of a pressure relief valve is to sense
line pressure with a spring loaded surface area, and open a
flow path sufficiently to bleed oil to prevent higher pressure
than set point.

Several designs accomplish this task nicely. The main
difference between these designs is that they are either direct
acting or pilot operated, and that the surface area used to sense
pressure or to react it is used indifferent configurations.

Poppet type valve has less leakage than the spool valve
and is less to clog with dirt. The relatively large tolerance
makes it economic to manufacture and also better transient
response than spool type .The direct acting relief valve
operates with a spring to pre-load the poppet of the valve. The
use of such valve is gradually decreasing due to its poor
pressure override characteristics. [6-12].

As a consequence of this there is a lot of waste of energy
which is converted into heat which increases working
temperature of the hydraulic oil and decrease the efficiency of
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the hydraulic system In order to improve such characteristics,
a pilot stage valve is introduced; it is also called a two stage
pressure relief valve or compound pressure relief valve. The
main advantage of this valve is its improved controllability
and stability compared with the single stage pressure relief
valve. Hence these relief valves are preferred to maintain a
constant pressure in sophisticated hydraulic control systems
[13].

CFD numerical analysis software are now generally used
to model complex flow patterns in the valves and many other
aspects of engineering, and now to a high degree of accuracy
for both laminar and turbulent flow conditions. It is an
effective way to investigate the static characteristics of the
valve. [14, 15, 16].

Determination of the discharge coefficient of the valve
orifices can be done with a CFD software, although there are
still some uncertain issues like exact geometry mesh, real
upstream and downstream conditions, and a great deal of
effort is also placed on experimental determination[17,18].

Valve static characteristics can be improved with some
modification, but it can result negative effect on dynamic
characteristics. Therefore it is necessary to examine static and
dynamic characteristics simultaneously to get optimal
performance of the valve [19, 20].

A number of different approaches have been taken by
various researchers for investigating the dynamic behaviour of
various designs of two stage pressure relief valve with the
conical poppet type pilot valve. Many authors have used
different techniques like MATALB-SIMULINK, Root locus
and Bode plot, AMESim,, BondGraph, CFD to analyze
response of specific valve design[21-29]. Also some of they
have validate the model results with the experimental
techniques.

The different design of relief valve can lead to different
static and dynamic characteristics. From the dynamic point of
view, conical poppet with spring is considered as a spring-
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mass system, which causes oscillations when it moves. These
oscillations affect the pressure and can be eliminated by
damping. This damping spool stabilizes the poppet operation
during opening and closing.

Different ways in which damping can be achieved are,
a) Damping spool and orifice to the spool chamber
b) Damping spool with flat one or two surfaces
¢) Damping spool with large tolerance play.

Damping spool ~ Poppet

A

Pilot flow

Fig 1. Pilot valve poppet damping spool.

In the pressure relief valve design, there are very small
clearances between moving elements, necessary to minimize
leakages while maintaining sufficient lubrication, and control
areas necessary to either create pressure drops and/or direct a
variable flow rate to different output ports. Hence, there is a
need to determine static pressure—flow characteristic curves of
such valves as accurately as possible.

The present work intends to analyze the dynamic
characteristics of a compound pressure relief valve of
Polyhydron Ltd Belagavi, Karnataka India, renowned
manufacturers of hydraulic components. Since, there has not
been any significant investigation done on this type of valve
assembly with the pilot valve poppet damping spool with two
surfaces type Fig.1.

Simulation model developed in the
MATLAB/SIMULINK  software from the deduced
mathematical equations. It considered various effects such as
coupled main and pilot valve dynamics, flow reaction forces,
fluid compressibility and variable orifice flow. The results
comprise of the valve transient response with respect to the
step input flow rate. The effects of pilot valve spring pre-
compression, poppet damping spool clearance, as well as the
effect of change of input fluid chamber volume of main valve
have been studied Also investigated the dynamic
characteristics through experiment measurement and results
shows good agreement with the simulation model. This model
confirms the suitable to assess the effects of other critical
parameters on the valve performance.

2. Description of the valve

Pilot stage

Fig 2. Sectional view of the valve.
Fig.2. represents the sectional view of the compound
pressure relief valve. This valve consists of a main stage and
pilot stage loaded by the different stiffness springs. The main
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valve is designed with a relatively large diameter of the main
poppet and a lesser spring stiffness of the main valve, which
decreases the pressure override. The pre-compression force
can be overcome by a pressure difference of about 3.5-10 bar
between the input pressure and the spring chamber pressure.
The pilot valve consists of conical poppet with damping spool
loaded by high stiffness spring. In order to avoid pressure
peaks, damping incorporate by integrated damping spool with
pilot poppet.

Fig.3. represents the schematic diagram of the valve. This
valve system consists of three subsystems: main valve, pilot
valve and fixed orifices. In normal position both pilot poppet
and main cylindrical poppet are closed under the influence of
the springs and there is a balance of forces at the main valve
cylindrical poppet. Sometimes a small differential area is to
keep the main-valve poppet closed. When the pressure in front
of the pilot poppet reach higher value than the preset pilot
spring force, the pilot poppet gets opened and oil begins to
flow through the variable orifice. Because of restrictors, there
is a rapid drop in pressure Psc, the main valve poppet is
displaced, The pressure in the upper part of the main poppet is
maintaining approximately constant by the pilot poppet. With
further increase of the inlet pressure, the pressure drop
continues to increase. Once the fluid force acting at the bottom
of the main valve overcomes the fluid plus spring force, at

which the main valve is opening and the major flow, occurs.
4 5

c3

X P Y T

Fig 3. Schematic diagram of valve
(1-Valve housing, 2-Main cylindrical poppet, 3-Main valve
spring, 4-Pilot poppet, 5-Pilot spring, 6-Screw, 7-Orifice,
8-damping orifice, P-Pressure line port, X,Y-Pilot port)
Nomenclature
mm =Mass of the main valve cylindrical poppet
P1= Pressure in front of cylindrical poppet
dm=Diameter of cylindrical poppet
Am= Area of cylindrical poppet
Amo = Main valve orifice area
Asc = Area of spring chamber
bm= Damping coefficient
km= Spring stiffness
Yo = Spring pre-compressed length
Cm = Main valve Flow factor
y= Cylindrical poppet displacement
psc = Spring Chamber pressure
mp = Mass of the pilot valve conical poppet
ps = Pressure infront of conical poppet
dp = Diameter of conical poppet
A, = Area of conical poppet
Apo= Pilot valve orifice area
bm = Damping coefficient
kp = Spring stiffness
X0 = Spring pre-compressed length
Cr = Pilot valve Flow factor
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x = Conical poppet displacement

V1 = Volume of fluid chamber at 1

V2= Volume of fluid chamber at 2

V3= Volume of fluid chamber at 3

Vsc = Volume of spring fluid chamber
Vbc = Volume of damping spool fluid chamber
Q1= Input flow to Main valve

Q2 = Flow into pilot valve chamber

Qs= Flow into pilot valve

Qs = Pilot Valve relief flow to tank

Qs =Main valve relief flow to tank

Qsc = Flow from spring chamber

Qoc = Flow from damping spool chamber
2. Mathematical Model

The basic reasons for developing a mathematical model
for a fluid power system is to understand regard the system
function and also it helps to allows evaluation of system
operation. The modeling of a valve dynamics mainly follows
the approaches discussed in the investigations [19-24].

For dynamic analysis, valves are often modeled assuming
the valve is comprised of fluid chambers separated by orifices.
There are mainly three types of equations used: equations of
motion, continuity equations, and orifice equations. These
equations will provide a complete model for most fluid power
systems.

The amount of fluid move from the nose side to the back
side of a poppet depending on the resultant force of the mass
inertia, the damping force, the spring force, the static pressure
forces and the flow force. The size of the poppet opening and
the pressure drop across the poppet head determinates the
amount of the load that the system can be taken. While solving
the system equations numerically, various pressure-flow
characteristics across the valve ports and the orifices are taken
into consideration.

Equation of motion

The equations of motion define the movement of the mass
elements; also take into account the physical damping, spring
constant and flow reaction of the system. The dynamic
equations results from noting that masses subjected to
unbalanced forces must accelerate according to Newton’s
Second Law, F = ma. The forces on the moving parts of fluid
power circuit components may result from pressure
differences, viscous friction, coulomb friction, gravity, and
flow forces.

Continuity equation

The continuity equation governs the conservation of mass
in a fluid volume. The total flow into the fluid chamber must
equal the total flow out from chamber and plus the
accumulation within the chamber as stated in Equation.

Qin = Qout + accum (1'1)

where Qin, Qout, and Qaccum represent the flow in and
out of the fluid chambers and the accumulation within the
chambers respectively
Orifice equation

Most hydraulic systems are designed for turbulent flow.
Valves are fundamentally variable orifices where the area of
the orifice depends on the poppet position. The orifice
equation, as stated in equation, defines the relationship
between the pressure drop across the orifice (AP) to the flow
through the orifice (Q),

(1.2)
Q(x p) = C4A (¥) AP%
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Where Ao is the cross sectional area of the orifice, p is
the density of the fluid, Cq is the discharge coefficient, x-
displacement, Ap-pressure drop.
Flow through fixed orifices
Considering the flow through capillary tube stated as

~ 128upl

d - diameter of orifice, u = fip = absolute viscosity of
oil, I-length of orifice, Ap-pressure drop.

Flow through the annular area

To determine the flow through the annular area,
considering the equation of flow between two parallel plates:

Q

rdh? (L4
Q= AP

12vpl

d- damping spool diameter, h-clearance, u = fp =
absolute viscosity of oil, | -length of damping spool, AP -

Pressure drop
Seat reaction forces

Before opening of the outlet port and after complete
opening of the port, the reaction force Frs acts on the poppet.
In the event of the opening of the valve port (i.e., 0<
X<Xmax), Frs=0;
T

j:'— kp X <=

I::: |2
(R

Pilot conical poppe/ ? < Oc Ob
As

(Y

DC

J

4
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C
To reservoir ~_> ]
=] |,
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To systemy,
74

®

Fig 4. Schematic diagram of the valve.
For the analysis, following assumptions were made:
a) A constant source of supply to the valve
b) Properties of the fluid are constant.
c) Coefficient of discharge is constant for variable orifices.
d) Change of the chamber volume by displacement of the
poppet is not considered.
e) Coulomb friction acting neglected.
f) All springs are assumed to be linear,
g) Outlet pressure is assumed to be zero.
2.1 Equation of motion for Pilot VValve Poppet:
Considering that the total mass of the moving parts mj, is equal
to the mass of the poppet plus one-third mass of the spring and
pad, the differential equation of the dynamic behaviour is
derived as follows:
Hydraulic force = Mass acceleration force + Damping force +
spring force + Flow reaction force + Seat reaction force

Fpu=F+R+F.+F, (1.5)
pA =m &b &k (X, +X)+C px+F, (16
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C,, =Cy’xd sin 26
2.2 Equation of motion for Main Valve Poppet:

Hydraulic force = Mass acceleration force + Damping
force + spring force + Flow reaction force + Spring chamber
force

Fp=F+R+F+F,+F +F, 1.7

plAn = mm&_bmxgd_ km (yo + y)+Cfm p1y+ pscASc
(1.8)
C, =C,’zd,, sin20

Due to compressibility of the fluid and elasticity of the
hoses, tubes, the flow rate at the test valve can be different
from that one at the exit to the pump. To model the
compressibility effects, a hypothetical chamber is added
whose volume is equal to the total volume of oil in front of the
test valve system. For each of the fluid chambers, equations of
continuity considering compressibility of fluid are formulated.
as below.

The left side of the above equation is the volume change
of the control chamber due to compressible flow in terms of
time. The flow rates on its right side are caused by flows either
entering or exiting the control chamber due to its pressure
drop effect. The last item on the right side is the volume
change of the control chamber due to boundary change. Where
V is the control chamber volume, which is assumed as
constant by ignoring the volume change caused by the
movement of the poppet.

Pressure transient at fluid chamber 1

dpl IB (1.9)

it sy (@A
Pressure transient at fluid chamber 2
dp2 B (1.10)
< -7 + —

dt VZ (QZ Qsc Q4)
Pressure transient at spring fluid chamber SC

do. _ B 1)

dt - VSC (A’nﬁ_Qsc)

Pressure transient at fluid chamber 3

dp S (1.12)
v (G -Q+AR-AY

dt Vv,
Pressure transient at damping fluid chamber Vpc

dpdc ﬂ (1.13)
—e -2 (Q, -

dt Wfd°ﬂg
Equation of flow through variable orifice
Across Main valve cylindrical poppet

5 (1.14)
Qs =CdAn01/—( P, — Ps)
o,
A, =mysing{d, —ysingcosg}
Across Pilot valve conical poppet
(1.15)

2
QS :CdApo ;(p3_ p4)

A, = XSin H{dp —Xsin @cos 0}
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Flow through fixed orifices (O,and Oy)

7d. (1.16)
Qz = —o( P - pz)
128vpl
Flow through damping spool chamber
zdh? 1.17)
Qdc = ( P; — Pq )
12vpl

3. Experimental study

Some of the parameters associated with the system
equations derived above are measured and others are
estimated suitably. The complete list of parameters measured
and assumed in the studies is listed in the following Table
1.Figure 5, depicts the layout of an experimental setup to test
the performance of a valve and Fig.5. shows the hydraulic
circuit of the setup. The setup is divided into hydraulic part
and electrical part. The hydraulic part mainly includes power
pack with a test valve and the electrical part includes data
acquisition and sensors to acquire the pressure and flow
signals.

The measurement instruments were previously calibrated.
The data acquisition and the signal processing were preformed
with the help of Digital Storage Oscilloscope. Pressure
transmitter Model S-10 manufactured by WIKA and Flow
sensor Model VS 1 manufactured by VSE is used for pressure
and flow rate respectively.

The experiments were carried out by varying pressure. To
examine the influence of this parameter, the following series
of experiments were carried out. Figure 8 shows a steady state
relationship between the main valve and pilot valve pressures.
In these figures, six series of experimental and corresponding
simulation results are plotted. For verification of the valve
performance, there are several issues to take into account,
especially the valve adjustment. The measurement of the valve
displacements during valve operation is quite complex,
because no additional leakage or friction should be
incorporated into the system. The transient response of the
solenoid DCV is actually negligible compared with that of the
valve since the solenoids cores dynamics are treated
separately.

Compound Pressure Relief Valve tested on the
experimental setup to investigate the transient response of the
valve. For transient response of the specified valve a steady
state flow of 9 I/min was set. When solenoid directional
control valve is energized, the pressure built in the line of
pressure relief valve. Once the pressure exceeds the set
pressure, test valve gets cracked and releases the flow back to
the reservoir. Referring to the Fig.6. Pressure - flows are
measurgd through pressure transducer and flow sensor.

d Control
system

Digital
storage
Oscillloscope

Fig 5. Experimenfal setup with test valve.
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The deduced equations 1.1 to 1.17 are solved numerically
using MATALB/SIMULINK block set program. The solver
used here is ODE23s (stifffMod. RosenBrock) method. The
time step for calculation was variable step. The vibration
disappeared after 0.2 s with all of the conditions. The
calculation of the response was made until 0.5 s. The pressures
and the valve displacement, flow was almost settled down
after 0.3 s in most cases.

The effects of the variations of various parameters on the
response of the system are obtained through simulation.
Settling time was determined as the time until the main valve
displacement was settled in the settled value +2 % of step
width, where the step width is the difference between the
initial- and settled values of the main valve displacement. As
shown in Fig. 7, pressure increment Po, pressure overshoot P1,
peak rising time T1, damping ratio rd and period of damped

erer || | vibration Td were found from waveform of supply pressure.
|
. . . . . . h.
Fig 6. Experimental setup Hydraulic circuit with DSO. X4 +2%
4. Simulation Model SE——.
Based on the deduced mathematical equations of the F ) “S .
. - . . T.__ tep width
compound pressure relief valves, the simulation model in s . 4
Simulink block set program of Matlab has been obtained. *>Time
Input to the simulation model is of step input flow. On a real P.a A
situation of the relief valve usage ,input flow rate to the valve R rn TFZ ry=h/R
varies from zero to the rated flow. H U-"Uf‘vav\ Yo
The influence of the geometry on the valve dynamic e
characteristics has been examined by means of the simulation h—=e Iy T
model. Under the same operating conditions the performance Thme
of the valve is changed, by altering the different parameters. Fig 7. Measures of step response.
The simulation results are presented through the pressure
transient response.
1.888=005
_8.3312-005
Gote? __
Output, Q3 ’-’ o 2 » 9312008
|yt @ _ ieut I_, 531364008 P Outpt, pd
q Output, @2 [ 0.0007695]
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e ol a L,
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— Gotod
P BN ... B
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Display2 Scoped o Output, Q4
Output, 08
p{ap — "
Gotod
T.3122+008 Pilot valve
Stepinput Flow Mainchamber V1 ’—’
. /; ” ! Qutput, p3 Lo
Gotol . Pressure Transient
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1 T )
Goto? ¥ Pl Scoped pac ydot Fram2 Scope’?
[ Displacement
e
i Subtract ‘ From3
Displacement Scopeld Springchamber
O— - -
Scoped ‘J L 9.313e+008 oo Flow rate
e Fe Output, Q7 e 2 . 4’{:
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Hiain Valve Springehamberbloc e

Fig 14. Simulink Simulation Model of Valve.
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Table 1. Reference parameters and properties of fluid.

Q 1= 1.54e-3m*/sec | dw=14mm

bp=160Ns/m

p=850kg/m° | Kn=6700N/m | K,=62100 N/m

B=1.5¢9 Pa bn=750NS/m

Mep=13.5gm

Cq=0.62 mm=37.98gm | dm=5mm

5. Results and discussion
5.1 Transient Response

Through experimental study, the pressure transient
response of the valve for different pre-compression of the pilot
valve spring observed. The results of the experimental
investigation and the solution of the simulation model are
presented in Fig.8-13. With the increase in the pre-
compression of the pilot spring, the steady state valve pressure
increases. On the other hand, the peak time and the settling
time of the response also increases.

It can be noticed that the pressure in front of the pilot
valve are lower than the pressure of opening of the main
valve. It is important to analyze the values of the main valve
pressure P1, spool chamber pressure Pd and pilot valve
pressure P3. The difference between simulation and
experiment becomes greater with pilot valve lower pressure.
The main cause of the difference is uncertain estimate of the
Coulomb friction, damping coefficient and flow force the
simulation model.

Experiment

= Main Valve Pr,P1
------ Pilot Valve Pr,P3

Pressure,Bar

T T T T T T T T T
000 005 010 015 020 025 030 035 040 045 050

Time,sec

Fig 8. Transient response for 100 bar

110

100 4

90

80 4 . .
Simulation
70

o Main Valve Pr,P1
50 sasss Pilot valve Pr,P3

50

Pressure,Bar

40
30 4
20
10 4

0 T T T T T T T T T
000 005 010 015 020 025 030 035 040 045 050

Time,sec
Fig 9. Transient response for 100 bar
5.2 Pressure-Flow Characteristics
Flow and pressure oscillations in the valve cause
unwanted vibrations and noises, which affects its proper
functioning and other system elements. These unwanted
appearances can be minimized by selecting proper valve
geometry.

160

150
140
130
120 )
110 Experiemnt
g 1001 —— Main Valve Pr,P1
s 21 «-ree Pilot Valve PrP3
5 80+
®
8 7
oo60
50
40 -
30
20
10 4/
000 005 010 015 020 025 030 035 040 045 050
Time, sec
Fig 10. Transient response for 150 bar
160
150 - -
S
130
120
110 . .
5 100 Simulation
B gp
] ~—— Main Valve P1
2 %19  F e Pilot Valve P3
270
o 60
50
40 4
30 -
20
10 4
000 005 010 015 020 025 030 035 040 045 050
Time,sec
Fig 11. Transient response for 150 bar
195
180
165
150 )
s Experiment
@ 120 —— Main Valve,P1
g’ wd /e Pilot Valve,P3
?
o 20
o 754
60 -
45
30
15 17
0 ; :

0.00 0"05 O.CIU 0“15 0.20 0.‘25 0.30 0‘;35 0.:10 0‘;5 0.50
Time,sec

Fig 12. Transient response for 192 bar
Keeping flow constant, for different pressure settings, the
performance of the valve is observed. When compared these
graphs to the type of valve without damping spool pilot poppet
shows less amount of dynamic overload (pressure override)
exist in this valve. In the systems where overload cannot be
accepted it is preferred to use this kind of compound pressure
relief valve. Graphs show that, it has good pressure-flow

regulations.
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195 4
180 4
165 -
150 4

135 1 Simulation
120 4

105
90
75
60
45
30

— Main Valve P1
------ Pilot Valve P3

Pressure,Bar

0 T T r T T T T T T
000 005 010 015 020 025 030 035 040 045 050

Time,sec
Fig 13. Transient response for 192 bar
To understand and make use of the response information
of a valve is very much necessary while observing the
response of a whole hydraulic system. The dynamic behaviour
of the valve is dependent on its design, the operating state and
the hydraulic system itself.

10
9 Pressure-Flow curve

Flow,cubm/sec
(5]

o T T T T T
0 20 40 60 80 100 120

Pressure,Bar

Fig 15. Pressure-Flow static curve for 100bar

Pressure-Flow curve 1

Flow ,cubm/sec

0 20 40 60 80 100 120 140 160 180 260 220
Pressure,Bar
Fig 16. Pressure-Flow static curve for 192bar

The dependence of pressure on flow may be used to view
the entire range of applications of a pressure relief valve.
Experiment data Fig.15. and Fig.16. indicates that, it has good
pressure-flow regulations over wide range. Pressure override
ranges from 4 bar to 9 bar exist in this valve.

5.3 Pressure drop

The fig. shows the plot of main valve versus pilot valve
transient response curve. It is observed that, there is a
reduction in the pressure, as pilot valve cracks and later it
stabilizes to the set pressure.

It has been observed that from the graph Fig. 11. that the
pilot valve cracks first and then main valve opens to relieve
the major flow to tank. The flow started to occurs as pilot
valve cracks and then flow is stabilized i.e. full flow when
main valve opens.
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Fig 18. Pressure-Flow Transient response
5.4 Parametric Analysis by Simulation Model

Numerical simulation is a simple and effective method for
analyzing valve dynamics. The effects of the variations of
various parameters on the response of the valve are obtained
through simulation analysis.

5.4.1 Pilot VValve damping spool clearance effect.

Figure shows the influence of the damping spool
clearance, which indicates that the clearance has large
influence on the stability. Small clearance made the overshoot,
peak rising time and period of damped vibration increases
slightly. In contrast, if clearance was large, the overshoot,
peak rising time became small and the settling time became
longer. To summarize, there exists an optimal value for the
damping orifice diameter. In addition, its small vibration has
large influence on the stability of the valve. This implies that
machining error has large influence on stability.

120

Radial clearacnce, h=0.04mm

100

80 4

— Main Valve,P1

sod F | Pilot Valve,P3

Pressure,Bar

40

20

0 T T T T T T T T T
000 005 010 015 020 025 030 035 040 045 050

Time,sec

Fig 19. Effect of radial clearance h=0.04mm for 100 bar
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Fig 20. Effect of radial clearance h=0.05mm for 100 bar
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Fig 21. Effect of radial clearance h=0.06mm for 100 bar
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Fig 24. Effect of radial clearance h=0.06mm for 192 bar
5.4.2 Effect of inlet volume V1

For inlet volume of 1.5e-3 m3/sec, the settling time is
around 100 ms for pressure of 100 [bar] and around 160 ms
for pressure of 192 [bar]. Similarly for inlet volume of 2e-3
m3/sec, the settling time is around 150 ms for pressure of 100
[bar] and around 200 ms for pressure of 192 [bar]. For higher
inlet volume of oil the transient response is slower. The
pressure overshooting and frequency of oscillation is different
for different inlet volume of oil.

Fig indicates the time for raising and peak is more for the
larger inlet volume when compared with the lower inlet
volume. But overshoot is more in case of low inlet volume. As
can be seen at fig.4, a very fast response for lower inlet
volume of oil is obtained.
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Fig 25. Effect of Inlet volume, V1=1.5e-3m*/sec for
100bar
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Fig 26. Effect of Inlet volume, V1=2e-3m?/sec for
100bar
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Fig 27. Effect of Inlet volume, V1=1.5e-3m%/sec for 192bar
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Fig 28. Effect of Inlet volume, VV1=2e-3m*/sec for 192bar
6. Conclusion
Based on the results, the following conclusions made.
(a) Simulated transient response of a valve model matches

with the experimental results. By using this model it is
possible to select the optimal setting points of the valve with
respect to the hydraulic system operation.

(b) Transient response .is significantly influenced with the
variation of the pre-compression of the pilot valve spring.
There is a rise of steady-state pressure of the valve working
range with the increase in the value.

(c) Overshoot and pressure override is much less than the
other design of pilot relief valves.

(d) The overshoot and the peak time of the transient response
are influenced by the radial clearance of the pilot poppet
damping spool.

(e) Inlet volume to the valve results in additional effects on its
response.

Overall it is summarized that, compound pressure relief
valves pilot poppet damping spool with flat surface design
gives more stability than compared to the valve studied in [19-
24]. Results confirm the simulation model suitable to assess
the performance as well as to choose the optimal parameters
of the valve before manufacturing and installation in the
hydraulic system.
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