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Abstract

The semi-empirical method for modeling various fluid power components has appeared to be
very effective and thus it is used in many time-domain simulation programs. In studies carried
out early 90’s effective non-linear time-domain semi-empirical models for pressure relief
valves were proposed. In this method an analytical model is brought into a form in which its
parameters can be identified by using measured characteristic curves. This paper shows that
this model can also be used in frequency-domain analysis of fluid power circuits including
short or long pipelines. This model provides similar advantages to as it provides in time-
domain analysis, i.e. it is not required to dismantle the valve to identify the parameters. The
model is also in a compact form in which the number of parameters that can be identified
from measured characteristic curvesisthe lowest possible. The applicability of the linearized
semi-empirical model is demonstrated in analyzing dynamics of fluid power circuits with
short and long pipelines. The frequency domain analysis of the fluid power circuits are mainly
needed in stability analysis on closed loop systems and in pressure transient analysis of long
pipelines. The advantage of the presented model is clearly its usability over the entire
operating range of the system. It is because its parameters are firstly identified in non-linear
time-domain and then the model is linearized in the vicinity of the selected operating point.
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1 Introduction

An analytical mode for afluid power component uses
physical equations that describe the behaviour of the
internal elements and their connections. Its parameters
consists of dimensions of the internal e ements spring
constants etc. The major drawback of such a modd is
that the component has to be dismantled to determine
their values. In most cases commercidly available
components are used in the circuit that is to be
analysed. It was shown in [1] and [3] that the
analytical model of a pressure relief valve can be
brought into a form in which the parameters can be
identified from measured characteristic curves. This
information is partly available in manufacturers
catalogues. It can also quite easily be measured in a
simple laboratory rigs. The frequency-domain anadysis
of hydraulic circuitsis less popular than time-domain
analysis because the stability and resonance behaviour
is normally important only in special cases such as
servo-systems, long pipelines, load-sensng pump
circuits, counter balance valve circuits etc. The fluid
power circuits are also quite non-linear systems and
thus their dynamics is highly dependent on the
operating point. To get a complete understanding of
its behaviour system should be studied in severd
operating points. Despite this the frequency—domain
analysis can be valuable in special cases. In long
pipeline dynamics analysis pressure relief valves are
often modelled roughly using intuitive approach [5].
This paper proposes systematic approach by means of
which relief valve modds can quite easily be
postulated in frequency-domain.

2 Semi-empirical frequency-domain
modelsfor arelief valve

2.1 Nonlinear time-domain model
For a commonly used relief valve construction shown
in Fig. 1 the following non-linear analytical model can
be derived [1]. The force balance for the poppet is
Iw&"'krn)(:':p' FaotF- F N
In (1) F, isthe pressure force that can be expressed as

Fo = P,A 2

The reaction and impulse flow forces respectively can
be written as follows

F,,=2>C,*xppD,xsnacosa ©
F., = bp X @)

The continuity equations for the main flow and
leakage flow respectively are
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Q1=CdprsinaW=K\/Fl ©)

6
Q2:kc(p1- pz):Aﬁ ©

The model Egs.(1)-(6) has nine parameters that
compose of physica congtants, geometrical
dimensions etc. that cannot be identified without
dismantling the valve.

It is shown in [1] that Egs (1)-(6) can be brought into
the semi-empirica form

K +2C,C,R +CZ(C,+C,p)K
=C2(p- Prg)

Q =Kyp,

in which there are only four parameters whose
physical equivalents are as follows

)

k _ cosa
=

K in EQ.(7) is a variable including cross section area
of vave orifice fluid density and discharge
coefficient.

.

o i
4, py /
T
A= ED
L

Fig. 1 Commonly used relief valve construction

It is shown in [1] that the values for the parameters
C;...C, parameters can be identified from the
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measured characteristic curves of the valve to be
modelled. The method has two important advantages:
firstly, it is unnecessary to dismantle the valve to
identify the parameters and secondly, a single valve
model can describe various valve constructions as
shown in [4].

2.2 Relief valve with compressible volume

Fig. 2 shows thetest circuit in which a step response
on the valve can be measured. If the pumpin Fig. 2is
assumed to be an ideal flow source, therdlief valve
with the compressible oil volume can be described by
Eg.1 and the following compressible flow Eq.

B, =\B;(Qp -Q,- Q) ©

By neglecting the second order term in Eq.(7) and
selecting an operating point pyo , Qo and Ky as well as
assuming Q¢=0, the transfer function (between pump
flow and pressure) of relief valve with compressible
volume can be obtained as follows

—

P, O }:)&
N

Q i
Ip b4 L l

Fig. 2 Test circuit for relief valves

s+
P =+ 7704
W W,
where
EK3 +EK1K3— EK4C1— EKZK4
w. =1V V V V
0 K5
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Negl ecting the second order dynamics of the valve can
be justified, since the inertial force is normally much
smaller than the spring force and hydraulic forces due
to small poppet mass. At this paint, it must be noted
that constants K;...Ks consst of the origina
parameters C,...C, and operating point data Ko, pio
and Q. Vaue of K at the operating point can easily
be found as

- QlO
\/B 10

The parameters can easily be identified from static and
dynamic characteristic curves of the valve as shown in
[1]. This feature makes this method superior dso in
the frequency domain andyss. Fig. 3 shows
comparison of measured step responses and those
obtained by using the non-linear model Eq.(7) [1],[3]
in case of commercia relief valve. By using the same
parameter data and corresponding operating points
three frequency responses are calculated by Eq.(10).
Fig. 4 shows the results. It can be concluded that
transfer function Eq.(10) corresponds well the
dynamics of real valve (when comparing overshoot,
resonance peak and resonance frequency). Tab. 1
shows the used parameter values.

Ko (11)
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2.3 Rélief valvewith long pipdine

In long pipeline dynamics analysis [5] the transfer
function of relief valve must be postulated between
valve flow Q; and pressure p;.

Again by neglecting the second order term in Eq.(7)
and selecting an operating point pi, Qi and K, the
transfer function can be derived asfollows

&(S) — K4K55+ K4(Cl + Kz) + Ka(l' Kl)
P Kss+C, +K,

(12)

where K;...Ks are as shown in Eqg.(10). Now by
calculating the frequency responses by Eq.(12) in the
same operating points as before the result Fig. 5 are
obtained. It can be concluded from the Fig. that relief
valve worksin along pipeline similarly to afirst order
filter as concluded in [5]. In addition to this from
Eq.(10) it can also be concluded that the model has
also a zero that decreases the phase lag in larger
frequencies. This is an interesting finding although it
hardly has important effect into the frequency
response of a long pipeline in the normal frequency
range.
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Fig. 3 Experimental verification of non-linear mode

3 Numerical Examples
3.1 Circuit with short pipelines

Fig. 6 shows a simple fluid power circuit including
constant displacement pump, pressure relief valve,
3/3-directiona valve and single-acting cylinder with
mass load.
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If it is needed to study cylinder speed v as a function
of pump flow Q, the following linearized equations
can be derived as follows: By using the relief valve
mode with the compressible volume Eq.(10) pressure
p: becomes

asta,
p=—"r Q- Q) (13)
s? 24,8 P
S+ +1
WO WO
Bode Diagram
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Fig. 4 Frequency responses of relief valve with
compressible volume
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Fig. 5 Frequency responses of relief valve without
compressible volume

Directional valveflow Q, is

Q =K,p - K,p, (14)
where K, = &
! 2\/ Pwo - Pxo
Pressure p, becomes
p,=2(Q, - vA) (19
Vs
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The cylinder speed is

_ A
\% P,

= 16
— (16)

Fig 7. shows the block diagram of the system. From
Egs.(13...16) the transfer function between the pump
flow Q, and the cylinder speed v can be derived as
follows

v as+a,
—(9) = 17
Q, ) b,s* +b,s® +b,s* +bs+h, ()
where
V.
b, =——"2
KvBeZ'A\WO
_ 2mV,a, bV, N mv,a,
3
K,B,Aw, K,B,Aw? B,A
b, = mv, 2bV,d, LA
* K,B,A K,B,Aw, K,w,’
LMV,a, | bVya
B,A B,A
b, = bV, N 2d,A N bV,a, ra A
KvBeZA KVWO BeZA
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b, :K—V+aOA
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L~
LI
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Fig. 6 Example circuit with short pipdines
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Fig. 8 shows the frequency responses of Eq.10 with
two different values for parameter C4 describing the
relief valve dynamics. Tab. 2 shows the other
parameter values used in the calculations.

a,s +da,

Fig. 7 Block diagram of test system

It can clearly be concluded from Fig. 8 that the
resonance frequency of the cylinder-mass system is
dominating the system behaviour. In spite of this with
about five times larger value for relief valve parameter
C; highlights the importance of relief valve dynamics
that can clearly be seen from the blue curvein Fig. 8.
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Fig. 8 Frequency response of test system with two
values of the dynamic parameter of relief valve

This example has shown that the semi-empirical
pressure relief valve modd is effective tool in
frequency domain analysis of hydraulic circuits with
short pipdines especially when relief valve dynamics
has important effect into the system behavior.

3.2 Circuit with long pipelines

In [5] a systematic agpproach is developed for
analyzing fluid power circuits with long pipelines in
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frequency domain. Also inclusion of such components
as a relief valve, pressure compensated pump,
accumulator and various kinds of passive filters is
described. The proposed pressurerdief valve model is
a very smple and by means of it factors like flow
force and effect of operating point cannot be taken
into account. By using the semi-empiricd mode
Eq.(12) proposed in this study the operating point
effects can easily be studied. Fig.9 shows the circuit to
be modeled. It includes a constant displacement pump,
relief valve two 6.17 m long pipelines and an orifice.

ol |
o

] P; Q
Po P;

Fig. 9 Circuit with long pipelines

By using the chain rule the dependency of flow and
pressure (po,Qo) in the end of the second pipe on the
input pressure and flow (Q, ,p;) of thefirst pipe can be
derived asfollows

éAlz BLzl;él 'G';E;Au BLll;éQil;l

ng D, (€ 1 k&u DLl@HH

. (18)
_&Qu

-e

éPoll

where G is the transfer function of reief valve. By
using the semi-empirica model Eq.(7) for relief valve,
the boundary condition

Po = RyQy (19)

and thefollowing expressions for A_;...Dy»
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A=A, =coshT+/Ns
B =g =° snhT+/Ns
L1 L2 ZC\/N (20)
C,=C,, =-Z./NsnhT+/Ns
D, =D,, =coshT+/Ns
where
N2 pq4 01515 0.1620
S 1+03030> 1+004°>
aV aV
0.020
1+0.001°>
av
P,

The amplitude — can be calculated as a function of
|

natural angular velocity. It must be noted that in this
particular example two pipes with equal dimensions
are used to simplify the modd Eq.(18). Theresultsare
shown in Fig. 10. To highlight the capability of semi-
empirical modd to take into account the operating
point the results are calculated in three operating
points that are exactly similar to those in Fig.3. Tab. 3
shows the parameter values used in cdculating the
responses in Fig.10. Also to show the influence of
valve parameter on the response dynamic parameter
C4 is made four times larger. Fig. 11 shows the
dramatic effect of the valve dynamics into the first
resonance amplitude.
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Fig. 10 Dynamics of test system with long pipelines
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4 Conclusions

The present paper shows how the semi-empirical non-
linear pressure relief valve modd can effectively used
in frequency domain analysis of fluid power circuits
including short or long pipelines. The modd is based
on physical anaytical modd and its parameter values
can be identified from the measured characteristic
curves provided by manufacturer or can easily be
measured in a smple test rig. It is shown how the
original time-domain modd can easily be transformed
into frequency domain and expressed in the forms
normally used in circuit analysis both in case of short
pipelines and long pipelines. Numerica examples are
given in analyzing two circuits one with short and
other with long pipdines. The results show how the
operating point or parameter influences can easily be
studied by means of the proposed mode.

5 Futureextensons

This approach can also be applied in cases of semi-
empirical models for pressure reducing valve, two-
way flow control valve, three-way flow control valve
and a counter balance valve. Semi-empirical models
for these are dready derived in [1],[2],[3] and [4].
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Fig. 11 Influence of valve parameter C,

Tab. 1 Vaues of parameters and other constants used
inrelief valve smulation (Figs. 3-5)

P 10°Pe] 9 150 197
B [Mpd] 1500 1500 1500
V [10°m7 1.5 1.5 1.5
Quo[dm¥min] 30 30 30
P1o [10°Pa] 120 170 220
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C,=1.36*10"
C,=8.56*10°
C;=6.0v10"
C,=1.4*10'

Tab. 2 Parameters and other constants used in
simulating circuit Fig.6

Bey[Mpd] 1000

b [Ns/m] 3500
M[kg] 1000
V,[10°m? 1
K.,m3/sPa]  8.82*10%
P1o[10°Pa] 220

P20[10°P4] 33
Qu[dm¥min] 30
A[10* m7 31.3

Tab. 3 Parameters and other constants used in

| smulati ng circuit Fig.9

| T8l 0.0045
a[ls| 14.2
ZJNsm’  0.922¢10%

Nomenclature

A piston area, poppet area [m?]
a,& transfer function parameters

bo...b, transfer function parameters

b viscous friction coefficient [Ngm]
Be Bex  effective bulk modulus, [Pa]
Cq discharge coefficient

C;...C, semi-empirical vave parameters

D, poppet diameter [m]
F1, Fro, flow force [N]

Fo Pressure force [N]
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Fo Preload spring force [N]
G transfer function
K;...Ks linearization coefficients
K variable including cross section

area of valve orifice, discharge

coefficient and oil density [m3/s0P4]
Km spring constant [N/m]
K., ke flow-pressure coefficient [m®/sPa]
m mass, poppet mass [kg]
Po,pu,p2 pressure [Pl
Pref set pressure of relief valve [Pa]
Q pump flow, [m¥s]
Q.. Q, directiona valve flow [m¥s]
Ro pressure-flow coefficient [Pas/m?]
T wavepropagation time [<]
V.V, ol volume, [m?]
X poppet position [m]
Z. charateristic impedance [NSm”]
a poppet angle [rad]
ay viscosity factor [1/9]
B relative effect factor of impulse

flow force
Wo natural angular velocity of relief

valve [rad/sg]
do damping factor of relief valve
p oil density [kg/m?]
6 References

[1] Handroos, H.M., Vileniuss M.J The

(2]

(3]

Utilization of Experimental Data in
Modeling Hydraulic Single Stage Pressure
Control Valves,. ASME Journal of Dynamic
Systems, Measurements, and  Control,
V0al.112, Number 3, pp.482-4886, 1990

Handroos, H.M., Vilenius, M.J,Flexible
Semi-empirical Models for Hydraulic Flow
Control  Vdves, ASME Journal of
Mechanical Design, Vol.113, Number 3,
pp.232-238. 1991

Handroos, H.M, A Method for Postulating
Flexible Models for Individual Components
For the Fluid Power Circuit Simulation,

ISBN 978-3-901608-32-2

[4]

(3]

9-13 Sept. 2007, Ljubljana, Slovenia

ASME, FLUCOME'91,
August 29-31, 1991

Handroos, H., Halme, J. Semi-empirica
Modd for a Counter Balance Valve, Third
JHPS International Conference on Fluid
Power, Y okohama'96, November 4-6, 1996

Viersma, T.J, 1980, Analysis, Synthesis and
Design of Hydraulic Servosystems and
Pipelines, Elsevier, Amsterdam

San Francisco,

Copyright © 2007 EUROSIM / SLOSIM



