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ABSTRACT

Infinitely controlled operating fluid flux can be obtained in hydraulic circuits for fluid power
systems by the presence of flow control valves of proportional type before hydraulic
actuators. This research introduces a detailed mathematical model for a class of pressure-
compensated proportional flow control valves. The numerical values of the construction
parameters for the mentioned valve were obtained from the disassembly of the valve and
conducting the necessary measurements, as well as the manufacturer's technical data sheet.
The static and dynamic behavior of the valve at different conditions is investigated by a
simulation program constructed by the MATLAB SIMULINK package. An experimental
setup was constructed to evaluate model steady-state fluid flux. The simulated steady-state
valve flow rate satisfactorily agrees with the experimental results. The effect of the variation
of load pressure, supply pressure, and valve construction parameters is considered. The
studied parameters are downstream valve spool spring stiffness, downstream compensator
spring stiffness, spring pre-compression, compensator damping hole diameter, and
compensator mass. The present results indicate that the controlled flow rate increases as
compensator spring stiffness or pre-compression increases and as valve spool spring
stiffness decreases. Increasing the compensator damping orifice diameter leads to a decrease
in the transient time. The compensator mass has no significant impact on the transient time.

KEYWORDS: Proportional flow control valve, Pressure compensator, MATLAB
SIMULINK, mathematical model, Solenoid.
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1. INTRODUCTION

The development of proportional valve designs by researchers, research centers, and
manufacturers is considered a technical solution to complex hydraulic circuits[1-6]. These valve
families allow unlimited valve spool positioning, thus providing infinitely adjustable flow
volumes[7-10]. Either stroke-controlled or force-controlled solenoids are used to achieve the
infinite positioning of the valve spool [11- 16].Available variable positioning for the spool allows
for varying valve metering notches to provide flow and then speed control. Proportional valves are
controlled by changing an electrical signal that controls the stroke of the valve spool over metering
ports. This produces a variable flow of fluid, thereby providing the ability to vary the flowrate and
then the speed of the actuator being controlled.

The present work introduces a complete, detailed mathematical model for a certain type of

proportional flow control valve (PFCV). The mathematical model considered all the non-linear
effects in the PFCV. The mathematical model considered the friction effec, the non-linear relation
of the change of the throttling areas with the displacement of the spools, and the effect of
compressibility when applying the continuity equation through the different cavities and pipe lines
connected to the valve. We get a high-fidelity model to simulate the static and dynamic behavior
of the valve in reality.

The simulation model, based on the deduced mathematical equations, provides researchers
and manufacturers with a good understanding of the valve behavior of both transient and steady-
state conditions, which can help to manufacture new families of valve works in different flowrates
and different working pressures.

A validated study model is important for manufacturers because an understanding of the
model design key points can be used to modify the studied valve characteristics by varying valve
construction parameters. The simulation model will help in the design of a hydrostatic transmission
system used as part of a hydraulic control system in wind turbines. According to the performance
of the studied valve, we have constant flow rates to the hydraulic motor, which rotates the
synchronous generator in spite of the varying loading conditions. The presence of the studied valve
in the designed system reduces the required control elements. also ensuring continued operation
and constant electric power generation in the case of low turbine speeds [17].

The selected valve (Duplomatic QDES-80/10N-D24K1) [18] shown in Fig. 1 consists
basically of housing (1), force-controlled proportional solenoid (2), The flow (from port P to B)
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passes through the compensator throttling area (8) after the valve throttling restriction (7) ,which is
located in the wall of the valve spool (3). The valve spool is loaded by the downstream valve spring
(4). Pressure compensator (5), loaded by downstream compensator spring (6). The setting of the
flow is determined by setting the input command signal.

At certain input command value, the proportional solenoid core is attracted and moves to the
right. The main throttling orifice is open, which means the valve spool moves to the right against
the downstream valve spring until the valve spool has displaced the equal distance produced by the
proportional solenoid according to the input command value "the valve spool rested on the
proportional solenoid core". At the same time, the compensator moves to the left by the downstream
compensator spring. The displacement of the compensator to the left increases the exit throttling
area, which is machined in compensator on the right side. This position allows the operating fluid
to flow from the inlet chamber to the port (B).

If the supply pressure is increased, the flow rate increases. Simultaneously, the compensator
moves to the right against the downstream compensator spring. This displacement is produced by
the pressure force against the spring force caucus decreases the exit area of the compensator
restriction. The compensator kept the pressure difference between the valve inlet and exit constant
by using a damping hole, which is a tube machined inside the compensator. Thus, the valve again
reaches a steady state and maintains a constant flow rate.

If the supply pressure is decreased, the flow rate (Qm) decreases. The pressure force inside
the inlet chamber acting on the compensator becomes less than the downstream compensator spring
force. The spring pushes the compensator to the left, increasing the exit restriction area. The flow
rate and the pressure difference increase until they reach the required steady-state values again.

—® —@ —® —O

I~ N (a 8

Fig.1. Schematic drawing of the studied valve

2. MATHEMATICAL MODEL

The mathematical model for the selected valve is solved numerically to obtain the dynamic
behavior of this valve. Equations describing the dynamic behavior of the selected element are
deduced as follows:

Equations of Motion

The core of the valve moves under the action of the spring force (F.), seat reaction forces
(Fsr1, Fsrs ), viscous friction force (Fef).and the solenoid force applied to the core (F.), as shown
in Fig.2.
The dynamic equation of motion of the core is as follows:
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d?Xe 1
ae =—[Fe — Fsp1 — Fsrg — Fer + Fie] (1)

Mme

Where, m, ,and X, are core mass(kg), core displacement(m), respectively.

Solenoid force applied to the core (F.) can be obtained from following transfer function [19-21]
2
Fe($)=G * o 1(5) (2)

S2+2%wpS+wp2
Where, [is PFCV input current(A), respectively.
Fse= Kse (Xe +Xeo) (3)

Where, K., and X,, are core spring stiffness(N/m), and downstream core spring pre-
compression(m) , respectively.

For= £ ©
Where, f, is Friction coefficient (Ns/m).
0 Xe < stroke
Fsr1= dx (5)
K|X.]| —R dte Xe = stroke

Where, K, and R are equivalent seat material stiffness(N/m), and equivalent seat material damping
coefficient(N. s/m), respectively.
o] Xe < Xs
Fsrs= _ (6)
K X, — X| + R&%eXs)
dt
Where, X is valve spool displacement(m).

Xy
X I =
o K(X.* X.,)
‘Em ______
I(E£X5+ Xsipip 45!?3 FSE., FS&.. @b > |: 4&5
______ _
R

Fig.2. Free body diagram of the valve spool and solenoid core

The valve spool moves under the action of the spring force (Fgg), seat reaction forces
(Fsr2, Fsr3), pressure forces (Fpg, Fys) and the viscous friction force (Fgf). The dynamic equation

of motion of the valve spool is as follows:
d?Xs 1

a2 m. [ FostFsratFsrz- Fss-Fps- Fstl (7)
Where, my is valve spool mass(kg).
Fss= Kgs (Xs +Xs0) 3

Where, K¢, and X, are downstream valve spool spring stiffness(N/m), and downstream valve
spool spring pre-compression (m), respectively.
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dXs
dt

Fse=1 ,where f= u% , Aps = TDgLgy 9)

Where, y, ¢, Apg, Dg, and Lgy, are oil dynamic viscosity coefficient (Pa.s), radial clearance (m),

valve spool side area (m?), valve spool diameter (m), and contact distance between valve spool and
housing (m), respectively.

0 Xs=0
Fsr2= (10)
dXs
K X —RZE X, <0
FPS: Ps .As . As = % (Ds) 2 (11)

Where, Ps, and As are upstream pressure applied in valve spool (Pa), and valve spool cross section
area (m?), respectively.

Fps= Pas .As (12)

Where, Pds is downstream pressure applied on valve spool(Pa).

The compensator spool moves under the action of the spring force (Fs.), seat reaction force
(Fsr4), pressure forces (Fpg, Fi,¢) and viscous friction force (Ff) , as referred to in Fig.3.

FSR4 - Fbc+Kcs (xc+ Xco)
—> -+

DRSHIE;
| |
el

Fig.3. Compensator spool free body diagram

The equation of motion of the pressure compensator spool is given as follows:
d?X, 1
e == [Fpg +Fsps —Fpe —Fsc —Fr] (13)

[

Where, m. ,and X, are compensator mass (kg), compensator spool displacement (m), respectively.

Fsc= Kes (X +Xeo) (14)
Where, K., and X., are downstream compensator spring stiffness (N/m), and downstream
compensator spring pre-compression (m), respectively.

dX¢

Fe=f—- ,

where f= u%, Apc = DLy (15)
Where, Ay, D, and L, are compensator side area (m?), compensator diameter (m), and contact
distance between compensator and housing(m), respectively.
0 Xc=0
Fsra= X, (16)

K [Xc| - RS X, <0
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Fpe=Ps Ac  ,Ac=7(Dc)’ (17)
Where, A. is compensator cross section area (m?).
Fpc=Pac Aoc , Aoc = g (Dc)? (18)

Where, P4 is downstream pressure applied on compensator spool (Pa).

Throttling areas are calculated as follows,

The spool and compensator restriction are machined such that the area opened is of half-
circle shape. Fig. 4A. Shows one of four orifices that represent the area Ai .The opened area is
deduced as follows:

]
A mr? o= = (1 = XY Ti? — (17— Xo)? (19A)
Ai= T riz.% - (ri - XS) ’ZriXS — XSZ (19B)
8_ -1 @i—Xs
2 cosm () (190)
2cos™1 (—(ri;xs )
A= ————— — (r; = X,) /Zrixs — X2 (19D)
(6] XS < Xd
A= iry (ri-X (19)
4 .cos_l(‘r—is) — (r; — X) /Zrixs—xsz] X = Xq
Ke | Xs
Xc Housing Housing b
_’._‘_
Compensator
Throttling Area Spool
Y =] Throttling Area
% Ay
<
g 43,
y
—»> - X
—»  °
Fig.4B. Pressure compensator restriction area Fig.4A. valve spool throttling area

Figure 4B. Shows one of eight orifices that represent the area Ao. An expression for this area
is deduced as follows:

A,=Tr,2 % — X |rg? — X2 (20A)
0 _ Xc
S=cos™! () (20B)

£ =X (200)
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(0] XCZFO

Ao= T 12 X 2 (20)
B[Tw.cos‘l(f)—xc /rZ—XC ] X, <rg

The flow rates through the valve areas are:

The compensator damping orifice is a short tube orifice Fig.5 .The flow rates through the
compensator damping orifice from the inlet chamber to the intermediate chamber and downstream
compensator spring chamber are deduced as follows:

TP‘
R la
|
R, Ra[P:Qoda R,
!

Fig.5. Compensator spool damping holes details

Qcd1= Qcaz + Qcdz + Qcas (21A)
Where, Q.41,Qcd2, Qcds, and Qq4 are flow rates through compensator damping holes (m?/sec).
Qcda1= 2Qcdz + Qcds where, Qcaz = Qcas (21)
128 . L
P, — P =R;Qcqs where, Ry = —_=t (22)

cd1

Where, P,R1, 1, L4, and d.q4 are damping holes intersection point pressure (Pa) , hydraulic pass
resistance (Pa.s/m?), oil dynamic viscosity coefficient (Pa.s), compensator damping hole length (m),
and compensator damping hole diameter (m) , respectively.

128 . L¢

P—P =R;Qcaz where, R, = #dz‘“ (23A)
Where, P, is PFCV intermediate chamber pressure (Pa).

P—P = R3Qca3 (23B)
By sum. Egs. (23A), (23B), the following relation is obtained:

2(P—P) =RyQcd2 + R3Qcqz where, R; =Rz, Qcdz = Qeas (230)
Eq. (23C) can be re- rewriting as follows,

P —P =R3Qcqa2 (23)

128 . L¢

P — Py = RyQeas where, R, = — it (24)
By substituting Egs. (23), (21) in eq. (22), the following relation is obtained:

Ps = P, = R3Qcaz + 2R1Qcdz2 + R1Qcas (25)
By substituting Eq. (24) in eq. (22), the following relation is obtained:

Ps = Pac = R4Qcds + 2R1Qcaz2 + R1Qcas (26)
Eq. (26) can be re rewriting as follows,

1
Qedz = ﬁ [ (Ps — Pgc ) — Qeas(Ry + Ry)] (27)
1
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Where, P4 is compensator downstream chamber pressure (Pa).

By substituting Eq. (27) in eq. (25), the following relation is obtained:

2R; + R,
P, — P = 2—R1 [ (Ps - l:)dc) - ch4(R1 + R4)] + R1Qcqa (28A)
In rearrangement Eq. (28A), the following relations are obtained:
2R, 2R z
_— —P)=[(P;—Py.) — R R 28B
2R, 2R,% — (2R, + R,))(R; +R,)
——r (P.—P)—=(P.—P = 28C
2R1 + R2 ( S 1) ( S dc) 2R1 + Rz ch4 ( )
Qegs = 2R TRy [ 2Ry (P, — P) — (P — Py )] 28D
cd4 — 2R12 _ (2R1 + Rz)(R1 + R4_) 2R1 + RZ S i s dc ( )
Qcas = I[J(Ps - Pi) - (Ps — Pyc )] (28)
Where,
= 2R; + R, = 2R,
~ 2R, — (2R, + R,)(R; + R,) ’ ~ 2R; +R,
Qeaz = W[ (Ps - l)dc) - Zch4] (29)
1
Where, W= , z=R; +R,

The spool damping orifice is also a short tube orifice. The flow rate through this orifice is
given by the following equation:

QSd: (Ps - Pds) (30)

Where, Py, Lsq, and dgq are valve spool downstream chamber pressure (Pa), valve spool damping

ﬂdgd
128u.Lgg

hole length (m), and valve spool damping hole diameter (m), respectively.

Internal leakage in hydraulic elements is one of the problems resulting from operating at
high pressure levels and the increased clearances due to wear. The leakage flow rate through the
clearance between the spool and valve housing is given by:

Q=5 py Py (1)

12 n.Lgp
Where, Lsh is contact distance between valve spool and housing (m).

The leakage flow rate through the clearance between the pressure compensator and valve
housing is given by:
. dc

Que= = (Pac — P) (32)

Where, L is contact distance between compensator and housing(m).

The operating fluid, which flows from the valve spool restriction to the valve exit through
the intermediate chamber, can be written as follows:

Q;= Ca .Ai /%(Ps - Pi) (33)
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Where, Cq, Ai, and p are discharge coefficient (---), valve spool restriction area (m?), and oil
density(kg/m?) respectively.

The operating fluid flows from the intermediate chamber to the valve exit through
compensator spool throttling. The flow rate through these restrictions, Qm, is given by the
following equation:

Qu= Cd Ao /E (Pi — Pm) (34)

Where, Ao, is Compensator restriction area (m?).

The continuity equation applied to the valve chambers are:
The continuity equation is applied to the intermediate chamber (I) (Fig.2) as follows:

=D * [Q +2Qeaz + Qus + Que — A — Qeas] (35)

Where, Vi, Q;, QLs, QLc, and Qare Valve intermediate chamber fluid volume (m?), Flow rate
through valve spool restriction(m?®), Leakage flow rate through clearance between valve spool and
valve housing(m?®), Leakage flow rate through clearance between compensator and valve
housing(m?), and, Flow rate through compensator restriction to valve exit (m?),respectively.

The continuity equation is applied to the downstream spool spring chamber (II)(Fig.2) as

follows:
dPgs dXg

B
a (Vbs —As.Xs) [ Qsqa — Qus + AS'E (36)
Where, Vus, and Qgq4,Valve spool downstream chamber fluid volume (m?®),and Flow rate through
valve spool damping orifice, respectively.

The continuity equation is applied to the downstream compensator spring chamber

(IIM)(Fig.2) as follows:
dPg. B dX,
T G ooz [ Qea = Que + Ac 7] (37)

Where, V., Compensator downstream chamber fluid volume (m?).

3. SOLUTION APPROACH
Using MATLAB (SIMULINK) package 2019a, continuity equations were applied to valve
chambers and valve damping holes, as well as Newton's second law on valve spool, valve core, and
compensator spool. The numerical values for construction parameters, which are listed in Table 1,
are constant inputes to the designed model. The model computed the variables listed in Table 2 to
obtain the dynamic behavior of the valve.
Table .1 Construction parameters and valve dimensions (constants)

Symbol value Unit Symbol value Unit Symbol value Unit
Ac 2.544e-4 m? Kes 85000 N/m ri 0.003 m
As 2.544e-4 m? Kse 30000 N/m o 0.007 m

B 19¢° Pa Kss 100000 N/m {7/ 6.5e-6 m3
C 2e® m Lea 0.022 m Vs 9e® m?
Cq 061 | - Len 0.007 m Vi 15 e*® m?
D. 0.018 m Lsa 0.016 m Xco 0.012 m
ded 0.00045 m Lsh 0.007 m Xeo 0.01 m
D 0.018 m mc 0.053 Kg Xso 0.003 m
dsa 0.002 m me 0.025 kg p 850 Kg/m?3
f 100 Ns/m m;s 0.0366 Kg 1 0.0306 Pa.s
K 10 €° N/m R 10000 | N.s/m
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Table .2 Computed parameters

Symbol Unit Symbol Unit Symbol Unit Symbol Unit
Aj m? Fic N Pac Pa Qre m’/s
A, m? Fse N Pas Pa Qus m’/s
Fhe N Fir N P Pa Qn m’/s
Fbs N Fsri N Ps Pa Qsa m?/s
Fer N Fsr2 N Qcar m’/s X m
Fe N Fsrs N Qcaz m’/s Xe m
Fer N Fsr4 N Qeds m’/s Xs m
Fps N Fss N Qi m’/s

4. RESULTS AND DISCUSSION
The dynamic behavior of the studied valve is described by equations 1 through 37. These

equations were used to develop a computer simulation program using the MATLAB (SIMULINK)
package. The numerical values of the model parameter were obtained by disassembly of the valve
and conducting the necessary measurements additionally manufacturer technical data sheet.
The deduced mathematical model is based on the following assumptions:

e Structure deformation under high pressure variation is not considered.

e The density and bulk modules of oil are constant.

e Variation of oil viscosity due to temperature variation is neglected.

Figure 6. Represents the effect of applying variable input current on the proportional core
to steady-state valve flow rate. The supply and load pressure that are applied to the studied valve
are set at 250 and zero bars, respectively. When the applied input current in the valve core increases,
the controlled valve flow rate also increases, and vice versa. The half-circled machined main

throttling area produces a nonlinear curve, as shown in the figure.
100 ‘

90 -
80 A
70 A1
60 A

40 -
30 -
20
10 {
0

Valve flow rate ( L / min)

I
I
I
I
I
|
I
I
I
I
50 1 I
I
I
I
|
I
I
I
I
I
I

04 05 06 11 1.2

0.9 1
Curent (A)

Fig.6. Variation of input current signal with valve flow rate

100 T
90 N M s :
1 1 /"ﬂ’\ [ 1 1 1 1 1
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E 70 50 S TS S S S TN N SR S
3 sk
g 60 T/
e 50 :/ H . \ : . . , H
H [,° 4
I I R R N
g 1 !
= 30 4+
> , , T i i i i . !
20 i i i i i In o9 |
| | | | | ! 1| eececsccee 0.8In 0.7In
10 3 3 3 3 i i i 0.6In 0.41n
0

80 100 120 140 160 180 200 220 240 260
Supply Pressure (bar)

0 20 40 60

Fig.7. Effect of supply pressure variation on valve flow rate
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The effect of supply pressure variation on the steady-state valve flow rate is represented in
Fig.7. The curve is deduced by applying a constant pressure of 250 bar and zero bar at valve Inlet
and exit chambers, respectively. The deduced curve is obtained at several input signals to a
proportional solenoid core. The curve is divided into two zones. In the first one, the valve flow rate
1s uncontrolled and the valve is working as a throttling valve, whereas the supply pressure increases,
which means the pressure difference also increases, and then the valve flow rate subsequently
increases. At certain point, the pressure difference across the main throttling area is enough to
motivate the valve compensator. At the mentioned point, the second zone has initiated. In the second
zone pressure compensator, implement the function designed for it and maintain the steady-state
valve flow rate almost constant regardless of the continuous rise of supply pressure.

The effect of varying the load pressure on steady-state valve flow rate is illustrated in Fig.8.
At 100% of the input command signal applied to the proportional valve core, the studied valve is
subjected to different constant supply pressures, varying the load pressure from zero bar to rated
pressure. The figure shows that the load pressure variation doesn't affect the steady-state specified
volume of flow until the pressure different force across the main throttling area can't overcome the
compensator net force that applied it. At the point at which the compensator is inactive, the flow
rate behavior begins to decrease until it reaches zero value at valve-rated pressure.

100

PS=250 bar

90 — ! y 3 3 3 3 PS=200 bar
: : ----- :Il"'.:‘...' : : : :“‘\ : ......... PS=150 bar
80 5
i i i i r.. i i i i \ i i i
70 T T : : e : : : : \j
60 N \ 3
S I S I AR A,

IR

Valve flow rate(L/m)

30

20

0 2'0 4'0 6'0 8'0 1;)0 1'20 1;l0 1;50 1'80 2;)0 2'20 ZZIO 2'60
Load Pressure (bar)
Fig.8. Effect of load pressure variation on valve flow rate

5. EXPERIMENTAL WORK

An experimental rig was designed to measure the steady-state valve flow rate under the
effect of load pressure variations at different input currents applied to the valve core. The test rig
is constructed in order to compare the measurements with the model results.The hydraulic test rig
contains three parts (Fig. 9A). The first part includes a hydraulic prime mover, a “fixed
displacement gear pump driven by an electric motor ““. The second one is the proportional flow
control valve. The last part is the test bench. The fixed displacement pump, which is coupled with
an electric motor (1) (prime mover), sucks the operating fluid from the oil tank (2) and sends it to
the proportional flow control valve (3), which passes through hoses (4). The valve flow rate is
measured by the flow meter (5), which is located on the test bench. To prevent the flow meter from
contaminating oil, a high-pressure filter (6) must be located before the flow meter. The system load
is represented by the loading valve (7). The operating fluid oil, pass through the cooler (8) during
turns to the oil tank (2). Besides the flow meter, the setup is also equipped with a pressure and
temperature transmitter (9).
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Fig.9A. Experimental setup

The hydraulic circuit, which represents the experimental setup, is illustrated in
Fig.9B.Setting the supply pressure is achieved by a pressure relief valve, while setting the load
pressure is achieved by an adjustable throttling valve.

High Pressure Filter Flow Meter

Oil Cooler
SENCID W T

@ . % N
PRV | PFCV Adjustable Throttle valve

Qil Tank
L1 1

Gear
Pump

il Tank

Fig.9B. Hydraulic circuit represents the experimental setup
6. MODEL VALIDATION

To verify the mathematical model represented by equations 1 through 37, the steady-state
characteristics relation between the load pressure and the proportional valve flow rate for a constant
command signal at a certain supply pressure is obtained experimentally. Several load pressure
sequences were applied to the studied valve at certain input current, and a results were recorded.
This experiment is repeated several available times in the same sequence at another input valve
current, and the results are recorded. The experimental results compared with the mathematical
model results are plotted as shown in Figs.10A and 10B.

Figs.10A and 10B, respectively, show the variation of the steady-state valve flow rate with
respect to the load pressure variation. In Fig. 10A, the coil is energized with (1.12 A) and the supply
pressure and load pressure are set at 185 bar and zero bar, respectively. It is shown that the valve
output flow is considered constant during the controlled zone regardless of load pressure variation
until the pressure difference between load pressure and supply pressure is 60 bar. Fig. 10B also
indicates good agreement between model results and experimental results work.
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To confirm the results, another command input signal of 1.2 A is applied in the core. The
supply pressure and load pressure are set at 195 bar and zero bar, respectively. Fig. 10B shows a
good match between experimental and simulated results.

7. INVESTIGATION OF THE DYNAMIC BEHAVIOR SIMULATION RESULTS

A verified simulation program is used to predict the static and dynamic behavior of the
studied valve. Manufacturers can modify the studied valve characteristics by varying valve
construction parameters and analyzing the obtained results.
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Fig.11A. Effect of input current on transient response for valve flow rate

The transient time required to give the new steady-state valve flow rate as a result of
proportional coil step input current is shown in figs. 11A and 11B. The current pattern presented
in Fig. 11B is applied to the core at 250 bar and zero bar supply and load pressures, respectively. A
large step current led to an increase in the transient time, and vice versa.

Statically, load and supply pressure variations are not affected by the rate of flow of
operating fluid through the studied valve. A dynamically larger step in load or supply pressure
applied to the valve is required to take a long time compared to a small step to reach the new
balance position again for the valve, and vice versa, as shown in figs. 12A, 12B, and 13.
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One of the studied parameters that controls the amount of operating fluid that passes through
the main throttling area is downstream spool spring stiffness. At the rated input current that is
applied to the valve coil, as the mentioned spring constant increases, the spring force that resists
the solenoid force also increases. Increasing spring force leads to a decrease in the spool stroke,
and lowering the main throttling area accordingly decreases the steady-state valve flow rate, as
shown in Fig.14.

Increasing flow rate from the studied valve at a certain core input current can be achieved
by increasing spring stiffness and pre-compressing displacement for the downstream compensator
spring, as shown in figs. 15A and 16. The amount of operating fluid flowing through the throttle
valve is effected by two main parameters. The first one is the throttling area; the second one is the
pressure difference across throttle. Increasing (Xco , Kes ) leads to an increase in pressure
difference across the main throttling area, hence increasing the valve flow rate. The negative
observation due to increasing stiffness and pre-compression is decreasing the control zone range

that provides us with a constant flow rate, as shown in Fig. 15B.
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Fig.12B. Effect of load pressure variation on transient response for valve flow rate
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The compensator spool-machined tube orifice is responsible for transferring the operating
fluid between the valve inlet chamber and downstream compensator chamber. As the orifice
diameter decreases, the transient response time for valve flow rate increases, and vice versa, as
shown in Fig .17. Decreasing the orifice diameter causes an increase in resistance during traveling
the operating fluid from and to the inlet and compensator downstream chambers. Increasing
resistance lowers the amount of fluid through the orifice and hence increases the time needed to
fill the downstream compensator chamber, subsequently lagging the steady-state new position for
the valve.
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Fig.18. shows the effect of variation in compensator mass on transient time for the studied
valve. Compensator mass varied between half and double value of rated mass (53 gm). The
compensator inertia is not significant with respect to other forces that were applied to the
compensator spool. Thus, Compensator mass variation doesn’t effect on valve transient time, as
presented in Fig. 18.

8. CONCLUSIONS

This research introduces a detailed mathematical model for a certain type of pressure-
compensated proportional flow control valve. Static and dynamic behavior are investigated using
a simulation program developed by the MATLAB SIMULINK package. The experimental platform
1s constructed to validate the steady-state valve flow rate behavior obtained from the simulation
program. Simulated steady-state valve flow rate behavior closely matched that recorded from
experimental work. The effect of valve spool downstream spring stiffness, compensator
downstream spring stiffness(), pre-compression for compensator downstream spring,compensator
mass, and compensator damping hole diameter are studied .Results indicate that ,

1- The existence of the studied valve family before actuators in hydraulic circuits guarantees
several auto-controlled constant flow rates during the controlled zone, regardless of
operating condition variation.

2- Anincrease in pre-compression and spring stiffness located in the compensator downstream
chamber increases the valve flow rate but decreases the transient time and controlled zone
range.

3- An increase in valve spring stiffness decreases the flow rate .

4- Increasing compensator damping orifice diameter decreases transient time.

5- Compansator mass has no significant impact on the transient time.

6- Another marked point is that transient response time increases with a large step change in
input command value, load pressure, and supply pressure applied to the studied valve.

NOMENCLATURE
Ac. Compensator cross section area m?
Ai  Valve spool restriction area m?
Ao Compensator restriction area m?
As  Valve spool cross section area m?
B Bulk modulus of oil Pa
C  Clearance between valve spool and housing m
Ca Discharge coefficient
D. Compensator diameter m
deca  Diameter of compensator damping orifice m
Ds  Valve spool diameter m
dsa  Diameter of valve spool damping orifice m
f Friction coefficient N.s/m
Fve Downstream pressure force applied in Compensator N
Fos Downstream pressure force applied in valve spool N
Fer  Viscous friction force for compensator N
Fe  Solenoid force applied on core N
Fer  Viscous friction force for core N
Fps  Upstream pressure force applied in valve spool N
Fsc Compensator spring force N
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FSC
Fst
Fsri
Fsr2
Fsr3

Fsra
FSS

KCS
KSC
KSS
Led
Lch
Lsd
Lsh
mec

Mme

ms

Pac
Pas

Vbe
Vs
Vi
XC
XCO
Xe
Xeo
Xs
XSO
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Core spring force

Viscous friction force for valve spool

Seat reaction force produced by seating the core in core housing

Seat reaction force produced by seating the valve spool in valve housing
Contact force produced by seating the valve spool on core

Seat reaction force produced by seating the compensator in valve housing
Valve spool spring force

PFCV input current

Equivalent seat material stiffness

Downstream Compensator spring stiffness

Core spring stiffness

Downstream valve spool spring stiffness

Length of compensator damping orifice

Contact distance between compensator and housing

Length of valve spool damping orifice

Contact distance between valve spool and housing

Compensator mass

Core mass

Valve spool mass

Pressure in downstream Compensator chamber

Downstream pressure applied on valve spool

Pressure in intermediate chamber for valve

Upstream pressure applied in valve spool

Flow rate through compensator damping orifice

Flow rate through valve spool restriction

Leakage flow rate through clearance between compensator and valve
housing

/m
/m
/m

Z2Z2zZ2Z»22Z2Z2Z2ZZZZ

/m

8 B B

Pa

m¥/s
m¥/s
m¥/s

Leakage flow rate through clearance between valve spool and valve housing m?/s

Flow rate through compensator restriction to valve exit
Flow rate through PRV

Flow rate through valve spool damping orifice
Equivalent seat material damping coefficient
Radius of spool orifice area

Radius of compensator orifice area
Compensator downstream chamber fluid volume
Valve spool downstream chamber fluid volume
Valve intermediate chamber fluid volume
Compensator displacement

Initial downstream Compensator spring

Core displacement

Downstream core spring pre-compression

Valve spool displacement

downstream valve spring pre-compression

Oil dynamic viscosity coefficient
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