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Abstract

The conventional device for flow rate and pressure multiple control is a combination of aflow rate valve and a pres-
surerelief valve. For the pressure control, a hydraulic bridge can also be used instead of using a pressure relief valve. In
this paper, a special hydraulic bridge was developed to undertake pressure control in a pressure compensated flow rate
valve and thus a new type of P-Q control valve is constructed. The pressure control in this P-Q control valve is a hy-
draulic bridge formed by the serial connection between a metering orifice and a drain orifice. The contour of the valve
port has a significant effect on the linearity of the output pressure. Theoretical analysis shows that the linear pressure
output characteristic corresponds to a valve port contour of a hyperbolic. Due to the difficult machining of this hyper-
bolic contour, a multiple line with two segment lines is used to approximate the valve port contour for linear pressure
output. The pressure bridge is constructed in a 2D P-Q control valve and an experimental investigation is carried out. It
is demonstrated that linearity of the output pressure is greatly improved by using the multiple segment line contour of
the valve port and it is demonstrated that the output pressure is not sensitive to the variation of the temperature. With

the introduction of the pressure control bridge, the P-Q valve isindeed greatly simplified.

Keywords: flow rate and pressure multiple control, pressure compensated flow valve, contour of valve port, linearity

1 Introduction

Many industrial applications using fluid power sys-
tems require the actuators to control force (torque) and
speed alternately. As an example, a conventional sys-
tem for speed and force control is demonstrated in Fig.
1. During initial positioning of the cylinder piston,
speed control is required. In many applications, a pres-
sure compensated flow rate valve can be sufficiently
accurate (high motion stiffness) for this purpose. Asthe
piston approaches and makes contact with the work-
piece, a pressure limiting device (in this case, a relief
valve) is used to control the pressure and thus the out-
put clamping force. In applications which use multiple
actuators, al of which require speed and force contral,
directional control valves can be placed between the
cylinder and flow control valve to direct the desired
flow rate to the actuator being controlled.

An injection molding machine is one such example
(Zheng et al, 1980). The pump and appropriate valves
must deliver fluid first to a driving cylinder whose
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speed is controlled at a preset value for the opening and
the closing of the molds (flow control). The circuit then
ports fluid to a second cylinder which is connected to
the barrel of a screw type pump. Slow movement of the
pump barrel is used to maintain a constant pressure
during the injection and cooling down cycles (Xie,
1990). Thus, the hydraulic system requires pressure
control during this part of the cycle. In most applica-
tions, two valves are used to achieve these two dis-
tinctly different control functions. A pressure compen-
sated flow control valve is used to control the velocity
of the opening or closing part of the process. For en-
ergy efficiency, the flow control valve is often of the
bypass flow variety. A relief valve is used for the pres-
sure control. This kind of multi-functional (mode)
systemis called a P-Q hydraulic circuit.

In other types of P-Q circuits, the dual modes of
pressure (force) or flow rate control (speed) can aso be
achieved using electrical feedback signals. The force or
speed of the actuator is controlled by feeding back
measured force or speed signals to a computer control-
ler which then sends an appropriate signal to drive a
single servo valve in a closed loop mode (Cai et dl,
1999). A one-chip computer and electrical feedback
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signals were used to control pressure and flow in a
single valve. Generally, the electrical version of the P-
Q contral circuit is more flexible than its mechanical
counterpart in its control strategy, but the system tends
to be complex in structure and expensive in cost.
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Fig.1: Hydraulic P-Q multiple function system (conven-
tional)

For many applications, pressure control and pres-
sure modulation can also be achieved using a resistance
bridge in conjunction with a pressure limiting valve.
Compared to a pressure control valve, the resistance
bridge is simple in structure and relatively inexpensive
(Backé, 1973). A limiting problem with resistance
bridges is that they are sensitive to changes in the flow
rate. However, in most applications in which a P-Q
control valve is used, the pressure control is required
only when the actuator comes to a stop. In this case, the
flow rate is very small. The application of the resis-
tance bridge for pressure control thus becomes feasible.

A challenge in undertaking pressure control using a
flow control valve is a consequence of the nonlinear
square root relationship between the flow and the pres-
sure drop across the throttling orifice. A common ap-
proach has been to integrate "notches’ in the spool
lands which improves the linearity about the null posi-
tion of the spool; indeed, the flow rate can be made
approximately linear with opening area (the pressure
drop across the orifice being held constant through the
use of an hydrostat). Thus, the flow rate can be esti-
mated using a displacement transducer located on the
spool (Lu et al, 1986). In a pressure control system with
constant delivery pump and bypass throttling valve, the
opening of the throttling valve can also be designed to
yield a linear relationship between the pressure and the
displacement of throttling spool (Cai et al, 1999). In
some cases, the load pressure is fed to the valve to
accomplish pressure control which increases the damp-
ing ratio. Other approaches use actual measurements of
flow rate and pressure feedback to control an electro-
hydraulic proportional valve to switch between the two
desired functions (Li, 1993).

In this paper, a hydraulic bridge is integrated into a
single valve which has a dual mode function (P-Q).
Because it is usually necessary to change the pressure
in response to some controlling signal, a means of
achieving this through changing one of the resistances
of the bridge is introduced. The paper considers the
design of the lands of the metering orifice of a bypass
flow control valve; for a certain spool land's displace-
ment range, the orifice facilitates flow control and for
another range, the orifice becomes one of the resis-
tances in the bridge. For the Q function, the metering
orifice is of standard form; in the P mode, the lands
both for the metering-in and metering-out valve open-

ing are contoured to provide a linear relationship be-
tween spool land displacement and pressure. Thus, the
pressure can be linearly controlled by varying the dis-
placement of the spool. An experimental P-Q valve has
been fabricated and its characteristics evaluated. The
linear performance of the pressure control vs spool land
displacement is demonstrated by the experimental
system.

2 Hydraulic Bridgein the P-Q Valve

A P-Qvaveisillustrated in Fig. 2. For X, < X, < X;,
the metering orifice is of a conventional type. Flow (Q)
control is accomplished through pressure compensation
via the bypass hydrostat. When the valve is to be used
for pressure (P) control, the spool operates in the region
0 < X, < X,. For the application in mind, the load resis-
tance is significant (very little flow). It should be noted
that very small metering notches have been integrated
at the extremities of the spool lands as illustrated. As
will be illustrated, these metering notches are specialy
contoured to provide specific area gradient characteris-
tics. An equivalent hydraulic bridge circuit of the me-
tering notches is shown in Fig. 3 for the condition of
0 <%y <X

Before proceeding, it must be pointed out that to
demonstrate the concept of the hydraulic bridge, the
notches shown in Fig. 2 are contoured on the spool
lands. The notches can also be machined into the spool
ports in the sleeve. However, since the concept is easier
to illustrate if the lands are shown countered, the con-
figuration shown in this figure is adopted for explana-
tion purposes. The principle of operation and describ-
ing equations are identical for both cases.

For x, = 0, the flow from the ps port to the load port
is blocked. However, there exists a path from the load
port to tank via the contoured spool land as indicated
(drain orifice). When the spooal is actuated in the region
0 < %y < X, fluid is ported from the ps port through the
notched orifice (upstream orifice) to the load port (Q1).
Because the resistance of the load is very high, negligi-
ble flow to the load occurs; thus fluid passes through
the second notched orifice to tank (Q2). The two
notches, therefore, form the two arms in the hydraulic
pressure bridge.

In the region 0 < X, < X, the flow through each arm
is the same (no flow to the load). Further, since the
objective isto vary the load pressure in a linear fashion
vs the spool displacement, and because the pressure
drop across the first metering orifice is fixed (via the
hydrostat), then the flow through the two resistance
arms is constant and independent of the load pressure.

In order to demonstrate how the pressure bridge
works, it is necessary to develop some describing equa-
tions. Consider Fig. 2 and Fig. 3. The flow rate through
the upstream notched orifice is

Z(ps_ pL)
P

Q =GCA )
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The flow rate through the drain orificeis given by

2p
Q,=C,A [— 2
2 d p
: bypass valve:
X
i
[\
—;O
il b x! X, ‘
Pa =U ]JL-Q) L. p3
(a) pressure control mode (0 < x, < Xp)
- bypass valve
, |mR]
Lt )
pa =0 Jr")I(—) L ps
(b) flow rate control (X, <X, < X;)
Fig.2. P-QValve
P @, 9
4 ; P,=0
4, A,
p..O
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Fig.3:  Equivalent circuit of the resistance bridge

It should be noted that the flow rate through the
bridge is, in fact, laminar. However, the square root
relationship is convenient to use for consistency in this
situation. It is recognized that the discharge coefficient
is not constant and strongly dispends on the Reynolds
number. The flow rate through the bypass valve is
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2p,

Q, =CuA, P (©)

and the flow for the hydraulic bridge is given by
Q-Q,=Q 4

Because flow to the actuator is negligible,

Q=Q ©)

The continuity equation of the pump is given by
Q,-Kp,=Q+Q, 6)
In the above equation, K; is the leakage coefficient

of the pump.

Consider Fig. 2. The force balance eguation of the
bypass valve spool is given by

Ao (P = PL) = K (X +%,) + F, + Fsign(x)) ©

In the above equation, Fy, is the flow force and Fy is
the Coulomb frictional force. Equations 1 through 7
can now be used to demonstrate how pressure control
can be realized with the hydraulic bridge.

Consider Eq. 7, to ensure that the flow control isin-
dependent of the load pressure, the value of spring pre-
compression X, is usualy designed to be much larger
than the maximum displacement of the bypass valve
spool Xpmax- FOr this reason, the variation of spring
force caused by the change of spool's displacement is
negligible. Furthermore, compared to the hydrostatic
forces on the two end faces of the bypass valve spool,
flow forces, Fy, and Coulomb frictional forces, F, are
usually small enough to be disregarded. Equation 7 can
be simplified to

Aa(ps_pL):KsXO (8)

Since ps - p is a constant and is the pressure drop
across the flow control metering orifice, then flow
across the orifice is constant.

In the development of the relationship between the
load pressure p. and the spool's displacement x,, an
important assumption is made that the flow coefficients
Cq for the control metering orifice and the drain orifice
are the same. Cy is strongly dependent on the Reynolds
Number in the low Reynolds number region. However,
in the hydraulic pressure control bridge, the change in
the Reynolds Number when the load pressure varies is
approximately the same for the control metering orifice
and drain orifice. Hence, any changes in Cq for either
orifice are about the same and hence their effects can-
cel out. For simplification purposes, the discharge coef-
ficient Cq4 for the control metering orifice and the drain
orifice is assumed to be the same value.

Upon some manipulation of Eq. 1 through 8, p_ vs
the displacement x, can be given as

2 K_X
mzégﬁ_Lg )

A(x,) A
In this equation, (KsXo)/Ay, is a constant. It can be
observed from Fig. 2 that A, and A are related to the

displacement of the spool x,. Through a judicious
choice of the geometry of the orifice areas, the desired
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linear output of pressure as a function of the spool's
displacement is possible. This is critical to the success
of this valve's performance. The design of the notch
geometry of the two orificesis now considered.

3 Design of the Valve Ports

3.1 ValvePort for Linear Pressure Output

From Eq. 9, it is seen that the geometric shape of
the valve ports has an effect on the control pressure py.
In order to keep the machining cost of the notches
down, the upstream port metering orifices should have
the same geometric shape as that of the drain orifices.
Consider Fig. 4 which shows two possible methods of
orienting the two notches. Figure 4(a) illustrates the
case when the notches have the same orientation in the
axial direction. Figure 4(b) shows the case where the
two notches are oriented in the oppose direction in the
axial direction. The triangular notch is chosen only for
illustration purposes. It should be noticed in the illus-
tration that the valve opening area is formed between
the notch and the straight edge of the groove on the
sleeve (dotted line in Fig. 4). To accommodate machin-
ing, the notch can be fabricated on the sleeved while
keeping the edge of spool land straight.

It should be recalled that the objective behind the
design of the notch geometry was to ensure that the
load pressure was linear with spool displacement in the

region 0 < x, < X,. That is, p. = K-X,.

A=4, —: A4.=0 : -‘Ilz[? [ l_'frz.‘T”
I -
Py 4, k !J A p
U = |
| | |
@
'\‘!" Xy
A=A I L 4, =0 L .-II:u : l A =4,
| .J |
| 3 1 » | A b
. |
| | [ ! |
(b)

Fig. 4. Relative positions of the valve ports

This relationship is next expressed in a normalized
form. By defining X, =x, /X, and P, =p_ /Py

then
P =X, (10)
For the case of Fig. 4(a), the relationship between

the opening areas of the metering orifice and the drain
orifice can be expressed as

A=A-A (1)

where A, is the area of the uncovered orifice.
Substituting Eq. 10 and 11 in Eq. 9 yields

= L KSXO
pL - (1 _ Az)z /AJ (12)

where A Sl
By substituting p. = Pmax (Xv / Xvmax) iNto EqQ. 12 and
solving for X, asafunction of A , the valve port area

which will force the pressure to satisfy p. = prax (X /
Xvmax) Can be found as

A= ke (13)

1+,/KX,

where K = prac / (Ps - PL) = Pmax Ass | (Ks Xo).
The orifice area gradient is thus found by differenti-

ating A with respect to X, to yield

o, KA,
:f = =
WA Ry

Equation 14 indicates that the orifice area gradient
of the orifice is a function of the spool displacement. In
non-dimensional form, Eq. 14 can be written as

- \/\/)(p _ K
A 2KX, (1+4/KX,)?

Equations 10, 13 and 15 can be plotted as a function

of the spool displacement, X, , asshowninFig. 5. Thisis

how the area gradient of the notched orifices must ap-
pear if p_ is to be linear in X,. Thus, the challenge re-
mains one of finding a simple geometry that will satisfy
the arearelationship in thisfigure. It must be emphasized
that, graphicaly, the shape which the area gradient forms
inFig. 5is, in fact, the desired shape of half of the meter-
ing notch. Thus, this complex shape would have to be
machined into the spool deeve at the ports.

Consider the second configuration shown in Fig.
4(b). For the case of Fig. 4(a), the relationship between
opening areas of the metering valve port and the drain
valve port can be expressed as

A(X)=A@-X,) (16)

Note that in Eq. 16, A(1-X,) isafunctiona rela-
tionship, not a product.

Substituting Eq. 10 and 15 into Eq. 9, the valve port
corresponding to the linear pressure output can be ob-

tained as
%) __ iy 17
R ERIH (a7

For the configuration shown in Fig. 4(b), it can be
shown that a linear pressure output with respect to X,

can never be obtained through any geometrical shape of
the orifices. Thisis shown as follows. Consider Eq. 16.
Assume X, =a and X, =1-a where ae (0,). Then

(15
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a(a a(l-a) — —
a(l—a)_\/K_a and —a(a) =.,K(@-a) . Multiply

ing these two equations yields K,/a(l-a) =1. This

equation must be satisfied in the given region. Now,
when the valve displacement a is within the area (0,

1), the value of K,/a(l—a) is not constant but varies.

Therefore, the equation K,/a(l-a) =1 is not tenable

in this region. Thus it is not possible to find an orifice
geometric shape which will result in a linear pressure
output when the metering valve port and the drain port
are oriented as shown in Fig. 4(b).

25
20

& 15F
o
< .

= ol

05

Fig. 5. Valve port for linear pressure output

3.2 Approximate Valve Port for Linear Pressure
Output

As was mentioned, it is now necessary to find a ge-
ometry for the orifice which will approximate the
curves in Fig. 5 and satisfy Eqg. 13. However, if a par-
ticular orifice contour could be found which would
exactly satisfy Eq. 13, it would probably be very diffi-
cult to machine. Thus some common shapes (or combi-
nation of common shapes) that would be easy to ma-
chine need to be considered. Some such possihilities
are now demonstrated.

Rectangular and triangular valve port

Two very popular orifice shapes are considered: a
rectangular and triangular shape. Consider first a rec-
tangular valve port; the opening area of the metering
orificeis

A =AX, (18)
The orifice area gradient of the valve port is thus
YVEREAS
W=—2 19
X (19)

and
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_ox
P ka-x)e

The orifice area gradient of the valve port and pres-
sure output is shown in the Fig. 6(a). It can be clearly
seen that the output pressure is anything but linear. This
obviously will not work. Using a triangular valve port
does not improve the linearity of the output pressure
much (see Fig. 6(b)). Thus these two standard configu-
rations cannot be used.

20~ |

(20)

|

‘Q-12~ W /

=
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0 0.2 0.4 06 08 1.0

(a) rectangular valve port
20
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16+

12+

=

08+

04

0 0.2 0.4 0.6 0.8 1.0

(b) triangular valve port

Fig.6: Output pressure of rectangular and triangular
valve ports

Multiple line segment valve port

Theoretically, it is possible to use multiple combi-
nations of lines to approximate the shape of the meter-
ing orifices shown in Fig. 5. The more line segments,
the better the approximation, but the higher the degree
of machining complexity. After some study, it was
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Fig. 7. Output pressure of multiple line segment valve port

decided that from a practical point of view, two line
segments would be appropriate. From Fig. 5, it can be
observed that for this exact shape, the opening area at
small values of X, increases rapidly, but its gradient
decreases within the range 10 ~ 40 % of the spool's full
displacement. Thus, two line segments with appropriate
dopes were chosen to approximate the area gradient
shape. Further, it was concluded that the intersection of
these two line segments should occur in the region 10 ~
40 % of the spool's full displacement (X, =1).

Now, the slopes of the line segments must be cho-
sen. Recall Eg. 9 and 10. At the point of the chosen
intersection, the value of pressure should lie on the
desired linear pressure curve. Therefore, the area de-
fined under the first segment must be equal to the area
of the exact curve. From this condition, the slope of the
first segment can readily be calculated. Similarly, since
the area under the second curve must also be equa to
the area bounded by the exact curve, the slope of the
second line segment can be obtained. Theoretically,
then, the output pressure will follow a profile which is
closest to the desired linear behaviour.

For different connecting points, the output pressure
is shown in Fig. 7(a) - 7(d). It can be seen that if the
region where the pressure is most likely to be con-
trolled is known, then a judicious choice of the con-
necting point of the two segments could significantly
improve the linearity of the pressure over that region.

3.3 Effect of Leakage Flow Rate

For practical applications, actuators will show some
leakage. Q. in Eq. 4 is no longer equal to zero. In this

2 —
case, Q=Cya, (P.—P.)

(2 is the equivalent
leakage area) and it is assumed that the flow coefficient
is equal to that of metering-in and metering-out orifice.
By substituting Q;, Q; and Q. into Eq. 4, the load pres-
sure can be obtained as

International Journal of Fluid Power 4 (2003) No. 3 pp. 5-15
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p|_ _ Az()g/) stO (21)
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Fig. 8. Effect of leakage flow rate

The existence of leakage will cause the output pres-
sure to the load to be lower than that for the case of
zero leakage. For the two line segment valve port, the
effect of leakage on the output pressure is shown in
Fig. 8. Under some circumstances, it is possible that the
required load pressure could not be achieved. The pres-
sure reduction can be compensated for somewhat by
making the maximum pressure pmx larger by
20~30% of the peak load pressure. It can also be
found that the maximum pressure can be extended, but
at the price of reducing the effective working range to
70 ~ 80 % full spoal's displacement when the leakage
of the systemiis zero.

4 Experimental Considerations

The previous sections have considered the theoreti-
cal design of the line segments which would result in
an approximately linear p. vs x, characteristic. It is now
necessary to verify the theory using experimental data.
Further, it is necessary to examine the sensitivity of the
valve to changes in the operating conditions or parame-
ters that were assumed constant or negligible in the
theoretical development. Therefore, a P-Q valve was
designed and experimentally tested. The P-Q valve and
the experimental set-up are shown in Fig. 9. It must be
pointed out that the spool shown in Fig. 9 is the same
configuration as that illustrated in Fig. 3 except that in
Fig. 9, the end lands are removed. The functionality of
the main pool land isidentical.

In the experimental study, the displacement of the
spool was controlled through the use of a"2D" rotary
vave (Ruan et al, 2002). In this valve a rotary dis-
placement of the spool resultsin a linear motion of the
spool. The rotary displacement is accomplished using a
digitaly controlled stepper motor. A hydraulic differ-
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ential force is created by the 2D valve action which
directs pressurized fluid to the end faces of the spool (A
and B in Fig. 9). Asillustrated in Fig. 9, aspiral groove
on the left spool land and a high pressure hole on the
spool have been constructed. The overlap between the
hole and the groove form avariable orifice of an arm of
ahydraulic bridge.

The second arm of the hydraulic bridge is a conse-
guence of the fixed resistance of the partia spira
groove from the position of the high pressure hole to
the right end of the spiral groove. The area of the right
end face of the spool is designed to be one half of that
of the right end face. Thus, for a balanced condition,
the pressure of the left side spool chamber should be
one half the system pressure, p.. When the stepper
motor rotates the spool in the direction as shown in Fig.
9, the resistance on the left hand side of the groove
decreases and, hence, the pressure in the spool left
chamber increases. Thiswill result in aforce imbalance
across the spool and, thus, the spool will move to the
right. The relative position of the pressure hole with
respect to the spiral groove will decrease, increasing
the resistance of the arm and decreasing the pressure.
The motion continues until the pressure of the left
spool chamber returns to ps / 2 and a balance is re-
established. With this arrangement, the displacement of
the spool is proportional to the angular rotation of the
stepper motor. The stepper motor is controlled continu-
ally with a specially developed algorithm (Ruan et al,
2000).

stepper motor

16 |

}I,g

s ——
J‘.eg F—‘?] X,
P-.=”‘ ]T,FL|‘U5'_“=

| amplifier |
. J
PC computcﬁ

f
Fig.9: 2D P-Q valve and the experimental scheme

|oscilloscope;

The specia contoured valve ports are machined on
the two sides of the right spool sleeve. For 0 < x, < X,
the valve pressure is proportiona to x,. For X, < x, <
Xs, the valve flow rate is proportional to x,.

Although the valve performance in flow control is
important, the behavior of the pressure as a function of x,
is that which is of concern in this paper. A pressure
transducer is used to measure the output pressure of the
valve and a displacement sensor is used for the axia
motion of the spool. A second pressure transducer meas-
ures the inlet pressure of the valve and is used to set the
maximum pressure of the system through a safety valve
(relief valve). In all experiments, it was found that the

11



Richard Burton, Jian Ruan and Paul R. Ukrainetz

fluctuation of the pressure drop across the metering
orifice (used for flow control) was less than 3 %. Thus
the assumption that the spring force and Coulomb fric-
tional force were negligible compared to the spring pre-
tension of the bypass hydrostat is considered vaid.

The angular displacement of the stepper motor
(spooal) was controlled using a Personal Computer. The
output signals from the sensors were amplified and
recorded using a digital storage scope. A small orifice
block was integrated into the load port to simulate
leakage in the actuator. This arrangement facilitated a
study on the effects of leakage on the output pressure
characteristics. The operating parameters and condi-
tions of the experiment are listed in Table 1.

Table 1: Physical Parameters of the Experiments

Parameters/ .
Conditions Symbol | Value | Unit
Pressure drop of

bypass valve Ps- P 0.52 [MPa]

System pressure Ps 20 [MP4]

Full displacement
of spool
Areaof full valve
opening

Xp 22x10° | [m]

A 4.3x10° | [m]

Several spool sleeves in which the "connecting
points' of the two lines were changed - specificaly at
X,=0.1, X,=0.2 and X, =0.3 - were machined and

tested. The load theoretical pressure and its experiential
counterpart as a function of x, are shown in Fig. 10(a),
(b) and (c). It can be seen from the figures that the
theoretical output pressure before the connecting point
has an obviously steeper slope than that after the con-
necting point. This difference can be attributed to the
fact that severa factors were not considered in the
theoretical analysis; noticeably, the bypass hydrostat
was assumed to be ideal and produces a constant pres-
sure drop across the metering orifice. This is a weak
assumption because small pressure variations in the
Bernoulli force, spring force and Coulomb frictional
force affect the force balance on the hydrostat spool
and thus the pressure drop across the metering orifice
shifts from its preset working point.

A second weak assumption was that relating to the
statement that the flow coefficient for both the control
metering orifice and the drain orifice was identical.
Although the Reynolds number for both orifices
changes in the same direction with pressure variation,
the numerical value of the Reynolds Number and thus
the flow coefficient, are different contrary to that as-
sumed. The consequence of this would be a shift in the
pressure results under some conditions which indeed is
what is observed in some of the resullts.

12

T

1.0

0.8

0.6 -

|
—

04+

r computation results
02l + & Mmeasurement results
o ascent 4 descent

0 0.2 0.4 0.6 0.8 1.0
X
\"
() X,=0.1
1.0+
0.8+
= 06
Py
04+
r computation results
02k + »+  measurement results
e ascent 4 descent
1 | 1 | 1 | 1 |
0 0.2 0.4 0.6 0.8 1.0
fv
(b) X,=0.2
1.0+~
0.8
p, 06F
04+
. computation results
0.2 e 2 measurement results
L o ascent s+ descent
A 4 L Il L Il L Il L |
0 0.2 0.4 0.6 0.8 1.0
fv
(c) x,=0.3

Fig. 10: Output pressure as a function of x,
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A third simplification in the model relates to the
fact that the leakage flow through the clearance be-
tween the spool land and the sleeve was not taken into
account in the theoretical analysis. This effect at the
transition regions of the two lines can be significant. It
is believed that the leakage is the main factor why the
transition regions of the experimental results differ to
that predicted by theory. In general, however, the theo-
retical results do reflect the actual experimental trends.

To illustrate the effect of leakage, the connecting
point was fixed a X, =0.2X, and the leakage rate

increased. The measured output pressure under differ-
ent leakage conditions is shown in Fig. 11. The trends
predicted by theory are seen in the experimental results.
As expected, |eakage lowers the output pressure for the
same x,. It should be noted that for the theoretical con-
siderations, the value of the discharge coefficient was
assumed constant. In reality, this is not the case as the
Reynolds number does change with x,. Thus the differ-
ences between the theory and the experimental curves
are primarily a consequence of this assumption.

To illustrate the effect of temperature on the P-x,
characteristics, the tests for zero leakage and the transi-
tion point of X, =0.2X, were repeated for tempera-

tures of 20°C, 30°C, 40°C and 50°C. The results are
shown in Fig. 12. From the experimental results it is
concluded that the temperature does not affect the out-
put pressure. This is a very positive result because it
was one of the design objectives for the P-Q valve. The
insensitivity of the output pressure to the temperature is
explained by the fact that the Reynolds number (and,
hence, the discharge coefficient) at both the metering
orifice and the drain sides changes in the same direc-
tion. Thus, in the hydraulic bridge, the resistances of
the metering orifice and drain orifice compensate for
each other; the conseguence is that the output pressure
becomes insensitive to variations in temperature.

5 Conclusions

In the proposed P-Q valve, pressure can be con-
trolled by constructing a hydraulic bridge within the
framework of a pressure compensated flow rate control
valve. In this manner, the design of the P-Q control
valve is greatly simplified. The hydraulic bridge used
for pressure control is achieved using a series resistance
connection between a metering orifice and a drain
orifice. The linearity of the output pressure, however, is
highly dependent on the contour of the valve port. A
theoretical analysis demonstrates that the contour of the
valve port which creates a true linear pressure vs X,
characteristics is quite complex and hence would be
very expensive to manufacture. An approximation to
the ideal valve port contour can be created using two
line segments for the valve port. An important consid-
eration in the design of the port shapes is that the area
under the first line segment should be equal to the area
of the ideal contour at the connecting point of the two
line segments.
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Fig. 12: Effect of temperature on output pressure

The pressure control bridge was constructed using a
2D P-Q control valve scheme. The experiments were
designed to measure the characteristics of the output
pressure. The experimental results show that curvature
of pressure vs spool displacement for the experimental
valve at the different values of the connecting point are
not as sharp as the theoretical predictions. This can be
attributed to leakage and imperfections in the machin-
ing of the ports at the transitions points. This has an
interesting side affect in that pressure linearity actually
improves over that which is predicted.

Leakage flow rate at the actuator will lower the out-
put pressure which could result in a scenario in which
the controlled pressure cannot meet the maximum pres-
sure required by the actuator. This problem is solved by
setting the maximum pressure 20 ~ 30 % larger than
the peak valve required.

It was also demonstrated by the experiment that the
characteristics of the output pressure are insensitive to
temperature change. This is because the Reynolds
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number for both the metering orifice and the drain
orifice changes in the same direction and, hence, the
change in the resistance of these two orifices tends to
compensate for each other. It is believed that the pro-
posed flow rate and pressure control valve (P-Q valve)
when used in conjunction with a 2D valve configura-
tion is a much simpler design than that which would be
used in practice, i.e. a combination of a pressure com-
pensated flow rate control valve and a pressure limiting
valve (relief or deadhead).
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Nomenclature

ao L eakage area [m?]
Ay Areaof full opening valve port [m?]
Ay Area of bypass opening valveport  [m?]
A, A, Areaof metering valve port and [m?]

drain port
Ay End area of bypass valve spool [m?]
R Nondimensional area of valve port, [-]

A=AlA
B. Coefficient of viscous frictional [Ns/m]
force
Cqy Coefficient of the flow rate [-]
Co Flow-pressure coefficient of [m®/Pas]
groove
Cq Flow rate gain of groove [m?/s)
Cv Velaocity of ail flowing through [-]
valve port
F Coulomb frictional force [N]
Pa Atmospheric pressure [Pal
pL Load pressure [Pa]
Ps System pressure [Pa]
[} Nondimensional |oad pressure, [-]
P.=p./p,
Q Flow rate through metering orifice [m/g]
Q. Flow rate through drain orifice [m?/s]
Q Flow rate to actuator [m?s]
W Width of valve port [m]
W Nondimensional width of valve [-]
WX
port, W = —2
A
Xp Displacement of hydrostat spool [m]
X Full displacement of spoal for flow [m]
rate control

14

Xo Full displacement of spool for [m]
pressure control
Xy Displacement of spool [m]
X, Nondimensional displacement of  [-]
spool, X, =X, /X,
1] Rotary angle of spool [rad/q]
p Density of oil [kg/m’]
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