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Dynamic and Steady-State 
Analysis of an Auto-Regulator in a 
Flow Divider and/or Combiner 
Valve 
Flow divider and/or combiner valves are hydraulic components which are used to 
divide and/or combine flow in a predetermined ratio independent of loading con
ditions. Over the past years the authors have successfully designed valves which can 
divide and/or combine flow with an error of less than 3 percent for all loading 
conditions. More recently, a valve which can be used to divide and combine flow 
for a wide range of flow requirements and still maintain an error of less than 3 
percent has been developed and has been labeled an "auto-regulated high precision 
flow divider/combiner valve". The heart of the auto-regulated valve is the auto-
regulator itself. In this paper, the operation of the regulator is discussed and design 
criterion for acceptable performance presented. A linearized model is developed 
from which a number of valve parameters are established. A more complex model 
using the Power Bond Graph technique is presented, and transient responses to 
different flow inputs are compared to experimental data. The model and experimental 
responses were in good agreement; hence, it was concluded that the model could 
be used with confidence in future stability studies. 

Introduction 
Synchronous valves, (henceforth referred to as flow divider 

and/or combiner valves, shortened to flow divider/combiner 
valves for convenience), are used in circuits in which synchro
nized movement of two actuators or motors are required or 
indeed, when two independent flow sources and/or sinks are 
required. As an example, lifting hydraulically the two "wings" 
of a cultivator requires synchronous motion of the two driving 
actuators. Flow divider/combiner valves are used to regulate 
the flow to or from each actuator at a prescribed ratio. 

Most commercial valves are capable of dividing or combin
ing flow with an accuracy of 90 to 97 percent (Tauger, 1972; 
Kwan et al., 1979). (In the literature, flow dividing/combining 
error is used rather than flow accuracy; hence, flow error will 
be adopted in this paper.) In many applications, an error of 
3 percent or greater is not acceptable. For example, in the 
cultivator example quoted above, if the division of flow is not 
equal, an imbalance in the wings weight distribution could 
result in the cultivator tipping over. Studies oriented towards 
understanding the source of flow error and methods of com
pensating for them, have been initiated by the authors and 
others (Kwan et al., 1979; Burton et al., 1980; Chan et al., 
1981; Zhang et al., 1984; Zhang et al., 1985). 

In 1979, Kwan developed a two stage flow divider valve 
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which was capable of dividing flow with an error of less than 
1.5 percent for large pressure differentials across the load ports. 
Chan (1981) designed a single stage flow divider valve which 
was of the same complexity as existing valves but was able to 
divide flow within 2 percent for all loads considered. In 1984, 
Zhang applied Chan's basic design concept to a flow divider 
and combiner valve by using a combination of shuttle valves 
and dual piston arrangement. This valve was able to divide 
and combine flow within 2 percent for large pressure differ
entials across the load. 

The high precision valves noted above were designed to 
control about a fixed operating flow point. If the flow re
quirements were changed, the flow dividing/combining error 
also changed (sometimes reducing the error and other times 
making it worse). To address this problem, Zhang (1986,1988) 
designed an "auto-regulator" which would compensate for 
changes in the flow through the combiner/divider valve. Initial 
studies found that the auto-regulator could maintain a flow 
error of less than 2 percent which was relatively independent 
of changes in both load pressure and flow. This valve was 
found initially to show some instability in the combining mode 
and was subsequently analyzed by Zhang and Xin (1989). This 
study was limited in its scope but the authors reported good 
agreement between simulated and experimental test responses. 
Existence of instabilities reported in earlier work was not ver
ified in this study. 

The auto-regulator is the "heart" of Zhang's combiner/ 
divider valve. It is this device which allows the extension of 
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Fig. 1 Configuration of a standard flow divider valve 

the flow range of the combiner and/or divider valve. Earlier 
studies of combiner/divider valves have been reported, but the 
operation of the auto-regulator has not been considered in any 
depth. Because its performance statically and dynamically are 
so critical to the overall performance of the combiner/divider 
valve, a complete experimental and analytical study of the auto-
regulator by itself was initiated. The auto-regulator was rede
signed to accommodate the measurement of critical parame
ters. The system was analyzed mathematically; steady state 
and dynamic transient responses were obtained from the sim
ulated model and compared to experimental data. This paper, 
then, will present the results of this analytical and experimental 
study of the auto-regulator valve. 

Operation of the Flow Divider/Combiner Valve 
In order to understand how an auto-regulator operates, it 

is important to describe the mechanics of flow division and 
flow combination. Since the basic concept for both dividing 
and combining modes is similar, only the operation of a very 
simple flow divider valve is considered. Figure 1 is a cross-
section of a typical flow dividing valve. If pressures Pi and P2 

are not equal due to unequal load pressures, PL[ and PL2, then 
the spool is forced to move. As a result, the area of the variable 
orifices are adjusted (and thus the pressure loss across them) 
until P\ and P2 are equal. Practically, the presence of flow 
reaction forces on the spool means that Pi and P2 can never 
be exactly equal and hence some flow dividing error will exist. 
(It should be noted that a great deal of research on improving 
the accuracy of these valves has revolved around reducing the 
magnitude of these types of forces.) 

The flow rate through the fixed orifices is represented math
ematically by: 

Fixed Ori f ices 

Fig. 2 High precision flow divider/combiner valve 

Qi = CdAJiyj2(Ps-Pi)/P 

Q2=CdA/is/HPs-P2)/p 

(1) 

(2) 

If flow is to be divided equally, as is usually the case, then Afl 

= Aj2. 
The steady-state flow dividing error can be expressed as 

(Kwon, 1979): 

%£ = 
LFt 

(2ASpAPf) 
400 (3) 

It is apparent from Eq. (3), that if the pressure drop across 
the fixed orifices is too low, the flow dividing error increases. 
However, a valve with a large pressure drop is not energy 
efficient. It is possible to use an auto-regulator to effectively 
provide a variable orifice resulting in a relatively low pressure 
drop at high flow rates. This produces a valve which is accurate 
and energy efficient over a wide operating range. 

Figure 2 is a schematic representation of a high precision 
flow divider/combiner valve. For the dividing mode, flow en
ters through the fixed orifices at supply pressure, Ps. The 
supply pressure is connected to one side of the shuttle valves 
while the pressures, Pi and P2 , are connected to the other side. 
This forces the spools to the position shown in Fig. 2. With 
the shuttle valves in this position, the supply pressure is con
nected to the outside area of the main spool. Operation is the 
same as the flow divider valve discussed previously. 

In the combiner mode, the supply pressure becomes the 
downstream (or tank) pressure. Flow enters chambers 1 and 
2 through the variable orifices. Since the pressure in chambers 
1 and 2 are greater than the downstream pressure, the shuttle 

Nomenclature 

A/i = area of fixed orifice 1, m2 

Aj2 = area of fixed orifice 2, m 
APi = cross-sectional area of piston 

1, m2 

An = cross-sectional area of piston 
2, m2 

Ar = cross-sectional area of piston 
2 rod, m2 

ASP = cross-sectional area of HPSV 
spool, m2 

A V\ = area of the variable orifice 1, 
m2 

An = area of the variable orifice 2, 
m2 

bx = coefficient of viscous friction 
(piston 1), Ns/m 

Cx = capacitance of chamber 1, 
mVPa 

C2 = capacitance of chamber 2, 
m3/Pa 

Cd = 
Cr = 

D = 
Dpi = 
Dn = 

E = 

Ff = 
Fi = 

Fm\ = 
F,,a = 
Fo = 

/ i = 
h = 
ke = 

K, = 

coefficient of discharge 
clearance between piston and 
sleeve, m 
diameter of piston, m 
diameter of piston 1, m 
diameter of piston 2, m 
modulus of elasticity for steel, 
Pa 
viscous friction force, N 
resultant force on HPSV 
spool, N 
resultant force on piston 1, N 
resultant force on piston 2, N 
pretension in spring, N 
inertia of piston 1, Nmsec2 

inertia of piston 2, Nmsec2 

effective spring constant act
ing on spools, N/m 
spring coefficient of piston 2 
rod, N/m 

K* = 

L 
LP 

Lr 

mx 

Pi 
Pi 

Pa 
Pa 
PE 

*Pf 

Pu 
PLI 
Ps 

Psc 

force displacement constant of 
the spring, N/m 
spring constant of piston stop, 
N/m 
length of damping orifice, m 
length of the piston, m 
length of piston 2 rod, m 
mass of piston 1, kg 
HPSV chamber 1 pressure, Pa 
HPSV chamber 2 pressure, Pa 
pressure in chamber 1, Pa 
pressure in chamber 2, Pa 
entrance/exit pressure loss, Pa 
pressure loss across fixed ori
fices, Pa 
HPSV load pressure 1, Pa 
HPSV load pressure 2, Pa 
supply pressure, Pa 
pressure in supply chamber, 
Pa 
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Fig. 3 High precision flow divider/combiner valve with auto-regulator 

valves are forced to move to the opposite position, connecting 
pressures Pi and P2 to the outside area of the main spool, 
providing the pressure compensation necessary to minimize 
flow combining error. 

Concept of Auto-Regulation 
In the auto-regulator design, the fixed orifices are replaced 

by variable orifices having a pressure drop independent of flow. 
Figure 3 is a sketch of the cross section of the auto-regulator 
as designed by Zhang et al. (1986), showing the porting between 
the auto-regulator and flow divider/combiner valve. 

To aid in understanding how the auto-regulator works, an 
example of its operation in the dividing mode is considered. 
With reference to Fig. 3, flow enters the auto-regulator at 
supply pressure Ps and exits through the variable orifices with 
the two streams entering the divider/combiner valve at ports 
A and B. The pressure downstream of one of the auto-regulator 
variable orifices is connected through a damping orifice to the 
spring side of the auto-regulator piston. Due to the pressure 
loss across this variable orifice, the pressure on the spring side 
of the piston is less than the supply pressure. The auto-regulator 
is designed so that, at rest, the spring is compressed and the 
piston will not move until the difference in pressure across it 
is large enough to overcome the initial compression force of 

the spring. As the flow rate through the auto-regulator in
creases, the pressure difference across the piston also increases 
causing the piston to move. This results in further compression 
in the spring and an increase in the area of the variable orifices. 
The piston continues to adjust the area of the variable orifices 
until the pressure and spring forces are in balance. 

If the initial compression force of the spring is large com
pared with the added spring force caused by the additional 
compression, then.the pressure loss across the auto-regulator 
variable orifices remains approximately constant. Thus, 
changes in flow result in similar changes in the variable orifice 
area while maintaining an approximately constant pressure loss 
and therefore expanding the flow range without increasing 
pressure loss. 

The equations describing the steady state motion of the auto-
regulator divider/combiner valve provide additional insight 
into performance characteristics. In the dividing mode, a force 
balance on piston 1 for the auto-regulator shown in Fig. 3 
yields 

0 = PsAP1-PxlApi-Ks(xso + Xi) (4) 

Note that piston 2 will be forced against the bottom stop 
because the supply pressure is greater than the pressure down
stream of the variable orifice, P a . 

For steady state conditions, the pressure on the top side of 
the piston, PX\, is equal to the pressure in chamber 1, PC\, 
and Eq. (4) can be written as 

Ps-Pa=Ks{xS0 + x{)/APX (5) 

If XSQ, the initial compression length of the spring, is much 
greater than Xi, the displacement of piston 1, then the pressure 
drop across the variable orifices will remain relatively constant. 

In the combining mode, flow is reversed through the valve. 
The pressure upstream of one of the variable orifices is con
nected to the bottom side of piston 2. The supply pressure 
becomes the downstream or tank pressure which is less than 
Pci and piston 2 is now forced up in contact with piston 1. 
For steady-state conditions, pistons 1 and 2 can be analyzed 
a single unit. The force balance on this piston combination 
becomes 

0 = PT(APl -Ar) -Pr(An-Ar) +Px2An 

-PxiAPi-Ks(Xso + Xi) (6) 

Under steady state conditions, PC\ = Pci and therefore PX\ 
= Pxi which simplifies Eq. (6) to 

(PCI-PT)AP2-(PCI-PT)API=KS(XS0 + X1) (7) 

Nomenclature (cont.) 

p s c l = pressure loss across variable 
orifice 1, Pa 

PT = pressure downstream from the 
load, Pa 

Pxl = pressure on spring side of pis
ton 1, Pa 

Pxi = pressure on spring side of pis
ton 2, Pa 

Qi = flow rate exiting chamber 1, 
m3/s 

Q2 = flow rate exiting chamber 2, 
mVs 

Qc = flow rate due to capacitance 
effects, m3/s 

Qa = flow rate through variable ori
fice 1, m3/s 

Qa = flow rate through variable ori
fice 2, mVs 

Qm = flow rate through damping 
orifice 1, m3/s 

Qm 

OF 

QP\ 

Q.n 

Qxi 

Qxi 

Qs 
Qsc 

r 

s 
P-Dl 

= flow rate through damping 
orifice 2, mVs 

= exit flow rate, mVs 
= leakage flow past piston 1, 

mVs 
= leakage flow past piston 2, 

mVs 
= flow resulting from velocity of 

piston 1, m3/s 
= flow resulting from velocity of 

piston 2, mVs 
= supply flow, mVs 
= capacitance flow in supply 

line, mVs 
= radius of damping orifice 1, 

= Laplace operator 
= impedance of damping orifice 

1, Pa s/m3 

RTi 

w 

Xso 

xn 

X\ 

X\ 

X] 

*?. 

x?. 
X-, 

p 

IT 

f,. 
CO 

impedance of chamber 1, Pa 
s/m3 

area gradient of variable ori
fice, m2/m 
precompressed length of the 
spring, m 
minimum open length of vari
able orifices, m 
displacement of piston 1, m 
velocity of piston 1, m/s 
acceleration of piston 1, m/s2 

displacement of piston 2, m 
velocity of piston 2, m/s 
acceleration of piston 2, m/s2 

density of the fluid, kg/m3 

viscosity of the oil, N s/m 

pi 
UPDV damping ratio 
natural frequency, rad/s 
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Fig. 4 Auto-regulator with special transducer adapters for particular 
experimental tests 

If / l ^ = 2/1/>i i then Eq. (7) reduces to Eq. (5) and the 
pressure drop will theoretically react in a manner identical to 
that of the dividing mode. 

Steady-State Performance 
The experimental test valve appropriately modified to ac

commodate transducers for the static and dynamic experi
mental studies is illustrated in Fig. 4. A complete analysis and 
design of the auto-regulator based on specified steady state 
performance criteria has been presented in a previous paper 
(Fedoroff et al., 1990) and will not be repeated here. However, 
the measured and predicted pressure drop across the variable 
orifice in both combining/dividing modes of the auto-regulator 
is worth repeating here. The regulated pressure drop as a func
tion of flow rate is shown in Figs. 5 and 6 for the dividing 
and combining modes respectively. 

There are two types of pressure losses to consider. The first 
is the loss due to the size and shape of the valve passageway 
without the pistons present. It is most desirable to minimize 
this type of a loss since it cannot be controlled by the auto-
regulator. The second pressure loss is that across the variable 
orifices and as such, is regulated by the pistons. In Figs. 5 and 
6, the variable pressure loss was calculated by subtracting the 
losses of the first type from the combined pressure losses when 
the pistons were physically present in the valve. 

In the dividing mode, the agreement with theory is very good. 
However, in the combining mode, a noticeable difference was 
observed. An attempt was made to identify the source of the 
error. At the time of the writing of this report, a satisfactory 
explanation could not be forwarded and thus remains an area 
of future specialized study. In the dynamic studies this dis
crepancy was translated into an "equivalent reaction force" 
and hence was subsequently included in all appropriate de
scribing equations. 

In summary, the relatively constant pressure drop as a func
tion of flow rate indicated that the auto-regulator did indeed 
regulate pressure with varying flow rates as required. 

Dynamic Analysis of the Auto-Regulator 
A design consideration which could not be deduced from 

the steady state describing equations but which was of utmost 
importance from a dynamic point of view, was the size of 
damping orifices in various feedback paths (Fig. 3). To in
vestigate orifice sizing, a linearized analysis of the auto-reg
ulator was carried out based on the following assumptions: 

1. Flows through controlling orifices were turbulent. 
2. Flows through damping orifices were laminar. 
3. Fluid capacitance at the top of piston 1 and below piston 

2 as well as the entrance were negligible compared to the actual 
chambers 1 and 2. 

4. Leakage past the pistons was negligible. 

o 
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Fig. 5 Pressure drop across variable orifice as a function of supply 
flow rate: divider mode 
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Fig. 6 Pressure drop across variable orifice as a function of supply 
flow rate: combiner mode 
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Fig. 7 Block diagram of linearized model 

5. Chamber pressures Pcl and Pa were equal. 
6. Friction forces on the spool were viscous. 
7. Variations in all variables are small (necessary for small 

signal analysis). 
The describing equations for the auto-regulator in their lin

earized form are listed in Appendix A. The transfer function 
relating the pressure drop across the variable orifice to changes 
in the supply pressure is given by Eq. (8) and is shown in block 
diagram form in Fig. 7. 
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Fig. 8 Poles and zeros possibilities for linearized model 

APsci 

/ 3 

1+" 
/ d {s2 + [2{xwnx + (APiKxw

2„x/f3) ]s + w2
nx + Kxw

2
m{n/n) 

€/c\ + «) (^ + 2fxco„S + c4) 

(8) 

The development of this transfer function is given in Appendix 
B. With respect to this transfer function, since C, is very small, 
it can be shown that 

/ , / C , > > j > w , (9) 

/ i / C , > 
[2&<d„x+ ( i4 w A> m / / 3 ) ] 

(10) 

Assuming that the open loop zeros are complex, then 

[2{xo>nx + (APiK^2
nx/f3)]

2<4[a,2nx + K^2
nxe/j3)]- (H) 

fx was designed to be less than one. Therefore, two of the 
poles are complex conjugates. Three possible positions of the 
poles and zeros of the open loop equation are shown in Fig. 
8, for the parameters used in the auto-regulator design. It can 
be seen that the complex poles dominate; hence, an estimate 
of the valve damping can be made from the expression 

bi+APiRDi 
iV~ iX~~~ (12) 

2Vwi/4 

Since the only parameter whose dimension could be controlled 
was the damping orifice impedance, the sizing of the orifice 
was dictated by a calculation of Rm as given by (Blackburn 
et al., 1967): 

Table 1 Final dimensions and parameter limits of the auto-regulator 

Parameters Design Dimensions "As-bui((" Dimensions'" 

"o 

Maximum x, 
D„ 
D„ 

Minimum Qs 
Maximum Qs 
Minimum APSC 

Maximum APSC 

0.60 mm 
16.00 mm 
1.40 mm 

10.00 mm 
14.10 mm 

4640 N/m<" 
20.5 LPM 
71.4 LPM 
945 KPa 
1028 KPa 

'" Manufacturers specification [12J. 
1,1 Determined experimentally. 
01 Increase in variable orifice pressure loss of 8.7%. 
(" Linear measurement accuracy is ± 0.02mm. 
'" Calculated using as-built dimensions. 

' 0.68 mm 
16.10 mm 
1.40 mm 
9.98 mm 
14.10 mm 

4949 N/ra1" 
23.9 LPM8' 
75.7 LPM1" 
1017 KPa"' 

1105 KPa™ 

Flow to 
Loadl 

Flow to 
Load 2 

Fig. 9 Bondgraph of auto-regulator 

Rn\ = 
STTL 

(13) 

A decision as to the appropriate orifice diameter dimension 
was made so as to satisfy Eq. (11) for a damping ratio of 
approximately .71 to achieve a stable but rapid response. 

The linearized analysis played an integral part in designing 
the auto-regulator in its present form and gave a good indi
cation of how the component should respond in a dynamic 
sense. A summary of all parameter values and component 
dimensions used in the final design is given in Table 1. 

Bond Graph Model of the Auto-Regulator 
The linearized model of the regulator was sufficient to pro

vide a general idea of what the dynamic response of the reg
ulator might be to small time-varying changes in the load 
pressure or supply flow, etc. However, since many of the 
describing equations of the auto-regulator are non-linear, the 
small signal analysis is no longer an adequate tool when the 
number of nonlinearities of the model are numerous or changes 
in any of the operating conditions are substantial. It was nec
essary, therefore, to use other techniques to solve the complex 
set of describing equations. 

To facilitate the modelling process, the Power Bond Graph 
technique was used (Barnard and Dransfield, 1977 and Thoma, 
1990). This technique graphically models the flow of power 
through hydraulic components and greatly facilitates the de
velopment of the describing equations and the assigning of 
proper causality of various relationships. A detailed descrip
tion of this technique is not within the scope of this paper and 
the interested reader is directed to the reference quoted. 

Two Bond graphs were developed for the auto-regulator 
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Fig. 11 Flow through variable orifices: dividing mode 

reflecting the two modes of operation. For brevity purposes, 
only the divider Bond graph is shown in Fig. 9. The combiner 
Bond graph is similar and can be found in Fedoroff (1990). 
Special consideration had to be made in the modelling of the 
pistons. This was because in the dividing mode, the pistons 
were separated. However, in the combining mode, pistons 1 
and 2 acted as two masses separated by a stiff spring. The 
spring constant was determined using Hooks law as applied 
to the rod portion of piston 2. It should also be noted that 
the "equivalent reaction force" discussed earlier was also in
cluded in the model. 

The assumptions used in the linearized model (excluding the 
small variation of parameters) were again used with a few more 
added to reflect the complete auto-regulator system. These 
additional assumptions were (reference Fig. 3): 

(1) Flow forces on piston 1 were negligible 
(2) The spring force was linear with piston 1 displacement 
(3) The effect of the change in the cross-sectional area of 

piston 1 due to contact with the rod of piston 2 was negligible 
(4) The capacitance of the supply chamber and chambers 

above and below the pistons are lumped with the supply/tank 
and chambers 1 and 2 respectively. 

Based on the Bond graph of Fig. 9, the describing equations 
were developed and are listed in Appendix C. It is readily 
apparent that the describing equations are highly nonlinear. 
To solve these equations, a commercial package called TUT-
SIM was used. This particular package was used because non
linear relationships could be modelled mathematically or with 
experimental data in the form of look-up tables. In the sim
ulation, the "passage" (or entrance/exit) pressure losses and 
the pressure drops across the damping orifices were expressed 
as look-up tables. An additional advantage of TUTSIM was 

.00 

E 
£o.f 

o.oo 

<K>-^0 Experimental piston 1 position. 
Simulated piston 1 position fCd=0.70). 
Simulated piston 1 position (Cd=0.75). 

0.06 
Time 

0.09 

(sec). 
Fig. 12 Response of piston to a step change in flow rate: dividing mode 

10000 

8000 

2000 

QTiH3Hj€) Experiments supply pressure. 
flAftw Experimental chamber 1 pressure. 

Simulated supply pressure. 
- Simulated chamber 1 pressure. 

0.00 0.03 0.06 0.09 0.12 0.15 
Time (sec). 

Fig. 13 Supply and chamber pressure response to a step change in 
flow rate: dividing mode 

that it accommodated the Power Bond Graph representation 
directly. 

Experimental Verification of Auto-Regulator Model 
The circuit used to determine the dynamic response of the 

regulator to various inputs is illustrated in Fig. 10 for the 
dividing and combining modes respectively. The test stand was 
designed such that the effects of "step" changes in flow rate 
and downstream pressure on appropriate parameters such as 
piston position, etc. could be observed and recorded. For each 
test, the actual input parameter waveform was recorded and 
used as the input to the simulation (via a look-up table). This 
was deemed necessary because a true "s tep" in flow or pressure 
was not physically possible to create experimentally. The out
puts were recorded using appropriate instrumentation and data 
collection devices. 

Nlany experimental and theoretical transient responses were 
recorded and analyzed. Only a few representative waveforms 
will be presented. In the first case, the flow to the regulator 
in the divider mode was changed as indicated in Fig. 11. (In 
fact, Fig. 11 shows the flow through the individual orifices. 
The total flow is the sum of the two.) The total flow waveform 
was digitized and subsequently became the input to the sim
ulation. The corresponding transient response of the piston 
position and supply and chamber pressure (theoretical and 
experimental) are shown in Figs. 12 and 13. For the combining 
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0.00 0.03 0.06 0.09 

Time (sec). 
0.12 0.15 

Fig. 14 Flow through variable orifices: combining mode 

^-0-^0 Experimental piston 1 position. 
Simulated piston 1 position fCd = 0.67V 
Simulated piston 1 position (Cd=0.63) 

0.00 0,06 0.09 
Time ( s e c ) . 

0.12 

Fig. 15 Response of piston to a step change in flow rate: combining 
mode 

mode and for a flow input illustrated in Fig. 14, the simulated 
and experimental piston position and supply pressure transients 
are shown in Figs. 15 and 16. 

Agreement between the predicted and measured responses 
was very good for the pressure traces. However, a somewhat 
systematic error was noted in the simulated position of the 
piston 1. Small errors in assigning the discharge coefficients 
of the variable orifices have a significant effect on the piston 
simulated results as indicated in Figs. 12 and 15. Difficulties 
in accurately and reliably measuring the discharge coefficients 
precluded the authors from substantiating that indeed, phys
ically, the discharge coefficients assumed these values. The 
authors believe however, that the basic dynamic waveforms 
of the theoretical and measured piston displacement are in 
excellent agreement. 

Discussion and Conclusions 
As evident in the transient response figures, the combiner 

mode showed a greater tendency to oscillate than in the divider 
mode. This, in part, was due to the oscillatory nature of the 
input flow sources in the combiner tests. This implies that the 
assumption of pure flow inputs was, in fact, only partially 
correct. Some interactions between the input flow and the auto-

CL 

8000 

60C0 

2000 
(woea Experimental chamber 2 pressure, 
M W A Experimental tank line pressure. 

Simulated chamber 2 pressure. 
- Simulated tank line pressure. 

0 -
0.00 0.03 0.06 0.09 

Time (sec). 
0.12 0.15 

Fig. 16 Supply and chamber pressure response to a step change in 
flow rate: combining mode 

regulator did exist and although this was partially reflected in 
the transient responses by using actual flow waveforms as the 
inputs, the model could not be used to isolate the source of 
the interaction. It would appear that the only way to account 
for this situation would be to model the complete testing sys
tem; this was considered to be beyond the scope of this study 
at present since the aim was to specifically examine the per
formance of the auto-regulator by itself. It is a study, however, 
that should be attempted to get a feeling for how component 
interactions occur in a much broader sense. 

Specifically, with regard to the study on the auto-regulator, 
the following conclusions were drawn: 

(1) The auto-regulator valve as designed could regulate the 
pressure drop across the variable orifices and hence provide a 
means of extending the range of a flow divider/combiner valve. 

(2) The linearized analysis of the auto-regulator provided 
an effective design tool for such things as the sizing of damping 
orifices and showing the sensitivity of various parameters on 
the response of the regulator. 

(3) The Bond Graph Model of the auto-regulator showed 
excellent agreement between the predicted and measured tran
sient responses. The model could not be used with confidence 
in a comprehensive model of the auto-regulator and the com
biner/divider valve. 
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A P P E N D I X A 

In this appendix the basic describing equations for the lin
earized model of the auto-regulator are presented. The as
sumptions for the development of the model were specified in 
the main body. 

Qm = Qxi (Al) 

Q\ = Qm + Qc\ - Qc (A2) 

Qxi=AiXX (A3) 

Qi = URn-JPa-Pr 

QD 
Px\ - Pc 

Rn\ 

(A4) 

(A5) 

Qci = Cdw (x0 + *, )^2{Ps-PCi)/p (A6) 

Qc=CxPLX (Al) 

miXl + biXl+(keXi)=APi(Ps-Pxl)-F0 (A8) 

kexl = 0A3wxl(Ps-Pa)+Ksxi (A9) 

PSci=Ps-Pci (A10) 

A P P E N D I X B 

In this Appendix, the transfer function relating the pressure 
drop across the variable orifice to changes in the supply pres
sure for the auto-regulator is developed. Nonlinearities are 
linearized by assuming small variations about an operating 
point. Taking Laplace Transforms and linearizing appropriate 
equations yields: 

AQm = AQxl (Bl) 

A Q ^ A Q D I + A Q C I - A Q C (B2) 

AQXI=AISAXI (B3) 

A Q , = / i A P c l - / , A P r (B4) 

A P M - A P C I 
AQL 

Rn 

AQci =f2AXl +f3APs - /3APC i 

AQc=C1sAPci 

mls
2AXl + blsAXl + A(kexl)=Al(APs-APXi) 

A(kexx) =f,AXl +f5APs -fsAPci 

AP, (SCI ) • •APs-APr 

where: 

h dPi 

-dQi 

dPT 2(PCI~PT) 

fi = 
dQci 
dxt 

-Cdwyj2(Ps-Pcl)/p\c 

(B5) 

(B6) 

(B7) 

(B8) 

(B9) 

(BIO) 

(Bll) 

(B12) 

fv-

U 

fr-

§Qa 
' dPs 

_d(kexl) 

dXi 

djkeXj) 

dP, 

-BQci 

dPCl 
2 

0 

Get 

(Ps-Pci) 

= [0.43w(Ps-PCi)+Ks] 
0 

-d(keXi) 

dPci 
= 0.43vta, 

O 

(B13) 
O 

(B14) 

o (B15) 

Substituting Eqs. (Bl), (B3), (B4), (B6), and (B7) into Eq. 
(B12) and solving for APC\ yields: 

(f2 + AP{s)AX, +MAPS- APa) , f,APT 
APcl=- (B16) 

/ i + Qs ft + Qs 

To solve Eq. (B16) for the desired transfer function, a rela
tionship between the output A Psc and A Pxl was found. 
Substituting Eq. (B9) into (B8) and (B3) into (B5) yields 

mxs
2AXx + biSAXi +fAAXx +f5APs 

-fsAPc^Ap^APs-AP^) (B17) 

APX1 = APa +APlRDisAXi (B18) 

Substituting Eq. (B18) into (B17) and rearranging yields 

API - / s KM, AXj . , 

APSCI~ miS2AX1+ (bi+A2
PlRm)s+f4~ s2 + 2^nxs + o>2„x 

(B19) 

where Kx = - -f. 

and & = 

_A 
mi 

2\[tthfi, 

Using Eqs. (B16) and (B19), the desired transfer function is 
obtained. 

A/V, 
A/> 

/ 3 /c i {s2 + mxo>„x + (APIKxunx/f3) ]s + « 4 + Kxu
2
nx (

/ 2 / / 3) 
1 + 

(fl/ci + s) (s2 + 2{xw„xs + wL) 

(B20) 

A P P E N D I X C 

In this appendix, the equations derived from the Bond graph 
of Fig. 9 are listed. The equations for the divider mode are 
given only. The equations for the combiner mode are very 
similar and can be obtained from Fedoroff (1990). 

O-Junctions 

AQsc=Qs-Qsc 

Qsc=Qci + Qa + Qxi - Qxj + Qp\ + QPI 

AQci = Qa-Q\ + Qm 

AQC1 = QCI-QI-QD2 

QDI = Qx\ + QPI 

QD2 = Qxi—QPI 

1-Junctions 

PSC = PS-APE 

APpi - Psc ~ Px\ 

APpi = Psc—Pxi 
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APm=Pxl-Pci 

&PDI = Pci ~ Pxi 

APT\ = Pc\ ~ PT 

&PT2 = Pa ~ PT 

FM\ = Fsx - FX\ ~ FFX - FSp + FmP - FSTX 

Fm = Fx2 - Fs2 - Fn - FJMP + FST1 

APc\ =Ps~ Pa 

APc2 = Ps~ Pc2 

Transformations 

Fsl=PsAP] 

Fs2=PsAp2 

Fx\ =Px\Ap\ 

Fx2=Px2Ap2 

Qx\ = xxAPX 

Qxi = XiApi 

R-Effects 

Re: APE=f(Qsc) Lookup Table 

Rp\ '• Qp\ — &Pp\/Rp\ 

Rpl- Qpi = APP2/Rp2 

R{: Qci = Cdw (x0 + Xi )SGN(AP1)^2ABS(APl)/p 

Ri- Qci = Cdw (xo + Xi) SGN(AP£y/2ABS(AP2)/p 

R-n •• Q\ = SGN(APTl) /RnslABS(APTl) 

R-ri. Q2 = SGN{APT2)/RT2-^ABS(APT~2) 

RF\'- FFl = biXi 

R-Fl- Ff2 = b2X2 

RIMP- FIMP = 0 if (*i -x2) > 0 

= Ki(xl-x2) if (xi-x2)<0 

RSTI •• Fsri = 0 if xt < 0.00125 m 

= KSTIXI if Xi>0.00125 m 

Rsn'- Fsr2= if x2>0 m 

= KST1ABS(X2) if x 2 < 0 m 

RSP'- FSp = Ks(xS0 + xi) 

Rm: APm = / ( Qm) Lookup Table 

Rm: APD2 =/(QD2) Lookup Table 

I-Effects 

/,: i i = l//iJiforff+ii(0) 

h: X2=\/l2\Fmdt+x2(fi) 

C-Effects 

Cs: Ps=l/Cs\AQsdt + Ps(0) 

Ccl: Pci = VCcl\AQcldt + Pcl(0) 

Cci: Pci= \/Cc2\AQcidt + P a ( 0 ) 

State Equations 

xx = \xldt + xx(0) 

x2 = \x2dt + x2(0) 
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