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Mathematical Modeling of a Two
Spool Flow Control Servovalve
Using a Pressure Control Pilot1
A nonlinear dynamic model for an unconventional, commercially available electrohyd
lic flow control servovalve is presented. The two stage valve differs from the conven
servovalve design in that: it uses a pressure control pilot stage; the boost stage use
spools, instead of a single spool, to meter flow into and out of the valve separately
it does not require a feedback wire and ball. Consequently, the valve is significantly
expensive. The proposed model captures the nonlinear and dynamic effects. The
has been coded in Matlab/Simulink and experimentally validated.
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I Introduction
The vast majority of flow control servovalves in existence e

ploy a double flapper nozzle pilot stage and a single spool b
stage. A stiff feedback spring is generally used to provide fe
back from the boost stage to the pilot. These types of servova
tend to be difficult to manufacture and expensive. A less conv
tional, less costly type of flow control servovalve@1,2# utilizes a
two-spool boost stage and a flapper nozzle pressure control p
Because a feedback wire between the nozzle flapper pilot and
boost stage is not needed, assembly is simplified. The two sp
in the boost stage are spring loaded and meter flow into and o
the valve separately. The main advantages of the two-sp
pressure control pilot design are:~1! ease of manufacturing;~2!
lower costs;~3! higher degree of adjustment; and~4! greater
safety. Because flow into and out of the valve are metered s
rately using separate spools, the required machining accurac
the land lengths and of the metering edges are significantly
duced. The shorter bore lengths enable better machining of
metering edges. Electrical displacement transducers are not
essary. The main cost advantage stems from the fact that the
porting edges can be independently machined, so that each
only has one critical axial dimension, in contrast to a conventio
design in which three critical dimensions are interrelated to e
other. In addition, the two spool design allows the use of modu
components, the boost stage housing needs machining only
two sides. The valve can also be easily adjusted for different
plications since each spool can be independently positioned.
two-spool design is also potentially safer because unless
spools are jammed open, flow can be shutoff by either sp
Servovalves that utilize the two-spool/pressure control pilot
sign have a better cost/performance ratio, although they do h
lower performance~open loop bandwidth! than their conventiona
counterparts.

The objective of this paper is to present a complete and v
dated nonlinear dynamic model for this unconventional two-st
two-spool valve, with similar details as in the models for conve
tional servovalves, which are readily available~e.g.@3,4#!. This is
needed in order to predict system performance and stability, an
design control systems in high performance applications. A m
ematical model relating the various physical parameters to pe
mance can also be used to predict and improve the performan

1An abridged version of this paper was first presented at the ASME IMECE 2
in Orlando, FL.

2R. Anderson is currently at Eaton Corporation, Eden Prairie, MN.
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the physical design of the valves. Anderson~who holds the patent
on the design! presented simplified linear models in@5#. A com-
plete derivation of the model, such as the loading effect of e
subsystems on each other is, however, not presented. Althoug
importance of the nonlinearities associated with the valves is m
tioned, they are not included in these simplified models. In t
paper, an experimentally validated physical model of the valv
presented. The model takes into account nonlinear effects suc
flow forces, nonlinear magnetic effects, and chamber fluid co
pressibility. The model is capable of predicting the dynamic o
put flow rate when time trajectories of the electrical current inp
and of the work port pressures are given. The model predic
compares favorably with experimental data. In a companion pa
@6#, the model is used to provide a basis for the analysis
performance limitation and for the dynamic redesign to impro
performance. It will be demonstrated how the structure
the interconnection of the subsystems limits the dynam
performance.

After this paper was first submitted, the authors were ma
aware of the earlier modeling efforts by Akers and co-workers
valves related to the one investigated here. They presente
model for a two-stage, two-spoolpressure controlvalve in @7#. A
model for the two-spool two-stage flow control valve similar
the one in this paper was presented at the ASME Winter Ann
Meeting in @8#. Differences between the two models will be di
cussed after the presentation of the model.

The rest of the paper is organized as follows. The basic op
tion of the valve is given in Section II. The models for ea
subsystem are then developed. The models for the pilot and
boost stages are presented in Sections III and IV, respectively
chamber pressure dynamics are given in Section V, and the ou
flow equations are given in Section VI. In Section VII, simulatio
issues are discussed. Simulation and experimental results
shown in Section VIII. Conclusions are given in Section IX.
table of nomenclature appears at the end of the paper.

II Operation of the Two-Spool Valve
A schematic of the flow control servovalve using a two-spo

boost stage, and pressure control pilot design is shown in Fig.
consists of two distinct stages—a pilot and a boost stage, s
rated by a simple transition plate and connected via two pres
chambers. The pilot stage is a pressure control pilot@9#, which
uses a double nozzle flapper design. The boost stage of the v
consists of two separate spring centered spools which meter
into and out of the valve separately.

Roughly speaking, the pressure control pilot stage generat
differential pilot pressure~i.e., the pressure difference between t
two pressure chambers! proportional to the electrical current inpu
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Fig. 1 Schematic of the two spool flow control valve using a pressure control pilot
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to the electromagnetic torque motor. The differential pilot press
in the chambers acts on the two ends of both spools. Since
spools are spring centered, the steady-state displacements o
spools are roughly proportional to the differential pilot press
and inversely proportional to the total stiffness~which would in-
clude effects of steady-state flow forces!. Flows into and out of
the valve are metered by the displacements of the spools. No
that a feedback wire between the boost stage and the pilot sta
not used in this design. The interconnection between the s
systems of the valve is shown in Fig. 2.

A more detailed discussion of the operation of the valve f
lows. Suppose that the electrical current is the input to the co
the torque motor at the top part of the valve in Fig. 1. The curr
in the coil, together with the magnetic armature, generate
torque, which in turn rotates the armature and flapper in
counter-clockwise motion about the pivot point~where the arma-
ture and the flapper intersect!. Note that in Fig. 1, bold arrows
correspond to the direction of fluid flow. As the flapper is d
placed to the right~left!, the nozzle opening on the right~left!
decreases and the opening on the left~right! increases. This in turn
raisesP2 and lowersP1 ~or vice versa! in the pressure chambers
The differential pressureP22P1 , therefore, has the effect of re
storing the flapper to its neutral position. As will be seen later,
torque provided by the torque motor increases with the flap
mic Systems, Measurement, and Control
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Fig. 2 Signal flow and subsystem interconnection diagram of
the valve
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displacement. Thus, it presents itself as a negative stiffness
magnetizing/demagnetizing the permanent magnet in the to
motor, this negative stiffness is used to cancel out the mechan
stiffness of the pivot@5#. When this is true, the torque generated
the torque motor will be balanced predominantly by the differe
tial pressureP22P1 . Consequently, in the steady state, the d
ferential pressure will be roughly proportional to the input curre

The pilot pressures,P1 and P2 , act on the two ends of eac
spool. A positive~negative! differential pressureP22P1 causes
both spools to move in the upward~downward! direction. As
spools A and B move upward~downward!, hydraulic oil is ported
from the supply to port B~A! on one side, and from port A~B!
into the tank on the other, creating flowsQb andQa , respectively.
As the spools displace, flowsQ1 to andQ2 from the pilot stage
are also created.

The regulation of the spool displacements~hence the flow rate!
is achieved in two ways. Primarily, displacements of the spo
are resisted by the compression of the springs. Thus, in the st
state, the displacement of each spool would be proportional to
differential pilot pressure and inversely proportional to the spr
stiffness. Secondarily, the displaced fluid volume above and be
the spools also tend to reduce the differential pressure. There
the upward~downward! spool displacement and velocity tend
decreaseP22P1 . These effects in turn affect the flapper displac
ment and the differential pilot pressure. If the system is stable,
spool will reach an equilibrium displacement.

III Pilot Stage Dynamics
We now derive the physical model for each subsystem, be

ning with the pilot stage. The free body diagram of the armatu
flapper assembly is shown in Fig. 3. Note thatO is the pivot point
supported on a torsional beam spring, andu is the anti-clockwise
angular displacement of the armature-flapper, which is assume
be small.

The armature-flapper is subjected to the magnetic force,Fg ,
generated at the top air gap, the trim spring force,Fk , at the top
end of the armature, the damping momentBf u̇ on the armature
~created as the armature moves in the silicon oil that fills the a
above the flapper!, the momentKpu due to the pivot stiffness, and
the flow and pressure forces due to the nozzle,F f . Lk , Lg , and
L f are the moment arms about the pivotO for the trim spring
force, the magnetic forceFg and the nozzle flow forceF f ,
respectively.

The magnetic force,Fg , is found by analyzing the magneti
circuit shown in Fig. 4.Ra is the reluctance due to the lower a
gap between the magnetic plate and the armature, whileRb is the
reluctance between the polepieces and the magnetic plate.R1 and
R2 correspond to the reluctances at the two top air gaps betw
the polepieces and the armature. They are functions of the li
armature displacement,xg5Lgu.

Referring to Fig. 4, the magnetic force in the air gap is given
@3#:

Fg54.4231028H f1
22f2

2

m0Ag
J lb, (1)

wheref15fx1fy , andf25fx1fz . It can then be shown that

Fg5a0

a1• i 1a2•~ i 2xg!1a3•~ ixg
2!1a4•xg

~b12b2xg
2!2 (2)

where

a054.42x1028mom r -silicon
2 m r -plateAaAbAg

a152m r -plateGgNMo~2AbGaAg1AaAbGg!

12m r -siliconAgGgAaGbNMo

a254m r -plateAaAbGgN2
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a352m r -plateAaAbNMo

a45m r -plateAaAbGgMo
21m r -siliconAaAgGbMo

2

12m r -plateAbAgGaMo
2

b15m r -plateAaAbGg
21m r -siliconAaAgGbGg12m r -plateAbAgGaGg

b25m r -plateAaAb .

Next, the moment due to the trim spring is considered. Beca
there are two trim springs with spring constantKk , the total coun-
terclockwise moment due to the trim spring is:

2LkFk522Kkxk52~2KkLk!u. (3)

Nozzle forces on the flapper are given by@3#:

F f5~P22P1!An14pCd f
2 @~xf o2xf !

2P22~xf o1xf !
2P1# (4)

where the first term corresponds to the static pressure force,
the second term corresponds to the flow forces at the nozzle,
xf5L fu is the displacement of the flapper.

The pivot spring of the armature-flapper is a rectangular be
therefore, the pivot stiffness~in-lb/rad! is @10#:

Kp52
htwt

3

16 F16

3
23.36

wt

ht
S 12

wt
4

12ht
4D G G

L f
(5)

which is valid forwt,ht .
Summing moment about the pivot, we obtain:

Fig. 3 Free body diagram of the armature-flapper

Fig. 4 Armature magnetic circuit. R1 , R2 represent the vari-
able air-gaps; Ra , Rb represent the fixed air-gaps. N" i and M0
are the MMF’s due to the input current and the permanent mag-
net, respectively.
Transactions of the ASME
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Jü5FgLg2FkLk2F fL f2Kpu2Bf u̇ (6)

whereJ is the moment of inertia of the armature-flapper.
Using the relationshipsu5xf /L f5xg /Lg , ~6! can be written in

terms ofxf andẋf . This way, we obtain a second-order model f
the pilot stage in the form of

ẍf5 f pilot~xf ,ẋf ,i ,P1 ,P2! (7)

wherexf and ẋf are states, andi, P1 andP2 are the inputs.

IV Boost Stage Dynamics
The model for the boost stage is developed next. We nee

derive the dynamic equations that describe the two spools.
will analyze spool A in Fig. 5 in detail. The equations for spool
can be similarly derived. We assume the spools are designed
critically centered. In Fig. 5, the spool is subjected to the diff
ential pilot pressure, a force due to the centering spring, visc
friction and flow forces. Equating forces on the spool yields
following:

Msẍa5~P22P1!As22Ksxa2FV2FF,A (8)

where RHS are forces due to the differential pressure, 2Ksxs is the
force due to the two centering springs of stiffnessKs , FF,A cor-
responds to the flow forces, andFV is the viscous damping force
Assuming a perfectly centered spool in a bore@3#, the viscous
damping force is:

FV5
pDsLsm

Cr
ẋa . (9)

The fluid flow forcesFF that the spool encounters are sometim
called Bernoulli forces which arise due to the dynamics of
fluid flow. There are two types of flow forces: steady-state fl
forces and transient flow forces. Steady-state flow forces are
to the angle of the vena contracta as the fluid is metered int
out of the valve. They depend on the flow rate and hence the s
displacement. Transient flow forces, on the other hand, are
reactive forces associated with the acceleration of the fluid in
spool chamber. Thus, they are dependent on the rate of chan
flow and the spool velocity. The signs of the steady-state
transient components depend on the spool displacements, ve
ties, and on whether the spool is metering flow into or out of
valve. Following@3#, the fluid flow forces on spool A are give
by:

Fig. 5 Free body diagram for spool A
Journal of Dynamic Systems, Measurement, and Control
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FF,A55
Cd jCnw~Pa2PT!cos~u j !•xa

1LpCd jwA2r~Psb2Pa!• ẋa xa>0

Cd jCnw~Psb2Pa!cos~u j !•xa

2LpCd jwA2r~Psb2Pa!• ẋa xa,0.

(10)

where the first term corresponds to the steady-state flow force,
the second term corresponds to the transient flow force. In
~10!, the effect of clearance can be taken in account by replac
xa by sign(xa)Axa

21Cr
2 in the first term. Notice that regardless o

the sign ofxa , the steady-state flow force is always restoring a
acts like a spring to close the valve. On the other hand, the t
sient flow force is proportional to the spool velocity. It acts like
positive stabilizing damping whenxa>0 ~when flow is being me-
tered out of the valve!. However, whenxa,0 when~flow is being
metered into the valve!, it acts like a negative, unstable dampin
Transient flow forces therefore can be a source of valve instab
A recent investigation into the benefits of exploiting the instabil
induced by transient flow force is given in@11#.

In Eq. ~10!, Lp , is the damping length, which is the length o
the fluid column that undergoes acceleration. The transient fl
force is therefore proportional to the damping length. For
valve being considered,Lp depends on the spool displacement

Lp5Lpo1
1

2
uxau

whereLpo is the damping length when the spool displacemen
zero. Since the stroke lengths of the main spools are about 20
Lpo , the transient flow force can be underestimated by as muc
10% if Lp is assumed to beLpo .

In Eq. ~10!, u j is the fluid jet angle of the vena contracta. It is
nonlinear function ofxa /Cr @3#. u j varies from 69 deg at large
spool displacements to 21 deg at small orifice openings. Th
differences can cause large deviations in the steady-state
force term (cos(21deg)/cos(69deg)52.6). Thus, using only a
constant jet angle throughout the range of spool displacem
may not be adequate. To account for this variation, the variatio
jet angle when the orifice opening varies is explicitly model
using a high order polynomial to represent the nonlinear dep
dence ofu j on xs /Cr as shown in@3#.

The dynamics for spool B can be similarly obtained:

Msẍb5~P22P1!As22Ksxb2
pDsLsm

Cr
ẋb2FF,B , (11)

where the downward flow forces for spool B are:

FF,B55
Cd jCnw~Psb2Pb!cos~u j !•xb

2LpCd jwA2r~Psb2Pb!• ẋb , xb>0

Cd jCnw~Pb2PT!cos~u j !•xb

1LpCd jwA2r~Pb2PT!• ẋb , xb,0.

(12)

Substituting Eqs.~9!–~10! into ~8!, and~12! into ~11!, the dynam-
ics of the two spools are described by two sets of second o
dynamic systems, of the form:

ẍa5 f sp1~xa ,ẋa ,P12P2 ,Pa! (13)

ẍb5 f sp2~xb ,ẋb ,P12P2 ,Pb! (14)

where the spool displacements and velocitiesxa andẋa , xb andẋb
are the states, and the differential chamber pressureP12P2 and
work port pressuresPa , Pb are the inputs. Notice that the wor
port pressures affect the spool dynamics only via the flow for
in Eqs.~10! and ~12!.
SEPTEMBER 2002, Vol. 124 Õ 423
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V Chamber Pressure Dynamics
The pilot pressuresP1 andP2 are needed as inputs to both th

pilot Eq. ~7!, and the boost stage Eqs.~13!–~14! dynamics. These
are determined by the compressibility of the fluid in the chamb
between the pilot stage and the boost stage.

The chamber pressuresP1 andP2 are determined by the basi
hydraulic compressibility equations:

Ṗ15b
Q12V̇1

V1~ t !
(15)

Ṗ25b
Q22V̇2

V2~ t !
, (16)

whereV1(t) andV2(t) are the volumes of the chambers betwe
the top of the spools and the left flapper face, and between
bottoms of the spools and the right flapper face, respectively,Q1
and Q2 are the total flows into the chambers. Recall that an
ward spool displacement is defined to be positive. The cham
volumes and their derivatives are therefore given by:

V15V1o2Asxa2Asxb , (17)

V25V2o1Asxa1Asxb (18)

V̇152Asẋa2Asẋb , (19)

V̇25Asẋa1Asẋb (20)

where V1o and V2o are the fluid volumes in all the lines an
chambers between spool ends and the flapper when the spoo
centered (xa5xb50).

The flowsQ1 andQ2 into the chambers comprise of the flo
from the pilot supply orifice, leakage past the nozzle, and leak
past the spools. Combining these three contributions, we get

Q15Cd0A0A2

r
~Psp2P1!2Cd fpDn~xf 01xf !A2

r
P1

2
pDbCr

3P1

12m~Ll01xa!
1

pDbCr
3~Psb2P1!

12m~Ll01xb!
(21)

Q25Cd0A0A2

r
~Psp2P2!2Cd fpDn~xf 02xf !A2

r
P2

1
pDbCr

3~Psb2P2!

12m~Ll02xa!
2

pDbCr
3P2

12m~Ll02xb!
(22)

where the leakages are modeled to be laminar flows in an ann
between a annular shaft and a concentric cylinder@3#. From ~15!
and ~21! ~and ~16! and ~22!!, one can see that the chamber pre
sure dynamics are stable since increase inPi decreases flowQi ,
which in term decreasesṖi .

Substituting Eqs.~17!–~22! into Eq. ~15!–~16!, we have

Ṗ15 f cham1~P1 ,xf ,xa ,xb ,ẋa ,ẋb! (23)

Ṗ25 f cham2~P2 ,xf ,xa ,xb ,ẋa ,ẋb! (24)

where P1 and P2 are the respective states, and the flapper d
placements and the spool displacements and velocities are
inputs.

At this point, all of the necessary differential equations ha
been developed to describe the pilot stage, spool A, spool B,
the chamber pressures,P1 andP2 . There are, in total, eight stat
variables. Next, we describe how the output flows at the w
ports are related to the states of the valve.
424 Õ Vol. 124, SEPTEMBER 2002
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VI Flow Equations
As the spools in the boost stage move, flow is either mete

into or out of the valve through the orifice. In addition to th
orifice flow, the total flow at the work ports is also contributed
leakage flows through the spool-bore clearance~see Fig. 6!. Leak-
age is again modeled by laminar flow in an annulus between
annular shaft and a concentric cylinder.

For spool A in Fig. 6, when the spool displacement is posit
~upwards!, the flow paths 1, 5, 6 are active; and for negati
displacements, flow paths 3, 5, 6 are active. Therefore, the fl
into the valve from the work port A is:

Qa5

¦

CdwxaA2~Pa2PT!

r
1

pDbCr
3~Pa2PT!

12m~Lli 2xa!

2
pDbCr

3~Psb2Pa!

12m~Lli 1xa!
xa>0

CdwxaA2~Psb2Pa!

r
1

pDbCr
3~Pa2PT!

12m~Lli 2xa!

2
pDbCr

3~Psb2Pa!

12m~Lli 1xa!
xa,0.

(25)

The first term in each of the two cases correspond to the ori
flow, and the other terms correspond to the leakage. Notice
whenxa,0, the orifice flow termQa is negative indicating fluid
flows out of the valve.

For spool B and for positive spool displacement, the flow pa
2, 7, 8 are active in Fig. 6. When the spool displacement is ne
tive, flow paths 4, 7, 8 are active. Hence,

Qb5

¦

CdwxbA2~Psb2Pb!

r
1

pDbCr
3~Psb2Pb!

12m~Lli 2xb!

2
pDbCr

3~Pb2PT!

12m~Lli 1xb!
xb>0

CdwxbA2~Pb2PT!

r
1

pDbCr
3~Psb2Pb!

12m~Lli 2xb!

2
pDbCr

3~Pb2PT!

12m~Lli 1xb!
xb,0.

(26)

Fig. 6 Flow paths when spools are displaced from null
positions
Transactions of the ASME



o

c

b

t

a

hout
he

ign.
ub-
om-

uts,

res-

e

re
he
res-
ilot

the

o-

Eq.
in
ess.
t

ses,
to

ina-

the
di-

l
fly
etic
The
g a
late
Notice that Eqs.~25!–~26! have been derived with the assumptio
that 05PT<Pa , Pb<Psb . The signs of the terms in~25!–~26!
must be suitably modified if this assumption is violated. Equatio
~25!–~26! define the flow that enters the valve through work p
A, and the flow that leaves the valve through work port B. Beyo
the work ports, there are other losses, including channels in
body, lines, fittings, etc. These should also be taken into con
eration when calculating the flow in a complete system.

VII Matlab ÕSimulink Model
The dynamic models for the pilot stage, Eq.~7!, boost stage

Eqs. ~13!–~14!, and the chamber pressure dynamics Eqs.~23!–
~24! can be connected to each other, and to a hydraulic dev
such as in Fig. 2, into a simulation model. The combined mo
will be capable of predicting the flowsQa , Qb into and out of the
work ports, given the input of the time trajectories of the electri
input current,i, and the two work port pressuresPa , Pb .

In order to simplify the testing procedure, it will be convenie
to assume thatQa5Qb , i.e., the valve is connected to volum
conserving devices~such as a double ended cylinder or a hydra
lic motor!. This allows us to specify only the load-pressure,PL
ªPb2Pa , instead of specifyingPa and Pb independently. To
this end, we calculatePa and Pb given PL . Equating the output
flows in Eq.~25!–~26!, and neglecting the leakage flows, we o
tain for usual combinations ofxa , andxb :
If xa , xb>0

Pa5
xb

2~Psb2PL!

xa
21xb

2 , Pb5
xb

2Psb1xa
2PL

xa
21xb

2 (27)

If xa , xb,0

Pa5
xa

2Psb2xb
2PL

xa
21xb

2 , Pb5
xa

2~Psb1PL!

xa
21xb

2 . (28)

Whenxa andxb are of different signs~which generally does no
occur!, it would be necessary to assume thatPa or Pb is either
abovePsb or belowPT . In this situation, the simplifying assump
tion thatQa5Qb is probably not valid.

With the simplification thatQa5Qb , the Matlab/Simulink
model with the subsystem inter-connections and the input
output connections is shown in Fig. 7. The model of each of

Fig. 7 Simulink block diagram
Journal of Dynamic Systems, Measurement, and Control
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subsystems~pilot, boost, pressure chambers! and the output flow
equations, have been developed in a complete manner wit
resorting to empirical simplifications. All the parameters of t
models, except for the pilot damping coefficientBf , are estimated
from the component characteristics and the physical valve des
Bf is determined to match the experimental results. The s
systems were coded using the S-Function facility instead of c
pletely graphically because of the model complexities.

Notice that the S-Function for the pilot stage receives as inp
the input currenti and the pilot pressuresP1 , P2 on the flapper.
Each of the spool S-Functions also receive the same pilot p
suresP1 , and P2 , work port pressure dropPL and boost stage
supply pressurePsb . The work port pressuresPa and Pb are
calculated according to~27!–~28! in the subsystems given th
load pressurePL and the spool displacementsxa , xb .

Notice in Fig. 7 that the operation of the two-spool/pressu
control pilot valve utilizes two feedback loops in its design. T
principal feedback loop consists of the pilot stage, and the p
sure dynamics. This feedback loop controls the differential p
pressure. The secondary loop involves the boost stage and
pressure dynamics.

As mentioned in the Introduction, a similar model for the tw
stage two-spool flow control valve was presented in@8#. There are
some differences between the present model and the one in@8#.
For example, the nonlinearity in the coefficients~Lp and u j ! for
both the steady state and transient flow forces are treated in
~10! whereas in@8# are treated as constants. More importantly,
this paper, we do not assume an apparent flapper pivot stiffn
Rather, the flapper dynamics Eq.~6! are computed based on firs
principles, accounting for the magnetics, mechanical stiffnes
and pressure forces. In@8#, however, the negative stiffness due
the magnetics in the torque motor isassumedto cancel out the
flapper’s mechanical stiffness. As is shown in@6#, the value of the
apparent mechanical stiffness can be important in the determ
tion of the dominant valve dynamics.

VIII Simulation and Experimental Results
To validate the model, the Simulink model is exercised and

results compared with experimental results under similar con
tions. The experimental setup~Fig. 8! consists of the two-spoo
flow control valve connected to a flow motor via a set of butter
valves. The speed of the flow motor is measured via a magn
pulse pick up and provides the surrogate flow measurement.
current input to the valve can be adjusted continuously usin
computer. The butterfly valves can be adjusted offline to simu
different load pressuresPL . The pilot pressures,P1 and P2 , as
well as the work port pressuresPa andPb are measured.

A Steady-State Response.The steady-state flowQ versus
current i ~at no load! and Q versus load pressurePL ~at various
currenti ’s! plots are used to assess the steady-state response~Fig.
9!. For theQ versusi plot, the current was varied between640

Fig. 8 Schematic of the experimental setup
SEPTEMBER 2002, Vol. 124 Õ 425



h
e

-

m

i

o

t

i

t
e

o

8

d

t

up
se
nd
is
mA ~6100%! sinusoidally at 0.25 Hz. From Fig. 9, we see that t
simulation and experiments show excellent match. Despit
slight hysteresis, the relationship between input currenti and no-
load flow Q is quite linear.

To obtain theQ versusPL plot, the load pressure was varie
between 0 psi to 3075 psi (Psb) slowly. Figure 9 shows the fa
miliar square root power relationship, as expected from E
~25!–~26!. Multiple experiments are included in Fig. 9 and th
resolution of the flow measurement during this experiment was
at only 0.1 gpm. So the range and the discrete nature of the
tiple dots corresponds to the measurement uncertainty and
limited resolution. Notice that the simulation results fall with
this range.

B Dynamic Responses. To evaluate the time response
the valve, various step current inputs at near zero load pres
drop were applied to the model and to the experimental se
Because of the limitation of the current driver in the experimen
setup, the actual current steps were not ideal and there were s
overshoots and finite rise times about~8 ms!. The nonideal ‘‘step’’
current inputs were measured during the experiments and w
also used as the input for the simulations. The near step respo
are shown in Fig. 10. Notice that the experimental and simula
responses are very similar; both showing 64% rise-times of
proximately 20 to 30 ms. Notice from Fig. 10 that the experime
tal data has a time delay of about 4 ms relative to the simulat
This may be an artifact of our data acquisition system or due
the flow motor used for flow measurement having a finite iner
Also, the hydraulic lines used in the experiments are quite fl
ible. These can also cause some overshoot. This is confirmed
later test conducted with the valve mounted directly on the fl
motor in which the large overshoot was not present~not shown!.
Taking into account the risetime of the input step, and the m
surement delay, the actual~64%! risetime of the system is about
msec. This is consistent with the finding in@6# that the dominant
eigenvalue of the linearized valve dynamics is around 135 ra

C Frequency Response. The frequency response is inves
gated next. The frequency response~Fig. 11! was obtained by
superimposing a 3 mA sweptsinusoidal~chirp! current on a D.C.
biased current (20 mA-50%) at a zero load pressure. Experim
tally, the frequency response was obtained via an FFT analy

Fig. 9 Steady-state response. Top: flow Qa versus input cur-
rent; bottom: flow Qa versus load pressures PL at various cur-
rents i .
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Notice that the simulation and experimental results match well
to 150 Hz for the magnitude plot, and up to 20 Hz for the pha
plot. The23 dB bandwidths of both the experimental system a
of the model are approximately 15-20 Hz. This bandwidth
slightly slower than what the manufacturer claims~30 Hz!. The

Fig. 10 Step responses. Input steps are square waves with
peaks of Á10 mA, Á20 mA, and Á30 mA.

Fig. 11 Frequency responses measured at 20 mA D.C. input
superimposed by Á3 mA sinusoid. Top: magnitude plot, bot-
tom: phase.
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difference in phase responses at higher frequencies betwee
experimental system and the model may be due to time lag/
measurement dynamics~e.g., inertia of the flow motor and th
time lag in the velocity pick up!.

IX Conclusions
An experimentally validated, first principle mathematical d

namic model of an unconventional, relatively inexpensive fl
control servovalve with a two-spool boost stage and a pres
control pilot design has been developed. The model consists o
interconnection between the pilot stage, the two spools in
boost stage, chamber pressures dynamics, and output flow
tionships. The model has been implemented using Mat
Simulink. Steady-state and dynamic responses show good a
ment between simulation, experimental results, and manufac
specifications@2#. The proposed model can be used to pred
performance and to provide insights for improving the design
the valve. It will also be useful in the design and analysis
control systems that utilize this valve in higher performance
plications. Improved performance of this relatively inexpens
servovalve, either through improved physical design, or thro
the use of advanced control, can potentially expand the us
electrohydraulics in cost constrained applications.
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Nomenclature

Aa ,Ab ,Ag 5 air gap cross-sectional areas
An 5 nozzle area
Ao 5 supply orifice area
As 5 spool area
Bf 5 damping coefficient of pilot stage

Cd f 5 flapper-nozzle discharge coefficient
Cd j 5 jet discharge coefficient
Cdo 5 supply orifice discharge coefficient
Cr 5 radial clearance between bore
Cv 5 velocity coefficient
Db 5 bore diameter
Dn 5 nozzle diameter
Dn 5 pilot nozzle diameter
Do 5 supply orifice diameter
Ds 5 spool diameter
FF 5 flow force on spool
F f 5 pressure and flow forces on flapper
Fg 5 attractive force between magnetized parallel

surfaces separated by an air gap
Fk 5 trim spring force on armature

FP1 ,FP2 5 spring forces on spool
FS1 ,FS2 5 spring forces on spool

FV 5 viscous damping force on spool
G 5 shear modulus of material

Ga ,Gb ,Gg 5 air gap lengths~Gg is at null! gap
ht 5 height of pivot cross section
i 5 input current
J 5 mass moment of inertia of armature-flapper

assembly
Kk 5 spring constant of trim springs
Kp 5 pivot Stiffness of armature-flapper
Ks 5 spring constant of spool springs
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L f 5 length from pivot to center of nozzle
Lg 5 length from pivot to center of top air
Lli 5 initial spool length for inner leakage
Llo 5 initial spool length for outer leakage
Lp 5 length between work port and jet

Lpo 5 initial length between work port and orifice jet
Ls 5 total spool length in contact with bore for

damping 2(Lli 1Llo)
l t 5 length of one side of pivot bar

Mo 5 permanent magnet MMF
Ms 5 spool mass

N 5 number of coil turns orifice
P1 ,P2 5 pilot pressures

Pa 5 pressure of port A
Pb 5 pressure of port B
PL 5 pressure drop across the work ports

Psb 5 supply pressure to boost
Psp 5 supply pressure to pilot spool

Ra ,Rb 5 fixed reluctances in magnetic circuit
R1 ,R2 5 variable reluctances in magnetic circuit

w 5 orifice area gradient
wt 5 width of pivot cross section
xa 5 spool A position
xb 5 spool B position
xf 5 flapper to nozzle distance

xf o 5 flapper to nozzle distance at null
xg 5 position of armature at top air gap
xs 5 spool position in general
b 5 bulk Modulus of hydraulic oil
r 5 density of hydraulic fluid
m 5 viscosity of hydraulic fluid

m0 5 permeability of free space
m r 2plate 5 relative permeability of nonmagnetic spacer

plate
m r 2silicon 5 relative permeability of air

mplate 5 permeability of nonmagnetic spacer plate in
magnetic circuit (msilicon5m r 2siliconmo)

msilicon 5 permeability of silicon in magnetic circuit
(msilicon5m r 2siliconmo)

u 5 rotation angle of flapper-armature
u j 5 jet angle of fluid at spool orifice
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