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A nonlinear dynamic model for an unconventional, commercially available electrohydrau-

Department of Mechanical Engineering, lic flow control servovalve is presented. The two stage valve differs from the conventional
University of Minnesota, servovalve design in that: it uses a pressure control pilot stage; the boost stage uses two

111 Church St. SE, spools, instead of a single spool, to meter flow into and out of the valve separately; and

Minneapolis, MN 55455 it does not require a feedback wire and ball. Consequently, the valve is significantly less

expensive. The proposed model captures the nonlinear and dynamic effects. The model
has been coded in Matlab/Simulink and experimentally validated.
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| Introduction the physical design of the valves. Anderg@rho holds the patent
- . . on the desighpresented simplified linear models [ii]. A com-

The vast majority of flow control servovalves in existence e lete derivation of the model, such as the loading effect of each
ploy a double flapper nozzle pilot stage and a single spool bo% systems on each other is, however, not presented. Although the
stage. A stiff feedback spring is generally used to provide feeqd- . - N . X : )
back from the boost stage to the pilot. These types of servovalud ortance of the nonlinearities associated with the valves is men

tend to be difficult to manufacture and expensive. A less ConVetlgned, they are not included in these simplified models. In this
tional, less costly type of flow control servovali®2] utilizes a Baper, an experimentally validated physical model of the valve is

E%esented. The model takes into account nonlinear effects such as

gvo-spool bfoos(;[bstal?e gindba flapperhnozzle lprfelssure C(.)lntrol gi w forces, nonlinear magnetic effects, and chamber fluid com-
ecause a feedback wire between the nozzle flapper pilot an o . A - i
boost stage is not needed, assembly is simplified. The two spo ssibility. The model is capable of predicting the dynamic out

in the boost stage are spring loaded and meter flow into and out g
the valve separately. The main advantages of the two-spo@(‘}

pressure control pilot design art) ease of manufacturing?) [6], the model is used to provide a basis for the analysis for

lower costs;(3) higher degree of adjustment; and) greater L ! . X

safety. Because flow into and out of the valve are metered seﬁg-rigmgﬂgg Ilr::lts\;illclmbind dfeor:](t)zit?g/tgzm}l’]co\:\/edﬁjselgr;tf'?,](!tmu?ero%?

rately using separate spools, the required machining accurac hg intercon.nection of the subsvstems limits the dynamic

the land lengths and of the metering edges are significantly |Ie- y y
{P]%rformance.

duced. The shorter bore lengths enable better machining of After this paper was first submitted, the authors were made

metering edges_. Electrical displacement transducers are not N&C-re of the earlier modeling efforts by Akers and co-workers on
essary. The main cost advantage stems from the fact that the il

porting edges can be independently machined, so that each b\\/%%/es related to the one investigated here. They presented a

only has one critical axial dimension, in contrast to a convention%c’del for a two-stage, two-spoptessure controbalve in[7]. A

flow rate when time trajectories of the electrical current input
d of the work port pressures are given. The model prediction
mpares favorably with experimental data. In a companion paper

L . . : ; - odel for the two-spool two-stage flow control valve similar to
design in which three critical dimensions are interrelated to ea L one in this paper was presented at the ASME Winter Annual

other. In addition, the two spool design allows the use of modul L . . o
components, the boost stage housing needs machining only fr%@ité%g;;gg?]t'hg'g?éggﬁ?;igﬁt‘gﬁm t:qiotl\glo models will be dis

. . . A u
o sides. The valve can also be easily adjusted for different & The rest of the paper is organized as follows. The basic opera-
plications since each spool can be independently positioned. The

S X 10n of the valve is given in Section Il. The models for each
two-spool design is also potentially safer because unless b ﬁ‘b :
spools are jammed open, flow can be shutoff by either spo system are then developed. The models for the pilot and the

Servovalves that utilize the two-spool/pressure control pilot d 00st stages are presented in Sections Ill and 1V, respectively, the

sign have a better cost/performance ratio, although they do he* famber pressure dynamics are given in Section V, and the output

: ; . ow equations are given in Section VI. In Section VII, simulation
lower performancéopen loop bandwidththan their conventional . . . ; ; ’
counteprparts éop P e issues are discussed. Simulation and experimental results are

The objective of this paper is to present a complete and v I[1own in Section VIII. Conclusions are given in Section IX. A
dated nonlinear dynamic model for this unconventional two-sta?g%ble of nomenclature appears at the end of the paper.
two-spool valve, with similar details as in the models for conve . )
tional servovalves, which are readily availaléeg.[3,4]). This is L Operatpn of the Two-Spool Valve _
needed in order to predict system performance and stability, and taA schematic of the flow control servovalve using a two-spool
design control systems in high performance applications. A matheost stage, and pressure control pilot design is shown in Fig. 1. It
ematical model relating the various physical parameters to perfeensists of two distinct stages—a pilot and a boost stage, sepa-
mance can also be used to predict and improve the performancéaied by a simple transition plate and connected via two pressure
chambers. The pilot stage is a pressure control gt which
*An abridged version of this paper was first presented at the ASME IMECE 2045€S & double nozzle flappe!' design. The boost Sta_ge of the valve
in Orlando, FL. consists of two separate spring centered spools which meter flow
2R. Anderson is currently at Eaton Corporation, Eden Prairie, MN. into and out of the valve separately.

Contributed by the Dynamic Systems and Control Division for publication in the ; :
JOURNAL OF DYNAMIC SYSTEMS, MEASUREMENT, AND CONTROL. Manuscript Roughly speaking, the pressure control pilot stage generates a

received by the Dynamic Systems and Control Division February 2001. Associdifferential pilot pressuré.e., the pressure differ_ence betwe?n the
Editor: N. Manring. two pressure chamberproportional to the electrical current input
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Fig. 1 Schematic of the two spool flow control valve using a pressure control pilot

to the electromagnetic torque motor. The differential pilot pressure
in the chambers acts on the two ends of both spools. Since t /_——

spools are spring centered, the steady-state displacements of Flapper Position
spools are roughly proportional to the differential pilot pressur. Doy

and inversely proportional to the total stiffnesghich would in-

clude effects of steady-state flow forgeElows into and out of
the valve are metered by the displacements of the spools. Not|
that a feedback wire between the boost stage and the pilot stag
not used in this design. The interconnection between the su
systems of the valve is shown in Fig. 2. Boost

. . . . Supply
A more detailed discussion of the operation of the valve fol / Pressure N Spool 8 Velooiy

lows. Suppose that the electrical current is the input to the coil «

Flapper Velocity

Pilot
Supply
Pressure

Spool A Position P
ressure
Feedback

Spool A Velocity

Spool B Position

N Boost Stage
Dynamics

the torque motor at the top part of the valve in Fig. 1. The currel
in the coil, together with the magnetic armature, generates
torque, which in turn rotates the armature and flapper in tF
counter-clockwise motion about the pivot poimthere the arma-

ture and the flapper intersectNote that in Fig. 1, bold arrows >v

Flow A

Load

correspond to the direction of fluid flow. As the flapper is dis Flows
placed to the righileft), the nozzle opening on the rigkiieft)
decreases and the opening on the (efht) increases. This in turn
raisesP, and lowersP; (or vice versain the pressure chambers. Pilo/Spool Differential Pressure

The differential pressur®,—P,, therefore, has the effect of re-

storing the flapper to its neutral position. As will be seen later, thgg. 2  Signal flow and subsystem interconnection diagram of
torque provided by the torque motor increases with the flappeae valve

Load Pressure Drop ’
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displacement. Thus, it presents itself as a negative stiffness. By Fr
magnetizing/demagnetizing the permanent magnet in the torque —_—
motor, this negative stiffness is used to cancel out the mechanical 7 P
stiffness of the pivof5]. When this is true, the torque generated in 0 L
the torque motor will be balanced predominantly by the differen- .
tial pressureP,—P,. Consequently, in the steady state, the dif- BrO
ferential pressure will be roughly proportional to the input current. L \ L
The pilot pressures?; and P,, act on the two ends of each . K0 g
spool. A positive(negative differential pressurd®,— P, causes \ P ¢

4
- -

both spools to move in the upwardownward direction. As

spools A and B move upwar@ownward, hydraulic oil is ported

[ + 1
from the supply to port BA) on one side, and from port /B) \ \ O | A

into the tank on the other, creating flo@g andQ,, respectively.

As the spools displace, flown@; to andQ, from the pilot stage Ly

are also created. F *
The regulation of the spool displacemeftience the flow raje < S

is achieved in two ways. Primarily, displacements of the spools L

are resisted by the compression of the springs. Thus, in the steady
state, the displacement of each spool would be proportional to the
differential pilot pressure and inversely proportional to the spring
stiffness. Secondarily, the displaced fluid volume above and below

Fig. 3 Free body diagram of the armature-flapper

the spools also tend to reduce the differential pressure. Therefore, @3=2;_paPaPoNM,

the upward(downward spool displacement and velocity tend to

decreas®,— P, . These effects in turn affect the flapper displace- = ur_pmeAaAngM§+ ,ur_smconAaAngMf)
ment and the differential pilot pressure. If the system is stable, the 5

spool will reach an equilibrium displacement. 20 padoAgGaMo

Bi= Mr-platéA\aAbG§+ Mr-siliconAaAngGg + 2Mr-plane'o‘b'a‘gGaG‘g

Bo= Mr-plateAaAb .

Il Pilot Stage Dynamics _ o _

We now derive the physical model for each subsystem, beghi€*t: the moment due to the trim spring is considered. Because
ning with the pilot stage. The free body diagram of the armatur e-fcrf:) ?I:\?vitgveogé)rﬂwZﬁilgﬂzvtv(l)trt]hsep{lr?r% Zo?i?]m};{ the total coun-
flapper assembly is shown in Fig. 3. Note tkais the pivot point pring 1s:
supported on a torsional beam spring, ahid the anti-clockwise —LyFr=— 2K X = — (2K L) 6. (3)
angular displacement of the armature-flapper, which is assumed to . .
be small. 0zzle forces on the flapper are given [13}:

The armature-flapper is subjected to the magnetic faFg, Fi=(Py—Py)A,+4mC3{ (X1o— X1)?Po— (X1 X1)?P1] (4)
generated at the top air gap, the trim spring foi€g, at the top i )
end of the armature, the damping mom&s® on the armature where the first term corresponds to the static pressure force, and
(created as the armature moves in the silicon oil that fills the arg}g_seco_nd term corresponds to the flow forces at the nozzle, and
above the flapperthe momenk ,6 due to the pivot stiffness, and Xf = L1? IS the displacement of the flapper.
the flow and pressure forces due to the nozEle, L, Ly, and The pivot spring of _the ar_mature-flapper is a rectangular beam,
L; are the moment arms about the pivdtfor the trim spring therefore, the pivot stiffnesgn-lb/rad) is [10]:

force, the magnetic forcd-; and the nozzle flow force-;, htWts 16 W, W:l G
respectively. . ' . szzﬁ{g_s'%h_( 1— 1214) }L_ (5)
The magnetic forcefg, is found by analyzing the magnetic t t f

circuit shown in Fig. 4R, is the reluctance due to the lower airwhich is valid forw,<h, .

gap between the magnetic plate and the armature, \Rjils the Summing moment about the pivot, we obtain:

reluctance between the polepieces and the magnetic Ratend

R, correspond to the reluctances at the two top air gaps between

the polepieces and the armature. They are functions of the linear

armature displacementy=L40. + M -
Referring to Fig. 4, the magnetic force in the air gap is given by o

[3]:

¢i- ¢3]
Py Ib, (1)

whereg, = ¢y + ¢y, andg,= ¢+ ¢, . It can then be shown that:

Fg=4.42 108[

ay-i+ay (i2Xg) + age (iX5) + ag- Xg

F =g (2)

¢ (ﬁl_ﬁ2xg2])2
where

9= 4.410" o7 iiconts -platePaPoAg

=2 u,. NM,(2A,G. A, +AA,G
1o plateGg o(2AGa 9 b g) Fig. 4 Armature magnetic circuit. ~ R;, R, represent the vari-

+2Mr_si”conAgGgAaGbN M, able air-gaps; R,, R, represent the fixed air-gaps. N-i and M,
are the MMF’s due to the input current and the permanent mag-
a2:4,u,r,p|ateAaAngN2 net, respectively.
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JO=Fyly—FL—FiLi—K,0—B0 (6) CyjC W(Pa—Pr)cog 6;) X,

wherelJ is the moment of inertia of the armature-flapper. . +LpCyjWwy2p(Psp—Pga) Xy Xa=0 10)
Using the relationship8=x;/L{=Xx4/Lg, (6) can be written in FAT) C.CW(Po—P.)cog 0)-X
terms ofx; andx; . This way, we obtain a second-order model for aiCW(Psp—Pa)cod 6) - X,
the pilot stage in the form of —L,CyjWy2p(Psp—Pga)-Xa  Xa<0.
= Foiot( X1 X¢,1,P1,P2) (7)  where the first term corresponds to the steady-state flow force, and
wherex; andX; are states, angd P, and P, are the inputs. the second term corresponds to the transient flow force. In Eq.
(10), the effect of clearance can be taken in account by replacing
IV Boost Stage Dynamics X5 by sign(x,) \/xa2+ Czr in the first term. Notice that regardless of

the sign ofx,, the steady-state flow force is always restoring and

The model for the boost stage is developed next. We need @ jike a spring to close the valve. On the other hand, the tran-
derive the dynamic equations that describe the two spools. e fiow force is proportional to the spool velocity. It acts like a
will analyze spool A in Fig. 5 in detail. The equations for spool Ei)ositive stabilizing damping whex,=0 (when flow is being me-
can be similarly derived. We assume the spools are designed tqge.j out of the valve However, wherx,<0 when(flow is being
critically centered. In Fig. 5, the spool is subjected to the diffef,qtered into the valveit acts like a negative, unstable damping.
ential pilot pressure, a force due to the centering spring, VisCOygnsient flow forces therefore can be a source of valve instability.
friction and flow forces. Equating forces on the spool yields thg recent investigation into the benefits of exploiting the instability
following: induced by transient flow force is given ad].

MKa=(Pp— P1)Ag— 2K Xa— Fy—Fp A (8) In Eq. (10), L, is the damping length, which is the length of
. ) ) the fluid column that undergoes acceleration. The transient flow
where RHS are forces due to the differential pressukgx2is the  force is therefore proportional to the damping length. For the

force due to the two centering springs of stiffnéss Fr o cor-  yajve being considered,, depends on the spool displacement:
responds to the flow forces, afq, is the viscous damping force.

Assuming a perfectly centered spool in a b8, the viscous 1
damping force is: Lp=LpoT §|Xa|

mDsLsp
= C, Xa- ©) wherel ,, is the damping length when the spool displacement is

zero. Since the stroke lengths of the main spools are about 20% of

The fluid flow forcesF¢ that the spool encounters are sgmetime,gpm the transient flow force can be underestimated by as much as
called Bernoulli forces which arise due to the dynamics of thggoy, i L, is assumed to bk, .

fluid flow. There are two types of flow forces: steady-state flow |, gq (10), 0, is the fluid jet angle of the vena contracta. It is a
forces and transient flow forces. Steady-state flow forces are dy$hiinear function ofx,/C, [3]. 6; varies from 69 deg at large

to the angle of the vena contracta as the fluid is metered into Qoo gisplacements to 21 deg st small orifice openings. These
out of the valve. They depend on the flow rate and hence the spe@terences can cause large deviations in the steady-state flow
displacement. Transient flow forces, on the other hand, are §gce term (cos(21deg)/cos(69deg?.6). Thus, using only a
reactive forces associated with the acceleration of the fluid in tegnstant jet angle throughout the range of sf)ool displacements
spool chamber. Thus, they are dependent on the rate of changegf; not be adequate. To account for this variation, the variation in
flow and the spool velocity. The signs of the steady-state ang ‘angle when the orifice opening varies is explicitly modeled

transient components depend on the spool displacements, velpging a high order polynomial to represent the nonlinear depen-
ties, and on whether the spool is metering flow into or out of thgapce of6; on x,/C, as shown ir{3].

valve. Following[3], the fluid flow forces on spool A are given The dynamics for spool B can be similarly obtained:

Fv

by:
o mDgLsp
Mk, = (Py—P1)As— 2Kx,— C—Xb_ Fre, (11)
Fs Fn r
p where the downward flow forces for spool B are:
1

1l CyjC W(Psp—Pp)cog 6;) - Xy
_LpCdjW\/Zp(PSb_ Pb)')-(b, XbZO
/l—l FF,B: (12)
| Pr CgjC,W(Pp—Pr)cog 6;) - Xy,

L/ Fr‘j +L,CaW\2p(Po—P7) Xy, Xp<O.
/)

Substituting Eqs(9)—(10) into (8), and(12) into (11), the dynam-
ics of the two spools are described by two sets of second order
dynamic systems, of the form:

+ X

Pa ‘)‘(a:fspl(xa:).(avpl_ P2.Pa) (13)
Xp=Tspa(Xp ,Xp ,P1—P2,Py) (14)

P;
T where the spool displacements and velocixigandx, , x, andxy,

P. Fs Fr are the states, and the differential chamber presByreP, and
work port pressure®,, P, are the inputs. Notice that the work
port pressures affect the spool dynamics only via the flow forces
Fig. 5 Free body diagram for spool A in Egs.(10) and(12).
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V Chamber Pressure Dynamics VI Flow Equations

The pilot pressureP,; andP, are needed as inputs to both the As the spools in the boost stage move, flow is either metered
pilot Eq. (7), and the boost stage Eq43)—(14) dynamics. These into or out of the valve through the orifice. In addition to the
are determined by the compressibility of the fluid in the chambegsifice flow, the total flow at the work ports is also contributed by

between the pilot stage and the boost stage. leakage flows through the spool-bore clearafse® Fig. 6. Leak-
The chamber pressur®; and P, are determined by the basicage is again modeled by laminar flow in an annulus between an
hydraulic compressibility equations: annular shaft and a concentric cylinder.
. For spool A in Fig. 6, when the spool displacement is positive
Q,—V, (upwards, the flow paths 1, 5, 6 are active; and for negative
PIZBW (15)  displacements, flow paths 3, 5, 6 are active. Therefore, the flow

into the valve from the work port A is:

o Qe Ve [2(P,—P;) @DyC3(P,—Pq)
PP o Camxa /== Dt )

whereV,(t) andV,(t) are the volumes of the chambers between 7D, C3(Py— P,)
the top of the spools and the left flapper face, and between the _ _—bmriTsh el Xa=0
bottoms of the spools and the right flapper face, respectigly, 12u(Lyi+Xa)
and Q, are the total flows into the chambers. Recall that an up- Qa= >(P—P D,C3(P,—Py)
ward spool displacement is defined to be positive. The chamber CaWX. A / (Psb a)+ o \Fa™ 7
volumes and their derivatives are therefore given by: d e p 12u(L)i —Xa)
Vi=Vio=Aga= Ay, (17) ~ mDpCH(Psb—Pa) <0
12p (L +X5) o
V,=Voo+AXa+ AXp (18) (25)
Vi= —AXa— Ak, (19) The first term in each of the two cases correspond to the orifice

flow, and the other terms correspond to the leakage. Notice that
A : whenx,<0, the orifice flow termQ, is negative indicating fluid
= + a a
Vo= AXat A (20) " fiows out of the valve.
where V,, and V,, are the fluid volumes in all the lines and For spool B and for positive spool displacement, the flow paths
chambers between spool ends and the flapper when the spools2aré 8 are active in Fig. 6. When the spool displacement is nega-

centered X,=x,=0). tive, flow paths 4, 7, 8 are active. Hence,

The flowsQ,; and Q, into the chambers comprise of the flow D.C3(P..—P
from the pilot supply orifice, leakage past the nozzle, and leakage CWX. A /2(Psb_ Pb)# 7DpC; (Psb—Po)
past the spools. Combining these three contributions, we get: a7 p 12u(L}; —Xp)

2 2 _ mDuCi(Py—Pr) =0
Q1=CgoAo ;(Psp_ P1) = CqrmDn(Xto+X4) ;Pl 12u(Lyi+Xp) b

Qb= 3
2(Py—P7) wDyC3(Pg,—Py)
DGRy mDWCH(Py Py on N e e
12u(Ligt%a)  12u(Ligt %) , "
7D, Cr(Py—P7)
Xp<O.

2 > C 12u(Ly+xp)
Q2=CuoAo ;(Psp_PZ)_Cdfﬂ'Dn(XfO_xf) ;Pz (26)

mDpC3(Psp,—P,)  wD,C3P,

22
T2a(lo %) 12a(Lio %) S — N
where the leakages are modeled to be laminar flows in an annul
between a annular shaft and a concentric cylif@&rFrom (15) Psp
and(21) (and(16) and(22)), one can see that the chamber pres: !
sure dynamics are stable since increas®jilecreases flowQ; , /é
which in term decreaseR; . 5,\ a1 Pr 2T 7
Substituting Eqs(17)—(22) into Eq. (15)—(16), we have Z ek i | IZZ i
/ L
. ) . I li N P
P2 = Fonamt P1 Xt Xa X Xa s 50) 23 QL2 ~ 3 AR
. . A e Tl
|32: fchamz( I::'2 1 X5, Xaq 1 Xp 1 Xa -Xb) (24) ) Q o 3 T Li g‘ \'
6 S e 8y
where P, and P, are the respective states, and the flapper dis Lu
placements and the spool displacements and velocities are 1 °
inputs. Psb f
At this point, all of the necessary differential equations have | Y

been developed to describe the pilot stage, spool A, spool B, al
the chamber pressure®; andP,. There are, in total, eight state
variables. Next, we describe how the output flows at the workg. 6 Flow paths when spools are displaced from null
ports are related to the states of the valve. positions
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Notice that Eqs(25)—(26) have been derived with the assumptiorsubsystemspilot, boost, pressure chambgend the output flow
that 0=P;<P,, P,<Pg,. The signs of the terms if25—(26) equations, have been developed in a complete manner without
must be suitably modified if this assumption is violated. Equatiomgsorting to empirical simplifications. All the parameters of the
(25)—-(26) define the flow that enters the valve through work porinodels, except for the pilot damping coeffici@ht, are estimated

A, and the flow that leaves the valve through work port B. Beyonflom the component characteristics and the physical valve design.
the work ports, there are other losses, including channels in tBe is determined to match the experimental results. The sub-
body, lines, fittings, etc. These should also be taken into consglstems were coded using the S-Function facility instead of com-

eration when calculating the flow in a complete system. pletely graphically because of the model complexities.
Notice that the S-Function for the pilot stage receives as inputs,
VIl Matlab /Simulink Model the input current and the pilot pressured,;, P, on the flapper.

Each of the spool S-Functions also receive the same pilot pres-

suresP,, andP,, work port pressure drop, and boost stage

supply pressurePg,. The work port pressureR, and P, are
Iculated according t§27)—(28) in the subsystems given the
ad pressurd®_ and the spool displacementg, X .

Notice in Fig. 7 that the operation of the two-spool/pressure

ntrol pilot valve utilizes two feedback loops in its design. The

I . i .__principal feedback loop consists of the pilot stage, and the pres-

In order to simplify the testing procedure, it will be convenien, e gynamics. This feedback loop controls the differential pilot

to assume thaQ,=Qy, i.e., the valve is connected to volume

ressure. The secondary loop involves the boost stage and the
conserving deviceguch as a double ended cylinder or a hydraLE- y foop g

X - . ressure dynamics.
lic moton). This allows us to specify only the load-pressuPg, * Ag mentioned in the Introduction, a similar model for the two-
=Py, —P,, instead of specifyind?, and P, independently. To

. . ! stage two-spool flow control valve was presentefBih There are
this end, we calculat®, andP, given P, . Equating the output gome gifferences between the present model and the of&.in
flows in Eq.(25—(26), and neglecting the leakage flows, we obgq example, the nonlinearity in the coefficierits, and ¢;) for
tain for usual combinations of, , andxy both the steady state and transient flow forces are treated in Eq.

The dynamic models for the pilot stage, E), boost stage
Egs. (13)—(14), and the chamber pressure dynamics Eg8)—
(24) can be connected to each other, and to a hydraulic devi
such as in Fig. 2, into a simulation model. The combined mod
will be capable of predicting the flow®,, Q, into and out of the
work ports, given the input of the time trajectories of the electrical,
input current,, and the two work port pressur@s,, Py, .

If Xa, x,=0 (10) whereas i8] are treated as constants. More importantly, in
X2(Pgp—P) X2P g+ X2P, this paper, we do not assume an apparent flapper pivot stiffness.
a=———>—, Ppy=——m—o— (27) Rather, the flapper dynamics E@) are computed based on first
XatXp XatXp principles, accounting for the magnetics, mechanical stiffnesses,
If X5, X,<O and pressure forces. [8], however, the negative stiffness due to
) ) ) the magnetics in the torque motor assumedo cancel out the
_ XgPsp=XpPL _ Xg(PsptPy) flapper's mechanical stiffness. As is showr &, the value of the
a~ x§+ xﬁ ! b™ x§+ xﬁ (28) apparent mechanical stiffness can be important in the determina-

) . . tion of the dominant valve dynamics.
Whenx, andx, are of different signgwhich generally does not

occup, it would be necessary to assume tlRgt or Py, is either . . .

aboveP., or belowP5 . In this situation, the simplifying assump- V!ll ~ Simulation and Experimental Results

tion thatQ,=Qy, is probably not valid. To validate the model, the Simulink model is exercised and the
With the simplification thatQ,=Q,, the Matlab/Simulink results compared with experimental results under similar condi-

model with the subsystem inter-connections and the input atidns. The experimental setuig. 8 consists of the two-spool

output connections is shown in Fig. 7. The model of each of tifw control valve connected to a flow motor via a set of butterfly

valves. The speed of the flow motor is measured via a magnetic

pulse pick up and provides the surrogate flow measurement. The

current input to the valve can be adjusted continuously using a

computer. The butterfly valves can be adjusted offline to simulate

different load pressureB, . The pilot pressure?; and P,, as

well as the work port pressurés, and P, are measured.

Psb
PL

A Steady-State Response.The steady-state flo®) versus
currenti (at no load and Q versus load pressuie, (at various
currenti’s) plots are used to assess the steady-state resfeigse
9). For theQ versusi plot, the current was varied betweerv0

Curren

(T

Vv

Pilot Dynamics

Pilot Pressures

® ® Adjustable

I Butterfly Valves
Load Pressures
<%> ©

Flow Motor /
Speed Sensor

X1

P>

P

-

-

Spool Dynamics I—'V

Chamber Pressure Two Stage /
Dynamics Two Spool Valve
Fig. 7 Simulink block diagram Fig. 8 Schematic of the experimental setup
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6
Fig. 9 Steady-state response. Top: flow  Q, versus input cur-
rent; bottom: flow Q, versus load pressures P, at various cur- 4
rents J. 2
]
mA (+100% sinusoidally at 0.25 Hz. From Fig. 9, we see that th 2
simulation and experiments show excellent match. Despite -4
slight hysteresis, the relationship between input curremd no- 4 6
load flow Q is quite linear. 022 024 026 0.28 0.3 032 0.72 0.74 0.76 0.78 0.8 0.82
To obtain theQ versusP, plot, the load pressure was varied Time (sec)

between 0 psi to 3075 psP(,) slowly. Figure 9 shows the fa- )
miliar square root power relationship, as expected from Eqgld- 10 Step responses. Input steps are square waves with
(25)—(26). Multiple experiments are included in Fig. 9 and thd€aks of £10 mA, £20 mA, and £30 mA.

resolution of the flow measurement during this experiment was set

at only 0.1 gpm. So the range and the discrete nature of the m Ic')tice that the simulation and experimental results match well up
tiple dots corresponds to the measurement uncertainty and

limited resolution. Notice that the simulation results fall Withirblgs.?hzz_fsogéhgamngsv?éttlﬁgeo?lgé‘tﬁ?ﬁeuepx;%r?r?];iaflosr;;irgh;:j
this range. :

of the model are approximately 15-20 Hz. This bandwidth is
B Dynamic Responses. To evaluate the time response ofslightly slower than what the manufacturer claid® Hz). The
the valve, various step current inputs at near zero load pressure
drop were applied to the model and to the experimental setup.
Because of the limitation of the current driver in the experiment. 40 R T :
setup, the actual current steps were not ideal and there were sli@ 3of-------: SEREEEE R UL R
overshoots and finite rise times ab@8tms. The nonideal “step” % P ST TONCOTE I S S S S
current inputs were measured during the experiments and w3 4, :
also used as the input for the simulations. The near step respor &,
are shown in Fig. 10. Notice that the experimental and simulat £ e
. . . . —10F| — — Experimen
responses are very similar; both showing 64% rise-times of a §
proximately 20 to 30 ms. Notice from Fig. 10 that the experimer © 20—
tal data has a time delay of about 4 ms relative to the simulatic -3075 —
This may be an artifact of our data acquisition system or due
the flow motor used for flow measurement having a finite inertii
Also, the hydraulic lines used in the experiments are quite fle 0
ible. These can also cause some overshoot. This is confirmed k_. -90
later test conducted with the valve mounted directly on the flog -18or---
motor in which the large overshoot was not pres@mat shown. P _s70l--
Taking into account the risetime of the input step, and the me%_360
surement delay, the actu@4% risetime of the system is about 8 8 450
msec. This is consistent with the finding[i6] that the dominant &
eigenvalue of the linearized valve dynamics is around 135 radi’ ~

540

C Frequency Response. The frequency response is investi- 10°
gated next. The frequency respon@eg. 11) was obtained by
Superimposig a 3 mA swepsinusoidal(chirp) current on a DC Fig. 11 Frequency responses measured at 20 mA D.C. input
biased current (20 mA-50%) at a zero load pressure. ExperimeQiperimposed by ~+3 mA sinusoid. Top: magnitude plot, bot-
tally, the frequency response was obtained via an FFT analyzgm: phase.

. 10
Frequency (Hz)
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difference in phase responses at higher frequencies between the L; =

experimental system and the model may be due to time lag/flow Ly =
measurement dynamidg.g., inertia of the flow motor and the L =
time lag in the velocity pick up L =
L., =
IX Conclusions Lpz =
An experimentally validated, first principle mathematical dy- Ls
namic model of an unconventional, relatively inexpensive flow
control servovalve with a two-spool boost stage and a pressure I
control pilot design has been developed. The model consists of the M, =
interconnection between the pilot stage, the two spools in the Mg =
boost stage, chamber pressures dynamics, and output flow rela- N
tionships. The model has been implemented using Matlab/ Py,Pp =
Simulink. Steady-state and dynamic responses show good agree- Pa
ment between simulation, experimental results, and manufacturer Py
specifications[2]. The proposed model can be used to predict P
performance and to provide insights for improving the design of Psb
the valve. It will also be useful in the design and analysis of Psp
control systems that utilize this valve in higher performance ap- RaRy =
plications. Improved performance of this relatively inexpensive RiR, =
servovalve, either through improved physical design, or through w
the use of advanced control, can potentially expand the use of Wi
electrohydraulics in cost constrained applications. ia
b =
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Nomenclature Frpae
Aa A, Ay = air gap cross-sectional areas M —silicon
A, = nozzle area Hplate =
A, = supply orifice area
A, = spool area Msilicon =
B = damping coefficient of pilot stage _
Cq4; = flapper-nozzle discharge coefficient 6 B
Cq; = Jet discharge coefficient b =
Cgo = supply orifice discharge coefficient References

radial clearance between bore
C, = velocity coefficient

length from pivot to center of nozzle
length from pivot to center of top air
initial spool length for inner leakage
initial spool length for outer leakage
length between work port and jet

initial length between work port and orifice jet
total spool length in contact with bore for
damping 2(i+Lo)

length of one side of pivot bar
permanent magnet MMF

spool mass

number of coil turns orifice

pilot pressures

pressure of port A

pressure of port B

pressure drop across the work ports
supply pressure to boost

supply pressure to pilot spool

fixed reluctances in magnetic circuit
variable reluctances in magnetic circuit
orifice area gradient

width of pivot cross section

spool A position

spool B position

flapper to nozzle distance

= flapper to nozzle distance at null

position of armature at top air gap

spool position in general

bulk Modulus of hydraulic oil

density of hydraulic fluid

viscosity of hydraulic fluid

permeability of free space

relative permeability of nonmagnetic spacer
plate

relative permeability of air

permeability of nonmagnetic spacer plate in
magnetic Circuit fisiicon= Ar —silicontto)
permeability of silicon in magnetic circuit
(Ksiticon™ Hr —silicontbo)

rotation angle of flapper-armature

jet angle of fluid at spool orifice
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Fs = spring forces on spool

F, = viscous damping force on spool
shear modulus of material

air gap lengthgGg is at nul) gap
+ = height of pivot cross section

i input current
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K, = pivot Stiffness of armature-flapper
spring constant of spool springs
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