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1. INTRODUCTION

Hydraulic control systems are wideiy used in applications where high force
levels, fast response and high power to weight ratios are required. Aerodynamic
control surface actuators, machine tocl actuatcrs, mobile equipment control sys-
tems and marine control systems frequently employ closed loop hydraulic control
systems. Important performance criteria for these systems include maximum force

and velocity capabilities, sccur.cy, repeatability, reljability, maintainability
and cost.

The primary power modulation elements in high performsnce hydraulic systems
are servovalves. In position and velocity control systems servovalves are
utilized extensively as indicated in figure 1. Also shown in the figure are
typical pressure~-flow output characteristics of commercial sliding spool servo-
valves. Servovalves with linear flow gains and high pressure gains are desired

to achieve accuracy and overcome actuator and load stiction.

Electrohydraulic servovalves consisting typically of a torque motor, a
first stage flapper nozzle or jet-pipe valve and & final stage sliding spool
valve are the dominant type of valves employed in high performance hydraulic
systems.l In these valves the electromechanical interface and the =liding
mechanical elements contribute to valve cost, sensitivity to contamination and

sensitivity to failure due to radiationm.

The high reliability, insensitivity to extreme environments and low cost
assoclated with no meving part fluidic elements and the potential for weight and
size reduction In comparison to conventional valves are attractive features for
servovalves. In addition, the implementation of a closed loop control system
employing only fluid and mechanical elemeunts offers potential for reduction of
sensitivity to radiation and increased reliability with the elimination of
electro-mechanical interfaces. In systems where these attributes are important
and where the quiescent power drain associatec with open-center fluid valves can
be accommodated, fluidic servovalves and pure fluid-mechanical control systems

have high application potential.

The application potential of pure fluid servovalves and contrcl systems

1R. Deadwyler, Two Stage Servovalve Development Using a First-Stage Fluidic
Amplifier, Harry Diamond Laboratories, HDL-TM-80-21 (July 1980).
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Figure 1. Closed loop position servo and servovalve output
characteristics.
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motivated a study2 in which a pure fluid servovalve was constructed using laminar
proportional amplifiers (LPA's) in a breadboard configuration. In the present

study, development of pure fluid servovalves and servosystems has continued.

Servovalves constructed from standard C format laminates3 and interconnecting

elemur:its have been developed to reduce packaging volume and weight, provide a

$,l% Aentelhon’s

vasis for standardization and to improve valve dynamic response. The static
and dynamic characteristics of the C format LPA elements individually and
integrated into the servovalve have been measured including performance sensi-
tivity to temperature. Finally the servovalve has heen employed in a closed
loop position control system which includes an actuator and fluidic position

transducer for evaluation.

Two aspects of the influence of temperature are particularly addressed
in this study, namely, the static characteristic performance and the laminar

operating range of the LPA as a function of supply conditiomns.

In all tests described in this report, hydraulic oil Univis J-43 has
been used. The properties and specifications of the fluid are summarized
in table 1 and the kinematic viscosity as a function 2f temperature is showm
in figure 2 in the range from 20°F to 140°F. Univis J-43 changes in viscosity

over this typical temperature range. An exponential curve fit of the form:

E . Vo = voe'A(T'To) (L)
. where

~ V = kinematic viscosity at temperature T,

ﬁ vo = kinematic viscosity a& reference temperature, To

E A = viscosity - temperature coefficient,

? may be used to approximate the kinematic viscosity of the hydraulic oil Univis
i ‘ J=43 as a function of temperature

5 with A = 0,02862 1/°C [0.0159 1/°F]

E and v, = 21.78 cSt. evaluated at 25°C [77°F)

The exponential curve of equation (1) is a good approximation to the fluid vis-

cosity as shown in figure 2.

2D.N. Wormley, D. Lee, and K-M Lee, Development of a Fluidic, Hydraulic
Servovalve, HDL-CR--81-216-1, Harry Diamond Laboratories (February 1938l).

b - DLV VR, - ]

3M.F. Cycon and D.J. Schaffer, Design Guide for Laminar Flow Fluidic Ampli-
fiers and Sensors, HDL-CR-28-288-1, Harry Diamond Laboratories (April 1982).
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TABLE 1 HYDRAULIC COLL UNIVIS J-43 SPECIFICATION

Specific gravity: 0.8607

Tempecature (°C) Kinematic Viscosity (cSt.)
100 5.2
54 10.3
40 14.9
-18 102.7
-40 495.5
-54 2332,

2. FLUIDIC INTEGRATED COMPONENTS

Fluidic C format integrated components are basic elements in the servo-
valve. The primary elements are the LPA and the channel resistance which
are shown in figure 3. The secondary elements are vents, exhausts, spacers,
transfers, base plate, input and valve manifolds. The primary elements are
standardized in design and manufacturing and are thus well documented and

have repeatable characteristics.

2.1 Laminar Proportional Amplirfier

Laminar proportional amplifiers have been designed to operate in
the laminar flow regime. The detailed geometry of a typical HDL integrated
component laminar proportional amplifier with a summary of LPA characteris-

tic dimensions are illustrated in figure 4.

The LPA performance is influenced by the temperature of the op-
erating fluid through its influence o the fluid viscosity.

The analytical design procedures which predict the performance of

the laminar proportional amplifier based on the characteristic dimensions

and the supply conditions have been discussed by Drzewiecki et al.4 The

AT.M. Drzewiecki, D.N. Wormley and F.M. Manion, Computer Aided Design
Procedqure for Laminar Fluidic Systems, Journal of Dynamic Systems, Measure-
ment and Control, 97, Series G, No. 4 (December 1975).
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(a) laminar proportional amplifie. (LPA)

() linear channel resistance

h

P - . .

v (c) nozzle or nonlincar resistance
b

Y

- Figure 3. crimacy {luldic C format integrated components.
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b8 = supply nozzle width
0 = .  agpect ratio, h/bs
Bc = control port minimum width
Bo = outlet port minimum width
Bsp = splitter width
Bt = downstream control edges spacing
XC = control port channel length
Xo = outlet port channel length
~ xth = supply nozzle throat length
ﬁj xsp = supply nozzle - splitter distance
4
A

Capiteiized parameters are normalized to bs'

PaE O 1Y

r ¥
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Figure 4. Silhouette for bs = 0.5 mm LPA in C Format
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LPA's with aspect ratios less than one are commonly used in the design of
multistage gain blocks. However, limited experimental data are available
for LPA's of aspect ratio less than one. The work described in this section
provides data and correlations for gain block and servovalve design using

LPA's in this range of aspect ratios.

The supply condition of an LPA may be characterized by the modi-
fied Reynolds number

N ;
N = R |
T PP)
(1+E 1+xth
where b 2P
8 3
N =
R v P

p = fluid density
P = supply pressure, gage

= pozzle aspéct racio, h/b8

Experimental data have been collected from three different C for-
mat LPA configurations (HDL 63020, HDL 72010 and HDL 61505) with aspect
ratios of 0 = 0.667, 0.55 and 0.333 and supply nozzle throat widths of
0.75 mm, 0.5 nm and 0.375 mm respectively. The characteristic dimensions
are shown in Table 2. The LPA's have been tested under blocked-load
conditions over a temperature range of 5.5°C (42°F) to 48°C (118°F) and a
pressure range of 35 kPa (5 psi) to 11,032 kPa (1600 psi). 1In all tests,

the control bias pressures were adjusted to 5 percent of t! e supply pressure.

W The analytical and experimentally measured blocked-ilvad pressure
gain are plotted against the modified Reynolds number in figure 5. The
analytical model is based on the modified two-dimensional, incompressible,

laminar jet deflection theory discussed by Drzewieckil et al.4 The experi-

4

T LoD PR )

éﬁ mental gains were determined from the slope of the blocked-load characteris-
L ;’-.

e tics at the null position.

Kﬁ aT.M. Drzewiecki, D.N. Wormley and F.M. Manion, Computer Alded Lesign
ﬁg Procedure for Laminar Fluidic Systems, Journal of Dynamic Systems, Measure-

Xy

ment and Control, 97, Series G, No. 4 (December 1975).
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TABLE 2  CHARACTERIS1IC DIMENSIONS OF LPA's

HDL design 63020 72010 61505
bs (mm) 0.75 0.5 0.375
0.667 0.55 0.333
Bs 1.0 1.0 1.0
Bc 3.08 4.0 4.733
X, 8.875 13.312 21.
Bo 1.2 1.25 1.33
B, 2.667 2.875 3.6
Xo 14.875 16.56 22.08
Bt 1.25 1.125 1.167
Bsp 0.55 0.5 0.533
xth 1.257 1.25 1.25
xap 8.0 8.0 8.0

The experimental data closely follow the analytical prediction up
to Ni = 120 beyond which transition-to~turbulence occurs and the theory
based on laminar flow fails. In the turbulent flow regime, the flow noise
increases, offset increases and the gain decreases. Therefore, the
transition-to-turbulence establishes an upper design limit of operation for
the LPA. In the laminar flow regime, the blocked-load pressure gain in-
creases as the Reynolds number increases.

A guideline to determine the point of transition from laminar
to turbulence for fluidic devices (when xsp = 8 to 10) has been discussed
by Drzewiecki et al.5

Cdr

2
1
1+ 5

= 200 (2)

where Cd = yolumetric discharge coefficient, f(Ni) or the expression may be
written as

5T.M. Drzewiecki and F.M. Manion, Fluerics 40: LJARS, The Laminar

Jet Angular Rate Sensor, HDL-TM~79-7, Harry Diamond Laboratories (December
1979).
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200
c N = 3)
4Rl 14X

For xsp ~ 8 and xth = 1.25, the point of transition from laminar to tur-

bulence occuras at Ni = 120,

The lower operating limit of the amplifier may be predicted from
the irformation on the control edge clearance. The amplifier ceases to
function if the jet cannot deflect. The distance from the control edge to
the jet edge, based on the assumption that the jet spreads linearly, is

given by Manion et al.6

B --1-[3 -1- % (4)
v 21t 3
0.0278 chR/ce

where .
Bv = distance between control edge and jet edge

Ce = momentum flux coefficient.
2

With Ce = 1,32 Cd and Bv = (), the expression may be written as

47.5 B
c

g = b (1+-3,-)2 fora)

The average value of CdN& for the three amplifier configurations is ap-
proximately equal to 10 and the point at which the LPA fails to function

(5)

occurs at N& > 22,

The experimental data obtained for the blocked-load pressure
gain of the three different LPA configurations are plotted in figure 6.
The effect of the modified Reynolds number on the blocked-load pressure
gain way be summarized by noting the four regions defined in the following

v
rl
o,

)
.

1T

paragraphs.

In region (1), O f_Ni < 40, the blocked-load pressure gain is

less than 50 percent of its maximum value. In all three different con-

ARy
'_'u‘! a

.lz.l
2500

6F.M. Manion and T.M. Drzewiecki, Analytical Design of Laminar Pro-
portional Amplifiers, Proceedings of the HDL Fluidic State-of-the-Art
Symposium, 1, Harry Diamond Laboratories (October 1974).
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figurations tested, the LPA gain is zero for N&_ﬁ 20.

In region (2), 40 j.Né < 100, the typical LPA operating range is
bounded by two liwmits, a lower limit below which the LPA gain is too low

for use and an upper limit beyond which transition-to-turbulence occurs.

In region (3), 100 f.Ni < 120, just before the analytical pre-
dicted point of transition-to~-turbulence, the experimental data are

scattered. This uncertainty suggests that the point of transition-to-
turbulence is in this region.

In region (4), Ni > 120, the blocked-load pressure gain decreases

and noise increases since the LPA's are operated beyond the transition-to-
turbulence.

2.2 Fluidic Channel Resistance

The channel resistor is one of the important elements in fluidic
circuits. In general, the channel resistance may be represented as a
‘laminar, fully-developed duct resistance. The channel resistance consists
of a linear portion due to the fully developed viscous dissipative flow in
the channel plus a nonlinear portion due to the entrance region pressure

drop. A general expression for a channel resistance given by Drzewiecki7

is
R-?i—"r’z‘[oc(l +—1£)+ c]+ -7—290"’752 (6)
bh, . bh)

where

for 1 < o. = 2, 0.35 < € < 0.5

for oc > 2, c = 0.5,

x = channel length in the direction of flow,

b = average channel length,

b = minimum channel width,

Q = volumetric flow through duct,

Oc = channel aspect ratio, .

b
7T.H. Drzewiecki, Fluerics 37. A General Planar Nozzle Discharge

Coefficient Representation, HDL-TM-74-5, Harry Diamond Laboratories,
(1974).
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4 = absolute fluid viscosity,

C = empirical constant.

For the case where the channel length is much longer than the en-
trance length, the nonlinear term may be neglected. An analytical study on
the hydrodynamic entrarce length for incompressible flow in rectangular
ducts has been performed by Han.8 The experiments to verify the analysis
of Han for aspect ratios of 5 and 2 have been performed by Sparrow et 31.9.
The results of these studies to determine the entrance length may be sum-

marized as 2
a

= N for o = 5,
c

fe = 00335 N
c o

o 2

c
1+o0 NR for 0c = 2,
c c

L = (.127
e
where
Le = pormalized entrance length, 2e/b

NR = channel Reynolds number, referred to b.
c

For flow between parallel-plates, Schlichtinglo has derived an expression

" for the entrance length as.

= 0.04 for b >> h.

c’t: NRc
If the assumption of fully developed flow is justified and the
entrance length can be neglected, the flow can be described by Poiseuille

flow between parallel plates and the expression for the resistance may be

stated as
R - lfux for b >> h. Q)
c 3
bh
8

L.S. Han, Hydrodynamic Entrance Lengths for Incompressible Flow in
Rectangular Ducts, Journal of Applied Mechanics, 27, Trans. ASME (1960).

9E.H. Sparrow, C.W. Hixon and G. Shavitt, Experiments on Lamiuar Flow
Development in Rectangular Ducts, Journal of Basic Engineering, Trans. ASME
(March 1976).
IOM. Schlichting, Boundary Layer Theory, McGraw—Hill, New York, New York,
(1960) .
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The standard nozzle, 5221A-20 shown in figure 3, has been used as
a channel resistor in the design of the gain block. Since the channel length
is much longer than the entrance length of the flow for a wide range of
Reynolds numbers, che quasi-fully-developed assumption is justified, and
equation (6) may be applied. Normalizing equation (6) to the linear portionm,
the expression for resistance is

1 ) i
§_1+o.4751b) ( I A 8
12 \b h g X d'R ’ |
-t C ‘
b |
where
i = .

_R__
120x ( T c)]
jSh;Z p B

The nozzle resistance as a function of modified Reynolds numbers

has been determined experimentally. The range of temperatures and the

pressure drops across the nozzle are from 6°C to 48°C and from 5516kPa

to 10170 kPa respectively. The experimentally determined nozzle resis-
tance is compared with analytically predicted values using equation (8) as
a function of modified Reynolds numbers in figure 7. The experimental data
falls within 10 percent of the predictions in the range of N

?l

]
R tested.

At W

3. FLUIDIC GAIN BLOCK AND SERVOVALVE

X I XS
LD
seze?

The fluidic servovalve consists of a multi-stage LPA gain block and a
set of laminar flow resistors. The gain block is a basic power amplifier

e ays e
LI i S

while the resistors are used to provide feedback and summing functions.

T 3.1 Gain Block Configuration and Characteristics

e The analytical design of the fluidic gain block to predict the

é5 essential characteristics as a function of individual stage operating

:] Reynolds number, control bias pressure and the detailed geometry of the LPA

has been discussed by Manion et 31.4’11

4T.H. Drzewviecki, D.N. Wormley and F.M. Manion, Computer-Aided Design
o Procedure for Laminar Fluidic Systems, Journal of Dynamic Systems, Measure-
Nt ment and Control, 97, Series G, No. 4 (December 1975).
E! llF.H. Manion and G. Mon, Fluerics 33: Design and Staging of Laminar
oM Proportional Amplifiers, HDL-TR-1608, Harry Diamond Laboratories (September
% 21
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The general design criteria of a gain block are as follouws:

(1) Maximize the laminar operating range by matching
the modified Reynolds numbars, of each stage:

' aN' =N
81 " Nr2 ™ MRy
(2) Achieve 90° phase shift bandwidth requirement:
m
f - (—3:.)
90° 3 &x
8p
2n L
1 [ %si
di o]

(3) Maximize the blocked-load pressure gain:

K, * K, * K

\
(} + —;Ql—) (1 + —;23—
12 i3
where Kl’ KZ and K3 are blocked-load pressure gain of 18t. an and 3rd

stages LPA respectively. Rol and Ro2 are output resistance of the 15t
nd nd rd
and 2 and 3

stages and R12 and R13 are input resistance of the 2
stages.

(4) Maximize the input-to-output resistance ratio:

Rn/Ros.

(5) Minimize the quiescent flow draw:

3
= ifl Qsi’

Q

nd and 3td stages. An

where Q_, (1 = 1,2,3) are supply flows of the 15%, 2
iterative design procedure is generally required to achieve a design which

meets (if possible) the above design criteria.

The gein block shown in figure 8 has been designed using the
guidelines cited above.

The supply pressure of the three stage gain block is connected
directly to the final stage of the gain block. The first and second

23
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Figure 8. Gain block schematics,
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stages are supplied by reducing the muin pressure through the preasure re-

ducers which are a number of nozzles in parallel.

The first and second stage supply pressures cepend on the final

equation as

resistance,

As the nozzle resistance, Rni’ and the supply resistance, R

With equation (10), the ratio of the nozzle resistance, R

sl

in series, the flow through Rhi and Rsi are related by the continuity

Qi

Qai ny

ni
Rsi’ may be expressed as

25
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stage supply condition with respect to the fluid properties. The supply
g-essure of 1th stage, l"’1 may be expressed as
P
I} S 1 9)
P m R
8 1+ i ni
n R
i sl
vhere
m, = no. of LPA's in parallel of 1th stage,
n, = no. of resigtor nozzles in parallel of 1th stage,
Rsi = LPA supply resistance of 1th stage,
Rhi = pnozxle resistance of 1th stage.

are connected

(10)

» to the supply

i ¥ [ %) [ B, P, L S
R =2 2 = H N
si Bni Hni Bni ni Ri
o} 2 m
+ 0.95 [ L L ¢ (11)
nini] ™1
where
0i = LPA aspect ratio,
fni = pormalized nozzle length, xni/bsi' )
Bni = normalized nozzle average channel length, bnilbsi’
B , = normalized nozzle throat width, b ./b __,
ni nl’ si
Hni = pormalized nozzle height, hni/bsi’




..............

H H
nl < 2,  0.35 <C<0.5; al_, 2, ¢ = 0.5.

ni

1g

ni
Subscript 1 refers to the 1th stage.

The Reynolds number of the first and second stage LPA may be
related to that of the final stage as

b P
si si
N = N (12)
Ri bsf Ps RE
where
bsi = LPA supply nozzle throat width, ith stage,
bsf = LPA supply nozzle throat width, final stage,
NRi = Reynolds number of ith stage,
N

Re " Reynolds number of final stage.

As the first and second stage supply pressures a~.: an implicit functiom of

" the final stage Reynolds number, NRf’ the firat and second stage operating
Reynolds numbers depend only on the final stage Reynolds number. In the
following discussions, the gain block operating Reynolds number is referred
to the operating Reynolds nurber of the final stage, NRf' The first and
second stage Reynolds numbers can be related to the final stage by solving
equations (9) through (12) simultaneously.

In the report by Wormley et al.2 a hyperbolic tangent curve has
been used to describe the nonlinear saturation characteristics of the gain

block. The output pressure/flow characteristics of the gain block may be
expressed as

P
e el LA

"
3
e
.
h
L
»
'
B

e Q P , P

- g = tanh pCd - pOd' (13)
ree Qs cds ods
?i where

S& QL = output load flow,

?? Pod = amplifier output pressure differential,
= Pcd = amplifier input pressure differential,
&

(O

\T*_‘ 2

N

D.N. Wormley, D. Lea, and K-M Lee, Development of a Fluidic, Hy-
A draulic Servovalve, HDL-CR-81-216-1, Harry Diamond Laboratories
(February 198l1).
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QLS = saturation output load flow,

Pods

and where the saturation control pressure differential is defined as

= gaturation emplifier output pressure differential,

. Q
oas Ls
Pods K K (14)
13 q

with the incremental amplifier scatic pressure gain Kp and flow gain, Kq

defined as
aP
Kp = —af‘i—‘ (15)
cd Q =0
L
9Q
kK, " —aPL— (16)
cd P = 0
od

A three-stage fluidic gainblock with a single supply pressure

Based on the standard packaging technique was constructed and tested. The
construccion schematic of the gain block is shown in figure 9. The
stacking order is listed in appendix A. The characteristic dimensions of
the amplifier laminates and the three stage amplifier parameters, measured
; . with Univis J-43 at a temperature of 27°C, are summarized in table 3. The
fzf experimentgl output characteristics are displayed in figure 10. The com-
= parison between the predicted and the experimentally measured characteris-
tics displayed in figure 11 shows that the analytical model with hyperbolic

tanh curve closely matches the experimental data.

3.2 Fluidic Servovalve Configuration and Characteristics

The conceptualization, analysis and design of a fluidic servovalve
constructed from the gainblock and fluidic resistance elements in a
breadboard configuration are describked by Wormley et a1.2. The flow feedback
resistance in the case in which the net flow feedback is equal to zero can

be eliminated. In order to minimize the loss of output flow due to feed-

2D.N. Wormley, D. Lee, and K-M. Lee, Development of a Fluidic,
Hydraulic Servovalve, HDL-CR-81-216-1, Harry Diamond Laboratories
(February 1981).
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Figure 9. Gain block construction schematics.,

TABLE 3  GAIN BLOCK CONFIGURATION AND INCREMENTAL PARAMETERS
LAMINATE DESCRIPTION

- Stage Design b (mm) o=h/b Number of
o 5 S| sections

‘ 1 HDL 63020 0.75 0.667 2

5 2 HDL 72010 0.5 0.55 3

N 3 HDL 61505 0.375 0.333 6

n"J

] EXPERIMENTAL DATA

i P 6895 kPa 1000 psi

™ P 2551 kPa 370 psi

e ods -6 3

- QLs 8x10 m~/sec 0.5 cis

s K 277

el P -7 3

S Kq 8.€x10 m”/sec/kPa| 0.35 cis/psi
3 R_ 5.80x10"0 N-s/m’ 140 psi/cis
~

"

¢
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back and the complexity of the valve construction, the case of zero flow
feedback is chosen for the performance evaluation. In this particular case,

the resulting nonlinear normalized governing equation of the valve becomes

Q P P P
-Q—L—+ POd -tanh[(l Pid +Y—P2‘—i—] (17;
Ls ods idn ods
where
Pidm = maximum input pressure differential
a = 1 dm . er R >>R (18)
Ri P fp i
1+ cds
R
a
R
y = =L 1k, (19)
R R P
fp 1+ i
R
a

R1 = input resistance,
R = pressure feedback resistance,

Ra = amplifier input deflection resistance.

The schematic drawing of the servovalve is shown in figure 12.

The fluidic servovalve steady state blocked-load pressure gain and

E no-load flow gain can be obtained from the linearized valve model as
N
N .
i. BQL K
- ———————— = _—L——
" Ses = TE, R (20)
:;: Pod"o 1+ R
w a
: X,
5 Cos ™ T - R\ (21)
: Q=0 v {2+
. a
:
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‘and tested. The gain block discussed in the preceeding section has been

Y
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The steady state performarce of the servovalve is characterized
by the parameters & and Y. The valve parameter 0 indicates the flow gain
linearity with respect to the maximum input pressure differential whereas
the parameter Y provides information regarding the limit of servovalve
stability.

As shown in equation (21), the servovalve pressure gain is sen-
sitive to the valve parameter Y. The fluidic servovalve has a maximum
pressure gain at Y equal to one and has a negative pressure gain for y
greater than one. The valve is unstable when the valve pressure gain

curve has negative slope.

The effect of a variation in ¢ is illustrated in figure 13. With
Y = 1 to achieve maximum pressure gain, the servovalve flow gain becomes

more non-linear as o is increased.

An integrated component fluidic servovalve has been constructed

used in the servovalve design. Twc HDL 5196 capillaries are connected in

series to form an input resistor R The pressure feedback resistor R

i* fp
consists of four parallel HDL 5026 capillaries in series, with a HDL 5027
capillary. The experimentally measured resistances at the temperature of
27°C (80.6°F) are:

10

R, = 4.42 x 10 N-s/m®> (105 psi/cis) and

R = 7.52 x 1012

£p N-s/n5 (17850 psi/cis),

The servovalve construction schematic is shown in figure 14. The stacking

order is summarized in appendix A.

The experimental data obtained at a temperature of 27°C and a
supply pressure of 6895 kPa (1000 psi) showing the output characteris-
tics are displayed in figure 15 and compared with the analytical prediction
in figure 16. Apart from the offset, the analytical prediction fits the

experimental characteristics well,

3.3 Temperature Effects and Compensation

For imcompressible flow, the working fluid temperature affects
the Reynolds number, Np = (bslv)MZPS/p, through an influence on the fluid

33
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Figure 13. Effect of valve parameter 0 on Valve
Characteristics,
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viscosity. The effect of the change of operating Reynolds number on the

biocked-load pressure gain of the LPA has been discussed in section 2.1,

The stability of the fluidic servovalve is primarily deter-
mined by the valve parameter Yy which is a measure of the degree of
positive pressure feedback. The value of y can be increased by de-
creasing the pressure feedback resistance, or increasing the gain block
pressure gain, Kp, or the value of input resistance to the point where Y
is greater than one and the valve fails neutrally. The additional flow of
the positive pressure feedback due to the increase in temperature tends to
decrease the valve stability. On the other hand, if the positive feedback
flow is reduced as a result of a decrease in temperature, the valve behaves
as an amplifier with reduced feedback. To compensate for the temperature
effects, the valve parameter Yy must be kept at a desired constant value in
the temperature range concerned. Since the ratio of two linear resistances
is independent of fiuid viscosity and the factor 1/(1 + Ri/Ra) is not
significantly affected by temperature variations, the valve parameter Y is
primarily dependent on the blocked-load pressure gain of the gain block,
Kp.

The valve parameter a is proportional to the ratio of maximum
input pressure differential, Pidm’ to the saturation control pressure
differential Pcds cds’

decreases as the temperature increases. The maximum input pressure dif-

. The saturation control pressure differential, P

ferential must be limited in order to keep the flow gain in a reasonable
linear range. However, the linearity of the servovalve flow gain is main-

tained at the expense of the maximum input pfessure differential, Pidm'

Since the gain block characteristic performance is primarily
a function of final stage Reynolds number, this provides a means of tem-

perature compensation by maintaining a constant operating Reynolds number,

N...
Rf
temperature relation as written in equation (1), we have

N, (T)
R¢ V% [Fs(D - MT-T)) P 22)
NRf(To) v P_(T) V P_(T)
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From the definition of the Reynolds number and the kinematic viscosity-
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1f NR (T) = NR (To) = constant, then
f f
P (T)

2A(T-T )
P. (TO)

(23)
Hence, the supply pressure must be varied directly proportional to the
square of the fluid viscosity in order to maintain a constant Reynolds
number. To decrease the high pressure required at the low temperature op-
erating condition, the supply pressure is scheduled as a linear function
of temperature, i.e.

P_(T) - P (T )
-r-r = A (24)

The choice of Ao depends on the temperature range considered and the maxi-
mun of safe supply pressure imposed by the hydraulic plaant at the lowest

temperature of interest. As an example, consider the following,
"Reference temperature, To = 25°C (771°F),

Reference pressure, Pe(To) = 6895 kPa (1000 psi),

Temperature range, 10°C < T < 50°C, (50°F < T < 122°F),

Maximum supply pressure, Pa = 11,032 kPa (1600 psi),
max

It follows Ao = 275.8 kPa/°C [22.2 psi/°F].
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The experimental data for linearly compensated and uncompensated

AR

’i's’s

gain block and servovalve blocked-load pressure gain as a function of

59,
s &

temperature are shown in figures 17 and 18.4 The tempersture compensation

based on the supply pressure scheduling significantly reduces the

s e
.

temperature sensitivity of both the gain block and servovalve pressure gain
and successfully extends the operating range of the servovalve beyond the

design temperature.
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LI St

3.4 Dynamic Response

£ &

LE

The fluidic servovalve dynamic model for small derivatives way be

-,
Lagal

expressed as

QL(S) = Gq(a)Pid(S) - qu(S)Pod(S) (25)
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1

where Gq(s) = Zi(s) Kq(s), (26)
1+ —E;?;y—
ok
G,p(8) = B (&)1 = Y(8)IK_(s). @7)
‘)
Kp(S)
GP(S) = zi(s) T ? (28)
[1—Y(sil 1 +—-———za(s)
2, (s) K _(s8)
- 1t R 2
Y(s) e, ® NONE (29)
1+ Z )
a J
s = Laplace operator.,

The input{Zi(s) and feedback pr(s) impedances consist of a resistance and
inertance. The input deflection impedance of the gain block is Za(s).

Two dynamic tests, flow frequency and pressure frequency response
tests, have been conducted point by point on both the gain block and servo-
valve at a temperature of 27°C. The experimentally measured pressure and
flow gain as a function of frequency are . plotted in figures 19 and 20. The
test data show that the flow gain of the valve reaches 90° phase shift at
80 .z, the pressure gain reaches 90° phase shift at approximately 100 Hz
and the experimentally measured pure delay time for both the pressure and
flow gain is 1.1 ms.

Fﬁ The comparisons of the frequency response between the breadboard
éﬁ configuration and the integrated component fluidic servovalve are shown in
figures 21 and 22. The elimination of the feedback line capacitance which
o is present in the breadboard configuration as described by Leelz, leads to
iﬁ improved response in the integrated component fluidic servovalve. The data

fﬁ show that the pressure gain reaches 90° phase shift at 7 Hz for the bread-

12D. Lee, The Analytical and Experimental Development of a Fluidic
Servovalve, Massachusetts Institute of Technology, Ph.D Thesis (April 1980).
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Figure 21. Comparison of blocked-load frequency
response between integrated component

servovalve and breadboard configuration
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board configuration and at 100 Hz for the integrated component configuration.
figure 22 indicates that the flow gain reaches 90° phase shift at 60 Hz for
the breadboard configuration and at 80 Hz for the integrated component con-
figuration and electrohydraulic servovalve approximately. The comparison
shows that a significant decrease in phase shift has been achieved and the
dynamic performance of the fluidic servovalve is comparable to the electro~
hydraulic servovalve with standard packaging.

4. FLUIDIC POSITION SERVO

A closed-loop fluidic position servo has been constructed as shown in
figure 23. An integrated component fluidic servovalve, similar to that
discussed in the preceeding section, has been used as a power modulation
element. A fluidic summing amplifier is also used to perform signal pro-
cessing. In addition, a fluidic feedback transducer has been developed so
that the mechanical displacement sensing is fedback in the form of a
fluidic signal. The elements in the control system are described in the
following paragraphs.

4.1 Fluidic Summer

The fluidic summer is shown in figure 23. For low frequency ap-

plications, the transfer function of the fluidic summer may be expressed
as

-T 8§
Ks(s) Ksse s . (30)
where ¢
K = ——P:LPA (31)
ss Rl
2 + R
as
Gp,LPA = LPA blocked-load pressure gain,
R1 = Summer input resistance,
R.as = LPA deflecticn resistance,
'Ts = LPA pure time delay.

4.2 Mechanical-Fluidic Displacement Transducer

The mechanical-fluidic displacement transducer is essentially
a position feedback sensor in which the mechanical translational displace-
ment is transformed into a fluidic signal. The electrical equivalent and

the construction schematic are shown in figure 24. The displacement trans-
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ducer may be considered as a fluidic resistance bridge. It consists of two
pairs of fixed resistors and a pair of variable resistors.

The transducer sensitivity at blocked-load may be derived from
circuit analysis

Pdc(s) P

Ke () x(@) x, R_+eL, (32)
1+2 R +sl
v v
where

Pdt = output pressure differential of transducer,

Pst = gupply pressure of transducer,

x = translational displacement,

x - half stoke,

Rf’Rv- fixed and variable resistance, respectively,

Lf,Lv- fixed and variable inertance, respectively.

The resistance and inertance of the channel resistance are

R = -13-9-’35 for b >> h,
¢ bh
3 L

and the time constant of the channel resistance, Tc' may be expressed as

Lc hZ

T " Rc " 1v ¢ (34)

If equal channel heights are chosen for both fixed and variable resistances,
the transfer function of the mechanical-fluidic displacement transducer may
be simplified from equations (32) and (34) as

P
1 st
K (8) = (35)
t R
£ *m
1 + 2 =
Rv

and the dynamics of the transducer may be neglected.

4.3 Fluidic Servovalve

The characteristic performance of the fluidic servovalve has been

discussed in section 3.2. In the application of the fluidic servovalve in

51
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the position servo system, the output flow/pressure characteristics must
be designed to meet theparticular ram and load requirements. The actuator

13

and load described as part of the position servo by Lee ~ has been used in

this study so that a step response between the fluidic position servo and

a conventional electrohydraulic position servo may be compared directly.

From the characteristicsg of the fluildic servovalve and the para-

meters of the actuator and load, the dimensionless group

and the time constant,

- may be calculated

where
G = G G
qp(8) q(8)/ p(8)
d = damping coefficient
At = area of ram,
m = mass of load.

As a result of the high pressure gain and small load wmass and friction, the
load dynamics for this particular system can be neglected and the dynamic
flow gain of the servovalve is the dominant valve performance parameter.

The experimentally determined flow gain from section 3.4 is

6 () = gt ¥ 36)
q s Pid(s) 1+ qu) (
where
Gqs = gteady state servovalve flow gain,
Tv = pure time delay of the servovalve,

Tq = first order time constant.

K: 4.4 Closed-Loop Fluidic Position Servo

!

S' With the dynmamic characteristic performance of the fluidic summer,
g! fluidic feedback transducer and fluidic servovalve predicted in sections

A
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4.1, 4.2 and 4.3 respectively, the fluidic position servo cen be represented
by the block diagram shown in figure 25. The open loop transfer function of

poaition servo may be expressed as

Ke-'l's
GH(s) —;m-,r';s-s- (37)
where K *K_ *G
K = t 88 qs .
Ar

T = T _+7T_.
v -

The dynamic performance of the closed-loop position servo may be expressed
in terms of two dimensionless parameters, namely, the normalized gair Krt,
and the normalized characteristic time constant t/rq and may be analyzed by
Root Locus analysis. Normalized gain for zero damping, which indicates the
limit of closed-loop stability, and normalized geain for critical damping,
which corresponds to a step response with no overshoot, are of particular
interest. Kt corresponding to £ = 0 and £ = 1 are plotted as a function of
T/'tq in figure 25. For simplicity and as a first-order guide in selecting
the combination of KT and Tqu, the damping ratio { and normalized natural
frequency, mnr are plotted against the normalized Kt with T/Tq as a

parameter in figure 26.

4.5 Implementation

A fluidic position servo has been constructed and tested. The
construction is shown in figure 27. A flapper-nozzle valve with an elec-

trical torque motor has been used as a fluidic signal generator.

The gain block, used in the servo is a modified form of the gain
block described in section 3 in which the steady state flow gain has been
increased and the traasport time delay has been reduced with no change in
blocked-load pressure gain at the design temperature of 25°C. The increase
of the no-load flow gain provides improved servo frequency response and
has been achieved by increasing the number of sections in parallel in the
final stage and by operating the servovalve at a higher supply pressure
whereas the decrease of the pure time delay is achieved by using LPA's with
smaller nozzle throat width (xsp/bs = B8) for first and second stages. The
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increase in first and second stage gain, resulting from the higher aspect
ratio, is designed to offset the additional pressure drop. Hence, Kp has
not been varied significantly. The same input and feedback resistors as

described in section 3.2 have been used to construct the servovalve.

The fluidic seivo components are summarized in table 4. The
components have been tested individually for both static and dynamic per-
formance. The data are presented in figures 28 through 33 for the fluidic
summer, displacement transducer and servovalve respectively. As shown in
table 5, in which the essential servo component parameters are summarized,
the servovalve flow gain has been increased by a factor of 2.2 and the pure
time delay has been successfully reduced from 1.1 ms to 0.65 ms in compari-
son to the value of section 3. The displacement transducer exhibits a
linear characteristic throughout the entire stroke tested in a blocked load
condition and significantly solves the mechanical-to-fluidic interface

problems encountered in the previous 1nvestigations.13

The fluidic position servo response has been calculated based on
responses to step inputs. The experimental data, in figure 34 show that the
fluidic position servo design with 5 percent overshoot exhibits performance
comparable to the commercial electrohydraulic position servo and a sig-

nificant improvement over the hydraulic position servo described by Lee
13
and Wormley.

Figure 35 compares the experimental and analytical step responses
for the fluidic position servo. The preliminary analytical pure time delay
based on the sum of LPA transport time lags in both the fluid in summer and
servovalve is observed to be smaller than the measured time delay of the
servo. Since the dynamic responses of the components have been measured
individiaully, the additional time delay may be attributed to the inter-

connections between the components of the fluidic position servo.
5. SUMMARY AND CONCLUSIONS

The characteristic performance of HDL fluidic integrated components
essential for servovalve design have been evaluated as a function of supply

13D. Lee and D.N. Wormley, Multistage Hydraulic Summing and Signal

Processing Amplifiers and Fluidic Input Servovalve Development, Harry
Diamond Laboratories, HDL~CR-76-233-1 (1976).
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TABLE 4 FLUIDIC POSITION SERVO COMPONENT CONFIGURATION

LUIDIC SUMMER

LPA design 81505 o = 1.666 bs = 0.375 mm
' =

NR 90, Gp,LPA 10.5 u 5

R, 1.45x107" N-s/m 350 psi/cis
Input resistance, R1 6.863x109 N-s/m5 16.5 psi/cis

MECHANICAL~FLUIDIC DISPLACEMENT TRANSDUCER

Variable resistance, R 2.03x1010 N-—s/:n5 49 psi/cis
Fixed resistance, Rf 1.491x10lo N-s/m5 36 psi/cis

FLUIDIC SERVOVALVE *

Amplifier
Stage LPA o No. of sections
1 x1505 1.000
2 x61505 0.667
3 x61505 0.333 12
Pressure Reducer
Stage Nozzle No. of sections
1 5221A-20
2 5221A-20 8
3 direct supply -~

"o

*
Supply pressure, Ps = 10.343 kPa (1500 psi)
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TABLE 5 VALUES OF PARAMETERS OF FLUIDIC POSITION

SERVO
ACTUATOR

2 2
Area, Ar 432 mm 0.67 in
Volume (single side) \' 8.19x103 mm3 0.5 in3
01l Bulk Modulus, B 1.38x10° KkPa 2x10° psi

LOAD

Mass, m 16.65 kg 0.095 1b-8%/in
Damping constant, d 29.6 N-s/m 0.169 1lb-s/in

FLUIDIC SUMMER

Steady state gain, Kss 5

Pure time delay, rs 0.35 ms

MECHANICAL-FLUIDIC DISPLACEMENT TRANSDUCER

Transducer
sensitivity, K 11 kPa/mm 40.5 psi/in

FLUIDIC SERVOVALVE

Steady state flow -9 5 .
gain, G 1.207x10 ~ m” /N-s 0.5 cis/psi

BN
s

-
3

Pure time delay, T 0.65 ms

P

A A

i, P SDREACHNA 7 L

1St order time

constant, T 5.3 ms
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Fluidic Summer Schematic

Psd

Supply condition
P 448.2 kxPa [65 psi]
ss -6 3
(o] 4.64x10 m /sec [0.29 cis]

Ss

T

29.4°C [85°F]

+0.0287

ol o
N
2
"

WPl o g
AR

-
>

¥

e
[

e

-0.0287

Figure 28. Fluidic summer schematic and static characteristics.
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(24

Temperature 29°C [84°F) 0.5+
Supply pressure 345 kPa st
Leakage flow 1.632x10 > m>/sec

[1.02 cis) M#
x“I = 12.7 mm

[% inch]

1.0 -0.75 -0.5

Sensitivity = 10.86 kPa/mm
[40 psi/inch]

f -
Ve,

-002 r

WO SR
> B

.
BT
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: L
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i "pe
2
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> e
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DTN
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e Figure 30, Displacement transducer blocked-load static
e characteristics.

¥ 6

o
'
.

‘.
[
v

ot STt e N e T e T T s T Te L P LI oA . - . R -
LS.L‘_LAIA.I.AL P A A R N N ST W S PP PR P At la Ty s e Al ma atatat atamtemt e s abl Al L e e




*asuodsax Aouanboxy PROT~PaX¥O0Tq I30npsueal juswaoerIdsTg

(zH) 4Louanbazxy
001 0%

.
-

*I¢ 2an8yg

{zH) Aouenbaxg
00T ]

a A

o1

fos

v e

ﬁﬂb.ﬂgﬂds m———

Tejusuwtzadxy ©

[ -]

N
L I

e .Fn‘||4 -
LA I

>

A e, e

QRIAINNNG . 4 INOTRIM

FaM 4 W o

- .
s

93zbaq ur sseyg

P ‘ureb pezyTeUION

63

At % T e T
. Ha ..
PO PN

N A

tala’a® a3 alla el




0.4V 0
P = 10342 kPa |
{1500 psi]

Qs - axlo-s m3/sec

0.3
[5 cis] 1

T = 29.4C
[85F]

= -3 -2 2 3
) P
2 _?19._ x 10°

8
5

-9 m .
1.207x10 N-S

{0.5 cis/psi)

b-0.3

“ |-0.4

Figure 32, Fluidic servovalve no-load static
characteristics,
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X
N\

0.138 kPa

\vv1

Wﬂhﬁ

L(_).’75 mm

20 msec

Fluidic position servo
X, = 0.62 mm

Electrohydraulic position servo,
({Lee and Wormley)
X, = 0.326 mm

Commercial fluidic-input servo

(Lee and Wormley)
= 0.304 mm

2 &

120
Time in msec
Comparison of step response between fluidic
and commercial position servo.

20 80 80 100

Figure 34.
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pressure and temperature which are characterized in terms of the modified
Reynolds number. The point of transition-to-turbulence of three standard
LPA configurations namely, HDL 63020, HDL 72010 and HDL 61505 occurs between
modified Reynolds numbers of 100 and 120. The useful operating range of
LPA's has been determined through the experimental program to be

40 < Np < 100.

The relationship between the supply conditions of the individual
stages and that of the final stage of the gain block has been derived and
verified experimentally. Compensated fluidic gain blocks and servovalves
are sensitive to temperature variation at constant supply pressure. The
temperature compensation technique, based on the supply pressure scheduling
to maintain an approximately constant final stage modified Reynolds number,
significantly suppresses the temperature sensitivity of the blocked-load

pressure gain of the gain block and servovalve.

The fluidic gain block, summing amplifier and feedback transducer

have been used with an actuator and load mass to construct a closed loop

~{E position control systems. Static and dynamic tests of the servosystem have
shown its performance comparable to an electrohydraulic servoloop. This
development effort has demonstrated the capability to develop high per-

5;: formance position servo components from standard integrated component
t;: fluidic elements and to interconnect the components into a closed loop
!. servo with performance comparable to high performance electrohydraulic
ﬁiz commercial components.

o

.,

-:-,(

ol | A%

.

In the current fluidic servo, the maximum load pressure differen=-
tial and flow gain of the servovalve are primarily limited by the LPA
characteristics. Future effort is merited to optimize the LPA design to

. "'.', -

achieve high pressure recovery, to reduce the ratio of quiescent to maximum

-8

‘._(.:_ t.’

load flow and to further minimize the overall power-to-weight ratio.
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APPENDIX A. --GAIN BLOUCK AND SERVOVALVE CONSTRUCTION DETAILS

In this appendix the gain block stacking order is summarized as given in
tables A~1 and A-2 with the components shown in figure A-1l.

TABLE A-1 GAIN BLOCK STACKING ORDER DESCRIPTIONS
Stacking HDL HDL
Order Part No. Oriencation Quantity Description
Valve
Baseplate
1 5018 c (*)
2 5047 G
3 5221A-20 H ) First Stage
4 5040 F b}pairs Pressure
5 5221A-20 H 3: i Reducer
6 5018 H palrs .
7 5200 C
8 5200 H
9 5021 F )
10 5216 ¥ 2
11 5339A F o Third Stage
12 61505 F 6 sections | lifier
13 53392 F and
14 5216 F 2 Vent
Assembly
ig ggggA-zo g 7}pairs Second State
17 5018 F 2}pat grgss‘“e
18 5221A-20 c pairs educer
19 5021 C
20 5046 B
21 5021 D
22 5216 c 2
23 5216 H 2
24 5046 D
25 5018 A
26 5046 B
27 5046
28 5239 H Second State
29 5137 H Amplifier
and
3 sections Vent
Assembly
30 72010 H
31 5137 C
32 5237 C
33 5216 H
34 5021 A
35 5200 H
36 5200 C
37 5047 D

*
1 unless otherwise stated

--------------
PP W T TPURT T VO R Y

Y - e s ccnd
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.........

TABLE A-1 (Cont.)

GAIN BLOCK STACKING ORDER AND DESCRIPTIONS

Stacking HDL HDL
Order Part No. Orientation Quantity Description
38 5239 D 2
39 5018 H
40 5216 F 2
41 5237 F
42 5236 F
43 63020 F
44 5236 F
45 5237 F
46 5216 A First Stage
47 5237 A Amplifier
48 5236 A and
49 63020 F Vent
50 5236 F Assembly
51 5237 F
52 5216 F 2
56 5046 E
Input manifold

70




TABLE A-2

SERVOVALVE STACKING ORDER AND DESCRIPTIONS

Stacking
Order Part No. Orientation Quantity Description
Supply/output
manifold baseplate
1. SP5
2. SP3 feedback
mainfold
3. HDL 5043
4. HDL 5026 feedback
4 pairs istors
5. HDL 5040 res
6. 3 stage amplirier Refer to amplifier stacking order (1-56)
7. SP2 summing
manifold
8. _ HDL 5040
9. HDL 5027 feedback
resistors
10. HDL 5112 2
11. HDL 5196 input
_ resistance
12. HDL 5040
13. SP4
14. HDL 5040
15. HDL 5196 input
resistor
16. HDL 5040
17. HDL 5112 2 input
manifold

e w8 wew
P 0 » T e
. ey
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Figure A-1. Servovalve components descriptions.
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NOMENCLATURE

ram area

LPA control port minimum width

LPA average control port channel width
normalized nozzle throat width, bn/bsi of 1B stage
LPA outlet port minimum width

LPA average outlet port channel width

LPA splitter width

LPA downstream control edges space

LPA jet-control edge space

normalized nozzle average channel width, Sn/bsi
empirical constant in channel resistance model
discharge coefficilent

discharge coefficient of ith stage LPA

momentum flux coefficient

servovalve blocked-load pressure gain

servovalve blocked-load pressure gain at steady state
LPA blocked-load pressure gain

servovalve no-load flow gain

servovalve no-load flow gain at steady state
servovalve output admittance

normalized nozzle height, hn,bsi

fluidic servo open-loop steady state gain

ith stage LPA blocked-load pressure gain, i=1,2,3
gain block blocked-load pressure gain

gain block no-load flow gain

fluidic summer gain

fluidic summer steady state gain

displacement transducer sensitivity

normalized entry length, Ze/b

channel fluid inertance

transducer fixed channel fluid inertance
transducer variable channel fluid inertance
Reynolds number

channel Reynolds number

gain block final stage Reynolds number
73
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NRi gain block ith stage Reynolds number
Ni LPA modified Reynolds number
N&f gain block final stage modified Reynolds number
Nﬁi gain block 1th stage modified Reynolds number
Pcd control pressure differential
Pcds saturation control pressure differeantial
Pco blas control pressure
Pdt output pressure differential of transducer
Pid input pressure differential
Pidlll maximum input pressure differential
PL defined in figure 1
- Pod output pressure differential

_{é Pods saturation output pressure differential

:; P8 main supply pressure

N P4 defined in figure 28
Psi supply pressure of ith stage, 1 = 1,2,3
P88 supply pressure of summer
Pat supply prescure of transducer
P1d input 1 of summer
P2d input 2 of summer
Q volumetric flow rate
QL load flow
QLs saturation loaghflow

??a Qni flow through i stage nozzle

:iz Qs supply flow

supply flow of ith stage LPA

("]
[

channel resistance

W O

normalized resistance defined in equation (8)

1;i R, gain block jnput deflection resistance
ji? Ras LPA input resistance for summer

ﬁi Rf fixed resistance in transducer

;S pr servovalve feedback resistance

Fif Ry servovalve input resistance

}§; Ril 18t stage input resistance

ﬁ; R12 an stage input resistance

red R4 3Td stage input resistance

Y :-‘. .

*
| IR S W M
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e Ry nozzle resistance of 1°h stage
A Roy 15% state output resistance
l' nd
b R.02 27 stage output resistance
R 3rd stage output resistance

o
w

‘supply resistance of ith stage

ww
o

variable resistance in transducer

52 NI
o o
<

summer input resistance

N 1
Eﬁ T temperature
S; 'I’o reference temperature
X channel length
i, Xc LPA control port channel length
Ef X, normalized nozzle channel length of yth stage
t; Xb LPA outlet port channel length
i 3§p LPA supply nozzle-splitter distan.e
¥ xth LPA supply nqzzle throat length
‘ z, gain block input complex impedance
éi Z servovalve input complex impedance
i pr servovalve feedback complex impedance
- Lower Case Letter
'3 b channel width
;: b average channel width
i bs LPA supply nozzle throat width
iy bsf final state LPA supply nozzle throat width
; bsi 1th stage LPA supply nozzle throat width
i; d damping coefficient
i f frequency
: h channel height
B Lo entry length
m mass
; m, number of LPA in parallel in ith stage
: o, number of nozzles in parallel in 1th stage
S Laplace transform operator
valve input in section 1
N channel length in section 2
! displacement in section 4
X, half stroke, maximum travel
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xsp
Greek Letter

............
................

dimensional LPA supply nozzle-splitter distance
servovalve parameter, defined in equation (18)

servovalve parameter, defined in equation (19)
viscosity-temperature coefficient

defined in equation (24)

absolute viscosity of oil

kinematic viscosity of oil

kinematic viscosity at reference temperature

channel aspect ratio, h/b

aspect ratio of 1th stage

total time delay of fluidic servo
defined in equation (34)

17" order time constant of Gq(a)

time delay of servovalve

76

a
8 bulk modulus, table 5
Y
A
A
(o]
H
v
Vo
(3 damping ratio
o] density
(o] aspect ratio
g
c
g
-1
T
Tc
T st
q
Ts time delay of summer
T
v
wn natural frequency
Subscripts
o~ tr. transition
F‘ .l
L 90° 90° phase shift
e
N
fo
(s
L]
FE
L.._‘
@h
"
L
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i
£
5
KA
B
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