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INTRODUCTION

Solution of Electrohydraulic Servo Equations for the

Wheel/Rail Prototype Control System

The purpose of this report was to (1) verify the
mathematical model given in Wylie report Tech Brief 9.1.3
against the schematic diagrams given in the same report;

(2) verify the solutions of the mathematical model; and

(3) verify whether there is agreement between the servo
analysis computer program used by Wylie Labs with the MDELTA
program available at DOT/TSC.

The mathematical models were independently formulated for
the servo loops that are shown in figs. 5 and 6 of Appendix I.
The resultant set of coupled transformed differential equations
as shown on page 13 Appendix I and also shown as 14 first order
differential equation on page 17 of Appendix I were found to be
identical to the Wylie derived equations of Tech. Brief 9.1.3.

The MDELTA program was used to obtain computer run
solutions including equations and responses for the following
cases.

1. Closed loop frequency response for the case of
exciter position gain, Ge’ equal to 0.9.

2. Step function response using state variables for the
case of Ge’ equal to 0.03.

3. Finite pulse response using state variables for the
case of Ge’ equal to 0.03.

Responses for these cases are shown in figures 7 and 8,
Appendix I, page 16 and 17 for case 1, Case 2 response is shown
in figure 9 and case 3 response is plotted in figure 12 of
Appendix I.

As shown in these figures the results from DOT/TSC closed
loop analysis digital computer program correlate with Wylie's
results but also showed that one case selected by Wylie
exhibited stable closed loop frequency response data output but
was actually unstable. The DOT/TSC computer runs printout the
characteristic equation denominator roots that exhibit the
degree of stability of instability that may not be evident for
closed loop frequency response tests. It is advised that
complete analysis of selected servo system configuration should



include roots printout and that transient response test runs
should always be included to supplement any closed loop frequency

response analysis.

At the present time the DOT/TSC computer program is
available for fast turn around to obtain frequency response,
root-locus, time response, and two-loop gain boundary evaluations
when up to date data is received from Wylie labs.



DERIVATION OF WRDRF ELECTRO HYDRAULIC SERVO SYSTEM EQUATIONS

Each roller module of the WRDRF facility test machine is
driven by a set of 6 linear Electro-Hydraulic Servo Actuators
that provide for 6 degrees of freedom spatial motion as shown
in Fig. 1. An analogue-digital computer control system con-
verts desired track motions into command signals that position
each actuator. Track signals recorded on magnetic tape and
deterministic signals are coordinate converted and transformed
from digital to analoge signals to drive the magnetic torquers
on each electro hydraulic actuator. The servo electronics are
of an analoge configuration in order to achieve rapidity of
response. This hybrid computer control system is shown in
Fig. 2. The hydraulic servo chain consists of a pilot valve
driving a slave valve that in turn hydraulically actuates the
exciter position drive units. In the prototype unit selected
for analysis, pilot valve velocity feedback is used, mixed
with position feedback from the slave valve and position feed-
back from the execiter piston. A diagram of the electro
hydraulic network is shown in Fig. 3.

The performance equations for the electro hydraulic drive
are derived by writing the expressions for each output to
input guantity transcending each power amplification unit in
order. These equations are as follows:

PILOT VALVE

The input voltage driving the magnetic torque motor on the
pilot valve developes the torque motor current as:

=ir +Li BL) x .
Ep lp = elp + (BL) Xp 1.0a
where (BL) xp is the velocity induced back e.m.f. The magnetic

force is related to coil current by the equation

F_= (BL)i 1.0b
p B p
This force drives the pilot spool by the relationship
.e . l
F =M x_ +R_ x + =X 1.0
P P P P P C P ©

P

Neglecting initial conditions the Laplace transforms of these
equations are given by
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Whence the pilot spool velocity is derived to be related to the
input voltage by the equation:

2
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HYDRAULIC COUPLING OF PILOT VALVE TO SLAVE VALVE

Slave valve motion is related to pilot valve flow output
by the fuid continuity equation. The flow rate output from the
pilot valve is given by the equation:

= KX - KD 2.0
% p P c L ; a

For first order effects the back pressure coefficient term,

KcPL, is neglected and the pilot valve flow rate output is
written in transform notation as:

Q X K

}—\l:-=§13xx§ 2.0b

SLAVE VALVE TRANSF&R FUNCTION

The flow rate into the slave valve cause the slave valve
spool to move according to the relationship:

Q = A XS + °s s sP 2.0c

The developed pressure in the slave valve accelerates the spool
as determined by:

P A =M X +R_X 2.0d
s s



The three equations above are combined to yield the slave
output as a function of pilot valve motion as given by:

K_/A
Xg = p’Ps
Y R M C R C 2.0e
Xp sl1 + g + s g s2 ¥ st + Ms . s
(As) RLS 2(AS) 2As RLS As

HYDRAULIC COUPLING OF SLAVE VALVE INTO EXCITER PISTON

Neglecting pressure feedback the flow output of the slave
valve is related to slave valve spool position by:
Q X K
s _ s x s
-A-- = 3 A 3.0a
c c
The slave valve output flow rate induces motion of the
exciter piston coupled with leakage and fluid compressibility
effects as given by the equation:
P C
£ +E0p 3.0b

R 2 e

Q. =AX +
e e Le

S

The pressure build-up in the exciter piston produces a hydraulic
force, Fgy, that actuates a complex mechanical load impedance
by the relationship:

Fex = AePe = ZLXe 3.0c

Combining these equations yield the relationship of exciter
position force, Fex, to slave and exciter spool positions
derivatives as follows:

KX ~-ASX -
S S e e

EXCITER PISTON MECHANICAL LOAD IMPEDANCE

A representative diagram of a vehicle and truck suspended
on the exciter piston is shown in Fig. 4. The dynamic equations
for load motions are given by:

= - + -
Fex ML Xe + RLXe + KLXe + RD(Xe Xd) KD(Xe XD)

MDXD + RD(XD = Xe) + KD(XD = Xe) 4,0a

o
I



In transform form these equations are derived as:

F = (M 52 + R.s + K. + RDs + KD)Xe - (R

ex L L L s + Kp)Xp

D

_ 2
0 = (M.s™ + R.s + KD)XD - (R

D D s + KD)Xe 4.0b

D

The load impedance function can be derived as

2 2 2
Fo =[MLS +(RL+RD)s+KL+KD][(MDs +R_S+K,) = (R S+K[) ]

1 SXe s(MD52+R

Ds+KD)

A block diagram of the electro-hydraulic servo actuator system
is shown in Fig. 5. The electrical feedback signals from the
pilot, slave and exciter valves are combined as summations
signals into an operational amplifier along with the drive
signal as shown in Fig. 6. The summation of voltages thru

the shaping networks is given by the relationship:

E R R R
G X 17 17
0 =E, + £ x —m0 o —(T_s+1) + F X F_ X G, x —
1 2 RG+R15 R9 5 ex f f R5
R (T.S+1) R . R
+ XeFeGeR17 (Tl 5771) + XstGsﬁlz' + X F G Ell
1 13 3 P P PRy
T,_S
15
X —— 5.0a
(T15S+l)

In order to investigate the stability and dynamic response of
the selected representative electro-hydraulic system, the above
set of equations were used with parameters from Wylie's report
as inputs to the MDELTA computer program at DOT. This computer
program can be used to print out almost any servo loop analysis
feature desired. The input data cards are submitted with
matrix coefficients derived from the system equations in poly-
nomial transform form or in transform state variable notation.
Both input data methods were used in this analysis and checked
against one another by comparing the characteristic roots

of each matrix form for identity.

In the analysis computer runs the polynomial form was
used for frequency response and step function transient
response. It was necessary to revert to a state variable



notation in order to provide a finite pulse input response test.
The input equations for these methods are described as follows:

MDELTA - W/R EQUATIONS IN POLYNOMIAL FORM

An accumulated set of performance equations in polynominal
form that adequately specify the electro-hydraulic servo
system are shown in Table 1. These equations are six in
number with a seventh equation added to provide dummy loops for
the MDELTA program manipulation to work properly. Table 2
shows the "A" matrix parameters of the polynominal equations
for insertion into the input data card deck. In the polynominal
form, a closed loop frequency response of the servo systems
was run for the exciter position output as a function of input
drive voltage into the pilot valve. The results of this
frequency response are shown plotted as superimposed points
on the Wylie derived frequency plot shown in Fig. 7. Notice
that in this run the force feedback gain is set to zero and
the exciter piston displacement gain, G_, is set equal to 0.9.
Also shown plotted in Fig. 8 is the displacement of the truck
load, Xp, as a function of frequency. Both of these frequency
plots that coincide with Wylie data appear to be stable
systems which is misleading information. The MDELTA computer
program prints out the characteristic roots of the matrix and
these roots, as shown in Table 3 for the frequency response,
shows the occurence of poles in the right hand plane and
consequent instability.

Reduction of exciter piston displacement feedback gain from
0.9 to 0.03 is necessary to produce zero system stability. Of
course, with this reduction of gain, the frequency response
bandwidth and transient response time of the servo loops de-
teriorate. A step function transient response case was run for
the stable system with G, = 0.03. The transient time response
values are shown printed out in Table 4 and the graphical
superimposition of points on the Wylie curve is shown in Fig. 9.
The fourteen root printout for the stable transient response
case with G = 0.03 is shown in Table 5. From the step function
response curve the system characteristic is roughly shown to be
0.2 seconds implying that stability margin has reduced the
bandwidth to approximately 5 Hz instead of 30 Hz. To maintain
stability and bandwidth, Wylie tripled the number of actuators
driving the same load for the vertical excitation case.

In order to exercise a computer solution for a finite
pulse input the MDELTA program requires state variable notation
form. From the root printout in the previous polynominal runs
it is known that at least 14 state variables are needed to specify
performance. Two sets of state variables have been derived
from two methods using the analogue computer block diagram



approach and the method of breaking down the system equations
into a set of linear first order differential equations.
These methods are briefly described as follows:

State VARIABLES USING COMPUTER DIAGRAM

In this method an analogue computer diagram is configured
using single integrators, gain coefficients and summers. The
initial step is to rewrite the set of equations in differential
form equating the highest derivative of each state variable
parameter in terms of other derivative functions. The set of
equations as written in this form are shown in Table 6. From
this formulation of equations the analoge block diagrams
are shown in Fig. 10. The output of each integrator in the
block diagram is specified to be a state variable. A list of
state variables from the block diagram is shown in Table 7.

State VARIABLES USING DIFFERENTIAL EQUATION TECHNIQUE

A set of fourteen state variables can be derived by
breaking down the system equations into first order linear
differential relationships as follows. This development shows the
the selection of state variables and the method of decomposition
of the original equation. For the equation that contains all
the feedback voltage in summation form it was necessary to
revert to the original electrical network as shown in Fig. 6,
in order to derive the completed set of state variables. A
matrix showing both sets of state variables is shown in Fig. 1l.
Notice that the first 10 state variables from each derivation
are identical. Using the set of state variables derived from
the differential equations as inputs to the MDELTA program, a
pulse response forcing function case was run. The results of
this test run are printed out in Table 8, and are plotted on
the Wylie pulse response run as shown in Fig. 1l1l. These results
were obtained in the computer run using state transition
technique. By requesting a frequency response from the state
variable input run it was possible to have the computer print
out a set of fourteen roots as shown in Table 9. These roots
derived from the state variable run were compared to the roots
derived from the polynominal run and found to be substantially
identical.



(@]

/‘ LONGITUDINAL ACTUATOR

(@]
e

LATERAL ACTUATORS

TRUCK ALIGNMENT
SYSTEM

ROLLER 8 HVC
cve

LONGITUDINAL
ACTUATOR

REACTION
STRUCTURE
PLATFORM

LOW FREQUENCY
SUPPORT SYSTEM

VERTICAL
ACTUATORS

© S~ REACTION —
MASS

Figure 1. Single Wheel Module Configuration
(Wylie Figure 1, Ref. 1)



3deouo) wo3siS TOIJUOD PTIGAH JO wexbeTg 300Td OT3RUSBYDS

S

109522044
puo
Joyuon |0418iq

(T

*Joy¥-,. 2aInbTa STTAM)

*Z °@anbta

18193

13)1jdwy-0Aseg

uoijopy

uoHBUIWNIYSU] w

uoyouny

seysunu)
9sunpedw| y204)
steAu| aaldopy

f————————
|
|
S
|
I
|
|
uoysuNny |
§suDi] -+ uo1IIALO) ey _ 104D10UB0)
weyshg ajou1pioor) oaydopy I °|1yoy
st AU] _
saydopy "
I
e e o — — —_—— -

UO15I8AUOTY)
940u1pI00T) =
sueAY|

A111304 s9yndwoy
g owBig Q) Butsig

10



(T °3°9 ‘q xTpuaddy ‘T °anbTa STTAM
! )

wo3sAS (VYSHE) JIOIEN3IOY OAJISS OTTNRIPAH-OIFOSTH FO DTIRWSYDS

*¢c oanbtg

(dwng)
[loD |oubig joogpasy [

s, PyYO Wold e
Buysds VSH3 $B8YiQ wold > @
. l- =
..O.—O-DE:UU( @ A-V mv mmE:n_
sy |2 18Y4O woi4
dwny uoijong @ ﬁ
! ) \
s, Byl °
dwny ainssaig ybiH @ VSH3 P40 ol <= @ -—
: " pogpaay
ooqpady Uo141s04 3AD|S JPoqpaey
uo1}1s04 13419x3 Ajt1o01aA 10|14
i I ﬂ B g 2 \
I H 2
Y / Tl 1
L _ .
== = ﬂ t _ I
A\ WL Il umnig uiniq
g
,U. ULLLLLLLLLLLLELLL,

AN

77777 04L 7777777

AARANY
i 2

21njoUIlYy
9ADA aA|DA 10]id
@A|DA aAD|S

13419%3

11



Xp 1____//‘/<?@;i?c;/

Kp " Rp

Xe W [///™/]]

| T 1[ -
KLs R R

777777777777

Figure 4. Schematic of Vibration System Complex Load
(Wylie Figure 6, Appendix D, Ref. 1)

12



/3%

(T °399 ‘g xtTpusddy ‘g 2InbTJ STTLM)
wo3SAS I03BN3OY OAISS OT[NRIAIPAH-0IO9TH 9Yy3z I0F wexbetqg ooid °G 2anbTg

N

peoy

°x/9x

waysAg |pudyxy

d |
*%/Cx) “3 .
'S d
x/C%) 3 _
d .d.d
x/x 3 -
l
/(9% =
. d d d
X/°x - x/°X /X
X 3
1941933 aApD|S o]14

13



(T 399 ‘aq xtpusddy ‘g =2anbtd oTTAM)
ITODITD OeqpoSSd VSHIE pue JISTITTAWY OAISS JO werberq posTAdY °9 o2InbTg

d
o— 0L
P 00l
uppo ._|
l
£ O i?lo w
Z £l y ¥ / =
Gl 1 _ _ f _
P 0T75) vV
Joyyyjdwy

) ﬂ_.
1o0qpesy .o__._

ouuoy T 5T
JUUJ.UOO& l)U—W p w

Aol € b

mx = V f .|

josuod in
»opgpad4 @104 |

VA
_ V J0lL w

XU& ﬂx

T | o)
jos4uon) s
3o0qpes 18419X3] _.mU _ b _J
p (0]} )
ox !l.v.L |

14



TABLE 1

MDELTA-W/R EQS.

FOR ELECTROHYDRAULIC

SERVOSYSTEMS IN POLYNOMIAL FORM

2 . =
1.0 (MDs +RDs+KD)XD (RDs+KD) Xe 0
- 2 —1
2.0 Fox (MLs +(RL+RD)s + (KL+KD) )Xe + (RDS+KD)XD 0
g 2 Ce 2 1
3.0 KX - A s“X =( =58+ x s\ F =0
s's e e (ZAe RLeAe ) ex
ce 1
KX, - R sX, - (5-—-5 o )Fex =0
e Le e
R,C, M, M_Cg R . EE .
40[(2A2+ AZ)S + 5T s+(l+A2RL)s]XS—A Xp=0
S S 8 S s S S
Cp (BL)ZEP_ .
5.0 BL) =—-s*E_ - |M C_s?+(R_C_+ s + 1l X =0
( )Re P [pp (pp 8.85Re) ] P
E R R
- 3 2 . _p _G 17
6.0 ['T13T15S +(Ty3*T5)s +s] Bl =3 R 7R, * R, [T5T13T15S

3
+ (T13T15+T5T15+T5T13)S

+ (T5+Tl3+T15)s2+s]



7.0 + B, + (KDUM)x, + (KDUM2)x + (KDUM3)>'<S + (1<DUM4)§<p

1
E R R R
G 7 17
6.0 0 =E, + £ x X T s+l + F_F_G, —L
1 2 RG+R15 R9 (5 ) ex f°f R5
R T.s+1 R
T Vo ki AU
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TABLE 3
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REAL MATRIX ORDER= T

ROOT
NUMBER

REAL,

LAMECA
IMAGINARY

=2.167€53E-C7

-9.466508E-01
=9.4€65C8E~-C1

=1.16C816E 02
=3.,369001E C2

=3,3690CG1F 02
5.773792E 01

VE~No|WU$6 N

§,713792E 01

=G+285C73E 02

10

«7.5324C2E (2
=1.116989E 04

e
i3

=1.116989E 04
=1.607565€E 04

i4

T=1.607565E Cé&

20

-2.3283C6E-C7
-$.354233E 0C

 9.354233E 00
~8.68C5C2E=C9
__3.141S17E 02

T =3,141517 02

 5.368186F 02
_=1.724691E-C3
4,5€4016E=05
_2.893741E 03
=2.893741E 03
2.106845E 03

~5.368186E 02

+ =2.106845€ 03



1

.. 10-3866666°6____
10-3666666°89
10-3666666°L

10-3666666°9
10-3000000°9 __

ELDYY

o0

|
l

©0000000C0O0C0C

BRSE  t B.

gX 404 dSNOdSHd HWIL
LNANTI NOILONAA ddLS
¥ dTdVYL

00 320696L°S 10-3000000°6 00 3016000°S 10-385¢
N 00 3€0696L°S __ 10-3966666°% 00 3929€l6°%  10-366¢€
00 3C681€L°S 10-396666%9%% 00 JETSHS6°E 10-366¢
00 32919€9°S ____ 10-31L56666°¢ 00 395€8G0°E Z0-396¢
00 3€LL16%°S . 10-3L6666%°€ 00 35LT129L°1 20-300(
00 3082562°S ___ 10-3866666°2 _ 90-38L9911°%
3Ix Nl ax W1l
3 RS __ T P — e
90-3226891°2  L10-3L%0€SS°T €0 3T1¥8901°2- %0 3296209°T1~- t°sV
80-39128971°2~ 10-36%0€66°1 €0 3148901°2 %0 3195109°1- (°&1
10-3%91615°L_ L0-3€65112°S €0 3S18€68°2~ ;%0 3Z669T1°1-_ (°€1
10-3628616°L= 10-3869112°6 €0 3ST8€68°2 190 3Z66911°T1-_ (°21
20-30TLSET°T  20-30€22%1°1 20 3020062°2- 20 32H18T1»°6- (°11__
20-3€226€1°1~- 20-3L122%1°1 20 302006L°2 20 3Z%181%°6- (°0O1
£2-32%9€€9°T  20-30262L8°1 20 3T4C642°9 00 Ie0evl€°1- (°6
€0-3169€€9°T~ 2C-3816218°1 20 3T1%06%2°9- 00 3c0€YLE°T~ (°8
20-316691€°G _ 20-3929986°6=_ 0°0 20 3%52€9€°2- (°L
90-3916620°T~ 10-30€65%8°1 0°0 20 3aco02L*z- t°9
90-36Z0E€6L°T _ %0-3€61218°%~_ __00 3999€6€°6  10-32€456%°6= (°S ~
90-11€5182°1- 40-3€612L8°9~ "7 00 3999€6€°6- 10-32€59<H°6- (°Y
 §0-31SEIIS°E 00 upmmoou.ov.z|nuzak' , 0°0 00 38696%E°L- (°€
§0~3692959°1- 00 31L99L6°2 0°0 %0-3666666°5~= (°2
€0-3€92559°T=__ 00 39€0506°2 X 0°0 __%0-3656665°6__ (°1
_AMYNIOWWI 3w, ... AUYNIOVNI w3y e
300153V 100¥

21



(T *39¥9 ‘g xTpuaddy ‘8T =2anbTa oTTAM) (T oTdwexg) ws3sAs
VSHA TeoTdir e x03 3ndul dojs 3Tun ® 03 osuodsoy FUSIsSURI] ‘g oINBIg

. o A. Cc

s — /../.. " OX
J.r/.!r
............r.......r
=S )\(\.f)\!l.\\rn)\. \.llfl(}.)\..,.? nif.r-(l\f
\ |3|r:J.A = ()
viva IMAm e *x
\\\!‘ e m
VIVG 0SLA005— & mlanbi
]
(4100
_m 1NdNI
1 1 1 1 1 1 | 1 1 |
6°0 8°0 L0 9°0 S°0 ro £°0 0 1o V]

(29%) IWil

22



TABLE 5
ROOTS FOR STEP FUNCTION RESPONSE POLYNOMIAL INPUT METHOD
WYLIE FIG. 18 (Ex #1l) Ge = 0.03 SYSTEM IS STABLE

DENCMINATOR EIGENVALUES

EIGENVALUE EVALUATION BY TARNOVES METHOD

____DEGREE OF POLYNOMIAL ELEMENTS= &
REAL MATRIX ORDER= 6

~ LAMBDA

ROOT
NUMBER __ REAL IMAG INARY
1 -5,124602E-07  1.343869E-07
2 -7.349698E 00 =-1.8643S1E-07
3 -9.456432E-01 =-9.393666E 00
4 ~9.456432E-01  9.393666E 00
5 -2.720078E 02  1.00435TE-03
6 -2.363294E 02 =-1.560S17E-CS
1 ~1.374303E 00 =-6.249G41E 02
8 =1.374303E 00 6.249041€ 02
9 -9,418142E 02  2.790C20E 02 __
10 =9.4181 42E 02 --2.790020€ 02
11 -1.116992E 04 2.893815E 03 __
12 -1.116992E 04 =-2.893815E 03
13 -1.60756TE 04  2.106841E 03
14 =1.6075¢TE 04 =-2.106841E 03
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TABLE 6

R K R K
D : D B & D
X.= = =X = = X_ + — X + — X
d M) "D Mj D T M e M, “e
+R_ ., K. +K R. . K
X, = - Rﬁ D X, - ﬁ D X+ MQ X, + ME Xy + Fo
L L L L
Ce 1
K X, = A_sX - ( s St )Fex =0
e Le e
. 2 2Aé . 2A
ex = - é Fex - C Xe + C = Ks
RL C e
e
RC .. M C, ., o EE .
X + oo X_ + X_ =~ X =0
2Asz S 2As s ] As P
G Ry ... 2AS? . 2A .
Xs =~ % " we st Kp P
S s S
SR . . (BL) 2C .
(BL) = E - MpCpo - RC + 7 EER X X =0
e e
. 1 (BL) 2 " 1 : (BL) =
X = -z (R + )X - X+ E
M 8.85R M C M R
P p = P L 4R oo POMR, P
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TABLE 6

(Cont)

17 (
T _s+1
RG+R15 R9 5
R
17
F_G, =—
£ f R5
s R17 (Tls+l)
Tee Rl (Tl3s+q
s Ry7
S R
3
R T. .S

+ X F
P pGp R4 (Tlss+1)
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Figure 10.

State Variables by Block Diagrams
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DEVELOPMENT OF STATE VARIABLES FROM
DIFFERENTIAL EQUATIONS

1) MD XD + RD XD + KD XD - RD X - K. X =0

let Xl = XD X2 = Xl’ 3 o

i

(R X2+KDXl RDX4 KDX3)

[\
|

2) (MLs +(RL+R )s+K +K ) Xe + (RDs+KD) XD = 0

let X. = F
5 ex

Xg = M X, - (RL+RD)X4 - (KL+KD)X3 + RX, + K Xy = 0

% = B D g 5 2D A KL+KD)X - (RL+RD)X v 5
4 ML 1 ML 2 ML 3 ML 4 ML
5 Ce 2 1
Eq3) K X - A_s’X -( 57— 8%t g s ) Foy = 0
e Le e
Ce 1
also KSXS — AeSXe "‘(T s + R_ )Fex = 0
e Le
X6 = Xs
Ce . 1
KX -A X, = = X_. - X_ =0
s76 e 4 2Ae 5 RLe e 5
. 1 2Ae
X. = | K X, = X = A X —_—
5 [ s76 RLeAe 5 4] Ce
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P2 2n, [_A (+K_D_ « +;R2 . (K tKp) < _(R_L"'RD)
5 Ce e ML 1 ML 2 ‘ML 3\) ML
1
RL A X5)+ st6]
e e
\ — J
for %s = o™
R Cq ,  MCo | . ER .
) s¢ + s + s}\X - X =0
ZASZ AS2 ) s AS P
let X, = X, X, = X, Xg = Xy Xg = Xg; X;4 = Xg
MsCs z Rscs I_<p_
at Xg v gz X9t Xg = 3= %9=0
S S S
X = X
X, = Xg
Xg = X )
. 22 R 22
X S s 2
9 = - X = X_ + K X
M. "8 MJ "9 T MC_ "p "10
(BL)C (BL) 2C .
s E -(MC s®+(R C_+ s+1 )X =0
Re ( PP (pp 8.85Re ) ) P
X10 = Xpr %31 T Xy Xqp T STXpr X3 = By %o S
X10 = %11
. 1 (BL)Cp . (BL) 2C
11 " mc T %12 = (RCo * ggsr— ) ¥11 ~ *10
PP e e

32
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i ] Mpcpl R, R, C,/[13" Ry 57 TRy
R 1 E ] ( (BL) 2C )
+ X.n + =1 - (R_.C +“B_G'5"R X
RG+Rl5 2R9 12 R17 PP v Re 11

for eq. 6 derive by equating

i

s = 0 into mode.

+

X

- Xlo}

1
R.{ R.+=—
V =GF_ x X ,i=v/1(2GS)
e e e e e e T
Rl+R2+§§
R(R +1—)i=V(R+R+-l——)
1v2 Gs I'e o] 1 "2 Gs
(R1R2Cls+Rl)le e Ve((Rl+R2)Gs+l)
R "N R V+R1+R2\'7
e R2Cl e R1R2Cl e Rle e
let Xl3 = is X13 =i
R.-+R
. 1 1 1 "2
X = - X + GF X, + G F
13 R2Cl 13 RlRZCl e"e 73 R1R2 e e
\Y G_.F G
_ . _ £ _ f'f _
Ve = GgFg X Fop v =g = F Fex - ® °
5 5
GSFS G Fs
1= X = X
s R3 s R3 s
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TABLE 10
ROOTS FOR PULSE INPUT STATE VARIABLE METHOD
Ge = 0.03 WYLIE FIG. 17

DENCMINATOR ROOTS

EIGENVALUE EVALUATION BY TARNOVES METHOD

DEGREE OF POLYNOMIAL ELEMENTS= 1
REAL MATRIX ORDER= 14

ROOT LAMBCA
NUMBER RE AL IMAGINARY
1 ~2.729141E-02 =-6.225663E-05
2 =7.365518E 1) 2.5125C1E-CT
3 -9,456641E-01  9.393661E €
2 <9.456441E-01 -9.393661E (7
5 -2,730332E 02 4.770387E-C3
6 =2.345472E N2 -3.518602E-C4
7 -9.369922E 02  2.836L76E (2
8 Z9,399G22E N2 -2.836076E 2.
9 -1.372("SE 02  6.248570E C2
10 =1.3720 C5E 00 -6.248G7°E 2
11 -1,117550E 04  2,916G89E €3
12 =1.117550€ 04 -2.JL6GE9E (3
13 -1.607169E C4  2.108S1TE €3
14 =1.6)7169E 1% =-2.1CB91TE 03
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APPENDIX A

TABLE 1

COMPONENT DESCRIPTION AND VALUES FOR EHSA

MECHANICAL ANALOG CIRCUITS

Pilot Valve (Figure 2)

Load Voltage Across Armature
Electrodynamic Coupling Constant
Compliance of Armature Coil

Inductance of Armature Coil

- Mass of Armature and Pilot Valve

Electrical Resistance of Armature Coil
Mechanical Resistance of Pilot Valve
Velocity of Pilot Valve

Flow Control Constant for Pilot Valve

Slave Valve (Figure 3)

Effective End Area of Slave Spool
Hydraulic Compliance of a Single end Cavity
Mass of Slave Spool

Hydraulic Leakage Resistance around Slave
Spool

Mechanical Resistance of Slave Spool
Velocity of Slave Spool

Flow Control Constant for Slave Valve

Volts
1b/amp
in/1b .
henries
1b-sec2/in
ohms
lb-sec/in
in/sec

.. 3 .
in~ /sec-in

.2
in

in’/1b

lb-secz/in

1b-sec/in5
1b-sec/in
in/sec

. 3 .
in”/sec-in



TABLE 1 (Continued)

Exciter (Figure 6)

A
e

Effective End Area of Exciter Piston
Hydraulic Compliance of a Single End Cavity
Mechanical Force Output of Exciter
Hydraulic Leakage Resistance Around Exciter

Mass of Exciter Piston

" Mechanical Resistance of Exciter Piston

Velocity of Exciter Piston

Mechanical Force on Load

Mass of External Load

Mechanical Resistance of External Load
Compliance of External Load

Mass of External Load

Mechanical Resistance

Compliance of External Load

Displacement of External Load

, 2
in

in°/1b

1b
1b-sec/in5
lb-secz/in
lb-sec/in
in/sec

1b
1b-sec2/in
1b-sec/in
in/1lb
1b-sec2/in
1b-sec/in
in/1b

in



TABLE 2
PARAMETERS TO BE USED FOR SERVO-AMPLIFIER ANALYSIS

Circuit Elements in Figure 8

R, = 100.0 kilohms Ryy = 2.5 kilohms

R, = 6.8 kilohms Riy = 2.5 kilohms

Ry = 100.0 kilohms Rig = 27.0 kilohms

Ry = 100.0 kilohms Ry, = 56.0 kilohms

Ry = 56.0 kilohms Ry, = 10.0 kilohms

Ry = 100.0 kilohms Cl = 0.68 microfarads
Rll= 10.0 kilohms C4 = 0.00047 microfarads
R, = 1.8 kilohms C6 = 0.22 microfarads

Time Constants

Tl =

T5 = R9C4

(Ry + Ry) C; = 0.00726 sec Ty3 = RyCy = 0.0046 sec

= 0.000047 sec T15 = R22C6 = 0.0022 sec

Transducer Constants

F. = 3.67 volt/1lb

Fe = 10 volts/in
Fs = 60 volts/in
Fp = 0.7 volts/in/sec (including transducer amplifier gain of

Nominal Gain Settings

Gf = 1.0

G = 0.9
e

G = 005
S

G = 0.3
P

GA = 0.2

26)



Pilot Valve

BL' (lb/amp)
C in/1b
p (in/1b)
re {ohms)
Rp (1b-sec/in)
M 1b
p (1b)
Kp (in3/sec—in)
Slave Valve

A (in2)
c, (in°/1b)

Ms (1b)

.. 5
R o (1b-sec/in™)

Rs (lb-sec/in)

KS (in3/sec-in)

Exciter

A (in?)
c, (in>/1b)

.. 5
RLe (1b-sec/in™)

M (1b)

Re (lb-sec/in)

TABLE III

COMPONENT VALUES FOR EHSA SYSTEM

ExamEle 1
40

0.375

0.625 x 10

20.5

5.5 x 107°

®©

150

3.44 x 1078

ExamEle 2



TABLE III (Continued)

External Loads Example 1 Example 2

M, (1b) 1.5 x 10% - 0.5 x 10%

R, (lb-sec/in) 0.549 x 102 0.183 x 102
K, (lb/in) 0.777 x 10* 0.259 x 10%
M 2.0 x 10* 0.667 x 107
Ry (lb-sec/in) 0.977 x 102 0.326 x 102
K, (lb/in) 0.460 x 10° 0.153 x 104

Nominal Gain Settings

G 0.0 0.0
Ge 0.03 1.0

G 0.5 0.5
s

G 0.3 0.3
p

GA 0.2 0.2

NOTE: In Example 2, the same EHSA system was used as in
Example 1, except the external loads which were excited
by three servo actuators simultaneously.









