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1. SUMMARY

During recent testing of the hardware elevon actuation subsystems, undesired
oscillations above 40 Hz were first observed at the Rockwell International/
Space Division (R/SD) Flight Control Hydraulics Laboratory (FCHL). These
oscillations occurred at different frequencies in both the inboard and the
outboard elevon subsystems. They occurred only in the presence of an unby-
passed channel failure and then only while force fighting was present in the
secondary actuator stage.

Two possible causes, hardover feedback and deadspace, were investigated

using Continuous System Modeling Program (CSMP) simulation. Tests of the
hardover feedback theory were completely negative. No sustained oscillations
above 40 Hz were observed. Tests of the deadspace theory produced data
matching certain key characteristics of the hardware oscillations including
inboard actuator oscillation frequency (55.5 Hz). The oscillations occurred
only in the presence of force fighting and damped out at a position plateau.
It was concluded that deadspace must be considered to be a possible cause of
the oscillations. Modification of the actuator math model foliowed by further
investigation of this theory is recommended.
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2, INTRODUCTION

Undesired oscillations, occurring at 56 and 46 Hz in the inboard and outboard
elevon actuation subsystems, respectively, with amplitudes sufficient to
cause loud audible vibrations in the hydraulics were observed under certain
conditions during hardware tests conducted at the R/SD FCHL. These were re-
ported to the National Aeronautics and Space Administration/Lyndon B. Johnson
Space Center (NASA/JSC) about 15 August 1978. Because the cause of the
oscillations is unknown, their occurrence may prevent the elevon actuation
subsystems from meeting the fail-safe requirement for second failures in

the Space Shuttle Urbiter Vehicle (OV) 102,

Two theories emerged as to the oscillations' cause: the hardover feedback and
the deadspace theories. The hardover feedback theory asserted that the oscilla-
tions were cauwed by a flow-dependent positive pressure feedback force acting
on the power valve spool, presumably through a hardover channel. The dead-
space theory asserted that the oscillations were caused by deadspace existing
in the couplings between the second-stage valve spools and their associated
torque feedback springs.

These two theories were investigated using Continuous System Modeling Pro-
gram (CSMP) simulation. Attempts were made to duplicate certain FCHL test
data by discovering which particular combination of added nonlinearities best
reproduced the FCHL data. Any such combination, while not definitely the
cause of these oscillations, would be at least a possible cause.

2.1 ACTUATOR BACKGROUND

The elevon actuators for the 0V102 are four-channel hydraulic actuators having
redundancy concentrated in a secondary actuator stage which acts to position

a single power valve spool in proportion to the command current inputs.
Redundancy is achieved through force summing at the power spool. The power
ram or primary actuator stage is nonredundant. The inboard and outboard
actuators are funtionally identical and differ only in the size of certain

2-1
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components. A simplifiad hydraulic schematic diagram typical of either
actuator is shown in figure 2-1.

The CSMP simulation used in making this investigation was derived from a math
model of these actuators that was developed by R/SD. This math model is shown
in figure 2-2. Identified variables, constants, and nonlinearities are

listed in tables 2-1 through 2-4. A CSMP listing typical of those used in
making this investigation is shown in figure 2-3.

2.2 (QSCILLATION BACKGROUND

About 15 August 1978, NASA/JSC was advised by R/SD of undesired oscillations
occurring in the hardware elevon actuation subsystems that were then being
tested at the R/SD FCHL facility. These oscillations at 56 and 46 Hz in the
inboard and »uthoard subsystems, respectively, reportedly occurred only in
the presence of an unbypassed channel failure.

Copies of some of the FCHL test data were received at NASA/JSC before

1 September 1978. Examination of this data, which consisted of analog strip
charts, confirmed the presence of the previously reported high-frequency
oscillations (above 40 Hz) and showed that other oscillations also were
occurring near 14 Hz. These lower-frequency oscillations had been previously
investigated extensively at Honeywell, Inc., and at NASA/JSC and were be-
lieved to be too small in amplitude to cause operational problems. Conversely,
the high-frequency oscillations were new and were severe enough to cause

Toud audible vibrations in the hydraulics.

A copy of the master chart received from FCHL is shown in figure 2-4. This
chart indicates scale factors applicable to the two strip charts that were
selected for special study in this investigation (see figs. 2-5 and 2-6).
For practical reasons related to computer run times, figure 2-6 (FCHL test
no. E-16) was singled out as being more desirable for study using CSMP simu-
lation.

2-2
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TABLE 2-1. - ELEVON MODEL VARIABLES

Parameter ﬁescription Units
Vc Actuator nositicn command signal volts
‘ Ve Actuator nosition teedback signal volts
Vp Primary presaure feedback signal mA
I ASA driver current mA
IC Servovaelve (torgue motor) torque in-1b
Tp Power spool wire-feedback torque in-1b
TS Secend <tage wire-feedback torque in-1b
E gr Servovalve flapper displacement radians
E Gg vservovalve tirst stage differential flow rate cis
XS Second staqe spool displacement in
qu Commanded second stage spool displacement (ideal) in
P1 Secondary differential pressure (*ypical) psi
F] Secondary summing force corresponding to P] 1bs
xD Power spool displacement in
Xpd Power spool displacement beyond overlap in
0{ ioad flow rate cis
| er Commanded ram displacement (ideal) in
: Fp Differential force across ram piston 1bs
! P, Load pressure (equivalent to Fp) psi
F Ta Actuator torque applied to elevon in-1bs
69 Elevon angular displacement radians
g Xep, lLinear ram motion (piston with respect to cylinder)| in

2-3
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TABLE 2-2.- ELEVON MODEL CONSTANTS

transdycer)

Constant. Description Inboardv. ‘:utbourd Units

Ap Powsr spool amplification arga 0.3927 - inz
AL Power ram pisten area 21.82 18.04 1n?
A$ servovalve (secane stage) amplification area 0.0368 - (nz
B, Elevon vt o frictiun (mechanical) 45000 15000 in-1b-sec
B;) Power spocd vitcous friction 6.5 - (1b-sec)/in
o tleyon moment of tnertia (about hinge line) 7588 1876 1n-lbs-sec2
Ka Servo amp'ifier position gain 16.5 195 mA/Y
Kact Flevon 3 tyater stéfinee 357000 621000 1b/in
Kp Prwer spoc! f1 « force cosffictent 0.943 0.355 in
Ke Dynamic load damping gain coefficient 1.4 2.4 mA/V
K. Seryovalve net <tiffness 58 - (in=1b)/rad
Key Actuator position transducer sensitivity 0.683 1.173 ¥/in
K, Sprvovalve prece re gain 17644 - psi/{in-1b)
L Fedepry v= ' o crday pressyre transduser sensitivities | 0,00167 V/psi
qu Power spool tlow gatin 162.1 61.0 103/ (sec-/TB)
s narvovalve {second stage) flow gain 652 - cis/in
K, Local (backup) structure stiffness external to actuator | 233000* | 170000* ib/in
Kom Servavalve torque motor gain 0.0285 - (1n/1b)/mA
Ko Wire feedhart stiffness (power spool-to-flapper) 4.464 - {in-1b)/in
Kes Aire feeitav «tiffnpss {second stage spool-to-flapper) | 26.6 - (in=1b)/in
K, Servavalve first stage Jifferential flow gain 45,3 - cis/rad
M» Power spoo! mass 0.001 - (lb-secz)/in
l's Hydraulic cupply pressure to actuator interface 2800 - psi

toupply rinas return)
R fverage’ actuvtor moment arm [see table 2-4 14.46 8.42 in

for l’:(‘ve)}
Rf Actuator pressurs drap roefficient 0.0212 0.0397 psi/(cis)z
S Capiice trancf-er grervator - - sec™!
v toad volume to second stage orifice (one side) 0.08 - 1nd
P Hydra e £luia bulk modulus 172000 - pst
oy femomulatar f{lter damping factor 0.707 - none
i PP f11ter damping factor 0.707 - none
%dp Nemndylator filter damping factor 0.707 - none
Ta AA time ronstant 0.00187 - sec
Tc Dynamic load damper time constant g.10 - sec
g Demodulator f1lter break frequency (position feedback) | 314 - rad/sec
g tih Fliter hreak frecuency 36 - rad/sec
“dp Demodulator filter break frequency {primary pressure 628 - rad/sec

%425 percent tolerance.
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TABLE -4 .~ EFFECTIVE ACTUATOR MOMENT ARM R(GE)

Inboard actuator Outboard actuator
Elevon | Effective Effective
position arm Stroke arm Stroke
(deg) Tength (in) Tength (in)
(in) (in)
-36.5 13.160 -7.320 7.767 ~4.266 ]
-35 13.377 -6.973 7.884 -4.061
-30 14,002 -5.777 8.223 -3.358
-25 14,480 | -4.533 | 8.481 | -2.628 > -Arm
-20 14.816 -3.254 8.661 -1.880 retraction
-15 15.020 -1.951 8.766 -1.119
-10 15.098 ~-0.636 8.800 -0.352
~7.709 _— - 8.793 0
-7.585 15.094 0 —_ —
-5 15.061 +0.680 8.767 +0.415
0 14.915 +1.989 8.671 +1.176
+% 14.669 +3.280 8.517 +1.927
+10 14.331 | +4.547 | 8.307 | +2.661 A s fon
+15 13.908 +5.779 8.047 +3.375
+29 13.407 +6.972 7.740 +4.064
+21.5 13.242 +7.320 7.639 +4.266

26
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$SECONTINUDUS SYSTEM MUDELING PRCGRAM 111 Vime TRANSLATOKR GUTPUTSSS

TITLE 625-20 406 T.4304kD ELEVCH ACTUATCR FCR SSV-GVL02
’ FULL =UP HORE MOOEL WITH ASA-I
TIILE STALILITY TES
THILE 15 NOVEMSER 1578
: SYSTEM MACROS
3 LTOINT 15 A LOA-LFYEL-LIMITED INTEGRATOR
, WACKO T = LTDINT (NT)
PRCCEDURE Dkn? SMAL (DT)
If (ABSINT)al 1.1.CE=50) Dk = 0,0
ENUPHIICEDUR |,
T = [NT6PL (0.0, DR)
ENDHACRO

: LIMLAG I5 A LIMITED LAG FUNCTICN (P IS INPUT)
KA(RJ vV = LIMLAG (Ppy TC)
DVA = (P-V)}/TC
PR?LEgURF WV = SMALL (DVA)

DVA
¥4 (AbS(DVA) LT.1.DE~-50) DV = 0.0
FNDPROCEDURE

V = INTGRL (0.0 DV)
NCMACRO -
FILTER IS A UNITY-GAIN STCOND-CRDER LOW-PASS FILYER (W IS INPUT)
MACFU X = FILTER (W, 4, B, IC)
DDX&4 = B8 % (W - X) - A * OX
PhOCFDUR UD = SMALLA (DDXA)
D XA) . LT.1.0E-50) DDX = Q.0

% ETTHFARTE &

T x
O>

DXA = INTGFL (0.0, DDX)
FRULEUURF I’X = SMALLB (DXA)
DX XA
1F \IJ(OX"'OL".’. 0E - )0) DX = 0.0
FNUPROCEDURL
. X = INTGRL (IC, DX)
FNIMACRO
LIML IS A LIALTED FIFST CRIOER SYSTEW

MAf’i Y = LIML {youT, Pl,y, P2}
PROCFDURE  DYNDT = LIMA (Y, YOUT, PLl, P2)

I oA AR

Figure 2-3.— Typical CSMP listing.
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DYOT = YOOT
{F tY.LE-Pl) DYDY = AMAXL (0,0, YDQT;
F (YoGE.P2) OYDT = ANINL (0.0, YDCT
ENDPROCEDUR €
= INTGRL (0.0 DYDT)
ENDMACRO

z LIN2 IS & LIVITED SECOUND CA0FF SYSTEM

MACRN 7, 2007 = (I%2 (20707, P3, P&4) )
PRELEDURE 700 TL, 9911 = LIM (F, 7GCT, ZDDCT, PR,
1F (Zel0er3) 6L TU 330
TE L 7en 204) GO Tih 33)
(Po0TE LT onnT
00Tl = 20T
GG 132
330 ZJD0T1 = AVAXI (0,0, 20DCT)
INTL = ANMAXL (0404 eBGT)
eC T~ 332 _
331 {uDaT1 S aMINL (0,04 2000T)
71 = AYINL (0.0 20DQT)
332 Luerluue
ENTPROCEDUD L
[DOT = INTGRL (0.0, ZDDCTL)
= INT3RL (0,04 20GYVI1)
ENPMACRO
. PFAIL DISCRETFS
* DISLKETE SIGNALS PrATLL THRCUGH PEAILG CONTE
* COMDITIONG T% CHAENELS | THEEUGH 4 RESPFCTIV
* SET PFAILI = -1 FUP NEGATIVE HAKRDCVER
. Y Ffw N FATLURE
* +L F(? POSITIVE HARDCVER
s +2 FCR BYPASSED CHANHEC.
*
* RESFT DISCRETES
* DISCHETE SIGNALS FESETL THRCUGH RESET4 CC
* IN ASA CHANHEL & 1 THROUGH 4 RESPFCTIVELYeves
* SETRESEIN = ~1 Tk NCKMAL'LPERATICA,
» SET RESITN = +1 Th FOKCE PFAILN = 0 (
* BYPAS DISCRETES
» DISCRETE SIGNALS PYPASE THRCUGH HYPAS4 CORTF
» CLRL TTIUNS [N oAbt LS 1 THFOUSH 4 KESPECTIV
% SETTRY2ASN ="~ "Lk NGRIAL CPTRATIGA,
. SET BYPASN = 41 1O FUKCE PEATLN = #2+
PY
INITIAL
' E1 1333232322333 123203 3332203332320 20 21
EY X
M SIMPLIFIED ASA HODFL ASA-1 »

*
BA PR e ARk F R R R R e f & ol gtk b A ok ek Rl R

Figure 2-3.— Continued.
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Figure 2-3.— Concluded.
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Figure 2-4.— FCHL master chart.
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Figure 2-5.— Strip chart (E-12).
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Figure 2-6.— Strip chart (E-16).
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3. OSCILLATION INVESTIGATION

The objective of this investigation was to determine the probable cause of
the high-frequency oscillations previously observed in the elevon actuators.
The method employed (CSMP testing) was directed towards discovering which
particular combination of added nonlinearities could best reproduce the pro-
blem oscillations. Any such combination, while not definitively the cause
of these oscillations, would be at least a possible cause. If a really good
match could be obtained between the hardware test data and CSMP printouts,
that combination would have to be considered the probable cause at least in
the absence of any contrary evidence.

3.1 PRELIMINARY ANALYSIS

Analysis of the test data received from FCHL revealed the following two facts
regarding the high-frequency oscillations.

a. The oscillations appeared to be confined to the actuator unit and did
not significantly involve the Aerosurface Servo Amplifiers (ASA's). The
FCHL data showed only enough current in the ASA-actuator drive lines to

be accounted for by measured variations in the primary pressure feedbacks.

These current levels were low on the order of the hysteresis thresholds
of the actuator torque motors. Such levels might have influenced the
oscillations but were probably too low to induce or support them.

b. The oscillations occurred only when each ram was moving and only in the

presence of an_unbypassed command failure that produced force fighting
in_the secondary actuator. The frequency of oscillations pointed to the
secondary actuator subassembly as the probable source. This subassembly
has a calculated resonant frequency of 63 Hz and a damping ratio of 0.71
under no-fault conditions. Accordirgly, a separate CSMP program modeling
only the secondary actuator stage was set up, and frequency response data
were taken to measure stability margins at 56 Hz. These data along with
a sketch defining the terms used are shown in figures 3-1 through 3-5.
Closed-Toop data are plotted in figures 3-2 and 3-3, while the more im-
portant open-loop data are displayed in figures 3-4 and 3-5. The latter
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two figures also display calculated gain and phase margins at 56 Hz. Ob-
viously, more loop gain (0.4 dB) but less phase shift (7°) would be required
to force the secondary actuator stage into oscillation at 56 Hz with force
fighting present (fig. 3-5) rather than with it absent (see fig. 3-4).

Another factor pointing to the secondary actuator stage as the probable
source of the unwanted oscillations was that the actuator manufacturer Moog,
Inc., had successfully stopped some similar high-frequency oscillations ob-
served in a predecessor Thrust Vector Control (TVC) actuator by using an
isolated hydraulic power supply to drive the hardover channel (only) in the
secondary actuator stage.

After reviewing available FCHL test data and discussing the oscillations
problem with R,SD and NASA/JSC engineers, two possible causes emerged for
further investigation using CSMP simulation. One possible cause was flow-
induced supply pressure drops acting on the power valve spool primarily
through the hardover (faulted) channel. This theory was referred to as the
hardover feedback theory. The other possible cause was deadspace in the
couplings between the second-stage va‘v2 spools and their associated torque
feedback springs. This was referred to as the deadspace theory.

3.2 HARDOVER FEEDBACK THEORY

The hardover feedback theory asserted that the problem oscillations were
caused by a flow-dependent positive pressure feedback force acting on the
power valve spool, presumably through a hardover channel. The basic idea

is depicted in figure 3-6, which shows an added pressure drop term (AP4) that
is proportional (K) to some power {n) of the magnitude of the actuator flow
rate (QL). Inclusion of the signum (sgn) function ensures positive feedback
if K is positive and negative feedback if K is negative (both were tested).

As indicated in a note on figure 3-6, the typical pressure value in the hard-
over channel (channel 4) is also flow dependent, but there is no continuity
of algebraic sign included in this dependency to ensure positive or negative
feedback.

3-7
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dynamics for hardover feedback theory tests.
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In accordance with the investigation objective, the CSMP program was rewrit-
ten to add the previously described pressure feedback term into the equations,
and computer runs were performed using the parameter values listed in

table 3-1. Referring to table 3-1, only four different computer runs actually
were made to test this theory, although six printouts are listed. These runs
are numbers 1, 2 and 3 with K = +0.7297; runs 2 and 3 with K = -0.1297;

and runs 5 and 6. Runs 2 and 3 (and 5 and 6) were made using CSMP program
listings that were identical except for the output calls, which were separ-
ated to avoid overloading the digital computers. Run 4 was exceptional in
that it was made using incoherent feedback, This was accomplished by setting
K = 0 and raising the value of the pressure drop coefficient RF from 0,0212
to 0,1297 psid/(cis)2 for this one run only,

The CSMP test results were completely negative. No sustained oscillations
were observed above 40 Hz, although the square-law runs with positive feed-
back quickly became exponentially unstable with very large self-quenched
oscillations occurring at approximately 17 Hz.

3.3 DEADSPACE THEORY

The deadspace theory asserted that the problem oscillations were caused by
deadspace existing in the couplings between the second-stage valve spools
and their associated torque feedback springs. Whenever the feedback springs
were positioned inside this deadspace, they were decoupled from the valve
2pools. Such decoupling immediately raised the forward-path gain of all
contiguous outer servo loops and added phase shift, thus driving the outer
loops towards instability.

Assuming the secondary actuator subassembly ¥s principally responsible for
praducing the problem oscillations, the major outer loops affected are those
for which the power spool displacement variable (Xp) provides the return
signal. These loops are shown in figure 2-1. The stability margins shown

in figures 3-4 and 3-5 are applicable. In order to make a quick check to see
if opening the second-stage torque feedbacks entirely would cause an actuation
subsystem to oscillate, a CSMP test run was made with all second-stage

3-9
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feedback gain coefficients (KXS) set to zero. No continuous oscillations
resulted, although some ringing was observed at 62.5 Hz.

Referring to the hydraulic schematic diagram in figure 2-1, it is evident
that mechanical coupling exists between the pressure developed in each chan-
nel of the secondary actuator and the flapper of the corresponding first-
stage servo valve. This coupling passes through each second-stage servo
valve via the torque feedback spring connection and logically would be
affected by deadspace at this connection point. This coupling is not modeled
explicitly in the R/SD math model (see fig. 2-2), because zero deadspace

was assumed in deriving it. Obviously, it is necessary to develop and in-
clude the dynamics of the second-stage servo valves in the math model in
order to make it suitable for use in testing the deadspace theory of oscilla-
tions. '

The modifications developed to satisfy this requirement are shown in fig-

ure 3-7. Input flow (QF) and second-stage valve spool displacement (XS)

are related by the two block diagrams providing a before and after look at
the math model. Observe that mechanical coupling from the secondary actuator
pressure variable (P]) to the second-stage valve spool is included explicitly
in the modified block diagram. Further math model changes required to in-
sert deadspace into the couplings between the second-stage and power valve
spools and the corresponding torque feedback springs are shown in figure 3-8.
These were the only changes made in the R/SD math model before making the
deadspace theory CSMP runs.

New variables and parameters added for the deadspace theory runs are listed
in table 3-2.

Different sets of numerical values assigned to parameters Ax’ Bx’ Kx and Mx
during the course of testing were identified by a MOD (letter) REV (number)
code for convenience, where MOD means modification and REV means revision.
These sets of values are shown in table 3-3 along with the underlying reso-
nant frequencies (fn) and damping ratios (z) which led to their selection
as outlined in the following paragraphs.
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TABLE 3-2.— NEW VARIABLES AND PARAMETERS
Symbol Units Description
ix inch/sec Second-stage spool rate (ideal)
is inch/sec Second-stage spool rate (actual)
Ax inch2 Stub spool area
B, 1b-sec/inch | Viscous friction coefficient
Kx 1b/inch Effective spring constant
Mx ]b-seczlinch Mass of second-stage spool
DDSP | inches Deadspace at connection to second-stage
spool (half width)
DDSPA { inches Deadspace at connection to power spool

(half width)

TABLE 3-3.— PARAMETER VALUES USED IN DEADSPACE THEORY TESTS

Actuator K¥ Mx ) B, A, Calculated
MOD/REV | (1b/in) (ijsec ) <1b-.sec> 2 fn .
in in (in®) (Hz)

A/0* 7592 1.5 E-5 0.48 0.07629 | 3581 | 0.71
B/0 592 1.5 E-5 0.13 0.01629 | 1000 | 0.71
B/1 5330 1.5 E-5 0.40 0.01629 | 3000 | 0.71
B/2 2369 1.5 E-5 0.27 0.01629 | 2000 {0.71
B/ 3** 3701 1.5 E-5 0.33 0.01629 | 2500 | 0.71
B/4 3701 1.5 E-5 0.047 10.01629 | 2500 | 0.70
B/5 3701 1.5 E-5 0.188 10.01629 | 2500 | 0.40

*MOD A was invalid (no pressure feedback).
**MOD B REV 3 was selected for use in further testing on
17 NOV 78.
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The value used for Mx (1.5 E-5 lb—secz/inch) was estimated by scaling physi-
cal dimensions with respect to the power valve spool using drawings included

with the original Moog, Inc., proposal document. This same document pro-
vided the exact value used for Ax'

The values for Kx and Bx were chosen to provide the resonant frequencies and
damping ratios indicated in table 3-3. Referring to figure 3-7 and neglecting
pressure P], the transfer function Rs/xx is defined as Tx

T, = X

2
x> *BS Ky

By inspection, the natural frequency fn = (1/2w)/Rx/Mx and the damping ratio
= Bx/4nanX. These equations were solved to find Kx and Bx:

i

2¢. 2
Kx 41 fn Mx

By

4nfnch

Values for deadspaces DDSP and DDSPA were determined by experimentation.
The total throw of each second-stage spool was limited to +XSLIM = *0.015
inch, and that of the power spool was limited to =XPLIM = +0.05 inch.

The first 23 computer runs made to test the deadspace theory are listed in
table 3-4. Referring to this table, notice that run 01 was the original
run made with no spool dynamics included and all second-state feedback gain
coefficients (sz) set to zero as discussed earlier in this section.

Before starting to test using nonzero deadspaces, it was necessary to verify
that any set of MOD/REV (see table 3-3) numerical parameter values selected
for use in testing would generate CSMP test data closely matching that ob-
tained using the original R/SD math model with no second-stage spool dynamics
included. Accordingly, run 02 was made using the original math model in order
to generate a se. of reference data for verification purposes.
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Run 03 was made to verify the MOD A REV O parameters but was unacceptable
because direct pressure feedback was mistakenly removed from the torque sum-
ming junction. Predictably, the data obtained came nowhere near matching
the reference data previously obtained in run 02.

Direct pressure feedback was restored to the R/SD math model producing
actuator MOD B. This modification proved to be acceptable for all later
testing.

Run 04 was made to verify MOD B REV 0 parameters, but the data obtained did
not match that of the reference run (run 02) at all. In fact, it was highly
oscillatory and jittery and completely unacceptable. The natural frequency
(fn) was 1000 Hz and probably too Tow. Accordingly, fn was raised to 3000 Hz
for run 05.

Run 05 was made to verify MGD B REV 1 parameters and was the first successful
verification test run. The data obtained was an excellent match with that
previously obtained in run 02. Consequently, nonzero deadspace was intro-
duced into the simulation for the first time using MOD B REV 1 parameter
values in run 06.

Run 06 was made with all second-stage deadspaces (DDSP) equal to +0.005 inch
and with zero deadspace at the power spool connections (DDSPA = 0). A +12
degs/sec ramp command was applied to the three active channels. It was
limited to +8 degrees maximum and augmented by a -2 degrees blip to excite any
possible oscillations. A fixed (zero degrees) command was applied to the
single failed channel (channel 4). No undesired oscillations were observed

in the printouts. The magnitude of displacement of the second-stage valve
spools in the three active channels never was great enough to move the feed-
back springs out of their deadspace regions during the entire test run.
Apparently 3000 Hz was too high for fn, and 1000 Hz was too low.

Accordingly, run 07 was made with fn equal to 2000 Hz. The purpose was to
verify MOD B REV 2 parameter values, but only a fair match was obtained
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between the printout data and that previously obtained in the reference run,
primarily because of excessive ringing at and above 62.5 Hz.

Run 08 was made with fn equal to 2000 Hz (MOD B REV 2 parameter values)

and DDSP equal to +0.005 inch (DDSPA = 0). For the first time, this run
generated printouts matching certain key characteristics of the hardware
oscillations observed in FCHL test no. E-16 (fig. 2-6) including oscillation
frequency (55.5 Hz) and dampout at a position plateau.

Run 09 was made to verify MOD B REV 3 parameters, which were derived using
fn equal to 2500 Hz. Excellent agreement was achieved with the printouts
from the refarence run (run 02).

Run 10 was made using MOD B REV 3 parameter values along with DDSP equal
to #0.005 inch (DDSPA = 0). Oscillations similar to those generated during
run 08 were observed but with a frequency of 59.5 instead of 55.5 Hz.

Runs 11 and 12 were made using MOD B REV 3 parameters but with DDSP reduced
to +0.001 and *0.003 inch, respectively (DDSPA = 0). No continuous oscilla-
tions appeared, although ringing at 55.5 Hz was observed during both runs.
Both the amplitude and the duration of the ringing were greater using the
larger DDSP value.

Before run 13, all deadspace-theory test runs had been made with the damping
ratio (z) arbitrarily set equal to 0.71. Runs 13 and 14 were made with ¢
equal to 0.1 (MOD B REV 4 parameter values) and with DDSP equal to +0.001
and +0.003 inch, respectively. Neither run was acceptable. Both produced
strong oscillations in the secondary actuator stage at 250 Hz modulated at
17 Hz.

Runs 15 and 16 were made using the same values of DDSP and DDSPA but with

z set equal to 0.4 (MOD B REV 5 parameter set). Continuous oscillations were
not generated, but ringing at 50.0 Hz was observed during both runs.
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Runs 17 through 23 were all made using the MOD B REV 3 set of parameter values
with nonzero values of power spool deadspace DDSPA used for the first time.
Runs 17 and 18 were made with DDSPA equal to +0.005 inch and DDSP equal to
+0.001 and #0.003 inch, respectively. A variety of continuous oscillations
appeared including some at 25, 45, and 55.5 Hz.

Continuous oscillations at 25 Hz were observed after the ram stopped moving
in the plateau area where the +12 degs/sec ramp command was limited to +8
degrees. Apparently the deadspaces were too large.

Runs 19 and 20 were made with both DDSP and DDSPA equal to *0.003 inch, and
the blip was deleted from the Timited ramp position command signal for run 19
(only). No continuous high-frequency oscillations (above 40 Hz) were gen-
erated during run 19, but in run 20 continuous oscillations at 55.5 Hz were
observed while the ram was in motion. When the ram stopped moving in the
plateau area, the frequency of the continuous oscillations changed to 22.2 Hz.
Apparently a blip was required to excite the high-frequency oscillations.

Runs 21 through 23 were made with DDSPA fixed at #0.001 inch and DDSP set
equal to +0,003, #0.002 and +0.001 inch, respectively. Runs 21 and 22 pro-
duced continuous oscillations at 55.5 Hz while the ram was moving and no
oscillations at all inside the plateau area. Some ringing at 55.5 Hz was
observed during run 23 while the ram was moving. This was followed by con-
tinuous oscillations at 12.0 Hz in the plateau area.

Atong with the MOD B REV 3 parameter value set, the values of DDSP and DDSPA
used in run 22 were selected for making further tests of the deadspace
theory of oscillations. This was done because the data from run 22 matched
that from FCHL test no. E-16 best of all the runs that had been made.

Little further testing was performed, however. Runs 24 and 25 (not listed in
table 3-4) (printout 72 NOV 20) were made using DDSP set equal to +0.002

inch and DDSPA set equal to +0.001 inch to see whether or not oscilla-

tions would occur in the absence of force fighting in the secondary actuator
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stage. They did not occur. Run 24 was made without force fighting, and
run 25 included force fighting. The oscillations did not occur in run 24,
and this pair of computer runs is considered the best obtained during this
investigation. Some of the printouts from this pair of runs are displayed
in figures 3-9 through 3-12, and a tabulated comparison of characteristics
of the oscillations that were observed with force fighting present against
those from FCHL test no. E-16 appears in table 3-5. The CSMP listing for
these runs (a double-run case) is shown in figure 2-3.

Runs 26 and 27 were identical to runs 24 and 25 except a CSMP model of the
outboard elevon actuator was substituted for that of the inboard actuator
previously tested in runs 01 to 25. No continuous oscillations were ob-
served in the printouts (74 NOV 27-78), although ringing at 55.5 Hz was
observed especially after the blip. These two runs were the only ones made
using the outboard actuator model.

Runs 28 and 29 were made to simulate FCHL test no. E-12. The three active
channels were given a +4 degs/sec ramp command plus a ~1 deg biip. The sum
was limited to +2.7 degrees maximum. The MOD B REV 3 parameter set was used
with the power spool deadspace DLCSPA fixed at +0.001 inch. Second-stage
spool deadspace (DDSP) values were +0.002 and +0.001 inch, respectively,

in runs 28 and 29. No continuous high-frequency oscillations were observed
in the printouts (75 NOV 27-78), but ringing at 50 Hz was observed following
the blip. Continuous oscillations at 10 Hz were noted in the plateau region
(only). The magnitude of differential pressure in the faulted channel
(channel 4) never exceeded 1506 psid, because the commanded surface dis-
placement was limited to +2.7 degrees in the three active channels. A con-
stant command of 0 degrees was applied to channel 4.

The final CSMP run, run 30, was made under conditions similar to those for

run 28 (DDSP = *0.002 inch and DDSPA = #0.001 inch) except an expanded maxi-
mum surface displacement of +10 degrees was used. Similar test results were
obtained, although the magnitude of differential pressure in channel 4 quickly
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Figure 3-10.— Ram position feedback voltage, less offset (volts).
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Figure 3-10.— Continued.
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Figure 3-10.— Concluded.
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Figure 3-11.— Concluded.

3-33



L+3 (INtHEY}

&(vou ACTLATUR (INGCLAKDY wITH ASA-]

i

Bl e
Csé ‘z'i'ﬁl: y&:l BYSPLACKM NT TN [HANNEL

f
i

!

1.0000

245000603

fetexs|

=2 SUN0F - 04

—————————

~atl
—

[POIOUI
RPN

e .-y
e —————

D R

sl memnne sl demmcasn e as [ c——————y

R Lt TR TY PAPSIISPUNIE, Fp R P ey

!
IO B

B
tor
i

R

-
V- OO00D0OODI0C OMO- £ ~etn e 9O DO < ¥R E T O —~— QR N & cs

R AR AT R R R R R I R O I I I T T R R N Y Y P D a4l

P GL Chm w ™
COCCAVOITLODVILT
N N N N N A A A A A s
4 y L L e it W, WAL PO LT P Ty
PNt T st P EF FTI N It T Dk MG TP QOO F et P T T GEM P amf A~ F PO L DR TAFPUT T i DT R v e T e e P ZFIN T TS
IR M@ ST P NI E P DY L LTt DOP T T IACT IR I N T DO P AT e Lot T ML LT G L PPN AT S ATAT v A
R T DG I D S IT e FHNE LNt d o O NS B DT IE 00 D~ OO C T INDEC P =T E P ND T N Ol O P L L I T PP DT SO S g ™ 3
FOIEDDER L asf B ) F o I R Dt oMO - O T DD OO0 T Fulymte s £ I TS OIT 2 T B A P AN =S N L 5 PSS T

RS O T T AL AL T IO T LA VL LET I L L s Eed

HUOCLCOUCD . I IUN0UOOLDOUOCLOILO0OTOCC S0 ~ -

R R R .
. s

OOOCOQTOTOOMN T O™ T sl = sy PG oL ot " —-TAg O 3 4 e it AL OO AU D L A N Py Tt NI S SN et e O

'R 1 v '

e e )

VOCOVUOTVCOOOOA 00O HNIOVICAITINO O IANINIOOCOC HCUDCL

311

B3 302000 10t pa 81 h b i ddsd b talrrebtsllt

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

s s esecevncssscscsnsonsana

OO0V 00V VOCOA0OOT O COO0C3IDCO0 ICCOC000020CO00000VDOT0000ON00L ICCDOIVDOCIG I DICDOCIT IO~ ICCACITOCOCOINTST
O OO0 0Q IOV 0CVOLVOCVVDODOCDOOD0VONAAT 2R C20DD00020200009H00NN0OI0C IO0NIS0CECOC UL SC CA3CACC ICINCOICTIAIOCCTOOCOL
- QDOOC 2000 3 OGO O B S A O L RO S S L T L NP S T T AT S AT L DN T DT T ST SN O T X CA T L SR F 3T T O B S T o u T S e T oo C ST o e &
x ¢ I00000BO0C 00000 IC D! o TEEIE W IBLDD - e T NEDE ST PO P T CCDTC mrmt s AN MM P 7T
T BEONE QDO f D BONE £ OO DD T R A LS N P WV W

e

SCc2

e s e e - . soe o ssseccsse .
TITTENECE JCAC O A THTTT CC I T FEOC IO DNO0 000000 C20000CO0IDCUICOCLGLOO0TDCT AT AT Qo230 33CDCICTINVO000TICT

E| L g T

hes

inc

e fighting).

th forc

i

ge spool displacement in

=
p—
<
L odat)
wv
t r—
©
[~y
QO -
[S 01}
[T 3~
[Z0 BN =4

<
| =
« O
o
~~
1 o
o
Q
o~
3
o
Raad
.

3-34



LN K]
Il Btes AD

BB BEN]

DO IDOCOOODC

FVEy sttt

SR LV ¥ 4 92 44 - erd

DOOYOC

DOOOA!

AN ZI L O I Ot PENE P Do
R Y v

(RN

7o

SOONOC

-
TEEPIAS

-

OO —

O T NI e g

e

£ > 2O

~ AN N .

101

~EPOF

Pritry
O~

P DL DN=D IO PG

>

~ Iy

SO s
~ S

FINE T DACS
NEECC o T X T RO D PO LD BT o A
T v

e

NI D A~ D

o

-

DAse— OO
N—C— IO TN

Ere

DD s O o,
~NMNNS DR AT
PRI ey

FISSTEN

Nowy

LN

W IR WO O DO N T
D IO T PO I ~
CORN L L TC £ O™

LU

DT S
HEL duw
T

o~

3-12.—- Continued.

-—"
—

———

EE LT TSP Y

-———

-
ey

b LT T LTy

——y




¥ -~ Rl
. 555
i -
1 '
- 1 i +
1 H i 1
1 1 1 :
—— e —— —-
1 1Y) B
i 11 .
1 it ' '
1 Ple - ‘ '
e XS] 1 + '
- .1t 111 ] M N -
11 1l IEX] 1 ' t- '
i () 13 1 1 . t
ie til 110 3 i .
i IR LS} i ! LR
M I I} 1 1 -t
T I i i N
vt 13 H 1 [
113 ti 1 o1 [}
[ 111 ' N
143 [NE] ' I
IR} 1 : 11
+ 141 [ 1 it
————
RN} R} v ' ()
IR [} 1 v [
- el T (R o1
. Pora .t - f i1
' s 3 T ‘ , v
- 1 [N tad ] L
' LR 1y . trrge i )
- ‘. I N IREER ' '
1 ) (XN Lo vy ' '
. e v sh i e
o ’ i Vs e v
. v . 0 v e o *
RN i . I ¢ I
Ve Lo ; . : o
' , : . ' P i
, + L. ' v v vy @
v . ) N . o e ot 3
I . . . S =]
- 1. B o
» L I
i Ty .- 1 +
1 I .
' v N c
. ) n
' ' o (=]
‘e e [ &)
‘e i1
_ !

-12

Figure 3

. & IIXITIIITIN S ILT T R i R T S S i Ao X LR & $e res T rese o s gy
= SOODTODDOCL Z7 T o B R R D R R St N I e .

' ‘o R . . R I A i v ' . . B
s s s A AL s i . b A g el - b Ak A e e 4 m s e ea o s
PRI~ AR P TR m TOONE DT TAE T TTM QD T IREA IR T mrgQ PR Pl 40 D TR D e e L Rt e e R I A St -TARSTRL TEELl
IC I DOILE A INOI@EAN ot LA Dol I I DB IO TE IS 2L Py SLE T R R et L L. RS B Sl R D Sy L Rtk e
el DU APef O ™ Bt I A P BDNON YT P TEADICIT FCAANLT L S OO T T LOANT UL O S R L IO e r DO o I TS e e ——
2t § O L QA INO S € X DI LML TN N S T LT~ e DO O Tl il 2 D0 TLIE et ST MAIN L W S Tw™ S P T I TN P PO T LT =D W Rt B R R oL
o & Q@ Mg renr T NG OF = CF OF P Joom A X C T DA AL C DB OO I et DTSRG W TS R Bk R =T v R Pty
cessessctuetascsson o e eessecsvaccascesacssssasacasStanons sevseeemonessteanan
e B P PN AL G O o DN T N O T A et & et P el PN e Sl T A e LA S R e T e AT ey gt Sk e D et e T et Pt et S

Ty [ R} [N s P v o ' . s )

OO0 QOO IV QD DOCDOCHO Z I SVCTTVOICNTTADCS
8%§0§§80§083§§080800ﬂ0ﬂ03 ToTooRT DN TTe
" on g ABCA P AEONTIBOANT wE: ST SXOAT EONUT A HNTIXCA £L2 IF TI6 D IS-TNe TLLTTSIRTAELT D
v - o~ 0 0 0 0 GO C DO st ror ettt « PP A7 & F T CSLAm T Da T
MW R L S EETENE QL W OIEL LOVLLE DS BT Lol < L et
e aassosersnansanostansennessoasnssnrneoesossvoasacocssnsatcesssena seivesescennae
CLOEICCDTCOCLT

QACOC OC 3 200U JOOTULC = DOLOOC -~ 200000 TDC TGO

Dl

Rl o i aa . 4

-« e, . Py T P I e v S

3-36



e ettt 4 e kbt 0 1ttt ot e .

—— - D U, — -
-
.
t
i -
.y '
P ‘-
e o
ot b ot e ————— e - —— e e
[ .

fl

[

. (Y
s

Rl R R T T e
rra e R ]

3-37

Figure 3-12.— Concluded.
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bucame saturated at the supply limit (2800 psid). Continuous oscillations were
noted at 11 Hz in the plateau region (only) in the printouts (75 NOV 28-78).

On 15 December 1978, a copy of the elevon servoactuators math model developed
by C. J. Greaves at Moog, Inc., was received at NASA/JSC. This model includes
a considerably greater amount of detail in modeling the flapper valve stage
than does figure 2-2 {R/SD math model). Although making direct comparisons
between the two math models generally is not feasible, there is a consider-
able amount of similarity between them. For instance, it was learned that
the proper value of Mx was 2.85 E-5 lbs-secz/inch, rather than the 1.50 E-5
value that was used in this investigation. Because of the way the supporting
values Bx and Kx were developed, it is believed that this difference in Mx
does not significantly affect any interpretations of data that were arrived
at in this study.
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4, CONCLUSIONS AND RECOMMENDATIONS

Principally because of the similarity in test results achieved between CSMP
runs 24 and 25 and FCHL test no. E-16, it is concluded that deadspace in the
couplings between the second-stage valve spools and their associated torque
feedback springs (with or without similar deadspace in the couplings between
the power spool and associated torque feedback springs) must be considered
to be a possible cause of the problem oscillations occurring above 40 Hz in
the hardware elevon actuation subsystems.

It is recommended that the actuator manufacturer Moog, Inc., be made aware
of the results of this investigation and that the comments of that company
regarding the deadspace theory of oscillations be solicited.

It is further recommended that the R/SD actuator math wodel usvu n {hii
investigation be modified especially around the flapper and second-stage
(servo) valve stages to bring it into conformance with the Moog actuator
math model and that a Timited number of tests be repeated using this modi-
fied math model. 1If results warrant, further investigations incorporating
different values of deadspace, different FCHL reference data, deadspace in-
cluded in different amounts in different channels, outboard actuator models,
and so forth can be considered.
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