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INTERVAL IOTE

PERFORMANCE OF APOLLO BLOCK II
THRUST VECTOR CONTROL
USING THE PRIMARY GUIDANCE NAVIGATION
AND CONTROL SYSTEM (PGNCS)

SUMMARY

The Guidance and Control Division has developed all digital
functional simulators of the Apollo Block II TVC (Thrust Vector
Centrol), during SPS (Service Tropulsisn System) thrustirg. including
tke combined guidance and D=f (Digisal iAutopilot) dynamics. These
tfunctional simulators have been used as design and analysis tools and
provide deteiled performance data. This report presents the resulis
of a performance analysis comparison of the COLOSSUS I and COLOSSUS II1
TVC DAP designs using these simulators. Alternate designs for the
COLOSSUS II program were also evaluated. The primary effort of the
study was concentrated on the CSMAIM configur:tion as the CSM DAP is
identical for both programs and has already been flight tested.

The results of this study showed that (1) The COLOSSUS II design
gives far superior performance and is adequate for the lunar mission;
(2) One of the three alternate designs for COLOSSUS II is unacceptable
bacause of unstable propellant dynamics; and (3) Tue other two alternate
designs are adequate.

INTRODUCTION

In an effort to improve the shori burn performance and pilot moni-
toring capability during the initial poriion of an SPS engine burn
under PGNCS control, maximum use was mace of the latest structural dyna-
mics data to develop the COLOSSUS I CbLUﬁLITVC DAP. This new design
(ref. 1) was based on the structural test data obtained from the Struc-
tures and Mechanics Division (Ref. 2) which has far less uncertainty
than the previous analytically dete:minec data. The stability character-
istics of this design are presented in R-f., 3.

In addition to the present naminal COLOSSUS II CSM/IM TVC DAP
filter, alternate filter designs wer= also evaluated. For purposes
of identification in this document, the various DAP filter designs
will be referred to as COLOSSUS I, COLOSSUS II-IB, COLOSSUS II-HB,
ALTERNATE I, ALTERNATE II and ALTERNATE III. The filter forms and
coefficients are shown in Figures 1 and 2, It should be noted that
the COLOSSUS II-HB coefficients are ir ersasable memory, whereas the
COLOSSUS II-LB and COLOSSUS I coefficients are in fixed memory.

-~

S



I THNOId

I Snss0Toe

aviswop — -_GT X g%

av1 su o — 0T % 9°L = (1/°1) = 24
nzzenzTero = tu

455EE6TR°G = 24 OLTTCTS T= = 2t
ooLhenl' T = S 61e6296°C = mm
TTetEaL e = o gl200L6°2 = M
GLHEOGR €= = e 90629604 °0- = By
soleshn'6 = °a eHELnBT'E =l
LABGELL = = 16 ¢gegoL6 e = '

s-xma+ ——- m-mma + H-Naq + T ]
A m=m LT 2T+ T 4= (2



TRUBTOLSIO00 PUS SULIO)

I23TTE = *2 am3ITy

N

SEC or T 22T 260°0 612G AMW..V Zy
7060°S 2108'0 £00L"0 2LE6%0 28800 etq
g3 om 6CSA 0m 449" 0= 8666° 0= 902L°0- 2/
LER0O°0 €rsg°o 96£g°0 éenlt o o8Hhe° o . mmz
- Toe GORS 0= 59564 0= STiLq'o- 2625 0= 2/
5290°0 0T 0'T 0 01 Oty
T 3700 TT29°C KGH* O 09M5°0 06£5°0 Bq
2Evg om 569TL" C ¢6TES 0 T0T6°0- £019°0- N\Hma,/
HLE0%0 30 €800°0 0°0 00 ey
B5CC*0 0'0 6060° 0= 00 1184 0~ 2/%n
$290°C 052°0 o't 0°'1 0°'T 02y
9290°0 £129°0 v a0 0w43°0 06€6°0 °h
ST A ssytL0n S6TES O T0T6°0- €019 0- 2/ a
Lans, ITnE*0 €940° G- TOE€ "0 0'0 Ty
nL99"0 T aLl9yt ¢6TEH 0= ¢g2e " 0- 00 2/
0T T 0T 0T ‘o't CTy
TII AIVAd3 1Y TT BIVIaTTv T SIViganiv §i-11 SNSSOT0D @i-11 SnS50100 *34300
e .?_.A«M..va N “\ 5.75% +TNA ﬂw:,v.m + e n.%a )+ T .
m-..\.m“; + T,.ﬁ..m )e o+ “ . fxmm: 1 T.&.lml.vm £ 0 m-xmﬂz + H-NA .mm..vm ) ‘



SIMULATOR PESCRIPTION

In cooperation with the Comp-tation and Analysis Division, func-
ticnal simulators of the COLOSSUS I and CCLOSSUS II TVC DAP's have been
developed for engineering evaluation of the TVC systems. These simu-
lators made use of the flight environments tape developed by MIT/IL
for flight program testing. All data presented in this document came
from testing done on these functicnal simulators. These simulations
are described in reference L.

RESULTS

As was noted in the introduction. :une primary reasorn for develop-
ment of the COLOSSUS II CSM/IM TVC DAP was to improve the short burn
performance and the pilot monitoring of the CSM/IM TVC DAP. 3is a
measure of the performance, two parameters were generally considered:
(1) Peak attitude error, and (2) final cioss~axis velocity. The
initial thrust misalignment in both axes is onz degree (3 signma
misalignments are very close to one degree).

Figures 3 and 4 are time responses of the attitude error, and
cross-axis velocity error, with the COLOSSUS I CSM/IM TVC DAP, for a
burn duretvion of approximately ten seconds. The attitude errors in
both axes are continuously increasing because the combined guidance and
control system time constants are too large. The final velocity error
is greater than six feet per second. Figures 5 and 6 are time
responses of the same system for a burn of approximately fifty seconds.
The attitude errors peak at about nine degrees and are oscillatory.

The final cross-axis velocity error approaches zero. Thz two runs
demonstrate the need to improve the performance over that available in
COLOSSUS I system. It is readily apparent that the short burn final
cross-axis velocity and the peak attitude error for any length burn are
too large to be considered acceptable.

Figures 7 and 8 are time responses of the attitude error and
cross-axis velocity, with the COLOSSUS II~-LB CSM/IM TVC DAP, for a burn
duration of approximately ten seconds. The attitude error peaks at
about 1.7 degrees and decreases to about 1.0 degrees at engine cutoff,
The final cross-axis velocity is less than three feet per second.
Figure 9 and 10 are time responses of the same system for a burn of
approximately fifty seconds. The peak attitude error is about 1.75
degrees and decreases to about zero at engine cutoff. The final
cross-axis velocity is zero. These two runs, when compared to the
previous runs for COLOSSUS I, demonstrate the great improvement in
short burn pointing accuracy and attitude error transient due to
initial thrust mistrim.



Figures 11 and 12 are time responses of the attitude error and
cross-axis velocity with the COLOSSUS II-HB CSM/LM TVC DAP controlling
an I0I burn. The peak attitude error is about 1.1 degrees and is zeren
at engine cutoff. The final cross-axis velocity is about zero. The

alocity limit cycling performance is due to quantization of the
velocity measurement., Figures 13 and 14 are time response taken under
the same conditions except the control was switched to the COLOSSUS II-
LB CSH/IM TVC DAP at 10 seconds after engine ignition. This switchover
cun be accomplished at anytime after iguition by verb UOE to the CMC.
(Presumably the only reason for making this switchover would be to
provide additional phase compensation to the sloshing propellant dyna-
mics. Such an event would probably occur early in the burn.) With
the switchover at 10 seconds, the peak attitude error reaches a magni-
tude of about 3.2 degrees. This increase is due to the lower system
gain and slower response. The final cross-axis velocity is about zero.
In summary, this run demonstrates that the LOI maneuver can be com-
pleted with the low bandwidth system.

Figures 15 and 16 are time responses of the attitude error and
cross-axis velocity error with Alternate I controlling a burn of about
fifty seconds. The peak attitude error for this system was about the
same as for the COLOSSUS II-HB. However, it has a faster response
because it is a wider bandwidth system. The final cross-axis velocity
is approximately zero. :

The attitude error and cross-axis velocity time responses for a
burn of about fifty seconds with Alternate II controlling are shown
in Figures 17 and 18. These responses shew a more degraded performance
than the COLQSSUS II-HB as the peak attitude errcrs are about 2.7
degrees. ThilP€inal cross-axis velocity error is about zero.

Figures 19 and 20 are the attitude errors and cross-axis velocity
errors with alternate III controlling. Alternate III is a sixth order
representation of the COLOSSUS I DAP prior to switchover. Therefore,
the performance is similar: Peak attitude error is about nine degrees
and is slow to damp, and the final cross-axls velocity approaches zero.
However, this particular design has unstable slosh characteristics as
is demonstrated in the engine time response shown in Figure 21.
Although the instability has not reached significant proportions for
this burn, the engine oscillations at the end of an IOI length burn
are about 1.2 degrees peak-to-peak., This characteristic makes this
alternate unacceptable.

Figure 22 s a final cross-axis velocity error plot versus burn
time for the CSMJ alcne TVC DAP. This DAP is the same for both COLOSSUS
I and COLOSSUS II. The error 1is seen to build up to a peak for a burn
time of approximately 10 seconds and approach zero for burn lengths



greater than twenty seconds. The initial engine mistrim for all burn
times was one degree.

CONCLUS IOS

The following conclusions can be drawn from the results of this
study:

a. The COLOSSUS II performance is far superior to that of
COLOSSUS I.

b. Alternate I and AlternateII CSM/IM TVC DAP designs have
good performance characteristics but neither is recommended as primary
because of the additional verification which would be required.
Alternate I is considered to be a gocd backup design.

c. The Alternate IIT CSM/IM TVC DAP design is unstable and
therefore unacceptable,

d. The CSM TVC DAP has good performance characteristics as
has been demonstrated during flight of Apollo 7, 8, and 9.
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