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1. 5 Reason For Change: 

Due to various hardware and software lags, the GTS 

attitude control system pumps energy into the slosh oscil

lation modes in the CSM-docked configuration. A signi

ficant portion of the software lag is caused by the large 

time constants of the CSM-docked state estimator. Although 

the low _gain state estimator was necessary in the SUNDANCE 

and LUMINARY 1 DAPS to prevent bending mode instabilities, 

the improvement in bending stability with the jet inhibition 

logic introduced in LUMINARY lA should be sufficient to allow 

the use of a faster state estimator. 
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LUMINARY 1A:CSM-DOCKED LM DAP MISSION F SLOSH 

STABILITY 

R ecent co mmunications from NASA and TRW have added urgency 

to the investigation of po ssible slosh~guidance-control interactions in 

the LGC program LUMINARY. (See reference 1.) 

Our previous investigations have established that CSM-docked 

trim gimbal control, as exercised by the LM digital autopilot in the 

earlier program SUNDANCE, was almost neutrally stable with respect 

to slosh; that i s very little energy was added to or extracted from the 

slosh modes. Similar t ests on LUMINARY showed that energy was be

ing pumped tnto the slosh process by the DAP, and in particular by the 

attitude control mode of the GTS. This r eport_ summarizes the results 

of initial efforts to a) analyze the CSM- docked DA P response to slos h, 

b) determine what DAP responses would be desirabl e, c) predict the 

results of various possible DAP changes , d) i mplement and tes·t appro

priate DAP changes. 

The interactive feed - back be tween the DAP state-estim ator (SE) 

and the GTS lead to an approach in which the SE-GTS combinat ion was 

treated as a singl e operato:r , accepting sensor information, a previous 

state estimate, and guidance commands as input and producing trim girn

bal drive commands and a modifie d state estimate as output . 

DAP response to a pure unvarying harmonic input was the first 

body of information t o be sought , both because linear control theory 

provides useful interpretations for such information and because real 

slosh inputs to the DAP t ake just t hat forrn . In order to fulfill part 
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a ) of the given set of goal s, it was n ecessary to de t e rmine a r a nge of 

slosh par am et e r v a lue s over w hic h t he DA P r e sponse should be ana lyze d. 

T aking t h e slos h i nput a s having t he forrri e = A sin (211ft ), whe r e A i s 

slosh amplitude a nd f i s the fr e que ncy of t h e oscillation, range de t e r 

minations were neede d for A a nd f. T h e environm ental slosh m odel 

was exam ine d in orde r to e stablish those range s, 

In the MIT- IL A poHo enviromn ent simulation, t h e effe ct of pro 

pellant slos hing in t h e LM t an ks is m odel e d as a two-dim e nsional m ass 

spr ing o scillator for each pr o pe lla nt t a nk; RCS t anks ar e neglected (see 

r efere nc e 2) , The slosh frequ ency i s g ive n by w, 

w = (1) 

w he re A i s calcu l a t e d fo r CSM m ode l, but for L l\lI , it i s a t abulated 

function of t he liquid l evel in the t a n k, 

CY x is the conta ct acce l e r ation along the vehicle X axis , and 

R i s t he radius o:f the t a nk in question, 

T h e s l os h mass for ce i s the n described by 

F = 
s 

- kx 
s 

(2) 

whe r e x 
s 

is t he slos h rn ass hor i zonta l dis pla cem ent from the slo s h 

mass attachment point, 

k is a param eter , t h e 11 spr ing cont a nt", 

If the slos h mass i s as s um ed to be cons t ant dur ing an int e rval 

und e r discus s ion, x = (=k/M )x (3) 
s s s 

where x 
s 

is the second time de rivative of x , 
s 

i s the slosh m ass for the de s ignated t ank. 

Solving Eq (3) for x y i elds a harmonic form with the fr equency w de
s 

t errnined as 

w = 

whe r e w i s the same in Eqs (1) and (4) 

Equation (1) was us ed to d et e rmine v a lu es for w, which are 

t abula t e? below i n T abl~ 1, 
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TABLE 1. High Thrust CSM-docked L M S:osh Frequencies 

Heavi est 

Vehicle 

Lightest 

Vehicle 

Fue l T anks 

APS 

DPS 

CSM 

APS 

DPS 

CSM 

2 
Equa tion (4) shows w = k/Ms. But 

F = -Kx 
V V 

Frequencies 

0. 465 cps 

o. 497 cps 

0. 580 cps 

o. 338 cps 

o. 333 cps 

0.38 8 cps 

describe s the 11 equal and opposite force " applie d t o the v ehicle, where 

X 
V 

K 

= 

= 

vehicle displacement from r est :-) os ition, 

v ehic l e 11 spr ing constant , 11 

and the sign of x opposes that of x . Assumin; the v e hicle mass to 
S V 

chang e only •negligibly in a lim ited tim e pe r iod, 

·x = ( -K / M )x 
V V V 

as in eq ( 3), wh e re 

X i s the seco11d tin1e derivat ive of x , 
V V 

M is the tota l v ehicle rn ass , excluding t'.:-:. e s losh rn a:ss . 
V 

Solving e q ( 6) yie lds 

2 
w = K/M 

V 

and we can then say that, since the force i s of th e same magnitude in 

equations (5) and (2), and since 

(v is th e s ame in equations (7) and (4), 

M k 
K 

V and = 
M s 
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M k 
s 

X = X 
V M 

s 
V 

Equation (9) provide s a star t in e s t i m a ting the total di.spl acem e nt , 

x , fo r t he v e hicle . T aki ng a worst case, in whic h each t ank h a s it s 
V 

( 9) 

m aximum slos h m ass, and a ll t a nks ar e in phase with ind enti.cal fr e quen-

cies , o sc illating to the maximum amplitud e s , an extre me m aximum 

horizont a l vehic l e displa cem ent can b e found . Dividing this by the radiu s 

of gyration comput e d for the c om bine d s lo sh m ass e s yields a good value 

for t h e tange nt of the angl e subte nd e d at th e vehicle c e nte r of mass by the 

v ehicle r otation from t h e z e ro position in worst case s lo sh. Maximum 

slosh rn asse s and r a d ial di s t a nc es w ere obta ine d from r e fe r e nces 3, 4 

and~' yie l ding a r a diu s of gyra,tion of 4 . 14 m eters . Ms= 24 5 1 kg and 

1\/I + M = 31615 kg describe m aximum slosh m as s and total mass appro-
s V . 

p r i ate to an emergency CSM- docked D P S L M- active TEI bu r n. Using a 

r epresentative t ank radius of 0 . 65 m e ters for x max, we g e t 
s 

x max = 0. 05 46 meters 
V 

(10) 

arctan (0. 0546 /4 . 14) = 0. 7 56° as the (11) 

worst c ase angular dis pla c e m ent amplitude . A v a lue for thi s amplitude , 

determine d by a con servation of m om entum argument , was found to b e 

i n close agreement . A m atrix of t hree fre quenc i e s f = w/2 rr and three 

amplitudes A was t ested as follows . Digital simul ations ,:vere run in 

which 

a) The LGC ignored the true CDUs a nd used some dum my CDU 

c ells instead. 

b ) The dummy CDU cells provide d z e roe s for CDUX, CDUY, and 

provided e = A s in (2rrft) for CDU Z, with the d es ired (C DUD) 

values z ero e d . 

c) The mass monitor w a s t urne d off, so that m ass was not de

cremente d. 

d ) The RCS j e t .commands w ere not im pl e mented nor were the 

GTS comm ands. The St a te Estimator information feedba ck 

from RCS and GTS i nc lud e d the RCS non - activity but ignor e d 
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the GTS non-activity. This was int e nd e d to display the CSM 

doc k e d DA P respons e to a steady-stat e situation in which s losh 

oscillation s were pr esento 

In order to e · a luate the re s ults of these runs, it was noted t hat 

slosh energy-draining ideal GTS drives should induce angul ar acce lera

tions which woul d a1'.Yays oppose the sign of the t rue slosh- induced angu

lar v e locity . T h e r efore , the GTS drive pattern fr equency would m atch 

the frequ ency f of e = A s in (2 11 ft ). The derivative of the GTS-induc e d 

angular accelerations is the s quare-wave plot of th e drive s the mselves, 

and the squa re- wave l eads the acceleration curve by one - quarter cycle , 

or 90° 0 T he t rue a ngular velocity i s not available in t he State Estimator, 

but it i s the der ivative of the r aw input e, and nrnst l ead 8 by one -quarter 

cyc l e , or 90° 0 T herefore , if GTS-incluced angular ac c eleration and in-

put rat e are to b e exactly opposed to one another, the n the GTS dr ives and 

the input e mus t agree exactly in sign; t hey must have the same period and 

phaseo This criterion enables us to evaluate the CSM-doc ke d DAP pe rfor

m ance; keeping in mind t hat the GTS dr ives ar e nor mally i mplemente d 

O. 18 s e conds after they are dete rmined, in the LUMINARY CSM -docke d 

DAPO Accordingly, ideal slosh-draining GTS dr ive computations will 

agree in per iod and phase with e,:, = A sin (211f(t + 0, 18)) . 

The m atrix of t ests was run, and the results are summarized in 

Table 2 and Figures 1, 2, and 30 Earlier observat ions and experience 

were confirmed when these tests show ed the State-Estirnator - GTS com

bination to b e producing almost pe rfe ct slosh-pumping dr ives for the 

range of frequ encies and amplitudes b e ing examined, 
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T ABLE 2 

GTS 8 ,:, % s~gn agreement 
Cell entries : GTS phase lai 

GTS de l ay ti r:- e 

f = 0. 6 cps 

f = 0. 4 cps 

f = o. 26667 
cps 

A = 0. 8° 

17.lo/o 
211. 8° 

0. 981 sec 

6. 47% 
191. 5° 

1. 330 sec 

1. 7 8% 
17 6.8 ° 

1. 84 sec 

A = o. 5° 

15 .. 6% 
20 8 . 1 ° 

0 . 964 s ec 

14. 9% 
207. 0° 

1. 438 sec 

3. 87% 
17 2. 3° 

1. 805 sec 

A = 0 . 2° 

21. l o/o 
218 . 2° 

1.010 s ec 

11. Oo/o 
19 9.9° 

1. 388 s e c 

6 .. 55% 
168.2° 

1. '752 s ec 

e-·--,- = A sin(211f( - + 0 . 18)) 

Dir ect m easure rri ent of the dot product of the DPS e ngine torque v e ctor 

and the slos h - induced angular v e l ocity vector in r:.o rmal digit a l 

simulati ons ·has also indicated the fact of slosh p 1.: :.-:1ping, confirming the 
r esults of Tabl e 2 . Som e values to hold in mind -.,::ien scann ing T able 2 

c ell entries ar e : 

a) 100% GTS- 8 ,:, agre ement i s perfe ct dr2~:, on slosh energy, 

Oo/o i s perfect pumping, 50% i s neutral 3-: a bility. 

b) 180° GTS phase l ag i s p erfect pumping ; while 90° or 270 ° 

represent n eutral sta bility. 

In accordance with parts c) and d) of t h2 goals state d at the 

beginning of this r eport, solutions to this S~.J sh=pumping proble m 

are b e ing de t ermined and t ested. The r es l:~ : s of that effort will 

b e r eported when the project i s com plete . 
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Figure 2 . GTS phase l ag b e hin d o ,:, = Asin (2,rf (t + 0. 18 )) versus 

Amplitude CA ) and l o g frequency (lo g f) . 
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Figure 3 . GTS d e l ay time behind e ,:, .== A s in(21if (t + 0. 18) ) versus 

Amplitude (A ) and l og fr equency (log f). 
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