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ABSTRACT

ThevModule fcr Automatic Dock and Detumble (MADD) is an automated
~device for bringing a passive, tumbling space base under centrol if dn
orbital .resicue 'situation. Théfconceptual design of -such- a device - -
rééplked_frdm a3 consideration of tumbling motion anélees aﬁd,m§§$ioﬁ”
constraints. Specific topics of investigation include orbit and
attitude dynamics»and detumble profiles. Position and attitude control
systems for the various phases of operation were developea. Dynamic
motion of a passive vehicle with MADD attached is considered as an
.\example,applicationwand5to determine control fequirements. Since. time
is a critical factor in rescue operations, it is essential to execute
Fﬁg dé?pmyl%2§4@ag¢pver in a minimum of time. gptimiZation of the
'MADD thrusting sequence has also been investigaﬁed. Results indicate

the control torque must be directed opposite to the angular momentumn

vector for the assumptions used here.
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Nomenclature

principal moments of inertia of MSS

3 x 3 direction cosine matrix defining the actual
orientation of MADD with respect to the command
orientation (error matrix)

.~angular velocities in a right hand system

'3’x 3 direction cosine mat¥ix defining the - attitude
of MADD with respect to the moving coordinate frame
3 x 3 direction cosine matrix defining - the- command

attitude for MADD with respect to the moving coordinate
-frame - '

unit orthogonal vectors attached to the body fixed
axes of MADD defining its coordinate frame;
Ld=1,2,3) :

compenents of the eigenvector b in the body roll,
pitch, and yaw axes, respectively, (i = x,y,z)

unit orthogonal vectors defining the command attitude
‘of MADD, (i = 1,2,3) , ’
moments of inertia of MADD, (i = x,y,z)

-gain terms associated with the control law about

the body roll, pitch, and yaw axes KAi = [Ii L(max)/
I(max)] (i = x,y,2)

rate gain term associated with the control law,
1/wa(max)

values of control torque, (i = x,y,z)

unit orthogonal vectors defining the moving (reference)
coordinate frame, (i = 1,2,3)

.angle of rotation about the axis which is. the.
eigenvector of the E matrix

gimbal angle

value of g at which Li saturates



'Wa,¢a,3a - Euler angles .of the actual attitude of MADD
wb’¢b’ab Euler angles of .the MSS body fixed axes
Yot 56 Euler angles for the command attitude coordinate
: ' -frame. :
w4 o actual MADD body angular rates relative to the
~moving: coordinate frame, (i-= x,y,z)
W “MSS. amgular rates about pxihcipal.axes, G = 1,2;3)

Y] _ ' gyro .angular velocity



I. Introduction

In the operation of any manned space vehicle there is a small but
finite probabiligy that an accident will .render it disabled and tumbling.
It is probable that suéh-a vehicle must be detumbled before“evaéuatingv
the crew and repairs can Be ﬁé?formed. _ZTuﬁbligg? is the result of a
significant attitude perturbation to an uncontrcolled body. This results
in continuous angular motion about all -three principal body axes,:i.e.,
no inertially oriented axis. The vehicle would reach a stabie spin
after a sufficient amount of energy is dissipated, but this might take
many wéeks or months for a large craft. Astronauts trapped in such
a body could not easily escape.

Situations that are most likely to cause tumbling are collision,
malfunctioning thruster, and escaping stcred gas or 1iquid. From a
worst case analysis, estimated tumble rates of a large modular space
station (MSS) are as high as 2 RPM about the principal axes.l Elimina-
tion of angular motion must be done from the nontumbling frame of the
shuttle orbiter; A Module for Automatic Dock and Detumble (MADD) would
perform an orbit transfer from the shuttle and thenm execute a docking
maneuver with the vehicle. Internal devices could be employed to réduce
tumbling to simple spin., However, MADD is adaptable to variqus
$ituations and can be used for the simplified case (spin) but eonly the:
general case (;umbling) is treated here.. Once docked MADD will apply
torques by firing its thrusters to detumble the craft. This will be
done in a time optimal manner. Tben the crew can be rescued and the.v

‘mission completed.



II. Description of HMADD

»The purpose:of MADD is to detumble a large passive space base. The"
MSS will be used as évrealistic example with initial tumbling at an
equivalent rate of about 2.RPM. Conceptual design of MADD was .influenced

by shuttle mission objectives and systems constraints. This module must

amount -of fuel for various tumbling situations. The size of MADD is
limited 5y the need for manuverability and shuttle specifications,
é9§500“Kg (65,000 1b) payload and payload bay 18.3 m (60 ft) long .-by
4.5 m (15 ft) in diameter.2 The.size is also somewhat dependent upen
the configuration of the target vehicle.

It is necessary. that the CM of MADD remains fairly well fixed, as
fﬁéi*is*cbnéumed‘and“tﬁaf'mBMéﬁts of” idertia change little during
transfer to simplify conirol requirements. Tnerefore, the- fuel tanks
should be located as to minimize thié effect. The body frame should
coincide with the principal axes to simplify control requirements, and
thrusters should be far enough frem the CM to minimize attitude propellant
usage during.transfer, but not so far as to put excessive moments on
the docking mechanism during detumbling. MADD must have full orbit
and. attitude control for transfer to the target. A preliminary configura-
.éién fof thi§~deVice is shown in Figure I. |

The structure of this  vehicle contains all subsystems with the'
docking probe mounted beneath "and docking drogue mounted above-thez'
main structure, which is a 2.74 m (9 ft) octagon and is 1.22 m (4 ft)
deep. This contains propellant.(hydvazide) storage tanks, control

systems, batteries, thrusters, and twin-gyro controllers. Subsystems
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Figure 1. Details of MADD Configuration



include structure, digital >compu:er, command and telemetry, power
éubplyy control systems, gﬁidance, and docking aids. The power supply
-will édnsist of storage batteries. Control systems consist of three
types: position, attitude, and detumble.  The position and attitude
‘control systems provide maintenance of orientation and position-during
transfer and;docking, Twin-gyro controllegs;apd thrusters were chosen .
for attitude control devices. Monopropellant hydrazine thrusters were
chosen for position control, detumbling, and momentum dumping3-becéuse
of handling properties, specific impulse, and proveﬁ reliability.3
During docking and detumbling the twin-gyro controllers will be locked.
Once the disabled vehicle 1s detumbled, the twin-gyro controllers may be
given new reference signals and released, and thé;position control system,
may be reactivated. Thrqsters used for position coﬁtrol are also used
for detumbling and attitude control. This was done to eliminate the
need for separate systems of thrusters, even though there are three
separate control systems. The thrust profile during the detumbling
procedure is computed by the on-board computer according to the rules
of optimum detumbling logic. The guidance system consists of an inertial
platform that provides information on position and orientation of MADD,
and rate gyros provide body rate information.

Docking aids consist of laser radar and corner reflectors and
these are discussédvfurther in the next section. The docking apparatus
consists of two separate systems; one-for a space base and one for the
shuttle. A MADD docking probe is used to dock with one of the docking

ports of the target vehicle, e.g., one located at the extremities of



the MSS modules. Capture latches are activated'autoqatical}y after
alignment. The shuttle docking systems consists of ; remote—contfolled
manipulator boom, pfobe, capture latches, and a docking droque, which

is controlled by shuttle crewmen. MADD is positioned about the shuttle
as illustrated in Figure 2. It is then released tq perform the mission,
afterward the manipulatqp boom is used to retrieve MADD and stow it in .

-the payload bay.
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I11. Operational Procedure

Rescue operations begin as the shuttle completes its rendezvous
with the distressed vehicle. The MSS will be used to illustrate the
procedures. A typical rendezvous is shown in Figure 3. It is assumed-
that thé methods required to locate the MSS, determine angular rates

and momentum are available to the shuttle crew. A stand-off position

will be estabiisﬁed.approximateiy 61 m (ZOO‘ftj‘éﬁay andfalong‘the orbital
path, Mission profile for MADD after deployment from the cargo-bay can
be broken down into three phases:v (1) thrust-free orbital transfer to a
rendezveus- point; (2) thrusted pacing with the docking port and dockings;
and (3) detumbling of ﬁhe MSS. MADD becomes automatic at the rendezvous
point and data is telemetered to the shuttle. Radio anﬁ visual contact
may be. lost intermittently because of occultation.

The rendezvous point is chosen so that the velocity vector at the
instant MADD reaches it, will coincide with the velocity vector in the "MSS
moving coordinate frame. This would eliminate the need for a terminal
maneuver to. reorient the velocity vector, (they should coincide) and -
also reduce the, risk of a collision with thé MSS. Another constraint. is
that the trajectory must not allow MADD to collide with the MSS on its
way to the rendezvous point. The actual transfer to the rendezvous
-point may require -several impulses and corrections. An ideal transfer
would require only one impulse. At the rendezvous point MADD should
be approximately 4.6m (15 ft) away from the docking port. Thrusters

begin firiug to keep pace with the docking port maintaining proper
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‘ posit%@n and at;itude,‘ﬁhile closing into dock (shown in Figu;g Q)L.
Automatea:rendezvbus and docking is provided by a laser radar
located on MADD and cofner reflectors located on the docking port of -
the MSS.4 MADD carries.a transceiver that provides range, range rate, 
angles, and angular.ratesuwith respect to the docking poft. This»fadar

. usés CW,(continﬁous wave) modulation of -an incoherentgallium arsenidé :

iﬁjection diode laser. Acguisition occurs when MADD‘reaches the rendezvous

point, at thiévpoint the system will be turned on and it will recieve -

- sigiidls ‘from its own transmitter -reflected-back by corner reflectors
located on the docking port. This permits proper alignment during
closure and docking by providing guidance information. MADD continues
closure until the docking probe has engaged and capture latches are

 secured.

Once docked angular rates are ‘measured, and a thrust profile. is.

computed. Thrusters can then detumble the MSS quickly, and rescue is

completed.
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IV T%énsﬁer T;;ﬁéétor;es

' Transfer.of MADD from shuttle to MSS is dividéd into two phases.
Phase one is idealized as-having one applied impulse chosen so that
the vehicle has appropriate position and‘velocity components at the

nendézyous point.. During-phase:. two. MADD péces the docking port while:

closing into dock. Thrust computations are performed in-a moving:
‘coordinate frame with the origin at the CM of the MSS as illustrated
in Figure 3. The X-axis is aloﬁg the directioh of motion, Y-axis

' i% notmal td the orbital plane, and. Z-axis islalgng fhe local vertical..
Equations of motion for a transfer trajectory to an object in a nearly
circular oribt are well—kﬁown.5 In. the moving X,Y,Z frame during phase

one, these equations are

~§'+_2né 0

Y +n’y =0 4 (1)
7 - 2nx - 3%z = 0

1/2
3,1/

where n = (GME/a » the mean motion of the MSS in its orbit. The

solution of set (1) is readily obtained in closed form:

2z, 4%0 22, )
= —2 + (—=+ i - =) -
x(t) — cos nt ( - 6zo) sin nt + (xo - ) (3xo +,6nzo)t
. i’o '
y(t) = Y, cos nt'+ —- sin nt (2)
2 2% ‘ 2%
: o .. . [o] o] !
z(t) = — sinnt - (— + 3z ) cos nt + (— + 4z )
n n o n o

With initial conditions

x(O).= xo, y(Oi =‘z(0)'= 0
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-set (2) becomes

220 4xo 220 .
x(t) = — cos nt + —/ sin nt + (x -—) - 3xt
n n o n o
0 , o
y(t) = o sin nt oo (3)
z 2x 2x _
z(t) = 2 sin nt - —> cos nt + — . _ _ _ . o .
- n n n

Initial conditions are based on the .assumption that the shuttle
is in the orbital plane of the MSS. The out-of-plane Y-component
results in simple harmonic motion, while in-plane transfer motion

is coupled. The only acceptable values of initial conditions X s

X Yoo and éo are those which result in %, y, z and %, y, 2

simultaneously approaching the values x

s yl, zl and xl, yl, zl,A

|

point). The initial velocity

7]

R B,
TelnaezZvou

components are given as-

; ) n(xl - xo) sin ntl + 2nzl(1 - cos ntl)
o , .
8(1 -~ cos ntl) - 3nt1 sin ntl
. ny :
-1 .
yo " sin nt )
1 .
; ) nzl(A sin nt, - 3nt1) - 2n(xl - xo) (1 - cos nti)
o

- cos ni -3 si
8(1 co ntl) ntl in nt1
These resulting expressions indicate that the initial relative velocity
requirements for transfer to the rendezvous point are functions of X
xl, yl, zl, and time of transfer, tl. X, is dependent upon safety of

the shuttle to prevent a hazardous situation, and X1» Y0 %y are. dependent
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ﬁgqq ;bg“iocaiion of the "docking port at ‘time t = ty. The velocity

components are given as

%(t) = -2z sin nt + 4x cos nt = 3x
© o 0 . o
Y(t) = yo cos nt ’ » o ¢5)"
z(t) = z cos nt + 2x sin nt
o o

At time t, the velocity. components of MADD should be eqdal to the

velocity that point Xy, ¥q» z) would'havé if it were fixed to tHe MSS.
.Therefore, the velocity components at time tl are6 |

%15?\wygl - wy, = —Z;OVsin;ntl>+«4§b_cosqntl - 3;0

;1 = w R - @le = %0 cos ntl {6
;l =0y, - wyxl = éc cos nt, + 2%0 sin.nt1

From these previous expressions, time ty and initial velocity requirements
may be determined. wx, wy”wz’ vy and zl are relative to the moving

coordinate frame. They are related to the body fixed coordinate frame

of the MSS by the following expressiqns;6

— L P t=t N
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v = T(t) “by t =t - (8)..
o) ol
where ) -
G4, = 5, S €8 |- 55, Oy - By Sy 8,50 34,
B L R R A S N EE S IO
| ‘Seb Sé, R i 56, Cd, _———-_-f_fZeb =
L §

using C¢b = cos ¢b’ S¢b = sin ¢b,'etc.

Automatic position control during phase two .can be modeled by using.

. the nbnhomogenequs‘form of equations (1).

It
Hh

X + 2nx
X

fy «(10)

7 - 2nx - 3n’z = £

It

5 + nly

where;fx fy’ fz are the applied acceleration components which are the
control and disturbance forces. Initial conditions associated with set
(10) become

~y1; “z(0)

X(O). Xy y(O}

= = =zl
x(0) = X, y(0) = Vi z(0) = z,

Taking the Laplacgftransform of the differential equations and.solving for
X(s), Y(s), and Z(s) gives

3 2 2
X(s) =

® =
»
t
[g®]
[

w

i

Lo

3

N

=]
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52 - 3 2 2n ' '
+ 5 F(s) - = F (s)
s(s® + n") s(s™ + n")
- sy, tvy .
s” +n s +n y 11)
1 : sz T 4n ~ -énﬁ B l'
Z(s) = 2 24T m . 2 Aat T aon
s +n s(s”™ + a”) s(s” + n%)
2 : 2 Fz(s) + 20 Fx(s)
s" +n s(s” + n’)

The control law developed is of the form

£, = :Kx(x - K. %)

= - K (v -
fcy (y -K,y) (12).
fCz = —Kz(z —K3z)

where x, y, z and x, y, z are position and velocity errors with respect

to thg moving coordinate frame. This confrol law requires>position,
Yelocity, and gttitude infgrmation. It a;sq requires the use of throttle-
able thrusters or a multifunctional monoéfopéllant propulsion- subsystemn.
The negative signs' in the brackets assure negative feedback. Control
values, X ,Y C,Z . are computed by. the onboard digital computer-

Control values fcl’ fc2’ fc3 related to the body fixed coordinate frame

of MADD by the following expression:
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cl fcx ) S
fc2 = TI(t) fcy - S (13)
c3 cz
where
C¢c ch - S¢c cec ch C¢c waf+'s¢é“qeévcwc‘$¢c seé
= _ ' _ ~ o _Qk _ AT i . .. ey . (14)
Tgtz S¢C ch C¢C Cbc Sgc Sycswc‘+ C¢C C?c,CwC'C¢c sec
SGC ch - Sec ch CGc
i ‘ ' J

using C¢c = cos ¢c’ S¢C = sin ¢c etc.

Figures 5, 6, and 7 illustrate thelblock diagrams for the three
components relative to thg moving coordinate frame. The x-aﬁd Z_
components are coupled and tﬁe'¥.component-ié ﬁnéoupléd. System
transfer functions are determined by taking each component separately.

The X component has inner loop transfer function.

;X.= ngsz ~ 3n2)
€ s(s3‘+ K 32 + n2s - 3Kkn2)
* (15)
1<_<(s2 - 3n2)
= '7
GH s(s? + n2)
and outer loop transfer function
2 2
X KxKl(s - 3n%)
. ) ..
N 54 + K 33 + (K K, + n")s2 - sK HZS - 3K K n2
X x 1 X x 1
(16)

2
K K, (s = 3n%)

GH =

-

3 2 2 2
s(s>+ Ks +n"s - 3K n")
X b4
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1 :
X, ——~ ?
4 2n
X > - ;
S (s*+n")
Sz"' 4"2 : '
L T Z
S(S°+n)
. 1
z'\,_':__\_}: =
S+ n

Figure 6. Block Diagram of X and Z Initial Conditions
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The y component has innmer loop transfer function

and outer loop transfer function

K K

I _ y 2
Y 52+Ks+(KK +n2)
c y y 2
K K
- Yy 2
e
- s T+ Ks +n
y

IN
N

GH

R

and outer loop transfer function

K ‘4
Z _ zh3
Zc 52 + Ks + (KK, + n2)
z z 3
K K
2 3
CCH =

s + Ks +n”
Z

@7

(18) .

(19)

(20)
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Steady state errors of the systems for pdsition, velocity, and:
acceleration were.found for each éomponent. For the X control system

(class 1 canonical feedback system)

lim s(s3 + K 52 + nzs.— 3K n2)
X X

ep(m) = %— s=0 5 5 =0
/ ¥ _
o Kx l(s 3n7)
1 lim s” + sz + nzs - BK n2 1
e () = i 50 T3, K
v v KxKl(s - 3n") 1

. 2
lim s3 + K 52 +ns - 3Kn
1 X X
'7"=S”0 =
K

a

e («)
a

For the Y control system (class O canonical feedback system)

lim  s% + K5 + n? 2
K = s =
K
P K2 y K2Ky
2 2 '
e (») = 1 n n 2
p( ) T+ K * XK (KyK2 >> n")
p n + Kykz y 2
. 2
1 lim s® + Kys + n°
ev(oo) =E—'= S->O K K =
- v : 2
, lim % +TKs + n?
e (°°) = —I\—. = g0 12 = oo
a a K K. s
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For the Z control system“(ckaSS 0 ganqqica1 feedback system)

[}

2, (%%, 22 0°)

e, (=)

[
8

"

'8
1
1
]
i
«

'“Qea(?)

The gain of the coupling terms for the X and Z components are
~of the order of the mean motion n, the coupling has relatively little
effect on the X and g systemsm.'Therefore, the coupling term will be

neglected temporarily.

The X component function given by equation (11) is complicated
by the . two zeros in Fhe»gumerator of the system equation, (i_/EH.
éﬁnéi&ering the magniﬁﬁaé of the mean motion, an apporximation is
made by cancelling the 52 - 3n2 term.with s2 in the demoninato;.
These simplications result in three uncoupled second-order component
sys.tems.

The root locus technique was used to determine the performance
of the component system.7 Coupling effects and initial conditions
were neglected for the stability analysis. Since coupling is so
small, stability should be effected little. The inner and outer
loop root locus: diagrams: for the nbhsimplified X component systems-
are -shewn in ngutes-8 and 9, ;eépectively. The inner and outer
root locus diagrams for the y component .system are shown in Figures
10 and 11, respectively. Tﬂe Z component root locus are similar to

" the Y root locus.
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Figure 8. Root Locus Plot for X Component (inner 1loop)
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Figure 9.. Root Locus Plot for X Component (outer loop)
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Figure 10. Root Locus Plot for Y and Z Components (inner leop)
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Figure‘ll. Root Locus Plot for Y and Z Components (outer loop)
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_Siﬁdé.aéﬁﬁﬁﬁimations involvinéithe mean motion.and coupling effects
between the X and Z componenté resulted in similar transfer functions,
the. stability analysis for each system will be similar to that. off the
YAsys{em. Validity of cancelling the s2 - 3n2 term with the s2 on
stability of the X component sYstem can be shown qualitatively.

The original transfer function has three poles and two zeros in the

vicinity of the origin, poles at Q’K%/Z, i_/?;,—and_iéfb at + V3a ;

One zero and one pole (+ Y3n) lie in the right-half plane; indicating
instability of.the system. From the Routh's table the system was-

found to be unstable for any value of gain. Howeyer, the insfability

is small and will respond long before an instability can reach a significant
value.

The. root locﬁs for an example control system for the Y - compohént
is shown in Figure 12. .The gains K2 and Kj were chosen to be 100 and 80
respecétively and n is given as 1.1 x 10-3 rad/sec. The characterfs;ic

equation for a second order system is given by

2 2 2 : 2
+ 2tw s + =s° +Kg + + .
? Zgurf w 0 s Kys (Ksz n) (21)

Substituting in values of K2 and Ky’ the conditional frequency, w =
80 rad/sec, the natural frequency, w = 89.5 rad/sec, and the damping
ratio, ¢ = 0.45. The maximum overshoot for a unit step function

input-is ‘given by
STt -1.57

Mp =1+ 0.20 = 1.20
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The rise time is given by the equation

. wlot - wgo‘t
T - »
r oW
n
r - 2:.0-0.4 _ 160
r  89.5 89.5
T, =0.018 sec T T T

A digital simulation of system response was made in order to check
the validity of approximations made in the analysis. The digital
simulation was simplified by having fay.= 0 and initial conditions.
zero. The resultant block diagram is shown in Figure 13. Gain
constantsused were the ones used in the previous analysis, Ky = 80"

_§andﬂK2 = 100. The Y gomponent system response in position was found
for“dnit sﬁep, ramp, and sine inputs. The sine input had a period’
of 30 sec. (2RPM) and approximates Yc_for a tumbling situation. The
response for these inputs are shown in Figure 14. Significance of the
mean motion mangitude on response was found to be negligible for these
values of gain éonstants. Fof a sine input (f = 2 RPM) with magnitude
of 18.3 m (60 ft) the error was approximately. 3 em (1.2 in). Thus,
the response of the Y-component system represents all three systems.

Frém these considerations it seems possible to use three simple
control systems as illustrated in Figure 7 to maintain the proper

position of MARD during phasé two of the mission.
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V. Attitude Control Systems

Development of the attitude contfolvsystems.for MADD are considered .
in this section. Two attitude control systems are required during the
missi&n: (1) momentum exchange during phase one; and (2) mass explusion .
dhring‘phase two; Attitude control is not required during phase three

since MADD is ‘docked with the MSS and being detumbled. MADD stabilization

and control syétems (SCS) normal modes of operation. include: (1)--
Acquiéition establishes the desired three—axis.orientation upon deploy-
ment of MADD from the shuttle; (2) Reorientation includes the slew

and capture of MADD from one known orientation to another with contipugus,
attitude dhring the maneuvers; and (3) AV mode provides the SCS configura- -
tion with continuous attitude control during periods of velocity change.

Requirements- and constraints on the control systems for MADD include

the following areas: (1) sensor ty thry

] £l B . M,
ation, disturbances, .o e

[
(@]
{

‘MADD”configuration; (2) stabilization during velocity - change (AV)
maneuvers; (3) stabilization and control accuracy 2nd their leverage on
system design; (4) attitude rate control; (5) attitude maneuverability;
(6) three control degrees of freedom; (7) SCSAmodes of cohtrol; (8)
MADD dynamic model; (9) MADD static model; and (10) weight restrictions,
~power availability, and reliability. |

ﬁtilization of software techniques requires accurate dynamic
nodels in the following areas: (1) accurate rigid-body dynamics,
including center-of-mass shifts, inertia values, and physical locations;
(2) sensor models, including dynamic and stochastic error representations
of sensor noise; and (3) torque-producing mechanism“dynamics,.includiﬁg‘
nonlinearities and realistic nonrepeatabiltiy models (stochastic parameter
variations). his model accuracy is needed for the application of

sophiisticated onboard data-processing techniques. Because of the very
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short duration of the mission elastie—body dynaﬁics epd’epggﬁégggs
physical‘modeling effects éech as thermal deforeation are'shali‘ehd
will not be needed in the dynamic model of MADD. .

Twin gyro eontrollers and thrustefs'are used for attitudevcontrbl.
Twin gvro controllers are used for phase one and have the following
advVantages: (1) first,order.cross-coupling,terﬁSmare_eliminated.by
using two~counter-rotating gyros; (2) less,powen.aﬁdxweighthere.required
for a given momentum exchange caﬁébility;.and'(3) larger gimbal angles
mﬁy be-used so that a major portion of the.stored‘momentum can be -

transferred to MADD. The equations of motion for a twin gyro controller

are
Ip=-2CQ0 6 +1L
X z2 zZz 2 X
Iy&=—2CXQX‘5X+LY o : @
Ir=-2CQ 6 +L
yY ¥y oz

The small perturbation approach was used to uncouple the equations, thus,
the second order terms can be negleeted. From the equations, it is
‘abpafent that the controller on the X-axis controls the Y—axis3.Y controls
Z, and Z controls X, respectively. By using_identicel gyros on all three

axes.

Therefore; the control equations for each axis ‘are -the same except for

the momant of inertia about that axis. The three axes can be controlled
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vary with the moments of inertia. A block diagram for the yaw rate
system is .shown in Figure 159.- The root-locus of this control system
is shown in Figure 16.

Attitude control for phase two is accompliéhed:by using thrusters
inefficient as compared to momentum—exchange devices. Thrusters. were
chosen because the spin vector in not inertially oriented, and momentum—
exéhange devices -are incapable of continuously reorienting the spin
vector without continuous momentum dumping. The. attitude control system .
must allow the simultaneous rotation about all three body axes of MADD.
The control law is symthesized from Euler's theorem on rotafion which
states that any attitude change of a rigid body. may be accomplished.

by a single rotatioh sbout a properly chosen axis. This axis of rotation
is the eigenvector of the direction cosine matrix defining the orientation
-of MADD's present position with respect to the command position.

A control law must be specified that will drive the present attitude
-of MADD, given by a 3 x 3 direction cosine matrix defined as féé_to;the
command attitude, given by a 3 x 3 direc;ion cosine matrix defined as
,Abs in a continueus: manner.

Orientation of MADD and command orientation are expressed” in terms

of the moving coordinate system by

! % €1 °1
) N ¢y = A Spl (23)
i 5' .as; ‘S' (—: CcsS g
123 3 3
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-Since .Acslis-an-orthogonal matrix (Acs-l = ACST) and from equatiqn 14

the orientation of MADD with respect to the command orientation is:

given by

N

. as cS

;Qn mi'gn'
il
>
>
YN

W
w

MADD: will attain- the command attitude when the matrix product AaS Acs

4 . T .
forms an. identity matrix. The matrix product Aés ACS = E is
defined as the error matrix. Control law information will be extracted
from this matrix.

The elements-of Aas will be measured by an onboard inertial

platform and are given by the following matrix

B ’ ]
- Co Cy, - S¢ CO_ Sy | Co Sy + b, CO_ | S SB
Aas = —SQa_Cwa - C¢a cea Swa —S¢a Swa + C¢a_GBa C¢a sea (25)
s9_ Sy, -s6, CY_ co,
using Cq‘o,a = cos ¢a’ S¢a = sin ¢a,'etc.

Where wa’ ¢a’ and ea are the measured Euler anglesfof MADD with respect
to the.mov{ng frame. The geometry of the coordinate frames-relative

to the.moving frame are shown in Figure 17. The coordinate frame of
MADD" is’ translated in the Z direction and the X and.Y axes remain
pardllel to these of fhe docking referenqe. The docking reference
frame is translated relative to thé body fixed axes of the MSS and

is fixed. With these conditions, proper orientation of MADD will

occur when Euler angles and rates are equal to those of the body fixed

frame relative to the moving coordinate frame. Since all the elements
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Figure 17. Coordinate Frames Used During Rendezvous and Docking
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«oanas are knownkqnd the elements 'of‘ACS can be cpmputed bgcgugé.ggvthe
previOué restrigtions, the error matrix E can be computed from Equation
24,

According to Euler's theorem 6n rotation, the eigénvectors of the

E matrix b, is the axis about which MADD is rotated to obtain the

cozmand. orientation. The angle of rotation abaut this axis is B. The _

control law is developed such that control torques to the torques Lx’

Ly,vand L, do mot exceed design values but the system response must

be fast. The control 1law developed is of the form10
Ii L (max) wai
e . + =2 '
Li I(max) [SAT(8, Bs) bi wa(max) ] (26)

A = x,y,2)

L(max), I(max), wa(max) are the maximum values of control torques,
moments of inertia, and body rate respectively. Ther term SAT(BL'@;)

is a given term derived from the error matrix E:

SAT (B, Bg) =1 for B 3_83
27)

-B/BS for B < BS

The system saturation level is set by this term. Since L (max), I(max),
wa(max) are constants for a given rescue mission the control law can
be simplified-to give
L, = - K ,[SAT(B, + o

Al[ (8, 8)) Ky wai]

1 (28)

(i= x)y;z)
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The terms'of-Bx, by,-and bz are the components of the eigenvectorbb in

" the respéctive body axes and are givén by

S W & Wl SR W Ml N
x 2 sin B "2y 2 " sin B
(29)
R N Ml 3 8
] z 2 sin B ] -
where N n

Elr Bip o By

BE= | N
By B P | (30)
Eyp By Egg

Because of disturbance torques and nonsymmetrical mass configuration
the components of the eigenvector are time-variant.

The angle B is derived from the E matrix and is given by

-1

- 1 -
B = cos [2(Ell +E,, + E33 - 1)] (31)

A block diagram of the attitude control system is shown in Figure
18. The attitude information ffom the inertial platform and rate gyros
is converted from analog form ﬁo digital form by the digital computer
by an analog to digital converter (ADC). Digital orientation informa-
tion is processed to form the Aasnatrix. This is multiplied with the
commandecztmatri#fand-the~error matrix E is generated.. The-components
of" the eigenvector b and 8 are computed and body’ rates are.supplied”
to generate the control law. Control law information is convefted

from digital to analog form by a digital to analog converter (DAC).

i
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Figure 18. Block Diagram of Attitude Control System
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ﬁhis will providg,the thrusters with a contiﬁdous thrﬁst prﬁfile gdh
orient‘MADD duriﬁg phase two of the.mission.

A digital siﬁulation of the a;titude control éystem was made to
check the accuracy of the contrel law, (ﬁquation 26), for a given
‘tumbling situation. The command attitude was computed by using the
rigid body euler moment equations with zero moment dpplied ‘to the MSS.
The actual.éttitude,and angular rates of MADD were computed by using
fhe rigid body euler moment"equations with control moments applied.to
MADD

.For the simulation the following -assumptions were made and initial
conditions chosen. For the.-MSS at t =.0

“1

= 0.01 RPM, w, = 0.00 RPM, wy = 1.00 RPM

¥ =0.0°, ¢ =0.0°, 6=0

L
where %
T -1
GL = gin ll'— I'l3 12
i 13
2
.G % _ B
I13 A’ T+ T } Tmax " 2C
max
_ X 2. 2 2
T 2(A wl + B w, + C w3 )
2 2 2 2 2 2
H = ¢ : +
A wl + B wz C. w3

For MADD at t =0

w, = 0.01 REM, 'wz = 0.00. RPM, Wy = 1.00 RPM

¥ = 0.10°, ¢ =-0.10°, 8 = BL + 0.10°
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I, =1, = 56.2 Kg-n~ (1.33 x 10° lbm-£t), I, = 423 Kg-n’ (.00 x 10* 1pm-£c?)

P

wa(max) = 1.00 RPM-

8. = 10°

S,

L(maﬁc) = (0.1 ft-1b) o o o

The rendezvous point was chosen to be

X = - 2.17m(~7.13 ft), Y = - .915m(-3.00 ft), Z = 24.2m(79.5 ft)
(MSS body fixed frame)

closing rate during docking was 3.04cm/sec(0.1 ft/sec).

;1?h¢ responses of MADD';¢attitude-control system are shown in Figure
19. Paif (é) sﬁoWs‘tha; éngular rates and part (b) shows the euler
angles during phase two of the mission. The actuél euler angles had a
maximum error of 0.5° relative to the command attitude during closure:
and the accuracy of the euler angles were found to be controlled by
the proper choice of L(max). From this simulation it seems that the
control law and technique for applying this control law is capable
of maintaining the proper attitude qf MADD during phase two of the
mission.

The  control-torquer .assemblies ‘during phase two consist of:

I) pr0puIsion and 2) motors and actuators, etc. MADD attitude-control
system:requires the capability of a single-propellant supply system
to provide precise continuous thrust levels within a given thrust range.

Different attitude-control thrust levels are achieved by either a throttleable
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thrﬁster.oria multifunctional mopopropellant propulsion SU?%XSCQE:

The propulsion systeh will use mbnopropellant h&drazine fer ﬁosition
and attitude control. The throttleable thruster will have one-to-two-.
orders~of-magnitude thrust variability and the multifunctional mono-
.propellant propulsion subsystem has é four-to-five-orders-of-magnitude

thrust variability. The choice between the two schemes will depend

upon thrust.requirements as well as desired flexibility bétwéen
different rescue situations.

Backup modes may use different sensors and/or different control
schemes than those used to change attitude during operation in the
normal mode. The backup modes will exhibit some objectionable
characteristics such as reduced performance, degraded reliability,

or increased energy expenditure.

the mission is only a few hours,. the need for backup SCS modes may be
unnecessafy (unwarranted). The reliability of the primary (no:mal)
modes might be high enough to make the backup modes redundant and
penalizing MADD with additional weight and space, unnecessary complexity,
and increased cost. Tradeoffs maybe.made-between increased cost of
érimary with incrgased reliability without a,béckup and decreased, cost
-of primary with backup adding to the total cost. The final choice will
have to be made depending on the state-of-the-art at the time”of the
final design of HADD.

The costs of SCS for MADD will be less with the incorporation of
general—purpose digital computation, i.e., system standardization.
Development costs may not be reduced because it is essential that

system development stay current. Development cost for MADD may be
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VI. Optimal Detumbling Sequences

The minimum time optimaljdetumbling analyses of a distréssed;space,
vehiicle can be divided into the following areas: constraint on the
magnitude of control moment vector‘and constraint on the magnitude of

each.-component of this vector. These areas may be expressed .as

,(“12'+ u22 +,: u32)‘1/2"_<_ M - T ‘ . T

luk] <m ko= 1,2,3.7
The space vehicle is modeled ‘as a rigid body by Euler's moment equations:

1 Awl + Wywy (C-B)

1
i

-3
il

‘sz + W, Wy (A-C) _ (32)

T3 = Cw3 + wlwz (B-A)

The objective is to reduce the three angular velocity components to
zero in minimum time.
. , . . , 11
The first type of constraint leads to a fairly simple solution.
It turns out that the required orientation of the control moment is
opposite to the angular momentum vector and its magnitude is the largest
available from the reaction jets. Writing

x = Lw k = 1,2,3

whetre‘Ik = moment- of inertia about k axis and placing into Euler's

moment equations we get
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%1(c2

, 0

a gy (8) X3(®) + oy (0)

[}

xzﬁt) "uZXBKt) xIQt) +'ui(t3 ‘

24 (E) (8) %)) * uy()°

i U.=3X’1

where:

OL3 1.1

The optimal control moment is

‘ %
Ynin time(t) =T M'——§;;£)—~—~‘
|x 1]
where
@l = e 2@y @]
and

%
x (t) is the solution of

«(e) = flx(e)sel - y =8
=t

33

(34)

(35)
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;starbing:from“xiétofr=m§i,~i»=fi;Z,S»EOvorigin (xi =0, 1i=1,2,3).

For our case: we gek,. for x(t)=

X (6 = ay xy(8) xy(e) - M )
' 20+ x,7 (0 + x, 2 (@)
1 2 3
. foz(ﬁ)
x,.(t) = d.x_(t) x () - (36).
2 N G A (58
. M x,(t)
o (t) = a.x (t) x,(t) - 3
3 371 2 172

[xiz(t)f+ x,2 (1) + x33(t)]

These equations were applied to the tumbling MSS caused by collision
with the Mark II Orbiter assuming 1007 kinetic energy exchange.1 The
principal axis angular velocities at commencement of thrusting were
chosen. at t = 120 sec. after collision; here the wi's are fairly

ldarge so as to give a good test to this optimization technique. The"
‘angular velocities are 1.150, 1.750 and -0.445 RPM's about 1, 2 and

3 principal axes, respectively. These velocities were brought to ﬁear
zero in-about. 7 minutes with. the application of a maximum control
moment vector magnitude (M) of 3400 Nm (2500 ft-1bs). Figure 20 shows
a time. history of the principal axis angular velocities during applica-
tion of the optimum control moment. Figure 21 gives a time history of
the ‘body fixed thrusts, (lbs) required at point X = -2.17 m (-7.13 ft),

y = -.915 m (-3.0 ft) and z = 21.2 m (69.5 ft) to give the necessary
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3400 jm (2500 ft-lB) moment directed opﬁosite to the angular momentum
v;cgor. With the-application of 10,200 Nm (7500 ft-1bs), the MSS'is
detumbled in 140 sec. Figures 22 and 23 show the results. The X,. ¥,
and: z cbordinates for the thrust application are the same. Assuming'
ISp = 240_sec, 45.4 Kg (100 1bs) of fuel are used for the 3400 Nm

(2500 . ft-1bs). case and 56.0 Kg (123 lbs) are‘qsedlfpg>§h¢'10,200 Nm:
(7500 ft—ibs) case. —

The second type of constraint (ui i_mi, i.=.1,2,3) present more--
difficulty in determining the optimum minimum time control moment
sequence. In this case, the analysis is not as easily accomplished;
the confrol ﬁoment vector is not simply directgd opporite to the
anguiar momen;umr§ectqr. As subsequent analysisrwill show, the magnitudes
of the components (ui) of the control moment vector (u) will be the
largESf possiﬁle,(mi) - ﬁhac will change will Be.the direction of;
thrust>(+, -). This change in directions of thrust (switching times)
is, in fact, the major concern in this type of analysis. The equations

describing minimum time detumbling for the constraint uy < m, are: as

follows:ll’12
x, (£) = 0y, (£) x,(8) + up (©)
;2_(t) = ayx () x (8) + uy(t) (37)
§<3(t) = Gy (6) x,(6) + uy(e)

where

1

.xk(t) Ikmk(;)

wkﬁt) = angular velocity about kfh'axis

Ik = moment»of inertia about kth axis,
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TR R® ) 4 p % (6) + p, x4 (t)

[}

1+ Pl(t) alxz(t) x3(t) + pl(t) ul(t)

top,(t) %)%, (£) x (€) + P, (t) NOR (38)"

+pgu<5§fw)au)fg3&z§§mm*“‘

. oH
P () = - 3
which Yields
P1(E) = —ax, (o) Py (8) ~ayx, (1) p, (1)
;3,_<t>»= O P ®) a1 p (o) (39)-
é3(t) = ~alx2(t)'pl(t) —ale(t) P, (t)
and (for mip, H)
u, (£) = uy S - msgn {p (¢)} (40)
min time
which giveg -
u(e) = - m.sgn {pl(t)}
u2(t) = - m,sgn {pz(t)} (41)
u3(t) =

m3Sgn {PB(t)} .



56

As qgglbe,seen_fqom-the-above equations for the«qgﬁtrol momeht components
ul(g), ué(t) and qa(t), thevéontrol hisfory will be of a!bang—béng,type;
this requires investigation for the switching times. First order
gradient techniques may be used to obtain the switching..times.13

However, solutions- were not obtainea since variable‘thrus;ers are’
avail;ble on MADD and the mehtod discussed previously (constraint . . .
on.the'magnitudevof;the moment vector) should require less fuel to
perform an equivalent task. It should be noted thét the control’

history will still be bang-bang even if nonprincipal axis are used

- since the -equations of motion will remain linear in u, .
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VII. Conclqsions and Recommendations

Problems related to docking with and detumbling a passive modular
space station have been éonsidered here. A MADD concept is proposed és
a weans to apply controlled external torques to degumble a manned space
base without endangering the shuttle and a preliminary design is
presented. An operational procedure_has beeq outlined and each subsystem
discussed. Appropriate assumptions on mission-requirements aﬁd constraints
were formulated based on expected future programs and developments.
Position, attitude, and detumble control systems were deVéloped. As an
.application the MSS is shown to be detumbled in a few minutes. with very
small reaction jets. Furthermore, it can be stated that structural
limitations of the MSS and Human tolerance are not exceeded by the
induced "g" loads, and that the fuel weight is low. The operation of MADD
has automatic‘funccions, but the shuttle has command control. The. general
case (tumbliﬁg) has been treated here, but MADD could be used for the

spin case as well.
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