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Attitude Sensing. System could result in a highly competltlve
1att1tude control system. - ‘ :
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SUMMARY

. This report, prepared under contract for the Department of

Communications,; presents a review of three axis attitude control

'v;systems. .The dynamic features of "biased momentum" systéems in a

number'of_conflguratlons is discussed at some length. Reaction

wheel and zero momentum systems are also considered. A system

trade matrix applicable to the Multi-Purpose BUS Satellite shows
that development of magnetlc bearing wheels and the Micro-Wave

\
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1.0 INTRODUCTION

Orbiting earth satellites, in fact all spacecraft,

- are usually thought of as being either "3 axis"
controlled or "Spin Stabilized". Such a classifi-
cation is somewhat confusing, however, since most
current satellites of both classes are controlled .
in three degrees of rotational freedom. Whatever
confusion exists is probably due to the evolution
of spacecraft in the last 15-20 years. The first
artificial earth satellite, Sputnlk 1, was launched

. in 1957 and had no attitude control system at all.
N The satellite body was spherical with whip antennas
- emanating all over the surface. The vehicle
e tumbled randomly without a preferred axis of
\ . rotation.

The first American satellite, Explorer 1, was

- designed to maintain one axis of the satellite
fixed in inertial space. It was recognized that
various external torques act in space and to
resist these torques the satellite was to be spun
about one axis. This would introduce "gyroscopic
torques". about the two transverse axes which would |
tend to maintain the spin axis . fixed in inertial
space. [This technique, which became known as
"spin stablization" had been used for years in
more earthbound applications such as the spinning
bullet and spiraling football.  We might more-
properly: refer to this as "2 axis" control since
restoring torques are applied to two vehicle axes. ‘
At the time of the Explorer 1 design phase, indeed - ‘
even at the time of launch, the nature of spinning
body motion was not completely understood and the
‘Explorer 1 configuration proved to be an unstable
one. This will be fully explained shortly, the
intent here being to 1llustrate the control that
was des1red

~In the years following the time of Explorer 1,

payloads were developed that required "3 axis" : o

control, i.e., the ability to control attitude . : N

about three distinct vehicle axes. The Surveyor ‘ o |
moon lander is an early example, using reaction

7/CGC/03
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jets to impose control torques about any space-
craft axis. For longer life earth satellites,
efforts were made to reduce the amount of attitude
control fuel required by using other sources of
"external control torques. So called "gravity
gradient" control was widely used in the 1960s to
- provide 2 axis (pitch-roll) control with gas jets
to control yaw (motion about the satellite -~

earth line). The use of the gravity gradient was
effective for pointing requirements on the order
of a few degrees but as required accuracies became
tighter this form of control ceased to be viable.

The techniques of "spin stabilization", first

introduced with Explorer 1, were then revived in

the form of adding a spinning wheel to the main

satellite body. The angular momentum stored in

the wheel would render the axes transverse to the

wheel axis "stiff" in response to external distur-

‘bances while satellite motion about the wheel axis

could be controlled by changing the wheel speed,

the combined effect being 3 .axis. control. External

disturbance torques having secular components in

inertial space will cause a secular change in the

. satellite's angular momentum magnitude and direc-

_ tion and therefore at periodic intervals an exter-

nal control torque (e.g. magnetic or dgas jets)

must be employed to correct for-this. It is the

frequency of correction that characterizes two

very important classes of satellite stabilization

schemes. ‘We will refer to these:.using the terms

"medium momentum" and "high momentum". : S
|

L%

For medium momentum systems (commonly referred to

- as "Momentum Bias"), the wheel is small enough to _

be housed inside the main spacecraft body and is -
light enough so that it seldom needs to serve

- auxilliary functions to be weight effective. ‘
Typically.the wheel will weigh considerably less
than 100 1bs. (probably more like 20 1lbs) with a
momentum of less than 100 ft.lb.:sec (probably on
the order of 20 ft.lb.sec). The momentum correc-
tion interval might be minutes or hours, most
likely requiring an autcnomous system to do so.

N = e
~
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The second class of systems containing a spinning
wheel, those with high momentum, have a wheel that
is very large compared to what was previously

"called the satellite main body. In such vehicles,
" referred to as "Dual-Spin" satellites, the wheel,

now called a "rotor" is so large that it dominates

the size and weight of the total vehicle.

1

To be weight effective most of the control fuel,
electronics, solar cells, and apogee motor are
mounted .on the rotor whereas the other body, the
"platform", often merely consists of the pointed’
payload. Dual-Spin satellites are characterized
by angular momentum levels on the order of 1000's
of ft.lb.sec and momentum correction intervals on
the order of days or weeks. For such long inter-
vals this is usually done by ground command.

Two final classes of attitude control systéms are

the. zero and low momentum systems. - In both of:

~ _ these no reliance is made on gyroscopic torques

for control. " The former technique uses thrusters,
e.g. gas.jets to apply control torgques on three

" distinct vehicle axes. 1In,the:latter the torques

are ‘a result of accelerating small reaction wheels,

"thelr gyroscopic 1nf1uence being negligible.

~Th1s study will only consider zero, low and medium -

momentum systems, the high momentum designs being
excluded. In these introductory remarks an attempt

‘has been made to show that the medium and high’

momentum designs have much in common from a
theoretical point of view, the differences being

in size and welght of the components. In particu-
lar it has been shown that all of these systems

are really 3 axis controlled although the period

of correction on certain axes way be much longer
for some systems than for others.- In the follow-
ing section we examine some characteristics of the
attitude motion of spinning bodies or bodies with

-a single fixed wheel. This is necessary in order

to establish definitions of terms which will
pervade future discussions.
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MOTION OF SPINNING BODIES AND ' BODIES CONTAINING

- A SINGLE FIXED WHEEL . : "

Nutation, Precession and Wobble

Nutation .

Flgure 2.1.1-1 illustrates the types of medium and
high momentum systems that have been discussed.

SINGLE SPIN - DUAL SPIN

Tn the Dual-Spin and Momentum Bias systems the
wheel's momentum, hy,, cOmprises nearly all of the
total vehicle's momentum, H, since the other body
is assumed to rotate very slowly in space. Let us
first consider the case in which no external '
torques act on the syotews. Then, by conservation
of angular momentum, H is fixed in inertial space.
Let us also assume for the moment that the wheel
is balanced, i.e., that its spin axis is a prin-
cipal axis for its center of mass. The desired
motion of most satellites is one in which hy and H
are parallel This will occur_only if there-

are no rates on "transverse" axes, i.e., axes
normal to the spin axis. In general there are
such rates, due to initial conditions and external
torques, and these will cause.hy to cone around H
as shown in Flgure 2.1.1-2,

MOMENTUM BIAS,

FIGURE 2.1.1-1 - CLASSES OF MEDIUM AND HIGH MCMENTUM
: SYSTENS - ST
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FIGURE 2.1.1-2 - NUTATIONAL MOTION

This motion is commonly referred to as "nutation".

The "nutation angle" M is the cone half angle. If

hy is the angular momentum caused by the transverse
rate, then

H=hy+ hy

and the nutation angle is glven by

h | .
-1 l n‘ radians o \
|H | = ‘

N = tan

- The frequency with which hw cones around H is .
. called the "nutation frequency",w . If the system
A is nutationally stable, a concept to be discussed
: shortly, hy will cone around H at constant frequency~\
but decreasing angle, until hw and H are coinci-
dent. If unstable, the conlng motion will grow..

"The nutation frequency is an lmportant parameter
for both Momentum Bias and Dual-Spin systems. An
appendage attached to the main body will be excited
at this. frequency. To avoid structural interaction
problems the natural frequencies of such an appen-
dage should be far removed from the nutation-
frequency. As will be discussed shortly, a pa551ve
damper can be mounted on the main body to damp

. nutation and for optimum performance it should be

. tuned to the nutation frequency. . As will be
discussed in Section 4.3, certain Momentum Bias
systems will limit cycle, resulting in thruster
activity that is proportional . to the nutation
frequency.
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To develop an expression for the nutation frequency
consider the system shown in Figure 2.1.1-3. This .
can represent any of those considered earlier by

FIGURE 2.1.1- 3 = GENERIC SPINNING WEEEL - SYQTEM

changing the mass and inertia of the two bodles
and the wheel speed fl. Write the total inertial
angular momentum of the system for its center of
mass .(cm) :

Py ~ N
‘E = Ix“& X + (Iyny;ﬂJ l;+ Izu&.zi
where J is the wheel moment of inertia,
the I's are the total system principal
moments. of inertia for the cm, the w's are the
inertial angular velocity components of B for the
XyY,2Z axes, {1 1s the constant relative wheel . .
Speed, and x,;,z are unit vectors parallel to the.
respective¥,y,z axes. Differentiating H in iner-
tial space, dropping second order terms in the
w's and equating this to the external torque,
gives a form of Euler's equations for this system:

I W +JNw = 7
X X =

IyWy = Ty
'Iszz -

i
O
o
E~
“
i
+J
1N
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3

where the T's are the %,y,2 components of the
external torque° :

These equations apply for small main body rates
which i1s usually the case of interest. The first
and third equations define the nutational motion.
These can be differentiated.and written as

2
I I -
X 2/

it
o

ve 2 -

w,_ + (302)" w

2 171 %
S X Z

\

and are in -the form of an‘oscillator whose frequency
(nutation frequency) is :

J.0

W =
. qIXIZ

Note that the nutation frequency ‘is proportional
to the wheel angular momentum, Jfl. Also note that
for a synmmetric spacecraft (r, = I), the
nutation frequency is greater %han %he spin speed
for "oblate" systems (spin inertia greater than -
transverse inertia) and less than the spin speed
for "prolate" systems (spin inertia less than
transverse inertia)

Nutational Stability

Prior to the launch of Explorer 1 it was felt that
a single spinning rigid, or almost rigid, body is
stable about either the maximum or minimum moment
Qf inertia axis. The instability of Explorer 1,
designed to spin about its minimum axis, led to a
more thorough understanding of spinning body
motion. ' In particular it became apparent that the

~only stable motion of a spinning body with inter-
~nal energy dissipation, i.e., a physical body, is
about its 'axis of maximum inertia. The following

heuristic analys1s demonstrates this. Consider

that a body is Spinning about one of its principal

axes, of moment of inertia I, with a rate fn. It.
then possesses an angular momentum with a magnitude
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H=TIM0
~and a kinetic energy of

K.E. = % 1.0°

Substitution of the first relatlon into the second
gives :

1 52

2T

' Now in the presence of no external torques H is
- constant and this last equation shows that the
lowest energy state occurs for spin about the
largest inertia axis. Assuming that internal
energy dissipation can change the kinetic energy
into heat energy and that the system will seek its
;. lowest energy state, the only stable motion 1is
spin about the maximum axis of inertia. This
result has become to be known as the "maximum
axis" rule. If one designs an effective dis-
sipator for an oblate spinning body, for example .
using a spring-mass-dashpot tuned to nutation
frequency, then the device is called a nutation
damper. :This can be. passive, as in the example
. given, or active using sensors and thrusters or
-reactlon devices.

K.E. =

It should be emphasized that an unstable system
may be a very satisfactory design for time periods
which are short in comparison to the divergence
rate of the unstable motion. The previously '
mentioned spinning bullet and football are ex-
amples of unstable (minimum axis spin) designs
which perform successfully for short time periods.
In satellite applications the spinning apogee
‘boost of a prolate spacecraft can be successful if
the nutation grows slowly. The key to such a

- design is estimating the energy dissipation rate
and enSurlng that it is low enough to satisfy the
mission requirements. This is often a very dif-
ficult task since the predominant dissipation
mechanism is often difficult to- analyze orx test,
such as fluid in tanks or plpes
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The stability analysis of Dual-Spin or Momentum
Bias systems is greatly complicated due to the
presence of two bodies. The complicating factors
are the effects of the wheel motor, bearing
friction, and the necessity for considering dis-
sipation on both bodies. The latter introduces
time varying coefficients in the equations of
motion. A complete discussion of this subject is
beyond the scope of this report and we will sum-

7/CGC/11

marize the facts, specialized to the case of a
non-rotating or slowly rotating main body:

o

Energy dissipation on the main body is always
stablllzlng.

Energy dissipation on the wheel is stabil-
izing if the wheel spin moment of inertia is
greater than the entire satellitevtransverse
moment of inertia for its cm, otherwise it is
destabilizing (this is the maximum axis ‘rule

-for wheel systemq).

From the prev1ous two p01nts it is apparent
that one can design a stable satellite whose
wheel spin inertia is less than the vehicle
transverse inertia by installing a suitably
effective passive nutation damper on the main
body. The difficulty here though is the

- estimation of the (destabilizing) dissipation

on the wheel, especially\when this occurs as
fuel slosh. ' '

If the wheel axis is not a principal axis of
the main body the wheel speed control system
may-cause nutational instability even if the

.above criteria are satisfied. This phenom-

enon is analyzable and can easily be avoided.

Some high momentum (Dual-~Spin) satellites are
designed with a "stable" inertia ratio so as. to
eliminate possible nutational instability, e.q.,
the Orbiting Solar Observatory: (0SO) series. For
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systems with an "unstable inertia ratio", i.e.
long and slender, careful estimation of the rotor
dissipation is required. Such satellites are
examples of the Fughes "Gyrostat" design and are
represented by the TACSAT and INTELSAT IV series.

It should be pointed out that Momentum Bias systems

usually fall into the "unstable inertia ratio"
class since the wheel spin inertia is much less
than the satellite transverse inertia. For the
systems proposed to date (<100 ft.lb.sec) this has
not been a matter of great concern, although it is
not completely clear that it shouldrn't be. For.
these systems the presumption is usually made that

- the wheel is so small that very little destabil-
izing influence can result. However, for large :
Momentum Bias satellites (small dual-spinners) one

may have to carefully analyze the energy. dlss1pa—
tion properties of the wheel and bearings.

Precession
It 'is a widespread convention in the aerospace

industry to use the term precéession to describe
the motion of the system angular momentum vector

'in response to an external torque. In classical

mechanics treatises precession is used to denote

‘the coning of the spin axis around the angular
- momentum Vector, i.e., what we -have called nuta= "

tion. This is a perfectly acceptable terminology

“except that they had no term to describe the

motion due to external torques..

When an external torque T acts on a system whose
inertial angular momentum for its cm is K then the
angular momentum principle, which is derivable
from Newton's .Second Law, gives the result

N

Q.xl je¥
par

where Nd/dt denotes time differentiation in an

inertial (Newtcnian) reference frame N. Inte-
grating this expression gives:the change in :
angular: momentmu,A}h-auo to the torque acting for
At seconds: S

‘ t+At
AH = T 47

'SPAR—Rg664
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For example in Figure 2.1.3- 1.if the system at
time t has an angular momentum H(t) and it is
acted upon for At seconds by an inertially fixed

a torque T then at t+At the system has an angular
momentum H(t+At) given by

H (t +at) = H(t) +4H

\

where

AH =T At

/o

FIGURE 2.1.3-1 - PRECESSION

Note that the torque component parallel to H(t)
tends to increase the momentum magnitude, i.e.,
spin. up the wheel. The torque component normal to
H(t) tends to precess the momentum vector through
the angle ©. Therefore for small angles the .

precession angle ©is given by

. TA .
= g radians

®

whe re 7 is the tcrque component normal to H and -

= |H].

- 11 -
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2.1.4 Nutation and Precession Simultaneously

Usually we are interested in the motion of a body
- fixed wheel axis, not just the system angular
momentum vector H. The external torque T, along
with precessing H, introduces nutation about H
and to define the body motion we must determine
the combined effects of nutation and precession.
Consider a system with svmmetric transverse iner-
tias I '= I = I with a wheel of momentum hy=JN
on thexy axis. Figure 2.1.4-1 shows three such
systems acted upon by an inertially fixed torque
T in the nominal x direction. 1In A the wheel has
-Zero momentum, . in B it has low momentum, and in
C a much larger momentum. We will now consider
wheel axis motion due to the torque. In-A the
torque simply rotates :

- o e
I - -
x |
A N -, S c
Zero Momentum g Low Momentum e ) High Momentﬁm

FIGURE 2.1.4-1 - NUTATION AND PRECESSION MOTION

the body about the x axis an amount ¢f, where

"d(,=

- |
B 2.1.4-1
or - o=1L4? : . 2.1.4-2
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for zero initial conditions. This motion could be
considered as a pure nutation (with a 90 degree
nutation angle). In B the wheel axis nutates with
a smaller angle and precesses in the direction of
T. 'In C the nutation is qu1te small the -dominant-
effect being prece551on '

A quantltatlve determination of the precession’and
nutation angles caused by such a torquée can be
made using the Euler Equations derlved in Sectlon

el
7/CGC/15

2.1.1 with I_ = I =1, hy = JL

lend Ty

i
=
N
I
o
~

T =Ty :

‘wx+JWa% T

T 2=
Ll - h N .
Wy 7 Wy =0 2.1.4-4
Solv1ng these for initial condltlons a>(0) =éun(d)‘
0 gives : : “
U)x =~%~'sincut 2,1,4—5‘
. Ny _
Wz = £~ (1-coswt) 2.1.4-6
N w v BS
where
- hy . %
~a)=_f— = nutation frequency
The transVerse rate T introduces a transverse
h,,
\%
momentum component TI which represents nutatlon,
Iy
The nutatlon angle is therefore
% I -
=L 2.1.4-7

- 13 -
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(See Figure 2.1.4-2)

FIGURE 2.1.4-2 - TRANSVERSE MOMENTUM AND NUTATION
S ANGLE ’

The torque precesses the® angular momentum vector.
an amount AH where ' :

AH:: Tat o - 2.1.4-8

’ The precession angle & is therefore
O~ AL ' aig

H 2.1.4 9’_

(See Figure 2.1.4-~3)

FIGURE 2;1.4~3 ~ PRECESSION
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The prece551on rate is calculated as follows:

~4@ _AH/H _Tat _ T | | o
0 At~ At T Hat H | o 2.1.4-10

. This rate'can be identified as the secular com-

ponent of W, in Equation 2.1.4-6 since H = hy,
The prece551on angle 1is therefore

QwTi' : | 2.1.4-11

o
=

. Wobble

Wobble is the term commonly used to describe the
Satellitejmotion resulting from an unbalanced
spinning section. Figure 2.1.5-1 illustrates

the general case with a statlcally and dynamically
unbalanced wheel. :

~ FIGURE 2.1.5-1 - SATELLITE WITH UNBALANCED WHEEL .

- 15 - ] - . . J
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- The cm of the wheel is offset from the spin axis -
cau51ng a static unbalance. Also, no pr1nc1pal
axis of the wheel for its cm is parallel to the
spin axis - this causes a dynamlc unbalance..

For low and‘medlum momentum systems unbalance is
seldom important since the wheel is small and
rigid, For lYarge spinners or Dual-Spin satellites
such is not the case.' The spinning body is so
large that it is difficult to accurately balance.
- Furthermore the presence of fuel and movable:
+ elements on the rotor alter the balance during the
. mission. Although high momentum systems will not
be considered in detail -in this study we include a
brlef discussion of wobble for completeness.

Consider first the cage of the 51nale spinning
body (see Figure 2.1.5-2). The wobble motion

 DESIRED ACTUAL "SPIN AXIS '

SPIN AXIS_5\ [ (PRINCIPAL AXIS)
Axis_7\ "o (PR VAL X/s)

FIGURE 2.1.5-2 - WOBBLING OF A SINGLE SPINNING BODY"

is spin about one of the principal axes for the cm,
this axis being fixed in inertial space. As :
discussed earlier the cnly stable such motion is

7/CGC/18
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about the axis of greatest inertia. Generally,
one body fixed axis is a desired spin axis and if
this is not parallel to the actual spin axis
(principal axis) the former will cone around ‘the
latter at constant amplitude.

Now let us consider the wobble moticn of a body
with a single fixed unkalanced wheel, i.e., the
system shown in Figure 2.1.5-1. This is a com-
plicated problem in. general and we will consider
only the case of a symmetric, non—spinning main
body. . For this case the wobble motion is very .
similar to that of a 51ngle splnnlng body. ' The
wheel spins about an axis fixed in it and in _
inertial space (see Figure 2.1.5-3). This axis is

FIGURF 2.1.5-3 - WOBBLING OF .7\ EODY WITH A SINGLE
' \ FIXED WHEFL -

the centroidal principal a\iq‘of the entire system

. except that the moment of inertia of the main body

about the wheel axis is reglected - R , N
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.. In'general the motion is a combination of nuta-

tion, precession,. and wobble, although in many

practical cases at least one of the contributions .-

will be negligible. The separate motions can be
identified by their characteristic frequencies.
"For example, nutation occurs at nutation frequency
and wobble at spin frequency. Precession occurs.
at the frequency of the external torque, usually
either zero or a multiple of orbit rate.
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CQMPENSATION;OF EXTERNAL TORQUES

- External Torques - Their Impact on Spacecraft

De51gn

For Satéllites with payloads which are not actively

‘slewed relative to the main body, external torques

represent the prime disturbance which the attitude:
control system must overcome.  Theoretically, from
Newton's first law, once a desired attitude is
achieved no control system at all is required to
maintain this attitude if no external torques
exist. Practlcally, some finite torques will
always exist and minimizing these results in lower
spacecraft weight for two reasons. First, when.
gas jet thrusters are used as either the prime

- control or for momentum dumping, the_amount.of_on—
"board fuel required increases as the external

torque increases. Therefore, from fuel weight
considerations it is important to minimize the

‘external torque. Assuming that the control system

does not limit cycle, the yearly fuel usage is’

| 7
4 x 10" 1b

W = -
ISpl o D yr

for a fixed momentum wheel system and

oo 3laxio’ . 1b
,Isp 1 D yr

for systems with momentum stOraQe such as a double
glmballed wheel or three reactlon wheel system,
where ,

propellant specific impulse (sec)

T =

sp

1 = thruster lever arm (ft) ‘
T, = dlsturbance torque (ft lb)

For typical parameter galues of Isp = 100 sec, -

1 =2 ft, and T = 10 ~ ft.lb, we obtain a yearly
fuel usage of 2 1lb and 1.57 1bs for the respective
systems. '
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/' The second reason that spacecraft weight is. re- v
duced by minimizing external torques is related to
( the pointing accuracy that is required from the
attitude control system. Before proceeding fur-
ther it is necessary to define a rotating coordinate
system X,Y,Z as shown in Flgure 3.1-1. ‘

'EARTH

) - ORBIT PLANE
¥ (raw)

| @ mou. £
;"“’9 (P/TCH)

vr S
FIGURF 3. l 1 - ORBRITING COOPDINATE SYSTEM DEFINITION .
OoF PI¢LH, QOLL, YAW

The Z axis points frcom the- satelllte tc. the center
o . of the earth, X points.in the direction of the
- : - satellite linear velocity, and Y is normal to the
-orbit plane. These axes rotate relative to inerxr-
tial space at a rate & and define the orbiting
coordinate system. Sagelllte attitude is measured
relative to this frame by the angles ¢, &, :
(roll, pitch, yaw) about the respective axes ¥, Y, .
Z. Pitch and roll attitude is easily determined -
using horizon sensors whereas vaw measurement is
‘more complicated. For most earth pointing missions
the yaw pointing requirement is not as stringent
as for pitch and roll. For missions which require
accurate yaw measurement a gyro is often used. To.
compensate: for drift, updates are usually made by
. a star tracker or sun sensor. It is clear that, o
especially when redundancy is de51red, yaw sensing ‘
introduces considerable weight and complexity to '
. the overall system and is therefore to be avoided
if at all posqlble, :
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The most w1dely used alternative to direct yaw
sensing is the technique of "gyrocompassing" which
forms the basis for all of the momentum bias
systems to be discussed. Gyrocompassing will be
described in more detail in the next section but
simply stated it relies on the fact that, since

the momentum wheel tends to remain fixed! in iner-

- tial space, yaw érrors become roll errors as a

result of the orbital motlon.4\The error is then
sensed by the roll horizon sensor and removed.via
the roll control system. Whereas pitch and roll
torques produce errors which are quickly sensed
and removed, a yaw torque can result in a signif-
icant error before it is detected and controlled
us1nq gyrocompassing. Therefore, even if the  yaw

. pointing requlrement is less than pitch and roll,

a yaw torque is usually the most critical and is
the factor that determines the amount of angular
momentum required in the wheel. Reference 1
contains -an approximate relatlonshlp for the peak
yaw -error: resultlng from a constant yaw torgue T:

y’” 57. 3 h ‘degrees-
ow” .

where T is in ft-1bs, w 1s ther orbital angular
velocity (W_ = 7.29 x 19-3 rad/sec at synchronous

. altitude), 8nd h is the wheel angular momentum in:

ft.1lb.sec. To ggt a feeling for the magnitudes

“involved, a yaw bounded at 0.5 deg and an angular

momentum of 10 ft.lb,sec requlres a max1mum yaw
torque of 6.35 x 106 f¢, 1b. ‘

The dominant external torque at’ synchronous alti-

tude is due to solar pressure dcting on the satellite.

When the center. of pressure (cp) of this force ' -
is not identical to the satellite center of mass
(cm) a torque results. Every attempt is made to
oes1gn a configuration in which’' the cp-cm, offset
is minimal but several factors contribute to
increase this offset. The theoretical determin- :
ation of ‘the cp is a difficult task since. shading
must be determined,. spacecraft thermal distortion

~accounted for, and assumptions ‘made regardlng the

shear forces and 1eflect1ve oarameters Furthermore,

’
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even if the cp location were known precisely, the
cm location is not. Even after assembly of! the
spacecraft an uncertainty in the cm location
exists, and due to fuel usage and other effects it
will not remain fixed while on orbit. If left
uncompensated the resulting solar torque will
. cause ‘a large number of control thruster firings
and- degrade the yaw pointing of a momentum bias
‘satellite, We now discuss some techniques for
_compensating the solar torque

3.2 . Magnetic Compensation‘ | s “ ‘ : !

The most commonly proposed technique . of opposing -

- the solar torque is the use of an electromagnet or
a coil to produce 'a torque as'.a result of inter-
action with the earth's magnetic field. The
device is often mounted on the sun tracklng solar
panels in an effort to produce -an inertially f1xed;,
control . torque. Ground estimation of the solar
torque can be made after several orbits of data

.. collection and an approprlate coil current can
be commanded. The main disadvantage of magnetic :

- torquing is due to the behav1or of the earth's - = .
field at synchronous altitude..: The field changes ‘
drastically and during por;ods of.solarrstOrms the
field may actually reverse, rendering. the magnetic:

- torquer system unsatisfactory. .This technique has
not been. used to date at synchronous altitude; how-.
ever, its use has been recently proposed for a

major communications satellite program. .
4 .\ ‘ N R

3.3 Solar Pressure Trim Tab Compensétion

An alternative method of solar: -torque compensation-
is to alter the location of either the cm or the
cp by some mechanical means. - For example a louver
arrangement, mounted on the solar array, would
alter the cp in the y direction: (See Figure 3.3-1)

7/CGC/24

N B B N I I E Iy I I N B N B BE B . || 'III'




| | o . SPAR

SPAR AEROSPACE PRODUCTS LTD . - | : TN
i . , : ‘ d |
| ‘ SPAR-R.664 = fi

-

FIGURE 3.3-1 - SOLAR PRESSURE TRIM TAB COMPENSATOR
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Mass Balance Comﬁensation

An equivalent result could be obtained by_moVing .
the cm location in the y direction. A small

- weight commanded to move on a track would accom-
- plish this (See Figure 3.4~1). To be weight '

effective the length of the track should be as
long as possible with as much of the mechanism
weight as possible in the moveable part. '

FIGURE 3.4-1 - MASS BALANCE COMPENSATOR

Both of these systems permit elimination of the
cp~cm offset in the y direction which greatly -
Jiinimizes the roll and yaw torgque. By careful
propellant management of the fuel in tanks located.

~in the x-z plane one can, in principle, eliminate

the offset completely. It should be pointed out
that the cp will move scmewhat on a daily basis
and may change abruptly due to shadow1ng so. it may

“be desirable to frequently control these mechanisms
to counter the lesultlng torcue, :
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On the other hand an acceptably low torque may be
achievable by a very few number of corrections,
possibly every month or so to account for seasonal
(sun declination) variations. As far as is known
. the technique of altering the cp or cm has not
been flown or even widely proposed. It appears . -
~that such a device may be attractive for long
- life, weight critical designs.

!
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4.0 MOMENTUM BIAS OPTIONS

The heart of all of the systems to be discussed in
this chapter is a single momentum wheel that
nominally spins about an axis normal to the orbit
;ldne as shown in Figure 4.0-1.

Y-%f%
FIGURE 4.0-1 - MOMENTUM BIAS SYSTEM

The term "momentum wheel" will refer to a wheel. _
whose momentum is sufflclently high. to ‘cause 51g— -
nificant’ gy105copnc torques. "Reaction wheels" on
the other hand are designed to prov1de a reaction
torque on the satellite, the gerSCOplC torques

v being an undesirable feature. .
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In Figure 4.0-1 the X, Y, Z axes define the

orbiting coordinate system and x, Y2 are space-

craft fixed axes nominally allgned with the

orbiting axes. Roll, pitch, yvaw (¢,8,¥) angles
- define the relative orientation of the two sets of

axes. For small angles these represent rotations S

about the reSpective %X,y,2 axes. The wheel angular

momentum hy is nominally along the -y axis. 1In

all systems to be discussed, pitch attitude is
~controlled by operating the momentum wheel in a

"reaction wheel" mode, i.e., accelerating the

wheel in one direction causing the body to rotate

in the opposite direction. A secular torque on

the pitch axis will cause the wheel speed to
eventually increase or decrease to an unacceptably

high or low level. The wheel mwust therefore be

torqued back to nominal speed at periodic inter-

vals while applying an external torque to control:

the body. This operaticn, called "momentum dumping",
. is usually accomplished using. gas jet thrusters or
hmagnetlc torquers. : (
The gyroscoplc torques. resultlng from the momentum
wheel are used to control roll.and yaw. In addi-
tion some systems contain reaction wheels or
gimbals on the main wheel to give auxilliary roll
or yaw control. A prime attribute of momentum
bias systems is that the yaw error can be con-’
trolled without the need for sensing yaw attitude..
‘'The manner in which this is accomplished is the -
subject of the next section.

4.1 Gyrocompassing ) .

" The fact that the wheel posseses appreciable
angular: momentum has little significance to the
pitch .control but is inherent :to control of the
roll and yaw motion. Whereas the pitch axis is
nominally fixed in inertial space, the roll and
yaw axes ‘are constantly rotating and in fact the
two axes- intefrchange every 90 degrees of orbit
position. This fact, together . with the fact that
detection of pitch and roll errors is relatively ‘
easy using earth horizon sensors forms the basis
of the "gyrocompassing" technigue of yaw attitude |
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'detection,: Any system that does not involve A
direct yaw measurement, i.e., a yaw sensor, must
indirectly sense yaw by gyrocompassing. ‘

Gyrocompassing relles on the fact that a yaw error
turns into a roll error due to the fact that the
wheel axis tends to remain fixed in 1nert1al ‘space
while the satellite traverses the orbit. Consider
a satellite with a single fixed momentum wheel a$

, it travels around the orbit at a ratewg (see

- Figure 4.1-1). At time tj-:a pure yaw error (¥)
- exists. ' If no external torques are applied the
wheel axis will remain fixed in inertial space.
At time t , a quarter of an orbit later, the
wheel is in the same orientation as it was at t3

' but the 'body axes are not. By applying reaction
torques to the wheel the pitch control system has
kept the z axis nominally pointed. toward the
earth. The vehicle axes therefore rotate around
the- wheel axis and at time tz all of the original .
yaw error has turned into a roll error (@). This
error can be detected by the roll horizon sensor.
The essence of gyrocompassing is as follows. At any-
particular time the yaw attitude .is not known, but
the roll error (is, Furthermore,‘lf there are no.
external torqueb dnd the roll error is '

ALL ERROR
IN ROLL

7/CGC/29
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ALL ERROR IN ROLL L ALL ERROR IN VAW

- . - t . - . .
-

FIGURE 4,1-1 - ILLUSTRA%%pg'OF5GYR0C0MPASSING' . 1
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changing then there must be a yaw error present,
We are therefore able to infer yaw attitude by
observing the roll behavior,

For the analysis to follow it will be useful to
consider the. vehicle attitude motion relative to -

- the orbiting reference (Figure 4.1-1) rather than
an inertial frame. Figure 4.1-2 shows the roll—u
yaw motion previously deocrlbed as 1t appears ln
‘the orbltlng

+mW(@
X

+ ROLL (P)

FIGURE 4 l 2 - EFFECT OF ORBIT MOTION IN ORBITING
- REFERENCE FRAME - -

reference framé. The timeg tO,'tl} t2 refer to
Figure 4.1-1. o '

7/CGC/30 .
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Gyrocompassing enables one to design a system to
( control yaw without direct yaw sensing, This

forms the basis for all of the momentum bias .

systems to be considered. The one that results in .
the simplest, and probably the lightest, control .
system involves ground commanded corrections to -
‘vehicle attitude. This will be discussed in the

next sectlon. o ‘

4.2 leed Momentum Wheel - Ground Command Correctlon

Figure 4. 2 -1 1llustrates a fixed momentum wheel
system in which all of the control functlons are:
‘ handled on the ground. The satellite contains the’
.- pitch and roll horizon sensors, the control
-+ thrusters, and the momentum wheel. A .block
diagram of the control cysterr is q:ven in F1g~

ure 4.2-2. /

Pitch, Roll H/S, '
- Cccasional vaw sun .

sensor info., \- Y- ~ S o - "h,'_
Wheel Speed ' Pitch, Roll, Yaw Corrections -

(Thrusters, Wheel Speed Change)

Model of S/C Dvnamics
& External Torcues
I

i ‘Ground

Station.

e

Periodic Update of Model.
& Control welchtlng Functions

FIGURE”4.2-1 - FIXED MOMENTUM WHLEL - GROUND
- COMMAND CORRECTION

j‘\ﬁ : l "__ 30_ ._‘:f : . ' . '. J
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’ HORIZON

| - ‘ » SENSOR
(CALCULATES 'MESN\\S\ ~ H

v | Sy Lt ]

MOMENTUM
S WHEEL

THRUSTERS .- |
(PITCH, ROLL, |
| vAw)

SPACECRAFT -

FIGURE 4.2-2
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Pitch and roll horizon senspr signals and wheel
speed are continuously’transmitted to the ground
station. The output of a yaw sun sensor could
also be’ continuously sent, but for much of the day

. this 31gnal would not. accurately represent yaw
" attitude due to an unfavorable sun direction. For

those periods in which an accurate measurement of
yaw'is'available, this information could be used
to improve the yaw estimate. . Using a high speed

dlg;tal computer -at the- ground station, a detailed

: model of the spacecraft dynamics; including appen-

dage flex1b111ty and external torques, could be

:'1mplemented . Bolution of the equations of motion
should give an accurate, continuous estimate of

vehicle rates and yaw attitude. The computer

“could 81multaneously be used to solve sophis--

ticated optlmal control equations’to obtain the
desired control strategy to be sent to the satel-

lite. .This. optlmlzatlon ‘cqQuld be welghted heavily:

toward mlnlmlzlng fuel usage, response time, or

p01nt1ng error, the weighting functions changeable

dependlng on current requlrements.'

'The on—board equlpment con81sts of - the momentum\

wheel, horlzon sensorsg, and control thrusters.
The sun sensor could probably be eliminated for
the normal mode but since it is:needed for sta- -

difficult to estimate the size:of momentum wheel:
required for this system without performing a
detailed-simulation of the spacecraft dynamics,
ground control. law, and external torques. How-
ever, it:-would appear probable. that a wheel with
between 5 and 10 ft,lb.sec would suffice although
some type of solar torque compensation may be
necessary. Figure 4.2-2 shows how the weight of

‘the wheels vary with angular momentum. Also shown

is the total control system weight. The horizon
sensor package, with redundancy, weighs about
15 1bs and the sun senser about 1 lb with elec-

tronlcs.

 th1onkeep1ng its output. might as, well bhe used, when =
"available, to update the yaw estimation. It is - '
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A system such as this, where so many of the con-
trol functions are placed on the ground, has
received little attention in the past. Part of
the reason for this has probably been the usual

- requirement for autonomous operatlon for reasonably
long time intervals. However, it would seem that -
the ground in the loop system could be automated
to the extent that essentially autonomous control
would result,  The system has the obvious advan-
tage of a minimal amount of on-board hardware
‘which results in low: welght and high rellablllty
Also,. probably the ultlmate in sophlstlcated
control techniques is possible us1ng the powerful
computation capability available on the ground.
The main disadvantage of this system is the dif-
flculty in which off axis pointing and rapid three
axis control can be accomplished.-

4,3 leed bomentum Wheel - Offset Jets (WHECON)

WHECON (WHEel CONtrcl) is a Lockheed developed:

control concept incorporating a single fixed mom-
entum wheel. Gyrocompassing is . used to transfer |
yaw errors into roll errors where they are detec-

ted by the roll axis horizon sensor. The unique
feature of the WHECON system is that, .instead of a
pure roll correction, a.c¢ombined rpll and yaw

motion 'is created by thrusters which are-offset

from the vehicle axes as shown in Figure 4.3-1

OFFSET THRUSTERS

7/CGC/33

FIGURE 4,3-1 - WHECON SYSTEM -
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The block diagram of the system is shown in Figure
4.3-2. It has been shown through extensive '

RITCH

HORIZON [Py rcH LooP | \MOMENTUM
SENSOR | VELECTRONICS]™™ = WHEEL
- toy —— ’ . R .
ROLL
_Arowt conrgor |
NELECTRONICS]
THRUSTER | \THRUSTERS|
CON 7ROl - - |ETcH, roLL)
ELECTRONICS CYAw)

FIGURE 4,3-2 o o

analysis (See Reference 2) that the offset jets -
can reduce the yaw response time, to significantly .
~less than one quarter of an orhit period, and also
introduce damping in yaw., The. roll response is
damped by electronically filtering the roll hor- .
izon sensor signal tc introduce rate compensation.

\

{

SPAR AEROSPACE PRODUCTS LTD A m@ .



7/CGC/35

SPAR AEROSPACE PRODUCTS LTD B
- SPAR-R.664
Firing one of the offset thrusters. produces a

torque about the vehicle cm as shown in Figure
v 4.3-3. This is a top view of the system - looking

, ‘ o)
CvN;EEZ\\Q | CF
TORQUE - | - _ v .
o ~,'<3aé>' e X

FIGURE 4.3-3 - WEEEL PRECESSION IN ROLL AND YAW
DUE TG OFFSET THRUSTER ‘

down on the orbit plane. Assuming that the torque
is small relative to the wheel momentum, the wheel
axis will precess in the direction of the torque
"with small nutation (see Section 2.1.4 for a
review of nutation and precession motion). It has

- 36 - . , . ~ AJ
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been deternlned analytlcally, and can be demon—
strated 1ntu1t1vely, that optimum system perfor-
mance requires a small offset: angle o, This
causes a large yaw motlon, as shown in Figure
4.3-3. It may seem strange that when the horizon
sensor detects a roll error the control system
responds by creating & large yaw excur51on. We

~will now demonstrate that this is necessary in
order to effectlvely control. and damp yaw érrors

- without using a yaw sensor. :

Suppose that we did command a pure roll correctlon.
Figure 4.3-4 shows the attitude:motion that would.
result, observed in the orbiting reference frame

. and neglecting nutaticn. A rell deadband is
I.l 1140 A |
Sy YYYRYT OV ¥
l - R4  E—— S ¢
: o T S
. 7 . . :'.\\ . » W ‘._‘,,,4-" )
Ao L -8
INITIAL ROLL ERROR ‘ © INITIAL ROLL AND YAW ERROR

FIGURE 4.3-4 ~ PURE ROLL CORRECTION (o= 90°)

irncluded so that no control thruster firing occurs
when the roll error is less than.a certain value.

" Orbit motlop, as discussed in ectlon 4,1, causes
the circular paths inside the® deadbana The dark
"lines indicate intervals of thruster flrlng In A

the response from an initial pure rcll error (no
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yaw). is shown. - The thruster fires contlnuously
until the roll is inside the deadband, whereupon
it ceases.” The orbit motion then transfers the
remaining error back and forth bétween roll and - ¢
yaw. This is an acceptable transient response. '
- Now . suppose that, along with an. initial roll error
a yaw error alse is present. This" case is shown
in. B. .As before,\ the thruster fires until 'roll is
swithin the,deadband. However, this. time the orbit
motipn causes the opposite roll deadband to be
exceeded, resulting in the series of thruster
pulses shown. Eventually the yaw error is nulled
but since the correction is due to. the slow orblt

‘ motlon the yaw response tlme is very long.

To speed ‘up the yaw response we need the. thruster
to cause precession in the yaw direction. . This is
precisely what a small offset angle accomplishes.
The response of the system' from an initial roll
and yaw error. u51rg a small offset anqle is shown
1n Flgure 4,3~ 5 : :

\ e \'\
-‘"‘"\\/ T ey
. L : ¢
v
\ \ Ny -

FIGURE 4,3-5 - ROLL-YAW CORRECTION. (ol SMALL)

Note that initially the yaw.attitude grows, until
roll is’'within the deadband. This situation, in
‘which yaw is driven the wrong way, is not desir-
able but. cannot be avoided without yaw sens1ng
After the deadband is crossed, howéver, the real
‘advantage of the small offset angle bhecomes
-apparent. The control pulses now act in. a direc-
tion to guickly null the yaw error. Thus, with a
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small offset angle, the yaw error is removed much
more rapidly, even though a large transient error
is created. It should be pointed out that the
) - case 'we have just considered represents a worst
~ case .initial error. For positive roll and yaw
. errors the control torque will 1n1t1a11y null
‘-_both, as shown in Figure 4.3-6. - -

'FIGURE 4.3-6 - ROLL-YAW CORRECTION (O, SMALL)

L . To simplify the preceeding discussion the nutation
: © caused by the thruster firings has been neglected.
As discussed in Section 2.1.4 when a torque is
applied to a body containing a momentum wheel the
total angular momentum vector precesses in the
. ‘direction of the torque while the wheel axis
nutates around this vector. The trajectories in
the orbiting reference frame thkat have been dis-
cussed in this sectlon,actually,represent motion
of “the total angular momentum: vector. The wheel -,

7/CGC/38
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axis, to which the roll and yaw angles are referenced
‘nutates around it. Thus, theée path of the wheel

( axis for the case shown in Figure 4.3-6 might
appear as in Figure 4.3~ -7. Usually the nutatlon

&iin o }

.—) )‘,-};r!

N . )
A e
= < ¢ ,
e A -

[ R \

I i . * i
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FIGURL 4.3-7 - ROLL-YAW CORRECTION INCLUDING NUTATION

induced by one thruster flrlng.is small but a
sequence of pulses can be phased to either bulld ' .
up or reduce the nutation. Conelder : o o

THRUSTER FIRINGS THRUSTER FIRING

| oo,

. (A) NUTATION erowTH.  (B) NUTATION DAMPING

1

FIGURE 4.3-8 - NUTATION CAUSED BY THRUSTER FIRING
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the trajectories entering the deadband as illus- ‘ :
trated in Figure 4.3-8. In A the thruster firings
happen to .occur at just the right times to build
up nutation. Therefore even after the momentum
vector has precessed well inside the deadband:
there is Stlll thruster act1v1ty and in fact an
unstable situation may result in which the nuta-
tion continually grows, In contrast, the pulses
in B occur at the appropriate times to damp nuta-
tion and as a result once the deadband is entered
very few thruster pulees are commanded,

It is very 1mportant for long life missions to
ensure adequate nutation damping as this will
‘ensure that only the minimum number of thruster
firings. occur.  As a result less control fuel is
required and longer thruster life is realized.
.~ Since the original Lockheed design various tech-
niques have been proposed for increasing the
. nutation damping and reducing excess thruster -

: firing by timing the pulses appropriately. This
is the function of the "augmented -pseudo-rate
modulator" in the CTS design. . TRW uses a tlmlng
mechanism to accomplish theé same thing for FLEET-

- SAT-COM. With such a modification WHECON is a ’
Vlable long life control system° -

The WHECON system welght, as a functlon of angular
momentun is given in Figure 4.3-9. This is sim-
ilar to the previous ground controlled system with
the exception of 18 1lbs.of additional weight due
to the on board attitude control electronics.

7/CGC/40
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altitude.

i

As discussed in Section 3.1, an approximate rela-

tionship exists between angular momentum and ,
external torque, for a specified maximum yvaw angle

and orbital rate (hy ® 57.3 _T ). This relation-

. ; : Wa N : :
ship:applies'ﬁor'systems, such as WHECQN, that .

" bound ‘yaw errors by controlling roll. U51ng this

relatlonshlp together with the data given in-
Figure 4.3-9 we can determlne how the WHECON

- system weight varies with the yaw external torque. .

These results are shown in Figure 4:3-10 for a’
maximum yaw error of 0.5 degrees at synchronous

¢ -

' SPAR-R. 664

\
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FIGURE ‘4.3-10 - WEIGHT OF WHECOM SYSTEM VS. YAW
: TCRQUL AND ANGULAR MOMENTUM
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The WHECON design represents the most highly
.favoured attitude control system at the present
tlme for missions for which 1t is compatlble,

.Formally presented by Lockheed in 1968 (refer—

- ence 2), although not so stated, it has presumably
‘been used for several years in classified missions.
These were probably of short life times since the
original design did not include modifications to
limit thruster activity. With such modifications
the system has been chosen for the CTS, the TRW
Fleet Sat-Com, the RCA Satcom, and the Hughes
3 Axis research and development satellite. As.
with the system discussed in the previous section
WHECON is not suited for missions in which off
axis p01nt1ng is required or where rapid 3 Axis
control is. necessary :

The WHECON system and the ground control system
discussed in .the last section are the only ones
containing a single fixed momentum wheel that will °
be considered. The remainder of the report deals’
with designs incorporating something other than a
single fixed momentum wheel for attitude control.

FiXed Momentum Wheel Plus RO1l Axis Reaction Wheel

- The system shown in Figure 4.4-1 has, in addition.
to the main momentum wheel, "a small reaction wheel.
which spins about the vehicle roll axis. This
wheel provides a scurce of reaction torque, as
well as momentum storage; on the roll axis.

L REACTION WHEEL
Y B -
{

EIGURE 4.4~ l ~ FPIXE ”OMLNmUN WHEEL PLUS ROLL AXIS
‘ REACTION %HLFL

- 45 -
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Yaw is controlleéd in a gyrocompaésing of'WHECON
mode using the thrusters to unload the wheel. A
block dlagram of the control system is given in

Figure 4.4-

— —~ PITCH o oy | per———
HORIZON |7 """ N PITCH LOOP ' MOMENT UM
SENSOR NELECTRONICS] ™ T WHEEL
o ROLL

| lrou conrrotl | moLL
e T8 - i ‘ .
| ELECTRONICS ~ WHEEL
THRUSTER B e THRUSTERS|
CON 7T ROL. o |ITeH, ROLL|
|ELEcTRONICS, YAw) oy

 FIGURE 4.4-2

Whereas thrusters have a minimum torque impulse

' associated with them the reaction wheel, for all
‘practical purposes, does not. Therefore very fine
linear control results and thus serves to effic-
iently damp nutation and eliminate limit cycling
due to overcorrecting. The capability of the
wheel to store a small amount of momentum allows ;
it to compensate for a roll external torque. This
compensation is only temporary, however, since the
orbital rotation would require precessing the roll
wheel angular momentum. Therefore the wheel must
be periodically unloaded using thrusters or some
‘other .source of external torque, e.g. magnetic.
Momentum storage in the reaction wheel also allows.
offset pointing in yaw which may be desirable for
some missions. We will now dlscuss the operatlon
of this system in more detail.

\
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FIGURE 4.4-3 - ¢ YSTLM WITH NON ZERO ROLL AND YAW
, C ARCLES

‘ Flgure 4.4-3 illustrates the system w;th small

- roll ‘and yaw errors (¢, ¥ ). In.order to determine

analytically how these angles vary as a result of
accelerating the reaction wheel . the equations of
motion will be derived and then solved. The
development will be very similar to that of
Sections 2.1.1 and 2.1.4 which was for a single
momentum -wheel system acted upon by an external
"torque. In the present analysis we will proceed’
one step further than before and actually solve
for the attitude angles ¢ and ¥ as a function of
time: The inertial angular momentum of the system
is : :

= (TWHh ) R+ (IyWy-Ky) T+ I;Wz &~ 4.4-1

where the I's are moments of inertia of the‘system
for its cm, the wW's are the inertial-angular
velocity components, hy, is the momentum wheel
angular momentum (assumed constant), and hy 1s ‘the
reaction wheel momeptum, il.e.,

h, = J Jl

X : s a2

AY

- 47 -
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where Jr is 1ts mement of inertia and f2n  its
spin sSpeed. Differentiating H in inertial space
and setting the result to zero (zero. external
torque aasumed) gives

N .Ixakf+¢wag;whx=;o
Iyy =0 S | R V'S5

) IVZ wz - hwwx = 0
where second order terms in the uﬂs and hX re
neglected since these are assumed small. Rewrit-
ing these equatlons and noting. that for small
angles @ ®w , ¥ = ¢ where theé orbit rate a)o is
ignored for %he moment, we obtaJn -

§1°5 = - hx sinw t
T Igw, n
- ‘ 4,4-4
) - _ h
v & (1 - .cos W,t)
hy,
where the nutaticn frequency @,is 8
h, o
W= : 4.4-5
IxIy : _
and it is assumed that @(O) =1P(0) = 0.
For the ‘case in ‘which the reaction wheel is.
accelerated at a constant rate hy is constant and
Fquations 4.4-4 can bhe 1ntegrated to yield
@ = - 5 ‘I? (1 —,coscunt)
, : hw ) .
' . . 4,4-6
. R hx .
o — Q‘ . - - nrl
WV 5 AL, sind t - 0%
hy, “h

s
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FIGURE 4.4-4

ATTITUDE - MOTION . - 'NUTA T/ON
R ELLIPSE

The motion indicated by these expressions is 1llus-
trated in Figure 4.4-4. The secular component -
represents the\preceSSlon angle @ of the angular
momentum.vector, 1€ o= E§+; and the sinusoidal
components represent nutatlog of the wheel axis
around the momentum vector. If the inertias I_

and I, are not equal the nutation cone is actuglly
an elllpse as shown in Figure 4.4-4. It is inter-
estlng to compare these results with those obtained
in Section 2.1.4 for an external torque T acting

on the x axis and no reaction wheel. 1In that

analysis the assumption is made that I_ = I, = i\

_and: for thlS case Equatlons 4.4 & becoﬁe

SPAR

Voo —

w—
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: h '
¢ = - %7 (1 - coswpt)

2 .
hw 4.4-7
hyeT hy
= 2 s1n0) t o~ = t
Vo= sl By

w

The nutatlon cone is now an ellipse ‘with half ,
angle m = hx I, These results are identical to~
. - 2 : L . . -
h .
those obtelged in Section 2.1.4 where T = h ..
Therefore the reaction wheel can ke thought *of as

applylng an external torque to the rest of the
system.

Another way of analyzing this motion is through

..conservation of angular momentum. Consider
_ Flgure 4.4-5, In the first picture the. attltude

gerrors are all zero, all of the momentum in the
romentum wheel, this being normal to the orbit
plané. As the reaction wheel is spun up it devel=- -
ops some momentum hy of its own on the x axis.
Now if no external torques are present the total
momentum I, which is the vector sum of h, and hy,
must remain fixed. The only way this can happen

is if the vehicle yaws through an angle ¥ where

¢ = tan™" Bx
If the wheel's acceleration is a constant then its
momentun is h, = hxt and therefore, for small-
angles, we obtain

<t

:3"'5

v

’

'Y

. ’ . . \ B
This is the sane expression previously obtained by

.solving the equations of motion (Equations 4.4-7).
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| (ORB/T‘ PLANE

"FIGURE 4.4~5 < YAW MOTION DUE TO CONSERVATION OF  /
: 4 ANGULAZR MOMENTUM DURING REACTION
f ‘ - WHEEL ACCELERATION
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We have seen that yaw motion is inducedkby accel-
erating the reaction wheel. If the acceleration

‘is removed, the wheel will be left with a constant

value of momentum and an offset yaw attitude

will remain. If the total angular momentum vector )
was normal to the orbit plane before' the manoceuver .
then it will \also be afterwards. The vehicle can
therefore proceed along the orbit with a constant
yaw offset without external torques applied .as
would be the case with a single fixed wheel system.

'The yaw offset bias resulting from the reaction

wheel does not turn into a roll. error in a gyro-
compassing fashion. ' This system would, therefore,
be 1deally suited to missions which require offset
p01nt1ng 1n - yaw for. extended perlods.~

The effect of external’ torques, which represent a.

major source of attitude perturbatlon, will now be
discussed. In the case of a single fixed wheel

system an external rcll or yaw torque causes

precession and nutation and the corresponding ,
corrective thruster activity. If a reaction wheel"

is added, then the component of the torque impulse
along the wheel axis can be absorbed as. angular ;
momentum:in the wheel. The body attitude is not ‘

‘pertuyrbed and no thruster activity results until

such time as the wheel speed reaches unacceptable
levels. - Moreover for periodic torques of a low
enough level no thruster activity may ever Le
required since the external torgue itself serves.
to dump the wheel monmentum. TFigure 4.4-6

o=
N
N

1
I
N
S

N
I

L. J

3 El ﬁ"éf

et s o e S

t=o . i; ¢= 4t

T

FIGURE 4.4-6 - SYSTEM RESPONSE TO FXTERNAL TORQUE . .
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illustrates the effect of an x axis external

torque. At t = 0 the reaction wheel is assumed
stationary and the torque is applied. The vehicle
will develop a rate in reaction to the torque

which can be sensed and used to command the reac-
tion wheel to spin up. At a time At seconds later
the' wheel momentum will be hy, = T At with the 2
vehicle unperturbea : -

A single reaction wheel system can only glve such
performance if the torque is directed along the

“wheel axis and even then only- for relatlvely short

periods of time. Torques along the z axis will
cause the usual precession common to 51ngle flxed
wheel systems. Moreover, as is seen in Figure
4.4-6, the reaction wheel spinup causes the total
momentum vector H to not be normal to the orbit
plane. After the torque ceases,‘or\changes direc- .
tlon, H will remain fixed in space which results
in roll and yaw errors due to orbit rotation. It
is therefore imperative that a -desaturating mech-
anism be:built into the control system to dump
wheel momentum before these errors result. Typically.
thrusters or magnetic dev1ces are proposed for
this. _

As has been pointed out, the added reagtlon wheel
creates the ablllty to do offset yaw pointing and
results in reduced thruster activity due to exter-

nal torques. However, probably the greatest =
attribute of this system is the rapid nutation

damping -that can result by torquing the wheel in . '~
opposition to the nutational metion. Figure 4.4-7
illustrates part of the nutatlon conlng that was

shown 1n Figure 4. 4- 4 S :

L

¢ ?’Io/it’

y U R o |
FIGURE 4.4- 7 - JILLUSTRATI ON QF'NUTATION DAMP ING
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Between times tp and t] the nutation causes the vehicle
to rotate such that -a roll error @ develops. ‘A reac-
tion torque applied by accelerating the wheel as shown
would -oppose this nutational motion and therefore damp:
"it. The wheel can be-made to respond very quickly to
this motion using the roll ‘horizon sensor 51gna1 to

drive 1t.~

i

For purposes of" determlnlng the amount of momentum
wheel angular momentum that is required, the same cri-
teria based on yaw excursions as used for the WHECON
system is applicable. Regarding the roll reaction .
wheel, for any expected external disturbance torque and
a maximum offset pointing requirement in yaw of-only a
few degrees, a 1 ft.lb.sec. wheel should be satisfac-
- tory. Probably, a significantly lower momentum would
suffice for many applications but there is very little
to be gained from a weight or. power standpoint.: U51ng
a weight of 6 1b. for a 1 ft.lb.sec: wheel, which is
representative of both Sperry and Bendix wheels, (12
‘1b. for a redundant system) we obtain the ACS welght
versus momentum wheel angular momentum as shown in
Flgure 4.4-8. - . :

-~
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In summary, the advantages of the momentum wheel
plus roll reaction wheel system over the basic
WHECON system are reduced thruster activity due to
external torques, rapid nutation damping, and the
capability of offset pointing in yaw. As discussed ¢
in Section 4.3 modifications can be made to thé '
basic WHECON system to reduce thruster activity

and therefore the first stated advantage dlsappears°
For most missions offset yaw pointing is not a
requirement and, except for those for which it ' is,
the thirad advantage disappears also. Rapid nuta-
tion damping is usually desirable but in light of
the added weight and complexity, the nutation
damping afforded by the normal WHECON mode may be
acceptable, It therefore appears that the arguments
for adding the roll wheel are somewhat weak while
the following arguments against it are strong:

The added weight of 12 1b (with redundancy) is
signiflcant, the reliability, even with one backup
wheel, is certainly less than for the WHECON

system; flnally there is no known record of on-
orbit experience with such a system nor has lt

been chosen for any future de51gn

Yaw Gimballed Momentum Wheel

The system discussed in the previous section

incorporated an extra wheel on the roll axis to

create roll reaction torque and momentum storage. : \
Virtually the same results can be achieved by

gimballing the main momentum wheel, the gimbal

being aligned with the yaw axis.  (See Figure 4.5-1)

FIGURE 4.5-1 ~ YAW GIMBALLED MOMENTUM WHEEL SYSTEM

- 56 -




Tﬁﬁ&'

SPAR

SPAR AEROSPACE PRODUCTS LTD - oo |
o - . SPAR-R.664 _1

As the gimbal is rotated, a component of the wheel
momentum is placed on the roll axis giving almost
the ‘identical results as accelerating a roll
wheel.: Figure 4.5-2 illustrates. the similarity;
The x axis momentum induced by a wheel is hy = Jgflp
. where Jp is its moment of inertia and!lR is the
. : _spin speed. .  For the gimballed wheel the trans-
. verse momentum is hW sin¥, where hw is the angular
momentum of the main wheel and v is the gimbal
angle. - ‘

i

O =~

6/CHW/1

 FIG. 4.5-2 EQUIVALENCE OF A WHEEL AND GIMBAIL . -
: \ MBAL _
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The same transverse momentum is obtained if

sinWE %Rl)R

Usually only small gimbal angles are required and
therefore the following linear relationship hetween
wheel speed and glmbal angle applies: '

v g—R-QR.': b.kﬁ

hy - hyg

4.5-1

The only theoretical difference bhetween the two
systems is that a small reaction torque is induced
about the gimbal axis due to the small but finite

gimbal and transverse wheel axis inertia.

This

torque, not present in the reaction wheel system,

is usually completely negligible.

The

control

system block diagrams for both systems are there-

fore- 1dent1cal,

wheel speed being replaced by -

gimbal angle and a gain change (see equation

4,5-1).

The block diagram,

shown in Figure 4.5-3;

is therefore virtually 1dent1ca1 to that of the
reactlon wheel system. :

\
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The equations describing the attitude motion of a
gimballed wheel system are identical to those
previously derived for the reaction wheel system
(Equations 4.4-6). The physical interpretation of
these equations is somewhat different however. R
The equations describe the body axis motian and

this is identical in both cases but the motion of

the momentum wheel is not. Consider first a yaw.
maneuver in the presence of zero external torques.
Figure 4.5-4 shows the situation after completlon '
of such a maneuver. S

é? WHEEL PRECESSES
&J

L7

iﬁ

’
b

A

[ &
W

REACTION WHEEL CIMBALLED MOMENTUM WHEEL

FIG. 4,5-4 YAW MANEUVER N

In both cases the, total angular momentum remains .
fixed in inertial space. For the reaction wheel
system the momentum is distributed between the two
wheels and the main wheel precesses through the '
vaw angle. In the gimballed wheel system all of
the momentum is in the wheel and therefore it
remains fixed in space: In this case the momentum

- 59 -
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wheel acts as an "anchor" about which the body is
torqued. Both systems will exhibit nutation which
causes the wheel axes ‘and the body axes to cone.
This will 'be a small motion in comparison to the
secular vaw motion' if the command torque on the
reaction wheel or gimbal is small. o

The motion of the momentum~wheel is also different
in'both systems when an external torque is applied
although in both cases the body axes remain fixed.
In the case of two.wheels the reaction wheel
absorbs the effect of the torgue impulse while the
momentum wheel does not move. For the gimballed
wheel system the . torque causes the wheel to precess
while the body remains fiked. This is illustrated
in Figure 4.5-5. - : '

iy

3
H
Ry

N

Q_{}f@x —r B o - T

\ - t .
FIG. 4.5-5 FEXTERNAL TORQUE RESPONSE

In spite of the fact that the momentum wheel
response is different for both systems, the body
axis motion is the same and this is the only
‘characteristic that matters. .From a theoretical
standpoint the systems are virtually equivalent.
The weights for both are also very nearly equal.
There appears to be a small weight advantage for
the gimbal for momentum under 10 ft.lb.sec.

and a small penalty above this levell. Sperry .

_60_
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indicates that the MODEL 1 momentum wheel welght
increases by about 5 1lb. when a gimbal is added and

7 1b. for the larger MODEL 15. Figure 4.5-6 gives the -
weights as a function of angular momentum. - '

‘In terms of>reliability the reaction whéelvsysﬁem.would

seem to have the advantage since there 'is an indepen-
dent backup for each device with moving parts.
Therefore, if. a reaction wheel fails the backup wheel
can be used, while u81ng the original momentum wheel. A
backup momentum wheel is still: avallable for use at a

later tlme.

A similarx redundancy'situation may also be'obtained
with the gimballed wheel by mounting redundant wheels
on a platform which in turn is drlven w1th series

dimballs.

. Fixed Mémentum Wheel Plus Yaw Axis Reaction.Wheel’

In this section we present a system with a single fixed.
momentum.wheel and a small reaction wheel mounted on .~
the yaw axis as shown in Flgure 4,6-1. The pr1nc1pals
of operation. are identical to those discussed in -
Section:4.4 for the roll axis wheel. - Also, the control
system block diagram is, ta the level of' this presenta-’
tion, unaltered and will not be repeated here. ' The ,
operational differences are. due simply to the fact that
the wheel is mounted on the vaw axis. instead of the
roll. As a result, accelerating the wheel in this case
causes a roll attitude change as shown in Figure 4.6-2.
Therefore, the capability exists with this system to do

‘offset roll pointing, which is usually much more desir-

able than offset yaw p01ntlng._

Whereas.the roll axis wheel performs well_as a nutation
damper, the yaw axis wheel does not. This is due to
the fact that the yaw wheel reaction torgue causes an
initial -nutational motion which cannot be detected by
the roll horizon sensor. By approprlately fllterlng
the horlzon sensor output, -

LI
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FIG. 4.6—2)_ROLL ATTITUDE CHANGE DUE TO YAW AXIS WHEEL
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however, a control signal can be obtained to drive
‘ the reaction wheel in oppesition to nutation. o

: Therefore a weak, but for some m1551ons acceptable,
nutatlon damping results.

The yaw wheel performs similarly to the roll wheel
in absorbing the effects of (yaw) external torques

. for short periods of time. As with the former ‘
system, the wheel must be periodically unloaded to
prevent roll- —yaw errors due to orbit motion, - The

- same hardware is assumed for the yaw wheel system
as for the roll wheel system and therefore the

. weight data of quthn 4,4 applies here°

" Roll Flmballed Momentum Wheel

Performance which is V1rtually identical to the

yaw axis wheel system can'be obtained by glmballlng
the momentum wheel about the roll axis. (See
Figure ‘4.7-1) The principles of operation of
aimballed wheels were presented in Section 4.5 and’
will not be repeated here. The weight data- and

the reliability discussion in that section apply
also to this system. .

i
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Fixed Momentum Wheel Plus Roll and Yaw
Reaction Wheels

.o ( ' - .
It has been pointed out that there. are certain

advantages to be gained from adding a reaction

wheel to the roll or yaw axis of a fixed momentum
wheel system. The roll axis wheel is an efficient
nutation damper, provides offset yaw pointing, and
temporarlly compensates for roll axis external
torques.

i

¢ IGURE 4. 8 1 - FIXED MOMENTUM. WHEEL PLUq ROLL AND YAW

REACTION WHEELS

With a reaction wheel on the yaw axis offsgset roll
pointing and temporary. compensation of roll ex-
ternal torques can be accomplished. The system
considered in this section, illustrated in Figure
4.8-1, utilizes both a roll and yaw axis reaction

. wheel. The obvious advantage of such a design is

to incorporate the best features of each of the
single wheel systems in one package, i.e., offset
roll and yaw pointing and efficient nutation
damping. What is not so obvious is the improved
performance obtained by "orbit decoupling" and
"nutation decoupling”, two forms of control which
require momentum storage on both the roll and yaw
axes. We will now discuss these two technlques

.startlng with orbit deCOupllng°
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When a roll or yaw external torque acts on the
vehicle for a period of time an inertially fixed
component of the total angular momentum will lie
in the orbit plane. If this angular, momentum is
1n1t1ally stored 1nternally in a momentum wheel .
‘ ‘the vehicle attitude can remain unperturbed for a
short period of time. However, as .the earth
pointing orientation is maintained the orbit plane
_component of momentum alternately appears on
different vehicle axes. Figure 4.8-2 illustrates
the vehicle motion relative to the momentum com-
ponent H_, where we have assumed that initially .
all the Eransverse momentum is along x., If there
.. 1s no capability for changing the stored angular )
) ‘momentum the vehicle will develop a rate about the
body axis that is instantaneously aligned with H
resulting in attitude errors. The single reactlgn
wheel systems previously discussed can store '
momentum on only one axis and therefore cannot
compensate for these orbit motion induced errors.
As was mentioned, these systems must be unloaded’
to prevent the attitude errors from growing.
. However, with: wheels on two different axes the
: inertially fixed momentum .can be exchanged back and"
forth between the wheels while the vehicle atti-
tude is unperturbed ;L
lrzx \

3

FIGURE 4.8-2 - VEHICLE ROTATION RELATIVE TO INDUCED
o ' COMPOMNENT CF MO} ENTUM o . /
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To determine the wheel commands necessary to
accomplish this,consider the following. The
vehicle angular momentum in body coordinates is:

NE

.='(IX w, + hx)§ + (Iywy - hy)y + (Izmz + hz)g

"where h. and h are the x and z axis wheel momen-

tum. FOr zero“attitude errors we can also write:
. ~ . /\‘A‘ N
H = HT(cos wot X - sin o_t z) - hwl
(See Figure 4.8-2). Equating these two expres-
sions gives: ‘ '
I.w + h = H_ cos wt
X X pe T o

Iw =h = -=nh - w =0

Yy w W Y .

I w + h =-H, sin w_t

z2 z Z T o] _ ,
To elimiﬁate vehicle attitude errors we require

= w = 0 and therefore the wheels must be

‘céntr_ohed &s follows: | N

"h. = H_ cos w_t

X T o ' :

h = - H_ sin w_ t
Z T (o]

When the wheels are driven in this manner the
stored momentum is "decoupled" from the orbit
motion and this technique is therefore called
"orbit decoupling" By implementing this control
the momentum dumplng intervals can be greatly
expanded since the only limiting factor is the
momentum storage capacity of the wheel. If the

~ wheels are sized to handle all of the cyclic

torgques then momentum dumplng due to only the
secular torques is required and a minimum amount
of control fuel will be required. Typically,
momentum dumping is handled autpmatically by
firing a thruster when a wheel speed reaches an
upper limit.,
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When no yaw sensing is available the WHECON con-
cept can be employed with this system to control
yvaw errors. This is accomplished by- commandlng a
yaw motion whenever a roll correction is made. As

was discussed in Section 4.3 the WHECON. system

using a single fixed momentum wheel had .two dis-
advantages. First, in order to provide rapid yaw
damping, large yaw errors could result from an
initial roll error. Second, to eliminate large
nutational motions the control torque cannot be
very great and as a result roll errors cannot be
removed rapidly. Both of these characteristics.
are due to the nutation that causes roll motion to
turn into yaw motion. Using the technique of
"nutation decoupling" the nutational motion can be
partly or wholly eliminated. To make use of the
WHECON concept, when no yaw sensing is desired,
the nutational coupling that turns roll errors
into yaw errors is eliminated but not vice versa.
That is, yaw is necessarily still coupled into
roll. When nutation is decoupled in this manner

fast roll corrections are possible without causing

large vaw errors. Consider the case of the basic

" WHECON design without nutation- decoupling. A

thruster torque T, offset by an angleol, causes an
initial motion which is mostly in roll. However,

the gyroscopic torques turn thlS into a yaw motion .

and the large nutation results.

T CEXTERNAL) -

o]
FIGURT 4.8-3 (2 ‘Reactlon Wheels)

/ - 68 -

AT A
T (INTERNAL)

With Partial Nutation
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The accompanying precession due to the external

torgue causes a large net yvaw motion and a small

net roll correction. Now consider the case of the

two reaction wheel systems when the roll to yaw
nutation is eliminated. The torgque T is now an '
internal reaction torque and causes a roll motion
without any nutation. The end result is that the

path of the wheel axis is straight instead of

coning and the resulting roll correction is rapid.

Now let us consider how yaw errors are ‘damped out

\ when nutation decoupling is employed. Figure 4.8=4
shows a correction from an initial pure roll error
¢ . A control torque drives roll quickly to the
déadband edge where a small yaw.error exists.

S aa |

\ : ' - pf K
Kéb = @, Zx tance
Z3

Po

FIGURE 4.8-4 - CCRRECTION FRCM INITIAL ROLL ERROR AND
YAW DAMPING '

The nutation coupling still present from yaw to ~
. roll causes the opposite roll deadband to be
exceeded and a control to be applied. The re-
*sulting motion quickly damps the yaw error. . This
damping is much faster than for the WHECON system
since the rate induced by the reaction torque can
be much larger than the thruster torque and the
motion through the deadbhand is faster with the
wheel system. This is due to the fact that in the
case of WHECON the deadband motion occurred at

\
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orbit rate but with the reaction wheels it occurs

at nutation frequency which is much higher.

Finally, as the figure illustrates, an initial

roll error ¢ produces a small maximum yaw error
I

(¢ = ¢ =X tana), where o is usually.small. Recall
z

that for the WHECON system a large yaw error

results (V'—'—Q cotet) . .

If yaw sensing is available the nutation can be
completely decoupled. If this is done rapid yaw
corrections can also be made and true three-axis
control results. In such a mode the system be-
haves much like the low momentum all reaction
wheel system discussed in Section 5.0.

As is the case for the three reaction wheel system
discussed in Section 5.0 it is not necessary to

have a separate backup reaction wheel for each of
the two roll-yaw wheels, nor is it necessary that

any wheel be mounted on either the roll or yaw

axis. All that is required for the system to
operate is the ability to create independent
momentun components on the roll and yaw axes.

This can be done, for example, by utilizing any |
two of the three skewed wheels shown in Figure 4.8-5.

T

A= X

FIGURE 4.8-5 - REDUNDANu REA CmION WHEELS

i
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The third wheel, that is initially not used,
therefore acts as a backup for a failure of either
of the primary wheels. To illustrate how two
wheels can provide the desired roll-yaw momentum,
consider Figure 4.8-6, which uses wheels A and B.
‘A roll axis momentum is obtained simply by using
wheel A, A yaw axis momentum h_ requires using
both wheels, where the momentum®in wheel A is

: — ' ) 3 ’ 3
hy “Wéﬁhz and the momentum in whgel B is
— . N 3 . I
hB ~Q%§hze If wheel A failed, then we can use

wheels B and C, as in Figure 4.8-7. For a roll
momentum we have ‘

hB = hc = -hx and for a yaw momentum
o= - 2.
hB = hC ~N~§hz.
3 >
: i
, 3
hg :
I o
/212/24 X hA A
Pure Roll Momentum .~ Pure Yaw Momentum

I
FIGURE 4.8-6 - ROLL OR YAW AXIS MOMENTUM FROM
WEEELSE A AND B g

- \

' ébg% ) /)c v
h \/ -

- X X

/75'

Pure Roll Momentum Pure Yaw Momentum

FIGURE 4.8-7 - RCLL OR YAW AXIS MOMENTUM FROM

WHLELS B AND C
71 ;
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In the case of the single reaction wheel systems
discussed in Sections 4.4 and 4.6 a one ft.lb.sec.
momentum capacity was rather arbitrarily assumed.
Those systems lacked orbit decoupling and hence
only a small amount of stored momentum could be
tolerated. For the system discussed in this
section the use of orbit decoupling allows the
storage of a large amount of momentum and a more
rational choice of reaction wheel capacity is
necessary. In the following section:the double
gimballed momentum wheel will be discussed and a
comparison of the relative advantages of the two
systems will be made. To form a common basis for
a weight comparison it is desirable to compare
systems with the same main wheel momentum as well
as roll-yaw momentum storage capacity. Typically
double gimballed wheels have gimbal angle ranges
of about 20 degrees and therefore the available
momentum in either the roll or yaw axis is .

— ] o — : 3 i 1
hR,Y hw51n 20 0.342 hw' This relationship

will be used to size the reaction wheels for the
welight data presented in this section.

Curves of system weight versus main wheel angular
momentum for the partially and fully redundant’
systems are presented in Figures 4.8-8 and 4.8-=9.

To the author's knowledge this system has not been
proposed for a satellite control system to date.
The reason for this is probably that the extra
advantages over the basic WHECON design, in terms
of rapid roll and yaw corrections and offset
pointing capability, have not been required for
past missions. It seems quite likely that for
future missions, involving steerable payloads and
large flexible appendages that require rapid -
control, this system will be a prime candidate.

- 72 -
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4.9 . Double Gimballed Momentum Wheel \

In Section 4.5 the equivalence of a reaction wheel
and a gimballed momentum wheel was discussed.
Similarly, the two reaction wheel system discussed

in the last section is equivalent to a momentum
wheel mounted on two,glmbals as shown in Figure 4.9-1.
The preceeding analysis assumes that an x and z -
axis component of momentum, hy and hz, can be
supplled by the controller, where

hx = Jxﬂ%, hZ = JiC%’ the va being the wheel .

inertias and f2's their spin rates. All of the
discussions in the. last section apply to the
double gimballed wheel if one relates the momentum
components to gimbal angles, i.e.,

hx = hwﬁf
h, = =hw8

for small angles. (See Figure 4,9-1).

{

FIGURE 4.9-1 - DCUBLE GIMBALLED MOMENTUM WHEEL SYSTEM

The weight of a redundant double gimbal wheel
system as a function of angular momentum is pre-
sented in Figure 4.9-2., As with the WHECON system,
the ACS electronics weight is assumed to be 18 1lb.
and the horizon and sun sensor weight is 15 1lb. A
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‘Sperry Model 30 wheel is assumed for prime and

backup. By comparison with the reaction wheel
system discussed in the previous section- it is
seen that the gimballed wheel design is somewhat
lighter than the partially redundant and consi-
derably lighter than the fully redundant system.

However, for the same reasons as mentioned in
Section 4.5 for the single gimbal versus single
reaction wheel comparison, the overall reliability
of the redundant double gimbal system appears to
be worse than if reaction wheels are used.

The double gimballed wheel has been given much
attention in the open literature from Lockheed and
TRW (See References 3 and 4). To the author's
knowledge, however, the system has not been flown
to date. o s '
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Impact of Magnetic Bearing Wheels

The development. of momentum and reaction wheels
with bearings consisting Jf a magnetic suspension
is currently being pursued by Sperry as well as
other companies. The main advantage is high
reliability which translates into weight savings
due to elimination of redundant wheels. - Further-
more, the possibility exists of using the wheel as
a gyro by taking advantage of the bearlng comp-
liance. This feature would most likely be uti-
lized for yaw sensing durlng statlonkeeplng

) manoeuvers

Precise data is not available at this time on the
weight of a madnetically supported wheel but it
appears that it will be about the same as ball
bearlng wheels. Since it would seem that the
development of a gimballed magnetic bearlng wheel
is not in the near future, the system using ‘a
fixed momentum wheel plus roll-yaw axis reaction
wheels, all magnetically supported would be a
ore Vlable option.

-8 -
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Summarz

In this section we will summarize the main chara-
cteristics of the momentum bias systems discussed
in this chapter. The weight of the various systems
versus the momentum wheel angular momentum is
presented in Figure 4.11-1. Data  corresponding to

‘magnetic bearing wheels is also presented, where

it is assumed that a magnetic bearing wheel weighs
the same as a ball bearing one and redundancy is
eliminated. The performance characteristics are
now reviewed: o _ : o

- Fixed Momentum Wheel-Ground Command Correction

1. /
o Minimum on-board hardware - high reliability

o) Potential for high accuracy using sophisti=
cated ground software

o No offset roll or yaw pointing

Fixed Momentum Wheel-Offset Jets (WHECON)

o Initial roll errors cause large yaw errors
o) No offset roll or yaw pointing

_ )
o Proven system at low altitudes - : !

Fixed Momentum Wheel Plus-Roli Axis Reaction
Wheel or Yaw Axis Gimbal

o  Limited short term compensation of external

torques
o Rapid nutation damping
o Offset yaw pointing
o) Gimbal system less reliable than reaction
wheel system and not compatible with magnetic '
bearings : :
-79 - . -
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Fixed Momentum Wheel Plus Yaw Axis Réaction
Wheel or Roll Axis Gimbal
o ' Limited short term compensation of external
torgues
o Limited nutation’damping
e Offset roll pointing
5 Gimbal system less reliable than reaction
wheel system and not compatlble with magnetlc
bearings .

- Fixed Momentum Wheel Plus Roll and Yaw Reéction
Wheels or Double Gimballed Momentum Wheel

o] Long term external torque compensatlon using
orbit decoupling

o} Rapid roll and yvaw response using nutatlon
decoupllng
o Initial roll errors do not introduce large

yaw errors

o Cffset roll andxyaw pointing:

o) Gimbal system less reliable than reaction .
wheel system and not compatlble with magnetic -
bearings .

)
Je) Superb three axis control using yaw sensing.
/
\
- 80 -
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LOW MOMENTUM (REACTION WHEEL) ATTITUDE CONTROL SYSTEM

The low momentum or reaction wheel control eystem

~may be considered a degenerate form of the system

discussed in Section 4.8 above, in which the pitch
wheel is small with a nominal zero angular momertum.
Systems with three wheels have been used on numerous
flight spacecraft and systems employing four or
more wheels in a skewed configuration have been
considered.. , .

Basic Three Wheel System

The basic three wheel system which is illustrated
in Figure 5.1-1 is conceptually very simple.
Correction torques are applied about each axis o
independently through the reactions resulting from
a change of wheel speed. Due to the pitch orbit-
rate (Wo), some gyroscopic coupling exists between-
the roll and yaw. wheels, such that a periodic L
interchange of momentum takes place between these
wheels. This interchange can be allowed to take
place simply through completely independent control
of each wheel. Alternatively, the orbit motion

may be decoupled within the controller. In their
simplest (approximate) form, the dyhamic equations

for the roll and yaw axes are: \ o »,f

l o Q :
‘Ixﬁj.l_
00

o .
‘IZV =TZ— (hz+(/t)ohx)

TX - (hx - GO hZ)

Thus,.if the change in angulat&momenta is:

e '
Ty® + Wgo hy

o g
»
It

hz—'—'—Tzc" QJO hx

required roll control torque

I
"
Q
il

With

x|
N
Q
i

required yaw control torgue

the decoupling"wili occur. Fiéure 5.1-2 is a
block diagram for such a configuration. -
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The normal function of the reaction wheel control
system is to provide an accurate and smooth control
as well as a temporary storage of angular momentum.
At periodic intervals, the stored momentum may
reach the wheel saturation limit, at which time
momentum must be removed with thrusters. ‘However,
it is noteworthy that periodic disturbance torques
will cause the wheels to store momentum for half
the disturbance period, but then'will remove this
momentum during the subsequent half period. Thus,
only the non-periodic (secular) components of the
disturbance torque will result 1n the use of
thruster fuel.

A distinct dlsadvantage of the reaction wheel
_control’ system is the nece551ty to sense all three
attitude errors. Yaw sensing on a continuous
basis is a particularly difficult problem.

5.2 Skewed Wheel Modifications

For 1ong life spacecraft m1551ons, a single wheel
about each axis represents a potential single
point failure. Complete redundancy could be
assured by simply using two wheels’ about each
axis, however this can 1mpose a severe weight
penalty. Alternately it is feasible to consider
four wheels mounted along non-orthogonal axes. In
this way, any three of the wheels would produce a
resultant angular momentum about each of the three
principle control axes. Operationally only three
wheels would be used at any one time, with the
fourth wheel - retained in a non-running standby

- mode. ‘At periodic intervals,. the standby configur-
ation would be permuted resultlnq in a uniform
wheel usage.

——

Reliability‘éan be further enhanced with five
wheels in a skewed arrangement. Six skewed wheels
could provide a very high degree of redundancy.

6/CHW/8
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ZERO MOMENTUM (THRUSTER) ATTITUDE CONTROL SYSTEMS

The true zero momentum system includes no means

for the temporary storage of externally applied
angular momentum. All control is exercised through
thrusters. This implies that even the periodic ‘
disturbance which can be readily absorbed with
wheels, must be overcome through the thruster of a
zero momentum system, with a . fuel consumption
penalty. Only where the fuel penalty is less than
the weight of wheels, is the zero momentum system
a practical alternative. However, this system
does have the advantage of simplicity.

Mass Expulsion Limit Cycle Control Systems

All control axes are decoupled for the zero momentum
system. It is therefore sufficient to consider
the control of a single axis only.

The major parameter of interest for this configur-.
ation is the long term fuel consumption. Since
all mass expulsion thrusters are capable of pro-
ducing only a discrete minimum impulse, three

. types of steady limit cycle motions are possible

as depicted in Figure 6.1-1l. . The limit cycle
period and daily impulse expenditure for each case
can be readily calculated, using the following
parameters°

I =>Moment of Inertia of the ax1s under con51-
deration (slug ft.2) . ‘

Dp = Control deadband (deg.)
L = Thruster moment arm (£ft.): -

Iy, = Thruster:mihimum impulse - bit (lb. sec)

Tq = Disturbance torque (ft. 1b.)

Case (éf

Period.e 8 I (DRp) . seconds
- I'Tp T5"‘b“’7.,"35
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_ 27 (57.3) L Ip?  1lb. sec
Impulse Rate wg (D) 2T day
Case (b)
Amplitude = 57.3 (IbL)2 deg.
: 8 I T3
Critical Torque Tg* = 57.3 (I, L)?2
' Dy, l6 I
Period = In L secC.
Tp
Impulse Rate = 2. Th 1b. sec.
, We L day
Case (c)
'Perlod = [/ + -Jl— / J
Impulse Rate = 27 4 Tp

W o LIb“\/ === =
1+ =R 1/1 -
. , T

\

It will be noted that the equations for case (a)

are in fact the 'limiting forms of case (c) for
to (¢) occurs at Tp*.

Tp — 0.

Transistion from (b)

When the disturbance torque is slowly varying,
periodic at orbit rate for example, the impulse

rate must be obtained by 1ntegrat10nn

A realistic example could be:

Ip = 2 x 1073 1b. sec.

L = 2-ft.

Tp = 1075 cos ot ft. 1lb.
I = 800 slug ft.

Dp = 0.1 deqg.

In this case Tp* = 7.2 x'10”

orbit:
approximately 0.28 1b.

specific impulse of 100 'sec.-

£
less than Tp* for only approximately 5%
The daily impulse expenditure is then

sec. per day, which for a
amounts- to approximately

t. 1b

B

., so that Tj is
of the

6 lbs. of fuel for a 6 year mission, quite competitive.
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with a reaction wheel weight. This competitive

position is highly dependent on the minimum

impulse available from -a thruster since the fuel

consumption will grow approximately as the square :

of the minimum impulse. ' , T

Electric PropulsiOn (Low Thrust Level) Control Systems

The minimum 1mpulse attainable with certaln types

of electric or ion propulsion systems can indeed -

be made quite small thus satisfying a hasic requlrement

for a competitive zero momentum control system.

Perhaps of greater interest is the fact that

electric. propulsion engines are vectorable, either
electrostatically or mechanically. Thus, a north-

south stationkeeping electric thruster could be

vectored in such a manner that control torques as

well as stationkeeping forces may be obtained.

With the very large spec1f1c impulse inherent with -
electric propulsion, it is conceivable that a non- B
wheel control system could be feasible, at least S
for missions with stringent and long term station-
keeping requirements which dictate the use of
electric propulsion.

-.89;; % o ' | _ ‘tJ, 




" The majority of primary attitude sensors are

, © optical, using visible or infra-red radiation from
heavenly bodies for attitude reference. Earth
orbiting satellites can readily measure roll and
pitch angles through direct reference to the

earth's infra-red horizon. However, since the yaw.
angle is a rotation about a line joining the earth
and satellite, a yaw measurement cannot be performed
with the earth as reference, at least not with
optical sensors. . ‘

A number of alternate reference sources have been

. used or proposed for yaw measurement. At present,

- no "universally" accepted technique has been
adopted for spacecraft control, and in fact, the ;
biased momentum control systems have been speci-
fically designed in order to circumvent the yaw
sensing problem. However, even these systems
require some  form of yaw sensing during perlods of
orbit adjust thruster activity when perturbatlon
torques can be substant1al

¢

7.2 Contlnuous and Intermlttent Yaw Sen81ng

Yaw sen51ng may be performed u51ng the sun, a:
star, another spacecraft or other reference source.
The sun is probably the simplest source to use
though it cannot provide a continuous yaw reference-
directly: For biased momentum control systems
this. is often quite adequate.  However, the zero -
and low momentum systems require continuous yaw
sensing and where very tight tolerances are to be
maintained on the orbital elements, even the
biased momentum systems may require continuous yaw
sensing.:

7.2.1 Yaw Measurement With A Sun Sensor

The sun does provide a reference from which yaw
angles may be measured. When the sun is near the
dawn and evening terminators, a. sun Sensor can
provide quite an accurate yaw measurement. In the
noon and midnight orbit positions, particularly
during the equinox seasons, the. sun lies on the

- 90 -
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7.0 YAW SENSING AND STATTONKEEPING

7.1 : The Yaw Sensing Problem
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yaw axis, and yaw angles cannot be measured.
Between these two extremes, a yaw angle may be
calculated.using a sun sensor output, though the
accuracy degrades as the satellite approaches the
noon and midnight positions. ’

At least two possible methods of yaw computation
may be performed, the "T-B' method and the "A-B"
method. Figure 7.2.1-1 shows the sun sensor
geometry for either method. For the T-B method
the yaw angle is calculated from: - :

y = 2 (T - To +.- $sinB)
cos B ' o

calculated yaw angle.
roll angle (from earth sensor)
sun elevation (from T-B sun sensor)

where: V

nnu

G Nominal sun elevation angle, -
either calculated on hoard or
transmitted via telemetry.

3
li

B = Sun azimuth angle, obtained from
the sun sensor with cos B, sin B
calculated on hoard, or cos B,
sin B transmitted via telemetry.

This method has the advantage that Ty, and B vary
slowly and a single telemetry update during a
stationkeeping maneouver is adequate to maintain
accuracy. The accuracy obtained with this method
may be obtained from:

AV = I _(am+ ATy) + optans
cos B S Co
. where AY = error in yaw measurement
AT = error in sun elevation measﬁrement
D To= error in computation of nominal sun
elevation angle
: Até = error in mgasured.roll angle
, oy -
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This error relation is plotted in Figure 7.2.1-2.
It will be noted that as B approaches 90° (noon or
midnight position) the yaw measurement error grows
without bound, and in general this technique of
vaw measurement cannot be used within + 30° of.
these two singular points.

- For the A-B method, the yaw angle may be calculated

from:

Y = A-Ap + tan B coslg (lé coshg - @ sinAg)

A = angle between the roll axis and the projection
of the sun vector on the roll—pltch plane
(from A-B sun sensor).

Ao = nominal value of 2.

® = pitch angle (from earth sensor).

B,¢= as defined previously.

It is noted that considerably more computation is
required. for this method and the angle Ay is
rapidly varylng. As with the T-B method, the
accuracy using the A~B method degrades rapidly
near noon and midnight. '

Filling the Gap Inertially

<~ The yaw sensing gap near noon and midnight may be

filled using a rate integrating or strapdown gyro
system. One such implementation is shown in
Figure 7.2.2-1, where the sun sensor is used only
at the dawn and evening terminator to correct for
gyro drift. This implementation uses the gyro
throughout the orbit as the basic continuous yaw
sensor.

Since gyros tend toc have a relatively short lifetime

a continuous inertial yaw gyro sensor is probably
not viable for the zero or low momentum control
systems. However, for a biased momentum system,
where yvaw sensing is only required intermittently
during 'stationkeeping maneouvres, a yaw gyro can

- 93 -.
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be a viable sensor. 1In fact, it is only during
the solstice seasons that yaw sensing would be
required during the sun sensor gap. With a 21 day
orbit adjust cycle, and + 60° field-of- -view sun
sensor, the yaw gyro would be required for only 6
cays per year, at the most. This amounts to less
than 900 hours and 36 start-stop cycles in a 6
year mission, well within the lifetime of standard
gyros. \ \

Polaris As A Yaw Reference

Polaris, the North star, provides a direct reference
for continuous yaw measurement using a star tracker.

- Star trackers, though providing a means for very

accurate yaw sensing, are relatively heavy instruments
which can lose lock. on the reference star when
reflective particles pass through the field-of-

view or when reflections from the spacecraft solar
arrays enter the tracker telescope. In addition,
coordinate transformations are required to correct

for the relative motion between polaris and the

earth spin axis as well as the orbit normal.
Consequently, for most applications under cons1deratlon,
star trackers have not proved to be viable yaw ‘
sensors,

The Two Spacecraft Method

A potential means of yaw sensing which perhaps has
not received sufficient study is the use of two

(or more) satellites in the same orbit, each
satellite using the other as:-yaw reference source.
Each satellite would contain a microwave beacon
and microwave sensor, Direct-and continuous yaw
measurement could result from such a configuration.

The Microwave Attitude Sensing System

The Microwave Attitude Sensing System (MASS) which
was conceived and partially developed by the
Communications Research Centre, provides a very -
attractive means for sensing yaw. Two methods of

. yaw sensing have been considered. One method

often referred to as "MECO" (Monopulse and Earth
Sensor Combination) employs an earth sensor which
measures roll and pitch errors with respect to the
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earth's centre at the sub-satellite point, and the
MASS which measures similar orthogonal angles with
respect to a beacon at a point on the earth separated

from the sub-satellite point. A rotation about

the yaw axis results in different outputs from the
two sensors so that after some computation, the
yaw angle may be calculated. Accuracies better
than 1° may be obtained with this method, though
two different sensors, each redundant for a long
term mission, are required. -

The other method employs a MASS which measures
polarization angle (POLANG). With a beacon operating
near 14 GHz, Faraday rotation through the atmos-

phere is sufficiently small that yaw accuracies

better than 0.5° can apparently be obtained. The

use of MASS with POLANG would result in a single
sensor capable of measuring continuously roll,
pltCh and yaw thus making thlS a very attractive
sen51ng system.

The Effect of Intermittent YaWASensing on Stationkeepihg

During orbit inclination correction of a 3-axis - -
satellite, significant perturbation torques may be
generated due to misalignment of the thrust vector

and migration of the spacecraft centre of mass.

Biased momentum control systems contain wheels

which are generally sized to accommodate the

torques induced by solar pressure, and cannot

maintain a yaw accuracy during  the orbit maneuvers,

and yaw sensors must be employed.

As shown in para 7.2.1 a sun sensor can provide

1
.yaw information only intermittently. This part . }
\

time capability of sun sensors can often be matched
to inclination correction operations with little
or no penalty in fuel consumption. ,

The orbit inclination and nodal position can conveniently
be represented in terms of the orbit normal vector.

The Luni-Solar perturbations tend to precess this

vector toward the first point.of aries. Optimum

"re-orientation of this vector requires that inclina-

tion thrusting occur at the nodes. During the
solstice seasons, the orhit nodes occur within the

o i | S 5
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sun sensor gap. With a + 60° field-of-view sun
sensor, this sensor gap and inclination control

gap exists for 60 days at each solstice. Since

the maximum precession rate is nearly 0.003° per
day, a total of 0.18° (+ 0.09°) precession will
occur during the gap period. Thus, if the inclina-
tion control requirements are greater than + 0.09°,
optimum inclination control can be achieved, using
the sun sensor. : : ‘

With more stringent inclination control, the orbit
adjust periods must be shorter than 60 days. FEven
in this case however, sun sensors alone may still
be used for yaw control with the orbit adjustment
during the solstice perlods performed at off nodal
points with some penalty in fuel consumption.
These off nodal adjustments may be optimized to
minimize fuel consumption. ' Figure 7.3-1 depicts
an un-optimized adjustment sequence for 0.05°
inclination control. Even in this case, the total
AV penalty for a 6 year mission is about 30 ft/sec
which for a 1000 1lb. spacecraft is approx1mately

5 1b. of hydrazine fuel. More. stringent inclination

control will increase the fuel penalty in a non-
linear manner.
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8.0 ATTITUDE CONTROL SYSTEM COMPONENTS

Physically, an Attitude Control System consists of

a number of components (sensors and prime movers)

configured about a central control unit. The

component summary presented herein, is provided as
E background material for the system comparison of

: Section 9. More detailed component information is
contained in the companion reports, references 5
and 6. ' '

Typically a 3-axis spacecraft control system must
provide control functions during three distinct
mission phases: '

(a) Spin stabilized phase .
(b) Attitude Acquisition phase
(c) 3-axis attitude pointing phase

Only those components employed for the latter
phase will be considered here.

8.1 ' Sensors-.

A variety of sensors have been employed within
spacecraft attitude control systems. Yaw sensing
techniques have been treated separately in Sec-
, tion 7.0 above and will not be repeated here.
5 ~ Roll and pitch sensors include thermal balance
infrared horizon sensors scanning infrared horizon
. sensors. and the microwave attitude sensor.

8.1.1 ' Thermal Balance Sensors

The thermal balance sensors employ a telescope
which creates an image of the earth around which
are placed eight equally spaced bolometers. ' At
"null attitude, all bolometers are equally irrad-
iated.. With an angular error, unequal irradiance
occurs and with appropriate sums and difference of
the electrical outputs, pitch and roll error
signals are generated. :

7/CBH/0L
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Only four bolometers are required to generate the
output signal, the eight bolometers providing
complete redundancy.

The accuracy attainable with these sensors is
generally in the range .04° to 0.1°, at null
including a relatively small noise component.
With an offset angle of 0.5° ‘the accuracy can
degrade to 0.13°. A distinct advantage of these
sensors is the relatively low weight of 8-

10 1lbs. for a highly reliable and completely

redundant unit.

A

Scanning Sensors

" The scanning sensor employs a very narrow field-

of-view, scanned through a large amplitude by
means of an oscillating mirror. The infrared
detector output is essentially a rectangular pulse
with length proportional to the earth's chord.

The angular difference between the pulse centroid
and the mirror central position is the attitude
error directly. in the scan direction, and the
chord length is proportional to. attitude error in
the cross-scan direction.

The scanning sensor accuracy is in the range 0.04°
to 0.05° both at null and with an offset in the
scan direction. The noise error component is
larger for this sensor than for the thermal balance
sensor. Two separate units are required for
redundancy, with a total weight of 14 1bs.

The Microwave Sensors

The microwave sensor or MASS, referred to in
Section 7.0, employs a single corrugated horn from
which sum and difference signals are extracted.

A very deep trough in the difference signal output
at null attitude provides an accurate measure of
attitude error when compared +to the sum signal.
Roll and pitch accuracies better than 0.02° are
achievable. With the addition of polarization

- angle measurement (POLANG), the MASS may be used

for continuous yaw measurement.

- 101 -
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Operationally, a ground based beacon is required
with this sensor, and in order to overcome a

* possible loss of beacon signal, it may be nec-
essary to include an infrared sensor as backup.

The advantages of a microwave sensor are numerous,

including: \
| a) Continuous measurement of all three attitude
© angles.,
b) High accuracy.
c) Low noise. ‘
d) No pitch bias required to correct for a

change in longitude position.

e) Possible optimization of ground coverage
: through placement of the ground beacon.

8.2 Wheels

As previously indicated, wheels may be classified
as medium momentum (momentum wheels) or low mom-
entum (reaction wheels). Momentum wheels operate.
about a non-zero nominal momentum and reaction
wheels about a nominal zero momentum. A large
variety of conventional ball bearing wheels of
various sizes have been space qualified and flight
proven.

Though proven in space for minimum lengths of two
to three years, doubt has been expressed in some
quarters that ball bearing wheels can provide an
eight year life. As a result, magnetic bearing
wheels are under development. These wheels, with
no mechanical wearout mechanism, should prove
highly reliable and weight effective with redun-
dancy required only in electronic components. It

" is expected that once flight proven, the magnetic
bearing wheels will become.a mainstay of attitude
control systems. -

7/CBH/03
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Controllers

The heart of any attitude control system is the
electronic control unit. Initially, most space-
craft control systems used analogue circuitry.
With increasing accuracy and mission requirements,
there has been a shift toward special purpose
digital control units and recently general purpose
digital computers are being employed.

Analogue Controllers

Analogue circuits employing operational amplifiers,
non-linear circuit elements and passive components,
have been used extensively for spacecraft control.
Linear’ compensatlon networks such as low pass and
bandpass filter as well as lead-lag and higher
order compensation circuits are readily implemented
in analogue form using analogue computer techniques.
Special non-linear analogue circuits such as the
pseudo-rate controller have been developed to -
provide lead (rate damping) compensation with
pulsed outputs to thruster valves, all within one
relatively simple circuit.

Though analogue control circuits have been widely
employed, they are subject to errors due to envi- .
ronmental extremes and age. In addition, the
circuit time constants required for spacecraft

“control are generally large, up to several hundred

seconds not being unreasonable, resulting in the
use of bulky components.

Special Pukpose Digital Controller

To overcome some of the difficulties associated
with analogue controllers, dlgltal computation is
now in general use. Two major types of implemen-
tation may be identified, the DDA (Digital Differ-
ential Analyzer) and the digital filter (Z-
transform.implementation).

The Digital Differential AnalyZér (DDA)

The DDA may be considered as a direct digital
equivalent to an analogue circuit where accumula-
tors are used in place of analegue integrations.

- 103 -
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The DDA may be used to compute virtually any
transfer function using two basic elements, adders
and storage registers. Combinations of these
elements can provide digital integration and
addition. The DDA integrator accepts a digital -
number as input and by successive addition in an
accumulator (R register) at a specific sampling
frequency (f1), provides an output number corres-
ponding to the integral of the input number.
Scaling is accomplished by allowing the R register
to overflow and accumulating a "one" in the output
register (Z register) every time an overflow
occurs. '

As an example, figure 8.3.2.1-1 shows both the
analogue and DDA implementation block diagrams for
the solution of a first order lag:

Yo . 1 __

y.l - TS+l - : : /
which in differential equation:form is

o

Ca Y, T Yy

The DDA implementation will result in
Yoo 1

- N,
f—vS+l
1

where Ne‘is the R register overflow number.

i

In this case, the time constant 7T is given by

T = Ne

£

1 =
The DDA implementation can produce ideal integrator
transfer functions with long and accurate time
constants. Non-linear control elements may be
readily: introduced through logic elements.

7/CBH/05
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The Digital Filter

The second major type of implementation is the
digital filter, synthesized through the bi-linear .
z-tranform representation of a transfer function.
This transformation may be obtained as a mapping
of the Laplace transform variable:

Z-1

z+1 - ' . (

S —»

- - ’ .
where 2 1. e ST may be considered an operator
representing a delay of one sample period T. This
tranformation will map frequencies W into(A% with
W = tan‘gz ~ o ) ’ -
P 2 ’ . :

and will map time constants 7 into (p with
: 1 ,
[
- tan 53
27

The example first order lag tranforms into

Yo 1 __ 1
. 1+7S 1+ Z-1

that is

5 A
1 1 -1 P =1
Y. = =F1 Yy + TF1 Y Z +<—~¥T Yo Z
° T % * p

Thus, the digital filter operation consists of
multiplying the present and past values of the
input and output signals by a set of weights, and

-summing the result. A block diagram for the.

digital filter is shown in figure 8.3.2.2-1.

As for the DDA implementation, virtually any
transfer function may be realized with a digital
filter and non-linear control elements included
through logic circuits. ‘
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The General Purpose Computer

The special purpose digital controllers considered
above are generally hard wired, real time control
units which are difficult to modify for incorpor- -

ation of additional or different control functions.

As well, where several control functions are
implemented, duplication of arithmetic elements
can result, particularly when sophlstlcated com-
putational algorithm are used.

The present trend in attitude control system
design is toward the use of a general purpose
computer consisting of a central processor and
memory under the control of a stored program.
Such a computer affords great flexibility in the
definition of control algorithms.

The results of a technology survey the state-of-
the~art of on-board digital computers is given in
reference 6. For the system trade~off (section 9.0

below) a general purpose computer has been assumed.

Torquers

For the appllcatlon of external control torques,
two major methods have been employed, electro-
magnets interacting with the earth's magnetic
field, and mass expulsion thrusters. There is
considerable debate at present regarding the
effectiveness of magnetic torquers at synchronous
altitude. This debate centres about the effect of
daily magnetopause crossings. Reference 5 con-
tains a relatively detailed discussion of magnet

optimization and effectiveness to which the reader

is referred for more information.

Virtually all attitude control systems employ
thrusters, either as the primary control torquer
or for wheel momentum desaturation. A major
requirement for attitude control- thrusters is an
ability to provide very small impulses. Earlier
designs achieved this by means of compressed gas
feeding small valve controlled thrusters. More
recently, space qualified mono-propellant hydra-
zine catalytic thrusters have been developed which
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can provide relatively small impulses with a much
higher fuel efficiency as well as provide the non-
attitude control thruster functions without dup-
lication of tankage and plumbing. Further develop-
ment of non-catalytic electothermal hydrazine '
thrusters has resulted in thruster impulses com-
parable to the compressed gas thruster with fuel
efficiency equal to or greater than the catalytic
thruster,

Other pulsed thruster systems under development
include bi-propellant systems and electric pro-

. pulsion units. These latter propulsion systems,

through promising high fuel efficiencies, will not
likely achieve flight qualification status for
several years and the monopropellant system is
assumed in the following section.
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9.0 TRADE STUDY OF ATTITUDE CONTROL SYSTEMS

For the purposes of a trade-off comparison of potential"
Attitude Control Systems, a performance specification has
been prepared with parameters appropriate for the Multi-
Purpose BUS Satellite. This specification is included as
Appendix B.

The detailed parameters contained within the specification
may change somewhat without substantially altering the con-
clusions reached herein.

This trade-off is based on information gathered as a result
of CTS experience and recent vendor surveys, and reflects
information available at SPAR at this time.

9.1 Identification of Major Trade Parameters

In order to arrive at a rational choice of candidate con-
trol systems it is necessary to quantify and compare a.
number of major parameters, including the following:

a) Accuracy

Both angular pointing accuracy: as well as angular rate
accuracy must be con51dered in light of spec1flcatlon
requirements.

b) Power

'Power consumption during the on-orbit phase requires
"the provision of sufficient solar array area and
battery capacity to service the attitude control sys-
tem. Power consumption may be expressed as a "power
N equlvalent weight" by means of the following factorS°

i) Array - 0.10 1b./watt
ii) Battery - 0.20 1lb./watt

The battery power equivalent weight factor is based on
the latest available information for space qualified
batteries and the solar array factor is based on a
straight line fit between an 835 watt and 625 watt
(end of life) "rigid" array design. The total power
equivalent weight factor is 0.3 1b./watt.

c) Weight
For most spacecraft, weight is a very important factor.

For purposes of trade-off, the total weight should
include not only the control system hardware weight,
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but also the RCS fuel weight required by the system,
the weight of additional RCS engines required for sys-
tem operation (as, for example, the offset engines
required by Whecon), the power equivalent weight and
any other overall weight 1mpacts resulting from the
system. :

Reliability

B ‘! ‘
A basic philosophy normally followed for extended life

spacecraft is the elimination of potential single
point failures, regardless of the system numerical
reliability. This redundancy philosophy has signific--
ant weight impact, but has been followed for the
candidate systems under consideration. :

Cost

Cost is often considered to be as important as weight
for comparison purposes. The .cost data available for
this trade-off must be considered preliminary since
not all potential component vendors have been fully
exercised. In addition, component costs are quite
sensitive to program details. Consequently, the. costs
shown herein must be considered primarily for guidance
purposes. N

\

Risk

Certain.components which are in a developmental stage
represent potential risk areas for the system. These
risk items are difficult to quantlfy other than per=
haps with regard to development costs.

Baseline Variables

The independent baseline variables used for this trade study

are

as identified in Appendix B.

Candidate Systems

Three candidate control systems, a momentum bias system
(Whecon) , a reaction wheel system and a hybrid reaction
wheel with thruster system are cons1dered the most favour—
able candidate systems. '

. - 111 -
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The momentum bias systems have been speciflcally configured
such that yaw sensing on a continuous basis is not required.
Until the. introduction of the Microwave Attitude Sensing
System, continuous yaw sensing has been difficult to accom-
plish for long life spacecraft. Of the various momentum
bias schemes, the Whecon or fixed wheel with offset
thruster system, has been chosen to satisfy the performance
requirements with minimum cost, weight and maximum
reliability. :

The fixed wheel with ground command correction, though
potentlally providing the lightest, most reliable system,
requires frequent ground correction and is, therefore, not
considered suff1c1ently autonomous for an operational ‘
satellite. The remaining momentum bias schemes with addi-
tional reaction wheels or gymbals have been configured to
provide additional performance features such as roll and
yaw offset pointing and high resolution control. ~Such
additional features are not required for the Multi-Purpose

" BUS Satellite and, for reasons of economy, weight and

reliability, have not been considered as potential
candidates.

It is suspected that the Whecon system, as orlglnally con-=
ceived by Lockheed, has been used in classified missions,
though probably of short duration.. With modification
included to limit nutation growth and thruster activity,
the Whecon system was chosen for the CTS. Subsequently,
Whecon (or equivalent) systems have been chosen for the
FLEETSATCOM, RCA SATCOM, OTS and the Hughes 3-axis
satellite. ' >

A modification of the Whecon system proposed for the RCA
SATCOM includes the use of electro-magnets interacting
with the earth's magnetic field, both to compensate for
secular disturbance torques through current loops in the
solar arrays and to provide vernier control with pulsed
magnets. Independent trade studies conducted during defin-
ition of the CTS control system, as well as TRW studies
(reference 5), would indicate that.any fuel weight savings
using this approach would marginally effect total system
weight. In addition, there is disagreement as to the fre-
quency of magneto-pause crossings at synchronous altitude
which could adversely effect the magnet system utility.
Because of the unknown factors, the marginal performance
benefit, increased complexity and a requirement for
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frequent (approximately once per week) ground calibration
and magnet adjustment, the magnet system has not been
included w1th the candidate Whecon system.

Low momentum or reaction wheel Systems have- been used in

the past for various spacecraft missions. General Electric,
in particular, has quite an extensive background with these
systems and is, in fact, using a three reaction wheel sys-
tem for the Japanese BSE. The major advantages of these
systems is the very fine pointing and rate accuracy attain-
able as well as the ability to perform offset pointing oxr
other manoeuvres. A major disadvantage is the requirement
for continuous yaw sensing, which for the BSE 'is accomplished
with a Microwave Attitude Sensor (MASS) plus earth sensor
combination, as discussed in Section 7.0 above. With the
addition of a polarization angle measurement (POLANG) to the.
MASS, the earth sensor may be dlspensed with, resultlng in

‘a weight attractive sensor 'system.-

The zero momentum system, utilizing control thrusters about
each of the control axes, is not a viable alternative for
the Multi-Purpose BUS Satellite. The rather large but
purely periodic pitch disturbance torque and small pitch
inertia would result in a pltch control fuel consumptlon of
approximately 60 lb. for six years. Since this major
inefficiency occurs only about the pitch axis, the use of a

. pitch reaction wheel to absorb the periodic disturbance

torques is a possible alternative. : Thus, the hybrid zero/
low momentum system using the MASS with POLANG has promise
as an attractive control system and is included as one of

the prime candidates.

Common System Components

Each of the candidate systems include a number of common
components, used for the spin phase, acquisition and
array tracking° These components, whose major parameters
are listed in table 9.3.1-1, 1nclude the following:

a) Sglnnlng Horizon Sensor

This sensor, employing a narrow field-of-view
infrared telescope, scans across the earth disk as
the spacecraft rotates about its spin axis. The
resulting earth scan signature provides a measure of
the earth chord. length. With two such sensors, one
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pointing 5° above and the other 5° below the space- .
craft equatorial plane, a measure of the angle
between the spin vector and the earth line is
obtained from the difference between the two sensor
chord length outputs.

Spinning Sun Sensor

The spinning sun sensor provides two outputs:

i) A sun pulse generated as the sun passes-through
a plane containing the spacecraft spin axis.
This sun pulse is used to phase thruster pulses
during precession manoeuvres.

ii) 'Angle between the spin vector and the sun line.
This angle and the angle to the earth line
together determine the spacecraft spin axis
direction.

Array Track'Sun Sensor

This sensor, with a relatively narrow fan shaped
field-of-view, is mounted on the solar array and
used to provide automatic array sun tracking and
initialize a clock driven array tracking operation.

“Acquisition Sun Sensors

These sensors, consisting of clusters of analogue

"eyes", provide a complete spherical field-of-view
allowing attitude acqu¢51flon to occur from any
spacecraft orientation.

. Nutation Damper -

The nutatlon damper, cons1st1ng of a closed tube
partlally filled with mercury, is aligned.along the
spin axis and mounted near 'the perifery of the
spacecraft. Passive nutation damping occurs as a
result of energy dissipation through surface waves
and sloshing of the mercury within the Qpbe,

Control Electronics

The”Control unit considered here consists of redun-.

dant programmable computers and an interface box.
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The electronics unit is included as a common compon—

ent since the candidate control systems will have
little impact on the major parameters for this unit.

9.3.2 The Whecon System

A block diagram of the candidate Whecon system is shown
in figure 9.3.2-1. The pointing accuracy of this system
will be $0.14° in roll and pitch and *1°© in yaw. Rate
accuracy would be approximately +0.003 deg./sec. In
addition to the common components, the candidate Whecon
system includes components whose major parameters are
listed in table 9.3.2-1, as follows:

a) Horizon Sensor

In order to meet the pitch slew requlrement without
accuracy degradation, a scanning infra-red horizon
sensor is assumed for measurement of roll and pitch.
angles. Since the East-West stationkeeping accuracy
is $0.059, earth chord length changes resulting from
altitude variation will be of the order #0.005° thus
allowing the CTS sensor to be used without modifica-.
tion.: This sensor employs a single scanning field-
of-view with chord length comparison to a pre-set
nominal chord length providing cross-scan angle
calculation. Two sensors would be employed for
redundancy and to eliminate sun interference effects.

- One sensor would scan 59 above the earth equator in

- an east-west direction and the other would scan 5o
below the equator.

b) Momentum Wheel

In order to meet the yaw pointing accuracy require-
ment ‘a wheel of 15 ft.lb.sec. capacity is assumed.
With conventional ball bearing wheels, redundant
units will be required to meet a six to eight year
life:.requirement. The CTS - momentum wheel with a
sllghtly modified bearing configuration would be
used. As an alternative, a magnetic suspension
wheel may be considered. Since the bearing wearout
mechanism is eliminated, only a single wheel need be
used. The levitation system, electronics and drive
motor would be completely redundant.
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c) Yaw Sun Sensor

Two digital sun sensor heads measuring the

"vertical" (elevation) and "parallel" (slant a21muth)
components of the sun line will provide a yaw angle
measurement during all periods during which north-
south stationkeeping must be performed. The :
vertical sensor, which is the "T-B" sensor discussed
in 7.2.1 above, provides yaw angles within %300 of
the sun line. The parallel sensor is an identical
head, rotated through 900, and will fill the gap dur-
ing solstice seasons, (but not eguinox seasons),

thus eliminating a requirement for a rate integrat-
ing gyro. This sensor complement will allow orbit
inclination control to 0.05°.

The Reaction Wheel System

The reaction wheel system requires yaw sensing on a con-
tinuous basis. The use of sun sensors with rate
integrating gyros is not considered sufficiently reliable
for a six to eight year mission. .Thus, the MASS with
earth sensor or MASS with POLANG are the only alterna-
tives apparent at this time. In .addition, the MASS with
earth sensor combination is not considered a weight
effective combination. Thus, only the MASS with POLANG
will be considered. The reaction wheel system will 4
include the:common components as well as the following:

a)  MASS with POLANG

Since this sensor is not yet developed, only estim-
ates of weight and power can be considered. The
presently developed non-redundant MASS without
POLANG weighs 8 1lbs. and requires 10 watts. It is
estimated that a redundant MASS with POLANG would
weigh 16.8 1lbs. and require 12 watts of power.

b) Reaction Wheels

Conventional ball bearing reaction wheels of 1.5
ft.lb.sec. capacity weigh 8 1lbs. with a power require-
ment of 4.5 watts each. With four skewed wheels,
three operational at any time, the total reaction
wheel assembly weight would be 32 lbs, and would
requlre 13.5 watts power. '

Magnetic bearing reaction wheels of 1.5 ft.lb.

capacity would weigh 11 1bs. each and require 1 watt.
Only three wheels would be required.
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A block diagram of the reaction wheel system is shown in
Figure 9.3.3-1. The accuracy of this system will be
0.14% in roll and pitch, and 0.6° in yaw with rate con-
trol probably an order of magnitude better than the
Whecon system although analysis will be required to
justify this claim. -

BN
-~

A Hybrid System

Due to simplicity and extensive flight background, an
all gas zero momentum system has considerable merit.
However, for the present configuration, gas control
about pitch would impose a serious weight penalty due to
the small moment of inertia and large periodic torque. A’
hybrid system consisting of a pitch reaction wheel- and
thruster control about roll and yaw is worthy of con-
sideration. 1In this case only two conventional bearing

reaction wheels or a single magnetic bearing wheel would |

be required. Attitude sensing would be obtained with
the MASS as in the reaction wheel system.

\
Pointing accuracy for this system.would be_iO.l4O in
pitch, #0.16° in roll and $0.7° in yaw. Rate accuracy
would be similar to the Whecon system.. The component

major parameters for this system are presented in table

9.3.4-1.

Table 9.4-1 is a summary of the major parameters for each

of the candidate systems. It is apparent that the reac- .
tion wheel system has little to offer over the Whecon or
Hybrid systems. The following salient features may be
1dent1fled : : :

a)

b)

v

The use of magnetic bearing wheels results in a sig-
nificant weight saving over conventional bearing
wheels as well as an increased system reliability.
The additional cost for a magnetic bearing wheel has
a small effect on total subsystem recurring costs
since .non-redundant wheels may be used.

The development of the Micro-Wave Attitude Sensing
System-with POLANG would allow use of the Hybrid sys-
tem which is the lightest of all the candidate
systems. If, in addition, the magnetic bearing
reactlon wheel is considered, the resultlng Hybrld
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system is very attractive. This system is worthy .of
additional study. In particular, an optimization of
the ‘RCS interface could result in further total
weight reductions.

[

It has been suggested that the ground beacon required

for MASS, even if redundant, cannot be considered
sufflclently reliable to exclude a backup sensing
capability. This would imply not only redundant
infrared horizon sensors would be required, but the
yaw sun sensor and -integrating rate gyro would also
be necessary to provide a three-axis backup sensing
system. The additional weight of 20 1lb. for this .
backup capability would likely exclude a Hybrid sys-
tem from consideration.

- 118 -




0
| >
TABLE 9.3.1-1 e
- - i
COMMON CONTROL SYSTEM COMPONENTS )’tfg
A O
ROM COST 3
‘ s >
] Component Weight O;osgglt Mission ’ Non- * Recurring g
(1b) (Watts) Reliability Recurring (per S/C) b
........... R — Cr v e e e e e e oo e . - - w
) : 9
a Spinning Horizon - - .
Sensor 3.0 0.998 88K g
\ | z
b) Spinning Sun - _ e
Sensor A 1.84 . 0.998 , 12K =
)..3
l ) Array Track Su ’ - c
c n
- Sensor 0.52 0.1 0.996 - . 24K
O
I d) gcqulsltlon Sun 0.36 - - 0.999 _ 12K
ensor ‘
‘e) Nutation Damper.. - :. .0.9 - .0.9999 - - 15K
f) Control % - * : /
Electronics 18.0 }5.0 0.96 , SOOK' 600K
g) Bracketry 1.5% - ’ - 10K le
Totals ©26.12 15.1 0.96 810K 791K 9
’ ’ (On-Orbit Reliability) %
o . . i
| z
. o
*Estimated Quantities _2
L - - ,
e




WHECON ATTITUDE CONTROL SYSTEM

_SENSORS_ o ELECTRONICS PRIME_MOVERS DYNAMICS _
) — - e -_ - ——-—.— - . ._.SL. —— n— L, i W . ——  Me— — . - . ’. - e c— 4 meua— oma wi — - - _—_T ——m e e . -
Horizon 1 Pitch Pitch Loop [ - —==1 Momen tum i
. ‘—-g—LE—*.—— - - Electronics —— : Wheel — -—-— !
[Sensor |- | ' Roll ' P — | ‘ Assembly -
LeRogl . ---= Ro11 Control |... : 4o
o ' Electronics :
. g:ﬁsggn - - - = 0rbit Adjust|_ | Thruster o N;)/{zv’vRZié’
B | “|Electronics | Control — Offsot
D E1ectror:1 cs Thrusters
i ' B _
b . o E/W and Pitch| '
e | ™) | e
| \ = Electronics E ; : At:;gudé
~ {Acquisition ; : — Flexible
S [Sun Sensors |—— , . .| Dynamics
- . ! |Passive P
| Spinning Horizon - ' | Nutation !
Sensors . p——— e e oo Transfer orbit ‘ i Damper
— : el !
ISpinm’ng sun L. o Electronics
Sensors ;
i
= {
Array Track i - :
Sun Sgnsor ‘ ~ I Array Drive and : - ~ Array Drive

Track Electronics

[62]
g
1 Telemetry Power ES '
: and Conditioning w
1 Command © and .
' | Conditioning Power Switching E

FIG. 9.3.2-1



0
D
TABLE 9.3.2-1 o
>
WHECON SYSTEM COMPONENTS g
. - O
. On-Orbit _ . Cost ($K) 0
‘Component Ne(zi%*l)1 - Power Rgrllig;ki)ﬁt Non- CRZiErSﬁ; 2
(Watts) Y Recurring S
o | 3]
~a) Horizon Sensor 12.90 4.5 0.988 - 275 g
‘ ‘ O
b) Momentum Wheel _ 8
- Conventional Bearing 34.0 15.0 0.978 133 132 a
- Magnetic Bearing 24.5 2.5 _ 0.995 450 ‘ 120 g
c) Yaw Sun Sensor 4.0 1.0 0.990 | 100 ° 50 g
:‘ d) Common Components 26.12 15.1 0.960 - gl0 . 791
= ) S
= Totals: )
- ~ Conventional Wheel 76.12 45.6 / 0.918 1,043 1,248
/ - Magnetic : ., . 66.62 23.1 0.934 1,360 1,236
Weight Equivalent Power: !
- Conventional Wheel 13.68
- Magnetic Wheel 6.33
RCS Weight:
- Offset Thrusters _ 3.0
- Fuel (6 years) 9.0 g
o . n
Total Weight - Conventional Wheel 101.8 1b. g
) ' -~ Magnetic Wheel 84.95 1b. ? :
' | 7 120
/ g %
e
L ) ) 3




- 2CT -

__SENSORS

MASS
with
POLANg

P |
Acquisition
Sun Sensors

Sun: Sensors.

Spinning Horizon
"~ Sensors

REACTION WHEEL CONTROL

SYSTEM

Spinning Sun

Sensors.

FIG. 9.3.3-1

-l A NN N IS N EE BN N D D D BE BN D D En En e

_DYNAMICS

,,Space?traft;

Attitude

and

Flexible

ELECTRONICS PRIME MOVERS
Angular i -
e Error '
.| Computer ! } ’
i M £ ”1 f - e
cmentum , A
Management ; - Rea;:;?n I
o Com?gfer i | Assembly |
B S f
i . 0rbit - Thruster : — _—
Adjust Control —————4———¢ﬁ hrus ters
Electroqu§ E]ectronics | nooT
N
~——*ﬂm7ﬁﬁﬁﬁe ; :
° Acquisition ; ’ . Passive
: '"'"”{4 Efectronics ] i HNutation :
.| Array Drive E L_:giTEEE::i
and Track ! Array
Electronics i Driyg
L_.__;_ﬁ - !
» 1 Transfer Orbit i
rif——f—f—¢’ Electronics |
Telemetry Power -
- and Conditioning
Command and
Conditioning Power Switching

Dynamics

—_——— —

799 "¥-49vds



- €21 -

)
J
>
: o)
TABLE 9.3.3-1 g
REACTION WHEEL SYSTEM COMPONENTS g
: 0
: : e
- , A ROM COSTS - g -
. - ; - t=1
Component Weight Ogogzglt " Mission Non- Recurring -
P (1b) Reliability Recurring (per S/C) g
- (Watts) . o
| - &
a) MASS (with POLANG) 16.8 - 12.0 0.985 600K 400K Q
. ' . H .
b) Reaction Wheels : .
/ =
- Conventional Bearings 32.0 13.5 0.970 - 300K w)
- Magnetic Bearings 33.0 3.0 0.985 300K 300K
c) Common Components 26.12 15.1 0.96 810K 791K
Totals: .
. = Conventional Wheei - 74.92 ..40.6 v 0.917 1,410K 1,491K
-— Magnetic Wheel 75.92 30.1 0.931 1,71CK 1,491K
Weight Equivalent Power:
- Conventional Wheel 12.18 - ‘ 4 ,
- Magnetic Wheel . 9.03 ) o » T
RCS Fuel (6 years)' 4.0 o
, , : g
Total weight - Conventional Wheel 91.10 '%
' - Magnetic Wheel. -88.95 . ,5
| o
3}
i




L N m
- g
>
: P
” : : TABLE 9.3.4-1 S
, =
HYBRID SYSTEM COMPONENTS 3
. ] 1))
- e
ROM COST g
Component - Weight O;;gzglt Mission Non- Recurring S i
, P S (1b) . Reliability Recurring (per S/c) P
S . (Watts) ST 7 ; o
_ _ ~ , . ' g
a) MASS (with POLANG) 16.8 12.0 ’ 0.985 600K 400K g
I H
b) Reaction Wheels . ?
- Conventional Bearings 16.0 . 9.0 . 0.978 - 150K S,
! - Magnetic Bearings 11.0 1.0 0.995 _ 3OOK 100K
= .
> «c) Common Components 26.12 15.1 0.96 810K 791K
l Totals: '
- Conventional Wheels =~ = 58.92 . 36.1 ’ ~.0.925" 1,410K - 1,341K
- Magnetic Wheels - 53,92 28.1 0.941 1,710K 1,291K
Weight Equivalent Power: . ” ' : o B
- Conventional Wheels 10.83
- Magnetic Wheels 8.43
RCS Fuel (6 years) . 12.0
. . . : wn
Total Weight - Conventional Wheels 81.75 3
‘ ' - Magnetic Wheels 74.35 e B o
_ fo v :
(2 o ;-
— . v.——J



n
T
, >
TABLE 9.4-1 N ~
' >
ACS SYSTEM TRADE MATRIX &
10
65}
el
>
, Q
&
T 7 : . ; — |0
~. B WHECON : REACTION WHEEL - ‘ HYBRID P
~._ System . r ‘ . j 8
. ) ! Conventional | Magnetic ! Conventional Magnetic | Conventional | Magnetic S <O
Major . s Bearing - i Bearing : Bearing i Bearing Bearing Bearing . 2
-Parameter Ce Wheel . | Wheel ; Wheel . Wheel Wheel Wheel’ n
- iy : ) ; i o
Subsystem Weight ° 76.12 ©66.62 74.92. . 75.92 58.92 53,92 ]
! f ) L - : A
— Total Weight : 101.8 , 84.95 91.10 . 88.95 81.75 74.35
& . : : : _ ’ - i
: On—-Orbit i ' g
!  Reliability i .918 L .934 0.917 . 0.931 | ° 0.925 | 0.941 |
(6 years) P S e : R A :
, |
- Component Costs ‘ :
($,000) : f % g
. - Non-Recurring | 1,043 ' 1,360 1,410 © 1,710 | 1,410 1,710 |
: i ; H J i ;
¢ ! ¢ . ! H
C - i [ ! o ‘ : i ! , ' : :
; gﬁg?rrlng (per |~ 1,248 | 1,236 | 1,401 1,491 ;1,341 1,291
‘ - ' : : . . ! J
. 0 |
> |4
, i U
?"
. S
L. >




SPAR
.

SPAR AEROSPACE PRODUCTS LTD

| | SPAR-R. 664
10.0 . REFERENCES "

1. H.J. Dougherty, K.L. Lebsock, J.J. Rodden,
Attitude Stabilization of Synchronous Com-
munications Satellites Employlng Narrow
Beam Antennas, AIAA 3rd Communications
Satellite Systems Conference, Los Angeles,
Calif., April 1970.

2. H.J. Dougherty, E.D. Scott, J.J. Rodden,

: Analysis and Design of WHECON - An Attitude
Control Concept, AIAA 2nd Communications
Satellite Systems Conference, San Francisco,
Calif., April 1968

M.G. Lyons, K.L. Lebsock, E.D. Scott, Double
Gimballed Reaction Wheel Attitude Control
System for High Altitude Communciations
Satellites, AIAA Guidance, Control and Fllght
Mechanics Conference, Hostra University,
Hempstead, New York, August 1971.

4, H.L. Mork, Synthesis and Design of a Gimballed
Reaction Wheel Attitude Stabilization Package
(GRASP), AIAA Guidance, Control, and Flight
Mechanics Conference, Hofstra University,
Hempstead, New York, August 1971,

5. SPAR-R. 666, Technology Survey of Critical ACS b
Components for the Multi-Purpose UHF Satellite -
Project, SPAR Aerospace Products Limited,

Aprll, 1975. .

6. SPAR-R. 665, Technology Survey of On-Board

Programmable Dlgltal Computers for Satellite
Attitude Control Applications, SPAR Aerospace °
Products Limited, April, 1975.

M N AN BN AN B AN AR AN BN B B e
w
L]

— e -

- 126 -




- SPAR AEROSPACE PRODUCTS, LLTD

3/CHW/27

SPAR-R.664 - I

APPENDIX A
INTERACTION OF FLEXIBLE_SOtAR
PANELS WITH ATTITUDE CONTROL SYSTEMS
/
A-1 J




SPAR AEROSPACE PRODUCTS LTD

b o

A—loo )

SPAR~R.664

INTERACTION OF FLEXIBLE SOLAR ' L

PANELS WITH ATTITUDE CONTROL SYSTEMS

INTRODUCTION

Elastic behaviour of a spacecraft structure is

usually considered during the design of a space-
craft control system and the possibility of severe
control system/flex1ble structure interaction is
usually foreseen. Less severe interaction may go
undetected, however, but may still be of such '
magnitude as to result in a possible failure of
the vehicle to complete all or part of its mission,
Thus, the control system designer must be aware of
the numerous and subtle ways in which a control
system and flexible structure may interact. '

One of the typical three-axis controlled synchronous
satellite is shown in Figure 1. Two "flexible"
extendible solar panels will be deployed in syn-
chronous orbit to generate electrlcal power. The
attitude control system is ‘located within the maln
body which is con51dered to be "rigid".

Assuming the structural flexibility is linear and
non-dissipative, the natural motion' (with zero -
control and disturbance torques) is a superposition -
of ‘an. infinite number of sinusoidal oscillations.
Each of these "modes" of oscillation is specified
by its modal "shape" (or space dependence of the
deflection) and the modal "frequency" of oscillation.
Mathematically, this behaviour is characterized by
an eigenvalue problem in which the eigenvalues and
their associated eigenvectors correspond to' the
modal- frequencies and shapes; respectively.

Usually, only the first N (a finite number) modes
need to be considered since the higher frequency
oscillations would be filtered out by the attitude
sensors and higher modal gains tend to diminish
with increasing modal number.

The pufpose of this Appendix. is to consider the
effects of structural flexibility on spacecraft

\

| |
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attitude control systems. Some analysis has been
performed in order to provide insight into several
critical parameters such as modal frequency, ,
damping ratio, modal gain and control loop gain as
these parameters relate to system bandwidth,
stability and performanceo
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ANALYSIS ,

'Figure 2 shows the block diagram of a control loop

with flexible body dynamlcs° A simplified mathe-

" matical model is shown in Flgure 3. In this .

model, K represents the loop gain, G(s) the trans=-

‘fer function including attitude sensor and control-
ler, and D(s) the spacecraft dynamics which consists of

both rigid body dynamics (1/IS2) and dominant
first unconstrained mode [Kl + 1)82 + 28701S +
w121/1s2 + 261018 + w31 2], It is apparent that if
the modal gain is very small, i.e., K3 »-0 or if -
the structure is very stiff, i.e., wl=®, the
flexibility effect can be ignored. Otherwise, the

. flexibility effect must be carefully evaluated in

order to achieve an 'effective control system.

Figure 4(a) shows a typical :Bode plot (or open-
loop frequency response plot) of an attitude
control system without flexibility effect. Two
control loop gains with K' >K result in two dif--
ferent crossover frequencies with wgl > wg. The
crossover frequency wce is. approximately equal to
the system bandwidth wp which is defined to be the
frequency where the closed-loop frequency response
magnitude is a factor of 0.707 = 1//2 or =3 db

of its zero frequency value, that is, if the input.
is a pure sine wave, then wp is the frequency
where the output amplitude has been attenuated to
70.7 percent of the input amplitude. The bandwidth
is related to speed of response, to the overall
control system ability to reproduce an input
signal, and to the ability of the system to reject
unwanted noise or spurious disturbance anywhere in
the system. Large values of wp correspond to fast
response, and vice versa. The desirability for

. exact reproduction of rapidly. changing inputs and

for low bandwidth for maximum noise rejection are
in basic conflict in the design of control systems.
However, if the noise frequency spectrum is suf--
ficiently higher than the input signal frequency
spectrum, a satisfactory wb can be selected that
meets both those objectives.
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As shown in Figure 4(a), the crossover frequency
"we or bandwidth wp increases with an increasing
loop gain K. This results in a faster responding
system but with reduced stability gain margin.
Furthermore, since the sensor noise transmission .
‘is proportional to KG(s)D(s)/[l1l + KG(s)D(s)] and
torque disturbance transmission depends on D(s)/[1
+ KG(s)D(s)], a higher loop gain means more sensor
noise will be transmitted to the attitude p01ntlng
error but the torque disturbance transm1551on will
be reduced.

If the flexible structure first modal frequency wj
is much higher than the control loop bandwidth wp,
as shown in Figure 4(b), the structure flexibility
will have almost no effect on the control system.
If the modal frequency is near the system band-
width, undesirable resonance may occur. If w3 is
within wp as shown in Figure 4(c), it tends to
-destabilize the system. It is apparent from the
above considerations that a sophisticated control-
ler and proper 51mulatlon of: flex1b111ty are
required. :

Higher - damping ratios associated with each mode

tend to reduce the effects of flexibility since

the complex zeroes and poles, which represent .
flexible body dynamics in the S-plane, move away.

from the imaginary axis toward the left-half

S-plane resulting in exponentlally damped osc1llat10ns.
This adds stability margin to the control system.
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CONCLUSIONS

In order to control the effects of one or more
flexible appendages or solar panels, the follow1ng
are recommended:

Y

ii)

iii)

iv)

V)

If possible, design the bandwidth of the -
control system to be lower than the lowest
flexible panel modal frequency and separated
from it by as large a margin as possible.

Where practlcal, ensure that the damping

ratio associated with each flexible mode is

as large as possible., Artificial passive or
active damping may be considered where control
requirements are incompatable with flexible
interaction requirements. .

Ensure the modal gain is as low as possible;
that is, maintain the mass and moment arm of
the flexible panel as small as possible in _
relation to the spacecraft's rigid body inertia.

Maintain the control gain as high as possible,
consistent with stability limitations, to
minimize attitude error. in the presence of
environmental disturbance torques and pertur-
bation torques resulting from orblt adjust
thrustlng. :

In order to reduce the effects of flexibility
in the control loop, choose the control
bandwidth so that it excludes the structural
modal frequencies. This may be achieved

" through natural stiffening of the structure,
by artificially stiffening the structure

through use of special inner control loops,
through utilization of a low-pass filter
within the control amplifier, or through the
use of notch filters should the flex1ble
frequencies be well deflned
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SCOPE .~
General

This‘Specificatien establishes the requirements

for the performance of a satellite Attitude Con-

trol Subsystem, hereinafter referred to as the .
ACS. The ACS will form a subsystem of the Multi-
Purpose Bus (MPB) Satellite to be used in 'a geo-
stationary equatorial orbit with several possible
compliments of communication payloads.

Function

The ACS shall provide functions required on-board
for the stabilization and control of spacecraft
attitude throughout the transfer orbit, apogee
1nject10n, attitude acquisition, station acqulsltlon,
stationkeeping and on-orbit operation phases.
During these phases two basic spacecraft con-
figurations are employed. Following separation
from the launch vehicle third stage, the space-
craft will be spin stabilized, with favourable
moment of inertia ratios, until the start of the
attitude acquisition phase. . During the attitude
acquisition phase the spacecraft will be transfer-
red from this spinning configuration to a non-
spinning three axis stabilized configuration,
which will be maintained for the duration of on-
orbit operation. :

The primary functions of the ACS durlng these
various phases are:

a) To provide sufficient attitude information
and access to attitude control ‘actuation so
that ground control can implement attitude
stabilization and control of the spacecraft
during the transfer orbit and apogee injec-
tion.

b) To provide autonomous stabilization and
control during the attitude acquisition phase
with a minimum of ground control support to
enable the spacecraft to be transferred from
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d)

e)

'SPAR-R. 664

the 'spin stabilized configuraﬁion to a three
axis stabilized configuration with the solar s
arrays deployed. g

To provide autonomous three-axis attitude
stabilization and control during the on-orbit
operation phase, with a minimum of ground
support.

To provide autonomous three-axis attitude
stabilization and control durlng orbit adjust
operations. -

To provide autonomous sun pointing control
for the solar array subsystem.
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3.0 REQUIREMENTS

3.1 . Performance T
3.1.1 Functional Characteristics

3.1.1.1 -Spinning Phase

.

3.1.1.1.1 Spinning Phase Operation

During the transfer orbit and apogee. injection,
the spacecraft will be spinning about the yaw
axis. The spacecraft angular momentum vector is
nominally in the direction of the positive yaw
axis. Following injection into transfer orbit,
the spin axis attitude will be determined and the
spacecraft precessed into the' appropriate apogee
motor firing attitude.

3.1.1.1.2 Spinning Phase Support Function

In order to enable appropriate attitude stabilization
and control during the spinning phases, the ACS

will provide ground control w1th the following

support functions:

a) A sun reference pulse when the sun passes -
through the spacecraft roll -yaw plane, for

spln rate monltorlng° '

[€)]
™
IE b) The sun line position relative to the space-
3 craft spin axis.
N .
Im c) The earth line position relative to the

spacecraft spin axis.

d) Timing and execution of trains of axial high
-~ thrust engine pulses (of specified number and
duty cycle) on command for spin axis orien-
tation control. The sun reference pulse will
be used for timing individual pulses.

e) Passive damping of spin axis nutation°

;
N
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3.1.1.1.3 Spin Rate

3.1.1.1.4

3’1519105

3.1.1.1.6

301510107

3:1'010148

. o (.
The ACS shall meet the performance requirement
specified herein with a spacecraft spin rate of
60 + 6 RPM about the yaw axis. ’

‘Attitude and Earth Radius

The ACS shall meet the performance requirements
specified herein at an altitude of 19,323 +10"nautica1‘
miles above the earth's surface whose radius is

3,444 nautlcal miles. .

Sun Reference Pulse Accuracy

The three sigma angular error between the sun
reference pulse and the 'sun tralllng edge shall be
+ 0.12° when the sun line lies in the roll—pltch
plane.

Sun Flevation Accuracy

The three sigma sun elevatlon accuracy shall be
less than + 0.27 degrees.

Earth Chord Length Accuracy

The three sigma earth chord length accuracy shall
be + 0.12 degrees. ‘

t

Axial Thruster Pulse Timing Accuracy

Thruster electrical pulse centroid and pulse width

- accuracy shall be equivalent to + 1.0° three

3.1.1.1.9

3.10102.

sigma or less.

Nutation Damper Time Constant

The nutation damper time constant shall‘not:exceed-
30 minutes.

Attitude Acquisition Phase

The attitude acquisition phase extends from the -
initiation of despin to the transfer of control to .
the on-orbit three axis control system.
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3.1.1.2.1 Attitude Acquisition Operation

3.1.1.2.2

30101&203

3.1.1.3 -

The attitude acquisition operation will include a
sequence of manoeuvres performed to obtain the

following orientation of the reference axes:

a) Yaw axis pointing at the géometric centre of
the earth.

b) Pitch axis pointing along the southerly orblt
normal. ‘

c) Roll axis pointing along the tangentlal orbit

veloc1ty vector,

_The attitude acquisition operations will. include’

the following manoeuvres:

a) Despin

b) Sun acquisition

c¢) . Solar array deployment

d) Earth acquisition

e) Transfer to on-orbit three-axis control

The attitude acquisition manoeuvres will be per-
formed autonomously upon initiation by ground
command.

Acquisition Duration N

The total time to complete the acquisition manoeuvres
shall not exceed 3.5 hours.

Launch Window Constraint

There shall be no time of year llmltatlon on
launch (launch on any day of the year) due to the
chosen attitude acquisition control system.

Station Acqulsltlon

The ACS shall provide three-axis attitude control
during longitude station acquisition where east-
west stationkeeping thrusters are ‘used.
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east-west

3.1.1.4 Sun Hold Station Acquisition

stationkeeping thrusters.

.3.1.1.5 On-0Orbit Three Axis Attitude Control

3.1.1.5.1 Attitude Error Budget

a) Roll

and Pitch

i)

ii)
iii)

iv)

b) Yaw
i)

ii)

iii)

iv)

Antenna boresight alignment

Séacecraft thermal.and
vibration induced distortion

Attitude sensor alignment

ACS control error

RSS Total

Antenna boresight alignment:

Spacecraft thermal>andivib-
ration induced distortion

ACS component alignment

ACS Control Error

RSS Total

SPAR-R. 664

In the event that earth acquisition cannot occur
from the initial longitude station, the ACS will
maintain control of the sun line along the space-
craft roll axis to allow a station change with

Following station acquisition the ACS will‘provide‘
autonomous three-axis attitude control.

The spacecraft boresight error budget will consist
of the following three sigma error contribution:

+0,05°

+0.02°

- +0.005°

+0.14°

+0,15°

+0,15°

+0.,1°

+0,1°

+1,08°

1.1°
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3.1.1.5.3

3.1.1.6

301‘1&6!1

3.1.1.6.2

3.1.1.6.3
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Attitude Control System Pointing Error

The attitude control system pointing error shall
be + 0.14° in roll and pitch and + 1. 08° in yaw,
where these errors include sensor noise, bias and
dynamic control errors, but exclude alignment ‘
errors, thermal and vibration 1nduced distortions
and antenna boresight alignment.

As a design goal, during perlods of no orbit
adjust thruster activity, the ACS pointing error.
in roll and pitch shall be + 0.1°.

Attltude Rate Error

In order to accommodate attitude rate sen31t1ve
payloads, the attitude rates shall not exceed the

following three sigma limits during periods of no-

orbit adjust thrusting.

a) Roll and pitch TBD deg/sec
b) Yaw - TBD deg/sec

Station Keeping

Station Keeping Operation

The ACS shall provide autonomous three-axis con-
trol during orbit adjust thrusting.

Station Keeping Support Function

The ACS shall provide timing and execution of
station keeping low thrust engines (of specified

thrust duration) upon initiation by ground command.

Station Keeping Limits

The RSS sum of the east-west and north/south
stationkeeping limits will be:

12

-

[(0.1)% + (0.1) |=0.1414  degrees.
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As a design goal, the'RSS sum will be

r ’ e ‘
£(0.05)% + (. 05)2]= 0.0707 degrees

3.1.1.6.4 Station Keeplng Cycle

3.1.1.7

3.1.1.8

3010109

\ - : L )
As a design goal, the ACS shall provide three-axis’

control with a 21 day stationkeeping cycle.

Solar Array Tracking

The ACS shall provide solar array sun pointing
control to within an azimuth error of + 1.0 deg-
ree.

"Station Change Requirement

The ACS shall be capable of performing‘a pitch
slew manoeuvre, on command, in order to maintain
three-axis attitude control during and follow1ng a
change in longitudinal station.

N

Spacecraft Dynamic Env1r0nment

The ACS_shali be capable of meeting the perfor-
mance requirements of this Specification with the
dynamic env1ronments defined in the subparagraphs
below.

3,1.1.9.1 Mass Properties ° ‘ . -

\

©3.1,1.9.1.1 Spin Phase Mass Properties

During the mission spinning phase the roll, pitch
and yaw moments of inertia will be respectively:

I__ =155  slug £t°
XX .
I,y = 175 slug £t
I =182 = slug ft?
27
B-9
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3.1.1.9.1.2 On-Orbit Orbit Phase Mass Properties

In the deployed configuration the roll, pitch and
yaw moments of inertia will be respectively:.

I = 800 slug ft2
XX , .
I = 250 slug ft2
Yy ~ "
'Izz = 830 slug ft,
3.1.1.9.1.3 Solar Array Mass Properties

The total weight of the deployable portion of the
solar arrays will be 90 1lb. The distance between
the solar array centre of mass, which will lie on
the yaw axis, will be 15 inches. The moments of
inertia of the deployable portion of the solar
array subsystem about its centre of mass will be:.

)

Iyx = 650 slug ft2
IYY = 4 ’ slug ft2
Iyy = 650 slug ft2

3.1.1.9.2 Flexible Appendage Properties

The spacecraft will include flexible solar arrays
mounted in a north-south configuration, and flexible
antennas with a boresight contained within the yaw
pitch plane and canted towards the north by up to ‘
5.0 degrees.

3,1.1.9.2.1 Analytic Modelling of Flexible Appendages

An "unconstrained" modal decomposition of the
flexible appendages may be assumed, including
equivalent viscous damping. Only the first three
flexible modes need be considered for analysis.

3:1.1.9.2.2 Solar Array Flexible Parameter

The solar array natural frequen01es and gains will
be as follows: »
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\ TABLE 1
ASOLAR ARRAY FREQUENCIES AND GAINS\
Range of o :
Frequencies Range of
‘Mode (Hz) Gains
First out—-of-plane 0.1 --0.4 4.0\—.8.0
Second out-of-plane : TBD TBD
Third out-of-plane TBD - TBD
First Torsional & . 0.1 - 0.4 0,01 - 0.02
Second Torsional ' mBD - TBD
Third Torsional “ w0 TBD
Antenna Fiexible Paraméfers

3.1.1.9.2.3

" The

antenna natural frequencies and gaihs will be

as follows: :

TABLE 2 ) B

ANTENNA FREQUENCIES AND GAINS

Range of _

Frequencies Range of
Mode (Hz) -Gains
First Bending | 0.5 - 1.0 TBD
P . :
Second Bending ‘ B TBD - - TBD
Third Bending TBD TBD-
First Torsional ! - TBD V TBD
' Second Torsional TBD ~ TBD
Third Torsional _ TBD - TBD

|
B-11 J
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3.1.1.9.3
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4 Flexible Damping

The equivalent viscous damping ratio for all
flexible modes will be greater than 0.05 percent.

Solar Perturbation Torque

The major perturbation torque will be due to solar
radiation pressure and will have the following
form: ' ' '

a) Pitch .Torque (micro ft. lb.) .

= 29 w
Tp = 22 cos™?, cos (Jot)v
b) Roll Torque (micro ft.lb.)
- s o w2 I
Tp = Ssln(ZuD) + [3cos &D + 331n(2@D)]cos(a6t)

c) Yaw Torque (micro ft.lb.)

= 2. > 1 oo 1 )
Ty = {3cos ?D + 331n(2gD)]31n(~bt)
The Variablesf?b,ﬁﬁo and t are defined as:
"y = sun declination angle
. iﬂo = orbit rate (7.29 x 10"5 rad/sec) \
t = time (seconds)
3.1.1.10 Reaction Control Subsystem Interface
3.1.1.10.1 General
The Reaction Control Subsystem (RCS) High Thrust
Engines (HTE) and Low Thrust Engines (LTE) will
/ provide the means whereby external torques may be
applied to the spacecraft as required by the ACS.
3,1.1.10..2 RCS LTE Configuration _

The RCS LTE are grouped into two sets - primary
and redundant. Each LTE 1is identified by resul-
tant torque produced in the case of the attitude

. control LTE and by thrust direction in the case of

the stationkeeping LTE (summarized in Table 3).
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3.1.1.10.3 Moment Arms and.Torque Poiarity S

The moment arm and torque polarlty a55001ated w1th
each LTE is llsted in Table 3.

TABLE 3

' LTE THRUSTER IDENTIFICATION, MOMENT

ARM AND TORQUE POLARITY

TBD




SPAR AEROSPACE PRODUCTS LTD

s o—
SPAR
AT

3.1.1.10.4

3.1.2

3.1.2.1

3.1.2.2

SPAR-R. 664

RCS Performance Parameters

‘The RCS LTE performance is defined as follows:

a) LTE Force - Steady State

The range of steady state thrust 1evels is
“TBD.

b) LTE Impulse Bit

The impulse bit per LTE durlng pulse operatlon
will be TBD.

c) LTE Impulse Bit Repeatability

The repeatability from pulse to pulse for a
given electrical on-time will be TBD for any
LTE. Predictability between LTE's will be
TBD. ' : .

Operability

Reliability S -

The subsystem will be designed to achieve a mission
reliability not less than 0.9999 for 110 hours in
transfer orbit, and as a design goal 0.89 during
on-orbit operation with the environmental and life
requirements detailed in this Specification. In
order to achieve the on-orbit rellablllty, a high
level of semi- conductor screening will be requlred

Useful Life

The ACS will be capable of performing as specified
for not less than six years in space following a
maximum two years of prelaunch test and storage.

It will be a design goal to provide hardware
capable of eight years life in space.
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