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Adaptive Nonlinear Attitude Control and Momentum
Management of Spacecraft

Scott J. Paynter* and Robert H. Bishop'
University of Texas at Austin, Austin, Texas 78712

An indirect adaptive nonlinear controller is investigated for attitude control and momentum management of
evolutionary spacecraft. The control law is based on the theory of nonlinear feedback linearization. A new state
transformation is introduced: one that converts the original nonlinear system into normal canonical form. Once in
canonical form, nonlinear feedback is used to generate a linear response in the transformed coordinates. To make
the nonlinear controller adaptive, a parameter identification scheme, utilizing an extended Kalman filter, is added
for mass property estimation. Probing signals are introduced to enhance the observability of the mass properties.
Simulation results show that the adaptive nonlinear controller stabilizes the International Space Station during
mass property changes, successfully performs momentum management, and provides real-time estimates of the

mass properties in a realistic environment.

Introduction

ITH the development of the space station, there has been

a shift in design methodology from single-task spacecraft
to multipurpose spacecraft, which can evolve to perform multiple
missions. The multipurpose spacecraft operates in many different
configurations as the vehicle evolves. With the increased use of
spacecraftthat operateundera wide variety of conditionsand chang-
ing configurations, the need for controllers that can adjust to these
changes becomes essential for proper attitude stabilization. This
paper proposes an indirect adaptive controllerto stabilize these evo-
lutionary spacecraft. The proposed scheme is based on the idea of
feedback linearizationof the attitude dynamics and control moment
gyro (CMG) dynamics, and the utilization of an extended Kalman
filter (EKF) for parameter estimation.

The main problem can be stated as follows: develop an atti-
tude control scheme that stabilizes a spacecraft during configura-
tion changes and properly manages the stored CMG momentum.
This will be referred to as the attitude control and momentum man-
agement (ACMM) problem. This problem is important because
during the life span of an evolutionary spacecraft numerous con-
figuration changes can occur that may affect the stability of the
onboard attitude control law. Because each configuration may re-
quire its own controller design, a multitude of possible controllers
may need to be designed and implemented during an evolutionary
spacecraft’s operational lifetime. If a control law can be developed
that automatically adjusts to the configuration changes, then only
one controller needs to be designed and implemented onboard the
spacecraft.

During the life span of a spacecraft, certain attitude orientations
are expected so that normal interface with ground bases and other
spacecraft can be maintained. To accomplish this, the spacecraft
needs an attitude control system (ACS) capable of applying control
torquesto guarantee proper spacecraftpointing. Spacecraftmay use
CMGs as their principal actuators. However, CMGs are momentum
exchangers, which can only store a certain amount of momentum,
and so desaturation by external torques is necessary. Several meth-
ods for desaturating the CMGs are available, but gravity gradient
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torques are preferred because no additional actuating systems, such
as reaction control jets, are required.

During many operating conditions, spacecraftmay be expectedto
maintain local vertical/local horizontal (LVLH) attitude. Unfortu-
nately, for most configurations, maintaining LVLH attitude requires
the CMGs to continuously exchange momentum. This is clearly
not possible without other external torques desaturating the CMGs.
Therefore, an ACS is needed that can maintain the desired orienta-
tion of the spacecraft, as well as perform momentum management
for the CMGs. Using gravity gradient torques as CMG desatura-
tors can lead to torque equilibrium attitudes (TEAs) that do not
correspond to LVLH attitude. Thus, combining ACMM becomes
a problem of compromise. A balance between correct spacecraft
pointing and stored CMG momentum is required. This is the job of
the attitude control and momentum manager.

The space station project has motivated numerous recent investi-
gations into the problem of ACMM of spacecraftusing CMGs.'~2°
Many ACMM systems have been developed based on linearized
dynamic models.'~!! In the conventional linear system design ap-
proach, a linear approximation of the system dynamics is obtained
by using Taylorseriesexpansionsand neglectinghigher-orderterms.
Usually, when classical linearization is employed in the ACMM
problem, an LVLH attitude history is taken as the reference trajec-
tory and the cross products of inertia are neglected. A linear (fixed-
gain) controlleris generally developed from these linear models.

Inasmuch as evolutionary spacecraft can undergo substantial
mass property and configuration changes, one approach to the prob-
lem is to employ robust linear control design methods. Researchers
have investigated controllers based on linear quadratic regulator,
H,,, and other robust methodologies.”7

Nonlinear methods have been shown to be directly applicable to
the ACMM problem.'>=%° Vadali and Oh'? used Lyapunov’s second
method to develop a nonlinear ACMM control law that guarantees
closed-loopstability. Several nonlinear controllers for ACMM have
been developedbased on feedback linearization.>~!” The mainidea
behind this nonlinear control approachis to transform the nonlinear
system into a normal canonical form (valid in a region about the
TEA) and then exactly cancel the nonlinear dynamics. This process
leads to a system that behaves linearly in the neighborhood of the
TEA. Singh and Bossart'®'* and Singh and Iyer'® assume small
roll and yaw angles and neglect the cross products of inertia, thus
neglecting some of the nonlinear dynamics. Sheen and Bishop'® do
notmake small angle assumptions,butdorequirezero cross products
ofinertia. Their control law allows for large vehicle angles and rates
and large CMG momentum. Dzielski et al.'” account for the cross
products of inertia, but the control law is never expressed explicitly.

This paper describes an adaptive nonlinear approach to the
ACMM problem in the presence of mass property uncertainty. An
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adaptive nonlinear controller addresses the mass property uncer-
tainty and eliminates the need for making assumptions of small an-
gles andrates,small CMG momentum, and negligiblecross products
of inertia.

Adaptive controllers are capable of learning about their envi-
ronments and then adapting to them.>! When adaptive controllers
use the knowledge learned about their surroundings, they can al-
ter themselves internally to maintain a given set of performance
specifications. Both direct and indirect methods of adaptive control
are available for the ACMM problem. Direct adaptive controllers
generally utilize a tracking-error-based algorithm, where changes
in the control law are made based on the differences between where
the system is and where the adaptive controller thinks the system
should be. In general, stability guarantees can be obtained using
Lyapunov stability analysis for direct adaptive controllers. A direct
adaptive control scheme using feedback linearization was devel-
oped by Sheen and Bishop'® for spacecraft with uncertain mass
properties. Burns and Flashner® designed a model reference adap-
tive controller for unloading angular momentum from spacecraftin
a low Earth orbit, but used linearized dynamical equations.

Indirectadaptive controllersuse parameteridentification schemes
to explicitly estimate parameters in the dynamic system. Measure-
ments of the time-varying system (such as Euler angles and body
rates) are utilizedby a parameteridentification scheme to determine
the changing system parameters (such as the inertia matrix). The pa-
rameter estimates are processed by a controller redesign algorithm
to meet the given performance specifications. The new controller
parameters are then provided to the control algorithm, which con-
tinues stabilizing the closed-loop system.

Zhao et al.? have proposed one type of indirect adaptive scheme
for adaptive control of the space station: a hybrid state-space self-
tuning controller that estimates discrete-time parameters of the
continuous-timesystem and uses these estimates in an optimal pole-
placement algorithm. This controlleris based on a linearized model
of the dynamics. Another self-tuning approach has been developed
by Paynter'? for the attitude control problem (without momentum
management) with a full inertia matrix and without linearization of
the system dynamics. In this paper, the work in Ref. 19 is expanded
to include the momentum management aspect.

Other adaptive control methodologies, such as gain scheduling,
are also possible. However, gain schedulingstill requiresdesigninga
family of controllersthatcan accountfor all possible spacecraftcon-
figurations. Depending on the range of mass property variations, the
number of individual controllers required can become quite large,
and a method for switching between the controllers would be neces-
sary. A gain scheduled approach was taken by Parlos and Sunkel.'?

Mathematical Models

In the proposed control system design, a nonlinear model for the
spacecraft’s attitude is used. The model includes the attitude kine-
matics, the rotational dynamics, and the CMG momentum dynam-
ics. These equationshave appearedin the literature previously.! %17
An Earth-pointing spacecraftin a circular low Earth orbit is consid-
ered.

The relevantcoordinate systems are the LVLH frame (denoted by
L), the body frame (denoted by B), and the principal body frame
(denoted by P), each of which originatesat the center of mass of the
spacecraft. The Z; axisoriginatesat the center of mass of the space-
craft and passes through the center of the Earth, which is assumed
inertially fixed. The X, -Z; plane correspondsto the instantaneous
orbitplane. The Y, axis pointsin the oppositedirectionofthe instan-
taneous orbital angular momentum vector. The direction of the X,
axis is chosen to complete the right-handed coordinate system and
points in the direction of the spacecraft velocity. The LVLH frame
rotates about the —Y, axis at the orbital rate 7 of the spacecraft. The
body axes are fixed to the spacecraft and are orthogonal.

The orientation of the body frame relative to the LVLH frame
is described by a sequence of three rotations: pitch-yaw-roll. The
transformation 72X, which takes vectors v* in the LVLH frame to
vectors vZ in the body frame, is given such that

vB — TBLvL (1)

where
c,Cy sy —5,Cy
TPL = | 5.5, —c,c,5, ¢y S.C,+ 8,8, 2)
CrSp +8.CpSy,  —S,.C, C.Cp — 8,85,8,

with ¢; = cos6; and s; = sin6; fori = r, p, y, where 6, is the roll
angle, 6, is the pitchangle,and 6, is the yaw angle.Inasmuchas T2-
is orthonormal, T*® = (TBL)T, where the superscript T indicates
the matrix transpose.

Because we are consideringa spacecraft with time-varying mass
properties, the principal body frame can change its orientation rel-
ative to the spacecraft. Therefore, it is not convenientto present the
dynamical equations relative to the P frame. However, in some of
the analysis it is convenient to present the results in terms of the
principal inertias and the principal Euler angles (denoted by 6*).
The principal Euler angles represent the orientation of the principal
axes relative to the LVLH frame.

For a pitch-yaw-roll rotation sequence, the attitude kinematics
for a spacecraftin a circular orbit are given by

6 = Rw® +n 3)
where
1 —cosf, tanf, siné, tané,
0, sin 6,
r=lo cos 0, __sin#, @)
cos B, cos B,
0 sin 6, cos 6,
and 0 = (9,,0,,0,)", wh is the spacecraft angular rate, n =

(0,71,0)7, and 7 is the spacecraft orbital rate.

For design purposes, the spacecraft is considered to be a rigid
body. The rotational dynamics of a rigid spacecraft are given by
Euler’s equation

BB _ _ B B, B B _ B B
Lwy = —wp x Ipwp + 7, —u” + 74 5)

where I% is the spacecraft inertia matrix relative to the body frame,
u? is the interactive CMG control torque, ng is the gravity gradient
torque, and 775 is any other disturbance torque acting on the space-
craft, such as aerodynamic torques. For a spacecraft in a circular
orbit, the gravity gradient torque 7, is given by

Tee = 30k, X Isk, 6)

where k; is the unit vector in the direction of the Z; axis. The
disturbance torque 75 is assumed small and is neglected in the
nonlinear controller design (but not in the simulations).

The dynamics of the CMG momentum, k5, are given by

hE = —w8 x hB +u® (7

For this analysis, the CMGs are assumed to be ideal momentum
exchange devices, i.e., the internal dynamics of the CMGs are ne-
glected and the momentum is exchanged directly through the inter-
active control torque u.

The equations of motion can also be written in the LVLH frame.
To do so, we must first compute the time derivatives of T2 and
I’,;, the inertia of the spacecraft relative to the LVLH frame. The
transformation matrix X% is a function of time and has a time
derivative given by

P = QL T ®)

where O 1. 1s the skew-symmetric matrix

0 —wp,  wp, + 0
Qé‘L = wp, 0 —wp, 9
—wp, — N wp 0
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In the LVLH frame, the inertia matrix varies with time. The inertia
matrix in the LVLH axes is related to the inertia matrix in the body
axes through the similarity transformation

I, =T’ 137" (10
Taking the time derivative of I* and simplifying yields
=Q I, - 1,9, 11

Because each [ gij includes terms containing w’, differentiatingi’,;
further will lead to explicit terms containing elements of . This fact
is used shortly.

The angularrate of the spacecraftrelative to the L frame is related
to w’ by

L =Trwh (12)
Taking the time derivative of w’ and further simplifying yields
-1
- (1) (-
where I varies with time according to Eq. (11).

The total angular momentum of the spacecraft system, kg, is
given by

x Ihwh +30°ky x Itk —u") +n x wj
(13)

hB =hW +IBwB (14)

Taking the first and second time derivatives of hp relative to the L
frame and simplifying yields
. nhlé3 — 3772[1?21
R = 31 Ién

_”hsl

(15)

and
_nzhL _ 3772[1?21

it = 3;7217,;x (16)
_nzhL + 3n%IL

Ba3

Note that, because hf = —nh’; . the third derivative of i} is

hy = —nhy =0kl + 30’5 17)

As mentioned, taking a second derivative of any of the I5 terms
will lead to terms containing elements of the control vectoru. Thus,
hL and hL can be differentiated three times before any element of
u wrll appear whereas h can be differentiated four times before
any control appears. Therefore hL1 and hL2 have relative degree
three, whereas hL has relative degree four. (See Ref. 22 for more
on relative degree )

Nonlinear Controller Design

In this section, a feedback control law that exactly linearizes the
spacecraft dynamics system is developed, without relying on any
standard linearization approximations (such as small angles, rates,
and negligible cross products of inertia). In this linearizing process,
a state transformationthat transforms the nonlinear system into nor-
mal canonical form is introduced. Then, in the transformed state, a
linearizing feedback control law is developed. For an in-depth dis-
cussion of the theory behind feedback linearizationand its solution,
the reader is directed to Ref. 22 or 23. Several investigations have
verified that the necessary conditions for using feedback lineariza-
tion have been met for both the attitude control and the ACMM
problems.!'6:17:20

Note that not all nonlinear systems are amenable to feedback
linearization. Although the class of systems that are feedback lin-
earizable is rich enough to make the theory important to control

system designers, relatively few nontrivial aerospace applications
(such as the ACMM) have been shown that use both state transfor-
mations and nonlinear feedback. Many aerospace applications ap-
pearing in the literature require no state transformation, which is in
reality the most difficult part of the feedback linearization process
to obtain. For example, if we consider the attitude control prob-
lem without momentum management, then no state transformation
would be required and the feedback linearization can be obtained
throughnonlinearfeedback alone. This is the spacecraftapplication
of feedback linearization that appears most in the literature.

Coordinate Transformation to Normal Canonical Form

In this section, the nonlinear state transformation to normal form
for the ACMM problemis discussed. The actual process for the solu-
tion of the set of partial differentialequations will not be presented.
Instead, only the coordinate transformation will be described.

Sheen and Bishop'® have shown that the ACMM problem has
relativedegree {4, 3, 2}. This implies that the state transformationto
normal canonical form will consist of a fourth-order, a third—order,
and a second-order output function. Sheen and Bishop'® selected
as output functions th, hBZ, and 6. In this paper similar output
functions have been chosen: /s, nhj , and 35° I . These output
functions were chosen so that, 1n the fourth third, and second deri-
vatives,respectively, the coefficients on each control would be of the
same form. Thisleadsto a state transformatronof theformz = D(x),
wherez” = (27,27, 20),xT = (67, w? ,hB ), and D is a nonlinear
function of x. The nonlinear state transformatronz = ®(x) is given
by

21, = h, (18)
= —nhy, (19)
=301k, — PR, (20)

=30 { (1}, — 15,)of — I, (@} +0) + I5,0f ) +0°hY,

(21
2 = nhj, (22)
=3n'l5, (23)

3 3n { BIZ + (Ié‘"ﬂ Iéll)(wé + n) - Ié‘ﬂ é‘} (24)

=3It (25)

B2
- 377 { anl + Ilgzx (wZ + 77) + (11?11 - 11?22) él} (26)

Taking time derivativesof z;,, z»,, or z3, will resultin the appearance
of the control. Because of the way that the output functions were
selected, the derivativesin which the controls appear can be written
in the form

7 = b(x) + A(x)u* 27
where Z* = (2147 2235 Z32)T’
A@) = —3n'SH(IE) (28)
b(x) = a+3n*{S} (n x wh) + 85 (wh +n)
—(wh +n) x ST (wh +n)

+S7 (If;)il (— Lox Iswh + 3nkk x ILkL)} (29)



1028 PAYNTER AND BISHOP

IL _JL —IL L
Bxn B33 Bi2 Bis
S{‘ = Ilélz Ié‘“ - Iléll _Ilézx (30)
_Ilén Ilézx Iéll - Ilézz
Ik — Ik 0 0
L o
SZ - 0 Ié‘“ Iléll 0 (3D
0 0 Igll — Igzz

anda = (—1?z4,,0,0)7.

Linearizing Feedback

Given that the nonlinear dynamic system associated with the
ACMM problem has been transformed to normal canonical form, a
linearizingcontrolfeedback can be developed. The feedback control
law is designed so that all of the nonlinear dynamics are canceled
and the linear feedback can be used to place the closed-loop poles
of the transformed states.

With a judicious choice of the control law, the transformed states
z will behave linearly. If the desired trajectory for the states is given
by z4, then by choosing

F=v=K(@zs —2)+2z (32)

where 2}, is the desired value of z*, the output functions will follow
the desired trajectory with zero steady-stateerror (assuming that the
desired signal is stable). With the gain matrix K given by

ki ky, ky, k, 0 0 0 0 0
K=|0 0 0 0 ky, k, k, 0 0| (33
0 0 0 0 0 0 0 ky ky

the equivalentlinear system has the characteristic equation

a= (st ks +ks? ks + k)

X (53 +kays® + ko +k21)(s2 +ks,s +k31) (34)

We must select K so that the characteristicequation has the desired
roots. This leads to the nonlinearcontrollaw u’ = [A (x)] ' [—b (x)+
v], which after expanding yields

L=T5(n x wh) — wh x Thwh + 3n°k; x Ihk;
—Ié(Sf)"{(wz ) xSt (wf + ) - SE () + )}

— (/3 (SY) i —a+ K@ —2) (35)

Ultimately we want the control torque  in the B frame. Therefore,
L is transformed to the B frame via

ub =18yt (36)

Eqgs. (35) and (36) represent the nonlinear control law to be used by
the spacecraft for ACMM.

Two important issues must still be addressed before the given
nonlinearcontrol law can be used. First, the invertibility of the state
transformationmust be examined to determine if and when the con-
trol law is valid. Second, the selection of the gains kij, givenin K,
mustbe discussedto determine desirableclosed-looppolelocations.

Control Law Singularities

The nonlinear transformationz = @(x) is not a global transfor-
mation and is only valid in a region around a particular equilibrium
point. The regions where the nonlinear control law is valid are rep-
resented by all of the points where the matrix A (x) is nonsingular.
Because A (x) = —3n°SE(I5) 7!, its inverse is given by

AT = (1 /3)05(sh) (37)

Therefore, the invertibility of A (x) is dependenton the invertibility
of St. For ST to be invertible, A must be nonzero, where A is the
determinant of ST and is determined to be

(Ié‘ll - I§22)(1§22 - Ié‘"ﬂ)(lé‘"ﬂ - Ié‘ll)
+ (Igll Ié‘ZZ) (1§12) + (Ié‘"ﬂ Ié‘ll) (Ié‘l?)

+ (1§22 Ié‘"ﬂ) (Ié‘ﬂ) (38)
If the inertia matrix is written in the L frame as I = T*PI;T"",
then A can be expressed as

= (15, = 15,) (s, = 15,) (15, ~ I5) A(67.6;.67)  (39)
where A is a function of the principal Euler angles relating the L
frame to the P frame. For a pitch-yaw-roll principal Euler rotation
sequence, A (), 0;, 0*) can be written as

A(@* 0 0?‘) = c0s 20, cos 207 cos 20

A
+ sin 2607 sin 207 sin 67 (1 — 2 cos26}) (40)

For A to be nonzero, the following conditions must be true: IP #
11’3’2, IP # Ié:, Iy # IP, and A # 0. The first three COIldl—
tions are physical attrlbutes of the spacecraft being analyzed and,
as such, limit which spacecraft are candidates for use of the non-
linear control law. The final condition, that A be nonzero, imposes
certain constraints on the Euler angle orientations that the space—
craft can achieve. The inertia constraints, Ilfl # Ilfz, Ilfz # IBX,
;é 1r 5,» are inherent to the ACMM problem and even appear in

the design of linear controllers.'! Therefore,any ACMM design can
only be used on spacecraft where none of the principal inertias are
equal.

Atany TEA the value of A will be either —1 (alocal minimum) or
1 (a local maximum), which implies that the TEAs are not singular
points of the control law and that all of the TEAs are located as
far as they can be from the singularity?* Therefore, operation of
the nonlinear control law around the TEA should avoid all of the
singular points. However, initial orientations near the TEA do not
guarantee that the state trajectories will not induce the singularity.
If, for instance, an initial angular rate is large, it is possible that the
controller will be unable to slow the spacecraft angular rate before
a singular attitude orientation is reached. Therefore, the ability of
the nonlinear controller to drive the spacecraftto a TEA and avoid
the singularity is dependenton the initial conditions.

TEA in Transformed States

Recall Eq. (14) for the total angular momentum of the spacecraft
system, but wrltten in the LVLH frame. At TEA, I} = I; =
1352x =0, wh = —n, and hL = hL> = 0. Therefore, the total
angular momentum at a TEA must be

0 I 0 0 0 0
hy= |y, |+ 0 1f 0 —n | =|hy, - 150
0 0 0 If 0 0

(41

wherei # j, j # k, k # i, and the I} P . represent the principal iner-
tias. Because the ultimate goal of 1nvest1gat1ng a TEA in the trans-
formed states is to develop a desired operating point for the system,
and becausea TEA can exist with an arbitrary value of hﬁ,z, the value
of hﬁ, is chosen to be zero at TEA. Also, the desired orientation
of the spacecraftis such that Y, is aligned with Yp. Therefore, the
desired value for z should be z; = (0, 0, 0, 0, —Ilfznz, 0,0,0,0)7.

Adaptive Controller Design
In the preceding sections, a nonlinear control law was developed
based on known spacecraft mass properties. In reality, the actual
mass properties may not be known precisely. For spacecraft with a
limited number of moving appendages, determining the inertia of
the spacecraft might be practical using onboard sensors to measure
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the locations and orientations of individual components for mass
property calculations. However, for large spacecraft, with possibly
many moving appendagesand varying configurations, such an iner-
tia computation system can become expensive (both monetarily and
computationally) and physically burdensome, because of numerous
sensors and connections. Another option is to book keep using the
scheduled movements of the onboard pieces, but this requires pre-
vious knowledge of the locations of each portion of the spacecraft.
Therefore, for spacecraft whose mass properties cannot be directly
sensed, a differentapproach must be developed. We investigatehere
an indirectmethod for determining the spacecraftinertia, so that the
attitude control and momentum manager can adapt to changes in
spacecraft configurations.

Indirect Adaptive Control

Adaptive controllers, as their name implies, can learn about their
surroundings and modify themselves to account for changes in the
dynamic system being controlled. In this learning environment, the
adaptive controller can change internal parameters, so that certain
closed-loop design parameters can be maintained, such as natural
frequency, damping ratio, settling time, etc. It is this tailoring of
the control law that can allow an adaptive controller to stabilize
time-varying systems, which might otherwise lead to instability in
systems utilizing fixed-parameter controllers.

There are two basic types of adaptive controllers: direct and in-
direct. Direct adaptive controllers explicitly change their controller
parameters based on the closed-loop performance of the entire sys-
tem. Indirectadaptive controllers, on the other hand, determine sys-
tem parameters from the closed-loop dynamics and then use the
updated system information to redesign the control law.

Indirectadaptive controllers are essentially composed of an inner
and an outer loop.?! The time-varying system and basic control law
formtheinnerloop. The outerloop consistsof a parameterestimator,
which performs recursive estimation of system parameters, and a
controllerredesign, which adjuststhe parametersin the basic control
law based on the new system parameter estimates and any design
constraints.

Selection of a direct or indirect adaptive controller is dependent
on the system or process being controlled and the complexity of
the dynamic models being used for design. The dynamic models
associated with the ACMM design problem are functions of the
Euler angles, the body angular rates, the total CMG momentum,
the interactive control torque, the orbital rate, and the inertia matrix
of the entire spacecraft. Of these, only the elements of the inertia
matrix are consideredchangingsystem parameters(the orbitalrate is
assumed to be maintained at a constant value through other means).
The nonlinear control law is a function of the same variables as
the dynamic models, plus the gain matrix K and the desired state
trajectories defined by z,. The gain matrix K is dependent only on
the design specifications,inasmuch as K defines the locations of the
closed-looppoles of the transformed system. If, for now, the desired
state trajectoriesare assumed to be externally supplied, then the only
changing parameters in the control law will be the elements of the
inertiamatrix. Therefore, an adaptive scheme that can determine the
spacecraftmass propertiesis needed. An indirectadaptive controller
is investigated here.

Because the gain matrix K in Eq. (35) is predetermined based on
the design specifications, there is no need to perform a controller
redesign in the adaptive scheme given for a self-tuning regulator.
Instead, the estimated inertia matrix can be used directly by the
controller to stabilize the system during mass property changes.
Because the spacecraftdynamics and the nonlinearcontrol law have
already been established, all that remains in the construction of the
adaptive ACMM system is the mass property estimator.

Mass Property Estimation

According to Astrdm and Wittenmark,?' “on-line determination
of process parameters is a key element in adaptive control.” This
implies that a good model of the dynamics is needed: one that,
with the proper parameters, adequately describes the motion. The
determinationof process parameters requires estimation algorithms
capable of real-time evaluation. For the spacecraftadaptive ACMM

control scheme, the parameters that need to be determined are the
mass properties correspondingto the dynamical model, i.e., the full
inertia matrix. The continuous-discreteEKF is a well-demonstrated
method of performing estimation for nonlinear systems. Because
of the (generally) good results obtained with the EKF, and because
of its history of use on-orbit for a variety of purposes, the EKF is
selected here as the mass property estimator.

When the EKF is supplied with measurements of 6, wg, and
h%,, it can serve a dual purpose. Not only can it give estimates of
the mass properties, but it can also provide filtered values of the
dynamic states for the nonlinear control law or other onboard users.

The dynamic states that will be required by the controller are 6,
wg, and hfv. To provide an estimate of these states, as well as the
elements of the inertia matrix, an augmented state vector is defined
asx? = (xT, pT), wherep” = (Ig11 , Igzz, Ig”, Iglz, Ig”, Igzz). The
inertia elements are slowly time varying and are modeled via p =
¢,»where ¢, is a white Gaussiannoise process. Then the augmented
system dynamics can be given by

Eo= )+ ¢ (42)
where
Rw% +1n
o = | 0 (el < Tl + 30°kE < Ijkf —u”)

—wb x hE +uf
06><1
(43)

where ¢ is a white Gaussian noise process associated with the entire
augmented system and Oy , ; is a six by one array of zeros. The noise
in the dynamic states is due to unmodeled dynamics and modeling
errors. The noise characteristics of ¢ are given by E[¢(t)¢7 (1)] =
045(t — 1), where Q is the spectral density matrix of ¢ and § is the
Dirac delta function.

Measurements of the Euler angles, body angular rates, and the
total CMG momentum are assumed to be available for measurement
by the controller. Each of these measurements is assumed to be
corrupted by white Gaussian noise and available at times {#;}, so
that the measurement model is

Yo =Cx,(f) + vy (44)

where C = [Iy, 9 Oy ,¢], {vi} is a sequence of measurement noise
vectorswith E[V_,»V,f] = Réj, Iy . yisanineby nineidentitymatrix,
and Oy , ¢ is a nine by six matrix of zeros; R is the measurement
covariance matrix.

Mass Property Observability and Probing Signals

The ability of any parameter identification scheme to estimate
system parameters is dependent on the system’s observability. The
observability of a system indicates whether or not each state in that
system can be uniquely determined from a given set of measure-
ments. If any of the states cannotbe uniquely determined, then those
states are said to be unobservable. Therefore, for the mass properties
of a spacecraftto be properly estimated, each of the elements of the
inertia matrix must be observable based on measurements of 0, wg,
and b,

Previous investigations have shown that mass property estima-
tion is not possible at the TEA, where the complete inertia matrix
is unobservable.!!'® We know that the attitude control and momen-
tum manager drives the spacecraft to the TEA. Therefore, there is
a fundamental conflict between ACMM and mass property estima-
tion. In an effortto enhance observability,a small amplitude probing
signal is used to induce attitude motion about the TEA. The selec-
tion of a probing signal that can generate sufficient motion, so that
the EKF properly estimates the mass properties of the spacecraft,
is crucial to the effectiveness of the adaptive nonlinear controller.
At the same time, the motion should not be so large that proper
spacecraft attitude cannot be maintained. Some compromise must
be made between good estimation and small attitude excursions.

Previous investigations'!''® have shown that sinusoidal probing
signals can generate adequate attitude motion for accurate mass
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property estimation. Although there are probably probing signals
that offer greater observabilityin some optimal sense, for simplicity,
the probing signals are chosen here to be sinusoidal.

To avoidexcitingthe bending modes of the spacecraft,the probing
signal frequency must be chosen well below the lower bound of the
structural modes. Therefore, both the amplitude and the frequency
of the probing signalsmustbe addressed, so thata desirableresponse
can be achieved without violating other system constraints.

Unfortunately,if the nonlinear transformationand nonlinear con-
trol law are used, a desired trajectoryz, can be difficult to develop.
Performing the nonlinear transformation on the desired attitude de-
viations can lead to complicated functions in the z coordinates.
Therefore, to avoid performing this nonlinear transformation, an-
other method of selecting z; must be developed.

Suppose that the desired small attitude deviations for a spacecraft
about the TEA are given by

0 = a; sink;t for i=rp,y 45)

id
where «; and «; are, respectively, the amplitude and the frequency
of the deviationin the principal Euler angles. To generate 87, a new
desired trajectory in the z coordinates must be developed. Because
the desired small attitude deviations occur around the TEA, the
behavior of the nonlinear output functions (h%,, nhj., and 31 )
nearthe TEA canbeusedto linearizethe transformationand develop
a desired z,.

A desired trajectory for z, which produces (approximately) the
desired attitude deviations around the TEA, is given by

3 al(IP —IP)

21y, =
d 2 2
Ki—n

(k1 sinnt — n sink;t) (46)

2, = —Ig;nz — 37]30[2(1153 — Iéi) COS Kt (47)

2, = 3n'as (1) — I}) sinkst (48)

The remaining elements of z; and z; are generated by taking the
appropriate time derivatives of the output functions. These signals
were obtained by linearizing the expressionsfor 7, I§ By and I,
[givenin Eq. (11)] about the TEA at 8*= (0, 0, 0)7 and using them
in Egs. (20), (23), and (25) (Ref. 25).

In the adaptive scenario, the values of the I} are not precisely
known. However, approximate values for the pr1nc1pal inertias can
be obtainedby computingthe elgenvaluesofIB the estimatedinertia
matrix. Therefore, an approximate desired probing signal can be
generated.

Adaptive ACMM

Figure 1 shows the complete adaptive control scheme for atti-
tude control and momentum management. It shows the three basic
components of the adaptive controller: the EKF, the probing signal
generator,and the nonlinearcontroller. The EKF uses measurements
of the spacecraftdynamic states and the current interactive control
torque to generate the current state estimates, as well as mass prop-
erty estimates. The estimates of the spacecraftinertiamatrix are then
provided to the probing signal generator and the nonlinear control
law. The probing signal generator combines the desired attitude de-
viations with the current inertia estimates to produce the desired
input signal for the feedback linearized controller. Then the nonlin-

1
Adaptive ACMM Controller

Continuous-Discrete

Linearization

|
+ |
Y Extended Kalman

| Filter !
| |
- X | 18 o |

Time-Varying 8 Probing Signal
Spacecraft with | o from Desired [
Nonlinear Dynamics | d—* Attitude Deviations |
| |
I |uB Nonlinear 24 |
i Feedback x|
| |

Fig.1 Complete adaptive ACMM controller.

ear controller uses the current estimates of the mass properties, the
current estimates of the dynamic states, and the desired input signal
to generate the interactive control torque u?

Simulation Results

To verify that the adaptive nonlinearcontroller properly stabilizes
the closed-loop system, numerous simulations were performed. In
the case presentedhere, the spacecraftconsideredis the International
Space Station (ISS) after flight 40-12R and in orbit around the Earth.
The large inertia changes are generated by simulating the motion of
a large mass attached to the spacecraft.

Simulation Environment

Simulation of the spacecraft attitude dynamics was performed
in a realistic environment, which included the effects of nonrigid
body dynamics (but not flexible structural dynamics), atmospheric
drag, and higher-order gravity terms. The system of equations con-
tained in the simulation environmentincluded the orbital dynamics,
the attitude dynamics, and the CMG dynamics, including Kennel’s
CMG steering law. The dynamics associated with three rotating so-
lar panels, one large translating mass, and seven onboard CMGs
were included in these equations of motion. The CMGs can store
32,000 ft-1b of angular momentum. The atmosphere was modeled
using the 1970 Jacchia density model, and the aerodynamic drag
was computed based on the projected cross-sectional area of the
spacecraft in the direction of the relative wind of a rotating atmo-
sphere. The higher-order gravity terms, J,-J4, were also included
in the simulation environment.

The ISS Alpha has a nominal inertia matrix defined by I} =
70.9899 x 109, 15 =55.6448x 105, I5=114.5910x 109, IB
= —1.9567x 10°, 15 =-52120x 105, and I%=0.0509 x 106
slug f, and its principal inertias are I, =7.0626 x 107, I, =
5.5393 x 107, and I3 = 1.1521 x 10® slug-f®. To simulate a mov-
ing payload onboard the ISS, a 500-slug mass, with an inertia
matrix defined by I;;, = I, = I3 = 10,000 slug-ft>, and
I, = 1,3 = L3 = 0, traverses the spacecraft. The mass starts at the
center of mass of the nominal ISS at # = 0. During the first 20,000,
the mass is stationary. From 20,000 to 40,000 s, the mass moves 100
ftin the x direction. Next, the mass moves 100 ft in the y direction
from 40,000 to 60,000 s. The mass then moves an additional 100 ft
in the z direction from 60,000 to 100,000 s, where it remains for the
duration of the simulation. These particular motions are used only
to demonstrate the adaptiveness of the controller to changes in the
TEA and do not represent any known operational mode.

For this simulation, the initial conditions were selected so that
the CMGs do not saturate during the initial transient and are given
by ) = (=1,7,7)" deg, wj = —n, and b = (0,0,0)" ft-Ib-s.
The orbital rate n is 0.0011 rad/s, so that one orbit takes 5712 s and
the orbital inclination is 50 deg. The measurements of 0, wg, and
h%, are assumed to be available every 30 s. Also, the measurements
are corrupted by noise. For this case the standard deviations for the
measurement noises are 2 X 1073 rad for Euler angles, 1 x 1073
rad/s for angularrates, and 100 ft-1b-s for CMG momentum.

In previous investigations,>!!"1¢ the real portions of the closed-
loop poles have been selected near —#. This region in the complex
plane offers relatively fast response, while avoiding excitation of
the spacecraft’s structural modes. Therefore, the closed-loop poles
will be placed so that their real parts are between —n/2 and —n. In
particular, the nine poles will be selected so that they are equally
distributedalong the circle of radius  between —n /2 and —7. These
closed-looppole locations correspond to the following points in the
complex plane: —n, —ne** /12 —pet i/6 —petri/4 and —net i3,
This distribution of poles provides the desired performance charac-
teristics.

Keep in mind that the closed-looppoles mentioned in this section
correspond to the linear response of the transformed states. The re-
sponse of the original states can be expected to behave in a nonlinear
way. This can potentially lead to undesirable response trajectories.
Therefore, care must be exercised in the design, to avoid unwanted
response characteristics.

The probingsignal parameterscorrespondto principal Euler angle
oscillations with an amplitude of 1.5 deg. The probing signals are
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defined by

1.5 sin4nt
6* = | 1.5sin[4nt — (7/6)] | deg (49)
1.5sin[3n7 + (7 /4)]

The amplitudes and frequencies of the probing signals were chosen
to provide adequate motion for mass property observability.!!:?

Results

The attitude history of the spacecraft during the mass property
changes is given in Fig. 2 and shows that the spacecraft makes
small oscillations about the TEA. The oscillations are less than 2
deg in amplitude and the period of each oscillation is greater than
15 min. As the mass propertieschange, the attitude of the spacecraft
changes to reach a new TEA. Initially, the expected TEA is at @ =
(—0.6, 6.8, 7.3) deg, then due to the changes in the mass properties,
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Fig.2 Attitude history during translating mass simulation.
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estimate and - - -, actual.

(slug-ft*2)

{slug-ftr2)

0 5 10 5 20 25
Orbits
ok

B23

Fig. 4 Cross products of inertia during translating mass simulation:
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after about 18 orbits, the expected TEA is at @ = (—8.4, 13.3,22.8)
deg.

During the entire simulation, the adaptive nonlinearcontrolleres-
timates the mass properties and utilizes them to update the control
law. Figures 3 and 4 show how the mass property estimator is per-
forming. The true values are shown with dashed lines, whereas the
estimates are shown with solid lines. The oscillationsin the true val-
ues of I3 , I, and I} = are caused by the rotating solar panels.
The large ramp changes in the mass properties are generated by the
changesin position of the translating mass. These plots indicate that
the estimates of the moments of inertia are always within 6% (and
generally within 2%) of the true values and that the estimator can
track the changes in the inertias. The estimates tend to have about
a 1- or 2-orbit lag in the estimates of the moments of inertia and in
1. Small error biases exist in the estimates of 7 . The lags and
biases in the estimates can be reduced or eliminated through the use
of a larger amplitude probing signal. However, a larger signal may
lead to CMG saturation.

The magnitude of the stored CMG momentum during the trans-
lating mass simulation is always less than the CMG momentum
limit of 32,000 ft-1b-s, and the stored momentum is generally less
than 15,000 ft-1b-s. Also, the required CMG torque never exceeds
90 ft-1b in magnitude.

Issues

The required control torques are cyclic in nature, which results
in the continuous use of actuators that change the orientations of
the control moment gyro’s gimbals. This can potentially reduce the
lifespan of the control moment gyros. Therefore, for practical pur-
poses, the controller might only be adaptive (estimating the mass
properties) during expected mass property changes, and during ac-
quiescentperiods, the mostrecentinertiaestimates would be used by
the nonlinear controller. This would reduce the attitude deviations
and the control moment gyro workload.
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A potential problem can arise from the use of the inertia matrix
estimates. If the estimates of the inertias are such that two of the
computed principal inertias are approximately equal to one another
(even though the true values are not), the singularity in the control
law may be induced, resulting in a large, unexpected control torque.
Therefore, the singularity condition should be checked. This can
easily be accommodated in the flight code.

The nonlinear control law was based on the assumption that the
spacecraftis slowly time varying. If, in fact, the spacecraft violates
this assumption, then it is possible that the unmodeled dynamics
(which are not canceled by the nonlinear controller) can cause in-
stability in the closed-loop system (even if the mass properties are
known exactly). Therefore, it is important to determine exactly how
fast the variations in the spacecraft can occur before the nonlin-
ear controller can no longer stabilize the system, so that potentially
destabilizing onboard maneuvers can be avoided.

In this paper, the mass property variationsare slowly time-varying
and the EKF converges as desired. However, larger or faster varia-
tions could possibly lead to poor filter response or even divergence.
Therefore, the effect of mass property variationson the performance
of the EKF needs to be fully assessed.

Because the probing signals were chosen without considering
the efficiency of motion, they may not provide the best motion for
sufficientestimationof the mass properties.It may be possibleto find
amore optimal probing signal: one that offers the most observability
with the least motion.

Conclusions

The proposed adaptive nonlinear controller performs its desired
function: it stabilizes the spacecraft while simultaneously perform-
ing CMG momentum managementutilizing gravity gradienttorques
to unload momentum. Real-time estimates of the mass properties
during inertia changes are a by-productof the controller process, as
well as filtered values of spacecraft Euler angles, body rates, and
CMG momentum. The proposedcontroller solves the ACMM prob-
lem in a very implementable fashion. The modular structure allows
implementation of the nonlinear controller without mass property
identification, the mass property identification withoutthe nonlinear
controller, or both together.
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