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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 identi� cation scheme, utilizing an extended Kalman � lter, 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

W 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
con� gurations as the vehicle evolves. With the increased use of
spacecraftthat operateundera wide varietyof conditionsand chang-
ing con� gurations, the need for controllers that can adjust to these
changes becomes essential for proper attitude stabilization. This
paper proposesan indirect adaptivecontrollerto stabilize these evo-
lutionary spacecraft. The proposed scheme is based on the idea of
feedback linearizationof the attitudedynamics and control moment
gyro (CMG) dynamics, and the utilization of an extended Kalman
� lter (EKF) for parameter estimation.

The main problem can be stated as follows: develop an atti-
tude control scheme that stabilizes a spacecraft during con� gura-
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-
� guration changes can occur that may affect the stability of the
onboard attitude control law. Because each con� guration 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 con� guration 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
torques to guaranteeproper spacecraftpointing.Spacecraftmay use
CMGs as their principal actuators.However, CMGs are momentum
exchangers, which can only store a certain amount of momentum,
and so desaturationby 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 operatingconditions,spacecraftmay be expectedto
maintain local vertical/local horizontal (LVLH) attitude. Unfortu-
nately, for most con� gurations,maintainingLVLH 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 spacecraft using CMGs.1¡20

Many ACMM systems have been developed based on linearized
dynamic models.1¡11 In the conventional linear system design ap-
proach, a linear approximation of the system dynamics is obtained
byusingTaylorseriesexpansionsandneglectinghigher-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 (� xed-
gain) controller is generally developed from these linear models.

Inasmuch as evolutionary spacecraft can undergo substantial
mass propertyand con� gurationchanges,one approach to the prob-
lem is to employ robust linear control design methods. Researchers
have investigated controllers based on linear quadratic regulator,
H1 , and other robust methodologies.3¡7

Nonlinear methods have been shown to be directly applicable to
the ACMM problem.12¡20 Vadali and Oh12 used Lyapunov’s second
method to develop a nonlinear ACMM control law that guarantees
closed-loopstability.Several nonlinearcontrollers for ACMM have
beendevelopedbasedon feedback linearization.13¡17 The main idea
behind this nonlinear control approach is to transform the nonlinear
system into a normal canonical form (valid in a region about the
TEA) and then exactly cancel the nonlineardynamics. This process
leads to a system that behaves linearly in the neighborhood of the
TEA. Singh and Bossart13;14 and Singh and Iyer15 assume small
roll and yaw angles and neglect the cross products of inertia, thus
neglecting some of the nonlinear dynamics.Sheen and Bishop16 do
notmake small angleassumptions,butdo requirezerocrossproducts
of inertia.Their control law allows for large vehicleangles and rates
and large CMG momentum. Dzielski et al.17 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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1026 PAYNTER AND BISHOP

adaptive nonlinear controller addresses the mass property uncer-
tainty and eliminates the need for making assumptionsof small an-
glesand rates,smallCMG momentum,andnegligiblecrossproducts
of inertia.

Adaptive controllers are capable of learning about their envi-
ronments and then adapting to them.21 When adaptive controllers
use the knowledge learned about their surroundings, they can al-
ter themselves internally to maintain a given set of performance
speci� cations. 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 differencesbetween 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 Bishop18 for spacecraft with uncertain mass
properties. Burns and Flashner8 designed a model reference adap-
tive controller for unloadingangular momentum from spacecraft in
a low Earth orbit, but used linearized dynamical equations.

Indirectadaptivecontrollersuse parameteridenti� cationschemes
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 parameter identi� cation scheme to determine
the changingsystem parameters (such as the inertia matrix). The pa-
rameter estimates are processed by a controller redesign algorithm
to meet the given performance speci� cations. The new controller
parameters are then provided to the control algorithm, which con-
tinues stabilizing the closed-loop system.

Zhao et al.9 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-timesystemand uses these estimates in an optimalpole-
placement algorithm.This controller is based on a linearizedmodel
of the dynamics. Another self-tuning approach has been developed
by Paynter19 for the attitude control problem (without momentum
management) with a full inertia matrix and without linearizationof
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,gainschedulingstill requiresdesigninga
family of controllersthat can accountfor all possiblespacecraftcon-
� gurations.Dependingon the rangeof mass propertyvariations, the
number of individual controllers required can become quite large,
and a method for switchingbetween the controllerswould be neces-
sary. A gain scheduled approach was taken by Parlos and Sunkel.10

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 appeared in the literaturepreviously.1;16;17

An Earth-pointingspacecraft in a circular low Earth orbit is consid-
ered.

The relevantcoordinatesystems are the LVLH frame (denotedby
L ), the body frame (denoted by B), and the principal body frame
(denotedby P ), each of which originatesat the centerof mass of the
spacecraft.The ZL axis originatesat the centerof mass of the space-
craft and passes through the center of the Earth, which is assumed
inertially � xed. The X L – ZL plane corresponds to the instantaneous
orbit plane.The YL axis pointsin theoppositedirectionof the instan-
taneous orbital angular momentum vector. The direction of the X L

axis is chosen to complete the right-handedcoordinate system and
points in the direction of the spacecraft velocity. The LVLH frame
rotates about the ¡YL axis at the orbital rate ´ of the spacecraft.The
body axes are � xed 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 TBL , which takes vectors vL in the LVLH frame to
vectors vB in the body frame, is given such that

vB D TBL vL (1)

where

TB L D

&$ cpcy sy ¡spcy

sr sp ¡ cr cpsy cr cy sr cp C cr spsy

cr sp C sr cpsy ¡sr cy cr cp ¡ sr spsy

’%
(2)

with ci D cos µi and si D sin µi for i D r; p; y, where µr is the roll
angle,µp is the pitch angle,and µy is the yaw angle.Inasmuchas TB L

is orthonormal, TL B D .TBL /T , where the superscript T indicates
the matrix transpose.

Because we are consideringa spacecraftwith time-varying mass
properties, the principal body frame can change its orientation rel-
ative to the spacecraft.Therefore, it is not convenient to 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 µ¤).
The principal Euler angles represent the orientationof the principal
axes relative to the LVLH frame.

For a pitch–yaw–roll rotation sequence, the attitude kinematics
for a spacecraft in a circular orbit are given by

Pµ D R!B
B C ´ (3)

where

R D

&

66$
1 ¡cosµr tan µy sin µr tan µy

0
cos µr

cos µy
¡ sin µr

cos µy

0 sin µr cos µr

’

77% (4)

and µ D .µr ; µp ; µy /T , !B
B is the spacecraft angular rate, ´ D

.0; ´; 0/T , and ´ 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

IB
B P!B

B D ¡!B
B £ IB

B !B
B C ¿ B

gg ¡ uB C ¿ B
dist (5)

where IB
B is the spacecraft inertia matrix relative to the body frame,

uB is the interactiveCMG control torque, ¿ B
gg is the gravity gradient

torque, and ¿ B
dist is any other disturbancetorque acting on the space-

craft, such as aerodynamic torques. For a spacecraft in a circular
orbit, the gravity gradient torque ¿ gg is given by

¿ gg D 3´2kL £ IB kL (6)

where kL is the unit vector in the direction of the Z L axis. The
disturbance torque ¿ B

dist is assumed small and is neglected in the
nonlinear controller design (but not in the simulations).

The dynamics of the CMG momentum, hB
W , are given by

PhB
W D ¡!B

B £ hB
W C uB (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 exchangeddirectly through the inter-
active control torque u.

The equations of motion can also be written in the LVLH frame.
To do so, we must � rst compute the time derivatives of T BL and
IL

B , the inertia of the spacecraft relative to the LVLH frame. The
transformation matrix TL B is a function of time and has a time
derivative given by

PTL B D X L
B j LTL B (8)

where X L
B j L is the skew-symmetric matrix

X L
B j L D

&

6$
0 ¡!L

B3
!L

B2
C ´

!L
B3

0 ¡!L
B1

¡!L
B2

¡ ´ !L
B1

0

’

7%
(9)
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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

IL
B D TL B IB

B TBL (10)

Taking the time derivative of IL and simplifying yields

PIL
B D X L

B j L IL
B ¡ IL

B X
L
B j L (11)

Because each PI L
Bi j

includes terms containing !L
B , differentiating PIL

B
further will lead to explicit terms containingelementsof u. This fact
is used shortly.

The angular rate of the spacecraftrelative to the L frame is related
to !B

B by

!L
B D TL B! B

B (12)

Taking the time derivative of !L
B and further simplifying yields

P!L
B D IL

B

¡1 ¡!L
B £ IL

B!L
B C 3´2kL

L £ IL
B kL

L ¡ uL C ´ £ !L
B

(13)
where IL

B varies with time according to Eq. (11).
The total angular momentum of the spacecraft system, hB , is

given by

hB D hW C IB !B (14)

Taking the � rst and second time derivatives of hB relative to the L
frame and simplifying yields

PhL
B D

´hL
B3

¡ 3´2 I L
B23

3´2 I L
B13

¡´hL
B1

(15)

and

RhL
B D

¡´2hL
B1

¡ 3´2 PI L
B23

3´2 PI L
B13

¡´2hL
B3

C 3n3 I L
B23

(16)

Note that, because PhL
B3

D ¡´hL
B1

, the third derivative of hL
B3

is

:::

hL
B3

D ¡´RhL
B1

D ´3hL
B1

C 3´3 PI L
B23

(17)

As mentioned, taking a second derivative of any of the IL
B terms

will lead to terms containingelements of the control vector u. Thus,
hL

B1
and hL

B2
can be differentiated three times before any element of

u will appear, whereas hL
B3

can be differentiated four times before
any control appears. Therefore, hL

B1
and hL

B2
have relative degree

three, whereas hL
B3

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 negligiblecross products of inertia). In this linearizingprocess,
a state transformationthat transformsthe nonlinearsystem into nor-
mal canonical form is introduced.Then, in the transformed state, a
linearizing feedback control law is developed. For an in-depth dis-
cussionof the theory behind feedback linearizationand its solution,
the reader is directed to Ref. 22 or 23. Several investigations have
veri� ed that the necessary conditions for using feedback lineariza-
tion have been met for both the attitude control and the ACMM
problems.16;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 dif� cult 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
throughnonlinear feedback 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 theACMM problemis discussed.The actualprocessfor the solu-
tion of the set of partial differentialequations will not be presented.
Instead, only the coordinate transformationwill be described.

Sheen and Bishop16 have shown that the ACMM problem has
relativedegree f4; 3; 2g. 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 Bishop16 selected
as output functions hL

B3
, hL

B2
, and µ3. In this paper, similar output

functions have been chosen: hL
B3

, ´hL
B2

, and 3´3 I L
B12

. These output
functions were chosen so that, in the fourth, third, and second deri-
vatives,respectively,the coef� cientson each controlwould be of the
same form.This leads to a state transformationof the formz D U .x/,
where zT D .zT

1 ; zT
2 ; zT

3 /, xT D .µT; !B T

B ; hBT

W /, and U is a nonlinear
function of x. The nonlinear state transformationz D U .x/ is given
by

z11 D hL
B3

(18)

z12 D ¡´hL
B1

(19)

z13 D 3´3 I L
B23

¡ ´2hL
B3

(20)

z14 D 3´3 I L
B22

¡ I L
B33

!L
1 ¡ I L

B12
!L

2 C ´ C I L
B13

!L
3 C ´3hL

B1

(21)

z21 D ´hL
B2

(22)

z22 D 3´3 I L
B13

(23)

z23 D 3´3 I L
B12

!L
1 C I L

B33
¡ I L

B11
!L

2 C ´ ¡ I L
B23

!L
3 (24)

z31 D 3´3 I L
B12

(25)

z32 D 3´3 ¡I L
B13

!L
1 C I L

B23
!L

2 C ´ C I L
B11

¡ I L
B22

!L
3 (26)

Taking time derivativesof z14 , z23 , or z32 will result in theappearance
of the control. Because of the way that the output functions were
selected, the derivatives in which the controls appear can be written
in the form

Pz¤ D b.x/ C A.x/uL (27)

where z¤ D .z14 ; z23 ; z32 /
T ,

A.x/ D ¡3´3SL
1 IL

B

¡1
(28)

b.x/ D a C 3´3 SL
1 ´ £ !L

B C SL
2 !L

B C ´

¡ !L
B C ´ £ SL

1 !L
B C ´

C SL
1 IL

B

¡1 ¡!L
B £ IL

B !L
B C 3´2kL

L £ IL
B kL

L (29)
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SL
1 D

&

66$
I L

B22
¡ I L

B33
¡I L

B12
I L

B13

I L
B12

I L
B33

¡ I L
B11

¡I L
B23

¡I L
B13

I L
B23

I L
B11

¡ I L
B22

’

77% (30)

SL
2 D

&

66$
PI L
B22

¡ PI L
B33

0 0

0 PI L
B33

¡ PI L
B11

0

0 0 PI L
B11

¡ PI L
B22

’

77% (31)

and a D .¡´2z13 ; 0; 0/T .

Linearizing Feedback
Given that the nonlinear dynamic system associated with the

ACMM problem has been transformed to normal canonical form, a
linearizingcontrolfeedbackcan be developed.The feedbackcontrol
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 zd , then by choosing

Pz¤ D v D K .zd ¡ z/ C Pz¤
d (32)

where Pz¤
d is the desired value of Pz¤, the output functions will follow

the desired trajectorywith zero steady-stateerror (assuming that the
desired signal is stable). With the gain matrix K given by

K D

&$k11 k12 k13 k14 0 0 0 0 0

0 0 0 0 k21 k22 k23 0 0

0 0 0 0 0 0 0 k31 k32

’%
(33)

the equivalent linear system has the characteristic equation

¸ D s4 C k14 s
3 C k13 s

2 C k12 s C k11

£ s3 C k23 s2 C k22 s C k21 s2 C k32 s C k31
(34)

We must select K so that the characteristicequation has the desired
roots.This leads to thenonlinearcontrollaw uL D [A.x/]¡1[¡b.x/C
v], which after expanding yields

uL D IL
B ´ £ !L

B ¡ !L
B £ IL

B !L
B C 3´2kL

L £ IL
B kL

L

¡ IL
B SL

1

¡1
!L

B C ´ £ SL
1 !L

B C ´ ¡ SL
2 !L

B C ´

¡ .1=3´3/IL
B SL

1

¡1 Pz¤
d ¡ a C K.zd ¡ z/ (35)

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

uB D TBL uL (36)

Eqs. (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 invertibilityof the state
transformationmust be examined to determine if and when the con-
trol law is valid. Second, the selection of the gains ki j , given in K,
must bediscussedto determinedesirableclosed-looppole locations.

Control Law Singularities
The nonlinear transformation z D U .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/ D ¡3´3SL

1 .IL
B /¡1, its inverse is given by

[A.x/]¡1 D ¡.1=3´3/IL
B SL

1

¡1
(37)

Therefore, the invertibility of A.x/ is dependent on the invertibility
of SL

1 . For SL
1 to be invertible, 1 must be nonzero, where 1 is the

determinant of SL
1 and is determined to be

1 D I L
B11

¡ I L
B22

I L
B22

¡ I L
B33

I L
B33

¡ I L
B11

C I L
B11

¡ I L
B22

I L
B12

2 C I L
B33

¡ I L
B11

I L
B13

2

C I L
B22

¡ I L
B33

I L
B23

2
(38)

If the inertia matrix is written in the L frame as IL
B D TL P IP

B T PL ,
then 1 can be expressed as

1 D I P
B1

¡ I P
B2

I P
B2

¡ I P
B3

I P
B3

¡ I P
B1

3 µ¤
r ; µ¤

p ; µ¤
y (39)

where 3 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, 3.µ ¤

r ; µ¤
p; µ¤

y / can be written as

3 µ¤
r ; µ¤

p ; µ¤
y D cos 2µ¤

r cos 2µ ¤
p cos 2µ¤

y

C sin 2µ¤
r sin 2µ¤

p sin µ¤
y

1
4

¡ 3
4

cos 2µ¤
y (40)

For 1 to be nonzero, the following conditions must be true: I P
B1

6D
I P

B2
, I P

B2
6D I P

B3
, I P

B3
6D I P

B1
, and 3 6D 0. The � rst three condi-

tions are physical attributes of the spacecraft being analyzed and,
as such, limit which spacecraft are candidates for use of the non-
linear control law. The � nal condition, that 3 be nonzero, imposes
certain constraints on the Euler angle orientations that the space-
craft can achieve. The inertia constraints, I P

B1
6D I P

B2
, I P

B2
6D I P

B3
, and

I P
B3

6D I P
B1

, are inherent to the ACMM problem and even appear in
the design of linear controllers.11 Therefore,any ACMM design can
only be used on spacecraft where none of the principal inertias are
equal.

At any TEA the valueof 3 will be either¡1 (a localminimum) 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.24 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 spacecraft to a TEA and avoid
the singularity is dependent on the initial conditions.

TEA in Transformed States
Recall Eq. (14) for the total angular momentum of the spacecraft

system, but written in the LVLH frame. At TEA, I L
B12

D I L
B13

D
I L

B23
D 0, !L

B D ¡´, and hL
W1

D hL
W3

D 0. Therefore, the total
angular momentum at a TEA must be

hL
B D

0

hL
W2

0

C

&

6$
I P

Bi
0 0

0 I P
B j

0

0 0 I P
Bk

’

7%
0

¡´

0

D
0

hL
W2

¡ I P
B j

´

0

(41)

where i 6D j , j 6D k, k 6D i , and the I P
Bi

represent the principal iner-
tias. Because the ultimate goal of investigating a TEA in the trans-
formed states is to develop a desired operating point for the system,
and becausea TEA can existwith an arbitraryvalueof hL

W2
, thevalue

of hL
W2

is chosen to be zero at TEA. Also, the desired orientation
of the spacecraft is such that YL is aligned with YP . Therefore, the
desired value for z should be zd D .0; 0; 0; 0; ¡I P

B2
´2; 0; 0; 0; 0/T .

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 spacecraftmight 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 con� gurations, such an iner-
tia computationsystem can become expensive(both monetarilyand
computationally) and physicallyburdensome,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 spacecraftwhose mass properties cannot be directly
sensed,a different approachmust be developed.We investigatehere
an indirectmethod for determining the spacecraft inertia, so that the
attitude control and momentum manager can adapt to changes in
spacecraft con� gurations.

Indirect Adaptive Control
Adaptive controllers, as their name implies, can learn about their

surroundingsand 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 � xed-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-loopperformanceof the entire sys-
tem. Indirect adaptivecontrollers,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.

Indirect adaptivecontrollersare essentiallycomposedof an inner
and an outer loop.21 The time-varying system and basic control law
form the inner loop.The outer loop consistsof a parameterestimator,
which performs recursive estimation of system parameters, and a
controllerredesign,whichadjuststhe parametersin thebasic 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
matrixare consideredchangingsystemparameters(theorbitalrate 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 de� ned by zd . The gain matrix K is dependent only on
the design speci� cations, inasmuch as K de� nes the locationsof the
closed-looppoles of the transformedsystem. If, for now, the desired
state trajectoriesare assumed to be externallysupplied,then the only
changing parameters in the control law will be the elements of the
inertia matrix.Therefore,an adaptive scheme that can determine the
spacecraftmass propertiesis needed.An indirectadaptivecontroller
is investigated here.

Because the gain matrix K in Eq. (35) is predeterminedbased on
the design speci� cations, 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 constructionof the
adaptive ACMM system is the mass property estimator.

Mass Property Estimation
According to ÊAström and Wittenmark,21 “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
capableof real-time evaluation.For the spacecraftadaptive ACMM

control scheme, the parameters that need to be determined are the
mass propertiescorrespondingto 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 µ, ! B
B , and

hB
W , it can serve a dual purpose. Not only can it give estimates of

the mass properties, but it can also provide � ltered values of the
dynamic states for the nonlinearcontrol law or other onboardusers.

The dynamic states that will be required by the controller are µ,
!B

B , and hB
W . To provide an estimate of these states, as well as the

elements of the inertia matrix, an augmented state vector is de� ned
as xT

? D .xT; pT /, where pT D .I B
B11

; I B
B22

; I B
B33

; I B
B12

; I B
B13

; I B
B23

). The
inertia elements are slowly time varying and are modeled via Pp D
³ p , where ³ p is a white Gaussiannoiseprocess.Then theaugmented
system dynamics can be given by

Px? D f.x?; u/ C ³ (42)

where

f.x?; u/ D

R!B
B C ´

IB
B

¡1 ¡!B
B £ IB

B ! B
B C 3´2kB

L £ IB
B kB

L ¡ uB

¡!B
B £ hB

W C uB

O6 £ 1

(43)

where ³ is a white Gaussian noise process associatedwith the entire
augmentedsystem and O6 £ 1 is a six by one arrayof zeros.The noise
in the dynamic states is due to unmodeled dynamics and modeling
errors. The noise characteristicsof ³ are given by E [³.t/³T .¿/] D
Q±.t ¡ ¿ /, where Q is the spectral density matrix of ³ and ± is the
Dirac delta function.

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

yk D Cx?.tk / C º k (44)

where C D [I9 £ 9 O9 £ 6], fº kg is a sequence of measurement noise
vectorswith E[º j º

T
k ] D R± jk , I9 £ 9 is aninebynine identitymatrix,

and O9 £ 6 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 identi� cation scheme to estimate

system parameters is dependent on the system’s observability.The
observabilityof 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 uniquelydetermined,then those
states are said to be unobservable.Therefore, for the mass properties
of a spacecraft to be properly estimated, each of the elements of the
inertia matrix must be observablebased on measurementsof µ, !B

B ,
and hB

W .
Previous investigations have shown that mass property estima-

tion is not possible at the TEA, where the complete inertia matrix
is unobservable.11;18 We know that the attitude control and momen-
tum manager drives the spacecraft to the TEA. Therefore, there is
a fundamental con� ict between ACMM and mass property estima-
tion. In an effort to enhanceobservability,a small amplitudeprobing
signal is used to induce attitude motion about the TEA. The selec-
tion of a probing signal that can generate suf� cient 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 investigations11;18 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 greaterobservabilityin some optimalsense, for simplicity,
the probing signals are chosen here to be sinusoidal.

To avoidexcitingthe bendingmodesof the spacecraft,theprobing
signal frequencymust be chosen well below the lower bound of the
structural modes. Therefore, both the amplitude and the frequency
of the probingsignalsmust be addressed,so that a desirableresponse
can be achieved without violating other system constraints.

Unfortunately,if the nonlinear transformationand nonlinearcon-
trol law are used, a desired trajectory zd can be dif� cult to develop.
Performing the nonlinear transformationon 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 zd must be developed.

Suppose that the desired small attitudedeviationsfor a spacecraft
about the TEA are given by

µ¤
id

D ®i sin ·i t for i D r; p; y (45)

where ®i and ·i are, respectively, the amplitude and the frequency
of the deviation in the principalEuler angles. To generateµ¤

d , 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 (hL

B3
, ´hL

B3
, and 3´3 I L

B12
)

near the TEA canbeused to linearizethe transformationand develop
a desired zd .

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

z11d
D

3´2®1 I P
B2

¡ I P
B3

· 2
1 ¡ ´2

.·1 sin ´t ¡ ´ sin·1t/ (46)

z21d
D ¡I P

B2
´2 ¡ 3´3®2 I P

B3
¡ I P

B1
cos·2t (47)

z31d
D 3´3®3 I P

B1
¡ I P

B2
sin ·3t (48)

The remaining elements of zd and Pz¤
d are generated by taking the

appropriate time derivatives of the output functions. These signals
were obtained by linearizing the expressions for I L

B12
, I L

B13
, and I L

B23

[given in Eq. (11)] about the TEA at µ¤D .0; 0; 0/T and using them
in Eqs. (20), (23), and (25) (Ref. 25).

In the adaptive scenario, the values of the I P
Bi

are not precisely
known. However, approximate values for the principal inertias can
beobtainedbycomputingthe eigenvaluesof OIB

B , 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 spacecraft dynamic states and the current interactive control
torque to generate the current state estimates, as well as mass prop-
erty estimates.The estimatesof 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-

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 uB.

Simulation Results
To verify that the adaptivenonlinearcontrollerproperlystabilizes

the closed-loop system, numerous simulations were performed. In
thecasepresentedhere, the spacecraftconsideredis the International
Space Station (ISS) after � ight 40-12Rand in orbit aroundthe 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 � exible structural dynamics), atmospheric
drag, and higher-order gravity terms. The system of equations con-
tained in the simulationenvironment included the orbital dynamics,
the attitude dynamics, and the CMG dynamics, including Kennel’s
CMG steering law. The dynamics associatedwith 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-lb 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, J2– J4 , were also included
in the simulation environment.

The ISS Alpha has a nominal inertia matrix de� ned by I B
11 D

70:9899£ 106, I B
22 D 55:6448£ 106 , I B

33 D 114:5910£ 106, I B
12

D ¡1:9567£ 106 , I B
13 D ¡5:2120£ 106 , and I B

23 D 0:0509£ 106

slug-ft2, and its principal inertias are I1 D 7:0626 £ 107 , I2 D
5:5393£ 107, and I3 D 1:1521£ 108 slug-ft2. To simulate a mov-
ing payload onboard the ISS, a 500-slug mass, with an inertia
matrix de� ned by I11 D I22 D I33 D 10;000 slug-ft2, and
I12 D I13 D I23 D 0, traverses the spacecraft.The mass starts at the
centerof mass of the nominal ISS at t D 0. During the � rst 20,000 s,
the mass is stationary.From 20,000 to 40,000 s, the mass moves 100
ft in 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 µ0 D .¡1; 7; 7/T deg, !B

B0
D ¡´, and hB

0 D .0; 0; 0/T ft-lb-s.
The orbital rate ´ is 0.0011 rad/s, so that one orbit takes 5712 s and
the orbital inclination is 50 deg. The measurements of µ, !B

B , and
hB

W 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 £ 10¡3 rad for Euler angles, 1 £ 10¡5

rad/s for angular rates, and 100 ft-lb-s for CMG momentum.
In previous investigations,1;2;11;16 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 ¡´=2 and ¡´. In
particular, the nine poles will be selected so that they are equally
distributedalong the circleof radius´ between¡´=2 and ¡´. These
closed-looppole locations correspond to the following points in the
complex plane: ¡´; ¡´e§¼ i=12, ¡´e§¼ i=6 , ¡´e§¼ i=4, and ¡´e§¼ i=3.
This distributionof 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-
sponseof the originalstates can be expectedto 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 probingsignalparameterscorrespondtoprincipalEuler angle
oscillations with an amplitude of 1:5 deg. The probing signals are
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de� ned by

µ¤ D
1:5 sin 4´t

1:5 sin[4´t ¡ .¼=6/]

1:5 sin[3´t C .¼=4/]

deg (49)

The amplitudes and frequenciesof the probing signals were chosen
to provide adequate motion for mass property observability.11;25

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 attitudeof the spacecraft
changes to reach a new TEA. Initially, the expected TEA is at µ D
.¡0:6; 6:8; 7:3/ deg, then due to the changes in the mass properties,

Fig. 2 Attitude history during translating mass simulation.

a) IB
B11

b) IB
B22

c) IB
B33

Fig. 3 Moments of inertia during translating mass simulation: ——,
estimate and – – – , actual.

a) IB
B12

b) IB
B13

c) IB
B23

Fig. 4 Cross products of inertia during translating mass simulation:
——, estimate and – – – , actual.

after about 18 orbits, the expectedTEA is at µ D .¡8:4; 13:3; 22:8/
deg.

During the entire simulation, the adaptivenonlinearcontrolleres-
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
estimatesare shown with solid lines. The oscillationsin the true val-
ues of I B

B11
, I B

B33
, and I B

B13
are caused by the rotating solar panels.

The large ramp changes in the mass properties are generated by the
changes in positionof the translatingmass. 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
I B

B12
. Small error biases exist in the estimates of I B

B12
. The lags and

biases in the estimates can be reducedor 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-lb-s, and the stored momentum is generally less
than 15,000 ft-lb-s. Also, the required CMG torque never exceeds
90 ft-lb 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 most recent inertiaestimateswould be usedby
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 approximatelyequal to one another
(even though the true values are not), the singularity in the control
law may be induced, resulting in a large, unexpectedcontrol torque.
Therefore, the singularity condition should be checked. This can
easily be accommodated in the � ight code.

The nonlinear control law was based on the assumption that the
spacecraft is 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
destabilizingonboard maneuvers can be avoided.

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

Because the probing signals were chosen without considering
the ef� ciency of motion, they may not provide the best motion for
suf� cientestimationof themassproperties.It may bepossibleto � nd
a more optimalprobingsignal: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 simultaneouslyperform-
ing CMG momentummanagementutilizinggravitygradient torques
to unload momentum. Real-time estimates of the mass properties
during inertia changesare a by-productof the controller process, as
well as � ltered 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
identi� cation, the mass propertyidenti� cationwithout the nonlinear
controller, or both together.
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