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Stability Analysis on Earth Observing System AM-1 Spacecraft
Earth Acquisition
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and
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The design and analysis of the Earth Observing System AM-1 spacecraft Earth acquisition mode are presented. In
addition to addressing the practical design of the spacecraft attitude control system, some mathematical proofs of the
system stability based on the spacecraft nonlinear dynamics and kinematics are demonstrated. The main approach
of the analysis is to identify all of the equilibrium points of the closed-loop system and then to investigate the stability
of each of the equilibrium points. Since it is not restricted to near the nominal operating point, this work extends the
previous linear analysis results to certain cases where large attitude errors are possible. All three control configura-
tions in the Earth acquisition mode are investigated. The system convergence from any yaw attitude to the nominal
Earth pointing attitude is proven. The results developed in the paper provide a deeper understanding of the system
dynamics and are especially useful in analyzing off-nominal launch-vehicle/spacecraft separations and in determin-
ing submode transition thresholds. The design and analysis are supported by high-fidelity spacecraft simulation.
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I. Introduction

T HE Earth Observing System (EOS) spacecraft series is the cor-
nerstone of NASA's Mission to Planet Earth. The first space-

craft, EOS AM-1 (see Fig. 1), is currently being developed by Lock-
heed Martin Astro Space and is scheduled for launch on an Atlas
Launch Vehicle in June 1998.

The mission of the EOS AM-1 spacecraft requires that the atti-
tude control system have a highly accurate Earth-pointing control-
lability (less than several tens of arcseconds) when the spacecraft
(SC) is orbiting the Earth. The attitude control operation through
the mission is mainly composed of two major modes: initial Earth
acquisition mode and normal control mode. The Earth acquisition
mode is an initial coarse attitude control process, the primary goal
of which is to align the spacecraft body (SCB) frame with its tar-
get frame, the local vertical local horizontal (LVLH) frame, after
launch-vehicle/spacecraft (LV/SC) separation. During this mode,
the SC will be controlled based on its attitude errors and rate errors.
The attitude is measured by two earth sensor assemblies (ES As) and
the rate is measured by an inertial reference unit (IRU) consisting
of two sets of three-axis gyros. Once the spacecraft body frame is
roughly aligned with the LVLH frame (the attitude error is less than
4 degs in each axis), the spacecraft controls computer (SCC) will
be switched to the normal control mode where an attitude estimator

Coarse Sun Sens*

Magnetic Torque Rod
Y-Axis ""

Earth Sensor(2)

Star Tracker(2)

GN&C Sensor Module

Fig. 1 EOS AM-1 spacecraft: x axis = roll, y axis = pitch, and z axis =
yaw.
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will be used to provide more accurate SC attitude information using
star measurements. This paper will describe the Earth acquisition
control mode.

The Earth acquisition control mode can be further divided into
three submodes: rate nulling submode, local vertical acquisition
submode, and yaw acquisition submode. Following LV/SC separa-
tion, the SCC will start the rate nulling submode and the IRU will
start to measure the SC body rates. If the separation causes the body
rates to be greater than a threshold of 0.04 deg/s in each axis, six (1)-
Ibf attitude control thrusters will be fired to reduce the rates below
the threshold prior to transition to local vertical acquisition sub-
mode. Otherwise, the system will be switched to the local vertical
acquisition submode autonomously. The goal of the local vertical
acquisition submode is to align the SC yaw axis (z axis) with the
nadir vector. While the IRU continues to provide all three axis rates,
two conical ESAs are used to measure the SC roll and pitch er-
rors. Based on these five error signals, a control torque is generated
from the reaction wheel assembly (RWA) such that the SC z axis
is slewed toward the nadir vector through momentum exchange. In
this submode, the SC yaw angle is not being controlled; therefore,
large yaw errors may be present. Once the SC yaw axis is aligned
with the nadir vector, the yaw acquisition submode will be entered
and the yaw attitude error signal will be derived from the roll and
pitch rates (yaw gyrocompassing). Based on the six attitude and rate
error signals, the control system will generate control torques from
the RWA to maintain the SC in its nominal Earth pointing attitude.
The initial Earth acquisition is completed when attitude errors are
less than 4 deg and rate errors are less than 0.02 deg/s in each axis.

Classical control techniques were the major tool employed in the
EOS AM-1 spacecraft Earth acquisition design. The design pro-
cess proceeded as follows. First, the SC dynamic and kinematic
equations were linearized at the nominal operating point. Then a
feedback proportional plus derivative (PD) control gain matrix was
selected such that certain stability margins were achieved for each
axis.1'2 However, the results from this linear analysis only guaran-
tee that the closed-loop system is stable when it is near the nominal
operating point; no further conclusion can be drawn on how large
the stability region is and where the SC attitude would converge if
large attitude errors occurred. In particular, it is important to answer
questions such as whether the SC would converge to its nominal
attitude from the 90- or 180-deg yaw position, with or without the
yaw gyrocompassing applied.

This paper provides a further analysis to address these issues. The
analysis is based on the SC nonlinear dynamic and kinematic equa-
tions. Under the assumption that the spacecraft is facing down to the
Earth immediately after LV/SC separation, all equilibrium points

Description

Table 1 EOS AM-1 mass properties

__________Inertia, slug-ft2

Izz

All stowed 3508.02 13907.0 13088.1 49.28 605.07 -31.27
Solar array 8111.0 14010.0 17576.0 -205.98 517.54 573.89

blanket deployed
high-gain
antenna stowed

All deployed 8946.47 13855.7 16586.7 -208.08 409.66 568.93
beginning
of life

yaw axis. Through the mission life, the spacecraft nominal attitude
is aligned with the SC centered LVLH frame, which is defined as
y axis is aligned with the negative orbit normal vector, z axis is
pointing to the center of the Earth (nadir vector), and x axis is such
that the x, y, z axes are right-hand orthogonal. The LVLH frame
rotates about its y axis at the orbit rate as the spacecraft is orbiting
the Earth. In the EOS AM-1 mission, the nominal spacecraft rate
vector is

(1)

where £2 = —0.001 rad/s. The fundamental SC dynamic equation
is Euler's moment equation3

or

Iw

= -rl[w]slw

(2a)

./-V:=/i(H>,M,d) (2b)

where / is the spacecraft inertia matrix (given in Table 1), w the
spacecraft rate vector, u the applied control torque vector, and d
the external disturbance torque vector, all of which are defined in
the SCB frame.

In the following derivations, the z-x-y rotation sequence is se-
lected. The advantage of this selection is that the ESAs output signals
are consistent with the SC roll and pitch attitude error definitions
for any yaw errors. Using this rotation sequence, the transformation
matrix from the LVLH frame to the SCB frame is3

'cos 9y cos 9Z — sin 9X sin 9y sin 9Z cos 9y sin 9Z + sin 9X sin 9y cos Oz —cos 9X sin 9y

—cos 9X sin 9Z

sin 9y cos 9Z + sin 9X cos 9y sin 9Z

of the closed-loop system are identified. Then the stability of each
of these equilibrium points is investigated. This approach is applied
to all three control configurations in the Earth acquisition mode,
and the system convergence from an arbitrary yaw attitude to the
nominal Earth pointing attitude is proven. In addition to providing a
deeper understanding of the system dynamics, the results developed
in the paper are especially useful in analyzing off-nominal LV/SC
separations and in determining submode transition thresholds.

The remainder of the paper is organized as follows. Sections II
and III provide the modeling and design of the EOS AM-1 spacecraft
attitude control system, respectively. All equilibrium points of the
closed-loop system are identified in Sec. IV. Section V investigates
the stability of these equilibrium points and the system convergence
to the nominal operating point. Section VI is a summary.

II. Mathematical Model
Referring to Fig. 1, the SCB frame is defined as x axis is equal

to roll axis, y axis is equal to pitch axis, and z axis is equal to

cos 9X cos 9Z

sin 9y sin 9Z — sin 9X cos 9y cos 9Z

and the kinematic equation is3

COS0V

cos 0v cos 0V

(3)

e =

sin 9

sin 9X sin 9y

cos0.v
—sin0v

cos 9X
0

COS0^
cos9y

cos 0v

(4)

where v is an SCB frame vector representing the SC angular velocity
relative to the LVLH frame. Since the LVLH frame rotates about the
nominal orbit rate vector w0, and WQ is defined in the LVLH frame,
we have

= w- AZXY(e)w0 (5)

III. Earth Acquisition Control System Design
The EOS AM-1 Earth acquisition attitude control system is de-

signed on the linearized model at its nominal operating point.
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Taking the derivative of fl in Eq. (2b) with respect to w and M, we
have

w =/i(wo, MO) + ^(wo, MO) Aw + ^-(w0, MO) AM (6a)

A« = M —

dw '
„)=/

(6b)

(6c)

(6d)

(6e)

where u() is the nominal control torque. Based on the fact that a
linear system's stability is independent of its external input, the
disturbance torque d has been omitted. Moreover, since

= 0 (7)

the nominal control torque can be solved as MO = [woL/wo, which
is the SC gyroscopic torque compensation. If we assume that / is
a principal axis inertia matrix (i.e., diagonal), then it is easy to see
that

«<) = [woL/Wo = 0 (8)

From Eqs. (6), the linearized dynamic equation can be expressed as

Aw - /-'([/WoL - [woL/)Aw + r1 AM (9)

Moreover, for small Euler angles from the LVLH frame to the SCB
frame, Eqs. (4) and (5) can be linearized as

e = w - Azxy(e)w() = w- (13 - [e]s)wQ = Aw - [wQ]se (10)

Using state-space representation, the linear open-loop system can
be expressed as

[Awl [AW]. =A O. « J L * J
where

+ B()Au

03

(lla)

A O = " ( i ib>
(lie)

Note that after the solar array is deployed, the SC spin axis becomes
the intermediate axis; therefore, the open-loop system becomes in-
herently unstable at the operating point.4 This fact can be verified
by the eigenvalues of A().

Roughly speaking, the control law used in the Earth acquisition
control is PD feedback,5 i.e.,

-[r] (12a)

where

^=diag{( JRT t o ,^y fA: J ? z)}=

ATP]

~733.5
0
0

"8.9
= 0

_ 0

0
1682.1

0

0
19.9

0 5

0
0

(12b)

-

1667.2_

0
0
557_

(12c)

(I2d)

roll attitude 6X

Fig. 2 EOS AM-1 Earth acquisition control system configuration.

The feedback controller gain matrix K was designed in the trade-
off between system performance and stability margins. Figure 2
describes the EOS AM-1 Earth acquisition control system configu-
ration. It has an inner-loop outer-loop structure; the ESAs are used
for the position loop feedback control and the IRU is used for the
rate loop. As discussed earlier, while the ESA provides the SC atti-
tude information relative to the LVLH frame, the IRU senses the SC
inertial rates (relative to the inertial frame). Hence, the IRU output
signal w is subtracted by the nominal spin rate H>O before being fed
back. Since the SC yaw angle cannot be measured by any sensors,
a gyrocompassing technique is used to estimate the yaw angle. Af-
ter the local vertical acquisition is achieved, the SC rotation vector
will be contained in the SC x-y plane; therefore, the yaw angle
can be easily derived from the roll and pitch rates sensed by the
IRU.

With the designed controller, the stability and stability margins
of the closed-loop system can be verified by the eigenvalues of the
matrix Ac = A() — B(}K and by the corresponding open-loop Bode
plots, respectively. However, since this linear analysis is, in general,
valid when the system is near the nominal operating point, further
investigations are needed for the cases where the system has large
attitude errors.

IV. Equilibrium Points of the Closed-Loop System
In this section, all equilibrium points of the closed-loop system

will be identified for each submode. Two assumptions are made to
simplify the analysis: 1) Immediately after LV/SC separation, the
SC is facing down to the Earth, i.e., the angle between the SC z axis
and nadir vector is not large (less than 35 deg). 2) The SC has a
principal axis inertia matrix. From a practical point of view, these
assumptions are reasonable. Assumption 1 ensures that the ESAs
can see the Earth, whereas assumption 2 is based on the dominance
of diagonal elements of the inertia matrix and the fact that the Earth
acquisition control is a coarse attitude control process.

Under the first assumption the SC roll angle 9X and pitch angle 9y
are small with respect to the LVLH frame. Therefore, the kinematics
in Eqs. (3-5) can be simplified as

COS0Z

-sin0z

l_0y cos 0Z + ( . sin 0Z 9

sin0z

cos#z

sin07-01 cos 9Z

(13)

e — v — w — Q cos 9Z

-9xcos9z)

a)x-£l sin 9Z

o}y — Q cos 9Z

. - Q(0ysin0z -0^cos0z)_
(14)
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Under the second assumption, the SC dynamic equation (2b) can be
simplified as

(15)

— * v

where

["" - wol
-A« = K[ . J

Note that Eqs. (14) and (15) constitute the fundamental mathemat-
ical models of the SC stability analysis.

Equilibrium Points of Rate Nulling Submode
In the rate nulling submode, the attitude control thrusters are

selected as the control actuators and only the rate errors are used
for control. By switching S3 to the lower position and leaving S1>2
open, Fig. 2 shows the rate nulling submode configuration. Hence,
the control law is

u = — KR(w — w0) (16)

To find all equilibrium points, we set e = 0 and w = 0 in Eqs. (14)
and (15), which yields

cox = Q sin 9Z

coy = Q cos 6Z

o)z = £2 (Oy sin 9Z — 9X cos Oz)

and

(Izz - Iyy)COyO}z O)x = 0

- fl) = 0

(lyy - IXX)u>xCOy + KRzd)z = 0

Substituting Eq. (17) into Eq. (18) gives

{-(Izz-Iyy)®2cos29z}9x

(17a)

(17b)

(17c)

(18a)

(18b)

(18c)

QX + {(Ixx ~~

: - a) = o
{—K R z &cosO z }O x + {KRz®sin9z}9y

+ (/„„ - IXX)Q2 sin<9Z cos9Z = 0

= 0 (19a)

(19b)

(19c)

Since the equations are linear in 9X and 9y, a necessary and sufficient
condition for [9X, 0y}, to be a solution to Eq. (19) is

It is easy to check that the left-hand side of Eq. (20) equals 1.
Hence, for this equation to be satisfied, it is necessary (but not
sufficient) for A21 to be zero, i.e.,

A2i =
sin 9Z cos 9Z

- Ixx)£22 sin#z cos9z

= tf sin2^{(/« - Iyy)(Iyy - Ixx ) ̂ 2 cos" 9, - K Rx K Rz } = 0

(21)

where A2i is the (2, l)th cofactor of the matrix in the right-hand
side of Eq. (20). Using the EOS AM-1 mass properties and the
controller gains, Eq. (21) only has two solutions: 9Z = 0 and 180 deg.
By further checking the rank of the right-hand side of Eq. (20) with
9Z = 0 and 180, it can be shown that 0Z = 0 is the only solution. Using
9Z = 0 in Eqs. (19) and (17), the equilibrium point can be obtained
as

ee = (22)

where O is an arbitrary small number. Note that Eq. (22) is, in fact,
an equilibrium line (i.e., nonisolated equilibrium points) centered at
the system nominal operating point where O = 0. In other words,
every point on the line is an equilibrium point. The physical meaning
is obvious: in the gyro-thruster-controlled rate nulling submode the
SC may have nonzero steady-state pitch attitude error, because the
gyro will not provide any error information as long as the SC is
rotating about its y axis at the nominal orbit rate without having any
roll and yaw attitude errors.

Equilibrium Points of Local Vertical Acquisition Submode
By closing Si and switching S3 to the upper position, Fig. 2 is in

the local vertical acquisition control submode configuration, i.e.,

KR(w- = -[KPLVe + KR(w-

(23)

where KPLV := diag{(KPx, KPy, 0)}. By setting e = 0 and w : = 0
in Eqs. (14) and (15), we have

+ { (Izz - lyyW1 sin 9Z cos 9Z } 9y + KRx Q sin 9Z = 0 (24a)

9x + [KPy

+ ( I X X - Izz)&2 sin2 9Z } 9y + KRy (ft cos 0Z - ft) = 0 (24b)

2 sin9Z cos6Z = (24c)

rank
-(Izz - lyy)®2 COS2 9Z (Izi

-(Ixx - Izz)®2 sin9Z cos9Z (
sin9z

= rank
-KRz£2cos9z

(Izz ~

KRz £2 sin 9Z

KRx Q sin 9Z

KRy(ticos9z -
(Iyy - sin#z

(20)
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Again, Eq. (24) are linear algebraic equations for {9X, 9y}, which h

~KPx — (Izz — Iyy)£22 cos2 9Z (Izz — Iyy)£22 sm6z cos 9Z

rank —(Ixx — Izz)£22 sin 9Z cos 9Z KPy + (Ixx — Izz)£22 sin2 0Z

—KRz£2cos9z

LI, THROCKMORTON, AND BOKA

for [9X, 9y}, which have solutions if and only if

Q2 sin 97 cos 97

= rank

2 sin 9Z cos 9Z KRx £2 sin 9ZKpx — (IZz — Iyy)®2 cos2 9Z (Izz — lyy)W sin Vz cos Oz KRx u sin Uz

— (Ixx — Izz)®2 sin9Z cos 9Z Kpy + (Ixx — Izz)®2 sin2 9Z KRy(£2 cos 9Z — £2)
— KR7£2 cos 97 KRz Q sin 9Z (Iyy — Ixx) £22 sin 9Z cos 0Z

(25)

For this equation to be satisfied, we must have

Kpx - (IZz - Iyy)£22cos29Z (Izz - Iyy)£22sin9zcos9z KRx£2sm9z

—(Ixx — Izz)£22 sin 9Z cos 9Z KPy + (Ixx — Izz)®2 sin2 9Z KRy(£2 cos 9Z — £2)
—KRz £2 cos 9Z KRz Q sin 9Z (Iyy — Ixx) £22 sin 0Z cos 0Z

= sin 9Z (a\ cos3 0Z + a2 cos ̂ z + «3) =0 (26)

where

a, = tf

a2 =

— KpxKRyKRz

(27a)

- /„) + KPx(lxx - /«)(/„ - 7«)Q2

T/fc ATpy-K/jz (27b)

#3 = £2 KpxKRyKRz (27c)

For the fixed EOS AM-1 mass properties and controller, Eq. (26)
only has two solutions: 0Z = 0 and 180 deg. Using these two values
in Eqs. (24) and (17), two equilibrium points can be found for the
local vertical control system.

Equilibrium point 1:

(28a)

Equilibrium point 2:

" 0 "

^P)>
180

' e2

0

0
(28b)

Note that equilibrium point 1 is the nominal operating point. At
the second equilibrium point, the SC has 180-deg yaw error and
—9.7-deg pitch error. The nonzero steady-state pitch attitude error
is created to compensate for the opposite pitch rate bias w>0, because
the SC is flying backwards. This steady-state error can be verified
by the single axis analysis and the fact that in the steady-state the
control torque is zero, i.e.,

uy = -Kpy9e2y - KRy(a)e2y - ft) = 0

Equilibrium Points of Yaw Acquisition Submode
By further closing 52, Fig. 2 is in the yaw acquisition control

submode configuration, i.e.,

= - \ KP + KR(w-w(}) (29)

whereas 9X and 0y are obtained directly from the ESAs, the es-
timated SC yaw attitude 9Z is derived from the gyro information
(gyrocompassing)

# = arctan -180 <0Z< 180

By setting e = 0 and w = 0 in Eqs. (14) and (15), we have

(Izz - Iyy)o)yuz + KPx9x + KRxa)x = 0 (30a)

UXX - IZZ)UXUZ + KpyOy + KRy(0)y ~ fl) = 0 (30b)

K Pz KRzo)z = 0 (30c)

Note that in the steady state, arctan[(o>je/&), (a>y/Q)] = 9Z [refer
to Eq. (17)]. Hence, Eq. (30) can be further simplified as

cos2 9Z}9X

=0 (3 la)

(31b)

+ KPz9z + (Iyy - Ixx)& sin9z cos9z = 0 (31c)

The rank condition for Eq. (31) to have solutions for 0X and 9y is

-(Ixx - IzzW2 sin9z cos9z}9x + {KPy + (Ixx

- /Zz)^2sin2^z}^ + KRy(Qcos0z - Q) = 0

{- KRzQcos0z}0x + {KR

rank
(7ZZ — Iyy)£22 sin9z cos9z

Kpy + (Ixx ~ Izz)®2 sin2 0Z

= rank -(Ixx -
~ Iyy)&2 COS2 9Z (Izz - Iyy

z)&2 sin 9Z cos 9Z KPy + (Ix

SHl 9Z COS 0Z

Izz)tt2 sin2 9Z

KPz9z + (Iyy - Ixx)to2 sin9z cos9z_
(32)
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To satisfy this equation, we must have

~ (Izz ~ Iyy)to2cos29z (Izz - Iyy)to2sin9zcos9z KRxtosin9z

KPy + (Ixx - Izz)to2 sin2 9Z KRy(tocos9z -
KPz9z + (Iyy -

= sin 9Z (a\ cos3 Oz + a2 cos 9Z + a3) + 9Z (b{ + b2 sin2 0Z) = 0

sin9zcos9z

(33)

where a\, a2, and a3 are given in Eq. (27), and

b =\K K K — K K (I — I }to2]1 L ^* ^ ^z °y Pz\ zz yy) J

^2 = \_KPX Kpz(?XX ~ Izz) + KpyKpz(Izz — Iyy)\to

By using the deployed mass properties (see Table 1), one can find
that only one solution exists to Eq. (33), which is 9Z = 0. Then from
Eqs. (31) and (17), the equilibrium point of the yaw acquisition
control system is obtained as

0 " ~ 0 ~
0 , we = to (34)
0 _ _ 0 _

which is the system nominal operating point.

V. Stability of the Closed-Loop System
The basic approach in this section is to linearize the closed-loop

system at each equilibrium point, then check the eigenvalues of the
resulting A matrix. To this end, we rewrite Eqs. (15) and (14) as

where

to sin 9Z

to cos 9Z

to(9ysin9z -9xcos9z)

(35)

(36)

Taking the derivative of Eqs. (35) and (36) with respect to w and e,
we have the following linearized Jacobian equation at equilibrium
point (we,ee):

[Awl [Awl
A := A<\ A

LA«J LA«J

(37)
where

Aw = w — we

de (w, e) =
0
0

— tocos9z

-tosin9z

tocos9z -tosin9z -to(9ycos9z+9xsin9z)

Note that we = f\(we,ee) = 0 and ee = /2(we,ee) = 0, since
(we, ee) is an equilibrium point.

Stability of Rate Nulling Submode
As mentioned in the preceding section, Eq. (22) is in fact an

equilibrium line centered at the system nominal operating point
where 3> = 0. Evaluating the A matrix in Eq. (37) at any point on
the line, we have

Ac =
Acn 03 (38a)

Olv -I>o].v/)-

" 0 0 -to'
0 0 0
to o -to$>

I~1KK (38b)

(38c)

Therefore, the state-space representation of the linearized system at
any point on the equilibrium line of Eq. (22) is

(39)

(40)

x(t) = Acx(t)

with its homogeneous solution

x(t) = e-Altx(Q)

where

x =

The eigenvalues of the system at an equilibrium point consist of

eigen(Acn) = {-l.OOSe - 01, -1.214* - 01, -8.198* - 02}
(41a)

and
—to<$> ± to^/4 — O2/

(41b)eigen(A6.22) = 0,

Apparently, the stability of the linearized system depends on the
value of O. If <I> > 0, Ac22 has a pair of unstable eigenvalues;
therefore, the corresponding equilibrium point is an unstable one.
If 3> < 0, there are no unstable eigenvalues. As <£ goes to zero, the
pair of the conjugate eigenvalues of Ac22 moves to the imaginary
axis. By further investigating the eigenstructure of A6.22, one can see
that the eigenspace of the zero eigenvalue of Ac22 [Eq. (41b)] is

Si — span (42a)

The eigenspace of the conjugate eigenvalues in Eq. (41b) is

S2,3 = span (42b)

This means that if 4> > 0, then the S2>3 is the system's unstable
subspace6: if the initial SC attitude has any roll and/or yaw errors
with a positive pitch error, the system will diverge in the combined
roll and yaw direction [refer to Eq. (40)]. If the initial SC attitude
has a negative pitch error, a small initial roll and/or yaw error would
converge to zero. However, since the pitch error is an uncontrollable
state corresponding to the zero eigenvalue, in the real situation, be-
cause of the high-order terms of Eq. (36) and external disturbances,
the pitch attitude will drift out of the linear region and the 3-axis
attitude will in general diverge. On the other hand, the 3-axis SC
body rates are controllable states; their eigenvalues can be arbitrar-
ily assigned by the KR [refer to Ac\\ in Eq. (38b)]. Therefore, any
initial rate errors can be reduced to zero by the control system.

The plots in Fig. 3 are the simulation results of the gyro-thruster-
controlled rate nulling control system. These plots are generated
from a high-fidelity spacecraft simulator EOSSIM, which has been
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Table 2 Time line highlights of Fig. 6

100 150 200 250 300
time (min)

Fig. 3 Rate nulling submode performance

used for the EOS AM-1 control system design. The simulation re-
sults demonstrate that although SC rate errors can be controlled to
zero, the attitude motion is unstable. Therefore, according to the
analysis, the SC should be switched to the local vertical acquisition
submode as soon as possible after the SC body rate is reduced.

Stability of Local Vertical Submode
Evaluating Eq. (37) at Eq. (28a), which is the system nominal

operating point, we have

r/
Is

(43)

The eigenvalues of Ac are {-1.068e-01, -1.331e-02, -l.435e-
02, -7.599e-02, -9.486e-02, -8.649e-05}, which implies that
the system nominal operating point is an asymptotically stable equi-
librium point in the local vertical acquisition submode.

The same procedure can be applied to linearize the system at the
second equilibrium point, where the SC has a 180-deg yaw error.
Evaluating Eq. (37) at Eq. (28b), we have

(44a)

where

A,-22 =

0
0

-a o Ry_

PyJ

(44b)

The eigenvalues of Ac are {-1.068^-01, -1.331^-02,
-1.435^-02, -7.599^-02, -9.486^-02, 8.362^-05}. Since
a positive eigenvalue exists, the second equilibrium point is an un-
stable equilibrium point.

This analysis indicates that there is only one stable equilibrium
point in the local vertical acquisition submode, and the system will
converge to the nominal operation point from any yaw angle. How-
ever, the convergence rate is very slow, as shown in Fig. 4, because
of the existence of an eigenvalue that is very close to the imaginary
axis for both equilibrium points.

Stability of Yaw Acquisition Submode
Evaluating Eq. (37) at Eq. (34), which is the system nominal

attitude, we have

r/-1

'•- -rlK
(45)

min. 0: Perigee. LV/SC separation. Rate nulling submode commanded by
the SCC 3 s after the separation. Thruster control.

min. 0.5: Rate nulling complete. Local vertical acquisition submode
begins. RWA control.

min. 1: Solar array hinge deployment begins.
min. 3: Solar array hinge deployment complete. Momentum transfer be-

tween the hinge and SC main body causes attitude disturbance.
min. 4: Local vertical acquisition submode complete. Yaw acquisition

submode commanded by the SCC. RWA control. Solar array
blanket deployment begins.

min. 8: Yaw acquisition submode complete.
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Fig. 6 Earth acquisition mode performance.

The eigenvalues of Ac are {-l.OSle - 01, -6.718e - 02, -lA69e
-02, -9.707e - 02, -1.328* - 02, -3.568e - 03}, which implies
that the yaw acquisition control system is asymptotically stable with
large yaw attitude errors. Since the yaw attitude error is used for
feedback in this submode, the system bandwidth has greatly in-
creased. This fact can be seen from Fig. 5.

Stability of Earth Acquisition Mode
In this subsection, simulation results are presented for a typical

EOS AM-1 initial acquisition control case. More information on
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different simulation scenarios can be found in Ref. 2. In the follow-
ing simulation, the initial SC attitude errors and body rates are: roll
error = 5.0 deg, pitch error = 10.0 deg, yaw error = 10.0 deg, roll
rate = 0.5 deg/s, pitch rate = 0.5 deg/s, and yaw rate = 0.5 deg/s.
Referring to Fig. 6, the time line highlights are listed in Table 2.

VI. Conclusions
The design and analysis of the EOS AM-1 spacecraft Earth ac-

quisition attitude control have been provided. The system nonlinear
dynamic and kinematic equations were simplified under two as-
sumptions: immediately after LV/SC separation the SC is facing
down to the Earth and the SC has a principal axis inertia matrix.
Based on the simplified nonlinear model, all system equilibrium
points were identified for all three control configurations. Then the
stability associated with each of the equilibrium points was investi-
gated. In the rate nulling submode, an equilibrium line centered at
the system nominal operating point exists. Although the system is
not asymptotically stable in this submode, the SC 3-axis rate vector
is in the system's stable subspace. The analysis suggested that the
system be switched to the local vertical acquisition mode as soon
as possible after the SC body rate is reduced. In the local vertical
submode, two equilibrium points exist: one is the system nominal
operating point, which is stable, and the other is 180 deg in yaw
from the nominal orientation, which is unstable. As shown by the
analysis and confirmed by high-fidelity simulation, the SC can al-
ways converge to the nominal operating point from any yaw angles.
However, the convergence rate is slow in this submode since no yaw
attitude errors are used for feedback control. In the yaw acquisition
submode, only one equilibrium point exists, which is the system
nominal operating point and is asymptotically stable. Since the yaw

attitude error is added to the control system, the system bandwidth
is much higher than the local vertical acquisition control system.

This paper has extended the results from the previously performed
linear system stability analysis and provided a deeper understand-
ing to the system dynamics. The results are useful for analyzing
off-nominal LV/SC separation and in determining the submode tran-
sition thresholds.
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