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This paper proposes a new integrative control logic for rapid maneuvering of a rigid satellite using reaction wheels.
The proposed control algorithm is of a state feedback nature and is designed to accommodate a variety of conditions,
such as the general three-dimensional direction of rotation, initial and/or final angular rates, general alignment of
three or four reaction wheels, torque and angular rate limits, and system time response limits. Simulations indicate
that the new algorithm allows smooth control, free of chattering. The new controller also uses a tuning capability to
compensate for time delays and parasitic dynamics. The tuning capability can be varied in order to enhance
performance or robustness. Robustness of the algorithm is proven through a stability analysis and supported by

detailed and practical simulations.

Nomenclature

BF(B) = body frame fixed to the satellite

F, = ratio between safe and maximum acceleration;
O0<F,=<1

F, = ratio between safe and maximum angular rate;
0<F,=<1

hy; = angular momentum of ith reaction wheels, N-m- s

H$ = total angular momentum of satellite including
reaction wheels, as formulated in the body frame
coordinates, N-m - s

1IF(I) = inertial frame

Iy = satellite moment of inertia with all reaction wheels at
rest, Kg - m?

J = satellite 3 x 3 inertia matrix with all reaction wheels
free to rotate around their axes, Kg - m?

Jwi = moment of inertia of ith reaction wheels, Kg - m?

q = quaternion vector of body frame relative to target
frame

Se = matrix with each column defining two opposite
surfaces of the angular acceleration envelope, s> /rad

S. = matrix with each column defining two opposite
surfaces of the angular rate envelope, s/rad

t = time,s

TF(T) = target frame as an orthogonal right-handed frame
defined to rotate at a constant angular rate relative to
the inertial frame

[l = angular acceleration norm of vector u

lall, = angular rate norm of vector u

[u,b], = biased angular acceleration envelope operator of
vector u and bias b

[u,b], = biased angular rate envelope operator of vector u
and bias b

Xorb = vector of satellite orbital location and velocity in an

inertial Earth-centered frame
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oc = angular acceleration created by control actuators,
rad/s?

op = angular acceleration disturbance caused by external
sources, rad/s’

0 = satellite angular position relative to target frame
expressed as an Euler vector, rad

v; = unit vector in direction of ith reaction wheels

rotation axis
Tg = total external torque acting on the satellite, as
formulated in the body frame coordinates, N - m

TLimit; = limit on absolute value of ty;, N- m

Twi = net torque acting on ith reaction wheels about its
rotation axis, N - m (produced by reaction wheels
motor)

® = angular rate of body frame relative to target frame,
with respect to body frame, rad/s; @5~

OLimi, = absolute value limit of wy,;, rad/s

Wwi = angular rate of ith reactions wheels relative to
satellite body, rad/s

Wit = angular rate vector of frame « relative to b frame,

with respect to ¢ frame, rad/s

I. Introduction

HIS work addresses the design of an efficient control logic for

rapid rotational maneuvering of a rigid satellite equipped with
reaction wheels (RWs). The RWs are fixed to the satellite structure.
Their alignment is specific to each design, but at least three of them
are assumed to be installed with their spin axes in three linearly
independent directions to provide three-axis controllability. The use
of four RWs is common [1] and provides redundancy as well as
enhanced control capability. A common requirement with four-RW
configurations is that each subset of three should provide three-axis
controllability. Each RW’s torque and angular rate are assumed to be
limited symmetrically (equal limits in both directions) and separately
(no link between the torque limit and the actual speed). It is also
assumed that full knowledge of the system state (i.e., rotational state
and angular rates of the satellite and angular rates of each RW) is
available to the controller at any sampling point.

The subject of rigid satellite rotational maneuvering has been
addressed extensively in literature. References [2,3] analyze the
optimal control problem of minimum time angular maneuvers. It is
first shown in [2] that the minimum time rotation with torque limited
actuators is not necessarily along the Euler axis. Yet, in many cases,
the Euler-axis rotation time is not very far from optimal. Refer-
ence [2] presents a comparison example of maneuvering times
between time-optimal and Euler-axis time-optimal maneuvers with
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Table 1 Comparison example between time-optimal
to Euler-axis time-optimal maneuvers [2]

Maneuver span, ° Time reduction, %

180 8.5
135 6.0
90 3.4
73 2.4
45 1.3
10 0.26
1 0.03

equal control capability along each of the three principal axes, as
shown in Table 1.

The following references present various forms of closed-loop
solutions. Reference [4] considers a three-axes system where the
angular acceleration and angular rate limits are not reached. The
paper proves the global stability for a three-axis proportional plus
differential (PD) controller, where the angular error is the quaternion
vector rather than the Euler vector that is used in this paper.
Reference [1] presents a nonlinear state feedback design approach for
Euler-axis maneuvers. A general four-RW configuration is assumed,
and the redundancy (four RWs vs three rotation axes) is solved by
minimizing the sum of squares of the RW torque control signals.
Reference [35] suggests a real-time implementation of the open-loop
solution of [2]. The controller is based on the approximate calculation
of the switching times for the torque direction for each of the three
RWs. The drawback of this solution is that an error in the switching
time results in a final attitude error. The four-RW configuration is not
considered in this paper. References [6—8] analyze maneuvers with
system limits (angular acceleration, angular rate, and actuation time
response). They suggest a solution for three-dimensional (3-D) time-
optimal Euler-axis reorientation using thrusters and/or RWs. In all
these techniques, the maneuver trajectories as well as the switching
points are calculated in advance as functions of time (as in [6,8]) or as
functions of the angular error (as in [7]). Only a simple orthogonally
aligned three-RW configuration is considered in these papers.
References [9,10] present a state-dependent closed-loop PD-like
controller, using state-dependent gains for the single-axis near-time-
optimal control of a system with angular acceleration limits. These
studies do not consider actuation time response limits. In simulation
results presented in [10], control chattering is evident and can be
attributed to excessive gains in the presence of actuation time
response limits. Reference [11] presents a complete controller for the
maneuvering of the Infrared Astronomical Satellite (IRAS)
(launched January 1983). The controller is designed for three-axis
control. However, the maneuver is achieved only in one of the
satellite’s principal axes. In the IRAS case, the solution for efficient
maneuvering is based on areal-time attitude command generator that
produces the optimal trajectories and a linear regulator that allows the
satellite to track these trajectories. The command generator is
relatively simple, since it only deals with single-axis maneuvers.
References [12,13] present techniques that are based on the variable
structure control (VSC) method. The general conclusion from these
two papers is that the VSC method with the linear switching surfaces
cannot provide time-optimal or near-time-optimal control. Instead,
the controllers use a regulator that enables the satellite to track
optimal reference trajectories, as calculated by a time-optimal
command generator. Reference [14] treats a three-axis system with
angular rates and angular accelerations that are at levels below their
limiting values. The paper suggests a control method to keep the
rotation axis constant in the presence of disturbances and uncertain-
ties. This proposed solution draws unnecessary power when the
initial angular rate does not coincide with the initial rotation.
Reference [15] proposes a cascaded control law with saturation logic,
where the braking curve determines the desired 3-D angular rate for a
given rotational state. This curved shape depends on the control
capability in a given direction. Once this curve has been tracked, the
satellite attitude and angular rate return to the origin at a specified safe
angular rate and angular deceleration.

Following [1,15], the present paper takes the three-axis nonlinear
state feedback approach that uses no reference trajectories and no
precalculated switching times. The work presented in this paper is
based, to a large extent, on [15]. However, the approach is different
than [15] in several major aspects:

1) General actuator alignments (not necessarily one per principal
axis) can be selected.

2) The control law applies a general mathematic method of
defining the actuator’s 3-D capability.

3) Additional terms are introduced in the controller to improve
performance and enable the braking-curve tracking stability to be
analytically proven.

4) The controller integral term is omitted.

5) The actuator’s saturation occurrence is managed differently in
order to improve the performance and analytically support the state
convergence into the braking curve.

6) The Euler vector, rather than the quaternion vector, is employed
in the control equations to allow a simpler and more accurate
definition of the braking-curve shape.

7) The braking-curve angular rate is always in the direction of the
Euler axis at each given time.

The aim of this paper is to develop an enhanced RW controller,
using a practical integrative design approach, that will address a
variety of possible conditions and limits in a combined manner.
Particularly, the controller is designed to satisfy the following
objectives:

1) The time for the rest-to-rest maneuver with zero momentum
bias shall be as close to the eigenaxis (smallest possible angle) time-
optimal rotation as the system bandwidth and the disturbance torque
range may allow.

2) The controller shall be applicable to any three-RW or four-RW
configurations that allow three-axes controllability, where each RW
is torque limited.

3) The controller shall be applicable to any 3-D angular rate
limiting envelope that can be expressed as |@], < 1, where || ||,
represents a norm function satisfying the basic properties expressed
in Egs. (18-21).

4) The control torque shall be free of chattering along the
maneuver.

5) The controller shall be state dependent and time independent,
and it will not require a predefined reference attitude.

6) Any initial angular rate within the limit envelope shall be
allowed.

7) Any final angular rate within the limit envelope shall be allowed.

The paper is structured as follows. Section II presents the
equations of motion. Section III includes a review of the control
allocation theory used in developing closed-form expressions for the
angular acceleration and angular rate capability of the satellite with
three RWs and four RWs. The formulation of the new control laws,
along with a stability analysis, is presented in Sec. IV. Numerical
examples and simulation results are presented in Sec. V, which
demonstrate the improved control performance and tuning features.

II. Spacecraft Equations of Motion

The rigid satellite rotational equations can be expressed mathe-
matically by the dynamics and kinematics equations. Equation (1)
splits the angular acceleration between the controlled term o ¢, which
is created by the RWs motor torques, and the disturbance term o, to
be detailed along this section. Equation (2) is the Euler vector
conversion of the quaternion kinematics equation from [6],
q = (1/2)[cos(8/2)® — @ x q], using the Euler vector definition,
0 = q[0/ sin(6/2)]:

[ =0c +‘¥D(07w’xurb) (1)

2tan(6/2) — 0

Wan@yy) 0 0x@) @

. 1
0:w+§0xw+

Note that Eq. (2) reduces to 6 = © when ® and 8 coincide, which
implies rotation around the Euler (eigen) axis. Such a linear relation
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for large rotation angles does not exist with the quaternion vector.
This is the main reason for using the Euler vector in this work.

It is normally assumed that 6 is bounded by —x < 6 < 7, since
there is no practical sense in rotating more than 180 deg when it is
possible to rotate by a smaller angle in the opposite direction (unless
the angle is close to the bound and the initial angular rate is in the
same direction).

The following subsections expand on the dynamics of a rigid
satellite equipped with RWs. The equations are based on [16] and are
consistent with [6].

A. Reaction Wheels Equations

Each RW is assumed to be a perfectly balanced rotating body, such
that its rotation does not affect the system mass properties. The ith
RW angular momentum around its axis is calculated as follows:

hy; = Jwi(v] 0F™ + ow) 3

Where hy,; responds to the RW net axial torque according to the
following differential equation:

d
—hizl'i 4
g i = T )

B. Rigid-Body Equations

Since the RWs are free to rotate about one axis, but in the other two
axes, they are part of the rigid vehicle, parts of their mass shall be
included in the rigid vehicle total moment of inertia. For this purpose,
two moments of inertia for the satellite are defined: Iy with
nonrotating RWs and J with free rotating RWs. The relation between
the two is given by the following equation, where N is the number of
RWs:

N
J=1I5- ZJWiviviT )
i=1

The total angular momentum and the total control angular
acceleration with N RWs are defined as follows, where w51
represents the vehicle inertial angular rate in the body frame (BF).

For the satellite system angular momentum,
N
Hj =Jof + ) vy, ©)
i=1
For the control angular acceleration,
N
ac=-J! Z"ifwl' O]
i=1

Since the time rate of change of the system angular momentum
should be equal to the total external torque g (resulting from aero-
dynamics, gravity gradient, magnetism, and solar pressure), we get

d d d
— 7HS — 7HS B-I HS — 7HS B-I HS
TE |:dt }, |:dt ]B+w x TR

Replacing terms from Eqgs. (4), (6), and (7) into the preceding
equation and rearranging the result gives
d »

a“’BJ =ac+ J ' (1g — 0§’ x H}) ®)

To meet the requirement to allow nonzero final angular rates, the
vehicle angular rate @ is defined here relative to a target frame (TF)
that rotates at a constant angular rate relative to the inertial frame.
This constant angular rate of TF is actually the final angular rate after
the maneuver is completed. This leads to the following definition:

0 =0l T=wl!-wl! )

Using Eqgs. (8) and (9), the total angular acceleration disturbance is
defined as follows:

ap=J'[tg— (@ +wp ) xHj] + o x0p " (10)

It should be noted that, in practical control design, the control
capability is always sufficiently large to counteract &yy. There may be
cases where it is necessary to limit the angular rate @ during the
maneuver such that ey will not exceed the controllable level.

Following the preceding definitions and using Eqgs. (8) and (9), the
vehicle equation of motion becomes

d
—« o 11
dtw ctoap (11)

III. Control Allocation

This section analyzes and mathematically details the angular
acceleration and angular rate resources and their links to the control
allocation method. Section III.A is a review that is based on Sec. IL.B
of [17], and it is briefly presented for completeness. Section IIL.B
presents a numerical comparison between two control allocation
methods with the four-RW system. In Sec. III.C, the biased envelope
operator (BEO) is introduced to model a nonsymmetric control
capability, to be applied later in the new saturation management
logic.

A. Review
1. Basic Control Allocation

The basic control allocation is the algorithm by which the control
requirement in the BF level is translated to the RW level without
considering the RW torque limits or angular rate limits. The control
requirement may mean angular acceleration or angular rate. The
angular acceleration demand is translated into RW torque, such that
Eq. (7) is satisfied, and the angular rate demand is translated into RW
angular momentum, such that Eq. (6) is satisfied (for a given H).
The basic control allocation task is to invert these equations. When
only three RWs exist, the basic allocation is unique. However, in the
case of four RWs or more, there may be an infinite number of
solutions unless additional requirements exist, such as to optimize a
certain cost function. Two common solutions are listed as follows:

1) The L2 solution minimizes the second norm of the N-
dimensional RW control array; that is,

Min

|: Twi Tw2 Tws Twy j|

, s yroe
TLimit; TLimit, TLimit;

,
TLimity |2

2) The Loo solution minimizes the infinity norm of the N-
dimensional RW control array; that is,

Min

[ Twi Tw2  Tws Twy ]

, , ;
TLimit, TLimit, TLimity

,
TLimity J |l oo

In the case of angular rate allocation, the terms ty,; and Ty, are
replaced in the preceding equations by y; and J ;@ i, » and Eq. (7)
is replaced by Eq. (6), where Hj can be regarded as a bias to be
accounted for in the safety factor calculation [see Eq. (23) and
Sec. ILLA.3].

We define the basic allocation proportionality property as follows.
If [Ty Twa, Tws.. Tw,] is allocated to ac, then for any scalar A,
AT, Twa, Tws... Tw, ] will be allocated to Aecc. It can be easily shown
that proportionality exists with L2, Loo, and with any other norm-
type cost function.

2. Definition of Control Norms

The control norm function is introduced to represent the system
3-D control capability. The 3-D control capability depends on the
RW capabilities and on the basic control allocation algorithm, which
is used to distribute the 3-D control between the RWs. Angular
acceleration capability depends on the RW torque limit, and angular
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rate capability may be dictated by the RW angular momentum limits
or by the rate sensor measurement range. In the case of a limited rate
sensor, the allocation will result in projecting the angular rate vector
on the limited sensor sensitivity axes. With a given basic allocation
method, the control norm function is defined as the maximum
absolute value (over all the RWs) of the ratio between the basic
allocated value and the RW limit value. The 3-D control capability is
thus represented by all the admissible 3-D control vectors such that
their control norm is smaller than or equal to unity. Note that, by this
definition, the Loo method would always give the minimum norm.

Based on the previously stated proportionality claim, it is obvious
that by dividing the control requirement by its norm, at least one RWs
allocation would be on the limit, whereas the remainder would not be
saturated. The control norm thus measures the proportion between
the required control and the achievable control in the specified
direction for the given basic allocation method. These norm func-
tions, when operated on a general 3-D vector, give the ratio between
the vector Euclidian magnitude and the maximum achievable angular
acceleration or rate along the vector direction.

The angular acceleration norm will be denoted as |lu],, and the
angular rate norm will be denoted as ||u||,, where u represents a
general 3-D vector. Their algebraic definitions are as follows:

[[all

ol =5 = (12
lull, = wﬂ:l”(il) (13)
Thus,
“Max(u) =u ||ll|| (14)
1
(& Max(u) = um (15)

[

Equation (14) defines the angular acceleration envelope, whereas
Eq. (15) defines the angular rate envelope.

The following two expressions present the general control norms
structure, typical to RW-controlled satellites. Derivation of the
explicit norm formulas for three-RW- and four-RW-Loo systems can
be found in [17]:

lulle = ISl (16)

lall, = ISoull )

In the preceding equations, each column of the matrices S, and S,
is a 3-D vector that defines two opposite planar faces of the
multiplane shape of the angular acceleration and angular rate
envelopes. Each component of S™u is, in fact, a basic allocation
result for one or more RWs, and the maximum absolute value is taken
according to the norm definition that was given in Sec. II.A.2. It can
be easily verified that functions (16) and (17) satisfy all of the four
properties required for a norm; that is,

0] =0 (18)

|[af| >0 for every u # 0 (19)
[lair| = |jull|A] for every scalar A (20)
all + vl = [lu + v 21

3. Finding Safe Control Limits

Using Eqgs. (14) and (15), the maximum control in a given
direction of a general vector u can be obtained. The following
subsection explains how the maximum safe control can be selected in
a way that allows a required margin for disturbance compensation or
bias rate (e.g., nonzero rate of TF). This is translated as follows:

leesare (W) + etplle =1 (22)
”wSafe(u) + (')Bias”a) = 1 (23)

The triangle inequality [Eq. (21)] gives

”aSafe(u) + aD”a = ”aSafe(u)”a + ”aD”a (24)

”(‘)Safe(u) + wBias”w = ”(‘)Safe(u)”w + ”wBias”(u (25)

Thus, referring again to Egs. (22) and (23),
lesare (W)l + fleel| < 1D (26)

”wSafe(u)”w + ”wBias”w =1 (27)

Now, the safety factors are defined as follows:

Foy =1 —Max{|lap]ls} (28)

Fw =1- MaX{”wBias”a)} (29)

It is assumed that both F, and F, are positive, because negative
values would indicate the possibility of the disturbance being in
excess of the available control. The equations of safe angular accel-
eration and safe angular rate in the direction of u can now be further
developed. First, a positive A is defined, such that ag,. (u) = Au.
Substituting into Eq. (26) and using Eq. (28) results in ||Au||, = F,.
Using Eq. (20) gives A = F,/||u||,. Therefore,

F,
o Safe(u) =u ||ll|| (30)
and, similarly,
F,
® gare(U) =1 3D

l[all,,

B. Numerical Comparison Between L2 to Loo Allocation Methods
The comparison case presented uses the symmetrically aligned
four-RW configuration according to Fig. 1, where Xy,; denotes the
rotation axis of the RW, and the angles refer to the projections on the
page plane.
The numerical values for this example are

70 0 0
J=10 9 0 |Kg-m% B =30°, §=30°
0 0 120

TWimy, =05 N-m fori=1,....,4

For the Loo allocation, the solution presented in Egs. (2-30) of
[17] is used. For the L2, the allocation logic of [1] is followed.
Figure 2 compares the maximum angular acceleration 3-D envelope
of the L2 and Loo methods in four cross sections parallel to the
Xp-Yp plane. It is clear from Fig. 2 that the Loo envelope contains
more volume. The calculation demonstrates that the advantage at a
given control direction varies from zero on the principal planes up to
50% on the corners of the middle cross section (0.5 x 0.046 rad/s?).
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A Zg View A -Yg View
Xz » Kurs
Xora X 3]
YB‘ ‘ZB
Kyra
Kun Ko » Xwa
Fig. 1 Numerical example of RW alignment.
C. Biased Envelope Operator u
Normalizing the control vector, as in Egs. (14) and (15), makes it o= [u,b], +b (32)
possible to get the maximum control in the given direction. However, “
there may be cases (presented in the next section) where the control is
the sum of two components: the first of which has to be normalized, _ u b 33)
whereas the second should not be changed. This second component “" Tua,b], ”

is denoted here as the bias. The goal is to find the factor to divide the
first component by, such that the resulting norm would be equal to the

safety factor, as illustrated in Fig. 3.

The BEO for a vector u with bias b will be denoted as [u, b], for
angular acceleration and [u, b],, for angular rate, and it is defined to

be the positive solution that satisfies

The explicit form for [u,b] is developed in the rest of this
subsection for both the angular acceleration and rate. For conve-
nience and clarity, the subscripts « and w, for angular acceleration
and angular rate, respectively, are omitted.

Available X-Y accelerstion with given acceleration requirement in Z direction ﬁsixillzﬁblo xY with given acceleration requi in Z direction
O ez : AccZ= | t :
0.4x0.0046 [rad/ :
0515 O[rad/s.z] (1K) L] TEEEERERN s.....[[.a ............................... ? ..........
& 001 : <001
. :
S 0005 oo ; o005
& : :
% [1] A ......... R Rty Pocsneanes ........ Tg: 0
5 : : : : 5
s Q005N i & 000
: s : : : g
‘® 001}F---eeeee- PPN S LTLITTITPE PPPPPPPPS 2 fennnn Tereeenadd B 001
< : . : : 2
015} -ecennne - ......... 2 ................. E’ 0015
Fos oo oos 0 oo oo oot Fos 001 oos 0 oo o001 oo
Available Acc along X [radss?) Available Acc along X [rad/s?)
Asailﬂ:la XY accelerstion with given acceleration req in Z di Avsilable X-¥ accelerstion with givan accelerstion requirement in Z direction
T accz= ! o AgcZ= : :
0.5x0.0046 [rad/ : : :
0015 [ ; T SRUTRTS feseneeed 0,015 0.8X0,0(:J46 [rad/: ________________
a8 D01 peeeevecccsanccnnaan .: ---------- :. .................. ; .......... F111 ] || S PP E ____________
g : R : & :
£ 3 s
- 0005}-- R0 1 11 <Y SUCUUUURIR PO 5'““““"““LCD ...................
o > : H
o . .
é o}---- 5 Obeneeernneiornnnennainn 3';2 [ SRR
© § :
§ 0005 }-- ® 0005 heeeeennniferneernnnion
-— -3
= =
= : =
3 o0 : Z on
4 : :
0015 : + J— 7 1[4 R S Bt OSIOTEE TUTTRITR SRS
AOA%IS -U.ill -05”5 0 0.0.15 I]..m 0.015 '0'5?015 -01.]1 -U_I.IB 0 0.005 0.0 0015
Awailable Acc along X [radss?] Available Ace along X [rad/s?)

Fig. 2 Comparison between control allocation algorithms L2 and Loo (Acc denotes acceleration).
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A Variable - V'

Envelope -

Juf =F

N
|

T

&lb

Fig. 3 BEO diagram.

Equations (16) and (17) may be rewritten, replacing the absolute
value operation according to the identity |x| = Max{—x, +x}:

T
lu =Max{(_ssr)u} (34)

Substituting Eq. (34) in Eq. (32) or Eq. (33) results in

F:Max{(_SSTT)(b—I—uﬁ)} (35)

Using the index i for each column of S and combining terms gives

STu STu
= ) T d —STp — —
F = Max,{Max[S, b + fu.b]’ Sb u. bW]} (36)

For a given i, and ignoring the Max, two possible solutions for
[u, b] exist:

STu —STa

wblO=5"5m"  Fisp

(37

A validity condition for the BEO is ||b|| < F: i.e., the bias shall not
exceed the control capability. This implies that [STh| < F for any i.
Therefore, the denominators of both terms in Eq. (37) are always
positive, such that the two solutions are of opposite signs. By the
BEO definition, only the positive solution is chosen. This implies that
if STu is positive, then the first solution shall be selected, and if not,
the second shall be selected. Note that once the solution satisfying the
equality with F is selected, the other (nonselected) term in Eq. (36)
would always be negative and equal to —F, which justifies its
elimination.

A general expression for the positive solution between the two is

|Sul

[u,b](i) = F— sign(STu)STh (38)

It can be observed that choosing the maximum value of the
preceding equation at a particular index i will satisfy Eq. (36), since
all other instances of Eq. (36) with different i will always be smaller
orequal to this value. This is true, because the numerator £S7u of the
noneliminated term in Eq. (36) must always be positive when the
validity condition |STb| < F is satisfied.

The solution to [u,b] is thus summarized in the following
equations (again with the subscripts « or w).

For angular acceleration,

(39)

[u,b], = Maxi{ [CHRY }

Foz - Slgn[(sa)zru](sa)z-b

For angular rate,

(40)

b, — Max, { [(S.)7ul }

Fw - Slgn[(sw)zru](sw)rb

Finally, following Egs. (32) and (33), the terms for the maximum
(where F = 1) or safe (where 0 < F' < 1) controls in the direction of
u are as follows.

For angular acceleration,

aSafe(u’b):u (41)

L
[u,b],
For angular rate,

® Sate (ll, b) =u (42)

1
[u,b],

IV. Control Law

The main goal of the control law is to change the system state
{0, w} from any initial value {0, @} to {0, 0}, while the control and
the state stay within the specified system limits. Additionally, the
control law should aim for time efficiency and smoothness, as listed
in Sec. I. Rapid response is the primary performance objective, but it
can be interchanged in the approach developed here for algorithm
simplicity and control smoothness.

The suggested control has a cascaded structure as follows:

o ¢ = w,[f(0) — 0] + opp —ap 43)

Where the input is the satellite rigid-body rotational state {0, @},
as related to TF, which is assumed to rotate at a constant angular rate.
The output is the control angular acceleration vector & ¢, as defined in
Eq. (7). The other notations are as follows:

1) The parameter w, is a scalar gain.

2) The function f(@) is the braking curve linking the desired
angular rate to the angular position. It is a 3-D function for which the
direction is precisely opposite to @, and its magnitude is based on
the eigenaxis time-optimal braking curve (as shown in Fig. 4) using
the safe limits of acceleration and rate in the direction of 6. Note that
choosing f(6) on the same line as # reduces Eq. (2) of the system
kinematics to @ = @ (as long as the curve is tracked), and the
direction of @ (the Euler axis) would then be constant.

3) The variable agy is introduced to compensate for the rate of
change of f(0) [see Eq. (45)].

4) The variable ay, is a term to compensate for the disturbance
elements in Eq. (1). It is derived from Eq. (10).

In the remainder of this section, the controller is further developed,
starting from the relevant stability theorems, then going through the
formulation of explicit control equations and ending with the issue of
control saturation management.
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16)= D

v

Border

Fig. 4 Single-axis time-optimal braking curve f(6).

A. Theorem A: Asymptotic Stability of Curve Tracking
Error £(0) —

Theorem A: With the control defined in Eq. (43), the curve tracking
error f(#) — @ is asymptotically stable.

Proof: Replacing ¢ in Eq. (11) with Eq. (43) and assuming that
the disturbance ey, is fully compensated,

9o — oty = 0, [£(6) — @] (44)
dr

Let apg be calculated to fulfill the following definition:
o = S[HO)] 45)
FF =

Substituting into Eq. (44), the closed-loop differential equation
becomes

%[w — £(0)] =~y — £(8)] (46)

This indicates stable braking-curve tracking dynamics with no
coupling between the error components and three real stable poles at
—w, each. The stable tracking can be tuned by using the w, param-
eter. To avoid controller chattering, an w,,, which is compatible with
the natural system delays, shall be appropriately chosen.

B. Theorem B: Alternative Conditions for Eigenaxis
Direction Stability

Theorem B: The cross product @ x 6 is asymptotically stable with
any control that satisfies

0=-0g —wg (47

Where g, and g, are any positive scalar variables, which may be
functions of the state or time.

Two conclusions of this theorem are listed next:

1) When Eq. (47) is valid, either § and @ will both converge to zero
or their directions will converge to a single line (colinearity). Note
that convergence of @ alone or @ alone cannot be steady when the
control is active.

2) When Eq. (47) is valid, the colinearity of # andw is a stable
situation.

Proof: By using Liapunov’s stability theorem for a general system
(as applied in [4]), we define a positive definite energy function P as

; 2
P= ! (M) (@ x0)T (@ x 0) (48)
2 0

It is assumed that |6 < & (as mentioned in Sec. II), such that the
multiplying scalar term in the energy function is always positive and
bounded by (1/m)? < (Sin(6/2)/0)> < (1/2)?; thus, it does not
change the positive definiteness of P.

Itis now important to prove that the time derivative of P is negative
for every @ x 6 # 0. Given that,

q= gw (49)
0
P=wxq) (@ xq) (50)

The time derivative of q is given as follows [6]:
q=1cos@)w —lw xq (51)
Taking the time derivative from Eq. (50) results in
P=(@xq)(®xq)+@xq@xq) (52)

Taking q from Eq. (51) and @ from Eq. (47) and substituting into
Eq. (52) yields

P=(0xq)[(~£0 — £,0) xq] + (@ x q)"[@ x (cos@)w
— 30 X q)] (53)

Now, replacing § x q = 0 [Eq. (49)] in the first term, as well as
using @ X @ = 0 in the second term, gives

P=—g(@xq) (®@xq)— Lo xq)[wx(@xq)] (54

In Eq. (54), the second term on the right-hand side vanishes (a dot
product between two normal vectors). Replacing the remaining term
by Eq. (50) gives

P=-2g,P (55)

This implies that P is negative for every @ x @ # 0, which proves
the asymptotic stability.

Moreover, the result of Eq. (55) implies that the time constant of
the potential P convergence is Tt = 1/(2g5).

C. Curve f(0)

The curve f(#) is defined in six-dimensional state space {6, w }. It
sets the reference 3-D angular rate as a function of the 3-D attitude 6.
The direction of f(0) is opposite to 8, and its magnitude follows the
Euler-axis time-optimal braking curve, with limited angular rate and

related to the single-axis braking curve by the following equation:
£(0)=—f(6)0 (56)

Where @ is a unit vector in the direction of 8, and f(6) is a positive
scalar function of the magnitude of @ and the limit angular rate and
acceleration along 6, as illustrated in Fig. 4.

Note that substitution of the Euler angle 6 in Fig. 4 with a
quaternion vector component (as is done in [15]) might be a good
approximation. However, the parabolic curve is accurate only for
angular representation.

The mathematical expression of the curve f(6) is analyzed in the
remainder of this subsection. The curve is split at Og,4., into two
parts. The first is the parabolic curve determined by the angular
acceleration limit, and the second is a horizontal line on the level of
the angular rate limit. To develop the necessary expressions, f(6) in
Eq. (56) is replaced by the appropriate terms that appear in Fig. 4.
This gives

f(0) = — 205,00,  where 0 < 00 (57)
f (0) = _wSafeé7 where 6 = HBnrder (58)

Now, replacing according to Egs. (3_0) and (31), ogr(0)=
(Fo/10112)0, wsre(0) = (F,,/[101,)6, and 8 = 6(1/6) will give
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2F,
f(0) =— ”0“"‘ 0, where 0 < Oprger 59)
f (0) [ WG, where 6 > eBnrder (60)

D. Compensation Term oy

The compensation term o gy is calculated differently for each of the
two parts of Fig. 4, as defined by Ogger-

1) Angular acceleration is dominant: i.e., 0 < Ogg;ger-

The following results from Eqgs. (45) and (59) for the part of £(6)
that conforms to the angular acceleration limit:

dr [2F 7 (210,40 — 040
=—— v = /% o dr dt o 61
- dt[ ||0||a] Vz{ 10172 ©D

To enable the calculation of the time derivative of ||0||,, Eq. (34) is
used, and the surface vector S; or —S,; that produces maximum S7 u or
—STu is denoted by Z,,, where Z,, may be equal either to S,, or to
—S,,., such that, as long as it is constant, it is possible to get

6l =76 (62)

It is expected that Z,, would be (piecewise) constant over time,
except for numbered switching occasions. Splitting the first term in

the numerator of Eq. (61), 2|6 ||aé, into two equal parts and replacing
|6l according to Eq. (62) gives

F.( 6 6(Z76) — 0(Z,T,,o')}
o pp = —,/—{ + (63)
. 2 /10l oy

Using the identity (a x b) x ¢ = b(cTa) — a(cTh), Eq. (63) can
be rewritten as follows:

Fa{ 6 (0xé)me}
Qg = —\[ 7

+
2 /16l )

By applying Eq. (2), it is now possible to get a full explicit
expression for agy, which is included in the control law in Eq. (43).
The expression contains the state variables @ and @ and the vector Z,,
that is dependent on 6. However, it is proposed to simplify the
preceding expression by taking advantage of Theorem B, which
allows us to take a zero value for the cross product @ x @ when the
controller satisfies the condition of Eq. (47).

By taking # from Eq. (2) and eliminating all the occurrences of
® x 0, Eq. (64) is reduced as follows:

® X0—>0=>01FF:_0) Fu/2”0”a (65)

2) The angular rate is dominant: i.e., 8 > g ger-
Using Eqgs. (45) and (60), the time derivative of (@), which
conforms with the angular rate limit, is generated as follows:

arF 100,50 —62 0]
— S| Zeg|=—F, ea_Talllel (66
o dt[nonw} { GE (00)

Repeating the same process as in the previous case gives

(64)

0(ZL6) — 0(250)} _F0x0)x7, o

=F
o { Z0% Z0%
Again, by applying Eq. (2) in Eq. (67) and eliminating all the
occurrences of @ x 6, the expression for oy is simplified. It can thus
be summarized that whenever @ x @ — 0, agy is given as follows:

F
=, 68
@ =9\ Dol (68)

for the angular acceleration limit case, and

for the angular rate limit case.

Note that these results, together with the general control structure
of Eq. (43) and the choice of f(#) on the same line as @, assure that the
condition expressed by Eq. (47) is indeed satisfied.

E. Explicit Controller Equations

Replacing the results from Egs. (59) and (60) for f(6#) and
Eqgs. (68) and (69) for agy into Eq. (43) results in

2F 1 F,
e =—w,| |l + (1 +— 7‘1)«)] —a (70)
¢ [ 101l w, \ 2[6], b

for the angular deceleration region, and

F
aC:—wn[WO—I—w}—aD (71)

for the angular rate limit region.

Note that, with 6 approaching zero, both controls are not
applicable, since their gains reach infinity. An additional equation for
the small values of @ must therefore be developed. When ||6||
approaches zero, the kinematics are reduced to @ = @. This is the
region where the bandwidth constraint is dominant. According to
[4,15], the following linear second-order controller is used when || 6 ||
becomes smaller than some threshold.

Linear zone:

®c= _wn[wno + 2;0)] —Qap (72)

The threshold as well as the damping coefficient ¢ are discussed in
the next subsection.

F. Switching Conditions Between Different Controls

To keep the controller cascaded structure, the switching criteria
should be a function of 6, just like the braking curve f(@). Three
borders have to be established: 1) angular rate limit zone to angular
deceleration limit zone, 2) angular deceleration limit zone to linear
zone, and 3) angular rate limit zone to linear zone.

1. Border Between Angular Rate Limit Zone and Angular Acceleration
Limit Zone

It is evident from Eq. (11) that maneuvering with constant
(maximum) angular rate requires a control acceleration that is equal
to —aep. For smooth switching, the border is thus set where both
control equations (70) and (71) would provide —ay,. Therefore, 8 in
Eq. (70) is replaced with —(||0|,/F,)@, which is attained from
Eq. (71) after replacing ot with —ay. This requires

o [_ 2F, ||0||w+(1+i F, )]w
"VTel 7 o, 2181,

Using the knowledge that, during the angular deceleration phase, the
right-hand term of the preceding equation (which is the net accel-
eration) should be opposite to @, we conclude that when the

multiplier
_ [2n, ||0||w+(1+i F, )
101l Fo o, \ 20l

is positive (i.e., the deceleration limit region), we should use the
control according to Eq. (70), whereas when it is negative (i.e., the
angular rate limit region), we should use the control of Eq. (71). This
yields the following inequality defining the condition for controlling
according to Eq. (71) rather than Eq. (70):

101/ Fo > V1I6lla/2F) +1/Qw,) (73)
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Table 2 Control law summary

Control equation Gain values Conditions Motion type
(inequalities number)
Equation (70) W, = Wy Equation (74) and not Eq. (73) Angular deceleration limited
Equation (71) ®, =W, . X3/2 Equations (73) and (77) Angular rate limited
Equation (72) w, =w,, ,t=3/4 {Eq.(73) and not Eq. (77)} or Target tracking
{not Eq. (73) and not Eq. (74)}
2. Border Between Linear Zone to Angular Deceleration Limit Zone e, > 3F,/Qw,) (77)

Comparing the angular gains between Eqs. (70) and (72), and
choosing the minimum gain from the two, results in the following
inequality that defines the condition for controlling according to
Eq. (70) rather than Eq. (72):

161l > 2F,/e; (74

Now, equating the angular rate gains of Egs. (70) and (72) at the
border point gives

1 F,
2w, =w,(1+— /7") (75)
é‘ ( w, 2” oBorderz ”a

where [0 gorder, |l is replaced with 2F, /w2 according to Eq. (74) to
provide the coefficient ¢:

¢
Il
EN (%)

(76)

3. Border Between Linear Zone and Angular Rate Limit Zone

As mentioned, maneuvering with constant (maximum) angular
rate requires a control acceleration that is equal to —ayy. The border is
thus set where both control equations (71) and (72) would provide
—ayp. Replacing 0 = —(||0||,/F,)®, attained from Eq. (71), in
Eq. (72) and replacing ¢ from Eq. (76) gives 0 = —w, (—w, |0,/
F,+3/2)w. As in the case of the first border, the multiplier
(—w,19],/F, + 3/2) must be positive when switching to linear
control. This yields the third inequality defining the condition for
controlling according to Eq. (71) rather than Eq. (72):

&0 : : : : :

50

40

30

20

Euler Vector [°]

Angular Rate [°/s]

Time [S]
Fig. 5 Typical rest-to-rest maneuver with angular rate limit encountered (same results for BSM and ASM).

Comparison between the angular rate gains of Egs. (71) and (72)
shows that if the gain of Eq. (71) is multiplied by the term 2¢, then
gain continuity can be guaranteed. The gainw,, is thus not common to
all three Eqs. (70-72). The common w,, for both Eqgs. (70) and (72)
will thus be denoted as w,,,, . . A different w, is applied in Eq. (71). At
this point, the control law may be summarized by Table 2.

G. Control Saturation Management

In general, the initial system state is far from the braking curve,
such that the control equation (43) usually results in an excessive
acceleration demand. The maneuver thus generally starts with
saturated control (see Fig. 5) that lasts until the state becomes close
enough to the braking curve. The state then exponentially approaches
and tracks the braking curve according to Eq. (46) until @ is small
enough to apply the linear control. During the saturated control stage,
it is important to maintain the validity of Eq. (47), which is the
analytical basis of our control equations, while limiting the control to
the available envelope. Analysis of Egs. (70-72) shows that the only
variable that may not stay in the plane # — w is o). Consequently, it
is proposed to divide all the other elements by the appropriate factor,
while the disturbance compensation element o, remains unchanged,
allowing Eq. (47) to remain valid. This method of control saturation
is called basic saturation management (BSM). This approach can be
taken further, such that the sum ecgp — &y, is kept unchanged and only
the scalar gain w, would be reduced according to the saturation level
at any given time. This modified saturation method is referred to as

g
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o
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=
Z
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} Il
| |
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: | control curve thacking ~ | control
' Ak o]+ Rwot
....... : | & RW 2
—_ x RW 3
¢
N
b= ) SRS SR - SR - S S
=
=3
€
@
£ &
o
= R A ]
=
x

30

Time [8]



VERBIN, LAPPAS, AND BEN-ASHER 887

Table 3 Simulation parameters

Parameter name Parameter meaning Parameter value

R imi; Limit angular momentum SN:m-s
of each RW
Ts Sampling time of control loop 0.1s
_ Control gain 2.5rad/s
F, Ratio between safe and 0.85-0.95
maximum decelerations (default is 0.95)
F, Ratio between safe and maximum 0.95

angular rates

the advanced saturation management (ASM). Both BSM and ASM
are tested by simulation and compared in the next section.

To sum up this subsection, the saturation management equations
are summarized next. Based on the general control equation (43), the
saturation case can be defined as follows:

O Saturated — wn[f(a) - &)] + OpF — Up, (78)
where ||aSaturated||a >1

The BSM saturation management method gives

__ od@ -t
© w,(F0) ~ ) +app—apl, (79)
where]...], is calculated with F, =1

The ASM saturation management method gives

B £(0) — w v
CTTHO) - w.am—apl, (80)

where [...], is calculated with F, =1

V. Simulation Results

The main purpose of this section is to demonstrate the efficiency of
the newly developed control logic that has been presented in the
previous sections by using a practical numerical example. Simulated

- 3
= =S
s m
3] >
@ =2
> 2
2 z -
w [
9
z ¢
= z
@
- @
‘_; =
=) =]
2 =
; 2
5 i ; i
0 10 20 30 40

Time [8]

closed-loop angular maneuvers are presented and analyzed with
various realistic initial conditions and target angular rates. The
simulations follow from the numerical example of Sec. IIl.B. Only
the Loo method for control allocation is applied in the presented
simulations due to its significant advantage (see Sec. IIL.B). Results
for both saturation management methods (BSM and ASM) are
presented.

A. Simulations

The simulations used realize finite time steps with the following
three coupled elements: 1) satellite dynamics and kinematics, which
are realized using the equations of motion of rigid satellite with RWs,
as presented in Sec. II; 2) the control law as presented in Sec. IV; and
3) the torque command allocation of the Loo method as defined in
Secs. IILLA and IIL.B.

B. System Parameters

The parameters have been presented in the numerical example of
Sec. lIL.B. Additional parameters are listed in Table 3.

C. Performance Criteria

Following Sec. I, the criteria used to assess the performance of the
newly developed control logic in the simulated maneuvers are based
on the following:

1) The controller should abide by the RW torque and angular
momentum limits.

2) For time efficiency, the maneuver time for the rest-to-rest and
zero momentum bias case should be as close to the time-optimal
Euler-axis rotation as the system bandwidth and the disturbance
allocation (i.e., safety factors) allow.

3) The last deceleration phase of the maneuver (where the sliding
curve is tracked) should be free of control saturation and free of
chattering.

4) Any initial angular rate within the limit envelope is allowed.

5) The final angular rate within the limit envelope is allowed, as
long as the resulting cross disturbance [Eq. (10)] does not exceed the
control limit.

BSM method

10 20 30 40
Time [s]

10 20 30 40
Time [8]

Fig. 6 Maneuver with initial cross-angular rate: BSM method saturation.
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ASM method

20
Time [8]

Fig. 7 Maneuver with initial cross-angular rate: ASM method saturation.

D. Summary

All plots describe one attitude maneuver. The following data are
plotted as functions of time: 1) satellite BF Euler vector relative to TF,
2) satellite BF angular rate vector relative to TF, 3) torque command
of each of the four RWs to ensure/validate the full exploitation of
torque capability (when maximum torque is required, at least two
RWs will simultaneously be close to the torque limit), and 4) angular
momentum of each of the four RWs to validate the full exploitation of
the angular rate capability. Similarly, when maximum angular rate is
required, at least two RWs will simultaneously be close to the angular
momentum limit. The scenarios simulated are presented in Table 4
together with the maneuver time.

E. Typical Rest-to-Rest Maneuver that Reaches the Angular
Rate Limit

Figure 5 presents a rest-to-rest maneuver that involves the X, Y,
and Z axes together. The results of both BSM and ASM methods are
identical in the rest-to-rest case. Referring to the performance criteria
of Sec. V.C, the first three criteria are obviously met, and the other

two are irrelevant to the scenario tested. This maneuver, as well as all
the other maneuvers simulated using this controller, consists of three
stages:

1) In the stage of the convergence to the braking curve, the control
torque is in saturation, which means that at least two RWs (typical to
Loo control allocation) are on the limit torque.

2) In the braking-curve tracking stage, the braking curve dictates
an Euler-axis time-optimal rotation with safe angular rate and decel-
eration, which is tracked. The control torque during this stage is
normally not saturated, since the design is for safe angular
deceleration.

3) In the linear control stage, after convergence of the system state
to the near origin, the bandwidth limit becomes the major constraint,
and the system is linearly controlled with constant gains. The trape-
zoid or triangular shape (the triangle is produced when the angular
rate limit is not reached) of the angular rate profiles, as well as the
control torque saturation of the first stage and the near saturation of
the second stage, are evidence of an eigenaxis time-optimal
maneuver taking place. The round corners of the angular rate profiles
are due to the system bandwidth limit.

Table 4 Simulation cases

Figure/section

Simulation scenarios

Performance, s

Fig. 5/Sec. V.E
rate limit encountered
Figs 6 and 7/Sec. V.F

Typical rest-to-rest maneuver with angular

Maneuver with initial cross-angular rate:

comparison between BSM to ASM

Figs 8-10/Sec. V.G
momentum: ASM method.

Figs 11 and 12/Sec. V.H
ASM method.

Fig. 13/Sec. V.I

Maneuver with initial cross-bias angular

Maneuver with nonzero end angular rate:

Maneuver with parameters mismatch between

control system and reality: ASM method.

#/Sec. V.J

Maneuver with too conservative safety factor

24.7

BSM method 29.6
ASM method 26.1
F,=095 17.3
F,=0.85 13.9
F,=0.85 14.1

Only 80% of a, is accounted for

F,=0.95 12.8
F,=0.85 10.8
F,=095 243
F,=0.85 253

“Plots are visually very similar to Fig. 5 and, consequently, are not presented
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Euler Vector [°]

Angular Rate [°/s]

0 5 10 15 20 25
Time [8]

0b : T : '

0.4

02

RW Torque [N-m]

RW Momenturn [N-m-s]

Time [8]

Fig. 8 Maneuver with initial cross-angular momentum bias, F, = 0.95.

F. Maneuver with Initial Cross-Angular Rate

Figures 6 and 7 depict a maneuver that begins with an angular rate
that is perpendicular to the initial Euler axis but with zero total
angular momentum. Figure 6 presents the results with the BSM case,
whereas Fig. 7 presents the results for the ASM case. It can be
observed that the ASM has a 13% advantage in the maneuvering time
in this case (see Table 4). This is because the BSM misses the braking
curve on the first trial, resulting in an overshoot. As for the

Euler Vector [°]

Angular Rate [°/s]

Time [8]

Fig. 9 Maneuver with initial cross-angular momentum bias, F, = 0.85.

performance criteria of Sec. V.C, the first, third, and fourth criteria are
satisfied with both the BSM and ASM versions. The second and fifth
criteria are irrelevant to this tested scenario.

G. Maneuver with Cross-Angular Momentum Bias

As shown in Eq. (10), the existence of angular momentum bias in
the system creates a disturbance angular acceleration when coupled

RW Torque [N-m]

0 5 10 15 20 25
Time [s]

RW Momentum [N-m-s]

D) o s = o FP S R A
1 +
: : A RW 2
A N HE T ox Rw 3]
i i O RW 4
% 5 10 15 20 25

Time [s]
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Euler Vector [°]

Angular Rate in Target Frame [°/s)

Time [8]

o
[N

o

RW Torque [N-m]
=
N

o
F-N

RW Mormentum [N-m-Sec]

0 5 10 15 20 25 30
Time [S]

Fig. 10 Maneuver with the same conditions as Fig. 9, including 20% disturbance compensation error.

with satellite angular rates. This can disable the braking-curve
tracking capability if an appropriate safety factor F,, is not taken, as
explained in Sec. IILLA.3.

Figures 8 and 9 show the results with the ASM method: first with a
value of F, = 0.95 and then with a modified value that allows safe
braking-curve tracking. It can be observed that the case with the
modified F, has a 20% advantage in maneuver time (see Table 4).
However, it must be stressed that using a decreased safety factor does
provide a benefit only when a disturbance actually occurs. Choosing
the same safety factor in alow disturbance torque case would degrade

Euler Vector [°]

Time [s]

Angular Rate in Target Frame [°/s]

0 5 10 15 20
Time [S]

the performance attained due to the reduction of the braking-curve
deceleration (see Sec. V.J). Therefore, this safety factor needs to be
adjusted according to the actual disturbance level range.

An additional scenario is presented with the same conditions as in
Fig. 9 to test the robustness against inaccuracy in the disturbance
compensation & . In this additional scenario, only 80% of the
actual disturbance &, was accounted for by the control law. As seen
in Fig. 10, this inaccuracy did not significantly affect the time
response, and the maneuver time is increased by only 1.4% (see
Table 4).

RW Torque [N-m]

RW Momentum [N-m-s]

Time [S]
Fig. 11 Maneuver with nonzero end angular rate, F, = 0.95.
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Euler Vector [°]

Angular Rate in Target Frame [°/s]

0 5 10 15 20
Time [8]

g
=
@
>
=3
S
-
=
[n 4

RW Momentum [N-m-s]

Time [8]

Fig. 12 Maneuver with nonzero end angular rate, F, = 0.85.

H. Maneuver with Nonzero End Angular Rate

The existence of final angular rate (which is the target angular rate)
creates a disturbance in angular acceleration when coupled with the
satellite’s angular rate [Eq. (10)]. This can disable the braking-curve
tracking capability if an appropriate safety factor F, is not
considered, as explained in Sec. IIL.A.3. Figures 11 and 12 show the
results of the ASM method: first by using a default value of F, =
0.95 and then by using a modified value that allows safe braking and
curve tracking. It can be observed that the case with a modified F', has
a 16% advantage in the maneuvering time (see Table 4). Similar to the

Euler Vector [°]

Angular Rate in Target Frame [°/s]

0 5 10 15 20 25 30
Time [S]

previous scenario, the safety factor has to be carefully adjusted
according to the actual disturbance level range. In the case of low dis-
turbances, the small safety factor provides inferior time performance,
because smaller braking deceleration is generated (see Sec. V.J).

I. Maneuver with Parameter Mismatch

The following scenario demonstrates the system reaction when a
mismatch exists between the moments of inertia used in the control
law compared with the actual values. This is done to simulate

+ RwW 1

£ ! ! ! A RW 2

0 foreeee oL ] X RW 3
H H H : O RwW 4

RW Torque [N-m]

-1

RW Momentum [N-m-s]

2

3 ; ; ; ; ;
0 5 10 15 20 25 30
Time [S]

Fig. 13 Maneuver with moment of inertia mismatch between controller to reality.
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potential parameter uncertainties. The typical rest-to-rest scenario of
Fig. 5 was repeated with the actual moments of inertia decreased 5%
in the X axes, 10% in the Y axes, and 15% in the Z axes. Note that
increasing the moments of inertia would require a smaller safety
factor, but decreasing them increases the available angular accel-
eration, and thus does not require the safety factor to be changed. The
results are presented in Fig. 13, which shows that, despite the non-
uniform inertia change, the maneuver is very similar to the original in
Fig. 5. As expected, the control effort (RW torques and angular
momentum) in the braking-curve tracking stage 2 (see Sec. V.E) is
smaller than in Fig. 5 because of the smaller inertias.

J.  Maneuver with Too Conservative Safety Factor

This scenario demonstrates the system reaction with a too
conservative safety factor F,. The typical rest-to-rest scenario of
Sec. V.E was repeated with F, = 0.85 rather than 0.95. The result is
presented in Table 4, which shows a relatively small penalty of 2.4%
in the maneuvering time. As mentioned in Secs. V.G and V.H, the
safety factors should be adjusted according to the actual disturbance
level range proposed in Sec. III.A.3, Egs. (28) and (29). However, the
performance penalty for a too conservative factor is usually smaller
than the penalty resulting from a factor that is too close to unity (as
demonstrated by this example versus Secs. V.G and V.H).

VI. Conclusions

The aim of this paper is to present an enhanced RW controller that
bridges the gaps that have been identified in the literature. The main
novelty of the proposed controller is the use of a generalized and
integrative approach, where most common system limits and
possible conditions are referred, while also placing an emphasis on
time efficiency. The presented technique accommodates for the RW
torque and angular rate limits and their 3-D geometrical alignment,
which are all formulated in two compact control norm expressions
for the satellite angular acceleration and angular rate. The system
bandwidth limit is accommodated by choosing an appropriate
control gain, thus avoiding the need of using any switching between
maximum and minimum controls, as is commonly done in minimum
time solutions, which may lead to undesirable control chattering in
practical applications. The applicability of the solution for cases of
nonzero initial angular rate and nonzero end angular rate, as well as
nonzero angular momentum bias, has been demonstrated in realistic
simulations, showing the flexibility and the efficiency of the new
integrated control logic. The importance of tuning the safety factor
related to the actual disturbance level has been demonstrated. The
selected tuning factor should be sufficiently small to accommodate
for possible disturbances but not too small in order to avoid any
sacrifice in performance.
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