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Abstract: Set-point attitude control of a rigid body explicitly preventing actuator saturation is considered. The attitude
control approach developed does not employ any sort of direction-cosine-matrix (DCM) parameterisation, such as Euler
angles or quaternions. Rather, the DCM is used directly within the feedback control algorithm. Together a proportional
control term and an angular velocity control term make up the attitude controller. The angular velocity control is composed
of a strictly positive real system subject to a special input non-linearity. The specific form of the proportional control and
angular velocity control ensure control torques are below the saturation level of the on-board actuators. Two controller
synthesis methods are considered. The first uses the linearised system, the solution to the linear quadratic regulator
problem, and the Kalman-Yakubovich-Popov lemma to design the controller. The second employs a simple low-pass filter
that is guaranteed to stabilise the closed-loop system; tuning the low-pass filter is also considered. Numerical simulation

results demonstrate effective closed-loop control in the presence of plant disturbances and sensor noise.

1 Introduction

Robotic systems that are free to rotate in space require a robust atti-
tude control system to realise their mission objectives. For instance,
spacecraft must slew and point in order to observe celestial objects,
and for inspection purposes underwater vehicles must manoeuvre
safely around newly constructed or ageing dams, bridge abutments
and other marine structures.

The set of attitudes a rigid body may take is the set of 3 x 3
orthonormal matrices with determinant equal to plus one. The
direction-cosine-matrix (DCM) or the rotation matrix describes the
attitude of a rigid body globally and uniquely, unlike parameteri-
sations of the DCM, such as Euler angles, Rodrigues parameters,
modified Rodrigues parameters (MRPs) or unit-length quaternions
(referred to as quaternions for simplicity). Many research articles
have considered the use of DCM parameterisations for control
of rigid bodies [1-6]. Unfortunately, all DCM parameterisations
are deficient in some way. For instance, Euler angles, Rodrigues
parameters and MRPs suffer from singularities, while the same
physical attitude is represented by two (antipodal) quaternions [7].
In fact, the use of quaternions for attitude control can lead to unde-
sirable rotations known as unwinding [7, 8]. As such, researchers
and practitioners alike are presently focusing on attitude control
methods that use the DCM directly [7, 9-14]. Given the modern
advances in on-board computing, DCM-based estimators and con-
trollers can be implemented on-board flight vehicles without much
difficulty [15, 14-18].

From an applications point of view it is ideal when practi-
cal limitations, such as actuator saturation and noise rejection
are accounted for directly in the control formulation, rather than
patched with ad-hoc fixes during implementation. The articles
[19-22] consider attitude control in the presence of actuator sat-
uration, however, attitude is parameterised using quaternions. In
[19, 20] hyperbolic tangent functions are employed to prevent actu-
ator saturation, whereas saturation functions are used in [21, 22].
Attitude control in the presence of saturation is also considered
in [10, 11] where the DCM is used directly for control. To the
knowledge of the author, the existing literature, including [10, 11,
19, 19, 21, 22], has yet to consider closed-loop attitude control
using the DCM directly while simultaneously employing dynamic
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angular velocity control and disallowing actuator saturation. Doing
so is the motivation and focus of this paper.

This paper considers the design of an attitude control law that
does not use a DCM parameterisation, but rather uses the DCM
directly for attitude control. Specifically, set-point attitude con-
trol is considered where the attitude controller is composed of
a proportional control component and an angular velocity control
component. The proportional control component is borrowed from
[13], and is a function of the DCM describing the attitude error.
The angular velocity control component is inspired from [23, 24],
and is composed of a strictly positive real (SPR) system with a spe-
cific input non-linearity. It is shown that together the control torque
produced by the proportional and angular velocity controls can be
limited, thereby avoiding actuator (magnitude) saturation. More-
over, the control architecture guarantees a desired equilibrium point
of the closed-loop system is asymptotically stable. The novelty of
this work lies in the ability to prevent actuator saturation while
guaranteeing robust closed-loop asymptotic stability of a desired
equilibrium point using the attitude error DCM and an SPR sys-
tem directly within the control law. The introduction of the SPR
system enables the rejection of noise in the angular velocity mea-
surement. Two straightforward SPR design methods are considered.
The first uses the linearised system along with [25] to synthesise
an SPR controller. The second method considers the design of a
filtered proportional derivative (PD) control law, a control scheme
often used in practice over a standard PD control law in order to
filter noise corrupting the angular velocity measurement. Tuning
of the filtered PD controller using a steady-state error analysis of
the closed-loop system is considered representing another modest
contribution.

The remainder of this paper is as follows. In Section 2, pre-
liminaries are reviewed, such as the kinematics and dynamics of
a rigid body. In Section 3, attitude error and various functions
related to attitude error used to prove stability will be discussed.
The control structure is presented in Section 4, and the means by
which actuator saturation is prevented is demonstrated. Closed-loop
asymptotic stability of a desired equilibrium is proven in Section 5.
Controller synthesis is considered in Section 6. Numerical simu-
lation results are presented in Section 7. The paper is drawn to a
close in Section 8.

1653



2 Preliminaries

Consider a rigid body, such as a spacecraft or underwater vehi-
cle. Let F, and F} denote the inertial and body frames, where
the origin of the body frame is located at the mass centre of
the rigid body. The attitude of F, relative F, is globally and
uniquely described by the DCM Cp, € SO(3), where SOQ3) =
{C € R¥3|CTC =1,det C = +1} is the special orthogonal group
of rigid-body rotations [26, 27]. Some authors prefer to work with
the rotation matrix which is the transpose of Cp,. The control
method presented herein can be adopted to work with the rotation
matrix. The kinematics and dynamics governing the motion of the
rigid body are given by the Poisson and Euler equations [26, 28]

Cba"’wxcba:o (1)
o+ 0™ lo = 1 (2)

where w is the angular velocity of F, with respect to F,, I = | LS
0 is the moment of inertia of the rigid body and 7. is the control
torque. All quantities in (2) are expressed in Fp.

The ‘cross” map (-)* : R? — s0(3) transforms a 3 x 1 column
matrix to a 3 x 3 skewsymmetric matrix

0 - W Vi
v =1 3 0 —vi|, Vv=|wm|eR?
-V V] 0 V3

where the vector space of all 3 x 3 skewsymmetric matrices is
s503) = {S € R3X3|ST = —S} [26, 27]. The ‘uncross’ map ()Y :

50(3) — R3 does just the opposite, transforming a 3 x 3 skewsym-
metric matrix into 3 x 1 column matrix so that v*¥ = v,Vve R3.
A useful identity that employs both (-)* and (-)V is

I (vU) = —vIP,(U)Y, VYveR), YUeR™ (3)

where P, (U) = %(U — UT) is the skewsymmetric projection oper-
ator.

DCM parameterisations, such as Euler axis/angle parameters
and quaternions, are often used to describe attitude. In this paper,
DCM parameterisations will not be used within the control scheme
developed, however, axis/angle parameters and quaternions will be
referred to from time-to-time. Let (a, ¢») be the Euler axis and Euler
angle, respectively, where a € S, ¢ € R and S? is the two-sphere.

Let q = [eT n]T € S? denote the (unit-length) quaternion, where
€ € R3 is the vector part of the quaternion, n € R is the scalar
part of the quaternion and S? is the three-sphere. The vector and
scalar parts of the quaternion can be written in terms of a and ¢
in the following ways: € = sin(¢/2)a and n = cos(¢/2). An arbi-
trary DCM, C € SO(3), can be written in terms of either of these
parameterisations [28]

C(a,$) = cosl + (1 —cos¢)aa’ —singa* =e **"  (4)
Cle,n) = (* — €' )1 + 2ee’ — 2ne*

In the upcoming proof of closed-loop asymptotic stability, the
following lemma will be employed.

Lemma 1 Kalman—Yakubovich—Popov (KYP) lemma [29]: Con-
sider the LTI system

Xe = Acxe + Beug, Yo = Cexc

where x; € R, u; and y, € R are the matrices A¢, B¢ and C are
appropriately dimensioned real matrices that form a minimal state-
space realisation, and A is Hurwitz. The system is SPR if and only
if there exists P, € R"* and Q. € R"*" where P, = PI >0
and Q. = Q! > 0 such that

PA:.+ AP, = —Q, (52)
(5b)
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3 Attitude error

This paper will focus on regulation of a rigid body’s attitude to
a constant desired attitude. Let Cg, be the DCM describing the
desired attitude. The attitude error described by the attitude error
DCM is E = Cpy = CbaCL. The attitude error kinematics are

E+w E=0 (6)

Equation (6) comes from differentiating E with respect to time and
using (1).
Consider the following attitude error function [13]

Y(E)=2—-1+tr(E) (7)

This attitude error function will be used for stability analysis via
Lyapunov’s direct method in Section 5. Let (a., ¢.) be the Euler
axis/angle associated with E. Recall that —1 < tr(E) < 3, where
tr(E) =3 only when E =1 (i.e. when ¢, = 0), and tr(E) = —1
only when E = e*™ Va, e S? [28]. Thus, ¥ (E) =0 if and
only if E =1, and v (E) = 2 if and only if E = ¢*™%, Va, € S2.
Define the sublevel set £, = {E € SO3)|y(E) < 2}. Notice that
attitudes corresponding to E = ¥ Va, € S? are disallowed in
the sublevel set £;.
Consider the following attitude error column matrix [13, 30]

— 1 v
= e T ® ®)

where e is well defined in the sublevel set £5. In terms of Euler
axis/angle parameters (a.,¢.) the attitude error column matrix e
is

1 A"
*= irvm "

1

= (—singeay)¥
\/1 + (3cosge + (1 — cosge)ala,)

1 .
= AT T eosgn P
Qe e

= —————sin — cos —a,

/02 B 2 2
COS 5

:—sin%a sign cos%
g Aesi8 2

where aTag =1, x/«/)? =sign(x) Yx # 0 where sign(x) = +1

e

if x > 0 and sign(x) = —1 if x < 0, and the identities cos? (¢e/2) =
(1 4+ cos¢e)/2 and sin ¢, = 2 sin(¢e/2) cos(¢e/2) have been used
to simplify. As such, in the sublevel set £, e=10 if and
only if ¢ =0, and hence E = 1. Also, let (€., n.) where €, =
[€e,1 €cp ee,3]T be the error quaternion associated with E. Given
the relationship between a., ¢, and €. [i.c. €, = sin(¢./2)a, and
Ne = cos(¢e/2)], it follows that e = —e,sign(#,). Thus, in the sub-
level set £o, lej| < 1,i=1,2,3, where e =[e; e2 e3]7, which
follows from |e.;| < 1, i = 1,2,3. The fact that the absolute value
of each element of e is bounded by one will be exploited when
designing a controller that does not saturate on-board actuators.

The attitude error function in (7) and associated attitude error
column matrix in (8) have several advantages over others found in
the literature. As discussed in [13], the primary advantage is that
the Euclidean norm of e, |le||, approaches one as ¢, approaches
180°. The norm of other attitude error column matrices found in the
literature approach zero as ¢, approaches 180°, which is undesir-
able because it degrades closed-loop performance when used within
a feedback control strategy. See [13] for details.
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4 Control formulation

Owing to hardware limitations the control torque that can be
applied is limited. To avoid actuator saturation the control torque,
Te =[Tc1 Tc2 rc,3]T, will be designed so that the magnitude
of the total torque in each axis, |tc;|, i =1,2,3, is less than the
maximum torque the on-board actuators can apply, 0 < 7; < oo,
i=1,2,3.

To this end, consider the following control structure

Tc=Tp+Tg4
= ke —o(u) )

The proportional control is 7, = ke where 0 < k < oo is the pro-
portional control gain. The angular velocity control is 7; = —o(u)
where ¢ : R3 — R3 is the plant input non-linearity, u = Yy, is the
output of the system

Xe = Acxe + Beue = Acxe + By (10a)
u=y.=Cex (10b)

where the transfer matrix G¢(s) = Ce(s1 — A¢) !B is SPR. The
input to Ge(s) is uc =y = B(u)w where B : R3 — R3*3 is the
controller input non-linearity. A block diagram of the closed-loop
system is shown in Fig. 1. The proportional control, the non-
linearities o(-) and B(-), and the SPR system are all specifically
chosen in order to guarantee that actuator saturation is prevented
and asymptotic stability of a desired equilibrium point of the
closed-loop system is achieved.

Before considering the specifics of the non-linearities o(-) and
B(-), and the SPR system that generates u = [u; w2 u3]T, the
means by which actuator saturation is prevented will be discussed.
First, let 7, =[1p1 Tp2 tp,3]T and vy = (141 742 rd,3]T‘
Recall from Section 3 that |e;| < 1, i = 1,2, 3. Therefore each ele-
ment of the proportional control is bounded by k, that is |7p;| =
klejl <k, i=1,2,3. It follows that provided k + u; < T.; where
|74l <u; and 0 < u; < oo is the maximum allowable angular
velocity control in the ith axis (where i = 1,2, 3), then the control
torque in each axis will be less than the maximum allowable torque
in each axis, Tc;, thereby preventing actuator saturation. Note that
k and #; can be chosen so that their sum is arbitrary close to ;.

The details of a(-) and B(-) will now be discussed. The non-
linearity o () has the following specific form [23, 24]

o) = [o1(u1) 02(u2) o3(uz)]"
17(,' 1},' < Uj

oi(uj) =u; —u; <u; <u;, i=1273

—fti u < —ljl,'

where as previously mentioned, 0 < #; < co is the maximum
allowable angular velocity control in the ith axis. Notice that each

0 + Iw+wlw="T1 . w
+ + Chu =+ wXCbu = 0 =Cbu
k'Pu_(E)V
1+ tr(E)k— Cy,
Tq= —o(u) BeSHARET R Yy = pBu)w
u=C.x,

Fig.1 Block diagram of closed-loop system
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u; can be different, thus realising different saturation levels in each
axis. Following [23, 24], the function S(-) is defined as

B(wu = o(u) (11)
where B(u) = diag {81 (1), B2(u2), B3(u3)} = BT (u) and

oi(ui)/ui  ui # 0

Bi(ui) = 1 =0’ i=1,2,3

As the u; are user-defined parameters and each u; is known at
all times during operation, both ¢(-) and B(-) can be computed
online and in real time. Observe that when —u; < u; < u; that
Bi(u;) =1, and when #; < u; or u; < —u; that B;(u;) < 1. As such,
Bi(+) strictly less than one indicates the angular velocity control is
being limited, thereby preventing saturation. Using (11) notice that

0 o) = wTﬂ(u)u = (ﬂ(u)w)Tu = §7Tu, Vo, ucR?

where  could be replaced with an arbitrary column matrix. This
inner product relationship is deliberate, and will be exploited when
assessing closed-loop asymptotic stability of a descried equilibrium
point.

Prior to showing that a desired equilibrium point of the closed-
loop system is in fact asymptotically stable, a conservative aspect
of the control scheme will be discussed. Consider the case where,
at an instant, ¢; < 1 in the jth axis, and thus 7,; < k. At the same
instant, consider when the angular velocity control in the same ith
axis is such that 7;; = u;. In this case, for saturation to be avoided
in the ith axis, the angular velocity control does not have to be
restricted by an amount #;, and could in fact take on a larger value.
The proposed control architecture is conservative in that the angular
velocity control is restricted without knowledge or consideration of
the concurrent proportional control component. Doing so ensures
that actuator saturation is avoided, but may also degrade closed-
loop performance. However, although conservative, robust closed-
loop stability can be guaranteed, as shown in Section 5. Therefore,
as with many control engineering challenges, there is a the tradeoff
between performance and a closed-loop stability guarantee.

5 Closed-loop stability analysis

Consider the closed-loop system collectively described by (2), (6)
and (9)—(11). It can be shown that (E, w,x;) = (1,0,0) is an equi-
librium point of the closed-loop system. Asymptotic stability of
this equilibrium point will now be considered.

Theorem 1: Consider a rigid body described by the dynamics of
(2). The attitude error kinematics are given by (6) where E =
Cpg = CbaCIa and Cg, is the DCM associated with the desired and
constant attitude. The control law is given by (9) where u =y,
Ye(®) = Ge(9uc(s), ue =y = fww, Gels) = Ce(s1 — Ac)~'Be,
where (A¢, B¢, Cc) is a minimal state-space realisation satisfying
the KYP lemma, A. is Hurwitz, and B, has full column rank. If
the initial conditions are such that

10T 0)10(0) + £ (2 = VTHEEOD) ) + Ix OPexe(0) < 2
(12)

then (E,w,x.) - (1,0,0) as # — oo and the equilibrium point
(E,»,xc) = (1,0,0) is asymptotically stable.

Proof: Consider the following positive definite Lyapunov function
candidate

V= loTlo + k (2 — /17 tr(E)) + TP (13)
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Taking the derivative and simplifying using (2), (3), (6), (9)—(11)
and the KYP lemma gives

ktr(E)
2T+ tr(E)
+ 4T <PCAC + AIPC) Xe + X PcB.y
T ( kPL(E)Y
JT+tr(E)
- %XIQCXC +x/cly
ko PL(E)Y ko Pu(E)Y

V=w' (—a)xlw—i— rc) —

ktr(@<E)

B Gm)) NEWi tr(E)

_ T 1T To
=-wow+ VIFu® JT+uaE®) 2% QeXe +u'y
= —0' Bwu — Ix]Q.x. +u' fww

= —3x[Qcxc (14)

which implies V' (t) < V'(0) for all # > 0. Combining this result
with (12) it can be seen that k¥ (E(¢)) < V(¢) < V' (0) < 2k. There-
fore, the sublevel set £, is a positively invariant set, and as
such the attitude error column matrix e is well defined. ‘En
route’ to showing asymptotic stability consider the following.
First, let Q = {(E,®,x) € SO3) x R3 x R™ | V(1) < V(0)} and
& = {(E,0,x) € QV = 0}. Owing to the fact that Q, = Q] > 0,
V=0 only if x; = 0, which in turn implies X, =0 and u = 0 (=
y.). With x; = % = 0, it follows that B,y = 0, and because B, has
full column rank this implies y = 0. This in turn implies @ = 0 via
y = B(w)w where B;(u;) # 0, Vu; € R, i = 1,2,3. From w = 0, we
have @ = 0. In addition, from (2), (9) and the positive invariance
of the sublevel set £, we have that e = 0. Following the discussion
in Section 3, e =0 means E = 1. Therefore the largest invari-
ant set in £ is the set M = {(E,w,x.) € E|[E =1, 0 = 0,x;, = 0)}.
From LaSalle’s invariance principle it follows that trajectories
of the closed-loop system asymptotically approach M, that is,
(E,w,x;) — (1,0,0) as t — oo. O

Of note is the fact that the proof of stability does not depend
on precise knowledge of the inertia matrix. As such, our control
scheme is robust to such modelling errors.

The constraint on the initial conditions given in (12) is needed
to ensure that the sublevel set £; is a positively invariant set, and
hence e is well defined. Similar initial condition constraints can be
found in [9, 12, 13]. For an initial attitude error, angular velocity,
controller states, k, and P, if (12) is not satisfied then one may
pick a k that is larger (as well as a different P, if so desired) in
order to satisfy (12). If k£ changes a different set of u;, i = 1,2, 3,
parameters will most likely have to be used as well in order to
ensure actuator saturation is prevented. These changes will also
change the closed-loop system response.

6  Strictly positive real controller synthesis

6.1 Six-state controller

The state-space matrices of the SPR system given in (10) will first
be designed using the linear quadratic regulator (LQR) formulation

and the KYP lemma, as in [25]. To begin, the plant including the
proportional control is linearised

-t QB e o
———— e —
A X B
0
——
C

where e = —(1/2)0, w =0 and @ = é, which follows from E =
1 — 0> where 0 are small angles involving three principal axes,
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and hence K = (k/2)1. Next, using A and B from (15a), along
with the user-defined weights Qpqr and RLgR, the state-feedback
gain C, = RLQR_IBTH is found by solving the algebraic Ric-
cati equation, TIA + ATIT — BR ,, BT + Q_qr =0, for TI.
Settin% A; = A — BC; and using (5b) of the KYP lemma, B, =
P_'C! is found where P is the solution to (5a) given the weight
Q.. The resultant system is SPR. This SPR controller has six states,
which is why it is called the six-state controller. Note that the lin-
earisation procedure employed above is done strictly to design the
six-state controller. The six-state controller, which is SPR, is used
within (9) to control the non-linear system described by (2) and
(6), not a linearised version of (2) and (6).

6.2 Filtered PD controller

Next, a very simple SPR controller will be considered. To motivate
the form of the controller, consider a PD controller of the form

7. = ke — o (kyw) (16)

where 0 < k& < o0 is the proportional control gain and 0 < k; < 0o
is the derivative control gain. Using a similar Lyapunov function to
the one shown in (13) (just with the (1 /2)xIchc term removed), it
can be shown that this control law renders the desired equilibrium
point of the closed-loop system asymptotically stable. In addition,
provided that k 4+ #; < T;, i = 1,2, 3, saturation is avoided. Unfor-
tunately, high-frequency noise in the angular velocity measurement
can be amplified. Consider the case where the state-space matrices
of (10) are

A = diag{—1/T,—1/T,—1/T}, B¢ =1/T1,
C. = kyl (17)

where 0 < 7 < oo. The angular velocity control in each axis
is effectively t4; = —0;(u;), ui(s) = ge(s)Pi(s) where ge(s) =
kq/(Ts + 1). It is straightforward to verify that g.(s) is SPR. Using
the A¢, B¢ and C. given in (17) within (9) and (10) effectively
realises a filtered PD controller where the angular velocity measure-
ment is passed through a low-pass filter and actuator saturation is
guaranteed to be prevented.

How to pick 7 given the presence of noise in both the atti-
tude and angular velocity measurements will now be discussed.
For comparison purposes, the closed-loop performance at steady
state when using the PD controller in (16) will be compared to the
closed-loop performance at steady state when using (9) and (10)
where A., B, and C. are given in (17). Consider the case where
the closed-loop system has almost reached the desired equilibrium
point of E = 1 and @ = 0 so that both e and  are small and there
is no actuator saturation. For small angles and rates e = —(1/2)0,
® =0, ® = 0 and the ith component of the PD controller in (16)
is

k .
Tei = —5(91' +Vei) — kq(6; +vw,;) = Kppxpp; + Kppv; (18)
where

. k
xpp;i = [0; 6,17, Vi=[vei vwil's Kpp= [—5 - kd]

and v; is zero mean Gaussian noise with £ [vl-v;.r] =R=
diag{re,7,} > 0 and E[ViX;D,i] = 0. Assuming I = diag{/y, >, 13}
the closed-loop dynamics in the ith axis of the linearised system
controlled using (16) are

: o 1 0 0

I S o 1 L T S S

O: 57 —7 | Lo -5 —7 | DV
21; 1 21; I;

App,i Ipp.i

Let Ppp,; =E[XPD’,'XE,—D1-] be the state covariance. Denoting the
steady-state covariance as P}y, = lim; .o Ppp;, the steady-state
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covariance satisfies
SS SS T T
App,iPpp; + Ppp ;App; + I'pp,iRTpp; = 0 (19)

Let P}, ; be parameterised as

PSS, — Pli  PAi
PDi = pas poi

Using (19), the elements of P}y ;, p1.i» pa,i and pa;, can be found

k ky
PLi = o Te + o e (20
pri=0

k? kq
P2 =gt Fe+ =— A (21)

The steady-state control covariance about the ith axis,
pf,Di = E[rczi] where 7¢; is given in (18), can also be computed:

P = Kep(Ppp; + R)KPD
JE Y R k3
- 16kd+ 81 tg)ret 21;

Next, consider the closed-loop system controlled using the SPR
controller given by (9) and (10) where A., B; and C; are given
in (17). Again, assume that the closed-loop system is close to the
desired equilibrium point so that e = —(1/2)0, ® = 6 and @ = 6.
The ith component of the control is

kg
kd + 1 )rw (22)

k
Tei = —5(91‘ + Ve,i) — kgxei (23)
. o
Xe,i = _?xc,i + ?9[ + ?Vw,i

The closed-loop dynamics in the ith axis of the linearised system
are

. 0 1 0 0 0
0; k 0 ka 6.’1' k 0
O | =1 25 If O |+ 25 Vi
Xe,i 0 L b Xe,i 0 l
T 71— T
XSPR,i
Aspr i Cspr.i

Letting Pspr,; = E[XsprR ,xngi] be the state covariance, the
steady-state covariance PSPRZ = limy— o Pspr,; satisfies

Aspr,iPSpr ; + P SSSPR,iAgPR,i + Ispr,i RrgPR,i =0 (24

Let P&y ; be written as

P11 P12 P13,
SSSPR,i = |Pl12; P22, P23,
P13, P23, P33,

From (24), the elements of PSPRZ can be solved for

T2k2

L 25
8kl ¢ (25

Pl =pli+
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p12i =0
2
P13 = k78kdbre
P2 = '+<T2k3—|—Tk2>r (26)
AEPT \ Teka? 82 )
2
P23,i = m”e
K2
P33 = Skdl Te+ == 2T

where p1; and p;» are given in (20) and (21). The steady-state
control covariance about the ith axis is

Pipr, = El7,] @7)

= KSPRPESi)R,,-K-srpR + Kspr yRKspR |
Tk ([ Tk 1 k3
=pip:+— | — +1 Bl—-1)--<£
Dpp,; 81, (4kd+ )Ve+<d(2T ) a7 )
where 7; is given in (23)

k k
Kspr = [_E 0 - kd} and Kgpr,y = [—5 0]

Comparing (20), (21), (25) and (26) it can be seen that p11; > p1,;
and py; > py,; for any 0 < T < co. However, by appropriate
choice of T (e.g. 0 < T < 1) the difference between p11; and p1;
along with ppy; and py; can be mitigated Also, from (22) and
(28), by appropriately choosing 7, pPD, > pSPRl, meaning that
the steady-state control covariance of the SPR controller will be
strictly less than that of the PD controller. This result is somewhat
expected; high-frequency noise in the angular velocity measure-
ment is filtered out thereby preventing high-frequency oscillations
in the control signal, which in turn reduces the steady-state control
covariance.

7 Simulation results

Three simulations will be presented, each considering the attitude
control of a rigid-body spacecraft. The following parameters are
common to all simulations. The spacecraft is in a circular orbit
at an inclination of 60° and altitude of 550 (km). The angle of
the right ascension of the ascending node is set to zero. The
inertia matrix of the spacecraft is I = diag{15, 10, 17.5} (kg - m?).
The control torques are realised by a set of reaction wheels
that are limited to torques of 7.; = 0.01 N -m in each axis. The
desired attitude is Cg, = C1(5°)C,(15°)C3(—45°), where Cy, C»
and C3 are principal DCMs about the 1, 2 and 3 axes. Specifi-
cally, Ci(«) is computed by setting a=[1 0 0]" and ¢ = «
in (4), C2(B) is computed by setting a=[0 1 0] and ¢ = B
in (4), and C3(y) is computed by setting a=1[0 0 l]T and
¢ =y in (4) [28]. Two disturbance torques are considered. The
first is a gravity gradient disturbance torque, Tgy = (3 /r)r¥Ir,
where p is the Earth’s gravitational constant, r is the space-
craft position (expressed in the spacecraft body frame) and r =
VrTr [28]. The second is a residual maglpetlc disturbance torque,
T» = m b, where m, = [0.1 0.1 0.1]"' (A- m?) is the residual
magnetic dipole and b € R3 is the Earth’s magnetic field vector
expressed in the spacecraft body frame [28]. The angular veloc-
ity is corrupted by noise of the form v, = (0.0005 sin(250¢) +
0.0001 sin(500¢ + r/4))[1 1 T (rad/s). The attitude error
DCM is constructed (estimated) from noisy vector measure-
ments using the TRIAD algorithm [31] in the following way.
Let y}l =[1 0 0] and yﬁ =[0 1 0]" be reference vec-
tors expressed in the inertial frame (frame JF,). The ref-
erence vectors expressed in the desired frame (frame Fj)
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Fig.2 Closed-loop system response; perfect measurements and large initial attitude error

a Attitude error against orbit and norm of angular velocity against orbit
b Control torque against orbit and fS;(-) against orbit

are y,; = CaaYhs J =1,2. The vector measurements are gener-

ated as follows: yg = ijbeayf,, j=1,2, where ijb are noise
DCMs. Specifically, Cib = C3(v3,1 sin(vp,11))C2(v2,1 cos(vp,11))
Ci(v1,1 8in(vp,11)) where v, 1 = 1/2 s, v, =1/4° 1 =1/2°,
31 =1° and €2, = C3(v32c08(vy21)Ca(v22 sin(vy21)C1 (V12
cos(vp2t)) where v,5 =1/10 s_l, vip =3/10° w2 =1/5°,
v32 = 1/10°. Using the TRIAD algorithm, the attitude error
DlCXMz " 1EX=2[V]£3 Vg 1;,2]2[‘7(11 vﬁ,l VSI]-lr wI;ere ‘17117X=2y117’1‘j 2=
Y, yb/‘yb Yol V=V, vy and Va=Yo Va=Ys yd/|yd vl
and v;”, = v;lxvfl. In terms of the Euler angle, ¢, and Euler axis, a,
the initial spacecraft attitude is ¢(0) = 45°, a(0) = a’(0)/||a’(0)||
where a’(0) =[2 1 —3]T. The initial spacecraft angular veloc-
ity is @(0) =[0.01 —0.03 0.015]T (rad/s). The initial con-
troller states are zero. The proportional control gain is set to
k =0.0075 (N - m) and &; = 0.0024 (N - m) which together satisfy
0.0075 + 0.0024 < 0.01.

First, a controller designed using the method presented
in Section 6.1 will be used to control the spacecraft. The
weights used to synthesise the SPR controller are Qrqr =
diag{1,1,1,10,10,10} and Rpqr = diag{0.15,0.15,0.15}, while
Q. = diag{150, 150, 150, 150, 150, 150}. In Fig. 2a is the attitude
error in terms of the Euler angle ¢,, and the (Euclidian) norm of
the angular velocity, both against orbit. Clearly, the spacecraft atti-
tude error goes to zero. In Fig. 25 is the control torque in each axis,
as well as the value of B;(-), against orbit. Notice that B;(u;) # 1
between ¢ = 0 orbits and 7 = 0.05 orbits indicating that satura-
tion is actively being prevented. Without the presence of o(-) and
B(-), the desired angular velocity control command plus the desired
proportional control command could saturate the actuators.

Next, closed-loop control using the filtered PD controller pre-
sented in Section 6.2 will be compared to closed-loop control using
the PD controller in (16). The same initial conditions, noise, k£, and
u; previously stated are used once again. The value of k; is initially
chosen using (20)—(22) %iven k, I and r, = 1.05 x 10~ (rad?)
and r, = 1.03 x 10~7(s~2), and then further tuned during simula-
tion leading to k; = (N - m - s). Next, 7' is chosen so that g.(s) =
kq/(Ts 4+ 1) rolls-off below the lowest frequency component of
the angular velocity noise, and then further tuned using (20)—(22),
(25), (26) and (28), leading to 7 = 0.5(s). The closed-loop sys-
tem response as controlled by both the PD and the filtered PD
controllers is shown in Fig. 3. Notice that the overall attitude
and angular velocity response is almost identical indicating that
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using the filtered PD controller is not necessarily accompanied
by a significant performance penalty. However, of note is norm
of .. Consider the norm of 7. when the system has essentially
reached steady state. Between 71 = 0.15 orbits and #, = 0.2 orbits
lTcllis,n) = 1.0305 x 10~3(N - m) when the filtered PD controller
is used, while ||z¢|l{,) = 2.3073 x 1073 (N - m) when constant-
gain derivative control is used. Over this time window the norm of
T is 2.2389 times greater when constant-gain PD control is used
compared to when filtered PD controller is used. This is because
the SPR controller filters out the noise in the angular velocity
measurement. As such, when noise corrupts the angular velocity
measurement, which is arguably always the case, using the method
proposed in this paper is clearly advantageous compared to using
constant-gain derivative control.

Now closed-loop control using the saturation prevention tech-
nique presented in [10] will be compared to the closed-loop control
using the filtered PD controller presented in Section 6.2. In [10],
the control law

3
T =—k |:Z a; (E1)* 1i:| - kd,w(w)w (29)
i=1
is presented where
Tatayt ay’

1 1 1
kg (@) = ap dia S s
do(®) = g{1+|w1| 1+ |2 1+|w3|}

0<ay<ay<az<oo,and 1y =[1 0 0]", 1,=(0 1 0]
and 13 =[0 0 1]7. A similar control law to that of (29) is pre-
sented in [11]. A nice feature of the controller in (29), and the
controller in [11], is that the aj, ay and a3 terms can be used in
addition to 1 and a as ‘tuning knobs’ to further tune the closed-
loop response about individual axes. However, (9) and (16) also
have some desirable features that (29) does not. It is shown in [10]
that |t.;| < @1 + a2, and hence actuator saturation is prevented if
oy + oy < T¢,;. Recall that (9) and (16) guarantee that k + u; < T ;
thereby preventing actuator saturation. Comparing o] + o2 < Tc;
associated with (29) and k + i; < T.; associated with (9) and (16),
the maximum torque in each axis is the same when (29) is used
for closed-loop control, while the maximum torque in each axis is
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Fig.3 Closed-loop system response subject to noisy measurements;
constant-gain derivative control and filtered PD (SPR) control

permitted to be different when (9) or (16) is employed for closed-
loop control. This design freedom in (9) and (16) permits the use
of different sized actuators, or if a particular actuator is exhibiting
faulty behaviour, the overall torque applied by that actuator can be
limited without affecting the remaining actuators. The control law
(29) does not permit such tailoring. Moreover, the angular velocity
gain in (9) and (16) is decoupled from the angular velocity satura-
tion limit, #;, unlike the control law (29) where the angular velocity
gain is effectively the angular velocity saturation limit. Again, (9)
and (16) afford more design freedom. In addition, like the control
laws (9) and (16) (see the discussion at the end of Section 4), (29)
is conservative in that the proportional control component and the
angular velocity control component have know knowledge of each
other; if the proportional control in one axis is not saturating then
the angular velocity control in the same axis does not have to be
limited in such a conservative fashion. Next, notice that the angular
velocity control in (29) is

_ [O)] () w3 T
Tdr = —®0 [1+|w1\ 1+[w;] 1+|w3|]

The effective angular velocity control is reduced for any value
of w;, i =1,2,3. As such, this angular velocity control will be
referred to reduced D control. In contrast, in (9) and (16), for
i =1,2,3 the 0;(-) and B;(-) functions are dormant unless an indi-
vidual u; exceeds u;. If a u;, which is a function of w; via (10),
is below u;, the applied angular velocity control is not modified.
The control given in (9), where the SPR controller in (10) is
synthesised using either method presented in Sections 6.1 or 6.2,
and even the constant gain PD controller given in (16), afford
a designer more design freedom and does not limit the effec-
tive angular velocity control as severely as the control law given
in (29). Consider now the closed-loop system response as con-
trolled by both the controller in (29) and the filtered PD controller
(i.e. control law (9) and (10) along with the synthesis method in
Section 6.2). Simulation results are shown in Fig. 4. The filtered
PD gains from the previous simulation are used. The gains in
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Fig.4 Closed-loop system response subject to noisy measurements, con-
trol from the existing literature and filtered PD (SPR) control

(29) are o1 = 0.0015 (N -m), ap =0.0084 (N -m -s), a; = 0.99,
a; =1 and a3 = 1.01. The values of «; and «; ensure torques in
each axis are strictly less than 0.01 (N - m). If @1 = 0.0075 (N - m)
and o2 = 0.0024 (N - m - s) are used the response degrades further.
The reason the closed-loop response as controlled by the filtered
PD law is superior to the closed-loop response controlled via (29) is
that the angular velocity control in (29) is reduce for any non-zero
value of w. The filtered PD law does not limit the angular velocity
unless saturation must actively be prevented. However, the most
important point is that (29) does not actively filter out noise in the
angular velocity measurement. On the other hand, the filtered PD
law employs a simple filter that allows high-frequency noise to be
filtered.

Last, the impact of changing k& while keeping the filtered
PD controller constant will be investigated. Specifically, the pro-
portional control gain k& will be varied between 0.0038 and
0.0098 (N - m) at increments of 0.002 (N -m). To prevent actu-
ator saturation u; is set equal to #; =k — 0.01 — 3, where § =
0.0001 (N - m) for each value of k. The spacecraft properties, initial
conditions, noise and so on, used in simulation remain unchanged
from the previous simulations presented. Each value of & satis-
fies (12). Closed-loop simulation results are presented in Fig. 5. The
closed-loop response when k£ = 0.0075 (N - m) is included in Fig. 6
also. For low values of & the system response is overdamped, and
for high values of & the system response is underdamped. Plotted
in Fig. 5 is ¢., |@| and ||t¢| against k. The attitude error, ¢,
against £ curve has a minimum at k£ = 0.0075 (N - m); for low
and high values of & the attitude error ¢, increases compared
to when £ = 0.0075 (N - m). The ||w| and |/T¢| against k curves
increase modestly as between £ = 0.0038 and 0.008 (N - m). Above
k =0.008 (N -m) the ¢, |@| and ||T.| against k curves increase
sharply indicating lager attitude and angular velocity errors as well
as in increased control effort. In order to reduce attitude error, angu-
lar velocity error, and the control effort, £ should be kept small.
Unfortunately, via (12), the set of allowable initial conditions is
reduced when k is reduced.
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8 Closing remarks

In this paper, set-point attitude control of a rigid body explicitly
disallowing actuator saturation is considered. The particular form of
the control method ensures that actuator saturation is prevented and
asymptotic stability of a desired closed-loop equilibrium point is
guaranteed. The control architecture is composed of a proportional
control term, and an angular velocity control term. The propor-
tional control term is a function of the attitude error as described
by the attitude error DCM, and is naturally bounded. The angu-
lar velocity control term is also restricted by a saturation function.
The angular velocity control is generated by an SPR system driven
by an input non-linearity. The form of the SPR system’s input
non-linearity is dictated by the saturation function. Two SPR syn-
thesis methods are considered. The first considered designing the
SPR system matrices using the LQR formulation and the KYP
lemma. The second considered the use of a simple low-pass filter
that is naturally SPR thereby realising a filtered PD controller. This
is significant because in practice a simple low-pass filter is often
used to reject high-frequency noise, while the proposed method
guarantees closed-loop stability and the prevention of actuator satu-
ration. Future work will focus on DCM-based attitude control laws
that disallow actuator rate saturation, as well as magnitude satu-
ration. In addition, an interesting avenue to explore is the use of
non-linear antiwindup techniques, such as [32], for control without
parameterising the DCM.
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