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Virtually every existing adaptive attitude control solution is based on the certainty-equivalence principle, which
permits the adaptive controller structure to be based upon the deterministic feedback control algorithm (controller
design based on nominal system information without any inertia-parameter uncertainty) and to be used in
conjunction with a suitable adaptive parameter-estimation algorithm. However, one of the main drawbacks of the
certainty-equivalence-based adaptive control methodology is the arbitrary degradation in closed-loop performance
due to the adaptation (parameter-estimation) process, which acts like a forcing disturbance (uncertain parameter
effect) imposed onto the deterministic closed-loop control dynamics. In this paper, we significantly deviate from the
classical certainty-equivalence-based adaptive control framework and develop, for the first time (to our best
knowledge), a noncertainty-equivalent adaptive attitude control algorithm. This novel control design process
eliminates the deleterious performance-degradation effects of the certainty-equivalence controller through the
introduction of a stable attracting manifold into the adaptation process, such that the resulting closed-loop adaptive
attitude control dynamics recover the deterministic (ideal) case of closed-loop attitude controller performance (i.e.,
no uncertain parameter effects). In addition to detailed derivations of the new controller design and a rigorous sketch
of all the associated stability and attitude error convergence proofs, we present numerical simulation results that not
only illustrate the various features of the new noncertainty-equivalent controller design methodology but also
highlight the ensuing closed-loop-performance benefits when compared with the conventional certainty-

equivalence-based adaptive control schemes.

1. Introduction

HE nonlinear control problem associated with spacecraft

attitude dynamics has been extensively studied and various
proportional—derivative types of stabilizing feedback solutions are
currently available in the literature [1-4]. In particular, the applica-
tion of model-reference adaptive control theory for stabilizing
spacecraft-attitude-tracking dynamics in the presence of arbitrarily
large inertia matrix uncertainties has been largely enabled by the
crucial fact that the governing dynamics permit affine representation
of inertia-related terms [5—7]. Nearly every one of these existing
adaptive attitude-tracking control solutions is based upon the
classical certainty-equivalence (CE) principle [8,9], which permits
the adaptive controller to retain a structure that is identical to that of
the deterministic-case controller wherein the inertia parameters are
fully available (no uncertainty), except for the introduction of an
additional carefully designed parameter-update (estimation) mecha-
nism that ensures stability with the adaptive controller and
boundedness of all resulting closed-loop signals.

In theoretical terms, the closed-loop error dynamics generated by
CE-based adaptive control solutions are exactly equivalent to the
deterministic-case control error dynamics whenever the estimated
parameters coincide with their corresponding unknown true values.
Of course, this happens only when the underlying reference trajec-
tory satisfies suitable persistence of excitation (PE) conditions [§].
As aresult, typically, the control performance of CE-based adaptive
attitude control methods for either setpoint regulation or trajectory-
tracking problems can, at best, match the performance of the
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deterministic-case controller, but only when the PE hypothesis
ensures sufficiently fast convergence of parameter estimates to their
true values. However, in practice, the closed-loop performance
obtained from CE-based adaptive controllers is often seen to be
arbitrarily poor when compared with the ideal deterministic control
case, due to nonsatisfaction of PE conditions and/or slow
convergence rates for the parameter estimates. All of these factors
ultimately result in imposing wasteful rotational motion, due to the
control action, and therefore significant increases within the torque
requirements and fuel costs.

This aforementioned performance degradation of CE-based
adaptive control in attitude-tracking/regulating problems is mainly
caused by the fact that search/estimation efforts of the parameter-
update law act like an additive disturbance imposed onto the
deterministic-case closed-loop dynamics. Another potential cause of
performance degradation is the fact that parameter-estimation
dynamics are driven by the state-regulation errors or tracking errors,
which results in the undesirable feature of parameter estimates being
unable to get locked onto their corresponding true values, even if (at
any given instant during the estimation process) the estimates are
equal to their true values. Moreover, parameter estimates from CE-
based adaptive control methods always deviate (drift) from their
corresponding true values, even if they are initiated to exactly
coincide with their true values whenever nonzero tracking/regulating
error exists. Therefore, one may think of improving the overall
closed-loop performance of adaptive control schemes by either
eliminating (in a stable fashion) the disturbance type of terms within
closed-loop error dynamics arising due to estimation of uncertain
parameters or by forcing the parameter estimates to stay locked at
their true parameters once they are attained during the estimation
process. A technical challenge in this matter is to design such a
parameter-update rule that would deal with both uncertain parameter
effects and estimation drift.

The main contribution of this paper is the introduction of a new
noncertainty-equivalence (non-CE) adaptive attitude-tracking
control method that has potential to deliver significantly superior
closed-loop performance when compared with the classical CE-
based adaptive control schemes. Our results are partly motivated by
the recently formulated immersion and invariance (I-I) adaptive
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control theory [10—12]. The I-1 design is essentially a non-CE-based
adaptive control methodology that overcomes many of the
performance limitations arising from CE-based designs. However,
applications of I-I adaptive control to general multi-input nonlinear
systems have thus far been somewhat limited because of certain
restrictive “realizability” and “manifold attractivity” conditions [10].
Specifically, in the adaptive spacecraft-attitude-tracking control
problem with three independent control torques, it is currently not
possible to design an I-I adaptive tracking controller while satisfying
the realizability and manifold attractivity conditions [10]. In this
paper, we extend the I-I framework by circumventing the restrictions
implicit within the I-I adaptive control design scheme. We are able to
do so while preserving all the key beneficial features of the I-I
adaptive control methodology by introducing a stable linear filter for
the regressor matrix so that the parameter-adaptation dynamics
reside within a stable and attracting manifold. In particular, our novel
controller design approach ensures that the additive disturbance type
of term arising within the closed-loop dynamics due to the parameter-
estimation error decays to zero, independent of the satisfaction of any
additional PE-type conditions. Moreover, the rate of this decay can
be prescribed by the designer to be arbitrarily fast. Yet another
interesting and important consequence of our new result that is never
possible with existing CE-based solutions is the fact that the
proposed adaptive parameter-estimation process automatically stops
if and when the parameter estimates happen to coincide with their
corresponding unknown true values. Our formulation is given in
terms of the globally valid (singularity-free) four-dimensional unit-
quaternion representation for attitude. Assuming the spacecraft
inertia matrix to be unknown, we make use of full state feedback (i.e.,
perfect measurement of the body angular rate and the attitude
measurement in terms of the quaternion parameterization to
guarantee globally stable closed-loop behavior with asymptotic
convergence of regulation/tracking errors for all possible initial
conditions). It is pertinent here to observe the fact that the set of
special group of rotation matrices that describe body orientation in
three dimensions SO(3) is not a contractible space, and hence
quaternion-based formulations do not permit globally continuous
stabilizing controllers [1,2]. In this sense, we adopt the standard
terminology/notion of (almost) global stability for this problem to
imply stability over an open and dense setin SO(3), as is usually seen
in literature dealing with this problem [13]. It should also be
emphasized that the basic approach outlined in this paper can be
readily extended to other attitude representations, including minimal
three-parameter sets [14—16].

The paper is organized as follows. In Sec. 11, the attitude-tracking
control problem is formulated, starting from a basic description of
quaternion kinematics and the Euler rotational-dynamics equations.
In Sec. III, the main theoretical results of this paper are presented,
along with detailed stability proofs. In Sec. IV, we show numerical
simulation results for spacecraft-attitude-tracking control problems,
comparing our new non-CE method with a conventional CE-based
method to highlight the performance improvement due to the
presence of an attracting manifold within the proposed parameter-
adaptation mechanism. We conclude the paper with Sec. V by
drawing appropriate concluding remarks.

II. Problem Formulation

Euler’s rotational equations of motion state the rigid-body attitude
dynamics in terms of its angular velocity w () € R? prescribed in a
body-fixed frame, the mass moment of inertia defined through the
3 x 3 symmetric positive-definite matrix J (assumed to be an
unknown constant in this paper), and an external control torque
u(r) € R3, as follows:

J6 (1) = —S(@ (1) Jw (1) + u(?) 1)

where the skew-symmetric matrix operator S(-) represents the vector
cross-product operation between any two vectors, as defined by
S(x)y=xxy for any x,y € R3. The corresponding kinematic
differential equations governing the attitude motion are given by

00 =E@eW;  E@=[~aale+5@)] @
where q(7) is the four-dimensional unit-norm constrained quaternion
vector representing the attitude of the body-fixed frame Fj; with
respect to the inertial frame F;, and /5,5 is the 3 x 3 identity matrix.
In the following development, for the sake of notational simplicity,
the time argument 7 is left out, except when it is noted for emphasis.
We denote g, and g, as scalar and vector parts of the unit quaternion,
respectively (i.e., ¢ =[q,.¢,]", along with the unit-quaternion
constraint g’q = 1). The direction cosine matrix can be obtained
from the quaternion vector through the following identity [3]:

C(q) = 13><3 - ZqoS(qv) + 2S2(qv) (3)

Because it is natural for the commanded angular velocity to be
specified in its own reference frame JF ., we assume the commanded
bounded angular velocity @ ¢ to be stated in the reference frame F
and we denote g to orient the commanded reference frame F . with
respect to the inertial frame 7. Then the attitude and angular-
velocity tracking errors are obtained as follows:

C(8q) = C(9)C" (qc):

where the attitude error quaternion 8¢ = [8g,, 8¢,]” follows our
notational convention. We note here that 3 — F means C(§q) —
L5 (.., 8¢ — [£1,0,0,0]7). The overall attitude-tracking error
dynamics are obtained by differentiating Eq. (4) with respect to time,
as follows [1,3,6,7]:

dw =0 — C(5q)w, “4)

8 = 1EGg)s0 )

Jéo = —S(w)Jw +u + J[SGw)C(q)w- — C(éq)oc]  (6)

wherein the inertia matrix J is unknown and the adaptive control
objective is to determine control torque u(¢) while employing full-
state feedback [ (¢), g(?)], to achieve boundedness of all closed-loop
signals and convergence of tracking errors

lim[3g, (1), é& ()] = O

for all possible reference trajectories [w(f),q(¢)] and initial
conditions [@(0), g(0)].

III. Non-CE High-Performance Adaptive
Attitude-Tracking Control

In this section, we present a novel non-CE adaptive control
method for the attitude-tracking problem represented by Egs. (5) and
(6), and we specifically focus on obtaining closed-loop-performance
improvement. The following theorem represents the main results of
our paper.

Theorem 1. Consider the attitude-tracking error system
equations (5) and (6) with the inertia matrix J being unknown, and
suppose that the adaptive control input # is determined through

u=—W@+p) —yW,Wik, (@, —8q,) — 0]  (7)
0 = yWH(e + ko, +k,8¢,] — YW o, ®)

B=yWio, ©)

wherein k,, k,, ¥ > 0 are any scalar constants, « = k,, + k,, and the
regressor matrix W is constructed in the following fashion:

Wo* = —S(w)Jo + J[S(6w)C(q)w: — C(6q)® ]
+ J(k, 8w + k,8¢, + ak,8q,) (10)

where 0* = [J1,J12, J13. J22, Ja3. J3]" represents the elements of
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the unknown symmetric inertia matrix J = [J;;]. Further, the signals
W, and @ ; required when computing the control input # in Eq. (7) are
obtained from stable first-order linear filter dynamics:

®;=—aw; + dw (11)

Wy=—aW,+ W (12)

with arbitrary initial conditions W,(0) € R™¢ and w,(0) € R®.
Then, for all possible initial conditions [@(0), g(0)] and reference
trajectories [@ (), g (1)], the closed-loop is globally asymptotically
stable, leading to the convergence condition

lim[3q, (), éa (0] = 0

Proof. First, we rearrange Eq. (6) into parameter-affine form,
consistent with the definition of the regressor matrix W in Eq. (10).
Starting with the addition and subtraction of terms

J(k,bw + k,8q, + ak,dq,)

to the right-hand side of Eq. (6) and following up through the
regressor definition in Eq. (10) and some minor algebraic
manipulations, it is easy to obtain

b0 = —k, 8w — k,(8q, + adq,) +J'(W* +u)  (13)

where k, and k, are any scalar positive gains, and « = k, + k,,, as
defined earlier in this section. Obviously, the angular-rate-tracking
error dynamics in Eq. (6) are algebraically equivalent to Eq. (13);
accordingly, we shall henceforth refer the overall attitude-tracking
error dynamics to be represented by Eqs. (5) and (13).

Next, we consider (only for purposes of the ensuing stability
analysis) a linear filter involving the control signal defined by

Up=—ouy+u (14)

so that we are able to work toward introducing a stable and attracting
manifold into the adaptation algorithm. Now we transform the
attitude-tracking error dynamics into the filtered attitude-tracking
error dynamics using Eqs. (11-14). Differentiating both sides of the
filter dynamics in Eq. (11) followed by substitution of the angular-
velocity error-dynamics equation (13) and the use of Egs. (11) and
(12), we have

djf = _ad)f - kvsw - kp(gqu + aéqv) +J! (Wa* + ll)
= _a(;)f - kv(d)f + awf) - kp (511,, + Olsqv)
+ I (W) + aW,)8* + iy + o)) (15)

Rearrangement of terms in Eq. (15) leads us to the following perfect
differential:

%[d)f + ko + k,dq, — J! (W0 +u,)]
= —of@; + k@ +kybq, — I (W07 +up)] (16)
for which the solution may be immediately established by
©;=—ko;—kdg, + I (Wib" +us) +ee= (1)

where the exponentially decaying term n(f) = ee~® on the right-
hand side of the preceding equation is characterized by

n=—ay

18)
1(0) = & = [ ,(0) + k,8¢,(0) — T~ (W;(0)0* 4 u,(0))]

We now suppose the filtered control signal u ; be specified as follows:

u,=—Wy(0+B) (19)

in such a way that the composite term 6 + f indicates an
instantaneous estimate for the unknown parameter vector 6*, which
therefore amounts to a significant departure from the classical
certainty-equivalence adaptive control methodology. Accordingly,
Eq. (17) becomes

@ =—kw;—k,dq, —J'W;z +ce ™ (20)

wherein the quantity z = 0+ B — 0* is introduced to indicate the
parameter-estimation error. The dynamics of the parameter-
estimation error can be derived by making use of Egs. (8), (9), and
(20) to yield the following:

i=0+p=—yWII'Wz +yWiy @1
Now consider the lower-bounded Lyapunov-like function given by
I

¢ Z'z+%qTy (22)

1
V=swie,+ g, —1)* + 84789, + s 5

2

where A, is the minimum eigenvalue of the unknown symmetric
positive-definite inertia matrix J, max[1/kv, 1/kp]-9/(4y), and
max[1/kv, 1/kp]-9/(4c). By taking the time derivative of V along
trajectories generated from Egs. (3), (8), (9), (18), and (20), we have
the following:

V=wlo,— (5, — 1)qléw + o

+ 8qll8q,50 + SGa)de] + 5 2Ti + i
= (ko —k,8q, —J "W,z + 1)
+ 8qT 6w + Kgmzr(é + B) — pan™y
=k o/’ —k,0[sq, —0fJ"'Wiz + iy
+ gy (@05 + awy) — )Zn T WIT Wez — o™y

=—kJo* - k,0idq, —0fJ "W,z + 0y
+8q1 (—k,w s — k,8q, — J "Wz + 1 + aw;)

9% _
—szW/T»J leZ _ /MXUTU
=—k o[> = k,8g,|* — @7 'W;z + &7y
gy

—8qLJ' Wiz + 8qln — Z"WIT Wz — pan™n

)"min

ty
3

k

. k 3 o
< —Fllos P = 2180, =2 10 Wzl = EX )2

. (||(,,f||2 4 kivwfrlwfz + il ||rlwfz||2)
b (nwfnz Lo+ ||17||2)
- %" (||8q,, > + %Sq{J*‘sz + % IIJ’IWfZIIZ)
—’;—”(ns%nz —,f’—pé‘qzn +%nnn2)

k

v k gy
=-3 o> — g" 6g, 11> —

3
which is negative-semidefinite, indicating boundedness for all
closed-loop signals. Further, because V is lower-bounded and
monotonic by the negative-semidefiniteness of V, we know that

AOOV(t)dt

exists and is finite, which in turn implies , 8q,, J”sz, and
n € £, N L. This also implies boundedness of @, 8¢,, W, and 2

_ pa
77" Wpz||* - 3 Inl* (23)
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from Egs. (3), (8), (9), (12), and (20). By using Barbalat’s lemma, we
can now guarantee that

lim[o (1), 64, (1), - W, (02()] = 0

Based on the last result, we may also show that lim,_, ., /() =0
from Eq. (20). Finally, from Eq. (11), it follows that
lim,_, éw (1) = 0.

One last step remains now, which is to recover the actual control
input u from the filtered control signal u, defined through Egs. (14)
and (19). This can be accomplished through

u =i +ou; =W 0+ p)+om, 24)

By substituting Eqgs. (8), (9), and (12) into the preceding expression,
the adaptive control torque u can be recovered to be the expression
given in Eq. (7), thereby completing the Proof of Theorem 1.  [J
The following observations are now in order:
1) From the positive-definiteness of matrix J and the fact that we
are able to prove convergence condition

tliToJ*IW/-(z)z(t) =0

it follows that the proposed adaptive controller provides for the
establishment of an attracting manifold S defined by

S={z¢€ ]R6|sz =0} (25)

in such a way that all closed-loop trajectories ultimately end up inside
S. Moreover, convergence to this attracting manifold can be made
arbitrarily fast by tuning the learning-rate parameter y present within
the control law in Eq. (7). This is a most significant feature of the non-
CE adaptive controller derived in this paper, given the fact that the
term J ! W,(1)z(t) essentially arises in Eq. (20) due to the mismatch
between the current estimate of the parameter @ + f and its
corresponding true value @* and therefore plays the role of being an
additive disturbance imposed onto the ideal-case (no parameter
uncertainty) closed-loop system having dynamics given by

® ;= —k,w;—k,dq, +ee (26)

A primary implication of this assertion is that the closed-loop
performance obtained in the ideal case is recovered through the
presence of the attracting manifold in the adaptive case: a feature that
is seldom available with existing CE-based adaptive control
schemes. This statement can be further elaborated based on the fact
that conventional CE-based adaptive controllers rely upon the
cancellation of the uncertain parameter effects (within the time
derivatives of suitable Lyapunov-like candidate functions to render
them negative-semidefinite); accordingly, the recovery of the ideal-
case (no uncertainty and deterministic control) closed-loop
performance happens only after either the parameter estimates
converge to their corresponding true values and/or the tracking/
regulating errors converge to zero. The role played by the learning-
rate parameter y will be further illuminated in the Numerical
Simulations section.

2) The key steps that permit extension of the non-CE-based I-I
adaptive control framework [10,11] to the adaptive attitude-tracking
control problem for spacecraft are represented through our
introduction of the regressor filter in Eq. (12) and the algebraic
developments leading to the establishment of Eq. (13), which were
made possible by judiciously adding and subtracting the term

J(k, b0 + k,8q, + ak,dq,)

in the right-hand side of Eq. (6). Also important to note is the fact that
only the angular-rate error signal éw needs to be filtered through
Eq. (11) to obtain the signal @, that is required for the controller
implementation, whereas no filtering is needed on the attitude error
signal represented by the unit-norm constrained error quaternion éq.
Moreover, in the nonadaptive ideal case, if the parameter 6* is

exactly known (no uncertainty), then the filtered control signal
specified in Eq. (19) can be replaced by simply using u, = —W 0%,
ultimately leading to

thereby obviating any need for the regressor filter of Eq. (12) during
controller implementation.

3) It is always possible to introduce the filter states such that
n(t) =0 for all > 0 by letting (0) = 0 based on the suitable
selection of initial filter states such as

and W,(0) = 0 in Eq. (20). This will further improve the transient
performance of the closed-loop adaptive attitude control system,
because 7(¢) =0 eliminates the time and control effort needed
toward enabling the filter-state convergence. Of course, as seen from
the preceding Proof, even in the case that (0) # 0, closed-loop
stability and overall convergence of the trajectories to the attracting
manifold S remains true, and the signal 5(7) still converges to zero
exponentially fast. However, having 7(0) = 0 permits us to rewrite
the dynamics governing the parameter-estimation error signal z
given in Eq. (21) as follows:

Z=—yWII Wz 27)

which is linear with respect to the parameter-estimation error z.
Thus, if the parameter-estimation error z is equal to zero at any
instant of time ¢, then adaptation stops henceforth and parameter
estimates thereby stay locked at their true values [i.e., if z(#*) = 0 for
some t* > 0, then z(¢) = 0 for all # > r*]. We emphasize here that
this nice feature is available only if the filter initial conditions are
chosen such that #(0) = 0, and such a possibility is never available
with existing CE-based formulations.

4) Finally, one needs to be extra careful when interpreting the
properties of the attracting-manifold definition S defined in Eq. (25)
to the extent that lim,,,z(f)=0 obviously implies
lim,_, . W,(1)z(¢) = 0, but the converse is not necessarily true.
Therefore, just as with CE-based controllers, even under the
proposed non-CE adaptive control scheme, there is no recourse from
ensuring satisfaction of suitable PE conditions on the reference
trajectory if one is interested in ensuring convergence of all the
parameter estimates to their respective unknown true values.

IV. Numerical Simulations

To demonstrate the various features of the proposed adaptive
attitude control method, we perform numerical simulations and
compare the closed-loop trajectory-tracking simulation results with
the quaternion CE-based adaptive control results from [7]. Two sets
of simulations are performed. In the first case, the reference trajectory
does not satisfy the underlying persistence of excitation conditions to
ensure convergence of parameter estimates to their corresponding
true unknown values. The second set of simulations consider a
persistently exciting reference trajectory.

The numerical model for the attitude-tracking control system has
the following system parameters. The unknown inertia matrix is
described by

0+ =1[20,1.2,0.9,17,1.4,15]

The corresponding CE-based adaptive control law taken from [7] is
listed next:

U= 2(P’1)T|:—Y63Ce —Kr LDS]’ .=TY"r
9y

C1—5q7
(28)
where

r = 8q17 + ace(gq-v
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P = 8q,13.5 + S(3q,) q(0) =[v1 -3 x 0.1826%,0.1826, 0.1826, 0.1826]"
corresponds to the vector part operator of E(q) inEq. (2); Y € R*>®is
a regressor matrix corresponding to W in Eq. (10); &, and K € R¥3
are constant, positive-definite, diagonal gain matrices; and I' € R%*¢
is any learning-rate matrix that is also constant, positive-definite, and
diagonal. In the following simulations, the initial value of the
parameter estimate for both # and u_, is chosen to be

and the reference quaternion is g-(0) =[1,0,0,0]”. The body is
initially at rest and the corresponding reference angular-velocity
profile is given at each simulation.

é(o) + B(0) = éce(o) =[21,2.2,1.9,18,24, 16]T A. Non-PE Reference Trajectory
For the first set of simulations, we consider a non-PE reference
the initial body quaternion is trajectory described by
e = Proposed ) = Proposed
0.001
1. x10°8
1. x10°°
10 20 30 40 50 [ 60 0 10 20 30 40 |50 Y 60
1. x10°12

a) Quaternion tracking error 6q, b) Angular velocity error éw

Fig. 1 Ideal-case closed-loop performance obtained with the CE-based and the proposed non-CE controller, assuming the inertia matrix J to be known.

= Proposed == Proposed

L S CE. L S CE
TN R ITUIN IS TN AN TN TN 2N S o o /\\I/-\ AV VAV AVAYAVAVAY
0.001 LYYV Y Y YYYY 0.001 R ERREAREEE
\ vt !
| i '
I
% |0 10 20 30 40 50 60 1.x107® T
1.x10 0 10 20 o 40 50 60
1.x10°° | 1.x10°°
1. % 1 0—12
a) Quaternion error dq, b) Angular velocity error &,
35 F TTTee—el A
~~~~~~~~~~~~~ = Proposed P = Proposed
30 [ T 2.5 !
1
25 | ol i
20 |
1.5
15 ¢
1 [
10 ¢
5¢f 0.5
0.00001 0.001 0 10 20 30 40 50 60
c¢) Initial transient of control norm highlighting the difference between d) Parameter estimation error norm

CE-based and the proposed adaptive control methods

Fig. 2 Adaptive attitude-tracking closed-loop-performance comparison between the classical CE-based controller and the proposed non-CE controller
for a non-PE reference trajectory.
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wc() =[0.3(1 — e 01%) cos 1

+ 1e=0017 (0.087 4 0.006 sin £)] - [1, 1, 1] (29)

To permit a fair and meaningful comparison between the CE-
based controller and proposed non-CE adaptive controller, we tuned
the various controller parameters to obtain similar error convergence
rates, as shown in Fig. 1, assuming that the inertia matrix J is known
(ideal-case performance).

The corresponding control gains are determined as follows:
o, = diag{10, 10, 10}, K = diag{7.5,7.5,7.5}, every element of "
is set as zero for the CE-based method; and k, = 0.5, k, = 0.5, and
y = 0 for the proposed method. The wriggle seen in Fig. 1 for the
proposed method is from the fact that the deterministic/ideal-case
error dynamics (described by Eq. (20) with W,z = 0) correspond to a
second-order system, whereas the ideal-case closed-loop dynamics
under the CE-based method result in a stable first-order system in
terms of the composite error signal r (for further details, refer to [7]).

Next, we assume the inertia matrix J to be unknown and simulate
both the CE and non-CE adaptive controllers, which means that

I = diag{0.1,0.1,0.1,0.1,0.1,0.1}

and y = 100. The resulting closed-loop simulations are documented
in Fig. 2. Initial filter-state values for the proposed method are chosen
as follows: W,(0) = 0 and

@ £(0) = (8w (0) + k,8¢,(0))/k,

thereby satisfying 5(#) = O for all # > 0. The learning rate I" of the
CE-based adaptive control method in Eq. (1) and its counterpart y for
the proposed adaptive controller are systematically tuned to achieve
performance that is as close as possible to the ideal-case performance
obtained for both methods in Fig. 1. The attitude and angular-rate

1000 ¢

N I
’ VT TN SN -
S LAY N N
] (VRN 17N P NVANPAS
L R U A Y VY

0.001 |
1.x10°6

1.x107°9 |}

0 10 20 30 40 50 60

a) Quaternion error g,

16

14 |
73 S | R v=10

10 ¢t

0 10 20 30 40 50

¢) Control norm

errors converge to zero with both adaptive controllers. As seen in
Figs. 2a and 2b, the closed-loop performance from the proposed
method with inertia uncertainty remains more or less the same when
compared with the corresponding ideal-case performance in Fig. 1.
This is clearly not the case with the CE-based controller, because the
attitude and angular-rate errors exhibit a very slow convergence trend
in Fig. 2. To see the asymptotic convergence of tracking errors with
the CE-based results, a long simulation time is required. We note that
one may find a different combination of CE-based control parameters
that could deliver better performance, but the parameter set used for
the CE-based controller used in our simulations is determined after
exhaustive search to ensure best-possible performance. The norms of
the control torques commanded by the CE-based controller and the
non-CE controller are both plotted in Fig. 2¢, in which it can be
clearly seen that the torque demands due to the CE-based adaptive
controller are severe during the initial transient. Given that we are
simulating a trajectory-tracking problem, the steady-state torques
obviously remain time-varying to ensure tracking along the
prescribed reference trajectory. The parameter-estimation error
norms are compared in Fig. 2d. We recognize that parameter-
estimation error fails to converge to zero for both methods, due to the
non-PE nature of the underlying reference trajectory.

The role played by the parameter y in the proposed adaptive
controller is studied next. It is clear from Eq. (21) that whenever
7(0) = 0, the attractiveness of manifold S can be accelerated by
increasing the value of y parameter. This implies that the ideal-case
(no uncertainty) closed-loop performance can be closely recovered
with increasing y values. We consider two different y values (y = 10
and 100) and report the simulation results in Fig. 3. For the larger-y
case, the attitude-tracking performance is improved, as seen from the
faster attitude and angular-rate error convergence in Figs. 3a and 3b.
Parameter-estimation error with large y also converges faster than
the case with small y in Fig. 3d, because the manifold attractivity of
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Fig. 3 Performance study of the proposed non-CE adaptive attitude-tracking controller for two different y values.
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Fig. 4 Ideal-case closed-loop performance for the PE reference trajectory obtained with the CE-based and the proposed non-CE controller, assuming

the inertia matrix J to be known.

Eq. (27) is increased. In Fig. 3c, we recognize that the peak control
norm is mostly unchanged, in spite of the increased y value, because
the reduction in the parameter-estimation error due to the larger y
value contributes to a decrease in the control norm during the
transient part of the simulation.

B. PE Reference Trajectory

We now consider the case wherein the reference trajectory is
persistently exciting so that parameter estimates from the CE-based
controller and the proposed non-CE controller may converge to their
corresponding true values. The reference angular velocity for this
simulation is taken to be
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Before comparing the closed-loop performance of each method, we
first tune the deterministic (ideal-case nonadaptive) control
performance, as done in Fig. 4, which leads to o, = 8 (the rest of
the control gains are the same as before). The inertia matrix is once
again assumed unknown, and the adaptive control simulations for the
PE reference trajectory case are shown in Fig. 5. First, we note that
the attitude and angular-rate error convergence remains slow with the
CE-based method. Because the reference trajectory is persistently
exciting, the parameter estimates converge to their true values and
this convergence rate is significantly faster for the proposed method
than with the CE-based approach, as seen in Fig. 5d.
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Fig. 5 Adaptive attitude-tracking closed-loop-performance comparison between the classical CE-based controller and the proposed non-CE controller

for a PE reference trajectory.
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V. Conclusions

A new noncertainty-equivalence adaptive control formulation for
the attitude-tracking problem was formulated. The controller
employs an attracting manifold that enables asymptotic recovery of
closed-loop performance obtained under the ideal case (no uncer-
tainty). The noncertainty-equivalence adaptive controller design is
largely due to the innovative construction of the regressor filter.
Global stability and asymptotic convergence of attitude and angular-
velocity tracking errors are guaranteed for arbitrarily large uncertain-
ties in the inertia matrix. In addition, we place no further restrictions
on persistence of excitation due to the reference trajectory.
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