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Abstract

This paper proposes an adaptive control allocation approach for uncertain over-actuated systems with actuator saturation.
The proposed method does not require uncertainty estimation or a persistent excitation assumption. Using the element-wise
non-symmetric projection algorithm, the adaptive parameters are restricted to satisfy certain optimality conditions leading
to overall closed loop system stability. Furthermore, a sliding mode controller with a time-varying sliding surface, working in
tandem with the adaptive control allocation, is proposed to guarantee the outer loop stability and reference tracking in the
presence of control allocation errors and disturbances. Simulation results are provided, where the Aerodata Model in Research
Environment is used as an over-actuated system with actuator saturation, to demonstrate the effectiveness of the proposed

method.
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Nomenclature

0, Adaptive parameter matrix.

O, The jth column of 6,,.

0y, ;  Theelement at the ith row and jth column of 6,,.

0 . The minimum value of 6, ;, assigned by the pro-
jection algorithm.

. The maximum value of 6
projection algorithm.

0 Ideal parameter matrix.

The element at the ith row and jth column of 8.

- The minimum value of 07, .

, The maximum value of G:J

07 0 when A = I.

7.,  Theelement at the ith row and jth column of 7.

assigned by the

Vi, 5

0, The deviation of the adaptive parameter matrix
from the ideal parameter matrix.

évw The element at the ith row and jth column of év.

Ohae  The upper bound of the norm of 6, when 9:1,’1], S
[Omin, ; Omaz ;]

Orax The upper bound of the norm of 6, when Q:M ¢

[amini,j emazi,j]'
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Ci g The projection tolerance of the element at the
ith row and jth column of 6,,.
M; The bound on the ¢th virtual control signal v;.

0 The vector of upper bound of the the ele-
ments of the disturbance vector d, denoted as
P = [plv "'7pT]T-

Di The upper bound of the norm of the ith row of

the multiplicative uncertainty (AB).

1 Introduction

Control allocation is the process of distributing control
signals among redundant actuators. Thanks to the ben-
efits of actuator redundancy in systems, such as im-
proved maneuverability, flexibility and fault tolerabil-
ity, in addition to the decrease in actuator costs due to
advances in microprocessors and actuator miniaturiza-
tion, the number of applications of control allocation has
been growing in recent years in such domains as aircraft,
spacecraft, unmanned air vehicles [1,4, 16, 30,34-36, 47,
49, 50], ships, underwater vehicles [10,11,23,27,32, 37],
automobiles [15,43], robots [41], and power systems [6,
33].

Control allocation methods can generally be categorized
into the following three sets: Pseudo-inverse-based meth-
ods, optimization based methods and dynamic control



allocation. Given a mapping between a virtual control in-
put v and the actuator input vector u defined as Bu = v,
in pseudo inverse based control allocation [2,17,18, 44],
the control input is distributed to the individual actu-
ators by the pseudo inverse of this mapping © = Btw.
It is known that this distribution minimizes the 2-norm
of the actuator input vector. This approach can be ex-
tended to account for actuator saturation [17,18,28,44].
Daisy chaining [7] and redistributed pseudo inverse [5,
39,48] are the other modified versions of pseudo inverse
method that consider actuator constraints. In optimiza-
tion based control allocation [8,24,25,31, 51, 52], con-
trol input is distributed by minimizing the cost function
| Bu—v|+Jy, where Jy refers to secondary objectives such
as minimizing actuator deflections. In dynamic control
allocation [20, 21,42, 45,46, 53], the control signals are
distributed among actuators using a set of rules dictated
by differential equations. A survey on control allocation
methods can be found in [26].

Control allocation is an appealing approach for the de-
sign of active fault-tolerant control systems [16, 19, 38,
54]. Optimization based control allocation is used in [43]
to improve the performance of steering in faulty automo-
tive vehicles. In another study [32], thruster forces of an
autonomous underwater vehicle are allocated among re-
dundant thrusters using control allocation so that faults
are accommodated. In [34], experimental results are re-
ported demonstrating the redistribution of the control
effort, after a fault, among the redundant actuators of
a quadrotor helicopter. In several applications, fault de-
tection and isolation methods are employed in parallel
with control allocation [16]. In others, faults are assumed
to be estimated a priori. In [2], a sliding mode controller
is coupled with a pseudo inverse based control alloca-
tion to obtain a fault tolerant controller wherein faults
are assumed to be estimated. Similarly in [38], it is as-
sumed that there exists a fault detection and isolation
scheme which is able to estimate and identify stuck-in-
place, hard-over, loss of effectiveness and floating actua-
tor faults. In [13], an unknown input observer is applied
to identify actuator and effector faults. A fault detec-
tion and isolation method, for nonlinear systems with
redundant actuators, by using a family of unknown in-
put observers is proposed in [14]. In [44] and [8], faults
are estimated adaptively using a recursive least square
method, and an online dither generation method is pro-
posed to guarantee the persistence of excitation.

This paper proposes an adaptive control allocation
method for uncertain systems with redundant actua-
tors in presence of actuator saturation. The method
builds upon successful approaches mentioned above by
eliminating the need for uncertainty estimation, and
therefore it does not require persistence of excitation.
Furthermore, in the proposed approach, a closed loop
reference model [22] is employed for fast convergence
without inducing undesired oscillations. The stability of
the overall closed loop system, including the controller,

control allocator and the plant is rigorously studied.
Preliminary results of this study were previously pre-
sented in [45] and [46]. A modified version of the adap-
tive control allocation method based on reducing the
difference between the derivative of virtual and actual
control signals was introduced in [47]. It was demon-
strated in [47] that the proposed approach can mitigate
pilot induced oscillations. In this paper, we provide the
complete picture with an overall closed loop stability
proof in the presence of actuator saturation, which was
missing in these earlier studies.

Other adaptive approaches to control allocation have
been described in [42] and [20]. Different from these
approaches, we explicitly consider the actuator satura-
tion, where we guarantee that the control signals remain
within their limits all the time, which allows a system-
atic design of the outer loop controller without assuming
its existence a priori.

Apart from the contributions to the control allocation
literature mentioned above, we also showed that it is
possible to employ the projection algorithm [29] in a
stable manner even if the ideal adaptive parameters are
not inside the projection boundaries. To the best of our
knowledge, this result was not reported earlier in the
literature.

This paper is organized as follows. Section II introduces
notations and preliminary results. Section III presents
the uncertain over-actuated plant dynamics and the pro-
posed model reference adaptive control allocation ap-
proach with a closed loop reference model. A discussion
of actuator saturation and its effects on virtual control
limits together with the projection algorithm are given
in Section IV. The controller design, producing the vir-
tual control input, is presented in section V. The AD-
MIRE model is used in Section VI to demonstrate the
effectiveness of the proposed approach in the simulation
environment. Finally, a summary is given in Section VII.

2 Background

In this section, we collect several definitions and ba-
sic results which are exploited in the following sections.
Throughout this paper, ||.|| refers to the Euclidean norm
for vectors and induced 2-norm for matrices, and ||.||F
refers to the Frobenius norm.

The projection operator, denoted as Proj, for two vectors
0 and y is defined as [29]

Proj(0,y)
y— THOELH y1(0) if £(0) >0
& yTVf(e) >0 (1)

Y otherwise,



where f(.) is a convex and smooth (C!) function, and
V(.) : R — R is the gradient operator. If 4, € R"*™
and Y € R™™ are matrices, the projection operator is
defined as

Proj(@v,Y) = (Proj(Gv,l,Yl)7...7Plr0j(9y,m,Ym))7 (2)

where 0, ; and Y; are the jth columns of 6, and Y,

respectively, and Proj(6,, ;,Y;) is defined using (1). A

particular choice of (1) is given by

PI'Oj (01,7]‘, Y]) = (PI‘Oj(GvLJ s YL]'), ceey PI'Oj (aq,m’j y Ym,,j)),
(3)

where 0,, ; and Y; ; are the ith components of 0, g and

Y; respectlvely, and Proj(6,, ;,Yi;) : R xR — R is an

element wise projection” defined as

Proj(@vi jaYvij)
Yij = Yiif(Ou, ;) if f(Ov,;) >
df(9 )
= &Y () >0 @

Y; ;i otherwise,
where f(.) : R — R is a convex function defined as

0” i mln i v;
F(0, ) = o o Cj)( g

(Gmaxmv - mm, i

- Gman i + Ci,j)

= Gij)Giy ’

(5)
where (; ; is the projection tolerance of the 4, jth element
of 0, that should be chosen as 0 < ¢; ; < 0.5(0maz; ; —
Omin, ;) AlSO, Omaz, ; and Oy, ; are the upper and lower
bound of the 7, jth element of 6,,. These bounds also form
the projection boundary (see figure 1). In comparison to
the projection algorithm in [29], the projection algorithm
(4) is element-wise and the proposed convex function in
(5) considers the cases where Opnin, ; # —Omaz, ;- In the
convex function (5), f(6y, ;) =0 when Ov, ; = Gmazl S
Gij or Oy, ; = Omin, +C”, "and f(0y, ;) = 1 when 6

Vi,j Vij T
omami‘j or evwv = Umin, ;-
Lemma 1. If 6, ., = Proj(0,, ,,Y; ;) with initial condi-
tions 6,, ;(0) € Q” = {0, , € R[f(0,,,) < 1} where

f(0y, ;) : R = Ris a convex function, then 0.,
for ¥ > 0.

o€y

Proof. The proof of Lemma 1. can be found in [22]. O

Lemma 2. For 9;]_ € [Omin,; + Cij> Omaz,,; — Gijl,
le e R™™ Y € R™™ and the projection algorithm
in (4) and (5), the following inequality holds:

tr<(9UT —0:7)( =Y + Proj(0,, Y))) <0, (6)

where tr(.) refers to the trace of a matrix.
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Fig. 1. Convex function f(6y, ;).

Proof. Let I; j = 1if f(6,,,) > 0and Y; ; (df(;l(:”i,j)) >
Vij
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3 Model Reference Adaptive Control Alloca-
tion

The closed loop system studied in this paper is presented
in Figure 2. Consider the following plant dynamics,

& = Az + By, (Au+d,,), (7)

where 2 € R” is the state vector, u = [uy, ..., uy,]T € R™
is the actuator input vector, where u; € [—tmax;  Umax; s
A € R™" is the known state matrix, B, € R"*™ is
the known input matrix and d, € R™ is a bounded
disturbance input. The matrix A € R™*™ is assumed
to be diagonal, with non-negative elements represent-
ing actuator effectiveness uncertainty. It is assumed that
the pair (4, ByA) is controllable. Due to actuator re-
dundancy, the input matrix is rank deficient, that is
Rank(B,,) = r < m. Consequently, B, can be written
as B, = B,B, where B, € R"*" is a full column rank
matrix, i.e. Rank(B,) = r, and B € R™*™. The decom-
position of B, helps exploit the actuator redundancy
using control allocation. Employing this decomposition,
(7) can be rewritten as

i = Az + B,(BAu + d), (8)
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Fig. 2. Block diagram of the closed loop system with the
proposed adaptive control allocation method.

where d(t) = Bd,(t) is assumed to have an upper bound
[|d(t)|| < L, for all t > 0. The control allocation task is
to achieve ~

BAu+d=w, (9)

where v € R™ is the virtual control signal and also the
output of the nominal controller which will be defined
in Section V (See Figure 2). Considering the following
dynamics, ~

y=Any+ BAu-+d—w, (10)

where A,, € R™*" is a stable (Hurwitz) matrix, a refer-
ence model is constructed as

Um = AmYm- (11)
Defining the actuator input as a mapping from v to wu,
u =0 v, (12)
where 0, € R"™™ represents the adaptive parameter
matrix to be determined, and substituting (12) into (10),
we obtain
U= Apy+ (BAOL — 1)v +d, (13)
where I, is an identity matrix of dimension r X r.

It is assumed that there exists an ideal matrix 8} such
that
BAG:T = 1,. (14)

Defining e = y — y,, and subtracting (11) from (13), it
follows that

¢ = Ame+ BAO v +d, (15)
where 0, = 0, — 07

Theorem 1. If the adaptive parameter matrix (10) is
updated using the following adaptive law,

0, = [gProj(6,, —ve” PB), (16)

where the projection operator “Proj” is defined in (4),
with convex and smooth (C') function f(6,, ) in (5),
and where I'y = ~vgl,, 79 > 0, then given any initial

condition e(0) € R”, 0, ,(0) € [Omin, ;> Omac, ], and
0., € [Omin, ; +Cijs Omaz, ; —Ciz], €(t) and 6, (t) remain
uniformly bounded for all £ > 0 and their trajectories
converge exponentially to the set

62 2mAL? 4sm?
E — 97] . 2< S max
P= {0 llell? s (4 =525
160]] < Omast,

where constants s, o, m and ém,n will be defined in the
proof of the theorem.

Proof. Consider a Lyapunov function candidate,
V =eTPe+tr(0IT,10,A), (18)

where I'g = FQT = Y9I, 7o > 0, tr refers to the trace op-
eration and P is the positive definite symmetric matrix
solution of the Lyapunov equation,

AT P4+ PA,, = -Q, (19)

and where @) is a symmetric positive definite matrix.
The derivative of the Lyapunov function candidate (18)
along the trajectories of (15)-(16) can be calculated as

V =€l (A, P+ PA,,)e + 2" PBAO v
+2tr(07T;10,A) + 2¢7 Pd (20)
= —e"Qe+ 2" PBAO v + 2tr(01T; 10, M) + 2¢T Pd.

Using the property of the trace operation, a’'b = tr(ba™")
where a and b are vectors, (20) can be rewritten as

V= —eTQe + 2tr <9~g (veTPB + Fe_lév)A) + 2T Pd.

Using the following adaptive law, 2!
0, = TyProj (6, —veT PB), (22)
(21) can be written as
V = —eTQe+2¢"Pd
(23)

+2tr <§f (veTPB + Proj (6., —veTPB)>A) .

In the absence of a disturbance d, it can be shown, by
using Lemma 2, that 1% < 0 and therefore e and 6, are
bounded. Furthermore, using Barbalat’s lemma it can
be shown that the error e converges to zero. When d # 0,
it can be shown that all the trajectories converge to a



compact set Fq. To find E, it is necessary to define the
following parameters [22]

o=- mZaX(Real()\»(Am))), (24)
s = —min(Ai(An + 4,,)/2), (25)
a = |[Aml], (26)

where \;(A4,,) refers to the ith eigenvalue of the matrix
Ap,. If the matrix @ in (19) is selected as an identity
matrix of dimension r x r, then the matrix P satisfies
the following properties [22]

2
m
1Pl < — (27)
g
1

where o and s are defined in (24) and (25), Amin(.) de-
notes the minimum eigenvalue and m = —(1 —|—4g)(’”*1),

o
and where a is defined in (26).

Using the Lyapunov function candidate (18), it follows
that

V =eTPe+tr(01T,10,A)

llel[?|P|| + tr(6F Ty 6,0)

= |lellI[PI| + (1/76)tr(07 6,0) (29)
< |lelPIIPI| + (1/70)[160]1%

< lelPIIPI] + (1/76) 2

where Ty ' = (1/79) 1,70 > 0, A = diag(A1, ...y Am), 0 <
Ai <1 and considering 0. = € [0min, ; + Ciiy Omazs ; —

iy 4 i\j J i,j
Gi,;] and using (5), we have [|0,(t)||r < Omas, for all
t > 0, where 60,,,,, is defined as

IN

é?na;c = Z(enmxi,j - mznl d Cz,_]) . (30)
0,J
Using (29), we have
Vo2,
o~ e < el (31)
IIPIF vell Pl

Since 0:1,7], € [Omin,; + Cijy Omaz,; — Gij], using (23),

(6), and considering Q = I, we have V < —|le||* +
2||e||||Pd]|]. In addition, by using the inequality,

2
cy
oy < £+ B0 (32)

y = ||Pd||, it follows that we have

forc =2, 2 = |||, I
e||? +2||Pd||. Recalling that the upper

2/[elll|Pd]| < 3l

bound of d is L, it follows that V < —1||e||? +2||P|[> L.
Thus, using (31), we have
) 1 _
V() < =5llell® + 2/|P|[L?
Vv 62 -
< - + 5 max_ 4 o||P||2L? < —wiV + wo,
2[PI| 27l Pl
(33)
where w; = 575 and wy = == 62, + 2";?2. By using the

Gronwall inequality, whose statement is that for V(t) <
b(t)V (t) + h(t), we have

b(s)d5)+/ h(s)e:cp(/ b(7)dT)ds,
(34)

V(t) < V(0)exp( /

(o3

(33) can be rewritten as

W\ _ w2
7)6 W1t+7-

Vi < (Vo) -2 =

(35)

Using e(t)T Pe(t) < V(1) < (V(0) — £ )e™1! + 22 and

taking the limits of the leftmost and rightmost sides as
t goes to infinity, we have

02 2m*L? 2m?
limsup e(t)T Pe(t) < %= (8 = m2 ) Ul
t—o0 w1 Yo o o
(36)

By using the following inequality
Amin (P)lle][” < " Pe < Amax(P)llel[?, (37)

and (28), we have
1
L lell? < Auin(PIl[? < TPe. (38)

By using (36) and taking the limit of both sides of (38)
as t goes to infinity,

2miL? 4sm?
) (39)

52
limsup [|e(t)]||? < (Tmax
t—00 Yo o

Therefore, for the initial conditions e(0) and 6,, ,(0) €

[Oming ;> Omaz, ], e(t) and 0, (t) are uniformly bounded
for all ¢ > 0 and system trajectories converge to the
following compact set

~ 62 2m*L? 4sm?
E, = 01} . 2< SUmax
1= {(e,00) : [le]]* < ( ) (40)
100]] < Omaa}-



O

It is noted that the bound on 6, in (40) is a direct result
of Lemma 1 and the definition given in (30).

The analysis provided above shows that 6, and e are
bounded. Assuming that v is bounded, (12) implies that
u is bounded. In the sequel, the boundedness of v will be
established by using a soft saturation bound on v during
the design of the controller, the effect of which will be
analyzed in section 5.3. Since A,, is Hurwitz, the vari-
able y, whose dynamics is given in (10), is also bounded.
Therefore, all the signals in the adaptive control alloca-
tion system are bounded.

Remark 1. Note that 8} € R"*™ is the ideal parameter
matrix that should satisfy (14). Since A is unknown, 6
is also unknown. However, although the diagonal matrix
A is unknown, the range of its elements can be taken
as (0, 1], assuming that the uncertainty originates from
possible loss of actuator effectiveness. Thus, using (14),
the range of 6 can be obtained, and expressed as 0; ; €

[0;;7,1711 0 e;kncm7L ]}
Remark 2. Let [0min, ;» Omaz, ;] C [Gjmn Gj‘nwi‘j]
and 6 ; & [Omin, ; +Cijr Omaz, , —Ci ], and con51der the

projection algorithm (4) with convex function (5). Then,
Omaz, which was defined in (30), should be redefined so

that ||9~v(t)||]:‘ < Onrrax, for all t > 0, where Oy ax is
defined as

Omax =

Z(max(|9fnaxi)j - Hmini)j |7 |9;7,zm,

— Omas, 1))
(41)

We note that to delineate two different cases (the ideal
parameter 6 being inside or outside the projection
bounds), the maximum value of adaptive parameter
deviation from its ideal value is designated by 60,4, for
the former and 6j;4x for the latter case. Below, we
provide a lemma and a theorem, regarding the stability
of the control allocation for the latter case, i.e. when

G:iyj ¢ [emini,j + Ci,j’ amaxi,j - C’i,j]'

Lemma 3. For 6} & [0min, ; + Cijs  Omazi, — Gijl,
Oy, , ER™MY € R”"X’” with r < m and the projection
algorithm (4 ) (5), the following inequality holds:

tr ((9;{ -0 (-Y + Proj(@mY))) < Vrpax||Y)]-

(42)
Proof. For both cases in projection algorithm (4), we

have
tr<(0T —0:7)( =Y + Proj(6,, Y))>

fzz vig ~ O

)/:Lj + PI‘OJ(QU J;}/i,j))

j=11i=1
m T

<ZZ| Vig v” 7.7f( v”)l
j=11:=1

<> Yl = tr(G711Y )
j=11i=1

< N0ullelIY11e < VPNl l[FIIY I < Vibarax] Y,

where we used the property, ||Y||r < y/min(r,m)||Y]|,
and |67 | and |Y| which are the matrices of absolute val-
ues of the elements of 1" and Y, respectively. O

Theorem 2. Consider (10), the reference model (11),
the controller (12), and the adaptive law,

0, = TyProj (6, —veT PB), (43)

where Ty' = (1/76)I,, 76 > 0, and the projection is
defined in (4) and (5). Assume |[v(¢)|| < M and ||d(t)|| <
L for all ¢ > 0. Then, for any initial condition e(0) €
R 91)7 J(O) [amini,ja 97naaci7j]7 and 0:;1] ¢ wmznl] +

Gijs Omaz; ; —Gijl, e(t) and 0, (t) are uniformly bounded
for allt > 0 and their trajectories converge exponentially
to

By ={(e,0) : [|6u]] < Onrax, le]|* < <%AX
AmAL2 + 4r62 m*||B||*M? | 4sm?
N max™' || Bl ) b (44)

02 o

where the constants o, s and m are defined in the proof
of Theorem 1 and 074 x is defined in Remark 2.

Proof. By using (18), (19) with Q = I, (23) and (42)
with Y = —veT PB, we have

V < —[lell” +2llelll| PIIL + 2v/rOaax||Y |
< ~llel[* + 2]le][[| PI|L + ZWGMAxllel\IIP\IIIBII(J\fs»)

where ||d|| < L and v is the control command vector
produced by the controller with an upper bound M.

By using the inequality (32) with z = ||e||, y = 2||P||L,
c = 2 for 2[le]|[|P||L in (45), and =z = |le[|, y =
2VrOnax||Pl||B||M, ¢ = 2for 2/rOnax|lel|[| Pl||| Bl| M



in (45), we obtain that

. 1 7 A
V < —Sllell® + 4IPIPL? + 4503, x| PPN BI M2,

(46)

Using (31), we obtain that

. % 62 _

V< o MAX ) pjj2L2 (47)

21T+ 2yl ]
+ 48 ax||P|?||BI[PM? < —inV + G,

. o . S = m*L?

where w; = o2 and Wy = %Gﬁmx + 47 +

Tél%lem4HB||2M2 :
4—mMax— = — and where o and s are defined in (24)
and (25). Following the same procedure as for Ej, B, is

obtained as

D 7] 9 i 562
B = ((000) 100 < ax, o] < (Phiax
" 4m*L? + 4r9~1%/IAXm4| ‘B||2M2 dom?2

) b (48)

o2 o

O

Remark 3. A discussion about putting an upper bound
M on the control command, without assuming a stable
control allocation, is given in section IV.

To obtain fast convergence without introducing exces-
sive oscillations, the open loop reference model (11) is
modified to obtain the following closed loop reference
model [22].

L(y - ym)7 (49)

where A,, € R™*" is Hurwitz, L = —¢I,,¢ > 0, and
I, € R™*" is an identity matrix. Defining 4,, = A,, + L,
and subtracting (49) from (13), it follows that

ym = Amym -

é = Ane+ BAI v+ d. (50)

We assume that the matrix A4,, is made Hurwitz through
an appropriate selection of L.

Theorem 3. Consider (10), the reference model (49),
the controller (12), and the adaptive law

0, = [¢Proj(6,, —ve’ PB), (51)

where Fe_l = (1/79)I,, 79 > 0 and the projection is de-
fined by (4) and (5). For any initial condition e(0) € R",

and 0, ;(0) € [Omin, ;s Omac, ], e(t) and O(t) are uni-
formly bounded for all t > 0 and their trajectories con-
verge exponentially to a closed and bounded set defined
either by (60) or (61) in the proof of Theorem 3.

Proof. Consider the following Lyapunov function can-
didate,

Vi = e Pe +tr(67T; '6,A), (52)

where P is the symmetric positive definite matrix solu-
tion of the following Lyapunov equation,

AL P+ PA,, = —1I,, (53)

where I, is an identity matrix of dimension r x r. The
time derivative of V; along the trajectories of (50)-(51)
can be obtained as

Vi = —eTQe + 2¢T Pd + 2tr <§3; (veTPB + Falévj)/\)
(54)
Aassume first that H:i,j € [Omin, ; +Cijy Omaz,,; — Gijl-

To find the set to which e and 6, converge, it is necessary
to define the following parameters [22]

o=- mlax(Real()\i(/_lm))L (55)
5=— miin(/\i(ﬁm + ALY /2), (56)
a = ||Apl|- (57)

Then, P satisfies the following properties [22]:

7 2
— m
Pl <
1Pl < =, (58)
_ 1
)\min P 2 — )
(P) 2(5+¢) (59)

where Apin () denotes the minimum eigenvalue and m =

3144800,
2 o

Proceeding as in the proof of Theorem 1,~and using (55-
57), f0r~the initial conditions e(0) and ||6,(0)|] < €maz,

e and 6, can be shown to be uniformly bounded and
converge to the following set,

- 5+ 0)02 2mA L2
E, = ev . 2 < (S max
2 ={(e,0) : [[e]]” = ( o CESTE
45+ 0)m? |~ ~
s Bl < B, (60)

1807, . & [Omin, ;+Cijs Omaz; ; —Gij]s Proceeding similar
as in the proof of Theorem 2, the convergence set is



characterized as

(5+0)0Riax | 4m*L?
(o +20)
4703 Ax | B||2M? A(5 + 0)m?

(0 +20)2 ) (G+20)

10u]] < Orrax}- (61)

Ey ={(e,0,) : [[el|* < (

O

4 Determination of the projection boundaries

In the previous section, the adaptive control alloca-
tor was designed based on the projection operator and
proved to be stable. In this section, the selection of
the projection boundaries, which define the bounds on
adaptive control parameters, is explained. The projec-
tion boundaries are determined to satisfy two require-
ments: 1) The actuator command signals should not
saturate the actuators and 2) a specific requirement
in the controller design, which will be provided in the
following subsections, to obtain a stable closed loop
system, including the controller, the control allocator
and the plant (see Fig. 2), should be satisfied. The de-
sign procedure to achieve these goals is composed of
three main steps. In the first step, an attainable set for
virtual control signal vector v is found in the absence
of disturbance based on the actuators constraints and
v = BAu. In the second step, using the calculated at-
tainable set for v, projection bounds are calculated to
satisfy —tmaz < 020 < Upage. In the first two steps, the
attainable sets are obtained, and as long as the signals
are inside these set, we can guarantee that the actua-
tor constraints are satisfied. In the third step, a subset
of the projection boundaries calculated in step 2 that
satisfies an overall closed loop stability requirement is
determined.

Step 1

In this step, realizable values of virtual control signals
are found.

Note that the actuator constraints are known: u(t) € Q,,
where Q, = {[u1, ..., um]? : —Umaz;, < Ui < Umaz,,i =
1,...,m}. Therefore, using €2, the set Q, € R", defining
all realizable values of the virtual control input v, can
be obtained as Q, = {v : v = Bu,u € Q,, Blv € Q,}.
Note that 2, also defines the upper and lower bounds
of each element of the realizable virtual control, v =
[v1, ..., v:]T. To make sure that v; remains within its real-
izable bounds, v; € [—M;, M;], Vi = 1,...,r, we use a soft
saturation bound on the control signal v. In Section V,
we will design the controller by taking this saturation
bound into account.

Step 2

The projection boundaries that limit the adaptive pa-
rameters are calculated in this step, to make sure that
the actuator signal vector u does not saturate the actu-
ators.

From Step 1, we obtained the attainable set for the vir-
tual control signals (€,,). The actuator limits, t;q, and
Umin = —Umaz are known. With this information, the set
Qo = {vec(8y) : —Umazr < 0F0 < Uz, v € O}, where
vec(.) : R"™*™ — R™™ puts the elements of a matrix in a
column vector, can be obtained. Note that 67 € (g, that
is, in the absence of any uncertainty, the ideal adaptive
parameter matrix, 67, always exists in {29. This leads to
the smallest convergence set for error trajectories when
A=1T

Step 3

In this step, a subset of €y, which satisfies a necessary
condition for controller stability, is obtained. This sub-
set of Qg also determines the ultimate projection bound-
aries, and is denoted by Q0.

After Step 2, establishing that the control allocation out-
put, which is the actuator input signal vector u, does not
saturate the actuators, the plant dynamics (8) can be
rewritten, by using (12), (14) and defining 6,, = 0, — 63,
as

&= Az + B,(BAu+d)
= Az + B,(BAOIv + d) (62)
= Az + B,(I + BAOF)v + B,d.

Defining AB = BAAT, and substituting in (62), it fol-
lows that

&= Az + B,(v+d), (63)
where d = ABv +d € R".

To be able to design a stabilizing controller, one must
make sure that the ith element of the disturbance vector
d = [dy,...,d,]T in (63), is smaller in absolute value than
the upper bound of the ith element of the virtual control
input which was defined in Step 1, that is |d;| < M;,
i =1,...,r. Since each d; = row;(AB)v + d;, where d; is
the ith element of d, and row;(.) designates the ith row
of a matrix, satisfying the following condition ensures
that |d;| < M;,i=1,...,r:

M; — |[row;(AB)||Muax > |di|, i =1,...,7,  (64)

where Mp.x = max; M;. A necessary condition
for satisfying the inequality (64), is ||row;(AB)|| =
||[row; (BAOT)|| < Z\/ﬁix for all ¢ = 1,...,r. (Sufficient
conditions required to satisfy (64) will be discussed later
in Remark 4). Thus, the elements of the matrix 6,, should
be properly bounded in order to satisfy the necessary
condition ||[row;(BA8T)|| < ﬁ foralli=1,...,7, and
for all A € Qy,, where Qp, C Qa, and Q4 is the set of all




m x m diagonal matrices with elements in [0, 1]; further-
more, {25, should have diagonal elements A; € (v,1],
where 7y is precisely defined later in Theorem 4.

Remark 4. In order to find a non-empty set, for which,
the elements of 6, satisfy the necessary condition dis-
cussed above, an optimization problem needs to be
solved over the following set,

2

Mi
LI < 5 — &

max

AGQAl,i: 1,...,7‘}, (65)

E = {vec(,) : |[row;(BAOT —

where vec(.) : R"™*™ — R™ puts the elements of a ma-
trix in a column vector and € is a small positive con-
stant used to have a close set, since typical numeri-
cal optimizers only optimize over a close set. Note that
BAOT = BA(OT — 0:7) = BAOT —

The optimization problem,

R? = n;in (vec(8, — 07) " vec(0, — 05))

W= —e, i=1,.m,

max

s.t. Hrowi(BAQ?; -
A€ QAl;

vec(8,) € Qg,

(66)
which needs to be solved offline, finds the minimum dis-
tance, R, from the vec(f}) to the boundary of the set
(65). Figure 3 depicts a visualization of the projection
boundaries for the case when there are only two adap-
tive parameters, 6; and 6. It is noted that the calcu-
lated 0oz, ; and O,,in, ; are not unique, and different
boundaries can be found by defining different cost func-
tions in (66). After calculating 0,,qz, ; and Opn, ;, the
projection parameters region is obtained as,

Qproj = {1]66(97)) : ai,j S [gmaxwy amax,;’j]}- (67)

Remark 5. For all elements of 2,,, the optimization
problem (66) finds the largest neighborhood of 7 in €y
that satisfies the necessary condition. This neighborhood
is an n-sphere, with the center at vec(#7) and with the
radius R.

Remark 6. The reason to include 67, y inside the pro-
jection boundaries is that it is preferred that e converges

0,
x|
+
I
. /
] /
/7
§ R/
/
® /
/
‘_ - E -
= |g vec(6;) =
| V2
L&
£y
1]
o 4
£
g
)
} f 6
. . R
Omin1 = 611 — N Omax1 =61 + 7z

Fig. 3. Projection boundaries when there are two adaptive
parameters. The circle defines the border of the neighbor-
hood obtained from the optimization. The square defines the
projection boundaries for 6; and 6.

to the smallest set around zero. For this, 67
inside [Ornin, ; + Cijs Omaz;

. should be
— (5] (see (17) and (44)).

In order to show that the optimization problem (66)
is feasible, it should be proven that the set E always
includes vec(67).

Theorem 4. The set T = {vec(,) : ||[row;(BAOL —
LIP < g5 —eA € Q C Qi = 1..r}0
vec(0F) # @ when Amin(A) > v = ?/1;)
where  Apmin(.) denotes the minimum eigenvalue,
8, = [frowi(B)[[[| BT (BBT)~ || and yar, = MAg —e

max;(1 —

Proof. To prove the non—emptyness of Y, we should
show that |[row;(BA#:T —I,)||?> < (65)
and the definition of 657 = BT(BBT)

, we have7

|[row; (BAO:T — I,))||?
=||row;(BABT(BBT)~! — I,)||?
—||rowl(BABT(BBT) — BBT(BBT)™H|)?
=|[row;(B(A — I,) B (BBT)~1)|?
<|frow;(B(A — L,)|[*||BT(BBT)~|?
<(Amax (A = Inn))?[[row; (B)|[|*| BT (BBT)~!(|?
=(Amin(A) = 1)?|[row,(B)|[*||BT (BBT)'||*,  (68)

where Apin(.) denotes the minimum eigenvalue. It is
noted that since A and I,,, are diagonal matrices and di-



agonal elements of A are between zero and one, we have,
(Amax(A = I1,))? = (Amin(A) — 1)2. Therefore, in order

to show that |[row;(BA#T — I,)]|? < ME €, for all
i=1,...,r, we should satisfy

2
Mmax

2
umin (A) — 1)?[[row;(B)| 2| BT (BBT) |2 <~k

— €

- Mrznax
= — :YYJZ < Amin(A) — 1< % i=1,..r
' ’ (69)
where v, = |[lrow;(B)|[|[BT(BBT)7Y| and yu, =
M# —efor all ¢+ = 1,...,r. Since the maximum value

max

for the diagonal elements of A is one, the only condition
that should be satisfied is that 1 — | /% < Amin(A) for

i=1,...,7 or y = max;(1 — , /%) < Amin(A). O

Based on the above theorem, and by defining vp, =

[[row: (B)[[[| BT (BBT) ||, and v = max;(1 — 5 -—

the definition of Q, should be modified as

Qp, ={A: A e D™, diag;(A) € (v,1], i = 1,...,m},
(70)

where D denotes the set of real diagonal matrices, and
diag;(.) : R™*™ — R provides the ith diagonal element
of square matrices.

Remark 7. Using Q,,, defined in (70), and Qpy05, de-
fined in step 3, the upper bound on |[row;(AB)|| =
||[row;(BAOL)|| can be found, which we denote as p;.
Therefore, recalling that M; is defined as the upper
bound on the absolute value of ith virtual control signal
v;, the disturbance d;, which is defined after (8), should
be smaller than M; — PiMiax, 1.€. d; < M; — Pi M max.
Note that p; < M]Z:x is guaranteed by the solution of
(66). Therefore, the condition |d;| < M; is satisfied.

5 Controller design

In this section, a design procedure for the controller that
generates the virtual control signal v in (63) is proposed.

During the design of the controller, the following two
assumptions are made about the plant dynamics:
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Assumption 1. The dynamics in (63) can be written as

() 2D

2 2@
(71)

where A; 1 € R(=7)%(n=7) ig 4 Hurwitz matrix, Ao €

R(nfr)xr’ A2,1 c Rrx(nfr)’ A272 c RTXT, x(l) c R(nfr)v
z@® eR", y e R and C = 07 (n—ry Ir].

e

A Aip
Az Az

+By(v+d), y=C

Assumption 2. The matrix B, € R™*" is in the form
[Orx(n—r) I’I"]T‘

Both of the above assumptions are justified for typical
aircraft models [16,40]. In the simulation section, these
assumptions are validated using the AeroData Model in
Research Environment (ADMIRE) (25, 50].

Remark 8. For systems for which Assumption 2 does
not hold, given that B, has full column rank, it is possible
to find (see [3,12]) a transformation matrix, Tz, such
that B, = TgB, = [0y5 (n—r) Ir]". However, employing
this transformation may lead to a state space realization
which violates Assumptionl.

Remark 9. It is desired to design a controller which
makes y = Cz = 2 follow the reference input. Since
Ai1 is Hurwitz, by Assumption 1, showing that the
states 2(2) are bounded will be sufficient to demonstrate
for the boundedness of z(1).

5.1 Dynamics on the Time Varying Sliding Sur-
face

The sliding surface, inspired by [12], is given as

S(m(Q) (t), z® (t0)7 t) =

@ (t) — x(2)(t0)e_x(t_t°) - %r(t)tan_l(j\(t —tg)) =0,
(72)

where X > 0 is a scalar parameter, z(2) € R” is defined
in (71), s € R” is the sliding surface, and r(¢) € R" is
the reference to be tracked.

The response of a system controlled by a sliding mode
controller includes two phases. The first phase is called
the reaching phase. During this phase, the controller



drives the system towards the sliding surface so that
s(t) — 0. In the second, sliding phase, the trajectory
evolves on the sliding manifold. For the sliding sur-
face (72), no reaching phase exists since the sliding
surface is a function of the initial condition and the
trajectories are on the sliding surface at t = tg i.e.
s(z® (1), 2P (tg),t9) = 0. In the next subsection, via
Theorem 5, the control law v that ensures that the tra-
jectories remain on the sliding surface for all ¢ > tg is
provided.

Using (72), the trajectories of 2@ on the sliding surface
satisfy

2@ () = 2@ (tg)e M-t 4 %r(t)tan_l (A(t —to)).
(73)

For A satisfying Assumption 1, and if (73) holds, it fol-
lows that

20 = A 2™ 4 Ay o2 ® (fg)e M)

2 _
+ Zr(t)tan" (A (t — to))]. (74)
s
By defining G; = ALQ(E(Q) (to), and Gy(t) = %Al,gr(t)
tan~1(A(t — tg)), we have,

M = A1,1$(1) + G1€_S‘(t_t°) + Ga(t) = Alalx(l) +9(t),
(75)

where g(t) = Gre M=) 4+ Gy(t).

Lemma 4. When z(?)(t) is on the sliding surface (72),
M (t) and 23 (t) are bounded and for all ¢t > tg,
||$C(1)(t)|| < ki'(l)(to) + Kgi'(Q)(to) + Ksy7, where
Ky, = %HALQH, and where k and ¢ are constants.

Also, 2V (tg), 2 (o) and 7 are the upper bounds of
||x(1)(to)|\, ||x(2)(t0)|\ and sup;s,, [Ir(¢)]], respectively.
Furthermore, lim;_, o, y(t) = r(t).

Proof. Per Assumption 1, A;; is Hurwitz, hence the

homogeneous system g'cgll) (t) = Al’lxg) (t) is globally ex-

ponentially stable at the origin. The solution of this sys-
tem is given as xgl)(t) = <I>(t7t0):c£1)(t0), where (¢, o)
is the state transition matrix and there exist constants
k > 0 and £ > 0 such that

1B (t,t0)]| < ke 80710 vt > 1. (76)
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Since the state transition matrices of i:,(ll)(t) =

A1,1x§3)(t) and 2 (t) = Ay 12 () + g(t) are the same,
we use the state transition matrix ®(¢,tp) used in (76)
to provide the solution of (75) as

2O () = B(t, to)z D (t) + / (t,m)g(mdn.  (77)

to

Taking the norm of both sides of (77), we obtain that

12D @)]] < [|® (L, to)z™ (to)]| +/t 1@ (&, mIlllg(t)]ldn.
' (78)

Using the definition of g(t) given after (75), it fol-
lows that [lg(t)]| = [|Gie™ + Ga(t)]| < [IGi]| +
sup;>, ||G2(t)||. Note that G(t) is a function of the
reference input r(t), and that sup,s, ||G3(t)|| exists.
Therefore, [|g(t)[| < ||A1a[l[l2® (o)l + [[Ar2/l[r(2)]].
Defining K; = ||Ay2||||z® (to)|| + || A12||F, where 7 is
the upper bound on ||r(¢)|| for ¢ > 0, and using (76),
(78) can be written as,

t
2D (6)]] < klla® (to) Je~ €~ 4 kK, / €t gy

to

1
< Klla M (to)l €751 + kK 2 (1 — e7€07))

1
< ||z (to)]| +1<:K1g

< kzM (to) + Ko2® (to) + Ko, (79)
where Ky = §||A172\|, while z(Y) (ty) and z()(to) repre-
sent bounds on ||z(M(t)|| and ||z (to)]|, respectively.
Since the reference signal r(t), z(*)(¢y) and 2 (t,) are

bounded, (79) shows that z(!) (t) is bounded. Since z(tg)
and r(t) are bounded, it can be shown, using (73), that

() (t) is bounded and converges to 7(t). Since y = (?),
this completes the proof. O

5.2 Control Law

We now describe the control law and characterize its
properties.

Definition 1. sign,(a), where a is a column vector, is
a diagonal matrix whose elements are the signs of the



elements of the vector a. For example, sign, ([a; as]?)
diag(sign(ay), sign(as)), where a; and as are scalars.

Definition 2. |a|, = sign, (a)a and |aT|, = a”'sign, (a),

where a is a column vector and sign,(.) is de-
fined in Definition 3. For example, |[a1 ao]ly =
[a1 az]sign, ([a1 az]T) = [|ai| |az|], where a; and as are

scalars.

Theorem 5. Consider the dynamics in (71), with dis-
turbance d, tg = 0, and the control law,

v(t)

= — Ay 12 (t) — Ay 2@ (t) — Xz® (0)e M
A
1+ \2¢2

— sign, (s(z? (1), 22(0), 1)),

where p € R" contains the upper bounds on the absolute
values of the elements of the disturbance vector d, and
s(z@)(t), (2(0), ) is the sliding surface (72). Then the
trajectories of z(?) stay on the sliding surface (72).

4 %r"(t)tan_l(;\t) + %r(t)
(80)

Proof. Consider a Lyapunov function candidate Vz(s)
1sTs, where the arguments of s(z(?(t),z?(to),t) are
dropped for clarity. By taking the derivative of V5, and

using (72) with ¢ty = 0, we obtain,

- %r'(t)tan—l(m

Vo =sT5=s" (3'5(2)(75) + xz® (O)e_j‘t
2 A

~Zr(e)

T 1+ A2¢2 ) (81)

Using (71) and Assumption 2, we have () (t) =
A2}1$(1)(t) + AQ’Q.’E(Q)(t) + v + d. By substituting it in
(81) we have

Vo= sTs = sT (Aw;(l)(t) 4 Az ®(t) +v+d

+ A (0)e M — %f‘(t)tan’l(f\t) _ %r(t)L).

By substituting the control law (80) into (82), and using
Definitions 1 and 2, it follows that

Vy = s"[d — sign,(s)p] = s7d — |s"|yp

S |ST|V(|d|v - p) (83)
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Since p contains the upper bounds on the absolute values
of the elements of the disturbance vector d, the elements
of |d|, — p are non-positive, which leads to V3 < 0, and
consequently proves that z(?) trajectories which are on
sliding surface at t = tg, will remain there for all ¢ >
0. O

5.3 Bounding the control input

Remark 10. Up until now, we showed that the con-
trol signal v given in (80) keeps x(?) trajectories on the
sliding surface defined in (72), and as long as the states
of the system remain on the sliding surface, the system
output y follows the reference r while all the states re-
main bounded. In the control allocation development,
we stated that the boundedness of the control signal v is
ensured by using a soft saturation bound, the limits of
which are set in Section 4 as v; € [—-M;, M;],i =1,...,r.
The overall closed loop system block diagram is pre-
sented in Figure 4. In this section, we provide a method
inspired by [12], to make sure that the control signal v
remains within this saturation bounds.

To ensure that |v;| < M; for ¢ = 1,...,r, the following
inequality, obtained by using (80), should be satisfied for
alli=1,..,r,

oD = | = D az,,@5(8) = A rii(0)e ™
j=1
2. . 2 A
= si(z(t))pi| < M;, (84)

where x;, r;, 7; and p; denote the jth component of
x(t) and ith components of r(t), 7(¢) and p, respec-
tively. Moreover, 5;(z(t)) is the ith diagonal element of
sign, (s(z(t), 2?(0),1)). Defining A; = [A11 Aja],
Ay = [Ag1 A ], where A, ; is defined in (74), a, ; refer
to the elements of Ay. Using the inequalities |a — b] <
la| + |b] and |a + b| < |a| + |b] for two scalars a and b,



it can be shown that satisfying the following inequality,
ensures (84):

n B - 9 B

’ E agijxj‘ + ‘)\xn,rH(O)e_’\t‘ + ‘fhtan_l()\t)
’ 71'

i=1

A

: ~ 85
1+ A\2t2 (85)

+)2T ‘ S(Mz—pl)
v

Remembering that p; is the upper bound of the distur-
bance element d;, and |d;| is always smaller than M; (see
Remark 4), we obtain that (M; — p;) > 0, meaning that
the right hand side of the inequality (85) is positive.

It can then be shown that satisfying the following in-
equality ensures (85)

(‘ Z azi,jxj‘ + |75 — M; + ,Oi) + 5\( -TnfrJri(O)‘
j=1
2
—l——ri)SO. (6)
™
Remembering that () = [z1,...,2,_,]7 and 2(?) =

[Tp_ri1,.y 2T, and using (73), it follows that
|xnfr+i(t)| < |xn77’+i(0)| + ‘Tl(t” for i = 17'~'»T7 and
|z (#)|| >z forall j = 1,....,n — 7.

(‘Z%,ﬁ%‘“’ > azi,j(|$nfr+i(0)|+|7“i|)‘
J=1

j=n—r+1

+ 7’1 T

—Mi-l-pi)-l-;\(

2
nfrio‘ -
x +()+7T

) <o.

Furthermore, the upper bound of ||z(!)(¢)|| is obtained
in Lemma 4. Therefore, defining z(1(0), z(?(0), 7, 7;
and 7; as bounds on ||z (0)]], [l (0)], [|(®)]], |r:(t)]
and |r;(t)], it can be shown that satisfying the following
inequality ensures (86):

(k2D (0) + (1 + K2)2P(0) + KoF + 7;)

)so,

where k and K5 are defined in Lemma 4. Equation (88)

n—r
o
j=1

_ _ 2
+7 = M; +,0i) +)\(‘53(2)(0)‘ + =
i

L}

(88)

13

can be rewritten as

Wii+ AW, 2 <0, (89)
where W; 1 is the first term, and W; 5 is the term multi-
plying A in (88). Note that W; 1 and W; o are functions
of 21 (0), z2)(0), 7;, and 7; and remain constant along
the closed-loop trajectory. Since W; 7 is positive, a value
of A > 0 satistying (89) can always be found if W; ; < 0,
which can be realized by putting suitable bounds on
M (0), 2 (0), 7, 7; and 7. A step by step design pro-
cedure to determine the controller parameters is given
in the Appendix.

6 SIMULATION RESULTS

The Aerodata Model in Research Environment (AD-
MIRE), which represents the dynamics of an over-
actuated aircraft model, is used to demonstrate the
effectiveness of the adaptive control allocation in the
presence of uncertainty. The linearized ADMIRE model
is introduced in [25], and is given below:

r=[aBpqr]’
y=1[pqr]”
u = [uc Ure Ule ur]T

(90)
T = Az + B,u= Az + B,v

v=Bu, B,=DB,B, B,=

O2x3 ]

I3xs

where «, 8,p,q and r are the angle of attack, sideslip
angle, roll rate, pitch rate and yaw rate, respectively. u
represents the control surface deflections vector which

consists of canard wings, right and left elevons and the
rudder. The state and control matrices are given by:

A=
[ —0.5432  0.0137 0 0.9778 0
0 —0.1179 0.2215 0 —0.9661
0 —10.5123 —0.9967 0 0.6176 |,
2.6221 —0.0030 0 —0.5057 0
0 0.7075 —0.0939 0 —0.2127 |

(91)



[0.0069 —0.0866 —0.0866 0.0004
0 0.0119 -0.0119 0.0287
B, = 0 —4.2423 4.2423 1.4871
1.6532 —1.2735 —1.2735 0.0024
0 —0.2805 0.2805 —0.8823 |

(92)

The position limits of the control surfaces are given as

ue € [=55,25] X qggrad, Ure,uie,ur € [—30,30] X 155

with first-order dynamics and a time constant of
0.05(sec). Note that the control surfaces influence on
derivatives of the first two states i.e. & and ﬂ is ne-
glected, that is the control surfaces are considered to
be pure moment generators, so that control allocation
implementation becomes possible [25].

To represent actuator loss of effectiveness and distur-
bance, a diagonal matrix A and a vector d,,, respectively,
are augmented to the model (90) as

% = Az + ByAu+ B,d, = Az + B,v+ B,d

v=BAu, d=Bd,, B,=DBy,B, B,=

02X3]
I3x3
(93)

The system (93) with state and input matrices (92) can
be decomposed into two subsystems:

q|  [—05432 0.0137 | | a
[5’] _l 0 —0.1179] [6_
N 0 09778 0 Z ’
0.2215 0  —0.9661 | .
P 0 —10.5123 -
q| =126221 —0.0030 [a
2 0  0.7075 .
—0.9967 0 0.6176 P
+ 0  —0.5057 0 q| +v+d
—0.0939 0  —0.2127 ] | r

X —=rad,
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These two subsystem representation satisfy the assump-
tions required for implementing the sliding mode con-
troller design in the previous section. In the simulations,
the disturbance d is a sinusoidal function with ampli-
tude 0.1 and frequency 1 rad/s while a zero-mean white
Gaussian noise with standard deviation o, = 0.0035 rad
represents the measurement noise. Following the steps
in the Appendix, the controller design parameter A is
calculated as A = 3. In addition, to avoid chattering, a
boundary layer approach is implemented [9].

The simulation results for a conventional pseudo inverse
based control allocation are reported in Figure 5 for the
case without actuator loss of effectiveness, that is, A; =
1.

With the actuator loss of effectiveness modeled as

|

the simulation results for the conventional control allo-
cation are given in Figure 6. It is seen that 15% loss of
effectiveness in all actuators at ¢ = 7 sec causes instabil-

1ty.

diag(1,1,1,1) fort < 7(sec),

Aa(t
() diag(0.85,0.85,0.85,0.85) for t > 7(sec),

The proposed adaptive control allocation introduced
in Section III will be used in the following sim-
ulations. Using Steps 1-3 in Section IV, the val-
ues of M7 = 1.4, My = 14 and M3 = 0.3 are
obtained and €.j, which determines the maxi-
mum and minimum of each element of the adap-
tive parameter matrix is computed corresponding
to 0,,, € [-0.0129,0.0129], 6,,, € [0.0307,0.5225],
0y, , € [-0.1357,0.1371], 0,, , € [-0.212,0}, 0,,, €
[—0.3149, —0.1113], 0,,, € [-0.217,-0.1416], 0,,, €
[-0.0241,0.2363], 6,,, € [-0.4162,-0.01], 0,,, €
[0.1587,0.1977], 6,,, € [0.0673,0.0675], 0,,, €
[-0.001,0.001], O,,, € [-1.2755,—0.7641]. We use a
closed loop reference model with | = 4 and A,,, selected
as

02 0 0
Ap=-10 010
0 0 01

Figure 7 shows the simulation results for the system with
our adaptive control allocation and the actuator loss of
effectiveness matrix As(t).



It is seen that the first two states, o and (3, are bounded,
and the other states (p, ¢ and r) follow the reference
inputs (pres, gref and rye ) even after the introduction of
30% actuator loss of effectiveness at t = 7 sec. Also, it is
seen that the elements of (BAu); for i = 1,2, 3, converge
to the virtual control signal elements v; for ¢« = 1,2, 3.
The time histories of the adaptive parameters, which
are the elements of 6, matrix, are shown in Figure 8.
Two adaptive parameters are selected to illustrate their
deviation inside their projection boundaries in Figure
10.

Another scenario is considered next, where a 50% loss
of effectiveness for the control surfaces are simulated,
specifically, with

As(t) = {

It is seen in Figure 9 that the system remains stable
after the introduction of the loss of effectiveness. The
time histories of the adaptive parameters, which are the
elements of 0, matrix, are shown in Figure 11. Moreover,
two adaptive parameters are selected to illustrate their
deviation within their projection boundaries in Figure
12.

diag(1,1,1,1) for t < 7(sec),
diag(0.5,0.5,0.5,0.5) fort > 7(sec).

7 SUMMARY

An adaptive control allocation for uncertain over-
actuated systems with actuator saturation is proposed
in this paper. The method needs neither uncertainty
identification nor persistence of excitation. A sliding
mode controller with time-varying sliding surface is
also proposed, to guarantee the stability of the overall
closed loop system while realizing reference tracking.
The simulation results with the ADMIRE model show
the effectiveness of the proposed method.

A Controller design procedure

The following procedure can be followed to obtain the
controller design parameters:

Step 1- Use Step 1 in Section IV, to determine M,
i=1,..,r.

Step 2- Calculate Qg using Step 2 in Section IV.
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Fig. 5. System states, virtual control signals and actuators’
deflections using conventional control allocation when actu-
ator loss of effectiveness is A1 = I.

Step 3- Using Theorem 4, calculate v = max;(1 —
2
77’1\1;17 ), where Moy = max; M;, v, = M]\/211. —efora

small positive €, and g, = ||row;(B)||||BT(BBT)71||.
Step 4- Using v, obtain 4, in (70).

Step 5- Solve the optimization problem (66), which
leads to obtaining the (5.0, which is defined in Section

IV, step 3.

Step 6- Using (70) and 2p,,0j, calculate p; fori =1, ..., 7,
which are defined in Remark 4.

Step 9- Calculate k and £ using (76).

Step 10- In the proposed controller design, since the
controllers’ goal is reference tracking in the presence of
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Fig. 6. System states, virtual control signals and actuators’
deflections using conventional control allocation when actu-
ator loss of effectiveness is As.

saturation, the initial states, 2(1)(0) and (2 (0), the ele-
ments of reference input, 7, the elements of the derivative
of the reference input, 7, and the elements of disturbance
d, should be bounded. Let 21 (0), 2(?)(0), 7;, 7; and L;
be upper bounds on the norms of 2 (0), z(2(0), r;, 7;
and d;, respectively, for ¢ = 1, ..., r. These values can be
obtained by an expert, who has information about the
plant and its constraints. Also, these values can be writ-
ten in the data sheets.

Step 11- Check if W;; < 0.
If yes, continue to the next step.
If no, the expert should reduce z™(0), z)(0), 7, 7

and L; to satisfy this inequality. Most of the time, this is
done by confining the initial value of states to a smaller
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Fig. 7. System states, virtual control signals and actuators’
deflections using adaptive control allocation, when actuator
loss of effectiveness matrix is As.
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Fig. 8. Adaptive parameters when the actuator loss of effec-
tiveness matrix is As.
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Fig. 11. Adaptive parameters when the actuator loss of ef-
fectiveness matrix is As.
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boundaries when the actuator loss of effectiveness matrix is
As. The dashed lines are the projection boundaries.

Fig. 9. System states, virtual control signals and actuators’

deflections using adaptive control allocation when actuator limit. In this design, it can be done even by reducing the

loss of effectiveness matrix is As. derivative of the reference input, if fast maneuver is not
required in the plant.

Step 12- Calculate W, 5 in (89).

Step 13- Find a ) satisfying (89) and design the control
signal (80).
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