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ABSTRACT This paper studies the fault-tolerant tracking consistency problem of multi-agent systems with
actuator faults and saturation and L, disturbance. Firstly, a new index is given to describe the anti-disturbance
ability and H, performance of the multi-agent system. In addition, a new method of designing adaptive fault-
tolerant controller is given for multi-agent systems which can guarantee that the closed-loop systems Hoo
performance and disturbance tolerance performance are better than the fixed gains method. For this new
method, by using the adaptive law, the controller parameters are updated on-line to compensate for the fault
effects on multi-agent systems. The results show that the adaptive controller designed can achieve system
consistency and better performance in the case of multi-agent system with actuator failure, saturation and
L, disturbance. An example illustrating the validity of the results is given.

INDEX TERMS Actuator faults and saturation, multi-agent systems, tracking consistency, Hoo performance,

L, disturbance.

I. INTRODUCTION
An agent is an entity that exists in a specific environment
and can be perceived and changed according to the envi-
ronment. This concept was first proposed by American pro-
fessor M. Minsky (see [1]). Multi-agent systems (MAS) are
proposed by biologists in the study of group behaviours of
social organisms in nature. For example, a flock of birds in
flight, a school of swimming fish, or a colony of worker
ants. With the increasing demand for engineering applica-
tions in recent years, research scholars have been inspired
by the self-organization phenomenon of nature, and pro-
posed the concept of MAS. And now with the rapid develop-
ment of artificial intelligence, sensors and other technologies,
the research of MAS has received more and more attention,
gaining extensive application in such areas as multi-satellite
formation, drone formation and robot group control (2], [3]).
The research direction of MAS includes consistency, for-
mation control, optimization, distributed task allocation, esti-
mation and intelligent coordination. The consistency issue
is the most representative research direction ([4], [5]).
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Consistency means that the state of each individual in the
system tends to be the same by designing a reasonable con-
trol strategy. At present, the research on the consistency of
multi-agent systems has been deeply studied. For the multi-
agent system with general linear constant dynamic structure,
Ma and Zhang [6] give the necessary and sufficient condi-
tions for consistency, and clarify the relationship between
consistency and system dynamics and communication topol-
ogy. In [7] Sheng et al. have studied the optimal consistency
control algorithm for the communication time lag in the
system, while Zhu and Jing [8] use their study [7] as a basis
to consider the condition with event trigger. Wen et al. [9]
have studied the consistency of multi-agent systems under
intermittent communication and their L, gain performance.
The MAS requires each individual to operate normally.
If some members’ actuators fail and saturate, the control
law may not meet the consistency requirements of the multi-
agent system. Therefore, during the process of design of the
consistency strategy, it is necessary to consider the actuator
faults, and design the corresponding fault-tolerant control
law to ensure that the MAS can achieve consistency in the
event of faults. Research on fault-tolerant control of single-
body systems has achieved a lot of results in recent years
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(see [10], [12], [13]), but there is little research on fault-
tolerant control for multi-agent systems. In work done by
Tichy et al. [14], they gave key aspects of fault-tolerant con-
trol in multi-agent systems and established different system
structures. The work of [15] studied the aggregation problem
of nonlinear systems with agent faults under time-varying
communication topology. Compared with single system,
the fault-tolerant control of multi-agent system is affected
by communication topology and neighbours. At present,
the research results on fault-tolerant control of multi-agent
systems are still in the initial stage.

It is well known that actuator faults and saturation phe-
nomena sometimes occur simultaneously in practice. When
actuator saturation and faults occur simultaneously, the con-
sistency of multi-agent systems will be greatly affected. This
paper considers both fault and saturation of actuators of
multi-agent systems under external disturbances by designing
adaptive gain compensation control law to guarantee the
closed-loop H, performance of MAS.

Il. PRELIMINARIES AND PROBLEM STATEMENT

A. NOTATION AND GRAPH THEORY

1) NOTATION

Amax (L) and A, (L) represent the maximum eigenvalue
and minimum eigenvalue of matrix L. A > 0 denotes A
is a positive definite matrix. Let diag {A1, --- , Ay} be the
block-diagonal matrix with matrices A1, - - - , Ay on its prin-
cipal diagonal. A ® B denotes the Kronecker product of
matrices A and B.

2) GRAPH THEORY

The theory of graph theory is used to describe the commu-
nication topology of multi-agent systems. Figure G = {v, ¢}
represents the leader and follower multi-agent system com-
munication topology, v = {0, 1, - - - , N} means all individu-
als, O represents the leader,i = 1, - - - , N stands for follower.
Subgraph G = {v;, &;} represents the communication topol-
ogy of the follower, where v; = {0, 1,--- , N} and &; C v; X
v; represent the set of followers and the set of communication
links between them respectively. An element (i, j) € ¢ in the
set € indicates that the individual i can obtain the information
of the individual j, N; = {j, (i, j) € ¢} is called the neighbour
set of the individual i. The elements in the adjacency matrix
E = [a;j] € RNTD*NFD are defined as follows: if (i, j) € &
then a;; = 1; otherwise, a;; = 0. L = [l,j] e RW+Dx(N+1)
is defined as [;; = Y ay, if (i,)j) € €1 & (j,i) € €1, then

l
graph G is called an;‘léljndirected graph. In undirected graphs,
if there are paths between any two nodes, the undirected graph
is connected.

Assumption 1: The leader’s information can be obtained
by at least one follower, and the leader cannot obtain the
follower’s information, that is, the graph G contains a span-
ning tree, and the leader is the root node. On the other
hand, it is assumed that G is an undirected connection
figure.
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B. SYSTEM DESCRIPTION
The dynamics of the followers are governed by

%i (1) = Ax; (t) + Biw; (1) + Byo (u; (1))
zi (1) = Cxi (1) + Do (u;) ey

For each leader, assume that its control input is O,
the dynamic model of the leader are governed by

Xo (1) = Axo (t) + Bia (1)
20 (1) = Cxo (1) ()

The x; (t) € R",Zi(t) € R, w;i(t) € R? and o (u;) €
R™ represents the follower’s state vector, regulated output,
exogenous disturbance in L [0, oo], state vector and control
input with saturation, xo € R", Zo (t) € R®, wy (t) € R? rep-
resent the leader’s state vector, regulated output and exoge-
nous disturbance in L, [0, o0]. A, By, By, C, D are matrices
with appropriate dimensions.

In order to study the consistency of multi-agent systems,
the error between the follower and the leader is defined as
& () = x;(t) — xo (1), reference output error is ¢; () =
zi(t)—z0(),i=1,2,--- N and & = o = 0. The goal of
leader-following multi-agent system consistency is to design
the control law for each follower so that the follower state
tends to the leader state, i.e. tlggo [[x;i (1) —xo ()] =0,Vi=
1,---,N.then

Ei(1) = A&(1) + Bao (ui(1)) + By (wi(1) — (1))
Si(1) = C&(t) + Do (ui(1)) 3

Assumption 2: For a linear system, the system’s immunity
to interference is described by the L, gain. However, when
there is input saturation in the system, the external distur-
bance is too large and the closed-loop system state and output
divergence, so that the L, gain will become meaningless.
Therefore, we assume that the energy of the external distur-
bance of the system is bounded, i.e.

s 1= {w:R+—>Rd:/OOa)T(t)a)(t)dt 53} 4)
0

C. FAULT MODEL

We use the actuator faults model of [13], [16] to cause errors
in fault-tolerant control

u, (1) = (1= pf) o (e (1)) (5)

wherek € I [1,m], q € I[1, L], L is the number of total fault
modes. PZ is an unknown constant which satisfies 0 < pz <
PP <1 -

The fault model (5) implies that: (i)p{ = p; = 0 means
that there is no fault; (i) 0 < p{ < p{ < 1 signifies the loss-
of-effectiveness fault; (iii)[_JZ = ﬁz = 1 represents the outage
fault.

Denote

uf (1) = (1=p7) o (u(®) (6)
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where ¢ € I{1, L], uf (1) = [ufq W) il (1) - uly (t)]T,

M(t) - [M] (t)aMZ(t),"' 7um(t)]9 pq =
diag [p?, pg, e, p%]. For simplicity, the fault model is pre-
sented as

O =U-poww), pelpt-pt) @
where p = diag [p1,p2, - » Pm]

D. CONTROL OBJECTIVE
The purpose of this paper is to design a distributed adaptive
fault-tolerant controller with actuator faults and saturation
and L, disturbance for multi-agent systems to achieve the
following performance indicators.

(D For w € 3 5, any closed-loop system trajectory starting
from zero will remain in the region £* (L] ® P, §*)

(I1) In normal mode, i.e., p = 0, for £(0) =0

/OOCT(f)E(t)dtfrf/ma)T ) w (@) dt
0 0

N m ~2
EOMI PO
i=1 k=1

In fault mode, i.e., p € {p' -+ pl'}, for £(0) =

/ CT(I)é“(t)dtSrf/ ol () w (1) dt
0 0

m ~.2 O
Y Y RO o)
where pi () = pix () — pik

E. DEFINITION AND LEMMAS

In order to solve the system fault and saturation problems,

the following definitions and lemmas are proposed.
Definition 1: We use C. to represent the kth row in the

matrix C¢; € R™*", define

d(Co) ={x e R": |Cau§| < 1,k € I[1, L]}

where 9(C.;) represents the portion that is not saturated in the
state space.

Definition 2: Let P € R™*" be a positive definition matrix.
Denote

¢ (P,8) = {s c R": £7pt 53],

A0
8*(P,8):{$€R"' gTpe 4y Y K 55}

o1 k=1 Uik

Assume ‘L’,k > 0 is given, we denote 8* = § +

Deﬁnmon 3: Consider the following system

EW)=As(p(1).p)EM® +Ba(p(t).p) o (1)
c=Ca(p@).p)E@, £©)=0 (10)
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where p () is the time-varying parameter vector to be
selected. Suppose system (8) has an adaptive H, perfor-
mance index no greater than r, where r > 0 is a given
constant, then for any ¢ > 0, the following inequality holds

/Oho(r);(r)drsﬂ/mwT(r)wa)dwe (11)
0 0

Definition 4: The nonlinear process of actuator saturation
is given as follows

u, ur| < Ul
o (u) = k max el = ﬁmx (12)
sign (ue) w™, ug| > uj]

where k € I [1, m]. Here, for the convenience of the following
description, we will use o to describe both the scalar form
and the saturation function of the vector form and assume
Mkmax =1

Lemma 1: By assumption 1, its Laplacian matrix can be
written as Frobenius standard form as follows

1xN
I = 0 0
Ly Ly
where Ly € RV*!, L; € RV*N, the communication topology
between followers is undirected, and L; > 0 is symmetric.
Lemma 2: Let u,v € R™ with u = [u1, up, -+ , uy)? and

v = [vi,vo, -, vm]T. Suppose that |vg| < 1 forall k €
I [1, m], then

o) €co{Dgu+Dyv:del[02"—1]}  (13)
where co denotes the convex hull.

]
o (u) = Z Nd (Ddu—}—Dd_V)
d=0
om_ 1
where Y ng=1,0 <ng <1,and Dy is asetof m x m

diagonal_matrices, and only 1 and O are taken on the diagonal
of the elements in the set. There are 2™ elements in the Dy,

wifﬁ»ﬂm?}uguéﬂ}

denote D; =1 — Dy, itis easy to see that D, € Dy.
Lemma 3 [17]: Let& € 0 (H (ﬁ (t))), foreach k € I[1, m]

L ifK(p )60 =Hp®)E0
o (K (p()ké ) —H(p (1)), & (1)
(K (P 1)), —H (p (1)) & (1)

otherwise

ME@.pD) =

3

and allow k = 52" 1 4 52m2 4 ...
condition of s; € {0, 1}, define

e (€0, p () = H

k=1

+ s to satisfy the

(1= (@ .pWM))
+ (1= s0) M (8 @) ,ﬁ(t))]

Then 54’s are Lipschitz in x and p.
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Lemma 4 [18]: Suppose there is a determinant as follows
Z11 Zi2

Z,7 =
zh Zn

the formula:

,and Z1, Zpo € RVMN1 50 we can get

Zoowk <0, kell[l,N]

Zii + Z1nA () + (ZinA 8) + A(B)ZnA () = 05 €
| @ E T T 1 L

Asi| pr p|+VIVHY ZY <0, pelp'---pt}, ple
Npq then inequality

T

N N N N
M @) =) 8Ei+ (Z skEk> + D &8pFip
k=1 k=1

k=1 p=1
N T N

+ <Vo + Zakvk> (Vo + Zakvk) +0<0
k=1 k=1

holds for all 8k S I:Q{kg{k], where Q — QT c Rnxn’ and
Fpr = Flﬂ € R E, € R,

A (8) = diag[81lpxn -+ - SNInxnl , E = [E1, Ep - - - EN]

1

Fip -+ Fiy e 0
nxn

Fn F 0 INnxNn

Remark 1: By definition 3, for [;~ o’ () o (t)dt > B,
where B > 0 and ¢ = 82, we have

[oo T We@yd < (r2 + ﬂ) /oowT o @) dt (14)
0 0
for [~ o (1) (1) dt < B, it follows

/ cTy e (o) de < r?6 + 62 (15)
0

Remark 2: To satisfy the conditions of the above problem,
we believe that each p € {p' - - pL} is stable to (A, B(I — p)).

Ill. MAIN RESULTS
The multi-agent system with fault (7) and saturation (12) is
described by

X (1) = Ax; (t) + Biw; (1) + (Im — pi) B2o (ui(1))

zi (1) = Cxo (1) + D Iy — pi) 0 (ui(1)) (16)

The controller adopts the following structure

N
ui (1) = K (pi (t))Zaij (Xi () —x (f)) (17)
j=1
where K (p;i (1)) = (Ko + Ka (pi (1) + K (pi (1)), pi is
m
the estimation of p;, and K, (f),) = Y Kupik, Kp ([),) =
. ) k=1
KpiPik -
k=1
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By lemma 2, the saturated feedback controller can be
expressed as
M|
o i (1) =Y mia [DiaK (pi (1))

d=0

N
+DH (pi ()] Y aj (xi (1) — x; (1)) (18)
j=1
for some scalars 0 < 5,y < 1,d € I1[0,2™—1], such
om_1
that ) n;; = 1 and the following equality holds
d=0

(I =p)o (u())

o]
= Z Nialm — pi) DiaKo + DiaKa (pi) — piDiaKa (Pi)
d=0

+ (In — pi (1)) DiaKp (pi (1)) + DiaKa (pi (1))
+ piDiaKy (pi (1)) 4+ (n — pi) DyyHo + DigHa (pi)
_D,':jHa (]31) + (Im _]31' (t)) D,'_de (lal (t))

N
+DigHy (pi (0)+piDigHy (pi (D)1 ay (xi (1) —x; (1))
j=1
where p; (1) = pi(p) — pi B = [0---b*---0] with

m
B = [b1~-~b’”], and B = Y B~ Denoted;, =
k=1

o= G-u) e fmin (5] mas {ﬁZ}U
By lemma 3, the equality (16) can be expressed as follows:
2]
% (1) = Ax; (1) + B2 ) mlia [ — pi) Dia (Ko
d=0
+Ka (pi (1)) + Kp (pi (1))
+ (U — pi) Dia~ (Ho+ Ha (pi (1))
N

+Hy (i ()] Yy (xi (1) —x; (1))
j=1
+ Biw; (1) (19)
then
) m_1
& = A& + By (Iy — pi) Z nia [DiaK (Pi)
v d=0
+ DigH (pi)] Y li&j + B1 (@i — wp)
j=1
2m—1

G = CE+Dn—pi) Y, nia [DiaK (pi)
d=0

N

+DigH (i) )l (20)
j=1
define & = [¢],&],.... &0, ¢ = [¢f.¢f,....¢f] and
o = diag [w] — wg, w2 — wg, -+ , oy — wp], then
E=UN®ADE+QLIQIVE+ (IN®B)G
(=UN®O)E+V(LI®IN)E 21
559
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where

Q

om_q
= diag |:Bz (Im — p1) Z na [D1aK (p1) + D1, H (p1)],
d=0

|
...s By Iy — pN) Z nvk [DnkK (Pn)+Dy H (131\/)]}
d=0
1\
m_y
= diag [D In —p1) Y ma [DiaK (p1) + D H (p1)].
d=0

]
ooy Dy — pn) Z nnk [DvkK (pn) + Dy H (f?N)]:|
d=0

Obviously, if equality (21) is asymptotically stable, then
the fault-tolerant consistency problem of the original multi-
agent system can be solved.

Theorem 1: The control objectives (I) and (II) can be
achieved, if there exist X > 0, O, Ouk, Opk, Yo, Yar, Yok,
and matrices Z¢,d € I1[0,2"—1] with

Z:[Zdn Zd12:|
zy  Zi»

and Z4;,29, € Rm><mn_ et all Diy € D sat-
isfy the following inequalities, and ¢ (L1 ® P,8) C
3 (H (pi)).i.e., [HPE| < 1, forall & € e* (L ® P, ),
kell[l,mlandd €1[0,2™ —1].

Z9m <0
29 + 2% A (bi) + 290 ()T
+ A (pi) Z9%A (pi) = 0

Noa N - Td
+ =V, 'V, +Y"ZY <O, =0
[NldT dei| r? d rd P
Noa N 17 Td
+ =V ' Vg +Y'Z%Y <0 22
[NM NZJ 2 .

where p € {p',p?, -+, pF}. p? € Ny, p € Ap, and

1 T
Nog = AX + B> (I—p-)D'dYo+|:—AXi|
l l Amax (Ll)

Amax (L1)

m
+[B2 (I = pi) DiaYol" + B2 Y _ pixDiaYak
k=1

m
+(B2 ) piDia¥Yar)" + B2 (I = pi) DigOo
k=1

m
+ (B2 (I — p)) Dig001" + B2 Y pik Dy O
k=1

m T
1
+| B> puD;0u | + ————BiBT
|: /; i Amax (Ll) !

560

In><n

II‘an

0 Lnxmn
Nig = [=B2piDiaYa1 + B2DaYp1 — BapiD;;0a1
+B2D, Op, - - -, =BapiDig¥Yam + B2Dja Ypm
~B2piDigOam + B2D3g Opm]
Ve = [;cx
Amax (L1)
+D{ —pi) DigYo+ D (I — p;) D;;00

D (I — pi) [Dia Yak + Yok) + Djy (Oar + 0bk)]i|
k k T
Nip = —B\DigYyy, — [Ble-d pr]
BD B0, ]
—ByD;yOpp — | B3D;y Opp
and determine p;; (¢) according to the adaptive law
i)ik = Pr Oj[mintp?k },maxwk] {le }
g g "
if b= min {g?k] and Ty <0
or pix = max {I_’?k} and Ty, >0 (23)
q

Ti, otherwise

where
N T m_1
Ty = —7i Z ajj (xi — xj) | [PB2 ( Z mdDid> Kok
=1 d=0
2m_] m_]
+PB} ( Z nidDid) Ky (p)+PBS ( Z nidDid) H gy
d=0 d=0
m_i N
+PBS < Z ﬂidDid) Hy (pi)] Z aij (xi — x))
d=0 =1

P=X" Kak =YX, Kok = YuX~ ', Hyj = O X",
Hpj = O X', 7yg > 0 (k € I[1,m]), and § > O belong to
a gain of the system, and it is adaptively selected according
to the actual situation. Then the control gain is given by

m m
K (pi) = YoX '+ ZﬁikYakX_l + ZﬁithkX_l (24
k=1 k=1
Proof: see appendix

Corollary 1: When r, > ry > 0, the controller gain is
given by (23) and (24), condition (22) is established, then
the adaptive Hy, performance index is less than r,, and 7y in
normal and fault modes, respectively.

Algorithm 1: Let r, and ry to describe the adaptive Hyo
performance of the closed-loop system (21) in normal mode
and fault mode, respectively. The perturbation tolerance level
of the closed loop system is described by §. Then, we
can minimize the indicators r,,, rr and maximize the index
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FIGURE 1. Topology of multi-agent systems.

by solving the following optimization process.

min 0 = ab, + B0 + y0s
s.t. (@)(20)

(b) e* (L1 ® P,8) C d (H (pi)) (25)
1

=2
N m P
Stmaxy 3l Yk Ere

where 05 = ai* = O =12 0 = 1},

and o, B, y are weighting coefficients.

However, by definition 2, we have that (b) cannot be shown
as LMIs directly. Obviously ¢* (L ® P,8) C (L1 ® P, §)
which implies that (b) holds if (b1) holds, where

(b e (L1 ® P, 8) C 9 (H (pi)) (26)

condition (b1) is equivalent to
sh(p), (L@ P~ ) h(pi) =1
. (LigP '\
v (M)
1 >0 27
(5-)
* —
3

for all k € I[1, m], where h(fa,-)k be the jth row of H (p;).
We have that (27) is equivalent to the following inequalities.

—1 N m

— -0 ~ |0  —Ouks—Opks

Ama L) P10 b [* “ b’“}so
* —-X i=1 k=1

IA

\%

(28)

IV. EXAMPLES
Consider the system of form (1) and (2) with

-3 4 10 0 3
] R k]

T T
4.0 0 0 06 0
Dz[o 0 0] ’ Dz[o 0 1]

The topology of the multi-agent system is shown in Figure 1

VOLUME 8, 2020
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v : Leader

: — — Follower
Followar2 H

------- Follower3

slates

FIGURE 2. State difference curve of multi-agent system under
disturbance.

Fault Mode 1: The first actuator is outage and the second
actuator may be normal or loss of effectiveness, described by
p% =1,0< p% < a, where a = 0.6 denotes the maximal loss
of effectiveness for the second actuator. Fault mode 2: Both
of the two actuators are normal.

Let o = 10, 8 = 1,y = 10, the optimization index
obtained by the fixed gain controller design method is 8, =
0.6626, 6y = 1.6657, 05 = 0.2894, 6 = 11.1854. By solving
the optimization process (25), the optimization index can be
given as 6, = 0.5449, 0y = 1.2611, s = 0.2893, 0 =
9.6031, in order to better reflect the superiority of the adaptive
design method, we choose @« = 110, 8 = 0.3, y = 0.6,
then we get 6, = 0.1735, 6 = 1.4733, 65 = 3.6237. This
phenomenon indicates that the adaptive controller design
method presented in this paper has higher superiority than the
fixed gain Hy, controller design method.

In order to demonstrate the effectiveness of the proposed
method, a system simulation is given. First, we consider the
simulation of multi-agent system under actuator faults and
saturation and disturbance. Agents 1 and 3 use fault 1, agent
2 use fault 2, The disturbance is given as

sin (2t)

0, otherwise

4<1r<6
w;i (1) = T

Considering that the system is in a steady state and then
adding a disturbance signal, the state difference curve of the
system is shown in Figure 2. The result shows that the system
can still return to a stable state when it is disturbed. In order
to show that the designed adaptive controller has better con-
trol effect than the fixed gain controller, the follower 1 is
compared under the control of the adaptive controller and the
fixed gain controller respectively. The disturbance is given as

o 1, 4<t=<6.5
w =
! 0, otherwise

Figure 3 shows the state controller of follower 1 under adap-
tive controller and fixed gain controller. The results show that
the adaptive controller has better control effect.
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JE—p—

i ___'_ — — Fixed gain

e

.4 .............;;.............., P

slates
L=l
=
[=

i : : o

o 2 4 ] g 10

FIGURE 3. State curve of follower 1 under disturbance (The solid line is
the adaptive controller and the dotted line is the fixed gain controller.).

V. CONCLUSION

This paper considers the problem of multi-agent system fault-
tolerant control with both actuator faults and saturation and
external disturbance. The fault-tolerant consistency of multi-
agent systems is achieved by designing a control law with
adaptive gain. By analyzing the closed-loop asymptotic sta-
bility of the tracking error system, the conditions for the
consistency of the original multi-agent system are given.
The results show that under the condition of actuator faults
and saturation and external disturbance, the consistency of
multi-agent system can be realized by reasonable selection
of control parameters.

APPENDIX
Proof of Theorem 1: Choose the following Lyapunov
function

m o

v=¢' 1, ®P)$+ZZP’]I:

i=1 k=1

then from the derivative of V along the closed-loop system,
it follows

V+=cle—oTa

T T 1 T
<M+é (L1 ®P3181P)€+—2N N
p
i

- (CDT —&T (L ®P31)) (d) - (BITP®L1) 5)

where
T
M=¢" (Lo (PA+aTP))e + ilusj (m1

j=1
T

N N
M) |2 [+ [ D | (M
j=2 j=1

562

N N r i
+M1T> Zleéj +2 Zlijéj [PBz Z 77id|:
j=1 j=1 d=0

x DigK, (Pi) +I3iD'de (P) + Dde i)

Pkp
+piDiyHy (pi)] Zl,,g, +2ZZ ik
i=1 k=1 Uk
|
My = PBy Y nia [(n — pi) DiaKo + DiaKa (pi)
d=0

—piDiaKy (pi) + (Im — pi) DiaKp (i)
+ (n — pi) DyyHo + DyH, (pi) — piDiyHa (Pi)
+ (I — i) DigHp (pi)]

|

N="> nally®C+ (L &D) Un— pi)
d=0

[DiaKy (Pi) + DigHa (P1)]] €

let B=[b',---b"],B* =0,---b*---, 0], we have

.1 1

VicTc-a"o=M+&" (L1 @ PBIBIP) & + NN
i i

LetP = X!, Ko = YoX ', Ka = YuX"\, Kok = YiiX,

Hy = OoX 'Hy = OuX~!, Hy = Op X!, choose the

adaptive laws as (23), we can know

T 2"m—1

N
Z Lij&j |:PBZ Z Nid [DidKa (Pi) + piDiaKp (Pi)
=1 d=0

+DldH i) +plede pz

Zlusj
AR )
+ kFik <
DI
i=1 k=1
then
1
M+ T <L1 ® PBlBlTP> £+ 5NN
I
7
<l <L1 ® (PA +ATP+ PBlBlTP>>§

Y r N
+ lejé?j (Fl +F1T> lejgj +..
| =1 =1

N T N 1
+| D g (FN + Fz(/) Y Iy |+ 5NN
j j=1 di
where
2m—1
i =PBy Y [(n— pi) DiaKo + DiaKa (pi)
d=0
—piDiaKy (pi) + (Inm — i) DiaKp (Pi)
+ (m — pi) DyyHo + DigHy (pi) — piDigHa (i)
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+ (I = i) DigHy (pi)]

then
2m—] 1
Vel | Y m®+ S WIW ) Liehg
d=0 f

where ® = diag (¢1,...4n)

1 T T T
b = m(PA+A P+PB131P)+Fi+Fi
max

If forall p € {pl,Pl, ,PL},Pq € Npa

oy
1

> nia [Koa + Kig (pix) + Kag (Pix) ] + r_zWTW <0

d=0 !

then the adaptive rate can be chosen (23) to make V <0is
established, where Ko; = Nyg, and

m m
Kig (pix) = —BopiDia Zﬁik Yax + B2Dy Zﬁik Ypr

k=1 k=1
m m T
+ —BopiDia Y pixYak + B2Da Y P Yok
k=1 k=1
m m
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m m T
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By lemma 3 and (22), it follows that V < 0, for any & €
3 (H (pi)).p € {p',p", -+, p"} and p; satisfying (23).

Proof Control Objective (I): V. < M + & (L; ® PB1®) +
(Li ® @&'B]P), noting that £7 (L) ® PB1®) + (L1 ®
&' BTP)& < €T (L; ® PB\BTP) & + &" &, we have

V<M+el <L1 ® PBlBlTP) £+a’d

By the proof of control objective (II), we have V < ole,

which implies that

~ oy 7% (0)
V(E(t))S/O d)T(t)cB(t)dtﬁ—ZZ"“[T
i=1 k=1 "
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then, the conclusion can be drawn that trajectories of the
closed-loop system that start from the origin will remain
inside ¢* (L1 ® P, §%).
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