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Abstract: In this paper, a class of uncertain nonlinear multi-agent systems with unknown control
directions and a dead-zone fault is addressed, where unknown control gains exist in each subsystem.
In terms of the approximation characteristic of a fuzzy logic system, it is used to approximate
uncertain nonlinear dynamics, and then the relevant adaptive control laws are designed. Considering
the presence of unknown control directions and a dead-zone fault, the Nussbaum gain function
technique is introduced to design the intermediate control law and the adaptive fuzzy control law. A
theoretical analysis shows that the tracking control problem of the given multi-agent systems can
be effectively solved through the application of the proposed adaptive fuzzy control law and the
tracking errors can converge to a small neighborhood of zero through an adjustment of the relevant
parameters. Finally, the effectiveness of the theoretical analysis results is verified by two simulation

cases.

Keywords: uncertain nonlinear multi-agent systems; unknown control direction; dead-zone fault;
fuzzy logic system

MSC: 93D21; 93D50

1. Introduction

In recent years, the control problems of multi-agent systems have been extensively
studied in complex systems such as multi-UAV systems [1], multi-sensor network sys-
tems [2], and microgrid systems [3]. In order to solve the control problems of multi-agent
systems, many control strategies have been proposed and put into practice, achieving good
control. For example, the iterative learning control law was proposed in [4,5], where the
tracking problem of nonlinear uncertain multi-agent systems was solved. In [6], the authors
designed a finite time adaptive neural network controller using the command filter control
technology, where the guaranteed cost control of nonstrict-feedback uncertain multi-agent
systems with input nonlinearity was realized. Moreover, adaptive consensus control laws,
which were used to study the tracking control of heterogeneous nonlinear multi-agent
systems, were presented in [7,8]. In addition, the pulse consensus control law [9] and the
event-triggered consensus control law [10,11] were successfully applied for the control of
multi-agent systems.

However, it should be noted that in some actual systems, the sign of control gains is
sometimes not predicted in advance [12-14], which leads to the problem of an unknown
control direction. This makes it impossible to directly apply some existing achievements,
such as those mentioned in [15-17], and many scholars have carried out research on this
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topic. In [18], to solve the control problem of an uncertain system with unknown control
direction and unknown input power, an adaptive parameterized controller was designed
to ensure that the signals of the closed-loop system were globally bounded. In [19], an
adaptive robust tracking control law was developed for a class of uncertain nonlinear
systems with unknown control directions, and the specified tracking control was achieved.
Furthermore, on the basis of unknown control directions, the results of [13,20-22] further
considered the existence of non-ideal conditions, such as time delay, input nonlinearity;,
output saturation, and actuator failure, achieving the desired control level by applying
the proposed control laws. Accordingly, the control problems of multi-agent systems
with unknown control directions have also been studied to a certain extent. In [23], for
the nonlinear multi-agent systems with unknown non-uniform control directions, the
authors proposed the distributed control law to ensure that the consensus tracking problem
was solved. Based on the hybrid Nussbaum control method, the consensus tracking
control of high-energy nonlinear multi-agent systems with unknown control directions was
studied in [24]. Additionally, for the consensus control problem of strict-feedback nonlinear
leaderless multi-agent systems with unknown control directions, a decentralized inversion
adaptive control law was presented in [25], where the local error surface of multi-agent
systems remained bounded and converged to zero. Moreover, compared with [25], the
distributed adaptive control law designed in [26] combined the conversion mechanism
and did not consider the Nussbaum gain control technology. From the above description,
although many achievements have been made in the research on the problem of unknown
control directions, there remains little discussion on the existence of actuator fault with
unknown control directions.

As an important part of multi-agent systems, when the actuator breaks down it
inevitably causes difficulties in the control of the system and even leads to the failure of the
system. The distributed consensus control law and the adaptive cooperative control law
were proposed in [27-29], where the consensus tracking control problems of nonlinear multi-
agent systems with dead-zone inputs were solved. In [30], a distributed adaptive control
strategy, which combined the backstepping control technology and the Nussbaum gain
function technology, was design to achieve the progressive tracking control of nonlinear
multi-agent systems with backlash such as hysteresis faults. In addition, the control
problems of multi-agent systems with input saturation, input hysteresis, input quantization,
and time-varying faults have also been studied in great depth [31-34]. However, as a kind
of input nonlinearity, the occurrence of an actuator dead-zone fault can easily lead to a
decline in system control performance and even to the instability of the closed-loop system.
Furthermore, the existence of uncertainty causes difficulties in the control of the system.
Some control strategies, such as fuzzy active disturbance rejection control [35], indirect
adaptive iterative learning control [36], and adaptive sliding mode control [37], have
been proposed and applied by researchers. For multi-agent systems, it is also important
to consider the existence of uncertainty. Therefore, it is practical to study an uncertain
multi-agent system with unknown control directions and a dead-zone fault.

Motivated by the above-mentioned discussions, a class of uncertain multi-agent sys-
tems with unknown control directions and an actuator dead-zone fault is considered in
this paper. To solve the tracking control problem of the multi-agent systems, a fuzzy logic
system and Nussbaum gain function technology are simultaneously considered, and then
the adaptive control law, the intermediate control law, and the adaptive fuzzy control law
are designed. To this end, the main contributions of this paper can be summarized as
follows:

(i) The control problem of uncertain multi-agent systems with unknown control direc-
tions and an actuator dead-zone fault is studied, where unknown control gains exist
in each subsystem of the multi-agent systems. Compared with [6,8,9,23], the system
model considered in this paper is more general.

(ii) Considering the approximation characteristics of the fuzzy logic system, the unknown
nonlinear dynamics in the analysis process are approximated, and the adaptive
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control laws are designed. Compared with [25,26], the analysis process is effectively
simplified.

(iii) The Nussbaum gain function technology is used in the design of the intermediate
control law and of the adaptive fuzzy control law to solve the desired tracking control
problem. Compared with [10,24,26,27], the control law designed in this paper can
meet the control requirements when the control directions are unknown and coexists
with the actuator dead-zone fault.

(iv) Based on the designed Lyapunov function, the effectiveness of the proposed control
law is proven. The simulation results show that the tracking errors can finally converge
to a small neighborhood of zero following adjustments to the relevant parameters.

The rest of this paper unfolds as follows: Section 2 introduces the multi-agent systems
model, and some preliminaries are given in this section. The main results are provided
in Section 3, which mainly involves the design of the adaptive fuzzy control law and the
discussion of stability. In Section 4, the simulation analysis is described to illustrate the
effectiveness of theoretical results, and the conclusions are briefly drawn in Section 5.

Notations: |A| stands for the absolute value of constant A. X;min and X;may are the
minimum and maximum values of variable X;, respectively. diag{xy,...,x,} denotes
a diagonal matrix with diagonal elements xq, ..., x;. ()T represents the transposition
operation. W is the estimate of W, and W = W — W stands for the estimation error. Amin (+)
and Amax () represent the smallest and largest eigenvalues of matrix (-).

2. Problem Formulation and Preliminaries

In this section, the problem formulation is provided, and some preliminaries, including
graph theory, the fuzzy logic system, and some lemmas, are provided for a subsequent
analysis.

2.1. Problem Formulation

Consider a class of uncertain nonlinear multi-agent systems with unknown control
directions and a dead-zone fault, which is composed of one leader agent and # follower
agents. The dynamics of follower agent i is described as

{ x;(t) = ajv; ( )+ fi(xi(t), vi(

(1)) + D (1)
oi(t) = auF (£) + gi(x(1), vyt M

t
(£) +Ai(t)

where i = 1,...,n, x;(t) and v;(t) represent the position vector and velocity vector;
Qi(xi(t),v;(t)) and f;(x;(t),v;(t)) are unknown smooth nonlinear functions, and for conve-
nience, the functions g;(x;(t),v;(t)) and f;(x;(t), v;(t)) are denoted by g; and f;, respectively;
a;1 and a5 represent non-zero unknown constants; A;1 () and Aj; () are uncertain dynamics;
and uf (t) represents the system input and is supposedly affected by the dead-zone fault.
According to [29], the model of a dead-zone fault is:

. w(ui(t) = bir), ui(t)
i () = 0, —by <u(t) <

W(”i(t) + bil)/ z(t) < —by
where w > 0 is an unknown bounded constant that represents the slope of the dead-zone;

bj; > 0 and b;, > 0 represent the left and right breakpoints of the dead-zone, respectively.
By applying the mean value theorem, (2) can be rewritten as:

> b
by @)

uf (t) = wu;(t) + ¢i(t) 3)
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where ¢;(t) is a bounded function and satisfies |¢;(t)| < ¢, and the expression of ¢;(t) is

shown as:
—wbjy,  ui(t) > by
—wu;i(t), —by < u;(t) < by 4)
wby,  ui(t) < =by

¢i(t) =

The objective of this paper is to design an adaptive fuzzy control law u;(t) for the
system (1), so that the output of each follower agent can track the trajectory of the leader
agent when the control directions are unknown and an actuator dead-zone fault occurs,
and the tracking error of each follower agent can converge to a small neighborhood of zero.

Assumption 1. The unknown constants a;) and a;, are bounded; that is, there exist 0 < a1 min <
12i1] < a1,max and 0 < Ay min < |aip| < azmax. To not lose generality, we further assume that
a1, min < ai1 < a1, max and a2, min < app < a2, max-

Assumption 2. The uncertain dynamics Ay (t) and Ap (t) are bounded and satisfy |Aj ()] < A%
and ‘Aiz(t)‘ < A?Z

2.2. Graph Theory

Let G = (V, &, A) denote a directed graph with n nodes, where V = {vy,...,v,} is
the set of vertices, £ = {(i,/),i,j € V, andi # j} is the set of edges, and A = [a;;] € R"™*"
is the weighted adjacency matrix of G. If there is an edge between node i and j, then
a;j = aji # 0, and otherwise, a;; = aj; = 0. The set of neighbors of node i is denoted
by N; = {vj : (v;,vj) € £}. The Laplacian matrix of G is denoted by £ = D — A, where
D = diag{d,...d,} withd; = Zﬁl ajj. The graph G is connected if there is a path between
any two vertices.

An extended graph is defined as G = (V,?), which is associated with the leader agent
and follower agents. Let the leader adjacency matrix be B = diag{b, ..., b,}, and if the
follower agent i obtains the information of leader agent, then b; = 1; otherwise, b; = 0.

Assumption 3 [38]. The directed graph G contains a spanning tree, and the leader node is the
root node.

2.3. Fuzzy Logic System

In the subsequent analysis, the fuzzy logic system is considered to approximate
unknown uncertain dynamics. The fuzzy rule base is composed of “if-then” rules in the
following form:

R': if xq isFll,..., and x;, isF,ll, thenhisG,, 1=1,..., M,

where x;,i =1,...,n, and h are the fuzzy logic system’s input and output, respectively; M
is the total number of “if-then” rules; F{, ey Frll and G! are fuzzy sets for linguistic variables.
Additionally, by applying singleton fuzzifier, product inference, and a defuzzifier [32,39],
the fuzzy logic system can be formulated as:

- Z{\il EIH?:L”FII (xi)

h(x) = Z{\il {H;’:lﬂpf(xi)]

©)

where b = max;crpci (h).
IfWl = [El,...,ﬁM} = [wy,...,wy] and @(x) = [p1(x), ..., ¢r(x)]", then the vector

from the fuzzy logic system (5) can be written as:

h(x) = We(x) 6)
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where ¢;(x) = (H?:ﬂipil(xi)) / (Z{\il {H?Zlypg(xi)} ),l =1,...,M;x=[xy,...,x,]" is the
input of the fuzzy logic system.

Lemma 1 [21]. For any continuous function f(x) defined on a compact set Q) and any given
positive constant e, there exists a fuzzy logic system f*(x) = W*Le(x) in the form of (15) such
that

sgglf*(x) —f(We)| <e )

where W* is the ideal parameter vector, and € is the approximation accuracy and can be arbitrarily
small.

2.4. Definition and Lemmas

Definition 1 [21]. The smooth continuous function N(x) is called the Nussbaum gain function if
the following properties hold:

. 18 o
{ lim sup3 Jo N(x)dx = 400 .

Sli_)rgoinf%f(f N(x)dx = —oc0

Lemma 2 [21]. Let V(t) and x(t) be smooth functions defined on [0, t¢) with V(t) > 0, and N (x)
be a Nussbaum gain function. If the following inequality holds:

t
V(t) < ot /O T (G (% )N (1) + 1)ie(T)dT + co, t € [0, 1) )

then V(t), x(t), and fot M7 (G(X)N(x) + 1)k(T)dT are bounded by [0, t ¢), where G (X, ) satisfies
Gm < |G(Xy)| < G with Xy, being the system state vector, and G,,, Gy, co, and kg are positive
constants.

Lemma 3 [15]. Forany x € Rand y € R, the following inequality holds:

1

xy < CJaf? +
p 61

lyl? (10)
whereg >0,p>1,g>1,and (p—1)(g—1) =1.

Lemma 4. [5]. For any b € R and ¢ > 0, the hyperbolic tangent function satisfies:
0< b — btanh(g) < 027850 (1)

3. Adaptive Control Law Design and Stability Analysis

In order to solve the tracking control problem of an uncertain nonlinear multi-agent
system (1) with unknown control directions and a dead-zone fault, in this section, the
fuzzy logic system and Nussbaum gain function technology are introduced to design the
adaptive fuzzy control law, intermediate control law, and adaptive control laws.

3.1. Adaptive Fuzzy Control Law Design

Considering the system (1), the consensus tracking error z;; and velocity tracking error
zip, respectively, are defined by:

zin = Y a(x; — xj) + bi(x; — xg) (12)
JEN;

Zjp = U} — & (13)
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where x; represents the trajectory of the leader agent, and «; is the intermediate control law
to be designed.

Let 6,; = x; — x4 stand for the position tracking error of the ith follower agent, then
the vector form of (12) is written as:

Z1 = Hoy (14)

where Z; = [211,...,Zn1]T, H = L+ B, 6, = [5x1,...,5xn]T = x—1®x; with x =
[x1,...,x,) and 1 =[1,...,1]".
Define the candidate Lyapunov function V; as:

1
vy = EZlT H 17y (15)
According to (12)-(14), the time derivative of V; is:
Vi = ZTH1HS,
n

= '21 lanzina; +apnziazip +zi (fi + A — X4)]
i=

(16)

Considering Lemma 3 and lettingg =1, p = 2,9 = 2, x = a;1zj1, and y = zj5, we have:

2
(anzn)® | 7

anzizip < o+ iz 17)
Substituting (17) into (16) yields:
. n . 222
Vi <Y |anzinai +zin (Fa + Aj — %4) + > (18)

i=1

where F;; = alzlzﬂ/ 2 + f;, a fuzzy logic system is introduced to approximate Fj;, then
we obtain:
T
Fn = (Wj) o(Xi) +€n (19)

where X;; = [xi, i, Xj, xd] T, i=1,...,n,j €N, and ¢; is the approximation error.
Noting Assumption 2 and Lemma 1, then there exists

len +An| <& (20)

where ¢j; is an unknown positive constant.

Let .
» €421 .
(Win) @(Xin) = (W) @(Xin) + efytanh (<L) — & (21)
where
Wi = (W, 1] (22)
" dpan, 1"

®(Xi) = |@(Xin), Gptanh(—5=) — xq (23)

Substituting (19) and (21) into (18), we have:

S.
IN

. 2
{ailzilai +zi ((WEH)TQ’(XA) +ein + A — xd) + Zﬁz}

(24)

1= &M:

T 1z 12
[ﬂilzilwi +zj1 ((Wi ) @(Xi1) +en+An — €f1tanh(%)) + Zzz}
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The intermediate control law «; and adaptive control law «;; are designed as follows:
A \T
a; = N(x;1) ((Wﬂ) @ (Xi1) +Pilzil) (25)

kil = Zi1 ((Wil)Tq’(Xil) + Pilzil) (26)

where Wj; represents the estimate of W;;, and p;; is the positive constant to be designed.
Considering Lemma 4, one obtains (g;1 + Aj1) — €fytanh(e};z;1/9) < 0.27859; then,
substituting (25) and (26) into (24), we have:

S.
IN

. ~ T ‘o | 22
[(ailN(Kil)Kil +#i1) — pnzh +2z0(Wi) > @(Xin) +zia (e + An) — znej tanh (S452) + 32
(27)

IN

: - _ T 2
[(“ilN(Kil)Kil +xn) — pnz4 +zn(Wi) @(Xn) + 2 + 0278509

L= L=

where Wj; = Wj; — Wy

With reference to the description in [40], the adaptive control law Wﬂ can be designed
as: '
Wit = 7 (®(Xin)zin — 711 Wi ) (28)
where ;1 and #;; are designed as positive constants.

Furthermore, the candidate Lyapunov function V; is defined as:

1
Vo = EzzT 7y (29)

where Z; = [z13,. ..,znz]T.
With reference to (3) and (13), the time derivative of V; is:

. n ) .
Vy = '21 zip (07 — &;)
=
n .
= ‘21 zig (aip(cwu; (t) + ¢i(t)) + 8i + Bip — &;) (30)
i=
n .
= ‘21 (wapzipui(t) + apdi(t)zip + 2 (i + Din) — zint;)
1=
Similarly, considering Lemma (3), we have:
2 2
angi(t)zp < L2z (D) (31)

2 2
Substituting (31) into (30) obtains:

. n .
Vo <) (wﬂizzizui(t) +zip(Fi2 + Di2) — zipi +
i=1

¢ 4 ) 2)

where F = a%z/2 + g;, and a fuzzy logic system is introduced to approximate Fy; then,
we obtain:
Fo = (Wp) @(Xi) + €2 (33)

where Xj, = [x;, 04, xj, X4] Ti=1,..., n,j € N;, and ¢j, stands for the approximation error.
Noting Assumption 2 and Lemma 1, we have:

lein + Ap| <€) (34)

where ¢}, is an unknown positive constant.
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Let
£hz;
(Win)' ®(Xiz) = (Wp) 9(Xi) + elptanh (<275) (35)
where
W12 - [W;k ’ 1] (36)
. Shzin 1"
D(Xp) = ¢(Xi2)r5i2tanh(T) (37)

Furthermore, substituting (33) and (35) into (32) yields:

. n
Vo< B (waizzmui(t) + Zﬂ((w?z)TqO(Xzz) +éep+ A12> — zZpl; + gt >)
1?1 T £%z; P2 (t) (38)
= 21 [Wﬂzzzlzuz +zpp ((Wiz) D(Xp) + (e +Ap2) — sztanh(’QT'z)) — Zppt; + iz}
1=
The adaptive fuzzy control law u;(t) and adaptive control law «;, are designed as
follows: T 2
u;(t) = N(xiz) ((Wiz) D(Xip) + éz + pi2ziz — 1561') (39)
. PN zZ .
Kip = Zip ((Wiz) D (Xin) + éz + PinZip — lxi) (40)

where Wj, represents the estimate of Wy, and p;; is the positive constant to be designed.
By substituting (39) and (50) into (38), and considering Lemma 4, we have:

4>,()

n
. _ T
2 < wapN(kp)kp + k) — pinzh + 2 (Win) ®(Xpp) — % +

S + 0.278519) (41)

where Wi, = Wi, — W
Similarly, we design the adaptive control law Wj, as:

Wi = 72 (®(Xi2)zio — 112 Wi2) (42)
where ;> and #;, are the designed positive constants.

3.2. Stability Analysis

In order to verify the validity of the proposed adaptive fuzzy control law, the following
theorem is provided.

Theorem 1. Consider the uncertain nonlinear multi-agent systems (1) with unknown control
directions and dead-zone fault under Assumptions 1-3, and the intermediate control law (25),
adaptive control laws (26), (28), (40), and (42), and adaptive fuzzy control law (39) are applied such
that the system (1) can track the trajectory of the leader agent, and the tracking errors of all follower
agents finally converge to a small neighborhood of zero.

Proof. We design the Lyapunov function V as:

n

V=Vi+V,+ 43
! z ; 2')’11 l; 2712 ( )

In combination with (27), (28), (41), and (42), and considering Wil - W 11 and

Wi, = —W),, the time derivative of V is given as:
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. n . . n . . n > 5
V < Y (anN(ki)kin + i) + L (wapN(cp)kip + k) — 1 (0nzi + pizh)
z:ln o " i=1 o " i=1 (44)
+A21 11 (Win) Wi + ‘21 n2(Wiz) Wip + ’21 D;
1= 1= 1=
where D; = ¢?(t)/2 + 05579.
Due to T
_ T Wi) Wi (Wy)Tw,
(Wi])TWl'l S _ ( 11)2 il + ( 11i il (45)
T (W) Wi (W)W,
(Wp) Wy < —~—22 72 1702 7 2 (46)
By substituting (45) and (46) into (44), we obtain:
. n . . n . . n ) 5
V < Y (anN(ki)ki + i) + L (wapN(kp)kip + k) — 1 (0nzi + pinzh)
T =1 (47)
—Q,Zl 11i1(Win) Wip — E‘Zl 1i2(Wia) Wi +do
1= 1=
1 & T T
where dy = Q}Zl (’71‘1(Wi1) Wit +112(Wi)” Wi + 2Di>~
i=
o is chosen so that
o= min {2Pi1 /Amax(H™1), 2010, via i, %‘2771'2} (48)
where Amax (’H‘l) represents the maximum characteristic value of HL
Thus, (47) can be rewritten as:
n
V < —oV+ Z(ale Kzl Kzl + Kzl Z(WﬂzzN K12 KZZ + KZZ) + dO (49)

Both sides of (50) are multiplied by ¢!, and integrated over the interval [0, t); then, we
have:

V< 7‘”2 f e’ (a le(Kzl)Kzl-l-Kzl)dT-Fwa f e (wapN (kip)kip + kip)dT
i=1 =1

(50)
+(v(0) - )e ot + D

According to the previous analysis, the unknown constants a;; and waj, are
bounded. Considering Lemma 2, it becomes evident thatV (¢ fo e (apN(xp )k + ki )dT,

fo e”"(wapN (kip)kip + Kip)dT, and kjy and kjp fori = 1,.. ., n, are bounded over the interval
[0,1). Let

i=1,..n

n t n t
C = max (Z/O e’t (aﬂN(Kﬂ)kil + kil)dT + Z /0 e’T (waizN(KiZ)kiz + kQ)dT) (51)
i=1 i=1

Then, (50) can be simplified as:

do

d
V< (V(O) +C— °>e‘” + = (52)
o o
Considering (14), (15), and (43), for t — oo, we obtain:
. . 2d
| = - <
Mol = fi i =l = o0 9
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where Apin(#H) represents the minimum eigenvalue of H.

By observing (48) and adjusting p;1, pi2, Vi1, Yi2, #i1, and 7, o is sufficiently large.
According to (53), the increase in ¢ or decrease in dy ensures that the tracking error |6,
converges to a small neighborhood of zero. The proof is completed. [J

The control block diagram of the system is given in Figure 1.

W = 1 (®(X )20 1)

ks :z,[(W,me.wiw,z,—d]

2 = Zn| W )T PuZn =4,
x, =0.2+0.5sin(t) / R
o, W,k

W=7, (@X)z,—n ) | Wk @ =N@) (W) @(x,) | @ u (=N () X)) | ) {X-,=a,,v,+/,+A,, X,
K=, (07, ®(X,)+ ,2,) +pu) 7+ paza=

vy =apul (+g,+A,

Figure 1. Block diagram of the control system.

Note 1. Noting (53), the tracking error lim;;co|dyi| < v/2do/Amin(H )0 can converge to a
small neighborhood of zero by adjusting the parameters of dy and ¢ . We can decrease d
by decreasing 7;1 and #;, or increase ¢ by increasing p;1, pi2, vi1, and 7;». Nevertheless, the
change in these parameters may cause the amplitude of the control signal to become larger.
Therefore, to select the appropriate design parameters, a reasonable trade-off should be
made between tracking performance and control signal amplitude.

4. Simulation Analysis

In this section, two simulation cases are provided to verify the effectiveness of theoret-
ical analysis results.

Case 1. Consider the following uncertain nonlinear multi-agent system with unknown
control directions and a dead-zone fault:

x(t) = 1. 501 ) + x;(H)e12%(H) 1-0.01 sin(t)
t) = 2uf(t) 4+ 0.3sin(x;(t)) cos(v;(t)) + 0.01 cos(t) (54)
=1,2,3,4

The communication topology of the multi-agent systems is shown in Figure 2. Here,
Ly represents the leader agent, and F;, F», F3, and F; represent the follower agents. The
reference trajectory is given as x; = 0.2 4 0.5sin(¢).

Figure 2. Communication topology of multi-agent systems.

According to Figure 1, we obtain the Laplacian matrix £ and adjacency matrix B as:

0 0 0 O
-1 1 0 0 .

L= 0 -1 1 0 , B =diag{1,0,0,0}
0 -1 0 1
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The initial conditions of four follower agents are set as x1(0) = 0.25(m), x2(0) =
0.15(m), x3(0) = 0.1(m), x4(0) = 0.35(m), and v1(0) = v2(0) = v3(0) = v4(0) = 0(m/s).
The model of the actuator dead-zone fault is shown in (2), and the parameters are given as
w=15,b;, =03, and b; = 0.1.

The fuzzy logic systems are introduced to approximate the uncertain dynamics
Fq = a%lzﬂ /2 + fi(x;,v;) and Fj, = a%zziz/Z + gi(x;,v;), where i = 1,2,3,4. The selected
membership functions as:

pp =exp(—0.5(x; — 25)?), fp =exp(—0.5(x; — 15)%), pps =exp(—0.5(x; — 0.5)°

Hps = exp —0.5(x; +0.5)?), s = exp —0.5(x; +1.5)%), Hps = exp —0.5(x; +2.5)°
In this paper, the Nussbaum gain function is selected as N (x) = 2 cos(); the initial
conditions of the adaptive control laws are set as «;; (0) = x;(0) = 0.01 and W;;(0) =
Wi, (0) = 0.01; the other parameters are given as ¢ = 0.01, p;; = 50, pjp = 10, vi1 = 72 =
10, njp = 1ip = 20, ¢}; = €}, = 0.1, and i = 1,2,3,4; and the simulation time is t = 30(s).
The simulation results were obtained using the designed control law and are shown in
Figures 3-9.

2

-0.51

Position x, (m) and reference trajectory x, (m)
o
o (4]
= 2
\\
"

L
0 5 10 15 20 25 30
Time(s)

Figure 3. The curves of the agents’ output x; and the reference trajectory x,.
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Figure 4. The curves of the position tracking error 6.
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Figure 9. The curves of the norm for the adaptive control law Wi,.

The curves of the position output x; of four follower agents and the reference trajectory
x4 of the leader agent are shown in Figure 3. It can be seen from Figure 3 that the position
output of the four following agents can track the trajectory of the leader agent under the
action of the designed control law. Notably, there is a large error within t = 2(s) at the
beginning of the simulation due to the existence of a dead-zone fault, but with continuous
simulation, good tracking performance can finally be obtained. Figure 4 shows the curves
of tracking error J,; of four following agents, and these tracking errors are seen to converge
to a small neighborhood of zero in a short time, which also proves the effectiveness of
the theoretical results from another angle. Figure 5 gives the curves of the velocity v; of
four follower agents. Moreover, the curves of the intermediate control laws «; are given in
Figure 6, and Figure 7 gives the curves of the adaptive fuzzy control law u;. The curves of
the norm for adaptive laws Wi, and Wi, are displayed as Figures 8 and 9, respectively.

Case 2. In this case, to illustrate the effectiveness of the proposed control law, a class of
practical uncertain nonlinear multi-agent systems is considered [41]. Each follower agent is
a model of ship steering with an unknown control direction, where we assume that each
follower agent is affected by the dead-zone fault. The multi-agent systems dynamic model
is given as:

X = Xpp + fir(xi1)

Xip = Bjuf + fin(xp) (55)

i=1,2234



Mathematics 2022, 10, 2655 14 of 19

where we assume that the model of each ship steering is identical for simplicity. The
uncertain, unknown nonlinear dynamics in the models of ship steering are fj;(x;1) = 0,
fia(xin) = —x;2/21 —0.3x3,/21, and B; = 0.23/21. The communication topology is shown
in Figure 1. The model of a dead-zone fault is described as (2).

In the practical simulation, the initial conditions are given as x1(0) = 0.3(m), x2(0) =
0.2(m), x3(0) = 0.1(m), x4(0) = 0.05(m), and v1(0) = v2(0) = v3(0) = v4(0) = 0(m/s).
The fuzzy logic systems are introduced to approximate the uncertain dynamics F;; =
a%zi/2and Fp = ahzpp/2+ fn(xn), i =1,2,3,4, where a;; = 1.0 and a;; = 0.23/21. The
membership functions and other design parameters are selected as in Case 1. Applying
the adaptive fuzzy control law designed in this paper yields the simulation results that are
shown in Figures 10-16.
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Figure 10. The curves of output x;; and the reference trajectory x;.
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Figure 11. The curves of tracking error J,;.
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Figure 16. The curves of the norm for the adaptive control law W,.

The curves of the output x;; of four ship steering systems and reference trajectory x4
are shown in Figure 10, and the tracking error curves are given in Figure 11. It is evident
from the two figures that our presented adaptive fuzzy control law can solve the tracking
problem of ship steering systems. Additionally, the tracking error of each ship steering
system can converge to a small neighborhood of zero. The curves of output x;, are shown
in Figure 12. Furthermore, the curves for the intermediate control law «; and final control
law u; are given in Figures 13 and 14, and Figures 15 and 16 display the curves of the norm
for the adaptive control laws Wi; and Wi,.

To further clarify the effectiveness of the control law (Scheme 1) proposed in this paper,
the results for the control law (Scheme 2) in [41] are displayed in Figures 17 and 18 for
comparison. The parameters of Scheme 1 are the same as those in Case 2. For Scheme
2, the parameters are set as: c11 = 25, c1p = 15, ¢p1 = 12, cpp = 8.0, ¢33 = 11, c30 = 5.5,
C41 = 10, Cqp = 7.5, $12 = 10, $22 = 7.5, $32 = 6.5, $42 = 8.5, K1 = Kp = K3 = K4 = 30,
rm=r2=151r1=rp=3511=r3=20,rg =rp=40,11=712=73 =71 =138,
and 01 = 0p = 03 = 04 = 0.5. The model of the actuator dead-zone fault is shown in (2),
and the parameters are given as w = 1.5, b;, = 0.3, and b;; = 0.1. The initial states are
consistent with Case 2. The comparison results of output x;; are shown in Figure 17, and
those of output x;, are shown in Figure 18.
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It is observed from Figures 17 and 18 that the tracking control problem of the given
system can be achieved using both Scheme 1 and Scheme 2. Although there is a certain
overshoot, the system can obtain better performance under the action of Scheme 1. Further-
more, based on the application of the proposed adaptive control law (Scheme 1), the given
multi-agent systems can achieve convergence in a relatively short time, and the tracking
errors can converge to a small neighborhood of zero.

5. Conclusions

In this paper, the problem of consensus tracking control for a class of uncertain
nonlinear multi-agent systems with unknown control directions and an actuator dead-zone
fault is discussed. By introducing the fuzzy logic system, the unknown uncertain nonlinear
dynamics in the analysis process are approximated. The application of the Nussbaum
gain function technology solves the problem of control law design in the presence of an
unknown control direction and a dead-zone fault. Finally, an adaptive fuzzy tracking
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control law is proposed. The simulation results show that the given uncertain nonlinear
multi-agent systems can accurately track the trajectory of the leader agent and that the
tracking errors finally converge to a small neighborhood of zero.

The adaptive fuzzy control law proposed in this paper has good control; therefore, it
can solve the control problem of uncertain nonlinear multi-agent systems with unknown
control directions and a dead-zone fault, and the tracking error can converge to a small
neighborhood of zero by selecting the appropriate design parameters. However, the main
limitation of this paper is that it does not consider more general cases, such as time delay,
time-varying control gain, packet dropout and input constraint. Therefore, the authors will
focus on these cases in future research.
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