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Abstract. In this paper, a disturbance observer-based fixed-time formation con-
trol method is studied for autonomous underwater vehicles with actuator faults,
model uncertainties and external disturbances. Firstly, the leader-follower strat-
egy is combined with the artificial potential field method to obtain the forma-
tion configuration. Then, a fast fixed-time disturbance observer is designed to
deal with unknown composite disturbances. Further, based on the disturbance
observer and fixed-time nonsingular terminal sliding-mode surface, a novel fast
fixed-time formation control method is proposed. Finally, simulation results show
the effectiveness of the proposed method.
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1 Introduction

In the past decade, autonomous underwater vehicles (AUV) have attracted wide attention
due toits outstanding performance in underwater oil exploration, underwater surveillance
and minesweeping. When performing tasks, the team cooperation of multiple AUVs is
often more efficient than that of a single AUV. At the same time, in order to complete the
task efficiently, advanced control methods are crucial [1-3]. Therefore, it is essential to
study the formation control of AUVs. The common formation methods of AUV include
leader-follower method [4], behavior-based method [5], artificial potential field method
[6] and virtual structure [7], which the leader-follower method is the most widely used [8,
9]. Since different control methods have their own different advantages, two different
formation control methods can be combined to enhance their respective advantages.
In [10], Wu proposed a control method combining artificial potential field (APF) and
leader-follower, which achieved the desired formation structure without collision.

In order to ensure fast and accurate control effect, the sliding mode control (SMC) is
often used [11-18]. The traditional sliding mode control can only guarantee the asymp-
totic stability or finite-time stability of the system, which the convergence time cannot be
calculated [19]. In [20], Polyakov proposed fixed-time control for the first time, which
can make the system stable in a fixed time without considering the initial conditions.
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In [21], two fixed-time formation control methods for multi-robot formation systems
with undirected topology and directed topology were presented. In [22], a new con-
trol algorithm based on fixed-time control and switching control method was presented
for multi-agent systems with first-order and second-order dynamic models, which can
achieve the distributed consensus for multi-agent in a fixed time.

The multi-AUV formation system is susceptible to external disturbances and the
unmodeled dynamics of the system, which poses a huge challenge to achieve stable
formation effect [23]. At present, the main methods to cope with disturbances include
neural network and disturbance observer [24—32]. Based on the study of traditional non-
linear disturbance observer, a disturbance estimator is used in formation control method
to achieve accurately estimation of disturbances. In [33], a fixed-time disturbance esti-
mator was proposed for USV systems with actuator saturation and dead zone, which can
accurately estimate unknown disturbances. In [34], a fixed-time integral sliding-mode
disturbance estimator was devised to deal with disturbances, which greatly improved
the robustness of the system and was not limited by the initial conditions of the system.

Driven by the above observations, we design a multi-AUV formation control algo-
rithm based on a fixed-time disturbance observer considering actuator fault, model
uncertainties and unknown disturbances. Firstly, the desired formation configuration
is obtained by combining leader-follower and APF. Then, actuator fault, unmodeled
dynamics and unknown disturbances are considered as composite disturbances, and a
fixed time disturbance observer is proposed to estimate them accurately. Finally, based on
the fixed-time theory and sliding-mode control, a novel formation control method is pro-
posed, which realizes the desired formation structure in a fixed time. The contributions
of this article are summarized as follows:

(1) By combining the leader-follower with artificial potential field strategy, the desired
formation configuration can be obtained.

(2) A fixed-time disturbance observer is designed to cope with complex disturbances,
which enhances the robustness of the entire system.

(3) A new fixed-time formation control method is presented based on a fixed-time non-
singular terminal sliding-mode surface, which reaches the formation configuration.

2 Preliminaries and Problem Formulation

2.1 Preliminaries

Lemma 1. Inspired by [35], if the following system satisfies

£ =~ (aosig ¥ 2) + osigh () (M
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Remark 1. Compared with [35], the fixed-time stable system has faster convergence
performance. In detail, the N (z) is smaller than the N (z) proposed in [35] when |z| < 1,
which means that when the state of the system approaches the equilibrium point, the
convergence rate is improved. Therefore, it is demonstrated that the system is faster than
[35].

2.2 Problem Formulation

2.2.1 Leader-Follower Strategy Based on APF.

Considering the formation configuration, we choose the leader-follower strategy based
on APF. The position information of i-th AUV relative to the leader [ is

0= =—Vyd () €))

where #; is the position information of the leader. The net potential function is denoted
as J (n), which represents the interaction between AUVs and it is shown as

N
T = Ja(lni = ml) = Ir(Ini = m) @
i=1

where J , (o) denotes the attractive potential field and J , (e) denotes the repulsive potential
field. The formation configuration is restricted by artificial potential field. J , (e) and J - (e)
are shown as

Ja(o) = gallel? 5)

P ( ||-||2>
r(8) = —=bcexp| ——— (6)
2 c

where a, b, c are three constants, which are relevant to the distance between the follower
and the leader. In this paper, when |n; — ;|| = d and J,(e) = J,(e) are satisfied, the
unique minimum value is obtained. Meanwhile, the net gradient potential field is zero,
and the formation configuration is realized. The potential field gradient is shown as

VJa(®) =a(m; =)/ | (m: —n)] o

2
VI, (o) = —[b(n,- L ] ®)
V,iJ (8) = VJ(e) + V(o) )

where VJ,(e) is the attractive force to reach formation configuration and VJ;(e)
represents the repulsive force to avoid collision.



Disturbance Observer-Based Fast Fixed-Time Nonsingular Terminal Sliding-Mode 149

2.2.2 AUV Dynamics

The kinematics and dynamics equations of i-th AUV are shown as

0; = R(Yi)v; (10
Mp; +COo)v; + D)y =1+ 14 (11)

where 5; = [xi, i, lﬂi]T represents the position information, v; = [u;, vi, r;]T rep-

resents the velocity information, M;, C(v;) and D(v;) represent inertia matrix, Coriolis

matrix and damping matrix, respectively. T; = [Tiy, Tiy, 7;,]T denotes control inputs,

T 4; indicates external disturbance. R(y/;) represents the rotation matrix and is expressed
cos(yi) —sin(y;) 0 .

as R(yi) = | sin(yi) cos(¥y) O |. RTWORW) = L RWy) = ROY)S(r), Vi €

0 0 1
0-r0
[0, 27], and RT (y)S()R(Y;) = R(Y)S(H)RT (;) = S(r), where S(r) = | r 0 0
000
For actuator faults, the control input z; is defined as
Ti =714 +[(E@®) —Dtai +Til = t4i + TR (12)

where 74; is the actual control input and T; is the additional bias fault. E(t) =
diagf{e;, e», e3} indicates the effective coefficient matrix of the actuator. When ¢; = 1
and T; = 0, it represents that the actuator is working normally; when e¢; = 0, it represents
that the actuator is working normally. In this paper, e¢; > 1 is considered.

According to Egs. (10)—(12), the model is written as

M i (n;)ii; + Ci(ny )0 + Do (ni )0 = Toi + RO TG + RWDTE (13)

where Myi(n;) = RWOMR' (i), Cyi(ni i) =RW)(Ci — MiSRT (), Ty =
R(Wi)Tai, Dyi(n;, ;) = RGW)DRT ().

In general, accurate model parameters are often unavailable. Therefore, the parameter
matrix can be divided into two parts.

Myi(n;) = Myi(n;) + AM i (n;) (14)
Cyi(mix ;) = Coi(mis ;) + ACyi(m;. ;) (15)
Dyi(n;» 1) = Dyi(nis ) + ADyi(my. ;) (16)

where Mn,-(ni), éni(ﬂi’ i]i), and i)ni(ﬂi’ i]i) represent the nominal terms and AM,,i(ni),
ACyi(m;, 1;), ADy;i(n;, ;) represent the uncertain terms.
Through the above equations, we get

Mni(’?i)ﬁi + éﬂi("i’ ;)1 +lA)ni(7h’ )i =ty +d'; a7
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where d’; represents the uncertainty of the lumped system
d'i = RO Tai + ROW)Tr — AMyi (n;)ii; — ACyi(mi, i) — ADyi(mi. ;) (18)

Consider the desired position information nji = — fot V,iJ () and define the
formation position error 1,; = 11,-—1)? and auxiliary error @,; = i)l-—ﬁf-l. Therefore, let

X1; = ., X2i = W, the kinematics and dynamics equations can be modified as
X1i =X

) . . N. oA N .. (19)
X2 =ui+d; —M,; (n;) (Cm(nn 1) + Dyi(n;s n,»)m) —iif

~ —1 . . ~ . .
where u; = M,; (1;)T,; is transformed control input, d; = M,; (n;)d’; is composite
disturbance.

3 Main Results

The composite disturbance and the convergence rate of the system will affect the effi-
ciency of formation task. In order to improve the efficiency of formation task, a new
fixed-time formation control method is proposed by combining a fixed-time observer
with the improved sliding-mode surface, which is also the main result of this paper.

3.1 Fixed-Time Disturbance Observer Design and Analysis

The existence of composite disturbance will affect the state of the system. If we cannot
deal with the composite disturbance well, it will have a negative impact on the formation
result. Therefore, in order to ensure that the system has good performance in the presence
of composite disturbance, a new fixed-time disturbance observer is designed to estimate
this composite disturbance d; in this part. An auxiliary system is designed as

! ~ —1 ~ LN A NS ..
Xi =y /0 [ui -M,; (n;) (Cm'(m, 1:)i; + Dyi (s, m)m) —iif —xﬁ] dt — yix;
(20)

where xj; is the auxiliary system, and y; > 0 is the control parameter. Taking the
derivative of (20), we get

Xf = —y1x5 — yid; (21)

Yii = VoXyi (22)

where y1; denotes the output of (22) and y» > 0 denotes a gain parameter.
The estimation of x is designed as Xy

A . 1. 1 e . ko (=
Ri=—vsr¥i+v; i+ rvu+ W(Mﬂgkl (%5) + rosig" (% )) (23)
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where X; = x7; — Xj; is estimation error, and y3 > 0 is a control gain parameter. N (if,) =

iﬁ’ >1
5] <1 0 = () (1 sen(ltn] - ).k
. ,AM >0, >0,0<a; <1, by >0 c1 > 0 are five constants. m; > n; > 0,
8 < p1 < q are four odd integers.
Lemma 2. Based on the proposed auxiliary system (20), the estimation error will
converge to the origin in a fixed time, and the convergence time 7 is

a;+(1 — al)exp(—b1|fcﬁ|cl), { cr

1 1 A
T (14— ”
0= ALl +)»1(1—a)1) 1‘1< +2(w11)/2)L2> (24)

where ul——,a)l—

cn
Proof. Consider the Lyapunov function V| = %i;iﬁ, and the derivative of V; satisfies

Vi =k = &) (xﬁ —fcﬁ)
=i, (-leﬁ —nid; + y3yaRi — s yaxs — Va)/zxﬁ)
1
~T ( . k(= . ko (=
—X;—— | A1sig ! (xg5) 4+ Aosig™ (x )
ﬁN(xﬁ) lg(ﬁ) Zg(ﬁ)

1

= fc;( V3VaXs — N( ) (Alstg (xﬁ) + Aosigh? (iﬁ)>>

—X; N(1 ﬁ) <Als’g (%n) + hasigh (f‘ﬁ)>

3
=- ZN ) (M|fﬁ,j|k‘+] + A2 )

j=1
< —mxl(zvl)“‘l*”/ 2 - @Az(zvl)“ﬁ”/ ? (25)
when |%4| > 1, one has
Vi< —— @) _ L op) (26)
N (%) N (%)
when ‘iﬁ’ < 1, one has
Vi€ —— @V — i@Vt 27
N (%5) N (%7)

Therefore, the error of the auxiliary system can converge to the origin in a fixed time.

1 1 Al
d In{ 1+ o7 28
0= At * r(1—wy) n( + 2(“’1—1>/2A2) (23)
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Lemma 3. The estimated value of composite disturbance is defined as
di=—(iy)” i — % (29)
Proof. Define the error d ;= 35 —d;. From (22), we have
di = —x5— y; ¥ (30)
Then, combining Egs. (29) and (30), we can further get

di = d; —di = —ny) ™ 1y — &g e+ G31)
_ _yl—lxﬁ + yl_ljjﬁ —.i'ﬁ"‘.x,'ﬁ = -i'ﬁ

According to Lemma 2, we can obtain that d ; tends to O for ¢+ > Ty. There-
fore, the composite disturbance can accurately be observed by the proposed fixed-time
disturbance observer. This means that the robustness of the system is greatly enhanced.

Remark 2. The proposed fixed-time disturbance observer in this part has the following
advantages. On the one hand, the convergence rate of the observation error is improved,
and the convergence time of the system is not affected by the initial conditions. On the
other hand, we can observe the composite disturbance accurately without knowing prior
information about it, which means that the observer can be better applied in practice.

3.2 Nonsingular Fast Fixed-Time Controller Design

The convergence rate is a very important performance index in the control system. The
faster convergence rate can accomplish the formation task more efficiently. Therefore,
based on the above analysis, a novel nonsingular fast fixed-time formation controller is
designed.

Inspired by Lemma 1, the sliding-mode surface is designed as

|
Si = 21 + o (hasig® (x10) + haSer) (32)
N(x17)
T

where S;; = [Si1.Si2 8i3] . Noi) = a2 + (1—ap)exp(—balxyi|?),

2, |xil =1 o
Land k3 = 1+(2—)(1 Fsen(xil—1). 23>0, Ag >0, 0 <as < 1,

L x| < 1 "

by > 0 are four scalars. ¢ > 0 is an even integer. my > np > 0 are two odd integers.
T. .
Sci,j = [Sei,1> Sci,2» Sei,3] " is designed as

. ky r Q. <
sig™(xy;), if S; =0o0rS; #0, |xi;| >
ci = { ¢ ( ll) l l ;é | ll| ¢ (33)

o1x1; + oox7sgn(x1), ifS; # 0, |xpil < ¢

n_
where kg = 2—2,0 < ¢ < 1.0 < py < g aretwo odd integers and o7 = (2 - lq’—i)qﬁqz h

Roaos . .
0y = (‘Z—; - )(]5‘12 ,Si=x2i + m(ly,ﬂgh (x1;) + A4stgk4(x1i)).
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Take the derivative of the sliding mode surface (32)

o . 1 ' ' . ' k3 '
81 =01 e [V GP 1+ RaPoyey — N (hasigh i) + 245 |

A —1 A C . N . . o
=ui+di—M, (m)(Cm(ni, 0;)i; + Dyi(m;, m)m) —ij!

g [N (P + P21 — N e (Rasigh een) + 1S |

1
N2(x1;)
(34)
Combining the disturbance observer Eq. (29) and the sliding-mode surface (32), a
fixed-time formation controller is presented

= (35)
where
d ! C Ay N .y wd
di = 1, (1) (Coi Onis 1)its + Doy 1)) = i
e ! : Y . ke
N2(x1;) [N(x”)(MPl + APk = N(x“)<)‘3s’g 3 (x1i) + )\4Sci):|
(36)
1
_ s ke
up = NGSH (Asstg (Si) + Aesig™ (S; )) 37)
where N(S:) = as + (1 —a3) exp(_b3|si|cg),
c3, |Sl| > 1 s N
{1’ 1Sil <17 ks = 1+< )(1+sgn(|S|—1)) ke = T2 As > 0, k¢ > O,

0<az <1, b3 >0,c3 >0,m3 >n3 >0,¢g3 > p3 > 0 are four odd integers.
Py = {k4diag(|xli|k4_.l)’ ifS; = O or§i # 0, lxiil = ¢ , P = k3diag(|x1i|k3_1).
o113 + 2ozdiag(lxiil), if Si # 0, |xiil < ¢
Theorem 1. Applying the proposed controller (35) to the kinematics and dynamics
Eq. (19), the formation errors can convergence to the origin with the settling time 7
satisfying T < max(Ty, T1) + T>, where T and T, are shown as

1 1 s
d In{ 1+ o7 38
' Asi3 * As(1 — w3) n< 2(w3_1)/2)\6) (38)
T: ! + ! In(1+ A3 (39)
< n =
2 A3 M —w) 2(!4)2—1)/2)L4
where po="2 2 0)2_—,#3—— 603——‘

g3
Proof. According to the characterlstlcs of sliding-mode control, we divide the proof
process into two parts.
Part 1. Substituting (35) into (34), we have

. 1
Si = —m()@szg 5(S:) + resigho (S; )) +d;—d; (40)
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Considering the Lyapunov function V, = lSZ.TSZ-, we can get

. . 1 ~
V, = S;rS,': — S;F <— <A5sigk5 S+ )»6Sl.gk6 (S,')) +d; — d,')

N(S:)
3
1 ks+1 ke+1
<N (rslsisl” +alsis ) - STa @1)
Lt
1
_ A2V KsHD/2 _ 5 oy, ket D/ 2
=TNG) 5(2V2) NG 6(2V2)
when |S;| > 1, one has
. 1
Vy < — A5V D2 — )0 (2V;) (42)
N(S;i) N(S:)
when |S;| < 1, we can obtain
Va < ——cA5(2V2) — Ao (2Vp) @3t/ 2 (43)
N(S:) N(S:)

_ Applying Lemma 1 and (41), we have V> = 0. According to Lemma 3, we have
d; = 0 when ¢t > Ty. Therefore, the proposed sliding-mode surface can converge to the
origin when ¢ > max(7Ty, T1), and the fixed time T satisfies

1 1 As
r m(1+-—2 14
e Asp3 * As(l — w3) n< + 2(w3_1)/2)»6> (44)

Part 2. When the sliding-mode surface reaches S; = 0, we have

Si =21+ 1 (hasigh (xi) + hasigh (x19) ) =0 (45)

b
N(x1:)

Considering the Lyapunov function V3 = %xlTixl,-, we can get

. . ) 1 . .
V3 =xjgy = xjo = _xTiN(x1~) <)»3Slgk3 (1) + Aasigh (xli)>
1
3
1 k3+1 kq+1
< —-—— ()»3 X1i,J + Aq|x15,g ) (46)
N(xli,J) ; | i | ‘ i ’

1
< ha(@V3) T2 — ey (2V3) DI
N(x1;) N (x1;)

when |x;| > 1, one has

Vs < — A3(2V3) 2t D/2 A4(2V3) (47)
(*1) N(x1;)
when |x;;| < 1, we can obtain
Vs < — 232V3) g (2V3)@tDI2 (48)

= N@p) C N@)
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Similarly, according to Lemma 1, it is shown that the system state can converge to
R= {(xl,-, )« o] < ¢, [eang] < pEAaek + N(}CU)WM] in a fixed time T,
and the convergence time 7> satisfies

1 1 A3
T In{ 1+ S—75— 49
2= A32 * A3(1 — wn) n( + 2(w2_1)/2k4> (49)

The proof is completed.

Remark 3. The proposed control method has superior performance in this paper.
It not only expedites the convergence rate of the whole system, but also improves the
robustness of the system, which has a certain guiding significance for practical applica-
tion. Moreover, the control method also has certain universality. For example, it can be
applied to the control field of unmanned aerial vehicle. The difference between the two
control objects is the difference of the models. We can apply it to the unmanned aerial
vehicle as long as we make some adjustments to the proposed method.

4 Simulation Studies

To demonstrate the feasibility of the proposed controller method, the simulation study is
conducted. The model parameter matrices are shown in [36]. The external disturbances
Z\A/I,;-l (n[)R(l//i)rdl- = [25sin(0.1¢), 1.55in(0.2¢), sin(O.OSz‘)]T and 200/p uncertainties of
the model parameters are taken into account. The control parameters are selected as
a=0.1,b=25,c=35y1=2, =3 =6, .1 = A2 = A3 =0.01, 12 = Ay = X = 2,
my = my = m3 =35 n =n =n = 33,¢ = 0.001,py = py =p3 =09,
qgq1=q@=q3=15a1=ay=a3 =0.8,b =by =b3 =10,c1 =c» = c3 = 2. The
initial values of AUV1 and AUV2 are chosen as n;=[—4, 3, Z]T, vi = [0, O, O]T,
n,=[—4, =3, 2]T, v, = [0, 0, O]T. The reference trajectory of the global leader
is selected as n; = [0.1¢#, 2cos(0.17) — 2, O.Olt+2.5]T. The faults parameters are

. 1t <30 1t <28 1t <20
designed as e; = o ,e = ., e3 = o,

1.2 otherwise 1.15 otherwise 0.9 otherwise
7, =[0.3, 0.4, 0.2]T. For any initial velocity v; = R~ !w;, and three different initial val-
ues are considered. Case 1: n;=[—4, 3, 2]T,w1 = [0, 0, O]T, n,=[—4, -3, 2]T,w2 =
[0, 0, 0]T. Case 2: y,=[-8, 2, 1.5]T, @1 = [0.01, 0.02, 0], n,=[—8, -2, 1.5]T,
wy = [0.02, 0.02, 0]T. Case 3: ,=[-6, 1, 1]T, @; = [0.03, —0.01, 0.01]T,
m=[—6, —1, 11T, w, = [0.02, —0.02, 0.01]T.

Consider a formation configuration consisting of three AUVs, which are represented
as “AUV1”, “AUV?2” and “AUV3”, respectively. AUV3 acts as the leader to provide the
desired trajectory information. Figure 1 shows the communication topology. The desired
formation structure of AUVs is an isosceles triangle. The formation trajectories of three
AUVs on the horizontal plane are shown in Fig. 2. It is obvious that the desired isosceles
triangle formation configuration is achieved. The distances between AUV1 & AUV3
and AUV2 & AUV3 are shown in Fig. 3. The results show that the distance between the
leader-follower members is 4m, which can be changed by adjusting the parameters of
potential field function. Figures 4—7 demonstrate the convergence characteristics of the
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proposed control method under different initial states. It can be seen that the convergence
time of the proposed algorithm is fixed and not limited by the initial state. The errors
of position and velocity and the control input are shown in Figs. 8-10. It can be shown
that the errors can converge to the origin in a fixed time. The composite disturbances
and its estimation are shown in Figs. 11 and 12. It can be seen that the designed distur-
bance observer can accurately estimate the composite disturbances, which enhances the
robustness of the system.

Fig. 1. Communication topology

—=AUV1

AUV2

~—=AUV3

—AUVI1 & AUV3

AUV2 & AUV3

i
20 40 60 80 100 120

t(s)
Fig. 3. Distance between the AUVs
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Fig. 11. The disturbance estimations of AUV1
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Fig. 12. The disturbance estimations of AUV2

In this paper, considering the problem of actuator faults, model uncertainties and
unknown disturbances, a fast fixed-time formation control method is proposed. Specif-
ically, the desired formation configuration can be obtained by properly adjusting the
parameters of the artificial potential field function. Then, a fixed-time disturbance
observer is designed for composite disturbances. Further, by combining disturbance
observer and fast nonsingular terminal sliding-mode surface, a formation control method
is designed. Eventually, the advantages and effectiveness of this method is verified by

simulation.
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