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Abstract

This paper investigates the problem of adaptive event-triggered fuzzy control for nonlinear high-order fully actuated
systems. In this paper, a completely unknown nonlinear function is considered, and its prior knowledge is unknown.
To solve this problem, the fuzzy logic system technology is applied to approximate the unknown nonlinear function. In
order to save communication resources, a novel high-order event-triggered controller is proposed under backstepping
control. With the help of Lyapunov stability theory, it is proved that all signals of the closed-loop system are bounded.
Finally, the theoretical results are applied to the robot system to verify their validity.
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1. INTRODUCTION

With the development of modern society and modern industry, linear system theory has become relatively
well-established and sophisticated'~*]. Many scholars have proposed various powerful analysis tools for lin-
ear systems. However, with the progress of science and technology and the improvement of the accuracy of
measuring tools, the understanding of the actual system is gradually deepened, and the requirements for its
control performance are also increasingly high. Ignoring some objective factors, some practical systems are
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modeled as linear systems and controller designs are carried out, but the designed controllers have not met
the requirements for the control performance of practical systems. In such cases, it is particularly necessary
to model some practical systems into nonlinear systems. This includes systems such as unmanned vehicle
systems (4], unmanned aerial vehicle systems[S], robot systems, and manipulator systems[6]. Therefore, non-
linear systems have received extensive attention from scholars at home and abroad and have proposed various
tools to handle the control problem of nonlinear systems, such as adaptive backstepping control [”**!
mode control°), etc. Among them, the combination of backstepping recursive design and adaptive control

has produced a large number of excellent results!*°-14),

, sliding

The high-order fully actuated system possesses unparalleled control characteristics compared to other sys-
tems. Its fully actuated characteristics enable the elimination of all dynamic characteristics of the open-loop
system while establishing new and desired closed-loop dynamic characteristics. About high-order fully actu-
ated systems, there have been some excellent results (15231, Among them, The work[19] proposed the direct
parametric approach of fully-actuated high-order systems. A constrained cooperative control is proposed (2?!
for high-order fully actuated multiagent systems with prescribed performance.

Since the beginning of this century, networked control systems [24~2°) have been widely used in remote oper-
ation, industrial automation, building energy conservation, and other fields. This is due to their low mainte-
nance cost and high flexibility. In the networked control system, the actuator, controller, sensor, and other
components transmit information through the shared network channel. Therefore, it is necessary to reduce
the occupation of shared communication by single subsystem control to achieve the purpose of saving cost
and energy. The traditional sampling control [2°-3*lis based on the system signal sampling value instead of
continuous value and takes different constant values periodically, which has relatively high communication
efficiency compared with continuous time control. Sampling control requires information transmission and
control update at a conservative fixed frequency regardless of obvious changes in system performance, so it
is not suitable for networked control systems with high integration, which leads to the emergence of more
efficient control of resource utilization, namely event-triggered control. The key point of the event-triggered
control design is to build an event-triggered mechanism. The most basic types are absolute threshold type, rel-
ative threshold type, and mixed threshold type. The construction of an event-triggered mechanism depends
not only on the system structure but also on the expected control objectives. Even with the increase in sys-
tem complexity and performance requirements, additional dynamic and online adjustment parameters need
to be introduced. Over the past decade, significant progress has been made in the research of event-triggered
control for nonlinear systems >4+,

Inspired by the above excellent results and combined with the reality of the lack of event-triggered control
results of the high-order fully activated system, this paper studies the adaptive fuzzy event-triggered control
for the high-order fully activated system. The contribution of this paper is reflected in two aspects:

1) For the uncertain high-order fully actuated nonlinear system, the unknown nonlinear function is considered,
and the fuzzy logic system (FLS) is used to approximate the nonlinear function without a priori condition of
the nonlinear function.

2) The proposed event-triggered scheme for the uncertain high-order fully nonlinear system can effectively
eliminate the continuous update of the designed controller, thus saving communication resources.

The organization of this article is arranged as follows. The second section includes problem formulas and
preliminary knowledge. The third section introduces an event-triggered controller design scheme. The fourth
section shows the simulation. The fifth section is the summary.
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Notation

I, represents the identity matrix and

X
x(ONn) = x 0
e
A=A A Api],
0O 0 1
I, =10 K
1 0 O
xi(Own)
(0~n)
X
xl(?;n) — l+:l ,j Z l
(0~n)
X
0 1
q)(A0~n—l) —
1
Ay Ay ... Ay

2. PROBLEM FORMULAS AND PRELIMINARY KNOWLEDGE

2.1. Problem statement
Consider the following uncertain high-order fully nonlinear system:

0~p1-1 O~p1-1
A =gy (0P )y + (0P,
() 0~pi-1 Ot
x = (2" s xgen + £V ), =
n 0~ i_l 0~ i_l
Xy(lp)zgn(xi( ’ )li:1~n)u+fn(xi( ! )|i:1~”)’

where p; € N¥, and u denotes the system input. fi(xfowp [_1>|,»=1

(0~pi=1) I
i i=1

~;j) are sufficiently smooth unknown nonlinear

functions, g;(x ~;j) are control gain functions, and satisfy full-actuation conditions.

Remark 1 The above-mentioned high-order fully nonlinear system is the general form of a second-order fully
nonlinear system. For practical examples, such as robotic systems, it is no longer necessary to transform a high-
order system into a first-order system. Instead, we can deal with it directly.

2.2. Preliminaries knowledge

Assumption 1 17/ There are two constants that the control gain functions 0 < 8 < lgj ()Cfowpl_l)|i=1~j)| <
g j=1,.n.

Remark 2 The above assumption is a common standard condition that ensures the controllability of the uncertain
high-order fully nonlinear system. This is derived from modeling real systems, and it makes perfect sense.

Lemma 1 *¥! The unknown nonlinear continuous function £ (¢) is defined on a compact set. And there is an FLS
satisfying the following inequality

L&) =WTS(€) +6(8), (2)


http://dx.doi.org/10.20517/ir.2023.11

Page 179 Yan et al. Intell Robot 2023;3(2):176-89 | http://dx.doi.org/10.20517/ir.2023.11

where §(&) indicates the any estimation error which satisfies |5(x)| < S.

Lemma 2 38! ForVe > 0 and o € R, it can be concluded that

0 < |o| - o tanh(Z) < 0.2785e. (3)
€

O‘Vp,'—l

Lemma 3 '®] Design the matrix A € R™Pi so that the matrix CI>(A?NP "_1) € RPi*Pi s stable. Moreover,

according to Lyapunov Theorem, there is a matrix Pi(A?Np =1y € RP<Pi, which is positive definite, satisfying
0~pi—1,T 0~pi—1 O~pi—1 0~pi—1
O(A; ") Pi(ATPT)+P(ATTT (AT = —pil, (4)
where p; > 0 (i = 1,-- -, n) are design parameters.

3. CONTROLLER DESIGN AND STABILITY ANALYSIS

3.1. Adaptive event-triggered controller design
To facilitate the calculation, we first give some necessary coordinate transformations:

Pi(A"h) = P (AT,

AT = [P (AT (Al

P =

Qi (A7) QoA"Y Qus(4
0ir (A7) 04y (A7) gy (A% |

where QiL(A?NPf_l) #0@G=1,---,n).
Step 1: Let

sOP1mD) _ 0D 5)
and

5 40~pa—1\ (O~py-1 O~pa-1
PZ(A2 P2 1)S£ P2 ):xg pa-1) _

|
ol
With the help of the notations, one has

T 40~pa=1\ (O~pa=1) _
Py, (A, )S, =X — Q.

Choose virtual controller a as

1

O~p1-1
g P1 ))

0~p1=1) (0~pi-1 1 0~p1-1y _(0~pi-1) 4 1 0~p1-1\ (0~pi-1
_ ( (Ai P )SE P )+—P1TL(A1 P )Si P )0151T51+§P1TL(A1 P )si P )). (6)
81X

a1 =
2a%

The Lyapunov candidate function V; is designed as

O~p1— O~pi=1s (O~p— |
Vi= ()P P AT S, (7)

where 6, = max{||W, ||}, 6, = 6; — 0, and 0, is the estimation of 6;.
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With the help of FLS and Young’s inequality, one gets

P{L(A?Npl_l)sgowl_l)Fl (X1) = P{L(A?Np'_l)siowm_l)(WlTSl(Xl) +01)

O~p1=1\ (O~p1=D\2 4 T
(P{L(Al )Sl ) 9151 (XI)SI(XI) 1 2 1 T 0~pi—1y (O~pi=1) 5T 0~p1=1y (0~p1=1) 1 =2
< ZQ% Eal + EPIL(AI ! )Sl ! PIL(Al ! )Sl ! +§(51,
(8)
where Fi (X)) = fi (x}owl_l)), X, = [xioNp'_l)] and a; is a constant.
The adaptive law 6 is chosen as
o1 0~pi—1y _(0~pi-1 O~pi=1y (0~py-1 A
b1 =— Pl (A" )5\ PITDpT (AT O g, 16y (9)
1
Based on (8) and (9), one gets
. ~p— pi— 1. - |
Vi < —pl(sgo P 1))TS§0 p=b _ 5110% +a% +5% + 5119%
+ ZP{L(A?~pI_l)s§0~P]_l)gl (XiONPI_I))PgL(Ag~p2_l)é‘;0~p2_l). (10)
Step 2: Based on the notations, one has
Pg;TL(A(3)~p3_1)S§O~p3_]) =Xx3— @, (11)

From (1) and (11), the time derivative of s, is

Sém) =Q2F(A§N”2_l)(xz —a1) + Qo (A(2)~p2—1)x§1~p2—2) + Q2L(A(2)~p2_1)f2(x,-(0~pi_l)|i=1~2)

+02(AY 7 g (0P ) Pap (AL )Y 4 00 (AT P g 20V L ) s, (12)
2 3 3 2

Choose virtual controller a» as

1 (0~p2=1) (0~pr-1)
) =— A K
0~pa-1 O~pil 2 2
020(A," )gz(x,-( PD|12)
1 O~pa—1y (O~pa=1) 5 1 O~pa—1y (0~ps—1
+_2a2P§L(A2 P2 )s; P2 )92S5S2+§P§L(A2 P2 )Sé P2 )), (13)

2

and (12) can be rewritten as state-space form

§é0~P2—1) _ (D(A(2)~P2—1 s§0~p2—1) +

0
H,
where H, = Q2F(Ag~prl)(xz—d1 )-ﬁPgL (AQN”H)s;O”’Z’”ézSgSz + QzM(A(z)Npr1 ))'CEINPTZ) +0or (Angrl)

0~pi-1 0~pa-1y (0~pa-1 0~pr-1 0~pi-1 0~p3—1)y (0~p3—1
X (P L ) = LPT (AP 1 00 (AT g (x0T iy o) Pag (ALY s 0P,

The Lyapunov function candidate V, is presented as

e paety (Opa-t) . 15
Va= Vit (sy 7T oAy s 4 2, (14)
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And similar to the (8), one gets

Py (AP By (X) = PT (AP0 (WIS, (Xa) + 62)

0~pa=1y (0~p2=1)\2 9 T
(P (A, P ), )70285(X2)S2(X2) 1 1 0~pa—1y (0~pr—1) O~pa=1y (O~pa=1) 1 =
oy +§ —PgL(A P25y PV PL (AT sy +3%

2
(15)

where Fy(X2) = Q2r (A1) (2 = @) + Qo (A7 "> D) ™77 4 001 (A7) fo (677 Vi1 )
+PT (A0~p1 1) (O~p1— 1) X, [ (0~p1— 1) (ONPZ_I),QAII

The adaptive update law 6, is designed as

A 1 pye N " ~po— A
by =P (A5 PE (47T, — . (16)
2

Replacing (15) and (16) into (14), one gives

2
. 0~ 0~
Vo <= s ) ) :~2>+Z<a + 5430 92)—22

j=1
O~pr—1 O~pyr—1 0~ 1 0~, 0~ 1 O~p3—1
+2P] (AT s P 00 (AT P 6o (607 im120) Pag (AP 50 PeT (17)

Step k:(3 < k < n — 1) Based on the notations, one has

0~pi—1y (0~px—1
Pr (A )S,(( P = = e, (18)

Choose virtual controller «y as

1 (0~pi=1) (0~pi—1)
ay =— — — (A i
Qi (AT g (e is )
1 . . 1 . .
PZL(AO Pk— ]) (0~pr— 1)9 STSk +— P (AO Pk~ l) (0~pi— ])) (19)

k

The Lyapunov function candidate V is presented as

1

Vi = Vier + (80P D) TP AV P sl0opeeh Eéi. (20)
And similar to the (8), one gets
0~pi—1y (0~pi—1 0~pr—1y (0~pi—1
P (A )S,({ P )Fk(Xk)=P£L(Ak P )S,({ PO WISk (Xy) + 61)
PT AONPk_l S(ONPk_l) 29kST Xk Sk Xk 1 1 1.
P A sy 2) K (XS ( )+_ai+_PZL(Agw—l)SI(CO~pk—1>P£L(A2~pk—1)S20~pk—1>+_6%
2a; 2 2 2
(21)

Opi—ly . O~pr—1 . (1~pr—2 O~pr—1 O~pi-1
where Fi(Xi) = Qrr (A, ") (e —da—1) + Qrm (A, ™ )x,ﬂ P >+QkL(Ak PN fo P )
O~pr—1y . (0~pi—1 O~pr—1 0~pi—1 0~pi-1 O~pr-1) A A
+ Pl (A I)S,(( P )QkL(Ak P )gk(xf PV, Xy = [xi peD L ,x,(( 7D gy 6] and ay
is a constant.
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The adaptive law 6 is designed as

c 1 pr-ty (O~pi- < p=1y (O~p— 5
O =—PL (AT s P pL (AP SO P ST S — 1y (22)
k

Based on (21) and (22), one gives

k k k

. 0~pi—1 0~pi—1 | lj -

Vi £ - E ‘rj(sﬁ. Pi )|j=1~k)T(S§- Pi )|j:1~k) + E (a? + 5? + EIJ'G?) - E 519?
j=1 j=1 Jj=1

O~pr—1y (O~pi—1 0~pi—1 O~pr—1 0~pks1)=1)\ (0~prs1—1
+2PL (AT s g (P10 Qe (AT P (A s (23)

Step n: In this part, the adaptive HOFA event-triggered controller of the system is constant as

(O~pn=1) (O~pn=1) A
P _ Poignb
V(1) = =(1+7)(a, tanh( > L8 OnL ) | anh (2 n8nb0nL ) (24)
u(t) = v(tg), th St <ty (25)
tis1 = inf{z > Ol[y (1) > ylu(r)| + o}, (26)
where ¢ (1) = u(t) =v(t),0>0,p>0,0 <y < land b > % are design parameters.
From (1), the time derivative of s,, is
s =Qur (AN ™) G = dine1) + Quar (AL 7Y 4 @ (AR e P i)
+0nL (A2~pn—1)gn (xl(0~p,~—1) li=1~n)ut + Onr (ASNPW_I)gn (xi(ONpi_l) li=1~n)n
= 0 (AT D gn (P i) (27)
Choose virtual controller «,, as
! (0~pu=1) (0~m,~1)
ap == O~p — O~p—1 (An Sn
O (A" D g ("7 i)
1 o o —1) A 1 p o
o P (A s V8, S, + S P (AT s ), (28)
n
and (27) can be rewritten as state-space form
—p, p p 0
5OP) _ (40Pt gOPu ) ]
H,
where Hy, = Qur (Ay """ (i = dnot) + Qur (A" 4 0 (A7) £y (0P Vi)
0~pu—1y (0~pp=1) p 0~pn=1y (0~pp—1 O~pp—1 0~pi—1
- ﬁPZL(An r )sr(z b )gnsgsn - %P,T;L(An b sfl el Ou(A, P )gn(x,'( P )|i=1~n)an-
The Lyapunov function candidate V,, is presented as
~p,— p U 1~
V= Vioy + (s0P )T P (AYPrmtygl0mpn=) 50 (29)

The FLS is used to approximate nonlinear dynamics and adaptive law are same as (21, 22). And from (24, 25,
26), we have v(1) = Ap(t)o + (1 +yA1(2))u(t), Vt € [tx, txs1), where A1 (¢) € [—1, 1], A2(¢) € [—1, 1]. Then, we
can get

() B A (t)o
2O ESZHON

u(r) (30)
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0~pn-1 01
ACCOrding tO P:LEI i )QnLg" < P:Lsfl on )QnLgn

T+yA; (1) = 1+y
1% it yields

(0 Pn—

0~pp—1 1 7
PT ( P )QnLgn| 1+)’/l](’)| = )QnLgnl_L/ll) b >

n n
0~pj—1 0~p -1 =
= o T ) + Y 8+ 51 92)—22 +027850  (31)

J=1 J=1

3.2. Stability analysis

Theorem 1: For the high-order fully actuated nonlinear system (1) under the Assumption 1, the virtual con-
troller (6), (13), (19), (28), the actual controller (24), the adaptive law (9), (16), (22), and the event-triggered
mechanism (24,25,26) are designed. Then, the following statements hold:

1) All signals in the closed-loop system are bounded.

2) There is a positive constant @ which satisfies 7441 — #x > @. In other words, the event-triggered condition
is Zeno-free.

Proof: 1) Let V = V,. Then we can get

n n
0~p;-1 0~pj—1
Y L TR LY C i PRI B Y P 192)—§ 292+027gse
. :

<= 01Va(t) + 02, (32)

where 0| = mln{/l (P),ll,z =1,---,n}, 00 = Z;le(ai + 55 + %ljef). According to (40), one has
0< V() < 22+ (V(0) - L)emor, (33)
Q1 Q1
which means that all signals are bounded.

2) From y(#) = u(r) = v(1), Vi € [1x, 141), we have
Liy| = Ly xv)? = sign(W)ir < .
where i is a constant. Since ¢ (7;) = 0 and ,E{n (1) = (ylu(t)| + o) thus tge — 1 > (y|u(t)| +0) /¥ > 0.

4. SIMULATION

In this section, to demonstrate the effectiveness of the designed HOFA event-triggered mechanism, a single-
link robot arm simulation is carried out.

Example 1: Consider a single-link robot system whose manipulators with an elastic revolute joint are actuated
by a brushed direct current motor that can be given by

My +mglsin(a;) — K(ay —ay) =0
Jiy + Bdy, — K(ay; —ap) — Kyl =0,
LI+ RI+Kpdy—u=0,

where a; and a; are the angular positions on the link and motor sides, respectively. M and m represent the
load and link masses, respectively. B is the coeflicient of viscous friction, g is the gravitational acceleration, K
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Figure 1. Trajectories of x; in Example 1.

is stiffness coefficient of the torsional spring, J is the rotor inertia, / is the link length. K7 and K are torque
constants of the direct current motor and back-emf coefficient, respectively. L, I, and R are the armature
inductance, current, and resistance, respectively. u is the torque input.

Obviously, the above system is a second-order system, and the proposed high-order ETC backstepping can be
handled directly without transforming it into a first-order state space form. Let x; = ay, xp = a, x3 = I.

In simulations, the robot system factors are designed as follows: R = 25w, M = lkg, Ky = INm/A, mgl =
INm, Ky =2Nm/rad, J = 1kgmy, B=0.9Nms/rad, L =0.125H, and Kg = INm/A.

The design parameters are chosen as a; = 15, p; = 0.16, 1} = 100, a» = 16, p» = 0.16, I, = 80, az = 15,
p3=112,13=60,m = 1.1,d = 0.5,y = 0.5, and € = 6. The robot system of initial conditions are chosen
as x1(0) = 0.41, £1(0) = 0.02, x2(0) = 0.02, ¥2(0) = 0.22, x3(0) = 0.65, ;(0) = 0.24, ,(0) = 0.35, and
63(0) = 0.41. In order to satisfy Lyapunov Theorem, some matrices are designed as follows.

PLAOD) = [341/5 2/5 ]

o5 saps|t Ar=120 04l
1630/7733  2/101

(0~1)
P5(A =
204,70 [ 2/101  121/3031

];A2 =[4.04 04];

P3(A3) = [7]; As=8].

The simulation results are given as follows. Figure 1 represents the response of the state x;. The response of
the state x, is shown by Figure 2. Figure 3 shows the trajectories of the state x3. The trajectory of the state x,
is plotted in Figure 4. Figure 5 portrays the response of the state x,. Figure 6 shows the trajectory of the input
u. The trigger time intervals are illustrated in Figure 7. The trajectories of adaptive laws are given in Figure 8,
Figure 9, and Figure 10 .

5. CONCLUSIONS

In this article, a novel adaptive high-order event-triggered control scheme is proposed for uncertain HOFA
nonlinear systems. This scheme not only does not require prior knowledge of the nonlinear function of the
system but also saves communication resources by designing the event-triggered scheme. Moreover, the prac-
ticality of the control scheme is verified. The future of work will be concerned with the prescribed performance
control problem and network attack problem of high-order fully activated nonlinear systems.


http://dx.doi.org/10.20517/ir.2023.11

Page 185 Yan et al. Intell Robot 2023;3(2):176-89

1

081

0.6 [

0.4

0.2

0

02

0.4

-0.6

0.8

-1

0 10 20 30 40 50 60 70 80 90 100
Time(sec)

Figure 2. Trajectories of x, in Example 1.
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Figure 3. Trajectories of x3 in Example 1.
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Figure 4. Trajectories of x, in Example 1.
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