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Abstract

In this paper, we study the trajectory tracking problem of a three-wheeled omnidirectional mobile robot with full state
constraints and actuator saturation. Firstly, we analyze a three-wheeled omnidirectional mobile robot and give control
model with actuator saturation. By using tan-type Barrier Lyapunov Function and backstepping method, kinematic and
dynamic controllers are built, which can ensure that the system full states will not violate the given constraints when
the robot is performing trajectory tracking. Then, considering the differential explosion problem which occurs when
solving the derivatives of the virtual control law, we use a second-order differential sliding mode surface to calculate
it, so as to reduce the complexity of the operation. In addition, due to the output saturation problem of the robot drive
motor, an auxiliary compensation system is adopted to compensate for the error generated by the saturation function.
Finally, an experimental simulation is performed in MATLAB and the simulation results illustrate the effectiveness of
the control algorithm proposed in this paper.
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AHHOTANMSA

Beenenne. lccienosana 3ama4a ynpaBieHHs TPaeKTOpUei IBMKEHUST BCEHANIPABICHHOTO MOOMIBHOTO poboTa
C MOJHBIMH OTPAaHUYCHUSIMH Ha COCTOSHUE M HACBHIIIEHUEM BXOJHOTO CUrHaia. [Ipu ABMKeHHH poOOTa B y3KOM
HPOCTPAHCTBE YPE3MEPHBIC OMIMOKN OTCIICKMBAHUS TPACKTOPUU M CKOPOCTH MOTYT MPUBECTH K CTOJIKHOBeHHIO. Ha
NpPaKTUKE SIBIEHHE HACBIIIEHHs BXOJHOTO CHTHAA JBUraTessd MOXET MPHBECTU K TOMY, UTO KOHTPOJIIEP HE CMOXKET
JOCTHYB TPeOyeMbIX XapaKTepUCTHK ciexeHus. 1o 3Toi mpuymHe MpHu MPOEKTUPOBAHUHM KOHTPOJUIEpA BAXKHO
OTPAaHWYUTH BEKTOP COCTOSHHSA poOOTa M KOMIEHCHPOBATh OIIMOKY MOMEHTa, KOTOpasi BO3HUKAET M3-3a HACHIICHUS
npuBoga. Meton. C momomrsio OapsepHoil GpyHKIMHU JIssmyHOBa 11 MeTona backstepping mpoeKTHpyeTCs BUPTYalbHBII
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C. Zhigiang, A.\Yu. Krasnov, L. Duzhesheng, Y. Qiusheng

PETYJISITOP ¥ PEryJsaTOp TMHAMUKH, KOTOpbIe 00ECIIeunBaloT CTAOMIIN3AIIMIO COCTOSHHSI CUCTEMBI B 3aJJaHHOM 001acTH
OrpaHUYEHHUIT IPHU JIBIKEHHH poOoTa Mo TpaekTopuu. [Ipou3BoaHAs BUPTYaIbHOTO 3aKOHA YIIPABICHUS PACCUMTHIBACTCS
METOJ0OM JTUHAMUYECKHUX MOBEPXHOCTEH, UTO CHMKAET BBHIYMCIUTENBHYIO CI0XKHOCTb. [l yCTpaHEHHs BIUSHHS
HEOTIPEIeNIEHHOCTH MapaMeTpoB Ha ABMKEHHE poOOTA M OLEHKH HEM3BECTHBIX YacTeil ero MOJeNu MPHUMEHEHBI
HeWpOHHBIE ceTH. [IIst KOMITeHCANH OIIMOOK, BO3HUKAIONIHMX TIPY HACBHIIICHIH HCTIONMHUTEIBHBIX MEXaHU3MOB, CO3/IaHa
BcroMorarenbHas cucreMa. OCHOBHBIE pe3yJIbTaTbl. VIMUTaMOHHBIN SKCIIEPUMEHT BBIIOIHEH B IAKETE IPUKIAJIHBIX
nporpamMm MATLAB. DkcriepiMeHTanbHbIE MCCIIEI0BAHS MOKA3aJIH, YTO Pa3pab0TaHHBII aIrOPUTM yIIPABICHUS MOKET
peaxn30BaTh TOYHOE TPACKTOPHOE JBM)KEHHE POOOTA B YCIOBHSX OIPAHMUYCHUS] COCTOSIHUM CHCTEMBI M HACBHIIICHHUS
BXOJTHOTO CHTHaJIa B MCIIOJHUTEIbHBIX MeXxaHn3Max. Obcy:kaenne. MeTo MOXeT ObITh IPUMEHEH IS PELIeHNUs 3a1a91
yIpaBieHHs MOOMIBHBIM POOOTOM B OTpaHUUSHHOM ITPOCTPAHCTBE. AHATOTHYHBIM 00pPa30M OH MOXKET OBbITh IIPUMEHEH
KO BceM po0oTaM ¢ aHaJIOTUYHON MAaTeMaTH4YeCKON MOJEIBIO.

KiroueBbie ci10Ba
OrpPaHUYEHHS [IOJTHOTO COCTOSIHUS, OapbepHas GyHKuus JIsyHoBa, HACBILLEHNE BXO/A, BCCHANPABIICHHbIH MOOMIIBHBIIT
poOOT, TMHAMIYECKOE yIPaBICHUE TOBEPXHOCTHIO, MeTOA backstepping

Cecepuiaka s uutupoBanus: Wxuista Y., Kpacaos A1O., Jywkommn J1., Lronmw f. [luHaMugeckoe MOBEpXHOCTHOE
yTIpaBIICHNE BCEHANPABICHHBIM MOOMIEHBIM POOOTOM C TIOTHBIMH OTPAHWYEHUSIMU COCTOSTHHMS U HACBIIICHHEM BXoza //
Hay4no-TexHHYecKnii BeCTHUK HH()OPMAIIMOHHBIX TEXHOIOTHI, MexaHuku u ontukd. 2023. T. 23, Ne 6. C. 1096-1105

(na anmn. 513.). doi: 10.17586/2226-1494-2023-23-6-1096-1105

Introduction

In recent years, with the rapid development of robotics
technology, mobile robots have been widely used in
various fields, such as logistics and warehousing, factory
manufacturing, military field, and space exploration. In
comparison with differential drive robots, omnidirectional
mobile robots do not have the problem of incomplete
constraints and are able to realize unconstrained plane
motion [1]. At present, many scholars have studied
omnidirectional mobile robots [2—4]. Watanabe [2] studied
the omnidirectional mobile robotic robot and designed
the controller using the feedback control method. Tamas
[3] studied the four-wheeled omnidirectional mobile
robot, established the kinematic and dynamic models, and
proposed the trajectory planning method and trajectory
tracking control algorithm; Liu [4] investigated the three-
wheeled omni-directional mobile robot and designed the
controller based on the dynamics model by using the
trajectory linearization method. In actuality, however, there
is uncertainty in the robot model due to manufacturing
errors and disturbances in external environmental factors.
The control methods proposed by the above scholars do
not take into account the effects of parameter uncertainty
and external disturbances, making it difficult to realize the
desired control performance in practical experiments.

On the trajectory tracking problem, many scholars have
proposed mature control plans (e.g., adaptive control, sliding
mode control, neural network control, model predictive
control, and fuzzy control). Considering the problems of
wheel slippage and model parameter uncertainty, Huang
[5] proposed an adaptive backstepping control method.
Alakshendra [6] considered the effects of parameter
uncertainty and external perturbation, proposed an adaptive
sliding mode control method by combining sliding mode
control with adaptive control which achieved good
performance. Lu [7] designed an adaptive neural network
sliding mode control scheme by using neural networks to
approximate the uncertain part of the model. Zijie [8] used a
fuzzy neural network to adjust parameters of the control gain
for reducing the chattering phenomenon in the sliding mode
control. In practice, however, it is often necessary to consider

the safety of robot usage. According to the environment and
the size of the space in which the robot operates, limits are
set on the tracking error and the velocity of the motion. In
addition, due to the limitation of hardware performance, the
output torque of the controller may exceed the maximum
output of the motor resulting the input saturation problem
and affecting the trajectory tracking accuracy. Therefore,
the input saturation problem also must be considered.

The Barrier Lyapunov Function (BLF) is a frequently
used method for the tracking control problem with state
constraints. Tee [9] proposed an adaptive control method
by combining the backstepping method with the Barrier
Lyapunov Function. Xi [10] improved the Lyapunov
barrier function and used a radial basis neural network to
approximate the unknown part of the robot model, ensuring
changing in state time-varying constraints. Ding [11] used
neural networks and Lyapunov barrier functions in the
trajectory tracking problem of a two-wheeled differential
mobile robot and achieved good tracking performance.
Dong [12] created a finite time tracking controller to ensure
that the state of the system is stabilized in a certain range
for a finite period of time.

Saturation compensation is a common approach for
actuator input saturation problem. Doyle [13] proposed
a control scheme for input saturation by replacing the
saturation function with an inverse tangent function,
and proved the stability of the controller by using the
backstepping method. Mofid [14] created an adaptive
robust controller by considering the effects of input
saturation and external perturbations on the system.
Chen [15] limited the speed to a diamond-shaped range,
achieving tracking control in the case of input saturation.
By designing an auxiliary system to compensate for the
nonlinear term generated by input saturation, Yang [16]
had achieved state constrains and input saturation control
of a nonlinear system.

Inspired by the above literature, this paper investigates
the trajectory tracking problem of a three wheeled
omnidirectional mobile robot with full state constraints and
actuator saturation. The details of the study are as follows:
— For the problem of full-state constraints. By combining

the tan-type Lyapunov barrier function and the
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backstepping method, kinematics and dynamics
controllers were designed. They ensure that all the
states of a three-wheeled omnidirectional mobile robot
in trajectory tracking motion are within the constraints.

— In order to avoid the differential explosion problem, the
derivative of the virtual control law is calculated using
the Dynamic Surface Control technique.

— According to reference [17], an auxiliary system is used
to compensate for the nonlinear disturbance generated
by input saturation.

— Simulation experiments were carried out using
MATLAB. The experimental results show the
effectiveness of the proposed algorithm in this paper.

Model of Robot

The three-wheeled omnidirectional mobile robot is
shown in Fig 1. {x, o, y} is the world coordinate system
and {x,, ,, 0,} is the robot coordinate system; o,. is the
mass center of the robot; L is the distance from the robot’s
mass center to the driving wheel; /5 is the robot’s moment
of inertia; q = (x, y, 0)T is the robot’s posture; (x, y) is
the coordinates of the robot’s mass center in the world
coordinate system; and 0 is the angle between the robot’s
coordinate system and the world coordinate system. The
robot is supported by three omnidirectional wheels which
allow longitudinal and lateral movements as well as
rotational movements on a plane surface. (f}, f5, f3) is the
driving force output from the drive wheels.

The kinematic model of the robot is shown in equation

cosd —sin® 0 /v,
q=S(q)V=| sin® cosd 0 vy b (1
0 0 1 )

where ¢ = (%, , 0)7 is the velocity and angular velocity of
the robot’s mass center in the world coordinate system;
cos® —sinf 0
S(@)=( sin®@ cos® 0 | V=(v, v, )T is the speed and
0 0 1
angular velocity of the robot’s mass center in the robot’s
coordinate system.

Fig. 1. Three-wheeled omnidirectional mobile robot

The relationship between the velocity of the robot’s
mass center and the angular velocities of the three driving
wheels is shown in the equation

A
— — r
2 2 ®
1
V- Aw-| B Br 0| w, ) ©)
2 2
ror o A
L L L
roor
— — r
2 2 o
1
where A = & V3r 0 |, w=[ o, |is the angular
22 ®
roror ’
L L L

velocities of the three driving wheels; r is the radius of
driving wheels.

According to reference [4], the force on a three-wheeled
omnidirectional mobile robot can be expressed as follows

m(v, vyé):—ﬁ—jg-l-ﬂ
. \3
m(vy - Vxe) = ?(fl 7/{2) s (3)

LA=L(h +fo+ 1)

where m is the mass of the robot.

By using the direct current motor equation, the
relationship between the output torque of the driving wheel
motor and the driving force can be derived as

de‘)i + CO; = nt; — ’Tf;‘» (4)

where /,, is the moment of inertia of the driving wheel; ¢ is
the coefficient of viscous friction; 7 is the speed reduction
ratio of the speed reducer; 7 is the radius of the driving
wheel; 1, (i = 1, 2, 3) is output torque of the driving wheel
motors.

Combining (1)—(4) yields a dynamic model of the robot
as:

V=AV+FV)+Bt+d=

av, a0V, -by —b; 2b
=l ay, |+| —aov, |+ \3b, Bb, 0 |t+d, (5)
az® 0 by by, by
where A = diag(a,, a,, a3), F(V) = (a;0v,, —a,0v,, 0)7,
-by  -b; 2b,
B = \3b, \3b; 0 |, 7 is output torque; d is
by by b

disturbance of the system; system parameters are a; =
=3¢/(31,,+2mr?), ay=2mr2/(31,,+ 2mr2), a3 = 3cL?/(31,,L* +
+ Ir2), by = nr/(31,, + 2mr2), by = krL/(31,,L2 + I72); k is
the gain factor of driven torque.
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Description of problem

In engineering practice, the drive motor of the mobile
robot can only provide limited torque output, so the input
saturation problem must be considered when designing the
controller. The saturation function of the output torque can
be given by the following equation

T T,>1T

imax i imax
sat(t)) =4 T Timin ST S Timax » (6)
~Timin T < Timin
sal(t;) =1, — At (7
where 1;,,, and t,;, are the upper and lower bounds of

the motor output; saf(t;) is the input saturation torque; At;
is input saturation error; t; is control torque needs to be
designed latter.
Assumption 1. Input saturation error At is bounded, and
there exists a positive constant 6,, such that [|AT]]2 < 0.
Combining (1), (5), and (6), one can obtain the model of
the three wheeled omnidirectional mobile robot as:

q=S(qV

V=A,V+F(V)+Bsat(t)+d’ ®

Assumption 2. External disturbances d is a bounded
vector, and there exists a positive constant 0, such that
ldIP <0,

Assumption 3. The model parameters of the three
wheeled omnidirectional mobile robot are unknown.
G,=[A\V+F(V)]; (i=1,2,3) is the unknown continuous
function.

Since RBF Neural Network (RBFNN) can approximate
any continuous function, this paper uses it to estimate the
model unknown term G. RBFNN can be represented as

G, = (WTg), + 3§, ©9)

where WT is the unknown weight vector for the neural
network; @; is activation function vector; 9, is the
approximation error. The value of the approximation
function for the unknown term G can be expressed as
G;=(Wlg),

In this paper, the Gaussian basis function [11] is used as
the activation function of the neural network

_ Ix—el?)
Q=exp| - ,i=1,...,n,
Oi

where X is the input vector; ¢; and o; are the center and
width of the Gaussian function, respectively; n is the
number of neural nodes.

Assumption 4. The neural network approximation error
d is a bounded vector, and there exists a positive constant
05 such that ||8]|2 < 65.

The input saturation phenomenon presented in the drive
motors generates nonlinear perturbations and reduces the
trajectory tracking accuracy of the robot, thus it needs to
be compensated. Inspired by [17], the compensation system
can be designed as

B, =-L,B; +SB,

. ; (10)
B, =-L,B, + BAt

where B, and B, are the state variables of the compensation
system; Ly = diag(lyy, Iy, 113) > 0, Ly = diag(ly, Iy, r3) > 0
are system parameters.

Assumption 5. The state variables of the compensation
system are bounded and satisfy |By;| < My;, 1B2il < Map» N1
1,; are constants.

Assumption 6. Reference trajectory q,, V, = S71(q)q,
is bounded and satisfies |g,;| < py;» |V,4l < py;. Moreover,
the states of robot system are also bounded and satisfy
9l < 10> Vil < yaie

The purpose of this paper is to design a controller to
ensure that the robot accurately tracks a given trajectory,
in the presence of unknown model parameters, restricted
system states, and input saturation in the actuators.

Controller Design

First of all, the robot trajectory tracking errors are
defined as

e =q-q,— B (11)
62:V7(lf[32, (12)

where q,. = (x,, y,, 0,)7 is the reference trajectory of the
robot; @ = (0, oy, a3)7 is the virtual control law which will
be designed later.

Step 1. Taking the derivative of (11), we have

& =q4-4,- B, (13)
bringing (1), (10) and (12) into (13) one has
¢ =SV-q,— B =S(e;t0)—q, +Lip.  (14)
Then we select the barrier Lyapunov function as
3 by (e} 1,
V= i}i;tan(;ﬁ) +5[51|31, (15)

where b, = (b}, b5, b;3)T is boundary on the tracking
error of the system, to be discussed later; V| is a continuous
function and greater than zero.

Define
A=—" (16)

jl
5 ne;
cos’( —
Zbﬁ

taking the derivative of (15) and bringing (16), (14) into
the equation gets

(17)

15

3
= XhilS(e T =4, T iy + Bi(-L,B; + SBy) =

= YA, {S(e; + @) — d,+ LiB, 1, — B{L,B; + BISP,-

I

T
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The we choose of virtual control law as

2
—k;bisin mer.
b?
N 7

27'Ce1

=5 +4q,— LB |, (18)

where k; = (ky, k2, k13)T > 0 is the control gain.
From Young’s inequality one gets

1 1
BISB, < BISB: + - B2SP> (19)

Carrying equations (18) and (19) into (17) we obtain

n 1i i=1

; 3 bi; mef; 3
Vis X —ky—tan| — |+ > A(Sey); -
i=1 2b
(20)
Te . LaT,
=71B1B; +El325[52,

where v = Apin

S
Llf_ >0.
2

Step 2. Finding the derivative of (11) and bringing (7),
(8) and (12) into the derivative equation we obtain

& =V—a—Pp,=WIlp+8+B(sat(t)-At) +d—a+ L,p, =
2 B> ¢ 2P
=W7p+6+Bt+d—a+L,p, (21)

and construct the Lyapunov function as

=1+ 3 D" Lt (22)
= —tan| — |+ ,
2= 23] 2P
where b,; is a bound on the tracking error of the system
whose values are discussed later; V, is a continuous
function and it is greater than zero.

Differentiating (22), bringing (9), (21), (12) into
function, and assuming (16) yields

3
L o
="+ 21 Mi€yi + BiB1 =
.3 -
=V X 0(Wie +8 + Bt +d—a+ LB, + (23)
i=1

+ Bl (-L,B, + BAT).

The derivatives of the virtual control rate can make
the computation complicated and cause the differential
explosion problem. In order to reduce the computational
complexity, this paper uses the second-order sliding
mode differentiator as a dynamic surface to calculate its
derivative.

& =—r1l& — alsign(&, — a) + &,,

& = —rysign(&, - ), @4)

where & = (€11, &12, &13)7, & = (821, &a, &3) are the state
variables of the second-order filter; r, r, are the system

parameters; sign() is the sign function. According to
reference [18], §; and &; will converge to the virtual control

law « and its derivative @ respectively. When inputting
signal with disturbances, the system will generate tracking
errors € and |, — o, <¢;.

Design control torque is as

T=7T 1Ty,
2
szbzzsin (ﬂe—22>
— p-1 b: A
7, =B|——F—=——Se, - (25)
ZTCez )\,2
V}’lT(Pl .
— LB, - ‘inT(Pz +&i|
W3T(P3

where k, = (kyy, kpa, kp3)T > 0 is control gain; T, as
disturbance compensation term to be designed later.
Define the neural network parameter estimation error as

Wi=W,-W, (26)
where W, is the parameter estimation error; W, is the

estimated value of the parameter.
By taking (20), (24)—(26) into (23) we obtain

: 3 blzi et; 3 b22i nes;
Vo< S -k —tan[ — |t + S {—k, — tan| — |} —
? l%j Y <2b12,~ i; ' 2b3;
T, 7] S
-71B1B1 - B> Lz—g B, + (27
3 \:X/IT(P] . .
+ Y30 | Wi, |+8+Bry+d+& —a |+ piBAT.

= .
l W3T 03 i
Step 3. Select the Lyapunov function as

13 s
V3:V2+2—ZW,.TW,.. (28)

pi=1

Taking the derivative of (28) and bringing (26), (27)
into it yields

. . 13 ... x
Vy=V,——Y WIW, <

Pi=1
3 bzi 2 3 b2,~ 75@25
<> —kll-—ltan Tei, Y —kzl-—z tan| — |} —
=1 n 2b%)) A n 2b3;
T, 7] S
—V1B1B — B> Lz—g B+ (29)
3 ‘:VIT(PI
+ Y40 | W, |+8+Bry+d+e |} +pBAT—
5 A
l W_{(P?a i
13
-y Wiw,
pPi=1
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According to Young’s inequality, we obtain

zxz,é,s S —||6|\2< zle —eé, (30)
=1 l 1 l 1

3 13, 2

> kzidifgzle' _||d|\2< 27\21 _eda (31)
i=1 i=1 25

2 135 2

YA ST YAyt _||3H2< 27\2: _ega (32)
i=1 2i=1 21

T, <l T, l 2 2<l T, l 202
ﬁlBAT_zﬁlﬁl +2|IBH l|Az]] _23151 +2HB|| 0rr  (33)

Then choosing the control law, we get adaptive control

law
=B (- %), (34)
2

W, = p(-p, W, + 2py0)), (35)

where p and p,, are the control gains.
Here, we can get the control law as

2
—kzbzzsin e
b3

A
T= B71 — _lsez — Lzﬁz —
2T[e2 )\,2
VAVlT(pl _
- VszT(Pz T8 -7l
W3T(P3

Bringing (30)—(35) into (29) yields

3 b, ej; bzi mes;
< ¥ y—k;;—tan + koy;— tan| — |t —

lz;l{ i s <2b11>} ZZ;’{ ] s 2b221

T T = T

=Y1B1B1 —v2B2Br ZpWWi W;+ (36)
i=1
1 P EELY7C TP R
+ IR0, + (05 + 04 +6;),

Sy 1
where y, = Xmin<L2 - 5) -5 >0.

3 e
For Y W/W,, we have
i=1

N I

Bringing (37) into (36) gives

.3 b [med 3 b3 (me3;
Vs < fey—tan[ —= )b+ Sk, —tan[ —= ¢ —
’ zg{ " <2b12i z; ¥ 2b3;

3
T,
—v1BiB1 —12BB — PWZWTW+_||BH29AT

+ E(e)g +07+62) + z w/w,.
=1

Let a = min {;“min(kl)n }"min(kz)a 271: 2Y2a ppw}n
2
:—||B||29AT —(eb +07+07) + ZIWTWZ,
I

then one has V5 <— aV; + b. (38)

Integrating (38) yields
b b b
V5t < <V3(0) - —)exp(at) +—=<V30)+—. (39)
a a a

According to equations (28) and (39), it is known that

bt (mel; b
— 0 —_
{ tan(zb )] < V(1) < Va( )+

Tpge

T 1i

b (™2 < O < V0 +2
—@an| —— |t = < .
T 2b3; 3 3 a

14

e

I

Solving the equations obtains

27 | b
le;| < |—arctan 13(0) + <by;
Y blz

263 [ b
les)| < Tarctan bz V3(0)+— < by;.

Obviously, the control algorithm designed in this paper
can guarantee that the trajectory tracking errors stay within
the constraints. From robot trajectory tracking errors (11)
and (12), we can conclude that |e;| = |q — q,. — B;| < by,
leo] = |V —a — B, < b,.When the initial state of the system
satisfies the limits |q(0) — q,(0) — B1(0)| < by, |V(0) — a(0) —
— B>(0)| < b,, the system will operate within the specified
error range, then the states of the system will satisfy the
inequality |g| < [by| +|q,) + By, [V] < byl + [a] + [B,).

Now we discuss the problem of system boundary
selection. It can be known from assumption 5 and 6 that
“311‘ < nln |BZ;| < MN2i> ‘qu‘ <p1v | | <p21’ |ql| <ylz’ |V| <y217
and we’ve proved that |e};| < b11> ley;| < by;. According
to definition (11), we get |¢;| < ley| + g, + By <
<by; * p1; +ny; when choosing by; = yy; — py; — ny;, the
state of the system will satisfy the boundary condition
|g;| <y1;- Similarly, from definition (12) one has |V;| < |ezl| +
+ |0t |max + ”321| < bZz + |(1 |max + My, where ‘(X |max is the
maximum of virtual control law. When choosing b,; = y,; —

— |0l max — M2j» the speed of robot will satisfy the boundary
condition |V <y»;.

Numerical simulation

In this section, simulation experiment demonstrates
the effectiveness of the controller proposed in this paper.
The parameters of the robot are chosen as m =9 kg,
L=04m,r=0.05m, I,=11 kg'm2, [, = 0.05 kg-m?2,
¢ =0.02 kg-m?2/s. The reference tra]ectory is ¢, =
= 1.5sin(0.1¢) m, g,, = sin(0.2¢) m, g,5 = sin(0.1¢) rad. The
control gains are k; = (0.5, 0.5, 0.5)7, k, = (0.1, 0.1, 0.1)7.
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The dynamic surface parameters are chosen as r; = 1.1,
r, = 1.1. The parameters of the auxiliary system are L; =
= diag(20, 20, 20), L, = diag(20, 20, 20).

The boundaries of the tracking errors are chosen as
b, = (0.5, 0.5, 0.5)T, b, = (0.5, 0.5, 0.5)7. The neural
network with 11 nodes, the center is selected to be
uniformly distributed in the interval [-1, 1], and the width
is 2. The adaptive gains are p = p,, = 2. The initial values for
each system are chosen as q(0) = (0.4,-0.4, 0.3)7, V(0) =
=(0.1, 0.1, 0.1)7, W,(0) = zeros(11.1), B; = (0, 0, 0)7, B, =
= (0, 0, 0)T. The external disturbance on the robot is
d; = 0.01sin(?), d, = 0.01sin(2¢), d3 = 0.01sin3(¢). The

The results of the experiment can be summarized as
follows: Fig. 2 shows the whole motion of the robot; Fig. 3,
Fig. 4 show the robot position and velocity following
respectively; Fig. 5 shows the errors of robot position and
velocity; Fig. 6 gives the estimated output of the dynamic
surface; Fig. 7 presents the saturation control torque saf(t).

The experimental results demonstrate that the control
algorithm proposed in this paper can enable the robot
to trace the reference trajectory with the given initial
conditions. The robot system states q and V can gradually
converge to the given states by satisfying the defined
constraints; the position error and velocity error are able to

saturation input is limited to t,,, = 300 N-m, 1,;, =  be gradually stabilized in a smaller region near zero. The
=300 N'm. saturation control input guarantees that the control torque
does not exceed the maximum output of the motor.
2 ‘ —
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Conclusion

In this paper, we focus on the trajectory tracking motion
of a three-wheeled omnidirectional mobile robot with full
state constraints and the presence of output saturation of
the driving motors. Firstly, we analyze the kinematic and
dynamic models of the three-wheeled omnidirectional
mobile robot. The model of the robot with actuator
saturation is given. When designing the controller, we
adopt tan-type barrier Lyapunov function and backstepping
method. This ensures that the system full states will not
violate the given constraints when the robot is performing
trajectory tracking. Considering the differential explosion
problem, which occurs in solving the derivatives of the
virtual control law, we use a second-order differential
sliding mode surface to calculate it, so as to reduce the
complexity of the operation. In addition, due to the output
saturation problem of the robot drive motor, we build an
auxiliary compensation system to compensate the error
generated by the saturation function. It eliminates the
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accuracy. Finally, an experimental simulation is performed

in MATLAB, and the simulation results illustrate the
effectiveness of the control algorithm proposed in this
paper.

1. However, there are still some places that need to be
improved for the study in this paper. The algorithm
proposed in this paper can only ensure that the system
error converges to zero asymptotically. Robots often
need to realize trajectory tracking quickly in practical
application. For this reason, the controller can be further
improved to converge to zero at a specified time.

2. Due to the RBFNN, the dynamic surface and the
saturation function generate output errors that affect
the robot tracking accuracy. This paper only partially
compensates for the disturbance, and does not
completely eliminate the affect generated by the error. It
can be further improved by estimating the upper bound
of the error by adaptive algorithms to further reduce the
perturbation of the error.
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