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Abstract

This paper studies the trajectory tracking problem and the controller gain adjustment problem for Wheeled Mobile
Robots. The controller gain has a great influence on the robot’s trajectory tracking: it can influence both the tracking
accuracy and the tracking speed. Therefore, it is very important to choose a suitable control gain during the controller
design process. Current neural network gain controllers have a complex structure and require a lot of calculations to
find the optimal value. To solve this problem, we design a trajectory tracking controller with a simple structure with
adaptive gain by combining the controller with a neural network. The input to this controller is the robot’s attitude
error. The controller has no hidden layer and directly outputs the trajectory tracking control law. Firstly, the kinematic
controller is designed based on Lyapunov function method to ensure that the robot moves according to the reference
trajectory. Then, the online gain adjustment algorithm is designed by using neural network to realize the fast adjustment
of the controller gain and ensure the reliability of the controller. Finally, the backstepping method is utilized to design
the velocity tracking controller based on the error between the virtual velocity and the actual velocity. Considering the
influence of the external environment, we also design a nonlinear disturbance observer to estimate the total disturbance
on the robot. We perform simulation experiment in MATLAB. The result of the experiment shows that the control
algorithm proposed in this paper can realize the accurate tracking of the robot on the specified trajectory. The gain
adjustment algorithm we designed can find the optimal gain value quickly and efficiently, thus improving the stability
and efficiency of the controller. The method can be applied to most mobile robot trajectory tracking problems and solves
the problem of control gain adjustment.
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observer
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C. Zhigiang, L. Duzhesheng, A.Yu. Krasnov, L. Yanyu

AHHOTaNMA

BBenenue. VccrnemoBanbl 3aa4u CICKEHHS 32 TPACKTOPUEH W HACTPOUKHU KO3(PPHUIIMEHTA YCUICHHUS PErylsTopa
JUTSL KOJIECHBIX MOOMJIBHBIX po0oToB. Kosddunment ycunenuns perymsitopa oka3piBaeT OONBIIOE BIHSHHE HA
MIPOIIECC OTCIISKUBAHMS TPAGKTOPUH JIBIDKeHUS poboTa. Bribop Tpebyemoro kordduimenra ycunenus B mporecce
NIPOCKTUPOBAHUS PEryJIsATOPa OUEHb BAXKEH, IIOCKOJbKY €r0 3HaUeHHE MOXKET BIUATH Ha TOYHOCTb M CKOPOCTb
orciexusanus. CylecTBYIONIME B HACTOALLEE BPEMsl HEHPOCETEBbIC PEryaaTopbl KO3(DGUIIMEHTa YCUICHUS! UMEIOT
CIIOKHYIO CTPYKTYPY U TPeOyIOT JUIsl IOMCKA ONTHMAIBHOTO 3HAYESHHs 3HAYNTEIbHBIX BBIYUCIUTENBHBIX pecypcoB. s
peleHus 3Toi MpoOIeMbl MPEATIOKEH KOHTPOIUIEP CIACKEHHUS 3a TPACKTOPHEH ¢ MPOCTON CTPYKTYPOH U aAanTHBHBIM
KOX(PGUINEHTOM YCWICHHUS, PEaTn30BaHHBIA MyTeM 00beIUHEHUSI KOHTPOJIEpa ¢ HEMPOHHOHN ceThio. BXOgHBIM
CHUTHAJIOM JJIsl KOHTPOJIJIEPa CITyKHUT OIMIMOKA OpHeHTanu podoTa. KoHTposiep He IMeeT CKPBITOTO CII0Sl M HAIIPAMYIO
BEIJIACT 3aKOH YIIPaBICHUs OTCIekHBaHUEeM TpaekTopun. Metoa. Ha ocHoBe Metona ¢yHxumii JIssmyHoBa pa3paboran
KHHEMaTHYEeCKUH PeryisiTop, 00eCIeunBalonii JBImKeHre podoTa 1o onopHo Tpaekroprui. C HOMONIBI0 HEHpOHHON
CETH NPEJUIOKESH aJITOPUTM OHJIAHH-PETYIHPOBKH KO3(DPHUIIMEHTa YCUIICHNS, KOTOPBIH MTO3BOIMI YCKOPHTH N3MEHEHHE
K03 (DHIMEHTA yCHIICHNS PETYIATOPa N 00€CIIeU I HaJIeXKHOCTb ero paboTsl. JIist pa3paboTKH peryistopa CIeKeHus 3a
CKOPOCTBIO Ha OCHOBE OIIMOKK MEX/Ty BUPTYaIbHOM 1 peabHOI CKOPOCTHIO MPUMEHEH METOA O3KCTemnmuHra. Jist yuera
BJIMSHUS BHEIIHEH Cpebl U OLIEHKH CYMMapHBIX BO3MYIIEHUH MPEIoKeH HeTMHEHHbIM HaOII0aaTeIb BOSMYIIICHUH.
OcHoBHbIE pe3yJbTaThl. BEIMONHEH UMUTALNOHHBIN dKcnepuMeHT B cpene MATLAB, kotopslit mokasan, 4To
TIPeIOKEHHBII allTOPUTM YTIPABICHHS MO3BOJISIET PEaTN30BaTh TOTHOE CIIEKEHHE 33 pOOOTOM MO 33/ITaHHON TPAaeKTOPHHL.
ANTOPUTM PEryIHpOBKH KO3(DGHINECHTA YCHICHUS 1aeT BO3MOXKHOCTE OBICTPO U 2()(HEKTHBHO HAWTH ONTUMATBHOE
3HaYCHUE KOA(D(PUIMEHTA yCUICHNS, YTO MOBBIIIAET YCTONUMBOCTE U A()(PEKTUBHOCTE paboTHI peryisitopa. OdcykaeHne.
MeTto MOXKET HalTH IPUMEHEHHNE JUTs PEIleHusT OOJIBITMHCTBA 33/1a4 CICKSHUS 32 TPACKTOPHEil ABIKEHHSI MOOMIIBHOTO
poborta u pemraet npodieMy HacTPOHKH KO UIIMEHTA YCUIICHUS YITPABICHUSL.

KnwueBble ciioBa

KOJIECHBII MOOWIIBHBIN POOOT, yIIpaBiIeHNe OTCISKUBAHUEM TPACKTOPUH, OHJIAHH-OL[EHKA TapaMeTPOB YCUIICHHSI, METO
backstepping, HabnonaTenb HETMHEWHBIX BO3MYLICHHUN

Ceplaka s nurupoBanus: Wxuign Y., Jywkouns JI., KpacHos A 1O., Subroii JI. YnpaBnenue orciexuBaHueMm

TPAaeKTOPUU 71 MOOMIBHBIX POoOOTOB C aJaNTHBHBIM KO3 dunueHToM ycuieHus // HayuyHo-TexHHUYeCKHI
BECTHUK MH(OPMALMOHHBIX TEXHOJIOTUH, MeXxaHUKU 1 onTuku. 2023. T. 23, Ne 5. C. 904-910 (na anri. 53.). doi:

10.17586/2226-1494-2023-23-5-904-910

Introduction

In recent years, along with the improvement of
automation and artificial intelligence technology, mobile
robots are playing an increasingly important role in our
daily life. For example, storage robots and logistics robots
can improve the efficiency of goods transport and reduce
the consumption of labour. Special robots can replace
human to work in extreme environments. Nowadays,
scholars have designed many effective controllers to solve
the mobile robot tracking control problem.

Mobile robot control problem can be divided into two
types: trajectory tracking, path tracking [1-3]. Based on
robot model, mobile robot trajectory tracking problem
has been studied by many scholars. Initially, Kanayama
proposed a non-linear controller based on kinematic model
and Lyapunov function [4]. But the performance of the
controller depends on the value of the control gain, the
designer must make many experiments to find the best gain
value. Many subsequent controllers [5—9] were developed
based on Kanayama’s theory. In practice, it is not enough
to consider kinematic model alone. Many mechanical
factors (e.g., mass, moment of inertia, kinetic energy) and
environmental factors (e.g., wind, ground friction) can
influence the accuracy of robot trajectory tracking. This
matter has been improved by Jiang and Nijmeijer [10, 11].
They proposed a state feedback controller based on the
backstepping technique which is taken into account both
the kinematic and dynamic models when designing the
controller. In addition, many articles made the following
assumptions: (1) The mass centre of the robot coincides
with the geometric centre. (2) The mass of the robot is
known. In practice, however, these factors will produce

errors and the parameters of the model will become
uncertain. For dealing with uncertain problem, Fukao
proposed an adaptive tracking controller [12] which can
estimate the unknown parameters of robot model.

Although many controllers have successfully solved
robot trajectory tracking problem, they all face the problem
of adjusting the control gain parameters. In other areas of
automation, gain adjustment already has an answer. In PID
control, many scholars have already proposed methods
for control gain adjustment [13—17]. Currently, intelligent
algorithms, neural network and fuzzy logic approaches are
the main methods for adjusting the gains. For example,
a particle swarm optimisation method was proposed
in the literature [16]. The work [15] used a fuzzy logic
approach to adjust the gain of a PID controller. The paper
[17] used neural networks for the adjustment of robot gain
parameters.

In this paper, inspired by the neural network framework,
we propose a trajectory tracking controller with control
gain adjustment. Firstly, in reference to Kanayama’s
method, we designed a kinematic controller with an on-line
gain adjuster based on neural network. Secondly, a dynamic
controller is designed by using the backstepping method.
We also created a non-linear disturbance observer for
estimating total disturbance. Finally, numerical experiment
we simulated in MATLAB. The simulation results illustrate
the effectiveness of the control algorithm.

Robot model

The Wheeled Mobile Robot (WMR) is shown in Fig. 1,
{X, O, Y} is the global coordinate system and {x, o, v} is
the local coordinate system of the robot. R is the robot
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wheel radius and 2B is the distance between the left and
right drive wheels of the robot. 6 is the heading angle of
the robot, v is the velocity of motion of the robot’s centre
of mass and o is the angular velocity of the robot’s mass
centre. The posture of the robot can be expressed as
q7= (X, Y, 0), where (X, Y) is the position of the robot
mass center in the global coordinate system, V; and Vj
are the linear velocities of the left and right drive wheels
of the robot.
The robot constrained function is

Xsin® — YcosO = 0.

The kinematic model q of the robot can be expressed as

cos® —sinb

q=SO)V=|sind coso (V ) . 1)
®
0 1
cos —sinf
v
In formula (1) S(0) =| sin® cos® |V :< ) is speed
vector of robot. 0 ®

The dynamic model of the robot is given by

M(q)g + C(q, q)q + F(g) + G(g) +1,=
~ B(g)r - AT(g)h, @

where M(q) is the mass matrix of the robot; C(g, q) is
Coriolis matrix; F(g) is friction vector; G(g) is gravity
vector; T, is a vector which represents the external
environmental disturbance; B(g) is an input matrix; T is the
input torque; A7(g) is a full-rank matrix; X is the Lagrange
multiplier. The constrained equation is

A(9)q =0.

From equations (1) and (2) we can obtain

A(9)S(g) = 0.

Taking the derivative of equation (1) and bringing
the result into equation (2), multiplying both sides of the
equation by S7(g) get

STMSV + ST(MS + CS)V + ST(F + G + 1,) = STBr.
Let STMS = M, ST(MS + CS) =C, 8 = ST(F + G +

+ 1) is the disturbance of robot, STB = B. Simplifying the
equation, we get

MV +CV +§ =Br. (3)

From the paper [18] the matrices take the form:

m 00 0 00
M(g)=| 0 m 0 ),C(g,q)=({0 0 0 ),
0 017 0 00
cos®  cosO
B(g)=—(sin® sinb | G(g)=0.
R B -B

So that we can obtain

o -(7 N Bo-—(, ) cea-o

Kinematic controller design

The reference trajectory of the robot can be expressed
in the form of a matrix as

X, cosh —sinf
. A
q,=| ¥, |=| —sind cos0 ( " ) .
. ®
0, 0 1 "
According to [10], the posture error of a mobile robot is
e cos sinf 0 /X, X
e, |=| -sin®@ cos® 0 || Y. -V | “4)
e 0 0 1 0, -0

Taking the derivative of (4) yields

Ya é; =—v+ we, +v,cosey
é, =—we; +v,sine; . 5)
€3 =0, — O
The goal of the kinematic controller is to find suitable
v and o, ensuring that posture error converges to zero.
According to Kanayama’s method [4], the velocity and
angular velocity of the robot were chosen as
v=kje; +v,cose; 6)
® = 0, + v, (kye, + kzsines)
where ki, k,, k5 > 0 are control gains.
Selecting the Lyapunov function as
1 5, 5 1-cose
Ji=—(ef+ef) +———2>0. %)
2 ks
19) X . _— L
Taking the derivative of (7) and bringing in (5) and (6),
Fig. 1. The wheeled mobile robot we obtain
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. ) . é;sine;
Ji=eé; e+ =

2
=e|(—v + we, +v,cosez) + e5(—we; + v,sinez) +

A Y 2 ks .
+ sines——— = —ke; —v,—sinZe; < 0.
3 1er =V 3

2 2
According to Lyapunov’s stability theorem, the system
is stable. The robot posture error will almost globally
converge to zero following LaSalle invariance principle.

Online control gain estimation

In this section, we use neural network for control gain
calculation. The paper [17] shows that neural network can
find the optimal value of controller gain by minimizing
the cost function. In this paper, a simple neural network
structure is designed. It is divided into two parts, each
consisting of one neuron, and it is trained by a back-
propagation method. Compared to traditional multilayer
neural networks, our method has a simple structure, it can
reduce computational complexity and ensure the reliability
of the controller.

Define the output of the neural network as

ky(t)e; +v,cose;

Ve~ (Z) ) B (w, +v, (k1) €y + k3(t)sine3)>’ ®

c

where k(?), k(1) k3(¢) > 0 are time varying gains, V. is
the output control law. Select the sigmoid function for
activation of the neural network

exp 2 —1

80 = L axp e+ 1)

where a is a parameter that affects the shape of the sigmoid
function, x is the input value of function. Cost function can
be chosen as

1 2 2
J=—(ej te5).
2(1 2)

Based on the gradient descent method, the controller
gain can be updated by the following equations:

ky=k + kT
ky= ks +kyT

where T 'is the iteration interval time, £, 1,23 1 gain update
rate, which can be calculated by the following equations:

. oJ oJ ael 6[318vc 5.
ky=-M_—=-ML 5 =~ A~ — Meiglv),
ok, 0e,0B, v, ok,
. oJ oJ Oe, 0P, 0w,
ky=—hy_— =~ 2_2& = hyer8(w),
5/{2 862 6[32 60)0 8k2
. oJ 0J Oe, OB, 0w, . .
S X %0 a0 Asepsine;v,g(o),

ok, ey 0P, 0w, Ok

where A, , 3 > 0 are learning rates, B,-; , are the inputs
of the sigmoid function. The derivative of the sigmoid
function is

dexp >

g(x) = (exp—Zxa + 1)2 :

The structure of control is shown in Fig. 2.

Dynamics controller design

Assumption 1. The mass and rotational inertia of the
robot are known.

Assumption 2. The total disturbance of robot is a
bounded continuous function.

Defining n = (n;, n»)7 as the error between the virtual
speed of the robot and the actual speed. It can be calculated
by the following equation:

—voy =Y 9
7] Y ®—® > ()

where V. = (v,, o.)T is the virtual speed, which is output by
the neural network. V = (v, ®)7 is the real speed of robot.

Bringing the speed error (9) into dynamic model (3)
gives

Mi=Bt-MV,-8=Bt—F, (10)

€, €, €3
Neural ka
o). e Network 1
(Xr, yrs e;) >3 O,
Reference Vi, Posture error Dynamic T Dynamic |V> ®] Kinematic
Trajectory — Transformation Controller Model Model
€l Neural Ve
Network 2 F hat
Disturbance
Observer .y, 0)

Fig. 2. The structure of control
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where F = (F|, F,)T = MV_ + & is all the factors that
cause the trajectory tracking error, should be estimated by
observer.

Inspired by [19], the non-linear disturbance observer
can be designed as follows:

z=-LM!(z—LV - Br)
F=z-LV

where matrix L is observer gain, z is a vector stands

for observer state variable, F is the estimation of total

disturbance.

After the total disturbance compensation, we can get
the control torque

) (m)

€1
=B (~kym—kssign(n) +| sines |+ F), (12)
ka
where ky, ks > 0 are control gains, sign(*) is the symbolic

function.
Defining disturbance observation error as

A,

F=F-F. (13)

From equations (10), (11), (13) we can get
F=F-F=z2-LV-F=
= LM!(z-LV-Bt)-LV-F=
= LM!(z-LV-MV-F)-LV-F=-LM'F-F

_Obviously, choosing suitable observer gain L can make
—LM-! is a Hurwitz matrix, so that the observation error
will asymptotically converge to zero.

Choosing the Lyapunov function as
1 l—-cose; 1 —
V=J, +Jy=—(el +ed) +———— +—'Mn>0. (14)
2 k> 2
Finding derivative of (14) and combining equation (8),
(9), (10), (12) we can obtain
esSine; " nTMfl _

V:.jl +j2:elé1 +e2é2+
2

=e,(—v + we, + v,cose3) + e,(—me; + v,sine;) +

@, —®

+ sines + 1M = ej(—(v,+ 1) + we, +v,cosez) +

2

. .o~ (o.+ — .,
+ ey(—me; + v,sinez) + sm@ﬁ + 1M

2

_ . .0~ (0.t 1)
=ej(—v, tv,cose3) + e,v,sine; + sines————— —
2
€1
o < sk
—n7| sine; |+nTMn =k ef — v,—sine; +
2
ks el
T D, . 2 k3 )
+n’| Bt—F - sine; | | = —kje;y — v, —sin’e; +

k ’
/, k

+n(~km-kssign(n) + F) < —kjef - vy, sines -
2

— kg™ — [m]|(ks — || F])).

We can choose k5 > ||F|| to guarantee < 0. According
to the backstepping method and Lyapunov’s stability
principle, the system is stable and the robot posture error
will asymptotically converge to zero.

Simulation

In this section, we give an example of simulation. The
parameters of robot are m = 1 kg, I =2 kg'm2, R=0.1 m,
B =0.3 m. Selecting reference speed as v, = 1m/s,
o = 1 rad/s. Initial position of robot (X(0) ¥(0) 6(0)) =
= (1.2 -1 0). The neural network parameters are set as
follows a =1, A; =20, A, = A3 = 1. The initial value of the
controller gain is k| = ky = k3 = ky = ks = 5. The observer

50
gainis L = (0 50 ), the disturbance be expressed as
6:(V1+gﬁg) )
cos(3¢) + 2sin(4t) /-

The simulation results are shown on Fig. 3—6.

As can be seen in Fig. 3 and 4, the robot can follow
the specified trajectory and posture error converges
asymptotically to zero. Fig. 5 shows the process where the
gain regulator adjusts the control gains. When the robot
motion is stable, the values of the three gains converge to
a constant value. Fig. 6 shows the process of estimating
the total disturbance by observer. It can be seen that
the observer can accurately estimate the perturbations.
Using the results of the observations, precise disturbance
compensation of the robot can be achieved.

~ tobot

trajectory _
—reference
trajectory -

g0
o
-1 start point —
-1 0 1
X, m
Fig. 3. The trajectory of robot
Zel
1 —e 1
5
o O S
2
g
9] -1t
=
=
) ‘ ; ! ; s , ‘ ‘
0 10 20 0 10 20
Time, s

Fig. 4. The posture error of robot
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6 . T T
g
.§0 5 —k
=] 3
=}
o
2 4
S 4t
0 10 20
Time, s
Fig. 5. The estimation of control gain
in 8 I I _ disturbance F, 1 -
k=) 4 - estimation of F} -
s :
és § 0 10 20
25 ' ' ‘
z 3 80 - — disturbance [,
Ay F timation of F
é 40 3 -~ estimation o 2
B9 :
g O
= 0 10 20
Time, s

Fig. 6. The disturbance estimated by observer

Conclusion

In this paper, we propose a novel robot trajectory
tracking controller with an online gain regulator. Firstly,
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