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A novel interception and trajectory tracking control approach for a mobile robot

Introduction. In nature, interception is a hunting strategy where a predator moves to a point ahead of a moving prey’s trajectory to catch it,
rather than directly pursuing it. Also, in transportation and manufacturing sectors, trajectory interception is carried out by the
correspondence of the position and velocity of a target object with those of the robot interceptor. It is within this context that our research
work takes place. The problem of the work consists in the development of a new intercepting and trajectory tracking strategy of a two-
wheeled differential-drive mobile robot. Goal. To propose a novel intercepting and trajectory tracking technique whose principle is based on
the orientation angle of the mobile robot interceptor guarantees a faster convergence with a minimum error and lower energy consumption.
Methodology. The problem is solved using both a sliding mode controller and a backstepping controller to test the proposed strategy based
on particle swarm optimization (PSO). Results. The results proved the effectiveness of the new approach especially in fast reaching-time and
energy consumption compared to direct pursuit. In other words, the results indicate that the proposed approach achieves a noticeable
reduction in convergence time (up to 82.5% faster) and significantly lowers oscillations in the control signals compared to classical
methods. Scientific novelty. To get interception and accurate tracking in a reduced reaching-time, an original control technique based on
PSO is implemented using two different controllers. Practical value. The proposed strategy offers satisfactory control performances such as
fast interception and smooth trajectory tracking. References 24, tables 6, figures 14.
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Bemyn. YV npupo@l NepexonnieHts: € CMpameziclo NOMOBAKHs, 34 AKOI XUMNCAK PYXAEMbCs He 6e3nocepednbo 3a 3000uuyio, a 00 MoK
nonepedy ii mpackmopii ons 3abe3neuents 3axonents. AHano2iuHo Y mpancnopmuil ma 6UpoOHUYIl chepax nepexonieHHs mpackmopii
30MICHIOEMbCS. WNAXOM Y3200JICEHHS NONIOJICEHHA Ma WEUOKOCHI Yilboeo2o 00 ’ekma 3 napamempamu poboma-nepexonmosaua. Came 6
YbOMY KOHMEKCmI 6UKOHAHO Oane Oocniodcenns. Ilpobnema. Poboma npucesuena pospobnennio Ho6oi cmpameeii nepexonieHHs ma
8IOCEdNCEHHS. MPAEKMOPIT 01151 OBOKOIICHO20 MOOLIBHO20 poboma 3 OughepenyianbHum npusooom. Mema. 3anponoryeamu HO8ULL MeMoO
NnepexonieHtss ma GI0CMeNCeH sl MPAEKMOPIl, NPUHYUN K020 IPYHMYEMbCS HA GUKOPUCHAHHI KYMa OpieHmayii MoOiibHo20 poboma-
nepexonnosaia ma 3abesnedye weuouly 30iicHicmy, MiHIManbHy noxuoky i menwe enepeocnodxcusanns. Memoouka. [na po3s’szanms
nocmasnenoi 3a0aui GUKOPUCMANO De2YNAmOp KOG3HO20 pedicuMy ma OeKcmeninz-pe2ynamop 3 Memoio nepesipku 3anponoHo8aHoi
cmpameeii Ha ocHogi onmumizayii poem uacmox (PSO). Pesynemamu. Ompumani pesynbmamu niomeepounu eqekmueHiCms HO8020
nioxooy, 30Kkpema w000 3MEHUEHHS HaCy OOCASHeHHs YiNi Ma eHepeOCRONCUBAHHA NOPIGHAHO 3 MEMOOOM NpPAMO20 Nepeciioy8aHHsL.
3oxpema, 3anpononosanuii nioxio 3abesnewye cymmese ckopouenns uacy 3biscnocmi (0o 82,5 %) ma 3naune 3menwients KOUEaHy y
CUSHANAX KepYBaHHs NOPIGHAHO 3 Knacuunumu memooamu. Haykoea nosusna. /{ns 3a6e3neuenns nepexonieHHs ma moyHo20 6i0CMedceHHs
MPAEKMOpIi 34 MIHIMANLHO20 4acy 30iXCHOCMI Peani308aHO OpULIHATbHULL MemoO Kepysanus Ha ocHosi PSO i3 euxopucmanHam 060x
pisnux pezynamopis. IIpakmuuna 3nauumicmo. 3anpononosana cmpamezis 3a0e3neuye UCOKI NOKA3HUKU AKOCMI KepyBaHHS, 30Kpemd
wUOKe nepexonients ma niaeHe giocmedsicerts mpaekmopii. biomn. 24, tabn. 6, puc. 14.

Kniouosi cnosa: BincremeHHs1 TpaexkTopii, MoOiILHMI Po0OT, KepyBAaHHS KOB3HHM PeKHMOM, OeKcTeNmiHIr-KepyBaHHS,
ONTUMI3aLlis POEM YACTOK.

Introduction. Nowadays, the control of mobile Many research studies have been elaborated

robots is swiftly in continuous progress, with a principal
focus on the control of robots capable of autonomous
movement and tasks performance. Particularly, the
trajectory tracking problem represents one of the most
important challenges. The robot control study gave rise to
several different techniques which have been proposed to
get efficient control of mobiles robots.

To control the position of a simulated mobile robot,
the authors in [1] used two reinforcement learning
algorithms to control the position of a simulated robot.
The authors showed the effectiveness for position control
in environments with and without obstacles. In [2], the
authors addressed the challenge of controlling a mobile
robot to reach a target posture in a minimum time. He
used a dynamic adaptive PID controller based on genetic
algorithm optimization.

Certain studies, to ameliorate the trajectory tracking
capabilities of a mobile robot, developed a neural network
controller [3]. Also, [1, 4] proposed an artificial
intelligence control method to minimize movement time
of a mobile robot, and a control gains optimization using
genetic algorithm has been done in the first research.
These works focus exclusively on the tracking
performances and reaching time but they don’t emphasize
the minimization of the convergence error.

Many other research works used model predictive
control strategy; for example [5], focused on controlling
mobile robots, they proposed a model predictive controller
by minimizing quadratic criterion after linearizing the
nonlinear dynamic model of the differential drive mobile
robot using input-output linearization technique.

concerning the tracking and interception of a moving target
in the literature. In [6], the authors developed a control
strategy for the interception of a moving object by a wheeled
mobile robot. The called guidance approach allowed the
mobile robot, when it is faster, to intercept successfully the
moving target. Many research studies used sliding mode
control techniques to get robust systems with insensitivity to
external disturbances and uncertainties [7]. The work [8]
proposed a new interception algorithm for a manipulator
robot to intercept a moving object. To reach interception
objective in a prescribed time, the authors used the
combination of a robust second-order sliding mode control
with a terminal attractor based on a designed time base
generator, while [9] developed a nonlinear sliding mode
control approach to achieve trajectory tracking of 2-wheeled
mobile robot. These two works focus on the robustness in
prescribed time interception and rejecting disturbances,
respectively, but they neglect to be interested in the
minimization of the convergence error. On the other hand, in
[10], the authors addressed the problem of controlling
uncertain 4-wheeled mobile robot presenting a WSS
phenomenon (wheel slipping, skidding). The sliding mode
control [11, 12] technique has been used to achieve a fixed-
time prescribed control performance. Despite the robustness
achieved and the convergence error that the authors have
mentioned, it remains to be verified whether this strategy
works with any controller that can be used.

However, most of these research studies don’t focus
on the reaching time and the minimization of the position
and orientation angle error.
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The goal of the paper is to propose a novel
intercepting and trajectory tracking technique whose
principle is based on the orientation angle of the mobile
robot interceptor guarantees a faster convergence with a
minimum error and lower energy consumption.

To show the effectiveness of this technique, it will
be tested using a first-order sliding mode controller and a
backstepping controller.

Problem formulation. Consider a mobile robot
which is placed in a 2D reference mark. The mobile robot
is counterclockwise oriented with an angle relative to X-
axis. Figure 1,a shows the mobile robot, the posture errors
consisting of linear positions (x, y) and the orientation
angle 6 in the global frame OXY. The robot’s kinematic
model is defined by:

q=S(qu, ()

where ¢ = (x, y, 0)" is the actual robot posture; a Jacobian
cosd 0

matrix is [S(¢)]=|sin@ 0; [u] = B} is the velocity
1 1

control vector; v is the linear velocity; w is the angular

velocity.
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Fig. 1. Mobile robot posture error (a);
closed loop of controlled system (b)

The desired posture and the desired velocity vector
are defined as:

9a =(xXq.¥4-04) 5 Va=0g,wq). ()
The posture error in the robot’s local frame is:

9o = (%01 Ye,6,), 3)
where:
X, =cos(x; —x)+sinb(yy; —);
Ve =—sinB(x; —x)+cos(yy —y); @
6, =6, -0,

and the vector of posture error [¢,.] has the next form:

cosd sinf 0| x;—x
[¢.]=|-sin@ cos® 0| y,—y| (%)
0 0 1)6,-6
we can also write:
Xg—X
[4.]= %) x| yq -y
0, -0

where R(#) is the orthogonal rotation matrix.

The nonholonomic constraints equation characterizing
the slip-free rolling of a wheel on the ground is:

xsin@+ ycosf=0. (6)
Using (1), (6), the derivative of (5) is:
X, V@ —V+v,cos,
[dg,./dt]=]|y, |=| —x.0+v,sing, |. (7)
0, Wy —@

To build a mobile robot simulation that is close to
reality, the robot dynamic model and a dynamic controller
are introduced in the block diagram of the control strategy:

(m+izle—mcdw2 :%(TR +TL);
R
212 L ®)
(l+—21WJa')+mcdwv=—(TR -T;),

R R

where (T, T;) are the torques input of the mobile robot; L
is the half of the track width; R is the wheel radius; d is
the distance from the mass center to the middle point
between the right and left wheels; m, m, are the total mass
of the robot and the robot mass without its wheels and
actuators; /,, is the moment of inertia of each wheel; [ is
the total inertia moment.

Optimal reference trajectory tracking. In this
part, we present our new interception and tracking
technique based on a proposed desired orientation angle.
Many results have been achieved based on mobile robot
control which emphasized on trajectory tracking
performances [13, 14]. All these works are differentiated
in the method to calculate the posture error and especially
in the choice of the desired orientation angle. There are
authors who note the desired angle as the orientation of
the reference mobile robot as in [12].

Others note the desired angle as the orientation
towards the reference mobile robot [15-18]:

0= 0y ©)
On=6.—-0; (10)

04 = Og =tan”" (v - »)/(x; - x)). 1n

The 6 expression returns values in the interval
[-772, 7/2] and may cause division-by-zero errors when x, = x.

The function «atan2» is used instead of tan' to
return the 4-quadrant inverse tangent, so:

Oy = Orr = atan2[(yq —y); (xa—x)]; 12)
On= 0Oz — 0. (13)

The proposed method is to take as the desired angle
the orientation towards a virtual reference mobile robot,
0= Oryp.

Figure 2 depicts the graphical the proposed strategy
where the virtual reference mobile robot is the predicted
posture of the reference mobile robot after a period Az, with
At is the minimum-time interception of the moving

reference mobile robot such that lim g, =0 . Assumption:
t—>At

the linear velocities of the actual mobile robot and the
reference mobile robot are positive. We define: d; = v,At is
the distance between the reference mobile robot and its
predicted position; d; = v-At is the distance between the
virtual reference robot and the actual mobile robot;

dy = \/(yd —y)2 +(xg4 —x)2 is the distance between the

reference mobile robot and the actual mobile robot:

4
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0;= Opyr = Oz + 6,
where 6, is the angle resulted from the prediction
So, it is readily seen that with a rotation of —6r in
Fig. 2,c we obtain the following Fig. 3.
' [4]

(14)

Reference mobile robot
Ko

> X

Reference mobile robot

s -2

! L actual mobile robot

o X X

Y
virtual reference mobile robot — .'

I reference mobile robot
actual mobile robot

0 X X, X

Fig. 2. a — the desired angle 6, is the orientation
of the reference mobile robot 6,;
b — the desired angle 6, = 6y is the orientation towards the
reference mobile robot; ¢ — the proposed strategy ;= Oz

Virtual mobile robotl

{} e,

L Actual mobile robot T— Reference mobile robot
Fig. 3. Rotation of Fig. 2,c of -0

Then, we get:

0, = sinl(de- sin(6, — Orp )) ,

(15)

with v 0 and —1 <sin(g, — Grp) < 1.

The inverse sine «sin '» returns one value of in the
interval [-772, 2], however there are 2 solutions:6), or
0, 7 10,| € [0.10, — 0rz|]. 16 6, > 0 then 6 < 0, < 6 if

@,S 0 then Q,S Hdé QTR; 1fc9p: 0 then 9,: Hd: QTR'
According to Fig. 3, we can write:
d; cos(Hp )= d cos(@, —Orp )+ dy;

cos(0, )V At = cos(@, —Orp )vd At+d,

cos(8, )v - cos(0, —Org vy >0;
cos(6,,)v > cos(Hr - Orp )vd .

The error angle 6,3 = Oryr— 0:
O5= atanZ((yd —),(xy —x)) +sin ! (V—d sin@, — GTR)j -0.(16)
v

The angle error is minimized when | 0.3 |>7 to avoid

the long path when the mobile robot rotates:
if 063 > zrthen 063min = 033 — 272';
if 993 < —rthen Hg3min = 933 +27

So ee3min € [_7[7 7[]

The proposed interception strategy flowchart is
shown in Fig. 4 and illustrates how the posture error is
calculated at each step of time based on the proposed
desired angle &ryz. Here, the control law block and the
error block are separated. This separation gives the
possibility to apply this approach with any control law
and with any model of mobile robot, offering flexibility
and adaptability in various control frameworks.

a7
(18)

)
Data acquisition Calculate x,, y,
Xa. Yo O vq. . Eqi4)

Normalization
of @ and 8,

Yes

Calculate 8y = Gryg
Eq(12), (14) and (15)

Minimize 8,5 No

Eq(17). (18)

Calculate the angle error 8,5
Eq(16)

Oy € [-m.m]?

Generate q,
Eq(3)

Fig. 4. Proposed interception strategy flowchart

Kinematic controller. In this section, 2 kinematic
controllers will be presented for the test with the 3 desired
angles Gy = 6., 6 = O, 5 = Oryp. Simulink was used
for the development of the mobile robot’s control system
(Fig. 1,b), leveraging its block-based environment to
facilitate rapid prototyping, model-based simulation, and
to improve analysis and debugging.

The overall architecture of the control system is
illustrated in the Simulink model flowchart presented in
Fig. 5, which details the interconnections and data flow
between the various functional blocks.

First order sliding mode controller (FOSMC).
The trajectory tracking control law developed by [19] is
based on the FOSMC technique using a non-singular
coordinate transformation. This formulation enables
improved stability and control near the target by avoiding
singularities that occur in Cartesian coordinates.
Therefore, the control law is defined as:

dy
At = ; Vv, _
cos(ﬁp )v — COS(ar — HTR )Vd [llc ] — |:WC :| — _BO 1/10(7 — GS&I(O‘*) N (19)
c
A£>0 leads to with
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[Ao ]:5_0'A0 _{ Avg cos(6,) } .

aqe ﬂzvd sin(ﬁe) + ﬂ«360d
oo -4 Ay .
[BOO'] = BO = ¢ ’
oq. 0 —Aix.—43

o (et)]= {”l } i, . (20)
=) * ﬂ'lxeye - (22xe + }'3 )(ﬂ'Zye + ﬂ3ge)

( Initialization \
Set initial parameters
| Set the Controller: FOSMC or Backstepping |
Set 64 : 6, or O7g or Oryg

Run Simulation
Generate the reference posture Eq (27)

r 1

L v
If strategy 1 If strategy 2 If strategy 3
64 = 6, 0q = Org g = 6ryp
o1 Eq (10) 6.2 Eq (13) 6,3 Eq(16), (17), (18), Figure 4
Compute posture error
Eq(5)
[
[ 1
A J A 4

If FOSMC Controller If Backstepping Controller
Calculate sliding surface Eq (20) Calculate V, Eq (23)

Calculate velocity control law Eq (19) Calculate velocity control law Eq (22)

| |
!

Simulate the mobile robot
Calculate Torque control
Calculate mobile robot velocity
Calculate mobile robot posture

No

Simulation
stop time?

End of
simulation

Fig. 5. Simulink model flowchart of the control system

In [19] the «sign» function was replaced by a
saturation function to reduce the chattering phenomenon,
where sat(c) is component wise discontinuous and
defined as:

[sat(a*)]: sat(al*) sat(G;)]T;

fsat(c™)] = 0_7 itfor| <4

> ¢

where ¢ is the boundary layer thickness (i = 1, 2);
G = diag([g1, &2])- 21)
To ensure that Bj, is always nonsingular, the
following condition must be satisfied:

*
O

sign(a;k), if

Ay =3k with OSkS;.
|xe|+1
Backstepping controller. In [21, 22], the tracking
error x, is replaced by ¥, in the backstepping model so
that we obtain a new backstepping controller based on
biologically-inspired shunting neural model, the control
law is defined as follows:

v, IV, +v,cosb,
[uc] = = .
w, Wy +kyvyy, +k3vysind,
where k; — k3 are the given positive constants;

} . (22

Vi==AVy +(B=V ) f(xe) = (D+Vy)g(x,) . (23)
where V, is the biological model control output voltage,
so that f{x,) = max(x,, 0) and g(x,) = max(—x,, 0); x, is the
biological model control input; A, B, D are the positive
constants such as B = D.

PSO optimization. In this part, we developed a
MATLAB code based on the predefined function
«particleswarm» to optimize controllers’ gains in a
Simulink model. The gains in the controllers of sliding
mode and backstepping directly influence the performance
of the control technique for interception and trajectory
tracking. Correctly adjusted gains ensure fast convergence
and enhanced robustness of the control system. To achieve
optimal controller performance, gain tuning, which can be
a time-consuming and complicated phase, is a primordial
task. To optimize the parameters of the controllers, we
adopt the particle swarm optimization (PSO) algorithm
[23]. The PSO algorithm is applied within the trajectory
tracking control framework to get right control gains by
optimizing a predefined objective function.

An integral time square error (ITSE) based on the
posture error vector is selected as the objective function:

Jirse = [t-q2dr. (24)

In the PSO algorithm, iterative computation is
performed with the objective of minimizing the cost
function Jjzsz. Each particle in the swarm represents a
candidate solution, where its position corresponds to a
specific set of control gains to be optimized. During the
optimization process, particles move through the solution
space with a certain velocity, updating their positions
iteratively. Through this process, the swarm converges
toward the global optimal solution.

Inspired from the problem-based approach to
optimize a function using particle swarm, a custom
objective function file was developed. To overcome the
limitations of converting the function file to an
optimization expression, the Simulink model is executed,
and the resulting ITSE value is returned to
«particleswarm» as a «black-box» cost function.

Figure 6 shows the interaction between MATLAB
and Simulink during the optimization process and the
PSO algorithm can be described in the next main steps.

Initialization: particles are randomly initialized
within the parameter bounds. The objective function is
evaluated for each particle. Each particle’s best position p;
and the global best position g are recorded.

Velocity update: the velocity of each particle is
updated using the following equation:

Viel =Wvi+ yug (p —x) + youp (g — %), (25)
where W is the inertia weight; y;, y, are the acceleration
coefficients (self and social adjustment); u;, u, are the
random numbers uniformly distributed in (0, 1).

Position update: each particle’s position is updated by:
(26)

Boundary constraints are applied to ensure all
parameters remain within their valid ranges.

Evaluation and wupdate: The new position is
evaluated using the cost function. If it yields a better
result, the particle’s personal best is updated. The global
best is also updated if a better solution is found across all
particles.

Xigl =X F Vi1 -

6
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Adaptation: the neighborhood size and inertia
weight W are adapted based on the improvement of the
global best solution to enhance convergence behavior.

Termination: the algorithm repeats until a stopping
condition is met, such as a maximum number of iterations
or a convergence threshold.

Simulink implementation of the control system

Initialize Simulink Model Objective function value
Set the Controller: FOSMC or Run Simulation (Figure 5)
Backstepping Compute /g of the current
Set 64 : Oy or Org Or Oyg simulation Eq (24)

l

Initialize PSO parameters
Number of iterations

Evaluate individual fitness
Update personal best
Update global best

Swarm size
Lower & upper bounds
Number of variables

|

Start optimization
Run “particleswarm” function No
Generate initial population

!

Call the objective function file
Define inputs & outputs
Run programmatic simulation
of Simulink model

Achieving the
maximum number of
iterations?

End of
optimization

New iteration
Update velocity Eq (25)
Update position Eq (26)
Generate new population

MATLAB implementation of the PSO algorithm
Fig. 6. Proposed optimization flowchart

By optimizing the controller gains through PSO in
offline mode, the control system achieves better
performance in terms of tracking accuracy and faster
convergence, all while maintaining low computational
complexity during robot simulation.

Simulation results and discussion. To highlight the
advantages and the effectiveness of the proposed control
approach, a simulation is carried out on the trajectory
tracking of a circle to verify the effectiveness of the
strategy used.

The initial robot state x, y and @ are respectively 6m,
2m and z. The initial states of the reference robot are
x;=m,y,=0, 6,= 2.

The expected trajectory of circle can be concluded as:

X, = vy cos(wyt);
¥y = vy sin(@y);
0, =w,t,

where v; =4 m/s, w; = 1 rad/s.

We consider that the mass center of the mobile robot
is at the middle point between the right and left wheels
(d=0), and the moment of inertia of each wheel is neglected
(1, = 0). The robot parameters are listed in Table 1.

27

Table 1
Robot parameters
L,m R, m m, kg 1, kg-m2
0.15 0.03 4.5 3

The parameters of kinematic controllers in Table 2
remain constant throughout the simulation experiments.

While gains g;, g, of the FOSMC controller and 4,
B, D of the backstepping controller are optimized by the
PSO each time the desired angle is selected. The
optimization process is executed offline six times for the
two kinematic controllers and the three desired angles.
Tables 3, 4 show the optimal controllers’ gains and the
total simulation errors reflected by the cost function Jrgg.

Table 2
Constant parameters of the controllers

FOSMC controller|Backstepping controller
¢ 0.5 k; 2
A 1 k, 6
A 6 ks 6
A 1
Table 3
Optimal gains of the FOSMC controller
Desired angle 2 Jeds Jirse
O =106 32.5166 | 44.9584 | 0.1152
On =6 0.9444 82.9444 | 0.4175
Proposed O3 = Oryr 13.1741 | 32.7398 | 0.0588
Table 4
Optimal gains of the backstepping controller
. Optimal
Controller Optimal FOSMC backitepping
controller
controller
Classical strategies |Gy =6,|60p=6r| 61=0. | Opn= 6
Time reduction using our 30% | 825% | 833% | 81.66 %
strategy O = Oryr

The minimal error obtained by the cost function
while 65 = 6 indicates the high accuracy of the
proposed strategy. The responses of both controllers in
Fig. 7, 8 show a fast and smooth tracking trajectory in the
X-Y plane using the proposed desired angle &ryx.

4 y,m

= ='Reference
— 04170,

—04,=01r 1
0.

a2”

d3”

TVR

a4k

L L L L L L L
0 1 2 3 4 5

Fig. 7. Circular fraj ecfory tracking — optimal FOSMC controller
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Fig. 8. Circular trajectory tracking — optimal backstepping controller
The convergence time values of posture error
qe= (Xe, Ve, HE)T to the steady-stable value can be extracted
from Fig. 9-12 and all listed in Table 5. During the
transient phase, as it is clear in Fig. 11, the optimal
FOSMC controller exhibits less oscillations around the
reference trajectory while trajectory while 65 = Gryp.
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Table 5
Reduction in convergence time, s

. Optimal FOSMC | Optimal backsteppin
Desired angle p p pping
controller controller
0,11 = Hr 1 1.2
Hdz = HTR 4 6
6d3 = HTVR 0.7 1.1
Optimal FOSMC controller + desired angle: 6
T T T T T
2“xe,m;ye,m;ﬂe1, rad X, 5
PRIA M
i Yo |
\
0 _\I\>Av- ———————— &7
4L N
2r t 5]
0 1 2 3 4 5 8
Optimal FOSMC controller + desired angle: 6,
T T T T T
Xy m;y,m;d,, rad .
YA e ||
\ "
: t \\ s |
|
o I
t's
1 | | | | |
0 1 2 3 4 5 6
Optimal FOSMC controller + desired angle: 6,3
T T T T T
2A x, m;y, m;é_, rad w1
15 v, |1
1 05
).5 4
D H Ahta
)5 t s
1 1 1 1 1
0 1 2 3 4 5 6
Fig. 9. Posture error — optimal FOSMC controller
Optimal backstepping controller + desired angle:
T T T T T
2Q Xgmiy,m;d, ., rad < 1
.
1 Y, |
ge7
0F \\=—
-1k 4
—2 L 1 L L 1 L tY s_
0 1 2 3 4 5 6
Optimal backstepping controller + desired angle: 6,
T T T T T
xe,m;ye,m;()ez, rad X,
ye
0@2 —
t s
. |
0 1 2 3 4 5 6
Optimal backstepping controller + desired angle: 63
T T T T T
ol Xgmiy, m; b, rad Al
ye
1 03] 1
ol
t's

4 I I L L I
0 2 3

1 4 5
Fig. 10. Posture error — optimal backstepping controller

6

To evaluate the convergence speed of the proposed
strategy, the Table 6 summarizes, for each kinematic
controller and each desired angle, the reduction in
convergence time of the posture error using the
interception strategy.

Optimal FOSMC controller + desired angle: 6,

xe,m;ye,m;é‘e1, rad B

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Optimal FOSMC controller + desired angle: 6,
T T T T T T T

T
Xy M3y, M0, rad

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Optimal FOSMC controller + desired angle: 63

‘ T
2 Xo MY, m; 0, rad b

1.5 v, |1
1 4

0.5 1
0 —_— S

05F ts

0 01 02 03 04 05 06 07 08 09 1
Fig. 11. Zoom in posture error — optimal FOSMC controller

Table 6
Reduction in convergence time, s

Desired angle A B=D Jirse
O = 6. 37.2667 100 0.1099
Op = O 94.2135 18.2315 0.4476
Proposed 83 = Oryr 55.1726 100 0.0418

Optimal backstepping controller + desired angle:
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Fig. 12. Zoom in posture error — optimal backstepping controller

As shown in Fig. 13, 14, the kinematic controllers
significantly reduce the chattering phenomenon during the
transient phase, resulting in a smoother and less
oscillatory control signal compared to the conventional
approach. This strategy is crucial to our energy-saving
strategy, as it effectively reduces transient oscillations,
which are known to increase heat losses and decrease the
efficiency of a robotic system’s actuators [24].
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Conclusions. This paper introduced a novel
interception-based trajectory tracking control strategy for
differential-drive mobile robots, and a new approach for
optimizing controller gains was introduced, which
effectively combines the global optimization capabilities of
MATLAB’s «particleswarm» function with the block-based
modeling environment of Simulink. The results indicate that
the proposed approach achieves a noticeable reduction in
convergence time (up to 82.5 % faster) and significantly
lowers oscillations in the control signals compared to
existing classical methods from the literature. These
enhancements are directly linked to the newly designed
reference orientation and the systematic gain optimization
that form the core contributions of this work. The simulation

results show the effectiveness of the proposed interception
and trajectory tracking strategy, regardless of the controller
used. Future efforts will focus on performing real-time
experiments on an embedded control platform to further
validate robustness against physical disturbances and
unmodeled dynamics. Additionally, expanding the
framework through adaptive or learning-based mechanisms
is expected to support broader operational conditions while
maintaining strong tracking performance.
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