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with Experimental Results
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This paper presents the development of an autopilot system for self-driving an autonomous wheeled vehicle. A mathematical model, including
the power allocation system, has been designed for a vehicle with three degrees of freedom. All model parameters have been identified through
experimental trials. Heading and speed controllers were designed based on Lyapunov theory. These controllers have been further fine-tuned
and tested through simulations to verify their robustness against external disturbances in the system dynamics. Moreover, this work proposes
guidance approaches that allow the vehicle to track desired waypoints (line of sight (LOS)), and follow a given path (cross-track error) and a
predefined trajectory with obstacle avoidance. A comparative study was also proposed in this paper, wherein we evaluate the paths followed by
the vehicle using distinct yaw moment control techniques which are; differential thrust controller, solely relying on a steering controller, and a
combination of both. To validate the effectiveness of the proposed autopilot system, we have conducted experimental tests, specifically focusing
on waypoint tracking control (LOS method). The results underscore the system'’s capabilities and its potential in real-world applications.
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1. Introduction control yaw moment, which is crucial for keeping a vehicle
stable during dynamic maneuvers. By adjusting the steering
Wheeled mobile robots (WMRs) are a type of nonholonomic  angles of the front, rear, or all wheels, these control systems
system, meaning their motion constraints depend on the  offer precise management of the vehicle’s orientation,
direction of movement, which influences how they can  helping to counteract external disturbances and ensuring
follow a given path. To efficiently navigate and maintain that the WMR remains on its intended path.
stability, these robots can be equipped with various control The differential controller system for wheeled vehicles
systems. Over the past 30 years, extensive research has [1, 29-31] is another method of steering where the vehicle’s
been conducted on the application of advanced front  direction is controlled by varying the speed of its wheels on
steering (AFS), rear wheel steering (RWS) and four-wheel either side. This system is commonly used in robots and
steering (4WS) systems, particularly in the field of vehicle  vehicles with independently driven wheels, such as differ-
stability control [21-28]. These systems have proven es-  ential drive robots. One of its key advantages is the ex-
sential for enhancing vehicle stability by generating a  ceptional maneuverability it provides, enabling the vehicle
to execute tight turns with a small turning radius. This ca-
Received 2 May 2024; Revised 10 December 2024; Accepted 10 December pability is particularly beneficial in environments with
2024; Published 11 February 2025. This paper was recommended for limited space, where precise navigation is essential. This
publication in its revised form by editorial board member, Xuefang Li. . . . . . .
makes differential drive systems particularly effective in
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Controller design for a WMR requires not only the
development of a controller to follow a predefined path but
also the strong stabilization of the closed loop against
introduced disturbances in the system. Linear control
technique [22], nonlinear control techniques [7, 8, 12, 13,
16] and artificial intelligence approaches [17, 18] are
examples of existent control systems for wheeled vehicles.
Adaptive controllers [2], sliding mode control (SMC) [3] and
finite-time control approach [4] are also examples of robust
and nonlinear controllers.

In order to make the control system more realistic,
adaptive compensation is combined in [5] with the above-
mentioned control approaches. In addition, a speed con-
troller for a WMR was developed using an adaptative
sliding mode approach [6]. In the same context, authors in
[7] designed a finite-time approach for tracking control of
multiple nonholonomic mobile robots.

An optimal linear quadratic regulator has also been
designed in [20] based on the vehicle dynamical model for
path tracking. In the same context, the twisting algorithm
and the terminal sliding mode (TSM) approach were also
designed in [8]. Authors in [9] developed a feedforward
controller for designing the heading controller using neural
networks. The fuzzy control was used in [10] to improve
the performance of classic controllers due to its universal
approximation capabilities. In addition, visual servoing
tracking controllers were designed in [11].

Based on previous research, the authors have developed
both linear and nonlinear control laws to manage a wheeled
vehicle, either by steering the front wheels or by controlling
the differential thrust force, all grounded on a well-defined
mathematical model. To the best of our knowledge, no au-
thor has addressed the design of a nonlinear control system
considering the three driving modes of wheeled vehicles:
differential control, steering angle control and the combi-
nation of both. This study aims to compare the performance
of these three techniques and propose a generalized
mathematical model that can assist researchers in exploit-
ing these control methods and adapting them to their
vehicles based on their specific types. Additionally, authors
who have developed nonlinear controls, such as sliding
mode control, have not rigorously calculated the control
gains as proposed in this paper.

This paper aims to overcome these challenges by de-
veloping a mathematical model for a wheeled vehicle with
three degrees of freedom (3DOF), incorporating the three
yaw control techniques. Additionally, it will address the
design of an autopilot system for self-driving the vehicle,
spanning from theoretical study to experimental results.

The remainder of the paper is structured as follows:

Section 2 deals with the development of a mathematical
model, including the power allocation system, with 3DOF
describing the behavior of the vehicle in the horizontal plan.

Fig. 1. The considered wheeled vehicle.

The vehicle parameters are identified experimentally
in Sec. 3.

In Sec. 4, based on Lyapunov theory, heading and speed
controllers are designed and simulation tests are carried
out, on the one hand, to validate the designed control laws
and to evaluate the yaw moment controller using three
different techniques on the other hand.

In Sec. 5, a guidance system is established letting the
vehicle to track desired positions, follow a given path and
avoid encountered obstacles.

Section 6 is intended to design an autopilot system using
an ATmega2560 microcontroller and a graphic processing
unit GPU Jetson nano. The developed heading controller is
implemented through the microcontroller and the results of
the experimental tests are compared with those of the
simulation.

The primary contribution of this paper is a comparative
study of three yaw moment techniques for heading con-
troller design. Another contribution of this work is the
proposed tuning approach for heading controller para-
meters, which is novel compared to previous studies. In
addition, this paper proposes a novel method allowing the
vehicle to track a desired position and to follow a given path
by the development of a yaw moment controller that
recommends the use of a steering angle actuator and a
differential thrust at the same time (Fig. 1).

2. System Modeling

2.1. Reference systems and vehicle description

Let the (0, Xy, Yy, Zy) coordinate system be the inertial ref-
erence frame R, and let the (G, X, Y,Z) be the body frame R
as shown in Fig. 2.

The origin of the body frame coincides with the center of
gravity G of the vehicle. The (GX) axis is pointed toward the
front of the vehicle, the (GY) one is pointed toward the left
side of the vehicle and the (GZ) one is chosen oriented
toward the high to have a direct trihedron.
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Fig. 2. Geometry model of the considered vehicle.

Let (7,], k) be the unit vectors of the (GX), (GY) and (GZ)
axes, respectively.

Let (iy,jo, ko) be the unit vectors of the (0X,), (0Y,) and
(0Z,) axes, respectively, as shown in Fig. 2.

The considered vehicle is equipped with four identical
wheels. They are driven by four identical electric motors.

= o —
FFLa FFRv FRL'

Frr applied, respectively, at points 4, B, C, D. The vehicle
orientation 1 (heading angle) is controlled using three
techniques; the steering actuator of the front wheels
6. € [<6, ,0, |, the differential thrust between the left
and the right forces or both together at the same time.

The vehicle side slip angle (3 is the angle between the
vehicle longitudinal axis (X-axis) and the velocity vector as
shown in Fig. 2. Each wheel has a sideslip angle ¢ [19]
between the wheel longitudinal axis (X, -axis) and its ve-
locity vector V.

Each wheel creates a thrust force

2.2. Assumptions

The used assumptions for vehicle modeling in this paper
are as follows:

e The road surface is horizontal.
e The vehicle is considered a rigid body moving on a flat
and horizontal plane (road inclination is equal to zero).

e Only the longitudinal wheel forces are considered, the
lateral wheel forces are neglected.

e The resistance model does not depend on the road where
the vehicle moves.

o The forces and displacements related to roll, pitch and
heave motions are zero. This simplification is based on
the assumption that suspension dynamics are neglected
and the wheels are considered rigid. As a result, vertical
forces, as well as rotational displacements around the
vehicle’s longitudinal (roll) and lateral (pitch) axes, are
not included in the model. This allows us to focus solely
on the planar dynamics relevant to vehicle control, while
simplifying the model by excluding vertical and rotational
movements associated with suspension compliance.

2.3. Equations of motion

The notations used in this work are described in Table 1.
The velocity of the vehicle V is given by

u X
V=1|v =1y . (1)
0 R 0 R,

The force applied to the vehicle is expressed in R and R as
follows:

o (F Fy,
F=|F | =B, (2)
0/r 0/ g,
Table 1. Used notation and description.
Notation Description
X,y Horizontal coordinates of G in R,
Y Heading angle
u Velocity in surge motion
v Velocity in sway motion
r Yaw rate
oy Steering angle
Frr Front right wheel force
Fry Front left wheel force
Frr Rear right wheel force
Fpy Rear left wheel force
f’ Linear frictional force
Iy Distance from G to front axle
I Distance from G to rear axle
R Turning frictional force
m Mass of the vehicle
I, Moment of inertia of the vehicle around (GZ) axis
d Distance between G and point A in X-Y plane.
T Sampling time
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Points 4, B, C, D and G (Fig. 2) are supposed to be located on
the same horizontal plane, thus, the moment M expressed
in R, is

M=|(o0| . (3)
N/ g,

By applying the Newton’s second law of motion, we obtain
F m-d

et = = 4

(M) ( 0 ) )

: Linear acceleration,

with
dav
dt
dg
dt,
¢ = JQ : Angular moment,

J: Inertia matrix of the vehicle,

Q: Angular velocity of the center of gravity G in the inertial

frame.

6 =
6 =4 : Dynamic moment,

The linear acceleration @ is thus written as follows:
o +Y- Jo - (5)
The angular acceleration is denoted as 1).

Consequently, by using Eq. (4), we get

ai=x-

F,=m-Xx,
Fy():m-j}, (6)

with I, the moment of inertia around the (G,Z) axis.

During its movement, the vehicle undergoes a resistance
to its movement due to the wind and a frictional force due
to the road, this resistance can be represented by a fric-
tional force f :

—

f=—g1(w)i - g2 (v)j (7)
and a moment N £
Ny = —gs(r)k (8)
with
g1(u): Surge resistance model,
g2(v) : Sway resistance model,
g3(r) : Yaw resistance model.
We obtain thus
mxX = f—+ Fpr . + Fp_ + Fpr_ + Fro_,
To i ig iy iy
my = f— + Fpp . + Fp, . + Fpp . + Fpi_, (9)
Jo Jjo Jo Jo Jo

Izzz)' = Nf—* + NFR—' + NFL_ + NRR_, + NRL—»?
ko ko ko ko ko

where

_—
o Fpr_,Fp,_,Frr_, Fr,_ are the components of Fgg, Fgy,
o 0 10 o

Frg and Fyy, respectively, along (0X,) axis, .

Fer_, Fp_, Frp_., Fpi_ are the components of Fgg, Fp,
Jo Jo Jo Jo

FTzR and FTU:, respectively, along (0Y,) axis,
. f?’ff are the components of the frictional forcef along
0 0

(0X,) and (0Y,) axes, respectively,

Ngg_., Ng_, Nrp_, Ny, are the moments created by the
ko ko ko ko

forces Tm{, F_F]:, ER and a around the (0Z,) axis,

. Nfg is the component of the moment Ny around
the (0Z,) axis.
In the body frame, we have
Fgg cos(6,)
Fir = | Fsin(s,) | (10)
0 R
Fy, cos(6,)
Fp = | Fasin(s,) | (11)
0 R
. (FRR)
Fre=1(0 |, (12)
0 /&
)
Fapo=10 , (13)
0 /=&
—91(u)
f =1 —g:2(v) (14)
0 R
By using the following transformation matrix
cosyp siny 0
Pp,_g = | —sinyp cosyp 0 |, (15)
0 0 1
we get
Fgg cos(6, + 1)
Fep = | Fersin(s, + ) | (16)
0 R
Fgp, cos(6, + ¢)
Fep = | Fasin(6,+v) | (17)
0 Ry
Fyg cos(¥)
Fer = | Farsin(y) | (18)
0 R,
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Fy, cos (1))
Fr,= | Fr.sin(y) . (19)
0 R,
—g1(u) cos(¢)) — g2 (v) sin(v)
f=| -g:1(sin(@) —gz(v)cos() | . (20)
0
e Moment Ny is calculated as follows: o
NFL:F:FL/\A_G (21)
with
—I dsin(1) — Ir cos(v))
AG = (—d) = (—If sin(¢y) — dcos(z/;)) . (22)
0 /=& 0 Ry

Moment IVFL becomes
Ny, = Fr (I sin(6,) — dcos(ér))I?O. (23)

By replacing —d with d in Eq. (23) we get the moment Ny
as follows:

Nrg = Feg - (I sin(8,) + d cos(é,)) k- (24)

Moment NRR is calculated as follows:

Ngr = Frr A CG (25)
wit
I —d sin(vy) + I, cos(v)
CG = (d) ( I sin(v)) + d cos(1)) ) . (26)
0 0 R,

Moment NRR becomes

Nig = dFako- (27)

By replacing —d with d in Eq. (27), the moment ]VRL is given
as follows:

ﬁRL = —dFRLEm (28)

Consequently, we get

mx = (Fg, + Fgr) cos(, +9) + (Fg, + Fgg) cos(¥))
—g1(u) cos(¢)) — g2(v) sin(y)),

my = (Fp, + Fpr) sin(é, +¢) + (Fgy + Frg) sin(¢))
—g1(u) sin(¢)) — g,(v) cos(¢)),

I, = (Fpr + Fp)l sin(6,) + d(Fr — Fp) cos(6,)
+d(Frg — Fri,) — g3(r)
(29)
with r = 1.

By normalizing, it means dividing by the maximum force
Fnax which can be generated by each motor, Egs. (29)
become

mx  (Fp, + Feg) cos(6 + 1)) + (Fg, + Frg) cos(?))

Fmax B Fmax
. ~91(u) cos(¥) — ga(v) sin(¥)
Fmax ’
my _ (Fp, + Fer) sin(é, +¢) + (Fre, + Fre) sin()
Fmax Fmax
. ~91()sin(v) — g(v) cos(v)
Fmax ,
I+ (Fer + Fp)lpsin(6,) + d(Fgg — Fp,)cos(6,)
Fmax Fmax
+d(Fgg — Fpr) — g3(r)
Fmax ’
(30)
Let us pose
e m = Fm s
L=
° F}ITL* FFL FFR*F FRL FFRL FRR*FF:X-

m'* = (Fg, + Fig) cos(6, + ¢) + (Fg, + Frg) cos(1))
—g1(u) cos()) — g2(v) sin(¢),

mY = (Fg, + Fgg) sin(6, +¢) (Fri, + Frg) sin())
—g1(u) sin(y) — g2(v) cos(v),

I;-¢ = (Fp, + FéR)If sin(6,) + d(Fp, — Frg)cos(6,)
+d(Fgg + Fr) — g3(r).
(31)
Since we have
V=x-iy +y-jo =u-i+v-j (32)
and
io :cosw-_i_:— sinw-f7 (33)
Jjo =siny-i+cosy-j,
we get
u :xc.osw—&—y.smw, (34)
v = —Xsin + y cos .

Time derivative of Egs. (34) gives

{u:X‘cosw—)'mb-simp—i—j}-sinw—k{p-y-cosw,

: . (35)
V=—Xsiny—Xx-1¢-cosyp+y-cosy—-y-siny.
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It is equivalent to
m’.it = m’'X cos ) — m'k.1p. siny

+m'y. sin 4+ m'.y. cos b,

: (36)
m'.v=—m’'.xsiny — m’ k.. cosy
+m’.j.cos ) — m'y.y. sina.

So, we get
_ (Fg, + Frg)cos(6,) 4 (Fgy, + Frg) +m'rv — g4 (u)
= p ,
(37)
y_ Pt Fhsin(s) —miru—g,(v) 50

m/
The dynamic model of the vehicle is thus given by the fol-
lowing differential equations:

X =ucos —vsiny,
y =usinvy + vcos,
b=r,
0= (FiL + Fir)cos(é,) + (Fry + Frg) +m'rv — g4 (u)
m’ ’
o (Fhy i) sin (8,) = m'ru — g,(v)
= - ,
P Iy sin(8,)(Fpy, + Fpg) + d cos(6,)(Fgg — Fp) 4+ d(Fgg — Fiy) — g3(r)
= 7 :

(39)

When turning for example to the left side, the angular ve-
locity of the left wheels is less than the angular velocity of
the right wheels. Therefore, let us pose Ff;, = Ff, = F, and
Fg = Fig = Fp.

So, we get
X =ucosy —vsiny,
y =usinty + vcosy,
b=r,
i = Tspeed 1 m'rv _gl(u)
- m' ’ (40)
Tsteering _ m/ru _ g2 (V)
V= m’ )
o Tsteering + Taiff — 93 (r)
= T
VA
with

Tspeed = (Fi + F;?)(COS((Sr) + 1>7
Tsteering = If(Fll, + F}/?) sin (6,), (41)
Taitt = d(Fg — F1)(cos(6,) + 1),

Tepeed 1S the thrust force that controls the vehicle speed,
Tsteering 1S the yaw moment that controls the vehicle

orientation by using only the steer system and 74 is the
yaw moment control due only to the differential thrust
between forces Fy and F]. We can define thus the total yaw
moment control by

Tturn = Tsteering =+ Taiff-

The developed model is nonlinear. It has the form
X = f(X,U), where X = (xy+uvr)T is the state vector and
the selected input vector is U = (Tspeed Tturn) -

From Egs. (41), sin (6,) and cos (8,) can be approximated
with first-order Taylor polynomials (sin(4,) =46, and
cos (6,) = 1); with the assumption that the steering angle §,
is limited to a value which is less than 20°. (This is a me-
chanical constraint in the actual vehicle model, which pre-
vents the front wheel steering angle from exceeding 20°.)

We can thus design the power allocation system as
follows:

Fl/, _ Ts;::ed Téu(;n ’

T
F1le _ sljfed _ T{tsu(;n : (42)
5, = &,

dTSpeed

Therefore, the power allocation scheme is described in
Fig. 3.

The steering angle 6, is controlled by a servomotor. Its
angular velocity 6, is thus saturated |6,| < 5rmx.

The steering angle actuator can be modeled by a first-
order low-pass filter with time constant T (see Fig. 4). The
transfer function of the filter is

Hy(s) = : (43)

Fig. 3. Power allocation scheme.

Fig. 4. Steering angle actuator model.
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We get so

. 1 .
6, = sat (T (sat(6y,,0r ) — Op), 5rmax>v

where 6, is the ordered steering angle.
In the following section, we propose a new approach for
parameter identification of the vehicle-developed model,

which are m’, I, g (u), g2(v), g3(r).

(44)

3. Parameter Identification

3.1. Determination of the surge resistance
model g;(u)

The resistance model g;(u) in surge motion can be deter-
mined using linear uniform motion. This motion is obtained
by applying at each time a constant pushing force while
keeping the steering angle §, = 0. It leads to a steady state
characterized by a constant speed in surge iz = 0 and r = 0.

This approach involves measuring the elapsed time At
taking by the vehicle to travel a known distance D = 10
during the steady state.

Accordingly, we have

Tspeed — 91 (u)

Fig. 5. Damping model of the linear motion.

Therefore,
lOg(TSpeed) = IOg(al) + ﬁl log(u) (48)

Based on the experimental results presented in Table 2, we
obtain

=Pl T —, (45) log(Tspeed, ) 1 log(up)
m
meaning that = . {log(al)] (49)
Tspeed = gl(u)' (46) : : : ﬁl
All data corresponding to this trial are presented in Table 2. log(TSpeedn) 1 log(uyy)
By plotting 7 =g, (u), we get the red points shown
in Fig. 5. speed 1) Equation (49) is written in the following form:
The resistance model of the linear motion can be thus Z=P.9 (50)
approximated by g;(u) = aju”t (the curve is presented with
with blue color in Fig. 5). With «; > 0 and 3, €]0,1] that
will be calculated using the Least mean square (LMS) log(7speed, )
method [14, 15] as follows.
We have Z= , (51)
s
Tepeed = g1 (U) = aqquL. 47
spee 1( ) 1 ( ) log(TSpeedu)
Table 2. Experimental data corresponding to linear uniform motion trial.
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6
Tepeed 0 0.2 0.4 0.6 0.8 1
At(s) 0 79.16 35.3 25.5 18 13.9
u(ms—1) 0 0.12 0.28 0.39 0.55 0.72
Trial 7 Trial 8 Trial 9 Trial 10 Trial 11
Tepeed 1.2 1.4 1.6 1.8 2
At(s) 11.3 9.26 7.9 6.7 6
u(ms~1) 0.88 1.03 1.26 1.49 Upay = 1.66
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1 log(uo)
p— , (52)
1 log(uyy)
_ log(ay)
’= {ﬂl ] | (53)

Therefore 6 can be approximated by the following relation:
0=(P'P)1PTZ (54)
3.2. Calculation of the coefficient m’

m’ can be determined by applying the following steps:

e Apply maximum traction force to the vehicle in linear
motion (Tgpeeq = 2,6, = 0).

e At t =0, by stopping all motors, we get (u = up,,) and
(Tspeed =0).

e Record the elapsed time ¢, for stopping (u = 0).

m’ will therefore be determined as follows.
Using the following equation

70{1“‘81

i= 1 (55)
we get
du —aqub
rr - (56)
It means that
du —q
il (57)
Integrating Eq. (57), we get
1 _ 0 —q
P NI N
1 iy «a
1- 4 urlnaizl :;1,’?0' (59)
Consequently, we get
1- ¢
m' = ( /13}310‘1 a (60)
umax

3.3. Determination of the yaw resistance model g;(r)

This trial consists in turning the vehicle with a uniform yaw
motion r = 0:

o The thrust force is chosen to be constant F, = F] = F' =
35%.

® Tturn = Tsteering

= 2I¢F'sin (6,).

The turn motion is obtained by setting each time a constant
steering angle ¢, turning the vehicle with a constant yaw
rate r that is measured by counting the elapsed time needed
to accomplish a complete turn (360°).

The angular acceleration i is given by

. 2F’sin(5,) — ga(1)
_ 1; |

(61)

However, when the steady state is reached, the yaw rate r is
constant and its time derivative 7 is equal to zero.
So,

Tturn = ZIfF, Sin(ér) :g3(r)' (62)

All data corresponding to this trial are presented in Table 3.

The curve (see Fig. 6) represents the yaw moment 7,
as a function of the angular speed r. Points in green color
are the results of the experimental tests presented in
Table 3. The curve in pink color represents an approxima-
tion of the yaw resistance model.

Table 3. Experimental data corresponding to turning trial.

Thrust force F’ = 0.35

5 (%) 5 10 15 20 25

Elapsed time At (s) 8334 71 4154 2937 239
r (rad/s) 0038 0088 015 022 0265

Tearn (N - m) 002 0042 0064 0086 0.1

Fig. 6. Resistance model of the turn motion.
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The turning resistance model can be therefore approxi-
mated by

g3(r) = azr’, (63)

where a3 and (33 are calculated using the method described
in the previous section.

3.4. Calculation of the inertia moment I},

The formula currently used for calculating the moment of
inertia in yaw is that of a rectangular box which assumes
uniform mass distribution (Fig. 7). Because pitch and roll
dynamics is ignored in the simulator, the moment of inertia
around these axes I, and I, were not measured.

Length b = 1.32m,
Width a = 0.78 m,
Height ¢ = 0.53 m,
Mass m = 37 kg.

The inertia matrix J of the rectangular parallelepiped is
written as follows:

I, 0 0
J=10 1, 0 (64)
0 0 I,|r
with
m(a? + b?)
1, = .
=1 (65)
Since we have
m
= —— 66
m Fmax ( )
and
1
I, =—*— 67
* = (67)

Fig. 7. Homogeneous rectangular parallelepiped.

we get

IL=""1, (68)

3.5. Model validation

3.5.1. First trial: Linear motion

The trial based on linear motion involves applying the
maximum thrust force Tgpeeq = 2 with a yaw moment 7,
equal to zero. Once linear uniform motion is achieved, the
steady-state value of the vehicle’s speed is uy,,,, as illus-
trated in Fig. 8.

3.5.2. Second trial: Turning motion

The trial based on turning motion consists in applying to
the vehicle a constant thrust force 7gp,..q and a constant yaw
moment 7Ty, = 0.4. The vehicle turns and its trajectory
tends to a circle in steady state as presented in the simu-
lation result (Fig. 9).

We note that the turning diameter, in case of using the
combined yaw moment controller 7,.,, is more or less than
the two other techniques 7gir and Tgieering-

In this section, we identified the resistance model for
linear and turning motions of the considered wheeled ve-
hicle. Then a numerical simulator was developed to validate
the mathematical model of the vehicle.

In the next section and based on the developed model,
control and guidance approaches will be designed for self-
driving the vehicle.

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
time (s)

Fig. 8. Surge speed (m/s) in uniform linear motion.
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path followed by the vehicle

Differential enabled + steering enabled \ b
Differential disabled + steering enabled
Differential enabled + steering disabled \ 4

y(m)

74 76 78 80 82 84 86
x(m)

Fig. 9. Trajectory followed by the vehicle.

4. System Control

Theorem 4.1 An autonomous system x = f(x) has an
equilibrium point x, =0 that is in turn globally and
asymptotically stable if there is a continuous scalar function
V(x) having the following properties:

V(0) =0,
V(x)>0 Vx#0,
lim V(x) = +oo,

X—-+00

(69)

V(x) <0 Vx#0.

Proof. Let us consider a system written in the following
form:

{5(1 = f1(x1) +g1(x1)x2, (70)

XZ :fZ(XlaXZ) +g2(X1,X2)U(t),

where f; and g;(i = 1, 2) are nonlinear functions, u(t) is the
input control. u(t) should be calculated letting x; to
converge to a setpoint x;4.

Let us define the error of the first variable x; by

€ = X149 — Xq- (71)
And the sliding surface S is
S=e+ e, (72)

A is a positive design parameter.
Let us define the Lyapunov candidate function as fol-
lows:

1
V=282 (73)

The time derivative of V is

V=S5S
= (e+\e)S
= (X1q — X1+ 2&)S (74)

with

X1 = x1h(x1,%2) + 91 (x1)[f2 (X1, X2) + g2 (X1, X2)u(t)]

x h(xq,x;) :%(Xlﬂ'xz%(xl)- (75)

So, we get
V= (X14 — %1h(x1, %) — g1(x1) [f2 (X1, %)
+g2(x1,%2)u(t) + Aé])S. (76)

The control input u(t) should be expressed as given in
the following equation, letting V(x) < 0

1 .
u(t) = 92(x1,%2)g1(x1) (th(XI’XZ)
+91(x1)f2(x1,%2) — X194 — Aé — p sat (g)) (77)
with

S
S g if |e| S g,
sat(—) = (78)
€ . (SN .
sign (;) if e> ¢,

1 and € are positive design parameters defining the weight
of the corrective control part and the boundary layer
thickness. O

By substituting Eq. (77) in (76), we get

V=—u sat(é) s<o. (79)

Hence, the Lyapunov candidate function (Eq. (73)) decrea-
ses gradually which means that (e,e) converges to 0 as
— +o00. Therefore, the stability in closed-loop is established.

4.1. Heading control

The turning motion of the vehicle is given by the following
equations:

p=r,
i Tum —g3(r) + V4 (t) (80)

= ; ,
I;

where V(¢) is the compound disturbance in the yaw rate
dynamics. It is assumed to be bounded. Hence, there exists a
positive constant d such that |[V(t)|| < 0.
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The heading error e, is

ey =g — . (81)
The chosen sliding surface S, is

Sy = €y + ey, (82)

A is a positive design parameter.
Let the candidate Lyapunov function be

1
V= Esfp. (83)

Differentiating the Lyapunov function with respect to time
gives

= (g — F+ A(hg — 1))Sy. (84)
By choosing
.. . . Sc‘v
= wdH(wd—w)wsat(j), (85)
we get
. Sy
V1 =N sat{ — Sl// S 0 (86)
€
with
Sy

‘ Su‘; B lf |ew| g 57
5 € B . S'L[) .
sign ~ if ey, > ¢,

1 and € are positive design parameters defining the weight
of the corrective control part and the boundary layer
thickness.

Using Egs. (85) and (80), we obtain

(87)

. s,
Gart Mg =)+ s ()

_ Tturn _9357) + vl(t) ) (88)

Therefore

Tauen = 95() = V1(6) + 11 (g + AWy — 1)

+ p sat (%)) (89)

The control input 7y, guarantees the convergence of the
trajectory of 1) toward the sliding surface S, = 0.

S, will converge to zero, therefore €, will converge to
—)\ew. The differential equation ¢, = —\e,, therefore, has a
solution of the form

ed) = ei)\tew(to). (90)

So, the heading error e,, will converge exponentially toward
0 and consequently v will converge exponentially toward
the setpoint .

For the determination of constants, A, 1, €, we proceed as
follows.

During the sliding phase, we have e, = —\e,. Its
characteristic polynomial is
Pi(p) =p+ A (91)
The sliding time constant is thus T; = %

During the reaching phase and near the sliding surface
(see Fig. 10), we have [S,| < ¢, so we can pose

S1—0

. : . Sls) S'Lz)
lim Vy = lim —psat| =) S, = —pn—, (92)

which gives

2

Vi —ur 1%
— = £ =-2—. (93)
V1 %Si 3
The characteristic polynomial is
I
Po(p)=p+27. (94)

The sliding time constant is thus

e

T, =—.
2 2

The reaching phase should be faster than the sliding
phase; therefore, the two previous time constants should
verify

T, < Ti.

Fig. 10. Phase plan.
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For example, we choose A =3, © = 50 and ¢ = 12, which
gives T; = 0.33s and T, = 0.12s.

4.2. Speed control
The differential equation describing the dynamics of the
forward speed in the surge is

il — Tspeed +m'rv _gl(u) + VZ(t)
m'

; (96)

where V,(t) is the compound disturbance in the surge
dynamics. It is assumed to be bounded. Hence, there exists a
positive constant w such that ||V, (t)| < w.

The speed error e, is equal to

e, = Uy — U, (97)

where u, is the desired speed.

The order of Eq. (96) is equal to one, so the sliding
surface is S, = e,.

Let the candidate Lyapunov function be

1>
V, =—ey. 98
2 2 ey ( )
Time derivative of Eq. (98) is
V, = e, = (ilg — 01)e,. (99)

By choosing

it = pigsat (e“) (100)
ES

1s and g, are positive design parameters defining the weight

of the corrective control part and the boundary layer

thickness. p; and €5 were calculated using the same method

which was developed in the previous section.

Fig. 12.

We get

V) = —p sat (Z—) e, <0, (101)

N
s and g are positive design parameters defining the weight
of the corrective control part and the boundary layer
thickness.
Using (100) and (96), we obtain

e

ot = 532 ) 4 g3(0) < m'rv = Vale). - (102)
N

Thus, the control input 74,4 guarantees the convergence of

u toward the sliding surface e, = 0.

4.3. Simulation and results

In order to analyze the performance of the speed and
heading controllers synthesized above, we used MATLAB
Simulink with a fixed sample time equal to 10 ms (Fig. 11).
The vehicle speed was constrained to follow a desired one
u; =1m/s and desired headings vy = 30° and g, =
—30° as shown in Figs. 13-20. (See the simulation control
loop in Fig. 12.)

Fig. 11. Low-level controller scheme.

Simulation control loop.
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Fig. 13. Time evolution of the surge speed (m/s).
. . . 045 , : . ; :
Figure 14 shows that the heading angle of the vehicle has
converged rapidly and without overshooting toward the 0.4t 1
desired headings. 035 | |
Based on the sliding mode control technique, the pro- '
posed controller has properly controlled the heading and 03[ M ]
the speed (Figs. 15-17) of the vehicle as desired. We also 025 1 |
note the absence of chattering thanks to the function sat(-) e ———————
instead of the function sign(-) in the 7y, and Tgeeq 0.2 steering enabled 1
. Differential disabled +
expressions. 0.15 steering enabled d
Figure 18 shows the evolution of the yaw rate. It pre- Differential enabled +
L. . . . steering disabled
sents a sudden variation at the beginning; then, it becomes 0.1 iy
equal to zero when the vehicle reaches its desired heading. 005 | |
In Fig. 13, we note on the one hand that the surge speed
of the vehicle converges without overshooting toward the 0 5 10 15 20 25 30 35 40 45 0
desired speed and on the other hand that the steady-state time (s)
error is equal to zero. In the case when the yaw moment
4 y Fig. 16. Input control F;.
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Fig. 14. Heading (°).
& g () Fig. 17. Input control Fp.



294 H. Abrougui & S. Nejim

yaw rate

r (deg/s)

-30

40 +

-50

Differential enabled +
steering enabled
Differential disabled +
steering enabled
Differential enabled +
steering disable

20

25

30 35 40 45

time (s)

Fig. 18. Time evolution of the yaw rate.
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Fig. 20. Time evolution of the side slip angle (°).

25

30 35 40 45

time (s)

50

controller is designed using only the differential thrust
controller, the vehicle speed remains constant and equal to
the desired one all the time nevertheless, the vehicle speed
shows a slight drop when the yaw moment controller is
designed based on the steer actuator.

Figure 20 presents the time evolution of the side slip
angle that is caused by the sway speed (Fig. 19) when
turning. The side slip angle is small in the case where the
yaw moment controller is based only on the differential
thrust control.

5. Guidance

In this section, we propose two approaches for generating
the desired heading in order to track waypoints and fol-
lowing a given path.

The vehicle self-steering control loop is presented in
Fig. 21.

The autopilot (outlined with red color) is mainly com-
posed of two levels of regulation: a low-level regulator for
speed and heading control and a high-level controller for
waypoints tracking and/or path following control.

5.1. Heading control

In the case of waypoint tracking control, the high-level
controller allows the vehicle to track a target position
(x4,v4) by generating the desired heading 14 as follows:

Vg = atan2(y — yg,X — Xq), (103)

14 represents also the direction of the target position (line
of sight — LOS). The LOS algorithm is a widely used method
as it is both simple and efficient.
A simulation test was carried out to verify the perfor-
mance of the developed autopilot as described in Fig. 22.
The parameters used in this simulation are given in
Appendix B.

Fig. 21. The vehicle self-driving control loop.
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Fig. 22. Simulation control loop.

The initial state vector X, is set to (8000000)7, the
desired speed is set to 1 m/s and the desired waypoints are
E (90, 20), F (80, 40), G (70, 20), H (80, 0).

Figures 23-31 show the path followed by the vehicle
and the time evolution of the system’s state during the
simulation.

Figure 23 presents the paths followed by the vehicle
during the simulation using the three yaw moment control
techniques. The greatest trajectory is the one that corre-
sponds to the yaw moment control based on the steer ac-
tuator combined with the differential control (red path).

Time evolution of the vehicle heading and speed is il-
lustrated in Figs. 24 and 27. We note that the heading and
speed errors are equal to zero in steady-state, highlighting
the effectiveness of the sliding mode control techniques
used for speed and heading controllers design.

Figure 25 shows the time evolution of the front wheels
steering angle during the simulation, it did not exceed, as
expected, its maximum value |6, | = 20°. It is equal to 0 in
case of the use of only the differential thrust control (blue Fig. 23. Path followed by the vehicle during the simulation.
curve in Fig. 25), in this case, the control input is the dif-
ference between the left and the right forces as presented in
Figs. 28 and 29. In addition, the side slip angle is small in
the case where the yaw moment controller is based only

300 T T

on the differential thrust control as present in Fig. 31 due to 250 ]
the small sway speed in Fig. 30.

Consequently, the LOS guidance successfully fulfilled the 200 .
principal goals of a guidance system, reaching all desired -
waypoints. S 150 |

5.2. Path following control oo |

. . . - Differential enabled + steering angle disabled
5.2.1. Second trial: Turnlng motion 50 | Differential disabled + steering angle enabled |

Differential enabled + steering angle enabled

The line following control is based on the cross-track error; 0 . ‘ . . |
the latter is the shortest distance between the vehicle and 0 20 40 60 80 100 120
the desired path as described in Fig. 33. Consequently, it is fime (s)

desirable to minimize this error in order to follow the path Fig. 24. Heading angle (°).
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Fig. 31. Side slip angle (°).
Ax
A(A) //}_ a—
k4 > Ay-Bx
2 b=4,-a4,
_ y—ax-b
3 d=t= WP,
4. Yup = atan2(4, — By, A, — By)
5. B =atan2(v,u)
T 6 e Yus—f-Asat )

) O\

Fig. 32. Algorithm for line following controller.

Fig. 33. Line following explication.

as tightly as possible. Therefore, it is recommended to de-
sign a desired heading v; depending on this error letting
the vehicle to converge to a desired path and to remain on it
precisely. In this context, we propose the following control
algorithm (Fig. 32).

where a, b, d, 45 and ( are defined below and R represents
the width of the safety lane.

The algebraic distance d between the vehicle current
position (x,y) and the (AB) trajectory to follow is calculated
using the following equation:

y—ax—>b

=i (104

with

e a :)ﬁ: slope of the line (AB) in the fixed coordinate
system,

o b=y, —axy,

e S=atan2(v,u),

e 5 : The angle between the line (AB) and X-axis of the
fixed coordinate system. It is calculated using the fol-
lowing expression:

Yap = atan2(y, — yp, X4 — Xp)- (105)
We check that
tanvy,p = a. (106)
The desired heading angle is given by
d
Ya = thap — B — ASﬁt(ﬁ), (107)

where A > 0 is an adjustment parameter that determines
the angle of incidence on the desired trajectory (A = 7/2
when the vehicle is far from the safety corridor).

The time derivative of the algebraic distance d is calcu-
lated as follows:

. 1 . .
1= ArarV

1
= ———(usiny +vcosy — aucos ) + avsin))

V14 a?

= ﬁ (u(sint) — acos ) + v(cos ) + asin)).
(108)
Using the following trigonometric relationships
tan 'x + tan ! L (109)

x 2
€1€08X + ¢, sinx = y/c? + c2 cos <x—

Eq. (33) becomes

1

c
1
nl_)
—a

tan‘lc—2>, (110)
ta

vV1+a?

d= ;(ux/l—i-azcos P —
+ vy 1+a?cos(yp — tan’la)>



298 H. Abrougui & S. Nejim

- (AT 1)

+vV/1 + aZ cos(y) — tanfla))
1
_ e (UMSin(w — Yp)
+vV/1 + a? cos(v — Pap))

= usin(y — Pup) +vcos(y — Pyp). (111)
We obtain
d = Vu?+v2sin(y) — a5+ 3). (112)

Using (112) and assuming the desired heading is perfectly
followed ¥ = 1), so that the system converges to the surface
d = 0. If we assume that the desired heading is perfectly
followed and we choose the desired heading angle v, as
given with Eq. (107), the derivative of the algebraic distance
d becomes

d = —\/u? +vZsin (Asat(%)). (113)

Consider the following Lyapunov candidate function:

1

Its derivative with respect to time is
VL - dd
) d
= —vu? +v?sin | Asat B d.

By choosing A < 7w, we get V, < 0. In this case, we can
consider that V; is a Lyapunov function for the trajectory
d=0.

(115)

Fig. 34. Path followed by the vehicle.

Consequently, the control law (Eq. (107)) defining the
desired heading angle guarantees the convergence of the
distance d toward zero as shown in Figs. 35-42.

5.2.2. Obstacle avoidance control

In this section, we propose the analysis of the behavior of
the vehicle when an obstacle is encountered during way-
point tracking and path following control.

To avoid collision with an obstacle, we propose the fol-
lowing algorithm:

18 J

16 - - - J
Differential thrust enabled + steering actuator enabled

14| Differential thrust disabled + steering actuator enabled | |
: Differential thrust enabled + steering actuator disabled

12 B

surge speed

time (s)

Fig. 35. Surge speed (m/s).

120

Differential thrust enabled + steering actuator enabled
Differential thrust disabled + steering actuator enabled | |
Differential thrust enabled + steering actuator disabled

100

80

60

heading

40

20

20 I I I I I I I I I
0 5 10 15 20 25 30 35 40 45 50

time (s)

Fig. 36. Heading angle (°).
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This approach consists of updating the desired heading
14, which is generated by the high-level controller, in order
to avoid an encountered obstacle at position (X,ps,Vops)-

Where MMD is the minimum maneuvering distance, it
was chosen depending on the vehicle speed. D, is the
distance between the vehicle and the obstacle. ¢ is a design
control parameter.

Figures 43 and 44 present the paths followed by the
vehicle, we can conclude that the three techniques for yaw
moment controller design have the same responses in
terms of safety and maneuver rapidity when the vehicle has
to avoid collision with an encountered obstacle.

Fig. 43. Obstacle avoidance when following a desired path.

Fig. 44. Obstacle avoidance when tracking waypoints.

surge speed

N

o
©

o
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o
~
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Fig. 45. Path followed by the vehicle.
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Fig. 47. Steering angle (°).
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Fig. 48. Left thrust.
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Fig. 49. Right thrust.
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Fig. 50. Yaw rate.

5.2.3. Lissajous curve control

In order to further test the effectiveness of the designed
autopilot, we enforced the vehicle to follow a complex
temporal assigned path (Lissajous path). The high-level
controller generates in this case the following desired
heading:

g = atan2(yy, X4) (116)
with

xg = 10cos(0.01¢), (117)

Y4 = 10sin(0.03¢t). (118)

The vehicle’s tracking of the Lissajous path is shown in
Fig. 45. It is obvious that the reference path is well followed

0.08
Differential thrust enabled + steering actuator disabled
Differential thrust disabled + steering actuator enabled
Differential thrust enabled + steering actuator enabled
00617 i i 1
| [ I I i
[ [ [ I I
[l [l i i i
004f | f f f i 1
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-0.04 1 . . . I I I
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Fig. 51. Sway velocity.
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0 100 200 300 400 500 600 700 800
time (s)

Fig. 52. Side slip angle (°).
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by the vehicle in spite of its complexity. Time evolution of
the system states is presented in Figs. 46-52.

6. Experimental Results

After testing the performances of the designed controllers
by simulation in the previous section, we can conclude that
the yaw moment controller based on the differential thrust
control and steering angle control is the best technique for
the vehicle waypoint tracking control. In this context, a
microcontroller-based autopilot system is designed in this
section allowing the vehicle to control its heading in order
to track desired positions and to avoid any encountered
obstacle.

The material architecture of the designed autopilot is
presented in Figs. 53 and 54. It consists of an inertial
measurement unit (IMU) (MPU9250) for the measurements
of the vehicle heading and yaw rate; it is mounted far from
the main electric circuit in order to minimize the magnetic
effects. A GPS receiver for measuring the current position of
the vehicle. An SD card reader is also used for data logging
(GPS positions, heading angle, output control signal, etc.). A
Jetson nanomicrocomputer is employed, interfacing with
both the microcontroller and the RPLIDAR via USB, to
manage the obstacle avoidance process. The Jetson nano
processes the laser scan data, calculates a correction to the
desired heading (algorithm presented in Sec. 5.2.2) and
applies it to steer the vehicle. This computation is per-
formed through a Python script utilizing the ROS client li-
brary (rclpy), ensuring real-time responsiveness and
precise navigation. The designed yaw moment controller
based on the sliding mode technique (A =3, =150, ¢ =
12) is implemented using an ATmega2560 microcontroller
with a sampling time T; equal to 0.01s. In this section, the
thrust force 7g,eq is kept constant and equal to 35% to
provide a speed equal to 1 m/s.

Fig. 53. Vehicle description.

Fig. 54. Hardware architecture of the autopilot system.

First, an indoor experimental test was carried out to
show the behavior of the vehicle when tracking a desired
heading angle equal to 30° then to 45°.

The blue curve in the following figure represents the
real-time evolution of the vehicle heading (recorded on the
SD memory card).

The experimental results (Fig. 55) show that the vehicle
heading converges to the desired ones with some fluctua-
tions (Fig. 56).

Figure 57 shows the steering angle of the front wheel
when tracking desired headings.

A second experimental test was carried out to demon-
strate the effectiveness of the autopilot system for waypoint
tracking control (see Appendix A). Figure 58 shows the path
followed by the vehicle during the second trial. The vehicle
rallied all the desired positions as expected and avoided an
encountered obstacle using an RPLIDAR 360 integrated
with the embedded system to detect and maneuver around
the obstacle.

From Figs. 61 and 62, it is noted that the produced
control input for the steering angle presents fluctuations all
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(Ts = 001s).
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These good tracking performances clearly show the
efficiency of the proposed control approach.

Figure 63 shows the time evolution of the yaw rate, we
can conclude that the maximum yaw rate does not exceed
the value of 20°/s as demonstrated in the identification
section.

Consequently, the obtained results show that the
designed autopilot system based on the yaw moment con-
troller is efficient in achieving a waypoint tracking control.

7. Conclusion

This paper proposes the design of a guidance, navigation and
control (GNC) system for an unmanned wheeled vehicle.

The vehicle mathematical modeling with 3DOF was de-
veloped first to create a simulation environment and its
parameters are afterward identified experimentally.

Based on the Lyapunov theory, two control laws were
synthesized to control the heading and the speed of the
vehicle, after that, a theoretical approach has been estab-
lished to tune the control parameters. A guidance system
was also designed letting the vehicle track a target position
and follow a desired path in the presence of an obstacle. A
power allocation system was also designed in order to be
able to control the vehicle heading using three techniques
for yaw moment control; only differential thrust control,
only steering angle control and both together. The global
yaw moment control (differential thrust and steer control
are both enabled) was the best technique for waypoint
tracking control and path following control. Nonetheless,
yaw moment controller using only the differential thrust
technique was the best one for controlling the speed of the
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vehicle. In addition, the three techniques show good be-
havior for obstacle avoidance.

Finally, an autopilot system was developed, in real-time,
using the yaw moment control technique based on the
steering actuator control combined with the differential
thrust control and some trials were done to show the be-
havior of the vehicle when tracking desired waypoints.

Moreover, the results obtained open up broad prospects,
such as the design of an autopilot allowing the vehicle to
follow a given path instead of waypoint tracking control.
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Appendix A

Appendix B
Coefficient Value
I 5.841kg - m?
1 0.0128
m 37kg
m’ 0.0768
ay 1.3268
01 0.8933
ay 0.3028
0, 0.8250
a3 3
d 0.36m
g 9.8 ms—2
T 0.02s
T 0.01s
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