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ABSTRACT Path following is a fundamental problem in skid-steered mobile robots (SSMR). In this study,
a Lyapunov stable curved path following controller was designed to generate the steering control command
for an SSMR. In contrast to the existing path following controller design methods, where the complete
dynamic model of the robot is considered or not, the steering dynamic characteristics approximated by a
first-order model are considered in this study. Together with the kinematic model, a steering control law
for following a curved path is designed by using the backstepping technique and Lyapunov stability theory.
The proposed method was verified on a real SSMR platform to realize following the straight-line, square,
and circular paths. Compared with the steering control law that does not consider the steering dynamics, the
proposed method can make the robot converge to the predefined path faster with a smaller error overshoot.

INDEX TERMS Path following, SSMR, Lyapunov stability, backstepping, steering dynamics.

I. INTRODUCTION

Wheeled mobile robots have been applied in many fields,
such as power inspection, explosive disposal, nuclear power
station inspection, fire control, and lunar exploration. A skid-
steered mobile robot (SSMR) moves by generating differ-
ent torques using wheel motors on both sides. These robots
are known for their mechanical robustness because they do
not require a steering system and only need to move on
rough surfaces [1]. Many advanced technologies including
path planning [2], cooperative control [3], [4], and obstacle
avoidance, have been designed, tested, and applied in SSMRs
in recent years. A common requirement for the realization of
these technologies is that the robot can accurately follow the
predefined path [2].

Many papers address path following control of SSMR in
the literature. Basically, the control methods can be classified
into linear and nonlinear techniques. When applying lin-
ear methods, the traditional proportional-integral-derivative
(PID) control and some robust control methods are often
adopted. In [5], a modified PID controller was developed
to track the desired velocity produced by the desired path.
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Mojaev et al. [6] used PD control with ¢, as the error input
to produce the rotational velocity command, where ¢, is
the arctangent function of the orthogonal distance. However,
the PID parameters should be tuned by trial and error, and
they have little robustness to environmental disturbances.
To make the controller more robust to external disturbances
and unmodeled parts, a prescribed performance adaptive
neural observer-based PID controller has been developed,
in which the parametric uncertainties of the models are com-
pensated by a radial basis function neural network [7]. In [8],
an adaptive-robust tracking control law, which combined the
inverse dynamics control technique and an adaptive robust
PID control strategy, was developed to preserve robustness to
both parametric and nonparametric uncertainties. In [9], the
authors have presented the linear quadratic Gaussian (LQG)
technique to track the lateral position of the robot with a
simplified first-order digital model approximation. In [10],
the LQR method was applied to realize path following, where
the linear dynamics with respect to the desired heading error
were required. It should be pointed out that the difference
between the heading angle and the desired path angle should
be relatively small [9], [10]. Otherwise, the linearization con-
ditions for the controller design will not be met, which will
make the system unstable.
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Alternative approaches to realizing the path following
are based on nonlinear techniques, which include nonlinear
model predictive control (NMPC), intelligent control, and
Lyapunov stability-based control methods. Yu et al. pre-
sented a disturbance-observer-based model predictive control
for the path following problems of wheeled mobile robots
with input disturbances [11]. Ribeiro et al. developed a con-
strained NMPC-based control scheme to follow visual paths
by considering the aspects of stability and feasibility directly
from an image plane [12]. Wang et al. designed a robust
MPC strategy based on a kinematics model with a constraint
relationship for the robot. A delayed neural network was
applied to solve the corresponding optimization problem
[13]. To compensate for the errors originating from distur-
bances or model discrepancies, the robust tube-based NMPC
technique has been applied for the motion control of SSMRS
with terra-mechanical constraints [14], [15]. When using
the NMPC technique, the path following error can converge
quickly with respect to its predictive ability, but its calculation
becomes larger with an increase in the number of prediction
steps.

In [16], a fuzzy behavior-based approach for navigation
was proposed to realize wall-following. In [17], the authors
applied the Takagi-Sugeno fuzzy logic controller to make
the robot follow an adaptive curvature-based selected point.
In [18], the authors presented a fuzzy logic controller to make
the designed sliding surfaces of the distance and heading
errors approach zero, using an expert system. The fuzzy logic
technique can improves the path following performance, but
the nominal stability of some controllers cannot be guar-
anteed, and the influence of dynamic characteristics is not
considered.

The Lyapunov-stability-based path following methods are
interesting. Ibrahim et al. designed a point-to-point tracking
algorithm to track a trajectory defined by a set of waypoints
[19]. Dai et al. applied the sliding mode control technique
to derive the steering control command [20]. Xie et al
developed a collision-free trajectory tracking controller for
a4W SSMR with a combination of a new coupled fractional-
order sliding mode control and obstacle avoidance scheme
[21]. Kapitanyuk er al. designed a vector-field algorithm to
guide a mobile robot along a general smooth planar path [22].
Chen et al. presented a guidance vector field (GVF) based
controller such that the mobile robot could follow the desired
path with an admissible error in the presence of uncertainties,
including surface friction, unmodeled dynamics, and distur-
bances [23]. A robust sliding mode control was proposed to
follow the circular path, and its stability was proved using the
Lyapunov direct method [24]. In [25], the authors designed
a state feedback controller for mobile robots based on super-
twisting algorithms. The results were compared with state
feedback and first-order sliding mode control. Moro et al.
presented a simple path following method that can achieve
asymptotic convergence to a generic 2-D curve represented
by its implicit equation [26]. For other realistic nonholo-
nomic vehicles, vector field and nested saturation techniques
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have been studied primarily for straight lines and circular
paths [27]-[29].

Motivated by the above discussions, it can be found that the
steering control laws generated by Lyapunov stability-based
methods are usually simple and useful. In some studies, the
dynamic model of the robot was considered in the design
of some controllers, however, the model was too complex
and required more accurate modeling and higher calcula-
tions. In the other studies, the path following controllers only
considered the kinematic model and did not consider the
dynamic model, which degraded the following performance.
This study considered the steering dynamic characteristics
approximated by a first-order model together with the kine-
matic model, and a steering control law was designed using
the backstepping technique and Lyapunov stability theory.
Compared with the steering control law that does not consider
the steering dynamics, the proposed method has a better
straight-line path following performance.

The main contributions of this study are summarized as
follows. First, the error dynamics for following a class of
curved paths represented by an implicit function are derived.
The corresponding Lyapunov functions are constructed for
deriving the commands. And then, the Barbalat’s lemma is
applied to guarantee the stability of the corresponding nonlin-
ear dynamics. Finally, the Lyapunov-stability-based guidance
laws are obtained. Second, in contrast to the existing path
following controller design methods, where the complete
dynamic model of the robot is considered or not, the steering
dynamic characteristics approximated by a first-order model
are considered to derive the commanded rotational velocity
in this study. Third, to the best of our knowledge, this is
the first time that the proposed path following controller,
which is designed based on the combined kinematic/first-
order dynamic model, has been presented and realized in
an actual 4W skid-steering mobile robot. Compared with
the steering control law that does not consider the steering
dynamics, the proposed method can make the robot converge
to the predefined path faster with a smaller error overshoot.

The remainder of this paper is organized as follows.
In the next section, the problem description is presented.
In Section III, a Lyapunov stable nonlinear controller is
designed to generate the desired rotational velocity com-
mand for a class of curved paths which are represented by
implicit functions. Considering the steering dynamics, the
backstepping technique was applied to generate the com-
manded rotational velocity. The experimental results on a
real 4W skid-steering mobile robot platform are presented in
Section IV, and a comparison of the different steering control
laws is also discussed. Finally, conclusions are presented in
Section V.

Il. PROBLEM DESCRIPTION

While developing a model that is useful for path following
control design, some side effects, including the suspensions
and tire deformation, have been neglected. The following
assumptions were made [1]-[30]:
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(1) The robot moves on a horizontal plane.

(2) Robot speed below 10 km/h.

(3) Perfect longitudinal traction without wheel slippage.

(4) The lateral effort on the tires is proportional to the
vertical load.

(5) The robot is symmetric with respect to the vehicle sides.

(6) The center of gravity (COG) coincides with the geo-
metric center.

A
¥

v

a X

FIGURE 1. Mobile robot velocities and robot position presentation.

As shown in Fig. 1, a fixed reference frame is defined
as XOY. A moving frame x,0,y, is attached to the robot
body, where the origin is at the center of mass of the
robot. An approximate kinematic model of a wheeled
mobile robot was discussed in [31], where the overall transla-
tional velocity V is defined in (1) and the rotational velocity
w in (2), R is the radius of the wheel, and 2f is the distance
between the left and right wheels. Using the commanded
translational and rotational velocities, the wheel rotation
speed commands can be calculated based on (1).

wy —2i— wj R

o = o1, )
2f

In this study, the mobile robot was controlled by translational

and rotational velocities which are calculated by the path

following controller. The left and right robot wheels were

controlled using a PID speed controller. The compact form of

the kinematics of a mobile robot can be modelled using (2)
from [1].

V =

x =Vcos (@) — lw sin (0)

y=Vsin (@) + lw cos (0) 2)

6 =w.
where x and y are the COG of the robot in the fixed reference
frame, 6 is the orientation in the 2D frame, w is the angular
velocity, [ is the distance between the robot’s center of rota-
tion and the COG.

In this study, it is assumed that the distance between the
robot’s center of rotation and the COG is so small that the item
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lw in (2) can be ignored. Thus, the kinematic model used for
deriving the path following command can be approximated
as

x = Veos(0)
y = Vsin(0) 3)
0=w

The steering control is realized by controlling the rotation
speed of the left and right wheels of the robot, and the left and
right robot wheels are controlled by a well-tuned PID speed
controller. Thus, the steering dynamics can be represented by
a first-order system as

W =ty (W — ), @

where o, is the rotational velocity command, o, > 0is a
constant, which can be derived using the system identification
method.

Assumption 1: The speed V and its derivative V are both
bounded, and V;,;; = V = V) > 0, where V)1 and V), are all
positive constants.

Definition 1 (Horizontal Path): Let P, = {(x, )If (x,y) =
0,x,y € R} be an implicit expression of a reference path,
where f (x, y) is a twice-continuously differentiable function.

Definition 2 (Level Set): A level set of function f (x, y) is
the set {(x, y)|f (x,y) = C}, where C is a given constant.

It can be found that the value f (x,y) when the robot is
in (x,y) can be used as the distance value. Given that the
gradient of f (x,y) is not zero on the path, the values of
f (x,y) can represent the position of the robot relative to the
desired path. If f (x, y) = 0, then the robot is on the path.

Let f, and f be the first-order partial derivatives of f (x, y).

The gradient modules of f (x,y) is |f|| 1+ fy2.
As shown in Fig. 1, the vector (fy, f,) represents the desired
orientation along the level path. The desired heading 6 can
be expressed as

tan™" (—fi> Jiffy #£0
64 = % 5)
cot™! (_f_y) i fr 20

For a given f (x,y), the value of |Vf| may be zero at
some points (x, y). If the robot’s initial position is at these
points, the steering control law to be designed below will
fail, and the robot will lose its control. In the following,
the safe moving area for the robot is defined as Dy =
{(x, ) |x,y € R, |Vf|l = A}, where X is a positive constant.

Assumption 2: fy, fy, fux, fry, and fyyare bounded in any
bounded domain D C R? [26].

The virtual distance error e, is introduced as

ea =f (x,y). (0)
Let the heading error eg defined as
eg =0 — 6. @)
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Form (5), the sine value of variable ey can be derived
. . —1 _f'_v . fy
sin (9 tan ( f>>> sm(@)—nvf” +
cos(@)”éﬁ. By differentiating (6) with respect to time,

we obtain:

as sin(ey) =

. d . .
€d = Ef (X, )’) :f;Cx +.f;’y

= fiVcos(0) + £, Vsin(0)
= V [IVf |l sin(eg). ®
The time derivative of (7) is
. . d
ep=0—-0;=w— Etan_1 <—%> . ©)]

The error kinematics model suitable for control purposes is
summarized as

eq = V ||Vf|l sin(es)
: d 1 fk (10)
g = w— —tan —=
dt 5
Using the error kinematics model (10) and the the steering

dynamics (4), the designed feedback control law w, should
make the errors e; and eg converge to zero.

Ill. STEERING CONTROL LAW FOR THE CURVED PATH
FOLLOWING

A. STEERING CONTROL LAW WITHOUT CONSIDERING
THE STEERING DYNAMICS

Define D| = {(eq, ep)lleq| < eaqo, leg| < m} where ey is a
positive constant. Let x = (eq, eg)!, we choose the Lyapunov
function V| (x) as:

Vi) = ki /0 U fraddy + (1= costeg)). (1)
where kj is a positive constant. f,(x) is the saturation func-
tion defined as

X0, X > X0
Jsar X)) = x,  —x0 <x <Xx0 (12)
—X0, X < X0

The parameter xq is a given positive constant. It has the fact
that

2 ;
> =/ ydy Z/ Jsar () dy = 0. (13)
0 0
Moreover, (1 — cos(eg)) > 0. It can be found that V| (x) > 0
in D; — {(0,0)7}. The time derivative of V; (x) is:
Vi (%) = kiéafsar (eq) + égsin(ep)
= (ki V IVf |l far (ea) + @ — 64) sin(eg). (14)
Choosing the following control law w, as
wa = —ki\V | Vf |l frar(ea) + 64 — kaVZ |V || sin(eg),  (15)

where k> is a given positive constant. Substituting @ in (10)
and (14) with wg shown in (15), (10) becomes as

eq =V |IVf | sin(es)

. 2 : (16)
eg = —kiV [IVf |l fsar (ea) — k2V= |[Vf || sin (eg)
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(16) can be rewritten as

X = g(x, 1), (17
where
_ V IVf |l sin(eg)
g 1) = [—klv IVF | frar (ea) — kaV2 |7 Sin(ee)} :

(18)

It can be found that g : D; — R? is a locally Lipschitz
map from the domain D; C R? into R? with the Assumption
1 and Assumption 2 adopted. (0,0)” is the only equilibrium
point for (17) in Dy. Furthermore,

Vi (x) = —ka V2 ||V || sin® (ep) . (19)

It can be found that V; (x) is negative semidefinite.
Because V, f, fy, fix, fxy. and fyy are bounded and || Vf || >
A, one can derive that d | Vf|| /dt is bounded [26]. It can
be found from (12) that V{(x) is lower-bounded. Since V,
[IVF]l, and their derivatives are all bounded, by (19) Vi (%)
is negative semidefinite and uniformly continuous in time.
According to Barbalat’s lemma [32], V1 (x) > Oast— 0.
Moreover, it has sin(eg)— 0, and ¢4 — 0 as in (16). Because
eq is bounded, it gets that e; tends to a finite limit, e4 as
t — oo. Because e, — 0O ast — oo, and ép in (16) is
uniformly continuous, it is derived that eg — 0 as t — oo.
Hence, it gets that tl_l)rgo fsat (eq) = 0, and eg= 0. Therefore,
the kinematic control law (15) can asymptotically drive ey
and e, towards zero.[]

Theorem 1: Considering the kinematic error model of the
robot described in (10), the control law w; shown in (15) can
asymptotically drives ey and e, towards zero.

B. STEERING CONTROL LAW CONSIDERING THE
STEERING DYNAMICS

With the help of the backstepping technique, an auxiliary
control input v was introduced as

=v. (20)
The course rate error ¢, is defined as
ey =W — . 20
By differentiating (21) with respect to time, it follows that
by =W — W =V — @y (22)
By combining (10) and (22), we obtain:
eq =V |IVfll sineq)

) d _( kK
eg = w — —tan — = 23
) I < 7 (23)
ey =V — Wy

We define Dy = {(eq, ege,)lled|l < eaqr,leg| < m,le,| <

ew1), where e, is a positive constant. Let x1=(eq, ey, eo),
and choose the candidate Lyapunov function V,(x1) as

a 1
Va(x1) = ki /0 )y + (1 = costen) + 56 24)

66075



IEEE Access

Y. Chen et al.: Curved Path Following Controller for 4W Skid-Steering Mobile Robots Using Backstepping

It has the fact that V>(x;) > 0 in D, — {(0,0, O)T}. The time
derivative of V,(x1) is

Vo (x1) = kiédfsar (€a) + épsin(es) + ewéo
= ki1 Vg VAl fsar (eq) sin(eg)
+(w — éd)sin(ex) + ewéy
= sin(eg)(—wg + © + wy
+k1 Ve IV foar (€a) — ba)
+e, (V—wg)
= sin(ep)(we + wq
+ki Ve 1Vd  frar (ea) = 6a)
+ew (v — i) . (25)

Substitute wy from (15), Vz(xl) can be derived as

Va (x1)= —koV; [ Vd|| sin® (eg) + e (v — dg + sin (p)) .
(26)

By choosing
Vv =wg — sin(ey) — kppey, 27

where ks a positive constant. By substituting @ and v in (23)
with wg and v as shown in (15) and (27), respectively, (23)
becomes

eq =V |IVf|l sin(eq)

o = —ki\V | Vf |l frar (ea) — kaVZ VS | sin(eg)  (28)
e, = —sin (eg) — kopeq

(28) can be rewritten as
x) = h(x1, 1), (29)
where

h(x1,1)
eq =V ||Vf |l sin(eg)
= | o = —ki\VIIVf | fiar (ea) — kaV? | Vf || sin(es)
e, = —sin (eg) — kptpe,

(30)

It can be found that & : D, — R3 is a locally Lipschitz
map from domain D, C R3 into R? with Assumption land
Assumption 2. (0,0,0)7 is the only equilibrium point for (29)
in D;. Furthermore,

Vo (x1) = —ka V2 | VF || sin® (eg) — kptwe.  (31)

It can be found from (24) that V,(x1) is lower-bounded.
Since V, ||Vf]|, and their derivative are all bounded, by (31)
V»(x) is negative semidefinite and uniformly continuous in
time. According to Barbalat’s lemma [32], Vg(xl) — 0 as
t — 00. Hence, ¢y — 0, ¢, — 0as r— 00. Moreover, it has
sin(eg) — 0, and ¢4 — 0 ast — oo in (28). Because ¢y is
bounded, it gets that e4 tends to a finite limit, e; as t — oo.
Because e, — 0 ast — oo, and &g in (28) is uniformly
continuous, it is derived that eg — 0 ast — oo. Hence, it gets
that ll_l)ngo Ssar (eq) — 0, and eg= 0. Therefore, the auxiliary
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control input v shown in (27), together with wy shown in (15),
can asymptotically drive ey, ey, and e,, towards zero. It also
has w — wg ast — oo.

The rotational velocity command w, can be computed
from (4) as

wg — sin (eg)

1%
We=—4+w=
(073 (073

+ w — kye,. (32)

Theorem 2: Considering the combined kinematic/dynamic

error model of the robot described in (23), the rotational
velocity command @, shown in (32) can asymptotically
drives ey, ey, and e,, towards zero.

IV. EXPERIMENTS

To verify the effectiveness of the proposed method, some
experiments have been studied in a 4W skid-steering mobile
robot, as shown in Fig. 2. The mobile robot is equipped
with two control boards based on Raspberry Pi 4B and
STM32F103RCT6 respectively. The Raspberry Pi 4B based
control board obtains the data from the UWB positioning
module, lidar, and depth camera through USB serial ports.
A driver board is used to drive the four motors. An MPU6050
IMU module is integrated into the driver control board. The
two control boards communicate with each other via an 12C
serial bus. The DCDC module integrated into the STM32
based control board provides a 5v@3a max power supply for
the Raspberry Pi 4B based control board. The block diagram
of the hardware is shown in Fig. 3.

FIGURE 2. A 4W skid-steering mobile robot for experiment.

The Raspberry Pi 4B based control board runs the Ubuntu
Raspbian system and is equipped with a Kinetic Kame ver-
sion ROS operating system. The main structure and control
parameters of the robot are listed in Table 1.

TABLE 1. The parameters of the robot simulation.

Parameter Value Parameter Value
R 40 mm kq 4
F 88 mm k, 6.5
D 75 mm ke 1.5
Control Frequency 100 Hz a, 3.03

The control structure is shown in Fig. 4. The proposed
curved path following controller is applied to generated the
rotational velocity command w.. Together with the forward
linear velocity command V., the rotational speed commands
of the left and right wheels of the robot (w; and w,) can be
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STM32 MCU Raspberry Pi4B
FIGURE 3. The block diagram of the hardware.
Proposed Curved Path Following Controller
e, v
@
Path | [Vf Eq.(15) “a,| g 32) @, | nverse of > Motor PID | 0/t | 4w Skid-Steering
Generator || ¢ i 4 g 4 Eq. (1) @, | Controller "| Mobile Robot
A " A
(x,») |6 V a) £ States
FIGURE 4. Proposed control structure.
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FIGURE 5. The input ¢ for identifying the closed-loop roll dynamics.
(a) identification; (b) validation.

obtained by the inverse calculation of (1). Finally, the PID
controllers generate the voltage commands to control the DC
motors that correspond to the four wheels. In this study, the
forward linear velocity command, V, was set to 0.3m/s.

In the following, the robot uses the control laws w; shown
in (15) and w. shown in (32) to realize path following respec-
tively, which are referred to as PFC_w,; and PFC_w,.

A. IDENTIFICATION OF PARAMETER «,,

The parameter «,, of the steering dynamics (4) is important
for calculating the rotational velocity command. In this study,
o, was derived using the parameter identification technique.

VOLUME 10, 2022

FIGURE 6. Comparison of the actual and estimated rotational velocities.
(a) identification; (b) validation.

The input w. used to identify the dynamics is shown in
Fig. 5(a). The input w used to validate the identified dynam-
ics is shown in Fig. 5(b). The predict error method was
applied to identify the dynamics (4) using the System Iden-
tification Toolbox in Matlab. Comparisons of the actual and
rotational velocities over the identification and validation are
shown in Figs. 6(a) and (b) respectively. The corresponding
best-fit value (100 indicates a perfect fit, and O indicates a
poor fit) was 82.3. The identified parameter «,, is 3.03.

B. STRAIGHT-LINE PATH FOLLOWING

The response comparison of the two proposed methods while
following the four directional paths is shown in Fig. 7. The
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- -PFC_wC

——PFCuw
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2 1 L L

-5 0 x (m) 5 10

FIGURE 7. Comparison of the four directional paths following with the
methods PFC_wg4 and PFC_wc.

0 5 1 20 25 30

T T

25 30

-1 1 1 I 1 1
0 5 10 15 20 25 30
(d) Time (s)

FIGURE 8. Comparison of the distance e for the directional path
following with the methods PFC_wg and PFC_wc. (a) straight-line heading
at 0°, (b) straight-line heading at 45, (c) straight-line heading at 90°,

(d) straight-line heading at 135°.

initial position and heading of the robot were set as (0, 0) and
0 deg respectively. Fig. 8 presents a comparison of the error
distances e,.

The response to directional paths can be evaluated by the
rise time, convergence distance, and error overshoot. The rise
time is the time the robot travels along a straight line before
the absolute value of the distance |ey| the first time becomes
less than 0.025 m. The convergence time is the time the robot
travels along a straight line before the absolute value of the
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distance |e4| becomes less than 0.025 m. The error overshoot
is the maximum deviation from the straight reference line.

TABLE 2. The performance of the response comparison with the two
methods.

Rise time Convergence time Error overshoot
L(iél)e ) ©) (m)
PFC_w;  PFC_w, PFC_wq PFC_aw, PFC_wgy PFC_uw,
0 4.41 5.92 >30 5.92 0.15 <0.01
45 1.96 2.89 17.99 2.89 0.35 <0.01
90 1.61 2.00 >30 6.34 0.35 0.085
135 1.72 1.60 20.92 8.37 0.80 0.55

The performance of the responses to the four directional
paths using the three methods is presented in Table 2. When
following the four directional paths at 0°, 45°, 90°, and
135°, the rise times obtained using the PFC_w,; method are
all shorter than those obtained using the PFC_w, method.
However, the convergence times obtained using the PFC_wy
method are longer than those obtained using the PFC_w,
method. Moreover, the error overshoots obtained using the
PFC_w, method are smaller than those obtained using the
PFC_w; method. In particular, when following the direc-
tional paths at 0°, 45°, and 90, the error overshoots obtained
using the PFC_w, method are smaller than 0.1 m. This
can also be observed in Fig. 6. This indicates that the
PFC_w, method can make the robot move towards the desired
straight-line path faster than the PFC_w,; method.

Figs. 9-12 show the rotational velocity command response
when following the four directional paths at 0?, 45°, 90°,
and 135° with the two proposed methods, respectively. It can
be observed from the four figures that the PFC_w, method
can make the robot track the rotational velocity command
faster and more precisely. This also indicates that the PFC_w,
method can make the robot follow a predefined straight-line
path with a shorter convergence time and smaller overshoot.

C. SQUARE PATH FOLLOWING

The desired square path was defined with four waypoints,
A (0,0), B (5.5, 0), C (5.5, 5.5), and D (0, 0.5), as shown
in Fig. 13(a). The initial position and heading of the robot
were set as (0, 0) and Odeg respectively. A comparison of
the path following with the methods PFC_w; and PFC_w,
is also shown in Fig. 13(a). Fig. 13(b) shows a comparison of
the distance while following the predefined square path using
the two methods. While executing square path following, the
predefined behavior that the robot will switch segments in
advance with 0.35 m was adopted.

Table 3 lists the square path following performance com-
parison using the two methods PFC_w, and PFC_w,.

The error overshoots, displayed as elliptic
marks I, II, and III, are listed in Table 3. It indicates that,
the error overshoots of e¢; by using the method PFC_w are
0.17 m, 0.16 m, and 0.17 m respectively. while by using
the method PFC_wy, the corresponding error overshoots are
0.38m, 0.40m, and 0.40m respectively. This shows that the
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FIGURE 9. Comparison of the rotational velocity command response
while following the directional path at 0°. (a) wc, (b) and wg.

o ndrte. A
0 5 10 15 20
(a) Time (s)

0 5 10 15 20 25 30
(b) Time (s)

rotational velocity (rad/s) rotational velocity (rad/s)

FIGURE 10. Comparison of the rotational velocity command response
while following the directional path at 45°. (a) wc, (b) and wg.
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FIGURE 11. Comparison of the rotational velocity command response
while following the directional path at 90°. (a) wc, (b) and wq.

error overshoots when using the PFC_w, method are much
smaller than those obtained using the PFC_w; method. The
results demonstrate the effectiveness of the PFC_w, method.
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FIGURE 12. Comparison of the rotational velocity rate command
response while following the directional path at 135°. (a) wc, (b) and wg.

TABLE 3. The performance Comparison of the square path following with
the two methods.

Convergence time (s) Error overshoot (m)

Area
PFC_w, PFC_w, PFC_wy PFC_w,
I >20 5.53 0.38 0.17
I >20 5.57 0.40 0.16
111 >20 5.55 0.40 0.17

TABLE 4. The performance comparison of the circular path following with
the two methods.

Convergence time (s) Error overshoot (m)

Area
PFC_wgy PFC_w, PFC_wy PFC_w,
1 6.29 243 0.12 0.03
I 8.04 4.20 0.10 0.03

Figs. 13(c) and (d) show the rotational velocity command
response when following the square path with the two pro-
posed methods. It can be seen from the four figures that
the method PFC_w,. can make the robot track the rotational
velocity command more precisely. The above comparative
analysis shows that the robot can achieve the best square path
following performance with the PFC_w, method.

D. CIRCULAR PATH FOLLOWING

The initial position of the robot was set to (0, 0). The desired
path consists of two concentric circles, which are defined as
\/(x D+ G- —1= Oand\/(x — 1>+ -1?

—1.4 = O respectively. The robot first ran towards circle A
with a radius of 1m. Thirty seconds later, the robot started to
run towards circle B with a radius of 1.4m.

Fig. 14(a) shows that the PFC_w, method allows the vehi-
cle to reach the predefined path with a smaller overshoot than
that using the PFC_w; method. The distance e; presented
in Fig. 14(b) further shows that there is almost no overshoot
(shown as elliptic marks I, and IT) when the robot runs toward
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FIGURE 13. Comparison of the square path following with the methods
PFC_ wg and PFC_ wc. (a) the position, (b) the distance ey, (c) oc and its
responding o, (d) w4 and its responding o.

the predefined circular path using the PFC_w, method. This
implies that the PFC_w, method can make the robot move
toward the desired circular path more smoothly. As listed in
Table 4, the error overshoots of e;for the first circular path
following using the methods PFC_w, and PFC_w, are 0.03 m
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FIGURE 14. Comparison of the circular path following with the methods
PFC_wg and PFC_ac - (a) the position, (b) the distance ey, (c) wc and its
responding o, (d) o4 and its responding o.

and 0.12 m respectively. When switching to fly towards a
circular path with a larger radius, the error overshoots of e for
the second circular path following using the methods PFC_w,
and PFC_wy, are 0.03 m and 0.10 m respectively.
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Table 4 also listed the convergence time for the robot to
follow the two circles A and B. it can be found that it takes
only 2.43 seconds for the robot to converge to Circle A with
the PFC_w, method. When the other method was used, the
convergence times were both greater than 6 s.

The above indicates that the PFC_w,. method will still
make the robot have the best circular path following perfor-
mance compared with those using the PFC_w; method.

V. CONCLUSION

A horizontal steering control law for the path following of a
4W skid-steering mobile robot was presented in this paper.
Based on the combination of the kinematic model of the
robot and its steering dynamic characteristics approximated
by a first-order model, the error dynamics of the path fol-
lowing were derived. The backstepping technique is used
to derived the rotational velocity command. The Barbalat’s
lemma has been applied to guaranteed the corresponding
nonautonomous nonlinear systems. The experiments on a real
robot have been carried out to verify the effectiveness of the
proposed method.

Compared with the steering control law that does not con-
sider the steering dynamics, the rotational velocity command
designed based on the combined kinematic/ steering dynamic
models can make the robot converge the predefined path
faster with a smaller error overshoot.

In the future, the steering dynamics will also be considered
for more precise path following. Because the dynamics have
model uncertainties and control constraints, neural [7], fuzzy
[33], and fuzzy-neural [34] approximation techniques will be
applied to approximate the unmodeled part and disturbance.
The funnel control technique [35] will also be considered to
make the robot reach the set path following performance.

‘When the mobile robot moves on different types of ground,
its steering dynamic characteristics are different. Therefore,
when carrying out path following control on various types of
ground, the controller design needs to consider the ground
switching, the pattern-based autonomous smooth switching
control technique [36] will be considered to handle this
problem. Furthermore, in the actual system, the controller
design based on discrete system is more suitable for on-line
operation. When implementing path following control based
on discrete systems, it may face the problem of state estima-
tion caused by the coupling of control input and unknown
control gains. In this case, the filter-based event-triggered
adaptive fuzzy control method [37] is an option to solve such
problems.
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