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1. Introduction

Abstract. In this study, we present a system-

atically designed Sliding Mode Speed Controller
(SMSC) tailored for motors utilized in a Dif-
ferential Drive Wheel Mobile Robot (DDWMR).
Our analysis delves into the critical parameters
of the SMSC, including convergence and reach-
ing rates, alongside simulation configurations
such as time step. We concurrently consider
metrics like rising time, steady-state error, and
control ripple factors to optimize performance.
Through comprehensive evaluation across var-
ious case studies, we demonstrate the efficacy
of the fine-tuned SMSC in enhancing the over-
all performance of the DDWMR. Our simulation
results underscore the significance of meticulous
parameter tuning, particularly emphasizing the
role of time step settings. We find that a smaller
time step mitigates chattering phenomena and
improves performance, albeit at the cost of in-
creased computational demands and potentially
heightened hardware requirements.

Keywords: SMC, Control-oriented, dif-
ferential drive, Wheel mobile robot, Speed
controller
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One of the most common types of mobile robots
is wheel mobile robots (WMRs). This type
of robot utilizes wheels for locomotion. Due
to their simplicity, affordability, and versatility,
WMRs are used in a wide variety of applica-
tions. This kind of robot can be utilized for
medications and supplies delivery in hospitals
and other healthcare facilities [1,2]. For man-
ufacturing and logistics, WMRs can be used to
deliver goods and material handling in indoor,
urban and suburban areas [3-5]. Path guiding
and customer servicing are common tasks that
WDMRs can also be utilized in the retail and ser-
vices domains [6,7]. In the field of education,
mobile robots are widely used as learning and
research tools in universities and research insti-
tutions worldwide. They play a crucial role in
equipping students, scholars, and researchers in
the fields of robotics and artificial intelligence
with knowledge and skills [8-10]. Lots of appli-
cations of WMRs can be found in other fields
such as security, agriculture, and space explo-
ration.

In mobile robots, each robot typically has sev-
eral driving wheels that are actuated by electri-
cal motors. Most of published works used per-
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manent magnet direct current (PMDC), brush-
less direct current (BLDC), step, or dc servo
motors. The motors were considered as either
torque sources, which serve as inputs to the dy-
namic model, or speed sources for the kinematic
model of the robots. This means that the control
system is designed to control the motors in order
to track a desired trajectory, either by regulating
the torque or speed of the motors. However, no
detail speed control system design for the motors
was discussed in the mentioned works.

For dc motors, the interested control prob-
lems are typically speed, torque, and/or position
control. These problems can be solved by uti-
lizing various linear and nonlinear control tech-
niques, such as PI/PID [11-15], pole-placement
for MIMO system [16], active damping injection
[17], soft computing technique [18, 19], adap-
tive controller [20,21], model predictive control
[22-25]. In all these mentioned works, DC mo-
tors were considered standalone systems, with a
constant, a step change, or some bounded noise
load torques. Practically, the performance of
these controllers can differ greatly when applied
to standalone DC motors versus DC motors used
in mobile robots. In addition, several parame-
ters of the mobile robots are not exactly known
and/or not to be constants during operation. In
this case, robust control techniques should be
used.

Built on the theory of variable structure con-
trol, sliding mode control (SMC) method is a ro-
bust nonlinear control technique [26]. The SMC
can be applied to a variety of electrical drives
systems, including direct current drives [27, 28],
induction motor drives [29], permanent magnet
synchronous motor drives [30-32], or piezoelec-
tric actuator [33]. For mobile robots, SMC are
mostly used for trajectory tracking [34-37], in
which the SMC enables the mobile robot to
achieve better trajectory tracking in the pres-
ence of external disturbance and un-modelled
dynamics. In all SMC-related mentioned works,
the parameters of the SMC were designed and
selected intuitively. No discussion has been
made about the effects of the parameters or how
to obtain suitable values. In addition, the effect
of simulation time step has not been addressed
in the published works.
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In this work, considering longitudinal dy-
namic of a wheel mobile robot only, a control-
oriented model is derived and used for design-
ing a SMSC for the DC motor. The effect of
the multi-motor coupling characteristics and un-
modelled dynamics are considered lumped and
bounded disturbance terms.

The investigation will delve into the effects of
SMSC parameters, including convergence and
reaching rates, alongside simulation configura-
tions, such as the time step. We will simultane-
ously consider metrics like rising time, steady-
state error, and control ripple factors to metic-
ulously select optimal values for both controller
parameters and simulation settings.

We will assess the performance of the sliding
mode speed controller with optimized parame-
ters across the entirety of the DDWMR system.
Relative Root Mean Square Error (RRMSE)
metrics are defined and will serve as the bench-
mark for evaluating the tracking performance of
individual left and right motors, as well as the
overall robot dynamics.

The remainder of this work is organized as
follows. Section II introduces the development
of the control-oriented model and outlines the
systematic approach employed in designing the
sliding mode speed controller. Section III elab-
orates on the performance evaluation of the de-
signed controllers, both in standalone motor sys-
tems and within the complete DDWMR system.
Finally, Section IV highlights the main contri-
butions of this study and outlines potential di-
rections for future research endeavors.

2.  Sliding mode speed
controllers
2.1. Longitudinal control

oriented model

The DDWMR in this work actuated by two per-
manent magnet direct current motors which are
connected to the corresponding left- and right-
wheel through gearboxes as shown in Fig 1 be-
low. Two caster wheels are located at front and
rear for balancing. The center-of-mass is as-
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sumed located at the center of geometry. In or-

Fig. 1: DDWMR diagram.

der to design the speed controller for the PMDC
motors in the DDWMR, a simplified half-weight
model of the DDWMR is proposed. In this
model, the DDWMR is assumed symmetrically
along its x-axis, when only considering the lon-
gitudinal dynamic, the force diagram of the sys-
tem is depicted as in 2. In this work, the pro-
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Fig. 2: Longitudinal dynamic diagram.
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posed robot is assumed working on a planar sur-
face. Since the robot velocity is relative low,
aerodynamic drag force can be neglecting. The
simplified longitudinal dynamic equation of a
half-weight mobile robot can be obtained as [43]:
mdV
Fr—Fy= > & (1)
where Frp is the traction force generated by the
driving wheel at the ground contact point C, Fy
is the lumped disturbance force due to the cou-
pling effect between the two driving wheels and
the frictional forces at the caster wheels, m is the
total weight of the robot, V is the longitudinal
velocity of the robot.

The traction force is depended on the friction
between the wheel and the ground. For most in-
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door mobile robots, the wheel is rolled without
slipping, the traction force is only depended on
the moment of inertia of the wheel as

dw,
- (2)

where T,, w, are the torque and angular speed
at the output shaft of the gearbox, R, is the
wheel radius, J,, is the wheel moment of inertia.
The relationship between the robot velocity and
the wheel angular speed is

TO_FTRw:Jw

V = R,w, (3)

When the gearbox has speed ratio of ig and
transmission efficiency of ng, the relationship
between the input and output of the gearbox
is expressed by

1

T’i = = To
Zellel

Wm = 1aWo

(4)

Where T; is the torque at the input shaft of
the gearbox and w,, is the angular speed of the
PMDC motor whose dynamic expressed by

di, R, . Kg 1

w T LT em

a Ua
L, L,

] 5)
Wi
Tm _T‘i _Bmwm = Jmi
dt
Where i, is the current, R, is the resistance, L,
is the inductance, U, is the voltage of the ar-
mature winding; is the torque, Kr is the torque
constant, Kg is the voltage constant, By, is the

viscous coefficient, .J,,, is the moment of inertia
of the PMDC motor.

After some mathematical manipulation,
above equations can be rearranged in terms of

the armature current and angular speed of the
PMDC as:

di,  R.. Kg 1
@t L
dwm 1<T . Bm R'w

at It T ™ it

where Jp = J, + Lo + meé is the total
naeig 2ngt

moment of inertia of the half-weight robot and

T, = ifwc Fy is the disturbance torque referred

to the motor shaft. After eliminating the ar-

mature current and its derivative in equation 6,
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the dynamic of the robot can be referred to the
PMDC motor’s dynamics as:

O = — 10 — AWy +a3U, — asTy — asTy (7)
where
a = & &'U, o RaBnL KEKT
YL, U U T Lodr | Lodr
Kr " 1 u R,
G — L
3 LU,JT7 4 JT’ 5 LaJT
2.2.  Sliding mode speed

controller (SMSC)

When using the rolling without slipping assump-
tion, the robot velocity is proportional to the
motor angular speed. It is obviously that a bet-
ter motor speed tracking resulting in a better
robot tracking accuracy. Hence, in this work,
we propose a SMSC for PMDC motors in order
to improve the trajectory tracking capability of
the DDWMR.

The speed error is defined as the different be-
tween the desired speed and the actual speed
measured from encoder.

(®)

Let z; = Wmref — WmsT2 = wm,ref — W, the
equations of error dynamic become:

€= Wm,ref — Wm

T1 = T
iy = ( d’m,re}f + aq (wm,ref - xl) )
+aq (wm,ref - 2132) - a3Ua + f (t)
(9)
where f(t) is the time function depended on dis-
turbances as

f ) = asTy+ asTy (10)

The switching function of the SMC is defined as
S = x9 + Ax1

(11)

where \ is a constant determining the rate of
convergence of the switching phase. Take the
first derivative of equation (11) we obtained:

§=1To+ ATy (12)
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Substitute equation 9 into 12 we have:

S = ( wm,ref + A2Wm, ref + alwm,ref )
—a1r9 — asxy — azU, + f (t) + Ao
(13)
and
s§—s ( ‘I}m,ref + A2Wm, ref + alwm,ref )
—Qa1To — a2, — agUa + f (t) + )\.’EQ

Select a Lyapunov candidate function as

= =5

2
It is obviously that V is satisfied the first three
properties of a Lyapunov function. The switch-
ing system will be asymptotically stable if:

(14)

V=s5<0 (15)
The reaching law is defined as
§ = —qsign (s) (16)

where ¢ > 0 is the constant rate and the sign
function is defined as

1 s>0
sign (s) = 0 s=0 (17)
-1 s5<0
Then
—qs <0 when s>0,¢g>0
58 = 0 when s =0 (18)

qs <0  when s<0,¢g>0

Hence, equation 15 is satisfied with all value of
s. Equaling 13 and 16 we have

1
as

where u is the desired armature voltage.

a)m,ref + alwm,ref + A2Wm, ref
—agw1 — a1T9 + Awa + gsign (s) + f (t)
(19)

u =

It can be seen that the control law from 19
is completed if the disturbance f(¢) is known
which is impractical. However, it is reasonable
to assume that the disturbance and its rate of
change are bounded, that are:

Tar (x,t) < Ty < Tay (x,1)

. =7 (20)
Tar (x,t) < Ty < Ty (x,1)

where the bounds Ty, Ty, TdL , and TdU are
known. In this case, the disturbance and its rate
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of change in f(t) of 19 is replaced by correspond-
ing conservative quantities Ty, and Ty..

1 ‘Ijm,ref + alwm,ref + A2Wm, ref
u=—| —asT] — aixs + Ao
a3 —qgsign (s) + asTye + asTye
(21)
Substitute equation 21 into 13 and simplifying
the results, we obtained:

$ = —qsign(s) + aq (Td - Tdc) +as (Tqg — Tae)
(22)

As has been proved in previous section, the term

—sqsign (s) is negative with all value of s.

Hence to ensure ss < 0 , the conservative
quantities are selected as:

. Tae = Tav > Ty
>
ifs >0 select{ Ty = Typ > Ty o
. Tue = T, < Ty
ifs <0 select{ Ty =Ty < T,
Let
AT,y = Tav — Tur, Ty = Tav + Tur,
2 2 (24)
7 Ty —Tur Tou + Ty,
4= — 5 124 = 9
Then we have
dec = Tdc = dTQd — dTldSign (S) (25)

Tae = Tog — Trgsign (s)
The control law is finally as

Omyref + A ref + (a1 — X) Wy + 2w,
+qsign (s)
+a4dec + aSTdc
(26)
For easy understanding, the control law is de-
composed into three components as:

U = Ueq + Usyw + Udr (27)

in which

d)m,ref + Awm,ref + (al - >\) wnz + acwm,

Ueqg = o
(28)
Usw — qSZgn (S) (29)
as
Udr = %dec + %Tdc (30)
as as
280

where ue, is the equivalent control which drives
the system sliding on the sliding surface, $ = 0,
under ideal situation where all information of
the system is known and no disturbance; ug,, is
the switching component which drives the sys-
tem to the sliding manifold and wug,. is distur-
bance rejection term. The disturbance rejection
component is added to the system in the reach-
ing phase to eliminate the effect of disturbance
of the system such as load torque variation.

3. Simulation results and
discussion

In this section, several case studies will be im-
plemented and investigated. Initially, the effect
of the simulation time step will be investigated.
After that, with a reasonable time step, the ef-
fect of the reaching rate and convergence rate of
the SMSC will be evaluated. Considering rising
time, steady state error, and control signal fluc-
tuation, the suitable value of reaching rate and
convergence rate of the SMSC will be selected.
Then these SMSCs will be applied to the PMDC
motors used in the proposed DDWMR to inves-
tigate the performance of the whole system.

The sliding mode speed controller for PMDC
motor is built in Matlab/Simulink as shown in
Fig 3a below. The SMC, Eq. 27, is built as Mat-
lab function blocks as shown in Fig. 3b In order
to evaluate the disturbance rejection capability
of SMSC, two SMSCs are built, one is without
disturbance rejection component, ug. = 0, and
one with disturbance rejection component. This
component is integrated into the same block by
adding the term d into Eq. 30, d = 0 is woTd-
SMC, and d =1 is for wTd-SMC.

Ugr = d <a4dec + CLST@) (31)
as as
The parameters used for simulation are listed
in Table 1.

3.1. Case Study (CS) 1: Time

step effects

In this case study, the time step is set as le-6s
as shown in Fig. 4. The disturbance is assumed
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(b) SMC without disturbance rejection
Fig. 3: Simulation model.

Tab. 1: System parameters

No. | Parameter [Unit] | Description Value
1 Va [V] Rated Voltage 48

2 P, |W| Rated Power 350
3 N, [rpm)] Rated Speed 560

4 R, 9] Armature Resistance | 0.93
5 L, [mH] Armature Inductance | 150

6 T [Kg.cm? Moment of Inertia 15

7 B,, |N.cm/rad] Viscous Coefficient 1.1

8 Kr [N.m/A] Torque Constant 0.58
9 Kg [V/rad] Voltage Constant 0.58

the frictional forces. The controller parameters
are arbitrary set as ¢ = 1.8; A = 0.01. The
configuration parameters for simulation in this
case study are set as shown in Fig. 4.

The results of CS1 are shown in Fig.5. If con-
sidering the performance of the system output
only as shown in Fig. 5a, it seems that the sys-
tem has perfectly performance. There is no dif-
ferent between with and without disturbance re-
jection, no steady state error, very short rising
time, no overshoot, etc. Fig. 5b showed that the
value of load torque is insignificant in compar-
ing with the motor torque, hence the effect of
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the load toque is ignorable. However, when con-
sidering each component of the controller output
shown in Fig. 5c, it can be seen that the equiva-
lent component has a very high value, more than
2¢19. When the equivalent component is relative
high, the effect of others is insignificant. That
why the value of the SMSC parameters, A and
q, can be selected arbitrary small. The observed
phenomenon occurs because of the small time
step setting. Since the simulation time step is
le~ 5, the extremely higher rate of change of ref-
erence speed and acceleration will be obtained
causing a relative high value of equivalent com-
ponent of the SMSC due to Eq. 28. For practical

S T tep e
|[a
f Solver Simulation time
et mporErcort
Math and Data Types
+ b
v
Hod .
Smuaton Tt
o

Starttime: [0.0 Stop time: [tsim

Solver selection

Typo: |Fixed-step ~_ Solver: [auto (Automatic solver selection)

v Solv

o Fixed-step size (fundamental sample time}: 1e6
» Simscape Mulibody
Zero-crossing options

Enable zero-crossing detection for fixed-step simulation

Allow multiple tasks to access inputs and outputs.

Higher priority valus indicates higher task priority

oK Gancel Help Apply

Fig. 4: Simulation configuration.

systems, the simulation time step should be se-
lected more reasonable. Hence, in the next step,
the simulation is conducted with different value
of time step. The results are shown in Fig. 6. It
can be seen that the system fails when the time
step is larger than 0.01s with SMC has ¢ = 1.8
and A = 0.01

3.2. (CS2: Reaching rate effect

In this case study, the effect of the reaching rate
constant is investigated. In this case, the step
time is 0.01s, A = ay. The value of ¢ is randomly
selected as [0.5a31.5a32.5a315a3]. The robot is
forced to track a step reference speed. The ef-
fect of ¢ on the output of the system is shown in
Fig. 7 below. It can be seen that if the value of
q is not large enough, the system cannot track
the reference speed. In addition, when the value
of ¢ is increased, the effect of the disturbance
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Fig. 5: Simulation results for CS1.
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rejection component will be reduced. For high
enough value of ¢, there is insignificant different
between the system performance under without
and with disturbance rejection. On the other
words, with the suitable value of ¢, the conven-
tional SMSC still be able to reject the distur-
bance. Thereafter the SMC without disturbance
rejection will be used in this work.

wTd

0.5a,

Robot Velocity

with q
1

Robot Velocity

with q = 1.5a,
o = N W

o
N}
Wk
IS
3}

Robot Velocity
=25a,

with q

Robot Velocity
with q = 15a,

o

2 3 4 5
Time (s)

o

Fig. 7: Reaching rate effect on the output.

3.3. (CS3: Optimum reaching

rate value

In order to find the optimum value of q, it is
necessary to consider both the rising time and
the tracking performance. The rising time is the
period that the system requires to reach 95% its
speed reference from standstill condition. The
tracking performance is evaluated by using the
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relative root-mean-square error defined as

\/rll Z:ljl (Yrcf ~— Ym (1))2
%) =+

Yref

RRMSE ( % 100

(32)
where n is the number of simulation steps, s

is the reference and y,, is the measured angular
speed of the motor.

In this case study, the value of ¢ is span-
ning from 3a3 to 100a3. The effect of g on the
RRMSE and the rising time are shown in Fig.
8. As has been seen in Fig. 5, higher value of ¢
makes smaller RRMSE and shorter rising time.
However, when increasing ¢, the value of switch-
ing component also increased. As a consequence,
the output is fluctuated. In contrast, the rising
time is tended to converge. Considering both the
RRMSE and the rising time, the optimal reach-
ing rate can be found as ¢ = 8735(= 42.62a3)
with the corresponding rising time tr = 0.08sec
and RRMSE = 11.5%. When considering the

S N

o

Relative RMS
Robot Speed Error(%)
S

N I
®

N

©c o o
Now s

IS4

Rising time (sec)

15 2
x10°

0.5 1
Reaching Rate q

Fig. 8: Reaching rate effects.

last 500 data points, the steady state RRMSE
is as shown in Fig. 9. It can be seen that if
the value of ¢ is not large enough, the system
cannot reach its reference value. The system
achieves smallest steady state RRMSE of 2.84%
withg = 18954 (equal to 9.54a3). The higher
value of ¢ causes a higher steady fluctuation am-
plitude, hence a larger RRMSE. Fig. 10 below
illustrates the effects of q on the performance of
the system under three situations: overall opti-

(© 2024 Journal of Advanced Engineering and Computation (JAEC)

Steady State Relative
RMS Robot Speed Error(%)
N

w

1 2 3 4 5 6
Reaching Rate q x10*

Fig. 9: Rate reaching effects on steady State RRMSE.

mal RRMSE;, steady state optimal RRMSE, and
very large reaching rate, ¢ = 100as.

3.4. (CS4: Reaching rate and

convergence rate effects

In this case study, the performance of the system
is evaluated under different values of reaching
rate and convergence rate. The value of reaching
rate is swept from 1.75a3 to 50az while the value
of the convergence rate is swept from 0.5a; to
3a;. In order to evaluate the chattering of the
control signal, the ripple factor of the control
signal is used. The ripple factor is defined by
equation below. This factor is originally used to
evaluate the quality of a rectifier, whose converts
alternative current into direct current.

u 2
Cr _ Tms 1
=y G)

where ,y,sis the root mean square value and
Uqug 1S the average value of the control signal.
The simulation results are shown in Fig. 11 be-
low. The optimal value for the reaching rate

(33)

is ¢ = 30as and for the convergence rate is
A =0.75 % aq.
3.5. CS5: Effect of SMSC on

the DDWMR

Finally, the performance of the proposed con-
troller is evaluated when applying for the whole
DDWMR. The block diagram of the system is
shown in Fig. 12. Details about modeling
and simulation of the DDWMR can be found
in our previous work [16]. In this case study,
the left and right motor-wheel are assumed dif-
ferent. Their parameters are listed in Table 2.
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Fig. 10: Typical reaching rate values.

This approach makes the model of the proposed
DDWMR more general [39]. Other parameters
are as listed in Table 1.

In this case study, the linear and angular ve-
locities of the robot are forced to track desired
values which are given in term of trapezoidal ve-
locity profiles. The robot is commanded to move
forward and backward, respectively. During the
forward the robot is commanded to turn left and
then turn right. Also during the backward move-
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Fig. 11: Reaching and convergence rates effects.

ment, the robot is commanded to turn right and
then turn left. For simulation, the time-step set-
tings ishe~3. The load torque disturbance as-
sumed a band-limited width noise as shown in
Fig.13. From the desired linear and angular ve-
locities of the robot, the inverse kinematic model
of DDWMR is utilized to estimate the reference
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SMC H-Bridge \%
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Fig. 12: Block diagram of the DDWMR.

Tab. 2: System parameters for a general DDWMR

Value
No Parameter Description PMDC Motors
[Unit] Left | Right
1 R, [Q] Armature Resistance | 1.12 | 0.74
2 L, [mH] Armature Inductance | 127 | 172
3 o [Kg.cm?] Moment of Inertia 17 14
4 B,,, [N.cm/rad] | Viscous Coefficient 0.88 | 1.32
5 Kr [N.m/A] Torque Constant 0.52 | 0.63
6 Kpg [V/rad] Voltage Constant 0.52 | 0.63
7 m, [Kgl Motor-wheel Weight | 3.45 | 2.55
Block Parameters: Tdr X

Band-Limited White Noise. (mask) (link)

The Band-Limited White Noise block generates normally distributed
random numbers that are suitable for use in continuous or hybrid systems.

| Parameters
| Noise power:
1

Sample time:
1

Seed:
[363991]

@ Interpret vector parameters as 1-D

J Cancel Help Apply
Fig. 13: Load torque disturbances setting.
left and right motor angular speed.
Vdes + sz,des
WmR,des — — 5
RwR (34)
w o Vdes - sz,des
mL,des — — 5
RwR

The errors between the desired value and the
measured value of the motor angular speeds will
be fed into the SMSCs. The output of the SM-
SCs are the pulse-width-modulation signals that
will be provided to the H-bridges. The outputs
of the H-bridges are the armature voltages ap-
plying to the PMDC motors.

(© 2024 Journal of Advanced Engineering and Computation (JAEC)

To evaluate the performance of the system un-
der different speed controllers, the relative root-
mean-square error in Eq. 32 is modified as

n

> (Vret (i) — v (i)

i=1

RRMSE (%) = x 100

(35)
where n is the total simulation steps.

The responses of the motors and the robot ve-
locities are shown in Fig.14. It can be seen that
the motors track their references in a reasonable
manner. If only considering Fig. 15a, it seems
that the outputs are nearly identical to the ref-
erence. However, there are errors as shown in
Fig. 15b. The RRMSE(%) of the left and the
right motor are 2.59% and 2.57%, respectively.
The linear velocity tracking error is smallest,
only about 1%. The angular speed tracking er-
ror is relatively large, 16.71% and with a high
frequency fluctuation. The reason is even the
motors are tracking to their reference but the
response time and the occurrence of disturbance
of each motor is different. The overview of the

Longitudinal
Speed [m/s]
o N

o

)

Yaw Rate [rad/s]
L o

Left Motor
Speed [rpm]

SE
58
25
52
[
0 2 4 6 8 10 12 14 16 18 20
Offset=0 Time (secs)

Fig. 14: Velocity responses.

load torques, and the output torques of the right
and the left motors are shown in Fig. 15a and
the details are shown in Fig. 15b. It can be seen
that the motor torques are fluctuated with high
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frequency. This phenomenon is chattering prob-
lem of conventional sliding mode control tech-
nique when the time step is relative large.

RM Load
Torque [N.m]

b N 4L o

Right Motor
Torque [N.m]
Hh o an O

=)

LM Load
Torque [N.m]
. o o
- wn o n -

=)

Left Motor
Torque [N.m]
8 o

(a) Overall

.

RM Load
Targua [N.m]

Right Matoe
Tomue [M.m)

in

LM Load
Torque [M.m)

L

Left Mator
Torgue [M.m]

Time (s)

(b) Detail

Fig. 15: Load torques and motor torques.
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Similar simulations have been taken placed
with a smaller time step setting, le™*. The
RMSE and RRMSE of motor response and the
DDWMR responses are summarized up in Ta-
ble 3. The errors of the motor and the robot
velocities with two time-step settings are shown
in Fig. 16. When the time step is le %, the
outputs are nearly identical to the correspond-
ing references. For simulation, the smaller time
step means the higher computational time con-
sumption. For practical system, smaller time
step requires stronger hardware capability. It
is recommended that suitable time step setting
should be considered for particular systems and
applications.

Right Motor
Speed
Error [rpm]

Left Motor
Speed
Error [rpm]

&
S
=)

o
N}

Linear Speed
Error [m/s]
o

S
>

o
N
IS
>
©
3
N
I
>
>
8

Yaw Rate
Error [rad/s]
o
o o

S
&

Fig. 16: Velocity errors with different time step set-
tings.

Tab. 3: Time step effects

Right Left | Linear | Yaw

No. | Time | Metrics | Motor | Motor | Speed Rate
Step frpm] | [rpm] | [m/s] | [rad/s]

1 5¢=3 | RMSE | 9.26 9.18 0.054 | 0.24
RRMSE | 2.59 2.57 0.93 16.73

2 le=* [ RMSE | 3.76 3.79 0.029 | 0.034
RRMSE | 1.05 1.06 1.03 2.35

(© 2024 Journal of Advanced Engineering and Computation (JAEC)
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4. Conclusions

In this work, we introduce a longitudinal simpli-
fied model of a DDWMR. In which the robot is
assumed symmetrically, the left and the right
motors/wheels are identical. The mass dis-
tributes equally to the left and the right. Based
on this model, a sliding mode speed controller is
designed and analyzed. The effects of the SMC
parameters - the convergence and reaching rates,
and simulation configuration - the time step, are
evaluated. Considering the rising time, steady
state error, and control ripple factors, the suit-
able values of the controller parameter and the
simulation setting are selected.

The performance of the SMSC with optimized
parameters is then investigated for the whole
DDWMR system with two different time-step
setting. The relative root mean square error
(RRMSE) is defined and used as a metric to
evaluate the velocity tracking performance of
the left/right motors and the robot. Simula-
tion results indicates that smaller time-step set-
ting helps achieving better velocity tracking and
smaller chattering amplitude. It is worth to no-
tice that smaller time-step setting will cause a
higher time computational consumption for sim-
ulation and stronger hardware capability for ex-
perimental system. Hence, suitable time-step
setting should be taken into account when de-
signing and implementing sliding mode control
techniques.
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