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Abstract—Controlling physical devices from remote places
have become necessity in today’s practice. These kind of op-
erations require a proper infrastructure which ties all kinds of
devices (sensors, actuators, plant etc.) along with the controllers
at remote places (either centralized or decentralized) using a
communication medium. The heterogeneity of platforms is a
challenge to integration of all these aspects. The use of Internet
of Things (IoT) provides connectivity across several devices and
platforms. The paper presents IoT based real time trajectory
tracking by a vehicle. The controller at a far off place devises
control actions relying on the information obtained from sensors.
The control actions are then sent to actuators through the
communication channel so that vehicle tracks the reference
trajectory efficiently. The sliding mode controller is used which
decides the control actions on the basis of objective function.
The framework works on a non uniformly sized control interval
consisting of variable number of sampling instants of fixed length.
The objective function considers the system states, time interval
and also the control and communication constraints (delays and
packet losses). The developed algorithm based on IoT shows a
proper convergence to the reference trajectory.

Index terms— Internet of Things (IoT), Sliding Mode
Control, Control interval, Path Tracking, Automated Ve-
hicle.

I. INTRODUCTION

The use of physical devices in different sectors are growing
at an unprecedented rate. Even a single system, consists
of number of subsystems comprising several devices which
interact with each other. These devices are connected to the
communication medium based on the concept of Internet of
Things (IoT). The other preferable terms used for IoT are
Cyber-Physical system and Networked Control system. The
IoT plays a significant role in different domains improving
the quality of our lives. Some of the sectors are transportation,
automation in industries, health care, and emergency response
in disaster management situations. The IoT provides a platform
for physical objects to share information and coordinate deci-
sions among themselves. The underlying technologies such as
pervasive and ubiquitous computing, embedded devices, com-
munication technologies, internet protocols and applications
are dealt to realize the Internet of Things.

Intelligent Vehicles and Transportation System (IVTS) and
related technologies have been a profound area of research in
past decades. IVTS bring a number of potential advantages in
transportation system including increase of traffic efficiency,
improvement of traveling comfort, and reduction in number of

accidents. Path Tracking by automated vehicles is an important
strand of IVTS. Utilizing IoT in path tracking will be a very
robust and key technique to improve traffic efficiency. It has
potential of enabling an accident less automatic transportation
system, because tracking information can be shared with
other surrounding vehicles and control process can be tuned
according to such information.

In IoT framework, objects are connected to network in
order to send and receive data. The framework integrates
physical devices, computing platform and the communication
infrastructure. These three important constituents differ from
each other to large extent. Due to heterogeneity in system
level properties and the local properties of components, the
integration of different devices with that of computing plat-
form and communication channel is biggest challenge [1].
The interactions between these platforms affect each other’s
performance. The joint dynamics of physical, computational,
and communication disciplines are to be understood properly
for laying out the entire framework.

Researchers have designed a differentiable kinematics con-
trol law to achieve global uniformly ultimately bounded
tracking [2]. In [3], a virtual trajectory design algorithm
is proposed using backstepping controller. Fraichard, and
Scheuer proposed continuous curvature steer of vehicle in the
absence of obstacles in [4]. In [5], a design of T-S fuzzy path
controller with both the state feedback and path tracking error
is proposed for a four-wheel mobile robot. In [6], Computation
of continuous curvature path with predefined waypoints, using
concatenation of line and polar spline segments. Wang [7]
has presented current applications and major issues of trans-
portation management systems. Path tracking is essential for
automated vehicles and has grabbed considerable attention in
various fields as given in [8][9]. Various intelligent techniques
such as machine learning methodologies based path tracking of
automated vehicles is proposed in [10][11], but they don’t talk
about the remote operation using IoT. In this paper remotely
controlled path tracking of an automated vehicle is proposed.
Sliding Mode Control (SMC) algorithm is used for control
purpose. IVTS is visualized as CPS to improve collision
avoidance and zero-net energy systems [12]. In [13], CPS
model has been used for formation control and tracking in
the presence of obstacles and robots.

Communication architecture forms an integral part of IoT.
The sensor-actuator network and various nodes deployed in
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Fig. 1: Framework of Internet of Things model for the system

between are responsible for reliable data transmission during
real time control [14]. The realization of such proper commu-
nication architecture is challenged by heterogeneous reliability
requirements, delay bounds, node mobility and route failures,
channel errors and the energy efficiency of nodes [15].

From the application point of view there is dearth of
approaches for the framework which involves the aspects of
control, computation and communication simultaneously. This
paper attempts to provide a combined framework for tracking
control of vehicle. The approach is summarized as follows.

1) A joint framework is presented which integrates both
control and communication.

2) A communication protocol for online control of system
is considered.

3) A proper tracking of reference trajectory in a limited
number of sampling periods is being achieved through the
given approach. The Sliding Mode Controller gives a good
and fast convergence.

The paper is organized in sections. In Section II, the paper
presents the dynamic modeling of vehicle, and the required
preliminaries. Since the model is a networked system, Sec-
tion III provides the communication protocol connecting the
physical devices, sensors, actuators etc. Section IV contains
the design of Sliding Mode controller for the vehicle. The
algorithm is also presented in this section. The case study
results are shown in Section V. Section VI summarizes the
main conclusion of the work presented in the paper.

II. DYNAMIC MODELING OF VEHICLE

An approximate model of the vehicle is given in Fig. 1. The
vehicle is a differentially driven mobile robot with 4 driving
wheels. In Fig. 2, r is the radius of wheel, t is the distance
between the wheels and the axis of symmetry (x-axis). The
front wheel and center of mass are separated by distance a,
whereas the rear wheel and center of mass are separated by
distance b.

A mathematical dynamic model for a four wheel differ-
entially driven vehicle is presented [16]. Different torques are
applied on left and right pairs of wheels to achieve the desired
motion. The two reference frames are considered. One is a
fixed reference frame F (X,Y ) and the other is a moving
reference frame f(x, y) with respect to the vehicle. The origin
of moving frame is the center of mass of the vehicle. Vehicle
is oriented at an angle φ with respect to the fixed frame.

Fig. 2: Model of the vehicle

The longitudinal velocity, lateral velocity and angular veloc-
ity of the vehicle with respect to the moving frame are ẋ, ẏ and
ω. R(φ) is the rotation matrix. The equations below describe
the transformation of velocity and acceleration components
from moving frame to fixed frame.

φ̇ = ω (1)

R(φ) =

 cos(φ) sin(φ) 0
−sin(φ) cos(φ) 0

0 0 1


[
Ẋ Ẏ ω

]T
= R(φ)

[
ẋ ẏ ω

]T
(2)[

Ẍ Ÿ ω̇
]T

= R(φ)
[
ax ay ω̇

]T
(3)

ax = ẍ− ẏω; ay = ÿ + ẋω (4)

The motion of the vehicle is a pure rotation at every instant
of time. Hence, the center of rotation also changes every time.
The co-ordinates of instantaneous center of rotation (C) is
given as: [

xc yc
]T

=
[ −ẏ

ω
ẋ
ω

]T
(5)

This center of rotation is used for determining current position
of vehicle. The vehicle has no angular velocity and lateral
velocity while moving on the straight line. Hence, the instan-
taneous center of rotation vanishes to infinity along the y-axis
of moving frame. The lateral velocity of the vehicle (ẏ) also
describes the skidding effect. If there is no lateral velocity,
then the body of the vehicle is oriented in the direction of the
motion of the vehicle.

Lateral and longitudinal velocities of each wheel are as
follows,

ẋ1 = ẋ4 = ẋ− tω; ẋ2 = ẋ3 = ẋ+ tω

ẏ1 = ẏ2 = ẏ + aω; ẏ3 = ẏ4 = ẏ − bω

}
(6)

where, subscript i=1,2,3,4 represents each wheel. 1 is left
front, 2 is right front, 3 is right back and 4 is left back wheel.

The motion in longitudinal direction is generated by the
force Gxi

due to dry friction on each wheel. The forces (Gxi
)

which generate motion are assumed to be equal on the wheels
on the same side i.e.( Gx1 = Gx4 , Gx2 = Gx3 ). The force Rxi
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on each wheel resists the motion of vehicle in longitudinal
direction. Forces Gyi act on the wheels because of lateral
skidding. A resistive moment Mr is developed with respect
to the center of mass because of the forces Gyi and Rxi

. m
is mass and I is moment of inertia of the vehicle. φ̈ is the
angular acceleration of the vehicle.

The equations of motion are given as:

max = 2(Gx1
+Gx2

)−Rx; may = −Gy
Iφ̈ = 2t(Gx1

−Gx2
)−Mr

}
(7)

The total longitudinal force due to resistance is as follows:

Rx =
4∑
i=1

Rxi
=
frmg(sign(ẋ1) + sign(ẋ2))

2
(8)

where fr is the coefficient of rolling resistance. The total force
responsible for lateral skidding is:

Gy =
4∑
i=1

Gyi =
µmg(b× sign(ẏ1) + a× sign(ẏ3))

a+ b
(9)

where µ is the coefficient of lateral friction.
The Resistive Moment Mr can be represented as:

Mr =
µmg(sign(ẏ1)− sign(ẏ3))

a+ b

+
frmgt(sign(ẋ2)− sign(ẋ1))

2

(10)

Hence, the dynamic model for the mobile robot is given by:

Mq̈ + C = Eτ + λAT (11)

where q is the reference frame co-ordinates, M is mass and
Inertia matrix, C represents centripetal and coriolis force
matrix and E is the input transformation matrix.

q =

XY
φ

 M =

m 0 0
0 m 0
0 0 I



C =

Rxcos(φ)−Gysin(φ)
Rxsin(φ) +Gycos(φ)

Mr

 E =


cos(φ)
r

cos(φ)
r

sin(φ)
r

sin(φ)
r

t
r − t

r


The torque τ is the input vector for the dynamic model. Torque
for pair of wheels in left and right side (i = 1, 2) are given as
follows,

τi = 2rGxi
(12)

Where,

τ ′ =
[
τ1 τ2

]
A =

[
−sin(φ) cos(φ) d0

]
A is the matrix of constraints and λ is the parameter for
constraint forces. The term λAT in the dynamic equation
describes a constraint involved in the motion of the vehicle.
The term d0 is the x-co-ordinate of instantaneous center of
rotation with respect to moving frame and expressed as:

d0 =
−ẏ
ω

(13)

The x-coordinate should not go outside the robot wheelbase,
otherwise the vehicle will have high skidding and will become
unstable. Hence, the constraint is 0 < d0 < a.

The general equation for the constraint is represented math-
ematically in (14).[
−sin(φ) cos(φ) d0

] [
Ẋ Ẏ ω

]T
= A× q̇ = 0

(14)
A matrix S is defined as:

S =

cos(φ) −sin(φ)
sin(φ) cos(φ)

0 − 1
d0


such that,

A× S = 0 (15)

Using (7) and (12) , the input (Torque) and output (Kinematics)
of the system are related as:

ax =
(τ1 + τ2)−Rxr

mr
; ay =

−Gy
m

ω̇ =
(τ1 − τ2)t−Mrr

Ir

 (16)

The mathematical model of the vehicle is used for obtaining
the required control actions for tracking a given trajectory.
The sensor information and the control action data are sent
through wireless medium. The subsequent sections deal with
the communication protocol and the controller dynamics.

III. COMMUNICATION PROTOCOL

The network transmits data packets from sensors to distantly
placed controllers and from those controller to actuators. These
packets are prone to time delays and packet losses [17][18].
Fig. 3 shows the schematic of closed network between sensors,
controller and actuators using wireless communication. The
basic concept of communication model as in [19] has been
employed with certain modifications in this work.

Fig. 3: Schematic of a control interval in communication
model

The actuators rely on the data sent from the controller at
regular sampling instants and are therefore time-driven. The
sensors and actuators are synchronized with the same sampling
period. The latest timestamped control packet is used for

267Authorized licensed use limited to: University of Pennsylvania. Downloaded on September 01,2021 at 04:54:34 UTC from IEEE Xplore.  Restrictions apply. 



controlling the plant. The packets arriving at the actuators
in incorrect sequence and as well as the corrupt packets are
considered as dropped packets. The communication model
considers a number of control intervals θa. Each control
interval θa indexed as ka consists of number of sampling
periods ks. The length of each sampling period is fixed but the
control intervals have variable lengths. The framework vies for
the optimal length of each control interval. Larger the length
of each control interval better the decision by controller for
actuator actions. The actuator actions are decided based on
the comparative value of objective function. The algorithm
obtains the objective function value for the entire forthcoming
control interval [ka + 1] at different sampling instants ks of
the current control interval. Since the sensors, controller and
actuators are well synchronized, each of them perform their
tasks accordingly during the respective sampling periods. The
tasks are scheduled for each of the devices in the network.

The sensors report the measurement packets as well as other
required packets to the controller in the initial phase of every
sampling instant. Then the sensors go on to sleep mode for
the rest of the sampling instant. The controller receives the
packets from the sensor. The controller computes the required
actions based on the information of states. The objective
function value is determined based on all the estimated states’
information and control actions. It then waits for the next
sampling period. The actuator actions remain same for a
particular interval. The actuators receive the command packets
in the last sampling period. On receiving the required packets
successfully the actuator sends back the acknowledgments to
the controller. If the packets are corrupt or get dropped due to
inconsistency in the communication the actuators continue to
perform as per the previous command packets.

The controller decides the required control actions in the last
sampling period based on the minimum of objective function
values calculated in each of the sampling instants of the
respective control interval. It sends them to the actuators and
waits for the acknowledgment. The control actions are sent
in the form of a command packet U [ka + 1] having index as
ka + 1.

U [ka + 1] = [u[ka + 1]] (17)

where, u[ka + 1] is control action for the next control in-
terval. The actuator on receiving the command packet updates
its control action as u[ka + 1].

The actuators update their actions on successful reception of
packets. The communication protocol takes care of the packet
losses with the help of two parameters vi[ks] and wj [ks]. vi[ks]
is designed for sensor to controller packet loss whereas wj [ks]
is for controller to actuator packet loss for the kths sampling
instant. On reception of packets by the controller from the ith

sensor the vi parameter is set as 1 otherwise it is 0. The wj
parameter is 1 when the jth actuator receives command packet
from controller successfully otherwise wj = 0.

IV. SLIDING MODE CONTROL

Sliding mode control has also been applied to ensure that the
vehicle follows the desired trajectory [20][21]. The switching
function σ is described as:

σ = ε̇+ λε (18)

where ε is the error given by:

ε = T (q − qd) (19)

Where, q represents the vector of generalized coordinates
describing the robot’s actual position in the fixed frame and qd
is the desired trajectory. T is the matrix required to transform
the error in the fixed frame to the moving frame.

T =

 cos(φ) sin(φ) 0
−sin(φ) cos(φ) 0

0 0 1


Therefore,

σ̇ = ε̈+ λε̇ (20)

Differentiating equation (19), we get,

ε̇ = Ṫ (q − qd)− T (q̇ − q̇d)

ε̈ = T̈ (q − qd) + T (q̈ − q̈d) + 2Ṫ (q̇ − q̇d)
(21)

Using equations (20) and (21),

σ̇ = T̈ (q − qd) + T (q̈ − q̈d) + 2Ṫ (q̇ − q̇d) + λε̇

⇒ q̈ = q̈d+ T−1(σ̇ − T̈ (q − qd)− 2Ṫ (q̇ − q̇d)− λε̇) (22)

Lyapnov Function for the switching function has been de-
scribed as,

L = 0.5σ2 (23)

Therefore, to make the system stable,

σ̇ = −Ksign(σ)

Using the equations (11) and (15),

τ = (S′E)−1S′(Mq̈ + C) (24)

Therefore, from equations (22) and (24) the control law is
obtained as:

τ = (S′E)−1S′(M{q̈d− T−1γ}+ C] (25)

where γ is given as,

γ = Ksign(σ) + (T̈ + λṪ )(q − qd) + (2Ṫ + λT )(q̇ − q̇d)

qd can be chosen to be various functions during simulations
involving manual tuning of the gain parameters K and λ. For
example, cosine(t), exponential(t) and polynomial functions in
t up to degree 3. Here, t represents the time. The derivatives
of qd are computed as follows [22].
Example: for a cosine function,

qd =
[
t cos(t) tan−1(−sin(t))

]T
q̇d =

 1
−sin(t)

d
dt (tan

−1(−sin(t)))

⇒ q̇d =

 1
−sin(t)
−cos(t)

1+sin2(t)
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Fig. 4: Block diagram of IoT based tracking system

q̈d =

 0
−cos(t)
d
dt
−cos(t)

1+sin2(t)

⇒ q̈d =

 0
−cos(t)

sin(t)(2+cos2(t)
(1+sin2(t))2


At the beginning of each tracking, the robot is provided

with it’s initial coordinates coinciding with the starting point
of our trajectory. Thereafter, the control law provides the
necessary torque to keep the robot on the desired trajectory.
This torque is used to calculate vehicle’s kinematics (velocity
and acceleration) and it’s new coordinates. This is done by
assuming time to be a continuous variable and hence, the
sampling time is considered to be a small quantity.

V. CASE STUDY

The proposed methodology is applied to evaluate the perfor-
mance of vehicle tracking. The vehicle has to track the desired
trajectory till it has reached the destination. As explained in
Section-II a four wheel differential driven vehicle model is
employed for implementing the proposed methodology.

Fig. 5: IoT based system for tracking with prototype vehicle

The vehicle prototype used for testing the methodology is
shown in Fig.5. The vehicle has necessary sensors attached
to it. The sensor information are transmitted to the remote
controller. The remotely placed controller is a computing
platform (can be more). The computational processes are
carried out there. The control actions obtained are sent back
to the actuators in vehicle. The data from sensors to controller
and from controller to actuators is sent through a wireless com-
munication medium. The communication protocol followed is
TCP/IP and is based on standard IEEE 802.11 platform. Path
estimation is not required as desired trajectory is considered.
Fig. 6 shows the vehicle’s actual trajectory with respect to the
desired trajectory.

Algorithm 1: Algorithm for the proposed Methodology
1) Initialize Torque and Velocity of the vehicle
2) Set Reference trajectory to be followed qd, Number of

control intervals N
3) Initialize i (control interval) = 1 and j (sampling

instant) = 1
4) While i ≤ N
5) If i = 1 then set j = 1 else j = Sampling Instants

(from Step 15)
6) While j ≤ Sampling Instants
7) Initialize Number of sampling instants k randomly

from [1 10] for the (i+ 1)th interval
8) Get position feedback for the end of (i+ 1)th interval
9) Compute error for the end of (i+ 1)th interval

10) Apply computed error to SMC to calculate torque to
be applied in (i+ 1)th control interval

11) Calculate cost function based on computed error and
jth number of sampling instants

12) Initialize sampling intervals for (i+ 1)th control
interval

13) Get positional feedback from vehicle dynamics at the
end of ith interval

14) Compute error at end of (i+ 1)th time interval
15) Calculate cost function J for computed error and kth

sampling time
16) Repeat Step 6-15
17) end
18) Compare above cost functions for different number of

sampling instants and get minimum value
19) Get Number of Sampling Instants and Torque

corresponding to the minimum cost function J
20) Set Sampling Instants and Torque for entire (i+ 1)th

interval
21) end

Fig. 6: Tracking by the vehicle

The error convergence in trajectory of the vehicle (X and
Y coordinate) and the torque applied on each wheel (right and
left) are shown in Fig. 7 (a) and (b) respectively for subsequent
time/control intervals. The variable sampling time (in sec.) and
cost function J are presented in Fig. 8 (a) and (b) respectively
for subsequent time intervals. The sampling time for the next
control interval is chosen based on the minimum cost function
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(a) (b)

Fig. 7: (a) Error Function (b) Torque function

obtained from an array of cost function values. The cost
function (J) are basically the values computed for upcoming
control intervals while being at a particular sampling instant of
current interval. They are calculated for a number of random
sampling instants for the next control interval.

The cost function depends upon the absolute value of error
and the sampling time for the next time interval. The steady
values of cost function and sampling time show their optimum
value. The cost function (J) is computed as in eq. (26) where
e is the error value, k is the randomly considered number of
sampling instants for the next control interval and ∆t is the
length of each sampling instant. λ1 = 40 , λ2 = 0.5 and ∆t
= 0.01s are used in this paper.

J = λ1 | e | +λ2(k∆t) (26)

(a) (b)

Fig. 8: (a) Sampling time (b) Cost function

VI. CONCLUSION

The path tracking by vehicle requires control actions from
distantly placed controller relying on an efficient communica-
tion protocol. The framework based on IoT integrates all the
aspects properly. The communication constraints are also taken
care of. The control actions for the actuators are generated
based on the principle of variable sized control interval. The
communication protocol schedules the tasks of various devices
in the network. The sliding mode controller used for tracking
provides a proper convergence to the reference trajectory. The
whole methodology shows its efficacy in required tracking by
the vehicle system.
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