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Acceleration Feedback Controller Processor Design
of a Kids Personal Transporter (kPT)

Ronal P. Chand
Parmesh R. Naicker

Abstract—In robotics, one of the major tasks in prototyping
a robot after validating it through simulations is the design of
its controller and implementing on processor using a hardware
descriptive language such as field programmable gate arrays
(FPGA) board,very-large scale integration (VLSI) chip, and
application-specific integrated circuit (ASIC). This paper presents
the development of the embedded application-specific instruction
set processor(ASIP) design for acceleration feedback control laws
of a nonholonomic autonomous Kids personal transporter (kPT)
robot, which contains two front driven wheels and a rear free-
wheeling castor for balance with an omnidirectional obstacle
sensor of limited detection range. The acceleration control laws
are extracted from the total potentials, which is developed from
the Lyapunov based Control Scheme (LbCS). The accelera-
tion controllers were validated through simulations in Wolfram
Mathematica software. The design could be implemented in
hardware like VLSI chip, ASIC chip or an FPGA board for fast
prototyping. Hence, this would provide a personal transporter for
kids regardless of their physical and cognitive skills or abilities
for safe navigation as the rider does not need to control the
transporter.

Index Terms—Kids Personal transporter, Artificial potential
fields, Obstacle avoidance, Acceleration feedback controller ,
Processor design

I. INTRODUCTION

Robots have assisted humans in a variety of endeavors,
including the exploration of space and the depths of oceans.
Currently, their applications are being extended to the fields
of medicine, agriculture, food preparation, manufacturing,
transportation and education to mention a few. In particular,
transportation robots are an essential part of people’s lives,
and a lot of research is carried out on them. The need for
increasing degrees of precision and autonomy in robotics has
necessitated the development of increasingly complex systems
[1] with the search for relatively simpler and cost effective
control algorithms [2]. The development of IoT technologies
has presented the possibility of autonomous vehicle (AV)
technology, which has the potential to reduce vehicle acci-
dents, energy consumption, pollution, and congestion while
simultaneously assisting people in their daily activities [3].
There are various types of robots, such as autonomous vehicles
[1], social robots [4], humanoids [5], industrial robots [6],
and medical robots [7]. This research focuses on the specific
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area of robotics which deals with the control and design of
autonomous personal transportation robots for kids.

Personal transporters like segways and e-scooters are avail-
able for children commercially; however, their riders need to
manually control them. There have been reported accidents
in [8], which shows that the riders have failed to control
their transporter. Studies in the literature have also shown that
research carried out on autonomous vehicles for kids mainly
contains assistive wheelchairs [9], [10], which is mostly tar-
geted for children with disabilities or injuries. Hence, there is
a need for a fully automated vehicle for all children regardless
of their physical and cognitive skills or abilities, such that the
riders do not have to control the vehicle, rather enjoy the ride
from one point to another which may include various obstacles
and restrictions.

The transportation robot is driven by a chip or a logical
circuit known as the processor, which receives, responds to,
and executes the fundamental instructions. There are different
types of processors in the embedded system such as General
purpose processors (GPP), Special purpose processor (SPP)
and Application-specific instruction set processor (ASIP). In
this paper, the development of the embedded ASIP processor
design of a proposed nonholonomic autonomous kids personal
transporter (KPT) robot for acceleration feedback control laws,
which could be implemented in hardware like VLSI chip,
ASIC or an FPGA board for fast prototyping. The kPT robot
contains two front driven wheels and a rear free-wheeling
castor for balance with a limited detection range omnidi-
rectional obstacle sensor. The acceleration control laws are
extracted from the total potentials, which is developed from
the Lyapunov based Control Scheme (LbCS) [11]-[31], which
is essentially a artificial potential field method. The readers are
referred to [32] for a detailed insight of LbCS. The presented
kPT robot could be used to entertain children and also provide
assistance to children who have difficulty in walking. Figure 1
shows the proposed top and side elevations of a kPT adopted
and modified from [33].

II. NONHOLONOMIC KIDS PERSONAL TRANSPORTER
KINEMATIC MODEL

Definition 2.1: The two front-wheel driven kPT robot can
be described by a disk with a radius rs, where (x,y) is the
center of mass. The kPT robot can be considered as the set

C={(z1,20) ER*: (1 —2)* + (2 —y)? <72} (D)
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Fig. 1. Top and side elevations of a kPT with two front driving wheels
with one rear castor wheel modified from [33].

The robot is equipped with two sets of diametrically opposed
drive wheels, each with a radius of r, and a rear free-wheeling
castor to maintain balance, and an omnidirectional obstacle
sensor of detection range of r; as shown in Figure 2. With

ZA
Obstacle Detection
Region

X Zy

Fig. 2. kPT robot modelled as a wheeled mobile robot with two front
driving wheels and one rear castor wheel.

respect to z1-axis of the 2129 cartesian plane the orientational
angle of the kPT robot is 6. The center of mass is (z,y), and
the distance from (x,y) to diametrically opposed wheels is A.
The robot is enclosed within a circular protective region with
radius r, 1= \/£2 + (n + A)2.

The configuration vector for the robot is,

x = [z,y,0,0r, 1, VR, VL) (2)

Assuming that there is pure rolling of the two driven wheels
with respect to (z,y) € R?, the non-holonomic constraints of
the robot are as follows:

ycosf — isind — A =0 (3a)
icosf+ysind + 00 — rér =0 (3b)
icos@—i—ysine—éé—r(h:o. 3¢)

<
\
S 8

The kinematic model could be derived as

—(vr(dcosf — Asinf) + v (6 cosf + Asinb) |,
vRr(0sind + Acos @) + v (dsinf — Acosf) ),

(VR — L), R = VR, 1, = v, VR = aR, VL, = ar.

“4)

III. DESIGN OF ACCELERATION-BASED CONTROLLERS

Consider a workspace that is only partially known to the
robot and contains static obstacles. The personal transporter
needs to navigate its way to its destination while avoiding the
obstructions that are identified by the omnidirectional sensor.

Definition 3.1: The target for the kPT robot is a disk with
center (11, 72) and radius rs. It is described as the set

B :={(z1,22) € R2: (21 — 7'1)2 + (22 — 7'2)2 < r?} 5)

Definition 3.2: The k' solid stationary obstacle is a disk
with center (ox1,0k2) and radius ro, > 0. It is described as
the set

Oy :={(21,22) € R? : (21 —0p1)* + (20 —0p2)* < r%k} (6)

for k € {1,2,3,...,q}.

A. Lyapunov Function Components

The following functions are created as part of the attractive
and repulsive potential fields functions, known as the Lya-
punov function,

1) Target Attraction: The following is a radically un-
bounded target attraction function that will ensure that the
kPT robot converges to its target

1
V(x):= 5((30—7'1)24— (y—Tg)Q—FU}Q%—‘r’U%). 7

2) Stationary Obstacle Avoidance: To avoid collisions with
the k" static solid obstacle, for k € {1,2,3, ..., ¢}, governed
by equation (6), the following avoidance function is used:

Ex(x) = 1<(x —0p1)? 4 (y — opa)? — (rs + ro,f). (8)

2

3) Artificial Obstacles Avoidance: It is noted that the angu-
lar velocities are restricted to a certain limit to suit a practical
model. Thus, the angular velocities of the two-driven wheels
are bounded as |vr(t)] < Umar and |vL(t)] < Umas, Where
Umaz 18 the maximum angular velocity of the front right and
left wheels. The limitations on the velocities of the wheels can
only be incorporated in LbCS using artificial obstacles. The
following avoidance functions are designed to account for the
velocity limits that would be used in the design of repulsive
potentials functions,

(9a)

(9b)
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B. A Lyapunov Function

Let a1, s, and [ be positive control parameters, the total
potentials for system (4) is as follows:

L(x) = V(x) + R(x) (Z Efécx)
k=1

2
+y Uj(i)) (10)

k=1

R(x) := %((m )2+ (y— 72)2), (11)

|

R(x) is an auxiliary function which ensures Lyapunov func-
tion to vanish at the target, while the obstacle avoidance pa-
rameter is 5 which is a saturation function that indicates that
the kPT robot is navigating in a partially known environment,
let ¢ > 0. It is noted that dp, is the Euclidean norm of the
closest points on the boundary of the circular obstacle defined
by equation (8) and the boundary of the circular disk with a
radius 7y as described by equation (1).

C(’I"Czl — dzok)Q, if dok S Td

0, otherwise. (2)

C. Controller Design

Along the course of system’s (4), L(x) upon collecting
terms with vg, and vy, could be arranged as

L($) = fUR +gvr,

where the functions f and g, on suppressing x, are defined as:

f= %%(acosa ~Asind) +an 1+ 0;}15) (13)
+2L6g—§(5sin0+)\cosﬁ)
and
g:;gi(écosﬁ—i—)\sinQ)-i-aL(l—i-C;j;) (14)
%g—j@sin@— Acos )

Introducing the convergence parameters o1 > 0 and o3 > 0
such that )
L= —011)12% — O'QU% <0,

then the nonlinear controllers of system (4) are obtained as:

= ~U7 r OL .
arR = m(%%)(éwse — )\sm9)
Ut r OL ]
R 22 VIR
Ui +5421R(X) (25 3y>( sin a; cos )
s oL
777 o) 7+ (55) 30 ) (15)
e U22 + azR(x) 28 O COos sin
U3 r OL .
L UF r 0Ly s
Us +522R(x) (25 8y>( sin . cos )
by _(r\OL
777 a0 7 (35) 39

Note, system (4) is ensured to be stable by the Direct Method
of Lyapunov.

IV. SIMULATION

The results obtained were validated using computer simu-
lations generated using the Wolfram Mathematica 12.3 pro-
gramme. To produce the desired simulation results of sys-
tem (4), a series of Mathematica instructions were ran se-
quentially. The RK4 method (Runge-Kutta Method) was used
to numerically simulate the system. The assigned values of
control and convergence parameters were obtained through
brute-force technique.

Example 4.1: Consider a kPT robot attempting to move
from its initial configuration to a specified final configuration
while avoiding an obstacle in its route. The starting con-
figuration, orientation, and final configuration (target) of the
kPT robot with the stationary obstacle position are depicted
in Figure 3(a). Table I shows the numerical values of the
kPT robot’s initial states, restrictions, control and convergence
parameters. As time evolves, the robot comes closer to its
destination, as depicted in Figure 3(a). The forward, backward,
turning, and zero-turn radius movements are shown in this
example. Figure 3(b) shows the evolution of the monotonically
decreasing L(x) and its time derivative. It shows that the kPT
robot is approaching its destination. The angular velocities, vr
and vy, of the kPT robot are shown in Figure 3(c). The kPT
robot’s wheels have negative velocities, indicating that it is in
reverse mode, and deceleration indicates that it is approaching
its goal.

TABLE I
Example 4.1. NUMERICAL VALUES OF THE INITIAL STATES,
CONSTRAINTS, AND CONTROL AND CONVERGENCE PARAMETERS OF THE
KPT ROBOT.

Initial Configuration

Rectangular position (z0,y0) = (70, 100)

Initial orientation 1.5 radians
Constraints
Dimensions d=4,r=21x=1,n=4,£=35
Target location (11, 72) = (20, 10)
Omnidirectional Detection range  rg = 10
Stationary obstacle Position (o11,012) = (50, 50)
Radius of fixed obstacle ro, =10

Maximum angular velocities

URmaz = YLmae =1

Control and Convergence parameters

Artificial obstacle avoidance

Obstacle avoidance amplification

Convergence

a1 = az = 0.001
¢ =0.0001
o1 = o9 = 500

Example 4.2: This example considers the navigation of the
kPT robot in an environment consisting of four randomly
generated static obstacles. Stationary obstacle positions are
randomly generated with the radius fixed between 2 and
10 units. Other initial configurations, constraints, and control
parameters are kept the same as in Table I. Figure 4 shows
the kPT robot avoiding randomly generated static obstacles
present in its path while moving from its initial position to its
final destination.

V. ELECTRICAL DESIGN

The kPT robot control topology, which is designed to be im-
plemented on an FPGA board is described in this section. The
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Fig. 3. (a) Position and orientation of the kPT robot at t =
0, 72,150, 250,370,600 and 1200. The trajectory of the robot is
shown in orange. (b) Monotonically decreasing Lyapunov function
and its time derivative. (c) The front right and left wheels angular ve-
locities of the kPT robot showing rapid deceleration as it approaches
the target.

design of the controller as an Application Specific Instruction
Set Embedded Processor (ASIP) is presented in Figure 5. The
embedded processor design can be implemented in hardware
on a VLSI chip or on an FPGA board for fast prototyping.
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Fig. 4. Position and orientation of the kPT robot at t =
1, 80, 230, 345,670, 979, and 2000.

Register Transfer-level (RTL) design of the Assistive Robot
system is provided in this section. Figure 6 shows the Finite

Assistive Robot System

START Datapath

Feedforward
Signals
Feedback
Signals

Fig. 5. The Assistive Robot high-level architecture.
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State Machine with Datapath of the control algorithm, in
which instructions and data are identified by separate unique
states.

The complete design of the system is shown in Figure 7,
where data and constant parameters are replaced by registers
and instructions are replaced by control signals. Input control
signals such as RBs, RBwa, RBwe, CALUs, Mre, and Mwe
are sent out by the controller to configure the logic represented
by the datapath and the memory. Output control signals such
as CALUz are feedback signals returned by the datapath to
the controller to indicate the status of execution of operations.
The overall design consist of a control logic and state register
unit (controller), a program counter (PC), instruction register
(IR), multiplexer to route memory addresses, program mem-
ory, data memory, register bank, and custom arithmetic and
logic unit (custom ALU) capable of performing floating point
operations. Multiple custom ALU’s can be used to perform
parallel computation to speed up the next state processing and
generation.
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VI. CONCLUSION

This paper is a design implementation study of a new
autonomous kids personal transporter robot, which is equipped
with an omnidirectional obstacle sensor of limited detection
range. The kPT robot could provide entertainment for children
and support parenting by carrying children around various
activities where caregivers do not have to carry the child physi-
cally. The acceleration-based controllers were given preference
over velocity controllers to provide a comfortable ride. The
nonlinear time-invariant stabilizing acceleration controllers of
the robot’s front right and left wheels were constructed using
the LbCS, allowing the robot to travel from an initial position
to a destination location in the face of static impediments using
its kinematic equations. Numerical proofs and computer-based
solutions were used to demonstrate the functionality of the
acceleration controllers. However, there is a risk of introducing
algorithm singularities, which is a disadvantage of LbCS. In
the future, a hybrid system will be created by merging the
controllers described in this paper with a heuristic method,
inheriting the benefits of LbCS while excluding its drawbacks.
The ASIP processor design of the proposed kPT robot for
acceleration feedback control laws is presented, which could
be implemented in hardware like a VLSI chip, an ASIC
chip, or an FPGA board for fast prototyping. Industries can
adopt the model proposed in this paper for manufacturing
autonomous vehicles for children to provide an assistive and
entertaining means which can be used for various recreational
activities involving children.
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