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Acceleration Feedback Controller Processor Design
of a Segway

Ronal P. Chand
Shailendra V. Narayan

Abstract—Traffic congestions and carbon emissions are a few
contributing factors to various problems in large cities across
the globe. This paper provides the Single Purpose Processor
(SPP) design for a nonholonomic segway robot’s acceleration
feedback control laws. The acceleration control rules are de-
rived from the total potentials generated by the Lyapunov-
based Control Scheme (LbCS), which were validated using
Wolfram Mathematica simulation software. Due to the robot
autonomously, the riders can have a safe ride while reaching
their destination. Furthermore, the design could be implemented
for rapid prototyping in hardware such as a VLSI chip, an ASIC
chip, or an FPGA board. Hence, the segway robot could be used
as a personal transport that could be ridden on narrow paths
such as pavements while consuming less energy when compared
to larger vehicles and help reduce carbon emissions; thus, the
segway robot could be seen as an essential personal transport to
contribute towards smart city goals.

Index Terms—Segway, Artificial potential fields, Obstacle
avoidance, Acceleration feedback controller , Processor design

I. INTRODUCTION

Information and communication technology (ICT) has
grown substantially, assisting development in various sectors
like education [1], agriculture [2], transportation, healthcare
[3], good governance, and data security [4] by lowering
the cost, pollution and dependency of others. Technological
advancements have made it possible to connect computers,
mobile devices such as phones, automated vehicles, and people
to communicate in a networked environment to work col-
laboratively. In addition, these advancements have provided
various manufacturing industries with rapid insight into es-
sential processes. Autonomous vehicles , social robots [5],
humanoids [6], industrial robots [7], and medical robots [8] are
a few different types of robots. Furthermore, smaller vehicles
such as hoverboards, e-scooters, motorbikes, and segways can
contribute to solving various city problems such as traffic
congestion and pollution. This research focuses on the specific
area of transportation robots, which deals with the control and
design of autonomous segway.

A segway is a two-wheeled self-balancing personal trans-
porter. The segway’s upright position is maintained via on-
board computers, sensors, and motors. Segways as personal
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transport would provide a greener environment as it requires
less energy when compared to larger vehicles. Smaller vehicles
can be utilized on narrow paths such as pavements and within
buildings efficiently. Segways could be utilized in a smart
city setting, where efficient communication from ICT and IoT
can provide data for optimized decisions, which help solve
various city problems. Various applications with segways are
possible such as courier services, security patrols, and personal
transport to work. However, James Heselden, former owner of
”Segway Inc,” was pronounced deceased after falling from the
cliff while riding a Segway [9]. Segway accidents that resulted
in fractures and concussions have also been reported in [10].
The major problem with segway was not its make, rather its
controllability. The invention, where a rider takes full control
to move segway forward, back, and completely stop it, has
caused failures because of human error. Thus, there is a clear
indication to improve segways for a more reliable and safer
ride.

Several aspects of segway control are discussed in [11]
such as sensor data fusion, noise filtering, and time lag in
gathering and transferring data. The algorithm and sequence
of control such as data monitoring and experimentation was
by the Real Time (RT) controller. Furthermore, using Lya-
punov’s feedback control design technique, Maddahi et al.
[12] conducted research on segways in which they designed
discontinuous controllers for a segway and demonstrated the
stability of the proposed system. Authors of [13] derived
nonlinear equations of motion for the segway by employing
the Krupkovd method for a practical mechanical system. A
numerical solution of the reduced equation was presented
numerically using nonlinear reduced dynamics modeling with
a simulation of a two-wheeled self-balancing mobile robot
system. In [14], a Balbot robot was studied for its ability
to balance while following a line. The authors used visual
servoing and sensor fusion techniques that enabled the robot to
follow the floor line acquired by a camera as the desired path,
and controllers were developed to offer superior line tracking
and balancing performance.

One of the major tasks in prototyping a robot after validating
it through simulations is the design of its controller and imple-
menting on processor using a hardware descriptive language.
Processors are chips or logic circuits that receive, reply to, and
carry out the fundamental instructions of a machine. General
purpose processors (GPP), special purpose processors (SPP),
and application-specific instruction set processors (ASIP) are
different forms of embedded processors. In this paper, the
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development of the special purpose processors (SPP) design
of a proposed nonholonomic autonomous segway robot for
acceleration-based feedback control laws is presented which
could be implemented in hardware like VLSI chip, ASIC or an
FPGA board for fast prototyping. The control laws are derived
from a total potential using Lyapunov-based Control Scheme
(LbCS) [15]-[33] and verified using computer simulation. This
paper is based on theoretical exposition as all the information
communication is virtual and can be easily compared to real-
life data. The presented segway robot could be used for
personal transport, which can assist in solving city problems
such as traffic congestion and pollution.

II. SYSTEM MODELLING

Consider a two-wheel self-balancing segway robot as shown
in Figure 1. The center of the mass of the segway has a carte-
sian coordinate of (z,y). The steering wheel is at a distance of
A, with 6 begin the orientational angle of the segway respect
to zi-axis from the center of the two diametrically opposed
wheels. The horizontal distance between the center of the two
wheels is 0 with the wheel’s radius being r, and we consider an
imaginary point e from the center of mass with an orientational
angle 6 as shown in Figure 1. The left and right wheel angular
velocities are denoted as ¢.L = v, and qS'R = vR, respectively.
The system could be represented by the vector notation as

X = (xay597¢R7¢L7URaUL) S R7 (])

to refer to the various position and velocities of the segway
robot. The robot is assumed to have a pure rolling of the two
driven wheels with respect to (z,y) € R? thus the kinematic
model is represented as

T = C(UR—FUL)COSQ-F ﬁ(UR —wvg)sind

2 26
. - A P
g{— —(vg +vp)sind + %(UR—’UL)COS )
0=—(vgp—
. 26(UR UL)a

¢1, =vr, $r = VR, VR = AR, VL, = ar.

ITII. ACCELERATION CONTROLLERS

In this research, the segway robot has two degrees of
freedom in two-dimensional space, namely translational and
rotational motion of the body with respect to the horizontal
plane. Furthermore, since the segway’s motion is autonomous,
the pendulum bar is assumed to be rigid.

Definition 3.1: The target for the segway robot is x+ =
(a,b) . It is a disk with center (a,b) and radius ry. It is
described as the set

Ti={(21,22) €R?: (21 —a)’ + (2 = D) <13} ()

Definition 3.2: The n'" solid stationary obstacle is a disk
with center o, = (0g4,,0y,) and radius v, > 0. It is
described as the set

O, :={(z1,22) € R?: (21—0%)2—&—(2'2—0%)2 < rgn}. )

4y \

Fig. 1. Model of a Segway, a two-wheeled self-balancing robot at an
orientational 6.

A. Attractive and Avoidance functions

The following functions have been developed as the attrac-
tive and repulsive functions which will be utilized later to
develop Lyapunov function:

1) Target Attraction: A radically unbounded target attrac-
tion function that will ensure that the segway robot converges
to its target is designed as follows

T(x) := %((:c —a)’+ (y—b)* +vp + v%) (5)

2) Artificial Obstacles: There are limitations placed on
the two wheels’ angular velocities due to their application
in practical situations. The limitations on the velocities of
the wheels can only be incorporated in LbCS using artificial
obstacles. The angular velocity of the right and left wheel
could be bonded as |vg(t)] < Umar and |vp(¢)|] < Vmazs
where U,,q, 1 assumed to be maximum angular velocity of
the two wheels. For the restrictions on velocities that would
be used in the repulsive potentials, the following avoidance
functions are constructed:

1

Wi (X) = 9 (U12nax - U?%) (6a)
1
Wa(x) = 5 (Vinax = vE) (6b)

3) Stationary Obstacles Avoidance: For the segway robot
to avoid n'" stationary obstacles for n € (1,2,3,...,q) and
j € (1,2) the nearest point of the segway robot that is closest
to the obstacle defined by equation (4) is considered using
minimum distance technique (MDT). The distance functions
is given by

Dj = [(X;,Y;) —zo, |-

The segway could be enclosed by four lines segments, which
are shown in dashed red lines in Figure 1. To avoid n'"
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stationary solid obstacle with center (o, , 0y, ), radius of 7,,
where n € 1,2,3,...,q and j € 1,2, the following obstacle
avoidance function is adopted:

Win(z) =
+ (Yj + 2rxjnsing

1
5[(Xj + 2ryjn cosf — o, )?
—oy)* =15l ()
and
an(gj) =
X; —2rcosf) —o,,)? + (Y + 2rsind + v,
(y+esinf —Y; —2rsind) —o,, )> —r2 ]  (8)

On

1
5[(Xj + 2rcos 0 + v, (x + ecos 60—

where

X;=x—(r+M)cos+ (—1)/5sin,

and
Y;=y— (r+\)sinf — (—

It is noted that

1)76 cos 6.

Xjn = min{max {0, ®},1}
and

vin = min{max {0, Q},1}.
Moreover, ® and 2 are as follows:

A+ 7+ (0g, —x)cosl + (o,
2r

& — —y)sind

and
2+ AN=r)A—r+e€)+ Acosf + Bsind
2+ (N—r+e?

where A = (=1)75(oy, — y) + (04, — x)(A — r + €) and
B = (=1)76(=04, + ) + (04, —y)(A — 7 +€).

4) Auxiliary function: The following auxiliary function is
provided to ensure that the nonlinear acceleration controllers
vanish at the target:

0=

)

R(x) = =((x —a)* + (y — b)*). 9)

B. A Lyapunov Function

Let ai1,a2,Bjr and (37, be positive constants then the
Lyapunov function suppressing ¢ of system (2) becomes

L(x) = T(x) + R(x)_ WZ"EX)
k=1
+R(X)Z;Z:1 <Wi];(L + Wf”(‘ )> .10

L(z) = T(x) + R(x) ZZ (Wii?x) + Wj?"))

W;? (X)

L(q;) could be rearranged upon collecting terms vy and vy,
as

L(z) = f(z)vr + g(x)vr,
where
oL r a1 R(x)
f= D 25(5COS€ Asin®) +ar(l+ le(x))
oL r oL r
92 6(5bln9+)\cos9) 2025
and

g= %(50050+/\Sin0)8—L —|—aL(1 + agR(x))

Oz W3(x)
oL r 0L
26(551119 Acosf)— 9y 200

As a result, the rear right and left wheels’ angular acceleration
can be characterised as follows:

R W()—l—oz(l})%() 25898 1VR
VV1 r oL .
VV1 r
+‘/V12( )+0&1R(x)(258 )(551n9+)\(3089)
L W()+a2R() 2VL %5 90
T .
CW3(x +O¢2R (27;5*) (6cos + Asin )
r OL )
CWE(x +a2R (75(7) (6sinf — Acos ).

(11

IV. SIMULATION

The effectiveness of the LbCS and the non-linear
acceleration-based controllers were verified numerically using
computer simulations by the Runge-Kutta Method (RK4)
technique using the Wolfram Mathematica 12.3 programme.

Example 4.1: Consider a segway robot moving from its
initial position to a final configuration while avoiding an
obstacle in its path. Table I shows the numerical values of the
segway’s initial states, restrictions, control and convergence
parameters. The starting and final configurations of the seg-
way robot with the stationary obstacle position are provided
in Figure 2. Position and orientation of the segway robot at
t = 0,90, 190, 240, 300, 500 and 1600 with the trajectory of
the robot is shown in purple.

As time evolves, the robot comes closer to its destination,
as shown in Figure 2. Figure 3 shows that L(x) monotonically
decreasing as time evolves and its time derivative. It indicate
that the segway robot is approaching its destination with
respect to time. The angular velocities, vp and vy of the
segway robot are shown in Figure 4. The right and left wheels
angular velocities of the segway robot showing deceleration
as it approaches the target. The segway have negative velocity
vpR, indicating that the right-wheel is in reverse direction.
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TABLE I
Example 4.1. NUMERICAL VALUES OF THE INITIAL STATES,
CONSTRAINTS, AND CONTROL AND CONVERGENCE PARAMETERS OF THE
SEGWAY ROBOT.

Initial Configuration

(wo,y0) = (10,10)

Randomized between —m < 0 < 7
Constraints

0=5,r=2A=4,e=4

(a,b) = (100, 100)

(011 » Oy ) = (507 50)

Rectangular position
Initial orientation

Dimensions

Target location

Stationary obstacle Position

Radius of fixed obstacle ro; = 10

Maximum angular velocities VRmaz = VLmaz = 1
Control and Convergence parameters

Artificial obstacle avoidance a1 = a2 = 0.01

Stationary Obstacles Avoidance 3, = B]’fn =10
Convergence o1 = o9 = 500
120
[ Target

Intial Position

0
0 20 40 60 80 100 120

Fig. 2. Position and orientation at different times.
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Fig. 3. Lyapunov function and its time derivative.

Example 4.2: This example considers the robot moving from
its initial position to final position in an environment consist-
ing of three randomly generated static obstacles. Stationary
obstacle positions are randomly generated with a fixed radius

0.6

0.4

ar Velocities

0.0

-0.2 VR

-04
0 100 200 300 400 500 600 700

Time, t

Fig. 4. Angular velocities.

of 7 units. Other initial configurations, constraints, and control
parameters are kept the same as in Table I. Figure 5 shows
the segway robot avoiding randomly generated static obstacles
present in its path while moving from its initial position to its
final destination.

120 T T T T T

Target

100 4
80+ . ]

& 60 ]
40+ ‘ 4
20+ ‘ 4

@ Intial Position
0 . . . . .
0 20 40 60 80 100 120

Z1

Fig. 5. Position and orientation of the segway robot at ¢ =
0,40, 80, 135, 150, 190, and 1600.

V. ELECTRICAL DESIGN

Figure 6 provides the Acceleration Feedback Controller
topology which is designed to be implemented on an FPGA
board where where (xzo,yo,60) is the initial conditions. The
system constraint, the control parameters, the system outputs
z,y,0,Pr, Py, vR, vy, are as shown in Figure 6. The design
of the controller as a Single Purpose Processor (SPP) is
presented in Figure 7. The embedded processor design can
be implemented in hardware on a VLSI chip, ASIC, or on an
FPGA board for fast prototyping. The Finite State Machine
with Datapath of the control algorithm has separate unique
states to identify instructions and data. Each individual state
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Acceleration Feedback Controller System

START
Controller Datapath
Initial Configuration
(xo,0) = (10,10)
Initial orientation =
—m <6 < radians ay

Feedforward
signals

Constraints .
€=4,2=4,r=26=54g-L q ) . Or
(ab) = (50, 50)

(021, 04,) = (50,50)

YRmaz = VLmaz =

Toy =

Control parameters
1 =agz = 0.01

Feedback
signals

Fig. 6. The Acceleration Feedback Controller high-level Architecture

is assigned a unique binary identifier. The complete design
of the system is shown in Figure 8, where data and constant
parameters are replaced by registers and control signals. Input
control signals such as s, Yser, T1d, Yid and z;4 are sent out
by the controller to configure the logic represented by the
datapath and the memory. Output control signals such as ¢,
and xy, 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), the state register consists of 5 flip-flops to store
the 5-bit next state of the controller, 2 x 1 multiplexers to route
data, two 64-bit registers, and arithmetic and logic operations
(adder, substractor, not equal and less than, etc.) capable of
performing floating point operations. Multiple arithmetic/logic
operators can be used to perform parallel computation to speed
up the next state processing and generation.

VI. CONCLUSION

This paper provides introduces a SPP design implementa-
tion study of an autonomous segway robot. The segway robot
could be utilized as a personal transport that could be ridden
on a narrow path and consumes less energy when compared
to larger vehicles. Segways could be seen as an essential
personal transport to contribute towards smart city goals. For a
comfortable ride, acceleration-based controllers of both wheels
of the robot were developed using LbCS. Using the kinematic
equations as part of LbCS components, the robot was shown
to move from its initial position to the final target in an
environment containing static obstacles using numerical proofs
and computer simulations, which provided the effectiveness
of the acceleration controllers. The Lyapunov-based analyti-
cal methodologies, although guaranteed to create closed-loop
stability, chosen parameters may compromise the system’s
capacity to respond to transient changes. At the same time,
the chances of algorithm singularities are also drawbacks.
In the future, a hybrid system will be created by using the
advantages of LbCS and choosing other heuristic methods
to eliminate the disadvantages of LbCS, which can provide
an asymptotic stable algorithm for the control of segway
robots. The proposed segway robot’s SPP processor design
for acceleration feedback control laws can be implemented in
hardware such as a VLSI chip, an ASIC chip, or an FPGA
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00001 {
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5%
a; = ag = 0.01
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Fig. 7. Finite State Machine with Datapath.
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Fig. 8. Design implementation as a SPP.

board for quick prototyping. Industries can use the concept
described in this paper to develop autonomous segways robots,
which can be utilized in densely populated places like cities
and towns for greener, faster, and safer personal transport.
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