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Introduction
The Segway is a commercially
available human transport system that
was unvei led in the year 200 1. Such
vehicles may also find applications in
high mane uvera ble wheel chairs and
rescue robots. Many results 0 11

maneuvering an inverted pendulum
ty pe mobile vehicle in an upright
stable configuration can he found in
the robotics literatures. The system is
an under-actuated. non-holonomic
system with high nonlinearities. The
desired behavior is inherently unstable.

All exist ing contro llers are based on
linearized models, The first ever
published results on stabilizing an
inverted pendulum type mobile vehicle
uses a Linear Quadrat ic Regulation
(LQR) controller based on a linearized
model that only considers tilt and
wheel dyna mics. In this study we
develop a nonlinear energy shaping
controller that is based on an inverted
pendul um 0 11 a cart (IPe)
approximation of the system. The
controller implementation only
requires that we measure the tilt. tilt
rate and the wheel angular velocities.
The only parameter that needs to be
estimated is the entire mass of the
system. We use a complete nonlinear
model that considers the translational.
tilt. yaw. wheel and DC motor
dynamics with control voltage
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saturation to simulate the performance
of the controller. Only wheel in-plan e
dynam ics arc neglected. The DC
motors are assumed to behave ideally.
Back-clash and friction in the geared
drive are also neglected,

Mathematica l Modeliug
A schematic of the Segway is shown
in Figure l t b). We begin by picking a
suitable set ofcoordinates by assigning
frames as shown in Figure I(b). Frame
h is fixed on the body of the Segway
\... ith the origin O' coinciding with the
midpoint of the wheel axis. The point
0 ' has co-ordinates (x )' r ] with respecr
to the earth fixed co-o rdinate system e.
A frame c is chosen such that it is
parallel to h and is fixed on the vehicle
with its origin co inciding with the
center of mass G of the vehic le
assumed to lie along the b3 = c3 axis.
The angle between h3 and a3. the tilt

angle. is ¢ and the ang le betwee n al
and el , the yaw angle. is O. Let Uf. and
a ll be the counter-clockwise angle of
rotat ion of the left and right wheel.
respectively. The inertia tensor of the
vehicle in the c frame is 1 = d iag [II,
12, 13]. We will neglect the in-plane
inertia of each whee l and assume thai
the wheels remain upright. Two DC
motors are directly coupled to the
wheels, Each motor is assumed to
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behave identica lly. R.. is the armature
resistance, L.. is the armature
inductance, le I is the torque constant,

nd kh is the back EMF constant of the
motors.
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(a) The Segway

Figure I: T he Segway

In what follows we IH1VC used Euler­
Lagrange equations to describe the
motion of the body and Lagrange­
D'Alemberr' s equations to describe
the non-hol onomic dyna mics of the
wheels.

The total kinetic ene rgy and potential
energy of the body is KE and PE.
respect ively. Thus the Lagrangian of
the sys tem is given by L == KE- PE.

Euler - Lagra nge equations are;
d (aL) aL
dt aq, = aQi + f, fo r q.

= v.r.e,0 ( 1)
The whee l torques are generated by
OC motors. with dynamics.

d'
LIJ dt + Rt:i + k b Oc = e . (2)

Where e the control vo ltages applied
to DC motors. Then the motor torq ues
are given by,

T = k7l (3)

(h) A schemati c of the Segway

The entire state space of the system is
of fourteen dimensions. The only
dynamics that are neglected in this
model are the wheel in-plane
dynam ics. The objective of this paper
is to develop controls motor voltages
such that the ....ehicle can be
maneuvered in an upright stable
configuration.

Sta bilizing Cont ro ller
The primary contro l obj ective is 10

maneuver the vehicle in an upright
stable configuration . The objective of
this section is to find a stahilizing
controls e such that (1= 0 is at [east a
locally asymptotically stable relative
equilibrium with a large region of
attra ction. Contro ller is derived based
on the IPC approx imation and
Stabi lizing Controller IS:

U = (m + M )p tan 0 + a t an C
+k . Ocos O (4 )
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are ext remely challenging. The
implementation of the stabilizing
contro l algorithm will require
precision angular rate measurements.

Concl usion
The nonl inear energy shaping
controller that is presented in eq uation
(4) gives reasonab ly acc urate per­
fonnance . The simulation res ults al so
show robustness of the controller.
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Figure 2: Simula tion res ults of the
Segway dynamics with the control
(13 )
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Dlscusr..ion
The system is no n-ho lonomic in nature
and is high ly unstable. Th us the
model ing and sta bilizati on problems

Sim ula tion Results
S imulat ion results correspond to
paramete rs of a test veh icle (a lready
assembled ) 'W here M = 3.8 kg. 1 = 12 =
6.25 " 10-1 kgrn" /I ~ 13 = 3.82 x
10 · ~ kgm1, L =O.OSm.l. =0.1 x 1 0 · ~
kgm1• AI.. = 0 .0 I kg, r = 0.1m. I =
0 .15m. L" = I x 10"3H. R.. = zo hms. Ie ,
= 0.32NmlA and k. = 0.1 V/radS" .
The controller parameters 'W ere chosen
as a. = 20 and k" = 3. Figure 2 shows
the simulation resu lts co rresponding 10
the initial condition (0, O. O. O. 45". 0,
O. 45". 10, 0, O. O. 0, O. 0) with ur = O.
The co ntroller (4) perfor ms quite well
even in the presence of large yaw rate .
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