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SUMMARY
Recently, small-sized compact electric vehicles have been in demand for short-distance travel in
urban areas, although battery charging in electric vehicles present in the market is still problematic.
Borrowing from the concept of a mobile inverted pendulum system, in this paper, a two-wheel robotic
vehicle system is implemented and controlled as the future personal transportation device called the
TransBOT. The TransBOT has two driving modes: a regular vehicle mode, where stable contact on
the ground is maintained by two wheels and two casters, and the balancing mode, which maintains
the stable posture with two wheels on the ground. The two-wheel balancing mechanism can be used
as a transportation vehicle in narrow and busy urban areas. Gain scheduling control methods based
on linear controllers are used for different drivers. In addition, desired balancing angles are specified
for the different sizes of drivers in order to have a stable balancing control performance. These
desired balancing angle values have been found by empirical studies. Experimental studies with
drivers of different weights, as well as indoor and outdoor driving tasks, were conducted to ensure
the feasibility of TransBOT.
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1. Introduction
Nowadays, car manufacturers are producing a low percentage of cars with combustion engines.
Instead, they are using electric motors for various reasons, including air pollution and gas exhaustion.
Hybrid vehicles are in the middle of a combustion engine vehicle and an electric vehicle. Various
governments are aiding in transition to hybrid vehicles and providing financial support for its
development.

Furthermore, consumers find small-sized compact electric vehicles attractive, creating demand
for such vehicles. Some of the small-compact electric vehicles are already in the market, although
various practical problems, such as regulations that allow electrical vehicles to run on the road and
the construction of charging stations, are yet to be solved. In spite of these difficulties, there is no
doubt that in the future electric vehicles will be used for transportation.

In the framework of robotic vehicles, mobile robots are defined as electric vehicles if they carry
people as passengers. Mobile robots have the potential to carry objects in addition to passengers;
in fact, they have been used for transportation for a long time, although their applications were
previously focused on unmanned autonomous navigation and surveillance. Most of the mobile robot
research has been focused on autonomous navigation for various purposes such as delivering objects,
search and rescue missions, exploring extreme weather locations, and so on.

Electric vehicles have been around for a long time, the most notable being the golf cart and small
wheelchair vehicles. Now, mobile robot technology and electric automobile technology have merged,
creating a new area for robotic vehicles.

The most popular personal robotic vehicle is the Segway, which is driven on two wheels.1 Many
research institutes have elaborated on the balancing control technology of a two-wheel platform
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Fig. 1. Configuration of TransBOT.

in different ways. A two-wheel inverted pendulum has been implemented2,3 and controlled by a
neural network4 and fuzzy logic.5 A two-wheel scooter was developed with a similar structure
as that of the Segway to carry human passengers.6,7 Two-wheel mobile manipulators were deve-
loped as extensions; these make use of an arm8 and humanoid arms.9,10 Other two-wheel-based
mobile robots are developed for entertainment purposes.11,12 The interaction control of two-wheel
mobile robots with the environment has been considered.13–15 Sensor fusion methods for two-wheel
mobile robots have been also investigated.16,17 A two-wheel robot uses a camera to detect driving
lanes, and maneuvering within a driving lane has been demonstrated.18 A vertical drive mechanism for
a two-wheel mobile robot has been also developed,19 and stable two-wheel mobile robots have been
demonstrated. More challengingly, the control of single-wheel robots has been also presented.20,21

Although two-wheel robotic vehicles are compact in size and efficient in driving, the driver has
to stand for the entire time while traveling to destination. This is less appealing to potential buyers,
because passengers are limited by age and gender. Thus, a more comfortable personal vehicle for
urban areas is desired not only for transportation in order to commute but also as a touring vehicle.
Autonomous road vehicles for passengers have been presented.22 A group of engineers demonstrated a
mini car system that functioned as an urban transportation system and operated on a road network,23,24

in addition to the demonstration of a GPS-based control of a car-like vehicle.25 Recently, Segway has
developed personal urban mobility and accessibility (PUMA) as a transportation vehicle for people
of urban settings so that two drivers can drive it sitting for traveling short distances.1 A two-wheel
chair robot has also been developed.26

In this paper, the feasibility of a robot that carries people as passengers for urban transportation
was studied as an extension of our previous paper.27 A new car-like robotic vehicle, TransBOT, was
designed, implemented, and controlled based on a two-wheel mechanism. The TransBOT is a robotic
vehicle that performs the functions of vehicles such as carrying people or objects.

The TransBOT has two driving modes: the four-wheel contact mode, which is stabilized by
casters, and the two-wheel balancing mode, which mimics the concept of inverted pendulum when
the front casters are lifted. Experimental studies were conducted to test the feasibility of using the
balancing mechanism for transportation. The balancing mechanism was tested for different body
types and weights of drivers. The balancing mechanism was tested outdoors as well as in the indoor
environment.

2. Modeling of TransBOT

2.1. Kinematics
The kinematic configuration of TransBOT is shown in Fig. 1. For the analysis provided in this paper,
the important variables for the positioning of the vehicle are the positions x and y, and the two angles
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Table I. Definitions of variables of the model.

Variables Units Description

mb kg Mass of the body
mw kg Mass of the wheel
lg M Distance from the center of gravity to the center of wheel axis in the z-direction
L M Distance between two wheels
r M Radius of the wheel
d M Distance from the center of gravity to the center of wheel axis in the y-direction
Ixx, Iyy, Izz kgm2 Moment of inertia of body on the (OmXmYmZm) axis
ICOM kgm2 Moment of inertia of body at COM on the (OmXmYmZm) axis

φ and ψ . Since the TransBOT combines a mobile robot with an inverted pendulum system, variables
x, y, and φ determine the position of mobile base. The variable ψ is the balancing angle of the inverted
pendulum system.

We assumed that the center of the mass (COM) is located along the z-direction from the center of
the wheel axis, as shown in Fig. 1. The variables of the model of the TransBOT are listed in Table I.

The kinematic transformation matrix for orientation and translation of vehicle coordinates V
(OV XV YV ZV ) with respect to the world coordinates W (OWXWYWZW ) are given as

T V
W =

⎡
⎢⎣

cos φ − sin φ 0 x

sin φ cos φ 0 y

0 0 1 r

0 0 0 1

⎤
⎥⎦ , (1)

where x and y are the origins of the coordinate (OV XV YV ZV ) and r is the wheel radius. The position
of the vehicle with respect to the coordinate (OwXwYwZw) becomes P V

W = [xyφ]T ∈ R3×1. Since
the vehicle is tilted by the pitch angle ψ on the YV -axis, we have the following transformation matrix
for the coordinate (OV XV YV ZV ):

T B
V =

⎡
⎢⎣

cos ψ 0 sin ψ 0
0 1 0 0

− sin ψ 0 cos ψ 0
0 0 0 1

⎤
⎥⎦ . (2)

We assume that the COM of the system is located normally in the center of the wheel axis in the
z-direction; the transformation follows:

T COM
B =

⎡
⎢⎣

1 0 0 0
0 1 0 0
0 0 1 lg
0 0 0 1

⎤
⎥⎦ , (3)

where lg is the distance from the origin of (OBXBYBZB) to the center of gravity position.
Then the coordinates of the center of gravity with respect to global coordinates can be obtained

through a series of multiplication with transformation matrices (1), (2), and (3).

T V
W T B

V T COM
B =

⎡
⎢⎣

cos φ cos ψ − sin φ cos ι sin ψ x + lg cos φ sin ψ

sin φ cos ψ cos φ sin φ sin ψ y + lg sin φ sin ψ

− sin ψ 0 cos ψ r + lg cos ψ

0 0 0 1

⎤
⎥⎦ . (4)
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From (4), the Cartesian position of the COM, P COM
W ∈ R3×1 in the world coordinate

(OWXWYWZW ) is described as

P COM
W =

⎡
⎣x + lg cos φ sin ψ

y + lg sin φ sin ψ

r + lg cos ψ

⎤
⎦ . (5)

The linear velocity V COM
W can be obtained by differentiating (5) such that V COM

W = Ṗ COM
W .

V COM
W =

⎡
⎣ ẋ + lg(ψ̇ cos φ cos ψ − φ̇ sin φ sin ψ)

ẏ + lg(ψ̇ sin φ cos ψ + φ̇ cos φ sin ψ

− lgψ̇ sin ψ

⎤
⎦ . (6)

The angular velocity � at the COM is given by

� =
⎡
⎣ cos ψ 0 sin ψ

0 1 0
− sin ψ 0 cos ψ

⎤
⎦

⎡
⎣ 0

0
φ̇

⎤
⎦ +

⎡
⎣ 0

ψ̇

0

⎤
⎦ =

⎡
⎣ φ̇ sin ψ

ψ̇

φ̇ cos ψ

⎤
⎦ . (7)

2.2. Dynamics
The dynamics of TransBOT is derived by forming the Euler–Lagrangian equation based on the system
energy, the kinetic energy, and the potential energy.

The kinetic energy for the body can be derived from the velocity information given in (6) and (7):

Kb = 1

2
mbV

COMT
W V COM

W + 1

2
�T ICOM� = 1

2
mb[ẋ2 + 2ẋlg(ψ̇cφcψ − φ̇sφsψ)

+ ẏ2 + 2ẏlg(ψ̇sφcψ + φ̇cφsψ)] + l2
g(ψ̇2 + φ̇2s2ψ) + 1

2
(Ixxφ̇

2s2ψ + Iyyψ̇
2 + Izzφ̇

2c2ψ), (8)

where cϕ = cos ϕ, sϕ = sin ϕ, cψ = cos ψ, sψ = sin ψ, and s2ψ = sin2 ψ and c2ψ = cos2 ψ .
The kinetic energy for the wheel is given as

Kw = 1

2
mwr2

(
θ̇2
R + θ̇2

L

)
, (9)

where mw is the mass of the wheel and θ̇2
R and θ̇2

L are respectively the velocity of right and left wheels.
The potential energy is found to be

U = mbglg cos ψ, (10)

where g is the gravitational acceleration.
Therefore, the Lagrangian function Lg can be obtained by combining (8), (9), and (10) as

Lg = Kb + Kw − U. (11)

The dynamic equation of the TransBOT can be obtained from the following equation:

d

dt

(
dLg

dq̇

)
− dLg

dq
= τw, (12)

where q = [x y φ ψ θR θL ]T and τw is the torque vector of the wheel.
The motion equation of the robot with kinematics constraints is described as

M(q)q̈ + C(q, q̇) + G(q) = Eτw − AT λ, (13)
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where M(q) ∈ R6×6 is the inertia matrix, C(q,
.
q) ∈ R6×1 is the Coriolis and centrifugal force vector,

G(q) ∈ R6×1 is the force of gravity, A is the constraint matrix, E ∈ R6×2 is the input transformation
matrix, τw ∈ R2×1 is the input torque vector, and λ is the Lagrangian multiplier.

Solving Eq. (12) yields each term as follows:

M(q) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

mb 0 −mblgsφmsψm mblgcφmcψm 0 0

0 mb mlgcφmsψm mblgsφmcψm 0 0

−mblgsφmsψm mblgcφmsψm mblgs
2ψm + Ixxs

2ψm + Izzc
2ψm 0 0 0

mblgcφmcψm mblgsφmcψm 0 mbl
2
q + Iyy 0 0

0 0 0 0 mwr2 0

0 0 0 0 0 mwr2

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

C(q,
.
q) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−mblg sin ψm cos φm(ψ̇2
m + φ̇2

m) − 2mblgψ̇mφ̇m cos ψm sin φm

−mblg sin ψm sin φm(ψ̇2
m + φ̇2

m) + 2mblgψ̇mφ̇m cos ψm cos φm

2(mbl
2
g + Ixx − Izz) sin ψm cos ψmψ̇mφ̇m

−(mblg + Ixx − Izz) sin ψm cos ψmφ̇2
m

0

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

C(q) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0

0

0

−mbglg sin ψ

0

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, E =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0

0 0

0 0

−1 −1

1 0

0 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, τw =
⎡
⎣ τrw

τlw

⎤
⎦ .

The Lagrangian multiplier associated with kinematic constraint needs to be eliminated for
simplicity. A new dynamic equation is derived by defining a new velocity vector ξ as ξ = [vφ̇ψ̇]T .
Then the Jacobian relationship yields

q̇ = S(q)ξ, (14)

where the vector q̇ = [ẋẏφ̇ψ̇ θ̇Rθ̇L]T , and S(q) is the necessary Jacobian matrix to eliminate the
Lagrangian multiplier by satisfying the relationship ST AT λ = 0.

Then S(q) is found to be

S(q) =

⎡
⎢⎢⎢⎢⎢⎢⎣

cos ϕ 0 0
sin ϕ 0 0

0 1 0
0 0 1
1
r

L
2r

0
1
r

− L
2r

0

⎤
⎥⎥⎥⎥⎥⎥⎦

. (15)

The constraint A(q) matrix is given by kinematic constraint equations:

A(q) =
⎡
⎣ sin ϕ − cos ϕ 0 0 0 0

cos ϕ sin ϕ L
2 0 −r 0

cos ϕ sin ϕ −L
2 0 0 −r

⎤
⎦ . (16)
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Fig. 2. Control structure.

Differentiating (14) yields the acceleration as

q̈ = Ṡξ + Sξ̇ . (17)

Substituting (17) into (13) yields the dynamic equation as

M(q)Sξ̇ + M(q)
.

S ξ + C(q, q̇) + G(q) = Eτw − AT λ. (18)

The multiplication of ST on both sides to eliminate the Lagrangian multiplier yields

ST M(q)Sξ̇ + ST M(q)
.

S ξ + ST (C(q, q̇) + G(q)) = ST Eτw. (19)

A new dynamic equation is derived as

M̄ξ̇ + C̄ξ + Ḡ = τ̄w, (20)

where M̄ = ST M(q)S ∈ R3×3, C̄ = ST M(q)
.

S ∈ R3×3, Ḡ = ST (C(q, q̇) + G(q)) ∈ R3×1, and τ̄w =
ST Eτw ∈ R3×1.

3. Control Schemes

3.1. Local control structure
Control of the vehicle can be obtained by designing appropriate torque for right and left wheels
through linear controllers. Since the TransBOT is a combined system of inverted pendulum and
mobile robot systems, control variables include a balancing angle ψ , an orientation angle φ, and a
position p. Three separate linear controllers are used for the pendulum angle, the orientation angle,
and the vehicle position. Proportional-derivative (PD) control, which is used for the balancing angle
control, and proportional-integral-derivative (PID) control, which is used for the orientation and
position control, are shown in Fig. 2. PD control is used for the balancing angle control to eliminate
the effect of the accumulation error caused by a relative sensor.

The balancing angle error is defined as

eψ = ψd − ψ, (21)

where ψd is the desired angle of the pendulum and ψ is the actual angle of the pendulum. For the
balancing angle control, a PD controller is used:

uψ = kpψeψ (t) + kdψ

.
e
ψ

(t), (22)

where kpψ and kdψ are the PD gains for the pendulum angle control.

https://doi.org/10.1017/S0263574714002173 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574714002173


1192 Two-wheel mobile robot, balancing control, robotic vehicle

Fig. 3. Global trajectory tracking error coordinates.

The vehicle position error is defined as

ep = pd − p, (23)

where pd (xd, yd ) is the desired vehicle position and p(x, y) is the actual position of the vehicle. For
position control, the PID controller is given by

up = kppep(t) + kip

∫
ep(t)dt + kdpėp(t), (24)

where kip, kdp, kpp are PID gains for the vehicle position control. The heading angle error is defined
by

eφ = φd − φ, (25)

where φd is the desired heading angle and φ is the actual angle of the vehicle. The PID controller
output for the heading angle control is given by

uφ = kpφeφ(t) + kiφ

∫
eφ(t)dt + kdφėφ(t), (26)

where kiϕ, kdϕ, kpϕ are the PID gains for heading angle control. The torque control input is the sum
of three controller outputs,

τrw = up + uφ + uψ, (27)

τlw = up − uφ + uψ, (28)

where τrw is the torque input of right wheel and τlw is the torque input of left wheel. Figure 2 shows
the overall control structure.

3.2. Global planner
The local controllers shown in Fig. 2 suffer from dead reckoning, which means that the vehicle totally
relies on the encoder measurement for localization. However, when wheel slips occur in practice, the
robot miscounts the encoder sensing data, resulting in a deviation error from the desired path. The
vehicle does not know whether it is on the track. Global sensors, such as GPS, a beacon, or some
other markers, can overcome the dead-reckoning problem.

To compensate for dead reckoning, the global planner was designed, as shown in Fig. 2, under
the assumption that global sensors are available. The global positional error of the vehicle has been
defined as P v

e = [xe ye eφ ]T . Figure 3 shows the description of the global positional error coordinates.
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Fig. 4. Simulation results: (a) Angle; (b) heading angle and position, (c) circular trajectory tracking.
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Fig. 5. Structure of TransBOT.

(a) Front view                          (b) Side view 

Fig. 6. The actual TransBOT. (a) Front view, (b) side view.

The resulting positional error is described as

P v
e = Rv

w(P v
d − P v

w) =
⎡
⎣ cos ϕ sin ϕ 0

− sin ϕ cos ϕ 0
0 0 1

⎤
⎦ (

P v
d − P v

w

)
, (29)

where Rv
w is the rotation matrix given in (1), P v

d is the desired position of the vehicle P v
d = [xdydφd ]T ,

and P v
w is the vehicle position in global coordinates P v

w = [xyφ]T .
The desired velocity profile can be obtained as28

[
vd

wd

]
=

[
v cos(φe) + Kxxe

w + v(Kyye + Kφ sin(φe))

]
, (30)

where xe = cos(φ)(xd − x) + sin(φ)(yd − y), ye = − sin(φ)(xd − x) + cos(φ)(yd − y), φe = φd −
φ, and Kx, Ky, Kϕ are gains. The desired velocity (30) was integrated to obtain the desired position
from mobile robot kinematics.

3.3. Simulation
Simulations of the following circular trajectory was conducted based on the dynamics given in (20).
The simulation models of the vehicle are M(mb + mw) = 135 kg, r = 0.2 m, L = 0.7 m, and d =
0. The simulation results are shown in Fig. 4. We see that the tracking performance was quite good.
Other uncertain terms, such as slips and friction, were ignored in the simulation.
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(a) The front casters with an electrical jack

 

(b) The back casters for protection 

 

(c) The operator console 

Fig. 7. The TransBOT. (a) The front casters with an electrical jack; (b) the back casters for protection; (c) the
operator console.

Fig. 8. Interface between parts in TransBOT.

Fig. 9. Hardware Interface in TransBOT.

https://doi.org/10.1017/S0263574714002173 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574714002173


1196 Two-wheel mobile robot, balancing control, robotic vehicle

Fig. 10. The hardware structure of TransBOT.

Fig. 11. The complementary sensor fusion block diagram.

4. TransBOT

4.1. Overall structure
The TransBOT comprises three major divisions: a driving segment, a handling segment, and a
supporting segment. The schematic diagram of TransBOT is shown in Fig. 5. The driving segment
contains two wheels, the control hardware, and a PC. The handling segment includes a steering wheel
and a monitor, and the supporting segment has a pedal and a lifter.

Figure 6 shows a fully functional TransBOT. Two wheels are driven by two DC motors, and two
sets of casters were mounted: one set was mounted on the front and the other was mounted on the
back, as shown in Fig. 7. The front casters can easily stabilize the system by maintaining stable contact
on the ground, while the back casters prevent the driver from falling. The graphic user interface (GUI)
panel was designed to monitor the driving status. The driving mode can be chosen by selecting the
position of casters in up or down position.

The TransBOT is controlled by a steering wheel and a pedal so that the desired position can be
specified by pressing the pedal. A steering wheel can be rotated to control the direction. Initially, the
TransBOT is in a four-wheel contact mode, and the driver can change the mode.

4.2. Hardware structure
The interface between mechanical and electrical parts is shown in Fig. 8. Input devices, such the
steering wheel and pedal, interface with computer; the computer communicates with digital signal
processor (DSP). As a main controller, the DSP deals with actuating the motors and the sensing
interface.

A PC has interfaces with monitor, steering wheel, and pedal through the Labview program. DSP
controller receives sensor data, processes filtering algorithms, calculates control algorithms, and
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generates pulse width modulation (PWM) signals for motor drivers. The PC and DSP controller
communicate with each other through an RS-232 communication channel, as shown in Fig. 9.

Figure 10 shows the actual layout of hardware. All of the hardware is located at the center of
the wheel axis to obtain more accurate data. Batteries are evenly distributed to make a symmetrical
structure. The motor drivers and the relay control circuits for the caster lifting motor were designed
on a separate board, and were separately powered from the main control board of DSP and sensors.
Insulation from actuators is required to minimize interference from actuators’ noise.

5. Sensor Fusion
Two sensors are used to detect the balancing angle. These two sensors have different frequency
responses. The gyro sensor measures the angular velocity and is designed for fast response. The tilt
sensor measures the inclined angle and is designed for slow response. Thus, combining these two
sensors may have the advantage of obtaining more accurate angle data.

Complementary filter is a combined filter of the low-pass filter Ft (s) for the tilt sensor and the
high-pass filter Fg(s) for the gyro sensor,17

Ft (s) = 1

T s + 1
, Fg(s) = T s

T s + 1
, (31)

where T is the time constant. Since the sensor characteristics are different from sensors manufactured
by the same company, the selection of T is found empirically.

Then each filtered output is added together to form a single value. Angle data can be obtained in
all ranges of frequency,

Ft (s) + Fg(s) = 1. (32)

Figure 11 shows the block diagram of a sensor fusion algorithm that obtained the balancing angle
ψ̂ . The estimation of the balancing angle ψ̂ can be obtained by filtering the real angle ψ as

ψ̂ = Ft (s)(ψ + ηH ) + Fg(s)(ψ + ηL), (33)

where ηH is high-frequency noise and ηL is low-frequency noise. The estimated angle becomes close
to the real angle, since the noises are filtered, and are relatively small,

ψ̂ = ψ + Ft (s)ηH + Fg(s)ηL. (34)

The offset value of each sensor is selected experimentally from the average values of sensor data.
Gains Ct, Cs are used as a scale factor to normalize the data.

6. Experimental Studies

6.1. Balancing control test
The first experiment is to control TransBOT without a driver. Initially, the unmanned TransBOT was
tested for balancing, navigation, and control. The TransBOT is controlled remotely by an operator
through wireless communication. Figure 12 shows plots of the balancing angle, the position, and the
orientation angle. To create disturbance, this study hit the vehicle at roughly 30- and 40-s markers
while the vehicle was balancing, as in Fig. 12(a). The plot shows that the TransBOT performs well
enough to maintain balance under an intentional disturbance. Figure 12(b) shows the corresponding
position data while the vehicle was balancing.

6.2. Remote control
We remotely controlled the vehicle with a 25-kg payload with a joystick. The balancing and orientation
angles are controlled and plotted in Figs. 13(a) and 13(b) respectively. It is important to note that
the balancing angle settled at roughly 0.04 rad. This behavior occurred because the vehicle is not
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Fig. 12. Test of unmanned control: (a) Balancing angle control, (b) position control, (c) orientation angle control.
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Fig. 13. The test of joystick control: (a) Balancing angle, (b) orientation angle.

perfectly symmetrical. This implies that different desired balancing angle values should be specified
for stable balancing with respect to different payloads.

6.3. Balancing tests for different drivers
Each driver who tested the TransBOT had different weight. Since the payload was changing, the
corresponding controller gains were required to be changed for stable balancing performance.
Table II lists desired angle values for different weight ranges, and controller gains for balancing
control and position control.

These values are found empirically through several experiments. Here the controller gains for the
heading angle are fixed without modifications.

Initially, the TransBOT was stabilized by making the following three contact points with the front
ball caster. Then the driver changed from the driving mode to the balancing mode by lifting the front
caster.

1. Weights of 43 kg: A person weighing 43 kg drove the TransBOT. Figure 14 shows the results
of driving test. The person moved forward by about 0.5 m and came back while balancing.
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Fig. 14. The balancing test results for 43 kg: (a) Balancing angle, (b) position, (c) heading angle.
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Fig. 15. The balancing test results for 55 kg: (a) Balancing angle, (b) position, (c) heading angle.
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Fig. 16. The balancing test results for 62 kg: (a) Balancing angle, (b) position, (c) heading angle.
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Table II. The desired angle with respect to different weights.

PD gains for balancing angle PID gains for position

Weight range (kg) Desired angle (rad) kpψ kdψ kpp kip kdp

40–49 0.0314 190 12 −15 −12 −1
50–59 0.023 195 12 −15 −14 −1
60–69 0.019 200 14 −17 −13 −1
70–79 0.01 205 14 −18 −14 −1

Fig. 17. Indoor driving experiment: balancing mode.

Figure 14(a) shows the balancing angle, indicating good balance. The desired balancing angle was
set to 0.0314 rad, as listed in Table II. The corresponding position and heading angle movements
are shown in Figs. 14(b) and (c) respectively.

2. Weights of 55 kg: The same experiment was conducted for 55-kg weight. The desired balancing
angle was set to 0.023 rad as shown in Fig. 15.

3. Weights of 62 kg: A person who weighs 62 kg drove the TransBOT forward by about 0.5 m
and came back while balancing. The desired balancing angle was set to 0.019 rad. Figure 16(a)
shows that the balancing angle is maintained at around 0.019 rad. The corresponding position and
heading angle movements are shown in Figs. 16(b) and (c) respectively.

We saw small oscillations with a maximum of about 0.06 rad, which is 3.4◦ in the balancing angle
plots. However, these angles have minimal effects on drivers.

6.4. Indoor driving test
Figure 17 shows the indoor driving test. The driver began driving the TransBOT in driving mode,
which occurs when the unit has three or four point contacts on the ground. Then the driver switched
from the driving mode to the balancing mode by lifting the front caster. Using the balancing mode,
the driver made several turns in a narrow space and then proceeded to navigate around the floor of
the shown building.

The driver went into an elevator to head outside. Figure 18 shows the corresponding plots of
Fig. 17. Figure 19 shows the driving test of going inside an elevator. One advantage of the balancing
mode of the TransBOT is the ability of making turns inside an elevator.

6.5. Outdoor driving test
The next driving test was performed outdoors. Figure 20 shows the video-cut images of outdoor driving
test. Even with the ground not being flat, the TransBOT maintained a good balancing performance.
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Fig. 18. Indoor driving results: balancing mode. (a) Balancing angle, (b) position, (c) heading angle.
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Fig. 19. Going into elevator.

Fig. 20. The outdoor driving experiment.

Figure 21 shows the plots of driving test in the outdoor environment. The balancing angle shown
in Fig. 21(a) demonstrated that switching from the balancing mode to the driving mode had a stable
transition. The plot shows a good balancing performance while driving in the balancing mode. When
in the driving mode, we observed a disturbance effect from road conditions, as marked with red circles
in Fig. 21(a). After switching to the driving mode, the balancing angle became −0.1 rad. This means
that the front caster contacted the ground, creating a stable posture. The corresponding position and
orientation plots are shown in Figs. 21(b) and (c) respectively.

7. Conclusions
The concept of the inverted pendulum system was applied to a two-wheel balancing vehicle robot
as a feasible future vehicle for carrying a human passenger. The balancing mechanism of TransBOT
maintained both desired angle and position simultaneously for effective driving in an urban area.
Performing the driving tests of TransBOT in indoor and outdoor environments proved the feasibility
of TransBOT as a transportation vehicle.
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Fig. 21. The outdoor navigation results: (a) Balancing angle, (b) position control, (c) orientation angle control.

The experimental results for different passengers confirmed that the gain scheduling method along
with specifying the desired balancing angle with respect to different weights was efficiently used for
stable balancing performance. Thus, either robust control algorithms or intelligent control methods
are required to deal with uncertainties such as different weights or rough road conditions.
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Here we proved only the feasibility of using TransBOT as a future personal vehicle. However, to
be in the market, there are still many problems to be solved. First, the reliability of riding needs is to
be guaranteed. The comfort and stability of passengers of all age groups need to be satisfied. Lastly,
a familiar body design is also required.
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