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Decoupled Dynamic Control for Pitch and
Roll Axes of the Unicycle Robot

Jaeoh Lee, Seongik Han, and Jangmyung Lee

Abstract—This paper proposes a decoupled control algorithm
for a single-wheel (unicycle) balanced robot. A unicycle robot is
controlled by two independent control laws: the method involving
mobile inverted pendulum control for the pitch axis and the
method involving reaction-wheel pendulum control for the roll
axis. We assume that both roll dynamics and pitch dynamics are
decoupled from each other. As a result, the roll and pitch dynamics
are obtained independently and all interactions between them are
considered disturbances. Each control law is implemented by an
individual controller, i.e., fuzzy-sliding mode control for roll and
linear quadratic regulator control for pitch. Fuzzy logic is utilized
to compensate for the interactions between the pitch and roll
dynamics in real time. The unicycle robot has two dc motors: one
to drive the disk for roll and the other to drive the wheel for pitch.
Since there is no force to change the yaw direction, the dynamics of
the yaw direction is not changed in this paper. Algorithms for the
decoupled dynamics were implemented in a real unicycle robot,
which was made to follow a desired trajectory along a straight
line. Angle data was obtained by fusion of the gyro sensor and
accelerometer. The results of experiments conducted confirmed
the effectiveness of our proposed control system.

Index Terms—Decoupled dynamics, fuzzy logic, fuzzy-sliding
mode control, linear quadratic regulator (LQR) control, unicycle
robot.

I. INTRODUCTION

ESEARCH ON the single-wheel (unicycle) robot has

been ongoing since the 1980s in the U.S., Europe, and
Japan. A. Schoonwinkel of Stanford University proposed a
linear dynamic model of the robot and presented its optimal
motion control in his Ph.D. thesis in 1987 [1]. Prof. Yamafujii
of Tokyo University also proposed a dynamic model of the
robot as an upper turntable and a lower rotating wheel. He
also implemented PI motion control for it in 1997 [2]. In 2005,
M.-Q. Dao and K.-Z. Liu of Chiba University maintained the
roll balance using two gyroscopes and an actuator, and the
pitch balance using a rotating wheel. The rotational torque in
the direction yaw was canceled out in opposite rotations. They
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obtained the dynamics based upon the Lagrangian of the system
and implemented the gain-scheduling algorithm for robustness
[3]. The roll axis control of the unicycle robot has recently been
altered and studied by using two flying pans at both sides of the
robot, where the PD and PID controllers have been adopted [4].
However, while there has been a lot of research focusing on
the roll axis control of the robot, no research results have been
reported for its velocity tracking control.

Over the last four years, several unicycle robots have been
implemented in the Intelligent Robot Laboratory at Pusan Na-
tional University. However, a dynamic model of the robot has
proven too complex to be implemented in real time [S5]-[7].
Intelligent algorithms that did not incorporate dynamic infor-
mation also proved unsuccessful in the control of the trajectory
of the robot. To overcome these difficulties, in this approach,
the dynamics of the unicycle robot has been decoupled into two
parts: roll axis and pitch axis dynamics. The coupling effects
between the two axes are not considered in the dynamic models
[8], [9]. However, in the roll control, the coupling effects are
compensated by using a fuzzy sliding mode algorithm. The
pitch axis is modeled as an inverted pendulum, while the roll
axis is modeled as a reaction-wheel pendulum. The dynamics
that were not modeled, such as disturbances, frictions, some
coupling terms, and system uncertainties, were compensated
for by using an equivalent control input to the sliding mode
controller, which was obtained from fuzzy control logic. To
minimize the chattering phenomenon of the sliding mode con-
troller, the fuzzy-tuning scheme was adopted in the signum
function, which is used as a switching function.

Because the pitch axis is modeled as an inverted pendulum,
it is relatively robust against disturbances. As a result, a linear
controller based upon the linear quadratic regulator (LQR)
scheme was adopted in this research [10].

The unicycle robot consists of two dc motors: one for con-
trolling the pitch axis and the other for controlling the roll
axis. The motor’s angle is measured by an encoder attached
to the motor axis, and the robot angles (pitch, roll, and yaw)
are measured by using a two-axis gyroscope and three-axis
accelerometer. The decoupling control of the robot, gyroscopes,
and accelerometers were utilized to measure the angle informa-
tion of the robot.

In this paper, we discuss posture and motion controls of the
unicycle robot. The paper consists of five sections including
this introduction. In Section II, we discuss how the dynamics
of the robot was derived based upon the Lagrangian method
[11]. Section III introduces the design of the controllers, and
Section IV illustrates the experimental environments. Section V
demonstrates the experimental results for the posture and
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Fig. 1. Simplified model of the unicycle robot.

My, J,,

Fig. 2. Model of the unicycle robot for roll axis.

motion control of the unicycle robot and discusses some prob-
lems that remain. Section VI concludes this research and pro-
poses future research work.

II. DYNAMIC MODELING

In this section, we discuss how the dynamic models of the
unicycle robot for the roll and pitch axes were derived using the
Lagrangian method. Fig. 1 shows the unicycle robot developed
in this research. It consists of a rotating disk, a robot body,
and a rotating wheel. The mass of the rotating disk, the robot
body, and the rotating wheel are represented as mgq, my, and
My, respectively. The real experimental system is introduced
in Section IV.

A. Dynamic Model for Roll Axis

The roll dynamics are derived by viewing the unicycle robot
as a reaction-wheel pendulum in which the rotation wheel and
the robot body are assumed to be a single body [8], [9].

Fig. 2 shows the robot coordinates used to derive the roll
dynamics. Lo and Ly, represent the distances from the floor
to the center of the rotation disk and to the center of mass of
the rotation wheel-robot body compound object, respectively.
R, and 04 represent the radius and the angular displacement of
the rotation disk, respectively. 6, represents the roll angle of the
robot.
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To derive dynamic equations, the mass of the compound
object is represented as Mmyp,,, Where my, and m,, are the mass
of the robot body and the wheel, respectively. Two position
vectors, 71 and 75, are defined to derive the Lagrangian for
the robot, where 7} and 7% are the vectors to the center of
the rotation disk and to the center of the compound object,
respectively

7 = Ly, sin 0y + Ly, cos t‘)bf
7y = Lo sin 07 + Lo cos GJ. (1)

The kinetic energy of the robot, 7', can be represented as

1 L. 1 o
T = imbw(m -’U1) + §md(v2 -’Ug)

1. 1 . . N
—5A%+§h%+%Fwww<m

where ¥; = di;/dt, Jq and J, are the rotational inertia of
the rotation plate and the rotational inertia of the robot body-
rotation wheel compound object, respectively.

The potential energy, V/, can be represented as

V' = mpyw gLy cos 0y + mggLo cos 0y 3)

where g = 9.8 m/sec?.
Therefore, the Lagrangian, L, can be represented as

L=T-V
1 L L
= §mbw(v1 1) + imd(UZ - Ua)
1 ., 1. . . .
+ §Jbeg + 5 Ja(0s + 0a)? cos O]

— Mpw gLy cos 0y — mggLo cos 6y, 4)

Using the Lagrange equation, we get

d oL 0L
itoq oq )

where q = [0}, 04)7 and 7, = [7 74]7.
The roll dynamics can be represented as

(Jb+ Lirmbw“r Lgmd) éb, g(Lbrmwar Lgmd) sin @, = 7
(6a)

Ja(Ba+ 05) = 7a (6b)
where 7, is the torque generated by the rotational disk motor
and the torque applied to the pendulum, 7;, has the same
magnitude in the opposite direction, that is, 7, = —74.

B. Dynamic Model for Pitch Axis

The dynamic model for the pitch axis was derived as an
inverted pendulum in which the rotational disk and the robot
body were viewed as a single object [10]. Fig. 3 illustrates the
robot coordinates used to derive the pitch dynamics. [ represents
the distance from the center of the wheel to the mass center
of the compound object consisting of the rotation disk and the
robot body. R,, is the radius of the rotation wheel, while 6 and
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Fig. 3. Model of the unicycle robot for pitch axis.

1) represent the rotational angle of the wheel and the pitch axis
angle, respectively.

For the pitch axis dynamics, the mass of the rotation wheel
and the compounded mass of the robot body-rotational disk
compound object are defined as m.,, and mpq, respectively.

The positioning vectors, 7] and 7% are defined from the origin
to the center of the rotational wheel and to the center of mass,
My, respectively, as follows:

7 = R0 + RyJ
7y = (Ruf + 1sin ) + (R + L cosy)J.

(7a)
(7b)

The kinetic energy of the robot, T, is represented as

1 Lo 1 T
T = §mw(v1 1) + imbd(UZ - Ua)

1 . 1 . 1 . .
+§Jwe2 + 5J¢w2 + 5nQme —1)* (8)

where ¥; = dr;/dt, Jy, Jy, and J,, are the inertias of the

rotation wheel, the robot body-rotational disk compound object,

and the motor armature, respectively, and n is the gear ratio.
The potential energy, V', can be represented as

V = mygRy + mpag(Ry + L cos ). 9)
Therefore, the Lagrangian, L, can be obtained as

L=T-V
= (v *)+1 (4 “)+1J9'2+1Jz/}2
= - w . 7m . — w —
2m U1 - U1 9 bd (U2 * V2 B 9 )

1 A
51 T (0= 1) = Mg Ry =10 g (R +1 cos ). (10)

Using Lagrangian (5), the dynamic equations can be
derived as

J10 + J31p + Impg R sin g =19
J20 + Juip — glmpg siny =1y

(11a)
(11b)

where J1=Jyt+ S+ (Mytmpa) R2, Jo=Impg Ry, cos i —
Jmn?, J3 = lmygR,, cosp — J,n?, and J; = Jy + Pmpg +
Jn?. 7g is the torque generated by the motor at the rotational
wheel. Note that the 7, the torque applied to the pendulum, is
the opposite of the motor torque, that is, 7y, = —7g.
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C. Linear Dynamic Model of the Unicycle Robot

Using the upright conditions, sin ~ 1) and P2 =0, (11)
can be represented as a linear system

[+ T + (M +mipa) R2,| 0+ [lmpg Ry — T3 =
(12a)

[lmpg R menz]éJr [y +lzmbd+Jmn2]¢fglmbd1/) =Ty.
(12b)

To consider the motor dynamics with the robot dynamics [10],
the dc motor torque T is represented as

T =nst (04 Ky~ ) + il —0)

R (13)

where v is the applied voltage to the motor and ) —0 represents
the angular velocity of the wheel against the robot body. In
addition, K is the motor torque constant; R,,, the motor resis-
tance; f,,, the motor friction coefficient; and K3, the back e.m.f.
constant. For simplicity, the motor inductance is neglected.

Using (13), the external torque required for the motor was
obtained as

9= —av— B~ 6) (14)
Ty =ov+ () —0) (15)
where & = nKy/Ry, and 8 = a + fp,.
Substituting (12a) and (12b) into (14) and (15),
(Juw + Jmn® + (M + mpa) R2) 0
+ (Impg Ry — Jyn® )0+ 60 — fip = av (16a)

(Impa Ry — J®)0 + (Jy + Pmpg + Jun?)p — 50

+ B — glmpa) = —aw. (16b)
Setting the control input, u, as
U= . (17)

The (16a) and (16b) can be combined into a matrix
equation as

(1) ] el -

e (Jw—l—Jan—i—(mw—&—mbd)RfU) Impa Ry — Jmn?
- Impg Ry, — mn2 Jw—|—l2mbd—|—Jmn2

(18)

where

_| B8 -8 [0 0 [a
A CE (R VR )
Equation (18) is transformed into the state equation

67 10 0 1 0 0 0
Yi_|0 0 0 1 (] " 0
61710 AB,2) AB3,3) AB4) || 6|7 BEB)|"
vl L0 A(4,2) A(4,3) A(4,4)1Lvd LB(4)
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Fig. 4. (a) Control block diagram of the roll axis controller. (b) Control block
diagram of the controller for the pitch axis.
where
14(37 2) = — glmde(l, 2)/det(E)
A(47 2) :glmde(l, 1)/ det(E)
A3,3) = — [BE(2,2) + BE(1,2)] / det(E),
A(4,3) = [BE(2,1) + BE(1,1)] / det(E)
A(3,4) = [BE(2,2) + BE(1,2)] / det(E)
A(4,4) = — [BE(2,1) + BE(1,1)/ det(E)
B(3) =a[E(2,2) + E(1,2)] / det(E)
B(4) = —a[E(2,1) + E(1,1)] / det(E).

Note that det(E) represents the determinant of matrix E
and E(i,j) represents the ith row and jth column element of
matrix E.

III. DESIGN OF THE DECOUPLED CONTROLLER

In this section, we discuss the controllers for the roll and
pitch axes were designed based upon the decoupled dynamics
derived in Section II. Two independent controllers were concur-
rently applied for the control of the robot. For the roll axis, the
fuzzy-sliding mode controller was used, and for the pitch axis
control, the LQR control scheme was utilized.

As shown in Fig. 4(a), the fuzzy algorithms have been
applied for the gain tuning of the sliding mode controller and
for obtaining the equivalent input, u.,. The out of the fuzzy
sliding surface, us, is added to the input for keeping the system
states on the sliding surface.

Fig. 4(b) represents the control block diagram for the pitch
axis, in which the LQR controller was implemented, resulting
in a linearized system.

A. Design of the Sliding Mode Controller for the Roll Axis

To design the sliding mode controller, the sliding surface was
set as follows:

s(t) = kye(t) + é(t) (20)
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where k7 is the gain constant to be determined. e(t), the
difference between the real roll angle, 6, and the reference
angle, O,¢, is given as

e(t) = Op(t) — Orer(2).

To obtain an equivalent input, .4, the 5 term can be obtained
from (20) as

2y

$=kiée+é
== kle - Href + ob
o 1 )

- kle - eref + F (g(Lbrmbw + L2md) sSm eb - Tr) (22)
where éb can be obtained from (6) and D, = J, + Lngbw +
L%md.

The control input, u.,, can be selected to satisfy the condition
$ =0 such that the control state variables of e(t) and é(t)

gradually approach to zero [12]

o 1 )
Ueqg = k1€ — Orer + D—g(Lbrmbw + Lomyg) sin 6y,

r

(23)

To keep the system states on the sliding surface, the control
input u can be set as

U = Ueq + Y1 - sgn(s) (24)

where 77 - sgn(s) denotes the ug, y1 > 0 and sgn(s) is defined
as follows:

sgn(s) = {—1 %fs <0

1 ifs>0.

To prove the stability of the control system, the Lyapunov

function candidate V' is defined as

V= %82.

For the stability condition, V = s§ <0, (20) and (22) are

substituted into s and 5. When the u,, is substituted for u in
(24), V is derived as follows:

V =ss
=3 (kjlé — éref +

(25)

(26)

g(Lprmpy + Lamg) sin 6y, — u)
(27)

Den,
= —mnls| <0.

By selecting u using (24), V = 55 < 0 condition has been
satisfied such that the system states exist on the sliding sur-
face [13].

B. Design of LOR Controller for Pitch Axis

Using the linear dynamics of the pitch axis, an LQR con-
troller was designed. The weighting matrices Q and R were
selected as follows:

10 0 0 0
0 100 0 0

Q=149 0 1 0 (282)
0 0 0 10

R=1. (28b)

Using the real parameters shown in Table III, the optimal
gain was obtained by using the LQR toolbox in MATLAB
[14], [15] as K =[-3.16 —103.2 —3.39 — 7.32]. During



3818

TABLE 1
Two INPUT/ONE OUTPUT FUZZY RULE FOR §

Change of error

NH |NL NB NM NS VA PS | PM | PB | PL | PH

NH | PH | PH PH PH PH PH PL | PB | PM | PS z

NL | PH | PH PH PH PH PL PB | PM | PS z NS

NB PH PH PH PH PL PB PM PS zZ NS | NM

E | N\M PH PH PH PL PB PM PS zZ NS | NM | NB

R | NS PH | PH PL PB PM PS z NS | NM | NB | NL

R zZ PH PL PB PM PS zZ NS | NM | NB | NL | NH

O | PS PL | PB | PM PS z NS [ NM | NB [ NL | NH | NH

R | PM PB | PM PS zZ NS NM | NB | NL | NH | NH | NH

PB | PM | PS zZ NS NM [ NB | NL | NH | NH | NH | NH

PL PS z NS NM NB NL | NH | NH | NH | NH | NH

PH VA NS [ NM | NB NL | NH [ NH | NH | NH | NH | NH

the experiments, the velocity gain K [4] was adjusted in order
to reduce the vibration of robot body.
Using the K, the control input is given as

u=-KX (29)

where X = [eg ey 6 ¢]T, eg =0 — byt and ey, = P — Prer.
Note that 1), is the reference angle of the pitch axis.

C. Design of Fuzzy Sliding Mode Controller

To obtain the equivalent control input, .4, in the sliding
mode algorithm, fuzzy logic was utilized in this research [16]-
[19]. Even though the u., has already been determined in (23)
for the sliding mode control of the roll axis, the decoupled roll
dynamics itself does not include the coupling terms, frictions,
disturbance, and uncertainties in the system. This limits the
accuracy of the equivalent control input for the optimal control.
Fuzzy logic resolves these time-varying and nonlinear effects
in real time in determining ..

The fuzzy rules are represented as

Rule i : IF error is ' AND change-of-error is F!

THEN ouput is §;
where §;, i =1,2,...,m are singleton values, F’ and F
are fuzzy sets for the error and the derivative of the error,

respectively.

The triangular membership functions are used for both the IF
and THEN parts. The fuzzy rules are summarized in Table I.

In Table I and Fig. 5, N and P imply negative and positive,
respectively, while H, L, B, M, S, and Z represent huge, large,
big, medium, small, and zero, respectively.

For the defuzzification, the center of gravity method was
used as

2 i1 Wi - 0
2ty wi

where w; is the weight for the ith rule.

Up, = (30)
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NH  NL NB NM NS z PS PM  PB PL PH
Tttt
error
NH NL NB NM NS 7z PS PM PB PL PH
——f———— H—f————f———

change of error
Fig. 5. Membership functions of fuzzy rules.

TABLE 1I
Fuzzy RULES FOR v FUZZY-TUNING

s NH NL NB NM NS z PS PM PB PL PH

Y H L B M S z S M B L H

To determine the stability of this fuzzy-sliding mode algo-
rithm, the roll dynamics in (6a) can be defined as
Oy = fron(a) —u (31)

where f;o11(¢) includes the uncertain time varying and nonlin-
ear terms in the roll dynamics. From (24), for the control input

U, Ueq 18 Teplaced by uy, and the result is substituted into (27)
forV = ss

V =ss
=s <k1é — Oret + fron(q) — U)

=S (kle - éref + froll(q) —Ufr — vlsgn(s)) (32)

where the condition uf, < k1é — brer + fron(gq) is satisfied by
the fuzzy rules, which guarantee the stability condition for V' =
ss < 0.

D. Reduction of Chattering Phenomenon

Chattering phenomenon occurs in the sliding mode control
due to the signum switching function. When + is decreased, in
an attempt to reduce the chattering, the settling time of the state
variables become longer. To counter this phenomenon, in this
study, a fuzzy-tuning algorithm was developed to eliminate the
time delay while reducing the chattering.  is reduced near the
sliding surface to reduce the boundary layer, and it is kept high
at the initial stage to shorten the settling time [20].

The fuzzy rules for this are as follows:

Rulei: IF sis F! THEN ouput is 7;
where s represents the sliding surface, v;, 7 =1,2,...,mis a

singleton value, and F! is the fuzzy set for s. The fuzzy rules
are summarized in Table II.
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Fig. 6. (a) Chattering in the control input. (b) Simulation of fuzzy-tuning to
reduce chattering.

In Table II, N and P represent negative and positive, respec-
tively, while H, L, B, M, S, and Z represent huge, large, big,
medium, small, and zero, respectively.

The center of gravity method is used for the defuzzification.
Note that v is kept as a positive constant to satisfy the following
condition: V = s§ <0.

Fig. 6(a) shows the chattering in the control input before
application of the fuzzy rules.

As shown in Fig. 6(b), the chattering phenomenon disappears
from the control input when fuzzy rules are applied to tune
gains in real time.

IV. EXPERIMENTAL ENVIRONMENTS

Fig. 7 shows a photograph of the actual unicycle robot used
in this research. The gyroscope and accelerometers are located
at the center of the robot body, the main controller is placed
on the upper body, and the motor drives are located on the
lower body. The NTARS of NTREX Corporation with ARM
Cortex-M3 (LM3S8962) processor were used for the angle sen-
sor. MAXON Corporation dc motors were used and the angular
data obtained by encoders. For the motor drives, NT-DC20A
H-bridge types were used. The cables in Fig. 7 provided the
power to the robot. The timing belt for the pitch drive is
connected to the dc motor from the lower wheel. This is
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Fig. 7.  Photograph of the actual unicycle robot.

designed not to cause unstable structure of the roll axis when
the pitch driving motor is directly connected to the lower wheel.
However, the roll driving motor is directly connected to the
disk. The initial design of the timing belt for the roll driving
was changed to the direct drive since the backlash causes the
roll balance control to be difficult. The antenna on top of the
robot connects the Bluetooth module to the computer to send
the robot states to the computer. It also receives commands from
the computer. To get the higher inertia, the disk is designed to
have a circular frame and balanced weight.

Dynamic parameters of the robot are summarized in
Table III. The inertia of the robot, Jg, J, Jy, and J,,, have been
estimated by the robot structure and the motor parameters are
provided by the manufactures.

For the three inputs of ramp, ladder, and parabolic shapes,
the robot’s angles, velocities, and positions were measured to
evaluate the performance of the proposed decoupled control
scheme.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Ramp Input

To check the position/velocity tracking capability of the
unicycle robot, a ramp input was applied to the robot for
a distance of 3.3 m. During the motion, the angle, velocity,
and distance data were collected and compared to the desired
values, as shown in Figs. 8 and 9.

In Fig. 8, the reference input, the current travel distance of
the unicycle robot, and the error between the two values are
represented by the dotted line, solid line, and the broken lines,
respectively. Fig. 9 shows the current and reference velocities
as dotted and solid lines, respectively.
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TABLE III
PARAMETERS OF THE UNICYCLE ROBOT
Symbol Parameter Value
ny, Mass of rotational disk 1.225Kg
my, Mass of robot body 3.664 Kg
my, Mass of rotational wheel 1.300Kg
my, my, +my 4889 Kg
my, my+m,, 4964 Kg
Ry, Radius of rotational wheel 0.110 m
R, Radius of rotational disk 0.200m
Distance to the center of the
Ly rotational disk from the 0.570m
origin
Ly, pr=1Ls/2 0.285m
Distance to the center of
/ my,, from the center of 0.330m
rotational wheel
Jy Inertia of rotational disk 0.0402 m
Inertia of the robot body 2
J,
b and the rotational wheel 0.5295 Kgm
Inertia of the robot bodt
J Yy 2
v and the rotational disk 0.7208 Kgm
Jy Inertia of rotational wheel | 0.0079 Kg m?
I Inertia of motor armature | 0.0001 Kg m”
3.5
gy R reference
— current
2.5+
== SITOr
2 =
E 15}
1+
0:5F
o A T N P e e SR
_0.5 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70

[second]

Fig. 8. Tracking performance of the rotational wheel.
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Fig. 9. Velocity tracking of the rotational wheel.
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Fig. 10. Roll and pitch angle errors of the single wheel robot.
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1 L
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-02 1 I I L 1 ]
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Fig. 11. Tracking performance of the rotational wheel.

Fig. 10 shows the roll and pitch angle errors of the robot,
represented by the dotted and solid lines, respectively.

Data collected from the robot during its 3.3-m travel showed
that the roll and pitch angle errors were kept within approxi-
mately +1° and £2°, respectively. In other words, the unicycle
robot motion is stabilized and has good tracking performance
within the motion range.

B. Ladder Input

To check the forward and backward tracking capability of
the robot, a ladder input was applied to the robot to move it
1.1 m forward and then back to the original position. During the
forward and backward motion, the angle, velocity, and position
data were recorded and plotted as shown in Figs. 11 and 12.

In Fig. 11, the reference input, current travel distance of the
robot, and the error between the two values are represented by
the dotted line, solid line, and the broken lines, respectively.

Fig. 12 represents the current and reference velocities using
dotted and solid lines, respectively.

As shown in Fig. 13, the roll and pitch angle errors were
kept within about +2° and £4°, respectively. Note that the
angle errors increased greatly because of the velocity change
in the middle of the trajectory. However, the robot motion was
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Fig. 13. Roll and pitch angle errors of the unicycle robot.

also stabilized and had good tracking performance within the
round trip.

C. Parabolic Input

To check the position/velocity tracking capability of the
robot, a parabolic input was applied to the robot up to 2.8 m.
During the motion, the angle, velocity, and distance data were
collected and compared with the desired values in Figs. 14
and 15.

In Fig. 14, the reference input, the current travel distance of
the robot, and the error between the two values are represented
by the dotted line, solid line, and the broken lines, respectively.

Fig. 15 shows the current and reference velocities by the
dotted and solid lines, respectively.

As shown in Fig. 16, the roll and pitch angle errors were kept
within approximately +1° and £2°, respectively. Note that even
though the pitch error increased to over 4° at 30 s, it was soon
stabilized. This may have happened due to the irregularity of
the surface.

The performance of the unicycle robot was evaluated on the
basis of the three different trajectory-following tasks. In all
cases, the robot maintained a stable posture while following
the desired position/velocity trajectory. An intrinsic problem
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Fig. 16. Roll and pitch angle errors of the unicycle robot.

suffered by the robot was the high velocity error sustained while
following the trajectory. This stemmed from the fact that bal-
ancing the robot was given a higher priority than dynamically
following the desired trajectory. When the velocity control gain
was increased in the experimental system, the velocity error was
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reduced. However, this caused the robot to become unstable and
fall to the floor.

VI. CONCLUSION

In this paper, we proposed a decoupled control algorithm
for posture and motion control of a single wheel balanced
(unicycle) robot. The robot dynamics were derived for each
of the roll and pitch axes separately as they were decoupled
from each other. The coupling effects for the roll axis were
compensated for using stable posture control by a fuzzy sliding
mode controller. Fuzzy rules were used to obtain an equivalent
control input for the sliding mode controller in order to maintain
the stability of the robot under the existence of unmodeled
dynamics such as coupling terms, unknown friction terms, dis-
turbances, and system uncertainties. The fuzzy rules were also
utilized to tune the signum function gains in the sliding mode
controller, in order to reduce the phenomenon of chattering.
The dynamics of the robot were derived on the basis of the
Lagrangian method. The LQR scheme was also adopted for
the control of the pitch axis. The velocity control widens the
applications of the unicycle robot. For an example, the unicycle
robot can move to a desired position at a desired time, which
enables to avoid the obstacles in the traveling path. The velocity
of the unicycle robot remains lower than 0.1 m/s due to the
speed limit of the gyroscope and accelerometers. In a future
study, we plan to solve this problem by using fast and stable
Sensors.
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