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In this paper, the use of three gyrosensors for detection
of a unicycle robot’s posture in three dimensions, and
experiments on the unicycle robot’s postural stability
control are conducted with fuzzy gain schedule PD con-
trol. Experimental results show that both the robot’s
longitudinal and lateral posture can be stabilized success-
fully. Comparing the experimental results with one PD
and one D controller, those by two fuzzy gain schedule
PD controllers are much better. Real-time experimental
results indicate that the fuzzy gain schedule PD control
proposed here is quite effective in robot postural stability
control. Experimental results also show that proposed
fuzzy gain schedule PD control provides a reasonable
approach to handling nonlinear problems that exist in
the system.

Keywords: Unicycle, Postural stability, Fuzzy gain
schedule PD controller. 3D posture, Gyrosensors, Lon-
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1. Introduction

It is well-known that the unicycle system is inherently
unstable, and both longitudinal and lateral stability control
are simultaneously needed to maintain the unicycle’s pos-
tural stability. It is an unstable problem in three dimensions.
However, a human rider can obtain postural stability on a
unicycle, keep the wheel’s movement speed as a constant
value, and change unicycle posture in a yaw direction as
desired by using bodily flexibility, good sensory systems,
skill, and intelligence. In the investigation of this mecha-
nisms and emulation of the system by a robot, we construct
a model of human motion dynamics, and test new control
methods for stability control and system analysis.

From the observation of a human riding a unicycle, we
know that the rider’s posture on the unicycle is always
changing. It is necessary for us to define postural stability
in this system. Usually, if a system is stabilized, some vari-
ables in that system will be controlled as constant. How-
ever, because the unicycle system is an inherently unstable
system, and postural stability is achieved by centrifugal
force created by the rider’s dynamic action. Pitch, roll, and
yaw angles are always changeable, so it is impossible for
the rider to maintain these three variables constant. From
the observation of a human riding a unicycle, we know that
the change of yaw angle relates to stability control of the
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roll angle, and if the roll angle changes, the yaw angle will
also change. The change of pitch and roll angle is often
within some range. The biggest possible range is 90 de-
grees. However from the observation of a human riding a
unicycle, postural stability is often broken if either pitch or
roll angle becomes bigger than about 16 degrees. If there
is not enough centrifugal force created by control in this
system, postural stability fails about 1 second. If there is
no control, postural stability fails quickly. This means that,
if postural stability is maintained longer than 1 second, con-
trol action is acting on the system.

Basing on the characteristics of posture change in unicy-
cle system, we can define unicycle postural stability as
follows:

1. Neither pitch angle nor roll angle increases. Usually both
pitch and roll angle can be changed, but the change is
within some range (the biggest range is 90 degrees. Be-
cause of the power limit of motor in an unicycle robot,
the range will be much less than 90 degrees).

2. Posture should be maintained at least longer than 1 sec-
ond.

In our first report”, a new model is proposed (Fig.1). In
this model, a closed link mechanism is used for control of
pitch, and a turntable for control of roll. As reported”,
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Fig. 1. Robot’s model emulating human riding unicycle.
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patterns 1 and 2 drive closed link mechanisms. In pattern
1, as shown in Fig.1, two motors are used at joining Al and
A2 to drive link 1 and link 3. In this pattern, the wheel is
driven by two motors and stability in pitch is also obtained
by these two motors. From the point of control, it is not
suitable to use a motor for driving the wheel and getting
stability in pitch at the same time. In pattern 2, three motors
are used. One motor (motor 1) is for wheel drive, and other
two motors (motor 3 and motor 4) are used to drive links 2
and 4. These two motors for links 2 and 4 are fixed at joints
C and F. The robot’s stability in pitch is expected to be
obtained by the control on links 2 and 4. As analyzed in
our first report,” since the structure with two closed link
mechanisms has only two degrees of freedom, two actuators
are enough for its control. That means one of three motors
(motors 1, 3, and 4) can be omitted in pattern 2. We can
omit motor 1 and use motors 3 and 4, or we can omit motor
3 or 4 and use motors 1, 4, or 3. If we omit motor 1 and
use motors 3 and 4 for wheel drive and pitch stability con-
trol, from the point of control, it will become complicated
for the determination of torque in motors 3 and 4. If we
omit motor 3 and use motors 1 and 4, the torque to motors
3 and 1 can be decided easily. The torque to motor 3 is for
pitch stability control, and the torque to motor 1 is for wheel
drive. Only for the structure’s symmetry and balance, motor
3 is added, in this case, because three actuators are used for
control of the structure with two degrees of freedom. The
structure becomes a redundant system. We have analyzed
when the structure is driven by two motors (motors 1 and
4) or three motors (motors 1, 3, and 4) in pattern 2, we found
analytical results are similar. The only difference is the
requirement of the motor’s driving torque. Considering the
structure’s symmetry and balance, we recognized that the
pattern with three motors will be more practical than the
pattern with two motors, and it is easier for us to design an
unicycle robot using the pattern with three motors. For the
above reasons, we propose to use two motors to drive links
2 and 4. The torque for these two motors are taken as the
same for the consideration of structure redundancy and for
simplicity, and use one motor to drive the wheel directly.
From the result in the first report,” pattern 2 is more prac-
tical than pattern 1, so our unicycle robot is designed and
developed based on pattern 2 in our second report.”

Experimental results are given in our second report® and
another paper.” Based on the preparatory experiment, the
model was improved by making the turntable asymmetric
instead of symmetric. In our third report,” the charac-
teristics of the developed unicycle robot are analyzed, and
nonlinearity of the unicycle robot is demonstrated.

In handling nonlinear problems, many different ap-
proaches are taken by different researchers. Control results
achieved through different fuzzy control methods proposed
by researchers*'? show that fuzzy control methodology is a
possible approach for nonlinear problems, but most work
conducted by researchers is on theory, and fuzzy tuning
speed is not usually fast. Real-time control needs simple
and active fuzzy controllers. For handling the nonlinear
unicycle robot problem, a new fuzzy gain schedule PD con-
troller is developed in our fourth report,’” and simulation
results by different control patterns show that our proposed
method is effective in handling the nonlinear unicycle robot
problem.

In this paper, the best control pattern (two fuzzy gain
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schedule PD controllers) is applied to unicycle robot pos-
tural stability control in real-time experiments. Experimen-
tal results show that the proposed method can make the
robustness of the robot’s postural stability control better.
The validity of the proposed method is demonstrated in
experiments.

2. Unicycle Robot and Detection of Its Pos-
ture

The manufactured unicycle robot with an asymmetric
rotor is shown in Fig.2. It is composed of a wheel with two
cranks, a main body, an overhead rotor, and two closed links
on both sides of the wheel. The closed link mechanism is
used for longitudinal stability and the asymmetric rotor for
lateral robot stability. Four motors are used. The wheel is
driven through a ball reduction gear, a couple of spiral bevel
gears and a timing belt by a DC servomotor (60w) mounted
inside the robot (motor 1 in Fig.2).

The rotor is driven by a harmonic drive motor (34w)
installed on the body (motor 2 in Fig.1). The left and right
closed link are driven directly by a harmonic drive motor
(20.3w) on links 2 and 4 (motors 3 and 4 in Fig.2). Motor
3 is the same as motor 4 for the structure’s geometric sym-
metry and balance of the robot.

The structure of the asymmetric rotor is detailed in our
previous papers.>?

Figure 3 is a block diagram of control system. A 32-bit
personal computer is used for the system controller. The
wheel, asymmetric rotor, and closed link mechanisms are
driven through torque controlled to motors with software-
servo control, and all control programs are written in C
language.

As shown in Fig.2, there are three rategyrosensors (sen-
sors A, B, and C) mounted on the three principal axes of the
robot’s body for measuring angular velocities of body incli-
nation in the direction of pitch, roll, and yaw. The resolu-
tion of the angular velocity of the rategyrosensor is 0.1
degree/second. An optical rotary encoder (500 pulses/revo-
lution) is installed on each servomotor to detect the rotation
angle caused by the rotation of servomotor. As in our pre-
vious paper,” the usage of coordinates defined in Fig.4 for
the robot enables us to calculate the robot’s posture or
Euler’s angle (o, 3, y) related to the global reference coor-
dinate from measured angular velocity w,, w,, and w, by the
three gyrosensors in Egs.(1)-(3),

o = f(( w,cosP — m,sinf Jcos™y) dt
p = f( w, — (w.cosP — w,sin B) tany ) dt . . . (2)
¥ = f(m,cos" B+(w,cosp-wsinf)tanP)dr

where w, : angular velocity related to pxs
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w,: angular velocity related to pys
;. angular velocity related to pzs

Usually, there is drift on the output of this kind of small
rategyrosensor due to time and change of temperature. The
drift may yield unfavorable influence on calculation of the
postural angles in experiments. Thus, rategyrosensors with
the least drift are selected from rategyrosensors. Experi-
ments are conducted within about 8 seconds because the
drift of the gyrosensor’s output within 8 seconds is not large.
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3. Control Method and Experimental Re-
sults

The experiment is carried out on the unicycle robot by
using the control methods proposed in the previous paper.'?
The robot’s wheel is made of aluminum, not rubber. To
make it easier for control and to make friction between
wheel and ground bigger to keep the wheel from slipping,
the experiment is conducted on a 3.0mx9.0m synthetic rub-

— 068
[ -
Body ! Rale-
. ¢/ gyrosensor C
& !
i
= i
b ! Link 3
[ =4
@ g Link 4
A = 43S
o ke ke '\."‘.
> : \"‘
o 3y ITe)
i i £ .
@ n
- A U ['s]
« | ‘_," i @
o / !
k
;' Link 1
i
!
i Link 2
-_4' %
!
!
1
Side view

Fig. 2. Manufactured unicycle robot with asymmetric rotor.
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Fig. 3. Block diagram of control system.
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Fig. 4. Coordinate systems defined on the robot.
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ber carpet. Control and experimental results are reported
below.

As pointed out in our previous study,™ the robot’s pos-
tural stability control is not so dependent on wheel move-
ment and the wheel is used for giving the unicycle system
a forward speed. Thus, a simple control method in Eq.(4)
for helping the wheel overcome friction gives the wheel
speed, :

where T, is wheel torque and A is a constant value.

As proposed in a previous paper,”™ fuzzy gain schedule
PD control is used for links 2 and 4. The torque applied to
link 2 is same as to link 4. Because motors 3 and 4 arc
fixed on links 2 and 4 symmetrically, the clockwise revolu-
tion of motors 3 and 4 are opposite, we must calculate torque
for motor 3 as in Eq.{5) and torque for motor 4 as in Eq.(6)
to apply the same torque to motors 3 and 4,

tez=-kp1xk1x[3—kd1xkgxf5 ......... (5)

where Ty, and Te, are torque for links 2 and 4; kp, and kd,
are constant feedback gains; and k; and k, are changeable

parameters.
Fuzzy gain schedule PD control to the rotor is given in

Eq.(7),

50 7.8 10

-10 =7.5 =50 2.5 0 2.8

Fig. 5. Membership functions for input variables.
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Fig. 6. Membership functions for output variables.
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T, = kpyxkyxy whdy xhyxy . ... ... 7

where T, is torque to the rotor; Ap; and kd, are constant
feedback gains; and 4; and &, are changeable parameters.

In Eqs.(5) and (7), k., k;, k3, and k4 are varied between
0.0 and 1.0, and are determined by fuzzy rules and reason-
ing. The membership functions for f, B, v, and y are shown
in Fig.5. In Fig.5, N represents negative, P positive, ZO
zero, S small, M medium, and B big. NM stands for nega-
tive medium, PB for positive big, and so on. Fuzzy vari-
ables are computed in the form of B/Bo, B /B ms ¢/Gm OF Y M.
In experiments, B, B,,,, Yms and ym are chosen as (.2 rad,
0.8rad/s, 0.2 rad, and 0.8 rad/s.

The output membership functions for &, k,, k;, and k. are
displayed in Fig.6. The fuzzy tuning rules for &, k., &», and
k, are shown in Tables 1, 2, 3, and 4. In tables, B stands
for Big and S for Small.

The truth value of the ith rule in the consequence part for
ki, ko, k3, and k, are obtained by the product of membership
functions values in the antecedent of the rule as Eqs.(8), (9),
(10), and (11),

Mgy = Ufﬁ(ﬁi)'uﬁ(ﬁs)

ui’ki = IJ.,',*I .................. (9)

Table 1. Fuzzy tuning rules for k.

dﬁ‘” NB|NM|NS|zo|ps|PMlPB
nNe|siB|B|B|B[B]|S
w|s|{B|B|B|lB{B|S
nsl|s|s|B|BlB[Ss]s
zo|s|s|s|B|s|s]s
ps|s|siBlB|B|s]|s
em|s|e|BlBl8lB]S
pe|s|B|B|BlB|B[S

Table 2. Fuzzy tuning rules for ;.

MM NB|NM|NS|ZO|PS|PM|PB
NB|S|S|5]5]|8518]|8
NM|B{B|S|S|5|B|&B
NS|B|B|B|S|B|B|BE
ZO|B|B|B|ByB|B|B
PS|B|B|B|S|B|B|B
PMiB|B|S|S|S5|B|B
pPRiS|S|S|S|S|S}S
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Table 3. Fuzzy tuning rules for k.

W"T NB{NM|NS|zo|ps|pM PB
velslelelB|B]B]s
nvlsiBelBlBlelB]s
NS18|S|B|B|B{S|S
zols|s|slBls]s]s
ps|s|s|B|BlBls]|s
rm|ls|B|B|BlB[B]|S
re|s|B|B|B|B[B|S

Mo, = By (v )msy) oo (10)

Mg, = Bk » oo oo (11)

where ug( () is the membership functions value of the fuzzy
set of P at a value of §§; in Fig.5, M(B 2} is the membership
function value of the fuzzy set of [3 at a value of [‘Si from
Fig.5, w(y;) is the membership function value of the fuzzy
set of y at a value of y; from Fig.5, and u(y;) is the member
function value of the fuzzy set of y at a value of sy; from
Fig.5.

Based on W 4, Ws i, M ¢, and | ., the values of &,(7), &(f),
ky(f), and k.(7) for each rule are determined from their cor-
responding membership functions given in Fig.6. Then, &,

kj, k4, and k, are obtained in Eqs.(12)-(15) by the following
defuzzification equations:'

i=1
by =1

Il
=
—~—

—
(5
—

ks = (14)
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Table 4. Fuzzy tuning rules for k..

aydj/ NB|NM|NS|zo|PS|PM| PB
NB|sls|s|s|s]s]|s
NvM|B|B|S|s|s|B|z
ns|BlB|B|S|B|B]|B
zo|B|B|B{B|B|B|B
psiBlBlB|s|BlB]B
pM|B|B|s|s|s|B}B
rels|s|s|s|s]s]s
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Fig. 7. Control block diagram.

With the proposed control method, we depict the control
block diagram in Fig,7. The robot’s postural stability both
longitudinally and laterally was obtained on a 3.0mx9.0m
synthetic rubber carpet. Experimental results indicate that
the proposed method is quite active and valid for the unicy-
cle robot’s postural stability control.

Since the unicycle robot’s initial posture is set by the
operator, and the ground’s unevenness is random, we
couldn’t repeat just exactly the same result in the experiment
even with the samc control methods and same feedback
gains, Two kinds of experimental result with the same con-
trol methods and same feedback gains are shown on Figs.8,
9, and 10. In these two experiments, kp, = 4000.0, kd, =
400.0, &p, = 800.0, and kd, = 2400.0 arc used, and the
sampling time is taken as Sms.

Figure 8(a) shows the changes of the robot’s angular ve-
locity with time in pitch, roll, and yvaw direction.

The changes of robot posture in pitch, roll, and yaw
direction are shown in Figs.8(b), (c), and (d). Figure 8(b)
indicates that the robot’s postural stability in the pitch direc-
tion (longitudinal stability) is obtained efficiently due to the
active usage of the closed link mechanisms in this robot.
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Figure 8(c) shows the roll angle is changeable due to dis-
turbance such as the ground’s unevenness, and it can be
stabilized near zero even though sometimes it reaches 0.11
rad. So, the robot’s lateral stability (stability in the roll
direction) is obtained. Figure 8(d) shows that the robot’s
posture in the yaw direction is changed quickly in the ex-
periment. The reason is that yaw direction control is for
achieving the robot’s lateral stability, the change of the
ground’s unevenness will yield the robot’s lateral posture
change, and the change of the robot’s lateral posture (change
of robot roll direction) requires the robot’s posture in the
yaw direction to be changed.

Fig. 11. Stable driving the robot.

8 rad
T rad

Time s Timg s
{a) Pitch angle & ft) Roll angle ¥

P——T— T 1
0.4 i

i /]
I MJ
@ﬁﬁw ]

i

Twee s
{c) Yaw angle a

Fig. 12. Change of posture angles with time.
Experimental results obtained by a PD + D controller)
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The torques for wheel and rotor are shown in Fig.8(e)
and 8(f). Figure 8(g) shows the torques for links 2 and 4.

Figure8(h) displays the wheel’s movement distance as
well as its speed. The wheel’s average speed is about
1.2m/s, similar to that of a rider riding a unicycle.

Figures 9(a)-(d) show the change of ki, &, ks, and k, over
time in experiment (I).

Figure 10 shows the change of posture angles o, {3, and
v with time in experiment (II). From Fig.13(b}, we know
the robot’s lateral stability can be obtained even though roll
angle sometimes reach 0.28 rad due to the ground’s uneven-
ness. In fact, the robot’s postural stability will be broken
by PD and D controllers in the previous paper” when the
roll angle reaches 0.1 rad due to the ground’s unevenness,

Figure 11 is a photo of the robot’s posture in experiment.

In experiments, the initial posture of the robot is set by
the operator, and the operator’s hand is removed when the
wheel begins to go forward. In the comparison with the
experimental results reported in the previous paper,? we
know that it is much easier for achieving the robot’s postural
stability with the fuzzy gain schedule PD controller. If the
set initial posture of the robot is not so far from the reference
ideal stable posture (f = 0.0 rad and y = 0.0 rad), postural
stability can be obtained in almost alt trials. Repeatability
of the postural stability control by PD and one D control-
lers? was poor when the posture was disturbed by the car-
pet’s unevenness. However, the postural stability with two
fuzzy gain schedule PD controllers can be achieved even if
the posture is disturbed to some extent by the carpet’s un-
evenness and so on. Therefore, experimental results show

=
T

-0. Ulr 4
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Time s
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Fig. 13. Change of posture angles with time.
(Simulation results obtained by two fuzzy gain schedule PD
controllers)
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Table 5. Comparison of resulting performance of different controllers.

Items Simulation Experiment
Control—|Stable| Stable |Control—|Stable|StablelReaction to

Metho lability| area | period |labhility| zrea |period|disturbance
Two PD Good | Small| Short Good | Small | Short Weak
controllers

One gg %nd

ene uzzy i

gain schedule Betier Big Longer

controllers

Two FD fuzzy Much . Feir Much ,

giin schedule ue Big Big |Longer Strong
Gontrollers better Long better

that the proposed control is very effective in the improve- inevitable. Furthermore, carpet unevenness will signifi-

ment of the postural stability and controllability.

4. Discussions on Experimental Results

4.1, Comparison of Experimental Results with Those
Obtained by PD + D Controller

The experimental results obtained with a PD + D con-
troller? are shown in Fig.12. Comparing Fig.12(a)-(c) with
Figs.8(b)-(d), we see that better postural stability is achieved
by a fuzzy gain schedule PI} controller than by a PD» + D
controller. As seen in Fig.12(b), the roll angle is changed,
on a small scale, but is not stabilized around zero, and
tended to incline with time. Compared to Fig.12(b), the roll
angle in Fig.8(c} is changed on a big scale, but it is stabilized
around zero because the effective recovery torque is yield
by the fuzzy gain schedule PD controller. In our cxperiment
with the PD + D controller,” the robot’s postural stability
often could not be kept if the roll angle was as big as the
value in Fig.8(c), while the robot’s postural stability can be
recovered with the two fuzzy gained schedule PD control-
lers even though the roll angle become big. Such recovery
shows the excellent characteristics of the two fuzzy gain
schedule PD controllers.

4.2, Comparison with Simulation Results and Summariz-

ing on the Simulation and Experimental Results

Part of simulation results with two fuzzy gain schedule
PD controllers*? is shown in Fig.13. Comparing Figs.13(a)-
(c) with Fig.8(b)-(d), we see these exists some similarity
between the simulation and experiment on postural stability
control. Figure 13(a) indicates that the pitch angle is stabi-
lized around a value but not zero in the simulation. Fig-
ure 8(b) also shows the pitch angle is stabilized around a
value but not zero in the experiment. Figurc 13(b) indicates
the roll angle is stabilized around zero in the simulation,
Fig.8(c) also shows the roll angle is stabilized around zero
in the experiment. Because of the unevenness of the syn-
thetic rubber carpet, it is reasonable for us to have a result
for the yaw angle as in Fig.8(d) in the experiment, although
the yaw angle is not controlled to zero as shown in
Fig.13(c).

Of course, as pointed out in the last section, because the
robot’s initial posture is set by the operator in the experi-
ment, the influence caused by the hand in initial state is
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cantly influence the robot’s postural stability. The mathe-
matical model cannot describe such a contact condition and
friction between the wheel and ground precisely. Therefore.
it will be impossible for us to get exactly the same result as
simulation by experiment. However, as shown above, we
have gotten experimental results which are similar to simu-
lation results, indicating the proposed method is effective in
handling the system’s nonlinearity for the robot’s postural
stability control.

We have done simulations and experiments on the im-
proved unicycle model with different control in this paper
together with the previous paper.>*'® Results are summa-
rized in Table 5.

5. Conclusions

In this paper, the experiment on the stability and driving
control of a unicycle robot is conducted on a synthetic rub-
ber carpet with proposed fuzzy gain schedule PD control
Conclusions are summarized as follows:

(1) The unicycle robot’s postural stability and driving
control are realized on a 3mx9m synthetic rubber carpet.

(2) The experimental result shows that the proposed
fuzzy gain schedule PD controller is valid for the robot’s
postural stability control.

(3) The experimental result indicates that the proposed
fuzzy gain schedule PD controller is better than the conven-
tional PD controller for the robot’s postural stability control.
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