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Soft computing for the intelligent robust control of a robotic unicycle with a new
physical measure for mechanical controllability

S.V. Ulyanov, S. Watanabe, V.S. Ulyanov, K. Yamafuji,
L.V. Litvintseva, G.G. Rizzotto

Abstract The posture stability and driving control of a human-
riding-type unicycle have been realized. The robot unicycle is
considered as a biomechanical system using an internal world
representation with a description of emotion, instinct and
intuition mechanisms. We introduced intelligent control
methods based on soft computing and confirmed that such an
intelligent control and biological instinct as well as intuition
together with a fuzzy inference is very important for emulating
human behaviors or actions. Intuition and instinct mecha-
nisms are considered as global and local search mechanisms of
the optimal solution domains for an intelligent behavior and
can be realized by genetic algorithms (GA) and fuzzy neural
networks (FNN) accordingly. For the fitness function of the
GA, a new physical measure as the minimum entropy
production for a description of the intelligent behavior in

a biological model is introduced. The calculation of robustness
and controllability of the robot unicycle is presented. This
paper provides a general measure to estimate the mechanical
controllability qualitatively and quantitatively, even if any
control scheme is applied. The measure can be computed using
a Lyapunov function coupled with the thermodynamic entropy
change. Interrelation between Lyapunov function (stability
condition) and entropy production of motion (controllability
condition) in an internal biomechanical model is a mathemat-
ical background for the design of soft computing algorithms
for the intelligent control of the robotic unicycle. Fuzzy
simulation and experimental results of a robust intelligent
control motion for the robot unicycle are discussed. Robotic
unicycle is a new Benchmark of non-linear mechatronics and
intelligent smart control.
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1

Introduction

In the research of advanced robotics, it is always one of the
important fields to emulate some intelligence or capabilities
which are inherited by human beings or animals. Considering
the locomotive capabilities we all know that human beings and
some animals have quite excellent locomotion on walking,
running or jumping, and we believe that it is beneficial and
helpful to emulate human walking, running or jumping by
arobot. In fact, during the last few years some research results
have been reported in which a robot could emulate human
walking or an animal’s running/jumping.

We attempted in the present work the emulation of human
riding a unicycle by a robot. It is well known that the unicycle
system is an inherently unstable system and both longitudinal
and lateral stability control are simultaneously needed to
maintain the unicycle’s postural stability. It is an unstable
problem in three dimensions (3D). However, a rider can
achieve postural stability on a unicycle, keep the wheel speed
constant and change the unicycle’s posture in the yaw direction
at will by using his flexible body, good sensory systems, skill
and intelligent computational abilities. Investigating this
phenomenon and emulating the system by a robot, we aim to
construct a biomechanical model of human motion dynamics,
and also evaluate the new methods for the stability control and
analysis of an unstable system.

Remark 1. Our study of the rider’s postural stability control on
a unicycle began in 1985 with the observation and analysis of
human behavior while riding a unicycle. Although the
unicycle’s posture stability was attained only for 12—13 s in
1985, its stable driving could not be realized [7, 49]. In 1991 we
restarted the investigation of the improved unicycle robot
which could emulate the human riding system. Our newly
developed model has two significant mechanisms to emulate
human motion, one is a two closed-link mechanism equipped
with motors at both sides of the wheel and another is an
overhead rotor mounted on the body of the unicycle. Both
represent to a certain extent the human leg-thighs and
shoulders-torso, respectively [29—33]. Then we achieved

the first success so far reported in posture stability and
driving control of a human-riding-type unicycle robot in 1994
[30-32].

Computer simulations using the dynamical equations of
motion of the developed unicycle robot have been carried out
according to the proposed control scheme [30, 31, 37].
Furthermore, the experiments have been conducted with the
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proposed fuzzy gain schedule PD-control method [37]. The
usage of three rate gyro-sensors installed on the robot for the
measurement of the robot’s postures in 3D gave us satisfactory
results in posture stability and driving. Experimental results
[32, 37] show that the robot’s longitudinal and lateral postures
can be stabilized successfully. Thus, the proposed fuzzy gain
schedule PD-control method provides one of the reasonable
approaches to handle such a nonlinear problem existing in the
unicycle robot system.

This paper generalizes the results of [33, 37—-42]. A new
biomechanical model of robotic unicycle is developed. We
consider the dynamic behavior of the biomechanical model
from the standpoint of mechanics, decision-making process,
action logic, and information processing with distributed
knowledge base levels. The physical and mathematical
background for the description of the biomechanical model
is introduced. In this paper a thermodynamic approach
[23-25] is used for the investigation of an optimal control
process and for the estimation of an artificial life of mobile
robots [39, 42]. A new physical measure — the minimum
entropy production — for the description of the intelligent
dynamic behavior and thermodynamic stability condition of
a biomechanical model [40, 41] with an AI control system for
the robot unicycle is introduced. This measure is used as
a fitness function in a GA for the computer simulation of the
intuition mechanism as a global searching measure for the
decision-making process to ensure optimal control of the
global stability on the robot unicycle throughout the full space
of possible solutions. The simulation of an instinct mechanism
based on FNN is considered as a local active adaptation process
with the minimum entropy production in the learning process
of the vestibular system by teaching the control signal
accordingly to the model representation results of [40]. Unlike
[37, 38, 40], computer simulations in this study are carried out
by the usage of thermodynamic equations for the motion
[41, 44] of the robot unicycle. Entropy production and entropy
measures for the robot unicycle motion and the control system
are calculated directly from the proposed thermodynamic
equations of motion. From the results obtained in this study by
the fuzzy simulation and soft computing, based on GA and
FNN, it is obvious that the intelligent behavior controllability
and postural stability of the robot are largely improved by two
fuzzy gain schedule PD-controllers in comparison to those
controlled only by a conventional PD and a fuzzy gain schedule
PD-controller [31-33]. As a result of this investigation the
look-up tables for fuzzy robust controllers of the robotic
unicycle are formed with minimum production entropy in
intelligent controllers and the robotic unicycle model uses this
approach.

It is confirmed that the proposed fuzzy gain schedule
PD-controller is very effective for the handling of the system’s
nonlinearity dealing with the robot’s posture stability controls.
Furthermore, an important result is that the minimum entropy
production gives a quantitative measure concerning the
controllability and also qualitative explanations. Thus, we
provide a new benchmark for the controllability of unstable
nonlinear nonholonomic dynamic systems by means of
intelligent tools [37, 40, 41] based on a new physical concept of
robust control, the minimum entropy production in control
systems and in control object motion in general.

2

Biomechanical qualitative model and robot model

of the unicycle

As it is observed in our previous papers, a human rider’s
controlling actions on a unicycle using his torso, shoulders and
arms are quite complicated. Usually, the rider’s posture or
altitude is not always symmetric to the wheel’s principal axis.
In the improved unicycle model [31, 32, 37] two unique and
characteristic structures are contrived. One is an overhead
rotor (hereafter, rotor) mounted on the torso (body) and
another is the double 4-bar closed-link mechanism on both
sides of the wheel. These two structures are considered to play
an important role in our biomechanical control system.

2.1

Biomechanical control model

Here we propose a hierarchical logic structure of distributed
knowledge representation for the artificial life of a robot
unicycle as shown in Fig. 1a. The control of human riding
unicycle as a logic-dynamic hierarchical process is formed by:
1) a dynamic mechanical system “human riding unicycle”; 2)
a decision-making process of unicycle intelligent control with
different levels of skill operations; 3) a logic behavior for the
coordination of the human body and feet based on intuition,
instinct, and emotion mechanisms; and 4) a distributed
information system for cooperative coordination of sub-
systems of the biomechanical model [37, 38]. For the
description of artificial life of the robotic unicycle we use
methods of qualitative physics for internal world representa-
tion based on the mathematical model of unicycle motion.

The logic structure of the biomechanical control system for
the description of a human riding unicycle include four levels:
1) distributed information levels with sub-levels; 2) logical
systems; 3) support decision-making systems; and 4) dynamic
mechanical systems.

Distributed information levels include four sub-levels: 1)
physical level and logic or virtual reality; 2) behavior and
coordination level; 3) intelligent control levels with two
sub-levels; and 4) executive biomechanical level. Intersections
between horizontal lines of distributed information levels and
vertical lines of logic systems, support decision-making systems,
and dynamic models of unicycle motion, and human behavior
as the biomechanical control system realize the particular
models for human riding of unicycle with different skill levels
of smart control tools.

For example, an intersection of the first horizontal level
(physical level and logic of virtual reality) with the first vertical
level (logic systems) results in a learning process structure of
control of a human riding unicycle; an intersection with the
second vertical level (support decision-making systems)
corresponded to the level of the central nervous system as
biological control; and an intersection with the third level
(dynamic mechanical systems) introduces mechanical models
of unicycle motion as a dynamic system. The logic sum of these
sub-levels realizes the physical level of unicycle motion
description and physical interpretation of data observations
and measurements. The mathematical background used for the
description of a learning process is the quantum fuzzy logic
(see below Remark 4). The functions of a central nervous
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system are realized as a knowledge base (KB) domain of
possible virtual stable states. From qualitative physics
description and mathematical simulation of unicycle motion
models we obtain the domain of possible virtual stable states
described by a strange attractor [38].

At the behavior and coordination level this structure
includes instinct, intuition and emotion mechanisms. The
instinct mechanism is described in the logic structure as a local
coordinator for the fuzzy rules and is realized in the control
structure as an active and passive adaptation based on FNN.
The intuition mechanism represents a global coordinator and
is realized in the control process as a random decision-making
process on the basis of GA. The emotion mechanism is
described on the basis of the sensor information of unicycle
motion and is presented in the form of look-up tables with
different semantic expressions of linguistic descriptions for the
desirable dynamic behavior of the unicycle (for example
“fluently”, “fast” and so on). Thus the intersections of two
distributed information levels with logical systems, support
decision-making systems, and dynamic system models realize
the (box of) artificial brain for the self-organization process of
the robotic unicycle.

The intelligent control level is an Al control system with
distributed knowledge representation (Fig. 1a) and includes
will and mind mechanisms very similar to a human being. For
both, instinct and emotion mechanisms, new look-up tables
are introduced on the basis of FNN. Intuition mechanism is
realized on the basis of GA and dominates the actions due to
the two fuzzy controllers. Mathematical tools based on GA,
FNN, and fuzzy simulation for these sub-systems realize soft
computing for intelligent smart control.

Executive level is a physical realization process of the
biomechanical robotic system. In this case a vestibular system
is realized in the robotic unicycle as a logic control system by
a balancing turntable, and a neuromuscular system is realized
by a closed-link mechanism.

Thus, control of a human riding unicycle with different
intelligent levels of behavior can be described as the logic
union of intersection levels of a logic system with distributed
information levels.

2.2

The robotic model of the unicycle

In the design of a robot model (Fig. 1b) at the executive
biomechanical level (Fig. 1a) the rotor is composed of three
bars (each of length 285 mm) allocated radially from the rotor’s
center. On the tip of each bar a weight (0.9 kg) is fixed
symmetrically — a “symmetric rotor”. If we take away one of
the weights from the symmetric rotor, it becomes an
asymmetric rotor. By the use of the 4-bar closed-link
mechanisms (Fig. 1c), the robot’s posture stability in the pitch
direction (Fig. 1c and d) can be realized because the
acceleration compensation in that direction is attained by the
cooperative action of the link mechanisms and the rotor. Thus,
the stability in the pitch direction is maintained in spite of
changes of the rotor wheel velocity or acceleration (Fig. 1d).

Remark 2 (Related work). Actually, the unicycle problem has
attracted some researchers to investigate it. Before our study
on the hardware unicycle problem, different typical models

were proposed by Ozaka et al. [21], Honma et al. [9] and
Schoonwinkel [27]. In Ozaka’s model, the unicycle robot
consisted of a wheel, a rigid body and a moveable weight. For
that robot, postural stability in the pitch direction was
obtained by the control of the wheel, and stability in the roll
direction was achieved by the control of the moveable weight
that can move in the roll direction. That investigation was
conducted in 3D, but the experiment was not successful.

A unicycle presented by Honma et al. [9] has a large fast
spinning gyroscope at the top of the body, whose posture is
stabilized by a controlled precession of the gyroscope.

A single-wheel robot was presented by Brown et al. [6]. Their
robot has a large tire and the stabilization mechanism is inside
the wheel. In Schoonwinkel’s model, the unicycle robot is
constructed of three rigid bodies which are the wheel, a frame
to represent the unicycle frame and the lower part of the rider’s
body and a rotary turntable to present the rider’s twisting torso
and arms. Using this model, experiments were conducted by
Vos and Flotow [46] and Ito [10] but no successful
experimental results in 3D have been reported. In [18] a new
mechanism of the robotic unicycle was proposed. One feature
of this robot is the shape of the wheel which is similar to
arugby ball. The other feature is that the body is separated into
upper and lower parts. Comparing our model with Ozaka and
Schoonwinkel’s models, the main difference is in the usage of
closed-link mechanism and an asymmetric rotor plays an
important role in the unicycle robot’s postural stability control.
Theoretical investigation and simulation of postural stabiliz-
ation of unicycle models were also studied in [1, 34, 45, 50]. In
Takemori’s model a CCD camera and two auxiliary side wheels
were used. Stability control was based on H_ control theory
and on a model reduction method using the weighting
functions. Only necessary conditions for robust control on
finite time interval are studied. In Usui’s model, two swinging
arms to stabilize the rolling motion are used. The equations of
motion for a nonholonomic constraint system are linearized
and separated into two sub-systems with pitching and rolling
motion. The control system is based on the digital optimal
theory. Unfortunately, by using linearization techniques for
essential nonlinear equations the part of cross braces between
pitching and rolling motion vanishes and only necessary
conditions of stability can be achieved [43]. The role of
nonlinear cross braces in the unicycle model is very important
and is used in our model (see below Remark 3). In Yamano’s
model Lagrange equations of a unicycle motion are developed
and the necessary simple stability conditions without control
are describe. In Aicardi’s model Lyapunov techniques are used
for closed loop steering of the unicycle. Simplified equations of
motion with special choice of system state variables are
described and necessary stability conditions for feedback
control are introduced. However, we have not found out the
real experimental result in 3D about roll angle or roll angular
velocity from that paper.

Our study of the rider’s stability control on a unicycle began
with the observation and analysis of the logical behaviour of
a human riding unicycle due to a vestibular biomechanical
model (Fig. 1a). This model described by an intelligent
thermodynamic model (qualitative physical representation)
including an instinct and intuition mechanisms (as a logical
decision-making process). From the observation and model
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analysis we found that the rider’s thighs and shanks construct
a two closed-link loop. This special mechanism plays an
important role in the rider’s postural stability control in

a unicycle system (Fig. le). Using this idea we developed a new
logic biomechanical model with two closed-link mechanisms
and one turntable (rotor) to emulate a human riding unicycle
by a robot including an intuition and instinct control of the
body behavior based on soft computing. Intuition and instinct
mechanisms are considered as global and local search
mechanisms for the optimal solution of intelligent behavior
and realized on the basis of GA and FNN, respectively. For the
fitness function of the GA a new physical measure is the
minimum entropy production for the description of intelligent
thermodynamic behavior in a biomechanical model and this
control system is introduced in [41]. The paper provides

a general measure to estimate the mechanical controllability
qualitatively and quantitatively even if any control scheme is
applied. The measure can be computed (see Appendix A) using
a Lyapunov function coupled with thermodynamic entropy
change. The interrelation between the Lyapunov function
(stability condition) and the entropy production of the motion
(controllability condition) in the internal biomechanical model
(see Appendix B) is the mathematical background for the
design of a soft computing algorithm for the intelligent control
of a robot unicycle. Our work deals with the improvement of
a fuzzy simulation of the robust intelligent control method
with minimum entropy production on the basis of soft
computing including GA and FNN.

3

Qualitative physics and thermodynamic equations of motion
for the robotic unicycle

Firstly, for the internal world representation of an artificial life
for the robotic unicycle we develop now the thermodynamic
equations of motion with an asymmetric rotor. The analysis of
the robot’s postural stability control is carried out and the
results are compared with those of our computer simulation.
The thermodynamic equations of motion for the robotic
unicycle with an asymmetric rotor are given [41] as follows:

gl M@ -4
Al | E@ o
y ©—B(q)[4, 4] —C(9)[4’]—D(9)[4]—G(g) W
—F(g, 9) '
ds,
dt | [M(g) o7
ds, _[ 1 o]

dt

o 14—B(q)[4, 41— C(@)[4"1-D (9 [4]7][ 4 @)

where 1= (7,0, 0, 0, 0, 7y, 0, 7y, 7,), E(q) is a 4 x 4 coefficient
matrix for acceleration, and F(q, 4) is a 4D vector representing
Coriolis and centrifugal terms. Both E(q) and F(q, 4) are
determined from the constraint equations for a closed-link
loop’s acceleration; dC/0q is a 4 x 4 matrix decided by
constraint equations of the two closed-link loops, 4 is a 4D

vector of Lagrange multipliers; M(q) is a 9 X 9 mass matrix;
B(q) is a 9 x 36 matrix of Coriolis coefficients; [4, 4] is a 36 x 1
vector of velocity products given by (4, §) = [yd ¥y ... 0,4]7%
C(g) is a 9 x 9 matrix of centrifugal coefficients and [4°] is

a 9 x 1 vector given by ()% o 1%, 2 02, 02, 02, 02, 1)

D(q) is a 9 x 9 matrix of friction coefficients and

[4] =(l,0., d, Y, [f, 91, 92, 93, 94, Y G(q) is a 9 x 1 matrix of
gravity terms. The state vector q is defined as

[G1=(F, o 7, B, 0, 0y, 05, 04, )" (see Fig. 1d). In (2) S, is the
entropy of the robot unicycle’s motion and S, is the entropy of
both controllers, 7,4 are dissipative parts of the control torque
(for the PD-controller the dissipative part is described by
k:(, £)). The algorithm for the entropy production calculation
in the dynamic dissipative systems is described in Appendix A.
For the stability analysis and the computer simulation of the
robot unicycle’s dynamic behavior (1) is written in the
traditional form of a different equation as 4;=¢;(g; 7, ).

Remark 3. From (1) we see that there is an essential
nonlinearity in the robot unicycle system as cross braces
between the phase coordinates. These cross braces have
different physical meanings. Our unicycle model has two
states: 1) a global dynamic motion in the longitudinal plane;
2) a local kinematic equilibrium with a nonstable zero state in
the lateral plane. The nonlinear differential equations of our
system contain dissipative and nondissipative nonlinear cross
braces, i.e. products of the unicycle motion components in the
longitudinal and lateral planes. The nonlinear nondissipative
cross braces can be interpreted as parametric disturbances and
define Lyapunov stability conditions. The dissipative nonlinear
cross braces produce entropy and so they define the controlla-
bility of our unicycle model (see Appendix B). A detailed
description of the related work about the thermodynamic
analysis of differential equations is introduced in [23-25].
From the general stochastic analysis of nondissipative
nonlinear cross braces, described in [43, 44] we obtain that,
due to parametric disturbances under external sources on the
dynamic system, with random initial states in one of the main
directions, a diversion from the desired direction seems to
appear, with multiple frequencies in the motion of the body.
Asymptotic analysis of stochastic stability in [43, 44] indicates
that the main frequency range in the lateral plane of unicycle
motion is from 0.1-0.2 to 5-10 Hz. The coherence of
experimental spectra of this body motion in [12] shows that
a glavanic stimulus affects the motion in the frontal plane,
whereas much less impact is seen in the sagittal plane. This
coherence between a galvanic stimulus and the lateral sway is
high also in the frequency range from 0.1-0.2 to 5-10 Hz,
although the coherence is low below this frequency range. Here
the transfer of vibration energy from one direction to another
seems to occur. Small vibrations correspond to a nonstable
equilibrium in the lateral plane; it is then compensated by

a vibration in the longitudinal plane. So we have a good
analogy to describe qualitatively the rider’s intelligent behavior
on a unicycle.

Results of the analysis indicate that the longitudinal and
lateral stability domain is a strange attractor [38]. Both are
influenced by each other, so the unicycle system is quite
nonlinear with its cross braces. This analysis helps us to
understand experimental results of galvanic vestibular



stimulus for the analysis of postural adaptation and stability
[12] making the unicycle system much better. It also shows
that the improved model is more close to a human riding
unicycle as the intelligent robot system.

For the analysis of the robot model stability as an essential
nonlinear system we use the asymptotic method of a Lyapunov
function and the method of qualitative physics taking
advantage of the interrelation between Lyapunov and entropy
production functions [25]. A new approach for the definition
of the Lyapunov function is also used. The Lyapunov function
for the system (1) is defined as V=%(Zf=qu+82), where
§=S8,—S. and q;=(a, 7, f, &, ¥, ). Here we introduce (see
Appendix B) the following relation between the Lyapunov
function and the entropy production for an open system like
a unicycle

av ¢ ds, ds
oY qi0i(as T, )+ (S, — S [ 2 —=0¢), 3
R i;qlw,(ql T, 1) +( )(dt dt) 3)

From (3) the necessary and sufficient conditions for the
Lyapunov stability of a unicycle are expressed as follows:

(o‘lsc dsu> ds, s,

2 4:pi(d5 T ) < (S,—S.) (4)

= dt dt dt - dr’
i.e., a stable motion of a unicycle can be achieved with
“negentropy” (following Brillouin’s [5] terminology [23]) S,
and the change of negentropy dS./dt in the control system
must be subtracted from the change of entropy dS./dt, in the
motion of a unicycle with the second condition in (4). From (4)
the stability measure for the unicycle can be obtained by
computing the minimum entropy production of the system

and the controllers.

Remark 4. From qualitative physics, an internal world
representation of a unicycle has two unstable states: 1) a local
unstable equilibrium in the lateral plane (angle of rolling y);
and 2) a global unstable state in the longitudinal plane (angle of
pitching f). The two correlation states have to be controlled
with two intelligent controllers [37]. This is the necessary and
sufficient condition for the improvement of stability control of
our unicycle. Approximate reasoning like the fuzzy implication
A—B realized on FNN, plays the role of a coordinator between
look-up tables of two controllers with parallel sequential data
processing. This approach differs from the procedural design
of the fuzzy hybrid PID-type controllers proposed in [15] for
a novel look-up table based self-organizing fuzzy plus linear
controller and from [47, 48] for the fuzzy control of

a rider—motorcycle system and from [13] for the fuzzy control
of electrohydraulic above-knee prostheses. A coordinated
action between look-up tables of these two fuzzy controllers is
accomplished with GA and FNN. Two fuzzy controllers realize
the control of transfer energy with the minimum entropy
production from lateral to the longitudinal planes with the help
of cross braces in our unicycle model [compensation of
transfer energy from the unstable dynamic motion “in large”
to the longitudinal plane according to (3)]. The fuzzy
controller in the lateral plane executes a role of human riding
by organizing a special parametric excitation in the cross
braces for the generation of an energy that compensates the
transfer energy from the longitudinal plane with the unstable

state (thus, the unstable state “in small” compensates the
unstable state “in large”). A stable motion of the unicycle
model results from nonlinear control on an intelligent level of
correlated energy transfer between two unstable virtual states.
Then two adaptive fuzzy controllers realize self-organization of
the stability on a unicycle using intuition and instinct schemes.
The adaptive method for the feedback gains of fuzzy
PD-controllers was realized in [33, 37, 40].

4
Fuzzy intelligent control of a robotic unicycle with soft
computing based on GA and FNN

A general approach for the development of a fuzzy controller
structure with FNN and GA is described in [11, 19, 26].

In our AI control system (see Fig. 2) two gain schedule
PD-controllers are adopted: one is for the asymmetric rotor,
and the other for closed link mechanisms. The control torque
to the asymmetric rotor is given as

T, =kp, X ks x y+kd, x ky Xy, (5)

where 7, is the torque to the rotor, kp, and kd, are constant
feedback gains and k; and k, are fuzzy schedulers changed in
[0, 1] with FNN.

The control torque applied to the links 2 and 4 are given as

-592:1;04=—kplxklxﬁ—kdIXkZXB, (6)

where 1, and 1, are the torques to the links 2 and 4,
respectively, kp, and kd, are constant feedback gains, k, and k,
are fuzzy values changed in [0, 1] with FNN.

Remark 5. The biomechanical analysis of posture stability
described in [12] shows that PD-control represents the
minimum complexity necessary to stabilize posture control.
The component P (proportional) contains anti-gravitational
forces and compensates the position errors. The component
D (derivative) contains an anti-Coriolis compensation and also
provides some kind of damping action. The parameters

(kpy, kp,) may be interpreted as a stiffness (spring constant)
arising from passive and active muscular forces, whereas
(kd,, kd,) might be compared with a viscous damping, as
obtained with a wheel dashpot. It suffices to mention that this
is the minimum complexity anticipated for a stabilized
unicycle model.

The fuzzy tuning rules for ki, k,, k; and k, are formed by the
learning system of an FNN (Fig. 3d). Fuzzy controllers are
hierarchical, two-level control systems which are intelligent “in
small” [51]. The lower (execution) level is the same as
a traditional PD-controller and the upper (coordination) level
consists of a knowledge base (with a fuzzy inference module in
the form of production rules with fuzzy implication) and
fuzzification and defuzzification components, respectively. The
structure of a fuzzy controller is described in detail in
[2, 3, 36, 51].

5

Simulation results

Using the proposed control methods, we performed computer
simulations and the control block diagrams are illustrated in
Fig. 2. In the first case (see Fig. 3a) GA simulates an intuition
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mechanism of choosing the optimal structure of the PD-
controller using the capacity of the fitness function, which is
the measure of entropy production and the evolution function,
which is in this case entropy.

Structure and parameters of GA. We use a massy GA with
elite strategy. Genetic operators have following parameters. For
the selection a roulette method (reduce rate=>5) is used.

A reproduction operator replaces some chromosome genera-
tions. Crossover (with probability 0.64) and mutation (with
probability 0.08) determines every chromosome bit by random
numbers (whether crossover and mutation occur or not).
Genes encode each parameter from the interval [0, 10000] and
the number of used chromosomes is 100.

Structure of FNN. We use the feed forward structure for
FNN with four layers. The FNN is a map of the fuzzy controller
structure. We have realized a simple max—min method for the
fuzzy inference and the fuzzy production rules. The member-
ship functions are optimized automatically by the back-
propagation method. For the simulation, the FNN has 2 inputs,
2 hidden layers (14 units in the first layer and 49 units in the
second layer) and 1 output. The main goal of the simulation is
to compare the GA and FNN results for the torque and
PD-controller parameters with a minimum of entropy
production. Figure 3b and ¢ show simulation results of the
rotor and link mechanism torque of the optimal PD-controllers
with GA. Figures 4a—c and 5a—c show simulation results of
entropy production and the entropy of the robot unicycle with
PD-controllers. Figures 6a—c show simulation results of
entropy production and the entropy in the PD-controller.
Figure 7a—c show simulation results of the temporal mechan-
ical and thermodynamic behavior of robot unicycle with

PD-controllers. Figure 3e and f show simulation results of the
rotor and link mechanism torque of the FNN-controller. Figure
4d—f and 5d—f show simulation results of the entropy
production and the entropy in the robot unicycle with
FNN-controllers. Figure 6e—h show simulation results of
entropy production and the entropy in the FNN-controller.
Figure 7d and e show simulation results of the temporal
mechanical and thermodynamic behavior of the robot unicycle
with PD and FNN-controllers. For the calculations of the
entropy production dS,/dt (yawing angle), dS,/dt (pitching
angle), dS /dt (rolling angle), we use 452, 201 and 409
dissipative terms, respectively. From the simulation results we
obtain that the relation dS./d¢>dS,/dt from (4) is true and the
GA realizes the search of optimal controllers with a simple
structure using the principle of minimum entropy production.
The FNN controller offers a more flexible structure of
controllers with a smaller torque, and the learning process
produces less entropy (Fig. 7f and g). FNN controller gives

a more flexible structure to controllers with smaller torque and
the learning process produces less entropy than GA. Thus, an
instinct mechanism produces less entropy than an intuition
mechanism. However, the necessary time for achieving an
optimal control with the learning process on FNN (instinct) is
larger than that with the global search on GA (intuition). The
general approach for forming a lookup-table with GA and the
fuzzy classifier system based on FNN is described in [20].

6

Fuzzy control of the robot unicycle and physical measure for
mechanical controllability

For the fuzzy gain schedule, hybrid PD-controllers proposed in
[37] are used for the robot’s postural stability control. The
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usage of three rate gyro-sensors installed on the robot for the
measurement of the robot’s postures in 3D gave us
satisfactory results in posture stability and driving. Experi-
mental results [31, 37] show that the robot’s longitudinal and
lateral postures can both be stabilized successfully. Thus, the
proposed fuzzy gain schedule PD-control method provides
one of the reasonable approaches to handle such a nonlinear
problem existing in the unicycle robot system.

7

Conclusions

In this work, a new fuzzy gain schedule PD control method
with look-up tables obtained by FNN and GA using the
minimum entropy production as a fitness function is proposed
and the obtained simulation results are examined applying
three control methods. The following conclusions can be
derived:

1. The structures of hardware and software in the AI control
system of a robot unicycle for real world applications are
developed. The main components of the AI control system
based on soft computing and fuzzy control are described.

2. The main idea for a robot unicycle is to change the structure
or parameters of two PD controllers with an adaptation
method to achieve a stable motion of the unicycle over
a long (finite) time interval without changing the structure
of the executive level of the control system using soft
computing. The background to this approach is the
qualitative physical analysis of the unicycle’s dynamic
motion and the introduction of an intelligence level at the
control system by realizing instinct and intuition mecha-
nisms based on FNN and GA accordingly.

3. The introduction of these two new mechanisms to an
intelligent control system is based on the principle of
minimum entropy production in the robot unicycle’s
motion and the control system itself. The simulation of
thermodynamic equations of motion and the intelligent
control system confirm the effectiveness of the robot’s
postural stability control to handle the system’s nonlin-
earity. In this case the unicycle robot model is a new
benchmark for intelligent fuzzy controlled motion of
a nonlinear dynamic system with two (local and global)
nonstable states.

4. The use of a fuzzy gain schedule PD controller with look-up
tables calculated by FNN, offers the ability to use instinct
and intuition mechanisms in real time, so that a successful
experimental results could be achieved.

Appendix A. Calculation of entropy production for

a mechanical system

We cite as an example one benchmark of the entropy
production calculation for the Duffing oscillator described as

X+x—x+x=0. (A1)

From the equation of motion the entropy production [22, 24]
is calculated as

ds

a_xz. (A2)

The Lyapunov function V for the Duffing equation is described
as

V=384+U(x)
where
U(x)=jx"—3x% (A3)

After multiplying the left-hand side of this equation by x we get
(X+x+0U(x)/0x)%=0. The value of dV/dt calculated using
dV/dt=Xxx+ (0U/0x)% and after a simple algebraic transforma-
tion we obtain

dv 1dS
S8 (A4)
dt T dt
where T is a normalization factor.

This is a generalized relation between the Lyapunov function
V (mechanical motion) and the entropy production dS/d¢
(thermodynamic behavior) instead of as a closed thermodyn-
amic system which is also studied in [8, 14, 28, 35] in another
form.

Appendix B. Interrelation between Lyapunov function and
entropy production in open dynamic system
Consider the Lyapunov function

1 6
v25< q?—}—SZ), (B1)
i=1

where $=S,—S, and g,= (o, 7, f, 0, ¥, ﬁ). It is possible to
introduce the entropy function $ in the Lyapunov function
V because entropy S is also a scalar function of time.
Differentiation of the function V with respect to time ¢ gives

v & .
a: Z q4i+SS. (B2)
i=1

In this case, §;=¢;(g; T, t), S=S,—S,, S=$,—S$, and we
obtain

v $ ds, dsS
= iPi(qi T5 t Su_Sc e > B3
" i;qxpz(q, 7, 8) +( )(dt dt) (B3)

ie. (3).
This approach differs from the results in [4, 8, 14].
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