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The arrangement principles and design methodology for
complex control framework of Al control systems are
introduced. The notions of intelligence levels with top
boundary (“intelligence in large™) and the bottom
boundary (“intelligence in small”) are defined. Special
methodology of Al control system design for decontami-
nation of nuclear-power station (NPS) on the base of a
wall-climbing robot (WCR) with various intelligence lev-
els is considered. The basis of this methodology is com-
puter simulation of dynamics for mechanical systems
with the help of qualitative physics and search for pos-
sible solutions by genetic algorithm (GA). On artificial
neural networks, optimal solutions are obtained and a
knowledge base of fuzzy controller on WARP (Weight
Associative Rule Processor) is formed. Strategy for plan-
ning, environment recognition using two types of sensors,
and locomotion control to realize autonomous locomo-
tion of the mobile robot are described. The WCR and
the mobile robot for horizontal displacement with ma-
nipulators are moved in unstructured environments.
Fuzzy qualitative simulation, GA and hierarchical node
map, and fuzzy neural network (FNN) have demon-
strated their effectiveness for path planning of the mobile
robots. The results of fuzzy robot control simulation,
monitoring, and experimental investigations are pre-
sented. The application of WARP to design automatic
fuzzy controller for fuzzy correction motion of manipu-
lator and WCR is examined.

Keywords: Expert fuzzy-neuro controller, Wall climbing
robot, Weight associative rule processor, Decontamination,
Nuclear-power plant

1. Introduction

Research and development of intelligent autonomous
mobile vehicles, intended for decontamination of NPS as in
Chernobyle, is an important social problems in advanced
robotics. WCR for decontamination of NPS has many pe-
culiarities compared to conventional mobile robots, which
are the results of potential tasks for decontamination of
NPS." Such requirements and peculiarities are correlated
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with high safety, maneuverability, undetermined environ-
ments, capability for use under extreme conditions such as
radiation, and fulfillment of technological operations in 3D
space with rigid restrictions of sizes and forms of the hori-
zontal and vertical decontamination surfaces. The WCR
represents the new generation of robotics as a mobile robot
with manipulator on the board, which realizes the motion
over vertical, horizontal, and slope decontamination sur-
faces on NPS-buildings.” The sequence of the produced
technological operations requires multifunctional tool
changes for cleaning, decontamination, and humidity of the
surfaces. The sensors for inspection are used for various
types of inspection. The board manipulator of WCR pro-
duced the necessary technological operations of decontami-
nation depending on the type of tool equipped on end
effector or gripper of the board manipulator. The automat-
ion level of WCR has remained insufficient and requires
significant improvement to increase the speed of operation,
reliability, mobility. Different approaches to fuzzy control-
ler design in recent studies are introduced (References 3,
4)). The basic idea behind these approaches is the formation
of a lookup table for fuzzy controllers as knowledge base.
In this manner, different algorithms are proposed and the
advantage of fuzzy controllers is investigated. The extrac-
tion of accurate knowledge for forming the lookup table (as
production rules “if...then™) for fuzzy controller in most
cases depends on skillness of human experts. The accuracy
of the knowledge base also depends on the subjectivity of
the experts.

For a class of complex mechanical systems as mobile
robots, a new approach to the fuzzy controller design is
suggested. In the first step, the behavior of complex dy-
namic mechanical systems as control object is described on
the basis of qualitative physical methods. In this case, lin-
guistic approximation of control objects and membership
functions of control region are formulated. In particular, the
method” for formulation of heterogeneous control law is
followed. The description of dynamic behavior for me-
chanical systems in terms of linguistic variables as the do-
main of possible solutions with different heterogeneous
control law is formed.

In the second step, the class of better solutions is founded
on this domain of possible solution with help of GA. On the
basis of fitness functions, the best possible solution is tested.

In the third step, the parameters of membership functions
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Fig. 1. Structure of fuzzy controller design.

with the help of artificial fuzzy neural networks are pro-
posed and different types of approximate reasoning are ex-
amined.

In the fourth step, the knowledge base of fuzzy controller
is formed, and sensitivity to ““sabotage” production rules is
examined. The structure of this approach is shown in Fig.1.

This fuzzy controller design methodology is examined
on WARP which is intended to perform the control of the
board multilink manipulator and transport system of WCR.
A new type of mechatronics drive is proposed® for an in-
telligent WCR in order to satisfy strong load characteristics
with velocity and force control on a large scale.

This international research project has been conducted in
the frame of cooperative investigations of intelligent mobile
robots for decontamination of NPS and for service use be-
tween Japan, Italy, and Russia.

2. Fundamental Principles and Technical
Characteristics of WCR

The WCR and Robotics Systems based on WCR
(RSWCR) are intended for motion on vertical and sloping
surfaces in complex or extreme conditions, including NPS
building constructions. These robotic systems must contain
three main modules: transport (proper WCR), technological,
and control modules.” A technological manipulator is
mounted on a transport module for performing necessary
technological operations during continuous motion or in
brief stoppages of the transport module.'>®

Research and development of the WCR was undertaken
during the 80s in Japan, U.S.A, England, Russia, and other
countries, and many investigations were conducted in this
field.

The main advantages of WCR in applications for decon-
tamination of NPS building construction are the following:
(1) Possibility for use at great heights under extreme condi-
tions such as radiation ; (2) Small size of the robot and large
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loads; (3) Good economic efficiency of the application of
the robot at great heights without special means or materials;
(4) The time required to execute operations is rather short
than that for conventional processes, which produces addi-
tional economic benefits.

WCR is intended for transformation of the technological
modules along vertical and sloping surfaces. The robot has
mass up to 40kg or more depending on modification. It
must include three main modules - transport, technological,
and control. Different technological modules require clean-
ing, painting, welding, or cutting. One of the WCR modi-
fications is intended for overcoming crossing surfaces as
“ground - wall”, “wall - ceiling”, and “ceiling - wall”.

The main technical characteristics of WCR are that driv-
ers are pneumatic and electromechanical type; supply pres-
sure of the drivers is 0.6MPa; load is 20kg, 40kg, 60kg, and
100kg; sizes are 500 x 400 x 200mm and 900 x 600 x 200
mm; average velocity is 1.2 m/min (velocity can be changed
depending on the type of technological operation and task);
step control is discrete.

One of the WCR maodification is intended for overcom-
ing crossing surfaces as “ground-wall”, “wall-ceiling,”” and
“ceiling-wall™ for Chernobyle NPS.?

Depending on the field of application, WCR can be sup-
plied by different technological modules.”

This paper presents results from research devoted to the
problem of fabricating WCR: specifically, the realization of
mechanical motion control along vertical surfaces by vari-
ous means, modelling of motion, investigation of maneuver-
ability and locomotion, analysis of mechanical systems for
effective execution of different industrial operations includ-
ing moving from one surface to another at right angles in
NPS building constructions.

To improve maneuverability and extend functional capa-
bilities, the mobile robotics complex includes an automat-
ically controlled horizontally-mobile robot, a connected
WCR, and manipulators for providing adhesion of the WCR
to the surface (Fig.2(a)). The complex can be controlled
from a single control panel in autonomous, supervisory, or
automatic mode. The control panel is located in a separate
facility at a safe distance from the operations site of the
robot in an emergency environment such as radiation.

On the Fig.2a and b RSWCR for different technological
operation of decontamination and cleaning of vertical sur-
faces is shown. The main modules of the RSWCR
(Fig.2(b)) are: transport (1), technological equipments (2),
and control (3). The technological equipments (4) are
mounted on a technological module. The transport module
has vacuum grippers (5) installed on the legs and electric
cables (6) for connection to the control unit (3). Two plat-
forms (1) and (2) of the transport module (Fig.2¢) are joined
by means of a rotating unit (3) and a drive system. When
the platform (1) is connected to the wall by means of vac-
uum grippers (VG), the drive system has the possibility to
move the platform (2). When the platform (2) is connected
to the wall, the platform (1) can then move with ease relative
to the platform (2). The technological equipment (for ex-
ample a painting unit (4)) are installed on the manipulator
or bracket (5), and it can move according to the discrete
trajectory (6) by the use of the rotating unit (3).

Special pneumatic drives are intended for lifting and put-
ting down the legs with VG.9

A RSWCR can be implemented (Fig.2(e)) with a drive
system mounted on one platform (1) with velocity control
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unit (2) and rotating unit (3). The technological equipment
(4) moves along the trajectory (5) according to this scheme
(Fig.2e).

Driving system with velocity control unit (Fig.2(f)) can
be introduced onto the two platforms (1) and (2), making it
possible to achieve a continuous trajectory (7) for both the
technological equipments and the robot.

The mounting of the controlled driving systems creates
additional advantages when autonomous drives are not nec-
essary. In addition, it can take care of the limitations of the
size of the bracket of the technological module. In this
situation, the transport module (Fig.2(d)), includes two plat-
forms (1) and (2), moves along the trajectory (4), and two
technological devices (3) can achieve any arbitrary trajec-
tory (5) above zone (6).

The local control system (Fig.3) includes: sensors (D1)
installed on the drives of the transport modules and sensors
(D2) mounted on the technological module, a microproces-
sor system (MS) with possible additional software (AS),
control panel, electropneumatic converters for distribution
of supply pressure to the pneumatic drives of transport mo-
tion and the pneumatic drives of the legs, and the ejector’s
VG systems.

In this paper, motion of the WCR with manipulator and
inspection unit provided with the TV camera installed on
the body (Fig.4) under vibrations acting through the basis
and mechanical system of the robot is analyzed. Flexibility
of joints is taken into account.

The matrix transfer function methods for estimating the
response fime, accuracy, eigen frequencies, spectrum char-
acteristics of the WCR with technological units in the board
is applied. The methods used in the paper may be applied

() High mobility robotic system; (1) horizontally-moile robot; (2) WCR
containing industrial eguipment; (3) interface between WCR and
horisontally-mobile robot;{4) pewer source; (5) operator; (6) contral panel; (7)
control channel; (8) working surface
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Fig. 2. The structure of robotic mobile systems with WCR.
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to different types of the motion including adaptive and arti-
ficial intelligence elements motion.”

Experimental investigations and testing of the WCR on
computerized vibration in the low frequency range 0.1-30Hz
with amplitude of 2.5mm to 0.2mm are discussed. The vi-
brations are offered in the harmonic oscillations or random
signals. Construction reliability problem was also consid-
ered. The results (Fig.4(b), (¢c), and (d))” can be applicable
for designing new models of the robot intended for extreme
applications such as underground stations, NPS, fire-fight-
ing operations, submarine, and underwater environments.

The robot structure includes an adaption unit that ex-
pands its functional capabilities. This permits the construc-
tion of more flexible systems, one of which includes an
inspection system for vertical piping of NPS with local
joints. Figure 5 shows a WCR design for moving inside
the jointed piping. Diagnostic equipment can be installed
on the robot. Robot motion is initiated by means of a power
cylinder and uses alternative adhesion of the supports on the
supporting tracks. When no joints (bends) are present in the
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Fig. 3. Drive control system of the RSWCR.
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pipeline, the sensors do not contact with its surface and the
robot travels rectilinearly. In the case of significant bends
in the piping, there will be several corrections to the position
of the front belt each power cylinder cycle. After this proc-
ess, the front belt attaches to the pipe surface, and the rear
belt is tightened against the front belt. This motion cycle is
then repeated. This construction of WCR for inspection of
pipeline differs from that of References 10, 11).

One of the important design requirements of WCR de-
velopment is construction of robots that are capable of auto-
matic transmission from one surface to another. This class
of robots in some sense integrates the capabilities of all
WCR designs examined here. Figure 6 presents the design
of a robot capable of crossing over a surface at any angle
of inclination with respect to the direction of motion (both
in sign and magnitude). This design contains an integrated
drive for two platforms containing a tracking mechanism
with internal grippers and automatic platform direction cor-
rector for use when the robot crosses from one surface to
another. Robot rectilinear motion is initiated by a power
driver that advances the tracking mechanism containing the
grippers. In this case the power driver must be capable of
separating only a single gripper at each time from the travel
surface, while the device is held by the sum of all grippers
in contact with this surface. When crossing to a surface that
forms an angle up to 90° or more with the initial surface (a
left turn in Fig.6), the obstacle sensor makes contact with
this surface and, through the probe, activates a switch which
in turn initiates the corresponding correction cylinder. Be-
cause the correction cylinders are connected to the front
platform, it crosses over to the new surface. If this surface
has an inclination exceeding 90°, the obstacle sensor will
depress the spring-loaded element of the probe during cross-
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Fig. 5. WCR design for travel within bent piping: (1) front
support belt: (2) rear support belt; (3) hinge; (4),(5).(6) cor-
rection cylinders; (7) power cylinder; (8),(9),(10) sensors;
(11),(12),(13) correction valves; (14) OR element; (15) power
valve; (16) supports.
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Fig. 6. Design of a WCR capable of crossing from one surface
to another: (1) platform; (2) chassis; (3) track mechanism; (4)
gripper; (5),(6) correction cylinders; (7) hinges; (8).(9)
switches; (10) probe; (11) obstacle sensor; (12) spring; (13)
support sensor; (14) supports; (15).(16) valves: (17) relay ele-
ment; (18) reduction gear; (19) feed channel.
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ing without imparting mechanical drag, and at the same
time, hold the vertical switch in the closed position. When
reading a new surface, contact between the surface and the
obstacle sensor is broken and the vertical switch opens the
rod end cavity of the corresponding correction cylinder to
the outside air through the valve. In this case, the relay
element recloses. When crossing to a surface that forms a
negative angle with the initial surface (a right turn in Fig.6)
the support sensor breaks contact with the surface, and the
support switch closes. This activates the corresponding cor-
rection cylinders, and the rear platform moves downward
until the support sensor makes contact with the new surface
in a manner analogous to that described above. Symmetri-
cal units on the rear platform are activated for reverse mo-
tion. The robot can be turned by duplicating this design on
a common chassis and employing independent speed control
over each tracking mechanism. This function is realized by
the robot control system. This construction of WCR differs
from that of References 12, 13).

3. Methodology of Al Fuzzy Control System
Design for WCR

The proposed methodology shown in Fig.1 is based on
the organization of multi-leveled structure'® with the vari-
ous intelligence levels through successive use of two meth-
ods: (1) the method of extracting control problem; and (2)
the method of coordination between executive and organi-
zation levels.

As a first example, we consider the mechanical system
shown in Fig.7. The mechanical transport model consists
on executive level of two platforms, two pneumatic drivers
for transportation, eight legs and vacuum grippers on every
platform, pneumatic drives in each leg, a drive of TV camera
intended for navigation and inspection, two links manipula-
tors with separate drives installed on the robot platform (2),
and transducers system. In the processes of motion of such
a robot (Fig.7), the variable loads are acting when platform
1 or 2 rotates or when the robot interacts with obstacles or
environment. It is necessary to compensate for variations
on the upward and downward motion of the robot on vertical
surface because, in this case, force weight vector of the
robot is opposite to or coincides with the direction of mo-
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Fig. 7. Basic conception of the control system.
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