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Physics is moving forward on the shoulders
of the skeptics, and not believers.

—Edwin T. Jaynes



Preface

Smart electromechanical systems (SEMS) are used in cyber physical systems
(CPS). The term “cyber physical systems” was proposed in 2006 by Helen Gill in
order to emphasize the distinctive feature of the seminar NSF CPS Workshop she
organized. At that time, she was a director of Integrated and Hybrid Systems at the
National Science Foundation. Organizers of the seminar were trying to redefine the
role of embedded systems, and they succeeded; they caught the general trend, and
after a couple of years, the rapid development of CPS began. Progress in this class
of systems has been recognized as one of the most important technological
developments in the USA and later in Europe. CPS show the ability to integrate
computing, communication and storage of information, and monitoring and control
over the objects of the physical world. The main tasks in the field of theory and
practice of CPS are to ensure the efficiency, reliability, and safety of functioning in
real time.

CPS relate to a new scientific field, i.e., cybernetic physics, which is identified
by the author of this trend Alexandr Fradkov, the head of the laboratory.
IPME RAS of the Academy of Sciences (St. Petersburg, Russia) in his book
“Cybernetic Physics” is aimed at the study of physical systems through cybernetic
methods. Although some selected publications, using the idea of control theory,
started to appear in physics journals a long time ago, an independent branch of
science at the intersection of physics and control theory began to take shape only in
the 1990s due to the rapid growth in areas such as control of chaos and control over
quantum systems, and a number of publications are now estimated at several
thousands.

SEMS have been widely employed since 2000 in parallel robots, or so-called
parallel kinematic machines. They provide good opportunities in terms of accuracy,
rigidity, and ability to manipulate heavy loads. Currently, SEMS are widely used
not only in intelligent robots, but also in astronomy, machine tools, medicine, and
other fields.

The objective of the publication of this collection of articles is to introduce the
latest achievements of the scientists of the Russian Academy of Sciences in the field

vii



viii Preface

of theory and practice of SEMS. At the same time, a lot of attention here is given to
methods of designing and modeling of SEMS based on the principles of adapt-
ability, intelligence, biomorphism of parallel kinematics, and parallelism in infor-
mation processing and control computation. The most complete are the following
points of interest:

— methods of design of SEMS modules and intelligent robots based on them;

— synthesis of neural systems of automatic control over SEMS modules;

— mathematical and computer modeling of SEMS modules and CPS based on
them;

— vitality control and reliability analysis based on logic and probabilistic and logic
and linguistic forecasting;

— methods of optimization of SEMS control systems based on mathematical
programming methods in ordinal scale and generalized mathematical
programming;

— information-measuring software of SEMS modules and CPS based on them.

This book is intended for students, scientists, and engineers specializing in the
field of SEMS and robotics, and includes many scientific domains such as kine-
matics, dynamics, and control theory.

I am grateful to many people for the support I received while writing this book.
Their names cannot be given here, but their assistance is deeply appreciated.

Saint Petersburg Andrey E. Gorodetskiy
2015
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Technical Systems Control: From
Mechatronics to Cyber-Physical Systems

V.P. Shkodyrev

Abstract In this paper discussed the evolution development processes of modern
control theory for technical systems. Perspective trends are analyzed via funda-
mental principle of analogy searching for evolution behavior of complex biological
and information processing cybernetic systems. A new class of cyber-physical
systems with adaptive behavior has been reviewed as a prototype of new paradigms
for technical system control. Evolutionary cognitive systems with a special
emphasis on synergistic mechanisms of self-organization and knowledge-based
activity are proposed for providing an appropriate level of adaptation for goal
directed behavior.

Keywords Technical systems control - Evolutionary cybernetics « Cyber-physical
systems

1 Introduction

The development of modern control theory is currently one of the most urgent and
rapidly developing areas of fundamental research, which largely determines the
future trends for a wide range of applications and practical usage. Special attention
in this process is attracted by the relationship between the general laws of technical
systems development and the fundamental laws of nature development that char-
acterize world evolution.

One of the basic principles, which opens the possibility of understanding
promising directions in creating the concept of a new generation of control systems,
is the search for similarities in the behavior and the evolution of complex biological
and cybernetic systems applying various methods of processing and usage of
information for learning and adaptation to constantly changing environmental

V.P. Shkodyrev (D)
Peter the Great St.Petersburg Polytechnic University, St.Petersburg, Russia
e-mail: shkodyrev@mail.ru
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4 V.P. Shkodyrev

influences. In fact, the question is to find analogues for the evolution of
well-functioning and developing living organisms to construct cybernetic systems
using artificial intelligence mechanisms in goals formation and achievement by
supporting targeted behaviors. The principle of evolution elaborated for this by
nature clearly reflects the general laws of evolutionary improvement in the orga-
nization—or rather, in the self-organizing of complex systems. Analysis of these
laws allows formulating the general mechanisms of information cybernetic systems
construction and functioning in terms of principles of information processing and
exchange with other systems and the environment, including the mechanisms of
control and development. Such approach, based on fundamental evolution laws and
development mechanisms, has formed the basis for the formation and later devel-
opment of new promising directions in interdisciplinary research of information
control systems, known as “cybernetics evolutionary” [1, 2].

2 Evolution of Cybernetic Systems

Development of the cybernetic evolutionary principles to the study of complex
developing control systems and the use of intelligence as a regulator in developing
of self-organizing structures opens new perspectives in the creation of artificial
objects control models in hierarchy of interacting systems [3]. The new class of
complex cyber-physical systems has become the closest prototype that implements
these trends [4]. Their distinguishing feature is the unification of cybernetic
beginning of cognitive information control systems built into their environment and
the ability to perceive its changes by diverse sensors and react to possible changes,
learn and adapt for quality performance goals [5, 6].

A model of complex hybrid evolving cognitive system is offered to describe and
study the general mechanisms of evolutionary systems development implementing
the basic principles of synergetic methodology of intelligent systems development
that integrate the beginning of cybernetic information control environment with the
physical elements of perception and affect the environment. This class of systems is
the most promising for the development of the basic paradigm of adaptive
self-learning systems based on the principles of integration of control information
systems with elements of accumulation and application of knowledge to achieve
complex objective functions. At the same time, control remains the key question in
such models, because the effectiveness of system operation depends on how the
chosen behavior corresponds with reality.

System approach to the analysis of the evolutionary development of such
information cybernetic systems can be divided into three strategic directions. At this
moment, the first and most actively developing one is the intellectualization of
control systems and complexes [7]. The key point in the definition of “intelligence”
is the ability of the system to extract, accumulate and use knowledge as one of the
basic entities of artificial intelligence. It allows the system to operate under
autonomous control, perceive the environment and stay in it for a long time,
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adapting to changes and achieving the stated goal. The ability to produce new
knowledge and reason on its basis allows intelligent system to generate strategies
that are more effective itself in continuous changes of external influences, lack of or
incomplete information, influence of disturbing factors. This corresponds to the
basic principle of the unity of intelligence and performance in complex systems
using intelligence as a regulator of effective performance in the behavior of com-
plex systems.

The second strategic direction is associated with the development of the
principles of network organization and group control of individual intelligent
systems that make up a distributed environment of artificial intelligence. The
determining factor in this case is the priority of coordination—horizontal interactive
links above the vertical “purely competitive” strategies in complex integrated
systems. Cybernetic solutions in this direction over all suggest the creation of a
full-related multi-agent system, which includes the relationship between control
agents (Vehicle-to-Vehicle, V2V) and between each agent and the outer
surrounding infrastructure (Vehicle-to-Infrastructure, V2I).

The emergence of horizontal relationships of cooperation and coordination
between the individual cognitive units plays a key role in the formation process of
multi-level integrated structures with elements of group control strategies [8]. This
is caused by inefficiency (and in some cases impossibility) of solving complex
problems by individual isolated subsystems. Such integration serves as prerequisite
for hybridization and multidimensionality of intelligent systems, characteristic
attribute of which is the ability to assess, predict and control collective behavior and
group dynamics of cognitive systems on the meta-level.

The third strategic direction involves the use the principles of self-organization
and development. This is determined by the key principles of complex (after
G. Haken and I. Prigogine) hybrid system functioning, whose evolutionary
development is based on fundamental processes of interaction between its com-
ponents, the cooperation and coordination in particular [9, 10].

Models of recurrent self-organizing and training in ANN give researchers and
engineers’ one of the effective tools to implement the adaptive behavior of complex
information systems, operating under the need to analyze large flows of hetero-
geneous information or a priori uncertainty. Implementation of the principles of
adaptive self-organization opens up possibilities for solving tasks such as extracting
the maximum amount of information from the experimental data in physical
measurements, the creation of intelligent control of distributed objects, computer
and telecommunication networks, groups of robots, effective search and cognitive
systems, in a row of other applications.

The extraction of maximum amount of information from the experimental data
has always been one of the key tasks of physical experiment. A significant number
of works was devoted to this problem, including adaptive filtering techniques,
experimental design, and other approaches. However, despite the abundance of
such works, most of the proposed approaches since the classical work by Wiener
adaptive filtering was based on the error minimizing criteria by the method of least
squares. This approach greatly limits the ability to adapt systems, without allowing
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to extract additional information from the data or to build more flexible opti-
mization algorithms.

To eliminate some restrictions an algebraic approach to the construction of
models of recurrent training is proposed, interpreting it as an optimization problem
of maximizing the information extracted from the data in the process of network
training. The developed approach offers a number of recurrent models of
self-organizing ANNs from the position of maximizing entropy characteristics of
the amount of information extracted from the data in the analysis of statistically
significant features, modeling complex dependencies, separating weakly connected
components in a priori uncertainty of their characteristics. The basis of such
approach is the creation of algebraic criteria for neural network training, which
maximizes mutual information on the outputs of the neural processor.

3 Conclusion

Described mechanisms in this paper can be used in the construction of different
classes of robotic systems that allows refer them into a new class of information
cybernetic systems—cyber-physical systems, whose feature is to associate disparate
components into single integrated environment, actively interacting with external
factors for purposeful behavior in achieving objective functions of control.
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Smart Electromechanical Systems
Modules

A.E. Gorodetskiy

Abstract The article considers design features of standard modules of smart
electromechanical systems (SM SEMS). Also, shows that a variety of structures
SM SEMS allow a variety of system design with broad technological capabilities.
Further analyzed the applicability of various types of SM SEMS in different areas,
taking into account their strengths and weaknesses. In conclusion, noted the
expediency of building and exploring mathematical models, above all, the module
SM8 SEMS, since it has the most complete functionality, and other modules are in
some of the simplification.

Keywords Smart electromechanical systems - Standard module - Structure -
Mathematical models

1 Introduction

The main elements of the SEMS is standard modules (standard modules—SM),
having a structure such as hexapods. They allow you to maximize the accuracy of
the actuators with the minimum travel time by introducing parallelism in measur-
ing, calculating, moving and using precision motors. But however, such mecha-
nisms have a more complex kinematics, which requires more advanced control
algorithms and solving new, complex optimization problems, ensuring the imple-
mentation of the optimum path without jamming.
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[

Fig. 1 The block diagram of SM SEMS

When building SEMS for various purposes can be used a wide variety of dif-
ferent standard modules. All they usually contain (see Fig. 1) electromechanical
system (EMS) (1), a parallel type, an automatic control system (ACS) (2), the
measuring system (MS) (3) and docking system (DS) (4).

EMS comprises a movable and a stationary platform and usually six legs. The
difference of certain SM SEMS from each other mainly lies in the design platforms.
The core of ACS is neuroprocessor automatic control system (NACS). The main
function of NACS is the automatic control of the movement of the upper platform,
which has, as a rule, 6-axis positioning system with a control unit. Also part of the
function of NACS is the automatic configuration management upper and lower
platforms by extending the control rod. MS generally contains, opto-electronic
sensors elongation and displacement, tactile sensors and force sensors. DS, as a
rule, contains a vision system with intelligent recognition unit.

Next, consider the design of the main modules SM SEMS.

2 Tripod—Module SM1 SEMS

Tripods comprise (see Fig. 2) the lower 1 and an upper platform 2 interconnected
three legs 3—5 with the motors 6-8 through 9-14 two-stage hinges providing a
change in their length, thus, it is possible to conduct positioning 3-linear m (X, Y,
Z) and three angular coordinates (rotation around respective axes Qx, Qy, Qz) [1].
Tripods normally used as a platform to support the weight and maintain the stability
of the fortified her another object, such as a camera or camcorder. They provide
resistance against downward forces and horizontal forces and movements about
horizontal axes. Positioning of three feet from the vertical center of gravity makes it
easier to provide arms to resist lateral forces.

The main advantages of tripod are: small size, great rigidity, high positioning
accuracy, freely configurable in terms of support, high repeatability of structural
elements, the possibility of excluding backlash and no need for fine adjustment
during assembly.

The disadvantages are the tripod: the complexity of manufacturing the linear
actuator legs, complexity of the joints and complex control algorithms.
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Fig. 2 The circuit design
tripod and an example of its
execution

3 Hexapod—Module SM2 SEMS

Hexapod or Hugh Stewart platform is a type of parallel manipulator, which uses the
octahedral arrangement of pillars [1]. Hexapod has six degrees of freedom (three
translational and three rotational, as an absolutely solid). The unit has (see Fig. 3)
lower platform (LP) (1), the upper platform (AP) (2) and six legs—actuators
(LA) (3-8). The lower and upper platform (5 and 6) each comprise a supporting
platform (SP) (9 and 10), at least three rods (attached at one end to SP, and the other
—to the mounting pads (MP) (17-19 and 20-22), to which may be attached, for
example screwed, at least three telescopic spring-loaded rods (TSLR) (23-25 and
26-28).

LA contain electric drives (ED) with gearboxes (G), displacement sensors (DS),
such as opto-electronic, and force sensors (FS), such as piezoelectric, and lower
hinges (LH), attached to the mounting pads lower platform and top hinges (TH),
attached to the mounting pads of the upper platform. By varying the length of the
legs with the help of controlled drives, you can change the orientation of a single
platform while fixing another.

Hexapod mechanisms used in those areas where it is necessary to control with
great precision the object on three axes such as high-precision automatic machines,
in medicine for complex operations. Just hexapod machines with high payloads are
used in aircraft simulators and radio telescopes.

The main advantages compared with hexapod tripod are: good dynamic char-
acteristics, and lack of accumulation of positional errors.

Hexapod disadvantages are the complexity of manufacturing the linear actuator
leg joints complexity, complex control algorithms and possible seizure in violation
of the synchronization of linear actuators.
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Fig. 3 Driving hexapod design and its general appearance

4 The Module SM3 SEMS

Unlike hexapod the module (see Fig 4) has rods 29-31 and 32-34, which are
mounted on the MP 17-19 and/or 20-22 platforms 1 and/or 2 to rotate in planes
passing through the points of attachment rods and center of the platform 1 and/or 2
perpendicular to the latter by means of a controlled drive 35-37 and 38-40. The
rods 29-31 and 32-34 can change their length by means of linear control actuators
41-43 and 44-46. These rods make the module SM3 SEMS moved by their
simultaneous turning and changing lengths. The latter can be used in the design of
robots able to move, such as pipes or vessels [2]. Sometimes rods 29-31 and 32-34
can be elastic, which can be useful in medical robots.

SM3 SEMS module has the same advantages and disadvantages as the hexapod,
but additionally has the ability to move in space.

S The Module SM4 SEMS

Unlike module SM2 SEMS that module (see Fig. 5) has rods 47-49 and 50-52,
inwardly directed platforms and which are mounted on the SP 9 and/or 10 the
platforms 1 and/or 2. They can be rotated in planes reference platforms 9 and/or 10,
using of controlled drives 53-55 and 56-58. The rods 47—49 and 50-52 can change
their length by means of linear control actuators 59-61 and 62—64. The latter can be
used in constructions gripper robots to capture different objects rods 47-49 and
50-52. Just as in the previous case, rods 47-49 and 50-52 can be flexible, which
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Fig. 4 Design platform of module SM3 SEMS
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may be useful in medical robots, such as the Elizarova devices used for bone
fixation at fractures [3].

6 The Module SM5 SEMS

The module SM5 SEMS unlike hexapod in rods 11-13 and/or 14-16) have
(see Fig. 6) actuators 65—67 and/or 68—70, which allow you to change their length,
i.e., making them the control rods (CR).

Usually CR actuators contain gearboxes (G), displacement sensors (DS), for
example, optoelectronic, force sensors (FS), such as piezoelectric and controllers (C).

MP 17-19 and 20-22 comprise two grooves for securing TSLR 23-25 and
26-28, and two slots for threaded joint with other similar universal modules. In
addition MP 17-19 and 20-22 may contain CCD and LED arrays docking system.

SP 9 lower platform includes grooves with thread for articulation with other
similar modules and CCD docking system.

SP 10 upper platform includes grooves with thread and an array of LEDs
docking system.

SM5 SEMS module has the same advantages and disadvantages as the hexapod,
but unlike hexapod provides not only the shifts and turns of the upper platform, but
also the compression and expansion of the upper and lower platforms. This, together
with control systems, measurement and docking increases its versatility [4, 5].
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Fig. 5 The design platform
of module SM4 SEMS
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7 The Module SMé6 SEMS

This module (see Fig. 7), in contrast to the module SM5 SEMS, has rods 29-31 and
32-34, which are mounted on the MP 17-19 and 20-22. They can be rotated in a
plane passing through the points of attachment rods and center of the platform
1 and/or 2 perpendicularly to the latter, using of controlled drives 35-37 and 38—40.
The rods 29-31 and 32-34 can change their length by means of linear control
actuators 41-43 and 44-46. These rods make the module SM6 SEMS moved by
their simultaneous turning and changing lengths. Sometimes the rods 29-31 and
32-34 can be elastic, which can be useful in medical robots.

SM6 SEMS module has the same advantages and disadvantages as the
SM5 SEMS, but has a greater flexibility due to the ability to move in space with a
simultaneous change of its size and turns.

Fig. 6 The circuit design of
the module SM5 SEMS
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1821 19(12)
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Fig. 7 The design platform of the module SM6 SEMS

8 The Module SM7 SEMS

Module SMS SM7 (see Fig. 8), unlike SMS module SMS5, has the rods 47—49 and
50-52, which are mounted on the support plate 9 and/or 10 the platforms 1 and/or
2. They are directed inwards and can be rotated in the plane of the support areas
9 and/or 10 by means of controlled actuators 53-55 and 56-58. The rods 47—49 and
50-52 can change their length by means of linear control actuators 59-61 and
62—64. The latter can be used in the construction of the robot gripper as different
objects. As in SM4 SEMS rods 47-49 and 50-52 may be elastic.

SM7 SEMS module has the same advantages and disadvantages as the
SM5 SEMS, but has a greater flexibility by providing capture different subjects.

53(56)
12)

59(62)

47(50) 9(10)

61(64) 60(63)

55(58) 54(57)

49(52) / \ 43(51)

Fig. 8 Design platform of the module SM7 SEMS
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Fig. 9 The design platform of the module SM8 SEMS

9 The Module SM8 SEMS

This module (see Fig. 9), unlike the module SM5 SEMS, has rods 29-31 and
32-34, which are mounted on the MP 17-19 and/or 20-22 platform 1 and/or 2.
They can be rotated in a plane passing through the points of attachment rods and
center of the platform 1 and/or 2 perpendicular to the latter by means of a controlled
drive 35-37 and 38-40. The rods 29-31 and 32-34 can change their length by
means of linear control actuators 41-43 and 44-46.

Additionally, this module further has rods 47—49 and 50-52, which are mounted
on the support plate 9 and/or 10 the platforms 1 and/or 2. They can be rotated in the
plane of the support areas 9 and/or 10 by means of controlled actuators 53-55 and
56-58. The rods 47-49 and 50-52 inwardly directed platform (Fig. 9), and can
change their length by means of linear control actuators 59-61 and 62-64.

SM8 SEMS module has the same advantages and disadvantages as the
SM5 SEMS, but has a greater flexibility due to a combination of additional features
and modules SM6 SEMS SM7 SEMS.

10 Conclusion

There is quite a large variety of standard models of SEMS, on the basis of which it
is possible to design a variety of intelligent robots with parallel architecture type of
SEMS. Modules such as a tripod have now limited the use of simple designs for a
number of inherent weaknesses. Most have full functionality module SM8 SEMS
and it can be called a universal module. The other modules are in some of the
simplification. It is therefore advisable to study and construction of mathematical
models, especially the module in order to study the characteristics and properties
discussed SEMS standard modules.
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Smart Electromechanical Systems
Architectures

A.E. Gorodetskiy

Abstract The article considers various types smart electromechanical systems
architectures. It is shown that various associations (serial, parallel, tree, etc.). SEMS
structures make it easy to design a variety of intelligent robots with broad tech-
nological capabilities (relief structures, combination in a single mechanism of
transportation and processing operations, design flexibility, etc.). Analyzed the
applicability of various structures in different areas, taking into account their
strengths and weaknesses.

Keywords Architecture - Smart electromechanical systems - Intelligent robots

1 Introduction

The use of intelligent robots (IR) hexapod structures of electromechanical intelli-
gent systems (SEMS—smart electromechanical systems) makes it possible to
obtain maximum precision actuators with minimal travel time. This is achieved by
the introduction of parallelism in the process of measuring, calculating and
movement and the use of high-precision piezomotor able to work in extreme
conditions, including in outer space [1]. Various associations (serial, parallel, tree,
etc.). SEMS structures make it easy to design a variety of intelligent robots with
broad technological capabilities (relief structures, combination in a single mecha-
nism of transportation and processing operations, design flexibility, etc.). However,
such mechanisms have a more complex kinematics. The latter requires more
advanced control algorithms and solving new, complex optimization problems,

A.E. Gorodetskiy (<)

Institute of Problems of Mechanical Engineering, Russian Academy of Sciences,
Saint-Petersburg, Russia

e-mail: g27764@yandex.ru

© Springer International Publishing Switzerland 2016 17
A.E. Gorodetskiy (ed.), Smart Electromechanical Systems,

Studies in Systems, Decision and Control 49,

DOI 10.1007/978-3-319-27547-5_3



18 A.E. Gorodetskiy

ensuring the implementation of the optimum path without jamming. In addition to
the inclusion of SEMS wireless network interface such as Wi-Fi and intellectual
system of strategic planning of cooperative behavior of several SEMS will further
expand the scope of R&D [2].

Consider the kinds of architectures SEMS with examples of their application.

2 Serial Architecture

Typical SEMS modules in serial architecture are connected in series with each other,
i.e. lower platform subsequent module is attached to the top—the previous (see
Fig. 1). A typical example of such an architecture can be support-rotating device
antenna space radio telescope [3]. As illustrated in [4] in the space radio telescope
(SRT) antenna device, it is advisable to use a design consisting of a series connection
of hexapods (see Fig. 2). It is necessary for issuing a predetermined shape and

Fig. 1 Serial architecture
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Fig. 2 Parallel architecture

position of their mirror surfaces after the disclosure of the antenna and a possible
correction of the