In today's technology, when there is an avalanche of increasingly
sophisticated, more electronic and mechatronic systems, a very important
thing for the intelligent control of some physical quantities, which can be:
heat, vibrations, forces, moments of friction, is intelligent measurement
and control systems. These systems are made by combining computerized,
on-line control with various intelligent materials, whose physical properties
change depending on the various external physical quantities. In the
technique of dynamic behavior optimization, a special role is played by the
complex auxiliary components with spring, damper type elements, which
are inserted into the structure of industrial robots, Rl. Vibration isolators
and shock absorbers are used in common to reduce the vibrations of
machines and installations. Isolating elements are usually passive and are
generally designed to reduce vibrations with unwanted frequencies. Often,
in many applications, the excitation frequency varies over a wide range,
which is why it is necessary to adjust the damping during system
operation.
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Introduction

In today's technology, when there is an avalanche of increasingly sophisticated, more electronic and
mechatronic systems, a very important thing for the intelligent control of some physical quantities,
which can be: heat, vibrations, forces, moments of friction, is intelligent measurement and control
systems. These systems are made by combining computerized, on-line control with various intelligent
materials, whose physical properties change depending on the various external physical quantities.
Intelligent multifunctional materials are defined as those materials that have intrinsic and extrinsic
properties to react to external stimuli in a useful manner. External stimuli, which are sensed, can
cause changes in the environmental conditions of materials, such as light, temperature, pressure,
humidity, electric field, magnetic field, etc. The response to a change in the environment will produce
a change in one or more physical properties of the material, such as: size, shape, color, structure,
conductivity, magnetization or polarization, etc. In the technique of dynamic behavior optimization,
a special role is played by the complex auxiliary components with spring, damper type elements,
which are inserted into the structure of industrial robots, RI. Vibration isolators and shock absorbers
are used in common to reduce the vibrations of machines and installations. Isolating elements are
usually passive and are generally designed to reduce vibrations with unwanted frequencies. Often, in
many applications, the excitation frequency varies over a wide range, which is why it is necessary to
adjust the damping during system operation. Such systems are the semi-active components, to which
the stiffness and the damping coefficient can be adjusted, during operation, on-line. By changing the
stiffness of the element or the system, it is possible to move the critical frequencies of the system
(eigenfrequency values of the system) in the attenuation range, thus bypassing the resonance
frequencies. A safe control of the system involves monitoring the critical points and knowing the
frequency spectrum of the system. This adaptive isolation modality can change the operating
conditions according to the dominant load in improving the vibration isolation compared to the
passive attenuation system. Unwanted vibrations-are reduced for various load conditions, in a very
wide frequency range. Numerous concepts have recently been studied through the use of smart
materials within adaptive structures through the simultaneous use of multiple sensor-actuator-
accelerometer systems. Magneto-rheological (FMR) fluids and elastomers, shape memory alloys
(SMA) and piezoelectric materials are some of the smart materials whose properties can be controlled
online. These materials use the mechanical response (stretch-compression) coupled with other
physical quantities such as the magnetic or electric field, heat, etc., which is why it is possible to
develop with the help of these materials some adaptive structures without too many complicated
mechanisms (Angeles, 2000). Magneto-rheological materials (MMRs) are materials whose
rheological properties (flow properties) are rapidly modified by the application of a magnetic field.
This change is proportional to the applied magnetic field and is reversible in a very short time. MMR
rapidly transforms from a fluid state to a semi-solid state upon application of the magnetic field,
returning abruptly to the initial state after the application of the magnetic field ceases. MMR are the
fastest and simplest interfaces between the electrical control system and the mechanical system, for
moving the vibrations of a structure in the attenuation domain (Li et al., 2000). MMRs are used in
many applications due to the wide range in which their properties can be modified. Among these, the
following applications can be noted: active suspensions in the automotive industry Toyota TEMS
(Toyota Electronic Modulated Suapension), the piezoelectric motor with surfing wave propagation,
actuators for dot matrix printers, magnetostrictive actuators for reducing low vibrations, silencers, of
vibrations both for cutting processes and for civil construction, naval construction and military
applications, adaptive shape control in aeronautics or in optoelectronic and laser systems or in the
construction of antennas, telescopes and large reflectors, monitoring the integrity of the structure and
the wear of HUMS ( Health and Usage Monitoring Systems) of both the engine and the landing gear,
the control system and the aircraft structure, to the BMS (Biological Motor System) biological engine
type systems, controllable valves, controllable brakes and clutches, finishing devices of big precision,
for special shock absorbers used in the construction of buildings, bridges, in the construction of
prostheses, etc. All these applications denote the fact that magneto-rheological damping is still not
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sufficiently applied, especially in top fields of automation of manufacturing processes, such as
industrial robots and peri-robotic components. As it can be seen, the work covered a very important,
topical subject, with great importance in optimizing the dynamic behavior of robotic structures, and
with a very easy interface between command and servo actuation.

In chapter 1, intelligent materials are described in detail with their structure, definitions and
terminology and, respectively, their physical-mechanical properties, highlighting the relatively easy
way of interfacing these materials, between electronic command and control, and the type execution
elements mechanic of robotic systems. The performances of different smart materials in their use as
actuators and sensors are exemplified in a table. The definitions for intelligent structures and for
adaptive structures are addressed, as well as the components of such systems. Some theoretical
contributions refer to the schematization of such intelligent control and optimization systems, as well
as the LabVIEW virtual instrumentation created especially for the assisted theoretical research of
various amortization schemes or complex command and control laws.

Chapter 2 presents the technological comparison of magnetorheological and electrorheological
materials with the presentation of the advantages and disadvantages of each type. The modes of
operation with magnetorheological fluids and a series of representative applications and
characteristics of magnetorheological dampers in optimizing the dynamic behavior of buildings are
presented, as suspensions in the automobile industry, as seismological research systems, in medicine,
as locomotive recovery systems, as well as in technique, as vibration damping systems for
installations, mechanisms and machines.

Chapter 3 deals with researching the dynamic behavior of robotic structures. A series of matrix-
vector mathematical models are presented, some relationships being the result of the research carried
out within the present work and are contributions to the complex mathematical modeling of dynamic
systems.

In chapter 4, the critical conclusions of the bibliographic research are presented, both regarding the
researched mathematical models, as well as how to optimize the dynamic behavior of robotic
structures, and the research directions of the work are established.

In chapter 5, the theoretical contributions of the work are presented. Virtual vibration simulation
tools, active, passive, semi-active vibration controllers, as well as acceleration signal simulation tools,
composite periodic signal, with at'least ten natural frequencies, considered as the first natural
frequencies, in general, are presented , are more important in the process of optimizing the dynamic
behavior. The research methods addressed are highlighted, among which we mention: the
parameterization of the characteristics of the damping force vs. travel speed, simulation of continuous
dynamic systems with multiple reactions and different corrections and control laws, simulation of
simple and complex attenuation elements and complex mechanical systems with several springs,
seismic masses and shock absorbers.

Chapter 6 includes the research methods approached and their brief description, as well as the
equipment and programs made under the LabVIEW kernel, for undertaking the theoretical and
experimental research of magnetorheological dampers.

Chapter 7 includes the presentation of the results of the theoretical and experimental research of
magnetorheological dampers and the optimization of the dynamic behavior of the structures and
servoactuations of industrial robots through their application. This chapter contains a series of
experimental characteristics of the behavior of the researched didactic robot in various damping and
vibration attenuation variants, as well as with various laws of motion, with and without time delay
within a phase or when changing direction. Numerous Fourier spectra are presented to highlight the
results of applying intelligent damping. The research also includes the optimization approach through
the use of an intelligent damping, using in its own design an intelligent magneto-rheological damping
scheme that includes: the accelerometer as a sensor, the acquisition and control board as an interface
and amplification element, the virtual instrument created as a soft element, the amplifier with three
amplification stages, the connection to the shock absorber coils, the magneto rheological shock
absorber as an actuator element.



Among the theoretical and experimental contributions, the following can be mentioned: (i) the
realization and testing of an intelligent shock absorber on a didactic structure of an articulated arm
type robot; (ii) obtaining the reduction of amplitude of oscillations by using magnetorheological
damping; (iii) obtaining the transfer of low-frequency vibrations to higher frequencies, transfer
limited by the three-stage construction of the voltage amplifier supplying the shock absorber coils,
which is about 10-15Hz; (iv) obtaining a new, modern mathematical model, validated by comparison
with experimentally obtained results; -realization of a proprietary Fourier analyzer, analyzer used in
the theoretical and experimental research technique addressed in the thesis; (v) realization of
numerous virtual instruments with the help of LabVIEW virtual instrumentation, instruments for
simultaneous acquisition on five channels, digital control of the movements of the didactic robot
structure, with 6 and 8 bit control, instruments for the theoretical research of the comparative
characteristics of the magnetorheological damper, as well as of the Fourier spectrum, of the online
generation of the Amplitude-frequency and Phase-frequency Bode characteristics for various motion
commands, of the electronic command and control equipment and of adjusting the voltage signal
applied to the shock absorber coils, tools for simulating the dynamic behavior of the shock absorber
in anticipatory or inertial variants, variants obtained by changing the position of the shock absorber
within the mechanical scheme, depending on the springs used; (vi) the introduction and use of the
parameterization of the damping force vs. speed characteristic in order to identify the coefficients of
the mathematical model used; (vii) the assisted identification of all the coefficients of the
mathematical model through comparative theoretical and experimental research and through the use
of LabVIEW virtual instrumentation, created especially for comparative analysis; (viii) the use of the
validated mathematical model, in the assisted optimization technique of the dynamic behavior, by
using the LabVIEW virtual instrumentation and the matrix-vector mathematical model completed
with the expression of the viscous damping force.

Approaching such a subject, as well as the research undertaken, opens new horizons towards the
implementation on a larger scale of intelligent systems in servo-actuator technology, through the use
of intelligent materials, systems that interface optimally and relatively simply with electronic
command and control systems.



CHAPTER 1
Introduction to the Field of Materials and Intelligent Structures

In the technique of dynamic behavior optimization, a special role is played by the auxiliary, complex
components, with spring, shock absorber elements, which are inserted into the structure of industrial
robots, RI. Vibration isolators and shock absorbers are used in common to reduce the vibrations of
machines and installations. Isolating elements are usually passive and are generally designed to
reduce vibrations with unwanted frequencies. Often, in many applications, the excitation frequency
varies over a wide range, which is why it is necessary to adjust the damping during system operation.
Such systems are the semi-active components, to which the stiffness and the damping coefficient can
be adjusted, during operation, on-line. By changing the stiffness of the element or the system, it is
possible to move the critical frequencies of the system (eigenfrequency values of the system) in the
attenuation range, thus bypassing the resonance frequencies. A safe control of the system involves
monitoring the critical points and knowing the frequency spectrum of the system. This adaptive
isolation modality can change the operating conditions according to the dominant load in improving
the vibration isolation compared to the passive attenuation system. Unwanted vibrations are reduced
for various load conditions, in a very wide frequency range. Numerous concepts have recently been
studied using smart materials within adaptive structures. Magnetorheological (FMR) fluids and
elastomers, shape memory alloys (§MA) and piezoelectric materials are some of the smart materials
whose properties can be controlled online. Smart materials use the mechanical response (stretch-
compression) coupled with other physical quantities such as magnetic or electric field, heat, etc.,
which is why it is possible to develop adaptive structures with these materials without too many
complicated mechanisms (Angeles, 2000). Magneto-rheological materials (MMRs) are materials
whose rheological properties (flow properties) are rapidly modified by the application of a magnetic
field. This change is proportional to the applied magnetic field and is reversible in a very short time.
MMR rapidly transforms from a fluid state to asemi-solid state upon application of the magnetic
field, returning abruptly to the initial state after the application of the magnetic field ceases. MMR
are the fastest and simplest interfaces between the electrical control system and the mechanical
system, for moving the vibrations of the structure in the attenuation domain (Li et al., 2000). MMRs
are used in many applications due to the wide range in which their properties can be modified.

Materials for smart structures. Definitions and terminology. In piezoelectric transducers, the
material characteristics depend on the direction of electric field application, displacement, mechanical
stresses and strains. The polarization direction is generally identified with the Z axis of the orthogonal
crystallographic system. The X, Y and Z axes are represented as the directions 1, 2 and 3, and the
rotations on these axes are 4, 5 and 6.
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The variation of the constants of piezoelectric materials are generally expressed by writing some
indices. The first index expresses the direction of the electric field associated with the applied electric
voltage or the electric charge produced, the second index expresses the direction of the mechanical
stresses and strains, and the third index indicates certain conditions of the mechanical or electrical
constants.

Actuators. The evolution of piezoelectric actuators from disc and tube type to more elaborate flexible
systems with different mechanical torque of the piezoelectric element, in accordance with the elastic



properties to be measured. However, a large displacement due to a flexural system becomes expensive
for low frequency and low force operations.

Multifunctional materials for sensors and actuators [4,5,6,7]. Among the materials used in the
construction of intelligent structures are the following materials: piezoceramics; piezopolymers;
electrostrictive; magnetostrictive; shape memory materials; rheological fluids.

Piezoceramic materials. Lead-Zirconate-Titanate (PZT). This material has the property of
interaction between the electric field and the mechanical force, both with a direct and inverse effect.
It is a very good exciter, has a high modulus of elasticity, wide bandwidth, moderate response to
stress, appreciable exposure to hysteresis. It can be processed into many shapes for very wide
applications (discs, cylinders, tubes, bars, hemispheres, etc.).

Piezopolymers [11,12,13,14]. Vinyl-fluoride monomer (CH2-CF2) has been known for over 90
years and forms the basic element for the semi-crystalline polymer, polyvinyl-fluoride (PVDF). It is
processed into thin shapes and is flexible and light. It is an excellent sensor. It has a high dielectric
constant, is temperature dependent, and has a high loss factor. It can be used as an optical sensor, in
hydrophonic measurements, or any non-destructive testing.

Electrostrictive Materials. Lead-Magnesium-Niobate (PMN) and Lead-Lanthanum-Zirconate-
Titanate (PLZT). The exciting force results from the interaction between the electric field and the
electric dipoles. It is a self-polarizing material. It has a high modulus, hysteresis at low frequencies
and moderate temperatures, high dielectric coefficient, precise optical adaptivity. It is used to create
active bars.

Magnetostrictive materials. Terbium-Dysprosium-Iron (7erfenol-D). The exciting forces are
obtained from the interaction of the magnetic field and the magnetic dipoles. It is self-polarizing, has
a high modulus of elasticity, prompt response, low hysteresis and a relative insensitivity to
temperature variations. The material is bandwidth limited, both by mechanical resonance and by
eddies of magnetic currents.

Shape memory alloys. Nickel-Titanium (Vitinol). This material has the ability to recover a particular
shape when activated by an external stimulus: The material phase changes between martensite and
austenite as a result of exceeding the thermal transformation point. It has high strength, high
sensitivity to temperature variations, high hysteresis limit and low bandwidth. It is frequently used as
dental floss, medical devices and composite materials.

Rheological fluids [11,13,14,15,16,39,44,61,68]. Silicone and starch. Rheological fluids are formed
by particles in suspension in viscous fluids, and which react to the application of magnetic or electric
fields to the fluid. The particles have constant dielectric polarization and are suspended in
hydrophobic liquids. Viscosity increases by 40% when applying an electric field of 4V/mm. These
materials are commonly used in clutches, engine oils, high response valves and active dampers.
General intelligent structures [71,72,73,74,95]. Intelligent structures are structures that have
incorporated in their construction exciters, sensors with a high level of integration, as well as feedback
and command links to a computerized surveillance system. Intelligent structures contain a high level
of logic control, signal conditioning and electronically controlled amplification. Currently, signal
processing elements (from sensors) are incorporated inside structures, in order to influence their
condition, characteristics and performances.
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Vibration control has been a challenge over time in both research fields: academic and industrial.
Virtually, vibrations can be found everywhere, in vehicles, buildings or machines. Most of all,
vibrations are undesirable because they produce unpleasant noises, unwanted tensions in structures
and cause the system to malfunction or fail. Numerous controllers have been designed to solve
vibration control problems. Most vibration control problems are nonlinear in nature, so the
performance of traditional control techniques cannot be satisfactory. In these cases, non-linear,
adaptive or neural control techniques are required to achieve the required performance. The successes
of the CMAC (Cerebellar Model Articulation Controller) neural network in various control
applications from the University of New Hampshire, presented the advantages of neural networks, as
an adaptive controller next to another neural network-based controllers and traditional adaptive
controllers. Next, a simulation study is presented, using the CMAC neural network as an intelligent
vibration controller, in the two-mass vibration problem, which has various multi-frequency
disturbances, measurement noise, and nonlinearities. Fig! 1.4 schematically shows the system with
two masses. A source of vibration moves table 1. The energy is transferred to table 2, via a suspended
platform. Under each table is placed a composite panel, called SmartPanel, containing a piezoelectric
sensor, a piezoelectric actuator and accelerometers. The CMAC reads the force and acceleration of
mass 2 and calculates a control signal to compensate for the disturbing force. The purpose of CMAC
is to minimize the energy transferred through the platform so that mass 2 is isolated from the vibration
source [124,146,148].
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Fig.1.4. Schematic of the two-mass system in smart structure
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Fig.1.5. The simulation model of the two-mass system with a 3D simulation program
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The analysis of the results showed that the CMAC neural network represents an effective
approach to reducing vibrations and isolation problems. Due to its self-learning property, CMAC is
a very good controller in the nonlinear system, which has unexpected changes for a disturbance and
noise in the measurements. Research continues to extend these results to real-time experiments but
also to much more complicated dynamical systems.

Adaptive structures. Generalities. Adaptive structures represent a new approach in an
engineering sense, which integrates the action of sensors, actuators and control circuit elements, in a
single system that reacts to changes in the environment. Such integrated systems, which have the
ability to adapt to changes in the environment, bring significant values to materials, technologies or
finished products, which they transform into high-performance systems, which would not be possible
in a classical approach.

History has been deeply influenced by materials, so that distinct time periods (Stone Age,
Bronze Age and Iron Age) were defined based on the materials used. The current era of synthetic
materials (plastics and composites) can be defined as the dawn of a new era, the era of multifunctional
materials, which will use these materials in order to research some new technologies, for the synthesis
of adaptive systems. The degree of sophistication of this new generation of materials will mainly
depend on each individual application, however, it is anticipated that these innovative methods and
technologies will be used in several scientific fields, such as nanotechnology, biomaterials, neural
networks, molecular electronics, etc. Self-repair, self-diagnosis, self-multiplication and self-
regulation are also some anticipated characteristics of adaptive structures.

An adaptive structure is an intrinsic system of sensors, actuators and control mechanisms that
sense external stimuli, respond to these stimuli, in a predetermined and reversible manner to the initial
state, after their removal. Adaptive structures use materials-with advanced functionalities, whose
properties can be used to sense an external stimulus and/or respond to this stimulus. Such materials
are commonly used in numerous devices and for a wide range of applications.

The problem that arises is to review the state-of-the-art of materials in the technology of
adaptive structures, and to identify the evaluation criteria for sensors, actuators and control systems
in order to be used in the structure of adaptive systems.

Multifunctional materials and. adaptive structures [155,156,157]. Multifunctional
materials are defined as those materials that have intrinsic and extrinsic properties to react to external
stimuli in a useful manner. External stimuli, which are sensed, can cause changes in the environmental
conditions of materials, such as light, temperature, pressure, humidity, electric field, magnetic field,
etc. The response to a change in the environment will produce a change in one or more physical
properties of the material, such as: size, shape, color, structure, conductivity, magnetization or
polarization, etc. There are numerous examples of adaptive structures made. Broadly speaking, these
are classified into structures with precise shape control: active dampers, adaptive noise dampers, and
applications for real-time monitoring of structural integrity.

Technologies for adaptive structures. An adaptive structure has three basic components:
sensors, actuators, and control system. The performance of these systems is dictated by the
performance of the adaptive structure. Important research and activities have been directed towards
the realization of sensors, actuators and control systems for controlling applications with adaptive
structures. The technologies used to make sensors and actuators are primarily based on physical
phenomena, project concepts and sketches, material properties, and technological properties of
materials. Control systems technology is based on control theory, electronics and computing
techniques.

Sensors [174]. Applying an electric field to a material sensor generates a change in its
characteristics. In sensor materials, a small change in the energy field can produce a significant
change in one or more characteristics, and these changes can be detected. The response of a material
sensor can be: mechanical, electrical, optical, magnetic, thermal or chemical. For an adaptive
structure, the most useful response is the electrical one, because it can be monitored and analyzed by
a control system. Most of the sensor technologies used in adaptive structures are well established.
Optical strain sensors were developed several years ago for the acrospace industry.
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Strain sensors [174]. Strain sensors measure changes in an object's length by detecting
changes in mechanical, optical, acoustic and/or electrical properties. The strain sensors usually used
in adaptive structures are strain gauges, optical fiber strain sensors (FOSS), and piezoelectric strain
sensors. Strain Gauges are often used to measure surface stresses. They work on the principle of piezo
resistance, by changing the resistance of a material when it is subjected to an effort. The ratio between
the change in resistance and the change in length is defined as a measurement factor. Other
characteristics are the measured length, the type and value of the measured stress (bending, axial
stress, mean stress, torsion), and the operating temperature. The best-known technique for measuring
changes in resistance, with strain gauge sensors, is used in the Wheatstone bridge structure, with four
sensors, one on each branch. The best-known stress sensors are the wire, foil and semiconductor stress
sensors. FOSS prove to be excellent strain sensors because they are immune to electromagnetic field
interference. They can be fixed on the surface of the structures or incorporated into the structure.
FOSS can be used under high temperature conditions (800°C for silicon fibers, and 1700°C for
sapphire fibers). They use intrinsic changes in material fiber properties, such as frequency, phase,
wavelength, modal index, polarization state, refractive index, attenuation coefficient, etc. to measure
effort. However, signal processing is complicated and expensive, which leads to a reduced use of
these types of sensors. Fiber optic strain measurement uses two interferometric techniques
(wavelength measurement through interference phenomena) Fabry-Perot and Mach-Zehnder.
Piezoelectric strain sensors have the ability to convert mechanical energy into electrical energy. When
a piezoelectric material is subjected to a stress, the voltage generated is proportional to the thickness
of the material and the magnitude of the applied force. However, sensors are usually limited to small
sizes due to the fact that they must interact with the structure without affecting its properties. The
best-known coefficients used to characterize piezoelectric materials are d31 and d33. The coefficient
d31 describes the traction and compression behavior of the piezoelectric disc in the x-z plane when
an electric field is applied in the z direction, while the d33 coefficient describes the traction and
compression behavior in the z-axis direction. Another useful factor is the electromechanical torque
coefficient k, which connects the induced mechanical energy and the resulting electrical energy, their
ratio being k2. Piezoelectric sensors are used‘in the construction of adaptive structures. PVDF are
flexible piezoelectric polymers with a stress coefficient 20 times higher than ceramic materials PZT
type. PVDF type sensors operate better in the dynamic case because the load imbalance created by
the stress on the material is dissipated over time. For applications that require low frequency domains,
piezoceramic materials are the best option. The advantage of membrane type sensors compared to
those made of piezoceramic materials is that they have a precise response over a wide frequency limit,
of the order of GHz.

Displacement sensors. Displacement sensors are used to measure the amplitude of the
deformation of a structure, at any point, caused by static loads or excitation vibrations. Various types
of sensors can be used. These are Potentiometric Displacement Transducers (PDT), Linear Voltage
Differential Transducers (LVDT), Eddy Current Transducers (ECT), and Variable Capacitance
Transducers (VCT).

PDTs are made from either a coil-type element with uniform windings or from a film of high
resistivity material whose resistance is directly proportional to the length of the potentiometer. The
amount of output from the potentiometer is proportional to the voltage difference between one of the
ends of the potentiometer and the point of contact with the object and is therefore proportional to its
deformation. The performances of these sensors depend on: thermal stability, coil wires, and non-
linearity produced by an impedance mismatch with the voltage source, potentiometer and
measurements in the circuit.

Force and acceleration sensors. The force acting on an object can be measured with a
piezoelectric force sensor or a load cell (Load Cell-LC), and the acceleration can be measured with a
piezoelectric accelerometer. Piezoelectric force sensors use a piezoelectric transducer to obtain an
electrical output quantity that is proportional to the applied force. The force sensor is mounted in
series with the force transmitting element, in order to expose the piezoelectric element directly to the
measured force. Since the piezoelectric element is prestressed, the sensor can measure both tensile
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and compressive forces. A high stiffness also implies a high resonance frequency and therefore the
sensor will have minimal effect on the integrity of the structure. A load cell consists of a strain gauge
mounted on a metal plate that will bend as a result of a load. These cells can be adjusted for different
forces by varying the properties of the metal plate used. Piezoelectric accelerometers are based on the
piezoelectric effect of generating an electrical output quantity, which is proportional to the applied
acceleration. Piezoelectric accelerometers are of several types. These configurations are defined
according to the sense of the inertial force, the acceleration being measured, etc. There are currently
3 configurations available for: compression, distributed stress, and flexible beam.

Temperature sensors. Thermocouples are the best known temperature sensors. Temperature
transducers are made up of two dissimilar metal wires joined at one end by a spot weld. When a
thermocouple is subjected to a certain temperature, a voltage appears that changes proportionally with
the temperature change, and which can be measured at the two free ends of the thermocouple.
Although the effect is dependent on the nature of the metals used, a number of bimetals have been
standardized for different temperature ranges. Thermocouples are effectively an inexpensive solution
for temperature measurement for a large number of applications. Thermistors operate on the principle
of variation of the resistivity of a material with temperature. Resistive temperature detectors (RTDs)
can be made in the form of coils or films. The negative temperature coefficient (NTC) for a p-type
ceramic semiconductor thermistor expresses the decrease in resistivity with increasing temperature.
The positive temperature coefficient (PTC) for an n-type ceramic semiconductor thermistor expresses
the increase in electrical resistance with increasing temperature. Regardless of the nature of the
measurements, the performance of any type of sensor can be evaluated according to the characteristic
performances: sensitivity, length measurement, bandwidth, response time, working temperature,
accuracy, power, weight, and cost.

Actuators [25,154]. Excitation can be defined as a controlled release of energy. The
excitation process converts a form of energy (conductive) into actuating energy. Conductive energy
can be in the form of electric field, magnetic field, thermal energy, mechanical effort, or it can be
stored as a hydrocarbon fuel. The excitation energy can be in the form of light, heat, radiation, or
mechanical stress. Micro-positioning of actuators based on mechanical excitation technologies is
considered suitable for adaptive structures. A wide range of materials and devices for such actuators
has been developed for adaptive structures. The types of actuators can be classified based on the
excitation phenomena or the types of materials used.

Shape memory alloy actuators (SMA). Shape memory alloys are adaptive materials. They
undergo a thermoelastic transformation from austenite to martensite when subjected to a temperature
below the critical temperature. In the martensite state, the alloy is plastic and can be easily deformed
to obtain a desired shape. When heated above the critical temperature, the martensite phase transforms
into the austenite phase, and the material returns to its original shape. The ability of the material to
remember its original shape gives it the name shape memory alloy. If it is once again subjected to a
temperature below the critical one and no macroscopic shape changes occur, it is said to be a one-
way effect. This "free recovery" process can be repeated several times, however, with the material
having to be deformed each time the temperature is below the critical temperature. A two-way effect
can be obtained if a close loading is applied during the temperature cycle. During this process, the
loading will deform the martensite at low temperatures, the shape memory alloy will return to its
original shape at high temperatures, caused by the transition to the austenite phase, and the
transformation to martensite during the next cooling cycle, which will allow for the loading to deform
the alloy once more. An intrinsic "two-way" effect exists in shape memory alloys, where the material
has shape memory at low temperature and at high temperature. In these materials it is not necessary
to apply any load to force the material to "remember" its shape. However, this effect can be obtained
in both cases (with and without applied load), the effect is small and little known. Shape memory
alloy actuators have been used in many automated applications. These thermally actuated applications
included a shock damping valve, thermal compensation in automatic transmissions for drive shafts,
and reduced noise in gearboxes. Using shape memory alloy actuators for thermal actuation offers
several benefits, including high forces, large displacements, small adaptive sizes, high stress per unit
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volume, and different actuation modes: linear, bending, torsion. Shape memory alloy actuators can
be in the form of washers, wires, tubes, films or helical shapes. For applications involving cyclic
stresses due to compressive/tensile forces, prestressed coil springs are most often used. The actuators
are constrained, by the structure of the assembly, so that the alloy does not return to its original shape
during heating. This produces a high stress in the actuator material, which is distributed by it to the
structure, producing a stress. During the transition phase, shape memory alloys exceed a certain
temperature limit, the thermal cycle produces a thermal hysteresis. These alloys exhibit premature
fatigue under cyclic stress. The greater the amount of shape recovery during the thermal cycle, the
shorter the operating period of the actuator. However, if a small amplitude is maintained, it increases
the operating time in the normal parameters of the actuator.

Vibration damping and control using shape memory alloy actuators can be achieved using the
damping hysteresis and variable stiffness actuator characteristics of shape memory alloys. These
materials have high strength and high mechanical loss factors, and can be in the form of springs, for
applications with passive vibration damping. The natural damping capacity of shape memory alloys
can be combined with the pseudo-elastic effect that characterizes some shape memory alloys.

By inserting shape memory wires into an elastic structure, the effective stiffness of the
structure can be controlled. This can influence the resonance frequency of the component and thus
the resonance phenomenon can be avoided. The shape memory effect can also be used for direct
vibration damping. When shape memory alloy wires are attached to the base of a cantilever beam,
vibrations in the beam can be damped by producing a counterforce to these vibrations. Since the
conductive energy is lost through the shape, upon heating, this method can be used for low frequency
applications (2-6 Hz) to avoid excess temperature in the wires.

Piezoelectric actuators. Piezoelectric actuators, working bidirectionally, are among the most
used in applications with adaptive structures. Piezoelectric materials cause an electrical charge when
subjected to a mechanical stress or produce a mechanical stress when an electric field is applied to
them. In the case of piezoelectric materials, the forces produced are about 0.1% for an electric field
of 10 kV/em. The stress (or strains), electric field characteristics are almost linear in the operating
area, but for the saturation stress a very high electric field is required. Piezoelectric materials are
actually active adaptive materials. The deformation can be positive (traction) or negative
(compression) depending on the direction of the electric field. In an alternating electric field these
materials will be subject to compression and tension in a cyclic fashion and will produce vibrations.
The conversion also applies in this case and thus, the vibrations of a piezoelectric material will
produce an alternating electric field. These materials can detect efforts, displacements, forces,
pressures, or vibrations producing an electrical response. Devices based on piezoelectric actuators
can detect and transmit sounds. These are called converters and are used in acoustic communication
systems. The measure of the piezoelectric response to an applied electric field is a constant
piezoelectric charge d. This measures the stress produced when an electric field is applied. The most
commonly used piezoelectric constants ds3, ds1, dj are used to compare different piezoelectric
materials. The ds3 coefficient expresses the relationship between the effort in the direction of
polarization of the piezoelectric material, or along the orientation axis of the piezoelectric molecules
(i.e. the direction of the electric field) and the electric field. The coefficient d31 describes the
relationship between the effort perpendicular to the direction of the electric field and the electric field.

The electromechanical torque coefficient k is used for the electromechanical conversion. This
factor expresses the conversion of stored mechanical energy into stored electrical energy. The planar
torque coefficient k, denotes the relationship between the electric field applied in the 33 direction,
and the simultaneous mechanical reaction in the 31 direction. The magnitude of the torque coefficient
ki expresses the relationship between the electric field in the d33 direction and the mechanical reaction
in the same direction. The square of the torque coefficient k» represents the ratio between the
mechanical energy induced and the electrical energy obtained, which represents the efficiency of the
conversion process.

The most used piezoelectric elements are in the form of discs, washers or blocks (clogs). The
magnitude of the mechanical stress produced in the material depends on the thickness of the element
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and the amplitude of the electric voltage applied in the direction of the thickness. These elements are
used in a wide number of applications: sonic, ultrasonic transducers, fish finders, ignition devices,
etc. Piezoelectric tubes provide an alternative method for producing stresses. In piezoelectric tubes,
the mechanical stress depends on the length of the tube and the thickness of its wall. Such tubes can
work radially or by traction/compression. Such ceramic, piezoelectric tubes are used as actuator-type
elements in lithographic semiconductors, microscopy, tubular optical fibers, etc.

A large number of applications require different functional characteristics such as large
displacements, large load capacity, or large frequency bandwidth. These requirements led to the
development of new types of actuators. To increase the effort in piezoelectric actuators, several thin
piezoelectric elements can be used, mounted inside them. In this configuration, the total displacement
will be equal to the sum of the displacements in each element. Using these thin elements, allows the
application of a high electric field, which leads to an increase in effort. This type of actuator (package)
can generate, for displacements of 100 um, forces equal to several tons.

The displacement capacity of piezoceramic materials, in many sonic applications, is increased
by the mechanical torque of these elements with flexible metal frames. The flexural actuators, formed
by piezoelectric elements and materials with flexible properties, through mechanical amplification,
lead to volume modification. Actuators from composite materials have been developed so as to obtain
the advantage of directional connectivity in composite structures. These include biomorphic
materials, piezoelectric polymers, and the new rainbow and thunder technologies.

Biomorphic alloys, which are composed of two coupled piezoelectric materials, can be used
as direct actuators, voltage generators in two-layer structures. There are two possibilities for
connecting these elements. In series, the biomorphic material is constructed in such a way that the
polarization of the two materials is opposite to each other. When an electric potential is applied to the
two elements, regardless of polarity, one material will try to contract and the other to expand. These
opposite actions will lead to obtaining the bending effect. In parallel, the polarization of the two
materials is done in the same direction, but the electrode between the two layers is common, while
the outer electrodes are covered by the same potential. This leads to the expansion of one material
and the contraction of the other, obtaining a bending effect. However, these biomorphic elements do
not have a high load capacity, and can generate displacements of approximately 1mm. These actuators
have been incorporated into the construction of dot matrix printers to achieve high speeds.

The moon type actuator consists of two crescent-shaped disks, one metallic, the other
piezoelectric, mounted on top of each other. Its functioning as an actuator has the effect of coupling
the radial extensions and contractions of the piezoelectric disc, with the flexibility properties of the
two ends of the metallic material. The device produces displacements of 30 pm and generates greater
forces than the biomorphic ones.

Rainbow and thunder devices are structurally similar to biomorphic devices, both having two
layers. The major difference between them is that the bi structured system in the case of rainbow and
thunder is restricted. These low frequency and low force devices produce displacements between 20-
50um for frequencies below 40 Hz. However, these devices do not offer the displacements given by
the biomorphic ones, but the force can be greater than the biomorphic ones and they have sufficiently
large displacements to offer an alternative to the biomorphic actuators.

Another recently developed piezoelectric device for increasing displacements is the
piezoelectric motor. The type of propagating wave is the surface or 'surfing' wave. The piezoelectric
motor combines two fixed waves 90 degrees out of phase in time and space, and is controllable in
both directions of rotation, which means elastic waves induced by the piezoelectric ring. A slip ring
in contact with a wavy surface of an elastic body mounted on a piezoelectric material is driven in
both directions by changing sinusoidal and cosinusoidal input voltage. These engines have the benefit
of a moderate moment (not a violent one) but the duration of use is short, under the conditions of
temperature variation.

Piezoelectric actuators have been intensively studied for applications with adaptive structures.
An example of the application of these types of actuators is Toyota TEMS (Toyota Electronic
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Modulated Suspension), which was developed to improve the maneuverability and stability of
automobiles and the comfort of passengers.

Piezoelectric actuators glued or mounted in adaptive structures have also been studied for
investigating surfaces. A number of experiments have been conducted with piezoelectric elements
embedded in carbon fiber composites for shape control.

Electro- strictive actuators. Electro- strictive is a phenomenon observed in all dielectric
materials. When an electric field is applied along a dielectric material, the dipoles self-align with the
field. This process induces an internal effort and the material changes its dimensions. If the electric
field is removed, the dipoles reorient and the material returns to its original dimensions. If the
direction of the electric field is reversed, the dipoles align with it again and an effort is induced.
Because the effort S is proportional to the square of the electric field E, (S = ME?), S is always positive
(the material is always under tension) independent of the polarity of the applied electric field. To
obtain a bidirectional (tension/compression) effect for electro- strictive materials, a polarized electric
field is usually used.

These materials are evaluated according to mechanical properties, which include internal
stresses produced by an applied electric voltage (which is similar to the constant piezoelectric voltage
given by the relationship d = dS/dE ), force generation capacity, degree of hysteresis, dielectric
constant k , the dissipation factor d, the operating temperature t. The dielectric constant is a measure
of the charge capacity of the electrostrictive element. The higher this value, the higher the electric
potential can be applied along the material before it fails, or the current of the material The dissipation
factor or dielectric loss is a measure of the conductivity losses through the material.

Although the electro- strictive effect is present in dielectric materials, the stress amplitude is
usually small and useless. The electro- strictive effect is known to occur in a number of piezoelectric
materials such as Rochelle salt, barium titanate modified PZT, but the effect is always smaller
compared to the piezoelectric effect. However, PNM was created specifically for high electro-
strictive voltage and very low hysteresis properties. This material produces stresses that are
comparable to piezoelectric PZT stresses undernegligible hysteresis conditions.

Electro- strictive materials offer an important advantage for quick actions. These materials do
not exhibit hysteresis and as a result are materials for high frequency, high power, and precision
applications such as sonic transformers, deformable mirrors, laser generators and optical systems,
piezoelectric ceramic materials. Electro- strictive materials can be used to actuate different
(geometric) structures. In fact, with a few exceptions, the geometric shapes that can be used for
piezoelectric materials can also be applied to electro- strictive materials.

Magneto-strictive actuators. Magneto- strictive is similar to electro- strictive, except that
the conducting field is magnetic. Magneto- strictive materials have a magnetic anisotropy in their
atomic structure. Dimensional changes (internal stresses) are obtained as a result of the reorientation
of atomic magnetic moments, or small domains of magnetism. The more the amplitude of the
magnetic field increases, the more atoms align, the magnetic saturation being obtained for the
magnetic alignment of all atoms with the applied magnetic field. If this field reverses, a similar
material behavior is observed. The magneto- strictive voltage is also positive.

The most well-known types of actuators made of magneto- strictive materials are of the rod
or cylinder type. A typical configuration of actuators is that of active magneto- strictive elements
tightly wound in the form of excitation springs. Magneto- strictive materials have been used for the
development of rotary motors (direct drive). Magneto- strictive actuators were studied for helicopter
propeller blades to control its vibrations, by changing the shape of the flaps. An active, vibration-
isolating platform with a magneto- strictive actuator was developed to reduce the shocks sustained
by the base. This system gave results for shocks, but some residual vibrations remain present in the
structure. For vibration isolation, magneto- strictive actuators are used to isolate low frequencies, but
digital processing limits the response time. In the actuator prototype, when a coil with 50 turns on a
terfenol-D core, with an extension of 5.22um, was fed at a current of 7[A], an effort of 0.021% was
obtained. It should be noted that the voltages obtained in magneto- strictive materials are lower than
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those produced in piezoelectric materials, and the hysteresis is higher than that in magnetostrictive
materials.

Actuators from electrorheological materials. Rheology is the science that deals with flow
and deformation problems. An electrorheological fluid (ER) is a fluid whose viscosity changes
depending on the electrical voltage applied to the material. These materials are used for a wide range
of applications, as particles dielectrics suspended in electrically non-conductive liquids. These
suspended particles are between 0.1-1.0um, uniformly distributed in the fluid.

ER fluids give very good results in the case of distributed loading. The characteristic tension
of these fluids, it is possible to categorize their behavior in pre and post flow regimes. These regimes
depend on the strength of the electric field and the rheological properties of the material, which can
be adjusted by varying the amplitude of the electric field. These ER materials also belong to a
category of "highly adaptive" materials. The yield stresses for these materials are between one and
several percent.

Applications with ER actuators are divided into 4 categories: static mode (free mechanisms),
variable flow control (valves), vibration damping devices (shock absorbers), and reduced modes
(grabbing devices). ER fluids flowing between two chambers/cavities can be controlled by changing
the viscosity of the fluid. For vibration damping, ER fluids work in reduced configurations. The
reduced configuration is primary when the fluid is under reduced stress, while the fluid works under
extensional or compressive stresses in the extended configuration.

The first adaptive structure using ER fluids was patented in 1990. By incorporating an ER
fluid into another passive cavity of the structure, the response of the entire structure can be controlled.
Using a sandwich beam with ER fluids will give the assembly the ability to adjust its stiffness and
damping parameters. Adaptive beam-type structures, similar to those described previously, have the
ability to change their dynamic characteristics to the variation of the stress conditions. By applying a
real-time control scheme, noises and vibrations can be controlled with such composites. ER fluids
can mechanically couple two surfaces, by increasing or decreasing viscosity, by applying or removing
an electric field, which can even be used for clamping devices.

However, each type of material described in the previous section has a set of independent
coefficients and a general set of evaluation criteria for comparing the actuator properties. Typically,
the performance of an actuator is evaluated by a number of performance variables: displacement,
generated force, hysteresis, response time, bandwidth, temperature, accuracy, power and weight.

Applications of adaptive structures. The ficld of adaptive structures is relatively new, but it
enjoys wide attention due to the impact it has on the performance, safety and stability of many systems
used in space, aerospace, communications, transportation, industrial and civil applications. During
the last years, numerous applications with adaptive structures have been realized and demonstrated.

Applications with adaptive structures can be classified into 4 areas, in which this technology
is used. The four categories are:

« Silencers;

« Vibration dampers;

« Adaptive shape control;

» Monitoring the integrity of the structure.

Silencers. Noise is a sound that causes discomfort. It is produced by irregular vibrations. The
dynamic field of sound intensity perceived by the human ear is 107:1, it is controlled by a logarithmic
scale, which has the unit of measure dB. The threshold for human perception on this scale is 0 dB.

The industrial noise source has several distinct characteristics. One is turbulence or hiss, this
is distributed along the frequency band and is known as "broadband noise". Another is "narrowband
noise", which concentrates most of the acoustic energy at specified frequencies. When the noise is
produced by a rotary motion, a set of tones or "tonal noises" are produced. These sources of noise are
numerous. For example, noises can be produced by engines, exhaust systems, ventilation systems,
ventilation systems, etc.

Active noise cancellers (4VC-Active Noise Cancellation) have been developed to reduce,
even eliminate, some of these types of noise. Active noise control has la based on the principle of

14



destructive interference, whereby an unwanted sound is opposed by another sound of equal amplitude
and out of phase by 180 degrees. The result is the cancellation of that sound. This principle is
implemented in adaptive structures to reduce noise (eg: inside cars, aircraft, etc.).

The technology for active noise control, ANC consists of sensors, signal conditioners, control
system, power amplifier, and actuators. In a typical ANC system, operating in a static harmonic noise
field, sounds will be sensed with an array of microphones, the signal from each microphone will be
analyzed by a central processor and a digital signal processor.

Different sensors can be encountered in such applications. Sensors used in ANC systems
include eddy current proximity sensors, tachometers, accelerometers, microphones, and piezoelectric
sensors. Mostly proximity sensors and tachometers are used to determine the alternative characteristic
of the source noise. Microphones are the most well-known sensors for monitoring indoor noises.
Finally, piezoelectric actuators are used to monitor noises associated with vibrations such as those in
transformers.

The most common actuator used for active sound control is a simple variable control speaker.
Loudspeakers are used to cancel noises by applying a "mirror image" of that sound. Based on the
previous theory, the amplitude of these noises is annihilated. A second approach to active noise
control is to cancel the noise source. In these applications, the most used are speakers based on
ceramic, piezoelectric and electromagnetic materials. They are mainly used to control vibrating
panels. The presented applications are considered to be examples for active noise control.

Active vibration dampers. Vibrations can be the cause of material damage through fatigue
stress, or can compromise the performance of precision instruments. They can also be a potential risk
to human health, through the industrial noises produced, and a potential cause of damage to heavy
equipment and structures. Occasional vibrations can cause disturbances and reduce the sensitivity of
gyroscopes, communication antennas, etc. Due to the vibrations of the machine tools in the area, they
can affect the tolerances and surface finish of the precision machines. However, the elimination of
unwanted vibrations is very important for various-reasons. Traditionally, vibrations are absorbed by
passive methods, involving springs and dampers. Such dampers usually do not have a large enough
bandwidth to damp/attenuate all vibrations.

The technology of adaptive structures can also be used for applications involving vibration
damping. Active structures can create, cancellation disturbances (similar to noise control) or use
ceramic or piezoelectric materials and resonance modifiers to dissipate vibration energy. Active
vibration control (AVC) differs from active noise control (ANC) because the vibrations that are
damped by AVC are in the material structure, while the vibrations that are eliminated by ANC are in
the air (sounds ). However, the basic principles used in ANC can also be applied to AVC and the
control hardware and software architecture is generally similar for both technologies.

The vibrations from the cutting tools negatively affect the final surface of the processed piece
and limit the speed of the operations. By actively reducing the vibrations of the cutting tools, a
significant improvement of the final surface was obtained.

Active shock absorbers are also used in some automobile suspensions to improve their
handling and stability, as well as passenger comfort. Toyota's Electronic Modulated Suspension
(TEMS) is based on a stability sensor and a shock adjustment device using piezoelectric sensors and
actuators and an electronic control system.

Many of the cross-type elements have been studied only for a single domain of isolated active
vibrations, for different loads specific to the bearings. The Boeing Corporation has developed an anti-
vibration engine for acronautical applications. Thus, the dynamic response of vibrations is reduced
engine relative to the environment. A similar concept was patented by GEC-Marconi for reducing
vibrations on maritime vessels. Bridgestone Corporation presents a similar concept for isolating
vibrations from large machine tools such as milling machines. General Motors developed a similar
concept with applicability in the automobile industry. Anti-vibration suspensions were developed by
Nissan, Hitachi, and others. Robert Bosch GmbH has studied such applications for agricultural
machines as well. A constant active bar length is also described in a patent, by Kaman Aerospace
Corporation, which is intended not so much to reduce vibrations as to compensate and transform them
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into thermal deformations for large space structures. The Singer Company describes their use for
laser gyro rings.

Active vibration damping is also being studied to reduce vibrations in helicopter rotors,
gearboxes, etc. By reducing the vibration level in helicopters, the pilot can fly longer and the
helicopter's maneuverability and fuel consumption are greatly improved. A number of theoretical
methods for reducing these vibrations are studied by positioning piezoelectric sensors and actuators
along the helicopter blade to reduce vibrations at those locations and modeling the rotor/blade by
finite element analysis using the mass and stiffness of the blade, the type of flexural deformations in
the blades and rotor/blade torque. The simulation showed a significant reduction in vibrations.
Recently, some of this theoretical research has been put into practice by Sikosky Aircraft, which
works to reduce vibrations in reducers and helicopter rotors.

Another area of use of active vibration dampers is to reduce vibrations of aircraft panels.
Aircraft panels increase aerodynamic resistance and implicitly fuel consumption and reduce aircraft
maneuverability.
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CHAPTER 2
General Information Regarding the use of Rheological Materials,
Devices and Mathematical Models

2.1. Rheological materials technological comparison [22, 30, 31, 35, 104, 106, 132, 200].
Electrorheological fluids and magnetorheological suspensions are systems of particles that, under the
effect of electric and magnetic fields respectively, can increase their viscosity by 2-6 orders of
magnitude, passing from a liquid state to a solid state, in time intervals of the order of milliseconds
[62].

Electrorheological materials. Electrorheological (ER) materials were discovered in 1949 by W.M.
Winslow. ER materials are solutions of colloidal, polarizable particles, with dimensions of the order
of 1-100 pm, in insulating solvents, with a high dielectric constant.

General characterization of ER materials. When applying a strong electric field, of the order of
kV/m, the ER materials, in flow, change their rheological properties (viscosity, plasticity, elasticity)
forming chains, in the sequence shown schematically in fig.2.1. It is found that the particles have a
tendency to form chains even at low intensities of the applied electric field. As the field intensity
increases, the chains are sheared harder and harder and when the particle velocity drops to zero, the
chains become perpendicular to the electrode surfaces. The increase in viscosity, by up to three orders
of magnitude, is due to the energy consumed for the dissociation of particle chains [36]. Flow resumes
only when the applied shear stress exceeds the dynamic yield stress. From that moment on, the ER
material behaves like an ordinary fluid, with constant viscosity [35]. Therefore, ER materials have
different behaviors: in the pre-flow regime and in the post-flow regime. Most applications are with
controllable shear behavior in the post-flow regime. Figure 2.2 shows an idealized diagram of the
shear behavior of an ER material. The pre-flow regime exists only at small deformations, y < yy. In
the post-flow regime, a linear dependence of the shear stress (t) on the strain rate (g) is observed,
according to the relationship:

=ty tn.g (2.1)

where 7y is the dynamic flow voltage, which is strongly dependent on the applied electric field (E1 <
E2 <E3, 1yl <ty2 <7ty3); n — the plastic viscosity which is little dependent on the electric field [77].
Applications of ER materials are of two types: (i) controllable devices and (ii) adaptive structures.

Controllable devices operate with constant viscosity, following a principle of operation based on
two fundamental configurations of interaction of the ER material with the electrode: 1 — with fixed
electrode and 2 — with mobile electrode. These two configurations are illustrated schematically in
fig.2.3. The controllable devices, based on the fixed electrode configuration, from fig.2.3(a), contain
stationary electrodes, between which the ER material flows, with a certain flow, produced by a
pressure gradient. In the sliding electrode configuration, the electrodes are parallel and at least one of
them can move tangentially, under the effect of a shearing force of the ER material, as in fig. 2.3(b).
The sliding is controlled by the speed of the sliding electrode and by the shearing force of the material,

exerted between the electrodes [80].
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Fig.2.1. Tllustration of the two fundamental configurations of interaction between the electrodes (1) and the ER
or MR material (2), in controllable devices: (a) fixed electrode; (b) sliding electrode; (c) pressed electrode [80].
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Adaptive structures have adjustable rheological properties due to the incorporation of at least one
ER component. It works in pre-flow mode, being subjected to two types of stresses: shear or traction.
According to the general definition, adaptive structures have the ability to detect external stimuli and
to react so that their behavior falls within certain predetermined performance criteria. In general, the
control of adaptive structures can be achieved actively by reducing the vibrations of the structure with
the help of an external actuator that introduces additional energy into the system or semi-actively, by
changing the stiffness and damping properties of the structure with the help of the ER component
[80]. An example of an adaptive structure with semi-active control is obtained by embedding a core
of ER material in an elastomer plate. The characteristics of this structure are illustrated in figure 2.2.
The elastomer plate in fig. 2.2(a) has an ER core with a thickness of 1.8 mm, the outer layers being
0.46 mm. The yield strength of the material ER (ty) depends on the intensity of the electric field (E)
according to the relationship:

1y =aE| + bE; 2.1)
where a = 0.8867 and b = 0.7833 are experimentally determined constants. The usual value of the
flow shear is yy = 1 %. The relationship (2.1) was represented graphically in fig. 2.2(b). Viscosity of
the ER material is 1 = 0.25 Pas. The elastomer in which the ER core was incorporated has shear
modulus G = 12 MPa and Poisson's ratio p = 0.4.
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Fig.2.2. Characteristics of an adaptive ER core elastomer structure: (a) assembly scheme: 1-elastomer, 2-
ER material; (b) the dependence of the yield strength on the intensity of the applied electric field, in the ER material
and in the composite [79, 81].

When it is bent with a deformation speed of the order of 102s-1, under the effect of a force arranged
perpendicular to the layering direction, the resistance of the composite material increases with the
intensity of the electric field acting on the ER core. From fig. 2.2(b) it can be seen that this increase
is quasi-linear, the value of the flow resistance of the composite material being always higher than
that of the ER material [81]. Due to their ability to store applied electrical energy and dissipate
external mechanical energy, ER materials have been introduced into certain industrial applications
that have had a particular impact in the respective fields.

Applications of ER materials. Within the two main categories of applications of ER materials can
be found: 1 — controllable devices such as: valve, support for engines and mechanisms; brake and
clutch; shock absorber, etc.; 2 — adaptive structures type: bridges, blocks, etc. Controllable valves
were discovered and researched by W.M. Winslow and have a fixed electrode configuration. These
valves allow control of flow and pressure loss, which can reach approx. 6.9 MPa, requiring no moving
parts. Reaction times are below 1 ms. Controllable supports for motors and mechanisms have been
known since 1987. A model of such a support is shown in figure 2.3. The elasticity of the support is
ensured by the rubber ribs (1) and the membrane (3). The stiffness of the support is regulated by
means of the inertia channel (4) which also contains the electrodes. The compliance of the assembly
changes (increases) with the increase of the vibration frequency, up to 50 Hz [81]. Controllable brakes
and clutches were also discovered by W.M. Winslow, remaining at the stage reached by his research,
until the 80s. ER clutches have a sliding electrode configuration, which can have different geometries,
with concentric cylinders or parallel discs, as shown in fig. 2.4(a), respectively (b). High speed
clutches have been perfected, capable of transmitting torques of over 6 Nm. Controllable brakes have
also been studied that operate at speeds of up to 4000 rpm and can develop frictional forces of up to
225N [81].

18



Fig.2.3. Controllable ER support configuration model, for motors or mechanisms: 1- elastic rubber rib, 2- ER material,
3- elastic membrane, 4- inertia channel [81].
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Fig.2.4. Model of controllable ER clutches: (a) with concentric cylinder; (b) with parallel discs [81].

Controllable dampers can be used in a wide range of applications due to their ability to change the
ratio between speed and flow limit. In certain applications it is required that the shock absorbers can
develop a wide range of controllable forces. Thus, shock absorbers were developed with concentric
cylinders, multiple, which can be connected in parallel, in series or in combined ways. The speed-
force variation, of the controllable device, is dependent on the way in which the connection between
the hydraulic paths of the shock absorber is made. Fig.2.5 shows schematically a typical configuration
of a controllable shock absorber, with concentric cylinders. It is observed that the electrodes are
connected alternately, either to the ground (1) or to the high voltage source (2). The cover of the
shock absorber (3) represents the outer electrode, connected to the ground. When energized, the
electrodes form a set of parallel capacitors. The fluid passage channels between the electrodes can be
connected in a different way than in parallel. The parallel connection ensures the largest range of
controllable forces.

Fig.2.5. Schematic illustration of the configuration of a controllable ER damper, with concentric cylinders and passage
channels connected in parallel: 1-electrodes connected to the ground, 2- electrodes connected to the high voltage source,
3-damper casing, 4-piston [95, 96].
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The performance of the damper depends on: the size of the space between the electrodes; the thickness
of the electrodes; the radii of the piston, shaft and shell and the length of the damper. This damper
configuration ensures greater compactness, compared to classic dampers [96]. Currently, the classic
controllable ER dampers, illustrated in fig.2.6, have been developed with fixed or sliding electrode
configurations. In the shock absorber with fixed electrodes, from fig.2.6(a), the damping force of the
piston (1) is controlled by the pressure loss in the discharge channels (3) through which the ER fluid
(2) is forced to pass. Electrodes (4) are fixed plates. In the damper with sliding electrodes, illustrated
in fig. 2.6(b), the damping force is controlled by changing the frictional resistance of the ER fluid,
when passing through the discharge channels. In this case, the piston (1) acts as a sliding electrode.
Most applications of controllable ER dampers are found in aeronautics, such as airplane landing gear
or helicopter spars (where dynamic loads reach values of 2 kN, at frequencies up to 150 Hz). Other
cases where it is necessary to use controllable shock absorbers, due to the very high level of
vibrations, are heavy vehicles (where torsion bar type shock absorbers have been manufactured,
capable of controlling torques of up to 1 kNm, at frequencies of 2 Hz) or automatic washing machines,
with centrifuge.
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Fig.2.6. Models of controllable ER dampers, classic: (a) with fixed electrode; (b) with electrode
slider: 1-piston, 2-ER fluid, 3-discharge channel, 4-¢lectrode, 5-pressure accumulator [96].

Adaptive structures are obtained by incorporating ER shock absorbers in stress concentrating areas.
The role of ER materials is to control and modify the friction in the damper bearings, regulating the
compliance of large constructions (blocks, bridges, etc.) in areas with high seismic activity [95].
Magnetorheological materials. Magnetorheological (MR) materials are stable suspensions of
ultrafine ferromagnetic particles, with sizes of the order of 0.05-10 pm, in a carrier fluid, insulating
medium.

General characterization of MR materials. When applying a magnetic field, MR materials have
the ability to change their viscosity by up to six orders of magnitude, due to the formation of chains
of aligned particles. The phenomenon is illustrated in fig.2.7.
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Fig.2.7. Schematic illustration of the reversible behavior of particles within MR materials: (a) layout

disordered, in the absence of the external magnetic field; (b) alignment along a single direction,
upon application of the field [96].
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The formation of the "pearl" chains, as the rows of aligned MR particles in fig. 2.7(b) are also called,
is accompanied by the modification of the rheological (elasticity, plasticity, viscosity), magnetic,
electrical, thermal, acoustic, properties etc., but the main effect is the increase in apparent viscosity.
When the magnetic field is removed, the particles return to the disordered state in fig. 2.7(a) [96].
There are 3 major components in the structure of an MR material: the ferromagnetic particles,
the carrier fluid and the stabilizer.
a. The dispersed ferromagnetic particles have a spherical shape and occupy approx. 20-50% of the
MR material volume. Currently, soft (remagnetizable) magnetic material powder such as iron
carbonyl (FeCO) is used. An example of such powder is S-3700, obtained by the ISP company, by
decomposing iron pentacarbonyl, Fe(CO)S5. The chemical composition of the particles of this brand
is: Fe-max 1%, C-max 0.7%, O-max 1%, N.
b. The carrier fluid serves as a continuous isolation medium and must have a viscosity of 0.01-1
Pa-s at 4000C. The carrier fluids currently used are: water, glycol, kerosene and synthetic or mineral
(silicone) oil.
c. The stabilizer has the role of keeping the particles suspended in the fluid, preventing them from
clumping together or settling by gravity. Stabilization is done differently, depending on the
concentration of the particles: a) at low concentrations, around 10%, stabilization consists of the
formation of a gel that favors dispersion and lubrication, changes viscosity and inhibits wear. An
example of such a stabilizer is silica gel, formed by ultrafine and porous silica particles, which have
the ability to absorb large amounts of liquid; b) at high concentrations, up to 50%, stabilization is
done with surface-active, neutral or ionic substances that adhere to the surface of the particles,
favoring their arrangement in finely dispersed, spatially branched structures. ER materials are
obtained by grinding in ball mills, where all the components of the material, including the carrier
fluid, are introduced and their fragmentation and mixing occurs under the effect of ball collisions, at
speeds of the order of 2000 rpm. Regarding the influence of the intensity of the applied magnetic
field on the variation of the tension with the shear rate, fig. 2.8 is presented. It is observed that the
shear stress stabilizes with the increase of the shear speed but increases proportionally, depending on
the square root of the intensity of the applied magnetic field [96, 104, 105].
A "good" MR material is characterized by: (i) low initial viscosity; (ii) high shear stress values at
certain values of the magnetic field intensity; (iii) negligible temperature dependence and (iv) high
stability.
As already mentioned, pure iron has the best MR properties. Its superiority is illustrated in fig.2.9. It
is observed that the flow resistance of the pure iron MR suspension, from fig. 2.9(b) is approx. six
times higher than that of the suspension based on iron oxide in fig. 2.9(a).
It should be noted that MR materials have superior properties to ER materials, from the following
points of view: 1 — they have higher flow resistance, as can be seen by comparing fig.2.2 (b) with
fig.2.9 (b); 2 — they have greater stability to impurities and contamination elements, which usually
appear during the production and use of the material; 3 — the energy consumption is lower (the
required powers, lower than 50 W, can be provided, at voltages of 12-24 V and intensities of 1-2 A,
even by electric batteries).
Due to both their superiority over ER materials and their easily controllable rheological properties,
MR materials are successfully used in shock and vibration control applications.
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Fig.2.8. The influence of the intensity of the magnetic field on the variation of the stress
depending on the shear rate, in an MR material [105].
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Fig.2.9. The influence of the particle material on MR properties: (a) for iron oxide;
(b) to a suspension of 40 % pure iron [105].

Applications of MR materials. The applications of MR materials can be found within the same
general categories found in ER materials — controllable devices and adaptive structures. The most
widespread controllable devices with MR materials are dampers. Several types of dampers with MR
materials are shown schematically in fig. 2.10. The classic MR shock absorber, from fig. 2.10(a), has
the disadvantage that the effect of the electromagnet (4) must cover the entire diameter of the cylinder,
so a rather large region, which requires a very strong magnetic field [104]. The damper variants in
fig.2.10(b) and (c) use a flow control valve which, from a functional point of view, is a controlled
hydraulic resistance.

a b c
Fig.2.10. Types of dampers controllable with MR materials: (a) classic damper; (b) damper with external valve of
regulation; (c) damper with built-in control valve: 1-cylinder, 2-piston, 3-MR fluid, 4-electromagnetic coil, 5-flow
control valve [104, 106].

The flow rate of the MR fluid (4) through the valve (5) is regulated by means of a magnetic field
perpendicular to the flow direction. The flow control valve is an assembly of cylinders and coaxial
rings, around the outside of which a coil of copper wire is wound. The solenoid thus formed generates
a magnetic field perpendicular to the axis of the valve, which can reach, for example, an intensity of
300 kA/m, at a current of 1.2 A and a number of 1000 turns. An example of the use of MR fluid
controllable devices are the dampers in the driver's seats on heavy trucks, the controllable brakes and
clutches, the braking systems in car driving simulators, etc. MR fluid controllable dampers are very
promising candidates for adaptive structure stiffness control systems, especially in cases with high
risk of exposure to natural calamities such as large storms or earthquakes. Such a damper for anti-
seismic protection, produced by Lord, is sketched in fig. 2.11. The stroke of the damper is + 2.5 cm.
The master cylinder (8) has a diameter of 3.8 cm and contains the piston (9), the pressure accumulator
(3) and the MR fluid (4). The magnetic field is produced by the coil (5), placed on the piston. The
power absorbed during the operation of the damper is less than 10 W. The response time of the
assembly was less than 10 ms [106,132].

Using such dampers, Lord developed adaptive structures protected against vibrations and
shocks, two examples being provided by fig. 2.12. This protection system is cheap, requires low
maintenance and consumes little electricity. In principle, the dampers are placed in such a way that
they dissipate the mechanical, shearing energy of the various successive segments of the structure. If
correctly placed and tied, the shock absorbers provide protection for cable-stayed bridges, fig.2.12(a)
and high-rise buildings, fig.2.12(b), even in case of large storms or a strong earthquake [132].
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Fig.2.11. Schematic of a controllable damper with MR material: 1-bearing and seal, 2-annular hole,
3-pressure accumulator, 4-MR fluid, 5- electromagnetic coil, 6- elastic diaphragm,
7-electromagnet supply wires, 8- cylinder, 9-piston [106].

A particular application of MR fluids is high precision finishing. The material to be processed is
brought into contact with the MR fluid exactly in the area to be removed. When the magnetic field is
applied, the MR fluid - which until then rotated together with the workpiece - suddenly increases its
viscosity, which leads to the separation of a superficial layer, only in the targeted area. If the process
is properly calibrated and controlled by computer, a typical machining accuracy of 50 um is ensured
for superfinishing operations [106].
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Fig.2.12. Illustration of the use of controllable shock absorbers, with MR material, in the construction of adaptive
structures: (a) for bridges fixed by cables; (b) in multi-store buildings [106, 110, 111].

Within smart materials, two more "sensory" categories have recently been included - optical materials
and marking particles - which, however, occupy negligible fractions of the world market. Compared
to shape memory materials — which are unanimously considered the first to be used in adaptive
applications, other smart materials can be considered “in their infancy” [100]. This was reflected by
the space given to each of the categories of materials presented in this work.

Rheological materials - comparison - control generalities. MR materials consist of micrometric
(3.8um), magnetizable particles suspended in liquid. MR materials generally consist of a
concentration of 20.40% pure iron particles suspended in a carrier fluid such as mineral or synthetic
oil, water or glycol. A variety of additives similar to commercial lubricants are used to prevent
gravitational settling of particles and ensure their maintenance in suspension, increase lubrication,
change initial viscosity and inhibit wear (Encyclopedia of Smart Materials). The critical volume
concentration (CPVC) defined by Lokander and Stenberg (2003) depends on the apparent density of
the iron particle powder. The effect of MR materials does not increase much with the increase of this
CPVC concentration. MR fluids are controllable fluids in terms of magnetic properties. MR fluids
are finding more and more applications in industry. These applications include shock and vibration
absorbers, semi-active dampers, brakes, different actuation systems [17, 21]. They are seriously
considered as anti-seismic dampers in civil engineering. The Cedrat Technologies concern
experimentally researched, for its potential buyers, such equipment, proposing for the control of the
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dynamic behavior of the structures, the models presented in the figure below in three variants: with
active, hybrid and semi-active control.
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Fig.2.13. Various variants of control schemes with passive energy dissipation (PED).

MR fluids are substances that, under the controlled action of the magnetic field, change their state
from a liquid to a semi-solid state in a time of the order of milliseconds. Adaptation of damping force
can be done more than 500 times per second. The MR damper controller determines its tuning with
each vibration thus preventing the damper action then when it is not the case. The MR substances
generically called Rheonetic Fluids are specially intended for the field of vibration damping, and the
coupling with the electronic control of movements takes on a new dimension.

2.2. Operating modes with rheological fluids [22, 24, 106].
The basic magnetorheological fluid operating modes are: flow operating mode, valve type; shear
operation mode, brake type; operating mode by pressing; combined operating modes.

displacemen forca
speed. §

a- valve; b- sliding brake; c- brake by pressing
Fig. 2.14. Modes of operation with magnetorheological fluids (Carlson and Jolly, 2000).
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In order to obtain the desired control over the damping force, it is necessary for the damper to work
with a minimum volume of modified rheological fluid, determined by the contact surface:

V=Lwg 2.2)

2.3. Types of magnetorheological dampers, properties and some relationships
A wide use of magneto-rheological shock absorbers is also the rotary ones, used especially as
auxiliary components alongside springs. The application in figure 2.15 shows a rotary damper used
in a joint of an articulated arm type robot, to reduce the vibrations generated in the manipulation
process by the coupling compensation springs, a construction detail of the mounting of the
electromagnet and a characteristics for the rotary movement, for various values of the damping
coefficient.
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Fig.2.15. Rotation mode with AMR, constructive detail regarding the mounting of the electromagnet
and the variation of the angular displacement by changing the damping coefficient

Research from other universities and institutes:in the world, in particular the Seismological Research
Institute of Tsukuba-shi, Ibaraki-ken in Japan, has shown that many applications in building vibration
compensation techniques are made by using linear magneto-rheological damping devices based on
hydraulic cylinders of special construction (fig. 2.16). From the analysis of the figures, it can be seen
that the AMR works as a mechanical filter and intelligent shock absorber, through the use in its
construction of springs to compensate for its own flow vibrations (mechanical filter function), as well
as an AMR through the existence of the electromagnet and the flow holes ( magneto-rheological
damping function).

Accumulator

Cylinder

Piston

Orifice”| Coil Bypass |

Fig.2.16. Seismic attenuation installation made at the Institute of the Seismological Research Tsukuba-shi, Ibaraki-ken,
Japan and schematic diagram of researched AMR.

The company ReacTec, England is one of the main companies that deals with the production of
equipment and special devices for reducing vibrations both in the field of manufacturing, machines
as well as in the field of civil constructions, industrial or even in the field of health, creating specitic
equipment to control harmful vibrations from work. The device, of the respective company, provides
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on-line vibration reduction through the semi-active control of the rheological parameters. The passive
isolation systems practiced in many industrial applications have as their target the reduction of a
critical frequency, requiring their change if the working conditions, respectively if the unwanted
frequency, changes. ReacTec automatic control technology adapts the damping devices to the specific
conditions, adapting the amplitude, respectively the frequency to the required conditions, so as to
finally reduce the harmful effect of vibrations.

Within the Department of Mechanics and Industrial Engineering at the University Northeastern in
Boston, USA has made magnetorheological damping devices for rehabilitation exercises, as well as
for prostheses, in order to balance between its various segments. These devices are rotating,
concentrically designed, to increase the damping forces, as well as the adjustment range.

2.4. Mathematical models of magneto-rheological dampers (MMR) [6, 17, 20, 21, 22, 30, 51, 80]
The Bingham model simulates a relatively simplified MR damper. The model includes a Coulomb
friction force fy connected in parallel with a viscous element with coefficient ¢, figure 2.17. The model
is simplified because it does not highlight the damping force-speed hysteresis.

[ =rysan(x)+c%

Fig.2.17. The Bingham mechanical model including a Coulomb friction force and a viscous friction force.

The Bouc-Wen model is more extensive, including the hysteresis curve. The model is represented
in figure 2.18. The model is more complex and requires a closed-loop control algorithm (Dyke et al.,
1998 [35, 36], Yang et al., 2002 [77], Liao and Lai, 2002 [99]).

P T

Bouc-Wen

Fig.2.18. Mechanical model of the MR- damper based on the Bouc-Wen model (Dyke et al., 1998).

The equations describing the Bouc-Wen algorithm for the behavior of the magnetorheological damper
can be written in the following form:
(2.3)

f=ay+k(x; —x;)
i, - j~|:|:‘"_1 ~ Bl V)| + AGe; - )
1

Cg+(‘:

zZ=-Y

. /

{+c,x, +k,(x, - »)}

y=

where f'is the damping force and is described by the primary displacement variables, x4 and y, and
by the state variable z which also takes into account the time evolution of the force. The viscous
damping parameters c0 and c1 as well as the parameter a depend on the variable magnetic field (on
the coil supply voltage). Parameters £ and xo are constant and determined by experimental research.

26



Damping Force (KN)

3 —01 o0 01 02

Fig.2.19. The hysteresis characteristic of the damping force- travel speed. Comparison between the experimental
research (solid line) and the numerical simulation results of the Bouc-Wen model (broken line) (Choi et al., 2001).

The Li (2000 [99]) model is a model in which the MR material operates in two rheological domains:
pre-flow and post-flow. It is considered that in the pre-flow domain, the deformations are viscoelastic,
and in the post-flow domain, the deformations are viscoplastic. The mechanical model is presented

in figure 2.20.
(a) Preyield (b} Postyicld

Fig.2.20. The viscoelastic-plastic model of the MR damper — according to the research of Li et al. (2000).
The equations, according to the model proposed by Li et al. are:
F=F_, +F, |F|SF(, preyield
F=Cyx+Ri+F sgn(t). |E|>F,. postyield

(2.4)

where F. is the force in the field of elastic deformation of the MR material in the shock absorber after
applying the magnetic field, Cv is‘the viscous damping coefficient and R is the equivalent inertial
mass. The viscoelastic force Fyve needs to be determined separately according to the theory of
viscoelasticity. Li et al. (2000) made experimental tests of the dynamic properties of the damper MR.
The characteristics of damping force-displacement function, speed and time are presented in fig. 2.21.
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Fig.2.21. Experimental characteristics of the Li model. (a) force versus displacement,
(b) force versus speed and (c) force versus time for different fields, displacement amplitude X0 = Imm,
frequency f=1 Hz, current I = 0.5 A (Li et al., 2000).
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The Oh and Onoda model. Oh and Onoda (2002) designed and built a variable MR damper to
demonstrate vibration displacement in structures. The physical model and the mechanical model are

presented in figures 2.22 and 2.23.
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Fig.2.22. The experimental model for the dynamic tests of the MR damper (Oh and Onoda, 2002).
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Fig.2.23. The equivalent mechanical model consisting of springs, viscous damper, and dry friction component specific
to the MR damper model, Oh-and Onoda (2002).

The dynamic properties were measured by applying a sinusoidal excitation force while keeping the
magnetic field of intensity H constant.
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Fig.2.24. The variation characteristic of the damping force as a function of displacement in the MR damper, for
different magnetic fields (Oh and Onoda, 2002).

The Choi model (2001 [30, 31]) proposes a polynomial model of degree 6 in which the damping

s force is expressed by the relation:
2.5)

F,=>ay

i=0
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The parameters ao ...as are defined experimentally for positive or negative accelerations and speed v
raised to the power i.

The extended Bingham model. Gamota and Filisko [44] presented an extension of the Bingham
model that describes the behavior of the ER in the pre-flow and post-flow state. This visco-elastic-
plastic model consists of the series Bingham model with three elements of a linear solid (Zener
element) shown in figure 2.25. The force in this system is given by:

epty + fo - sgn(dy)
ki(zg —z1) +er(de —a1)  , |F| > fe
ka(ws — x2)

F= e 2.6)
ki(zg — 1) + e1d2
ka(xa — x2) IFl < fe
where the damping coefficient c¢o and the friction force fc are simulations of those in the Bingham
model for the plastic viscosity, respectively for the flow state. The parameters ci, k1 and k» are
associated with the elasticity properties of the fluid for the pre-flow region (Gamota and Filisko [44],
Spencer et.all [176,177].
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Fig.2.25. Extended Bingham model (Spencer et al. [176]).

The three-element model. Focusing on the dynamic behavior of AER and AMR Powell [150, 151]
proposed an analogous mechanical model consisting of viscous damper, nonlinear spring and friction
element, connected in parallel (fig. 2.26). To reproduce the force-velocity hysteresis characteristic
that is confirmed experimentally (cf. fig.2.27b), the Coulomb friction force f: is modeled by the static
and dynamic coefficients fcs and feq.

Fig.2.26. The three-element model (Powell [150, 151]).

The mathematical model is expressed in the form:

f05<1 + (fcd,-"lfcs) . exp(—ﬂ |’|)) ’ tanh((‘i) ’ 220

.7)
fcd(l — exp(—b ||)) - tanh(ez) , 2-2<0

Je=

where z is the displacement transmitted AMR or AER, and z' and z" the speed and acceleration. The
force generated by damper is given by:

F=fo+t futei 28
where fx = k - tanh(dz) is the nonlinear force of the spring in the elastic zone. In this model, the model
coefficients dependent on the damping parameters fs, fud, @, b, ¢ and e as well as on the elasticity

parameters d and k were established through experimental research. A comparison between behavior
assumed and observed AER or AMR is shown in fig.2.27.
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Fig.2.27. Comparison between the simulated results: (a) and those obtained experimentally; (b) Force-velocity
characteristic for the model with three elements (Powell [150, 1517).

The three-element model is quite close to reality and is much easier to simulate numerically than the
extended Bingham model.

The BingMax model. A model with similar components is the BingMax discrete element model
presented by Makris et al.[109,110]. It consists of a Maxwell element with a Coulomb friction
element, fig.2.28.

F,

Fig.2.28. BingMax model (Makris et al. [109, 110]).
The force F(t) in this system is given by:

Ft)y=K /exp (— f _\ T) w(r)dr + F, -sgn [i(t))] 2.9)
0

where A is the ratio of the damping constant C and the spring stiffness K, and Fy is the friction force.
The equation can also be written:

df{ft) = C-a(t)+ Fy - sgnfu(t))

(2.10)

F(t)+A-

The nonlinear visco-elastic-plastic model. The visco-elastic-plastic model presented by Kamath
and Wereley [87, 88] combines two linear flow mechanisms with nonlinear functions, fig. 2.29.
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Fig.2.29. Viscoelastic-plastic model (Kamath and Wereley [87, 88]).
(a) Vasco-elastic mechanism; (b) Viscous mechanism.

In the flow region the behavior of the fluid is simulated by three elements, considering the linear

behavior of the fluid (Jeffreys model). The visco-elastic force Fy. generated by this system is

governed by:

Cy . 2.11
1C2 g (2.11)
K4

('l + C"Z dFl‘C

Foe + K d

=5 _‘;’ +

where C, C> and K are the damping and stiffness parameters, and X is the displacement transmitted
to the device. In the post-flow region the response is represented by the dependence relation viscous:
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Foi=CoX (2_12)
where the damping coefficient Cy is the apparent viscosity coefficient of the fluid (fig.2.30b). The
form of transition from the pre-flow regime to the post-flow regime is made through a non-linear
combination within the final force relationship, between the visco-elastic and viscous components
Fc and F.i:

F= Ft'esve + Ft'iSl'z‘ (213)
Where:
. 1 o — o 1 — Qy
Spe = 5 1 — tanh( e v )] Sy = [1 —+ mnh( T, )] (2.14)

(Kamath and Wereley [87, 88]).The block diagram of the relationship between force and
displacement is presented in fig. 2.30; L. and L,; are linear operators.
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Fig.2.30. Schematic of the visco-elastic-plastic model (Kamath and Wereley [87, 88]).
Non-parametric models are based on their performance. These usually require the acquisition of
experimental data regarding behavior in different tasks, under different conditions (Jung et al. 2004).
The models proposed in this category are based on Chebychev polynomials (Ehrgott and Masri 1992,
Gavin et al. 1996b [49, 50, 51]), on neural networks (Chang and Roschke 1998, Zhang and Roschke
1998, Wang and Liao 2001), neuro-fuzzy systems (Schurter and Roschke 2000) or on the
identification technique (Jin et al. 2001, Jin et al: 2002), as an example: Ehrgott and Masri (1992) use
Chebyshev polynomials for AMR modeling. Two probes were used to generate the damping force.
In the first case, the damping force is a function of displacement and velocity and is described by two
orthogonal Chebyshev polynomial functions. In the second case, the force is a function of speed and
acceleration and is also described by Chebyshev orthogonal polynomial functions. Comparison of the
experimental results are shown in fig.2.67. and shows that in the second case, the damping behavior
is described more precisely. This method was extended by Clamroch and Gavin (1995), and Gavin et
al. (1996b), who established that the force is not only a function of displacement and speed, but also
of the electric field. The analytical results were compared with the experimental data and a
satisfactory expression of the damping force was found.
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(a) force as a function of displacement and velocity; (b) force as a function of velocity and acceleration
Fig. 2.31.Comparison of experimental hysteresis and Chebycheff characteristic.
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Neural network models reproduce the nonlinear behavior of AMR much more precisely. These
systems emulate the properties of the nervous system and are composed of neurons, which are the
component elements, and synapses, which represent the connections between them. Connections can
be adjusted by learning the algorithm to more accurately reproduce the behavior of the system (Pacific
Northwest National Laboratory and Batelle Memorial Institute 1997.) This involves using
experimental input and output data or data from mathematical simulation of the system, which will
be modeled . Chang and Roschke (1998) propose a multilayer network (MLP) for modeling AMR.
MLP networks are some of the most common types of networks, which have the particularity of using
only one non-linear function. The network consists of 6 input neurons, one output neuron and 12
neurons in the hidden layer. Zhang and Roschke (1998) proposed two neural networks for AMR. The
first predicts the damping force when the tension is known, and refers to the inverse model. It consists
of 8 input neurons, one output neuron and 5 neurons in the hidden layer. Another proposed model
predicts the tension, when the damping force is known. It refers to the inverse model and consists of
4 input neurons, one output, and 10 neurons in the hidden layer. Gauss-Newton learning algorithm
based on Levenberg-Marquardt learning algorithm and OBS strategy were used for both models.
Wang and Liao (2001) proposed a neural network for direct identification of AMR. This model
consists of a neural network in which the output is linked to the input layer. This model has three
layers with 15 input neurons, one output neuron and 15 neurons in the hidden layer.

Neuro-fuzzy models are other models that emulate the dynamic behavior of AMR. In these new
models neural networks are used to adjust the fuzzy logic parameters. Fuzzy logic incorporates
knowledge about the system into a controller, using various functions that use vague concepts such
as: free, strong, weak, moderate, etc. The desired output size is determined based on the input fuzzy
information, just like the decision of the human brain. The neuro-fuzzy model proposed by Schurter
and Roschke (2000) for small AMRs uses neural networks to train functions that simulate the
relationships between inputs: damper displacement, ‘velocity, voltage signal and output: damping
force. A nero-fuzzy application is the Adaptive Neuro-Fuzzy Inference System (ANFIS) from the
Matlab Fuzzy Logic Toolbox, which is used to determine the parameters needed to model the damper.
This application uses a learning algorithm combined with backpropagation gradient and the least
squares method. Learning and data validation were generated using the phenomenological model
proposed by Spencer Jr. et al. (1997 [176, 177]).

Often the non-parametric models ‘are much more complicated and difficult to achieve due to the
very large number of experimental determinations for the exact establishment of the necessary
parameters, so the less precise parametric modeling is preferable, if the required precision is not very
high.

2.6. Control laws of AMR [16, 17, 30, 31, 93, 106, 131, 150, 151, 160, 161, 194, 195, 200]
AMR is a non-linear device, which is why it is necessary to develop a control algorithm that ensures
all the advantages determined by its characteristics. Several control strategies were researched by
Jung et al. (2004), among which we can mention: optimal control, which assumes a mathematical
model as precise as possible and an intelligent control. The performances of the different proposed
control systems were simulated in the works of Dyke and Spencer Jr. (1997 [35] Jansen and Dyke
(2000 [36]), by using a single AMR, and Jansen and Dyke (1999), in the implementation of AMR
multiple A synthesis of research is presented by Jung et al. (2004.)
Optimal control [36]. A very interesting proposed algorithm for AMR control, called closed optimal
control, was developed by Dyke et al. (1996a,b [36]). This is the most used algorithm for AMR (Jung
et al. 2004.) This strategy consists of a bang-bang (on-off) controller, which causes the damper to
generate a required control force, which is then determined by an active controller ideal, fig. 2.32.
The feedback link is used to produce the required force, fc, which is ultimately determined by a linear
optimal controller, Kc(s), based on the structural measurements, y, and the measured force, f.
2.16)
fo= L"{— K (s)d 'LI'];
‘ )
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where: L {.} is the Laplace transform. The linear controller is obtained by using the H/LQG strategy.
The strategy consists in keeping the tension constant, if the force generated by the damper, f; is equal
to the required force f.. When the amplitude of the force f is smaller than the amplitude of the force
fc and both forces have the same sign, the applied voltage is set to the maximum value to increase
the damping force and to bring it as close as possible to the necessary one. This algorithm, for
selecting the applied voltage, is represented in fig. 2.32. and described by equation 2.16.

V= "maxH{(fc - f)f} (2.17)

where vmax is the maximum voltage associated with the saturation of the magnetic field of the AMR,
and H(.) is the Heaviside step function. The performance of the closed optimal control algorithm was
evaluated by numerical simulation (Dyke et al. 1996b) and experimentally by (Dyke et al. 1996a).
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Fig.2.32. Block diagram of the optimal control algorithm (Dyke et al. 1996a,b [36]).
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Fig.2.33. Graphic representation of the closed optimal control algorithm (Clipped-Optimal Control Algorithm)
(Dyke et al. 1996a,b [36]).

The performance of this algorithm for several dampers was verified experimentally by Yi et al. (1998)
and Yi et al. (2001), Jansen and Dyke (1999), and Dyke (1998.) The performance of this algorithm
for multiple dampers was verified by numerical simulation on a sexapod structure equipped with 4
AMRs by sinusoidal signal excitation close to the first two eigenmodes of vibration of the structure
Yi et al. (1998). It was found that the optimal closed controller was good, reducing the response of
the structure. AMR in combination with the control algorithm has also been applied to the reduction
of cable vibrations in suspension bridges subjected to the action of wind. Numerical simulation was
developed by Johnson et al. (2000, 2001). And the experiments led by Christenson (2001) and
Christenson et al. (2001, 2002) confirmed these results. Other interesting research includes shifting
the vibration spectrum in coupled structures and controlling the lateral torsional response of irregular
structures compared to others (Christenson 2001, Christenson and Spencer Jr. 1999, Christenson et
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al. 1999, 2000). Another algorithm proposed by Chang and Zhou (2002) and Zhou et al. (2002)
consists of a linear quadratic regulator (LQR) for optimal damping force determination and an inverse
neural network for voltage calculation necessary to produce this force. This inverse neural network
uses the data obtained from the phenomenological model developed by Spencer et al. (1997.).
Another control strategy proposed for use with AMR was developed based on Lyapunov stability
theory. In the description by Yi et al. (2001), the first step consists in choosing the Lyapunov function
that is appropriate to the state of the analyzed system. The success of this strategy in reducing the
response of the structure was demonstrated analytically by Dyke and Spencer (1997), Jansen and
Dyke (1999, 2000), and experimentally by Yi et al. (2001). The work of McClamroch and Gavin
(1995), also based on the Lyapunov theory, proposes a bang-bang control strategy. The total
vibrational energy (kinetic and potential) of the structure is represented by a Lyapunov function. The
goal of this strategy was to reduce the rate of energy transmitted to the structure. Thus, the derivative
of the Lyapunov function used to describe the vibrational energy was minimized.

Intelligent Control [18]. Another model based on the control strategy has been successfully applied
in vibration reduction. It ensures the real control of the structure (Sreenatha and Pradhan 2002.) The
non-linear behavior and complexity of the system determined the creation of sophisticated,
computerized, often impractical models to be used in the development of control strategies.
Intelligent, control-based technology has become an alternative to real systems. Three broad
categories of intelligent control algorithms have been proposed for use with AMR: neural network
control, neuro-fuzzy control, and fuzzy logic control. Shiraishi et al. (2002) proposed an adaptive
neural network to control the structural model of the graph equipped with a magnetorheological
damper. The control strategy consists of a structural identification network and a control network.
When entering the network for identification, the control system takes into account the changes in
the AMR characteristics as well as the structure. The shock absorber was placed between the ground
floor and the first floor. The identification and control network was used to identify the displacement
of the first floor at each time step, based on the last 5 values of the displacement of the ground floor,
the first floor and the current control. Dalei-and Jianqiang (2002), used an adaptive control strategy
based on neural networks for AMR control based on isolated structures. This composed two networks:
the control neural network (neural network control NNC), for determining the control voltage and the
neural network identification (VNI), for estimating the controller error on the reaction path. Each
network has three layers with 5 x 11 x 1 nodes. The 4th term reaction algorithm was used to support
the two neural networks. The numerical simulation showed that this strategy is more useful compared
to the neural network controller without the term to the power of 4. In the category of neural control
is the work of Ni et al. (2002), which proposes two neural networks for controlling the vibrations of
suspended cables using AMR. Both algorithms use incomplete output observations, the first one is
intended for the complete model and has two functions: controller and observer (fig. 2.70). Off-line
learning has been refined so that the controller emulates the force that can be achieved with a fully
state-controlled LQOG controller.

Loading Output

—»O—» Cable System

MR Neural network
Damper controller integrated
with observer

=

Fig.2.34. Neural network controller for the full-order model (Ni et al. 2002).
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Fig.2.35. Neural network controller for reduced-order ~ Fig.2.36. Block diagram for feedback control target including
model (Ni et al. 2002) . controller (Schurter and Roschke 2001) .

The second algorithm was designed to reduce the order of the model and includes an observation
network with summation to the control network. The off-line learning used for the controller is similar
(fig.2.36.) The analytical results showed that the performances of the two neural controllers were
comparable to the LQG controller with full state observation. Xu et al. (2003) also proposed the use
of neural networks for AMR control. The strategy consists of four layers, reaction with neural network
and Levenberg-Marquardt algorithm for solving the time delay. Numerical simulation showed that
this model is superior to the traditional method of temporal analysis of the unfolding of the elasto-
plastic phenomenon. A different research was done by Schurter and Roschke (2001a,b) who
developed neuro-fuzzy controllers. This technique consists.of 5 steps. The first is to establish the
target controller, in this case it is the controller on the feedback path, proportional to the fourth order
inertia, LOR. The second step contains the integration of the target controller with the system model
and damper. To convert the required force into the actual force control, a semi-active ASAC converter
was introduced. It includes an inverse damper model that calculates the required voltage V that can
produce the desired force and a forward model for predicting the applied force. For this study, the
inverse model was the modified version of the Bingham model, and the neuro-fuzzy model was
proposed for the forward model.

An intelligent control strategy that does not require algorithm learning and does not require much
acquired data is the fuzzy controller. This category of controllers is based on fuzzy logic, which uses
intuitive understanding of the system's behavior to determine the controller's action, fig. 2.37. This
strategy has been successfully applied with active control components (Casciati et al. 1994a,b,c,
Casciati and Yao 1994, Furuta et al. 1994, Iiba et al. 1994, Goto et al. 1994, Yamada et al. 1994, Yeh
et al. 1994, Fujitani et al. 1995, Aldawod et al. 1997, Battaini et al. 1997, 1998, Mitsui et al. 2002),
where the fuzzy algorithm was used to determine the required force control using some components
of semi-active control, (Nagarajaiah 1994, Sun and Goto 1994, Kelly 1997, Symans and Kelly 1999),
where the algorithm was converted into voltage or current applied to the component so that its
mechanical properties are modified.

State Space
5 . X%
E—’@—’ Model of the X . §
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Forward v Fuzzy .
Damper Controller
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X%

Fig.2.37. Block diagram of the feedback loop system containing the fuzzy controller (Schurter and Roschke 2001).

35



CHAPTER 3
General Information Regarding the Dynamic Behavior in Robotics

3.1. Mathematical models of the dynamic behavior of RI
To be able to realize the full range of manipulation applications, a robot must be able to touch any
point in its workspace with an arbitrary orientation of the hand. For this reason, the three variables
(%, y, 2), or (6, @, r) that define the position of the hand are not sufficient to describe its orientation.
Three additional variables are needed, usually of rotation, defined as: roll, pitch and yaw, names taken
from navigation (RPY system). To understand the meaning of these notions, extend the arm, with the
wrist horizontal and the fingers together (fig. 3.1). The hand is rotated from the position with the
opening of the palm down to that with the opening of the palm up, keeping all this time fingers
pointing in the same direction. This movement is that of roll Now, with your fore arm outstretched,
without twisting your wrist, the direction is changed by pointing it up and down. This movement is
the pitch. Finally, with fingers glued and outstretched and without rolling or pitching movements,
orient the fingers as much as possible far to the right, then to the left. This is the drift movement.
These independent movements constitute degrees of freedom, but it must be mentioned that there is
no freedom at the joints unlimited movement. For example, the drift capacity a of the human wrist is
about 60 degrees. So there are certain combinations of hand position and orientation impossible to
achieve in humans. The same will be true for robots. In applications robotized, the entire position
configuration is defined as configuration three-dimensional and of the orientation of the gripper
(requiring therefore for full definition six numerical values). A set of configurations, introduced by
the robot's training (learning) action, together with the speed regime information, constitute the
motion database for a robot application. Gripper configurations are specified relative to a coordinate
system attached to the workpiece. The position of the piece (and therefore the attached coordinate
syst em) is variable, known at any time, relative to another coordinate system (ex. Reference
system, the base of the robot). It is necessary to-solve the following problem: given a configuration
A, known in relation to a coordinate system B, and given the location of system B in relation to
another coordinate system C, to find the location of point A measured in coordinate system C (fig.
3.2) [10,11,14,15,26,27,28]. It is assumed that system B is only translated relative to C, not rotated,
so the two systems have parallel coordinate axes. It follows that position A is described by the vector:

As= [xs, ys, z8]" 3.1 ML=

The subscript B indicates that the variables are measured relative to the
system of coordinates B. The origin of coordinate system B is known tungaj
relative to system C:

. XTideriva
Be=[xc, ye, z]” 3.2) iﬁ
Then A in relation to C is given by:
Ac=Ap+ Bc=[xp+xc, yp + yc,zs +zc 1" (33) Fig.3.1. Elementary types of movements

In this way, vector addition provides the solution to such problems, provided there is no rotation.
Let us now consider the problem of rotation: let there be two rectangular coordinate systems OXYZ
and OUVW, whose origins coincide. The OXYZ coordinate system is fixed, being considered the
reference system. The OUVW system rotates with respect to the reference system. Let [ix, jy, kz]
and [iu, jv, kw] be the unit vectors along the coordinate axes of the OXYZ and OUVW systems
respectively.

A point P can be represented by its coordinates with respect to both coordinate systems. For
simplicity, let's consider the point P fixed with respect to the OUVW system. The vector results:

Puvw = [Pu, v, pw 17 and pxyz = [px , py .p2 1" (34
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which represent the same point P, respectively in relation to the OXYZ and OUVW systems. Using
a transformation matrix A, of size 3x3, we will transform puvw's coordinates into coordinates
expressed with respect to the OXYZ system, after the OUVW system has been rotated:

Pxyz = A* Puvw (35)
According to the definition of a vector:
Puvw = puiu + pvjv + pwkw (36)

where pu, pv, pw represent components of the vector puvw along the Oy, Oy and Oy axes, using the
definition of the scalar product gives the components of pxy::

Px=ix p=ix luputix jvpv Tix Kwpw
Py=ly Py tuputjy jvpv Ty Kwpw (3.7)
pZ:kz p:kz iupu+kz jvpv +kz kwpw

or, in a matrix expression (3.8):

Po| | L 1k, P,
A 3.8
by |=| Ak Jude Jk D, @)
p, ki, k.j, kk, P
g, i, ik,

A=|ji jj Jjk
T Jyvdy Ik, (3.9)
ki, k.j, kk,

The transformation A is called orthogonal, and since the vectors in the vector products are unitary,
this transformation is also orthonormal. If the OUVW system rotates through an angle oc around the
OX axis, then:

Pxyz = Rx,ocpuvw s (310)

Ry, being called the rotation matrix around the OX axis with the angle oc , and

i, i ik, 1 o 0

R, =\ji J.J, Jk, |= |0 cosa —sina

xa = | Lyt Tydv T ‘ G.11)
ki, k.j, k.k, 0 sina cosa

Similarly, for the rotation with the angle £ around the OY axis and with the angle ¢ around the OZ
axis (3.12).

cosf 0 sing cosp —sing 0 (3.12)
Ry,f=|0 1 0 ; Rz,p=|singp cosp 0
—sinf 0 cosf} 0 0 1

where Rx,«, Rx,pand Ry, are the basic rotation matrices. The fourth component w of the homogeneous
coordinates can be considered as a scale factor. In robotics applications w=1. A homogeneous
transformation matrix is a 4x4 matrix that transforms a vector expressed in homogeneous coordinates
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from one coordinate system to another. In a homogeneous transformation matrix, partitioning (3.13)
can be considered.

R,
7| Psu (.13)
Jia 1

where: Rix3- is the rotation matrix; psxi- translation matrix; fix3- perspective transformation.

3.2.Forward kinematics (FK). To describe the translations and rotations between the arms,
the Denavit-Hartenberg method is used. This consists of a matrix method of establishing a coordinate
system for each arm of an articulated chain. The D-H representation leads to a 4x4 homogeneous
transformation matrix, which represents the coordinate system of each arm in the joint, compared to
the system of the previous arm. Thus, a point attached to the gripper can be expressed in the
coordinates of the robot base. In the axis of its articulation, for each arm an orthonormal Cartesian
coordinate system (Xi, yi, Zi,) can be established, with i =1, 2,3, ., n (n- number of degrees of freedom)
and, in addition the base coordinate system. Since a rotation joint has only one degree of freedom,
each coordinate frame (Xi, i, zi,) of the robot arm corresponds to joint (i+1), and is attached to arm i
[29,83,84,85]. Each coordinate system is established based on three rules: the zi.1 axis is along the
movement axis of joint 7; the xi axis is normal to the z.; axis; the y-axis completes the rectangular
coordinate system. The D-H representation of a rigid arm depends on four geometric parameters that
completely describe any rotational or prismatic joint: ; — the angle of the joint from the x;-axis to the
xi.1 axis, measured around the zi-axis 1; d; — the distance from the origin of the i-1 coordinate frame
to the intersection of the zi.1 axis with the x; axis, measured along the z;.; axis; a; — the distance from
the intersection of the zi.1 axis with the xi axis to the origin of the / system, measured along the x;
axis; &; — the angle made by the z;.; axis with the z; axis, by rotating around the x; axis. The previously
described parameters ai, di, ai represent the rotational torque parameters and remain constant for a
robot, and & represents the joint variable or the internal coordinate i. For a translational couple, d; is
the joint variable, and the rest of the parameters are constant. Once the D-H coordinate system is
established, a homogeneous transformation matrix can be obtained that relates the i coordinate frame
to the i-1 coordinate frame. A vector r; expressed in the i coordinate system can be expressed as #i-1
in the i-1 coordinate system performing the following successive transformations: rotation around
the zi.1 axis by an angle & to align the x;.1 axis with the x; axis (the xi.1 axis is parallel to the x; axis);
translation along the zi.; axis by a distance d; to make the x;.; and x; axes coincide; translation along
the x; axis by a distance a; to make the two origins coincide; rotation around the x; axis by an angle
a; to make the two coordinate systems coincide. Each of these four operations can be expressed by a
basic homogeneous rotation/translation matrix, and the product of the four basic transformation
matrices gives a composite homogeneous transformation matrix 4.1, called the D-H transformation
matrix for adjacent coordinate systems. So:

cl, —ca;s0, sas0,  ach,

.14
50, ca,cl, —sacl.  asb, (3 )
Ay=T, T T.,.=
o 0 sa, ca, d,
0 0 0 1

where c@ = cos@, and the is di, ., ai are constants and @ is the variable of the kinematic rotation.
For a prismatic couple A'%.1 becomes:

1 0 0 0
; 0 ca, -sa; 0
A=
0 sa, ca, d, (3.15)
0 0 0 1 '

3.3.Inverse kinematics. Given the position and orientation of the gripper of a T% robot it
must we obtain the vector of angles in the joints €= (@1, ....., 8¢)" so that the gripper is positioned
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and oriented according to the application. The calculation of the angles in the applications is done
geometrically, the matrix of the arm being given. The calculation is done in two stages: the position
vector from the base to the wrist is calculated and the first three angles in the joints are obtained: 81,
6>, 03; the last two (three) angles: 64, 6s,(8s) are obtained using both the previously calculated values
for 6, 6, & and the orientation submatrices T, where i =4, 5, 6. In general, the inverse kinematics
problem can be solved by different methods: the inverse transformation (calculation of the inverse
matrix); dual matrices (introduced by Denavit in 1956); quaternian algebra and dual vectors; iterative;
geometric approaches (of the type introduced by Lee and Zigler in 1984). It is advisable to find a
closed-form arm solution for the manipulator. Fortunately, most commercial robots are characterized
by one of the following sufficient conditions, which make a closed-form arm solution possible: a)
three consecutive joint axes that intersect; b) three consecutive axes of joints parallel to each other.
In order to solve the inverse kinematics problem of the robot, more attention is paid to the geometric
approach. In these approaches, based on the local coordinate system, attached Sci segments and the
geometry of the human arm, different configurations of a robot of this type can be identified, with the
help of three configuration indicators (shoulder, elbow and wrist) - the first two being associated with
the solution of the first three joints and the last indicator of joints 5 and 6. These three indicators of
arm configurations are pre-specified to find the inverse solution, which is obtained in two steps: the
position vector from the shoulder to the wrist is obtained. This vector is used to obtain the solutions
¢i = vj of each of the first three joints i (i = 2,3,4), by analyzing the projections of the position vector

on the planes (xi.1, yi-1) and the second, the angles of the last two joints are obtained using the angles
calculated in step 1 for the first three joints, and projecting the segments also on the x;.1, yi.1 planes.
The dual relative velocity vectors of the couple i in relation to the system of i-1 coordinates,
containing the relative linear velocity and the following form: [3,12,37,43,46,47,141,142,143,
144,178,179,180,181,182,183,184].

0
0
0
q.3 N (3.16)
0
© 0 . o,
sz:[ “]: AAAAAAAAAAAA 54:[ 3"} ~~~~~~~~~~~~
V}Z 0 V4A3 0
0 0
0 0

where @/i.1,1represents the relative angular velocity, and v/ .1 represents the relative linear velocity.

3.4.Matrix model of velocities, accelerations, forces and moments. The P-Q torsor method
uses the Newton-Euler equations. The disadvantage of isolating bodies with the additional
introduction of connection forces was eliminated by introducing incidence and transfer matrices
[81,82,83,84,85]. The method presents the advantage of using matrix-vector equations with the
possibility of easy implementation the mathematical model on the computer. The graph associated
with an articulated structure represents the block scheme of links with a well-defined meaning, which
characterizes a certain manipulation structure. Within a graph, bodies are represented by circles and
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couples by chains. The generation direction of the graphs is established by convention - from the
element to the slide and from the element to the rotation coupler.

: 1 : 2 : 3 : 4 @
Fig.3.2. The graph associated with the Arm type robot structure

Incidence and transfer matrices eliminate the inconvenience of methods that use the mathematical
model Newton-Euler, namely ensures the introduction of the sign with which the forces and moments
from the links would have been written on the incident bodies. Body-couple incidence matrices will
be denoted by (G) and couple-body matrices by (Z). Determining the bodies-couples type of
incidence matrix requires first to determine on a tabular basis the links between the various bodies in
compliance with the convention made, for the generation of the graph associated with the handling
structure. The table below was determined based on the graph associated with the structure. The table
associated with the structure will be of the following form:

Bodies\Joints 1 2 3 4
Corpul ix- 0 1 2 3
Corpul ix+ 1 2 3 4

Body 0 represents the frame of the handling structure or the body considered fixed. The elements Gix
of the bodies-couples incidence matrix include the elements: -1 if side k leaves node i; +1 if side k
enters from node 7; 0 if side & is not connected to node 7; (in the graph, the side represents the couples,
and the nodes represent the bodies).

)= [[GGl]] glz (317

where: G - is the matrix partition corresponding to the bat and includes one line and n columns,
where n represents the number of moving bodies of the manipulation structure; G"1- is the matrix
partition corresponding to the bat and includes the couples that form the closed or open accounts of
the structure - the matrix partition includes a line and # -k =c columns, where £ is the total number
of couples, and c is the number of couples sectioned in order to obtain the graph tree; G - is the matrix
partition that includes » lines and n columns corresponding to the movable bodies of the structure
manipulation; G" - is the matrix partition that includes » lines and ¢ columns corresponding to the n
mobile bodies and sectional couplings. The determination of the elements of the couple-body
incidence matrix is carried out by traversing the graph associated with the analyzed structure, from
the body to the base. We assume the existence of an articulated system with n moving bodies and k
couplings, where k >n, so with ¢ cycles. In order to obtain the graph tree associated with the
manipulation structure, we will proceed to the sectioning of ¢ couples. We denote the intersected
couples by k*. The body i is connected to the rest of the articulated structure by means of the
couplings, ki, k2, ki*, according to the portion of the graph in fig.3.3.

ki

—
ki * ko

Fig.3.3. Part of the graph associated with the structure
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where: ki - is the side entering the node; k> - is the side coming out of the node; ki* - is the side
sectioned in the goal of obtaining the graph tree. In fig. 3.4, which represents the forces and reactions
acting on body i, were made the following notations: ry; - the position vector of the center of gravity
of body i; gi - position of the center of gravity of body #; Nii - the reaction in the k1 couple; My -
moment in k1 coupling; Niz - the negative reaction from the k2 couple (according to the meaning in
the graph); M, - the negative moment in the k> coupling; N * - the reaction from the sectioned
couple ki1*; Mi1* - the moment in the sectional coupling k1*; bk - the vector of the reaction arm in
the ki coupling; by, - the vector of the reaction arm in the k> coupling; bx1* - the vector of the reaction
arm from the k1* coupling; 3 - vector of resisting forces in the center of gravity of body #; % - the
vector of resisting moments applied in the center of gravity of the body i. Approaching the
mathematical model of dynamic behavior involves approaching the kinematic analysis of position,
speed and acceleration, as well as the matrix-vector determination of the force arms, as well as the
tensors of inertia and kinetic moments. The method uses the Newton-Euler formalism, but without
isolating the component bodies of the structure, so without the express introduction of the connecting
forces.

Fig.3.4. The arrangement of forces-on a hypothetical body of the structure

The proper software platform ROBO-PVAFM was designed in LabVIEW software by using the
following general matrix model that contents velocities, accelerations, forces and moments.
For the analyze of the robot’s positions was used the following matrix 3x3 equation:

) =)+ DPr} + DJry + -+ DL yr{7! (.18)
cl —sl 0
DIO =|sl ¢l 0 ,cl:cos((p(,,+p,)
0o 0 1

where: riis the absolute position vector of the i joint; ri'is the relative position vector from the i joint
to i-1 joint; Di.1° is the transfer matrix from the Cartesian system i-1 to Cartesian base system; -
angular at home position between i and j systems. For the analyze of the velocities was used 6x6
matrix equation by using the dual vectors that content the angular and linear velocities:

i 1 2

Wi [ i Wi, i e w71
=Tt T T LT )+
i i—-1%i-2 1 1 i-1%i-2 2 2

Vio Vi0 V21

ol
.+< lf'l 1) (3.19)
Viji-1
(A A
vl 0 Df Vio
. D 0
T'l—l — [ ‘L—l__ - ]
' —Di_y7{ ! D;_,
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DY = DoD} ...Di=2D}~t
where: ( :'0> — dual absolute angular and linear velocity vector of the i joint versus i Cartesian
Vio
w?
system; < ;’0)— dual absolute velocity angular and linear vector of the i joint versus Cartesian base
Vio
wt.
system; Ti.i'- matrix transfer 6x6 from i-1 to i Cartesian system; ( ;'l_l)- dual relative angular and
ii-1
linear velocity vector between i and i-1 joints versus i Cartesian system.

For the analyze of accelerations was used the 6x6 matrix equation:

€0

<al ) =TL T TESQ) + TE T . TE(S(2) + +(S(D)

10
o _ DY 0](¢&ls
aly 0 D2 \al,

(5(1)) _ ( (gii,i—l) + @5_1,o](wf,i_1)

(3.20)

(af,i—l) + [/“\)é—l,olz(rii_l) + 2[/“\’5—1,0](775,1‘—1))

£t
where: < ll.'0> -dual absolute angular and linear acceleration vector of the i joint versus the i Cartesian
Qi
g0
system; ( 160>- dual absolute angular and linear acceleration vector of the i joint versus Cartesian
Qi0

base system; (fii,i—1) -angular relative acceleration between i and i-1 joints; (af_i_l)- linear relative
acceleration between i and i-1 joints; @f,llo]— angular absolute velocity antisymmetric vector of the
i-1 joint vs. i Cartesian system; fc?)f_llo]z(rii_l)- centrifuge- centripetal acceleration;
2((;5_1_0](175’1-_1)- Coriolis acceleration; (S (1))- dual relative acceleration matrix.

For the forces analyze was used the matrix equation:

(P) = [2,J{(F®) — [my](ag;0) } (3.21)
1 0 O 1 0 O
[0 1 0] G4 lo 1 O] Gy
0 0 1 0 0 1
[z,] = : :
1 0 O 1 0 O
[0 1 O]Gil [0 1 O]G”
0 0 1 0 0 1
1 0 0
[0 1 0] my .. [0]
0 0 1
[m,] = : :
1 0 0
[0] [0 1 O] m;
0 0 1
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[D)(F})

=

[DP1(FDH
[D?1(ags,1)

(agio) = b
[DP1(ay;,)

where: (P°)- is the matrix of active force, reduced to the base Cartesian system; [zu]- unitary joints-
bodies matrix; (F°)- matrix of resistive forces reduced to the base; (Fi)- matrix of resistive forces
reduced to i Cartesian system; [m]- unitary matrix of mass obtained by multiplying m; by unitary
matrix for the space; (a’gi0)- absolute linear acceleration matrix for the centre of gravity g; reduced
to the base Cartesian system; Gij- is current value from the incidence body- joints matrix G obtained
by using the associated graph to the robot’s structure.

For the moments analyze was used the equation:
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where: (Q)- matrix of the active moments in a joints; (M”)- matrix of the resistant moments in all
joints; - [if]anti-symmetric matrix of force’s arm; (P°)- matrix for active forces; (K ;?) - matrix of the
variation of the kinetic moment reduced to the base Cartesian system; (ng)- matrix of the variation
of the kinetic moment of the g; centre of gravity reduced to base Cartesian system (I'(;i))- matrix of
the variation of the kinetic moment of the g; centre of gravity reduced to i Cartesian system; (bgk)-

absolute matrix vector force’s arm from g; center of gravity to the & joint; [];i]- inertial tensor of the
i body.
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CHAPTER 4
State of Art of Theoretical and Experimental Research

4.1.Analysis of the use of magnetorheological dampers in the RI technique. Following the
analysis of the current stage of the use of magnetorheological devices, it was found that the
rheological technique is very little applied for the purpose of reducing vibrations in robotic production
processes, and not at all in the construction of robots and peri-robotic components. This determined
the approach of such a theme within the work, a topic that is strictly topical considering that robot
structures work in environments with very wide frequency spectra, alongside different machine tools,
which generate disruptive forces that are difficult to control, and which, finally, it determines
inaccuracies of the movement of the end-effector RI. From the articles studied, it emerged that the
technique of applying rheological damping in mechanical applications is strictly up-to-date, the
magnetorheological devices ensuring, relatively easily, the interface between the mechanical system
to be optimized and the electronic control. This has determined that many manufacturing companies
of precision mechanical components also address these aspects, making damping components of this
type, both for rotational movement and for translational movement. In addition, numerous companies
and research in the field have revealed the fact that by applying optimal or newer, intelligent control
laws, they succeeded in compensating or moving unfavorable frequencies in the attenuation field,
thus obtaining a vibration-free behavior. The research carried out has not sufficiently used the
advantages offered by these intelligent types of vibration behavior optimization methods, attenuation
methods that ensure a wider range of attenuation, and adaptive vibration control. The field of dynamic
behavior was also insufficiently developed, as well as its coverage with control and optimization
methods and parameters. In this paper, these problems were also addressed, developing the field of
global dynamic behavior, with new parameters among which we can mention: the global dynamic
compliance GDC, the global dynamic coefficient of viscous damping VGDDC, the equivalent global
dynamic coefficient of viscous damping VGDDEC, local dynamic viscous damping coefficient
VLDDC, etc. These dynamic parameters are the most suggestive when analyzing the global and local
dynamic behavior, ensuring the obtaining of information either for the entire structure of the robot or
for each individual module, thus being able to determine the component with the most unfavorable
vibration behavior. Since these parameters are dynamic parameters, they are not constant, specifying
the various influences on the behavior of environmental factors, disruptive forces, acceleration
regimes, loads and movement configuration, information strictly necessary for the implementation of
intelligent damping. With the help of these parameters, it will be easier to follow the way in which
the magnetorheological dampers determine the change in the dynamic performances and implicitly
the frequency spectrum. The current researchers analyzed in the work revealed the fact that Fourier
analysis was not used to determine the frequency spectrum and its optimization, most of the
researches being limited to the analysis of the index characteristics and less of the frequency ones.
For this reason, the paper addressed the design and development of a proprietary Fourier analyzer,
with the help of LabVIEW virtual instrumentation. In order to determine the parts of the motion
program, more vulnerable or with a frequency spectrum that overlaps, in the low harmonics, the
mechanical working frequencies of the serviced machine, the assisted tracing of the Fourier spectrum
for the robotic structure in motion was approached. Also, for the analysis of how the structure is
balanced, the Fourier analysis was approached with and without the magnetorheological damper, in
both directions of motion, in order to determine the influences on the spectrum of the direction of
motion, of possible pauses in the progress of a movement, as well as for determining its online
optimization.

4.2. Critical analysis of the mathematical models addressed. The mathematical models
approached were both parametric and non-parametric models, very general, all researchers starting
from the premise of the closeness of the model to real behavior. In the addressed bibliographic
research, the comparison between the theoretical models and the real behavior was carried out by the
assisted tracing of some characteristics and their comparison with the experimentally acquired ones
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(Bingham, Carlson, Bouc-Wen, Powell, [ 6, 17, 20, 21, 22,30, 51, 80 ] ). Thus: the Bingham model
simulates a relatively simplified MR damper; the Bouc-Wen model is more extensive, including the
hysteresis curve; the model is more complex and requires a closed-loop control algorithm (Dyke et
al., 1998 [35, 36], Yang et al., 2002 [77], Liao and Lai, 2002 [99]); the Li model (2000 [99]) is a
model in which the MR material operates in two rheological domains: pre-flow and post-flow, but a
model that uses constant coefficients of viscous damping, generalized forces with linear evolution,
inconsistent with the experimental research carried out in the work; the Oh and Onoda (2002) model
was designed and made to demonstrate the displacement of vibrations in structures; this is an
equivalent model based on springs, viscous friction and dry friction, a model that does not highlight
hysteresis; the Choi model (2001 [30, 31]) proposes a polynomial model of degree 6, which also does
not highlight the hysteresis; the extended Bingham model was made by Gamota and Filisko [44] and
represents an extension of the Bingham model that describes the behavior of the ER in the pre-flow
and post-flow state; the model highlights the presence of hysteresis, but it is not accurate enough
compared to the real behavior, because it uses constant coefficients, which precisely control the areas
of the damping force-travel speed characteristic and presents the biggest errors compared to the real
ones; the model is even more complicated to approach through numerical simulation; the model with
three Powell elements [150, 151], does not sufficiently highlight the hysteresis, it being numerically
controlled only by the static and dynamic coefficients introduced; the BingMax model is a BingMax
discrete element model presented by Makris et al.[109,110], a model that is complicated to transpose
into a numerical simulation model; the non-linear visco-elastic-plastic model presented by Kamath
and Wereley [87, 88] combines two linear flow mechanisms with non-linear functions, both models
are excessively theorized without being close to the real functioning, as found by comparing the
characteristics; the Bi-viscous model (Stanway et al. [185, 186]) linearized model by introducing the
two slopes for the elastic function and the viscous function, but does not highlight the hysteresis; non-
parametric models are based on their performance; these, usually, require the acquisition of
experimental data regarding behavior in different tasks, under different conditions (Jung et al. 2004);
the models proposed in this category are based on Chebychev polynomials (Ehrgott and Masri 1992,
Gavin et al. 1996b [49, 50, 51]), on neural networks (Chang and Roschke 1998, Zhang and Roschke
1998, Wang and Liao 2001), on neuro-fuzzy systems (Schurter and Roschke 2000) or on the
identification technique (Jin et al. 2001;Jin et al. 2002), as an example: Ehrgott and Masri (1992) use
Chebyshev polynomials for AMR modeling; these models are unusable in the numerical simulation
technique; neural network models reproduce the nonlinear behavior of AMR much more precisely;
these systems emulate the properties of the nervous system and are composed of neurons and
synapses; connections can be adjusted by learning the algorithm to more accurately reproduce the
behavior of the system (Pacific Northwest National Laboratory and Batelle Memorial Institute 1997);
Schurter and Roschke (2000) neuro-fuzzy models are other models that emulate the dynamic behavior
of AMR; in these new models, neural networks are used to adjust the fuzzy logic parameters; fuzzy
logic incorporates knowledge about the system into a controller, using various functions that use
vague concepts such as: free, strong, weak, moderate, etc.; the desired output size is determined based
on the input fuzzy information, like the decision of the human brain; learning and data validation
were generated using the phenomenological model proposed by Spencer Jr. et al. (1997 [179, 180]).
From the research of the current stage it results that there were no complex modeling approaches
accompanied by numerical simulations, which highlight as clear as possible the differences between
the real and the theoretical model and to allow an easier approach to compensate for any
inadvertences. Equipped with these aspects, the paper addressed numerical simulation, accompanied
by data acquisition, with the help of LabVIEW virtual instrumentation, as well as model research,
simultaneously with experimental research, and the introduction of curve parametrization. Many of
the models approached by various researchers do not take the phenomenon of hysteresis present in
the real behavior (Bingham, [6]) or are far from the real model (Parker, Powell [152]), as are the
values and the allure of the characteristics. Due to this fact, the own approach sought that the
mathematical model could be compared with the real one, by comparing the specific characteristics,
followed by its completion. It was found that the closest model to the real one is the modified Bouc-
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Wen model. It was taken over in our own research and completed with new equations, with several
parameters with the help of which, following the simulation and validation of the model, to create a
mathematical model as real as possible, with the help of which, later, to approach the research on the
model , research much cheaper and with immediate results. Through research on the model, it was
possible to establish the 19 new parameters introduced, in such a way that, by adjusting these
parameters, the agreement between the model and the experimental damper is achieved, with the
minimization of the errors between them. From the comparative analysis of the approached
mathematical model and the modified Bouc-Wen model, it was found that there are differences in the
hysteresis area, in the beginning and end areas of the action of the damping force, as well as on the
slopes both in compression and in expansion, reason for which the mathematical model approached
was completed with new equations and coefficients, which control these parts of the characteristic,
as well as the introduction of the parameterization of the characteristic in such a way that through
theoretical research through numerical simulation it is determined how the coefficients of the
mathematical model influence the parameters of the parameterized curve damping force- travel speed.
In addition, it was found that the hysteresis curve is not identical for each frequency in the spectrum,
it moves its peaks depending on the frequency, which is why the proposed model also took over these
inadvertences by introducing a frequency-dependent hysteresis coefficient, coefficient expressed by
a periodic function as the sum of sinusoids. In order to personalize the mathematical model and
identify all its coefficients, the numerical simulation and analysis of the influence of all the
coefficients of the model on the damper characteristic parameters were approached. Thus, it was
possible to draw conclusions regarding the way in which the various coefficients of the mathematical
model influence the dynamic behavior, and therefore implicitly, the parameters of the damping force-
travel speed characteristic, making their identification relatively easy and obviously validating the
mathematical model with an error below 1%.

4.3. Analysis of how to optimize industrial robots. Optimizing the dynamic behavior of the
RI involves several directions of action, among which the following can be mentioned: shape
optimization taking into account the dynamic response of the RI structure both through theoretical
research and through research assisted with data acquisition; optimization of the servo drive with the
convenient choice of the components necessary to obtain a response in accordance with the
performance criteria imposed, as well as with the respective application; optimization of controllers
and programming languages; optimization through analysis and assisted synthesis, with the
convenient choice of mechatronic components; optimization of dynamic and vibratory behavior
through the convenient choice of mechatronic components, working regimes (speed characteristics,
simultaneous or successive movements, etc.), or through the introduction of intelligent or non-
intelligent compensating elements, which ensure active or passive control of stiffness, global dynamic
compliance, global depreciation coefficient, etc. From the analysis of the way in which the various
researches in the field presented the optimization of the dynamic behavior of the robotic structures,
the following results emerged: (i) AMRs were not implemented in the robotic structures, although
these shock absorbers ensure vibration control in a very wide frequency range, known to be the fact
that the attenuation of vibrations obviously increases the precision and accuracy of movement on the
trajectory, this being a permanent desire of the builders and users of industrial robots; (ii) there was
no clear and precise methodology regarding the way of research and implementation, with the
establishment the opportunities and the place of application of the damper, not having researched the
global and local dynamic behavior, and not having introduced the new qualitative assessment
parameters of the dynamic behavior, according to those proposed by this book; (iii) there was no
virtual instrumentation with the help of which to determine the value of the parameters according to
the theoretical model with the real one, the comparison being made only through experimental
research and on the model, much more expensive and without the possibility of introducing, relatively
easily, the possible model corrections.
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4.4. Analysis of how the theoretical research is validated by the experimental one. The
experimental research addressed in this work revealed the fact that most of the mathematical models
addressed are highly theorized, and the differences compared to the real behavior is more than 15%
(Carlson, Parker, Powell, Choi, Bingham, etc. models), which is why it was approached the model
that resulted in the smallest error, of about 5% between the real and the simulated behavior, this being
the modified Bouc-Wen model. From the comparative analysis of the characteristics determined
experimentally with those obtained by numerical simulation, it was found that there are large
differences at the ends of the characteristic and the slope of the characteristic depending on the
frequency, which is why new equations were introduced depending on the intensity of the current
absorbed by the damper coils, for all coefficients of the mathematical model, equations of the third
degree. It was tried to introduce equations of the fourth degree, but the introduced effect was quite
similar to those of the third degree. Thus, it was possible to approach the damping force-travel speed
characteristics exactly at the limit points of the characteristic, as well as at the inflection points. After
completing the mathematical model and parametrizing the curves, we moved on to the stage of
identifying the coefficients. This stage aimed at reducing the modeling error, ensuring a cumulative
error of at most 1%, as can be seen from the comparison of the real characteristics with the simulated
ones. This stage consisted in the analysis of the way in which each coefficient of the mathematical
model influences the parameters of the damping force-travel speed characteristic and the choice of
these coefficients in such a way that the simulated characteristics come as close as possible to the real
ones. In the analysis of the research of the current stage, it was found that there was no clear
methodology regarding the approach to the theoretical and experimental research of such complex
models, nor did the approached models allow a broader approach, with multiple possibilities of
adjustment, which is why the proposed model and validated within the thesis included the modified
Bouc-Wen model, completed with four more equations of the third degree and a periodic relation for
the hysteresis coefficient. After identifying the coefficients and validating the model, the error
obtained was below 1%.

4.5. Directions and research addressed in the work. Among the priority directions that
were addressed within the work, and that resulted, as a result of the bibliographic research carried
out, are:

« the approach of simultancous model and experimental research, in order to identify the
coefficients and validate the mathematical model;

 completion of the modified Bouc-Wen type mathematical model, which after comparison
with the own experimental results proved to be the closest to reality, with new equations, with more
parameters, such as the model adjustment operation, in order to put agree with the real model, to be
as simple as possible and with as few errors as possible;

« the introduction of new parameters in the technique of optimizing the dynamic behavior of
the RI and researching the influence of these parameters, depending on the modification of the
parameters of the magnetorheological damper. Among these new parameters can be mentioned:
global dynamic coefficient of viscous damping VGDDC, equivalent global dynamic coefficient of
viscous damping VGDDEC, local dynamic coefficient of viscous damping VLDDC, global dynamic
factor of viscous damping, local and global dynamic compliance;

« the research approach related to the comparison between these parameters, in the operation
of the RI, with or without magnetorheological damping, with movement in both directions, in order
highlighting the degree of imbalance of the robot's arms, as well as determining the global and local
behavior with highlighting the place of implementation of the magnetorheological dampers;
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« performing some experimental determinations regarding the damping force, depending on
the intensity of the magnetic field, in off-line and on-line mode, as well as the experimental
determination of the additional damping factor and its variation depending on the frequency and the
intensity of the current supplying the coils shock absorber;

« online research of the total dynamic coefficient of viscous damping F¥GDDTC, and of the
mode of action on the transfer of frequencies within the Fourier spectrum;

« determination of the Fourier spectrum for movement in both directions in order to determine
the degree of imbalance;

» comparative determination of the Fourier spectrum in the excitation variants of the base of
the robot structure with magnetorheological damper, with air damper and without damper, in order
to highlight the comparative effect of AMR on the Fourier spectrum;

« theoretical research of vibrations through the design and theoretical research of numerical
simulation results of various complex types of periodic vibrations;

« creating a virtual instrument for generating acceleration signals with at least 10 own
frequencies within the Fourier spectrum, in order to approximate the acceleration signals acquired by
accelerometers as realistically as possible;

« the research of vibration controllers, highlighting the various passive, semi-active, active,
adaptive and intelligent types;

« researching the kinematic and dynamic behavior with highlighting the specific
characteristics and modeling them with our own LabVIEW instrumentation;

* determination of own matrix-vector relations, for the analysis and assisted synthesis of
robotic structures, in order to ensure the absorption of the effect of damping forces when intelligent
dampers are introduced into the RI structure;

« theoretical case study for the linear magneto-rheological damper addressed in the research
and highlighting the influence of the loss gradient between the chambers and the PD; type control
law, on the dynamic behavior;

« assisted experimental research of global dynamic compliance;

« experimental determination of the global depreciation factor through research with data
acquisition and application of the radical method from 2;

« experimental determination of the damping energy;
« theoretical research with the help of LabVIEW virtual instrumentation and elementary
transfer functions of shock absorbers and complex mechanical systems of shock absorbers and

springs;

« designing LabVIEW virtual tools for generating complex automation block schemes with
multiple reactions, various corrections, regulators and control laws;
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« the approach of an own mathematical model for the researched linear magneto-rheological
damper and the design of LabVIEW virtual instrumentation for theoretical and experimental research
with data acquisition;

* parametrization of the characteristics of damping force — vs. velocity, for the purpose of
theoretical research on the model and validation of the model;

« identifying the coefficients of the model and adjusting the equations in order to obtain a
modeling error of maximum 1%;

« designing, making and using an intelligent magneto-rheological damping structure;

« the approach of own methods for optimizing the local and global dynamic behavior for
industrial robots.
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CHAPTER 5
Research and Theoretical Contributions in the Technique of
Applying Intelligent Absorbers to Industrial Robots

5.1. Assisted theoretical research of vibrations. Uncontrolled vibrations, oscillations,
contortions, bending, etc. are major problems of assemblies in large space structures, space robotics
or other space systems (antennas, telescopes, etc.). Spatial structures are usually of low weight and
high flexibility. The lack of rigidity, the low weight, and the absence of aecrodynamic resistance make
it difficult to dampen vibrations, oscillations, bending, twisting, etc., once caused. These vibrations,
oscillations and other such elastic deformations are generated by the work equipment, by the
operation with such structures (positioning guidance systems, micro-asteroids, micro-vibrations due
to thermal cycles of the structure, etc.). Next, an AV'C (advance vibration control) application is
presented for an articulated arm robot structure, which uses an active system with electro or
magnetorheological dampers to control and reduce vibrations. The numerical modeling and
simulation was carried out taking into account the technical characteristics and the existing model in
the laboratory. The numerical simulation was carried out with the help of a proprietary LabVIEW
virtual tool. Fig. 5.1 shows the index characteristics determined based on the block diagram in fig.
5.2. The presented characteristics (fig. 5.1) are determined by the PT1 type controller and by the PT>
mobile element, in the variant of an unstable operation due to the too high amplification factor on the
reaction path. By introducing electro or magnetorheological damping, through an internal feedback

loop (fig. 5.2), it is observed that the operation passes into the stable range (fig. 5.1). a
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Fig. 5.1. Mechanical vibrations of the rotation module: a- unstable operation due to the high amplification factor on the
reaction path; b- stable operation after the introduction of magneto-rheological damping.

The degree of bending depends on a number of factors such as: the dimensions of the structure, the
physical properties (Young's modulus, stiffness, flow coefficient of the material, etc.), the distribution
of actuators, and the type of applied load. Actuators can also be mounted on or inside the structure
for multi-layer composite structures. Deformation sensors or movements are used to detect surface
deformations, and the measured quantity is used by the control system to command different actuators
to achieve the desired shape control effect. Deformable mirrors are used in many applications, such
as laser beam steering, generation of various excitation frequencies, distortion curve correction for
thermal distortions, and due to their own weight in large, high-precision systems, to correct for
thermal and atmospheric distortions in telescopes high power, etc.
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Today, there is a high interest in the use of adaptive structure technologies in the aerospace and
defense sectors, for the adaptive control of the shape of airplane wings, helicopter rotors and
propellers, thrusters, missile stabilizers, etc. Through the adaptive control of the shape of airplanes,
the aim is to reduce aerodynamic resistance and improve fuel consumption and speed. Adaptive shape
control has also been studied for rocket stabilizers. Composite structures are intensively studied for
their use in the construction of airplanes in the future. The use of composite structures offers the
advantage of the possibility of mounting actuators and sensors both inside and on their surface.
However, many studies have been done regarding the manufacture of systems for testing, systems
that have built-in sensors and actuators. Adaptive covers for airplanes are also intensively studied for
the possibility of implementing some antennas in them. Once the sensor and actuator are embedded
in such a shell, adaptive shape control and correction will also be necessary factors for performance
adjustment. It should be noted that the need for shape control in large spatial structures is a
consequence of the lack of rigidity of the structure, due to the reduced weight, flexibility and design
used in these structures. Apart from those mentioned above, the almost zero weight, the lack of
aerodynamic resistance, and the exposure of the structures to thermal cycles make it necessary to use
some adaptive structures. However, achieving the desired shape and precision of the structure makes
the necessary operations difficult. In these conditions, adaptive shape control is a solution for
maintaining performance and consequently considerable research is being carried out in this regard.
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Fig.5.1. Articulated arm type robot with electro or magnetorheological dampers in couplers and the block diagram of
such a module

The large spatial structures are made up of subassemblies of resistance beams covered with panels.
The elastic deformations in these structures can be minimized by ensuring the rigidity of the
components, which can be obtained by creating a network of sensors and actuators. Active beams are
proposed for their use in couplings and in points with loads similar to bearings, in order to obtain
precision and correction of the structure. The control of the shape of the panels or reflective segments
on the surface can be obtained using a distribution strategy of sensors and actuators, and an adaptive
control system, for which it is strictly necessary to approach the simulation of the complex
acceleration signal, with at least the first ten own frequencies. To highlight the Fourier spectrum and
the acceleration index characteristic, the LabVIEW virtual tool was created for the generation of
complex sinusoidal signals that include 10 harmonics with various amplitudes, frequencies and
phases, fig. 5.2. The complex acceleration signal is necessary in the simulation process of the damper
excited with continuous periodic signals. The instrument has the possibility of adjusting the position
of the harmonics in the spectrum, as well as the amplitudes and phases, so that the simulated
excitation acceleration signal is identical to the real signal.
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Fig.5.2. The front panel of the LabVIEW virtual instrument for the generation of complex acceleration signals
depending on the parameters determined from the Fourier spectrum.

5.2. Vibration controller research. Simulation with the help of LabVIEW's own
instrumentation of various types of controllers.
Vibration controllers. In general, vibration controllers can be classified into four categories: passive,
active, adaptive and intelligent controllers.
Passive vibration controllers. Passive vibration absorbers have been used in many applications
where vibration absorbing materials distribute the energy from vibration sources. The most used
vibration sensors are: polyurethane foam, rubbet, shock absorbers and piezoelectric materials. Passive
vibration control methods are easy to implement and favorable vibration reductions can be obtained,
which, however, are dependent on the system and the vibration frequency. Any change in the
dynamics of the installation requires changing the passive vibration sensors with others, of other sizes
and other characteristics. In fig.5.3 you can follow a virtual tool for choosing a certain type of passive
vibration sensor, by mounting it in parallel or in series, or by changing the parameters of the sensor
with another one with greater rigidity.

P12
T K a0 b0 b1 b2
00005 0406 Insenziive time 1 04 0.

00000 0010 od 1o °F toomood 10 pof oo
Joooonsc 073 0.00 J00 | e 01173 0.0208 0.00

PT1 Poto [~ J PTiLPT2 Plot0 |~

b2
] Insenzitive time 2 — ]
0 05 10 15 20 25 30 35 40 Insenzitive time 1 :

Bode A+ Pot0 [~ I Bode fazaf Pt [~ T = co

00007 k

PT1_PT2
s PT

Operating time
b1

T PT1_PT2.vi
140.000- L 1L 4 e o 111 -
01 10 100 1000 10000 01 10 100 1000 10000

Fig.5.3.The real and frequency response of a passive damper and the icon of the program.
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M

Fig.5.5. Gantry type machine on passive vibration sensors - version 2 and equivalent mechanical diagram.

Depending on the damping variant, based on the presented simulation program, the frequency
spectrum can be determined and, depending on the disruptive vibration spectrum, one of the variants
can be chosen, respectively with vibrashock type elements mounted two by two, respectively with
elements of vibrashock type mounted singly, having 30% less rigidity than the previous case. From
the calculations performed, based on the equivalent mechanical scheme, it follows that the equivalent

stiffness for the first variant,
if all the vibrashock
elements are identical, is:

kechiv = 2ki, and for the
second option: Kechiv = 4ki.

If the stiffness ki in the
second option is lower by
30%, it still results in a
higher resonance frequency
as can be seen in fig. 5.6,
which means that this
variant can be used for
wider frequency domains,
the damping variant
working as a low-pass filter
with a higher bandwidth [0-
110Hz], compared to the
previous case of [0-80Hz].
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Fig.5.6. The real and frequency response of the passive vibration sensor- option 2.
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Active vibration controls. Active controllers are controllers that use active components whose
parameters cannot be changed online. The most common active controller is the proportional-
integral-derivative (PID) controller whose proportional, derivative and integral constants can be
determined based on its mitigating effect on the investigated technical installation (fig. 5.7a). In the
problems related to active vibration control, controllers using other techniques were also observed.
Fanson and Caughey used a technique based on the root locus method and used the feedback loop in
a cantilever beam system (fig. 5.7b). Preumont, Dufour and Malekian used the reaction from the local
force, the continuous signal being applied to piezoelectric actuators (fig. 5.8a). Baz and Poh designed
an active controller for the control of structural vibrations of a flexible beam, using a modified method
of spatial modal control, to select the optimal locations for arranging and determining the excitation
voltage of the piezoelectric actuators (fig. 5.8b). The design methods of active controllers require
knowledge from various fields such as linear and non-linear automation, mechanics, vibrations,
modal analysis, vector analysis, etc., and a mathematical model as accurate as possible to the real
one. The disadvantage of active controllers is that they do not cover too wide a range of vibrations,
so that, in the case of a substantial change in the vibration spectrum of the structure subject to
optimization, the redesign of the controller is necessary.
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Fig.5.7. Vibration reduction scheme with active PID controller and reaction a: according to indicial characteristics of
space and speed; b:according to the roots locus.
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Fig.5.8. Vibration reduction scheme with active PID controller a: of disturbing forces and reaction according to the
indicial characteristics of speed and space; b: reaction according to the Fourier frequency spectrum.

Adaptive vibration controllers. Adaptive controllers are controllers whose parameters can be
modified online. A typical approach of the adaptive vibration controller consists in feeding an error
signal through a special filter and applying the resulting signal to the technical installation. The filter
coefficients are automatically adjusted by an adaptive algorithm in order to obtain the most favorable
vibration reductions. The most widespread adaptive algorithm is the least squares (LMS) algorithm.
Elliott, Stothers and Nelson presented an algorithm for adapting the coefficients of a string of finite
impulse response (FIR) filters whose outputs were linearly coupled to another string of error detector
points in order to minimize the mean square error signals. Eriksson, Allie, and Greiner investigated
the use of adaptive finite impulse response (ZIR) filters. Baumann studied the potential of an adaptive
feedback loop approach in vibration damping. Adaptive vibration controllers are recommended when
the parameters of the technical installation are not known or when there are inaccuracies in the system.
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The parameters of the adaptive controllers are modified online to obtain the best performance.
Adaptive algorithms based on FIR or IIR filters are limited to linear control.
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Fig.5.9. Vibration reduction scheme with adaptive controller, on-line regulation of reaction after restrictions and control
method.

Intelligent vibration controls. One of the definitions of intelligent controllers formulated by Mayhan
and Washington is: "An intelligent controller is one that supports different inputs, disturbances,
parameter changes and noises by using a specific methodology". A big disadvantage of intelligent
controllers is the large amount of calculations required to develop such a controller, something that
can cause problems in real applications. Snyder and Tanaka presented a design using a feedback
controller based on a neural network. Their results showed that the controller almost completely
eliminated the vibrations even if the excitation frequency changed during the operation. Intelligent
vibration controllers contain adaptive and self-learning features in control systems and provide
solutions for non-linear applications with inputs and outputs. The results of both simulations and real-
time experiments have shown that these controllers are, for problems with nonlinear vibrations, more
efficient, more robust and less sensitive to disturbances than traditional adaptive controllers.

CMAC (Cerebellar Model Articulation Controller) neural networks. The first CMAC neural
network was approached by Albus to approximate the information processing characteristics of the
human brain. Later, Miller developed a practical implementation of the CMAC neural network in
real-time control applications. The CMAC neural network can learn non-linear relationships from a
wide range of functions and generally converges the results in a small number of iterations. CMAC
represents a neural network with associative memory in which each input leads to a subset whose
values are summed to form the outputs. For the bidirectional case, the loads within a generalized zone
are updated after each control cycle according to the optimization equation of the type:

Buk) = p(k))

W, (k+1)= w,>/(k)+ (2c+1)2

5.1

where: u(k) is the input at time k, p(k)- the probability of CMAC at time k, £ the ratio of learning,
c- the generalized size, wi;(k), wij(k+1)- the loads on line i and column j at moments & and k+1. The
CMAC probability, p(k) is determined with the relation:

=33 w, (k)

i=—cj=—c (5.2)

Among the advantages of using CMAC neural networks, the following can be mentioned: the speed
of convergence is high, so the calculation time is small, the number of training cycles is small, it
requires few calculations to make corrections compared to other neural networks that include
complex principles and non-linear functions. The CMAC neural network consumes a relatively small
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amount of memory and is not sensitive to disturbances. CMAC neural networks can be used with
good results in the BMS (Biological Motor System) structure. In BMS the command signal for each
muscle is a function of several variables. It includes the reaction signals from the sensors that measure
the position, speed, acceleration of the hand, stretching of the muscles, tension in the tendons, tactile
sensations from the various points of the "skin". Entries are directed to a memory location. The
command output includes the sum of the contents of the selected memory location (figs. 5.10-5.13).

The large-scale use in the near future of intelligent materials and structures in the construction of R/
ensures the optimal conditions in order to obtain extreme precision, stability and optimal control,
priority requirements for the use of RI as active elements in the technique of technological processing,
priority direction of current research in this field. The use of RI as a processing system can be possible
in a short time through the rapid implementation of the requirements expressed in this chapter,
requirements that essentially express that an RI can be used to carry out various active technological
operations, only under the conditions of ensuring an intelligent control of its operation (figs.5.10.-
5.13.). An example of the simulation of the CMAC application is presented in figs.5.12.- 5.13.

memory
locations
containing
weights for
output j

desired
j-th joint
actuator
signal

adjust
active

input command weights

from higher
centers

compute
S — A*
mapping actuator

signal

feedback

from sensors

tn joints, muscles,
and skin

A vector

Fig.5.10. Block diagram of a CMAC network for controlling an actuator in a joint of the RI.
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Fig.5.13. Absolute linear and angular velocities and accelerations of the end effector of the simulated articulated arm
type robot.

5.3. Theoretical contributions regarding the kinematic and dynamic behavior of industrial
robots - case study on the didactic experimentally researched robot structure. Through the
numerical simulation with the help of LabVIEW virtual instrumentation, it was possible to determine
some characteristics in real coordinates, with the aim of choosing the various parameters of the speed
characteristics, to obtain the necessary trajectory of the end effector. The virtual instrumentation
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includes programs for the assisted research of various types of robots and can also be used in the
research of various other mechanical applications. The created virtual instrument is strictly necessary
for the theoretical research of the acceleration signal, after applying the magneto-rheological damper,
or an air damper. Assisted kinematic analyze usually used to choose the best solution in one robotics
application. Generality, the optimization work means finding the best solution for one problem under
given circumstances. The optimization step is typically obtained through the use of mathematical
models. Mathematical model of optimization means that the problem at hand is formalized in a
stringent mathematical way and the best solution, under the given circumstances, is found by using
mathematical algorithms and the assisted research. In general, optimization phase involves imposing
an objective function, constraints caused by the construction of the systems, performance and an
iterative algorithm for calculating getting convergence solutions. Usually, aided research use iterative
algorithms for tracking obtain convergence solutions. When it comes to design optimization,
Papalambros et al. gives the following definition in [1]: “Informally, but rigorously, we can say that
design optimization involves: the selection of a set of variables to describe the design alternatives;
the selection of an objective (criterion), expressed in terms of the design variables, which we seek to
minimize or maximize; the determination of a set of constraints, expressed in terms of the design
variables, which must be satisfied by an desirable or acceptable design; the determination of a set of
values for the design variables, which minimize (or maximize) the objective, while satisfying all the
constraints.” In any cases of optimization work, the required steps are: establishing all desirable or
combination of acceptable- desirable and needed optimizing ways; define the optimization functions
conformity with the needed results; establishing the objective function's values and constraints
violation; establishing the optimization mathematical iterative algorithm; define detailed system
parameters model; make the simulation procedure and obtain the results characteristics; comparing
the results with the required performances and adjust, iteratively, the objective functions to be optimal
function and finally to touch the imposed target. Many design methods, which are applicable to robot
design, exist in academic literature. Since the design of robots begins with dimensioning its various
links to meet performance specifications, most of them stress the kinematic layout and its
optimization. The concept of manipulability ‘was introduced by Yoshikawa [228] as a means to
measure the ability of robotic mechanisms in positioning and orienting end effecters. Asada [229]
introduced the generalized inertia ellipsoid as a tool to measure the capability of changing the velocity
of the end effecter. Furthermore, Graettinger and Krogh [230] developed the acceleration radius like
a global generalization of the point wise local measures of dynamic responsiveness proposed by other
researchers such as Yoshikawa [228]. The acceleration radius is a uniform lower bound on the
magnitude of the acceleration that can be achieved at the end effecter from any state (joint position
and velocity) in the operating region. Furthermore, Bowling presents in [231] a thorough analysis of
robotic manipulator dynamic performance. Ma and Angeles [232] showed how the architecture of a
manipulator is optimized under dynamic isotropy conditions. In recent years, Angeles show one
forward methods which focus on the kineto- static optimization of manipulators [233]. The
minimization of the condition number of the Jacobian has been put forward by others [234], but
Angeles introduced the characteristic length, which prevents the evaluation of any version of the
condition number. In [235], was introduced the concept of homogeneous space in order to relieve the
designer from the concept of characteristic length. Other kinematic performance measures used by
industrial manufacturers that affect the shape of the workspace is the so called stroke. The stroke is
defined as the offset between maximum reach and minimum reach of the end effecter of a robot.

The simulation of a robot system in RobotStudio software employs, the real robot program, the virtual
controller and the configuration file that are identical to the real one. Other simulation products like
WorkspaceLt [228], RoboticSimulation [237], NI-Robotics [238], RoboNaut [239], SimRobot [240],
Open Dynamics Engine [241], Bullet Physics [242], NVidia PhysX [243] or DART [244],
RoKiSim[245] or Gazebo [246].
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In the paper [227-263] authors show, by using the special software like RoboAnalyzer, Robotech, V-
Rep, RoKiSim, Ros, WorkspaceLt, RoboticSimulation, NI-Robotics, RoboNaut, SimRobot, Gazepo,
some characteristics and solve direct and inverse kinematics problem and also the direct and inverse
dynamic problem, but without show the mathematical matrix model and without show how could be
influenced the forces and moments variation by different velocity variation or to have the possibility
to choose the parameters of the trapezoidal velocity characteristics to obtain the minimum variation
of the forces and moments between some studied cases like shown in the paper. After were analyzed
state of art in the field of kinematics of robot, the papers [227-263] we can do the following conclusion
that justify the proper research: many of the researchers not used the mathematical matrix form like
will be described in this paper; the assisted solutions for kinematic behavior analyze not used the
general definition of the trapezoidal characteristics with the different origin of time for each
movement, the acceleration and deceleration time, the velocity constant values established by using
the imposed space movement in each joints; the proper assisted kinematic analyze have the possibility
to change on-line different parameters like constant velocity, the time parameters, to study how could
be influenced the velocity variation with the final goal to obtain one minimum of variation; the
optimization process, to choose the best solution of the movement type, contents one proper algorithm
using the pounder theory. In the proper assisted research were used some virtual instruments what
were established by transpose the proper mathematical matrix form of the robots kinematics in to the
LabVIEW programs. The proper LabVIEW instrumentation have some modules of clusters what
assured to accomplish the proposed goals. One module contents the times parameters of the
trapezoidal velocities characteristics for the movements in each joints, like the time to the common
origin, the acceleration time, the deceleration time, the time of the movement cycle, the value of the
constant velocity. With this module will be possible to show all different analyzed cases of the
movements. The module that contents the 3D characteristics show some important results like the
validation of the mathematical matrix form of the position and the transfer matrices between the
Cartesian systems, the variation of the velocities vectors in the space to see the variation of the module
and the angular position vs. base Cartesian systems of these vectors. Comparative with other research
and other used software, this research and the created instrumentation offer the possibility to change
some kinematic or functional- constructive parameters and to see the changes of characteristics. By
applying this matrix method and the virtual instrumentation, will be easily established what will be
the best solution of the movements, the best constructive parameters of robot’s bodies, the best
solution of the velocities variation values, to obtain one good results of the dynamic behavior with
minimum variation of the moments in all joints. Kinematics analyse contents analyse of the positions,
velocities and accelerations in all robot’s joints. The paper shown some results of this analyse for the
following robots types: Gun, Arm, Scale, Cartesian and Double Portal. The general matrix equations
for position, velocity and acceleration analyse are [264-267]:
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Fig.5.14. The arm type studied robot
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where: r'is the absolute position vector of the i joint; ri*!is the relative position vector from the i joint

to i-1 joint; Di.\° is the transfer matrix from the Cartesian system i-1 to Cartesian base system; gjj-
i
wii'()) — dual absolute angular and linear velocity
vector of the 7 joint versus i Cartesian system; <v5’0>- dual absolute velocity angular and linear
vector of the 7 joint versus Cartesian base system; T il.'?i- matrix transfer 6x6 from i-1 to i Cartesian
i

angular at home position between 7 and j systems; (

Wi . . . . Lo .
system; ( :‘l 1)— dual relative angular and linear velocity vector between i and i-1 joints versus i
ii-1
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gt
Cartesian system; < ll.’o> -dual absolute angular and linear acceleration vector of the 7 joint versus
Qo
£°
the i Cartesian system; < l()'o>- dual absolute angular and linear acceleration vector of the i joint
QAo
versus Cartesian base system; (sﬁ'i_l) -angular relative acceleration between i and i-1 joints; (af:,l-_l)-
linear relative acceleration between 7 and i-1 joints; [Z,;I_LO]- angular absolute velocity antisymmetric
vector of the i-1 joint vs. i Cartesian system; [/a\)f_l‘o]z(ri_l)- centrifuged- centripetal acceleration;
2[/(;)5:_1‘0](17%,1-_1)- Coriolis acceleration; (S (L))- dual relative acceleration matrix.

For the forces analyze was used the following mathematic matrix model:
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where: (P°)- is the matrix of active force, reduced to the base Cartesian system; [z,]- unitary joints-
bodies matrix; (F°)- matrix of resistive forces reduced to the base; (Fi)- matrix of resistive forces
reduced to i Cartesian system; [m]- unitary matrix of mass obtained by multiplying m; by unitary
matrix for the space; (a’440)- absolute linear acceleration matrix for the centre of gravity g4 reduced
to the base Cartesian system; G- is current value from the incidence body- joints matrix G obtained

by using the associated graph to the robot’s structure.
For the moments analyze was used the equation:
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where: (Q)- matrix of the active moments in a joints; (M”)- matrix of the resistant moments in all
joints; - [B]anti-symmetric matrix of force’s arm; (P°)- matrix for active forces; (K :,)) - matrix of the

variation of the kinetic moment reduced to the base Cartesian system; (KS4)- matrix of the variation
of the kinetic moment of the g4 centre of gravity reduced to base Cartesian system; (K;4))- matrix of
the variation of the kinetic moment of the g4 centre of gravity reduced to 4 Cartesian system; (bg k)-
absolute matrix vector force’s arm from g; center of gravity to the k joint; [J§,]- inertial tensor of the
4 body.

Following the analysis of the current state of research in the field of dynamic behavior of
robots we can make the following observations: (i) many of the current research has used simplified
mathematical models and the results have not been conclusive; (ii) much of the research has focused
on robot components and less on the whole; (iii) in the modeling of the dynamic behavior were not
used matrices of incidence bodies-joints and joints-bodies, as well as graphs associated to the
structures to take into account the principle of action and reaction in establishing the equations of
dynamic behavior; (iv) many of the current studies have not highlighted the analysis of positions,
speeds, accelerations, forces and moments for each joint of the structure. In this way, information
related to the centripetal, tangential and Coriolis forces used in the dimensioning of the various
organology components in each joint could not be provided; (v) the research did not reveal differences
in dynamic behavior for the up or down movement of the robot, as well as between the movement
with object and without the object to be manipulated in the mechanical hand; (vi) much research has
focused only on simulating motion in 3D space, or solving Forward Kinematics (FK) and Inverse
Kinematics (ZK); (vii) it was not highlighted how the inertia tensors are modified due to the change
of the dimensions of the robot bodies, as well as the influence of their modification on the dynamic
behavior of the robot; (viii) the kinematic and dynamic modifications for the simultaneous or
successive movements in each joint as well as the simultaneous-successive combined movements
obtained by modifying the parameters of the pseudo-trapezoidal speed characteristics in the joints,
were not highlighted; (ix) how the mass of each body of the robot’s structure influences the dynamic
behavior of the structure has not been analyzed; (x) many of the researches have analyzed the dynamic
behavior using specialized software for certain types of robots without being able to define another
structure through the program, by defining the type of joint: rotation or translation or by defining the
axis of movement by rotation or translation.

The interactive proper platform (ROBO-PVAFM) for analysis of forward kinematics (FK) and
inverse dynamics (ID) uses LabVIEW software 14.0. This project was created for the complex
analysis of various types of robots including: articulated Arm, Scara, Cartesian and Double Portal.
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The personal contributions introduced through the design and realization of the interactive platform
(ROBO-PVAFM) aimed at completing the existing software with new modules to solve the reported
deficiencies. The component modules of the platform’s ensure a high degree of generality in the use
for analysis of various types of robots, by completing the input data to define, as accurately as
possible, the robot structure from the kinematic and dynamic point of view. The input data concerning
the type of each module and body- joints and joints- body matrix offers the generality to design robot
in concordance with his application. The software platform has the possibility to graphically
represent 3D and 2D the variations vs. time of positions, velocities, accelerations, forces, moments
as well as the variations of the positions of these vectors in space in all joints, with the possibility of
framing these variations in precision-stability cones.

The platform ROBO-PVAFM was designed by using the complex mathematical model for
positions, velocities, accelerations, forces and moments.

The software platform comprises the following components: (a) - the input data module in the form
of clusters that: (i) define the parameters of the characteristics of space, speed, acceleration, Jerk for
the movements in all joints; (ii) the dimensions of each body and its material for the purpose of
calculating the masses; (iii) direction and type rotation or translation of axes of movement in each
joints; (b) 2D and 3D characteristics for: (i) displacements, linear and angular velocities, linear and
angular accelerations, forces, variation of kinetic moments and absolute moments in all joints; (ii) the
modules of the displacement vectors, velocities, accelerations, forces and moments as well as the
angular position of these vectors versus the basic plane; (¢) the joints and gravity centers positions
matrix; (d) column matrices of the G and Z bodies-joints and joints- bodies; (e) graph associated to the
robot structure; (f) the button to select the movement with or without the object in the hand, see
fig.5.15. The types of robots that could be studied with this platform we can see on the fig.5.16.
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Fig.5.15. Front panel of the ROBO-PVAFM software platform with the input data.

The assisted research show what is the differences between some robots types and offers the
possibility to calculate some mechanical parts by using the forces, moments, accelerations, velocities
in all robot’s joints, see Tables I-X. The positions analyze show haw will be changed the space
trajectory in some different types of the movements- simultaneously, successive or complex.

After was analyzed the results we can do the following remarks: (i) the platform could be used to
determine the singular points in the space by show the space trajectory in some different cases of the
movements: simultaneously, successive, or complex; (ii) the program has the possibility to declare
for each joint the axis of movement, the direction, the arrangement of the joint from the element to
the slide, or from the element to the rotation torque or vice versa; (iii) by highlighting the variation
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of the projections of the position vectors on each axis, the maximum variation can be determined and
which is the axis with the maximum variation; (iv) by representing the variation in space of the
position’s module vector, the spatial variation of the angle versus base, as well as the variation of the
position vector in space, will be possible to determine the case what could be influenced the dynamic
behavior, see Tables I and II; (v) the results of the variation of the projections of the linear velocities
on axes and the variation of the velocity module, the variation of angle versus base and the space
trajectory of the velocity could be used to minimize these variations with the important influence to
the dynamic behavior, see the Tables III and IV; (vi) in order to minimize the variation of the forces
on each axis, the diminution of the variation of the acceleration projections, of the variation of their
modules, as well as of the reduction of the angular variation of the acceleration vectors are priority
directions of analysis, see Tables V and VI; (vii) in order to improve the dynamic behavior of robots,
an important direction is to reduce the variation of the projections of forces on the axes, the variation
of their modules, as well as the variation in space, with diminishing as much as possible the change
of direction of these variations; the most unfavorable variations are present in Arm type robot and
Scara robot, see Tables VII and VIII; (viii) the variations of moments are approximately the same for
the analyzed robots, except the Arm type robot; moment analysis with this program offers designers
the opportunity to use the values of moment variations for the mechanical parts calculations and to
reduce these variations by resizing various bodies or by modifying the Cartesian system from the
base, depending on the application, or by modifying the servo drive in various axes for framing Jerk
variation within a maximum of 5 times the maximum speed, see Tables IX and X; (ix) the variation
of the angle of the moment vector in space determines a cone of precision- stability on the
minimization of which depends the optimal operation, from'the dynamic point of view of the
respective robot, depending on the desired application; in the case of the analyzed robots, with the
adopted angular space differences, in the conditions of maintaining the movement on each axis within
2 s, the double portal robot has the biggest variation, respectively 70 [grd] compared to 50 [grd] Scale,
20 [grd] Arm si 12 [grd] Cartesian; (x) the largest variation of the moment vector module at the end-
effector is at the Arm type robot 4000 [Nm], compared to the other studied robots, respectively
Cartesian 40 [Nm], Scara 350 [Nm] and Double Portal 20 [Nm], under the conditions of comparable
speeds and accelerations on each servo-controlled axe; the articulated Arm type robot was simulated
in the conditions of simultaneous movement; in the successive movements, the maximal variation is
3000 [Nm].

Graph structure Gri iph structure
SO ~\ 2\3
0 80 i) 22O \oj-ﬂva—&\;«-@

Fig.5.16. Types of robots that could be used by OLROBOT software platform: a- Arm type robot; b- SCARA type
robot; c- Cartesian type robot; d- Double Portal type robot.
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TABLEIX.  PROJECTIONS OF THE END-EFFECTERS MOMENTS VECTOI TABLE X SPACE END-EFFECTERS MOMENTS VECTORS, MODULES AND
SPACE ANGLES
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X
NR. OF | TYPE OF | TRAPEZOIDAL CHARACT&@TICS 6 2-0-2-0
STUDIED MOVEMENT OF RELATIVE VELOCITIES IN ALL
CASE FOUR ROBOT’S Jom‘@_~
1 0-2-4-6
S
7 2-2-0-0
2 0-0-0-0
8 0-0-2-2 :
3 0-0.1-0.2-0.3 R
AR
9 0-1.9-3.9-5.9
4 0-3-6-9 I I —7_
! &
5 0-2-0-2 10 0-1-3-5

Fig.5.17. The type of the movements in all robot’s joints that were studied

67



m

jrlllll

L
oo

[

I

c d

Fig.5.18. Front panel with the results of simulation for absolute velocities from 3,4 and 5 robot’s joints; a- linear
velocities characteristics for the successive movements in each robot’s joints (0-2-4-6); b- angular velocities
characteristics for the successive movements in each robot’s joints (0-2-4-6); c- linear velocities characteristics for the
successive and simultaneously movements in each robot’s joints (0-0.1-0.2-0.3); d- angular velocities characteristics for
the successive and simultaneously movements in each robot’s joints (0-0.1-0.2-0.3).

The pounder for each robot’s joint was calculate in function of the influence of current joint
to the others. In analyze of the arm type robot, for the joints number 3, 4 and 5 were established the
following maximal pounders: p;-300 (important influence of joint nr.3); p4-200 (influence only joint
nr.2); ps-100 (influence only end effecter). In fig.5.18(a,b) are the simulation results of the linear and
angular absolute velocities in all axes, reduced to the robot’s base. In table XI are the ranges of all
velocities components, necessary to see the minimum value of each of them. The pounder theory
consist in calculate the powder of each optimization criteria and after that the sum of these powders.
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TABLE XI- the minimal values of the linear and angular velocities in the 5, 4, and 3 robot’s joints.

vix | vly | vz | Mad[vE] | =v5 vix | vdy | vdz | Mod[vd] | =4 vax | vdv | w3z | Mod[v3] | =3
0-2-4-6 50 20 33 35 120 45 18 48 30 4 18 3 2 30 13
0=0-0-0 10 28 25 30 58 14 |32 |22 [26 1 8 18 |2 30 13
0-0.10.2- | 20 50 1 35 50 15 46 2 in 1.5 8 18 16 30 14
0.3
(=360 55 20 55 38 120 45 16 5 30 3 16 5 16 3 15
0-2-0-2 38 50 45 g 120 126 [35 |21 [25 2 g |5 0 3 14
2-0-2-0 38 55 55 38 125 I8 53 50 in 25 1 18 12 3 14
2-240-0 20 19 n s 60 [ EEE 1 8 18 17 |3 14
0-0-2-2 33 35 33 33 12 28 |4 |35 |3 26 8 16 16 |3 14
0-19-39- | 60 pl} 60 35 130 50 16 50 i0 28 16 [ X 3 14
59
0-1-3-5 60 15 62 is | 155 44 |30 |50 |30 155 12 12 15 |18 80
®5x | ofy | oSz [ Mod(ws) | *oSx | odx | odv | edz | Mod(wd) | modx | 03x | odv | 03z | Mod{ed) | ~odx
0-24-6 50 110 | 60 75 18 |60 [ 110 |60 [ 75 118 | 35 10 140 |75 20
0-0-0-0 T4 58 70 8s 58 70 [57 [72 |85 58 55 |45 |38 |0 40
00102 | 70 2 110 | 85 165 00 (60 | 110 | 85 165 00172 [38 |70 0
0.3
0-3-6-0 55 110 | 60 75 120 | 55 1 |60 | 78 1 L 10 138 |75 20
(=202 125 L0 38 84 16 120 ) 108 | 38 ] 18 80 110 | 38 85 28
2-0-2-0 115 | 33 140 | 835 | 130 120 | 33 140 | 85 125 0 |82 |7 84 5
2-2-0-0 125 | 98 120 | 84 95 125 | 95 105 | 83 100 125 |27 |38 |75 42
0-0-2-2 115 | 90 120 | 84 120 115 | 90 | 120 | 83 110 |80 [ 100 |38 |75 42
0-19-39- | 50 110 | 60 75 120 | &2 1o |60 | 78 120 |2 1o |38 |75 0
59
0-1-3-5 35 110 | 60 75 120 | 55 1o (60 | 78 120 55 110 138 |75 90
TABLE XII- the maximal values determined by using the pounder theory.
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The sum of all current pounder is calculate with relation:

— V15
Pnr.case = 21 D345

Pmin/case

Pert/case

(5.7)
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After was applied the pounder theory will be obtained the results shown in the table XII. After were
analyzed all simulation results and was applied the pounder theory we can do the following remarks:
(i) the best solution to obtain the minimum variation of the velocities in all robot’s joints is the case
0-0-2-2 that mince the simultaneously and successive two by two, the movement in the first and
second joints and, the third and fourth robot’s joints after 2 seconds; (ii) the optimization algorithm
and pounder theory could be applied in many other assisted research were after was applied the multi
objective function, if the results is zero; (iii) by using the LabVIEW instrumentation will be possible
to research many other influences in the velocities variation like the dimensions of bodies and the
parameters of the trapezoidal characteristics.

5.4. The approach of an own mathematical model of the magneto rheological damper in
accordance with the experimental results. From the critical analysis of the current state, it emerged
that the mathematical models approached do not ensure the reduction of modeling errors compared
to the real results, which is why a mathematical model was proposed in which, compared to those
used until now, they introduce non-linearities such as polynomials of degree 3, for each of the
parameters present in the mathematical model. The most complex mathematical model, the modified
Bouc-Wen model, was chosen. Thus, the proposed and researched model will be completed with 4
more polynomial equations of the 3rd degree and with an equation that takes into account the Fourier
spectrum when the robot structure is excited. The model will have several parameters, with the help
of which the modeling will be much closer to reality. Approaching such a more complex
mathematical model also involves more elaborate numerical simulation programs that are difficult to
design without a simulation instrumentation such as LabVIEW virtual instrumentation. Thus,
compared to the models in the current stage, with a maximum of 18 variable parameters, the new
mathematical model has 19 new parameters. It is of the form:

S=cg(xX" =y kg (x=y)+k (x—x,)+az

'

y =

[oz+cyx"+ky(x—p)]
¢+

'

’ 1| n-1 ’ r
2 ==yl =yl =BG -y

a(i) =i’ +a,i’ +aji+a,

Z|

RLICRe (5.8)

. .3 ) .
c,()=cpi” +cpi +cyitcy

. .3 ) .
c,(i)=cyi” +c,i~ +cyite,
ko (i) = kegyi™ +hgyi™ + ki + g,
o= 250‘ sin(2zv, +@,)

where: f'is the damping force [N]; x and y are the variable displacements, primary and secondary [m];
z is the internal variable of AMR [m]; ko , ki are the non-linear internal stiffnesses of the AMR, [N/m]
depending on the intensity of the electric current [A]; co and ¢; are the internal viscous friction
parameters of AMR [Ns/m]; a is the internal parameter with non-linear evolution, dependent on the
intensity of the electric current, respectively on the magnetic field; the # parameter characterizes the
amplification value of the damping force vs. speed; xo is the displacement disturbance [m]; &'is the
hysteresis parameter; d; is the hysteresis parameter related to each frequency in the spectrum; v; is
the frequency from the Fourier spectrum; ¢; is the phase corresponding to each frequency in the
spectrum. This mathematical model was the basis for the design of the LabVIEW virtual tool for
numerical simulation. In order to determine the way in which the various coefficients of the
mathematical model influence the allure of the damper characteristics, the design of a virtual
comparative numerical simulation tool was also approached. The numerical simulation of the
mathematical model consisted in the assisted determination of the time-dependent variation
characteristics of the damping force, the displacement, the speed and the attenuation energy. From
these characteristics, the most important characteristics of AMR were determined, through soft
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modeling, namely the characteristics of damping force vs. speed and damping force vs. displacement.
In order to determine the way in which the various coefficients influence these characteristics, was
studied the parameterization of the characteristic damping force vs. speed.

5.5. Parameterization of damping force characteristics vs. speed. The parameterization aimed to
introduce some variables for each area of the allure of the damping force vs. speed. Thus, as can be
seen in fig.5.19.: the parameter p; represents the inclination of the characteristic in the expansion
phase; p2 the slope of the characteristic in the compression phase; p3 the slope of the characteristic at
the peak of the hysteresis curve; ps the maximum size of the hysteresis at the minimum speed; ps
hysteresis size at maximum speed; ps coordinate y of the quasi-linear allure of the characteristic; p7
maximum coordinate y of the characteristic; ps maximum abscissa of the characteristic; po abscissa
of the hysteresis peak. By changing the values of all the coefficients and comparing the
characteristics, it will be possible to determine how the various parameters are influenced by the
changes in the coefficients of the mathematical model and to try to adjust the characteristic force vs.
speed of movement, so that the allure of the characteristic approaches the experimentally determined

characteristic. 8.0 ] NEmEmamaa mm
Sk = s EEEa
5.6. Identification of the damper parameters by L e B p3 |EE
comparing the theoretical results with the |z, 'p'z' e
experimental ones and validating the mathematical |§ ood p7 o p6 AL
model. Identifying how the parameters of the damping '§_m %::}‘ ot |4 b1 | 2
force characteristic vs. the speed of movement are 5 T .ﬁJ i
influenced by the coefficients of the mathematical model . ;P9 oo
that was made by comparing the AMR characteristics for | =% 5 P £ 4' ?8. f
various values of the coefficients and the subsequent | 288 stz abis odn’ ‘adin’ o ‘od
establishment of the way in which they modify-the L
parameters pi-po. Fig.5.19. Parametrized damping force vs. speed characteristic of the damper

Following the numerical simulation, fig.5.20-5.26, the following conclusions can be
highlighted: change in the intensity of the electric current determines the change in parameters p1, p2,
Ps, p7; the change in the displacement disturbance x, determines the change in the parameters p3, ps;
the change of the internal coefficient y determines the change of the parameters ps, ps; the change the
vibration amplitude x determines the change in parameters p7, ps, po; the modification of the global
stiffness k1 determines the modification of the parameters ps, ps, ps, p7; the modification of the
amplification of the damping force # determines the modification of the parameters ps, ps, p7; the
modification of the hysteresis term d determines the modification of the parameters p1, p2, p3, p4, ps,
Po; the change of the internal coefficient of the second order a» determines the change of the
parameters ps, ps, p7; the change of the internal coefficient of the first order @1 determines the change
of the parameters ps3, ps, p7, po; the change in the second-order viscous damping coefficient co2
determines the change the parameter ps.

By comparing the real characteristics with the simulated ones, it can be seen that the
characteristics in fig.5.25 are the closest to those obtained experimentally. Based on the data included
as input data in the front panel of the virtual simulation device, the values of all the parameters of the
proposed model are determined, which represents the experimentally validated mathematical model
for the researched application, under the conditions presented in the experimental research. Actual
versus simulated characteristics for damping force vs. speed, after the identification operation of the
coefficients, based on the numerical simulation, are presented in fig. 5.26.
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Fig.5.20. AMR characteristics obtained by simulation aﬂ&fanging v, koo , koi , ko2 , co2 , 10, €12, €13
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Fig.5.21. AMR characteristics obtained by simulation after changing koo, ko1, ko2, ko3, coz2, c10, €12, €13, i,x, 0.
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Fig.5.23. AMR characteristics obtained by simulation after changing koo, ko1, ko2, ko3, co2, c10, c12, 13,0 ,X, 0.
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Fig.5.26. The real and simulated comparative characteristics for damping force vs. speed for i=0.8A.

The validated mathematical model for AMR used is:

f =X = ¥) +ky(0.003= y) +100(x - 0.002) + oz
1

€ +6
=747 - y'|:|z|'_'— 1047(x"= y)|<|" +40000(x' - ¥
aliy=09"+1.1* +0.9i +0.9
(i) = 608 =70 +19i +7
¢, (i) =—i* +300¢* + 5+ 1000
ko () = 200 +100i +100i +300
& =50sin{107 +0.21) + 1. Isin{187 + 0.31) +
+1.4sin(307r +0.62)

(5.9)

Y=

[oz +cox + ko (0.003 - y)]

The comparative error obtained after the identification of the coefficients and the validation of the
mathematical model is below 1%, as can be seen from the comparison of the damping force-vs. speed
characteristics, fig.5.26. The mathematical model of the damping force can be used after validation
in the complex, matrix-vector model of the force-moment torsion of the dynamic behavior of the
robots, which will also include the effect of the damping force of the AMR. It can be expressed in the
final form:

0

F F+f0)) 1, ) (ag) 0) (5.10)
—1=[[z,]lz -|d J -l =
[MJ 1 "”[ M, j st (60~ [6! N0 ) | Bz, J(F, + £9)~Idiagom )
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CHAPTER 6
Assisted Experimental Research of Magnetorheological Dampers
Applied to Robotic Structures

The experimental research was carried out following two major objectives: the first objective was the
determination and validation of an original mathematical model, as close as possible to reality for the
magnetorheological damper, in order to use this model, in the future, within the matrix-vector
expression of the torque-modement torsion in couples and a second highlighting the optimization of
the dynamic behavior of a didactic robot, after the application of AMR. In order to obtain a
mathematical model as close as possible to the real functioning, the modified Bouc-Wen type
mathematical model was approached, a more complex model, considered as such, due to ensuring
minimal errors between the simulated and experimental characteristics (about 1%), which was
completed with four additional equations with 19 new coefficients. This approach allowed a better
approximation of the simulated characteristics compared to the real ones. For the second objective,
new parameters of the dynamic behavior were introduced with the help of which the analysis of how
the introduction of AMR in the structure of industrial robots ensures the optimization of the dynamic
behavior was carried out. The research was carried out in the Research Laboratory of the Dynamic
Behavior of Industrial Robots, within the Faculty of IIR, Politehnica University of Bucharest. In the
research, an articulated arm type teaching robot and an own AMR magnetorheological damper,
mounted between the base and the end effector, specific equipment for researching the behavior of
structures to vibrations, as well as the acquisition board, the own LabVIEW instrumentation, were
used for the theoretical and experimental research.

6.1. Experimental research methodology. The experimental research methodology includes
assisted research with data acquisition and numerical simulation. The research methods used will
have to ensure the achievement of the following objectives:

« establishing a new mathematical model, as close as possible to the real functioning of such a
magnetorheological damper;

» completion of the matrix-vector mathematical model for the force-moment torsor with the terms
that can ensure its online control;

« experimental determination of some operating characteristics of the magnetorheological damper,
characteristics to be compared with those obtained by numerical simulation;

 obtaining some operating characteristics of the magnetorheological damper through numerical
simulation and the parameterization of these curves in order to facilitate the validation of the model
and the identification of all coefficients;

« theoretical research through numerical simulation with the establishment of the influence of the
coefficients of the mathematical model on the allure of the operating characteristics of the AMR and
the establishment of the dependence of the parameters of the curves, compared to the modified
coefficients of the mathematical model;

« establishing, by online modification of the values of all the coefficients of the mathematical model,
the various dependencies, in order to approximate as accurately as possible the real behavior
compared to the simulated one;

 comparing the characteristics of the damping force - the speed of movement of the linear damper
rod, with the determination of possible inadvertences and the establishment of compensation methods
and completion of the model.

In order to achieve the above-mentioned objectives, in addition to the specific experimental
stands, the own LabVIEW virtual instrumentation was used both for experimental research and for
theoretical research, as well as the acquisition board, the signal conditioner, specific vibration
research equipment that is described below. As a working procedure, a line for generating a periodic
excitation force with certain frequencies was used, applied to the base of the structure of the didactic
robot and the acquisition of data on five simultaneous channels. The excitation force was applied to
the basic module of the used didactic robot, on which the magnetorheological damper was mounted,
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between the base and the end effector. The acquisition of experimental data consisted of:
simultaneous five-channel determination of accelerations, forces, displacements and speeds. Thus,
the following were determined: the acceleration at the base module; acceleration at the end-effector;
excitation force; damping force and displacement of the end-effector. To determine the excitation
force, the resistive measurement method was used, which consists in measuring the voltage drop on
a sunt type resistance, followed by the calibration of the measurement, by comparing the determined
values with the force measured with a dynamometer. Accelerations at the base and end-effector were
experimentally determined using two accelerometers, an own amplification module connected to the
accelerometers, connector, acquisition board and virtual data acquisition instrumentation. The
damping force was measured with the help of an inductive transducer, connected to the Hottinger
bridge and respectively to the connector and the acquisition board.

6.2. Scheduling of experimental determinations and the used stands. The preliminary
experimental determinations aimed at: firstly, determining the dynamic behavior of the robot in
several variants, namely: with magnetorheological damper, with air damper, or without damper and
secondly, the validation of the approached mathematical model, with the identification of all
coefficients. The experimental research consisted in: determining the variation of the global transfer
function (GTF) depending on the frequency of AMR; determining the variation of the global dynamic
compliance depending on the GDC vs.frequency; determining the variation of global dynamic
transmissibility Tr according to frequency; determining the variation of the damping force depending
on the speed; determining the variation of the damping force depending on the frequency;
determination of the variation of the excitation force depending on the frequency; determining the
displacement according to the frequency; determining the variation of the acceleration of the module
from the base as a function of time; determining the variation of the acceleration of the module from
the base depending on the frequency; determining the variation of the acceleration of the end-effector
as a function of time; determining the variation of the end-effector acceleration depending on the
frequency; determining the variation of the global dynamic viscous damping coefficient VGDDC,;
determination of the total dynamic coefficientof viscous damping VGDDTC.

The mathematical models of the functions that have been determined are:

_ FFTG(@) oo & FFT(jo) . FFT(ay(jo)
FFI(F,(jo) " FFT(F,(jo) FFI(a(jo)’

(6.1

where: x is the displacement of the damper rod [m]; Fam - damping force [N]; Fex- excitation
force [N]; a2- acceleration of the end-effector [m/s?]; ai- acceleration of the module from the base
[m/s?]. Many of these determinations were made through the use of software components, based on
the acquired data. Mathematically, global dynamic compliance can also be determined as a ratio of
energy variation:

jx(t)e’””dt (62)

GDC = 1 _FFT(x) E(jo)

k(jo) j Foema TTE EGo)

0

For the presented determinations, the experimental stand shown in fig. 6.1 and 6.2 was used.

Fig.6.1. The inductive force transducer with the didactical magnetorheological damper.
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Fig.6.2. Experimental didactical stand for the assisted research of the damper parameters.

The experimental stand consisted of the following components:

« articulated arm teaching robot made in the research laboratory a

dynamic behavior DIRI-RSP-IIR-UPB;

« electrodynamic exciter type 11075, RFT Germany;

« connector type CB-68 LP, fig.5.3, National Instruments, USA;

« acquisition board type PCI 6221 M, National Instruments USA;

« frequency generator type POF-1, KABID Poland;

« amplifier for frequency generator type LV 102, MMF Germany;

« personal computer, Taiwan;

« inductive displacement transducer type 16.1 IAUC Romania;

 Hottinger bridge type KWS/T-5, Germany;

« calibrated resistance for determining the excitation force;

« self-built magnetorheological shock absorber;

* LabVIEW software version 14.0;

« proper LabVIEW virtual instrumentation, specific to assisted research with data acquisition
and for numerical simulation.
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Fig.6.3. Acquisition board connector type CB68 LP from National Instruments, USA.
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The created virtual instrumentation is specialized for the research of dynamic behavior, and
ensure low costs and a short time for the research activity. The assisted theoretical research was
carried out using a LabVIEW virtual tool with the help of which it was aimed to obtain, based on the
own mathematical model for the magnetorheological damper, some specific characteristics: force vs.
speed, force vs. displacement; damping force and travel speed vs. time; damping energy vs. time. The
implementation of magnetorheological shock absorbers in the structure of the robots was carried out
in order to attenuate vibrations with certain frequencies and amplitudes, which can determine the
instability of the movement. For this purpose, these vibrations are either attenuated, or they are
transferred to a higher frequency domain, as will be seen by analyzing the results of the experimental
research. The experimental research was carried out on a didactic arm type robot with U profile of
the arms and consisted in the excitation at the base of the robot structure, with a periodic force, of
variable frequency and the simultaneous determination on five acquisition channels, of the excitation
force, of the damping force, the displacement of the end effector, the acceleration at the base and at
the end effector.

6.3. The proper used LabVIEW virtual instrumentation. LabVIEW virtual
instrumentation, designed for assisted experimental research, is presented in figures 6.4-6.8, and for
theoretical research in figures 6.9-6.10. The virtual tool for assisted research with data acquisition
includes, see fig. 6.5, several modules: the data entry mode regarding the digital control of the
movement, task/channels in — MyDigitalOut Task0, the command line, lines — dev 1/port0/line0 ,
where dev 1 is the device for the used PCI 6224M acquisition card, portOline0, is the port and the
command line digital, mode for entering task/channels acquisition data in 2, DAQ Assistant 20, mode
for entering data related to active ports, in centesimal, button regarding the stop motion command,
mode for averaging acquired data, averaging type — linear, etc. The tasks of ordering, purchasing and
connecting the transducers are presented in fig. 6.10-6.12.
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Fig.6.4. The front panel of the LabVIEW virtual instrument for determination
real characteristics: damping force vs. speed, excitation force vs. time, and a
frequency characteristics: speed, damping force, excitation force, global dynamic compliance vs. frequency.
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IR | Ky
Fig.6.5. The front panel of the LabVIEW virtual instrument for determining real characteristics: angular
velocity. damping force, base acceleration, end effector acceleration vs. time, and frequency characteristics: end
effector power spectral density, base power spectral density, transmissibility vs. frequency.
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Fig.6.6. The front panel of the LabVIEW virtual instrument for simultaneous five-channel determination of
real characteristics: excitation force, damping force, angular velocity, base and end effector acceleration, vs. time.
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Fig.6.7. Block schema of the virtual acquisition LabView instrument for 5 simultaneously channels.
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Fig.6.8. Icons of the LabView VI-s for the data acquisition and theoretical research.
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Fig.6.10. DAQ Assistant 40 acquisition task including acquisition on five simultaneous channels for
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Fig.6.11. Connections to the connector of the acquisition board for the acquisition of the acceleration signal at
the base of the robot.
The new mathematical model for the matrix-vector relation of the F-M force-moment column matrix,
for RI, with magnetorheological damper, will be of the form:

FOY [z, 0)(D°(Fi+f o -, o)+l [

i :[ZO ZJ. (D;]:[,{(l)) — diag| sign V,’, m, szgn‘Z; Jy [D,D ggi‘lo ): [Z;IOO] Er)il +

- ’ 6.3)
{0 } 16.436.0} (02 + 1)~ diag signm, |- [0 Wt ¢ [0 T )

where f{i) is the magnetorheological damping force.
The virtual tools developed for the research of the dynamic behavior of the elements and a systems
by using transfer functions are shown in figs. 6.12...6.14.
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Fig.6.12. LabView icons for the virtual instrumentation of PDT1 and PI transfer functions.
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Fig.6.13. LabView icons for the virtual instrumentation of PT1 and PT2 transfer functions.
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CHAPTER 7
Contributions and Experimental Research in the Technique
of Using Intelligent Magnetorheological Dampers in Optimizing the
Dynamic Behavior of RI

7.1. The intelligent damper concept and the intelligent damping structure. An intelligent
shock absorber is part of a function within an intelligent system. In the in this case, the intelligent
shock absorber ensures, instead of the actuator that introduces an active force, a damping force in
accordance with the variable voltage with which the coils are supplied the shock absorber. This
voltage is determined by the accelerometer mounted on the end-effector, depending on the vibrations
of this module during operation, voltage vibrations, which then are transformed and applied by means
of a 3-stage amplifier, at the level of the coils magnetorheological damper. Thus, the voltage
oscillations, directly proportional to those of acceleration of the end-effector, are transformed at the

level of the intelligent shock absorber oscillations of the damping force, see flig.7.1.
12V T

b

/ T —— Control hardware
I Structura
_— Control software senzor
senzor

Fig.7.1. Schematic diagram of the smart system with AMR.

Thus, the acceleration oscillations are transformed into voltage oscillations applied on the
basis of the first amplification stage of the AMR, 0.8-2[V], amplifier which is on the power path,
(feeding with the voltage of 12[V]) of the AMR. The results of using the intelligent structure with
AMR can be seen in fig.7.2.
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Fig.7.2. Fourier spectrum in the classical version and in the intelligent structure version.

The structure presented in fig.7.1. represents an intelligent structure for mitigating vibrations
with AMR. The vibration spectrum is determined by means of the data acquisition line that includes
accelerometer type SN 30711 IMI, SUA, amplifier with a stage of amplifier, CB68 NI USA
connector, PCI 6224M NI USA acquisition board, input port and own LabVIEW virtual acquisition
tool. This spectrum from the sensor is then transformed through an amplifier and applied to the AMR,
through the same LabVIEW virtual instrument and another amplifier with three stages of
amplification, the last stage controlling the power stage of the AMR (the 12[V] circuit of supply of
AMR electromagnets). From the analysis of the preliminary results regarding the use of the intelligent
vibration attenuation structure, it can be observed that by applying the signal taken from the
accelerometers, the low frequency resonances are attenuated, fig.7.2, leaving the high frequency ones
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Fig.7.3. The signal of acceleration that will be amplifier and input on the smart damper.

7.2. Experimental determination of global dynamic compliance (DGC) and global
dynamic viscous damping coefficient (V'GDDC) and the introduction of intelligent magneto-
rheological dampers (AMRI) in the RI structure. GDC global dynamic compliance is one of the
most important parameters of the dynamic behavior of industrial robots. In robotic manufacturing
systems, it is necessary to know the vibratory behavior of the robot, the global dynamic coefficient
of viscous damping, VGDDC, of the structure and how the variation of the acceleration of the robot
modules influences the damped mechanical vibrations of the RI structure, in order to bypass the
resonance frequencies in the Fourier spectrum.

The presented method of GDC- assisted research of the robot with and without
magnetorheological damper is a method that uses LabVIEW virtual instrumentation version 14.0
complete, both for theoretical research and for data acquisition. In this wayi, it is very easy to compare
the theoretical and real behavior and to adjust the mathematical model that was the basis of the
numerical simulation.

Vibration damping systems, as well as shock absorbers, are used to move vibrations within
the Fourier spectrum. Anti-vibration isolation systems are usually passive and are used to reduce
vibrations in the range of certain frequencies. But; often, in many robotic applications, the excitation
forces vary in a very wide frequency range, and vibration dampers fail to reduce them throughout this
range. In semi-active vibration damping systems, the stiffness and damping coefficient can be
changed during movement. By changing the rigidity of the support of the damping system, the
position of the poles of the vibrating system can be changed in order to avoid resonances.

On-line control aims to monitor the critical points of the structure and to know the frequency
response of the system. This adaptive anti-vibration isolation system can change the operating
conditions in accordance with the dominant load, regarding the anti-vibration isolation capacity
compared to passive systems. Thus, forces with unwanted frequencies within the Fourier spectrum
are reduced in different loading situations and a much wider frequency range is covered, in which
they are active. Magnetorheological fluids are part of the class of smart materials, where the flow
properties are quickly modified by applying a magnetic field. These changes are proportional to the
intensity of the applied electric or magnetic field and are reversible in a time of the order of
milliseconds. These fluids quickly pass from the fluid state to the semi-fluid, or semi-solid state, after
the application of the magnetic field. These materials are relatively simple to apply and represent an
interface between the control electronics and the mechanical system for moving the vibrations of the
robot structure (Choi and Lee, 2001).

The determination of the proper vibration modes of the structure was applied to know the
resonance frequencies. The frequency spectrum includes the amplitude-frequency and phase-
frequency characteristics of the mechanical structure. The analysis of the frequency characteristics is
very important for understanding the dynamic performance of the body-couple system of the robot
structure.

If the dynamic impact with a periodic force at the base of the robot structure is Fs(t), and the
response displacement of the tool center point, TCP is x(t), then the GDC of the TCP is defined by
relation (7.1), where EF(jo) and Ex(jo) are the complex energy spectrum of the impact force, at the
base of the robot structure, and respectively the response displacement of the TCP.
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Global dynamic compliance, GDC will be:

T

Ix(t)e”"”’dt
L _ FFI(x) _ E(jo) o)
k(jo) I Foerma TTE) Eo) '
5
The GDC amplitude is calculated with the relation:
1 1 1
——= [Re{——})* +(Im{-——})’
ko) J k(o) k(o) .2

The viscous global dynamic damper coefficient VGDDC, ¢ without magnetorheological
damping, for each resonance frequency, is determined with the relation:

()
¢, =2€, T (7.3)

n;

where ;i is the natural frequency.

The damping factor for each resonant frequency, &; is determined from the Fourier spectrum by
relation:

Vi = Vi 74
2ViR

€ =

where vi;and v are the frequencies obtained by method 2 [2] for each resonance frequency. The
equivalent global dynamic coefficient of viscous damping, which is obtained with the relation:

E (7.5)
nox?

ceq =

where: E is the damping energy in one cycle, [Nm]; @ - response pulsation of the robot arm [rad/s];
x- displacement for each resonant frequency, [m]. The damping energy is determined with the
relation:

E= ]}(t)x'(t)dt (7.6)

where: F(t) is the variable damping force determined experimentally through data acquisition, [N];
x'(t) — speed of movement of the arm determined by the derivation of the movement characteristic,
[m/s].The total global dynamic coefficient, after applying AMR is:

cp=ctc, (7.7)
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The results can be seen in tables 7.1-7.6., and the 3D characteristics of VGDDC and VGDDEC in
fig.7.4-7.7. It can be noted that by increasing the intensity of the supply current of the damper coils,
the VGDDEC increase is obtained for each resonance in the Fourier spectrum. Through a command
law by points or according to a predefined mathematical curve for the control voltage of the AMR,
depending on the Fourier experimental spectrum, the Fourier vibration spectrum can be obtained as
desired. The assisted research of the global dynamic compliance GDC, of the viscous global dynamic
damper coefficient VGDDC, of the viscous global dynamic damper equivalent coefficient VGDDEC
as well as the influence of the parameters of the magnetorheological damper AMR on the dynamic
behavior as a whole, paves the way for the optimization of the Fourier spectrum for the entire
frequency spectrum. By applying intelligent magnetorheological dampers, it will be possible,
relatively easily, to move the resonance frequencies in the attenuation band, by activating the damper
coils with different intensities depending on the amplitude of the vibrations determined by the
accelerometers.

TABLE 7.1. Global dynamic compliance of the rescarched robot structure (GDC) [em/daN].

rezonance frequencies
50 B5 70 80 90 100 110 120 130 160 170 180 200
csi 0.4 0.307692 [0.285714 | 0.25 0.222222 0.2 0.181818 [ 0.166667 | 0.153846 | 0.125 |0.117647 [0.111111 0.1
0.6 0.6 06 0.01 05 0.01 0.01 1.2 0.1 05 0.8 05 0.01
0.18 0.2 0.4 0.01 0.1 0.01 0.65 0.01 0.01 0.1 0.25 0.1 0.01
02 0.2 06 0.25 0.01 0.1 0.1 0.2 0.18 0.01 0.01 0.01 1.2
1/k 0.01 0.01 0.7 0.01 0.1 0.1 0.1 0.01 0.11 0.1 0.2 0.2 0.05
001 | 001 08 01 0.1 02 02 | oo 04 | 001 | 025 | 025 | 015
0.01 0.01 0.25 0.01 0.05 0.1 0.1 0.01 0.1 0.2 0.01 0.2 0.45
0.01 0.01 0.1 0.01 0.1 0.25 025 0.01 025 0.4 0.4 0.4 1.2
TABLE 7.2. Global dynamic stiffness of the researched robot structure (GDR) [daN/cm].
1.666667 | 1.666667 | 1.666667 100 2 100 100 0.833333 10 2 1.25 2 100
5.555556 & 25 100 10 100 1.538462 100 100 10 4 10 100
5 & 1.666667 4 100 10 10 5 5.555556 100 100 100 0.833333
k 100 100 1.428571 100 10 10 10 100 9.090903 10 5] & 20
100 100 1.25 10 10 & 5 100 2.5 100 4 4 65.666667
100 100 4 100 20 10 10 100 10 5 100 5 2.222222
100 100 10 100 10 4 4 100 4 25 25 25 0.833333
TABLE 7.3. Viscous Global Dynamic Damping Coefficient (VGDDC) [Ns/m].
0.026667 [0.015779 |0.013605 | 0.625 [0.009877 0.4 0.330579 | 0.002315 | 0.023663 | 0.003125 | 0.00173 | 0.002463 0.1
0.088889 | 0.047337 | 0.020408 | 0.625 |0.049383 0.4 0.005086 | 0.277778 | 0.236686 | 0.015625 | 0.005536 | 0.012346 0.1
0.08 |0.047337 |0.013605] 0.025 |0.493827 | 0.04 |0.033058 | 0.013883 | 0.013149 | 0.15625 | 0.138408 | 0.123457 | 0.000833
® 1.6 0946746 | 0.011662| 0625 |0049383| 0.04 |0.033058|0.277778|0.021517 | 0.015625 | 0.00692 | 0.006173| 0.02
1.6 0.946746 | 0.010204 | 0.0625 |0.049383| 0.02 |0.016529|0.277778|0.005917 | 0.15625 | 0.005536 | 0.004938 | 0.006667
1.6 0.946746 | 0.032653 | 0.625 |0.098765| 0.04 |0.033058|0.277778 | 0.023669 | 0.007813 | 0.138408 | 0.006173 | 0.002222
16 0.946746 | 0.081633| 0625 |0.049383| 0.016 |0.013223]0.277778 | 0.009467 | 0.003906 | 0.00346 | 0.003086 | 0.000833

TABLE 7.4. The viscous global dynamic damping coefficient (VGDDTC) [Ns/m] when i=0 [A].

50 85 70 80 90 100 110 120 130 160 170 180 200
16836667 | 2014.7791 | 21256054 | 2960 | 2567.8765 | 3180 | 33335785 | 32073148 | 34696686 | 4115125 | 43357301 | 45584691 | 5100
17453389 | 2046.3373 | 21324082 | 2980 [ 2607.3827 | 3180 | 3008.0858 | 35027778 | 36826864 | 4127625 | 4339.5363 | 4568.3457 | 5100
cec_equiv.| 1737 | 20463373 [ 21256054 | 2360 [ 30518272 | 2820 | 3036.0579 | 32388880 | 34591492 | 4268.25 | 44724083 | 46794568 | 50008333
[Hsim] 3257 29457456 | 21236618 | 2980 | 26073827 | 2820 | 3036.0579 | 35027778 | 34675169 | 4127625 | 43409204 | 45621728 | 5020

i=0 3257 | 29457456 | 21222041 | 23975 [ 26073827 | 2800 | 30195289 | 35027778 | 34519172 | 426825 | 4339.5363 | 4560.9383 | 50066667
3257 | 29457456 | 21446531 | 2980 | 26567654 | 2820 | 3036.0579 | 35027778 | 3469.6686 | 4119.8125 | 44724083 | 45621728 | 5002.2222
3257 | 29457456 | 21936327 | 2960 [ 26073827 | 2796 | 3016.2231 | 35027778 | 34554675 | 41159063 | 43374602 | 4559.0864 | 5000.8333
TABLE 7.5. The viscous global dynamic damping total coefficient (VGDDTC) [Ns/m] when i=0.3 [A].
2606 667 | 2932.779] 3041 605 3677 3484.677 4096 4251.579] 4146315 4390 669] 5041.125] 5262.73] 5467 469 032
2568.889| 2964.337 | 3048.408 3877| 3524.383 4095 3926.086] 4421.778] 4603685 5053625 5266 536] 5497.346 6032
+c_equiv] 2660 | 2954337 3041.605 3277 3968.627 3730 3954.058] 4157.869] 4380149 5194.25] 5399 408| 5608.457 | 5932.833
[Ns/m] [_4180_| 30863.746] 3039.662 3877 3524.383 3730 3954058 4421778] 43868.517| 5053625 5267.92| 5491.173 5952
i=0.3 4160 __| 3963.746] 3038.204 3314 5] 3524.303 3716 3937520 4421.778] 4372.917| 5194 25| 5266 536| 5489.938| 5930.667

4180 3863.746| 3060.653 3877| 3573.765 3738| 3954.058| 4421.778| 4390.669| 5045.813| 5399.408| 5491.173) 5934 222
4180 3863.746| 3109.633 3877| 3524.383 3714| 3934.223| 4421.778| 4376.467| 5041.906| 5264 46| 5488.086| 5932.833

TABLE 7.6. The viscous global dynamic damping equivalent coefficient (WGDDEC), [Ns/m] vs.intensity [A] and freq.

c_equiv [i=0 [A] 1657 19939 2112 2335 2558 2780 3003 3225 3446 4112 4334 4556 5000
1=0.3 [A] 2580 2917 3028 3262 3475 3698 3921 4144 4367 5038 5261 5485 5932
I=0.45 [A]| 2377 241 2443 2473 2503 2533 2563 2593 2623 2714 2744 2775 2836
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7.3. Assisted experimental research in order to validate the proposed mathematical model and
the AMR effect on the dynamic behavior of the RI. Experimental research in order to validate the
model mathematically proposed consisted in experimental determination of strength characteristics
vs. speed and comparison them with the strength characteristics vs. speed determined by numerical
simulation. In a first phase, the comparison performed between features obtained experimentally and
those generated by the mathematical modified Bouc-Wen model taken from research bibliography of
the current state.
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Fig.7.4. The real characteristics force vs. speed, excitation force vs. time and the Fourier spectra vs. speed, damping
force, excitation force and global compliance for the case of using an air damper for the excitation frequency of 10Hz.

It was observed that these characteristics are very different, which led to the approach of a
mathematical model more elaborated and completed with four additional equations and an equation
that takes into account the Fourier spectrum. In this case, the proposed mathematical model has an
additional 19 new parameters, which made the identification activity difficult. By using the LabVIEW
virtual equipment for simulation, as well as the parametrization of the force vs. speed characteristics
of the shock absorber, it was possible to identify the coefficients, which would ultimately lead to
obtaining comparative force vs. speed characteristics that would fall within an error of maximum 1%,
compared to the real characteristics. For the assisted determination of the coefficients of the
mathematical model, the parameterization of the force vs. speed characteristics was carried out, so
that through the assisted numerical simulation, the way in which the various coefficients of the
mathematical model influence the various parameters of the characteristic and obviously the exact
establishment of their values to be determined leads to obtaining characteristics as close as possible
to the real ones. The simulated characteristics for AMR, very close to the real characteristics, were
obtained following the research on the model, for various values of the coefficients of the proposed
model. So that, based on the successive comparison of the various characteristics obtained by
simulation, with those obtained experimentally, in the end, an approximation of them was obtained
shown in fig. 7.40. The mathematical model for AMR used in the experimental research and validated
by the comparative method is presented in subchapter 7.5. The real force-velocity characteristics,
determined experimentally for the researched didactic robot, on which the air shock absorber and the
magnetorheological shock absorber AMR were mounted, are presented in fig. 7.9-7.31.
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Fig.7.5. The real characteristics of damping force, excitation force, base acceleration and end-effector acceleration vs.
time and the Fourier spectra for the base, end-effector and transmissibility for the case of using an air damper for an
excitation frequency of 10Hz.
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Fig.7.6. The real characteristics force vs. speed, excitation force vs. time and the Fourier spectra for speed, damping
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time and the Fourier spectra for the base, end-effector and transmissibility for the case of using an air damper for an
excitation frequency of 20Hz.
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Fig.7.9. The real characteristics of damping force, excitation force, base acceleration and end-effector acceleration vs.
time and the Fourier spectra for the base, end-effector and transmissibility for the case of using an air damper for the
excitation frequency of 25Hz.

Fig.7.10. The real acceleration characteristics of the base and end-effector vs. time and the Fourier spectra for the base,
end-effector and transmissibility in the case of AMR and excitation with a frequency of 10Hz.
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Fig.7.11. The real acceleration characteristics of the base and end-effector vs. time and the Fourier spectra for the base,
end-effector and transmissibility in the case without,a damper and excitation with a frequency of 10Hz.
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Fig.7.12. The real force vs. speed characteristics and the Fourier spectra for speed, damping force and CDG for the case
with AMR and an excitation with a frequency of 9Hz.
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Fig.7.13. The real force vs. speed characteristics but the Fourier spectra for speed, damping force and CDG for the case
with AMR and an excitation with a frequency of 5Hz.
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Fig.7.14. The real characteristics of damping force, excitation force, base and end-effector acceleration vs. time and the
Fourier spectra for the base, end-effector and transmissibility for the case with AMR and excitation with a frequency of
5Hz.
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Fig.7.15. Actual base and end-effector acceleration characteristics and Fourier spectra for the base, end-effector and
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Fig.7.16. The real characteristics of the base and end-effector acceleration vs. time and the Fourier spectra for the base,

end-effector and FTG for the robot with AMR and 5Hz base excitation.
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Fig.7.17. The real characteristics of the base and end-effector acceleration vs. time and the Fourier spectra for the base,
end-effector and FTG for the robot with AMR and 14Hz base excitation.
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Fig.7.20. Actual damping force-vs. speed characteristics for RI with AMR with 17Hz base excitation.
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Fig.7.27. Actual damping force-vs. speed characteristics for RI with AMR with 8Hz base excitation.

7.4. Synthesizing some results of specific AMR characteristics such as damping force-velocity,
damping force-displacement, speed and displacement as a function of time obtained in the
experimental research. Following the analysis of the real-and frequency characteristics, determined
experimentally for the vibration damping of the researched teaching structure, in the version with
magnetorheological damper, with air damper and without damper, the data summarized in tables 7.7-
7.9 resulted. They contain information on transmissibility TR, global dynamic compliance GDC,

damping force, damping energy, etc.

TABLE 7.7. Variation of global dynamic transmissibility and comtphance in motlon with air damper.

in miscarea cu amortizor cu’aer (achizitie pe 5 canale
Freev | Tip Transmisibilitatea Complianta Dinamica Forta de Forta de
enta amorti Globala amortizare amortizare
de zor fr itudi fr itudi - viteza de
excit [Hz]/[mm/daN] [Hz]/[mm/daN] [daN] deplasare
atie v /1Al V1 /1A] v /1A] [Fuin-max]/
[Hz] [Venin-max ]
10 Amorti 10/0.5 107 19/8 107°; 4/20; 7/19; 8/19; 12/18; 9/0.12; 18/0.01; -1.31a 0.2/
zor cu 28/4 10 14/18; 18/18; 19/18; 20/19; 28/0.01 —O 05 la
aer 21/19; 25/18; 28/19; 32/17
a 5/0 1
20 == 20/1.5107; 190/3 10°°; 20/0.6; 28/0.14; 40/0.14; 20/0.04 -0.9 ld -0.2/
210/1 10 150/0.15 -0.04 la
0.04
(0.7/0.08)
8.75
25 == 25/9 10°°; 75/4 10°°; 25/1.8; 50/1; 75/0.4; 100/0.2; 25/0.04; -0.8 1a -0.1/
130/0.5 10°°; 180/5 10°%; 150/0.2; 250/0.1 50/0.002; -0.04 la
220/1.5 10°°; 420/0.5 10°° 75/0.001 0.02
(0.7/0.06)
11.66
30 == 21/0.1; 30/1; 50/0.4; 80/0.1; 30/0.07; -11a-0.15/
88/0.25; 120/0.1; 150/0.3; 88/0.005 -0.06 la
250/0.1 0.04
(0.85/0.1)
8.5
35 -7 35/4.2; 50/0.5; 70/2; 80/0.1; 35/0.05; -0.9 la -
100/2; 140/1; 150/0.5; 70/0.025; 0.05/
210/8 107 240/1 210° 180/0.5; 250/0.5 100/0.05 -0.05 la
0.03
(0.85/0.08)
10.625
50 == 50/1.2 107%; 150/0.00025 10°%; | 4/120; 7/150; 12/120; 15/120; 50/0.08; -11a 0/
200/5 10°°; 250/0.002 10°° 18/110; 22/140; 26/130; -0.05 la
30/100; 32/110; 34/110; 0.04
40/180; 45/120; 50/120; (1/0.09)
52/120; 55/150; 60/140; 11.11
63/110; 70/150; 80/90;
85/110; 90/180; 95/110;
100/160; 110/160; 120/150;
130/90; 140/150; 150/150;
200/150
60 - 60/0.8 10°; 180/3.8 10 4/0.02; 50/0. 60/0.014 -0.81la -
150/0.05; 170/0. 0.25/
250/0.05; 400/0.05 -0.04 la
0.04
(0.55/0.08)
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6.875

70 - 7028 10; 150/1 10°; 25/0.02; 30/0.02; 32/0.03; 70/0.0035 0.661a-
200/2.5 10; 400/1 10°6 40/0.01; 50/0.15; 58/0.03; 0.36/
68/0.02; 70/0.01; 150/0.08; 0,05 la
250/0.07; 350/0.07 0.04
(0.3/0.09)
3.33
80 B 40002 107; 8035 105, 4/0.01; 20/0.01; 32/0.01; 40000025, | 0.621a-
120/0.4 10, 160/0.5 10, | 50/0.13; 90/0.01; 100/0.01; 80/0.001; 042/
190/0.55 10°; 220/0.1 10 120/0.04; 150/0.075; 120/0.00025 0.041a
220/0.06; 250/0.07; 280/0.02; 0.04
320/0.075; 350/0.025; (0.2/0.08)
400/0.06 25
90 | - 90/5.5 10°; 180/0.8 10°; 3/0.005; 5/0.005; 8/0.005; | 45/0.0002;90/5 | 058 Ia-
22002 10 11/0.005; 13/0.005; 15/0.005; | 10%;1002.510° | 0.4/
18/0.018; 30/0.01; 43/0.01; | % 12025105 | -0.041a
50/0.05; 53/0.005; 80/0.008; | 180125 10°; 0.04
100/0.005; 160/0.04; 20001105 | (0.16/0.08)
20000.01; 2200.01; 250/0.03; | 300/1 10° 2
280/0.015; 3200.01;
400/0.03
100 | -7- [ 1005107 120/ 10720023 | 3/0.01; 50/0.12; 60/0.01; 12125105, | -0621a-
10%;300/1 107; 400/1 107; | 70/0.01; 80/0.01; 90/0.01; 1525 10°; 0.38/
45012 107; 100/0.01; 110/0.01; 5021051008 | -0.05 I
130/0.015; 200/0.02; 10511022105 | 0.04
250/0.05; 270/0.02; 300/0.03; | 150/1 10% | (0.24/0.09)
320/0.01; 350/0.05; 400/0.03; | 200/1 10°; 2.66
450/0.04 300/1.8 10°;
400/1 10°;
150 | - 72/0.8 107; 95/0.8 10°7; 4001;55001; 150015, | 480510% | -0.561a-
15022 107; 170/0.2 107, | 18/0.012; 28/0.01; 30/0.015; |  5.5/0.8 10°; 0.46/
180/15 107: 220/0.5 107; | 38/0.008; 50/0.05; 100/0.01; |  13/0.2 10%; 0.05la
250/0.2 107; 27000.6 107; 120/0.012; 130/0.015; 7213 10%; 0.03
30000.5 107;420/5.8 107, | 150/0.04; 170/0.01:180/0.01; |  98/0510% | (0.1/0.08)
190/0.013230/0.015; 10018 10°; 125
250/0,03;260/0.015; 150125 10°;
300/0.015; 350/0.025; 160/0.6 10°;
360/0.018; 400/0.01; 2000.6 10°
420/0.045; 250/0.1 10°;
300/1.8 10,
370/0.1 10%;
400005 10°;
200 | - 190/6 10° 50/0.06; 150/0.04; 230/001; | 12/0.00025; | -0.571a-
250/0.03; 270/0.025; 100/0.00001; | 0.45-0.05
330/0.018; 350/0.02; 300/0.00001; 1a0.04
420/0.018; 450/0.03; (0.12/0.09)
133
300 | - 45 10% 10053 10°%; 50/0.15; 150/0.1; 220/0.02; | 15/8 10 1002 | -0.56 la
180/4 10%; 190/2 10%; 20012 | 250/0.1; 320/0.02; 350/0.08; | 10%; 150/1 105 | -0.46/
10%; 270/3.5 10%; 290/4 10°%; 450/0.08; 200/1 10°%; 0.05la
300/2 10 37012 10%; 400/3 300/1.8 107, 0.04
10%,450/1.7 107 400005105 | (0.1/0.09)
L11
400 | - | 45/410% 1003 10% 18035 | 3/0.04; 50/0.2; 130/0.05; | 6/510% 13/15 | -0.551a-
10%; 300/4 10%; 3502 10°% | 150/0.15; 220/0.02; 250/0.05; 10%; 047/
400/4 10%; 4502 10% | 320/0.01; 330/0.02; 360/0.04; | 10025105 | -0.041a
43000.05; 110123 10°%; 0.03
150810% | (0.08/0.07)
210/1 10°%; L14
320/1.5 10°;
400/3 106
500 |- 25/210°%, 503 10°%; 50/0.13; 120/0.03; 150/0.075; | 10022 10°; 0.551a-
10072 10°%; 180/2 10,2002 | 220/0.03; 240/0.04; 280/0.03; | 110/1.8 107 0.47/
10%;300/3 10%; 3203 10°%, | 350/0.03; 400/0.02; 450/0.02; | 150/5 10%; -0.041a
40075 10°%; 500/2 107 490/0.03; 2101710, 0.03
250/110%; | (0.08/0.07)
3101.8 107, 114

350/1 10,
400/2 10
480/1 10°;
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TABLE 7.8. Transmissibility between base and end effector with base excitation in the version with/without damper.

Tip Frecventa Transmisibilitate Tip Transmisibilitate
amortizor de Frecventa Amplitudine amortizor Frecventa Amplitudine din
utilizat excitatie spectru din spectru utilizat spectru spectru
[Hz] [Hz] [-] [Hz] [-]
AMR 10 10 3.510° fara AMR 10 5.5 10°
20 2.810° 20 4.510°¢
30 0.2 10° 30 0.310°
50 0.1510° 50 0210°
130 0.1510° 130 0210°
220 0.8 10° 220 0.810°
320 0.9 10° 320 0.9 10°
420 0.8 10° 420 0.810°
AMR 14 14 3.810° Aero 6.5 1.110°
20 6.510° 15 0.2510°
180 0.510° 20 1.510°
220 0.110° 26 0.18 10°
340 0.210° 50 0.18 10°
TABLE 7.9. Global dynamic compliance in the version with/without damper.
Frecventa Tip de Complianta dinamica globala Tip de Complianta dinamica globala
de excitatie | amortizor amortizor
[Hz] Frecventa din | Amplitudine Frecventa din Amplitudine
spectru [mm/N] spectru [mm/N]
[Hz] [Hz]
7 AMR 6.5 0.55 Fara 2 1.2
14 0.65 amortizor 8 0.98
20 0.05 14 0.8
38 0.18 21 0.9
42 0.1 32 1.1
50 0.8 40 0.9
55 0.1 41 0.98
61 0.18 52 0.4
150 0.1 100 0.5
10 AMR 10 0.6 Fara 5 1
20 0.2 amortizor 11 0.75
30 0.32 15 0.25
40 0.52 18 0.37
60 0.4 25 1.25
70 0.08 30 0.6
80 0.3 40 0.55
90 0.32 45 1.25
110 033 55 0.85
130 0.28 60 0.5
140 0.18 62 0.5
150 0.15 72 1.4
160 0.22 80 0.4
180 0.25 90 1.25
200 0.2 100 0.6
220 0.28 110 0.35
14 AMR 10 0.02 Cu 6.5 0.05
33 0.01 amortizor 14 0.025
45 0.01 cu aer 20 0.005
95 0.072 50 0.1
180 0.06 100 0.1
200 0.03 160 0.1
220 0.02 200 0.02
20 AMR 12 0.04 Cu 5 0.1
19 0.02 amortizor 7 0.03
21 0.04 cu aer 9 0.04
35 0.02 12 0.11
48 0.07 18 0.12
57 0.03 22 0.13
70 0.02 28 0.12
73 0.04 30 0.08
80 0.04 33 0.09
98 0.05 40 0.09
110 0.02 50 0.09
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Fig.7.28. The Fourier spectrum for various cases:
a- upward movement with AMR, b- upward movement with damper
c- upward movement without damper, d- downward movement without damper,
e- downward movement with AMR.

After analyzing the results of the experimental research, the following conclusions can be highlighted:
- GDC, for the operation of the robot structure with AMR, is reduced and transferred to higher
frequencies by more than 6-8 Hz;

- global dynamic transmissibility GDT is reduced by more than 35% at frequencies between 10-
100Hz when using AMR, compared to the case without shock absorber and by about 20% compared
to the case with air shock absorber;

- by using AMR, compared to the case of moving the arm with an air damper or without a damper,
the transfer of the first three resonance frequencies, from the Fourier spectrum, to higher frequencies
was observed (compare the characteristics of fig. 7.28.a,b,c,d ,e), respectively 1,6,11 Hz for the
upward movement without damping, 5,10,16 Hz in the upward movement with air damper, 15, 18,
24 Hz upward movement with AMR, 1.5, 9 Hz in the downward movement without damping and
5,9,18 Hz in the downward movement with AMR;

- due to the imbalance of the arm, the Fourier spectrum is different in up and down movement, the
unbalanced force of gravity acting as a shock absorber. In this case, for the upward and downward
movement, for the same damping option, the upward movement frequencies are higher than the
downward movement ones, respectively 1,6,11 Hz compared to 1,5,9 Hz in the movement without
damping and respectively 15,18,24 Hz compared to 5,9,18 Hz in the movement with AMR
(fig.7.28.a,b,c,d,e);
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- the global dynamic transmissibility GDT is higher in the area of low frequencies, frequencies
comparable to the resonant frequency of the structure of 14 Hz, at excitations of 10, 20 Hz, see table
7.8;

- the transmissibility between the base and end-effector, at a base excitation of 10 Hz with AMR is
much reduced compared to the case without damping, respectively 3.5 10°® compared to 5.5 107 at
the first frequency in the spectrum of 10 Hz and 2.8 10 compared to 4.510 at the spectrum
frequency of 20 Hz, see table 7.8;

- the transmissibility is approximately the same for excitations in the field of higher frequencies,
above 35 Hz (the working frequency range of the didactic robot);

- global dynamic compliance GDC is higher in the range of low excitation frequencies, for example
10 Hz, for example 20mm/N corresponding to a frequency of 4 Hz in the spectrum, compared to 0.2
for a frequency in the spectrum of 20 Hz, at an excitation of 20 Hz, see table 7.9;

- the global dynamic compliance is maximum at an excitation of 10 Hz, which means that the structure
of the robot has a mechanical resonance close to 10 Hz, which is located at 14 Hz;

- the damping force is maximum for the case with air damper at 9 Hz;

- from the analysis of the variation ratio of the damping force against the speed, the damping energy
can be determined; the energy coefficient calculated as the previously mentioned ratio is maximum
at 10 Hz-15; then it is located at the values of: 11.66 at 25 Hz; 11.11 at 50 Hz; 10.62 at 35 Hz; 8.75
at 20 Hz; 8.5 at 30 Hz.

7.5. Analysis of experimental research results for the purpose of intelligent dynamic
optimization. The research resulted in the following conclusions, which lead to the optimization of
the dynamic behavior of the robotic structures and the assurance of the future application of these
structures in the modern intelligent manufacturing technique.

Among the results of the research, the following stand out:

« the experimental research carried out used a_series of LabVIEW virtual tools original, made
specifically for such research. Among them stand out: V7 virtual instrument, for data acquisition on
5 simultaneous channels; VT for the theoretical simulation of AMR; own Fourier analyzer for both
theoretical and applied research; VIs for simulating mechanical and electronic corrections; Vs for
simulating complex servo systems with various laws of control and multiple reactions of position and
speed;

« the approach of own mathematical models in order to determine the parameters dynamic behavior,
newly introduced in theoretical research;

« approaching new parameters regarding behavior and behavior optimization dynamics of robotic
structures;

« creating a matrix-vector mathematical model regarding the force-moment torsion;

« the conception and use of an intelligent system for optimizing the vibration behavior a robotic
structures using AMR;

« the experimental determination of the new parameters of the dynamic behavior, the parameters used
for the first time to analyze the dynamic compliance of industrial robots: GDC global dynamic
compliance; the viscous dynamic damping coefficient VGDDC;

« the use for the first time in the experimental research of the dynamic behavior of RI of the "radical
of 2" method aimed at the experimental determination of the damping factor and respectively of the
damping coefficient for each resonant frequency within the Fourier spectrum;

* determining the global dynamic damping coefficient GDDC for RI structures;

« the use of an own mathematical model for determining the damping force a AMR, experimentally
validated model within a maximum error of 1%;

« research with the determination of the variation of global dynamic transmissibility GDT and global
dynamic compliance GDC in the movement of the RI arm with shock absorber and without or with
air shock absorber;
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« parameterization of AMR characteristics force vs. speed and the use of these parameters in the
technique of online establishment of the value of the identification coefficients between the
theoretical model and the real one;

* by applying magnetorheological dampers in intelligent damping systems the attenuation of low-
frequency vibrations, unfavorable vibrations for ensuring extreme precision, and the transfer of the
entire Fourier spectrum to higher frequencies by about 20Hz were achieved;

* by applying AMR to a didactic research structure, it was achieved, for the first time, the realization
of an intelligent vibration attenuation structure, a system that uses a magnetorheological damper
operated online by means of an electronic interface and an acquisition board,

« the transfer of vibrations to a higher domain was significant, which is why it can be considered that
the research has achieved its goal, namely the intelligent optimization of the dynamic behavior of a
robotic structure, optimization carried out online, through the transformation, transfer and
amplification of oscillations of acceleration, determined at the end-effector and the application of this
signal in the form of oscillating voltage at the level of the AMR coils;

« the realization and preliminary research of an intelligent mitigation structure opens the horizon for
the development of intelligent self-control systems of the dynamic behavior of complex automation
structures that include robots, manipulators, peri-robotic systems, transport-transfer systems and
complex manufacturing systems;

« the approach of intelligent attenuation systems will determine the obtaining of a Fourier spectrum
that bypasses the unfavorable frequencies in the dynamic manufacturing system.

Among the future research directions, we can mention:

e Inthe future, this concept, of the intelligent amortization structure, will develop, system which
will be applied in each joint of a robotic structure, so that the answer in frequency for each
module to be optimized, thus ensuring the optimization the entire structure;

e In the future, the research of rotating magnetorheological shock absorbers will be approached
and can be used and implemented more easily in the constructive structure of the RI and in
the systems intelligent depreciation;

e Future development of new parameters of dynamic behavior, parameters that allow an
immediate intervention on the matrix-vector mathematical models regarding the dynamic
behavior of industrial robots;

e Inthe future, the structure of intelligent systems will include neural networks and neuro-fuzzy,
so that the degree of integration of artificial intelligence, in the structure of intelligent systems,
increases.
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