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PREFACE
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partnership with the American University of Armenia (AUA), under the patronage of the
International Federation for the Promotion of Mechanism and Machine Science (IFToMM), and
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The financial support of the following sponsors is greatly acknowledged:

e Science Committee of the Ministry of Education and Science of Armenia
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The purpose of the MES-2018 conference is to initiate a forum to regularly bring together
researchers and academic staff from technical universities and practitioners from industrial
companies in the field of mechanical engineering. With its multi-topic program and
international scale, it has to establish a networking and educational platform, and to facilitate
contacts and cooperation between universities, research and development centers and
industrial companies from different countries.

While mainly focusing on technical issues of designing, calculating, producing and using
various machines and mechanical systems (such as precision, load capacity, performance,
etc.), advanced educational methods and models, as well as market aspects like customer
benefits, economic efficiency, latest trends, etc. are also considered. Most of the contributions
indicate existing or potential practical applications of known or newly developed designs,
technologies and equipment, as well as theories, methods, algorithms and software.

These Proceedings contain 29 papers (two of them - keynote lectures) presented at the
conference by scientists and engineers from 10 different countries.

According to the topics, the papers are organized in three sections:
SECTION A: Design / Vibrations / Powertrains / Vehicles
SECTION B: Mechanisms / Robots / Biomechanics
SECTION C: Manufacturing / Machining / Cutting Tools

The official languages of the conference are English and Russian. At the end of each paper
there is a short abstract in the second official language.
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Board, Local Program and Organizing Committees.
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Proceedings of the 15 International Conference MES-2018 / UPM-2018

MECHANICAL ENGINEERING SOLUTIONS
Design, Simulation, Testing and Manufacturing
September 17-19, 2018, Yerevan, ARMENIA

MES2018-K1

EARLY CONCEPT PHASE SIMULATION:
HOW TO BECOME FASTER IN POWERTRAIN DYNAMICS CALCULATION
PROJECT WHILE KEEPING HIGH QUALITY OF RESULTS

Tigran PARIKYAN'

TAVL List GmbH, Graz, AUSTRIA, e-mail: tigran.parikyan@avl.com

EXTENDED ABSTRACT (KEYNOTE LECTURE)

Software tools for multi-body dynamics (MBD)
simulation of internal combustion engines and
powertrains become more and more sophisticated,
covering more complex physical phenomena. On the
other hand, the models used in the simulation have a
tendency of increasing the number of DOF in the
system of equations to be solved, as a result of finer
FE-meshes of flexible bodies used. This results in a
higher quality of results, describing the dynamic
behavior of the systems closer to reality.

It seems therefore, that in all powertrain
dynamic calculations one has to use only these high-
end tools delivering finer results — and no others,
especially because the increasing performance of
computers makes such type of simulation feasible.
However, in the real engine development process as
seen from the industry point of view, the quality of the
results is only one of the criteria to be met. The other
one is the development time, which has to be kept
possibly short and has a further tendency to be reduced.

A methodology combining high quality and
performance implies splitting the whole calculation
workflow into two phases: 1) early “concept” (or
layout) phase and 2) final “design” (or detailed
analysis) phase. Typically, very fast tools are used in
the concept phase (solution mostly in frequency
domain), which allow for a fast (though not precise)
evaluation or check of critical parts of the system
(e.g. main bearing or web); here one can
additionally simulate multiple variants, thus enabling
a coarse optimization of the system. Only after
that, high-end tools are applied to
a) verify the assumptions made and optimization

performed in the concept phase; b) make a fine-
tuning of some parameters to achieve even better
results.

The simplification of the modeling in the
concept phase serves not only for fast and robust
simulation, but also for better understanding of
dynamic phenomena separated from each other
(e.g. torsional vibrations from the bending ones),
so that the system can be analyzed “in layers”.
Such an approach makes it possible to
concentrate on essential issues within a separate
sub-task.  Besides that, an efficient optimization
is only feasible if the number of parameters to
optimize is small, which is achieved by decomposing
the optimization tasks into sequential sub-tasks.

Integration of “concept” and “design” software
tools as two levels within a single powertrain dynamic
analysis software suite is especially beneficial, as
it makes use of the shared data for the crankshaft
and the other parts of powertrain (e.g. basic
geometry and material, CAD model, volumetric
FE mesh, 3D structured model, 1D equivalent
torsional model), as well as of common GUI and post-
processing tools. Due to that, a smooth transition
between the levels of modeling depth becomes
easily and quickly possible.

The strategy mentioned above, is demonstrated
using the program modules of AVL EXCITE™ solution
suite having two levels — Designer and Power Unit
[1, 2], with a focus on early concept phase [3]:

¢ Unbalance: for assessing of free forces and
moments, as well as of driveline reaction torque,
and for selection of proper counterweights and
eventually balancer shafts;



Torsion: for selecting of a proper flywheel and
torsional vibration damper; to perform 1D
torsional modes analysis (undamped and damped
[4]) and torsional forced response (solution in
frequency domain) [5], to reveal and avoid the
possible resonances [6], to transform the
properties of frequency-dependent dampers to be
used in time-domain simulation [7];

MBLoad: to calculate the main bearing load and
web section forces and moments, as well as 3D
forced response of any node of the crankshaft
(solution in frequency domain) [7];
Bearing:  Hydrodynamic  slider
calculation — rigid shell, 2D approach [9];
Strength: Stress and durability of crankshafts —
Gough-Pollard method to find most critical web
fillets [10, 117;

Mount Layout Tool: 3D dynamics of rigid
engine on rubber or hydraulic mounts, for low-
frequency NVH evaluation [11];

Shaft Modeler: pre-processor to create structured
models for crankshafts, camshafts, rotors, etc. —
assembling, modal analysis [13], gyroscopic
modal analysis [4] and automatic generation of
equivalent torsional vibration model [14];
AutoSHAFT: pre-processor for Shaft Modeler,
converting CAD models into structured models
for crankshafts using integrated FE-mesher and
FE-solver [15], generation of stress mesh for a
stress analysis after dynamic simulation in time
domain [3].

bearing

The use of the mentioned modules is demonstrated on
some standard examples. A smooth transition from the
early “concept” phase (level Designer) to the detailed
analysis  “design” phase (level Power Unit) is
illustrated, and the similarities and differences of
results are discussed.
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ABSTRACT

Due to the market demand for economically more
efficient equipment, controlled-speed drives for
different machines are getting more and more
attention. Usually, when speed control is used,
frequency converters (full-scale converters), geared
variable-speed couplings, or hydrodynamic variable
speed gears are being considered. However, installing
a high-power electrical drive can lead to high
acquisition costs and considerable efficiency loss.

A mechatronic system called SETCON® is
developed by SET and can reach 25 MW of transmitted
power at a rated speed of up to 15000 rpm.

In the development of such a system, the company
SET uses proven methodology known as Virtual Model
Approach (VMA) relying on high-end software tools,
including MBD software AVL EXCITE™ as its basis.

Development of 4.1 MW power system presented
here has been tested in real conditions and the test-bed
measurements were compared to those of the virtual
model, giving an excellent match.

INTRODUCTION

Reduction of energy consumption in any machine
not only reduces costs, but also contributes to the
reduction of gas emissions having green-house effect.

There is a huge potential for saving energy,
emission reduction, as well as for implementation of
renewable energy sources, especially in industrial
machinery.

In order to develop an optimal solution for
industrial applications which fully utilizes the potential
for energy saving, an innovative, fast and relatively
inexpensive development approach is necessary.

Virtual Model Approach (VMA) could be defined
as a development process with “first-time-right”
principle [1, 2]. It considers all external loads acting on
and boundary conditions present within a complex
mechatronic system, and evaluates its dynamic
response, enabling the engineer to come to an optimum
solution even before the first real part is produced.

Similar to a standard developing process, VMA
consists of several development phases. For industrial
machinery there are typically two development phases:

 Early concept phase — where the main

requirements in form of dimensions and functional
characteristics of the machinery are defined.

* Final design phase — where all functional

requirements and subsystem dimensioning are

checked and verified for real working conditions.

The major advantage of VMA compared to the
“classic development” approach is that:

e The development time becomes extremely

short;

e The number of destroyed prototypes is

reduced to a minimum (in the best case — none!).

During many years of experience in accelerated
product development at SET, it became evident that it
is simply not acceptable to use old-fashioned methods
of producing and destroying a large number of



prototypes to achieve the defined characteristics of the
future product. By using the VMA, with dynamic
simulation in almost realistic conditions, many
phenomena and undesired reactions of the entire
system can be discovered in an early virtual phase and
the design can be changed to avoid these reactions. Of
course, testing is still the ultimate and most important
stage of validation of the desired functions, but it is
now only the final step.

Certainly, virtual product development is
something that every company aspires to have. Modern
tools for numerical simulation and control are
becoming increasingly sophisticated and can predict
some phenomena of the system or its part. On the other
hand, simulation tools predicting all the phenomena of
the complete system, still have to be developed.
Moreover, the use of a variety of software tools to unite
the entire simulation workflow into a single
functioning system is not a particularly common
practice for various reasons.

Generally, each electromechanical system is a set
of several subsystems. We can roughly classify them
into mechanical, electrical and control subsystems. The
functional requirements of a product (in this case
electromechanical differential gearbox) implies the
implementation of all three subsystems (Figure 1).

electrical

mechanical controlling

SETCON®

VB

SETCON Real Model

SETCON Virtual Model

Figure 1. Virtual Model Approach (VMA)

VMA methodology effectively interconnects the
dynamic simulation of all three subsystems and as a
result represents the physical behavior of the entire
system even at a very early stage of product
development.

For applying the VMA methodology SET uses
several simulation tools, where AVL EXCITE™ [3, 4]
is the main tool which takes most of dynamic
influences on the system into account.

In what follows, the development of SETCON®
using VMA methodology will be explained in detail.

SETCON® SYSTEM

As oil and gas prices continue to fluctuate, causing
a demand for production to vary at refineries, and the
EU Eco-design regulations become stricter, more and
more operators are turning to controlled speed drives
for their machines.

Even if the practice of dynamic adjustment of the
power to actual needs becomes a kind of standard for
some applications, in most of the areas of the industry
it has still to be introduced.

In those rare cases where a speed control is used
today, the installed machines usually use:

*  Frequency converters (full-scale converters);

e Geared variable-speed couplings;

*  Hydrodynamic variable speed gears.

However, when a higher electrical drive power is
required, the purchase costs and the efficiency losses
with the mentioned solutions often become too high.

A good alternative could be electro-mechanical
variable speed gearboxes containing servo-motors,
which combine the benefits of conventional drive
technologies with higher efficiency and reliability.

SETCON® [5] is an example of such an electro-
mechanical variable speed gearbox designed to control
speed in pumps, compressors, fans, and blowers. With
up to 95% overall efficiency (incl. Main Drive), it is
more efficient compared to the other systems on the
market (Figure 2) [5].
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Figure 2. Total Efficiency (comparison)

The power of SETCON® can be up to 25 MW, and
the speed up to 15000 rpm. It has a wide range of
industrial applications with necessity for a variable
speed control.

The working principle of SETCON®

The SETCON® consists of a differential gear
(planetary gear) including the spur gear unit (1), a
three-phase motor with a low-voltage converter as the
differential drive (2+3), an electric motor as medium-
voltage main drive (4), a driven machine (5) e.g. a
pump or other variable-speed output shaft (6). The
medium-voltage main drive — the motor (4) is
connected directly to the power supply and drives the
differential’s ring gear at constant speed. Connected to
the output shaft (6), the planet carrier transmits the
variable speed through the optional spur gear unit to the



pump. The differential’s sun gear is connected to the
differential drive. The speed of the differential drive is
controlled firstly to ensure that the speed of the output
shaft (6) varies while the speed of the main drive (4) is
constant, and secondly to control the torque in the
driven machine’s entire drive train (Figure 3).

Low Voltage Grid

Figure 3. The working principle of SETCON®

A number of SETCON® systems in different
power classes have been successfully developed. In
this paper, detailed development will be shown for the
4.1 MW system using VMA, as well as some VMA
applications used for higher power classes of the
SETCON® system.

VIRTUAL MODEL APPROACH (VMA)

The basic purpose of VMA is that at the early stage
of the development of an electromechanical system,
one gets as realistic a picture as possible of all the
phenomena that are present in the real operation of
this machine. Understandably, there are a lot of
unknowns and many obstacles in defining the entries
and boundary conditions of a new system as precisely
as possible. Therefore, by selecting the best design
solutions alongside with using some previously
established and validated parameters of the system, one
comes to an optimum design in the required conditions
even at a very early stage of the development process.

The VMA generally consists of several
development steps which can be divided into:

®  Building subsystems
Simulations of VMA
Extended analyses
Complete system in VMA
Validations

Building subsystems

The first step in developing of every system is
building its model.

As already mentioned (Figure 1), the electro-
mechanical system consists of 3 subsystems:

e Mechanical

e Electrical

e Control

For a proper and detailed understanding of the
whole electromechanical system, each subsystem must
be first modeled separately. These can be then
investigated further in detail by splitting into several
different part-systems following a similar approach.

The part-systems are analyzed to understand the
phenomena and then optimized so that the final
improvement of the complete subsystem is achieved.

Each of these three main subsystems consist of
several input components or part-systems such as an oil
system, a partial control or electric system.

The  Control subsystem represents a
comprehensive connection of the entire product.
Although, together with the Electric subsystem, it has
a big influence on the dynamic response of the
complete system, its numerical simulation is relatively
well predictable and controllable.

The main tool used to define the Control and
Electrical subsystems is MATLAB/Simulink (Figure
4) and its connections to the AVL EXCITE™,

Figure 4. Electrical & Control subsystems

The Mechanical subsystem is a complex one, and
its behavior is very difficult to predict. Therefore, it
must be modelled very accurately in VMA.

For a proper dynamic modeling of the electro-
mechanical drivetrain, the following influences are
considered:

e Linear stiffness of all included mechanical

parts — bodies;

e Nonlinear behavior of connections — joints

(gears, bearings, bushings);
e Electro-mechanical behavior of motors;
e  Electric behavior of the high voltage grid.

The complexity of the VMA increases steadily
during the development process, due to more detailed
input data as well as to the requirements to the control
system.

Those refinement efforts lead to a high-fidelity
model in Final design phase which is necessary for a
comprehensive insight into the system dynamic
behavior.

VMA: EARLY CONCEPT PHASE

To design the system in a time-efficient way while
keeping the high-quality standards, it has proved to be
a good engineering practice to split up the whole design
and analysis process into several phases.

Decomposing the whole design process into
subsequent tasks and applying the appropriate
analysis tools enables for better grasp of the
properties and behavior of the whole system and its
parts, each time concentrating on improving its
specific parameters.



This kind of decomposition assumes definite
simplification of modeling of a system and its
components at subsequent stages, implying different
levels of depth in system description and evaluation.

Torsional vibration analysis

As transmission of torque and rotational motion
are the main objectives of the driveline system under
consideration, it makes sense to start with the analysis
of its discretized torsional system — a reduced 1D
equivalent of 3D flexible multibody system (Figure 5)

[6].

PUMP SHAFT E-MOTOR

Figure 5. Equivalent torsional system

Performing modal analysis of the equivalent
torsional system results in a spectrum of torsional
natural frequencies (Figure 6).

mode frequency | mode frequency | mode frequency
[l [Hz] [l [HZ] L1 [HZ]

1 07 11 3185 21 794.1
2 1.0 12 396.9 22 823.6
3 253 13 443.9 23 3046
4 54.4 14 473.9 24 921.2
5 60.0 15 485.8 25 933.5
6 64.4 16 598.2 26 955.1
7 103.1 17 650.5 27 978.0
8 163.4 18 666.0

9 228.8 19 722.8

10 313.3 20 738.4

Figure 6. Damped frequencies (up to 1 kHz)

Each of these natural frequencies is characterized
by its mode shape (Figure 7). It can be seen that while
at lower natural frequencies the mode shapes show the
excitation of motion of the whole system, the higher
natural frequencies tend to excite separate shafts or
their connections (the so-called local mode shapes).

We also see that the long shafts (motor shaft and
the pump shaft) deform at rather low frequencies
already.

—o—mode 1:0.7Hz (-) —o— mode 4: 54.4Hz (-)
o mode 2: 0.0Hz (-) mode 5: 60.3Hz (-)
—o—— motle 3: 25 4Hz (-) mmmcmmm BackBone (-)

o mode 6 54.4Hz (-)  —o— mode 9: 103.6Hz (-)
+— mode 7: 60 3Hz (-) mode 10: 163.4Hz (-)
—o— mode 8:64.0Hz (-)  mmmommm BackBonE (-)

Figure 7. Torsional mode shapes

In case a damped modal analysis is performed [7],
each mode is additionally characterized by its damping.
This is quantified by the mode damping factor (Figure
8) and can be visualized for each specific mode in form
of harmonic oscillations with decay (Figure 9).
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Damped torsional mode 5: 25.3Hz Damped torsional mode 6: 54.4Hz
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Figure 9. Decayed harmonic oscillations of different
modes
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These natural or damped frequencies can also be
shown on the critical speed diagram, either in full or in
specific operation range of speeds at pump shaft
(Figure 10). Here, the intersection of the natural
frequencies with order lines marks potential resonance
speeds of the system.

However, to find out whether such potential
resonance become real ones, a forced response analysis
of the torsional system is needed [8].

TVA of the system - forced response - speed
sweep

To see the real response of the system, we perform
a torsional vibration analysis, simulating forced
response of the system to a special vibratory torque
applied to the end of the pump shaft. This torque
represents a kind of “white noise” signal, as it has the
same magnitude in each of the harmonic components
(Figure 11), thus providing an equal excitation in each
harmonic order.

The results of the torsional vibration analysis can
be seen below. These can refer either to the system as
a whole (Figure 12), thus providing some integral
indices for the system evaluation (the first plot clearly
shows the resonances of the whole system), or to the
parts of the system, showing a different influence of
excitation on different mass points (Figure 13) or
elastic elements (Figure 14).
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Gyroscopic modal analysis of the pump shaft
The previous section described torsional analysis

(including the pump shaft), but for a long/flexible

shaft bending vibrations also become very important.

The pump shaft is the only part of the system
which can be changed, because this is a part of the
installation at the customer side (the rest of the system
is produced by SET).

Taking this into account, the pump shaft has to be
analyzed first alone, and later also within the system.
The pump shaft possesses high mass and inertia, and is
rather flexible because of its length (as was already
seen by the torsional modes). This makes a gyroscopic
modal analysis [7, 9] of the pump shaft an important
task to analyze its dynamic properties.
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Figure 15. Mode and whirl tracking diagram:
a) in rotating and b) in absolute coordinate system

The pump shaft is supported by two radial
bearings. For a specified value of stiffness of the
bearings, the gyroscopic modal analysis results in a
mode and whirl tracking diagram, showing the
dependence of natural frequencies on pump shaft
rotation speed, with a specified value of main bearing
stiffness (Figure 15), and resulting in different types of
mode shapes (Figure 16, a and b).

AVL Shaft Modeler - Modal Analysis (susp.) - Fraq. 4 [13 Hz, 1000rpm] bending / BW

Figure 16 a. Different gyroscopic mode shapes
(backward whirl)



AVL Shaft Modeler - Modal Analysis (susp.) - Freq. 3 [13 Hz, 1000rpm] bending / FW

AVL Shaft Modeler - Modal Analysis (susp.) - Freq. 7 [56 Hz, 1000rpm] bending / FW
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Figure 16 b. Different gyroscopic mode shapes
(forward whirl)

As we see, the operation speed range does not contain
the resonances which could lead to instability (Figure
17).

Unstable Resonances (REL) Unstable Resonances (ABS)

Speed Frequency Speed Frequency
rpm Hz ] rpm Hz

1418.0 0.0 1418.0 236
3892.6 0.0 3892.6 649
6596.0 0.0 6596.0 109.9

Figure 17. Unstable resonances: critical speeds and
corresponding frequencies in relative (REL) and
absolute (ABS) coordinate systems

Influence of bearing stiffness

The results of the gyroscopic modal analysis
strongly depend on the stiffness of radial bearings
supporting the shaft (Figure 18).
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Taking the known range of operating speeds (from
2460 to 2980 rpm for this particular equipment) into
account, one can define the barred stiffness range for

10

the radial bearings (Figure 19) which will keep the
pump shaft away from resonances. This information
can be used during the layout of the bearing by
selecting an appropriate geometry, shell material and
oil type. It can also be used for the motion control of
the drivetrain, by passing the dangerous regions
quickly without full load.
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Figure 19. Dependence of speeds at unstable
resonances on radial bearing stiffness

VMA: FINAL DESIGN PHASE

After finishing the early concept phase
investigations and defining the main parameters, the
final design phase dynamic simulations of VMA model
are being performed to optimize the product. The
requirements of VMA in this phase are:

e Functionality check;

e Reliability assessment of system parts;

e Requirements of standards and certification;

e Special requirements.

The investigation procedure to fulfill these
requirements is explained below.

While in the early concept phase of VMA the
dynamics of the mechanical system is considered in a
reduced formulation (1D torsional modal analysis and
forced response of the system, as well as 3D modal
analysis of a separate shaft), in final design phase the
modal analysis and force response of the system take
the full FE modeling of the carrying structures (i.e.
housings) into account — see a mode shape with modal
energy visualized (Figure 20).

Figure 20. Modal analysis of the complete system
with energy levels visualized



The ISO13709 standard [10] requires that the
torsional eigenfrequencies of the complete system
should lie at least 10% above/below any possible
excitation frequency. Those standard requirements are
applicable to some restricted number of applications
only, because the modern industrial machinery usually
operates at multiple speeds in a very wide speed range.
Additionally, these systems have many coupled
rotating shafts and gears, which makes it virtually
impossible to avoid all the coincidences of the natural
and excitation frequencies. For this reason, the
ISO13709 standard defines further requirements for
additional consideration and a deeper analysis
regarding imposed dynamic conditions and transient
stresses.

The modal analysis of the complete electro-
mechanical system is just the first step in understanding
of system dynamics. It is usually required for system
certifications in many cases, too.

In any case, the final statement about the
probability and the intensity of the possible resonances
can be given based on the complete system simulation
only (with all subsystems), including all nonlinearities,
damping estimations, etc. Those final simulation steps
in VMA include the transient analysis using MBD
software AVL EXCITE™ [4, 11].

The VMA can be considered an imitation of
testing before a real-life testing. For this purpose, one
has to define the measurement points (positions of
transducers) which map the model resonances (Figure
21).

These virtual measurement points record all the
dynamical responses of the simulation model. An
advantage of such virtual “transducers” is that they can
be positioned everywhere in the model.

Examples of
measurement
points on VM

Figure 21. Measurement points in VM

The modeling strategy used at SET is to represent
the components of the MBD simulation model that
have the most influence on the complete system
dynamic behavior, as flexible bodies. Thus, besides the
flexibility of the shafts, clutches, carriers and ring
gears, the full flexibility of all gearboxes and housings
as carrying structures is necessary, as they can
significantly contribute to the dynamic behavior of the
system, while keeping them rigid could shift or hide
resonances.

The results from MBD simulation are evaluated
both in frequency and in time domains.

The virtual testing procedures in frame of VMA is
similar to that of “standard” real-live one:
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e  Run-up;

e Speed-sweep.

The aim of the run-up procedure is to get the first
estimate of the resonant behavior of the system in the
complete speed range. To confidently identify the
critical speeds, the run-up should be slow enough to
allow the system to unfold the vibration amplitudes at
resonant frequencies (Figure 22 — red line shows the
acceleration ramp).
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Figure 22. Run-up results in VMA

In addition to run-up, several very detailed steady-
state dynamic analyses at different constant nominal
speeds (the so-called speed-sweep) in the complete
speed range are performed (Figure 23).

The constant nominal speed causes the system to
be excited for a longer time, resulting in steady-state
amplitudes for all output parameters.

These results are necessary for further VMA
integration, which can be done by direct connection,
i.e. a co-simulation using another software (e.g.
MATLAB/Simulink) or by an indirect transfer of
results (e.g. dynamic node displacements) to FE or
Fatigue simulation tools [12,13,14].
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Figure 23. Speed-sweep results in VMA

VMA: EXTENDED ANALYSES

In addition to the detailed run-up and speed-sweep
analyses, some more complex dynamic phenomena
could and should be investigated in VMA like, for
example, the potential for micro-pitting reduction,
electric grid interruptions, slider bearings EHD
behavior (Figure 24) and many others.



Figure 24. Slider bearings EHD investigation

VMA offers a possibility to investigate a complete
system behavior in extreme situations even beyond the
point of destruction, which gives a considerable
advantage in further detailed development of highly
dynamic mechatronic systems.

The VMA model is typically prepared using
perfect geometry based on CAD and FEM inputs. What
the VMA approach with advanced simulation tools like
AVL EXCITE also enables, is the consideration of
imperfections of the system resulting from production
and assembly processes. These are:

e Unbalance of rotating parts;

e Misalignment of rotational / assembly
axis;
Run-out at bearings and gears;
Surface roughness for slider bearings;
Geometry imperfections of gear teeth.

Such imperfections can cause inefficient operation
of the system, NVH issues, a failure of components and
subsequently a failure of the complete system.

Performing a set of parameter variations for
typical imperfections can point out what are the most
critical ones and consequently direct the production
and assembling process to avoid them. In addition,
such parameter study will point out which
imperfections will have no significant influence on the
system behavior.

Knowing this, the manufacturer can, for example,
focus on balancing of the components that have
significant influence on the system behavior only and
avoid balancing of the other components. The same is
valid for surface finish, gear geometry, etc. This will
result in a better product quality and lower production
cost.

While developing SETCON®, the parameter study
of unbalances of the shafts is performed by adding
different unbalance levels on several locations of the
shafts. The results of each unbalance case are
compared to the ideal system, showing that the critical
unbalance is the unbalance of the pump shaft. The level
of force introduced by this unbalance can be 4x the
force achieved by the ideal system. Knowing the
bearing load carrying capacity the VMA model will
provide the information about max. allowed unbalance
level for the critical shaft.
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VMA: COMPLETE SYSTEM

Finally, the complete electro-mechanical system is
prepared following the VMA (Figure 25). With the
experience and confidence of the methods and
procedures used in developing and validating of the
several highly dynamic industrial machinery, and by
taking all the assumptions and the experience gained
from previous investigations, into account — the same
VMA could be implemented for any industrial
machinery system.

Figure 25. CAD model vs. VMA model

The influences of the electromagnetic and control
sub-systems are applied in the same way to the model
of 4.1 MW SETCON®.

For the reasons already explained, all carrying
structures used for the complete system in VMA are
kept as flexible bodies for standard resonance
investigations. Depending on the investigation targets,
the components included in the complete VMA could
be chosen to be flexible or rigid.

One must be aware that any VMA is only an
approximation of reality, but with a high potential to
detect many dynamic phenomena even at the very early
stage of product development.

VALIDATION

The final stage in any VMA procedure is a real
model (RM) testing, implying a validation of the
simulation results. The main objective of the validation
process is to find the most influential and potentially
dangerous resonances in the tested RM and compare
their positions and intensity level with the VMA
model. It is possible (and desirable) to use the real test
results of the RM in order to predict and improve the
dynamic behavior of the considered -electro-
mechanical system.

The SETCON® system 4.1 MW for feed pump
application is tested in real conditions and test results
are compared to verify previous VR-model simulation
results. Several measurement points are investigated in
detail.

Figure 26 shows measurement positions at RM
that are compared both in time and in frequency
domain with the same VM measurement points.
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Figure 26. Verification of VMA

The validation procedures on different
measurement points give very good correlations with
VMA models.

This practically means that the real machinery
(RM) will behave in accordance to almost the same
dynamic patterns as predicted by VMA which
effectively gives an opportunity to prevent many
unnecessary destructions of the complete prototypes,

saving enormous amounts of development time, as
well as money.

CONCLUSIONS

The energy efficiency of industrial machinery is
not just a means to improve the products in a highly
competitive environment, but should also be
considered a contribution to a better ecology.

It is possible, desirable and necessary to
significantly improve the development process of the
industrial machinery.

Currently, the certification processes and
standards become more demanding, requiring a certain
level of dynamic simulation to be used in the
development process of industrial machinery.

The possibilities of Virtual Model Approach
(VMA) presented in the paper, go even further in
developing the new and improving the existing electro-
mechanical systems.

The developed methodology of VMA and the
applied tools enable a pre-optimization of the
individual sub-systems, as well as dynamic
investigations of a complete -electro-mechanical
industrial machinery on a virtual test bed (or in real
operating conditions) — even before any hardware is
available.

The effective direct integration of a mechanical,
electrical and controlling system in VMA is a powerful
methodology for efficient development of complex
mechatronic systems.
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PA3PABOTKA NMPOMbBILWWJIEHHbIX
HEMPEPbIBHO PETYIIUPYEMbIX
ANEKTPOMEXAHUYECKUX
TPAHCMUCCUNA HA OCHOBE
METOOA BUPTYAJIbHOIO
MOAEJNIMPOBAHUA

M. Axuny, M. Muknayuunuy
COT YcTtonumsble aHeproTexHonornm MibX,
KnareHdypT, ABCTpUSA
T. NapuksaH, C. BykoBHUK
ABI Nuct M'mbX, pau, ABcTpus

AHHOTALNA

H3-3a pvinounozo cnpoca Ha dKoHOMUYeCKU 6oJiee
agppexmusnoe 0bopyoosanue, éce OonbUIC BHUMAHUS
YVOeNsLemcst BPUBOOAM ¢ Pe2yiupyemoti CKopoCmvio Oisi
pasuvlx  mawun. O6viuno, Ko20a UCNONb3Yemcs
ynpaenenue CKOPOCMbIO, pacemampusarmces
npeobpasosamenu  wacmomsi  (ROTHOMACWUMAOHbLE
npeobpasosamenu),  peOyKmopHvle — mygmvl ¢
NEPEMEHHOU  CKOPOCMbIO UM  2UOPOOUHAMULECKUE
npugoovl ¢  nepemenHou  ckopocmuio.  OOHaKko
VCMAHOBKA ~ MOWHO20 — NeKMPONPUBOOd  MOJNCEm
npUBECmU K 8bICOKUM 3AmMpamam Ha npuoopemenue u
BHAUUMENbHOU nomepe dPPeKmueHoCcmu.

Mexampounas ~ cucmema  nod  HA36aAHUEM
SETCON® paspabomana COT u mosxcem docmueams
25 MBm nepedasaemoti MOWHOCMU C HOMUHATLHOU
ckopocmbio 00 15000 06 / mun.

B paspabomxe maxoti cucmemovr komnanusi COT
UCRONb3Yem NPOBEPEHHYIO MEMOOOL02UIO, U3BECTHHYIO
nod Hazeamuem «Memoo SupmyanvHulll MoOenu»,
ONUpasicb HA  BbICOKOKAYECMBEHHbIE NPOSPAMMHbBLE
cpeocmea, 6 mom Yucie Ha NPoepamMMHoe obecneyenue
AVL EXCITE™.

Paspabomka suepeocucmemvr mownocmoio 4,1

MBm, npeocmaeienHHas 30ecy, ovina
APOMECMUPOBAHA 8 PEAIbHBIX YCIOBUSX, U CHEHOO8bIE
usMepeHusl CPABHUBANIUCY c uMepeHUsMU

BUPMYANIbHOU MO0, YMO NOKA3AN0 ONIUYHOE
coenaoenue.
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ABSTRACT

This case is a vibration issue on a Recycle
Gas Compressor. The Machinery Diagnostics
Engineer was requested on site to collect only
steady state data using a multichannel data
collector. When Unit was running at full load
condition,  vibration —at Compressor suddenly
increased and exceeded Alert setpoint. Operation at
this condition is unsafe and can be result of serious
unit damage.

This case study is designed to outline how the high
vibration issue was successfully diagnosed based on
very limited set of information - only steady state data
collection, the root cause for the high vibration found
and correction actions recommended and applied.

The source of high vibration was considered as
rotor unbalance, appearing due to material build up
at the rotor. It was the initial issue, leading to the
Rubbing symptom in the compressor seals and the
rotor thermal bow.

Compressor rotor inspection was recommended.
Signs of  significant  rubs  were  found.
Compressor rotor was replaced. Vibration level
at Unit Startup was well below OEM setpoints.

INTRODUCTION

General Electric (GE) is an American
multinational conglomerate corporation, one of the
worldwide leaders of machine manufactures and
industrial solutions provider. Baker Hughes, a GE
company (BHGE) is the world’s first and only full-
stream provider of integrated oilfield products, services
and digital solutions. Bently Nevada, a part of BHGE
Oil & Gas Digital Solutions with Machinery
Diagnostic Services portfolio, with more than 40
years of offering unbiased diagnostic assistance
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regardless of the manufacturer. Our team is comprised
of more than 150 Machinery Diagnostic Engineers,
globally distributed, with decades of experience
and over 10,000 MDS projects executed.

The historical DCS trend plots for the recycle gas
compressor were provided to MDS engineer.
Selected process measurements were defined by the
end-user with an obvious vibration spiking. The
information provided was limited related to abnormal
operation. In most cases, operators rely on intuition
and experience to assess machine status.

Shaft Relative Vibration

—f3/LE 501 PN

- (um pp)
: "
Compressor
ot ot “0"—1 ‘\De*

Figure 1 Overall vibration vs. OEM alarm/danger set-points.

Based on the DCS data, vibration amplitudes
fluctuated, then rapidly raised up at full load. The
dominant high vibration level — 98 um pp, higher than
Alert (H), very close to Danger (HH) setpoint was
synchronous component (106.25Hz or 1X order
component for full speed), (Figure 1).



Shaft relative vibration data acquisition was
performed using Bently Nevada multichannel data
collector ADRE 408 system connected to the Bently
Nevada 3500 machinery monitoring and protection
system. The high vibration level was observed at
compressor bearings. The phase data analysis of
filtered 1X shaft rotation vibration component
demonstrated unidirectional, in-phase shaft motion for
Drive End and Non-Drive End Bearing planes (Figure
2).

HOTOR

COMPRESEOR

Figure 2. Train diagram with related Polar plot from
compressor DE bearing.

Vibration assessment using only steady state data
was performed. No transient mode was available to
capture data during machine speed changes and its
associated force or stiffness change; these are
important parameters that would reveal new sets

of  information related to balance
resonances, synchronous amplification factor
(SAF), shaft centerline movement or even GAP
reference.

The source of mentioned synchronous excitation
was considered as increased centrifugal force — rotor
unbalance, appeared due to material build up at the
rotor. The reason of these deposits on the rotor is long
time Unit operation without maintenance. Because the
unbalance mass became part of the rotor, the 1X
unbalance force acted through the Dynamic Stiffness
of the system to cause vibration (Fundamentals
of  Rotating Machinery Diagnostics). The
relationship of dynamic response of the rotor system
can be written as:

Vibration = Force / Dynamic Stiffness (1)

It was the initial issue. As the unbalance-induced
vibration was increased, the rotor deflection produced
1X cycling stress that led the rub symptom in the
compressor seals and then rotor thermal bow. A
thermal rotor bow can develop while the
machine is running. If a hotspot develops on one
side of a rotor and that part will expand, the
uneven expansion will produce one-sided thermal
growth and therefore develop a bow.
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Figure 3. Rub will occur when position of rotor uses up
available space.

Rotor Rub is defined as a physical contact
between rotating elements and stationary machine parts
(Machinery Malfunction Diagnosis and Correction).
The heavy rub suspected in this case was almost a
possibility. Machinery rubs are wusually a
secondary malfunction. Rub can be caused by
excessive shaft vibration due to unbalance, fluid
induced instabilities, extreme shaft centerline position
due to misalignment or insufficient internal
clearance. Rub due to insufficient clearance
became common because of the desire to improve
machine efficiency.

In this case, the excessive motion of rotating
shaft/rotor relative to the clearance of interstage seals
led to rub condition. 1X rolling or roving phase was
not observed, although the possible wiping of material
led to huge 1X vibration. The shape of orbits for both
bearings demonstrated the sign of restricted movement
at the bottom side.

GEARBOX

E COMPRESSOR ’I‘

Loc)

Figure 4. Compressor DE/NDE related Orbit plots exhibited
restricted movement at bottom side.

The unit was shut down and compressor rotor
inspection was recommended to Customer. Signs of
significant rubs — wiped out metal — were found on
the rotor (Figure 5). Compressor rotor was replaced.
Vibration level at Unit Startup was well below OEM
setpoints.



\ METAL SLEEVE
WIPED OUT

Figure 4 Actual rotor condition and rub location.

To avoid such situation in the future the
acceptance regions alarming for 1X  vector
were  recommended to the Customer to track
changes and for early detection of material deposit
on the rotor. An Acceptance Region alarm is
comparable to an Out of Band alarm with four
separate boundaries. Two of the boundaries are set by
phase setpoints and the other two boundaries are set
by amplitude setpoints. The  measured
parameter must leave the "allowed" sector between
these boundaries to activate this alarm.
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Figure 5 Sample acceptance region alarming.

CONCLUSION

The source of high vibration was due to increase
in dynamic force (unbalance due to damage or material
deposit/buildup). There was an apparent rubbing that
led to material wipe out on rotor sleeve and damage to
interstage seals.

Compressor constitutes an important part of the
mechanical equipment in oil & gas industry and used
for main and auxiliary process cycles. This recycle gas
compressor is designed to provide a steady flow of
process gas in the plant.

An online monitoring system is essential for
critical compressors. This will provide safe and
reliable production. GE/Bently Nevada’s professional
software packages Systeml can also significantly
contribute to enhance machinery management
capabilities by providing even more useful machinery
diagnostics and recommended corrective actions for
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machinery operators, managers, and maintenance
personnel.
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ABSTRACT

Design of the modern diesel engine crankshaft
presents multiple challenges related to contradictory
requirements of engine durability and packaging. In
this approach, a high level concept study is used
initially to determine overall engine size, speed and
cylinder pressure. The next step is a more detailed
crankshaft optimization within predefined geometrical
space.  Various requirements should be satisfied to
achieve reliability and durability targets for crankshaft
and bearing system. Since optimization requires
studies of multiple designs, quickly executable and
simplified models are used at this stage. In the
described process a coupled quasi-static beam and
rigid hydrodynamic bearing model is used to quickly
obtain performance characteristics of the crankshaft
and the bearings. This model requires a high level of
parameterization. Once a parametric model of the
crankshaft and bearing system is built, a DOE study is
performed for multiple engine conditions and response
surfaces are generated for all relevant performance
characteristics. Response surfaces are used for quick
system optimization for various conditions and given
set of constraints. After the best design is selected, it
undergoes a validation process using a combination of
quasi-static bending and dynamic torsional models
along with the detailed 3D FE models. The final stage
of the design validation process is building a flexible
multibody simulation model for a combination of the
crankshaft and relevant portion of the driveline, to
ensure the durability of the crankshaft under dynamic
loading.

INTRODUCTION

Design of the modern diesel engine crankshaft
is a complex process where multiple requirements
related to engine durability, packaging and cost must
be satisfied and balanced. Normally engine size is
determined by the required power and geometrical
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constraints based on high level engine performance
models. Once overall engine size, speed and cylinder
pressure are defined, a more detailed crankshaft
optimization within predefined geometrical space is
performed. Various contradictory requirements
should be satisfied to achieve reliability and
durability targets for the crankshaft and bearing
system. For example, increased crankshaft durability
requires taking more space from the bearings by
increasing crankshaft web thickness and fillet size.
This in turn reduces the load carrying capacity and
durability of the bearings. The best design is a trade-
off between crankshaft and bearing durability
characteristics, which is ideal for an optimization
process. At Cummins a process has been developed
where technical requirements are used as constraints
and minimization of bearing friction is used as an
optimization goal. Since optimization requires
studies of multiple designs, quickly executable and
sufficiently simplified models are used at this stage.
These models require a high level of parameterization
which is achieved through a combination of
preliminary DOE studies using 3D CAD and FE
models for the crankshaft and driven components.
For example, crankshaft stiffness and stress
concentration characteristics are calculated based on
regression formulae built using simplified parametric
models of a crankshaft throw. DOE studies of the
entire crank/bearing system are used to build
Response surfaces, which in turn are used for quick
optimization of the system key parameters considering
various engine conditions and the given set of
constraints. After the best design is selected, it
undergoes local feature optimization and an overall
validation process using a combination of quasi-static
and dynamic models. In the end a full three
dimensional flexible multibody simulation model for
a combination of crankshaft, block and relevant
portion of the driveline is used to ensure durability of
the crankshaft under dynamic loading. For this
purpose commercial



software Excite from AVL has been selected and
validated through strain measurements in the working
engine.

DESIGN PROCESS OVERVIEW

The current trend in the Cummins’ Analysis
Lead Design initiative is to develop a multi-level
approach to crankshaft and bearing analysis. ~ The
overall process of crankshaft development is shown in
Figure 1.

4.
. @
Final Validation
‘ Validation of True
geometrywith minor
2 modifications and
- local geometry
optimization
. Optimized Parametric

model meets all
Cummins Acceptance
(ESW)criteria

1

O ConceptLevel
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Engine Length,
Cylinder Pressure
and Speed, Crank
Material and Oil

Figure 1. Crankshaft Development Stages

Though this process clearly designates four
stages, the true crankshaft analysis is conducted at
stages 2 through 4 with stage 4 used predominantly as
design confirmation. A high level concept study is
done to come up with overall engine parameters:
overall engine dimensions, bore, stroke, cylinder
pressure for the speed range, crankshaft and bearing
material, etc. This stage defines the envelope for
crankshaft dimensions; within this envelope the
dimensions must be optimized to achieve the best
performance in terms of reliability, efficiency and cost.
This work happens at stage 2 (preliminary crankshaft
and bearing analysis) of the design process where
efficient simulation methods and models should be
used. The main characteristics of these models are
speed, robustness, simplicity as well as sufficient
accuracy. These methods are used to explore the
design space via parametric studies, DOE and
optimization processes to come close to the final design
which would satisfy all major requirements. Normally,
the inputs for computational models on that level are
developed based on historical data or easily calculated
based on engine major dimensions; execution time for
one simulation would be just a few minutes. The next
level (stage 3) of modeling is much more complex; it
requires CAD/FE data, involves detailed 3-dimentional
analysis and may involve multi-body simulation.
While adding complexity often helps in understanding
the true physics of complex interactions, inevitably it
adds cost and computational time. Therefore, such
methods are used predominately as a final validation of
the design at stage 4.

19

A number of considerations need to be
addressed in the preliminary crankshaft and bearing
design analysis. Among these considerations are crank
stress, bearing performance, crankshaft balance,
integrity of bolted joints, damper durability and the
impact of the crank on block stress and deformation.
Though each consideration may require a detailed and
complicated analysis, simplified approaches have been
developed over the years by the industry and
successfully applied at Cummins. The primary focus
of the preliminary analysis is to make sure that
crankshaft fillet stresses meet design targets while
satisfying bearing performance characteristics in terms
of Minimum QOil Film Thickness (MOFT) and Peak Oil
Film Pressure (POFP). The simplest crankshaft
analysis scheme is the so-called statically determinate
scheme (S-D) and is still the primary methodology
established by International  Association of
Classification Societies (IACS) [1]. According to this
approach bending and torsional loading are considered
separately. For torsion a classic dynamic lumped mass
scheme for the entire crankshaft with necessary
elements of the drive line is adopted. For bending, each
of the crankshaft throws is considered statically and
independently, being supported at the middle of the
main journals. Bearing loads are calculated as a
summation of loads coming from the adjacent throws.
TACS developed a set of formulas for calculating stress
concentration coefficients for main and pin fillets
separately for bending and torsion for a range of
dimensionless parameters. While the approach to
torsional analysis is well established and is deemed to
be sufficient, consideration of the crankshaft throws
independently for bending analysis is not sufficiently
accurate. A model where all throws are considered
simultaneously with account for main bearings support
becomes statically Indeterminate (S-1). Figure 2 shows
that for a V8 crankshaft, the difference in the maximum
calculated bending stress between S-D and S-I models
may reach 20%.

Pin Fillet Stress

» 100%
7]
2 80%
(2]
3 60% gs-b
N
E 40% | | S
S 20% |
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1.2 3 4 5 6 7
Front Rear
End Web Number End

Figure 2. Comparison between Statically-Determinate
(5-D) and Statically-Indeterminate (S-1) models

Therefore for this purpose of bending stress
analysis Cummins uses a model which couples
statically indeterminate quasi-static crankshaft scheme
with a fast model for hydrodynamic bearings.  An



advantage of such a scheme is that while being still
sufficiently simple and robust it takes into account such
effects as internal bending moments, bearing clearance,
journal and bearing misalignments, and bearing
support stiffness.

COMPUTATIONAL MODELS

Various techniques have been developed in 70’s
and 80’s for quasi-static (Q-S) crankshaft analysis.
Cummins implemented a coupled crankshaft/bearing
scheme first suggested by Welch and Booker [2].
Figure 3 shows schematics of the crankshaft model
which is solved using the matrix transfer method [3].
It allows for a simple expression relating state vectors
ZiR and Zi+1LZ

Zint = TiZR (1)

where the extended state vector Z has following
components:

Z"=[uy Ox my fy ux ¢y my fx 1],

uy and uy are displacements along corresponding
axes,

0x and ¢y are angles,

my and my are moments and,

fy and fy are forces along the axes.

Index “L” indicates state vector on the left side of
support and index “R” on the right side.

AR 1" .
0 —Q— 0, ‘5_10

Figure3. Crankshaft Model

Transfer matrix T; includes both internal
parameters of object O; (geometry and material
characteristics) as well as the external loads applied to
the object (Q') and is built based on beam
representation of the throw. Similarly, a transfer
matrix of the support P; can be created which links the
state vectors before and after support #;:

Zj*=PZ}" )

Schematics of main bearing support model is
shown in Figure 4, where:

kyj and ky; are support stiffness in two directions,

0 and ¢y;° are angular misalignments of the support,
uy;® and u,;” are linear misalignments of the support,
u" and uy" are hydrodynamic displacements of the
journal center within bearing clearance.
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Assuming hydrodynamic displacements are
given and taking into account (1) and (2) a simple
matrix multiplication yields equations relating state
vectors at the ends of the crankshaft:

Zni®=Pnui Tn Py ..

L TiPiZs ()

Figure 4. Bearing Support Model

Expression (3) can be rearranged to obtain the resultant
system of four equations with respect to four
unknowns: uy1, Ox1, Uxi, and ¢yi. This in turn allows the
calculation of the remaining state vectors according to
(1) and (2).

After the state vectors Z; are found, reactions
in the main bearings can be calculated as

Ry = -Kyj(uy - ug” - uy®)
“)
R (R
Ry= -Kyj(uyj - uy;” - uyi")
Therefore, neglecting the inertial force

associated with journal motion within the bearing
clearance, load to the bearing #j can be written as
follows:
Fj:'Rszj(Q’UO’Uh’a) ®)]

where: Q is a combined vector of external force,

U° - a combined vector of misalignments,

U" -combined vector of hydrodynamic
displacements,

a- setof crankshaft design parameters
(crankshaft dimensions such as journal lengths,
diameters, etc. as well as material properties).

On the other hand, the mobility method [4]
can be used for individual hydrodynamic displacement
u" and velocity v;"=du;"/dt, which can be written as
follows:

v =g M@ LyD) |Fj| +@xu®, (6
where:
M - Mobility vector



Li and D; — bearing length and diameters, and
 — half of the journal velocity.

Therefore, for the main bearings, a system of 2x(N+1)
differential equations needs to be solved.
Approximations given in [5] with some modifications
to account for grooves in the main bearings were found
to give remarkably good results in a wide range of
parameters. An iterative process is used to converge
on the bearing orbit and oil temperature.

As was mentioned earlier, transfer matrix T in
the expression (1) is built based on a beam
representation of the crank throw. While such a model
mimics real throw topology if built based on geometry
it tends to significantly underestimate crankshaft
stiffness. It was shown [6], that the accuracy of a
crankshaft analysis can be significantly improved if
just a few parameters of the frame model are adjusted
based on the FE solution for each half of the throw.
The main idea is that for bending, the most compliant
element of the throw is the web. Under a torsional
load, deformation is split evenly between web and the
pin journal. Then considering pure bending in two
planes, torsion for each of two planes, and torsion for
each of two halves of the throw, the following
expressions can be written:

Iy = RAQE - /1, - ¢/I,)

I.» = ER/G/(:E - {71, - ¢/I,)
@)
1" = f/G/( (2U/R-3) - ¢/IP)

I, = GR/2/E/(G@3 - G UI/R + c/I,?)

where:

Iy - web cross-sectional (in plane) moment of inertia
I? - polar moment of inertia of the web beam element
I, - polar moment of inertia of the pin

I, - cross-sectional moment of inertia of the web in the
perpendicular plane

I, -cross-sectional moment of inertia of the pin for
bending in the plane of the throw,

In - cross-sectional moment of inertia of the main,

E - Young’s modulus,

®1,92,03 — angular compliance of the half throw for
bending in two planes and torsion,

U; — linear compliance coefficient under torsion load
(U =u/T as shown in Figure 5),

R- crank radius

f - half-length of pin

c- half-length of main journal

Once forces and moments in the crankshaft
are defined, stress in the fillets can be calculated using
stress concentration coefficients or stress-to-moment
ratios. These are calculated for each main and pin fillet
as a ratio of maximum stress in the fillet over the
bending moment. Since the load path is different for
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the firing and the inertia loads, two ratios are calculated
for each fillet and used separately depending on the
sign of the bending moment in the web.
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Figure 5. Definition of Torsional Compliance

While in-house programs are very efficient
and allow full control over the simulation process and
opportunities for improvements, commercial tools
become attractive because they offer a well-developed
graphical user interface, new modeling opportunities
and integration with optimization processes. Gamma
Technologies (GT) has adopted similar techniques for
crankshaft and bearing analysis and therefore
Cummins was able to smoothly transition from the use
of in-house codes to their commercial equivalents [7].
Figure 6 shows an example of crankshaft
representation within GT GUL

Figure 6. Four Cylinder Crankshaft Model
Representation in GT-SUITE

A significant advantage of GT is that it allows
to simply turn any of the model numerical values into
parameters which will be sent into special table well
suited for parametric or DOE studies as shown in



Figure 7. The key here is to analytically map all
necessary characteristics to crankshaft critical
parameters.  The simplest example of that is web
thickness which can be defined as (Cylinder Spacing —
Main Journal Length — Pin Journal Length)/2 for a
given cylinder spacing.  Many other characteristics
require significant DOE studies to come up with the
analytical definition necessary for parameterization.
For example definition of stress-to-moment ratios and
crankshaft throw stiffness required building simplified
CAD and FE models. To make the parameters
independent of the actual crank size, all parameters
were taken as a ratio to crank pin diameter. Via study
of several existing crankshafts it was possible to
determine the likely ranges of these ratios. These were
taken into consideration when setting the parameter
ranges in the DOE. Mapping the DOE output variables
was done back to dimensionless parameters, not a
specific part size, and then scaled according to specific
pin diameter.
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Figure 7. Key Crankshaft Geometric Parameters

Once the crankshaft model is fully defined using
critical parameters along with true ranges for a
particular application, a DOE study can be performed.
With the order afforded by the use of central composite
design of experiments, it became feasible to map key
design output variables (fillet stresses, rod and main
bearing film properties, crank balance, etc.) against key
input variables (crankshaft and bearing geometry,
engine speed, cylinder pressure, etc.). MINITAB
tools are used to build surface response functions based
on the DOE and optimize the design using multiple
constraints. The employed strategy is to minimize
power loss associated with bearing friction, while
satisfying limits on fillet bending stress and bearing
performance characteristics such as oil film pressure
and thickness. A typical outcome of MINITAB
optimization in shown in Figure 8, where Power Loss
indicates bearing power loss, Main_EFR and Pin_EFR
represent effective fully reversed stress in the fillets
and MOFT(L) and MOFT(U) represent minimum oil
film thickness correspondingly on the lower and the
upper shell. Red lines and red numbers in the design
space indicate optimum values. In this example the
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limiting factors were stress in the pin fillet and oil film
thickness in the upper shell as indicated by desirability
numbers.

The beauty of optimization using surface response
functions is the short amount of time it takes to come
up with the optimal characteristics. Because of this, it
becomes easy to explore the space by changing
constraints and balancing out various requirements.
For example, different crankshaft material can be used,
so the limit on stress can be changed and the impact on
the design can be evaluated. Similarly, there is
normally a choice of bearing materials, so the limits on
bearing oil film pressure and thickness can be adjusted
and the new optimal design can be found within
seconds showing impact on crankshaft dimensions and
friction.  Since only bending stress is considered at
this stage, the stress limit is adjusted based on
historical data for torsional stress which comes from
torsional analysis.
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Figure 8. Typical Optimization Outcome

Once an optimal design is determined the process
moves to stage 3 — Combined Stress (COMS) Analysis
as shown in Figure 9. Here the simplified crankshaft
throw FE model is replaced with a fully featured CAD
model to provide more precise stiffness and inertia
characteristics, and the analysis is repeated for realistic
geometry. In parallel with bending analysis in GT a
torsional model is built and torsional dynamic analysis
is performed for the same conditions. Bending loads
at the middle cross-sections of the main journals from
GT and dynamic torque from torsional analysis are
combined and sent into the COMS program. The other
input is stress files corresponding to unit load cases
which include pin loads, inertia loads and the moments
applied at the main journals. The unit loads analysis
is done on a single throw model, selecting nodes at
different locations since crankshaft fatigue limit
normally varies by location. For example, crankshaft
fillets are normally induction hardened or rolled which
improves fillet fatigue limit significantly; journals are
normally induction hardened while portions of the
webs are either machined or left as is.  Therefore
analysis for these locations is done separately and as a
result local geometry of the webs and oil hole diameter
and location can be adjusted to satisfy stress criteria.
Boundary conditions for the unit load cases are applied
through a combination of soft and stiff discs and rings



as shown in Figure 9. This gives a more realistic load
distribution over journal surface.

Since bending stress is simulated in a quasi-static
mode an additional quick analysis is performed as a
screening test to address crankshaft rear and front end
vibration, which is frequently referred as flywheel
whirl. This phenomena is well described in the
literature [8-10], and requires true dynamic
representation of the system including accounting for
gyroscopic effect, which takes significant time to build
and solve. Therefore, at stages 2 and 3 a simplified
approach is used. It is based on the model suggested in
[11] and is shown in Figure 10.

Crank Throw
Solid Model

Reduced Engine Parts

GT - Bending
TVSIM - Torsional

Stress Under

Throw Loads Unit Load Factors

VM Stress
Principal Stress
EFR Stress

Figure 9. Combined Stress Analysis

Figure 10. Simplified Scheme for Flywheel Whirl
Analysis

It is shown that the gyroscopic effect splits the
otherwise constant natural frequency of the shaft m, in
two frequencies; a forward - ®,r which is higher than
@, , and reverse - Oy which is lower than ®,. Equation
(8) provides a way to calculate these frequencies [11]:

I I
@, =t 0+ J(—2Q)*+k/1 ) (8)
nflr 2] \/R2I ) xx)

XX XX
Where:
sign “+” relates to My and sign
Q is shaft rotational speed,

I«x and Iyy are correspondingly disk moments of inertia
with respect to Y and X axis, and

@ 9

relates to Myr;
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k is shaft bending stiffness.

Since a quasi-static bending model is normally
available at that stage it is easy to find rear end bending
stiffness as a ratio of the applied moment to the
crankshaft rear end angular displacement as shown in
Figure 11.

M
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NG

Figure 11. Definition of the Bending Stiffness

Unlike classical whirl in rotor dynamics [7],
in the internal combustion engine the crankshaft can be
excited not just by first order forces (imbalance), but
by any higher order as well. In particular, the second
order caused by piston reciprocating motion may be
significant.  Therefore, a good practice is to keep
reverse frequency resonance with second order above
engine operating range, including overspeed
conditions as shown in Figure 12.

A true dynamic analysis is only done at stage
4 as a design validation step. For this level of analysis
Cummins has chosen AVL Excite multi-body
simulation code [12].  Figure 13 shows a typical
representation of the crankshaft model within Excite.

Rear End Whirling Frequency

Engine Operating Speed Range

First Order

| —Stationary
3 [ Frequency
5 | —Forward
g_ ‘ Frequency
@ | | B ——Reverse
I [ Frequency
|

/ —Second Order

\

Engine Speed

Figure 12. Simplified Flywheel Whirl
Assessment
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Figure 13. Simplified Flywheel Whirl
Assessment

The same approach — Combined Stress Analysis
(COMS) based on Unit Load Cases can be used here



for recovering stress from the dynamic analysis with
one difference explained in Figure 14.

Excite
b) c)
« | i ~

Multi-Point Support
Bearing moment applied to
journal
This moment may be significant
in particular under Max Firing
Force event

a)

GT
ﬁ*ﬁﬁ

Single-Point
Support
No bearing moment
applied to journal
by the bearing

3

=

Moment generated over
half of the journal
can be added to

central point

Figure 14. Bearing Moment

In quasi-static analysis with GT, COMS approach
assumes that crankshaft is supported at a single point
in the main journal and no moment is applied by the
bearing as shown in Figure 14a. However, in Excite the
Elasto-Hydrodynamic bearing model is used. Bearing
loads are applied at multiple nodes along the journal as
shown in Figure 14b and this generates bending
moment which should be taken into account. This
moment can be simply added to the internal moment at
the central node (Figure 14c) and then standard COMS
procedure can be enabled.

Comparison between combined (quasi-static
bending + dynamic torsional) and truly dynamic
analysis in Excite for rated condition for one of
Cummins’ 6 cylinder engine is shown in Figure 15.

Pin Fillet EFR Stress @ Rated Speed

1 2 3 a 5 6 7 8 9 10 11 12

Web Number

H Q-S Analysis

u Dynamic
Analysis

EFR Stress, Mpa

Figure 15. Comparison between Q-S and Dynamic
Analysis

It can be seen that, in general, results from
quasi-static analysis are higher than that from the
dynamic analysis with Excite. This is primarily
explained by ignoring the unloading action of the
bearing moments. Particularly under firing events, the
throw tends to bend and as a result the effective
reaction load moves toward the inner edge of the main
bearing which effectively reduces throw bending
moment and the associated stress in the dynamic
analysis. However, at some conditions dynamic stress
may become higher than the static stress.  This was
found for a 6 cylinder heavy duty engine
experimentally and this case was used as an
opportunity for validation of simulated results.
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EXPERIMENTAL VALIDATION OF
SIMULATION RESULTS

Real time strain measurements were
performed on a 6 cylinder heavy duty engine installed
in the truck. This was a cast crank with rolled fillets.
Strain gages were placed in the pin fillets and at some
other locations, as shown in Figure 16. Apart from
these gages, cylinder pressure on cylinder #1 was also
measured. For all the gages wires were pulled to the
front of the engine and data was collected through an
amplifier and slip ring assembly. Data from all the
gages was recorded at high speed (min. 12 kHz).

Figure 17 shows results of the strain
measurement in the last pin fillet. It can be seen that
Peak-to-Peak strain is reaching a maximum at an
interim speed. Atrated speed there is another peak, but
it is not as high as at the interim speed. A waterfall
diagram shows that at the interim speed 4™ order
becomes dominant and causes increase in the value of
P-P strain. It is interesting to note, that though the
amplitudes of low harmonics at higher speeds is similar
to 4™ order amplitudes at the interim speed, they do not
produce as high total strain level due to the phasing of
these harmonics.

Strain gauges on main bearing 7 to measure flywheel bending
moment and torque

Interim |
Speed

P-P Strain

Strain

Engine Speed Frequency

Figure 17. Strain Measurements for the Last Pin Fillet

To compare measured data against simulation
the strain values were recovered from Excite models
using the same technique as for stress recovery, except
for in this case the unit load cases were solved for strain
in the fillet in the toroidal system [13] as shown in
Figure 18. Third principal strain in this case will align
with the gage direction. The fillet was meshed so that
node #7 is close to the middle of the strain gage and 3
nodes (6, 7 and 8) span the distance approximately
equal to the gage length. Since a small fillet radius
results in a significant strain gradient, simulated strain
should be averaged over the length for of the gage. This
can be done approximately using the following
formula:



average strain = (Se+2S57+Ss)/4  (8)

where S; is nodal strain from FEM model.

@) Toroidal
(R84 with parameter =

Figure 18. Strain Averaging

Peak-to-Peak averaged strain was calculated
for multiple speeds and compared to measured data as
shown in Figures 19. The waterfall diagrams are
compared in Figure 20. It can be seen that simulated
data match experimental results reasonably well with
the difference at the peak within 10%. Both measured
and simulated data highlight 4® order resonance at the
interim speed as shown in Figure 20.
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Figure 19. Measured and Simulated Results
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Figure 20. Measured and Simulated Waterfall
Data

ADDITIONAL COMMENTS

It is interesting to note that stress and strain
can be easily calculated using the statically determinate
bending scheme as required by [1] and then combined

with the dynamic torque using the same methodology
(COMS). The results from such calculations are
compared to the statically indeterminate results and the
dynamic stress for the last pin fillet for a wide range of
speeds in Figure 21.  Figure 22 shows simplified
flywheel whirl analysis results with the addition of
higher orders.
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Figure 21. Last Pin Fillet EFR Stress
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Figure 22. Simplified Flywheel Whirl Assessment

It can be seen that

*  Dynamic stress from Excite when away from
resonance is generally below that from quasi-
static analysis due to the unloading effect of
the bearing moments.

* At high speeds, stress from dynamic analysis
in Excite is higher than in quasi-static
analysis due to the flywheel dynamic
moment.

* Atresonance, calculated dynamic stress may
be higher than from Q-S Analysis. The
frequency of these resonances are heavily
influenced by flywheel/clutch assembly mass
and inertia.

*  Maximum stress from S-D scheme matches
well with the maximum dynamic stress from
Excite. As was already mentioned, S-D
scheme is known to be conservative and is
the recommended method for marine engines
(M53 from IACS [1]). S-D scheme has been
historically considered to be conservative
due to neglecting internal moments in the
crankshaft journals and hydrodynamic
moments in the bearings. However, dynamic
moments at the ends of the crankshaft may



offset the positive effect of those moments
and potentially completely cancel or even
overweigh them. Therefore dynamic
analysis should be recommended as the final,
validation step of the crankshaft development
process.

*  Simplified flywheel whirl analysis is
correctly predicting resonance frequencies,
however is unable to predict amplitudes and
therefore can be only used as a screening
tool.

CONCLUSIONS

The crankshaft development process requires
models of different fidelity level at various stages of
the crankshaft development process. The crankshaft
optimization stage makes it necessary to use simplified
models to satisfy various design requirements
efficiently. Use of a quasi-static analysis, along with
historical guidelines, proved to be sufficient at this
stage. A more detailed (combined bending and
dynamic torsional analysis) is required to optimize web
shape and oil hole geometry. A complete system
dynamic analysis is necessary to validate the design
against potential resonance issues.

NOMENCLATURE
f Shear force
| Moment of inertia
k Support stiffness
m Bending moment
P Support transfer matrix
Q External load
R Reaction force
r Crankshaft radius
S Nodal strain
T Object transfer matrix
u Linear displacement
Z State vector
(0] Angular displacement
Q Rotational velocity
0 Natural frequency
REFERENCES

1. Calculation of Crankshafts for L.C. Engines,
International ~ Association of Classification
Societies, Document M53, 1986

2. Welsh W.A., Booker J.F., Dynamic Analysis of
Engine Bearing System, 1983 SAE International
Congress, Detroit, MI, 1983, Paper No 830065.

3. Selim, M., Main Bearing Loads Calculated with
the Crankshaft Carried on Flexible Supports
having non-linear spring Characteristics, Rapp

26

Inst. Farbrannigmot., NTH, Univ. Trondheim, No
8, 1972, pp.1-73.

4. Booker J.F., “Dynamically-loaded Journal
Bearings: Numerical application of the Mobility
Method”, Trans. ASME, Journal of Lubrication
Technology, Series F, Vol.93, No 1, January 1971,
pp-168-176.

5. Goenka P.K., “Analytical Curve Fits for Solution
Parameters of Dynamically Loaded Journal
Bearings”, Trans. ASME, Journal of Tribology,
Vol.106, October 1984, pp 421-428.

6. Piraner 1.L., Meleshenko N.G., Istomin P.A.,
Increase of Effectiveness of Multisupport
Crankshaft Quasi-static Calculations,
Dvigatelestrojenie, No 9, 1986, pp.24-26.

7. Piraner I.L., Rodriguez J., Okarmus M.,
Erogbogbo S, Keribar R., Validation,
Benchmarking and Deployment of GT-Crank at
Cummins, GT User Conference, 2007.

8. Swanson E., Powell C.D., Weissman S., A
Practical Review of Rotating Machinery Critical
Speeds and Modes, Sound and Vibration, May
2005.

9. Kobayashi S., Hakomoto K., et al., Whirl of
Crankshaft Rear End, Part 1: an L6-Cylinder
Diesel Engine:, SAE Int. J. Engines 10(4):2017.

10. Parikyan T., Complex Modes Analysis for
Powertrain and Driveline Applications,
Proceeding of ISMA 2016

11. J. P. Den Hartog, Mechanical Vibration. Dover
Publications, Inc. New York.

N.N., “EXCITE Power Unit, software package for
flexible multi-body dynamics”, AVL List GmbH
ANSYS Modeling and Meshing Guide.

12.

13.

AHAJIN3 KOJIEHYATOI'O BAJIA 1
MNOAIUITHUKOB U TPOLECC
OIITUMU3AIIMU KOHCTPYKIIMHN

Wnbsa JI. IInpanep, A3useii JIro, Amut I'abase
Kammvunc nak., Komym6yc, CIIA

AHHOTALUA

Ipoexmuposanue KoOIeHUAMO20 6Ald COBPEMEHHO20
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mpyoHocmu, NPOMUBOPEUUBLIMU
mpeboBaHUsIMU, NPEObABTAEMbIMU K €20 HAOEHCHOCU
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UCX0031 U3 PaAMEPOs8 Osu2amelis, CKOPOCMU 8PAUECHUS
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KOIEHYAMo20 6ald U MAKCUMATLHO20 OAGleHusl 6
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nPoOU36OOUMCst  ONMUMU3AYUSL  OCHOBHBIX PAZMEPOS
KOJIEHYAMo2o
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6ana Ha OCHO8e Oollee  MOYHBIX

pacuemos. MuoeouucienHbvle YCious 00NIHCHbL OblNb



VO08NIemeopervl 0Nl OOCMUNCEHUs.  HYIICHBIX
noxkazameneti HAOEHCHOCMU KONEHYAMO20 6and U
ROOWUNHUKOS. B npusedenHoli cmamve onucvieaemcs
npoyecc onMuMU3aAyUl, paspabomanHblil 8 KOMNaHuu
Kammune, 20e munumusayua mpenua 6 noOOWUNHUKAX
CAYIICUM  YeNblo ONMUMUZAYUU, 6 MO GpeMsi KAK
Kpumepuu HA0eNCHOCMU UCHONb3VIOMCSL 6 Kayecmeae
02panHuyenuil. Tockonvky onmuMu3aYuUsL
npeonoiazaem paciem OO0AbULOZO HUCLA BAPUAHINOB,
OMHOCUMENbHO — YNPOWEHHble — CXeMbl — pacuema
ucnoav3yromes Ha amom smane. Keazu-cmamuueckas
coeMecmuas Mooenb 8and U NOOUUNHUKO8 NO360JAen
ovicmpo Haumu OCHOGHble NOKA3AMENU CUCHEMbL.
Taxas cxema no3eonsiem mMakdlice BbICOKYIO CHeEneHb
napamempuzayuu mooeau. Imo, 8 C8010 ouepeoy,
no3eonsiem  nposedeHue pacuemos Ha  OCHOGe
NAAHUPOBAHUA  IKCNEPUMEHMOS U  NOCMpoeHue
AHATUMUYECKUX — annpoKcumMayuil O OCHOGHbIX
noxazamernei pabomsl 8aid u NOOWUNHUKOS.  Omu
anpokumayuu  UCHOAL3VIOMCS 014 Oblcmpoll
ONMUMUBAYUY KOHCMPYKYUY 0N PASTUYHBIX YCI08ULL
pabomuvl 0gueamersl. Ilocne evibopa naunywweu
KOHCIPYKYUU OHA NPOBEPSIEMCSL HA OCHOBE 00bEMHOU
KOHEYHO-DNeMEHMHON  MOOenu €  UCHONb308aHUEM
Pe3VIbmamos  aHAIU3A  KPYMUIbHLIX — KOLeOaHUl.
Oxonuamenvras npogepKa NPou3BOOUMcs Ha OCHO8E
OUHAMUYECKO20 — pAcyema  KOJAeHYamoz20 6and ¢
UCNOTL30BAHUEM COBDEMEHHDIX NPOSPAMMHbIX
cpedcms Onsl UCCIeO008AHUA YAPY2UX OUHAMUYECKUX
cucmem.
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ABSTRACT

Large gas engines are mainly used in stationary
operation to provide heat and electricity. Therefore
the design focus is on high efficiency, high power
density and low emissions. This leads to
disadvantages during transient loads due to the
inertia of the turbocharger. With a new system the
load gradients should increase significantly to expand
the scope of application, especially in the balancing
energy field. The gas engine will be enlarged by a
compressed air system and a rotary blower, which are
integrated in the intake section of the engine.

To show the potential of the system a physical
model of the concept was created and simulated. This
method enables the testing of the system to find
concepts for control, select suitable components and
test various versions. The results of the simulations
show the potential of the system and the ramp-up time
is decreased significantly.

INTRODUCTION

This introduction should explain the actual
applications and the design of gas engines as well as
the regulations of new fields of applications to
understand the possible opportunities and recent
problems. What is the definition of a large stationary
gas engine and the actual operation purpose? In
general these gas engines are four-stroke Otto engines
with turbocharging and a lean combustion concept
which operate at a constant generator rotation speed.
The common fuel is natural gas, beside that many
alternative gases can be used like hydrogen, biogas or
landfill gas [12]. The major operation purpose is to
produce heat and electricity in CHP (combined heat
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and power) plants or in the waste industry. Therefore
the engines are designed for high efficiency and high
power density with low emissions. To achieve this
target at the best the engines have few large
turbochargers. Due to their size and moment of inertia
as well as the inertia of the flow through the engine
and the charging system, it takes relatively long to
increase the turbocharger rotation speed and thus to
raise the boost pressure and engine load [8]. Modern
high performance class engines have a ramp-up time
from idle load points to full power of a few minutes
(For example GE 920/10.4MW-120s to full power
[1]). In comparison with similar performance class
machines gas engines have advantages in terms of
emissions to diesel engines and a higher efficiency
than gas turbines. [12]

Due to variations in the supply and demand in the
power grid, a deviation of the grid frequency occurs.
Large deviations can lead to wide-area blackouts [7].
To prevent such scenarios the delivery of balancing
power is needed. In the Central European grid the
load-frequency control is divided into different stages.
The first stage is the primary control. Therefore the
deviation of the grid frequency has to be detected
automatically and the needed balancing power has to
be delivered within 30s. The power has to be available
in both directions. Positive primary control means to
feed energy into the grid. To provide negative primary
control power has to be drawn from the grid or the
power output has to be reduced. The next stage is
secondary control and the reaction time for this stage
is Smin [10].



In Europe the major part of the primary
regulation energy is actually delivered by large power
plants [3]. With new technologies in the electricity
production these are going to be replaced by
renewable energy sources [11]. Furthermore
renewable sources have a fluctuating power output
due to influences of nature [6]. In combination with
new forms of primary electric production new ways to
provide balancing power have to be found [2].

The target is to use gas engines for primary
control. The reaction time of modern gas engines is
too slow due to their actual design. Large state of the
art gas engines can provide secondary control but
cannot reach full power within 30s. The PGES
Company has a patented system to reduce the ramp-
up time of large gas engines. This paper shows
extracts and special results of a master thesis which
covers the elaboration of a patent [5]. This thesis
shows the first step from the scratch of an idea to
a final concept for a prototype plant by
means of a simulation and configuration of the
components. The aims are to significantly
increase the response behavior coupled with a high
efficiency at stationary operation, while undertaking
minimal modifications of the basic structure of
the gas engine. Additionally the system should need
less energy and a small compressed air reservoir to
increase the ramp up time efficiently. Therefore a
physical model of the whole system with the gas
engine is created. The simulations enabled the testing
of the system and to invent concepts for the control
and the system configuration.

NOMENCLATURE

Apk Free flow cross-section of the throttle
valve (m?)

I Mass moment of inertia (kgm?)

Pyn Input power (W)

Pup Output power (W)

Py Rotary blower electric drive power
(kW)

Py Engine power output (kW)

Pgy s System power output (kW)

Py Compressor capacity (kW)

R; Ideal gas constant of the mixture
(J/(kg*K))

SM Surge margin

SMg Target surge margin

Tg Average container temperature (K)

T, Temperature upstream of  the
turbocharger compressor (K)

T, Temperature upstream of the throttle
valve (K)

Tio Exhaust temperature (K)

Vg Container volume (m?)

Cp Isobaric heat capacity of the mixture
(I/(kgK))

my Inlet container mass flows (kg/s)

mg Outlet container mass flows (kg/s)

Mpk Throttle valve mass flows (kg/s)

mg Rotary blower mass flow (kg/s)

my Engine mass flow (kg/s)

my Turbocharger compressor mass flow
(kg/s)

Mysurge ~ Turbocharger compressor surge mass
flow (kg/s)

my Turbocharger turbine mass flow (kg/s)

e Rotary blower mass flow (kg/s)

Msgp Target rotary blower mass flow (kg/s)

Nng Rotary blower rotation speed (U/min)

Ny Turbocharger rotation speed (U/s)

Ps Container pressure (Pa)

Da Pressure upstream of the blower (Pa)

Ps Pressure after the blower (Pa)

Py Pressure upstream of the throttle valve
(Pa)

D75 Target pressure upstream of the throttle
valve (Pa)

Do Intake manifold pressure (Pa)

Estep Actual time step (s)

Xpy Opening of the control valve

apk Throttle valve opening

Yra Turbocharger bypass valve opening

Ahy Specific isentropic enthalpy of the
turbocharger compressor (J/kg)

Apg Pressure difference of the rotary blower
(Pa)

Ap4sp Target pressure difference of the rotary
blower (Pa)

Apg, Pressure difference of the bypass valve
(Pa)

Apg7i Target pressure difference of the bypass
valve 2 (Pa)

Ng Rotary blower efficiency

My Engine efficiency

My Turbocharger compressor efficiency

Ny Turbocharger turbine efficiency

Kg Isentropic exponent of the mixture

Ag Air-fuel ratio

g Pressure ratio of the throttle valve

I, Pressure ratio of the turbocharger
compressor

My surge Surge pressure ratio of the turbocharger
compressor

Iy Pressure ratio of the turbocharger
turbine

Yok Flow coefficient of the throttle valve

Ppi1 Bypass valve 1 opening

w Angular velocity (rad/s)

ACRONYMS

OLCV Open loop control value
CLCV Closed loop control value



SYSTEM EXPLANATION

The introduction shows the need of a concept to
reduce the ramp-up time of gas engines. The system
should provide a suitable solution to reduce the ramp-
up times of gas engines for primary control. This
section should explain the basic function of the
system. The name of the new system is BOOST. The
structure of the gas engine with the BOOST-system is
shown in the figure below (Figure 1). The numbers
show the boundaries of each component. The base is
the gas engine (R) with intake manifold (O), exhaust
pipes (Q), turbocharger (compressor C, turbine V),
air filter (4), exhaust system (#), throttle valve (S),
gas mixer 1 (B), intercooler 1 (D) and generator (P).
The BOOST-system complements the basic structure
with a rotary blower (G), an electric motor for the
rotary blower (H), a compressed air reservoir (J), a
flow control valve (K), bypass valves 1 (U) and 2 (N),
an additional gas mixer 2 (L) and an additional
intercooler 2 (/). Additional components are:
turbocharger bypass (E), supply line (F), return line

(M), collector (7).

Figure 1. Structure of the BOOST-system

This section explains the basic function of the
BOOST-system. As already explained, the ramp-up
time is limited by the inertia of the turbocharger and
the inertia of the charging system itself to build up the
necessary boost pressure. In the concept the large high
efficient turbocharger will not be replaced. To
increase the load gradient compressed air is blown
into the collector upstream of the throttle valve. Thus
the pressure in the intake manifold as well as the
engine load can be increased easily and instantly. The
flow control valve controls the pressure in the
collector and the compressed air is formed to mixture
in the gas mixer 2. Due to the usage of the
compressed air system a rotary blower is needed. The
pressure after the compressor increases and so the
pressure ratio. The engine mass flow is divided by the
compressor and the compressed air system. Without
the rotary blower the compressor operating point
would get closer to the surge line due to the low mass
flow and the high compression ratio. At fast load
changes the compressor is highly endangered to surge.
To prevent compressor surging, the rotary blower
increases the compressor outlet pressure to the
necessary intake manifold pressure. Due to this
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reduction of the pressure ratio of the compressor the
operating point is shifted away from the surge line
into a save operating range. Thus the load gradient is
only depending on the reaction time of the rotary
blower and flow control valve. The inertia of the
turbocharger is not the limiting factor anymore. The
bypass valves have the function to couple and
decouple the BOOST-system during a stationary
operation of the engine. With a fully opened bypass
valve 1 the BOOST-system has minimal effects on the
basic engine. The turbocharger bypass is needed for
stabilization of fast positive load changes and to
prevent engine surge at steep negative load gradients.

PHYSICAL MODEL

The majority of the used model is based on the
approach of Skorjanz [9]. Therefore a physical model
of the system is created. The whole system consists of
the engine parts and the new components. The system
is disassembled in the described major components
(4-W) and coupled with specified parameters at the
boundaries (0-12/34-35). The behavior of each
component is described by algebraic equations,
differential equations or by interpolations of
measurement or characteristic map data. In general
the real component behavior is way more complex
and so simplified descriptions are used. The link
between the components is done by parameters like
pressure, temperature, mass flow, power output and
other special parameters. This modelling is used
because it is the best approach to describe the gas
engine itself as well as all other new components. The
simulation is done by an object-oriented numeric
program with a variable time step.

General

The ambient conditions are defined by DIN ISO
3046-1. The system power output Pgyg is the gas
engine power output Py minus the electric drive
power of the rotary blower Py (1).

)

For the modelling of the turbocharger and the
rotary blower shaft a simple mechanical model is
used. The change of the rotary speed is driven by the
changes of the in- and output power of the shaft. With
an approach as a difference equation the following
relation between rotary speed and power is found for
each time step (2).

(X Pan — X Pap)tstep
Tw(i-1)

PSys=PM_PE

i W(i-1) 2

The system has many controllers which are modelled
as simple Pl-controllers. Due to the usage of
measurement data and the complexity of the whole
system the adjustment of the controller settings is
done by an empirical process.



Gas Engine

The gas engine itself is modeled with
characteristic map data of an engine test bench
measurement. The gas engine has a rated power of
550kW. The engine map contains special parameters
of different load points which are depending on the
intake manifold pressure of the engine py (3). The
value of the air-fuel ratio Az is fixed by map data. It
will be assumed that the gas mixture system provides
the adjusted air-fuel ratio at all load points. The
system has no effects on the combustion behavior
(knocking and flammability limits) of the engine and
no further consideration of this issue is done.

[Py Mg, Tro,Mm] = f(0o) (3)

Container Model

Parts like the exhaust manifold or the intercooler
are components with partly big volumes. Due to a
change of the incoming and outgoing mass flow the
container pressure pg changes (4).

_ R¢Tp
pB - VB

“4)

(my —mp)dt

The following parts are modeled with this concept:
intercooler 1 and 2, supply line, collector, intake
manifold, return line and exhaust pipes. Additionally,
some components have implemented a simplified
pressure loss, partly by characteristic map data or with
a simple incompressible flow resistance. The air filter
with gas mixer 1 and the exhaust system are
components with a simple pressure loss and are not
modelled with the container concept.

Flap Valves

The system contains flap valves, like the throttle
valve, the turbocharger bypass or the bypass valves.
These components are modelled with an approach of
an isotropic escape of a container. This description
has serious deviations in relation to the real behavior
depending on the boundary conditions. Still this
model is commonly used to describe throttle valves in
physical models of engines [8, 4]. The result of the
approach is a direct link between the pressure
ratio 1y, the valve opening api and the valve mass
flow mpg. In the equation below the described
relation is shown exemplary for the throttle valve (5).
The flow coefficient Wy is a function of the pressure
ratio 1k and the isotopic exponent k; of the mixture.
The opening area Apg is dependent of the opening
apk and a leakage area.

= p—7ADK(aDK)qJDK(HDK) )

Turbocharger
The turbocharger of the modeled engine consists
of a radial compressor and a radial turbine. Both

Mpg
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components are modeled with characteristic maps.
Due to the actual pressure ratio Il 7 and turbocharger
rotation speed nr; the mass flow myr and the
efficiency 1y r of the component are interpolated.

(6)
O]

The change of the turbocharger rotation speed is
calculated with the basic equation for a rotating shaft
(2). The component load itself is calculated with a
specific isotropic enthalpy approach. This is shown
exemplary in equation (8) and (9) for the turbocharger
COMmpressor.

myr = f(yr,nrL)

Ny = f(yr,nrL)

Kg—1
AhVS = CpGTZ [HV kK6 — 1] (8)
1y ARy
= by ©)
v

One important value is the surge margin of the
turbocharger compressor. The data of the surge line
are depending on the actual turbocharger rotation
speed and were implemented by map data.

HVSurge

(10)

_ mVSurge
e

my

-1

Rotary blower

The modelling of the rotary blower is similar to
the components of the turbocharger. The actual mass
flow 1 and the efficiency 1. of the rotary blower are
driven by the pressure difference Ap; and the blower
rotation speed ng (11), (12).

(1)
(12)

The change of the rotation speed is calculated with the
input power of the electric motor and the needed
power of the rotary blower with equation (2). The
power of the rotary blower itself is calculated with the
described equations in the turbocharger section (8),

©9).

mg = f(Apg, ng)

n¢ = f(Apg, ng)

BOOST-System components

The remaining components of the BOOST-
system are the compressed air reservoir, the flow
control valve and the gas mixer 2. The compressed air
reservoir is modelled with the container model. The
flow control valve is calculated with equations
inspired by DIN EN 60534. This calculation is mainly
used for valve design. The gas mixer 2 is modelled as
a component with a simple pressure loss and the mass
flow increases by adding of natural gas to the air flow
of the flow control valve.



CONTROL OF THE BOOST-SYSTEM

This part of the paper describes the control
algorithm at a load increase with or without the
BOOST-system. Starting point is an already coupled
BOOST-system. A figure of the system and the
current state is shown below (Figure 2). The closed
loop control value (CLCV) boxes show controlled
variable = reference variables and the open loop
control value (OLCV) boxes show the fixed control
variable for the open loop control.

The first case considers a stable or transient engine
load without the BOOST-system activated. The load
ramp of the engine is only depending on the inertia of
the turbocharger. Still the BOOST-system is coupled
into the system and the algorithm ensures a stable
operation and a change of the BOOST-system load
point itself due to the engine load point.

OLCV =0 ° @. CLOVIps=
H
H H
H H
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Figure 2. Structure for coupled BOOST-system
and steady engine load

The system load Pg, is regulated by the throttle valve
and the reference value is the set load Pg,;. The
following components turbocharger bypass, bypass
valve 1 and flow control valve remain closed by the
control. The bypass valve 2 regulates an adjusted
pressure difference Apg,. T he controller of the rotary
blower electric motor controls the pressure ps after
the rotary blower. The reference variable is defined
with a configured pressure difference Ap,s based on
the pressure after the intercooler 1p,.
configuration ensures a stable operation and avoids a
backflow during the coupling of  the
BOOST-components. Additionally it keeps a required
minimum pressure difference for the rotary blower.
In case of a load increase the pressure after the
intercooler 1 increases and with that the mass flow.
This leads to a higher pressure after the rotary
blower and a change of the bypass valve 2 opening
to ensure the adjusted pressure difference. To
increase the power the throttle valve opens. With this
configuration the load gradient of the used engine is
max. 3%/s.

To increase the load gradient the pressure system
components are activated. This event is called
BOOSTup. The structure of this state is shown in
figure below (Figure 3).

T his
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Figure 3. Structure for coupled BOOST-system
and large load gradients with BOOST-system

CLOV: Ps=Psq

At the BOOSTup-case the maximum load ramp
increases to 10%/s. To achieve this gradient the flow
control valve opens and the pressure upstream of the
throttle valve p, increases. T he reference variable o f
the flow control valve p,p is defined by characteristic
map data dependent on the set power output Pg,;; . The
mass flow to the engine is divided in the mass flow of
the turbocharger compressor and the mass flow of the
pressure system. With the activation of the
BOOSTup-case the control of the rotary blower
electric motor changes to a mass flow controller.
Therefore the reference variable of the mass flow g

is depending on a map data mass flow msp which is

connected to the set power output. Additionally, the
turbocharger bypass is activated and opens if the
surge margin of the compressor reaches a critical
level. The bypass valve 1 remains closed. If the set
power output is stable, the control valve is closed and
the mass flows of the rotary blower as well as the
system power output have reached its set level, the
system switches back to the first case (Figure 2).

SIMULATION RESULTS

This chapter contains selected results of the
simulation and validation of the model. Measurement
data of the reference engine without the BOOST-
system are available and used for the validation of the
model. The first diagram shows the comparison
between measured and simulated power output of the
engine (Figure 4). The measured ramp-up time is
significantly longer compared with those used in the
following simulations. The deviation of the chart lines
is small except during the start of the simulation. At
this stage the parameters need a few seconds to
stabilize. The used model is suitable to describe the
behavior of the engine for flat load ramps without the
BOOST-system.
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Figure 4. Comparison between measurement

and simulation data for engine without BOOST-

system
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The following charts show selected results of the
simulation model with the activated BOOST-system.
The next diagram shows the different load ramps with
or without the BOOST-system (Figure 5). The
steepest possible load ramp without the boost system
and a stable operation behavior is 3%/s. The steeper
ramp with the BOOST-system has a gradient of
10%/s. The engine can achieve full power within 10s
from an idle load point.
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Target system performance

Figure 5. Comparison of relative engine power
between load ramp with or without BOOST-system

The next charts show selected parameters of the
engine and the system during a fast load change of
10%/s which is printed in the previous figure (Figure
5). These figures present the described BOOSTup-
case. The opening of the valves is shown in figure
below (Figure 6).
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Figure 6. Selected engine und system parameters —
BOOSTup-load ramp
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The throttle valve opens fast according to the rising
set power output. The turbocharger bypass valve
remains closed because the value of the surge margin
does not reach the critical value. The bypass valve 2
opens with the increasing mass flow to provide the set
pressure difference. The flow control valve opens
quickly to 35% and closes slowly during the
BOOSTup-process. The used compressed air mass is
0.7kg.

The following chart shows selected parameters of the
turbocharger (Figure 7).
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Figure 7. Selected turbocharger parameters —
BOOSTup-load ramp

The rotary speed increases fast due to the load
increase of the engine and in tandem with the increase
of the turbine power output. The surge margin
decreases fast with the increasing power output. At
the idle load point and at low load steps the surge
margin is more than 100%. The definition of the surge
margin has a maximum of 100%. The reason for this
exceeding is that the characteristic compressor and
turbine map are extrapolated in low level operation
points. This has no effect on the functionality of the
concept. In the low load points of the engine the
pressure ratio of the compressor is close to 1 with a
suitable distance to the surge line (SM=0%).



The last diagram shows selected parameters of the
rotary blower (Figure 8). With the start of the
BOOSTup-load ramp the electric drive
power increases fast to speed up the blower.
The rotary blower  accelerates and  the
pressure difference increases. The value of the
pressure difference stays inside the operation
window. The operation window is limited by the
maximum pressure difference of the machine and
a minimum one to ensure a stable operation.
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Figure 8. Selected blower parameters —
BOOSTup-load ramp

CONCLUSION

The simulation results show that the used model
is a suitable description of the gas engine’s and the
additional BOOST-system’s behavior. Despite the
simplifications the base engine and different
expansions can be simulated and different system
configurations can be tested. The diagrams show that
the system has a stable operating behavior. Still some
parameters like the electric drive power of the rotary
blower show the potential for improvements of the
control.

The main target of the system is to reduce the ramp-
up time significantly. The gradient of the load ramp
can be tripled from 3%/s to 10%/s. The energy
consumption of the rotary blower is related to the
system power, between 5% at idle and 1.1% at full
power. The decrease of the electric efficiency is
between 1.1%points and 0.5%points. The needed air
mass for a large load step from an idle load point to
full power is just 0.7kg. Thus the decrease of the
efficiency is low and for primary control a
compressed air tank of less than 1m? is needed.
Additionally the decoupled system has no effects on
the maximum efficiency of the engine. The rotary
blower meets the operating limits and the compressor
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is operated in a stable operating point with an
adequate distance to the surge line.

It should be noted that the used gas engine can reach
full power within 30s. Due to its relatively small
power output the reaction time is quite fast. With
larger gas engines the reaction time is longer due to
their size and inertia of the larger turbochargers.
Therefore and due to the requirements for balancing
power the system is more suitable for large gas
engines with a power output of two or more
megawatts.
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ONTUMU3ALNSA FA30OBbIX ABUTATENEN
NPU NEPEXOAHBLIX HAMPY3KAX OnA
CTABUNN3ALINKU NNOKATIbHbIX CETEHN

KnemeHc ®PAHK, lNoHtep XEPOUH 1
Propgurep XEPOAUH

MrEC Mv6X, Bena n Vienbax, AscTpus

AHHOTALNA

bomvwue  2cazoevie  dsucamenu 6  OCHOBHOM
UCNONL3YIOMCS. KAK CIMAYUOHApHblE YCMAHOBKU OISl
obecneuenuss menna u onexmpuyecmed. Ilosmomy
OCHOBHOE GHUMAHUE 8 UX NPOEKMUPOBAHUU YOETACMCSL
8bICOKOU  d¢hpexmusHocmuy,  6bICOKOU  NAOMHOCTU
MOWHOCIU U HUSKUM BbIOpOCAM. DMO Npusooum K
HeOOCMAamKkam npu NnepexoOHvblX HASPY3KAX U3-3d
unepyuu mypooxomnpeccopa. C npumenenuem Ho8oU
cucmembl epaduenmul HazpysKu O0IICHDL
SHAYUMENLHO — YGEIUYUMbCS,  YMOoObl  pacuupuns
oonacmv npumeneHusi, 0cobenHo 6 barancupyioujem
oHepeemuyueckom — none.  lazoewill  O0sucamens
CHabXcaemcs  cUCmeMol  CxHcamoz2o0  6030yxa U
POMOPHOU  8030YX00YBKOIL, KOMOpble CMPOeHbl 60
BNYCKHYIO YaACmb 08UAMesl.

Umobwi nokasamby NOMeHYUATbHbIE
B03MOJICHOCIIU ~ CUCmeMbl, — Oblia  co30aHad U
cMoOenuposana pusuueckas Mooenb npomomund.
Omom memod nosgonsiem mecmuposamy CUCmeMmy
OJI NOUCKA cXeMbl YNpasienus, 8bl00pa noOXo0aujux
KOMROHEHMO8 U MeCmupOSaHus pPa3IUYHbIX GepCUll.
Pezynomamut MOOEnUPOBaruUs. NOKA3bI8AOM
NOMEHYUATbHIE B03MONCHOCIIU CUCTNEMbI, U BPEMS.
pasbeea 3HAUUMETLHO YMEHbULACICSL.
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ABSTRACT

A brief historical overview is given on the
genesis and evolution of the Theory of Mechanisms and
Machines (TMM) and related research fields united
under the term “Mechanism and Machine Science
(MMS)” in Armenia. Main achievements of Armenian
MMS in research and education are highlighted. The
role and stimulating influence of the International
Federation of Theory of Mechanism and Machines
(IFToMM) on the development of MMS in Armenia are
underlined. Based on the critical analysis of the present
situation in MMS its main development trends and
challenges are identified. The paper concludes with an
outline of the priority directions and prospects for the
further development of MMS in the context of the
revitalization and innovative development of industrial
machinery in Armenia.

INTRODUCTION

Armenia has developed one of the most
advanced science and technology systems in the former
Soviet Union which served with distinction the
interests of the Union. Science in Armenia has been
strongly affected by generic transitional problems
inherited partly from the Soviet model of the science
organization. As a result, S@T capacities of the
country have declined, due to the drastic reduction of
state investments and slow and inadequate
restructuring of the sector accompanied by heavy brain
drain and worsening of material conditions for research
[1]. As a part of the Armenian science system MMS
also passed through Soviet and post-Soviet periods
in its history and has suffered much from the
transition  hardships, especially from losing its
industrial base as a result of the collapse of
industrial machinery in Armenia.

We start the paper with the quotation to the
founder of quantum mechanics W. Heisenberg: “To
grasp the progress of science as a whole, it is useful to
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compare contemporary problems of science with the
problems of the preceding epoch and to investigate the
specific changes that one or another problem has
undergone over decades and even centuries”. To
assess objectively the present situation of MMS in
Armenia and outline the prospects of its further
development we will first present a short historical
overview of MMS and outline its main
achievements in research and education. The
present review is based essentially on our previous
paper [2] and attempts to compliment and update the
analysis given there.

HISTORICAL OVERVIEW
The history of MMS in Armenia cannot be

regarded independently of its Soviet context. Similar
to the every major field of the Soviet science
complex, MMS once had a  centralized
organizational framework, including regular all-Union
conferences on contemporary problems of TMM and
related areas of MMS, a year-round central TMM
seminar with an extensive network of regional
branches, MMS-focused state framework programs
and a unified Soviet IFToMM Committee
coordinating all international activities in MMS all
over the Union.

The first attempts of MMS scientific activity in
Armenia can be referred to the early 1950s when at
Yerevan State University and Yerevan Polytechnic
Institute (YPI), now National Polytechnic University of
Armenia (NPUA), investigations started in kinematic
synthesis of spatial linkages [3] and design of mechanisms
with optimum force transmission characteristics. Later the
first Armenian digital computers “Gohar” were used for
the approximate synthesis of path generating four-bar
mechanisms [4].

In 1971 the Armenian Branch of the all-Union
TMM seminar was established at YPI which has
become the main center of MMS research activities in
Armenia. The decisive role of academician LI
Artobolevski in the formation and development of the
Armenian MMS scientific school is unquestionable.



Since its foundation IFToMM has been
another important driving force for developing MMS
in Armenia, being a unique “window” to the west and
a rare opportunity for the internationalization of
research activities and establishing contacts with
western scientists in the Soviet period. Forms of
involvement of Armenian scientists in IFToMM
activities have included participation in the [FToMM
World Congresses beginning from the 4-th Congress in
1975 and IFToMM  sponsored conferences
(Syrom,  Romansy, etc.), publications in
IFToMM official ~ journals and  editions,
membership in the IFToMM Executive Counsel
and Soviet National IFToMM  Committee
(1992-1995), IFToMM PC-s and TC-s. In 1998,

Armenia has officially become an IFToMM
member country and has its IFToMM
National Committee coordinating MMS

international activities in Armenia.

In line with the rapid technological progress
of industrial machinery in Soviet Armenia, new
scientific  schools, research infrastructures and
international collaboration links have been established
in different areas of MMS based on the respective units
of YPI, National Academy of Sciences (NAS) and
other higher education and research institutions of
Armenia. The main research activities have been
implemented within a series of state supported projects,
international collaboration programs and research labs
with state institutional funding. As shown below, some
of the results of the MMS research implemented in the
Soviet and post-Soviet periods can be qualified as
achievements. On the whole, MMS has been and still
is one of the most active and high ranked technical
sciences of Armenia which had a considerable
contribution in creating the science base and research
workforce for the national machine building industry.

ACHIEVEMENTS IN MMS RESEARCH

In what follows, we present the main
achievements in some traditionally active research
areas of Armenian MMS scientists.

Synthesis of mechanisms. The most active
research area of TMM in the starting period has been
synthesis of mechanisms. Armenian scientists —
mostly followers and co-workers of  Prof. N.
Levitski — developed and popularized his method
which was based on least square approximations of
given motions and used as algebraic deviation
functions in the motion approximation problems of
mechanism  synthesis polynomial expressions of
loop closure equations (weighed differences)
written for any desired number of the given design

positions. . . . o
ue to the growing internationalization

process in the field initiated by [IFToMM, in the early
1970s, cooporation links were established between the
researchers from Soviet Armenia — followers of
Chebishev’s algebraic approach in the mechanism
synthesis theory and their American counterparts who
followed a classical geometrical approach based on the
Burmester theory. A collaborative research project
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implemented at Stanford University in 1971-1972
resulted in “cross fertilization” of two traditionally
opposable directions in mechanism synthesis and a
new synthetic approach combining the algebraic
method of mechanism synthesis based on least square
approximations with the geometric notions of the
Burmester theory emerged [5].

In [6], the kinematic geometry associated with
planar motion approximations [5] was extended to
spherical and spatial motions. The geometrical theory
developed in [5] may be regarded as a generalization
of the Burmester theory to an unlimited number of
design positions. In follow-up papers [7-9] of the
same authors a general theory for Chebishev (or
minimax) approximations of given rigid body position
sets in its planar, spherical and spatial motion was
developed and applied to the kinematic synthesis of
planar and spatial rigid body guidance mechanisms.
The first of these works was honored with the Best
Paper Award at the 11-th ASME conference on
mechanisms in 1968.

By these studies a theoretical foundation was
laid for the new branch in kinematic geometry —
approximational (approximation based) kinematic
geometry which has become an active area of
investigations in Armenia and internationally. A
systematic description of the theory, computational
methods and design applications of approximational
kinematic geometry is given in [16] and in keynote
lecture [11] at the 8-th World IFToMM Congress
(1991,Prague).

Further developments in this area have been
connected with extensions of the developed methods to
spherical motions [12], approximations by second
order curves and surfaces [13], minimax problems of
mechanism synthesis with bound variables [14],
computational aspects of approximational kinematic
geometry [15,16] and minimax problems of dynamic
synthesis of mechanisms [17,18].

In a series of recent works [19-22], the
geometrical theory created for single motion (single
position set) approximations was extended to the case
of multiple motions (multiple positions sets) of a rigid
body and a new class of kinematic approximation
problems was set to determine the special points and
lines in a moving body which in alternating sets of its
given finite positions approximate best concentric
circles and spheres, coaxial cylinders, cones and line
congruences describing the constraints imposed on the
moving body by adjustable dyads with different
topologies attached to the moving body.

To apply these results in the mechanism
synthesis a unified modular principle for the
approximate synthesis of parallel mechanisms of
arbitrary structure has been developed based on the
methods of approximational kinematic geometry.
Regardless the kinematic function and topology,
parallel mechanisms approximately generating the
given rigid body motions are built of independently
synthesized structural units (modules) connecting the



moving body with the frame. The motions which
should be generated are described either by some
continuous functions of rigid body generalized
coordinates or by ordered sets of its finite
displacements. The structural modules of the sought-
for motion generator mechanisms impose on the
prescribed rigid body motion a certain number of
constraints which force some points, lines or other rigid
body elements to stay on curves, surfaces and more
complex geometric objects, which can be easily
mechanized.

The binary links are the simplest and most
practical modules for design applications. The
proposed approach permits to decompose the complex
computational process of kinematic synthesis into a
number of local blocks-procedures synthesizing
structural modules of the mechanism. The
methodology and numerical methods for the realization
of the described modular principle are given in [10],
[23,24].

Theory and biomedical applications of robot-
manipulators. In parallel and in connection with
mechanism synthesis, in the late 1970’s, extensive
research has started in robot-manipulator mechanics
and design applications. Since then this area has
become a priority for the investigations of Armenian
MMS scientists. Some of the main results of these
investigations are shown below.

New theoretical concepts and computational
methods have been developed for the structural and
approximation based parametric synthesis of lower
mobility parallel robotic mechanism, including
parallel mechanisms generating spatial translatory
motions [25], 3D angular orientation devices [26] used
as structural modules of multi-link flexible robots
which imitate the motions of an elephant trunk,
modular discrete manipulators with a minimum
number of DOF [27] and robotic mechanisms for
generating motions which are not completely specified
[28].

New principles of structural synthesis of
reconfigurable manipulators with variable structure
and geometry to realize multiple kinematic tasks with
a minimum number of actuators have been
developed [29]. A task based methodology of
structural-parametric  synthesis of reconfigurable
parallel robotic mechanisms made of two and three
link adjustable structural modules has been created
and tested for differentdesign applications [24].

In the last decade, intensive research works
have been implemented in rehabilitation robotics. New
types and structures of robotic rehabilitation synthesis
with improved portability, versatility, energy
efficiency and other functional characteristics ,methods
of their conceptual design, dynamic modeling and
balancing have been created [30—34].

Tribology and Reliability studies of Machines. The
beginning of tribological research in Armenia goes as
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far back as the early 1960’s when investigations on
wear resistance and durability of cutting tools were set
up in YPI. One of the fruitful directions of tribological
studies established later has been the development of
new friction materials and friction joints on the basis of
self-lubricating polymer composites [35]. Current
research issues in this area include investigations of
tribomechanical and physicomechanical properties of
mineral filled polymer composites [36], development
of new self-lubricating composites with the use of
Armenian minerals and filters [37], tribological study
of plastic lubricants with bentonite thickeners [38] and
other issues. Triblogical studies and related
international activities in Armenia have been
coordinated by the Armenian Tribology Committee
established in 1974.

Reliability studies of machines and machine
components started in the 1960s by the joint efforts of
researchers from YPI and Armenian Academy of
Sciences. The main direction of research in this area
was the study of the fatigue resistance and durability of
machine components based on statistical estimation
methods of fracture mechanics [39-—41].

Industrial research and inventive activities. A
large amount of MMS research in Soviet times was
influenced by the demands of industrial machinery and
implemented through research contracts with industry.
Interaction with industry promoted also broad scale
inventive activities in all main areas of MMS. Over 150
inventions, many of them patented abroad, have been
registered for new devices, automation systems, robot-
manipulators, new materials and research methods.
Many of these inventions have been addressed to
concrete industrial applications, but the lack of
financial resources, protective patent regimes and
innovation infrastructures prevented to convert them
into marketable products.

ACHIEVEMENTS IN MMS EDUCATION

MMS has also a rather high status in the
higher engineering education of Armenia. In 1995, the
first MMS based study program “Dynamics and
Strength of Machines” was established in SEUA at
Bachelor's, Master's and Doctoral (Candidate of
Science) levels reorganized later into a broader
program of Applied Mechanics which has produced
over 300 graduates with BE and ME degrees. In the
same period, over 70 postgraduates prepared and
defined their doctoral (Candidate of Science)
dissertations in MMS. On the other hand, MMS has
been and still remains as one of the core courses in all
Mechanical Engineering degree programs, while a
general Applied Mechanics course is included in all
engineering curricula of NPUA.

The progress of MMS research and education
in Armenia and growing trends of their
internationalization required to develop and update the
Armenian terminology of MMS based on the English
and Russian master versions of [IFToMM terminology.



In 2009, the English-Armenian-Russian glossary of
MMS has been published [42] with its on-line version
installed in the website of NPUA.

DEVELOPMENT TRENDS AND CRITICAL
PROBLEMS

We consider the last decade as the modern
period for the MMS history in Armenia. This period
was marked by the economic stabilization of the
country and some positive developments in the science
sphere.

Three main trends are characteristic for the present
state of MMS:

e Natural experiments requiring expensive
modern instruments and equipment are substituted
often by computer simulations and virtual
experiments. On the other hand, most of MMS
research today is implemented with the use of
information technologies and computer oriented
approaches while the doctoral dissertations are
concluded as a rule by developing application
software packages.

e Growing internationalization of research
activities influenced greatly by IFTOMM is another
major trend in MMS development. International
cooperation is playing and has to play a role of
cardinal importance for Armenian MMS as a key to
sound adaptation with international standards and a
rare source for non- statutory funding. Mechanisms
and channels used are many, including bilateral and
multilateral programs, collective and individual
grants, joint projects and publications with
international participation.

e New targets and non traditional applications
for MMS research have emerged, such as medical
devices, Microsystems and new friction materials,
which require interdisciplinary studies, integration of
concepts and methods from different fields.

There are some critical problems and
preventive factors hindering the further development of
MMS in Armenia which are mainly typical for the
whole science sector of the country.

* Since early 90’s a continuing outflow of
young MMS researchers has been taking place
motivated by the lack of job opportunities and
appropriate conditions for research. Generally, the
brain drain process has two forms. The first is the
external brain drain of scientists, mostly of a high level,
who leave the country to work abroad in better
conditions. The second is the internal brain drain of
those who leave their academic/research careers to
work elsewhere. MMS has suffered from both forms,
although the former can be a way to establish links with
the international scientific community which has been
used to same extent. Since the most talented
postgraduates are no longer attracted by the possibility
of a university career, MMS faces a serious problem
how to preserve and reproduce its science potential.

* Lack of state support and other funds for
international academic mobility restricts strongly the
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participation of the Armenian MMS scientists in
international conferences and their more active
involvement in international research collaboration
programs. Moreover, in some MMS areas publications
of Armenian authors are mostly in Russian which
prevents popularization and dissemination of the
published results at the international level.
i The existing research infrastructures of
MMS - facilities, equipment, scientific instruments
are outdated and need urgent modernization. This
is a precondition for the competitiveness in those
research areas which require mainly experimental
studies.
* Another major problem that MMS encounters
today is its disconnection from industry, because
industrial machinery, once a powerful branch of the
national economy, was disintegrated mainly in the
transition period. Lack of industrial research projects
and R&D contracts with enterprises had an obvious
negative influence on practical aspects of MMS
restricting applied research works and
innovative/inventive activities.
EXPECTATIONS AND PERSPECTIVES
Expectations for a sustained and predictable
future of MMS in Armenia depend on how and to what
extent the above-mentioned problems will be solved.
° Changes are necessary in the educational field
to train a new generation of innovation oriented MMS
researchers who are able to transform their research
results and original technical ideas into marketable
products. To achieve this aim the existing MMS based
study programs and courses need to be brought in line
with the demands of potential employment markets. A
competency based curricular modernization s
necessary to solve this task. One of the main targets
here should be the creation of a new MMS doctoral
program responding adequately to the current needs
and demands of the emerging research workforce
market and able to attract more students ready to start
their science and academic careers in MMS.
o To prevent the continuing brain drain from
Armenian MMS it is important to continue organizing
more research labs in priority areas of MMS with
state institutional funding that will open job
opportunities for the early stage researchers and
doctoral students. On the other hand, it is today’s
imperative to rejuvenate the teaching staff of MMS in
NPUA and engineering units of other universities by
recruiting the best graduates of MMS doctoral
programs and creating favorable conditions for their
further research work.
° Further internationalization of research and
educational activities in MMS is a good resource to be
used effectively. A key issue is to establish efficient
financial mechanisms for benefiting from international
cooperation. There is a need also to develop and
implement joint degree programs at doctoral level with
EU universities through Erasmus and other schemes to
support international mobility of Armenian scientists
and doctoral students and new initiatives for their



international research cooperation. In this regard, it is
important to use effectively the existing links with the
Armenian MMS scientists who work abroad. The
continuing fruitful cooperation between the respective
constituencies of NPUA and INSA (Rennes, France)
established due to the consistent efforts of Prof.
V.Arakelyan is a good example and model to follow.

° Innovation should become the main priority
for the future developments in MMS and a source of
opportunities yet to come. There should be more and
more activity and attention to the specific problems and
research needs of modern machinery, intersection with
other disciplines and hybridization of technology,
applications and solutions for unusual technical
problems and new needs of machinery. From this
viewpoint, it is believed that the present situation,
trends and perspectives for MMS will not be much
different from the rest of the world.

° Meanwhile, it is expected that the Armenian
MMS community will contribute more in the process
of revitalization and modernization of industrial
machinery in Armenia. Coordinated efforts are
required for the commercialization of R&D results and
new technical ideas and development of innovation
oriented start-ups. Building efficient research activities
in the existing enterprises is also necessary. It cannot
take place overnight, since the enterprises need first to
become profitable to find then a possibility and interest
to start innovative industrial research. In this respect,
MES-18 can be a good platform to discuss new
directions and targets of future MMS research
addressed to the real needs and demands of industrial
machinery in Armenia.

CONCLUSIONS

The present review could cover only the most
significant developments and achievements of MMS in
Armenia. There is much important work done that
deserved mention but could not be reflected due
to space limitations. In particular, very little of the
very large volume of research work implemented in
the last decade has been touched upon. We tried to
concentrate more on the development trends and
expected future of MMS related to its mission in
revitalization and innovative development of industrial
machinery in Armenia.

Renewal of the existing scientific potential
and its reorientation to the new technological needs and
demands of the country are the main challenges for
Armenian MMS community. They require further
internationalization of research activities and a
competency based modernization of the existing study
programs for preparing mechanical engineers and
researchers. Specific programs directed towards young
scientists to prevent brain drain should be initiated as a
priority. MES-18 offers a rare opportunity to discuss
these issues and find solutions for them.
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IBonounA, TEHAEHUUKN U
NEPCNEKTUBbI PASBUTUA HAYKU O
MALUMHAX N MEXAHU3MAX
B APMEHUU

KOpun CapkucsaH

HauunonanbHeli NOJUTEXHUUECKUI YHUBEPCUTET
Apmenun, Epesan, APMEHU A

AHHOTALIUA

Tlpusooumcesa kpamxuil ucmopuieckuti 0030p
BO3HUKHOBEHUA U PA3BUMUS MEeOpULU MexaHusmMos u
mawun (TMM)» u ceéazannvix ¢ netl ooracmeni HAyKu,
00veduHeHHbIX noo Hasganuem «Hayka o mexanusmax
u mawunax (HMM)» ¢ Apmenuu. IIpedcmasnenvi
OCHOBHbIE — OOCMUMNCEHU — APMAHCKUX — VUEHbIX-
Mawunoedos 6 nayke u oopazosanuu. Iloouepxnymol
ponv u cmumyaupyroujee eusnue Meocoynapoonoi
Geoepayuu meopuu mexanuzmos u mawur (IFToMM)
na pazeumue HMM 6 Apmenuu. Ha ocnose
Kpumuuecko2o amanuza mexyujeco cocmosnusi HMM
onpedeneHbl OCHOBHble MEeHOeHYUU U Nnpoodremsl ee
pazeumus. Cmamoesi  3aeepuiaemcs 00CyHcOeHuem
NPUOPUMEMHBIX — HANPAGIEeHUU U Nepcnekmus
OanvHeliwezco  paseumua HMM 6  xowmexcme
603D0COCHUA U UHHOBAYUOHHO20 — PA36UTNUSL
MawuHocmpoenus 8 ApmeHuu.
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ABSTRACT

Usage of solar energy in Armenia lacking in
natural power resources is an actual objective as well
an attractive perspective to access endless ecologically
clean energy. Experience of more than two decade
creation of mirror-covered parabolic plates shows
definite limitation of usage because of its outdoor
location and safety, usage convenience concerns. A
novel conceptual design (CD) methodology applicable
for large variety of mechanical devices is used for
setting objective, analyzing resources and coming to
optimal structural solutions for mirror-covered
parabolic plates. This methodology is advantageously
singled out from known CD methods by multifunctional
synthesis, application of a standard set of design
environment modification tools, possibility of building
intermediate mechanical-functional models,
development and usage of flexible evaluation charts.
In the current paper attention is paid to more
formalized mathematical description of key steps of
suggested Conceptual Design process: description and
growth of mechanical and functional entities,
development of models and charts for evaluation and
making decision. Application of developed and
multiply proven design methodology for mirror-
covered parabolic plates helps to reveal ways for
coming to most effective designs and set guidelines for
their everyday application.

INTRODUCTION

Conceptual design in mechanical engineering is the
most challenging and least understood part of the
whole design process. Various methods and approaches
are developed and are being developed to set rules,
starting points, and procedures leading to a novel
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conceptual solution. Most of the methods are grouped
around the fundamental idea of separating function
from mechanism [1], leading to abstraction of the
physical and kinematical diagram of mechanism into
topological categories and arranging combinational
search of novel conceptual design through
combinational search. Such an approach is followed
and developed by [2], [3],etc. A block using approach
[4] allows to build design modules responsible for
definite movement and to arrange combination of
different movements for getting different functions.
The synthesis is solely based on the previous
knowledge and new features are searched by proper
modification of structure of existing mechanisms.
Currently application of genetic algorithms is widely
used in conceptual design and particularly in
automated conceptual design. In study [5] different
modular robotic structures have been considered, the
variety of these structures is generated by
combinational method. Each new generation of robots
is evaluated by means of numerated features, and the
direction of further synthesis tactics is defined by
means of a genetic algorithm. More traditional
approaches [6] rely on practical knowledge rather than
formalized methodology of mechanism synthesis, the
conceptual solution is searched as a structure addition
to the current design by chains from a database having
the demanded mechanical properties.

Widely popularized method of TIPS (Theory of
Inventive Problem Solving) suggests a procedure of
VEPOL (a Russian abbreviation of Substance + Field)
formation to reveal and neutralize harmful functions.
Massive matrix of contradictions serves a large number
of design scenarios, without development of compact
models to express a set of demands and organize search
of novel concept design solutions[7].
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Anyhow difficulties of building mathematical and
logical models supporting and describing the CD
process are still obstacles slowing down the efficiency
of the conceptual design process.

A novel concept design method [8] approved and
confirmed for numerous products developed by the
author during a long term engineering career is
suggested where the main idea is formulated as search,
isolation and general consideration of sets from both
functional and mechanical entities, where mechanical
means define the nature of functions and functions are
provided by the mechanical means isolated from a
mechanical entity. In other words this kind of
modification of both entities can be considered as
modelling and the process of conceptual design is
dealing with models of limited contents, more compact
and flexible than the entire functional and mechanical
entities are.

Starting from the idea of separating function from
mechanism attempts were directed to substitute a large
scale and exhausting search of a conceptual solution by
a directed and targeted search. Previous strategies for
accomplishing this idea have focused on consideration
of specific fragments of mechanical and functional
entities, when both fields should be presented in a way
allowing consideration of their specific and limited
parts. So the objective was formulated as description
and modification of mechanical and functional entities
and setting of rules for combined usage of components
from those entities. A general point is adopted for this
purpose, according to which a parent link may serve as
origin for daughter link, with further equal status for
consideration of both. And a parent function may serve
origin for daughter function, with later definition of
function status and weight. For the case of links
relation particularly can be a specific kinematical joint.
In the case of a function, generation of a daughter
function is important from point of its satisfaction by
mechanical means. Most CD approaches [1, 2, 3] are
not considering multifunctional  synthesis  of
mechanism. Usually one function is considered as main
one, while others are considered as limitations. The fact
of granting both the links and functions all equal and
adequate categories allows buildup of homogenous
mechanical and functional fields, with possibility of
their unified modification. Function discrimination is
applicable on the evaluation stage of conceptual design
by means of weighing, limitation and cancelation of
functions.

TASKS AND OBJECTIVES

First task of this paper is to build a mathematical and
logical model for basic steps of a task based conceptual
design process. The next task is to show
implementation of developed models on an example of
novel solution for a device using solar energy for
indoor application.
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KEY MODEL AND MAIN COMPONENTS OF
TASK BASED CONCEPTUAL DESIGN

Key model is connecting links X; and X, ina way to
allow implementation of function F, by this
connection (1). The connection expresses a standard
kinematical joint as well it can express more general
types of link contact, thus enlarging scope of functions

involved and setting base of more comprehensive
conceptual design with manifold functions.

R A& X | [ X A, 1
M“{(xa . (x»Haz } W

Topologically this fact can be visualized by two
vertices and two edges of graph where vertices are
related to two original links of start of conceptual
design and one edge relates to the function subject to
implementation, and the other edge relates to the type
of joint between those two links. Same can be shown
in a specific 3 x 2 matrix presentation as well as in a
standard 2 x 2 square matrix, with numeration of links
along rows and columns and with indication of their
relation in intersection cells. Self-relation of links gives
empty cells a,, =0, if M =N . Elements of upper right

diagonal area are for link relation, and elements in the
lower left diagonal area are for functions. So:

A=, = Fi’j (2

A mechanism subject to conceptual design needs to
include two sets of categories m,n - the links and

a_ . relations, related in a way to satisfy given set of

m,n

functions:

M ={m,n/Q(a,,)} ©)

Therefore the objective of CD is to find a required set
of links connected in a way to satisfy given set of
functions:

m,n
-
’ am,n

The initial objective of a novel CD approach should be
description of expandable entities for both mechanical
and functional categories.

4)

Description of Mechanical Entity
Components of mechanical entity arranged in a square
matrix:

m,n
an=M{ }
' a

Set of links m, N related in a way to satisfy a property-
feature-functionQ(a,, ) :

ail ain
: : (5)

a

ml mn

M,,={mn/Q(@,,)} (6)



Where:
m, N - numeration of links (set of links)

a

mn - relation of links,

a_ - kinematic or other joint

n,m

a,, =1, if links are related
a,,, =0, if the links are not related

Ifm=n,tena, =0

Where number of links varies within range (7).
M = N is maximum number of links.

()

a13m,n£M,N

{Km,nsM,N}

Two integers (numbers) m and n are used to designate
links, to allow identification of relation between
different links m,n of mechanical entity so self-

relation of a link is disregarded.

Description of Functional Entity
Components of functional entity also can be arranged
in a square matrix: (8)

f

S I
Fiyj.:F f =| : P
b f .. f

i1 ij

(®)

Set of function 1, j translated from each other in a way

to satisfy function generation or creation rule Q( fi’j )

F ={i1j/Q(fi,j)} ©)

Where:

I, J - numeration of functions

. ;- function translation between iand |

fi,j =1, if functions are translated

fLj =0, if there is no relation between functions
Ifi=j, then f;; =0
Where number of links varies within range (10).

I = J :is the maximum number of links.

1<i, j<1,3
F (10)
fm,jgl,J
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Growth of Mechanical Entity

Growth of mechanical entity is stipulated by necessity
and possibility of function satisfaction by getting a
satisfactory number of links:

m,n m+Am,n+An
M m,n a :> M m+Am,n+An (11)

m,n m-+Am,n+An

Growth is measured by number of links AM added to
original number of links M . Range of both values is
specified in (12)

1<m<M
1<Am<M -1
The mechanical entity can be squeezed down as well

as opposite procedure to growth. The combined
description of both growth/squeezing action will read:

m,n m+Am,n+An
M m,n a :> M m+Am,nFAn (13)

m+Am,n+An

(12)

m,n

Once entity modification is done link and relation
designations are getting their original values:

mtAm—m, a —>a, (14)

m+Am

Growth of Functional Entity

Growth of functional entity is stipulated by necessity
and possibility of translation function into an
“understandable” one that could be implemented by
mechanical entity:

i ] I+ Al j+Aj
F; f = Fiaijoaj f (15)
i i+Ai, j+A]
Growth is measured by number of functions Al
consecutively translated from original function I

Range of both values is specified in (16)

1<i<l|
1<AI<1-1

Analogously to the mechanical entity the functional
entity also can be squeezed down. The combined
description of both growth/squeezing action is:

i, j i £AI, jTA]
F f = Fiinijoaj f 17

ij Al j£Aj

(16)

Once entity modification is done, function and
translation designations are getting their original
values:



itAi—i, f .o f (18)

Combined Description of Mechanical and
Functional Entities

The methodical value of including function in the
matrix of mechanical entity is firstly in planning and

secondly supporting to function satisfaction (19, 20):

m,n .
Mool &, @Fi,j|:lf,,1,:| (19)
A h
m,n m,n
MUl e |eMila oRr, | 0
| a,,< Fi,j . A, Fi,j

Mirror @, . position of relation a,, , to kinematical

joint cell Ron is given to function Fi’j subject to
satisfaction.

Modification and Creation of Models
Methodical value of choice of a fragment g,, (21) in

mechanical entity is in isolation of the fragment best
suitable for planning and implementation of specific
set of functions:

mni{|l1<mn<M,N m,n

M = Oy (21)
am,n alsm,ngM,N am,n

Choice of a fragment (. (22) in functional entity is

subject to implementation by fragment J,, (21) in
mechanical entity.

F{i,lesi,jsl,J} {i,j} 22)
=g
fi,j f]si,jsl,.] i fi,j

{0 ¢ | (24)
Set (26) can be called the mechanical-functional model
of conceptual design. Modification of both entities
(21and 22) are doable by procedures described in
chapters “Growth of Mechanical Entity” and “Growth
of Functional Entity” above.

Evaluation of Conceptual Solutions
Functional F i entity stores capability for qualitative

evaluation of conceptual design solutions at a single
step as well for the final solution. The summarizing
indicator (25) depends on presence or absence of a
challenged function and its weight.
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Ei’j:iW-F

AN
i.j=1

F”. =1, if function is satisfied

(25)

F ; =0, if function is not satisfied
o<w, i
Two conceptual solutions can be compared and
evaluated by summarizing indicators:

1,J - 1LJ _
Ei’j = ZW F. o<Ei;= ZWi,j Fij (26)

i
i.j=1

<1, function weight and its range

i.j=1

APPLICATION OF CONCEPTUAL DESIGN
METHOD TO INDOOR USAGE SOLAR
DEVICES

Parabolic antennas are used for focusing solar energy
from a distant source to a focus point. Starting from the
early 90’s there were continuous attempts in Armenia
for using mirror-covered parabolic dishes (Fig.1) as an
energy source for everyday purposes. Unlike tube
collectors those devices require close approach of the
user to the focus point where the hot area is located.
This makes usage quite complicated dealing with
movement of large scale counterweight-balanced
mirror-plated parabolic dishes. Such parabolic dishes
should be used outdoors only, while tube collectors
allow transfer of heated water indoors for much
comfortable application. So the task of concept current
design is to synthesize a solar energy usage device
capable to transfer heating energy indoors for
comfortable and safe application (Fig.2).

~

] |t

Xl%(

Q1p

Figure 1.0utdoor usage parabolic plate solar device
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Figure 2. Indoor usage parabolic plate solar device

Table 1.Set of conceptual design actions

1.Set of functions as task

2.1solation of a function

on CD
i,j] [{L..6) ij] [ {6
fi,j fl,u,ezo fi,j _fl,u,ezo
i iy iy iy Qs dg i g i iy iy iy s I @y dg
JifoToToToTolololo JjiololololoJo]olo
J2901010/0[0/0[0[0 Jj> 01000 0]0]00
Jj3301010[0/0 0/0/0 Jjs 0/0[0l00]0]0 0
Jj430101010]0 0/0[0 Jjs 00 0[0[0]0]00
Jsyolololololo olo| Jjs 000 o0lo]olo o
J6s10100 0/0[0[0/0 Js{010 0 0. 0[0]0 0
J71000000[0/0 J,000000[0[0
Js10/ 0000000 Jjs 00000000[0

3. Translation of a function

4.Set of links and function

planning
i ] {5,6} m, n {1,2,3}
fi,J' fos =1 &nn 8,8,
i iy i3 iy s Ig iy Qg n; ny n3 ny ns Ng Ny ng
Ji|0]0/0 0[0/0]0 0 mA40[O0[0 0000
J210]0[0 0[0/0{0/ 0 mjo|0|lO[0 0000
J31010[(0]0|0 0|0 0 m3q0 c|0{0 000 0
J4[01010]1010 0|0 0 mg|0[0 0|00 0 0 0
Js301010/010[210 0 ms[0/00/0[0|0 0 0
Jst0. 010 0 21010/0 mg 0,0/00 0{0]00
J710100000]0/0 m 0000 00|00
Js 010000000 mg 0[00000][0[0
5. Synthesis: input of 6.Evaluation of a single
joints cycle of conceptual design
{m,n _{{1,2,3}1 i, ] {6,7,8}
8nn | R;R; 5 fi,j B f6’7’8=0
n; ny n3 ny ns ng ny; ng i iy iy iy Is Ig 17 Ig
m 30 |Al0[0 0000 Jji|0]lojojoofo]o]o
mysnlo|alolololo o j.[0]lo]lolo ololo]o
mz;40/00{0 0000 Js 00[0[00[00]0
my 010 0]0[00 00 Ji000[00[00]0
ms 0,00 00[00/0 Jjs 00000[00 0
ms 01000 00[00 Js50/00[00[0/00
m; [0[00[0 0000 Jj3000000[00
ms 010000000 Jjs30 00/0000[0

48

Table3.Symbols used in Table2

Symbols | Nomenclature Category
- m,n Links of mechanical
entity
O (1 Numeration of
functions
O |
b Set of functions
A f Translation of a
" function
O a Kinematical or other
mn relation(planned)
A R Kinematical or other
m,n .. B
joint(relation)

Table2.Set of conceptual design steps

K1.Set of functions

K2.Concentrate rays

{m,n} {{1,2,3}} m,n {1...,5}
m,n a1,z 2,3 a'm,n am,n
~ e
/B /77 X1
sini /1]
111111/1]]/ 1111171]]]
1111111/]/ 11111111/
11111111/ 111// //
1111111]] 11111111/
/11111]]]/] 111111]1]/
11111111/ 11111111]]
11111111]] 1111]11]]]_x
11111111// 1111111111 S
/1111']]/]) /1] NHTT
////,///// Xg4 // 7/
" X/
[y /
1 W
X3 / X3
XZ\E/ Xaﬁ

K3. Track the Sun

K4.Guide the ray

m,n

1.6}

s

X1

P
1 [TT:
////i:}»i‘
1111 T] T
11111 1]]]]

1111111]/]

11111111/

/

///

K5.Track the Sun

K6.Guide rays indoors

mn| [{3,6,4}
a'm,n a3,6a6,4

mn|_ {7.8,9}

a'm,n a7,8a8,9




Table4.Nomenclature of components

Nomenclature of Components

X Sun X - Azimuth track
X, : Pot X, : Receiver

X, : House Xg : Top plate

X, : Reflector(Parabolic | X, : Bottom plate

plate)

X5 : Sub reflector X, - Cook plate

CONCLUSION

1. Developed mathematical models for
description of the main components of
conceptual design process, making another
step toward creation of interactive
designer/system environment.

2. Developed means of mathematical and
physical description support such steps of CD
process as description, combined
consideration of both mechanical and
functional entities, modification and usage of
accumulated knowledge from database,
application of modification tools, getting and
evaluation of result after each step of
cyclically organized CD process.

3. Method is applied for conceptual design for a
device for indoor usage of solar energy

4. Future work and actions. Further develop the
mathematical base and software components
for creation of interactive designer-CD
system environment. Complete physical
design and test physically the device
conceptually developed and presented in this

paper.
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MPUHLUUM KOHCTPYNPOBAHUA
COJIHEYHbIX SHEPTETUYECKUX
YCTPOWUCTB [OMALLHEIO
NCnonb30BAHUA

. Oap6uHsaH
LWaHxan KyHoKek pyqHble MHCTPYMEHTbI U
obopynosaHue Ko. Jlta., Wanxan, Kutan

AHHOTALUA
Hcnomvzoeanue  conneyHoll  dHepeuu 8
Hebocamoil dHepeoHocumensimu Apmenuu seniemcs

aKmyanbHoUu — npobnemou, a makdxce  Xopouiel
nepcnekmugoni  docmyna K O€CKOHHEYHOU U
oKono2udecky — yucmou  dHepeuu. bonee  uem

0gadyamuiemHuil Onvim CO30aHUsl YCMPOUCme ¢
napaboIuecKumu mapenkamu, HOKPbIMbIMU
3epKanamu, GblA6UI OSPAHUYEHHOCHb UX NPUMEHEHUs
U3-3a4  HeoOX0OUMOCMU pA3MEUeHUsI 6HE JICUTLO2O0
nomewjenus u npobnem 6e30nacHOCMU UCHOIb308AHUS.
Hosas Memoo0oao2usl KOHYENMyanbHo20
npoexmuposanus ( KII), npumensiemas 01 60161020
PA3HO06PA3USL MEXAHUYECKUX YCMPOUCME, 8KIOYdem
NOCMAHOBKY 3A0ayll, AHAIU3 OOCHYNHBIX Pecypcos U
oocmudicenue ONMUMATLHO20 CMPYKMYpHO20
pewienus 0as napaboIudeckux mapeiok, NOKPbIblX
sepkanamu.  Jlamnas — Memooono2usi  6bl200HO
omauyaemcsi  om  uzgecmHvix  memoodos  KII
MHO2OQYHKYUOHAbHLIM — CUHIE30M, NPUMEHEHUEeM
CmMaHoapmH1o2o Habopa UHCPYMEHMO8
Mooupurayuu cpeovl npPOEeKMUPOBAHUsL,
B03MONCHOCHIBIO co30anus NPOMEICYMOUHBIX
MEXAHUKO-MEXAHUKO-(DYHKYUOHALbHBIX Mmooenetl,
Paspabomxoi U UCHONb308AHUEM SUOKUX OYEHOUHBIX
mabnauy. B nacmoswei cmamve Humanue yoeieHo



bonee  (opMANU30BAHHOMY — MAMEMAMUYECKOMY
ONUCAHUIO KITIOYEBLIX IMANOE NPEONALAeMO20 Memood
KOHYENMYaibHO20 NPOEKMUPOBAHUS: ONUCAHUIO U
POCMY MeXaHUYecKux U yHKYUOHATbHBIX 0OBEKMO8,
paspabomke modeneti u madauy 0N OYEHKU
pesyriomama u npunsmusi pewenus. Illpumenenue
paspabomanHol. U MHO2OKDAMHO — NPOGEPEHHOU
Memoodono2uyu  NPOEKMUpogaunus 01 cayyas
VCMAHOBOK € NApaboOIUdecKumMu  mapeikami,
HOKPBIMbIMU  3ePKANAMU,  Odem  803MOJICHOCHLb
pAcKpbims Haubonee 3¢hghekmusHoe KOHYenmyaibHoe
peulerue u Hamemums nymu Oisl UX KawcOOOHe8HO20
UCHONBb30BAHUL.
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ABSTRACT

The Stewart platform on hydraulic motors is
investigated. The dynamic model for the system
investigation was created in Simulink (Sims cape)
environment for physical simulation. The created
model allows to reconfigure the system by inserting
numeric parameters. The PID controller for getting
stabile and observable responses for given inputs is
designed.

The changes in the length of each leg of the
Stewart platform were obtained by use of the inverse
kinematics problem.

The software allows to explore the behavior of the
system for a given input signal.

INTRODUCTION

During the last decades hexapods and in
particular Stewart platform [1] have been widely used
in control applications including vibro-insulation
systems, big telescopic secondary mirror control
systems, laboratory’s research devices and etc.

In this paper, Stewart platform is considered as a
multidimensional hydraulic control system [1].

Structurally, a hexapod is a mobile platform with
a payload. The platform is situated on six legs -
hydraulic actuators, each of which can change its
length. In the terms of dynamic analysis, the given
configuration makes the problem much more
complex.

The structural scheme of multidimensional
system is given. (Figure 1).:
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Figure 1. The structural scheme of Stewart platform

The kinematic scheme of hexapod as a
multidimensional hydraulic system is given (Figure
2):

All legs of the platform are hydraulic actuators.

Figure 2. The kinematic scheme of the hexapod

The control system of the Stewart platform is
aimed to provide the desired position of the platform.

The control of the position and direction can be
implemented by use of inverse kinematics task and
trajectory design algorithm through control of length
of the legs [2]. The inverse kinematics task for
investigated object can be formulated as following: to
find out pump length (force or position) for each of
the six hydraulic actuators.

Each leg (one axis hydraulic actuator) is
represented by the pump and the cylinder, connected



by prismatic node. The multidirectional Stewart
platform consists of 6 subsystems.

At the first stage, coordinates of the connection of
actuators (legs), platform and its base are calculated.
Despite diversion of 60 degrees the platform and the
base differ from each other only by size, that’s why
the analysis for both are done by the same way. The
layout of the coordinates of the platform and base
nodes has been constructed in MATLAB
environment.

For the initial position of the base we have
chosen an alignment in which its centre coincides
with the origin of the coordinate system and one of
the long edges is perpendicular to the X axis, with the
crossing point in the positive direction. In this
configuration the centre of the platform coincides
with the centre of the base in the X,Y plane and the
platform is rotated by 60° along its centre relative to
the base.

With this initial state configuration and chosen
physical dimensions we have calculated the
coordinates of all nodes.

The coordinates of the nodes in the X, Y plane are
shown (Figure 3).
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Figure 3. Coordinates of Stewart platform joints in
the X,Y plane

In the graph the coordinates of the base nodes are
indicated by *, o - the platform, and x - the
coordinates of the middle point. The view of the
model in three-dimensional space is given(Figure 4)
for Z = 0.4m value.

Figure 4. The node coordinates in three-
dimensional space (Z=0.4m)
The coordinates of the nodes of the platform are
169.0370 45.2933; 123.7437 123.7437; -123.7437
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123.7437; -169.0370 45.2933; -45.2933 -169.0370;
45.2933 -169.0370 and 20 mm width.

The coordinates of the nodes of the base are
193.1852 51.7638; 141.4214 141.4214; -141.4214

141.4214; -193.1852 51.7638; -51.7638 -193.1852;
51.7638 -193.1852 and 20 mm width.
The Stewart top and bottom platforms for given
coordinates are built by use of Multibody blocks.

All six legs of the platform are connected by
spherical nodes. As a result, the dynamic model of
its

the Stewart platform and
received (Figure 5, Figure 6).
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Figure 5. Dynamic model of the Stewart platform

k

Figure 6. The 3D model of the Stewart platform

The position and speed for each leg are received
as an output response to the given input signals to all
actuators. The determination of the full input matrix
of the system rotation toward the bottom platform
is necessity:

PRB =R,(¥)" Ry(e) ‘Ry(p) =

cpcd —syce + cPpslse  sPse + cyPsOcy
= (sz/;cH cpcp + syPsfsp  —cyPse + s¢s€c<p>
—s6 cOsp cOcp

The length of each of actuators (legs) are determined
by the following equation:



L= /lxz +1,° + 1%

The received non-linear system is linearized by
Linear Analysis Tool. For the closed loop system,
the time response curve has been obtained. The
curves have indicated the instability of the
system and necessity to design a regulator. The
structural scheme and model of the Stewart platform
closed loop system with PID controller are given [3]
(Figure 7, Figure 8).

INPUT OUTPUT

PID

=

PLANT

SENSOR

Figure 7. The structural scheme of the control system
of the Stewart platform

PH = 25,0645 1 = 25.2375: DH = 01184,

PIDis)

PID Garraber Gan

Figure 8. The model of control system of the Stewart
platform

By use of MATLAB Response Optimization
section possibilities, the PID controller parameters are
found.

Determination of the parameters are done as a
solution of the optimization problem by the gradient
method. The PID controller parameters as arguments
are specified.

P, I and D parameters of PID controller have been
transferred to MATLAB workspace or registered in
the configuration file. Through giving the change
boundaries of the input signal in Design Optimization
window, the parameters of the PID controller
P=25.0646, 1=25.2375, D=0.1184 were obtained for
the given physical characteristics of the system. -

The model developed in the MATLAB Simulink
environment [4-5] does not allow to have analytical
expressions of differential equations of the system.
The MATLAB Simulink model provides an
opportunity to get almost any characteristic through
simulation, including movements, rotations, speeds,
accelerations, forces, torques, and other
characteristics.

Let’s consider the system’s response to 0.05m
step displacement only along Z axis. We also consider
rotation angles around the axes equal to 0 degree. The
motion of the each of the legs toward input signal as
well as the error of the output signal toward input
have the appearance shown (Figure 9).
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Figure 9. The elongation of each leg (blue) and
error of the system (red) for given step signal

For the time response parameters we have
obtained following values: overshooting - 6= 8.5%
and settling time - t; = 3.012 min:

Let’s create harmonic signal in the input with
0.01m amplitude and S5rad/s frequency for getting
vibrating system. The elongation of each length of the
leg and the error in the system is following (Figure
10).

Leg 1 Elongation (m), System error (m) =
0.04 \//—\
0.02 \
[
Leg 2 Elongation (m), System error (m)
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]
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[
Leg 4 Elongation (m), System error (m)
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]
Leg 5 Elengation {m), System error (m)
0.04 \/
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AN
Leg 6 Elongation (m), System error (m)
0.04
0.02 V\
[

Time (seconds)

Figure 10. The elongation of each leg (blue) and
error of the system (red) for given harmonic signal



Similarly, the system's behavior when rotation
angles around the axes are not 0 degree is given.

The rotation angles around the X and Z axes are
given as a sine signals with opposite sign 0.08 m
amplitude and 10 radar/s frequensy. The angle of
rotation around the Y axis is given as a harmonic
signal with same amplitude and frequency, but with
/2 phase deviation. The output parameters of the
hydraulic system are elongation and error of the
corresponding legs (Figure 11).
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Figure 11. The elongation of each leg (blue) and
error of the system (red) for given harmonic signal
for corresponding positions and angles

As in previous cases, for a similar input signal,
the system is stable and controllable.

MAIN HEADING
P Proportional coefficient;
1 Integral coefficient;
D Differential coefficient;
ty Rise time;
ty Establishment time;
o Overshooting;
o Rotation around the x-axis (roll);
% Rotation around the y-axis (pitch);
W Rotation around the z-axis (yaw);
co cos(p);
cl cos(8);
cy cos(y);
s¢ sin(g);
50 sin(6),
sy sin(y);
PRy Full rotation matrix of the Platform

relative to the Base;

R (p) Rotation matrix around the x-axis;
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R, () Rotation matrix around the y-axis;

R.(y) Rotation matrix around the z-axis;

L; Length of each leg.
CONCLUSION

The dynamic model of the system is created in
Simulink environment. The control system of
mechanism is created and investigated based on the
model. The PID controller is designed. The system is
linearized. ~All obtained results are checked and
confirmed their compliance with the given task.

All experimental work has been done at ANEL
within scope of “Hydraulic Vibro-stand” scientific
project's grant.
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MOOENMMPOBAHUE U NPOEKTUPOBAHUE
r’MAPABNIMYECKON CUCTEMbI
YMPABJIEHUA NNIAT®OPMOW CTIOAPTA B
CPELE MATLAB

A.T. YnukaH, A.Jl. MxutapsiH, A.A. AKkonsiH
HIMYA, EpeBaH, ApMeHus

M.C. N'acnaposB
000 «YPAPTY», Camapa, Poccus

AHHOTALUA

Paccmorpena iaropma CrioapTa Ha
ruapoMortopax. s uccrnenoBaHHsS CUCTEMBI ObLTa
COo3laHa JAWHAMHUYEcKas MOZENb Ui (U3HYSCKOTOo
MonemupoBaHuss B cpeme Simulink (Simscape).
JaHHast cucTeMa I03BOJIIET EPEHACTPOUTH CUCTEMY,
MEHSS YHUCIIOBbIE TapameTphl. Pazpaboran [TH]I-
peryimstop  And  [ONYy4YeHWs  yCTOMYMBHUX |
Ha0JII0aeMbIX OTKJIMKOB JUISl BBIXOAHBIX CHTHAJIOB Ha
3aJIaHHbIE BXO/IHBIE.



C ncnonp30BaHIEeM 00paTHOH 3a7a4i KHHEMAaTHKH
ObUTH MOJYYCHBI W3MEHEHHsSl UIMHBI KaXIOH HOTH
wiaropmel Ctroapra.

[IporpammuoOe obecrieuenne IT03BOJISIET
HUCCICa0BaATh CI/ICTeMy JJISA 3aJaHHBIX BXOOHBIX
CHUTHAJIOB.
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ABSTRACT

This paper deals with the problem of shaking
force balancing of high-speed robot manipulators.
The known solutions of this problem are carried out
by an optimal redistribution of moving masses which
allows the cancellation or the reduction of the
variable loads on the manipulator frame. However,
one of the most promising methods is the optimal
control of the robot links center of masses. Such a
motion control allows the reduction of the maximum
value of the center of mass acceleration and,
consequently, the reduction in the shaking force. The
present paper is an overview of this approach
developed for serial and parallel manipulators. The
suggested balancing technique is illustrated through
computer simulations. The results obtained via
ADAMS simulations showed the efficiency of such a
solution.

INTRODUCTION

Many industrial manipulators face the problem of
frame vibrations during high-speed motion. Such a
vibration can result from a number of conditions,
acting alone or in combination. One of the main
reasons is the unbalanced inertia forces leading to the
increase of shaking force and shaking moment. It is
known that a mechanical system with unbalance
shaking force and shaking moment transmits
substantial vibration to the frame. Thus, a primary
objective of the balancing is to cancel or reduce the
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variable dynamic loads transmitted to the frame and
surrounding structures. The balancing of manipulators
is generally can be achieved in two steps: i) the
cancellation (or reduction) of the shaking force and ii)
the cancellation (or reduction) of the shaking moment.

A considerable amount of research on balancing
of shaking force and shaking moment in 1-dof
mechanisms has been carried out in the past [1]. A
new field for their application is the design of fast
parallel manipulators, which are very efficient for
advanced robotic applications. However, the practical
applications of the developed methods face serious
obstacles due to the increase in the total mass of the
manipulators and its dimensions. The shaking force
can be cancelled or reduced by adding of
supplementary masses.

However, the added masses lead to the increase
of the overall size of the robot-manipulator, the total
mass and the efforts in joints [2-6]. They can also be
cancelled or reduced by auxiliary structures [7], [8].
However, such a balancing can be reached by
creating quite complex mechanical system and
by an unavoidable increase of manipulator’s size.

The study [9] deals with the synthesis of the
balanced five-bar mechanism via changing the
geometric and kinematic parameters of the
mechanical structure. The shaking force balancing
leads to the conditions which are usually satisfied by
the redistribution of moving masses. In the mentioned
study, the mass of the link is considered unchanged,
then, the length and the mass center of the links are



determined in order to achieve the shaking force
balancing. Thus, a new kinematic structure is obtained
which is fully force balanced. With regard to the
trajectory planning, the authors propose to estimate
the given positions of the end-effector of the
mechanism by the controllers of servomotors. The
inconvenience of practical application of this principle
lies in the fact that designers rarely have the
possibility to fix the values of moving masses and
then find the kinematic parameters with geometric
constraints.

It should be noted that the various numerical
optimization methods were also developed [10], [11]
to perform the counterweight balancing. Standard
nonlinear optimization algorithms that provide the
best local solution to the problem have been
performed [12], [13]. However, this solution is
generally not the global one and the reformulation
of the optimization problem into a convex program
leads to the global optimum [14]. In [15], the
shaking force acting on the frame of the SR
planar manipulator has been minimized by an
optimal choice of mass parameters of all moving
links. The conditions of the balancing of the five-
bar linkage are expressed as seven equations
and three inequalities, with twelve linkage
parameters. Then the shaking force balancing of
mechanism is formulated and solved as a numerical
optimization problem. The dynamic balancing of
SR planar manipulators has also been formulated as
an optimization problem such that a sum-squared
values of bearing forces, driving torques, shaking
moment are minimized [16]. This method has
been performed using a numerical procedure
based on dimensionality reduction through
velocity transformation [17]. It is obvious that for
certain cases they lead to quite satisfactory
results. However, they are numerical optimization
approaches, which cannot easily be applied on
3-RRR manipulators. Furthermore, it is unreliable
to affirm that such solutions are optimal and
efficient for any manipulator with arbitrary
parameters. In this sense, it is much better to obtain
optimal The proposedsolutions in explicit balancing
tform.echnique is achieved by optimal trajectory
planning of the common center of mass of the
manipulator by “bang-bang” profile. In such a way,
the minimization of the magnitude of the acceleration
of the center of mass of the manipulator brings
about a minimization of shaking force.

Let us consider the balancing of 2R serial robots,
as well as SR and 3RRR parallel manipulators.

SHAKING FORCE MINIMIZATION OF
2R SERIAL MANIPULATORS

The shaking forces " of a manipulator can be
written in the form:
fSh —

mXg (1)
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where Y, m; is the total mass of the moving links of
the manipulator and X is the acceleration of the

total mass centre. The classical balancing approach
consists in adding counterweights in order to keep the
total mass centre of moving links stationary. In this
case, Xg= 0 for any configuration of the mechanical

system. But, as a consequence, the total mass of the
manipulator is considerably increased. Thus, in order
to avoid this drawback, in the present study, a new
approach is proposed, which consists of the optimal
control of the total mass centre of moving links. Such
an optimal motion planning allows the reduction of
the total mass centre acceleration and, consequently,
the reduction of the shaking force.

Classically, manipulator displacements are
defined considering either articular coordinates q or
Cartesian variables x. Knowing the initial and final
manipulator configurations at time #, and ¢, denoted
as o = q(%) and qr = q(#y), or Xo = X(#) and Xy = x(#y) ,
in the case of the control of the Cartesian variables,
the classical displacement law may be written in the
form:

q()=s,(0)(qr —q9) +9qo (2a)

or

x(?) =s,(2) (xf -Xp ) +X, (2b)

where s,(¢) and s,(f) may be polynomial (of orders 3, 5
and higher), sinusoidal, bang-bang, etc. motion
profiles.

From expression (1), we can see that the shaking
force, in terms of norm, is minimized if the norm

"Xs" of the masses centre acceleration is minimized

along the trajectory. This means that if the
displacement xg of the manipulator centre of masses is
optimally controlled, the shaking force will be
minimized. As a result, the first problem is to define
the optimal trajectory for the displacement xg of the
manipulator centre of masses.

For this purpose, let us consider the displacement
Xg of a point S in the Cartesian space. First, in order to
minimize the masses centre acceleration, the length of
the path followed by S should be minimized, i.e. point
S should move along a straight line passing through
its initial and final positions, denoted as xg, and Xg,
respectively.

Then, the motion profile used on this path should
be optimized. It is assumed that, at any moment
during the displacement, the norm of the maximal

admissible acceleration the point § can reach is

max

constant and denoted as Xg* . Taking this maximal

value for the acceleration into consideration, it is
known that the motion profile that minimizes the time
interval (%, #;) for going from position Xgy = Xs(f) to
position xgr = Xg(t) is the “bang-bang” profile [18],
given by (Fig. 1a)
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(a) “Bang-bang” profile (b) Trapezoidal profile
Figure 1. Motion profiles used for the shaking
force minimization.

Consequently, if the time interval (7, t,) for the
displacement between positions xgy and xgr is fixed,
the “bang-bang” profile is the trajectory that

minimizes the value of the maximal acceleration

Thus, in order to minimize ”XS " for a
displacement during the fixed time interval (¢, ), the
“bang-bang” profile has to be applied on the
displacement xg on the manipulator total mass centre.

Once the displacement of the manipulator centre
of masses is defined, the second problem is to find the
articular (or Cartesian) coordinates corresponding to
this displacement. For this purpose, let us consider a
manipulator composed of n links. The mass of the link
i is denoted as m; (i = 1, ..., n) and the position of its
centre of masses as xg. Once the articular coordinates
q or Cartesian variables x are known, the values of xg;
may casily be obtained using the manipulator
kinematics relationships. As a result, the position of
the manipulator centre of masses, defined as

1 n
Z mXs; »

mtot i=1

(7

XS:
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n
where m,,, = Zmi , may be expressed as a function
i=1

of x or q. But, in order to control the manipulator, the
inverse problem should be solved, i.e. it is necessary
to express variables q or x as a function of xg. Here,
two cases should be distinguished:

(1) dim(xs) = dim(q), i.e. the manipulator has got as
many actuators as controlled variables for the
displacements xg of the centre of masses (two
variables for planar cases, three variables for
spatial problems). In such case, the variables q
or x can be directly expressed as a function of xg
using (7), i.e. q = f(xs).

dim(xs) < dim(q), i.e. the manipulator has got
more actuators than controlled variables. In such
case, the problem is under-determined as there
are more parameters in variables q or x than in
Xs. In order to solve it, let us consider that p,
parameters of vector q, (or X¢) and p, parameters
of vector q; (or xg) are fixed. In a first task, it is
necessary to define the m—p, and m—p, other
parameters of the initial and final manipulator
configurations (m = dim(q)). The way to fix it is
to find the manipulator initial and final
configurations, taking into account the p, initial
and p, final fixed parameters, that will allow
minimizing the norm of the vector xg —Xg, , 1.€.

(i)

the length of the displacement of the manipulator
centre of masses. Then, the second task is to
choose m—k articular variables among the m
possible of vector q (k = dim(xg)). These m—k
variables, denoted as . Wwill be controlled
using some classical displacement law given at
(2) or can be used in order to minimize some
other performance criteria, such as the shaking
moments or some other interesting performance
criterion (see section 3.2). The k other variables,
denoted as qy, should be expressed as a function
of xg and g, using (7), i.e. qx = f(Xs, qm_x)-

The numerical simulations carried out in [19]
have showed that that the optimal trajectory planning
(“bang-bang profile”) allows the reduction of the
shaking force from 36% up to 76.7 %.

However, despite the obvious advantages,
observations and attempts of practical
implementations showed that the approach described
above also has some drawbacks. It is difficult to
control a robot-manipulator based on the kinematic
parameters of a virtual point as a center of masses. As
a result, measurements and refinements of the
displacements of the total mass center of moving links
becomes pretty complex. Another imperfection of the
mentioned method is the fact that the end-effector
trajectory becomes a derivative of the trajectory of the
center of masses, i.e. by using the known balancing
method mentioned above it is possible to ensure only
initial and final positions of the end-effector but not a
straight line trajectory between them.



To eliminate these drawbacks, the studies [20],
[21] propose to combine the balancing through mass
redistribution and the balancing via center of mass
acceleration control. This allows one to reach more
efficient balancing results, i.e. to increase the shaking
force balancing rates and to control the displacements
of the total mass center of moving links via the end-
effector trajectory.

Let us consider the shaking forces balancing of
5R and 3RRR parallel manipulators.

SHAKING FORCE MINIMIZATION OF
PARALLEL MANIPULATORS
A kinematic scheme of the 5R planar manipulator is
shown in Fig. 2. The output axis P(x,y), which
corresponds to the axis of the end-effector, is
connected to the base by two legs, each of which
consists of three revolute joints and two links. The two
legs are connected to a common axis P with the
common revolute joint at the end of each leg. In each of
the two legs, the revolute joint connected to the base is
actuated. Such a manipulator can position the end-
effector freely in a plane.

In the given planar 5R parallel mechanism each
actuated joint is denoted as 4; (i =1,2), the other end

of each actuated link is denoted as B; and the common

joint of the two legs is denoted as P, which is also the
axis of the end-effector. A fixed global reference system
Oxy is located at the center of 4,4, with the y-axis

normal to 4,4, and the x-axis directed along 4, 4,.
The lengths of links are denoted as [ =45,
lLL=4B,, I =B P, l,=B,Pand [, =04, =04,.
The locations of the centers of mass are denoted as

i :lAIS,> 5] :lAzSZ’ 3 :lBlS3 and 7, :les4~

P (x,y)

Figure 2. The planar 5R parallel manipulator.

The complete shaking force balancing of such a
mechanism can be reached by adding 3 or 4
counterweights making the common center of mass
stationary [1]. However, as mentioned above, such a
solution leads to the increase of the total mass and the
overall size of the robot-manipulator. Therefore, let us
consider a partial balancing of the SR mechanism via

optimal redistribution of moving masses and reduction
of the center of mass acceleration. Two steps will be
considered: 7) optimal redistribution of the masses of
input links to ensure the similarity of the output
trajectory and the common center of mass trajectory; i)
optimal control of the acceleration of the end-effector.

Let us consider the reaching similar accelerations
of the end-effector of the SR planar parallel
manipulator and its common center of mass.

The coordinates of the common center of mass of
the SR planar manipulator can be expressed as:

M\Xg +MyXg +M3Xg +myXg,

xS =
m 3
_Mys Ty yg tmyyg +myyg,
Vs = "

with

m=my +my +ms +my; X5, =1 €080 —lo;

Vs =nsinb; xg =r,co860, +1y; yg =rysinb;
xg, =l cosb +rscos0; -1y, yg, =1 sinf +rysinbs;
X, =l 0086, +1,c080, +1, ,

Vs, =lysin6, +r,sin 6,

where, m; (i =
links.

Given that the following relationships between
angles 6;, 8, and x, y can be established:

1,2,3,4) are the masses of moving

sin@;, =(y—/sing)/l;
cost; =(x—1cos +1y)/l
sin@, =(y—1sin6,)/l,
cos, =(x—lycos6,—1y)/l,

the coordinates of the common center of mass of the
5R planar manipulator can be rewritten as:

Xg =k cosb, +k,cos0, +kyx+k

)
Vg =k sinf, +k,sinb, +kyy
where,
= (myri + mly = myrsly | 13) [m
=(m2r2 +myly —myryly /1, /m
ky = (myrs /1y +myry /1) [m
ko =1y (=my+my —my+my +myrs [l —myry [1,) [m

Now, it is easy to see that the mass redistribution
of links connected directly to the frame can ensure the
condition k; =k, =0 which, in turn, leads to the



following expressions for the coordinates of the
common center of mass of the SR planar manipulator:

Vs =k

As a result, acceleration of the common center of
mass of the SR planar manipulator will be:

Xg =k3x

Vs =ksy

This means that the acceleration of the end-
effector of the manipulator and its common center of
mass are similar, i.e. the minimization of the
acceleration of the end-effector leads to the
proportional minimization of the acceleration of the
common center of mass of the manipulator.

The shaking forces F, of the planar SR parallel

manipulator with k& =k, =0 can be written in the

form:

F,, =m3 = my|52 + 32 = mhysp = mhy 5 + 37

where, § is the acceleration of the common center of
mass of the manipulator, Xy is the acceleration of the
common center of mass of the manipulator along x
axis, yg is the acceleration of the common center of

mass of the manipulator along » axis, §p is the

acceleration of the end-effector of the manipulator, x
is the acceleration of the end-effector of the

manipulator along * axis and Y is the acceleration

of the end-effector of the manipulator along Y axis.

As was mention above the shaking force, in terms
of norm, is minimized if the norm of the center
of masses acceleration is minimized along the
generated trajectory. This means that if the
displacement of the manipulator center of masses is
optimally controlled, the shaking force will be
minimized. For this purpose has been proposed to
apply the “bang-bang” law ensuring two
identical  phases  with  constant acceleration
and deceleration (Fig. 1).

Let us consider an illustrative example.

To create a CAD model, the following geometric
parameters of the 5R planar manipulator have been

L=0=L,=036m; L=[=L,=03m;

ly=0.24m . The masses and the locations of the

used:

centers of mass of the moving links 3 and 4 are the
following: m;=m, =1lkg, r=r=0.15m. Now,
taking into consideration the condition & =4, =0 and
assuming 7; =7, =—0.06m, the masses of the links 1

and 2 can be determined: m, =m, =3kg.
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The trajectory of the end-effector P is given by a
straight line limited between the initial position £, with

the coordinates x; =—0.06m, y; =0.45m and the
final position P, with the coordinates x, =0.1364m,
Y, =0.4878m.

The input angles 6, and 6, will be determined
from following expressions:

0, =2tan"'(z;), i=1.2

where

—b; + O'lw,biz —4a,c;

zZ. = N

! 2a;

1

i=1,2

with
o, =%*1(i=12);
) 2 2 .
a =L +y +(x+1)) =L +2(x+1y)L;;
b =b, =—-4yL;
cl:Lf+y2+(x+10)2—L§—2(x+10)L1;
a2=L%+y2+(x—lo)2—L%+
2x—l)L; ¢y = +y* +(x=1)) =12 =2(x—Iy)L,.

The chosen configuration for simulations corresponds
to oy=1 and o, =-1. Thus, for given coordinates

x; ==0.06m, y; =0.45m of the initial position P,
the input angles are &/ =1.856, 65 =1.609 and for the
final position P, with x, =0.1364m, y, =0.4878m,

the input angles are 6/ =1.247, 6/ =1.141.

Now, let us apply a “bang-bang” motion profile to
the end-effector P with parameters s=0.2m and
t=0.02s.

10000

BOOO

/] N
/N

£
£ 6000 / \ \
£
S 4000
=4 \
2000 < ™~ — = »
0
0.0 0.005 0.01 0.015 0.02
Time (sec)

Figure 3. Shaking forces for three simulated cases.

To show the efficiency of the developed method, three
SR planar parallel manipulators are compared: a) an
unbalanced manipulator, ie. 7 =7 =0.18mand

m; =m, =1.2kg, with generation of input motions via

five-order polynomial laws; b) the manipulator
designed by suggested approach; c¢) the manipulator
with the same parameters as "b” but with generation of
input motions via five-order polynomial laws.



In Fig. 3, the variations of the shaking forces for
three simulated cases are presented. The obtained
results showed that by suggested approach, the
reduction of the maximal value of the shaking force is
about 78% related to the case “a” and 36% related to
the case “c”.

Such an approach has also been applied on 3RRR
parallel manipulators [21]. The results obtained via
ADAMS simulations showed that a reduction in the
maximum value of the shaking force of 60% has been
obtained.

CONCLUSION

In this paper, an overview of a new approach,
based on an optimal trajectory planning, which allows
the considerable reduction of the shaking force, has
been presented. This simple and effective balancing
method is based on the optimal control of the
acceleration of the manipulator center of masses. For
this purpose, the “bang-bang” profile has been used.

It should be mentioned that such a solution is also
very favorable for reduction of input torques because
it is carried out without adding counterweights or
adding counterweights on the links linked with
the frame. The proposed balancing method has
been illustrated via numerical examples.
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AHHOTALMUA

B oamnoti cmamve paccmampusaemcs 3a0ayd
VPABHOBEUUBAHUSA CUTL UHEPYUU B8bICOKOCKOPOCMHBIX
Manunyaiamopos. Hzeecmuvle peutenus 3mou 3a0auu
ocyuecmenaomcs nymem ONMUMATILHO20
nepepacnpeoeieHus — OBUNCYWUXCA — MACC,  4mo
noseoisem — YMeHbWUmb  UIU  AHHYIUPOBAMDb
nepementvle HASPY3KU HA CMOUKY MAHUNYIAMOPA.
Oouaxo, o0O0HuUM U3 Haubosee NePCneKMmuGHbIX
Memoo08 ypasHOBEUUBAHUSA ABIACCA ONMUMATbHOE
ynpaeieHue 00WUM YEHMPOM MACC MAHUNYIAMOPA.
Takoe  ynpasnenue  O8udCeHUeM  NO3601AeM
VMEHbUUMb  MAKCUMATbHOE 3HAYeHUe YCKOPEeHUs.
obwezo  yemwmpa  macc U,  C1e008AMENbHO,
VMeHbuUms  cuibl  uHepyuu. Jlamnas — cmamos
npedocmasisiem coboti 0630p Nno006HO20 NOOX00A,
PaspabomanHozo Onf CepUaIbHbIX U NAPALLETbHbIX
MAHURYIAMOPOS. Ipeonoscennas MemoouKda
VPABHOBEUUBAH U NPOULTIOCMPUPOBAHA C NOMOWBIO
KOMNbIOMEPHO20 — Moldenuposanus.  Pesynomameol,
noayuennvie ¢ nomowplo npozpammel  ADAMS,
NOKA3anu 3¢hghekmusHoCms Maxko2o peuleHus.

62



Proceedings of the 15! International Conference MES-2018 / UPM-2018

MECHANICAL ENGINEERING SOLUTIONS
Design, Simulation, Testing and Manufacturing
September 17-19, 2018, Yerevan, ARMENIA

MES2018-27

An Optimized Method for a Pick and Drop waste-sorting System using a Parallel
Mechanism

C. Kassis, R. Rizk

Lebanese University Faculty of engineering, CRSI, Lebanon
carine.kassis@ul.edu.lb; rrizk2@ul.edu.lb

ABSTRACT:

waste-sorting is an emerging worldwide problem. The task
needs high frequency for light payload. The ideal solution
for this pick-and-place problem is to use a parallel
mechanism.

For fast operation, the trajectory optimization is a must. It
can increase considerably the efficiency. In this paper, we
consider a series of operations with two different goals.
The objective is to minimize the global time of the waste-
sorting process. The robot has to pick glass and plastic
items from a conveyor and place them in two different
containers. Since we have a series of operations, there is
no interest in stopping the mechanism at the place time. As
a result, the trajectory will not be planar anymore.

The trajectory is designed in the operational space; the
control is in the joint space. Thus, the calculation of the
inverse kinematic and differential model is a must. Finally,
an experimental validation on a small prototype is
presented.

NOMENCLATURE
{B}

fixed base Cartesian reference frame

{P} moving platform Cartesian reference frame

RR, Transformation matrix between frames {Ri} and {R}
6;  Angle of the first upper arm attached to motor i

6, angular velocity of the upper arm i

Cartesian variables of the platform center

velocity variables of the platform center

| length of arm

L  length of forearm

vc  velocity of the conveyor

Bi, hipsoflegi

Ai  kneeoflegi

P;, anklesoflegi

wg planar distance from {B} to near base side
ug planar distance from {B} to a base vertex
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planar distance from {P} to near platform side
u, planar distance from {P} to a platform vertex
sg  size of the base side

sp  size of the moving platform side

I. INTRODUCTION

Parallel mechanisms are emerging in industry (for instance
machine tools, high-speed pick-and-place robots, flight
simulators, medical robots). A parallel mechanism can be
defined as a mechanism with a closed kinematic chain. It is
made up of an end-effector with N degrees of freedom and
a fixed base connected to each other by at least two
kinematic chains, the motorization being carried out by N
actuators [1]. This allows parallel mechanisms to bear
higher loads at higher speed and often with a higher
repeatability [1]. Waste-sorting is a pick-and-place task. In
this case, high speed manipulation is needed but the
payload is not heavy. Thus, the parallel manipulator
represents an ideal solution. However, with the high speed
and accelerations, inertia becomes an important factor; it
can lead to serious damages. That is why the motion
strategy should be optimized. We search the fastest sorting,
with the minimum internal loads. The travelled distance
during each pick-and-place cycle should be minimized, as
well as the highest acceleration, the velocity, and especially
the actuation torque. Thus, an important part of our study
is to design an algorithm that minimizes cycle duration.
The robot works in waste-sorting, thus it has to be fast. It
should also place each kind of waste in the specific
container. An optimization process for the pick-and-place
strategy, the order of the picked object, is essential.

In the following, a literature review about the parallel
mechanisms used in the pick-and-place field is presented
in Section 11. The problem settings and the sorting stages
are presented in Section Ill. The trajectory design for the
moving platform and the optimization algorithm are
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described in Section IV. The kinematics calculations of the
delta robot, with the horary equations of the actuators are
discussed in section V. To validate the algorithm, a small
prototype is shown in Section VI. We finish with some
conclusions and further works.

Il. STATE OF THE ART

Pick-and-place operations are required in most light
industry sectors such as waste-sorting, electronics,
packaging, pharmacy and many others. Manipulated
objects are light in weight and small in size, but in large
amount. Since the charge is cumulative in a serial robot, the
inertia becomes a serious load. The task load becomes
negligible with respect to the inertia. That is why Clavel
presented his invention of a 3 degree of freedom (DOF)
translational parallel mechanism named Delta [2-6]: a fast
parallel robot based on parallelogram mechanisms.
Actuators are base-mounted, so they do not move. Low-
mass links induce low global inertia. Thus the Delta robot
is an ideal candidate for high-speed pick-and-place
operations. The ratio between the link and parallelogram
lengths governs the cylindrical workspace diameter/height
ratio. The relevant literature along this line can be

exemplified by recent publications [7-18] and many others.

Extensive research activities have been directed towards
analysis of the motion strategy [19-26]. In fact, for the
same displacement, the maximum velocity and
acceleration can vary significantly upon the motion
strategy, which leads to inertia forces from the loads on the
actuators. Large inertia forces lead to the use of heavy
control and less accuracy [27].

This paper deals with the optimization of the pick-and-
place operation. We present an algorithm to maximize the
pick-and-place process. The duration depends mainly on
the cycle time and the intermediate interval between two
cycles. The order of the picked objects is also important.
The algorithm tries to minimize the total duration of two
consecutive cycles.

Ill. PROBLEM SETTINGS

Our goal is to robotize the waste-sorting. Thus, wastes are
disposed on a conveyor. The first stage consists of an
electro-magnet in order to retain all ferromagnetic wastes.
In a second stage, all non-ferromagnetic metallic parts are
ejected from the conveyor using an eddy-current system. In
the third stage, plastics and glass are to be sorted by the
robot (Figure 1). Finally, only organic wastes remain on the
conveyor.

Figure 1: robotized waste-sorting system
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A special infrared camera can detect the plastics and the
glass on the conveyor (Figure 2). It gives also the y
coordinate of the plastic or glass component.

Figure 2: plastic and glass parts detected by Flir A35

The conveyor speed V¢ is known and constant, which
allows us to compute the x coordinate function of time.
Therefore, the duration needed for the detected object to
enter into the robot workspace can be calculated, as well as
the duration inside the workspace.

Boundary of
the workspace

Plastic

Infrared container

detector p
2
y - P1 Pai /6 1t / \ \ P1o
. . Ps / Pt \
] . X Psi \ ! P30
\ \
P2 \\\ \\ P2t
- Pai 7 P2

Glass g
X, container ‘

Figure 3: pick-and-place operation

In order to optimize the pick-and-place process, the
objective is to maximize the number of pick-and-place
cycles per minute. The constraint to respect is to pick the
object before getting off the robot workspace (Figure 3).
The positions {Xc, Yp, Zc} and {Xc, Y, zc} of the containers
are used as inputs. Once an object passes through the
detector, its y coordinate and its corresponding container
are defined. The x coordinate becomes

x =v,.t.

o))

To explain the idea, let us consider three objects. The first
detected object must be picked from the target position pis,
the second from the target position pa and the third from
the target position ps:. If the detected object is plastic, the
robot will place it at point p, otherwise at point g. To
remove three objects, the moving platform has to carry out
five travels, upon six choices:

- Travel 1 from py to the corresponding container;

- Travel 2 from the previous container to pa;

- Travel 3 from px to the corresponding container.

- Travel 4 from the previous container to pat.

- Travel 5 from ps: to the corresponding container.
Other choices are obtained by alternating the orders of the
picked objects. (Figure 3)



In all cases there are three pick-and-place travels and two
intermediate travels. Then, the algorithm searches for the
target points, pit, P2t, and ps: that minimize the total duration
of the five travels. A third vector variable € is needed to
determine the order of the picked objects. Let AT,, AT, and
AT; be the durations of the pick-and-place travels.
Intermediate travel durations can make vector AT =
(ATyip3 ATy, ATz ATiys ATizip ATiseg)™ where
each component of this vector represents the total duration
needed for the corresponding order. Vector ¢ is also six-
dimensional, however five of its terms are zeros and the
sixth is one. The term one gives the chosen order. The dot
product 7. AT; gives the duration of the intermediate
travels.

IV TRAJECTORY DESIGN AND OPTIMIZATION

The manipulator has to pick the part from the target point
and drop it into the container. Then, it has to lift up the part,
move it until it reaches the container, and finally release it
(Figure 4). In order to avoid any impact on the robot
structure at the pick instant, the moving platform has got to
have the conveyor velocity. In order to get the fastest work,
we need continuity of velocity and acceleration and the
pick-and-place points positions.

5 D
T, | Tizs, T, Tazs, T3

Figure 4: trajectory of the moving platform

Xp,; and y, . are the coordinates of the target point where
the object number i is picked. Those values are determined
by the infrared sensor, the conveyor velocity, and the
optimization algorithm.

The motion design has to give the shortest time for the

cycle with full respect to the initial conditions. The motion

is designed as a function of time along x, y and z separately.
A. Initial conditions:

The path is divided into five periods (Figure 4). Periods

AB,CD and EF are the periods when an object is hold by

the mechanism. Periods BC and DE are intermediate
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between two objects (Figure 4). For all motions, we are
going to use fifth degree polynomial function of time. For
each two consecutive phases we have to respect the
boundary conditions and the initial conditions along x,y and
z. mainly at the pick of the item the manipulator has to have
the same velocity and acceleration of the conveyor. Also
the position, velocity, acceleration and jerk should be
continuous between two consecutive phases. Since there
are five phases, we have 30 unknowns along each
dimension. However since the target and container’s
positions are known, and the velocity and accelerations at
the pick are known (see appendix) it remains 19 linear
equations with 19 unknowns along each direction. The
resolution gives all the coefficients function of the periods
Ty, Tixz23,) T2 Tin2s,, T3, the posItions x,.., Xp¢,) Xpes) Xcont
and the conveyor velocity vc. Finally, we get an operational
research problem with x,; ,Xp.,, X,¢, @S optimization
variables, and the objective function to minimize is the total
period:

T=T1+T2+T3+£T.AT,: (2)

Where AT; is the total intermediate time during which the
robot platform is free. The same calculations can be done
for the y and z motions

T should be minimized under the following constraint: the
three objects must be inside the workspace at the pick
instant i.e.:

X . X . X .

Pu_ 1< Pa_1<0 B_1<0

Xpt1 Xpt2 Xpt3 (3)
1< Pz_1<0 PB_1<

Xp1o Xp20 Xp3o

In order to take equation (68) into consideration, the
penalty method [29] is used. The penalized objective
function is:

L=
T + Ay.5up ((h —

Xpt1

1),0) +Az.sup((%— 1),0) +
Pt2
As.sup ((z:—:i - 1) , 0) + Ay.sup ((% - 1) , 0) +
3 [
1),0)

As. sup (xptz - 1),0 + Ag. sup (xpﬁ -
Xp20 P30
4)

A1, A5, A3, A4, As, A are penalty constant coefficients.

The algorithm becomes (Figure 5):



Positions
p1,p2,p3

plis plastic

p2is plastic

p3is plastic

Polynomes coef ficients computations

[7=T,+T, + T + 70T, |

X; X, Xy
L= T+ll.sup<(%— 1),0) + A 5up ((XL— 1),0) + 23.5up ((xﬂ— 1),0)
Pea Pr2 Pt3

X,

X,
+ A4.5up (xp—“f 1),0 + As.5up <
P10

X,
ver _ 1)_0) +ig.5up (( e
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Figure 5: pick-and-place process optimization algorithm

Example

As first example, we consider a conveyor animated with a
velocity v, = 1000mm/s the maximum acceleration of
the manipulator was limited to a,,,, = 27m/s?. Three
objects were placed on the conveyor. The first and third
object are plastics; the second one is glass. The second
object is detected 0.7s after the first one, and the third 0.8s
after the second. The objects were placed with:

L

Yo, =3
L

Y, =73 (5)
L

Yz =3

Where L=1200mm is the conveyor width.

We carried out first a numerical simulation of the algorithm
with MatLab. The first remark is, the algorithm cannot
converge if the distance between the sensors and the
containers is less than 300mm; physically the three objects
cannot be removed from the conveyor. Indeed if the
intermediate time is less than 0.3s the algorithm fails. That
means on the real system we need this test also to find the
maximum pick-and-place frequency. In fact, even with the
trajectory optimization, the maximum velocity and
acceleration of the robot limit the work frequency. To solve
this issue we need to decrease the conveyor speed, or even
better to use more than one robot. Hence as an object
missed by the first robot is removed by the second one.
After running the algorithm on MatLab, we got the
trajectory shown in Figure 6.
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Figure 6: Numeric simulation

V. Kinematics

Figure 7: Delta robot kinematic diagram

The motion calculated is for the moving platform. However,
the controller acts on the actuators.

Thus, the equations of the joint coordinate motions must be
calculated. In this section, the inverse kinematics model is
derived.

Then, it will be sufficient to replace x, y and z by their
values to get the joint coordinates, 6,,0, and 65, as
functions of time. The Delta robot has three DOF, thus it
can carry out three translations for its moving platform in
the workspace. It is the assembly of three kinematic chains
where each one can be considered as a leg. The hip centers
are the points B;, the knee centers are A;, and the ankle
centers are P;, for leg i. Hips are three revolute joints, thus
the fixed platform will be considered as an equilateral
triangle made by the three joint axes. The length of this
triangle side is denoted by sg. The moving platform is also
an equilateral triangle but obtained by its three edges P;.
The length of this triangle side is denoted by s, (Figure 7).
The motion of the moving platform is only a translation,
thus it has a constant orientation.

We associate the reference frame {B} to the fixed platform
with the origin at the base center. We associate the
reference frame {P} to the moving platform, with the
origin at the center of the triangle P1P,P3z. The rotation
matrix R = I remains constant. The joint coordinates are
{61, 62, 63} and the operational coordinates are BPp = {x y
z}T. The design shown in Figure 8 and 9 presents the
symmetry of the robot architecture.
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Figure 8: Delta robot fixed
base details

Figure 9: Delta robot moving
platform details

The hip Bi coordinates are constant in the coordinate
system {B} and the ankle P; coordinates are constant in the
base frame {P}:

V3 V3
0 - Ws —5 Ws
Bp _)_ Bp _ Bp _
B, = ‘(/)VB B, %WB By %WB
0 0
0 i) _sp
2 2
P = {_UP} 'p, = Wp Py = Wp (6)
0 0 0
V3 V3
Wp =Sp Up =SB
V3 V3
WP =?SP up =?Sp

N.B.: The upper left index is the base where the vector is
described.

Since three kinematics chains exist (Figure 7), three vector-
loop closure [28] equations should be elaborated:

{8} +{ "L} + { "1} = {°Pp} + [BRI{ "P}}

Fori=1,2,3.

U]

The operational coordinates are P, = {x y z}7. Vectors
{®L;} depend on the joint coordinates:

0
{—L cos 91}
—L sin 6,
V3
2
1
3 L cos 0,

—Lsin6,

BL1

L cos 9,
BLZ —

(8)

—gLCOSH3
By _
Ly = %Lc0593

—Lsin 6,

X
{Bll}zyy+Lcost91+a}
z+ Lsin6,

x—ch0562+b
(P} =4, -1
2) = y—;Lcost+c

z+ Lsin@,
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x+§LcosH3—b

{Bls} =

y—%Lc0503+c

Z+ Lsinf;

. _ __Sp V3 _ 1
Where: a=w, —up , b==———wjg, C=wp—-Wp

2 2
(see equation 70)
Equations (7) establish respectively the kinematics
equations for the mechanism:

2L(y + a) cos 0y + 2zLsin0; + x2 + y*> + z> + a* +
L>?+2ya—12=0 9)

—L(V3(x +b) +y +c)cos 0, + 2zLsin 6, + x> +
y24+z24+b?2+c?+ 12+ 2xb+2yc—1>=0 (10)

L(V3(x —b) —y — c) cos 85 + 2zLsin 05 + x? + y* +

z2+ b2+ 2+ 12 —=2xb+2yc—1>=0 (12)
The three independent scalar equations are of the form;
Ei CoS 0,: + Fi sin gi + Gi =0 i= 1,2,3 (12)

Where E;, F; and G; depend on the coordinates {x, y, z}.
Using the tangent half-angle substitution:

—-Fi+ ,Ei2+Fi2—Gi2

thy = rE (13)
Then:
Gi = Ztan_l(ti) (14)

Two inverse kinematic model solutions are possible for
each leg of the Delta Robot. The first one is for a knee
kinked out whereas for the second one, the knee is kinked
in. In total, eight different combinations are possible. We
will use the case where the three knees are kinked out.
The differential kinematics model can be obtained simply
by differentiating equations (6) with respect to the time.
Written in matrix-vector form:

[41{x} = [B1{6}

x y+a+LC z+ LS, %

2(x +b) —V3LC, 2(y+c)—LC,
[2(x — b) +V3LC; 2(y+c¢)—LC; 2(z+LS;)|\Z
by, 0 07(6:
0 by 016, (15)
L0 0 bssllg,
Where:

by, = L[y + a)S; — zC,]

by, = —L[(V3(x + b) + y + ¢)S, + 22C,|
bys = L[(V3(x — b) =y — ¢)S3 — 22C5]
S; =sinf; C; =cosH;

Substituting x, y and z in equation (14) gives the equations
of the joint coordinates as function of time. Similarly, the
substitution of x, y and z in equation (15) yields a system
of differential equations. This system can be solved
numerically.



For an optimal control, a motion study has to be carried out
showing multiple results concerning the torque of the
actuators. The robot will work with a maximum payload of
2 Kg. The dynamics model needs the solution of 54
equations with 54 unknowns. If the needed torque of at
least an actuator exceeds its nominal torque, a correction is
needed because the desired motion will be lost. In this case,
the maximum velocities and accelerations w4y, fmax
Zmax@nd Z,q, should be moderated.

VI. PROTOTYPE

In order to validate the algorithm, a small prototype is made
using 3D printing technology. It is controlled using an
Arduino-uno controller, and the code is written in Labview.

Figure 10: prototype

The conveyor is animated with a velocity v, = 1 m/s. The
conveyor width is 12 cm. It is not possible to use the
infrared detector with the prototype. For this reason, a
series of inductive sensors and a series of capacitive
sensors are used (Figure 11).

Figure 11: inductive detectors in the prototype

Instead of glass and plastic, metallic and plastic elements
are used. The plastic parts are detected by the capacitive
sensor only and the metallic by both sensors. Thus, metallic
elements can be separated from the plastic ones on the
conveyor. The position of the sensor gives the y-coordinate.
The previous algorithm can be used in the same way. And
the prototype could sort up to 3 parts per second.

VIl. CONCLUSIONS AND FURTHER WORKS:

In this paper we presented the integration of a parallel
manipulator in a waste-sorting system. Metallic objects are
removed using electromagnets and eddy current. Plastic
and glass are detected using an infrared sensor. Then the y
coordinate is determined as well as the x coordinate of the
object as function of time. We calculated the trajectory and
the equation of motion for the pick-and-place operation.
We used a fifth-order polynomial interpolation with a
continuity of acceleration and velocity. In order to get the
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fastest motion, an optimization process was carried out. We
developed an algorithm to find the position where each
object must be picked and in which order, for the purpose
of getting the maximum number of cycles per minute. In
order to ensure that all objects are removed, non-equality
constraints are included in the operational research. To take
these constraints into consideration, the algorithm uses the
penalty method: the objective function is penalized when a
constraint is violated. Since the controller acts on the joint
coordinates, we elaborated the inverse kinematics and
differential models. Those models give the equation of the
joint’s motion as function of time.

In this paper, the trajectory used is a polynomial
interpolation. The task can be performed much faster if b-
splines are used with conditioned velocity and acceleration
at intermediate points. In this case, interesting effects will
be found for the motion strategies. Moreover, our prototype
is very light. Therefore, no automatic control was needed.
However, on the real device the inertia of the robot is not
negligible. The objective is to sort more than 200 tons of
waste per day. Thus, we need very high velocities leading
to high non-linear effects and disturbances. The control will
be a complicated task, and a classical PID controller will
not work. Those aspects are going to be our future step.
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APENDIX: Zc =0 Zp- =Zp+
Phase AB: e e
ZC— == ZC+ ZD— == ZD+

X4 = Xpt; XB = Xcont

X4 =V, Xp- = Xp+ (AL)
¥p=0 Xp- = Xp+ Phase DE:
xA— = XA+ xB— = XB+

Zep = Cpy F Cpy b+ Copt% + 4 3 4t 4 ¢, 80

Xg = Xpt; Xp = Xcont
Xap = Ay + Gy t + Gy t? + ay t3 + ay t* + a, t° Xg =V, Xp- =Xp+ (A10)
Ya = Ypt, Ve = Yeont ¥ =0 Xp= = Xpr

Ya=0  yp-=yp+ (A2) Xg- = Xg+ Xp- = Xp+

S0 Yoo =
...yA yB YB+ Xpg = dxo + dx1t + dé’fzt2 + dx3t3 + dx4t4 + dxsts
Yam = Yar Vb~ T Vpt Ve = Ypt; Ybp = Ycont
Yap = @y, + ay t +ay, t* +a,.t> +a, t* +a,, t° Ve=0  Yp- =yp+ (A11)
2=0 23>0 Vp=0  Jp- =Vp+
7, =0 Zg- =Zp+ (A3) Ye- =Yg+ Yp- = Yp+
Zy=0 Zp- =Zp+ _ 2 3 4 5
Ypg = dy, +dy t+d,,t° +d, t°+d,t*"+d,t
Zy- =Zyv  Zp- = Zg+
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ZE:0 ZDZO
ZEZO ZD—ZZD+
Bp=0 Zp- = e

Bpm = gt p- = Fpr

(A12)

Zpg = dyy +d, t +d, t7 +d, t3 +dy th + d, t°

Phase EF:

XE = Xpt; XF = Xcont
‘X‘.E = UC ‘X‘.F_ = X'F+
Xg =0 Xp- = Xp+

Hp- = g Kpm = Fpe

(A13)

Xpg = €y, F eyt et e tP+e, t*+e, td

YE = Ypt; YF = Ycont
ye=0 Vi- = Vgt
Jg=0 Vp- = Vp+

Vg- = YE+ V- = yF+

(A14)

YoE = ey, ey t+e, t?+e, t3+e, t*+e, t°

ZE=O ZFZO
tp =0 Zp = ipe
ZEZO Z.F_:ZF+

Gy = G Fpm = G

Zgr = e, e, t e, tP te, td e, tt +e, t5

Known values:

In phases AB, CD and EF
Xg = Xpr, = Ay = Xpt,
J'cszC=>aX1=vC
¥p=0=a, =0

Xc = Xpt, = Cxq = Xpt,
Xe =V = €y, =V
¥c=0=1¢, =0

Xg = Xpt, = €xo = Xpty
Xg =V = ey, =,
¥p=0=e,=0

Ya = Ypt; = Qyy = Vpty
ya=0=a, =0
Ja=0=a,, =0

Yec = yptz = Cyo :ypfz
YVe=0=¢, =0
Je=0=¢, =0

VE = yptz = eyo = yptz
yVp=0=e, =0

Jp=0=e, =0

(A15)

(A16)
(AL7)
(A18)
(A19)
(A20)
(A21)
(A22)
(A23)
(A24)
(A25)
(A26)
(A27)
(A28)
(A29)
(A30)
(A31)
(A32)
(A33)
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Z4=0=a, =0 (A34)
2g=0=a, =0 (A35)
Fp=0=a, =0 (A36)
ze=0=>¢, =0 (A37)
2c=0=c, =0 (A38)
Fo=0=c¢, =0 (A39)
z;=0=e, =0 (A40)
tp=0=e, =0 (A41)
fp=0=e, =0 (A42)
In phases BC and DE
Xp = Xcont = bxy, = Xcont (A43)
Y8 = Yeont = Dy, = Yeont (A44)
Xp = Xcont = Ayxy = Xcont (A45)
Yp = Yeont = dyy = Yeont (A46)
A. Motion along x
Phase AB
Xp = Xeont = Oy, TE + Ay, Ti 4 @y TP + Xpe, + 0Ty =
Xcont (A47)
Xp- = Xp+ = VU + 30, TY + 4a,, TP + 5a, Ty = by,
(A48)
Xp- = ¥p+ = 6a,, T} + 12a,, T + 20a, T = 2b,,
(A49)
Xp- = Xyt = 60y, = ¥y- (A50)

Xp- = Xp+ = 60y, +24a,,T; + 60a, T = 6b,,

(A51)
Phase BC
X¢ = Xpe,
= Xcone T by, Tinzs, + bszi21231 + bx3Ti3i231 +
bx4TiAiz31 + bxsTi51231 = Xpt, (A52)

X =,

= by, + 2by, Tirp3, + 3bx3Ti21231 + 4bx4Ti31231 +

besTi[iBl =V (A53)

5C'C = 0

= be2 + 6bX3Ti1231 + 12bX4TI%L231 + ZObXSTi:ZgL231 =0
(A54)

Xc- = Xg+ = 6by, + 24b,, Tiip3, + 60bx5Ti21231 = 60y,
(A55)
Phases CD and DE

Xp = Xeont = Xpt, + VeTo + 0, T3 + ¢, To + €2 T5 =
Xcont (A56)



X'D_ = J‘CD+ =vt+ 3Cx3T22 + 4CX4T23 + 5["365T24 = dx1

(A57)
5C'D— = X‘D+ = 6Cx3T2 + 12Cx4T22 + 20Cx5T23 = dez
(A58)
.‘X:D— = .'X:D+ = 6Cx3 + 24CX4T2 + 60Cx5T22 = 6dx3
(A59)
Xg = Xpty = Xeone T dx, Ti123, + dszi21232 +
dx3Ti31232 + dx4Ti[§232 + dxsTis1232 = Xpt, (A60)
X'E = vc =
dxl + dezTi1232 + 3dx3Ti21232 + 4‘dx4Ti31232 +
des Ti‘iZSZ =V (A61)
Xg=0= de2 + 6dx3Ti1232 + 12dx4Ti21232 +
ZdesTi31232 =0 (A62)

Xp- = Xp+ = 6dx3 + 24dx4Ti1232 + 60deTi21231 = 6ex3
(A63)

Phase EF

Xp = Xeont = €x, T3 + €, Ts + € T3 (A64)

Rp- = Fpr = 6ey, Ty + 12e, T +20e, T§ = Zp+

(AB5)
B. Motion along y
Phase AB
yB = YCp = ay3T13 + ay4T14 + ay5T15 + ypt1 = ycp
(A66)
Vg- =Yg+ = 3a,, T + 4a,, T + 5a, T = by,
(A67)
Vp- = Jp+ = 6a,, T, +12a,, T + 20a, T = 2b,,
(A68)
Va- =Y+ = 6ay, = Ja- (AB9)

V- =Yg+ = 6ay, + 24a,,T, +60a, T? = 6b,,

(A70)
Phase BC
Yec = Ypt,
= Yep + by, Tiz23, + bszi21231 + b:Y3Tl:31231 + by4TiAiz31 +
by Tii23, = Ypi, (AT1)
Yye=10
= by, + 2by,Ti1p3, + 3by, Tfios, +4by, Tas, +

5by, Tiiys, = 0 (A72)

Ye=10

=4 Zbyz + 6b}73Ti1231 + 12b}74,Tl%l231 + ZObySTi?Z,LZ:%l = 0
(A73)

Ve = Yc+ = 6by, + 24by, Tj155, + 60by5Ti21231 = 6¢y,
(A74)
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Phases CD and DE

Yp = ycg = foz + Cy3T23 + C}/‘LTZ4 + Cy5T25 = YCg
(AT75)

Yp= = Yp+ = 3CJ/3T22 + 4CY4T23 + 56Y5T24 = d)’1 (AT76)

Jp- = Jp+ = 6¢,, T, +12¢,, TF + 20c, T3 = 2d

V2

(AT7)
Yp- = Yp+ = 6cy, + 24c, T, +60c, T7 = 6d,,

(A78)
YE = Ypts = Yeg T Ay, Tinaz, + dsziZ:LZSZ + dy3Ti31232 +
dy4TiA§232 + dysTi51232 = Vpts (A79)
.}'}E = 0 =
dy, +2dy,T;1p3, + 3dy, Tz, +4d,, Tz, +
5dy5Ti‘§232 =0 (A80)
Vg = 0= 2d,, + 6d,,Ti1,3, + 12d,, T, +
20d,,T3 53, = 0 (A81)

Vg- =Yg+ = 6d,,, +24d,, Ti1p3, + 60dy5Ti21231 = bey,

(A82)
Phase EF
Vi = Yeont = €y, T3 + €, T4 + e, TP (A83)
Vr =0=>3e, T? + 4e,,T5 + 5e, T4 = 0 (A84)
C. Motion along z
Phase AB
Zp = Zeont = 0z, T7 + 0, T + a, TP = Zeone  (A85)

Zg- = zgr = 3a,,TF + 4a,, T + 5a,.T{ = b, (AS86)

ip- = Zgr = 6a, Ty +12a,, T +20a, T = 2b,,
(A87)
- = e > 6ay, = 5y (A88)

Zp- = Zp+ = 6a,, +24a,,T) +60a, T{ = 6b,,

(A89)
Phase BC
ZC = 0
= Zeont + by, Tinas, + bzzTiz1231 + bz3Ti3i231 +
bz4Ti4i231 + bsti51231 =0 (A90)
‘X‘.C = 0
= bz1 + szzTi1231 + 3b23Ti21231 + 4'bz4Ti?1231 +
5b,,Ti123, = 0 (A91)

Z.C =0
= 2b,, + 6b,,Ti1z3, + 12bz4Ti21231 + ZObsti3iz31 =0
(A92)

6bZ3 + 24bz4Ti1231 + 6ObZSTL-21231 = 6CZ3
(A93)

Zc- = ZC+ =



Phases CD and DE
(A94)

Zp- = Zp+ = 3CZ3T22 + 4CZ4T23 + 5025T24 = dzl (A95)

— 3 4 5 —
Zp = Zcont = CZ3T2 + CZ4,T2 + C25T2 = Zcont

ip- = Zp+ = 6¢, T, +12¢,TF + 20, TS = 2d,,
(A96)

Zp- = Zp+ = 6C,, + 24c¢,,T, +60c, T = 6d,,
(A97)

zg = 0= Zeone + dy Tinas, + dzzTi21232 + dz3Ti31232 +

Az, Tii23, + Az TH23, = 0 (A98)
dzl + 2dzle'1232 + 3d23Ti21232 + 4dz4Ti31232 +
SdZSTf;232 =0 (A99)
Zg=0=> Zdz2 + 6dz3TL~1232 + 12dZ4TiZ1232 +
ZOdZsTf1232 =0 (A100)
Zg- = Zpg+t = 6dz3 + 24dZ4Tl1232 + 60dsti21231 = be,,
(A101)
Phase EF
Zp = Zeone = €,,T5 + €, T8 + €, T3 (A102)

Gp- = pr = 6e, Ty +12e,, T + 206, T3 = Zp+
(A103)
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ONMTUMU3UPOBAHHbIW METOA
CUCTEMbI COPTUPOBKWU OTXOOOB
C UCMNOJIb3OBAHUEM
NAPANNENbHOINO MEXAHU3MA

C. Kaccuc, P. Pusk
JIneaHckni yHmsepcutet, benpyt, JINBAH

AHHOTALUA

Copmupogxa omx0008 A6151emcsi HO80U NPOO.IEMOLL 80
6cem mupe. Bunonnenue 3adauu  mpebyem  GblCOKOU
uacmomuvl npu Je2koll nonesHol Haepyske. Hoeanvnvim
peuteHuem O0as IMOU  3a0auu  AGIAEMCA  UCNONb30BAHUE
napannerbHo20 Mexanusma.

s 6vicmpou pabomsl onmumuzayus mpaeKmopuu
aensgemcsa  00A3amenvHou. Mo MOdCem  3HAYUMENbHO
nosvicums  dgpgexmuenocmy. B omoi  cmamve Mol
paccmompenul pso onepayuii ¢ 08YMs pazHblMu Yeasamu.
Lenv cocmoum 6 mom, umobvl ceecmu K MUHUMYMY
2nobanvhoe epems npoyecca cOpmuposku omxo0oe. Pobom
dondicen 3a0pamv u3 Koneetiepa CmexasiHHble U NIACIMUKO8ble
npeomMembl U pazmecmums ux 6 08yX pa3HulX KOHMeUHepax.
Tockonvky umeemces psao onepayuii, Hem HeoOX0OUMOCMU
OCMAHOBKe MEeXAHUsMa HA 6peMs 6 KAKOM-Iubo mecme. B
pesynvmame mpaekmopus 6oavue He 6yoem NnioCKou.

Tpaexmopus npoexmupyemcsi 6  pabouem
npocmpancmee;  ynpagiewue — dice  NPOU3BOOUmMcs 8
npocmpancmee  Kunemamuueckux nap. Taxum obpasom,
pacuem 0O6pamHoll KuHemMamu4eckol u ouggepenyuanivHot
MoOenu sagnsiemcs obazamenvuuim. Hakoney, npedcmasneno
IKCHEPUMEHMATIbHOe — NOOMEepACcOeHUe HA  HeDOIbUOM
npomomune.
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ABSTRACT

Electronic cam systems are modern means of
flexible industrial automation and are used to realize
the motion functions of working links of
manufacturing and handling mechanisms. We are
talking about an electronic cam system because the
application is a combination of servomotor control
(controller, servo inverter, regulation, and
displacement law), inputs, outputs, communication
and the control system software itself, including
combinations of servo drives and conventional
mechanisms.

INTRODUCTION

Conventional cam mechanisms are a standard part
of many processing and handling machines. Their
massive expansion is associated with the use of CNC
machine tools. More numerous applications of
electronic cams in machines in the processing industry
appear much later in connection with the development
of computing technology, electronics and electrical
engineering in the form of controlled servo drives. Also
demands for a flexible change of motion functions have
become topical. The applications of conventional and
electronic cams are essentially the same, i.e. the drive
of mechanism working links based on the
technological demands placed on displacement laws.
Both groups of cam systems (conventional and
electronic) excel in their specific features.
Requirements for the working movements of the
mechanisms are quite different, so in such cases an
analysis of the application problem is necessary, which
includes, as much as possible, the potential variants and
mutual combinations. In essence, we are looking for
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the answer to the question: "When is it convenient to
use a programmable electronic cam and when a
conventional cam"? In analyzing, it is important not to
favor either of these two systems but to seek optimal
solutions based on the best features of both systems.
Applications of conventional cams are well known, so
we will focus on electronic cam systems.

In the paper, the basic terms and common initial
properties, which are obtained by solving discrete
computational models with their verification on
dynamic stands, will be declared. The next text deals
with the methodology of the applications of electronic
cams themselves, which describes their principal
properties that in parallel with the conventional cam
mechanisms lead to the principle of mechatronic
differential.

The system of the Japanese company Yaskawa [4]
is used to investigate the general characteristics of the
dynamics of electronic cams.

NOMENCLATURE

Abbreviations regarding the PLC program:
PLC Programmable Logic Controller
HSS High-Speed Scan
MP2000/3000 Yaskawa Machine Controller
MPE720 System Integrated Engineering Tool
PERR Positional Error
MFCE1 PLC user function template

ELECTRONIC CAM

The electronic cam is a servo drive (synchronous
servomotor powered by a frequency inverter-servo
inverter and controlled by a controller), which
performs an actuating motion function on the output



shaft of the servomotor rotor, utilizing the dynamic
properties of the displacement laws or their derivatives
(Ist and 2nd). Thus, the motion function assigns the
angular variable of the servomotor shaft to the time, the
length variable in the case of a linear servomotor. The
controller can be programmed in the PLC area and in
the continuous motion area through the development
environment. The electronic cam of VUTS is
programmed in the PLC area. In every PLC program
scan, the position, velocity and torque size of the
servomotor are defined by output registers. Most
manufacturers of electronic cams use a cascade control
structure of servo inverters, consisting of a position
controller (usually proportional), a speed controller
(usually proportional integral) and a torque controller
(or a current controller, usually proportional integral).
From the point of view of the mechanical engineering
applications of mechanism working link drives, the
term electronic cam means such a use of a servomotor
(as a powerful force link) which is alternative to drives
that are possible combinations of cam linkage
mechanisms driven by conventional asynchronous
motors.

In the basic features, the processing machine is a
system of mechanisms that implements the given
technology, for example, with compound cam
mechanisms. Generally speaking, between the
conventional cam and the working link with the desired
motion it is a kinematic chain of planar or spatial
mechanisms that transforms the desired working
motion into the main link of the basic cam mechanism
(the task of kinematic synthesis), for example, the
radial cam rocker. Depending on the geometry of the
basic cam mechanism, then, by calculations of the
kinematic synthesis, we can determine the coordinates
of the active area (surface) of the cam. /¢ is possible to
assign the rotation motion of a conventional radial cam
rocker to the shaft of the electronically controlled
servomotor or to assign the transformed displacement
law of the rocker, including the 1st and 2nd derivatives,
to the servomotor shaft.

DISPLACEMENT LAW, MOTION FUNCTION
AND POSITIONAL ACCURACY OF THE
MOTION FUNCTION

The function assigning a position quantity of a
particular link of a compound cam mechanism to time
will be called the motion function of that link. The
motion function of the electronic cam (theoretical, real)
is the movement of the servomotor shaft (Slave) in
dependence on time, and this motion function
kinematically excites a transmission mechanism
dynamic system of the kinematic chain at the end of
which is a working link. The corresponding derivatives
of the motion function by time are quantities velocity
and acceleration.

The function assigning to position of a particular
link a position quantity of another link of the
compound cam mechanism will be called displacement
law. The displacement law of the electronic cam is the

74

theoretical function of the servomotor shaft position
(Slave) on the position of the virtual shaft (Master), or
virtual rotation. The relevant derivatives of the
displacement law with respect to the virtual shaft
position are the Ist and 2nd derivatives of the
displacement law (0. derivative is often referred to as
the stroke itself). The first and the second derivatives
of the displacement law are often referred to as the first
and second transmission functions; in the following
text (see also Figure I and Figure 2), the displacement
law is indicated by the symbol II.

The relationship between the displacement law
and the motion function of the same link, for example,
the driven link of the basic cam mechanism, is shown
in both schematic Figures (see Figure I and Figure 2).

The displacement law (0-zero, 1% and 2™
derivatives) of the electronic cam transformed by the
angular velocity and acceleration of the virtual shaft is
a theoretical motion function. The difference between
the desired theoretical and actual (real) motion
function is the position accuracy of the motion function
of the electronic cam (hereinafter referred to as PERR).
One of the aims of electronic cam applications is to
achieve the best possible match between the theoretical
motion function and the real one on the servomotor
shaft. PERR is principal and its size is a function of
cascade control parameters in the servo inverter,
external dynamic (inertial) and technological
(production) loads.

DISCRETE COMPUTATIONAL MODELS AND
STANDS, APPLICATIONS

The issue of electronic cam applications is closely
related to the applications of conventional cam
mechanisms. In essence, it is the same problem of
ensuring the mechanism working link drive in the
optimum way. The working link of the mechanism is
usually the final (output) link of the kinematic chain of
the compound cam mechanism with its defined
displacement law. The displacement law of the
working link is performed generally by a non-constant
transmission function (basic cam mechanism,
electronic cam servomotor or another mechanism) at
the input of the kinematic chain that generates a motion
function. This motion function is a kinematic excitation
of'a dynamic system with stiff or compliant links which
the compound cam mechanism actually is. Thus,
kinematic excitation is derived from a mechanical,
electronic or combined cam mechanism.

Because we come from a single view of driving the
mechanism's working links in classical or electronic
ways, we will present a diagram of discrete models of
both types of mechanisms with intangible compliances
and damping, motion equations are in References [1].
Figure I shows a discrete model of a conventional cam
mechanism with compliances in the driven and driving
parts. To construct the equations of motion in the
studied model, classical Lagrange equations of the
second type can be used for independent general
coordinates, which are deflections of the links of the



cam mechanism due to the flexible constraints, or also
the coordinates of the driving link. When deriving
equations of motion, we will use the designing of the
positions of the links in absolute coordinates (¢;) and
we do not consider the influence of gravity.

The motion equations of the electronic cam
mechanism are derived in References [1] and are
deduced in the same way as in the case of the
conventional cam mechanism according to the discrete
model in Figure 2 with the principal compliance of the
stator/rotor electromagnetic constraint and the output
compliance in the driven part of the mechanism. For
reasons of analogy with the conventional mechanism,
there are also exhibited links with zero moments of
inertia, which have their mechanical equivalent in the
form of a conventional mechanism with two output
compliances.

Basic mechanical cam mechanism
,K ’R ’1
Cy
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q: qs g4
) v
(@ ® q3 = II(q2) 0
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Figure 1. Discrete model of a conventional cam

mechanism
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Figure 2. Discrete model of an electronic cam

At this point we will give a short note to the
difference from the numerical solution of the
conventional cam mechanism model. We will not
describe the principles of servo drive regulation, but we
just note that most servo drives have a cascade control
structure with torque, velocity and position feedback.
Regulators are, as a rule, proportional (P) and
proportional integral (PI). In the numerical solution we
are dealing with such an interference in the equations
of motion so that the characteristic quantity, which
PERR - the position deviation of the servo drive (the
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difference between the actual position of the
servomotor shaft and the theoretical position) is,
corresponds as much as possible to the reality of the
P/PI modes. PERR is then a criterion for the accuracy
of'a given model [2]. The results of the SW simulations
were verified on the dynamic stands according to
Figure 3 and Figure 4. Because of the limited scope of
this paper, the comparison results are not shown.

Figure 4. Stand of a Yaskawa’s electronic cam

We will briefly mention the main implications of a
compliant (flexible) driven output. The precision of the
end position of the working link (y according to
Figure 1 and Figure 2) in the rest interval of the motion
function is judged by the extreme value of
accelerations of the residual vibrations [3]. The
criterion of positional accuracy is then the so-called
residual response spectrum for the kinematic excitation
of the compliant system by the displacement law [1]
[4]. The residual spectrum, specific for a given
displacement law, will be used to determine the
parameters (speed, stroke angle or moment of inertia)
in which oscillation is minimized [1].

The discrete models of both cam systems and their
mathematical description with their respective
compliances have the same basis in the analytical
methods of the technical mechanics. Intangible flexible
constraints, including damping, are the source of
vibrations that respond to kinematic excitation by
motion function (position, speed, acceleration). The
motion function is derived from the displacement law
(stroke, 1st and 2nd derivatives). The description of the



stator/rotor compliant electromagnetic constraint by
the quantities of stiffness and damping is in no way
related with their values to the values of the control
parameters of the cascade structure of torque, speed
and position constraint in the servo inverter. They
describe only the physical essence that states that it is
a flexible constraint with a high degree of damping (in
the numerical solution it is necessary to distinguish the
P/PI control). Specific values are experimentally
verified based on dynamic stand tests. This
"mechanical engineering" view gives us an idea of the
basic behavior of conventional and electronic
mechanisms. The design intent is always to use the
minimum number of links of the kinematic chain of a
mechanism with rigid links. In the case of a
conventional cam mechanism, it is the rigid drive of a
cam with the working link, preferably directly on the
rocker or follower of the basic three-link cam
mechanism. For example, this idea corresponds to a
step gearbox according to the source [5].

In the case of the application of an electronic
mechanism with a rigid mechanical output part, it
always remains principal the compliance of the

The advantages of electronic cams are their easy
change of displacement laws and wusability in
manufacturing systems as elements of flexible
automation, low maintenance requirements, and
reliability. The disadvantages are, for example, their
lower dynamics, higher acquisition costs, high
qualification requirements for preparation and
implementation of applications.

KINETOSTATIC DIMENSIONING OF
ELECTRONIC CAM

The kinetostatic calculation is essential in
particular for the electronic cam, and we will briefly
call it "servomotor dimensioning". 1t is a selection of a
servomotor according to the manufacturer's catalog,
which will optimally meet the requirements for the
respective drive of the mechanism working link with
the defined displacement law. The servomotor must
meet the requirements for maximum torque, effective
torque (current load) and maximum instantaneous
speed, for example, according to the data sheet of
Figure 5.

electromagnetic  stator/rotor _ constraint in the
servomotor. This constraint, or its stiffness, is a

function of control parameters in the servo inverter. In
the following text we declare the mechanical part as
rigid and we will deal with the possibilities of adjusting
the control parameters of the servo inverter and with
manipulating the data of the displacement laws with
regard to the minimization of the positional error of the
PERR motion function, which we consider as the
function of stiffness of the stator/rotor flexible
constraint, the dynamic load of inertia masses (working
link, including the rotor of the servomotor) and a
possible external technological load.

APPLICATION METHODOLOGY OF
ELECTRONIC CAMS

For both cam systems (conventional, electronic), it
is virtually the same, and that is the drive of the working
link of a processing machine mechanism.

By conventional cams, we mean compound cam
mechanisms with arbitrary basic cam mechanisms, as
described, for example, in References [1]. These
mechanisms are well known with their pros and cons.
Positive properties include, for example, high
dynamics, relatively low price and structural
variability, the disadvantages are their single-
purposiveness, the influence of clearances,
compliances in the input and output kinematic chain,
the wear (cams are often needed as spare parts).

Electronic cams are mechanisms that consist of
control (hardware is an operating controller with SW
development environment) and drive (servo inverter,
servomotor). We are often talking about the electronic
cam system since the electronic cam application unifies
recently independent fields (mechanics, software,
electronics, control and regulation, etc.) in it and is a
classic case of a rapidly growing field of mechatronics.
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Servomotor Model: SGMGV-CILIL] 03D 05D 0SD 13D 20D
Rated Output* KW 03 | 045 | 085 | 13 | 18
Rated Torque* Nm 196 | 286 | 539 | 834 | 115
Peak Torque” | N'm 588 | 892 | 138 | 233 | 287
Rated Current” A 14 | 19 | 35 | 54 | 84
Max Current™ | A__ 4 | 55 | 85 | 14 | 20
Rated Speed" min
Max. Speed” min 3000
Torque Constant NmA_ 155 | 171 | 172 | 178 | 150
248 | 333 | 139 | 199 | 26
e HOCkGM | o | ss) | 16y | 22) | (264)

Figure 5. A part of the Yaskawa SGMGYV servomotor
catalog sheet

What is the torque and what is the link with the
conventional cam mechanism is described in the
following text. Figure 6 illustrates schematically (in
the introduced symbols Figure I and Figure 2) a
general conventional mechanism with non-constant
transmission with one degree of freedom. Under this
scheme, it is possible to imagine one of the basic cam
mechanisms (for example, radial, axial, globoid cam
with a rocker) or any planar mechanism (for example,
four-bar linkage, and eccentric mechanism). The input
motion is described by the motion function f(t).
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qz = f(¥) q3 = M(q2)
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i3 = 11"(q2) a5 + M'(q2) iz

Figure 6. Diagram of a common conventional
mechanism with non-constant transmission and
reduction to the input link

In this case, the motion equation is deduced by the
reduction method, where the reduced moment of inertia
I ¢4 results from the equality of kinetic energies before
and after the reduction, a similarly reduced moment
M,.q results from the equality of elementary pieces of
work or performances of working forces before and
after the reduction.

After modifications, we will get
Ixdy + Ig (g )T (q2) G, + 17(q2)45] — My 1T (q) = My (1)
and by substituting for g5 = 11'(q2)§, + 1" (q2)q3 , it is
IxGz + (IrGs — Ma)'(q2) = M.

If g, = w = konst and M; = Iz{; is the accelerating
driving torque at the output (the same sense with
acceleration), then the accelerating driving torque at
the input is

My = (IrGz — M) (q2) = (Mg — Ma)IT'(q2) (2)
and for M, = 0 with the mere action of inertia forces,
it is
My = IgGslT'(q2) = Irw?'(q)11"(q2) = MaIl'(qz)  (3)

The operative character of the drive torque My is
determined by the product of the first and second
derivatives IT'[T"" of the displacement law. In the
literature describing displacement laws [6] [7], this
function of the product is often presented and tabulated
for its predictive capacity with respect to the required
driving torque of a given displacement law.

Relationships (2) and (3) describe the basic
difference between the conventional cam or any
mechanism with one degree of freedom and an
electronic cam when the servomotor is the source of
the motion of the output (q3, Ig). With the same motion
function of the working link, the required driving
accelerating moment My of the conventional cam at
the input (g,, [x) is given by the relation (2), (3) for
g, = konst, or g, = konst and M, = 0. The required
drive accelerating torque on the electronic cam
servomotor shaft (on the output working link (g3, Ig),
which does not participate in the response to the
dynamic inertia moment of servomotor rotor) is of the
size My, = My = Izis. For g, = konst, or ¢, =
konst and M, = 0 (which is the majority of technical
applications), it applies
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My = (Mye — MIT'(q2), of My = My IT'(q5).  (4)
The practical impact is obvious. With the same
motion function of the working link in the application
of a conventional and electronic cam, and with the
appropriate geometric design of the conventional cam
mechanism, the driving torque of a conventional cam
achieves smaller values at the same instantaneous
output of both cam systems. To the drive accelerating
torque on the electronic cam servomotor shaft that is
required by a particular application, there must be
added a drive accelerating torque that responds to the
dynamic inertia moment of the rotor of the servomotor.
The sum of these moments is the required drive
accelerating moment of the servomotor My, of the
electronic cam whose maximum and effective value is
the manufacturer's catalog parameter. These
relationships (2), (3) and (4) describe such a
comparison when an electronic cam replaces a
conventional mechanism with its direct drive of the
working link (g3, Ig)-
The servomotor rotor significantly loads the drive.
It is necessary to distinguish between the term drive
accelerating torque on the electronic cam servomotor
shaft (further usable) and the drive accelerating torque
of the electronic cam servomotor (catalog value). It is
obvious that when implementing the displacement law,
a situation may arise, for example, by increasing the
speed of the virtual shaft (Master), when the
servomotor is loaded by itself. To reduce or to
eliminate the influence of dynamics of the servomotor
rotor, the mechatronic differential described in the
following text is used.

IMPLEMENTATION OF DISPLACEMENT
LAWS IN THE YASKAWA CONTROL SYSTEM

By generalizing, we conclude that the realization
of an electronic cam in the development environment
of any drive control system is the processing of the
displacement law data with its derivatives (stroke, 1st
and 2nd derivatives) into the servomotor output shaft
motion function (position, speed and acceleration). The
system further processes speed and acceleration values
into speed and torque Feed Forwards with respect to
inertia masses and other external (technological) force
load.

The electronic cam is programmed in the PLC
(Ladder Diagram - HSS area). In each PLC high-scan,
there is defined the position (at the most basic level it
is the information that tells by how many increments-
pulses in the High-Scan time interval, the encoder of
the servomotor or the servomotor shaft will be rotated),
speed and size of the torque of the servomotor by the
output registers (OLxxxx). Data sets of kinetostatic
quantities are transferred to the controller's memory
areas, where they are further independently
transformed by defined units as required. These are, in
particular, the scaling, the mutual phase shift of the
values of the I*' and 2" derivatives of displacement
laws with regard to the stroke, various independent
superpositions with arbitrary data in order to minimize



the positional error (PERR) of the motion function of
the electronic cam.

The basic building block of the control system
programmed in the PLC (MPE720-Yaskawa
development environment) is the user function. The
user function is illustrated with its inputs, outputs and
bidirectional address communication in Figure 7 in the
form of the general function MFCE!l in the PLC
Ladder Diagram. The productivity of programming
work and the collaboration of several programmers in
one project of the control system required unification,
or a user function template that remains always the
same or will be modified according to the agreed rules.
This facilitates the orientation and creation of
documentation of developed programs and user
functions. The template structure of the MFCEI
general user function according to Figure 7 is in the
References [8].

Mustr FCEvar1
FUHC

— T+

Name WFGE1

[B]10On/0ff UAR_UstupOnOff
DBEBBAABA

[A]work1Y UAR_PruchodMFCE1
DABBAAG

[B]Out UAR OutMFCEA
DEABAAGT

Figure 7. User function (inputs, outputs and
communication, MFCE1 in PLC)

SERVO DRIVE CONTROL

Control of servo drives is carried out through
parameters that are given available by the
manufacturer. We use the Yaskawa electronic cam
system (Sigma V servo drives, MP2000/3000 series
controllers). The aim is to set such values where the
stator/rotor electromagnetic constraint is as stiff as
possible (from the point of view of the technical
mechanics). These are the following parameters:

Pnl100 ... Speed Loop Gain [Hz]

Pnl101 ... Speed Loop Integral Time Constant [ms]
Pn102 ... Position Loop Gain [s!]

Pn401 ... Torque Reference Filter Time Constant [ms]

There is no room for a deeper analysis of the drive
control methodology in various electronic cam design
applications. We only point out that the correct setting
of the control parameters is essential with regard to the
technology implemented with the requirements for
high positioning accuracy of the working link of a
mechanism. To estimate the values of the control
parameters or the positioning accuracy of the working
link at the design stage of the machine is very
problematic without prior experience with a similar
device.

There are several approaches to identifying
parameters. The Yaskawa system offers several modes
of autotuning, which did not prove itself, however, at
our place. Automatic parameter setting did not reach
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the required values. On a stand with direct rotary drive
and load, we have reset the manual setting of
parameters according to the following procedure (steps
1 to 3 recommended by the manufacturer) when the
default values of the parameters are level 4 (Pn100 /
Pn101 / Pn102 / Pn401 = 40[Hz] / 20[ms] / 40[s™'] /
I[ms]):

1. Reduction by 10-20% Pn401, check Pn401 <=
1000/(2n*Pn100*4)

2. Increase by 10-20% Pn100 and decrease by 10-20%
Pn101, check Pn101 >=4000/(27*Pn100)

3. Increase Pn102 below Stable Gain, i.e. Pn102 <=
27*Pn100/4

Steps 1 through 3 can be repeated to the vibration
level. In our case, however, we are monitoring a
positional error and therefore we will terminate the
identification when the positional error stops
significantly decreasing between the individual steps or
reaches the required size. Figure § shows a PERR error
position record when realizing the displacement law
according to VDI 2143 [7] whose 2" derivative is red
drawn. The green function is PERR in the control
level 4, the purple PERR function is in the manual
setting of the control parameters. The speeds are set so
that the maximum dynamic inertia moment (load and
rotor) reaches the Rated Torque according to the
servomotor data sheet. The control system processes
the position data and the data of the Ist and 2nd
derivatives of displacement law into Feed Forward of
speed and moment. The PERR size is a consequence of
only the principal compliance of the stator/rotor
electromagnetic constraint.

For a more accurate illustration, the PERR
positional error is expressed in an arc measure on the
radius of 180/ (about 57 mm) in Figure 8 and Figure
9.

E 80 4 5
o c
= 60 33
< 3
S a0 27
o 3
& 2
a 20 1
0 0
-20 -1
-40 -2
60 -3
-80 -4
0 50 100 150 200 250 300 350 400
Master [deg]

Figure 8. PERR positional error and the 2nd
derivative of the tested displacement law according
to VDI2143

PERR POSITIONAL ERROR

As it was said, the positional error (PERR) of the
motion function is dependent on the control parameters
and the dynamics of inertial and external load forces.
In the case of the stand test according to Figure 8, it is
only dynamic inertial forces of the load and rotor of the
servomotor. The displacement law data and mass
parameters (load, rotor) are processed into the position
of the servomotor shaft and the feed forward



constraints in each PLC scan Ims. According to Figure
8 (purple data), it is clear that the character of PERR is
mirrored with respect to the 2nd derivative of the
displacement law. Another PERR minimization can be
achieved by using the data of the 2nd derivative, which
are available in the controller memory, and by merging
them with the position data [9] after the necessary
transformation. An effective option is also the use of
the mutual phase shift of data of the I* and
2 derivatives of the displacement law, including the
scale of their values. In Figure 9, it is PERR at a phase
shift of the I derivative by 0.17 deg with the same
assignment and PERR has decreased approximately
4 times.

The reason why we put emphasis on the size of
PERR and its minimization in applications of
electronic cams are the requirements of precise
manufacturing technologies (for example, single-
purpose machine tools) and the correct function of the
mechatronic  differential in non-periodic  (step)
displacement laws applications, where the desired rest
is a superposition of movements of a conventional and
an electronic mechanism.
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Figure 9. Minimized PERR and the 2nd derivative
of displacement law according
to VDI 2143

MECHATRONIC DIFFERENTIAL

The mechatronic differential is sufficiently
described in the References [10]. With the direct serial
use of conventional rotary servomotors with gearboxes
or reducers, the demands on the motion dynamics of
the servomotor rotor are high. The servomotor is
heavily loaded by its own momentum of inertia of the
rotor, which significantly reduces the applicability area
of electronic cams. This mentioned deficiency is
largely eliminated by the way of driving the working
links of the mechanisms by means of a mechatronic
differential driving system [11]. Figure 10 and Figure
11 show CAD models in double embodiment. On the
functional model according to Figure 10, the principle
was verified, according to Figure 11, an industrial
prototype was made.
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Figure 10. Mechatronic differential — force
movement derived from the four-bar mechanism

Figure 11. Mechatronic differential — force
movement derived from the radial double cam

We will briefly describe the principle. The central
gearbox is used as a differential. One input is the force
movement 5, which is derived from the conventional
(classic) mechanism  (link mechanism, cam
mechanism). The second input is movement 2, which
is derived from an electronic cam. The superposition is
the resultant desired movement 4.

The mechatronic differential of Figure 11 is the
first experimental prototype of its kind. It is currently
not designed for any particular application. It is used to
verify the computational models with reality, to verify
the different control modes, the creation of the
functions of the own control system and to verify the
PERR minimization methods. On the basis of the
acquired knowledge, it is possible to optimize all
important parameters (servomotor power, gear ratios,
displacement laws and geometry of the double cam
mechanism) taking into account the specific
requirements of the production technologies.

We have focused on step motion functions, which
are a productivity limiting factor in many applications.
These include, for example, rotary carousel tables and
stepping manipulation mechanisms. The requirement
is the shortest turning time because in the resting part



there is a production process itself. Conventional step
cam mechanisms with radial cams are limited by their
geometry and the usability of electronic cams is limited
by the dynamics of the servomotor rotor. The
mechatronic differential shows a strong synergy in the
mutual interaction of the conventional and electronic
mechanisms in the motion functions, where realization
by individual mechanisms is not possible. In step
mechanisms, it principally separates the dynamics of
the servomotor rotor from the step or stroke
(displacement) of the working movement which is idle
time from the manufacturing point of view. Thus, the
mechatronic differential increases the productivity of
production processes based on stepped (non-periodic)
motion functions.

A remarkable feature of the mechatronic
differential is the possibility of combining the size and
sense of the basic transmission of the differential + 7
and the stroke of the double cam rocker relative to the
desired work step or stroke (lift). As a consequence,
there is another possibility of reducing the driving
moment of the electronic cam 2 drive since the reduced
moment of inertia of the servomotor rotor (reduced by
the second power of transmission i) is forcefully
“engaged” in the dynamic equilibrium of the link 5.

APPLICATION — RADIAL CAM GRINDER

The BRV-300 CNC radial cam grinder according
to Figure 12 is based on modular units of renowned
manufacturers. The control system has been fully
developed in VUTS based on a long-term research of
applications of electronic cams, which are integrated in
the system and allow efficient control of NC
production axes according to different grinding
conditions. The control system allows carrying out
dimensional analyses of the contour of a cam without
removing the workpiece from the machine. The rotary
interpolation axis is realized by a direct rotary drive,
the sliding interpolation axis is then carried out by a
linear unit and a drive by a standard rotary servomotor.
Grinding the cam contour is a movement with
negligible dynamic inertia forces, so the main issue is
the own CNC control system with requirements that are
dictated by the cam grinding technology. In

development, there is the second generation of the
machine, which has both interpolation axes realized by
direct drives.
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Figure 12. BRV-300 CNC radial cam grinder

APPLICATION - FOLDING RULER WOODEN
SLAT MILLING MACHINE

The uniqueness of the machine is in a central
carousel rotary table with an inertia moment of
80 [kgm2] with 21 controlled axes, which perform
machining on the basis of the data files of the
displacement laws (position, 1% and 2™ derivatives).
The carousel table is also conceptually designed with
an electronic cam and a constant transmission in the
form of axial spiral gear that is kinematically defined
as an axial cam with a rocker and a roller. On the
rotating table, it is demonstrated the main feature of
electronic cams with the main application problem,
which is the achievement of the required positional
accuracy. The positional accuracy of the machined
slats was required in the order of hundreds of a
millimeter (axis tolerance of the machined
configuration). This modern, electronically controlled
machine replaced the concept of a classic machine with
cam linkages with a central drive realized by an
asynchronous motor. This is an exemplary use of a
mechatronic approach to machine solving which
requires a rapid change of motion functions or
changing the machined configuration in the folding
meter slat.

The following Figures represent:

Figure 13: One of the possible variants of the
machined assemblies. The axis tolerance of the
machined assembly is 0.05 [mm]. Machining takes
place through various tools in the planar movement of
X and Z interpolation axes.

Figure 14: The CAD model and reality of a
complete machine with optical barriers on the touch
screen.

Figure 15: Top and bottom machining point with
X and Z interpolation NC axes. The slat is machined in
one position on both sides. Depth is still constant and



is controlled based slat thickness laser
measurement.

Figure 16: Diagram of a carousel rotary table with
a constant gear ratio i = 40 between the servomotor
shaft and the working rotation. The axial worm is
designed as an axial double cam with a rocker and a
roller.

Figure 17: Positional error of the servomotor in all
16 positions. Machine cycle is 60 [min-1]. Step time,
or rotation and rest time is 0.5 [sec]. The values of the
control parameters of the servo inverter could not be
set to a "higher" stiffness of the stator/rotor
electromagnetic constraint due to the resonance of
some parts of the mechanism. The real time for

machining is then shortened to about 0.35 [sec].
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Figure 13. Folding ruler slat

Figure 14. CAD machine model and reality

81

Figure 15. Two machining positions in X, Z axes for
one slat
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Figure 16. Carousel turntable with 16 positions
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Figure 17. PERR positional errors of the servomotor
in all 16 positions

CONCLUSION

Over the period we have been dealing with the
issue of electronic cams, a number of applications have
been implemented. This is mainly the realization of the
working movements of the mechanisms of single-
purpose machines with different requirements for
PERR positional error. There have always been
applications inclusive complete machine control
systems. These include, for example, special
woodworking machines and interpolation NC axes
drives of the grinder for radial cams. As a major
problem with the applications of electronic cams in
similarly demanding machines, we see in the
problematic estimation of the control parameters of the
servo inverter and the size of the passive resistances
that affect the PERR positional error. In applications
where there are high demands on the precision of the
position of the working links with a high dynamics of
inertia forces, it is often a very risky step. Applying
electronic cams in these cases requires gradual
development steps.

The authors of the paper have developed the
mentioned electronic cam application methodology at
their workplace, leading even to the possible use of a
unique mechatronic differential according to the
European patent [11].
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METOAONOrnda NPUMEHEHUA
ANEKTPOHHbIX KYJTAHYKOB

Mupocnas BAUJTABUK v Metp 2KUPACKO
BYTC, Nnbepeu, YELLCKAA PECIMYBJINKA

AHHOTALINA

Dnexmponnbie Kyiaukogvle CUCmemvl — Mo
coepemennvie  cpeocmea  2UOKOU  NPOMbIUUILIEHHOU
ABMOMAMU3AYUY U UCTIONLIVIOMCSL Ol Peanu3ayuu
@yHryuil o08udICenUs pabouux 36eHbes
NPOU3B0OCMEEHHBIX u MAHURYIAYUOHHBIX
MEXAHUZMOS. B cmamve  paccmampusaemcs
INEKMPOHHASL KYIAUKOBAsSL CUCMEMA, TNOMOMY UYmo
npunodicenue npeocmasnsaen cooou  KoMOUHAYUIO
€cepeoMOmopHo20 ynpasneust (koumpoinnep,
cepsonpeobpazosameins, pe2yiuposanue U QYHKYus
nepemeujeniis,), 6X000l, 8bIX00bL, c6a3b U
npoepammuoe obecneuenue Cucmemvl YHPAGIEHUs,
BKIIOUAST KOMOUHAYUU CEPBONPUBOOO8 U O0ObIYHBIX
MEXAHUZMOS.
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