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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), gdare
variable-speed couplings, or hydrodynamic variable
speed gears are being considered. However, instglli
a high-power electrical drive can lead to high
acquisition costs and considerable efficiency loss.

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

In order to develop an optimal solution for
industrial applications which fully utilizes the teatial
for energy saving, an innovative, fast and reldyive
inexpensive developing 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 loaddiag on
and boundary conditions present within a complex
mechatronic system, and evaluates its dynamic
response, enabling the engineer to come to an optim
solution even before the first real part is prodlce

Similar to a standard developing process, VMA
consists of several development phases. For industr

In the development of such a system, the company machinery there are typically two development phase

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 theed
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-houseteffec

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

e Early concept phase — where the main

requirements in form of dimensions and functional

characteristics of the machinery are defined.

e 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 — nonel).

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



prototypes to achieve the defined characterisfithe SETCON® SYSTEM

future product. By using the VMA, with dynamic As oil and gas prices continue to fluctuate, cagsin
simulation in almost realistic conditions, many a demand for production to vary at refineries, tred
phenomena and undesired reactions of the entire EU Eco-design regulations become stricter, more and
system can be discovered in an early virtual plaase more operators are turning to controlled speededriv
the design can be changed to avoid these reactdns. for their machines.

course, testing is still the ultimate and most ingat Even if the practice of dynamic adjustment of the

stage of validation of the desired functions, husi power to actual needs becomes a kind of standard fo

now only the final step. some applications, in most of the areas of thestrgu
Certainly, virtual product development is it has still to be introduced.

something that every company aspires to have. Moder In those rare cases where a speed control is used

tools for numerical simulation and control are today, the installed machines usually use:

becoming increasingly sophisticated and can predict *  Frequency converters (full-scale converters);

some phenomena of the system or its part. On tex ot e Geared variable-speed couplings;

hand, simulation tools predicting all the phenomeha e Hydrodynamic variable speed gears.

the complete system,still have to be developed. However, when a higher electrical drive power is

Moreover, the use of a variety of software toolarie required, the purchase costs and the efficiencseks

the entire simulation workflow into a single  with the mentioned solutions become often too high.

functioning system is not a particularly common A good alternative could be electro-mechanical

practice for various reasons. variable speed gearboxes containing servo-motors,

Generally, each electromechanical system is a set which combine the benefits of conventional drive
of several subsystems. We can roughly classify them technologies with higher efficiency and reliability
into mechanical, electrical and control subsystérhs. SETCON [5] is an example of such an electro-
functional requirements of a product (in this case mechanical variable speed gearbox designed toaiontr
electromechanical differential gearbox) implies the speed in pumps, compressors, fans, and blowerk. Wit
implementation o&ll three subsystems& [P uYE i up to 95% overall efficiency (incl. Main Drive), i$
more efficient compared to the other systems on the
market (& ] P p)I5]. 1
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SETCON Virtual Model SETCON Réal Modeli The pOWGr Of SETCOWCﬂn be Up to 25 MW and

o o the_speed up to 15000 rpm. It has a wide range of
%0 %0 & Yindfstria I%Lpblications with necessity for a valéab
speed control.
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VMA methodology effectively interconnects the ) o o
dynamic simulation of all three subsystems and as a The working principle of SETCON

result represents the physical behavior of therenti The SETCON consists of a differential gear
system even at a very early stage of product (Planetary gear) including the spur gear unit @),
development. three-phase motor with a low-voltage converterhas t
For applying the VMA methodology SET uses differential (_jrive'(2+3), an ek—;-ctric motor as madk
several simulation tools, where AVL EXCITE[3, 4] voltage main drive (4), a driven machine (5) e.g. a
is the main tool which takes most of dynamic Pump or other variable-speed output shaft (6). The
influences on the system into account. medium-voltage main drive — the motor (4) is
In what follows, the development of SETCON  connected directly to the power supply and drives t
using VMA methodology will be explained in detail. differential’s ring gear at constant speed. Corgttd

the output shaft (6), the planet carrier transrtfies
variable speed through the optional spur geartaite



pump. The differential’s sun gear is connectedht® t
differential drive. The speed of the differentiaive is
controlled firstly to ensure that the speed ofdhéput
shaft (6) varies while the speed of the main d¢f)eis
constant, and secondly to control the torque in the
driven machine’s entire drive trai(]P uYE 7

&1PUE

A number of SETCOR systems in different

power classes have been successfully developed. In

this paper, detailed development will be showntter

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 picture as possible of al th
phenomena that are present in the real operatitmsof
machine. Understandably, there is 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 systesn,
comes to an optimum design in the required conaitio
even at a very early stage of the development geoce

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 & | P p ¢ thd electro-
mechanical system consists of 3 subsystems:

* Mechanical

* Electrical

+ Control

iX dZ A}EI]VP % E]v [% 0

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 intoveeal
different part-systems following a similar approach

The part-systems are being 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 ai an
system, a partial control or electric system.

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

The main tool used to define the Control and
Electrical subsystems is MATLAB/Simulink& ] P u &
J %ng its (cjon'?eEctions to the AVL EXCITE

&IPUE o6X o SE] o~ }vVSE}O *Hu *C-

TheMechanical subsystenis a complex one, and
its behavior is very difficult to predict. There&yrit
must be modelled very accurately in VMA.

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

Linear stiffness of all included mechanical
parts — bodies;

Nonlinear behavior of connections — joints
(gears, bearings, bushings);
Electro-mechanical behavior of motors;
Electric behavior of the high voltage grid.

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

Those refinement efforts lead to a high-fidelity
model inFinal design phasewhich 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 prowebet
a good engineering practice to split up the whekgh
and analysis process into several phases.
Decomposing the whole design process into
subsequent tasks and applying the appropriate sinaly
tools enables for better grasping of the propesdiss
behavior of the whole system and its parts, eaob ti
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 evalmatio

Torsional vibration analysis

As transmission of torque and rotational motion
are the main objectives of the driveline systemeund
consideration, it makes sense to start with théyaisa
of its discretized torsional system — a reduced 1D
equivalent of 3D flexible multibody systen&(] P u YE

[6].

PUMP SHAFT

Performing modal analysis of the equivalent
torsional system results in a spectrum of torsional

&1PUCE

E-MOTOR
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<u]A o v& §}E-]}v o

natural frequencies& |P LXE 0

mode frequency | mode frequency | mode frequency
[1 [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
g 163.4 18 666.0
9 228.8 19 722.8
10 313.3 20 | 7384
&IPUE 0X U %o (E <pVv]e ~u%

Each of these natural frequencies is characterized
by its mode shape& ] P u)YHt cén be seen, that while
at lower natural frequencies the mode shapes shew t
excitation of motion of the whole system, the highe
natural frequencies tend to excite separate sloafts
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 (-)
mode 2: 0.0Hz (-) mode 5: 60.3Hz (-)
——o—— MOtle 3: 25 4Hz (-) mmmmmm BackBone (-)

mode 7: 60.3Hz (-)
——o— mode 8: 64.0Hz (-)  memmmcommmm BackBoNE (-)

o mode6:54.4Hz (-) —o— mode 9: 1036Hz ()
mode 10: 163.4Hz (-)
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OX d}E-e]}v o u} *Z %o

In case a damped modal analysis is performed [7],
each mode is additionally characterized by its damp
This is quantified by the mode damping factérj(P u E
9 and can be visualized for each specific modelimf
of harmonic oscillations with decayg(]P uYE 6
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Damped torsional mode 5: 25.3Hz

Damped torsional mode 6: 54.4Hz

sweep

a torsional
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TVA of the system - forced response - speed

To see the real response of the system, we perform

vibration analysis, simulating forced

response of the system to a special vibratory ®rqu
applied to the end of the pump shaft. This torque
represents a kind of “white noise” signal, as i tize
same magnitude in each of the harmonic components
(&]P @ this 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 syasem

}o Mo §]RvWhole &IP @@, this providing some integral
i};dices for'the system evaluation (the first pligacly
shows the resonances of the whole system), oreto th
parts of the system, showing a different influente

excitation on different mass points&(P p @ orii
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These natural or damped frequencies can also be
shown on the critical speed diagram, either indulin
specific operation range of speeds at pump shaft
(&]P u@®. Hiare, the intersection of the natural
frequencies with order lines marks potential rescea

speeds of the system.

However, to find out whether such potential
resonance become real ones, a forced responsaianaly

of the torsional system is needed [8].
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Senib Sopeedur The pump shaft is supported by two radial
bearings. For a specified value of stiffness of the

bearings, the gyroscopic modal analysis resulta in

&JPpE 18X D AJupu $}S 0 S}E<Hnodd aA@ whirl tracking diagram, showing the
0 *S] o uvse }( 8z

~]v }% & S]}v %o & VP * rotation speed, with a specified value of main inegr

stiffness (& ] P p G5 anidiresulting in different types of
mode shapes& ] P u & and V.
Gyroscopic modal analysis of the pump shaft

The previous section described torsional analysis e AR R E——
(including the pump shaft), but for a long/flexilsleaft
bending vibrations becomes also 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 ofstygem
is produced by SET).

Taking this into account, the pump shaft has to be
analyzed first alone, and later also within thetesys
The pump shaft possesses high mass and inertigs and
rather flexible because of its length (as was diyea
seen by the torsional modes). This makes a gyrascop
modal analysis [7, 9] of the pump shaft an impdrtan
task to analyze its dynamic properties.

&IPUE 0 X ](( & v§ PCE}e }%]
~ IAE AZ]Eo-

S}E-]}Vv 0 *depéndénce of natural frequencies on pump shaft
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AVL Shaft Modeler - Modal Analysis (susp.) - Freq. 3 [13 Hz, 1000rpm] bending / FW
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AVL Shaft Modeler - Modal Analysis (susp.) - Freq. 7 [56 Hz, 1000rpm] bending / FW
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As we see, the operation speed range does noticonta
the resonances which could lead to instabiligy](P p G

09

Unstable Resonances (REL) Unstable Resonances (ABS)

Speed Frequency Speed Frequency

rpm Hz ] rpm Hz

1418.0 0.0 1418.0 236

38326 [0.0 3892.6 64.9

65396.0 0.0 6596.0 109.9
&|PUE 16X hves o & °}v v

the radial bearings & ] P p @ 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 matendl a
oil type. It can also be used for the motion candfo
the drivetrain, by passing the dangerous regions
quickly without full load.
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VMA: FINAL DESIGN PHASE

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

W (E Jrequirgmegts of ¥M4 in this phase are:

JEE *%}v JVP (E <p v ] e ]v E o §]A- ~Fusctionglity check;

elopus ~ "e }}E ]V S CeS u-

Influence of bearing stiffness
The results of the gyroscopic modal analysis
strongly depend on the stiffness of radial bearings

supporting the shaft§ [PudE 6
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Taking the known range of operating speeds (from
2460 to 2980 rpm for this particular equipmentpint
account, one can define the barred stiffness rémge

10

Reliability assessment of system parts;
Requirements of standards and certification;
Special requirements.

The investigation procedure to fulfill
requirements is explained below.

While in the early concept phase of VMA the
dynamics of the mechanical system is considered in
reduced formulation (1D torsional modal analysid an
forced response of the system, as well as 3D modal
analysis of a separate shaft), in final design etibe
modal analysis and force response of the system tak
the full FE modeling of the carrying structures (i.
housings) into account — see a mode shape with Imoda
energy visualized& |Ppu @ 1Ti

these

0 vV oCele }( 8Z }u%o §
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The 1SO13709 standard [10] requires that the - Run-up;
torsional eigenfrequencies of the complete system - Speed-sweep.
should lie at least 10% above/below any possible The aim of the run-up procedure is to get the first
excitation frequency. Those standard requiremengts a  estimate of the resonant behavior of the systethén
applicable to some restricted number of application complete speed range. To confidently identify the
only, because the modern industrial machinery Wsual  critical speeds, the run-up should be slow enowgh t
operates at multiple speeds in a very wide speggera  allow the system to unfold the vibration amplitucs

Additionally, these systems have many coupled resonant frequencies&(] P p E- réd line shows the
rotating shafts and gears, which makes it virtually acceleration ramp).

impossible to avoid all the coincidences of theurgit
and excitation frequencies. For this reason, the SERVO1-pinion X direction
ISO13709 standard defines further requirements for Velocity Housing B1 (Node:354060)
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 und@ding

Velocity (mm/s)
’ o
1
|

of system dynamics. It is usually required for eyst e g
certifications in many cases, too. 3 I ¥ A 7 o i

In any case, the final statement about the Time (s)
probability and the intensity of the possible remmres &IPUE 11X Zuvrp% E eposSe ]Jv sD

can be given based on the complete system simulatio
only (with all subsystems), including all nonlingies,

damping estimations, etc. Those final simulati@pst In addition to run-up, several very detailed steady

in VMA include the transient analysis using MBD  state dynamic analyses at different constant ndmina

software AVL EXCITEM[4, 11]. speeds (the so-called speed-sweep) in the complete
The VMA can be considered an imitation of speed range are performe®@ [P u@ 17

testing before a real-life testing. For this pugaosne The constant nominal speed causes the system to

has to define the measurement points (positions of be excited for a longer time, resulting in steathtes

transducers) which map the model resonan&}$R 1 & amplitudes for all output parameters.

). These results are necessary for further VMA
These virtual measurement points record all the integration, which can be done by direct connegtion

dynamical responses of the simulation model. An i.e. a co-simulation using another software (e.g.

advantage of such virtual “transducers” is, thaytban MATLAB/Simulink) or by an indirect transfer of

be positioned everywhere in the model. results (e.g. dynamic node displacements) to FE or

Fatigue simulation tools [12,13,14].

Examples of
measurement
points on VM

Sulzer Pump - Torque
spine N:336150 I N:336150 - N336154

&|PUE TiX D euE u vS %}]vSe

The modeling strategy used at SET is to represent = = = “wo © TR
the components of the MBD simulation model, that .. wasitwge suzerPump-Toraue . Magitude Sulzer Pump - Angular Displacement
have the most influence on the complete system
dynamic behavior, as flexible bodies. Thus, besides
flexibility of the shafts, clutches, carriers aniehgr
gears, the full flexibility of all gearboxes andusings
as carrying structures is necessary, as they can &]PUE
significantly contribute to the dynamic behaviortlo
system, while keeping them rigid could shift orenid ~ VMA: EXTENDED ANALYSES

Magnitude (Nm)

| E {

TiX "% reA % @& *pose Jv sD

resonances. In addition to the detailed run-up and speed-sweep
The results from MBD simulation are evaluated @analyses, some more complex dynamic phenomena

both in frequency and in time domains. could and should be investigated in VMA like, for
The virtual testing procedures in frame of VMA is ~ €xample, the potential for micro-pitting reduction,

similar to that of “standard” real-live one: electric grid interruptions, slider bearings EHD

behavior (& ] P p Geand dnany other.

11
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VMA offers a possibility to investigate a complete
system behavior in extreme situations even beyoad t
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 toolg lik
AVL EXCITE also enables, is the consideration of
imperfections of the system resulting from producti
and assembly processes. These are:

Unbalance of rotating parts;
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 componants
subsequently a failure of the complete system.

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

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

While developing SETCON the parameter study
of unbalances of the shafts is performed by adding
different unbalance levels on several locationshef
shafts. The results of each unbalance case are
compared to the ideal system, showing that thealit
unbalance is the unbalance of the pump shaft. &ed |
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 unbaéanc
level for the critical shaft.

12

VMA: COMPLETE SYSTEM

Finally, the complete electro-mechanical system is
prepared following the VMA & 1P p @. Wifh 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 daine
from previous investigations, into account — thmea
VMA could be implemented for any industrial

] v Anachinsrsgysiem.

u}

The influences of the electromagnetic and control
sub-systems are applied in the same way to the Imode
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 investigationatsg
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 potenttal
detect many dynamic phenomena even at the veny earl
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 vatidn
process is to find the most influential and pothti
dangerous resonances in the tested RM and compare
their positions and intensity level with the VMA
model. It is possible (and desirable) to use tlaé test
results of the RM in order to predict and improke t
dynamic behavior of the considered electro-
mechanical system.

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

& ] P p Eshdws measurement positions at RM
that are compared both in time and in frequency
domain with the same VM measurement points.
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