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Anotace

Frekvencni ménice se staly standardnim technickym fesenim pohond s proménnymi otackami.
Technicky pokrok a cenovy vyvoj vykonové elektroniky umoznil jejich Siroké nasazeni v nejriznéjsich
aplikacich a prdmyslovych odvétvich (od pomérné jednoduchych pohont ventildtor( a Cerpadel aZ
po dopravniky, kompresory nebo dynamicky naro¢né pohony ve vélcovnach). Mezi nesporné vyhody
otackové regulace patfi zejména velmi vysokda energetickd Ucinnost v Sirokém rozsahu otacek,
vyznamné energetické Uspory a piesna regulace otadcek a momentu s rychlou dynamickou odezvou.
Kromé neoddiskutovatelnych vyhod feSeni s ménicem frekvence je tfeba také zohlednit jisté minusy,
napr. harmonické zkresleni napéti sité anebo zvinéni momentu. Pravé kvalita momentu ve
vzduchové mezefe a jeho frekvencni spektrum spolu sregulaénimi smyckami a jejich
zpétnovazebnimi efekty hraji dllezitou roli z hlediska kmitani a torznich vibraci. Optimalizace
pohanénych zafizeni z hlediska Ucinnosti a naklad zpUsobila, Ze moderni systémy s turbostroji jsou
citlivéjsi nez drive. Vznikla proto logicka potreba detailniho pochopeni viivu frekvenéniho ménice na
hridelovou soustavu a zajisténi stabilniho a bezpeéného chodu. Celd véc je navic slozitéjsi diky tomu,
Ze jsou do ni zapojeni elektroinZenyfi a strojni inZenyfi a je tfeba najit spolecny jazyk.

Tato prace se zabyvd elektromechanickou interakci mezi frekvenénim ménicem, napdjenym
elektromotorem a mechanickym soustrojim u pohon( stfednich a zejména velkych vykont (fadové
jednotky aZz desitky megawatt). Nejprve je analyzovan moment motoru a jeho zvinéni, tj. jednotlivé
pulsaénislozky momentu. Zkoumany jsou faktory majici vliv na tyto slozky: topologie ménice, zpUsob
modulace, nastaveni regulator(, interakce se zatézi a dale také specifické fidici algoritmy.

Hlavni pozornost je zamérena na zplsob fizeni pohonu resp. frekvenéniho ménice a jeho vliv na
interakci s pohanénym zatizenim.

Cilem prace je zejména optimalizace pohonu z hlediska minimalizace torznich kmit( a dale pak ndvrh
a ovéreni algoritmu jejich aktivniho tlumeni. Nejperspektivnéjsi metody jsou detailnéji prezentovany
pomoci simulaci ¢i v podobé méreni konkrétnich pohon(. Dlraz je kladen také na analytické zpUsoby
pro urceni stability pohonu z hlediska torzniho kmitani. S jejich pomoci je frekvenéni ménic optimalné
parametrizovan predtim, neZ je uveden do provozu. Problematika elektro-mechanické interakce je
demonstrovana na nékolika redlnych pfipadech z praxe.

V zavéru jsou zminény perspektivni algoritmy fizeni pro tlumeni kmitani a poskytnuty praktické rady,

jak zohlednit elektricky regulovany pohon s frekvenénim méni¢em jako soucast torzniho systému.

Klicova slova

Vysokonapétovy pohon, zatézi komutovany stridac¢ (LCl), napétovy stridac (VSI), zpétna vazba,
reguldtor, pfimé fizeni momentu (DTC), vektorové fizeni, elektromechanickd interakce, pruzny

hridel, vlastni frekvence, vibrace, simulace, experiment, aktivni tlumeni



Abstract

Frequency converters have become a standard technical solution for variable speed drives. Technical
progress and price development in the field of power semiconductors enabled its wide use in various
applications and industrial branches (from simple fan and pump drives up to conveyors, compressor
drives or dynamically demanding rolling mill drives). Among the major advantages of frequency con-
trol belong very high efficiency across wide speed range, significant energy saving potential and ac-
curate speed and torque control with fast dynamic response. Besides those clear benefits, some
drawbacks shall be considered as well, e.g. supply voltage harmonic distortion or torque ripple. The
quality of air gap torque and its frequency spectrum together with control loops and their closed
loop effects play important role from oscillation and torsional vibration point of view. Optimization
of driven machines in regards to efficiency and cost reduction lead to a higher sensitivity of tur-
bomachinery systems. Therefore, a logical need emerged to have a detailed understanding of the
influence of frequency converter on the shaft string and ensuring of stable and safe operation. In
addition, the whole thing is more complicated since it involves electrical and mechanical engineers
and they need to find a common language.

This work deals with modern concepts of electric drives for medium and high power (megawatt
range), particularly with electro-mechanical interaction between frequency converter, electric mo-
tor and mechanical shaft system. First the motor torque and its ripple is analyzed, i.e. the pulsating
components of air gap torque. Factors influencing torque ripple such as converter topology, modu-
lation scheme, controller settings, interaction with load and also specific control algorithms are in-
vestigated.

Focus is on the control strategy of the drive or frequency converter respectively, and the influence
on the interaction with driven equipment.

The aim of this work is mainly an optimization of the drive from the point of view of minimized torque
pulsations and development as well as verification of algorithms for active damping.

The most perspective methods are presented by means of simulations or measurements on specific
drives. Focus is also given on analytic methods to determine stability from torsional viewpoint. With
such aid, the parameters of the frequency converter are tuned prior to the commissioning phase.
The problematic of electro-mechanical interaction is demonstrated on examples of several real field
cases.

The summary shows selected active damping functions and gives some practical hints how to deal

with variable speed drive with a frequency converter as part of a torsional system.

Keywords

Medium voltage drive, load commutated inverter (LCl), voltage source inverter (VSI), feedback,
controller, direct torque control (DTC), vector control, electro-mechanical interaction, elastic shaft,

eigenfrequency, vibration, simulation, experiment, active damping



Kurzfassung der Dissertation

Die Frequenzumrichter sind eine Standardldsung fir drehzahlgeregelte Antriebe geworden. Der
technische Fortschritt und die Preisentwicklung im Bereich von Leistungselektronik haben einen
breiten Einsatz in verschiedenen Applikationen und Industriebereiche ermoglicht (von einfachen
Lufter- und Pumpenantrieben (ber Férderband-Anwendungen und Verdichterantriebe bis zu
dynamisch anspruchsvollen Antrieben in Walzwerken). Zu den Hauptvorteilen von Frequenzregelung
gehoren ein hoher Wirkungsgrad ({ber einen breiten Drehzahlbereich, bedeutende
Energieeinsparungen und genaue Drehzahl- und Drehmomentgenauigkeit mit schneller
dynamischer Antwort. Neben den klaren Vorteilen gibt es auch bestimmte Nachteile, wie z.B. die
Netzrickwirkungen mit Spannungsverzerrung oder die Pulsigkeit vom Drehmoment. Die Qualitat
vom Drehmoment in der Luftspalt und sein Frequenzspektrum zusammen mit den Regelkreisen und
denen Rickfuhrungeffekten spielen eine wichtige Rolle aus Sicht von Oszillationen und
Torsionsschwingungen. Die Optimierung von den Lastmaschinen flhrte dazu, dass heutige
Turbomaschinen viel empfindlicher sind als friher. Ein logischer Bedarf ist entstanden, ein
detailliertes Verstandnis von dem Einfluss des Frequenzumrichters auf den Antriebsstrang zu haben
und einen stabilen Betrieb zu garantieren. Das ganze Thema wird zusatzlich komplizierter, weil es
Elektroingenieure und Maschinenbauer involviert und die eine gemeinsame Sprache finden missen.
Vorliegende Dissertation befasst sich hauptsachlich mit elektro-mechanischen Interaktion zwischen
dem Frequenzumrichter, Elektromotor und mechanischer Last bei drehzahlregelbaren Antrieben
von mittleren und hohen Leistungen (Megawatt-Bereich). Zuerst wird das Drehmoment der
Maschine analysiert und vor allem dessen Welligkeit, d.h. einzelne Pendelmomente. Faktoren, die
Einfluss auf die Pendelmomente haben, werden im Detail untersucht: Topologie des
Frequenzumrichters, Modulationsverfahren, Einstellungen der Regler, Interaktion mit der
mechanischen Last und spezifische Regelalgorithmen.

Die grosste Aufmerksamkeit wird den Regelungsstrategien des Frequenzumrichters gewidmet und
der Einfluss auf die Interaktion mit der angetriebenen Last.

Das Ziel dieser Arbeit ist eine Optimalisierung des Antriebes aus Sicht der Minimierung von
Torsionsvibrationen und weiter dann Entwurf und Verifikation von Algorithmen fir aktive Dampfung.
Die perspektivsten Methoden werden detaillierter prasentiert mittels Simulationen oder Messungen
konkreter Antriebe. Schwerpunkt ist in der analytischen Bestimmung der Antriebsstabilitdt aus Sicht
der Torsionsschwingungen. Anhand von diesen Methoden wird der Frequenzumrichter optimal
parametriert eher die reale Inbetriebsetzung anfangt. Die Problematik der elektro-mechanischen
Interaktion wird anhand von mehreren konkreten Anlagen aus dem Feld demonstriert.

In der Zusammenfassung werden perspektiven Algorithmen fur aktive Dampfung erwahnt.
Praktische Vorschldge werden vollbracht, wie man den drehzahlregelbaren Antrieb mit einem
Frequenzumrichter richtig als Teil von Torsionssystem bertcksichtigen soll.

Stichworter

Mittelspannungsantrieb, lastkommutierter Wechselrichter (LCl), Spannungswechselrichter (VSI),
Rickfihrung, Regler, direkte Selbstregelung (DTC), Vektorregelung, elektro-mechanische

Interaktion, elastische Welle, Eigenfrequenz, Vibration, Simulation, Experiment, aktive Dampfung
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Nomenclature

Nomenclature

List of Symbols and Abbreviations

Symbol Definition Unit
AF amplification factor [pu]
I AFD I adjustable frequency drive V) | |
I AGT I air gap torque | [Nm] |
I AMB I active magnetic bearings I I
I ANPC I active neutral point clamped | |
I API I American Petroleum Institute | |
I ARF I anti-resonance frequency | |
I ASD I adjustable speed drive V) | |
I AVR I automatic voltage regulator | |
I CLS I converter line side (rectifier) I I
I CMS I converter motor side (inverter) | |
I CSl I current source inverter | |
I coso I power factor | [-] |
I DOF I degree of freedom I I
I DTC I direct torque control | |
I n I efficiency I [-] I
I E I energy | [MWh] |
I FEA I finite element analysis I I
I FPGA I field programmable gate array | |
I FSC I floating symmetrical capacitor I I
I g I acceleration of gravity (9,80665 m/s?) | [m/s?] |
I GTG I gas turbine generator I I
I GTO I gate turn-off (thyristor) | |
I HVDC I high voltage direct current (transmission) I I
I [mm I motor magnetizing current | [A] |
I lsdm I motor direct (flux) component of stator current I [A] I
I Ism I motor stator current | [A] |
I Isqm I motor quadrature (torque) component of stator current I [A] I
I IEC I International Electrotechnical Commission | |
I IEEE I Institute of Electrical and Electronics Engineers I I
I IEGT I injection enhanced gate transistor | |
I IGBT I insulated gate bipolar transistor I I
I IGCT I integrated gate-commutated thyristor | |
I ISO I International Organization for Standardization I I
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Nomenclature

List of Symbols and Abbreviations

Symbol Definition Unit
kym motor constant [-]
I Lhm I motor main (magnetizing) inductance [H] I
I LCI I load-commutated inverter |
I LNG I liquefied natural gas I
I m I mass (g] I
I M2C I modular multi-level converter (also written as MMC) I
I MCS I maximum continuous speed [rpm] |
I MMC I modular multi-level converter (also written as M2C) I
I MMF I magneto-motive force |
I MOS I minimum operating speed [rpm] I
I MV I medium voltage |
I n I speed [rom] I
I Npp I motor pole-pairs [-] |
I NPC I neutral point clamped I
I w I angular speed [rad/s] |
I OEM I original equipment manufacturer I
I oP I operating profile / operating point [-] |
I o) I electrical angle between voltage and current [-] I
I o I pole number [-] |
I P I power [kW] I
I PFC I power factor correction |
I PDS I power drive system 2 |
I PSS I power system stabilizer |
I R I resistance [Q] |
I SMm I motor slip [-] |
I S I apparent power [kVA] |
I SM I separation margin |
synchronous motor
I SRC I silicon controlled rectifier |
I SSCl I sub-synchronous control interaction |
I SSR I sub-synchronous resonance |
I SSTI I sub-synchronous torsional interaction |
I t I time [s] I
I T I torque [Nm] I
I Tm I motor torque [Nm] |
I TFA I transfer function analysis |
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Nomenclature

List of Symbols and Abbreviations

Symbol Definition Unit

TNF Torsional natural frequency [Hz]
I U I voltage or phase to phase voltage | V] |
I Up I phase to ground voltage | (V] |
I UIF I unit interaction factor | |
I VFD I variable frequency drive ¥ | |
I VSD I variable speed drive Y | |
I VSDS I variable speed drive system ? | |
I VSI I voltage source inverter | |
I X I reactance I [Q] I
I Xo I leakage reactance I [Q] I
I Xm I main reactance | [Q] |

Note 1: Use of abbreviations AFD/ASD/SFC/VFD/VSD.

Y Abbreviations AFD, ASD, SFC, VFD and VSD are often used as synonyms to describe the same equip-
ment, i.e. a frequency converter consisting of power electronic semiconductors. The meaning of
each abbreviation is not exactly the same.

e Variable speed drive (VSD) is a general term for anything that varies the speed of motor
driven load (AC drive, DC drive, eddy current clutch drive, hydraulic variable speed drive
etc.). The speed is controlled electrically or mechanically.

e Variable frequency drive (VFD) is a smaller subset of VSD. It is an equipment controlling the
speed of AC motor by altering frequency and voltage of the motor. Therefore, VFD is used
for purely electrical speed control of motors. For example, DC drive is a VSD, but not a VFD.

e Adjustable speed drive (ASD) has similar meaning like VFD. The term ASD is typically used in
North America.

Other terms are used as well: static frequency converter (SFC), frequency converter or just converter

or drive (when understandable from the context). This work uses both abbreviations VFD and VSD.

Note 2: Use of abbreviations PDS/VSDS.

2 Abbreviations PDS and VSDS have identical meaning. The term describes a drive system, i.e. not
just the VSD, but also other system components such as isolation input transformer and motor; op-
tionally also a harmonic filter, external cooler etc. IEC standards define the term PDS. However, the

drive manufacturers and customers more frequently use the abbreviation VSDS.
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General Indices

1 primary (input) side Q1
2 secondary (output) side Q2
a armature la
avg average Tavg
max maximal value Nmax
min minimal value Nmin
L load
M motor nm
N nominal value Pn
OoP operating point Qor
sC short circuit Ssc
pu per unit value Tou
tot total value Prot

Function Definitions

f(x) function n=f(Q),
H=H(Q)
fintersectlinintarrays(X1,Y1,X2,Y2) Find intersect of two discrete curves using linear in-
terpolation represented by four one-dimension ar-
rays.

Note 1 — Array, matrix, vector notation: Highlighted by bold font.

Note 2 — Scalar notation: Highlighted by italic font.

Note 3 — Matrices multiplication: Matrix multiplication is marked by symbol: “*“, matrix and array
multiplication in the meaning element by element is expressed by symbol “.*“ (Mathworks Matlab
notation).

Note 4 — Matrices division: Matrix division is marked by symbol: “/, matrix and array division in

the meaning element by element is expressed by symbol “./“.

Note 5 — Relation between per-unit (“pu”) and “percentage” expression:

Xpercentage [%6] = Xper—unit [-1x 100
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1 Introduction

Variable Speed Drive Systems (VSDS) have gained an increased popularity throughout the industry
and their installed base is continuously growing. The factors driving growth in the VSDS market are
energy prices, stringent efficiency regulations, power quality and often the process requirements. The
advantages of VSDS are well known: significant energy savings, soft starting or precise speed and
torque control and excellent dynamics (e.g. [1]). Among other specific features belong regenerative
braking, power factor compensation etc. Besides these benefits, there are also some challenges. They
are mainly related to the interaction of the power electronic converter with other equipment.

On the grid side, there is an interaction between the converter, input transformer and supply grid.
The VSDS shall inject as little harmonics into the grid as possible. On the motor side, there is similar
interaction between converter and motor (current harmonics, rapid dv/dt changes, bearing currents
etc). The mentioned topics are known and there are efficient solutions how to mitigate the issues (e.g.
reinforced motor insulation, use of multi-level converters, output dv/dt filter or sine filter). An area
that still needs certain attention is the electro-mechanical interaction on higher system level:

On the line side between VSD and generators in local power generation and on the motor side be-

tween the VSD and the driven equipment (compressor, blower, pump, rolling mill etc.).

Figure 1-1: Electro-mechanical interaction within Variable speed drive systems (VSDS)

The torque pulsations generated by the variable speed drive system (VSDS) interfere with the me-
chanical shaft components. It causes increased torsional and lateral vibrations, audible noise, and ac-
celerated aging or even component failure. In order to reduce the electro-mechanical interaction it is
crucial to understand the phenomena of vibrations in VSDS.

A comprehensive study of the electro-mechanical interactions is a complex job since it combines dif-
ferent engineering fields, such as power electronics and electric drives, electric motor design,
knowledge of rotordynamics, control theory and even basics of application engineering or process
engineering. One person does normally not cover all the above disciplines. Instead, there are several
specialists focusing on a dedicated field. A successful analysis of electro-mechanical interaction re-

quires an interdisciplinary approach.
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This work aims to explain the phenomena of torsional vibration of systems incorporating VSDs and fill
in certain gaps in this field. A process is developed how to treat VSD from torsional point of view during
engineering phase to ensure satisfactory system integration and system performance. Several mitiga-
tion methods are proposed in order to minimize the torsional risk. The methods shall be robust and
easy to parameterize in order to enable their use in projects. The goal of such algorithms is to increase
the overall damping by means of control. Examples point out the possibilities of passive damping as
well as perspective active damping algorithms.

Some of the first torsional vibration issues in VSDS are mentioned in [2]. They were reported since
1970s when the semiconductor based VSDs started to be launched in various industries. At that time,
current source inverter (CSI) type technology had been exclusively used. The engineers had to re-think
the classical torsional analysis and consider the consequence of variable speed as well as additional
excitations. Nowadays the topic is well known, but it still might be forgotten or misunderstood during
the system integration. The torque ripple due to semiconductor switching and consequent non-sinus-
oidal current and voltage waveforms is understandable for most engineers. However, the effects re-
lated to closed loop behavior are less obvious and often underestimated, especially when people have
their background on systems operating in open loop. It is also a question of system responsibility when
integrating drive components from several manufacturers. Furthermore, as there is large variety of
VSD topologies (nowadays with majority of voltage source inverters) and control techniques, a deeper
knowledge of the specific VSD being utilized is required and VSD manufacturer shall support the tor-
sional analysis by providing reliable and accurate data.

Finally, a successful electro-mechanical system integration requires a good collaboration between

manufacturer of VSD and manufacturer of driven load and expertise of the system integrator.

1.1 Motivation

Applications incorporating VSDS may experience torsional vibration. If the issue is not considered in
the system integration, excessive vibration may appear during normal operation. The consequences
might be an impacted process quality (e.g. rolling mill drives), restricted performance (e.g. forbidden
speed ranges), accelerated mechanical wear andl fatigue, unexpected downtimes and in worst-case
failures or even hazard for personnel. A depth-in analysis is needed to mitigate risks of torsional vi-
bration and excessive mechanical stress.

In order to successfully solve the problem we need to understand the root cause. It requires interdis-
ciplinary approach combining several engineering fields such as power electronics and electric drives,

control theory, rotordynamics etc. The challenge is nicely formulated in following quote:

“Electrical engineers see electrical problems. Mechanical engineers see mechanical. But many
problems lie in the boundary between. An electromechanical perspective reveals the entire picture: the

electrical, the mechanical and the complex interactions between the two.”

Source: Lloyd’s Register Consulting
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The electro-mechanical interaction is especially important in systems with closed-loop control. When
the electrical part influences the mechanical one, it is seen in the mechanical quantities, such as e.g.
speed. When the mechanical quantity is sensed and used as feedback signal to control the electrical
part then an electro-mechanical interaction is likely to happen. The basic principle of action and reac-

tion was described by Sir Isaac Newton:

“For every action, there is an equal and opposite reaction”

Source: Newton’s Third Law

Finally, the challenge for engineers dealing with oscillations in variable speed applications is summa-

rized in the quote:

“If a drive system is able to oscillate, it will sooner or later start to oscillate”

Source: El. Eng. ETH Pieder J6rg and associated prof. Karel Zeman

Excessive torsional vibrations can result into gear wear, gear tooth failures, key failures, shrink fit slip-
page and broken shafts in severe cases.

The wide speed range increases the likehood that a coincidence between torsional natural frequency
and excitation frequency exists at some operating speed. It also makes the torsional analysis more

complex.
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2 State of the art analysis

2.1 Technology evolution and general problems

2.1.1  Evolution

Oscillations and vibrations as undesired byproducts in electro-mechanical systems are known for dec-
ades. The issues are especially critical for high power turbo-machinery where the first torsional natural
frequency tends to be low (typically below 20 Hz) and the inherent damping is almost negligible. The
consequences of operation in resonance condition could be fatal. Therefore, it is no wonder that such
systems are rigorously studied by rotordynamicists.
The classical approach is a forced response analysis. In this method the excitation sources of certain
frequency and magnitude are applied and a response of the system is calculated. Magnitude of exci-
tation is usually determined based on experiments and past experience. The method is an open loop
type not considering system interactions. The evolution of power electronics was a game changer. It
enabled the systems to operate efficiently at variable speed, allowed higher dynamics, but also
brought new excitation sources with different signature. Moreover, the power electronic systems are
non-linear devices. The open-loop analysis might not be able to cover the interactions in such systems
anymore. Instead, an analysis considering the closed loop effects is needed.
Research for medium voltage AC drives started in the 1960s and industrial production in the 1970s.
First medium voltage drive has been delivered in 1969. It was a 6.4 MW cyclo-converter working as
gearless mill drive in a cement mill [3], [4]. The development continued rapidly. Cyclo-converters were
used mainly for lower output frequencies. Sub- und super-synchronous cascades had been used as
well. Then the era of current source inverters began. For high power range the load commutated
inverter (LCl) became rapidly very popular in combination with synchronous machines, mainly be-
cause of its simple topology, robustness and easy scalability in terms of voltage and power. First LCI
was delivered in 1974 [5], just five years after the pilot cyclo-converter. It was used as soft starter
(LCLSO) for gas turbines and pump storage plants. Very soon, a full drive for continuous duty followed
(LCL.DR). The LCl drive is nowadays still a preferred choice in very high power range. In 1985 the world-
wide first voltage source inverter (VSI) had been launched. Today, VSl is clearly the dominant drive
technology on the market. Every leading drive manufacturer has a VS| drive in its portfolio. Most com-
mon topologies are listed below:

e 3-level neutral point clamped (NPC) or neutral point piloted (NPP) [6], [7], [8], [9], [10], [11],

[12]

e 5-level NPC with cascaded H-bridge [13], [7], [14], [15]

e 5-level active neutral point clamped (ANPC) [16]

o cell-based multi-level (H-bridge) with multi winding transformer [6], [13], [7], [17]

e multi-level with multi capacitor-fed cells (flying capacitor clamped) [6], [7], [18]

e modular multi-level (MMC or M2C) converter [19], [20], [21], [22]
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The selection of suitable topology depends often on process requirements. High performance drives
typically have less voltage levels, but allow superior dynamics. Besides the various topologies, there
are several modulation techniques. They both influence the spectrum of air gap torque and thus in-
teraction with the shaft system. Frequently used modulation schemes are Pulse width modulation
(PWM) [23] and hysteresis modulation as e.g. in direct torque control (DTC) [23] as well as optimized
pulse pattern (OPP) [24], [25] sometimes also combined with model predictive techniques [26], [27].
Field oriented control (also known as vector control) frequently uses pulse width modulation (PWM)
in its scheme. The spectrum contains characteristic harmonics and eventually non-characteristic har-
monics as convolution products of carrier frequency and sampling times of the control loops.

Direct torque control (DTC) is based on hysteresis controllers for machine flux and torque. This control
scheme is ideal for high dynamic applications as it allows extreme fast torque response. The pattern
is inherently non-repetitive and the spectrum contains characteristic harmonics and broadband exci-
tation of very low magnitude. With increasing switching frequency the magnitude of characteristic
harmonics increases while the broadband noise gets smaller. In steady state operation the spectrum
of DTC is similar like scalar or vector control with PWM modulator.

Optimized pulse pattern (OPP) is primarily used to eliminate specific harmonic orders from the har-

monic spectrum. The pattern is pre-calculated offline. It naturally provides very distinct spectrum.

2.1.2  Oscillations in industrial applications

Lot of efforts have been put to investigate the mechanisms of oscillation and propose perspective
countermeasures. Although the main focus of this work is on the electro-mechanical interaction be-
tween VSDS and the mechanical load (i.e. inverter-fed motor and driven equipment), it is very inter-
esting and useful to make at least a short excursion into the other power electronic applications than
just VSDS to see the challenges and the best practice to mitigate the oscillation problems. At a closer
look, one can recognize that there are many analogies and some of them could be successfully trans-
ferred and re-used in a slightly different application. Studying the different approaches helps to un-

derstand the state of the art and might inspire for new ideas and solutions.

2.1.2.1 Traction applications

The development in railway transport goes into direction of larger interconnected systems. The use
of modern locomotives driven by power electronic controlled motors brought a new requirement on
interoperability and stability not known before. The “old” locomotives with dc motors and resistive
control inherently had the behavior of positive damping in any circumstances. Modern locomotives,
on the opposite, can act as negative damping at certain operating points. Such mechanism can desta-
bilize the railway system and lead to a collapse [28], [29].

Learnings: The approach of positive equivalent impedance is a good idea and it could be principally
used in industrial systems as well. Same principle was adopted e.g. for wind converters. It is also

known as input admittance analysis.

2.1.2.2 Turbo-generators with super-conaucting windings
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The development of turbo-generators in power plants in 1970s and 1980s went towards larger and
larger machines. A super-conducting rotor winding was proposed in order to get higher output power
while keeping same machine dimensions and increasing the efficiency. This direction was considered
as very perspective and followed by all major manufacturers. However, the dynamic performance and
oscillation problems required a deep analysis [30].
e Transient behavior: The super-conducting field winding reduces inherent damping based on
winding resistance.
e Control and regulation: The super-conducting field winding requires special concerns regard-
ing control of field current and stability issues.
Special cylindrical winding layers have been proposed to maximize natural damping of torsional vibra-
tion and reduce the time variation of electromagnetic field.
Learnings: Systems with extremely low inherent electric damping have to be rigorously studied in

terms of stability and controllability.

2.1.2.3  Sub-synchronous oscillations

Sub-synchronous torsional interaction as an instability phenomenon mainly associated with synchro-
nous machines. The torsional mode of a turbine-generator shaft train is destabilized through the in-
teraction with the load (large VSDS, HVDC terminals, static synchronous compensators). Resulting sub-
synchronous oscillations might be large enough to trip the system or (if not protected) damage the
equipment. The risk of sub-synchronous oscillations is significant if the power electronic load acts as
negative resistance in certain frequency ranges. To ensure the stability a positive electrical damping
at each torsional resonance as well as at low frequencies is necessary. Such (virtual) resistance can be
provided by proper parameterization of power electronic converter. Positive electrical damping at

each torsional resonance as well as at low frequencies in most cases implies stability [31], [32].

2.1.2.4 Powergeneration

In conventional power plants, dynamic interactions in power systems involving turbine generators are
considered seriously and have been identified as potentially hazardous. According to [33] there are
following types of interaction: Sub-synchronous resonance, Induction generator effect, device-de-
pendent sub-synchronous oscillations, super-synchronous resonance, device-dependent super-syn-
chronous oscillations and transient shaft torque oscillations.
The wind converters represent an interesting example to study, as there are two independent areas
concerning stability and oscillations:

e passivity of wind converter towards the distribution grid (input admittance analysis)

e torsional vibration within wind turbine-generator variable speed shaft system
The grid has several resonances that could potentially be excited. Therefore, grid stability in wind
parks is an important aspect. To ensure a smooth connection of large offshore wind park into a trans-
mission grid an admittance analysis is recommended (approach from traction). The admittance is fre-
guency dependent not equally important in all frequency regions. One approach used in the industry

is enforced passivity within the frequency band of interest.
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Another potential issue in the wind turbine-generator shaft system is torsional vibration. Damping
strategies employ either passive or active damping systems. Passive systems use mechanical compo-
nents with increased damping, e.g. rubber elements. Active systems utilize pitch control (adjustment

of blades) or software algorithms to modify the torque of generator.

2.1.2.5 Power transmission

The High Voltage DC (HVDC) transmission is from topology point of view very close to an electric drive.
It consists of a power electronics substation converting AC into DC, DC transmission line and another

substation for the inverse conversion from DC to AC. The similarities have been described in [A2].
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Figure 2-1: Simplest circuits representing an LCI based VSD (above) and a classic HVDC link with local
power generation (below) [A2]
Nowadays, subsynchronous torsional interaction (SSTI) is a well-known phenomenon. To identify the

risk of SSTI a screening study is always performed. First screening can be obtained by calculating so
called Unit Interaction Factor (UIF) [34]. The empirical threshold is typically 0.1. Below that value there
is small risk of SSTI, above that value the risk is higher and further studies and/or tests are recom-
mended.

Learnings: Sub-synchronous torsional interaction might be a topic, especially in islanded networks
with significant power electronics load. The experience comes mainly from HVDC transmission sys-
tems, but the same applies also for electric drive systems (e.g. large compressor drives with nearby

power generation unit).

2.1.2.6 High-speed turbo compressors

Conventional solution for electric driven variable speed compressor trains is 4-pole motor with speed
increasing gear. Since 1990s there is also the solution with compressor directly driven by high speed
motor (gearless) [35], [36]. Depending on the rated speed the bearings are conventional (e.g. sleeve
bearings) or active magnetic bearings (AMB). The AMB do not require any lubrication and allow oper-
ation in very wide speed range (e.g. 20...105% of nominal speed). There might be several critical
speeds within the speed range. However, the control system can adjust the stiffness of the bearings

depending on the speed. It allows shifting of critical speeds and avoiding vibration issues.
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Learnings: Active adjustment of bearing stiffness allows shifting some of the critical speeds outside of

speed range [30].

Summary of learnings is provided in table below:

Table 1: Oscillations across power electronics and motor drives applications

Application

Challenge

Solution

Limitation

Learning

Large turbo-genera-
tors in power plants
(general)

- Power stability
- Limited controllability

Power System Stabi-
lizer (PSS)

Only for low frequen-
cies (up to ca. 3-5 Hz);
PSS shall not react on
torsional vibration

System stability can be
increased by suitable ex-
citation control algo-
rithms

Large turbo-genera-
tors with super-con-
ducting windings (spe-
cific)

- Transient behavior due
to low inherent damping
- Control of field wind-
ings current

- Stability issues

Special rotor construc-
tion with cylindrical
layers to increase natu-
ral damping of tor-
sional vibration

Systems with extremely
low inherent damping
need special attention in
terms of stability and
controllability

Power generation &
Power transmission
(HVDC)

SSTI between turbine-
generator and HVDC ter-
minal (destabilization of
turbine-generator tor-
sional mode)

Converter control to
ensure positive damp-
ing

Only for low frequen-
cies (up to ca. 3-20 Hz)

This approach of positive
damping can be general-
ized as a stability crite-
rion

Power generation &
large power electronic
load (islanded opera-
tion)

Sub-synchronous tor-
sional interaction be-
tween turbine-generator
and large VFD (destabili-
zation of turbine-gener-
ator torsional mode)

Converter control to
ensure positive damp-
ing

Availability of control
algorithms for en-
hanced damping.
Availability of plant
data (especially reso-
nance frequencies)

This approach of positive
damping can be general-
ized as a stability crite-
rion

Traction (rolling stock)

- Interoperability of roll-
ing stock
- Instability

Converter behavior as
positive imped-
ance/admittance
throughout the control
bandwidth

Passivity cannot be
guaranteed at any fre-
quency. However, it
can be achieved for
the critical frequency
range.

This approach of positive
impedance can be gen-
eralized as a stability cri-
terion

Wind converters

- Stability of grid con-
nected converters

"~ Interaction with weak
grids

Same as traction, i.e.
passivity and positive
input admittance

Passivity cannot be
guaranteed at any fre-
quency. However, it
can be achieved for
the critical frequency
range.

Parallel operation of
several active front
end converters needs
special attention.

This approach of positive
impedance can be gen-
eralized as a stability cri-
terion

2.1.3 Challenges

Due to increased operating speed range in VSDS systems and additional excitation mechanisms, vari-
able frequency motor driven systems require special consideration when analyzed for torsional vibra-
tions. The torsional analysis includes both steady state and dynamic torques coming from mechanical
and electrical excitation. The electrical excitation components include the characteristic frequencies
such as 6™, 12" 18" and 24 orders of electric frequency. These characteristic (dominant) harmonics
are injected by almost any VFD topology. However, there are also non-characteristic torque compo-
nents. These harmonics and their behavior are linked to VFD topology, modulation scheme, inverter
switching frequency, motor parameters, control algorithms and control parameter settings. A detailed

information about the non-characteristic harmonics might not be easily accessible. Although the non-
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characteristic harmonic components are much lower in magnitude compared to characteristic har-
monics, they might still be dangerous for sensitive driven load equipment. To get reliable figures of
excitation torques injected by VFD is a matter of proper system integration.

Another challenge is caused by the fact that torsional vibration is difficult to measure. It is therefore
a very complex problem to setup a reliable condition monitoring. The indirect monitoring is based on
measurement of lateral vibration that is a superposition of several excitation sources. The decompo-
sition is not trivial making it hard to separate the vibration portion added through torsional-lateral
transfer. In other words, it is difficult to distinguish between lateral vibration caused primary by tor-
sional vibration and transferred through gear system and lateral vibration caused by other sources
(unbalance, misalighment, effects inside the gear, hydrodynamic effects in sleeve bearings etc). The
recalculation of lateral vibration magnitude into torsional stress is not easy either.

When developing advanced algorithms based on additional state feedbacks (load speed, load torque
and shaft torque and eventually also their derivatives), the next challenge comes how to estimate
these signals. Some authors consider e.g. the load torque as function of speed. However, this might
not be 100% true. When the drive system operates within the design speed range, the load torque

changes based on process requirements and cannot be assumed as simple function of speed.

2.2 Main problems under research and existing solutions

The main problems under present research are mainly the inherent torque pulsations due to con-
verter topology and modulation technique, sub-synchronous torsional excitation due to presence of

interharmonics and interactions associated with closed-loop control system.

2.2.1 State of the art in industrial applications

The problem with oscillations and vibrations appear in many industrial applications and some of the
leading drive manufacturers spend significant effort in developing various control algorithms to in-

crease the immunity of their system against those oscillations:

Oil and Gas [37], [38], [39], [40], [41], [42], [43], [44], [45], [46], [47], [48], [49], [50]
The plant availability is key criteria. Modern compressors tend to be more efficient and better utilized,

but at the same time less robust against vibrations. The compressor drive systems have very low in-
herent damping. Due to variable speed operation the torsional issues become more pronounced.

The authors investigate the phenomena of torsional vibration in large turbo-compressor trains, pro-
pose control modifications to reduce electro-mechanical interactions and describe prospective tor-
sional dampers. The principle is often based on advanced PWM modulation strategies of the inverter
and algorithms to increase the system damping (both passive and active damping). An analytical tool
to predict torque pulsations in PWM modulated drives was presented in [44]. Discussions with some
compressor manufacturers revealed a bit surprising fact to accept open loop scalar control. Despite
of several disadvantages of open loop control they appreciate the inherent passive damping and no
risk of closed loop interactions. Other compressor manufacturers prefer closed loop control since they

understand that such method allows the use of algorithms suppressing the torsional vibration.
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Besides conference papers also several case studies have been published. [45] presents a case study
of 13.6 MW compressor system with vector-controlled induction motor drive. The authors find the
root cause to be the speed feedback control together with purely parameterized controller gains
(speed and current controller). They suggest the use of open loop V/f (scalar) control.

Generally, the Oil and Gas industry is traditionally very conservative segment and tends to be reluctant
to use latest innovations that are not yet well referenced and proven in field.

High power VSI drive with fixed pulse pattern was introduced in [49]. The aim is to eliminate side
bands in the torque spectrum and cancel any low frequency components. The pulse patterns are pre-
calculated offline for the range of output voltages and stored in the memory of drive controller. The
controller then selects suitable pulse pattern based on required output voltage. The method seems
suitable for applications with slow dynamics such as compressors where the load changes gradually.
The report [50] presents two case studies with practical impact of electro-mechanical interaction in
high power compressor trains. First case shows 10 MW VSI fed induction machine driving a centrifugal
compressor. Interesting enough, efforts to tune the control parameters of VFD control did not help to
reduce lateral vibration, but the mechanical modifications on the gearbox bearing reduced the vibra-
tion to an acceptance level. Second case is a large compressor train with gas turbine as main driver
and 18 MW LCl drive as starter/helper. The electro-mechanical interaction is minimized by optimizing

the current controller of LCI.

- Cement, mining and minerals [51], [52], [53]
Mechanical damages on large gears and pinions triggered investigations on torsional vibration in ce-

ment drives. These drives are either direct driven (low speed solution) or using speed reducing gear
(high speed solution). Tandem motor drives have more complex mechanical system compared to sin-
gle motor drives with larger number of resonant modes. Dual pinion mill drives are more pronounced
to experience vibrations problems and mechanical wear when the control of both drives is not done
properly [52]. In the past, the driver was often a wound rotor induction machine and the load sharing
was inherently almost equal. Older papers describe the issue of large torque pulsations during direct
on-line start of synchronous machine. Today’s tools allow detailed numerical modeling of the dynamic
torsional behavior. A study then points out the best direction of improvements (damping control, me-

chanical re-design, restricted speed ranges etc).

- Power generation & excitation systems [33], [54], [55], [56], [57]

The modern static excitation systems of synchronous generators make it possible to suppress tor-
sional vibration at very low frequencies. So called power system stabilizers (PSS) are employed.

PSS shall not react on torsional natural mode of turbine-generator. [33] refers to a field case where
PSS provided positive damping for the local mode of about 1.67 Hz, but destabilized the first torsional
natural mode of turbine-generator of approx. 16 Hz. The solution was a re-location of speed sensor
and introduction of torsional filter. Since then there are notch filters or other means inside PSS algo-
rithms to avoid interaction with torsional modes.

Most recognized standard defining the transfer function of PSS is IEEE Standard 421.5 [5]. As input

signals the combination of speed (or frequency) and electrical power is used.
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Typically, a tuning study is performed to optimize the damping for specific plant and given range of
frequencies. The four approaches frequently used are listed below:

1) phase compensated method, 2) root locus method, 3) state-space approach, 4) basic concept
Several active damping solutions are available, e.g. conventional band-pass filter with fixed parame-
ters and model based damper structure. The authors in [58] propose model based damper as the
preferred method. Licari et al. implemented a torsional damper based on state feedback controller in
combination with Kalman filter.

In wind converter systems lot of attention is paid to torsional vibration of the shaft string with perma-
nent magnet synchronous generator. This generator has no damper winding and the internal damping
is inherently very small. An active damper was proposed e.g. in [56]. It is based on damping term
added to the power reference or to the dc voltage reference (two structures). Somewhat similar com-
pensator was described in [57], called stress damper controller (SDC). A challenging part might be the
numerical differentiation of measured turbine speed, especially when accounting for certain noise in

speed signal.

- Metals [59], [60], [61], [62], [63], [64]
Drives in metals industry, such as rolling mills, require high performance. Due to high dynamics the

reduction of VSD bandwidth is mostly not acceptable and more sophisticated methods are needed.
One approach is to include a multi-mass mechanical model in motor drive control so that unmeasured
state variables can be observed and used as inputs for additional damping functions.

The optimization criteria for tuning of speed controllers of Pl type in elastic systems were studied and
compared in [59]. General recommendation is not possible, but the integrated absolute error (IAE)
criteria seems to fit most practical cases.

Authors in [60] propose an additional torque feedback control for DC drive and claim to increase the
damping by 50%-100%. The scheme measures the torque of the spindles and inherently requires a
torque sensor. Ripple of speed sensor torque and sampling delays limit the improvements. Alterna-
tively, a torque observer could be used instead, but the torque accuracy drops. The concept is ex-
panded in [61] with improved torque estimator using a two-mass elastic model of the system imple-
mented in the drive controller and executed online. The method does not require numerical differen-
tiation and is more robust against signal noise.

[62] delivers a comprehensive analysis on origin of vibration in rolling mill drives using transfer func-
tions, Bode diagrams or root locus. The work addresses many associated topics, e.g. controllability of
rolling mill plants. In [63] the drive acceleration control is studied in detail in order to improve transi-
ent torsional dynamics. It uses acceleration between two strip-rolling sequences to minimize the gear
backlash. The drive shortly accelerates when transiting from no-load operation into rolling and decel-

erates after rolling is finished.

2.2.2  State of the art in academic and research field
The academic research focuses on following main topics:

e Strategies to minimize the torque ripple
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0 Ismail et al. proposed a modified direct torque control scheme for better capacitor
voltage balancing and reduced torque ripple [9].

e Stability and positive/negative damping [65], [66], [67], [32]

0 Already in 1982 Canay [65] presented the approach of complex torque coefficients to
explain the torsional interaction and electric damping of the synchronous machines. To
evaluate the torsional interaction the complex torque coefficients of the electrical and
mechanical system or the values of electrical and mechanical damping can be used,
respectively.

0 Tabesh and Iravani use frequency response analysis to investigate the torsional dynamics
[66]. The authors also further elaborated the complex torque analysis published by Canay
and highlighted certain limitations of this approach [67].

0 Harnefors provided the mathematical proof of positive net-damping stability criterion
[32]. The analysis is a modified approach of the original method published by Canay. The
stability of closed loop system is checked by means of Nyquist criterion. The proof shows
that a linearized closed loop system is stable when the sum of mechanical and electrical
damping is positive. It is introduced as positive net-damping stability criterion. This proof
can be used as the basis of all control active damping functions on torsional vibration.

e Optimization of speed controller for elastic systems [59], [68], [69], [70], [71], [72], [73], [74], [75]

0 Tallfors, Nordin and Isaksson compared the standard minimization criterias for synthesis
of speed controller with respect of load disturbance rejection of the elastic mechanical
system [59]. The outcome is that it is difficult to find one minimization criterion fitting for
all applications. In most cases IAE (Integrated Absolute Error) is a suitable choice.

0 Vukosavi¢ and Stoji¢ proposed a modification of speed controller suitable for high
dynamic servo drives in systems with torsional resonance [68]. The solution consists of an
anti-resonance compensator added at the output of speed controller (called series
compensator). They have compared five-parameter notch filter with bandstop filter of FIR
type and propose FIR filter due to its robustness and simple settings (one parameter).
Authors also mention typical difficulties in realization of complex compensation schemes
such as state controller or additional feedbacks.

0 Szabat and Orlowska-Kowalska state in [69] that a classical Pl speed controller tuned
according to symmetrical optimum cannot damp the torsional vibration effectively. The
paper studies different variants of additional feedbacks from state variables in order to
improve the damping performance of vibration. As the state variables are often not

measured nor estimated, a neuro-fuzzy controller [70] is introduced as an alternative
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solution. The damping seems to work in the cases of unknown mechanical parameters,
but the performance heavily depends on the selection of learning rates.

0 Muszynski and Deskur focus on control optimization for high-dynamic drives with first
torsional natural frequency often over 100 Hz. Such control systems are rather sensitive
to any delays inside the control loops. Advanced control algorithms might be challenging
to implement, especially if they implicate longer sampling time. Therefore, the authors
recommend easier PI/PID control structure and provide guideline to design the
controllers for elastic drive systems [72].

0 Eloundou and Singhose use special input shapers to reduce the vibration of elastic
mechanical system [73]. The shapers are designed considering the non-linearities of the
system. The practical use for VSD applications is not fully clear.

0 Yangand Wang came with interesting approach with a notch filter at the output of speed
controller (similar to [68]) that is however parameterized online based on resonance
frequency extracted from speed error [75].

O Saarakkala and Hinkkanen [74] propose analytical tuning of speed controller based on
state-space control of elastic systems.

e Passivity based design and stability / admittance analysis

0 Harnefors, Blaabjerg and Finger [76] published journal papers on passivity based stability
using input admittance analysis. The converter must act passively, i.e. the real part of its
input admittance must be nonnegative. This goal is difficult to achieve over the entire
frequency domain, especially when taking time delays due to computation and
modulation principle into account.

e Active damping methods [77], [78], [79], [80], [81], [82]

0 Dutka and Orkisz showed methods for analysis and data-processing of vibration in
rotating machinery. They have used state space represenation to describe the system
with elastic shaft. Methods of detection of torsional oscillations are discussed, especially
with regards to estimated speed and torque. The authors also introduced a damping
controller based on band-pass filter [77].

0 Pacas, John and Eutenbach listed several methods for passive (notch filter, FIR filter) and
active damping (additional feedback of speed difference between motor and load speed,
load side speed observer, combination of state-space and Pl controller), mentioned their
advantages and limitations and tested them on a high dynamic servo drive [78].

O Sarén and Pyrhonen presented an active vibration suppression implemented on a DTC
drive for permanent magnet synchronous machine [79]. The shaft string is simplied into

two mass elastic system. The authors use a Kalman filter to estimate the states of
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mechanical system and the load torque. The work also considers automatic identification
of certain system parameters.

Geng, Xu, Wu and Yang describe an active damping for wind energy conversion system
based on band-pass filter and phase compensator in the voltage control loop [80]. It
seems to be a hybrid solution between a band-pass filter and FIR filter.

Ji and Sul combined Kalman filter with LQ based speed controller to suppress torsinal
vibration [81]. They have benchmarked this control with classical Pl speed controller.
Sourkounis introduces active dynamic damping of torsional vibrations by using Heo-Con-
trol (H-Infinity) [82] and makes a comparison with classical PID controller. The viability of

such method for industrial applications will be proved in near future.

e Model predictive control [83], [84], [85]

(o}

Hours studied the possibilities of active vibration damping in variable speed drive systems
using Heo (H-Infinity) optimal control and model predictive control [83].

Besselmann, Almér and Ferreau implemented model predictive control in load
commutated inverter (LCl) type of drive and tested it successfully on a small-scale
laboratory model [84]. As next step, Besselmann et al. utilized the model predictive
control on a real 48 MW compressor drive [85]. The model predictive control is used
especially to increase the immunity against voltage dips in supply network. The algorithms

could principally be modified for damping of torsional vibration as well.

e Automatic identification of elastic shaft parameters [79], [86], [87], [88]

(0]

Wertz, Bolognani et al. presented methods for commissioning of speed and position
controlled electric drives. Part of the commissioning is automatic identification of
parameters of the flexible shaft [86].

Similar work had been done by Tallfors as part of his thesis [87].

State variables of two-mass elastic system are identified by algorithms proposed by Sarén
and Pyrhénen [79].

Xu et al. described a method for on-line identification of system inertia using a load torque

observer [88] in order to get more accurate speed control.
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3 Main objectives of this thesis

Based on the state of the art analysis, this thesis focuses on overcoming of torsional vibration issues

in VFDs. The main objectives of presented thesis are set as follows:

Explain the mechanisms of torsional oscillations in variable speed electric drive systems with
focus on torque ripple and closed-loop electro-mechanical interaction.

Develop and validate simulation model of VFD with elastic shaft. Study the torsional response
of elastic mechanics to steady state and transient excitation.

Perform closed-loop simulations. Determine the maximum alternating torques and to inves-
tigate the behavior of closed-loop control system and interaction between control loops. Ex-
plore the system damping and control damping.

Create frequency characteristics (Bode plots) of the system including elastic shaft and use
them for offline optimization of controller settings and for determination of torsional stability.
Increase the damping of control loops for torsional modes by passive and active damping
functions.

Perform experimental measurements on medium voltage VSDS. Use the experimental results
to validate and confirm theoretical conclusions and perspective damping algorithms. Use the
drive internal signals for diagnostic purpose and verify the parameterization of main control-

lers.
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4 Methodology of the thesis

Following methodology is applied in the thesis:

Chapter 1 introduces the topic of electro-mechanical interaction in variable speed drive systems, de-
scribes the historical evolution linked with the development of power electronic based drives and
stresses the importance of proper system analysis from torsional standpoint.

Chapter 2 starts with overview about oscillations in power electronic industrial and utility systems.
This chapter further provides a detailed state of the art analysis mentioning both the development in
industrial applications (chapter 2.2.1) and in research area (chapter 2.2.2).

The main objectives of the thesis are listed in chapter 3.

Chapter 5.1 describes the mathematical models of variable speed drive systems with focus on the
modeling of elastic shaft. A state space model is introduced and described. The advantage is configu-
ration flexibility that can be easily adjusted depending on the specific shaft system.

Chapter 5.2 gives theoretical background regarding vibration in variable speed drive systems, funda-
mentals regarding rotordynamics, torsional analysis and control damping functions. The analytical and
numerical approach is briefly described.

The algorithms for control damping in LCI and VSI drives are outlined in chapter 6. Chapter 6.2 is
dedicated to algorithms used in LCI drives. Focus is on analytical parameterization of current control
loop using Bode diagrams and decoupling of control loops. Very perspective algorithms for torsional
damping are the torsional damper introduced in section 6.2.6 as well as smart switchover at low speed
described in section 6.2.5. Algorithms for VSI drives are proposed in chapter 6.3. Focus is on the speed
control loop covering the speed controller and its analytic parameterization considering shaft elastic-
ity and notch filter for passive damping.

Perspective methods are analyzed by means of numerical simulations in chapter 7. Section 7.1 shows
the elastic shaft when excited by various different excitation signals. A simplified model is used to
demonstrate the principal behavior. Section 7.2 is dedicated to LCl drives and the aim is to verify the
optimizations with torsional damper, smart switchover in pulse mode and other improvements. VS|
drives are simulated in chapter 7.3. There is an attempt to benchmark the torsional performance
when operating in closed loop speed control and open loop (scalar). Finally, the algorithms are vali-
dated in chapter 8 by real measurements on drive systems ranging from 1.5 MW up to 38 MW and
covering both LCl and VSI drive topologies.

Engineering guideline summarizing the best practice for drive systems sensitive to torsional vibration
is provided in chapter 9. The work concludes in chapter 10 highlighting the main contribution of this

thesis and pointing out perspective fields of future research.

Extensive tables, figures and background information linked with the subject is contained in Appendix

and referred in the main body.
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5 Theoretical analysis of the problem

5.1 Mathematical models for vibration analysis in VFD systems

5.1.1 Model of variable frequency drive

The model of LCI drive is described in previous work [89]. The models of VSI drives (with simple one-
mass load model) were created by ABB during development stage of the corresponding products. All

model are created in Matlab/Simulink environment.

5.1.2 Model of flexible shaft

Dynamic mechanical system can be described by using the simple analogies with electrical systems.
This is well-known dualism within mechanics and electrodynamics [90], [91]. For interested reader a

summary is provided in Appendix 3 — System analogies between electrical and mechanical systems.

Eigenfrequency Q in mechanical translational systems with stiffness k and mass m (1):

p (1)

Q= |—
m

Eigenfrequency in electrical systems with inductance L and capacitance C (2):

) @)

0= |—
L-C

Considering the simplest two-mass elastic model with lumped inertias Jy and J, with torsional stiffness

k in between of them, the resonance Q (3) and anti-resonance Q, (4) frequencies can be re-written:

I

A mathematical model generally has either distributed characteristics where the parameters are dis-
tributed continuously or lumped (reduced) characteristics with concentrated parameters. The ele-
ment in reduced model does not necessarily correspond to a physical element of real system. Lumped
characteristics are often used to simplify the mathematical apparatus and replace partial differential
equations by ordinary differential equations. To model the complex shaft string properly, a finite ele-
ment approach based on a particular shaft-beam element type can be used. The number of nodes
(called “stations”) can vary between few hundred and several thousand. However, for the investiga-
tions of electro-mechanical interactions the finite element models are not usable. The detailed model
is reduced to several dominant masses. A simplified lumped inertia model is usually sufficient. There-

fore the simplified model needs to reproduce correctly the lowest one to three torsional modes (more
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than three modes only in special cases with very complex shaft string). Higher torsional modes are
much better damped and they are outside the bandwidth of the VFD controllers. The simplest model
of elastic shaft is a two mass model (see Figure 5-1a). Such model is easy to understand and might be
good enough for certain qualitative considerations. In Figure 5-1 following nomenclature is used:

(@) Jmot, Jioaa is motor and load inertia, Ke, Cer is the shaft stiffness and damping, Mmot, Micad, Mcoupling 1S
motor torque, load torque and torque on coupling, Wmot, Wised is Motor and load (angular) speed, Fmot,
Pioaq is motor and load angle

(b) J1, J2,... represents the inertia of the given mass 1, 2, etc, K1/2, K2/3,... represents the stiffness of
shaft element between masses 1 and 2, 2 and 3, etc and C1/2, C2/3 the damping of the shaft elements.

Mmoot

Jmat Megupling
2 Minad

Jioad

Winot

(a)
K1/2 K(n-1)/n
A% V.V
C1/2 C(n-1)/n
(b)

Figure 5-1: Elastic mass model; (a) representation of two-mass model with torsional spring; (b) multi-
mass elastic model

The model from Figure 5-1a can be expressed in form of block diagram as shown in Figure 5-2.

mot

Figure 5-2: Block diagram of two-mass elastic model

The shaft system is called string. Main parts of the string are the driver (electric motor), couplings and
driven load (compressor, pump, fan etc.). There is often a (increasing or decreasing) gear between
driver and load. A simple compressor string is depicted in Figure 5-3. A speed increasing gear is located
between motor and turbo-compressor. There might be several compressors on the same shaft (low,

medium and high pressure).
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. @ s
Geared compressor drive a0 2
. a
PlnlonHS Coupling
= === Compressor [~
VFD fed
"] electric j _______ ': T
motor LS Coupling Bull gear
| |
Low speed (LS) shaft High speed (HS) shaft

Figure 5-3: Diagram of motor driven compressor (geared solution)

5.1.2.1 FEigenvalue analysis

There are two types of eigenvalue problems: standard and generalized.

The generalized solution is based on equation of motion for free undamped oscillation;
Mx+Kx=0 (5)

where Mis the mass (inertia) matrix, Kis the stiffness matrix and xis the motion vector.

Assumed solution is in form (6) with Q being the eigenfrequency:

x = xo e (6)

And after substitution:
(K— Q’M)xy =0 (7)
(MK — Q’E)xy =0 (8)

Necessary and sufficient condition of the equation is when the determinantion is equal zero.
det(M™*K — Q?E) =0 (9)

Eigenvalues are the eigenfrequencies of the dynamic system (frequency spectrum). The eigenvectors

are normalized based on unit matrix or mass (inertia) matrix. It uses the condition of orthogonality.

5.1.2.2 State space modeling
The state of a system represents the minimum amount of information about the system at any

instant in time to that is necessary so that its future behaviour can be determined without reference

to the input before to [55]. Standard state space description is used, i.e.
x=Ax+B-u (10)
y=C-x+D-u (11)

where
X ... vector of state variables (angle and angular speed)

u... input vector (motor and load torques)
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... output vector (coupling torques)

... system matrix (feedback matrix)

y
A
B ... input matrix
C ... output matrix
D

... feed-forward matrix

» D
X
Y15 B I X » C y
A |e

Figure 5-4: Block diagram of state-space representation
The state vector contains relative displacements 91, O, ..., O between inertias and speeds ns, no,...,
ny of each inertia.
X = [191, 192, ...,ﬁn,nl,nz,...,nn]T (12)
Extending (5) with damping B and external excitation Xwe obtain:
Mx + Bx + Kx = X(t) (13)

Applying the state space description to the equation of motion following matrix form is received:

sl 1 RIET= [xcol -

Assumed solution is in form:
x = xge’t (15)
A= Ape +ilim
Real part of the complex eigenvalue represents damping and imaginary part defines the
eigenfrequency of damped oscillation.
The multi-mass shaft string is modeled in following way:

1. Vectors of inertia (jdata), Stiffness (kdata) and damping (cqata) in physical units are created. Inertia

Ul =kg-m?=N-m-s? stiffness [k] = ':{;—’Z and damping [¢] = %
Jaata = U J2) -0 In] (16)

Kaata = [k12, k23, ---'kN—l,N]
Cdata = [€1)C2) s CN—1N ]
where N is the total number of masses/inertias.

2. System matrices are created: inertia matrix Jegm, stiffness matrix Kegm and damping matrix Cegm
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]eqm(n' n) = jaata(M) (17)
Keqmv Ceqm
if (n==1)

Keqm(n, 1) = Kgata(n), Kegm(n,n + 1) = —kaqea(n)
Coqm(n,n) = Caata(), Ceqgm(nn + 1) = —C4gta(n)
if (n==N)
Keqgm(nn) = kagra(n — 1), Kegm(n,n —1) = —Kgqea(n — 1)
Coqn(m 1) = Caata(n = 1), Ceqm(n = 1) = —Caaa(n — 1)
else
Keqm(,1) = Kaata(n = 1) + Kgata(n), Kegm(n,n = 1) = —Kgara(n — 1),
Keqgm(n,n+1) = —Kgqea(n)
Ceqm(n,n) = €4ata(n — 1) + Caata(n), Ceqm(nn — 1) = —€qqra(n — 1),
Cegm(n,n +1) = —Caata()
3. Modal analysis — undamped eigenfrequencies Dsgand eigenvectors Veg are calculated based

on system matrix of inertia and stiffness:

Mdyn = ](;c%m 'Keqm (18)
[Veig'Deig] =eig (Mdyn)

4. State space matrices are created:
System matrix A, input matrix B, output matrix G feedthrough matrix D,

size(A) = (2:N, 2:N), size(B) = (2:N, 2), size(C) = (4+N-1,2:N), size(D) = (4+N-1,2),

|' 0o .. O 1 0 O '| (19)
P 0 1 0
A= o0 - 0 0 0 1

—lts Kem] =12k Coam
0 1
0 0
1

Jeqm(Mmnim) '

B =

B(N+n,,1) = .. motor torque

1

—— ... load torque
Jeqgm(myny) d

B(N+nl,2) =
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-0

0 -

C (1,n,) =1 .. motor angle

C (2,n)) =1 ..load angle

C (3,N + n,,) =1 .. motor angular velocity

C (4,N +n;) = 1..load angular velocity

D=

0 0

0 0

where nn is the position of motor and n; is the position of load in the mass vector.

Equation (19) considered that external torque is applied to two inertias: motor inertia and load inertia.

The model can be adapted to have additional external torques (e.g. several loads on the same shaft).

Such model is universal and easily scalable.

5.1.2.3 Torsional natural frequencies and mode shapes

The determination of torsional natural frequencies and modes is a mathematical eigenvalue problem.

There are numerous eigenvalue solvers that can be employed. The mode shape provides very im-

portant information how the mechanical shaft string is twisted when being excited. It reveals how

critical the torsional mode is and how easy it can be excited from a given source. The mode shape also

reveals information about controllability and observability. The first example in Figure 5-5 (system

data as per Table 16) shows a mode that is observable and controllable.

8700 kW compressor drive
1% Mode shape: 16.58 Hz

0.03 T T T T T T T T T T T T T
1... Compressor 1-1 8 ... Compressor 1-8 + HS Coupling (NDE) (Eo'ggg'rf/;‘ﬂoe‘m
2 ... Compressor 1-2 9 ... HS Coupling (DE) mode)
0.02 3 ... Compressor 1-3 10 ... Gearbox (HSS) E
4 ... Compressor 1-4 11 ... Gearbox (LSS)
5 ... Compressor 1-5 12 ... LS Coupling (NDE)
e 6 ... Compressor 1-6 13 ... LS Coupling (DE)
g 0.01f 7 ... Compressor 1-7 14 ... Electric motor -
o)
3
73
S or .
©
]
N
©
E -0.01 a
S
=z
-0.02- .
-0.03 | | | | | | | | | | | | | |

4 5 6 7 8 9 10 11 12 13 14

Mass no.

Figure 5-5: First mode shape of 8700 kW compressor shaft string
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The motor mass has the largest displacement and the torsional mode can be easily observed. A rela-
tively small AC component in the air gap torque will be significantly amplified. In other words, such
mode shapes couples the fluctuation in air gap torque very strong to the shaft torque.

The other example in Figure 5-6 shows a mode that is almost impossible to observe from motor side.
The torsional twist does not involve the motor section of the shaft system. The motor quantities will
not be disturbed by the torsional twist. In addition, any sensor located on the motor shaft or nearby

will not provide any useful signal. It is the second mode shape of system described in Table 16.

8'700 kW compressor drive
2" Mode shape: 63.87 Hz

0.03 T T T T T T T T T T
1... Compressor 1-1 8 ... Compressor 1-8 + HS Coupling (NDE)
0.02 2...Compressor 1-2 9 ... HS Coupling (DE) |
3 ... Compressor 1-3 10 ... Gearbox (HSS)
4 ... Compressor 1-4 11 ... Gearbox (LSS)
0.01 5-.Compressor1-5 12 ... LS Coupling (NDE) B
: 6 ... Compressor 1-6 13 ... LS Coupling (DE)
g 7 ... Compressor 1-7 14 ... Electric motor
£ L
g O ©)
] Electric motor
o
) (not observable
S -0.01- mode) 7
=]
@
N
T L u
£ 0.02
S
=2
-0.031- u
-0.04 // _
-0.05 | I I | I I I I I | | I | |
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Mass no.

Figure 5-6: Second mode shape of 8’700 kW compressor shaft string
Several examples of typical mode shapes, all based on real projects, are shown in Appendix 12 — Tor-
sional natural frequencies and mode shapes in variable speed drive systems. See also figure 9 in [47]
for mode shapes of compressor trains. Characteristics of physical systems are often non-linear. If the
input values are limited within a relatively narrow range, a linear model can be used that approximates
the response of a non-linear model. Certain effects in rotordynamics can only be explained by consid-

ering non-linearity in the system.

5.1.3 Frequency characteristics and transfer functions

In the past DC motor drives dominated in variable speed applications. Modern AC motor drives em-
ploy induction or synchronous motors. The transfer function of those motors is more difficult (unless
it is significantly simplified) and the analytical solution is often replaced by a simulation. However, for
visualization of torsional behavior and evaluation of the severity of torsional vibration the frequency
characteristics (Bode plots) are very useful. The method is also very practical since it requires much
less time compared to detailed system simulations. Specific frequency characteristics of LCl drives are

contained in chapter 6.2.1 and of VSI drives in chapter 6.3.1.

5.1.4 Impedance characteristics of VFD

The usage of impedance characteristics is an approach frequently used in modern traction drives. It

emerged from the requirement to ensure inter-operability within various rolling stock equipment [28].
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Similar analysis might be performed for HVDC transmission terminals in case of SSTI. The same ap-
proach can be adopted for medium voltage drives. It shall prove if the frequency converter acts as
positive impedance throughout the whole frequency range or if there is any range where the con-
verter acts as negative impedance and potentially destabilizes the system.

For this purpose three models of frequency converter have been studied: load-commutated inverter
(LCl), 3-level voltage source inverter (VSI) of neutral point clamped (NPC) topology and 5-level voltage
source inverter (VSI) of neutral point clamped (NPC) topology. Those three models cover some of the

most common used topologies for high power drives (up to 40 MW and beyond).

5.1.5 Closed loop numerical simulations

Simulation is an alternative to analytic solution. Today’s powerful computers make this method easier
than ever before. Unlike the transfer function approach a simulation model can easily contain hun-
dreds or even thousands of parameters. The author has performed in-depth sensitivity analysis for LCI
type of VFD during his master thesis by means of computer simulations. Later on similar sensitivity
has been performed using hardware in the loop technique.

Hardware in the loop (HIL) simulations represent the next level of simulation techniques. The real
control hardware can be tested while the power section is modeled. Once the system is set up, the
testing goes quite fast (compared to computer simulation). HIL testing shall also provide higher level
of confidence as it is closer to real physical system. As example of HIL testing is shown in Figure 5-7

with following elements: @ master control board, @ slave board, @ signaling interfaces, @ in-

terface board, @ control display panel
V|

Figure 5-7: Environment for hardware-in-the-loop testing (courtesy of ABB)

5.2 Vibrations in VFD systems: A theoretical background

5.2.1 Torque considerations

5.2.1.1 Motor torque in general

In steady state condition the mechanical shaft torque Tsqyt is the air gap torque Tairgap Minus mechan-

ical losses Pioss, mech divided by shaft speed wmech:

Tshaft = Tair gap — Ploss,mech/wmech (20)
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In generic electric machine following relations define shaft power Psuar and torque Tspgys:

Pshaft
Tshaft = (21)

mech

The air gap torque has electromagnetic origin. It is a product of motor flux and current that is applied
to the rotor bodies. The shaft torque is then determined by the dynamics of the rotor system. While
both air gap torque and shaft torque are similar in steady state, they differ in dynamic operation. It is
illustrated on example during short circuit fault (Appendix 11 — Motor transient torques).

Important is the quality of motor torque, namely torque ripple and frequency content. Factors influ-
encing the torque quality are: converter topology, type of inverter output filter, switching frequency,
modulation technigue and enhanced control algorithms acting on torque.

If symmetrical three-phase voltage is applied to the stator windings, a constant DC torque component
is created in the motor air gap [44]. The DC component is the one that is driving the load and the
harmonic (AC) component is the one creating torque pulsations and not contributing to active power
of the motor. DC torque component is equivalent to active power, AC pulsating components then
equivalent to distortion power.

This harmonic transfer is essential for further considerations in the dissertation. More detailed math-
ematical background can be found e.g. in [92] and [93]. The latter one provides relatively simple set

of harmonic transfer rules summarized in Figure 5-8:

| | !
| | T |
: : drlvmlg harmonics harmonics :
harmonic on A .

: | . on the dc side on the ac side :
! S : the alc side : : |
! harn:::rl?'fon harmonics : | I I |
| '. on the ac side | : : : !
| the dc side | | | v |
| T T I | |

| I | I I () !
| | v | \ | n'l !
| | | !
I : . (+) = I
! v n-1" . > n ——nl .
| | !
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| | n !
| | _ (-) |
l L R | |
I I n+ !
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l l X n+1® |

S e e

Figure 5-8: Harmonic transfer rules [93]

5.2.2 Rotordynamics and torsional analysis

Rotordynamics is the study of the dynamics of rotating equipment. The aim is to keep the rotating
machinery out of excessive vibration, accelerated material aging and failures. A basic introduction into
rotordynamics without equations can be found in [94]. For more theoretical background reader can
also refer to Appendix 6 — Introduction in rotordynamics and torsional analysis.

The classical torsional analysis is of a feed-forward type, i.e. it is an open-loop analysis. It means that
the excitation is defined, applied on the system and its response is analyzed. It is assumed that the
excitation is invariant to the response. In other words, there is no back influence of the system on the

excitation. Such simplification can be acceptable for passive systems without feedback loop. However,
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actively controlled systems using closed control loops behave in a different way. A measured or esti-
mated quantity is used as a feedback signal in the control loop. In electric drives utilizing VFDs the
feedback signals in common control structures are motor speed (and sometimes also rotor position),
motor current and voltage vector. The oscillations inside the system may affect the feedback signals
and the reaction of the control system would change. It is obvious that the assumption of static exci-
tation source is not valid anymore. The drive affects the driven load and the excited load has a back
influence on the drive system. The traditional torsional analysis (open loop) cannot be used and ex-
tended analysis covering the behavior of control system is necessary as illustrated in Figure 5-9. The

label ‘train’ refers to a mechanical train or mechanical shaft string.

/ AN
VSD Train =) coupling = X

traditional
new

Step 3. Closed-loop analysis
M . A\
A /[motor air-gap oraue ] /\

facto acto}\ Max. tq on
VSD Train B coupling = X

Figure 5-9: Torsional analysis — traditional and new form

5.2.3 Torsional excitation

From practical reasons, shaft systems cannot be manufactured ideally stiff. It is often a design purpose
to create weak links in the shaft system. In case of excess mechanical stress, the system is expected
to break in those links. Due to the elasticity of certain shaft components (such as couplings, spacers
etc) the system has its natural frequencies. When there is a torque component of frequency equal the
natural frequency, a resonance condition appears. The determination of relevant excitation sources
is a central issue. The mechanical resonance can by excited by various sources. An overview of the
most common excitation sources is provided in Appendix 6 — Introduction in rotordynamics and tor-
sional analysis adopted from [95].

Some excitations have purely mechanical origin, such as unbalance or coupling misalignment. Those
excitations are usually always present to some extent (residual rotor imbalance, not ideally aligned
couplings) and therefore always considered in torsional analysis. Such excitations are not further de-
scribed in this section. However, due to their frequent appearance in real drive systems, reader can
refer to Appendix 4 — Unbalance, coupling misalignment and shaft eccentricity for some fundamen-
tals. If the excitation is deterministic (e.g. in fix relation to fundamental speed), it is easy to include it
in torsional analysis. However, there are some excitation sources with stochastic behavior. In that case

the analysis is more complicated and requires some kind of “white noise” approach [47].

5.2.4 VSD as excitation source

The use of VSD allows an increased operating speed range that in turn means more possibilities for

critical speeds. The VSD also introduces additional excitation mechanism.
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Torque spectrum of VSD driven motor contains besides the 0 Hz component (mean value) also certain
harmonics (seen as torque ripple in time domain). This is not a specialty of particular VSD, but rather
a fact for any drive, disregarding the make, topology or control method. Diesel engines, gas or steam
turbines also have such torque harmonics. It is impossible to design a VSD producing ideal torque
without any harmonics the same as it is impossible to design a shaft string without any torsional nat-
ural frequency. However, the torque harmonics can be minimized by the modulation scheme, correct
parameterization and utilization of software damping functions.

Generally, there are two principles how the excitation in VSD is formed. The nature of each of the
principle is fundamentally different [A3]. One is the pulsating torque ripple, the other one is the elec-

tro-mechanical interaction with closed-loop effects. Each is them is explained in further sections.

5.2.4.1 Pulsating torque ripple

The pulsating torque ripple is a result of

e Spatial harmonics produced by electric motor (motor with its discrete windings), and

e Time harmonics produced by the frequency converter (discrete switching of power semicon-

ductors).

The spatial harmonics are always present in the air gap torque of the motor no matter if the motor is
operated direct on-line or fed from adjustable speed drive. They originate purely from the motor de-
sign. The amplitude of spatial harmonics depends on the motor type (induction versus synchronous
motor, laminated versus solid rotor etc.). The frequencies of spatial harmonics are typically rather
high and do not coincide with the lowest torsional natural frequencies of the driven mechanical sys-
tem. They can often be neglected as source of excitation.
The time harmonics are the main source of torque pulsations. They are produced by the frequency
converter due to discrete switching of power semiconductors and sometimes called induced torque

pulsations. They can be a source of excitation of torsional resonance.

524.1.1 Current source inverters

There are current source inverter (CSl) topologies available for induction motors. However, this
topology is nowadays quite seldom not investigated in detail in this thesis.

Current source inverters in combination with synchronous machines are available for more than four
decades and still popular, especially for very high power or as a VSD soft starters. It is due to their easy
scalability (both power and voltage) and excellent reliability records. The semiconductor bridges are
commutated by external voltage source: line voltage for the rectifier and load voltage for the
inverter). Therefore the name Load commutated inverter (LCl). The described principle is applicable
above certain minimum speed where the LCl works in load commutated mode. At low speed (typically
below 6...12% of motor nominal speed) the motor voltage is too low to commutate the motor side
thyristor bridge (inverter) and another method has to be used. The most frequent solution is so called
pulse mode where the dc link current is repetitively interrupted (forced to zero) before the next
thyristor pair is turned on. Figure 5-10 illustrates the measurement of motor voltage, dc link current

and motor speed during pulse mode. It is a real meausrement of drive system described in Table 7.
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Figure 5-10: Machine ph-ph voltage (blue), dc link current (violet) and speed (yellow) during operation
in Pulse mode

Let’s analyze first the load commutated operation and then identify the specific topics of pulse mode.
LCI consists of thyristor bridges decoupled by intermediate dc reactor. The reactor is smoothing the
current and storing the energy. It provides the ,current source’ behavior. The rectifier commutates
with line frequency (typically 50 or 60 Hz) and the inverter commutates with actual motor frequency.
The thyristor bridges are mostly 6-pulse (smaller power drives and soft starters) or 12-pulse (larger
drives or large soft starters). Topologies higher than 12-pulse are principally possible. However, their
use is rather seldom. Figure 5-11 displays the most common variants.
For practical reasons (such as cost and dynamic response of VSD) the dc reactor has finite size in terms
of inductance (range of several mH) and the current is not purely DC, but contains certain amount of
ripple. The most dominant components are the integer multiples of the line frequency multiplied by
pulse number:

fenar = 6k fune 22

fenar = 12K+ fiine

fenar =61 finot

fenar =127 1+ finot

Besides those dominant harmonics with larger magnitudes there are also interharmonics present in
dc link current. The origin of the interharmonic components can be explained as convolution
happening inside the dc link (see Figure 5-12). The current flowing through a coil can be generally
expressed as in (23)

(23)

i = %fu(t) dt

The current flowing through the dc link reactor of LCl can be expressed as per (24),
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. 1 (24)
lg = L_f(vCLS () —vems (8)) dt

d
where veis is the voltage across the rectifier (converter line side) bridge and vews is the voltage across
the inverter (converter motor side) bridge. Both voltages contain characteristic voltage ripple of
frequency equal the fundamental switching frequency of the corresponding bridge multiplied by the

pulse number of the bridge.

12-6 pulse LCI
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Figure 5-11: Typical configurations of LCl variable frequency drives*

* Block with thyristor symbol in this case represents a full bridge with six thyristors (B6)
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Figure 5-12: Origin of inter-harmonics inside dc link of LCI converter
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Although the magnitudes of interharmonics are smaller compared to dominant components, the
frequencies can interfere with dominant torsional modes and excite them. Therefore, the
interharmonics need to be carefully considered in system design.

Due to the hardware simplicity of LCl drives it is possible to make a rough assessment of air gap torque
analytically. For that purpose we will use the 6-pulse thyristor bridge as a fundamental building block
(all LCI configurations consist of multiple such building blocks).

First let’s assume an infinite size of smoothing reactor with purely DC current in intermediate circuit
(i.e. no current ripple and fully decoupled line and motor side). Then the waveform of air gap torque
depends on the firing angle of inverter bridge. This function is inherently strongly non-linear. The air
gap torque is a cross product of motor flux and stator current. The flux is harmonic as it is integral of
voltage. However, the voltage has only 6 discrete vectors in case of 6-pulse thyristor bridge. One cycle
is 360 degree. Each vector will be applied for 1/6 of cycle when one thyristor pair is conducting the
current, i.e. for 60 degree electrical. Refer to switching diagram below. From historical reasons thyris-

tors are denoted V1 to V6 as common in the older literature; V stands for ‘valve’.

V1
V2
V3
\Z
V5
V6

I I I
] | ]
I I I
T 1 |
| | |
I I |
| [ T
I I |
I I [
0° 60° 120° 180° 240° 300° 360°
Figure 5-13: Switching diagram of 6-pulse thyristor bridge (red underlined the sector when thyristor is
conducting)

Figure 5-14 shows the current flow within the rectifier bridge for three different switching

combinations: V6-V1, V1-V2 and V2-V3. Other three combinations are analogous.
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Figure 5-14: Current flow inside the thyristor bridge rectifier (inverter bridge is analogous)

The basic equation for the air gap torque is (25),
T, = Cplgc ¥y - sing (25)

where T, is the electromagnetic (air gap) torque, C,, is the motor constant, I, is the dc link current
of LCl, ¥, is the rotor flux and ¢ is the angle between stator current I_S) and @,{ (Wherel_; has the
same magnitude as I 4. and the vector orientation is given by the switching combination).

During the conduction window the angle between flux and current is variable. Even if current and flux
have contant magnitudes, the resulting torque will have a ripple depending on firing angle (which is
directly related to the angle between flux and current vectors).

The vector of stator flux has the same direction as the vector of stator current. To visualize the torque

producing principle, (25) can be re-written as
To= C-¥s ¥s-sing (26)

W ... stator flux, ¥ ... rotor (field) flux
From (26) is obvious that the highest torque with lowest ripple is achieved when the vectors of motor
flux and stator current are perpendicular. This corresponds to a firing angle of 180 degree. However,

as explained, the angle is neither constant nor can reach 180 degree.
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Figure 5-15: Switching vector and its relation to motor torque (Ws is stator flux, W is rotor flux)

Firing angle cannot reach 180 degree as the commutation time and recovery time (to renew blocking
capability of thyristor) have to be respected. The upper limitation of firing angle depends on motor
parameters (mainly the stator leakage inductance influencing the commutation length), actual load
(the higher the motor current the longer the duration of commutation) and on the fundamental
frequency (since for the recovery it is the voltage area which is important). Maximum firing angle that
can practically be reached is approx. 150 to 160 degree. Due to the non-linear relationship is the
torque ripple with 150 degree firing angle significantlly higher than with theoretical 180 degrees.

The torque ripple depending on adjustable firing angle can be expressed and calculated analytically.
Analysis according to (25) in steady state condition (/4. = const., ¥, = const.) can be simplified to (27)

and solved by simple integration over the conduction period of one thyristor pair.
T, ~sing (27)

a) Inverter firing angle acys = 180 deg

@1 =120 deg, ¢, =60 deg

1 .
Te (avy) = T f(;plz sing do - Te(max) (28)
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2T

2
3 (3 3 3
T, av) = fe(max) ; -L_ sing dg = Te(max) ; [— cos (p]g = ; = 0.955 Te(max)
= 3
3

For firing angle of 180 deg is the average air gap torque 0.955 (95.5%) of maximum torque.

T, (min) = singy - T, (max) (29)
o 2w
T, (min) = Sln?' Te(max) = 0.866 - Te(max)
0.866

T, (min) = m Te(AV) =0.907 - Te(AV)

b) Inverter firing angle acys = 165 deg

@1 =105 deg, ¢, =45 deg

c) Inverter firing angle acys = 150 deg

@1 =90deg, ¢, =30deg

The Table 2 summarizes the dependencies between inverter firing angle, air gap torque ripple,
average, minimum and maximum air gap torque. The same results are visualised in Figure 5-16.

Table 2: LCI torque as function of inverter firing angle (6-pulse configuration)

Firing angle Average torque Min. torque Torque ripple

QAcms Te av) Te (miny Te (rippie)
[deg] [pu] [pu] [pu]

180 0.9549 0.8660 0.1340

165 0.9224 0.7071 0.2929

150 0.8270 0.5000 0.5000

135 0.6752 0.2588 0.7071

120 0.4775 0.000 0.8660

Average air gap torque of 6-pulse LCI as function of inverter firing angle
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Figure 5-16: Average air gap torque as function of inverter firing angle (6-6 pulse LCI)
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Figure 5-17: Pulsating air gap torque for typical firing angles of a 6-pulse inverter

As can be seen from above Figure 5-16, Figure 5-17 and Table 2, the torque ripple increases signifi-

cantly with decreased firing angle. One way to minimize the torque ripple is a motor design with lower

commutation reactance. A typical example of commutation notch in motor voltage is depicted in

Figure 5-18. The larger the commutation reactance the wider the commutation notch and the lower

inverter firing angle is required with implication on torque ripple as per Table 2.
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Figure 5-18: Commutation notch in the inverter (CMS) voltage

Another way, very efficient, is the use of 12-pulse inverter in combination with dual winding machine.

Both stator winding systems have relative phase displacement of 30 deg. Such configuration is very

common for higher power drives and the torque ripple is reduced up to 3-times. The difference is

obvious from the comparison in Figure 5-19.
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Figure 5-19: Pulsating air gap torque: Comparison between 6-pulse and 12-pulse inverter

Modeling, simulations and measurements of LCI drive has been published e.g. in [96].
The relationship between commutation reactance, length of commutation notch and dc current is
given in (31):

dx = Xg° Id (30)

So far the theoretical description has been simplified considering ideal dc link current without any
ripple. Such ideally smooth dc link current cannot be reached in practice due to finite value of dc
reactor. The current in dc link will have certain ripple. The frequency content is determined by the
pulse numbers of rectifier and inverter and their actual fundamental frequencies. The magnitude is
determined by the pulse number, ripple voltage over the dc reactor and size of dc reactor.

Above analysis was made for a 6-6 pulse LCI drive. A huge improvement of torque ripple is achieved
when higher pulse number on motor side is used in combination with dual three-phase machine as
per Figure 5-20. Large LCl drives most often have 12-12 pulse configuration and supply synchronous

machine with two winding systems that are relatively displaced by 30 degree electric (see e.g. [96]).
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Figure 5-20: Schematic representation of dual three-phase machine

Pulsating torque components of LCl drive are depicted in Figure 5-21. This Campbell diagram is
analytically derived and valid for any LCI drive with 4-pole machine connected to 50 Hz grid. Diagrams
for LCl drives connected to 60 Hz grid or drives with 2-pole machines would look similar (see Appendix
5 — Campbell diagram for LCI and VSI drives for more details). On the x-axis there is the motor speed
in rpm while the y-axis displays the frequency of the pulsating torque component. Multiples of line
frequency (fN) are horizontal lines independent on motor actual speed. Multiples of motor frequency
(fM) are lines rising with motor speed. Interharmonics are rising or falling depending on the motor
speed (frequency) in relation to grid frequency. The interharmonics are well reproduced in simula-
tions. The example below shows a setup with parameters acc. to Table 7. The motor is slowly acceler-
ated up to 1’472 rpm (with very small overshoot of 0.5 rpm). At that speed the interharmonic com-
ponent interferes with the 1% torsional natural frequency. The simulation model contains elastic
model of the shaft string. The torsional vibration is visible in the motor speed — this is obvious in Figure

5-22.
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Campbell diagram of pulsating torques
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Figure 5-21: Campbell diagram of conventional drive system with current source inverter
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Figure 5-22: Motor shaft speed while driving into critical speed of 1’472 rpm

Figure 5-23 and Figure 5-24 show the spectrum of current in the dc link while the LCI drive slowly gets
to 1’472 rpm and reaches a steady state operation. The dominant components of dc current ripple
are not shown as these components are above 160 Hz. On the other hand the interharmonics are well
visible. Figure 5-24 uses logarithmic scale for the magnitude (colorbar) so that also interharmonics

with very small magnitude become easily recognizable.
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Spectrum of the current in the DC link
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Figure 5-23: Waterfall plot of current in dc link while reaching 1'472 rpm (linear scale)
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Figure 5-24: Waterfall plot of current in dc link while reaching 1’472 rpm (logarithmic scale)

These interharmonics are of concern from torsional perspective and the damping algorithms attempt

to eliminate or at least reduce them.

5.24.1.2 \Voltage source inverters

The advantage of current source inverters is the fact that for high power there is basically just one

topology (LCl) used by main manufacturers and the behavior is more or less the same or at least very

Page

51



Chapter 5 Theoretical analysis of the problem

similar (excluding algorithms for active damping etc). The LCl topology is being used for over 40 years
and its harmonic content is usually well known.
The family of voltage source inverters is much larger and the products differ in their hardware circuitry
as well as modulation principles. General analysis is therefore not easy. However, the basic pattern
might be similar for most of them. The most frequent topologies are 3-level neutral point clamped
(NPC) inverter, 5-level NPC/H-bridge inverter, multi-cell with cascaded H-bridge, 5-level flying
capacitor inverter and others. The most common modulation methods are pulse width modulation
(PWM) and hysteresis modulation used in direct torque control (DTC) strategy.
Despite the variety of product offerings, probably all of the VSI drives will have characteristic torque
components integer multiples of six times fundamental motor electric frequency:

fehar = K6 fmotel

k... integer (1, 2, 3,...)
These torque harmonics usually have high frequencies and do not interact with the torsional modes
of concern (below 100 Hz) within the operating speed range (see Campbell diagram below). Therefore,
those harmonics shall only be considered as transient excitation during start-up. Besides these
dominant harmonics in torque there are also other harmonics. These might be e.g. products
(convolutions) of control task cycle and carrier frequency of PWM. Their magnitude is fairly small, but
their frequency can enter the range 0...100 Hz and has the potential to excite the torsional modes. In

most cases the response is very small. However, for s very sensitive driven equipment it could be an

issue.
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Figure 5-25: Campbell diagram of conventional drive system with voltage source inverter
Some VFD topologies offer option for so called N+1 cell redundancy in combination with bypass

switch. In case of failure of one cell (cell usually refers to a low voltage IGBT switch), the cell is bypassed

and the VFD continues in operation without tripping. The advantage for the user is that we can keep
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his process running. However, it might introduce additional torsional risk. The torque might have
increased ripple and eventually other frequency spectrum. It needs a special attention for the case of

torsionally sensitive application.

5.2.4.2 Closed-loop interaction

The second source, the closed-loop interaction, is usually less obvious, but might often be the root
cause of vibration problems on site. It is relevant for all drives using feed-back control. To understand
the interaction, one must use closed loop (feed-back) thinking instead of traditional open loop (feed-
forward) approach [38], [39], [40], [97], [98].

The traditional torsional analysis is open loop analysis. It defines the excitation (e.g. 2% rated torque
at 1.0 x fundamental rotor frequency, and 1% rated torque at 2.0 x fundamental rotor frequency) and
determines the torque response. What is totally ignored is the reaction of the drive control on the
vibrations. This can be the reason why the traditional torsional analysis might not predict the torsional
response correctly. The control system processes measured signals, such as motor speed, stator
currents, stator voltages, etc. If these signals contain oscillations due to torsional vibration, it will

directly affect the drive behavior.

VSD as source of torsional excitation

VSD Power hardware VSD Control
Pulsating torque ripple Closed loop interaction

Figure 5-26: Mechanisms of torsional excitation in VSDS

5.2.4.3 Transient excitation
5.2.4.3.1 Excitation during fault condition

Transient torques originate from various conditions, such as
e High-speed automatic reclosing (31)
e Direct on-line start from standstill (32)
e 3-phase short circuit (33)
e 2-phase short circuit (34)
Mo, M1, M3 and Mg are constants (in pu) and to, Ts, T2 are time constants defined by motor manufac-

turer, w is the motor (actual) frequency. The constants are only valid for specific operation point.

Te (reclosing) (t) = M- e_t/TO + (Ml . e_t/fl + M, - e_t/fz) - cos(wt — @) + (31)
MOO
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Te (poL starty () = My - (1 +e e_t/TZ) — M, - (cos(wt — @) - e~y (32)
cos(wt + @) - e‘t/fz)

3-phase and 2-phase short circuit transients are very rare conditions. They can appear in motor appli-
cations running either direct on-line (DOL) or with a variable frequency drive (VFD). In contrast, direct
on-line start and automatic reclosing are only applicable for machines directly connected to supply
network with fix frequency. They can be disregarded for VFD driven motors.

3-phase short circuit on motor terminals is very unlikely. However, a certain probability is there and it
needs to be considered as transient excitation in torsional analysis. The transient torque contains only

the fundamental electric motor frequency. Faults in the VFD might also result in 3-phase short circuit.
_t _t .
Te 3-pny (£) = My e /to — My -e” /11 sinwt (33)

2-phase short circuit is more dangerous. The spectrum contains two frequency components: funda-
mental motor angular frequency (w) and twice the fundamental frequency (2w). Therefore, it is more
likely to excite a mechanical resonance. In addition, the peak torque in 2-phase fault is generally higher

than for 3-phase fault.
Te (apny (8) = Moo+ (1= €™ 7%0) + (Mo + My - e™/r2) - sin 20t — My (3%)
-e_t/Tl - sin wt

Reaction of VFD on 2-phase fault on the motor side can be a 3-phase short circuit. The VFD switches
on all semiconductors inside the inverter which results in a symmetrical 3-phase fault. This is very
beneficial. If the VFD reaction is fast enough, then 2-phase fault can be disregarded in VFD configura-
tion and only 3-phase fault needs to be considered.

The worst case scenario would be if the fault happens at a motor frequency equal to one of the tor-
sional natural frequencies. This condition should usually be automatically excluded in the continuous
speed range (excitation from residual unbalance and misalignment), but it could appear during start-
up. The probability is very low. However, if the risk is considered as too high, one possibility could be
the inhibition of 3-phase short circuit as fault reaction at that specific frequency.

Refer to Appendix 11 — Motor transient torques for more details.

The peak transient torque also depends on the fundamental motor frequency (frequency dependent
coefficients Moo, Mo, M1 and M,). The tendency is to have a higher peak at lower motor frequency.
This fact might make the transient analysis more challenging for inverter driven motors compared to
direct on-line applications where the motor frequency is fix (50 or 60 Hz). For more details refer to

Appendix 11 — Motor transient torques.

5.2.4.3.2 Synchronization process

The bypass option is a frequent feature of VSD. There are two types: Asynchronous bypass is used to
start the motor as direct on-line. Synchronous bypass is required for variable frequency soft starters.
The motor is soft started up to its nominal frequency. When the conditions for synchronization are

fulfilled (i.e. matching magnitude, frequency and phase angle of grid voltage and converter output
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voltage), the motor is transferred from VSD supply to the grid. The synchronization can be of two
types referring to the sequence of involved circuit breakers:
e Make before break (Close before open)

The motor starting switch is closed and motor is supplied from the VSD. When the conditions
for synchronization are fulfilled, first the motor breaker closes. For several tens of milliseconds
both circuit breakers are closed. Afterwards the motor starting switch is opened and motor op-
erates direct on-line. With this method the current supplied to the motor is not interrupted and
the method is also called “bumpless synchronization”. In this method, the VSD has to be pro-
tected against the maximum short circuit current from the grid as during synchronization it is
directly connected to the grid. An output reactor is usually needed in order to keep an acceptable
current ripple during synchronization.

e Break before make (Open before close)

The initial phase is the same as the other method, i.e. motor starting switch is closed, motor
is supplied from VSD and accelerated to nominal speed. When the synchronization conditions are
fulfilled, the motor starting switch opens at first and short time later the motor breaker closes.
The motor then operates as direct on-line. Since both circuit breakers are interlocked and never
closed at the same time, the VSD is inherently protected against fault current from the grid. This
fact might have a positive impact on the protection concept of VSD. The output reactor is not
needed unlessitis a standard part of the drive. On the other hand, the current interruption causes
transient torque every time the motor is synchronized. The additional mechanical stress is much
lower compared to direct on-line start of the motor. However, especially for torsionally sensitive
applications, the torque during synchronization shall be considered for the dimensioning of me-
chanical components.

The difference between “make before break” and “break before make” options is analogous to the
different arrangements of motor starting via auto-transformer:

One arrangement causes transient overvoltages when one of the breakers opens. These overvoltages
can potentially damage the auto-transformer (Korndorfer — closed transition).

The other arrangement causes transient air gap torque because the motor current is interrupted for

a short time (ABB — open transition).

524.3.3 [Insertion of harmonic filter

This type of transient is usually applicable only for LCI type drive with harmonic and power factor
correction filter. When the filter is inserted, the commutation impedance seen by the rectifier changes
abruptly. The firing angle needs to be adjusted and during the transient a current peak accurs. This
current peak causes a peak in the air gap torque as well. The situation is illustrated in Figure 5-27
where the harmonic filter is switched on at approx. 26 seconds. Clear spikes in current and torque are

visible.
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Current in the DC link during Start-Up
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Figure 5-27: Current in dc link and air gap torque during start-up
If the filter is switched on before LCl starts to modulate, then this case can be disregarded. If the filter
is switched on during operation (e.g. insertion at certain speed to avoid overcompensation), a small

transient appears. The excitation is mostly not so significant and the torsional response is rather small.

However, it is mentioned for completeness.

5.2.4.3.4 Undervoltage ride through

VFD might be equipped with so called undervoltage ride through (alternatively called kinetic buffer)
functionality that allows to survive short time voltage dips in the supply [99]. This is very beneficial for
the user as it prevents instantaneous tripping of drive system and increases immunity against
disturbances in supplying grid. The VFD keeps the voltage in dc link at minimum level (typically 60-
70% nominal voltage) and the inverter keeps modulating. When the grid voltage recovers, the drive
system continues driving and accelerates to setpoint speed. The key for successful ride through is a
fast removal of driving torque in order to avoid the discharge of dc link. The motor torque drops from
initial value down to zero (or actually slight negative torque). Such dynamic change would potentially
excite the torsional resonance as illustrated in Figure 5-28 below with parameters as per Table 16.
The figure depicts the performance of compressor drive behavior before, during and after the supply

undervoltage event.
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Figure 5-28: Transient torsional excitation during and after supply voltage sag

5.2.4.4 Sub-synchronous torsional interaction

Sub-synchronous interactions (SSI) is a general term that can be applied to the various subsynchro-
nous phenomena where either series resonant circuits or control interactions can excite and amplify
subsynchronous currents in the power system. Depending on the type of equipment and interaction
this phenomena can be described as subsynchronous resonance (SSR), or subsynchronous torsional
interaction (SSTI). The phenomena have also been referred to as sub-synchronous oscillations (SSO).
This phenomenon is well known from the HVDC power transmission. In case of local power generation
close to an HVDC terminal, there is a risk of interaction between the turbine-generator system inside
the power plant and the power electronics within the HVDC terminal. The control loops of these active
devices (semiconductors) can destabilize the torsional mode of the turbine-generator shaft string. The
result is excessive vibration on the turbine-generator and consecutive trip reaction to protect the

equipment.

5.3 Vibration measurement

As mentioned, direct measurement of torsional vibration is not an easy task and it is seldom utilized
in industrial application. Instead, lateral vibrations are measured. The question emerges how to judge
the severity of torsional vibration based on lateral vibration signals. Basically, observed lateral vibra-
tion is a superposition of multiple vibration sources. First problem is to decompose the vibration signal
and separate the effect of torsional vibration from other sources (unbalance, misalignment, excitation
from gearbox). Second problem is to estimate the coefficient of torsional-to-lateral vibration transfer.
That might be actually the most significant uncertainty [100]. Some sources, such as [101], recom-
mend six vibration related parameters:
1. Overall magnitude

- indicates presence and severity of vibration problem
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2. Frequency of vibration component
- insight into root cause of vibration malfunction
3. Time-based waveform (unfiltered) and orbital paths

- insight into nature of malfunction

&

Amplitudes and phase angles of orbital frequency-filtered components
- phase angles to diagnose fluid whirl and fluid whip
5. Rotor centerline position at rest / during start-up / in steady state
- insight into radial load status
6. Ratio of overall amplitudes to the filtered synchronous frequency amplitudes
There is sometimes a search for ‘the best parameter’ to observe a vibration phenomenon. In principle,
several parameters can be measured. Typically used parameters are acceleration, velocity and dis-
placement. The best parameter is such that requires the smallest dynamic range. In most cases it is
the velocity. The modern equipment for vibration monitoring consists of several stages, such as:
1. Transducer
2. Preamplifier
3. Conditioning amplifier
4. Oscilloscope / Voltmeter / Pulse analyzer / Counter / Tape recorder / Transient recorder /
Peak detector
The properties of above stages determine the suitability of equipment for measurement of specific

vibration pattern.

5.4 Damping and amplification factor

Besides the excitation magnitude it is the damping that determines the severity of vibration. The os-
cillation magnitude is limited by damping. The torsional damping is usually much less than lateral
damping. In majority of applications the damping is so low that it makes the avoidance of torsional
critical speeds very essential for machine reliability and durability. Turbomachinery has especially low
inherent damping since the equipment rotates in a gas atmosphere with very low friction. [102] re-
ports that torsional damping of steam turbine-generator shaft system is approx. 0.1% or even lower.
The amount of damping determines whether the intersection point can be ignored or becomes a de-
sign-sensitive critical speed.

Inverse value of the damping is so called amplification factor (another synonym is Q-factor). It defines
how much the excitation is amplified, i.e. what is the magnitude of torque response.

There are many types of damping such as material and structural damping, fluid related damping,
electrical damping, control damping etc. Further, the damping types can be classified in certain
groups. Based on the location we can distinguish between internal and external damping. Based on
the acting principle passive and active damping can be distinguished.

e material damping

friction damping

structural damping

electric damping
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e control damping

In rotordynamics the damping is frequently modeled as viscous damping:
B = aM + BK (35)

where Bis the damping matrix, Mis mass (inertia) matrix, Kis stiffness matrix and a, B are proportional
coefficients. Note that coefficient a represents structural (construction) damping and B material
damping. This expression does not consider either electric or control damping.

Damping forces are difficult to measure directly. In addition, rotor-bearing systems can have several
different sources of damping. From those two reasons, the total damping is usually quantified as per-

centage of “critical damping”.
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Figure 5-29: Typical application resonances in terms of frequency and damping/amplification factor
[103] (x-axis: system resonance frequency, y-axis: amplification factor)

It seems that the amount of damping used in theoretical calculations in design stage is often overes-
timated and real damping in the system is actually smaller. Typical amplification factors (inverse pro-
portional to damping) across various applications are summarized in [103].
Internal damping in rotating machinery, and particularly in turbomachinery, is inherently very low. It
has several components, e.g. structural damping (hysteretic damping of the rotor material), damping
of train couplings, natural motor damping (electro-magnetic) etc. The use of VFD might — depending
of control parameterization — remove certain portion of the inherent damping. It is nicely illustrated
on the comparison of DOL versus VFD driven induction machine.
DOL induction machine
e Medium voltage motor has high efficiency (1..5 MW range typically above 96% efficiency,
power ratings above 5 MW typically larger than 97% efficiency). This results in very small
nominal slip and stiff torque-speed characteristic.
e Small change of motor speed results in instant change of slip and steep increase or decrease
of torque (“hard” torque characteristic).
e In stable part of torque curve the additional torque caused by speed deviation always has

damping effect — natural damping of induction machine. The damping torque is produced
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without any time delay unlike the control interventions that inherently contain latency and
time delays (observer algorithm, sampling of signals, cycle tasks of control loops etc).

e At sub-synchronous frequencies there is a range where the electric damping is negative due
to impact of electric forces on rotor body (see figures 5 and 6 in [97]). That frequency range
is usually just slightly below the nominal frequency. For fix speed DOL motor this is obviously
not a problem, but when the motor is fed by VFD, the reduced (in worst case negative) electric
damping shall be taken into account. Note: Many turbomachinery manufacturers use empir-
ical values of damping that are based on experience with direct on-line machines and might
be too optimistic for variable frequency driven systems.

VFD driven induction machine, torque controlled

e Incase of constant torque reference the VFD tries to maintain the motor torque constant and
compensates any external disturbance.

e Small change of motor speed does not affect the motor torque when controlled to a fix ref-
erence value.

e Theinherent electric damping of DOL induction machine is removed!

VFD driven induction machine, speed controlled

e Between previous cases, closer to DOL induction machine.

e Change of motor speed causes a change of motor torque. However, the change is not instant,
but comes with certain delay due to control latency. Such latency removes part of the natural
damping that DOL machine inherently has.

The major sources of external torsional damping are the characteristics or the load and/or its driver.

Information on torsional damping is rare. There is no existing formula to obtain directly the damping
value depending on the dimensions of the shaft, air gap and air flow in the air gap. Damping coefficient
is determined empirically based on the magnitude in resonance and applied for machines with similar
construction.

The load also contributes to increased damping. Load torque partly counter-acts the pulsations in
motor air gap torque. No load condition is the worst case from that standpoint. Therefore, transient
excitation during start-up might be more severe than thought.

In SSTI analysis, the electrical and mechanical damping is often analyzed as key criterion for stability.
Based on a simplified transfer function model the damping can be expressed as real part of the corre-

sponding transfer function.
D, (w) = Re {G, (jw)} (36)

D. is the electric damping, G, is the transfer function of electric sytem.

D,, (w) = Re {Gm#(]w)}

Dm is the mechanical damping, Gn is the transfer function of mechanical sytem.

When talking about VFD damping, it is not correct to state anything about the damping value without

mentioning the frequency range. Typically, the VFD has positive electric damping in some frequency
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range while it drops and becomes negative in other frequency range. Therefore, the admittance anal-
ysis is very important for the design and verification of VFD control system.

Passive damping is either physical (dissipative elements in power hadware) or control based (notch,
lowpass or highpass filters). Dissipative elements limit the magnitude of oscillation in resonance and
shorten the decay time. Passivity based control tries to avoid electro-mechanical interaction and po-

tential amplifications inside the closed loop control.

5.5 Control

The VFDs incorporate two fundamental control methods based on the control loop architecture:

a) Open-loop control (feed-forward)

b) Closed-loop control (feed-back)
The open loop control uses a simple motor model or no model at all. Often it is assumed that the
actual value is equal its reference. There is no feed-back signal providing information about system
response. The method is typically good enough for application with no dynamic operation.
The closed-loop control has much better performance in transient operation. It introduces one or
more feed-back loops. The control receives feed-back signals from the driven system. The control
interventions depend on the feed-back signals. It is a question whether to use actual or reference
signals for certain algorithms. The actual signals are more accurate, but may introduce oscillatory be-
havior and additional loops. Once the system oscillates, it can be very difficult to determine the root
cause. Therefore the actual signals are often at least pre-filtered. The filtering slightly reduces the
dynamic response, but it makes the system more robust against oscillations.
The aim of the control system with regards to oscillation and vibrations is to minimize the torque
pulsations, avoid excitation of resonances and provide sufficient damping for the system. The damping

can be either passive or active. The differences are discussed in following chapters.

5.5.1 Control damping functions

The control software is often the only “muscle” to mitigate vibration problems. Another advantage of
control damping algorithms is that they can be parameterized and relatively easily adjusted on site. A
hardware change in the system is often not possible or not practical so the only option remains the
control functionality. Depending on the control mode of the drive, the damping algorithms can be

placed in speed control loop, torque control loop or both of them.
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Control damping functions
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Figure 5-30: Classification of control damping functions

We can classify the damping functions according several criteria:
e way of acting (passive versus active)
e control loop (speed chain, torque chain, current chain etc)
e damping effect (direct / indirect)
e based on measurements / based on observers (sensorless)
Depending on the implementation the damping functions are either direct (acting in speed or torque

control chain) or indirect (e.g. damping of dc link voltage or power).

5.5.2  Passive control damping and passivity based design

Passive control damping is an easy way to increase the robustness against vibrations. The strategies
are typically based on some sort of software filters that shall remove specific frequencies from the
signal. The system does not see those frequencies and does not react on them (certain frequencies
are blocked). For most common filters used for passive damping refer to Appendix 14 — Software
filters.

The passivity based design and stability analysis is something slightly different, although the basic
principle is the same. The stability assessment can be done by modeling and analyzing the admittance
in frequency domain. The converter shall have a passive behavior towards the grid or load side, i.e.
the real part of its admittance must be nonnegative. It might be difficult to ensure passivity over entire

frequency range, but it shall be possible to achieve this goal in a frequency range of interest. The
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approach is mainly used for grid connected converters [104], [105], [106], [76]. It emerged from trac-
tion grids and was adopted for wind converters and HVDC. Therefore, in the literature it can be found
under the keyword input admittance.

Latencies and time delays impact the passive (natural) damping that analog systems inherently have.
The time delays are caused by sampling times and calculation delays inside the control loops. It im-
pacts mainly fast control loops, e.g. current and torque regulation [105]. However, even the perfor-
mance of speed control loop can be significantly affected by latencies. High-dynamic applications are
especially sensitive to delays in control [72]. The total time delay consists of the particular delays of
speed observer (encoderless operation) or speed digital filters (encoder operation) etc. The delays are
usually not large enough to destabilize the control loop, but they reduce the natural damping [107].
Even a small delay can cause a frequency region where the converter appears as negative impedance

[103] as illustrated in Figure 5-31.
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Figure 5-31: Converter impedance plot considering computational delays [103]

The switching frequency also influences stability. LV drives work with higher switching frequencies
and the stability problem is inherently less pronounced. In contrast, MV drives typically use somewhat
lower switching frequency and are less forgiving in respect of delays resulting from modulation. Up to
delay of % of signal period (90 deg phase lag), the system is still stable, but natural damping shrinks.
A general recommendation is to minimize the latencies inside each control loop.

Modern torque meters also introduce certain time delay. The strain gauge is analog device with con-
tinuous operation (small hysteresis that can be compensated, but the internal signal processing of the

torque meter (digital amplifier, digital filtering, and wireless transmission) causes small delay.

5.5.3 Active control damping

Dedicated control interventions are introduced in order to increase the overall damping. Such algo-
rithms can contribute significantly to reduction of vibration and unlock a lot of potential. However,
they also require more attention. When not properly parameterized (e.g. incorrect phase of additional
signal), they can amplify the excitation and increase the vibration or even damage the rotating equip-

ment. Therefore, the software functions shall be robust and fail-proof. The algorithms often require
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much more details about the mechanical system. The data can be obtained from directly from the
manufacturer of driven equipment (OEM), datasheets and reports or they can be estimated from ex-
perimental data [87].

In squirrel cage induction machine drives the VSD supplies just the stator. In wound rotor synchronous
machine drives both stator and rotor windings are supplied from a controlled power electronics con-
verter and the damping effect can be injected either through the stator winding, through the rotor
winding or both of them. There is additional degree of freedom in regards to torsional damping.
Damping functions based on interventions in rotor circuit typically have lower dynamics and are only
suitable for low frequency oscillations (e.g. up to 5 Hz). Interventions in stator circuit usually allow
higher bandwidth and can successfully damp oscillations up to 30-40 Hz.

Demanding applications such as rolling mills in metal industry have developed lot of advanced control
functions in order to deal with oscillations and to damp vibrations not just in steady state, but also in
high dynamic transient operation. The most important and most useful ones are drive train dynamic

compensator, resonance frequency eliminator or adaptive oscillation damping.
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6 Algorithms for minimized excitation and enhanced damping

6.1 General considerations

The goal is to ensure positive control damping throughout the control bandwidth. The algorithms are
mostly based on certain feedback signals. At the beginning, it shall be defined:

e what signals (states) will be available as measurements

e what signals shall be estimated using observers

e what signals are not known
Additional measurements are often undesired since they mean additional cost, instrumentation and
complexity. Some quantities (such as torque) are difficult to measure. The problem can be overcome
by estimation techniques.
In recent years model predictive control (MPC) techniques emerged and became more attractive due
to computational power of digital signal processors. The technique relies on estimation of several
state variables. The models often assume certain type of load characteristic, e.g. quadratic load torque
as function of speed (fans, majority of pumps and compressors). However, this assumption is normally
true only for the start up to minimum speed. Afterwards the overriding control system adjusts the
reference according to process needs (e.g. pressure, flow rate etc.) and the load curve is not strictly

defined anymore.

Operating Operating
Torque A speed range Torque A speed range
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Figure 6-1: Torque-speed characteristic (start-up curve): Left — theoretical curve, right — real curve

This makes it more complex to estimate the load torque and other state variables.

6.1.1 Measured and estimated signals

Voltage source inverter measures current in two output phases towards motor and the voltage in the
dc link. The output voltage is calculated from the dc link voltage and known switching state. Optionally

the motor speed is measured using a speed encoder.
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Current source inverter of LCl type measures currents and voltages at its input side. Current and volt-
age in dc link is calculated. Optionally the motor speed is measured using a speed encoder. As men-
tioned in [87], in many processes the measured quantity used as feedback signal is the motor speed,
but actually it is the load speed which shall be controlled. In elastic (resonant) systems the motor and
load speed may naturally not match, especially during transient operation.

Speed controlled drives can either use open loop control (scalar mode, simple V/f control) or closed
loop control. Closed loop speed control is using a speed feedback loop. For this purpose a speed signal
is required. The speed can either be measured (speed sensor, also called encoder) or observed (ob-
server for sensorless control).

Most of the VFDs are speed encoder-less meaning that the motor speed is estimated from a motor
model inside VFD control. It is very seldom that the motor torque is directly measured and it is often
observed using the motor model already mentioned. The torque accuracy is mainly determined by

the accuracy of the mathematical model of the motor (non-linearity, saturation effects).

6.1.2 Controllability and observability

Controllability and observability are important terms in control theory. Four combinations exist:

e torsional mode is controllable and observable

e torsional mode is controllable and observable

e torsional mode is uncontrollable and observable

e torsional mode is controllable and unobservable
When the actuator is placed at any node of vibration mode of elastic structure, the mode will be
uncontrollable and when a sensor is placed at the node of a vibration mode, the mode will be unob-
servable. These statements represent limitations when considering active suppression of torsional

vibration by means of VFD algorithms. The relationship is described e.g. in [108].

6.2 Torsional optimization and damping for LCI drives

6.2.1 Parameterization of speed controller

The considerations are generally identical to those described in chapter 6.3.1 for VSI drives. In addi-
tion, the parameterization of speed reference ramps (rate limiter) has an impact. When DOL motor is
started, the intention is to cross the critical speed as fast as possible. The starting torque is not con-
trolled and depends only on machine characteristics and supply voltage. When LCl starts, the situation
looks different. Faster speed ramp requires higher acceleration torque and eventually also larger ex-
citation torque. It might be more beneficial to use slower speed ramps, at least when crossing the

critical speeds. The phenomena was investigated in [107] and in [A4] and confirmed in the field.

6.2.2 Parameterization of current controller

Current controller in LCl drives corresponds to torque controller in VS| drives with either vector control
or DTC. The controller is of Pl type and has two basic parameters to optimize. The specific

implementation allows different settings in Pulse mode and in LCI mode. Tuning is done based on
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bode plots. Transfer function description represents block diagram in Figure 6-2. Current sensor is not

shown, the scaling from Sl (ampere) into pu system is hidden in current controller with gain 1/l4c nom.

Voltage
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Motor side Lineside
Current Voltage - + Current
Ref. + Current Ref. N DCvoltage + X Actual
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Figure 6-2: Block diagram of LCl current controller
Transfer function of the current controller is written in (46);

1 1 +s- TRI (38)
Gpr current (8) = “Kgy - .
DCnom S TRI

where Kz is the proportional gain and Tg integration time const.; Ioc nom is the nominal dc current.

Thyristor rectifier is non-linear and simplified as block with transport delay;

Ugi
GRect (5) = ﬁ (39)

where Uqgp is the ideal no-load rectified voltage and Tp is the average time delay (T/12 for 6-pulse
rectifier and T/24 for 12-pulse rectifier; T is the period of line voltage, i.e. 20 ms for 50 Hz grid).

DC link is modeled as first order system with inductance and resistance;

1 (40)

G =
pc () Rpe + 5 - Lpc

where Rpc is the resistance of DC link and Lpc is inductance of DC link.
The low-pass filter placed in the current feedback loop shall remove part of the current ripple;

1 (41)
2°S2+a; s+ag

Gip (s) =
1 (8) = -
with filter parameters az, a1 and ao defined in (50);

_ 1 _2d _ 42
az - (2'7T'fco)2 ! al - 2'7T'fco, ao - 1 ( )

where fe is the filter cut-off frequency and d is the filter damping.

Finally the transfer function of open current control loop is described in

Goc (5) = Gpj current(S) * Grect (S) * Gpc(s) - Gp(S) (43)

Besides (51) used for control stability we define tracking (52) and disturbance rejection (53).

G ing(8) = Gpi current () * Grect (8) * Gpe (S) (44)
ref tracking 1+ Gp; current (S) * Grect (S) - Gpe (S) “Grp (S)

Gpe (8) (45)

Gaist(s) =
dist 1+ Gpj current (8) * Grece (5) = Gpe (8) * Gp(s)
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Up to now, the transfer functions were defined in continuous world while in reality some of them are
discrete. The discretization significantly impacts the phase margin for otherwise same parameters as

illustrated in Figure 6-6 with Kg = 0.16, Tg = 0.02 s, fco = 500 Hz and system parameters acc. Table 7.

100 Bode Diagram of current control loop

TT T

Continuous

— — Discrete (1 ms sampling)
50 o

Magnitude (dB)
o

-180 P

Phase (deg)

-270

-360
10 10 107 10° 10
Frequency (rad/s)

=)
[

Figure 6-3: Bode of current control loop of system defined in Table 7
Alternative to Bode diagrams a root locus can be plotted as well. Besides the proportional gain the
cut-off frequency of the low-pass filter has also a significant impact on stability - the lower the cut-off
frequency the lower the maximum proportional gain for stable system. See Figure 6-4 for system acc.

Table 7 with Tz =0.02 s and f., = 500 Hz. For gain approx. 1.4 the system becomes unstable.

1A5x 10* Root Lo‘cus of current ctrl loop: T, = 0.02, f’:0 T 500 Hz
System: current_ctrl
r Gain: 1.44 =
~ | Pole: 62.3 + 1e+03i
o5l T ‘ Damping: -0.0621 |
’ T~ | Overshoot (%): 122

— Frequency (rad/s): 1e+03

Imaginary Axis
o

0.5 _— | ,

; | | | |
13..5 -1 -0.5 0 0.5 1 1.5

Real Axis x10*

Figure 6-4: Root locus of current control loop of system defined in Table 7
For a large compressor drive system described in
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Table 14 the current controller settings had been analytically optimized. The results are shown in Table
3. The table summarizes the current control loop from standpoint of stability (phase margin ¢ev) and
disturbance rejection (fuois the frequency of external disturbance at 0 dB crossing). Suggested settings

are highlighted green (two alternatives w/o active damping and one set of parameters with active

damping).
Table 3: Parameterization of current controller for large compressor drive
Active damping OFF
Kri [-] 0.1 0.1 0.3 0.3 0.4 0.4 0.5 0.5
Tri [s] 0.1 0.1 0.16 0.16 0.16 0.16 0.2 0.2
feo [HZ] 250 500 250 500 250 500 250 500
Loc [mH] | 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0
oprm [°] 65.8 69.8 34.2 46.2 17.0 33.0 0.4 20.3
fwo [HZ] 13.9 15.7 27.0 30.2 31.8 354 36.4 40.2
Active damping ON (17 Hz)
Kri [-] 0.2 0.25 0.3 0.3 0.3 0.3 0.5
Tri [8] 0.16 0.16 0.16 0.16 0.16 0.16 0.2
feo [HZ] 250 250 250 250 500 500 250
Loc [mH] | 8.0 8.0 8.0 9.6 8.0 9.6 8.0
@rm [°] 33.6 28.1 21.4 28 34.3 38.6 9.1
fwo [HZ] 22.5 24.8 27.2 24.7 28.4 255 37.2

6.2.3  Synchronization of rectifier and inverter side

As explained earlier (chapter 5.2.4.1.1), in the operating speed range the interharmonics are the main
concern and not the characteristic harmonics. The intersections appear when the inverter operates
at frequency close to the rectifier frequency (e.g. 50 Hz grid, 49 Hz motor). One attempt was to syn-
chronize the rectifier (converter line side) and inverter (converter motor side) when the frequencies
are close enough and eliminate the interharmonic components inside the dc link. Synchronization of
both modulators was programmed in the simulation for a 12-12 pulse LCI. A synchronization window
was added to the rectifier modulator. The idea was that the rectifier adjusts the firing angle slightly so
that both rectifier and inverter commutate simultaneously (i.e. rectifier commutates a little earlier or
little later than it should without this function). The first results were not useful as the small correction
of the firing angle on the grid side resulted in huge current and torque oscillation. In next attempts,
the rectifier synchronized with virtual 24-pulse, 48-pulse and 96-pulse inverter. As the virtual pulse
number is increased, the synchronization window and firing angle error get smaller and smaller. Cor-
respondingly, the current and torque oscillations reduce as well. However, the performance is still
significantly worse than without the synchronization. Finally, this approach had been disregarded. It
was proven that even very small adjustment of firing angle causes large oscillations of current in dc

link and motor air gap torque and the method cannot be used in practice. Figure 6-5 to Figure 6-8
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below illustrate the drive behavior while attempting to synchronize the commutations of rectifier and
inverter. The motor shaft power is 17°500 kW, rated speed is 1’500 rpm, grid frequency is 50 Hz and
also rated motor frequency is 50 Hz. Modulators are synchronized when the frequency difference
between line and motor side drops below 5.2%. In the simulations, this condition is fulfilled at time
instant 18.58 s.
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Figure 6-6: Torque on the compressor coupling - Synchronization to virtual 24-pulse inverter
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Figure 6-8: Torque on the compressor coupling - Synchronization to virtual 48-pulse inverter

6.2.4 Decoupling of control loops
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The typical problem in complex control with several measured signals as inputs is that once there is
an oscillation, it is propagated into many (if not all) control loops. In such situation, it is difficult to
determine where the oscillation started. One way to minimize the electromechanical interaction is
the decoupling of control loops, e.g. using reference signals or filtered signals instead of actual signals.
An example of such decoupling is shown in Figure 6-9: It is a simulation of LCI drive with parameters
as per Table 7. Although the reference signal for firing angle on motor side converter is not actively
controlled, there is a small offset as function of dc link current. When the dc current oscillates, the
firing angle will naturally follow this oscillation. A stabilization was achieved by using different rates of
change to limit the variation of firing angle (slow rate of change for increment, fast rate of change for

decrement). The function is internally called ‘alpha CMS damping’.

Current in DC link
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Figure 6-9: Stabilization of firing angle of motor side thyristor bridge;
(a) simulation, (b) measurement during string test
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Another offset of firing angle is a function of motor speed. The background is again a safe commuta-
tion, i.e. restoration of thyristor blocking capability. In case actual speed is used as input for offset

calculation, the control potentially introduces oscillating offset signal.

6.2.5 Strategy for start-up

As explained before, the LCl cannot use the load commutated operation at very low speeds (from
standstill up to 6...12%). So called pulse mode is frequently used in that speed range. The larger LCl
drives are typically 12-pulse. It was believed that 6-pulse operation is the best at low speed in order
to leave the pulse mode as soon as possible. However, a closer analysis shows that this is generally

not the best method from torsional perspective.

6.2.5.1 Optimization of pulse intervals

During pulse mode a pair of thyristors is conducting for 1/6 (6-pulse inverter) or 1/12 (12-pulse
inverter) of motor revolution. Before next pair of thyristors is fired, a short pause is necessary to renew
the blocking capability of thyristors. However, introduction of additional pauses - sometimes called
»inserted commutations” - will change the spectrum of air gap torque [98]. The closed loop

simulations helped to optimize the period of of pauses for minimal excitation.

6.2.5.2 Switchover during pulse mode

Smart transitions between 6-pulse and 12-pulse operation during pulse mode can significantly reduce
the excitation of the torsional modes. The principle is based on re-configuration between 6-pulse and
12-pulse inverter modulation as a function motor speed. As per the amplitude law, the lowest order
of characteristic harmonics has the largest magnitude while the higher harmonic orders are smaller.
The method proposes to start in 6-pulse configuration and accelerate above the speed where 12*fy,
excites the 1% TNF. Afterwards the LCl is reconfigured to 12-pulse so that the intersection of 6*fyy and
1t TNF can be avoided. LCl either completes the pulse mode in 12-pulse configuration or changes over
to 6-pulse operation in order to get higher average driving torque.

The principle is visualized in Figure 6-10. Larger asterix means dominant excitation, smaller asterix
means less significant excitation.

A challenge requiring attention is the accuracy of observed speed during start-up (encoderless oper-
ation). Since the speed is estimated from motor flux, the accuracy suffers a bit at low speed as seen

in Figure 6-11 (simulation of system acc. Table 8).
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Figure 6-11: Motor shaft speed and observed speed in LCI control

Nevertheless, the simulations and measurements confirmed the positive effect of smart switchover.
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Figure 6-13 and Figure 6-14 show the simulations in order to validate the functionality of switchover
during pulse mode. The parameters of the simulated drive system are provided in Table 7 and shaft
string is depicted in Figure 6-12 (EM = electric motor, GB = gearbox, CC 1 = centrifugal compressor 1,

CC 2 = centrifugal compressor 2).

| e iﬁﬁ @

Figure 6-12: Compressor drive system used for simulations of switchover

Waterfall diagram of the current in the DC link, switchover 6-pulse <--> 12-pulse to avoid torsional excitation

Frequency [Hz]

2 3 4 5 6 7 8
Time [s]

10 11 12 )
(very sharp window used to make the results obvious)

Figure 6-13: Waterfall plot of dc current (pulse mode) of LCI drive: changeover 6-pulse 2 12-pulse 2>
6-pulse applied to eliminate torsional excitation
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Figure 6-14: Torque on motor coupling during start-up (pulse mode) of LCl drive: blue curve — baseline
settings; red curve — optimized settings for minimized excitation of 1t TNF
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Figure 6-15: Waterfall diagrams of motor air gap torque during start-up of LCl drive (logarithmically
scaled for better identification of harmonic and inter-harmonic components)

6.2.6  Torsional damper for LCI drives

A torsional damper had been developed for LCl drives. The principle is based on additional reference

for the current controller (equivalent to torque controller in VSI drives). Active in this case means that
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once enabled it searches the torsional natural frequency in the dc current using a bandpass filter.
Once it is found, it is summed up with the actual dc current. The torsional damper is increasing the
gain of current control loop locally in defined frequency range. The current controller can better coun-
teract the interharmonics without increasing proportional gain across the whole frequency range. The
damper can be disabled by setting the damping gain to zero. Basic implementation is shown in Figure
6-16 and the principle is illustrated in Figure 6-17 and Figure 6-18 using drive system parameters from
Table 7.

Voltage
disturbance

Motor side Lineside
Current Voltage - + Current
Ref. + Current Ref. DCvoltage + Actual

i DC Link —>
i Controller »|  Rectifier O -
p.u. to Sl system
Current Actual
f\i (filtered) Low-pass
Fs filter

Sl to p.u. system

Band-pass
filter

Figure 6-16: Implementation of torsional damper (simplified)

The current controller gain is set to 0.16 and integration time constant 0.02 s. The low-pass filter has
cut-off frequency of 500 Hz. The blue curve of Figure 6-17 shows Bode plot without active damper,
the red curve then with active damper parameterized for 11.6 Hz. The active damping provides ap-
prox. 6 dB additional gain at the torsional natural frequency of 11.6 Hz. At the same time the phase
margin is reduced by 6.3 degree. If the same gain at 11.6 Hz shall be achieved without active damping,
the current controller gain needs to be doubled to value 0.32 and the phase margin is reduced by 19.6

dB as illustrated in Figure 6-18.
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Figure 6-17: Bode plot of current control loop of LC| drive; blue curve — without active damper, red
curve — with active damper

Kp=0.16 (blue) / 0.32 (red), Ti=0.02 (both red and blue), Compensator OFF
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Figure 6-18: Bode plot of current control loop of LCI drive; blue curve — current controller gain 0.16
pu, red curve —current controller gain 0.32 pu
The functionality was confirmed by system simulations including the elastic mechanical shaft and by

string testing in the field. The vibration magnitude is reduced approx. by factor 3.0.
The implementation allows paralleling of several dampers so that multiple interharmonic frequencies
can be minimized as depicted in Figure 6-19 with two torsional dampers.
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Figure 6-19: Implementation of multiple torsional dampers (simplified)

At the beginning the active compensator was “soft enabled” by ramping the gain gradually from zero
to 1 as the simulation in Figure 6-20 shows. Later on this procedure was found unnecessary, i.e. active

compensator can be enabled stepwise without any risk.
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Figure 6-20: Soft enabling of active compensator by ramping the gain

Active damping was also studied for a specific project to investigate if the restricted speed ranges
could be removed and drive could continuously operate at the resonance speed. Drive data are as per
Table 10. The drive system slowly accelerates up to 1’462 rpm which is the critical speed. A steady
state operation is reached. The damping function is first deactivated and then enabled. Immediate
reduction of coupling torque ripple as well as speed oscillation is observed.

Motor speed
1470

1465

1460

!

speed [rpm]

1455

1450
80 85 90 95 100 105 110 115 120
time [s]

Figure 6-21: Motor speed (blue — actual motor speed from motor model, red — observed speed visible
in drive control) — detail of steady-state
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Figure 6-22: Waterfall of low-speed shaft torque (before and after Active damping was triggered)

Simulations results of model with elastic shaft and parameters according Table 11 are depicted in
Figure 6-23 (EM = electric motor). The upper part shows coupling torque during start-up with disabled
active damping, lower part shows coupling torque with enabled active damping. The resonance con-
dition appears in both cases at simulation time approx. 17s. The peak coupling torque is reduced by
30-40%. Figure 6-24 shows the spectrum of dc link current at steady state operation without active
damping (a), with active damping and gain 1.0 (b) and with active damping and gain 5.0 (c). It is a real

measurement from string test of system acc. Table 7.
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Figure 6-24: Waterfall diagrams of dc current of LCI
left — no active damping, middle — damping with gain 1 p.u., right — damping with gain 5 p.u.
6.3 Torsional optimization and damping for VSI drives
6.3.1 Speed control loop
6.3.1.1 Parameterization of speed controller
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Conventional PI(D) type of speed controler (D-part mostly not used) has two basic parameters to
optimize: proportional gain KPS and integration time constant TIS. The time constant TIS shall be
selected depending on application dynamics. Rule of thumb recommends TIS to be at least 10-times
shorter than fastest speed ramp. KPS shall be selected with care as the oscillation in speed feedback
propagates through this gain directly into torque reference. Instead of high KPS additional feedbacks
(such as inertia compensation) might be better approach from torsional standpoint. The optimization
of speed controller is done based on transfer functions and bode plots.

The speed controller is a conventional Pl type as already mentioned. The transfer function is;

1+s-TIS (46)
Gpy speea (8) = KPS'W

where KPS is the proportional gain and T/S integration time constant.
The torgue controller is based on DTC. The control loop has high bandwidth of approx. 450 Hz which

is faster than any mechanical time constant. A polynomial approximation [109] is used for description:

1.936- 107 (47)
s24+5280-s + 1.936- 107

Gpre (s) =

The elastic mechanical model is described in state space as explained in chapter Model of flexible

shaft that is transformed into transfer function (Matlab command “ss2tf”).

GmEcH (5) = s52tf (Amecn» Bmech» Cmech» Dmecn) (48)

Since (59) describes a multiple input/multiple output system, the row corresponding the motor mass

shall be selected.
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Figure 6-25: Bode plot of elastic mechanics; Motor torque to motor speed (left), Motor torque to
compressor speed (right)
The speed and torque controllers are in per unit (pu) while the mechanical model is in S| units.

Therefore scaling with nominal torque Ty, number of pole pairs npp and nominal speed wy is

necessary. The open loop transfer function is then expressed in (59).

npp
Go (s) = Gpy Speed () Gpre(S) * Ty " Gypcu(S) OU_N (49)

The Bode diagram modelled is shown in with system data according Table 18.
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Figure 6-26: Bode plot of speed controlled drive system with elastic shaft; KPS = 1, TIS = 5s (left), KSP
=10, TIS = 2.5s (right)
While low proportional gain has positive effect on torsional interaction, the softer speed controller

has degraded performance in terms of reference tracking. Such disadvantage can be compensated by

additional feedforward terms known e.g. as inertia compensation (see Appendix 7 — Vector control

and direct torque control schemes, section B).

6.3.1.2 Notch filter in speed control loop

The purpose is to remove specific frequency component (typically torsional natural frequency) from

the speed feedback signal or speed error signal. The torque reference as output of speed controller

shall not contain that specific frequency. The VFD shall not amplify the excitation through the closed

loop.
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Figure 6-27: Block diagram of speed control loop; (a) no filter, (b) band stop on speed feedback, (c)
band stop on speed error, (d) band-stop on torque reference

The bandpass (notch) filter can be also described with a transfer function like in previous chapter;

2 s242-d; wz s+ ws (50)
s2+2-dp-wp-s+wp

Wp

Gpp (s) = <—)

wz

where wp, w;y is the frequency of pole and zero and dp, dz is the damping of pole and damping of zero.

Bode plot of bandstop filter tuned for system acc. Table 18 is depicted in Figure 6-28:
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Figure 6-28: Bode plot of bandstop filter; higher pole damping (left), smaller pole damping (right)
Accordingly, the transfer function of the speed open loop incl.notch filter is expressed in (53) and

plotted in Figure 6-29.

Go () =G (s) Gpre(s) Ty - G (s) PP - (s) (51)
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Figure 6-29: Bode plot of speed controlled drive system with elastic shaft and bandstop filter; KPS =1,
TIS = 5s (left), KSP = 10, TIS = 2.5s (right)
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6.3.1.3 FIR filter in speed control loop

FIR filter is used for active damping. Unlike notch filter it does not remove specific frequency from the
signal, but changes the phase of the particular frequency component and creates an additional
reference summed up with the main torque reference from speed controller. Tuning of the phase is

essential to ensure damping instead of amplification of vibrations.

6.3.1.4 Scalar control

Scalar control can be used for induction machine drives with low dynamics where it can be assumed
that motor speed follows the changes in stator frequency. Torsionally sensitive turbomachines
(compressors, blowers etc) typically do not require high dynamic response and scalar control is
principally acceptable. In the literature many different scalar control schemes are described. The
simplest form is without speed feedback loop while more advanced scalar control uses speed
feedback as well.

In frame of this work a very simple scalar control without feedback loop has been investigated. The
error due to slip is ignored. Such control seems to keep the natural damping of induction machine.
More sophisticated variants of scalar control shall be checked to ensure that additional signals do not

introduce oscillating behavior.

6.3.2 Torque control loop

6.3.2.1 Switching frequency

Changing the switching frequency affects the frequency spectrum of air gap torque. See Figure 7-23
and Figure 7-24 for comparison. Higher switching frequency tends to reduce torque components at
lower frequencies while components at higher frequencies remain approximately the same or

eventually increase.

6.3.2.2 Motor current in control

Both vector control and direct torque control use mathematical motor model in their algorithms. The
inputs of the motor model are typically two motor phase currents, dc link voltage and switching
combination (see Appendix 7 — Vector control and direct torque control schemes). The outputs of the
model are actual values of speed (if encoderless), flux and torque. Distorted motor currents therefore
affect the calculation of actual torque. It is benefitial when the control allows to adjust the ratio
between measured and calculated current. Practically, when the measured current is very distorted,

the calculated portion can be increased in order to reduce the signal noise.

6.3.2.3  Notch filter in torque control loop

The principle is the same as notch filter in the speed control loop (chapter 6.3.1.2). The filter shall
remove specific frequency component from the spectrum and make the control passive to this
frequency. The implementation of the filter shall consider much higher dynamics and sampling rate

of torque control loop compared to speed control loop.
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7 Simulation results

Numerical simulations can be performed offline (computer simulation) or online (hardware in the
loop). This chapter presents the results of computer-based simulations. Hardware in the loop (HIL)
simulations and testing had been used as well, but mainly for pre-commissioning setup. The results of

HIL tests with elastic shaft so far could not 100% mimic the effects seen in the field.

7.1 Simulations of simplified model with elastic shaft

A simplified model acc. Figure 7-1 was developed in order to investigate the behavior of mechanical
system with elastic shaft [A16]. The full VFD model is not included in this model. Instead, there is a
selector to choose from various types of torsional excitations. These excitations were applied to the
shaft model (as described in chapter 5.1.2) to investigate the response of elastic mechanics.

e excitation with variable frequency (sweep) — frequency response analysis (Figure 7-1b)

e driving mean torque with superimposed alternating component (Figure 7-1c)

e alternating torque components (Figure 7-1d)

e short circuit transient torque (same as Figure 7-1d)

e broadband random excitation of “white noise” type (Figure 7-1e)

e forced excitation with constant fundamental frequency matching torsional natural frequency

and variable (random) magnitude (Figure 7-1f)
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Figure 7-1: Model to test torque response to different kind of excitations

The torsional response is demonstrated in following paragraphs.

7.1.1 Frequency sweep of input torque

An alternating torque component with magnitude of 0.0141 pu (0.01 pu RMS value, i.e. 1% of rated
torque) and variable frequency (sweep) is applied on the motor mass. The frequency is ramped line-
arly from zero up to 25 Hz. Three frequency ramps with different rates of change are used: slow ramp
(0.25 Hz/sec), medium ramp (1 Hz/sec) and fast ramp (5 Hz/sec). The first torsional natural frequency

is 17.9 Hz. The observation is that due to low damping of torsional mode the peak torque on the
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coupling does not significantly change with the ramp. Only at very fast ramp the peak torque is re-

duced. The behavior is demonstrated in Figure 7-2 with rate of change 0.25 Hz/sec (left), 1 Hz/sec
(middle) and 5 Hz/sec (right).

Response on coupling:
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Figure 7-2: Torque response to harmonic excitation with frequency sweep

Figure 7-3 shows the dependence between torque excitation, frequency ramp and torque response

on the coupling. In applications with direct on-line motor starting, it is recommended to accelerate as

fast as possible in order to minimize the transient torque response. This is based on the fact that the

motor torque is not controlled and dwell time in resonance shall be as short as possible (transient

torque is then lower compared to steady state limit cycle). VFD driven system looks different. In order

to accelerate faster a larger driving torque is required. In case the magnitude of pulsating torque com-

ponents is certain percentage of mean driving torque, the faster acceleration ramp will cause larger

excitation torque and consequently larger torque oscillation on the coupling.
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Figure 7-3: Torque response to transient excitation during start-up

Especially for LCl type of drive operating in so-called pulse mode at low speed it is often more benefi-

cial to use slower starting ramp. Although the dwell time in resonance is longer, the smaller excitation
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results in overall lower magnitude of alternating torque on coupling and consequently less mechanical
stress. This is true for shaft systems with low damping (sharp resonance) and variable load torque (e.g.

load torque proportional to the square of speed) which is normally the case in turbomachinery.

7.1.2 Mean input torque with alternating component

The driving torque consists of mean value corresponding to an ideal driver without any torque ripple.
At certain point of time an alternating torque component is activated and modulated on top of mean
value (superposition). The frequency of alternating torque component matches the first torsional nat-
ural frequency of the elastic shaft system.

In the particular test setup (Figure 7-4) the first torsional natural frequency is 17.9 Hz. The mean value
of torque is 1 pu (rated torque) and the simulation runs until steady state is reached. Afterwards an
alternating component with magnitude of 0.0141 pu (0.01 pu RMS value, i.e. 1% of rated torque) is
modulated on top of the mean torque value. The torsional mode is excited and after several periods
the coupling torque reaches its limit cycle. In the first scenario the driving torque is applied on the first
mass of the elastic model which represents the electric motor. In the second scenario the driving

torque is applied on the gear. The torsional response in both cases looks quite different due to mode

shape.
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Figure 7-4: Torque response to excitation applied to different masses (disks)

Figure 7-4 demonstrates that mode shape determines whether the torsional natural mode can be

excited from motor side or not and how large the torque response will be.

The torque response is also dependent on the load torque. Higher load torque provides more damping

and lower envelope torque response while lower load torque provides less damping and the torque

response is larger.
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Figure 7-5: Torque response to excitation —impact of load torque
At 100% load the torque response to 0.0141 excitation is 0.47 pu (zero-peak) while at 30% load the

torque response to same alternating excitation is over 0.51 pu. The difference is not so significant.

However, the load torque has a significant impact on lateral vibration.

7.1.3 Random excitation (white noise)

As described in the theoretical part, some control methods (especially those with hysteresis modula-
tor) inherently produce a broadband stochastic excitation with low magnitude. Other control methods
may have such excitation as well, e.g. if there is a noise signal in measured quantities (e.g. output
current or voltage). This type of excitation is sometimes referred to as “white noise”.

Figure 7-6 shows a torque response to a white noise excitation with zero mean value and peak value
limited to 0.0141 pu. The first case is configured with noise sampling time is 1.25 ms (sampling rate
800 Hz). The second case is configured with noise sampling time is 2.5 ms (sampling rate 400 Hz). The

torque response displays typical fluctuation.
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7.1.4
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Figure 7-6: Torque response to white noise excitation

Excitation of resonance with random magnitude
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This test case consists of excitation torque of fundamental frequency matching the torsional natural

frequency (17.9 Hz), but with random time variant magnitude with limit set to 0.0141 pu. Noise sam-

pling time is 2.5 ms (sampling rate 400 Hz). Torque response is reaching a quasi-steady state. Results

are visualized in Figure 7-7.
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Figure 7-7: Torque response to excitation of torsional natural frequency with (a) variable (random)
magnitude; (b) constant magnitude

The average magnitude of excitation is approx. 0.0032 pu (22-23% of magnitude limit) and also the
torque response (envelope) is approx. 22% of the response when forced excited with constant mag-
nitude of 0.0141 pu. Results are summarized in Table 4. The conclusion is that the mechanical system
is (almost) linear in the sense that the ratio between average excitation and corresponding torque
response is constant, i.e. the amplification factor is almost constant.

Table 4: Torque response to excitation with constant and random magnitude

Random mag. Constant mag.
MAX magnitude of excit. [pu] 0.0141 0.0141
AVG magnitude of excit. [pul 0.0032 0.0141
Torque response (envelope) [pu] 0.1201 0.5198
Amplification factor (AF) 37.53 36.76

The conclusion is in line with the publications from rotordynamicists (e.g. [110] — see fig. 6).

7.2 Simulations of current source inverters (LCl drives)

Numerous simulations have been performed in order to understand the torsional behavior of LCl
drive, obtain a sensitivity analysis and test and verify algorithms for active damping. The studies in-
cluded steady state operating conditions as well as transient behavior.

First set of simulations considered full detailed model of LCl drive while the mechanical load was mod-
eled just as single inertia (stiff mechanics) acc. left part of Figure 7-8 and Figure 7-9. Motor and load

speed are identical in per unit system.
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Figure 7-8: System with rigid (left) and elastic (right) mechanical model

Next set of simulations contains elastic mechanical model acc. Figure 7-8 and Figure 7-9 (right). Ac-
tual value of motor and load speed is different due to possible oscillations along the shaft string.

A convenient modeling of elastic shaft is state-space representation. This method allows simple ex-
tension of number of masses depending on required model accuracy and easy configuration of input

and output signals.

t dw/dt w t :
motor 1oy > | motor » x=A x+Bu Wmotor N
y=Cx+D-u
tioad t|0aC| ) Wioad

Figure 7-9: (a) Modeling of rigid shaft (left), (b) state-space modeling of elastic mechanics (right)

7.2.1  Start up from standstill up to minimum operating speed

7.2.1.1 Pulse mode operation

As described in the theoretical section, the pulse mode applies to operation at low motor speed from
zero up to 6...12% of motor nominal speed. The exact threshold depends on the specific system and
is influenced mainly by starting torque requirement and motor sub-transient reactance (the higher
the reactance the longer time for commutation is required).

Pulse mode imposes significant pulsating torques on the shaft system. Since the load torque is usually
low at low speed, a torque reversal might appear on the coupling. This situation is dangerous for the
coupling and mitigations might be necessary. The closed loop simulations with elastic mechanical
model reveal the torsional response on the couplings for the risk assessment and also for control
optimization. Figure 7-10 illustrates the behavior of elastic shaft model during pulse mode. Current in
dc link contains large portion of 6th harmonic and the same frequency is present in air gap torque.

The first torsional natural frequency is significantly excited.
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Torque on the GT coupling; torque magnitude logarithmically scaled
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Figure 7-10: Current and torque during pulse mode;
(a) Current in the dc link (entire pulse mode), (b) Current in the dc link (zoom), (c) Torque on the cou-

pling, (d) Waterfall plot of torque on the coupling (logarithmic scaling of magnitude)
Such operation in pulse mode might be the most critical from torsional integrity point of view. Any
improvement achieved form control side is therefore much appreciated.

Torque on coupling during pulse mode operation of large mechanical train of drive system as
per
Table 12 is shown in Figure 7-11. The first mode shape is practically not excitable from the electric

driver, but second torsional mode is significantly excited. Due to larger commutation reactance of the
motor the threshold between pulse mode and load commutated mode is increased to 12% of motor

rated speed.
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Figure 7-11: Torque on coupling between steam turbine and compressor during pulse mode

7.2.1.2 Entire start-up

During the start-up the LCl will excite all relevant TNFs. First excitation occurs in pulse mode when
integer harmonics interfere with TNFs. At higher speeds in load commutated mode the interharmon-
ics excite the TNFs. There might be additional transient excitation due to various events such as not
smooth transition from pulse mode into load commutated mode, insertion of harmonic filter on the
line side (in case not inserted prior to starting).

The excitations are identified in the torque on low speed coupling recorded during start up from zero

to 1200 rpm (80% of nominal speed). This starting is a benchmark prior to torsional optimization.
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Figure 7-12: Waterfall of air gap torque during start-up
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Figure 7-13: Torque on the motor coupling during start-up with identified excitations
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x10* Torque on the coupling C1 during Start-Up

10

T T T T T T T
original Start-Up
— Start-Up with modified control

Torque [Nm]

| |
-2
0 40 80 120 160 200 240 280 320 360 400 440 480 520 560 600 640 680 720 760 800 840 880 920 960 100010401080112011601200
Speed [rpm]

(a) entire Start-up 0...80% speed

x10" Torque on the coupling C1 during Start-Up

T

original Start-Up
— Start-Up with modified control

,,,,, \W M“rﬂnnh.. . MW\ til
vy
i

i

(b) detail of Start-up 0...16.7% speed

tﬁ
i

Torque [Nm]
o =
B

0 4 80 120 160 200 240

Speed [rpm]

Figure 7-14: Torque on the motor coupling - comparison of original and optimized control
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Torque on the coupling C1 during Start-Up
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Figure 7-15: Waterfall plot of coupling torque
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Figure 7-16: Torque on all couplings during start-up (0 — 80% rated speed)

Example of air gap torque during start-up is depicted in Figure 7-17. The rated torque is shown as 2
pu. That is just a result of per unit definition of dual winding machine (2 x 3-phase). The start-up is

valid for load with larger inertia where rated torque is applied to accelerate as fast as possible. Once
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the reference speed is reached, the air gap torque is reduced to a level corresponding to load

torque.
25

Tlpy]

1.5

1 1 1 1 1 1 1 1
o 10 20 30 40 50 60 70 80 t[s] 90

Figure 7-17: Motor air gap torque during entire start-up (case 1)

Another start-up is depicted in Figure 7-18. The example confirms the relationship between current
in dc link and air gap torque.

Currentin the DC link during Start-Up

2000 T

1500

1000

Current [A]

500

10 20 30 40 50 60 70 80
Time [s]

x10* Air Gap Torque during Start-Up

]

Torque [Nm]

10 20 30 40 50 60 70 80
Time [s]

Figure 7-18: Current in dc link and motor air gap torque during entire start-up (case 2)

One more simulation example is in Figure 7-19. It shows the torque on motor shaft end and com-
pressor shaft end during entire start-up. The system data is acc. Table 9.
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Figure 7-19: Shaft torque on the motor and compressor shaft end
Steady state operation at critical speed

In order to investigate the behavior of the drive in the mechanical resonance, the simulations were

performed as follows:

1.

Critical speeds are calculated based on knowledge of first and second torsional natural fre-
quency.

Critical speed is set as speed reference for the drive system.

The simulation is initiated with speed slightly below the critical speed and runs into reso-

nance. Simulation has to be long enough to ensure steady-state operation.

Table 5: Calculation of critical speeds
(intersections of interharmonics with torsional natural frequencies)

Inputs:

network frequency fn [Hz] 50
number of pole pairs npp [-] 2
rated motor speed Nrat [rom] 1500
1st TNF 1UTNF [Hz] 17.4
2nd TNF 2" TNF [Hz] 58.2
Critical speeds: fm Nmot Nref in control

[Hz] [rpm] [pu]

12*fN-12*fM vs. 1st TNF 48.550 1456.5 0.971
12*fM-12*fN vs. 1st TNF 51.450 1543.5 1.029
12*fN-12*fM vs. 2nd TNF 45.150 1354.5 0.903
12*fM-12*fN vs. 2nd TNF 54.850 1645.5 1.097
6*fN-6*fM vs. 1st TNF 47.100 1413.0 0.942
6*fM-6*fN vs. 1st TNF 52.900 1587.0 1.058
6*fN-6*fM vs. 2nd TNF 40.300 1209.0 0.806
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6*fM-6*fN vs. 2nd TNF 59.700 1791.0 1.194
24*fN-24*fM vs. 1st TNF 49.275 1478.3 0.986
24*fM-24*fN vs. 1st TNF 50.725 1521.8 1.015
24*fN-24*fM vs. 2nd TNF 47.575 1427.3 0.952
24*fM-24*fN vs. 2nd TNF 52.425 1572.8 1.049
6*fN-12*fM vs. 1st TNF 23.550 706.5 0.471
6*fN-12*fM vs. 2nd TNF 20.150 604.5 0.403

Figure 7-20 shows the torque on the coupling when driving into the resonance (intersection of tor-

sional natural frequency with 12*(fy-fm) interharmonic frequency in dc current and torque).

0 X 10“ Torque on the coupling C1 - steady state 1472 rpm
85
8
5 \
Z 75 Lkl b
s | (1]
& 7 | Wl |I|| i |
¢ Ll V
6.5 Ll
6
55
30 35 40 45 50 55 60 65 70 75 80

Time [s]

Motor speed (real) vs. observed speed vs. speed reference
1475 5 5 5 5 5

1470

= M I
g 1465 M Real motor speed
o Observed speed
(7]
;5’.)_ 1460 / Speed Reference ||
1455 ry
1450
30 35 40 45 50 55 60 65 70 75 80

Time [s]

Figure 7-20: Torque on the coupling and motor speed in resonance condition

Figure 7-21 demonstrates the performance of torsional damper. While operating in resonance (at
critical speed) the torsional damper is repeatedly activated and deactivated. The difference in the
torgue response on the motor coupling is significant. Figure 7-22 then shows the performance of
torsional damper depending on the amplification factor AF (AF is indirect proportional to system

damping).
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Figure 7-21: Performance of torsional damper;
(a) motor shaft speed, (b) torque on the coupling
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Figure 7-22: Torque on coupling with and w/o active damping — impact of amplification factor

7.3 Simulations of voltage source inverters (VSI drives)

Similar simulations like for LCI drive have also been performed for VSI drives. The modulation scheme

has an impact on torque spectrum of driven motor. For VSl drives the most common modulation tech-

niques are Pulse width modulation (PWM) and Direct torque control (DTC). Both methods yield similar

torque spectrum in regards to characteristic harmonics (integer multiples of motor fundamental elec-

tric frequency). In terms of interharmonics there is a difference:

PWM generates interharmonic components as convolutions of fundamental output fre-
guency (inverter frequency) and sampling frequency of the specific control loop. The mech-
anism has been described in [48]. These convolutions appear as sidebands of the drive output

current (52) and consequently are contained in the spectrum of air gap torque.

fcurrent SB = |fctrl samp n: finv,fund' (52)

Seurrent s 1S the sideband frequency in the spectrum of VFD output current, feii samp is the sam-
pling frequency of the control loop, n is positive odd integer other than 3 and fin, jung is the
fundamental inverter output frequency.

According harmonic transfer rules the frequency in the air gap torque is determined by (53).

ftorque = |fctrl samp (n + 1) 'finv,fundl (53)

Note that most of the VFD control systems have multiple different sampling frequencies re-
sulting in several additional frequency components in the spectrum of air gap torque.

PWM modulator might also generate interharmonic components as convolutions of carrier
frequency of PWM and multiples of fundamental inverter frequency as per (54). Root cause

is improper compensation of switching dead times.
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= |fPWM carrier — (Tl 1) 'finv,fundl (54)

f torque

DTC due to its hysteresis nature generates low-magnitude components across the frequency
range. The magnitude is variable over time. This “noise” signal is equally distributed and in
normal condition fully harmless. The noise level typically reduces with increased switching
frequency. The only ‘torsionally unsafe’ condition appears if the natural frequency is excited
by the noise signal and the closed loop control system locks the excitation due to its feedback

loop.

Figure 7-23 and Figure 7-24 show the spectrum of air gap torque for two different motors (6’500 kW

induction machine and 18’300 kW synchronous machine) for standard and increased switching fre-

guency. With increased switching frequency the characteristic harmonics tend to have larger magni-

tude while the noise level drops down.

Air Gap Torque (6'500 kW, 1'500 rpm)
a) Standard switching frequency
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Figure 7-23: Spectrum of motor air gap torque (6’500 kW motor);
(a) standard switching freq., (b) increased switching freg.
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Air Gap Torque (18'300 kW, 1'500 rpm)
a) Standard switching frequency
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Figure 7-24: Spectrum of motor air gap torque (18’300 kW motor);
(a) standard switching freq., (b) increased switching freg.

Extensive simulations were performed for system described in Table 18. The focus was on torsional

behavior of the drive when operating in closed loop (DTC) and in open loop (scalar) control mode.

The spectrum of air gap torque and coupling torque was analyzed for several speed setpoints as
seen in Figure 7-25 for selected speeds 1’000 rpom and 1’429 rpm. Torque is in pu of fundamental

value (DC magnitude). It is a bit surprising that the improved torsional behavior of scalar (open loop)

control observed in the field could not be reproduced in closed loop simulations.
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Figure 7-25: Spectrum of air gap torque and coupling torque: DTC versus Scalar mode
The overview of closed loop simulation results is summarized in Table 6. The peak-peak coupling
torque at 17 Hz (1° TNF) is given in pu of mean value / pu of rated motor torque.
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Table 6: Closed loop versus open loop control — Peak coupling torque
Setpoint DTC: KPS=10,TIS=2.5s | DTC: KPS =1, TIS=10s | Scalar (Open loop DTC)

Peak-peak torque on cou

pling - pu of mean value (

pu of rated mot. torque)

50% load, 1’000 rpm

0.044 (0.022)

0.024 (0.012)

0.12 (0.06)

70% load, 1220 rpm

0.021 (0.015)

0.026 (0.018)

0.038 (0.027)

100% load, 1’429 rpm

0.032 (0.032)

0.031 (0.031)

0.028 (0.028)

Although the closed loop simulations couldn’t reproduce the positive impact of scalar (open loop)
control compared to closed loop, they reproduce the excitation due to ‘white noise’, i.e. broadband
excitation with generally low time-variant magnitude. The excitation and response is shown in Figure
7-26 for the scalar mode. Alternating torque on the motor coupling is oscillating with frequency equal

the dominant torsional natural frequency (17.5 Hz for the specific case) and variable magnitude.
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Figure 7-26: Motor air gap torque and coupling torque in time domain

Same behavior was observed in the real operation as illustrated on examples in the next chapter.

8 Validation experiments

Proposed control interventions are validated by means of computer simulations, measurements of

real plants or both. Results are presented in this chapter.

8.1 Technical data of simulated and measured drive systems

Tables below summarize fundamental technical data of simulated and measured (real) variable speed

drive systems.

Table 7: Fundamental data of drive system 1
Centrifugal compressors (2 units)

Driven load

Motor type Synchronous, salient pole rotor, brushless exci-

tation, hazardous area

Stator winding Dual star stator, 30 deg phase shifted windings

Motor rated power 13’550 kW
Motor rated voltage 2x 3’300V
Motor rated frequency 50.0 Hz

Motor min. / rated / max. speed 1’050 rpm / 1’500 rpm / 1’575 rpm
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Compressor min. / rated / max. speed 7704 rpm / 11’006 rpm / 11’556 rpm

Gear ratio 0.13

VFD topology Load-commutated inverter (LCl)

VFD configuration 12-12 pulse, , n+1 thyristors per branch (72 thy-
ristors in total)

Line frequency 50 Hz

Size of DC reactor 5 mH

Pulse mode operation 0..165rpm /0 ... 11% of rated speed

Load-commutated operation 165 ... 1’575 rpm / 11 ... 105% of rated speed

Torsional natural frequencies (TNF) 11.6 Hzand 30.4 Hz

(higher TNFs outside the speed range)

Project specific information:

The critical speeds, i.e. crossings of interharmonics with first torsional natural frequency are both
inside the operating speed range (especially 1’473 rpm and 1'529 rpm). Validation of several control
optimization functions was performed during string test of the entire drive system. The effect of

torsional damper was verified by external measurement with torque meter.

Installation of drive system according Table 7 is shown in Figure 8-1. In the left picture dominates the
synchronous machine with large cooler (due to design for 55°C ambient temperature on site) and
there is also speed-increasing gearbox is visible. Compressor is not shown (confidentiality reasons).
Figure 8-1b shows the view on the motor drive end and shaft towards gearbox. During the string test

the drive system can be fully loaded. Inert gas with similar molecular weight is used instead of process

gas.

Figure 8-1: String test of drive system as per Table 7 (courtesy of ABB)

Table 8: Fundamental data of drive system 2
Driven load Centrifugal compressor

Motor type Synchronous, salient pole rotor, 1’250 mm shaft

height, brushless excitation, hazardous area

Stator winding Dual star stator, 30 deg phase shifted windings
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Motor rated power 17000 kW
Motor rated voltage 2 X 6000V
Motor rated frequency 57.13 Hz

Motor min. / rated / max. speed

1’260 rpm / 1’714 rpm / 1’890 rpm

Compressor min. / rated / max. speed

7'026 rpm / 11’195 rpm / 11'755 rpm

Gear ratio

0.153

VFD topology

Load-commutated inverter (LCl)

VFD configuration

12-12 pulse, , n+1 thyristors per branch (120
thyristors in total)

Line frequency

50 Hz

Size of DC reactor

2x6mH

Pulse mode operation

0..171rpm /0 ... 10% of rated speed

Load-commutated operation

171..1'890 rpm /10 ... 110.2% of rated speed

Torsional natural frequencies (TNF)

10.8 Hz and 71.6 Hz

Project specific information:

The critical speeds, i.e. crossings of interharmonics with first torsional natural frequency are inside
the operating speed range. Active damping necessary otherwise coupling would have to be modi-

fied. First practical application of active torsional damper.

r

Figure 8-2: LCI drive inside container of drive system as per Table 8 (courtesy of ABB)

Table 9: Fundamental data of drive system 3

Driven load

Centrifugal compressor

Motor type

Synchronous, salient pole rotor, 1’250 mm shaft

height, brushless excitation, hazardous area

Stator winding

Dual star stator, 30 deg phase shifted windings

Motor rated power

21’000 kW

Motor rated voltage

2x3'030V

Motor rated frequency

50 Hz
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Motor min. / rated / max. speed 1’275 rpm / 1’500 rpm / 1’575 rpm

Compressor min. / rated / max. speed 3’412 rpm /4014 rpm / 4’215 rpm

Gear ratio 2.676

VFD topology Load-commutated inverter (LCl)

VFD configuration 12-12 pulse, , n+1 thyristors per branch (72 thy-
ristors in total)

Line frequency 50 Hz

Size of DC reactor 2.7 mH

Pulse mode operation 0..150rpm /0 ... 10% of rated speed

Load-commutated operation 150 ... 1’575 rpm / 10 ... 105% of rated speed

Torsional natural frequencies (TNF) 17.6 Hz and 60.1 Hz

Project specific information:

Full load combined test / back to back test performed in dedicated test field. New control algo-
rithms have been validated during the combined test. Further information regarding test setup for

such systems can be found in [111].
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Figure 8-3: Speed — Torque characteristic of drive as per Table 9

Figure 8-4: Back-to-back test of drive system as per Table 9 (courtesy of ABB)
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Figure 8-5: LCl converter with open doors (courtesy of ABB)

Table 10: Fundamental data of drive system 4

Driven load

Centrifugal compressor

Motor type

Synchronous, brushless excitation

Stator winding

Dual star stator, 30 deg phase shifted windings

Motor rated power

6’000 kW

Motor min. / rated / max. speed

1’050 rpm / 1’500 rpm / 1’575 rpm

Compressor min. / rated / max. speed

5283 rpm / 7’547 rpm / 7924 rpm

Gear ratio

5.0313 =161/32

VFD topology

Load-commutated inverter (LCl)

VFD configuration

12-12 pulse

Pulse mode operation

0..150rpm /0 ... 10% of rated speed

Load-commutated operation

150 ... 1’575 rpm / 10 ... 105% of rated speed

Torsional natural frequencies (TNF)

15.01 Hz and 77.81 Hz

Project specific information:

First torsional natural frequency is inside the operating speed range -> need to use restricted speed

ranges. Elastic coupling with rubber elements had been used to provide more damping and operate

at critical speeds. After upgrading with active torsional damper, the need for rubber coupling be-

came obsolete.

Solution:

1. Torsional damper activated in order to expand controllable speed range.

Table 11: Fundamental data of drive system 5

Driven load

Three centrifugal compressors

Motor type

Synchronous, cylindrical rotor, brushless excita-

tion, hazardous area

Stator winding

Dual star stator, 30 deg phase shifted windings

Motor rated power

20’000 kW

Motor rated voltage 2x3930V
Motor rated frequency 60 Hz

Motor min. / rated / max. speed 3’600 rpm
Compressor min. / rated / max. speed not known
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Gear ratio not known

VFD topology Load-commutated inverter (LCl)

VFD configuration 2 X 6-6 pulse

Line frequency 50 Hz

Size of DC reactor 2x7.5mH

Pulse mode operation 0..216rpm /0 ... 6% of rated speed
Load-commutated operation 216 ...3960 rpm / 6 ... 110% of rated speed
Torsional natural frequencies (TNF) 5.9 Hz,11.6 Hz, 19.5 Hz, 23.2 Hz

Project specific information:

Large shaft string with multiple couplings. Mode shapes are complex with very low TNFs. Sub-syn-
chronous torsional interaction with gas turbine generators (GTGs) located nearby = interactions
on both grid and load side with conflicting requirements on current controller. Reference to con-

ference paper [112].

Solution:

1. Optimized current controller based on frequency domain modelling. Compromise settings
considering reference tracking and distrubance rejection.
2. Optimized feed-forward terms in control system to minimize interactions.

3. Torsional damper activated.

Table 12: Fundamental data of drive system 6

Driven load Compressors

Motor type Synchronous, brushless excitation

Stator winding Dual star stator, 30 deg phase shifted windings
Motor rated power 24’500 kW (motor) / 23’650 kW (generator)
Motor rated voltage 2 x 4’500V

Motor rated frequency 33.3Hz

Motor rated speed 1’000 (const. speed) / 1’050 as max. speed (trip)
Compressor rated speed 1%t stage: 4651 rpm

2" and 3" stage: 6’511 rpm
4™ and 5™ stage: 9’767 rpm

Gear ratio several gears

VFD topology Load-commutated inverter (LCl)

VFD configuration 12-12 pulse, 3 thyristors per branch (72 thyris-
tors in total)

Pulse mode operation 0..120rpm /0 ... 12% of rated speed

Load-commutated operation 120 .. 1’050 rpm / 12 ... 105% of rated speed

Torsional natural frequencies (TNF) 4.55 Hz, 8.50 Hz, 19.70 Hz, 30.34 Hz
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Project specific information:

The shaft string is very complex (see Figure 8-6) resulting in many torsional modes, not all of them
controllable and/or observable. There is a steam turbine as main driver and expander and several
compressor stages as loads. Motor rated frequency intentionally selected as 33.3 Hz (1’000 rpm)
to avoid intersections with interharmonics. The drive system runs most of the time in generator
mode feeding excessive energy back to electric grid. In dynamic operation, the drive system
changes from generator to motor mode (power swing). Vibration is higher in generator mode —

generally less damping. LCI torsional damper activated for 2™ and 3™ TNF.

MOTOR/GEN

VFD fed
electric
motor

Compressor
stage 1

Bull gear

Figure 8-6: Shaft string of system as per
Table 12

GEAR BOX

0.231 MW

Figure 8-7: Average power distribution of system as per
Table 12 (left — gen, right — mot)

Table 13: Fundamental data of drive system 7

Driven load

Centrifugal compressor

Motor type

Synchronous, cylindrical rotor, 630 mm shaft

height, brushless excitation, hazardous area

Stator winding

Dual star stator, 30 deg phase shifted windings

Motor rated power

20000 kW
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Motor rated voltage 2x3930V
Motor rated frequency 60.0 Hz
Motor min. / rated / max. speed 3’530 rpm / 3’600 rpm / 3’780 rpm
Compressor min. / rated / max. speed not known
Gear ratio not known
VFD topology Load-commutated inverter (LCl)

VFD configuration

12-12 pulse, 3 thyristors per branch (72 thyris-

tors in total)

Line frequency

50 Hz

Size of DC reactor

5mH

Pulse mode operation

0..216rpm /0 ... 6% of rated speed

Load-commutated operation

216 ...3'780 rpm / 6 ... 105% of rated speed

Torsional natural frequencies (TNF)

8.5 Hz and 14.3 Hz (shaft train 1)
9.0 Hz and 15.1 Hz (shaft train 2)

Project specific information:

The shaft string is very complex — gas turbine as main driver, LCl used as starter/helper. Continuous
operation range is rather narrow. There are multiple identical drives in this project. Some of them

are speed controlled, others are torque controlled (from overriding control system).

Solution:

1. Detailed analytical modeling of drive system.

2. SSTl analysis performed by external company.

3. Small software modifications after first round of SSTI results.

The plant is in partial load operation and seems to work well. Full load operation not yet possible

due to limitations on end user side (limited gas capacity).

Figure 8-8 depicts the motor during routine and type testing in the factory. This type of machine has

low sub-transient reactance and allows exit from pulse mode at lower speed (6...8% nominal speed).

Figure 8-8: Factory motor test of drive system as per Table 13 (courtesy of ABB)
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Table 14: Fundamental data of drive system 8

Driven load

Compressor

Motor type

Synchronous, brushless excitation

Stator winding

Dual star stator, 30 deg phase shifted windings

Motor rated power

37000 kW

Motor rated voltage

2x6'100V

Motor rated power factor

0.92 (capacitive)

Motor rated frequency / max. frequency

50 Hz /63 Hz

Motor min. / base / rated / max. speed

1’260 rpm / 1’500 rpm / 1’800 rpm / 1’890 rpm

Compressor min. / rated / max. speed

5549 rpm / 6’605 rpm / 7927 rpm / 8’323 rpm

Gear ratio

4.4

VFD topology

Load-commutated inverter (LCl)

VFD configuration

12-12 pulse, 4+1 thyristors per branch (120 thy-

ristors in total)

Line frequency

50 Hz

Size of DC reactor

2x4mH

Pulse mode operation

0..150rpm /0 ... 10% of rated speed

Load-commutated operation

150 ... 1’890 rpm / 10 ... 126% of rated speed

Torsional natural frequencies (TNF)

17.0 Hz (low speed coupling)

Project specific information:

Large power drive system that underwent back-to-back test and string test before final installation

at its destination. Model-based current controller.

Table 15: Fundamental data of drive system 9

Driven load

Three (3) centrifugal compressors

Motor type

Induction, squirrel cage, 710 mm shaft height

Motor rated power

6’600 kW (110% overload for 180s every 30 min)

Motor rated frequency

85.5 Hz

Motor rated / max. speed

5’110 rpm / 5’588 rpm

Compressor rated / max. speed

same as motor

Gear ratio

N/A (gearless)

VFD topology

Voltage source inverter (VSI)

VFD configuration

36-pulse diode rectifier / 5-level inverter

Output filter

dv/dt filter

Torsional natural frequencies (TNF)

16.7 Hz and 63.9 Hz

Project specific information:

Main driver is gas turbine (approx. 42 MW) and electric drive is used as starter/helper (see Figure
8-9). Vibration measurements performed with and without electric drive to quantify the impact of

white noise. These measurements were neither performed nor evaluated by the author. However,
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the unique results illustrate the theory regarding white noise and experience from other drive sys-
tems with similar configurations and system designs where author was involved. Further infor-

mation can be found in [38].

Torque
meter /
Figure 8-9: Shaft string of system as per
Table 15
Table 16: Fundamental data of drive system 10

Driven load Centrifugal compressor
Motor type Induction, squirrel cage, 800 mm shaft height
Motor rated power 8’700 kW (110% overload for 60s every 600s)
Motor min. / rated / max. speed 1128 rpm / 1’318 rpm / 1°480rpm
Compressor min. / rated / max. speed 7’128 rom / 8332 rpm / 9’356 rpm
Bearing type on motor Sleeve bearings
Gear ratio 6.32
VFD topology Voltage source inverter (VSI)
VFD configuration 36-pulse diode rectifier / 5-level inverter
Output filter dv/dt filter
Torsional natural frequencies (TNF) 16.7 Hz and 63.9 Hz

Project specific information:

Full load combined test was conducted before shipping the equipment to site for final installation.

The setup is similar to the one described in [111]. Torsional analysis conducted for the test setup

to verify the coupling selection. Calculation / simulation of transient torque during motor fault.

The full load combined test setup is illustrated in Figure 8-10. The project motor (grey painted), drive

(bottom right) and transformer (top right) are loaded with two coupled induction machines working

as generators and feeding power back to grid through 4-Q load converter.
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Figure 8-10: Full load combined test of drive system as per Table 16

Table 17: Fundamental data of drive system 11

Driven load Blower (axial compressor)

Motor type Induction, squirrel cage

Motor rated power 8400 kW (limitation to 7600 kW)
Motor rated voltage 6’000 V

Motor min. / rated / max. speed 1’191 rpm / 1’492 rpm / 1’530rpm
Compressor min. / rated / max. speed 4’240 rpm /5’313 rpm / 5’450 rpm
Gear ratio 3.561

VFD topology Voltage source inverter (VSI)

VFD configuration 36-pulse diode rectifier / 5-level inverter
Output filter dv/dt filter

Speed acquisition Encoder / Observer (selectable)
Torsional natural frequencies (TNF) 17.5Hz and 50.3 Hz

Project specific information:

Motor is designed for VFD as well as DOL operation and reconfigurable as 4-pole/6-pole. VFD
equipped with synchronous bypass (continuous duty drive plus bypass as backup solution). How-
ever, due to vibration magnitude increasing with fundamental speed the rated speed for synchro-
nization could initially not be reached. Motor is equipped with encoder; the drive can be operated

with either encoder or encoder-less. First mode shape with torsional twist on high-speed coupling.

Solution:

1. Soft settings of speed controller (lower proportional gain, increased integration time constant).
2. Inertia compensation (add. feed-forward to main torque reference) used to eliminate speed
overshoots during start-up.

3. Notch filter in the speed feedback loop activated and tuned for 17.5 Hz vibration frequency.

4. Compensation algorithm for long motor cables activated to stabilize the motor model.
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see photo left @)

(1) Low-speed shaft (2) High-speed shaft

Figure 8-11: Coupling spacer, gear and compressor of drive system as per Table 17

Table 18: Fundamental data of drive system 12

Driven load Centrifugal compressor

Motor type Induction, squirrel cage

Motor rated power 6’100 kW (110% for 60s every 600s)
Motor rated voltage 3’100V

Motor min. / rated / max. speed 1’200 rpm / 1’429 rpm / 1’500 rpm
Compressor min. / rated / max. speed 8’606 rpom / 10°249 rpm / 10’759 rpm
Gear ratio 7.17

VFD topology Voltage source inverter (VSI)

VFD configuration 24-pulse diode rectifier / 3-level NPC inverter
Output filter dv/dt filter

Torque control DTC (scalar mode temporarily tested)
Speed acquisition Observer (encoder-less)

Torsional natural frequencies (TNF) 17.0 Hz and 56.5 Hz

Project specific information:

Mitigation reached by reducing the gain of speed controller (Pl type), activating bandpass (notch)
filter is speed feedback loop, marginally increasing the switching frequency and optimizing the mo-

tor model with respect to long motor cables.

Problem description:

Initial very high vibration sustained due to high gain of speed controller.

Solution:

1. Soft settings of speed controller (lower proportional gain, increased integration time constant).
2. Notch filter in the speed feedback loop activated and tuned for 17.5 Hz vibration frequency.

3. Compensation algorithm for long motor cables activated to stabilize the motor model.

4. Marginal increase of switching frequency.

The solution approach was towards converter passivity, preservation of electric damping and
minimization of electro-mechanical interaction.

Site successfully in operation since end of 2013 without any vibration issues.
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Table 19: Fundamental data of drive system 13
Driven load Centrifugal compressor
Motor type Induction, squirrel cage, 630 mm shaft height

Motor rated power

3’900 kW

Motor rated voltage

3’300V

Motor min. / rated / max. speed

1’050 rpm / 1’500 rpm / 1’575 rpm

Compressor min. / rated / max. speed not known
Gear ratio not known
VFD topology Voltage source inverter (VSI)

VFD configuration

24-pulse diode rectifier / 3-level NPC inverter

Output filter

Sine filter

Torsional natural frequencies (TNF)

approx. 20.0 Hz

Project specific information:

String test at compressor manufacturer conducted. Increased vibration observed. However, mag-
nitude is variable and fluctuates even when operating in steady state. Rigorous fine-tuning of con-
verter incl. changing the speed control from closed loop to open loop. Later on the drive system

installed on an offshore platform and vibration issue never occurred again.

Figure 8-12 shows the installation during string test at compressor manufacturer workshop.

Figure 8-12: String test of drive system as per Table 19 (courtesy of ABB)

Table 20: Fundamental data of drive system 14

Driven load

Centrifugal gas compressor

Motor type

Induction, squirrel cage, 500 mm shaft height

Motor rated power

2’500 kW (120% overload for 60s every 600s)

Motor rated voltage

3’300V

Motor min. / rated / max. speed

1’176 rpm / 1’680 rpm / 1'764 rpm

Compressor min. / rated / max. speed

7'021 rpm / 10249 rpm / 10’531 rpm

Gear ratio

5.97
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VFD topology

Voltage source inverter (VSI)

VFD configuration

24-pulse diode rectifier / 3-level NPC inverter

Output filter

Sine filter

Speed acquisition

Observer (encoder-less)

Torsional natural frequencies (TNF)

17.01 Hz (calculated) / 17.5 Hz (observed)

Project specific information:

17.5 Hz vibration was visible across the speed range. Highest magnitude is at minimum speed (still
significantly below alarm level). Tuning of speed controller and notch filter had small impact same
as the increase of switching frequency. Active damping with FIR filter brought marginal improve-

ment. Reduced flux reference increased motor damping. Scalar operation showed best results.

Table 21: Fundamental data of drive system 15

Driven load

Centrifugal compressor

Motor type

Induction, squirrel cage, 500 mm shaft height

Motor rated power

1’500 kW (110% overload for 60s every 600s)

Motor rated voltage

4’000 V

Motor rated torque

10°069 Nm

Motor min. / rated / max. speed

1’050 rpm / 1'422.5 rpm / 1’573.1 rpm

Compressor min. / rated / max. speed

not known

Gear ratio not known

VFD topology Voltage source inverter (VSI)

VFD configuration 24-pulse diode rectifier / 3-level NPC inverter
Output filter Sine filter

Torgue control DTC

Speed acquisition

Observer (encoder-less)

Torsional natural frequencies (TNF)

19.7 Hz

Project specific information:

Speed controller optimized prior to commissioning using frequency characteristics. Notch filter in

speed feedback recommended. Site measurements confirmed proper parameterization.

Table 22: Fundamental data of drive system 16

Driven load

Centrifugal compressor

Motor type

Induction, squirrel cage, 560 mm shaft height

Motor rated power

3’400 kW (110% overload for 60s every 600s)

Motor rated voltage

5500 V

Motor rated torque

22’193 Nm

Motor min. / rated / max. speed

1’050 rpm / 1'463.0 rom / 1’575.3 rpm

Compressor min. / rated / max. speed

not known

Gear ratio

not known
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VFD topology Voltage source inverter (VSI)

VFD configuration 36-pulse diode rectifier / 5-level NPC inverter
Output filter dv/dt filter

Torque control DTC

Speed acquisition

Observer (encoder-less)

Torsional natural frequencies (TNF)

22.15Hz

Project specific information:

Speed controller optimized prior to commissioning using frequency characteristics. Notch filter in

speed feedback recommended. Site measurements confirmed proper parameterization.

Table 23: Fundamental data of drive system 17

Driven load

Centrifugal compressor

Motor type

Induction, squirrel cage, 500 mm shaft height

Motor rated power

2’300 kW

Motor rated voltage

6’000 V

Motor rated torque

12’203 Nm

Motor min. / rated / max. speed

1’260 rpm / 1’800 rpm / 1’890 rpm

Compressor min. / rated / max. speed

not known

Gear ratio not known

VFD topology Voltage source inverter (VSI)

VFD configuration 36-pulse diode rectifier / 5-level NPC inverter
Output filter dv/dt filter

Torgue control DTC

Speed acquisition

Observer (encoder-less)

Torsional natural frequencies (TNF)

26.1 Hz (twist on low speed coupling)

Project specific information:

Speed controller optimized prior to commissioning using frequency characteristics and elastic shaft

model. Notch filter in speed feedback activated. Site measurements confirmed proper parameter-

ization.
Table 24: Fundamental data of drive system 18
Driven load Blower (compressor) with 4 stages
Motor type Induction, squirrel cage, 710 mm shaft height

Motor rated power

4’620 kW

Motor rated voltage 6’000 V
Motor rated torque 29’628 Nm
Motor rated speed 1489 rpm

Compressor rated speed

1°t and 2" stage: 14’672 rpm
3 and 4™ stage: 23’397 rpm
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Gear ratio 9.85and 15.71

VFD topology Voltage source inverter (VSI)

VFD configuration 36-pulse diode rectifier / 5-level NPC inverter
Output filter dv/dt filter

Torque control DTC

Speed acquisition Observer (encoder-less)

Torsional natural frequencies (TNF) 22.0Hz

Project specific information:

Retrofit of fix speed motor operating inside heavy-duty plant. Polluted electric grid with frequent
voltage dips. Compressor suffered from vibration induced from distorted grid into motor air gap

torgue. Another issue is critical speed close to nominal speed. The VFD shall decouple the grid from

the motor. Careful VFD tuning required.

8.2 Methods of torque measurement

8.2.1 External torque meter

A direct torque measurement is not an easy task. While a shaft torque measurement is feasible at low
power, it becomes a huge effort in large multi-megawatt drive systems. Direct shaft torque measure-
ment requires an additional element on the shaft — surface mounted strain gauges or torque meter
(used in drive systems as per Table 7 and Table 15 during internal tests). For torques above 2 kNm it
is almost exclusively a flange type torque meter. Strain gauges might be used for temporary measure-
ments during validation tests (see fig. 8 in [39]). In such case the overall torsional behavior of the string
is modified due to the elasticity of torque flange. The measurement electronics consists of strain
gauges in full bridge connection, a converter that converts torque into frequency (typically 60 kHz +
30 kHz), analog amplifier, digital amplifier, digital filtering etc. The analog stage is crucial for the ac-
curacy and weak analog stage cannot be compensated by the best digital stage. The torque flange is
available in accuracy class from 0.1% up to 0.03% (referenced to rated torque). However, a torque
meter that can measure rated torques of several kNm is a very costly device. Further to that, the
maximum withstand torque limit is typically somewhere between 1.3 to 2.0 times rated torque. If this
value is exceeded during transient overload, the torque meter is damaged or shows a permanent
offset. Dimensioning the torque meter for the peak torques that can occur (e.g. during three-phase
fault) might become unaffordable or impossible. An alternative is a protection (“mechanical fuse”)
which again adds cost and complexity. Mechanical safety coupling has response time of approx. 100
ms and the torque meter can still see 4.0 to 5.0 times rated torque. In other words, it might be too
slow to protect the torque meter against overload. An alternative is a hydraulic safety coupling that is
roughly 10-times faster, i.e. with about 10 ms response time.

The installation requires attention with regard to radial, axial and angular displacement.

A rough cost of torque meters (device itself, not considered installation cost):
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e Upto 15 kNm, accuracy class 0.05: 20’000 EUR (status 2016)
e Upto 10 kNm, accuracy class 0.03: 30’000 EUR (status 2016)

Remark: A simple strain gauge sensor has virtually no time delay while a torque coupling has some
small time delay due to internal signal processing. In the chapter related to control the impact of time
delays and latencies is explained. Because of the challenges described above, direct measurement of
torque is not always practical. Instead, several indirect methods have been developed. They usually

rely on computation of torque as a product of current and flux.

8.2.2 Torque calculation by VFD

The air gap torque can be calculated directly in VFD motor control — see Appendix 7 — Vector control
and direct torque control schemes. Then it is easy to trend it or synchronize the torque signal with
other quantities measured or calculated by VFD.

Special applications such as ultrasonic wind tunnels or turbomachinery test stands may require very
high torque accuracy. The VFD control can typically achieve high relative accuracy. Especially with
direct torque control (DTC) the air gap torque is calculated with satisfactory accuracy. Relative accu-
racy related to reference and actual values of torque is extremely high and the frequency spectrum is
typically accurate enough. Absolute accuracy (torque in Nm) is a bit lower, say about +/- 2...5% of
nominal torque. If better absolute accuracy is required, then an overriding control system with a
torque meter might be the recommended solution.

In the validation measurements described in next chapter the torque was calculated by VFD (in VSI
drives the motor torque is calculated by the motor model in VFD controls, in LCI drives the dc link
current is used and converter into torque). In some of the validation measurements an additional
torque measurement by strain gauges was installed. Almost in all cases the lateral vibration level was
measured. Although it is not a torque measurement, the lateral vibration in geared systems is closely

linked to torsional vibration as explained earlier.

8.3 Validation measurements

The system acc. Table 7 underwent a string test before shipping to site. Due to critical speeds inside
the speed range the torsional (active) damper was found to be necessary (based on closed loop sim-
ulations). One of the goals of string test was the validation of torsional damper on a real drive. The
most interesting results are shown in Figure 8-13. The drive accelerates into resonance — critical speed
at 1’530 rpm. The gain Kg, of current controller is temporarily reduced to half and increased back to
original value (0.32 = 0.16 = 0.32). With lower gain the vibration slightly increases. Approx. 90 sec-
onds later, the active damping is enabled. Immediate reduction of vibration magnitude is observed
(color change from orange to yellow). The gain of active damper is gradually increased from 1.0 to
1.3. Then the active damper is switched off followed by immediate vibration increase. Some 120 sec-
onds later the speed is increased from 1’530 rpm to 1'533 rpm. The system vibrates much less as the

resonance window is very narrow (low damping). The torsional damper is once more activated and
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deactivated. The colorbar on the right side of Figure 8-13 allows to determine the reduction of vibra-
tion. The magnitude is approx. 3-times less when the torsional damper is active. The result of string
test is in line with simulations where same reduction of vibration was observed (compare with Figure

7-21 and Figure 7-22).
Torque on Motor Shaft (measured by Torquemeter) 1530 rpm — 11.5MW
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Figure 8-13: Validation of LCI torsional damper during string test

String test measurements of drive system as per Table 7 are shown below in Figure 8-14, Figure 8-15
and Figure 8-16. Figure 8-14 shows the line side and motor side alternating phase-phase voltages with
characteristic commutation notches. Figure 8-15 shows the current in dc link with characteristic rip-
ple. High frequency ripple (12*fN) of 600 Hz is visible as well as low frequency fluctuation (12*fN —
12*fM) of approx. 52 Hz.
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Figure 8-14: Line side and motor side voltages (green — line side, red — motor side)
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Figure 8-15: Current in dc link at 1’370 rpm (magenta — ref. value, red — actual value)
Figure 8-16 captures the start-up at low speed including transition from pulse mode to load commu-
tated mode. Due to fix current reference in pulse mode there is a speed error between reference

(yellow) and actual speed (green) which is then compensated as the drive accelerates.
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Figure 8-16: LCl start-up and transition from pulse mode to load commutated mode (magenta —cur-
rent reference, red —actual current, yellow — speed reference, green — actual speed)

Measurements of system acc.
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Table 14 during Back-to-back test can be seen in Figure 8-17. As this test is performed without driven
load, the vibration performance could not be checked. However, the test validated the settings of
current controller determined with model based approach. Figure 8-17a shows motor voltage and

current for the rated point 37 MW / 1800 rpm and Figure 8-17b shows the guarantee point.
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(b) 30’500 kW, 1’761 rpm
Figure 8-17: LClI motor current and voltage during back-to-back test
Torque measurement of drive system acc. Table 16 during combined test in shown in Figure 8-18.
Torque fluctuation: Mean value: 91.8%, min. value: 86.8%, max. value: 96.3%. Although the peak-peak
torque ripple is almost 10% of actual mean torque (9% of rated torque), the individual frequency
components have small magnitude (all of them well below 1%).
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Figure 8-18: Torque trend from the VFD commissioning software and plotted in Matlab

Site described in Table 18 suffered from vibration and rigorous analytical and numerical study as well
as extensive measurement campaign was conducted. The mitigation was done by changing settings

of speed controller, introducing a notch filter in speed feedback loop, modifying the motor model with
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regards to long motor cables (over 300 m) and increasing switching frequency. The final
parameterization was verified by driving a speed and torque profile as shown in Figure 8-29. After a
faster ramp the drive reaches 1°000 rpm and dwells shortly at that speed. Then the speed gradually
increases up to nominal speed, reaches steady state and finally ramps down to 1‘000 rpm again. The
torque is given by the load. Since it is a centrifugal compressor, the load torque T, is roughly
proprotional to the square of speed n (T, ~ n?).
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Figure 8-19: Speed and torque profile of system acc. Table 18 during site tuning

Distorted motor current due to long motor cables is depicted in Figure 8-20. Since the motor currents
arte inputs of motor model, their distortion might disturb the model and the calculation of motor

torque is affected as well. Increased calculated rate over measured portion might help to get

smoother torque.

Figure 8-20: Motor current distorted due to long cables
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The torque spectrum after final tuning on site is displayed in Figure 8-21. It is the steady state section
at nominal speed in Figure 8-19. The focus is on low frequency components that could excite the 1st
TNF (17.5 Hz). As this is just ,white noise”, the magnitude is not constant. FFT is actually defined for
repetitive signals only. The numerical implementation works for stochastic signals as well. However,
the results are inherently averaged. This is obvious in left part of Figure 8-21 (100 s interval) and right

part (400 s interval).
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Figure 8-21: Spectrum of air gap torque of system acc. Table 18
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Figure 8-22: Waterfall of motor torque and speed of system acc. Table 18

The lateral vibration on the low-speed side of gear was measured in order to see the impact of drive
parameter tuning. There are two sets of probes with geometric shift of 90 degree and therefore two
plots for each measurement. Torsional and lateral vibration is coupled through the gear mesh. As seen

in Figure 8-23 the vibration magnitude was drastically reduced when comparing plots on left side
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(initial settings) and right side (final settings). The plots have frequency content on the x-axis while y-

axis shows the fundamental speed.

Figure 8-23: Lateral vibration of gear low-speed shaft of system acc. Table 18

Solution for system acc. Table 18:

1. Soft settings of speed controller (lower proportional gain, larger integration time constant).
2. Notch filter in speed feedback loop activated.

3. Compensation algorithm for long motor cables to stabilize motor model activated.

4

Marginal increase of switching frequency.

The solution approach was towards converter passivity, preservation of electric damping and minimi-
zation of electro-mechanical interaction.

Site measurements of system acc. Table 20 revealed a small imbalance on the shaft seen as 22X’ com-
ponent (2-times fundamental shaft frequency) summarized in Table 25. The imbalance was not the
root cause of vibration, but it demonstrates the diagnostic possibilities of VFD (imbalance detected by
motor model just based on motor current and dc voltage).

Table 25: Correlation between shaft speed and vibration component

2X Motor . .
Motor Motor Vibration . )
Measurement speed | frequency component | torque component Vibration magn.

[#] (rpm] [Ha] (calculated) | (measured) Hz] (%]

[Hz] [Hz]
1 1176 19.6 39.2 39.5 17.5 1.56E-03
2 1417 23.6 47.2 47.3 17.3 7.52E-04
3 1303 21.7 43.4 43.5 17.4 9.74E-04
4 1177 19.6 39.2 39.3 17.5 1.04E-03
5 1639 27.3 54.6 54.8 17.3 6.54E-04
6 1628 27.1 54.3 54.5 17.4 1.08E-03

The 2’500 kW compressor drive system experienced increased vibration at first TNF (17.5 Hz). The
vibration was highest at the minimum speed (approx. 30 um) and reduced at higher speed. This might
be linked with the stiffness of the bearings that increases with load. The first mode shape is depicted

in Figure 8-24. The frequency converter was already parameterized for slow dynamics / passive
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behavior: low proportional gain of speed controller, notch filter blocking the vibration component

from speed error.

2'500 kW centrifugral compressor drive

Train Data 0.04 T St T T T
1> mode shape: 17.01 Hz
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HS g o ]
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S -0.04F ... Electric motor (rotor 1
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Increaser 5 6 ... HS Coupling (Drive End)
z 01F 7 ... HS Coupling (Non-Drive End) i
| 8 ... Centrifugal compressor
Figure 1. Compressor Train '0'120 i é é 4‘1 é é % é 9
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Figure 8-24: Shaft string data and first mode shape of drive system acc. Table 20
The tuning on site was performed in following steps:

Variation of switching frequency: 480...600 Hz (per switch) = no impact on vibration
FIR filter for active damping: Small improvement
Open loop (scalar) mode: Significant improvement (but loss of certain functionality ->

changed back to closed loop) — see Figure 8-28.
Reduction of stator flux: Improvement (motor damping increased)
The vibration behavior practically did not change when varying the switching frequency as seen in

Figure 8-25 and confirmed by lateral vibration measurement on the gearbox.
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b) high switching frequency
Figure 8-25: Waterfall of motor speed and torque at 1’176 rpm
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FIR filter was activated as attempt for active damping and the phase displacement was tuned. The
output of FIR filter as additional torque reference summed up with torque reference from speed con-
troller. The signal is seen in Figure 8-26. Since the magnitude of this additional torque reference is

very small, the damping effect was very limited.

FIR output Output of FIR filter 3
0.06

0.04 i

* w\ ) G AR Mm\wu‘w ek
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Figure 8-26: Output of FIR filter (add. torque ref)
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a) closed loop control (DTC)

Motor speed in rpm Motor torque in %

0.04 o .35

0.035

_ o % 03

~ ! ey

s E 0.25

= 0.025 =408

2 %) 0.2

5 002 5,4

o 3 L

@ 0015 3 & 015

= E 20
0.01 0.1
0005 10 0.05

400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600
time [s] time [s]

a) open loop control (Scalar)
Figure 8-27: Waterfall of motor speed and torque at 1’176 rpm
Final modification was the change of control mode from closed loop DTC into open loop (scalar) mode.
There was a very positive impact on the vibration as seen in Figure 8-27. Note that the motor model
is still running in the control in scalr mode and the calculated motor torque and speed is available.
Figure 8-28 shows the vibration measurements over several days - the complete tuning excercise on
site. Pink line represents the speed of the motor. Black and blue curves are the gear vibration signals
(two sets of vibration probes). There is an obvious trend of higher vibration at lower speed. At the end

of third day the drive control mode was changed from DTC to scalar. The vibration was immediatelly
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reduced. However, due to other performance limitations the control was changed back to closed loop
and drive was fine tuned and finally found acceptable. Note that initial vibration was up to 30 um and
final vibration 15-20 um. The alarm level was set to 90 pum and trip level 120 um.

Solution for system acc. Table 20:

1. Active compensation (damping) of visible speed oscillations.
2. Reduced stator flux reference -> increased electric damping.

3. Open loop (scalar) speed control (temporarily for test purpose).

DTC {(many trials with changing of switching frequency,

second order filter on speed error, adjustment of stator flux Scalar mode Back to DTC, final tuning
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Figure 8-28: Vibration measurement in DTC and scalar mode of drive system acc. Table 20
The solution approach was first towards converter passivity. Since it was not sufficient, active damping
was enabled as well. Due to the fact that vibration on the gear was increased, but motor vibration was

fairly low, the potential improvement using active damping was very limited.

Examples of real measurements without and with notch filter inserted before speed controller (on
speed error) are presented for comparison:

Example 1 with system data acc. Table 21: 1’500 kW compressor drive with VS| converter; first TNF
expected at 19.7 Hz. Bandstop filter on speed error disabled during first measurement. Speed sweep

performed in almost entire speed range for better correlation between motor fundamental frequency

and components in torque and speed spectrum.
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Motor torque in % (no filter)
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Figure 8-29: Motor speed, torque ref and motor torque with disabled band-stop (notch) filter

Example 2 with system data acc. Table 22: 3’400 kW compressor drive with VS| converter; first TNF

expected at 22.15 Hz. Bandstop filter on speed error enabled during measurement.

Motor speed
1600

1500
/,/’

1400 P

1300

1200

rpm]

1100
1000 ///
900

800

speed

700
0 100 200 300 400 500 600

time [s]

Motor speed in rpm

frequency [Hz]

100 200 300 400 500 600
time [s]

Page 136



Chapter 8 Validation experiments
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Figure 8-30: Motor speed, torque ref and motor torque with enabled band-stop (notch) filter
Next set of measurements represents the system acc. Table 23. The measurements were performed
for setpoints 1’260 rpm, 1’350 rpm, 1’440 rpm, 1’710 rpm and 1’800 rpm with and without the notch
filter in the speed feedback loop. Since the speed controller was soft tuned, there is not a significant
difference when running with and without notch filter. The measurements without notch filter at

1’710 rpm are depicted in Figure 8-31.
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Figure 8-31: Motor speed and torque with disabled notch filter at 1’710 rpm

The measurements with notch filter at 1’710 rpm are depicted in Figure 8-32.
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Figure 8-32: Motor speed and torque with enabled notch filter at 1’710 rpm
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(a) 1'260 rpm; left side —w/o filter, right side — with filter
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(b) 1’350 rpm; left side — w/o filter, right side — with filter

Figure 8-33 compares the torque reference without (left) and with notch filter (right). Figure 8-33a is
captured at 1260 rpm and Figure 8-33b at 1’350 rpm. At 1’260 rpm there are components at approx.
8.5 Hz and 17 Hz that cannot be explained. Nevertheless, in the frequency range 22 to 30 Hz (red
rectangular frame) the torque reference with notch filter is very clean. At 1’350 rpm there is no dis-
tinct component in torque reference spectrum; it is just a white noise. The frequency range 22 to 30

Hz is again clean due to notch filter.
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(a) 1'260 rpm; left side —w/o filter, right side — with filter
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(b) 1’350 rpm; left side — w/o filter, right side — with filter

Figure 8-33: Torque reference with disabled and enabled notch filter

Unique measurements (not by the author) had been performed during string test of system
described in
Table 15. Multi stage compressor system is driven by gas turbine and electric drive is used as

starter/helper. A torque meter was temporarily installed between stage 1 and stage 2 of compressors.

The shaft string is depicted in Figure 8-9. The vibrations in Figure 8-34 were measured when a) only
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VFD was driving partial load of compressors, b) only gas turbine was driving with VFD idle and c¢) both

gas turbine and VFD were driving.
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c) gas turbine and VFD together

Figure 8-34: Shaft torque spectrum from string test

Conclusions from Figure 8-34:

- Measured torsional natural frequencies are often slightly higher than theoretically calculated values
(up to +10% tolerance)

- Computer simulation results correspond well with real vibration measurements (see [38]).

- Gas turbine is also a source of random broadband excitation (‘white noise’). In case of VFD and gas
turbine on the same shaft string, the total excitation is a sum of excitation from gas turbine and exci-
tation from VFD (superposition of all sources).

System acc. Table 24 is a special case of fix speed motor retrofitted for VFD operation. The motivation
was to decouple the motor from the grid that is much distorted from other non-linear loads and these
disturbances induced vibrations on one of the compressor stages. First step was to change the speed
controller settings — reduced proportional gain and longer integration constant. Next, the notch filter
was tuned for the vibration frequency captured from measurement of lateral vibration. Third step was
to increase the nominal speed to get more separation margin from TNF at approx. 22 Hz. Figure 8-35
shows the 21.5 Hz frequency that propagates from the motor speed into torque reference. Motor

torgue contains a strong component at 34.3 Hz that is not related to speed controller.
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Figure 8-35: Motor speed and torque with initial settings of speed controller

Figure 8-36 demonstrates the vibration improvement when changing the motor speed from 1’489

rom to 1’495 rpm.
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Figure 8-36: Lateral vibration measurement on system acc. Table 24

8.4 Author’s involvement

In order to transparently show author’s contribution and added value, Table 26 shows a summary of

author’s involvement.
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Table 26: Author’s involvement in referenced drive systems

System  ac- Author was involved in / mainly contributed to:
cording to: Torsional spe- | Preparations | Measurements Evaluation of | Trouble-
cific  calcula- | for commis- | (on site, back to | measure- shooting
tions or simu- | sioning back test, string | ments
lations test)
Table 7 Yes No Yes Yes No
Table 8 Yes Yes No Yes No
Table 9 Yes No No Yes Yes
Table 10 Yes No No No No
Table 11 Yes Yes No Yes Yes
Yes No No Yes Yes
Table 12
Table 13 Yes No No No No
No Yes No Yes No
Table 14
No No No No No
Table 15
Table 16 Yes Yes Yes Yes Yes
Table 17 No Yes Yes Yes Yes
Table 18 Yes No Yes Yes Yes
No No Yes Yes Yes
Table 19
Table 20 No Yes Yes Yes Yes
Table 21 No Yes Yes Yes No
Table 22 No Yes Yes Yes No
Table 23 No Yes Yes Yes No
Table 24 No Yes No Yes Yes

System acc. Table 15 was analyzed, simulated and tested by author’s predecessor (tests in 2008 and
published paper in 2009). The results are shown in this thesis due to their unique nature. In all other

systems the author had been involved directly in different stages as shown above.

9 Engineering guideline

9.1 Torsional risk mitigation

Excessive torsional vibration might have fatal consequences and the risk mitigation plays an important

role. Some of the principles are listed below:
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1.

Collect relevant information in early stage

Receive data from mechanical vendor (calculated TNFs, mode shapes, damping, eventually

copy of torsional analysis). Note that measured TNFs are often slightly higher compared to

calculated values as shown in Table 27. One reason might be additional electromagnetic stiff-

ening when motor field is applied.

Table 27: Correlation between calculated and measured TNFs

Calculated Measured

10.79 Hz 11.2 Hz * (System acc. Table 8)
8.88 Hz 9.5Hz?

17.87 Hz 18.6 Hz'?

9.83 Hz 10.3 Hz?

23.47 Hz 24.3 Hz?

16.90 Hz 17.3 Hz ! (System acc. Table 17)
17.01 Hz 17.5 Hz ! (System acc. Table 18)

1 Measured on site

2 Measured during string test

Avoid excitation at frequencies equal to dominant torsional modes.

a)

b)

c)

Selection of motor speed range — mainly LCI drives and their interharmonics (refer to Ap-
pendix 5 — Campbell diagram for LCl and VSI drives)

Change the pulse number online during starting — mainly LCI drives in Pulse mode opera-
tion

Change the inverter pulse pattern depending on output frequency / motor speed —mainly

VS| drives with optimized pulse pattern (OPP)

Minimize the magnitude of excitation torque

a)

Size of dc reactor (in terms of inductance)
Applicable for LCl drives. Larger inductance value helps to smoothen the current in dc link
and ultimately the interharmonic frequencies in torque spectrum. On the other hand, the
integer harmonics will still be there with approx. same magnitude.
Increase inverter pulse number plus use of dual winding machine
This principle is often used in LCI drives with dual star synchronous machine. Minimization
of torque ripple is significant, roughly by factor 3.
Motor stray reactance optimized for given drive:
a. small stator stray reactance in case of LCl drives (shorter commutation notches)
i. betterinverter firing angle in load commutated mode —less torque ripple
ii. earlier exit of pulse mode operation (at lower speed)
b. larger stator stray reactance in case of VSl drives (smoothing the stator current)
Settings of current control loop — for LCI drives
a. proportional gain and time constant of Pl controller
i. settings for load-commutated mode

ii. settings for pulse mode (might be different than with load commutation)
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9.

9.2

b. cut-off frequency of low-pass filter
i. higher cut-off frequency means more ripple in dc current
ii. lower cut-off frequency decreases the phase margin of control loop
e) Use of output reactor or output filter (dv/dt filter, sine filter) — for VSI drives
Avoid closed loop interaction

a) De-couple control loops that could otherwise propagate the oscillations

O

Remove oscillations from feedback signal by digital filtering

(@)

)
) Tune the speed controller (proportional gain, additional feed-forward terms)
)

[oN

Use reference values instead of actual signals for certain control loops

It helps to decouple the loops (if possible). Write the software flexible so that certain

feedback loops can be disabled if needed. Sometimes it is the only way to find a root cause

in a system with several oscillating signals.

Maximize control damping

a) Increase passive damping by use of digital filters (mainly selective higher order filters)

b) Parameterize the main controllers properly considering application requirements

c) Use additional feed-forward terms to improve dynamics while keeping lower proportional
gain of PI/PID speed controller

d) Minimize latencies in control loops (reference to [72], [105] and [107]) - latencies eat up
damping

e) Use algorithms for active damping

f)  Use state space controllers together with simplified models of mechanical system

g) Use model predictive control algorithms together with simplified models of mechanical
system

Use control software with freedom in parameterization

a) Demanding projects shall be pre-parameterized in engineering stage (before going to site)

b) Control functions shall allow flexibility for fine tuning (change of parameter value, activa-
tion/deactivation of certain feedback or feed-forward loops, select between actual and
reference signals)

Verify torsional performance on site

a) Early verification during commissioning and/or testing

b) Commissioning manual for loads sensitive for torsional vibration — Follow the tuning rules
based on theory and practical experience.

Compare (benchmark) drive performance from various sites and applications

a) Collect know how to get insight about severity of vibrations

b) Benchmark sites to see if there is any abnormality

Implement processes and learning mechanisms and define best practice

Initial drive analysis during string commissioning
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“Lateral vibration is easy to measure and difficult to predict. Torsional vibration is difficult to

measure and easy to predict.”

Quote: Malcom Leader [113]

Torque and its quality can be observed by VFD. Direct torque measurement is seldom available, but
the VFD has a torque signal that is being calculated by the motor model. It does not require any addi-
tional instrumentation or complex measurement campaign. The verification of torque and speed
waveforms during commissioning can be very useful. In case the signal quality does not correspond
the expectations, a parameter tuning can be done. It is recommended to perform this check before
the site is handed over to end user. This ‘torsional check’ has been performed for several projects
during commissioning phase. It is inexpensive method how to verify that there is no dangerous tor-
sional excitation from the VFD. The captured signals are:

e motor speed (direct measured or observed in encoder-less operation)

e torque reference (output of speed controller)

e motor torque
See Figure 9-1 for location of internal drive signals for “torsional diagnostics”. The figure is simplified

showing only the main blocks.

Torque reference in % of rated torque: Motor torque in % of rated torque (observer)
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Figure 9-1: Drive internal signals with corresponding waterfall trends
The recommended length of each steady state section is at least 20 — 30 seconds. Shorter measure-
ment is not representative enough. Longer measurement is generally fine, but the measurement data
files might get too large. Afterwards the speed setpoint is changed and again same period of steady
state signal captured. This kind of speed sweep helps to determine the relationship between excita-
tion components and fundamental motor frequency / motor speed. It is also useful to distinguish

between real frequency components and components that might appear due to aliasing effect. In
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ideal case there is a speed sweep throughout the whole speed range. If this is not possible, then at
least a sweep within the continuous operating range.

During signal processing it is important to respect the sampling rate of measured signal and if neces-
sary use suitable windowing functions (Hann, Hanning or Blackman-Harris window etc). If the fre-
quency components of interest have very small magnitudes, then a logarithmic scale can be used
instead of linear.

LClI drives with synchronous machines have another simple possibility that is the frequency analysis of
the motor voltage. If the shaft string experiences torsional vibration and the torsional mode involves
the motor (which is mostly the case for the first TNF), then the vibration frequency will be seen as
sidebands symmetrical around the fundamental electric frequency. This simple check was found use-
ful in numerous troubleshooting cases.

Therefore, in order to verify the actual value of torsional natural frequency and confirm the calculated

value, following simple check is possible:
a) In case of voltage source inverters (VSI):

e FFT or waterfall diagram of motor speed (measurement or observed signal) = TNF directly
visible in frequency spectrum of speed signal as seen in Figure 9-2. It shows a torque trend of
approx. 140 seconds of system acc. Table 18. The horizontal line at 17.5 Hz shows the torsional

natural frequency. The magnitude is represented by the color (see colorbar on the right side).
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Figure 9-2: Waterfall diagram of motor speed (visible 1% TNF)

b) In case of load commutated inverters (LCl):

e FFT or waterfall diagram of stator voltage = TNF appears as side bands of the fundamental
motor electric frequency (fu — frne and fum + fre)
Example in Figure 9-3 (drive system acc. Table 8, real measurement from string test): Motor
operates in steady state at frequency of approx. 51 Hz. This is the fundamental component in FFT
spectrum. There are also visible components at approx. 38.5 Hz and 63.5 Hz (side bands). The TNF
can be easily identified as (51 — 38.5) Hz =12.5 Hz or (63.5—51) Hz = 12.5 Hz. In this way, the real
values of the TNFs can be verified.
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Examples in Figure 9-4 and Figure 9-5 (drive system acc. Table 11): The motor slowly accelerates.
Waterfall plots show the fundamental frequency as dominant component with two parallel lines as
constant distance from fundamental motor frequency (see arrows). Figure 9-4 has time on the x-axis

while Figure 9-5 is reversed (x-axis shows frequency, y-axis shows time).
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Figure 9-3: FFT of motor voltage in steady state condition (1st TNF as sidebands)
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Figure 9-4: Waterfall diagram of motor voltage during acceleration (1% TNF as sidebands)
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Figure 9-5: Waterfall diagram of motor voltage (1% TNF as sidebands);
x-axis: frequency [Hz], y-axis: time [s]
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10 Conclusion

This thesis explains the mechanisms of electro-mechanical interactions in electric variable speed drive
systems. A generic model of elastic shaft is developed. This model can be parameterized for any shaft
system with lumped inertias and can easily replace simple rigid model. Presented transfer function
models enable analytical optimization of speed and current controllers. Passive and active damping
functions are proposed. The most perspective algorithms are verified by performing extensive simu-
lations. The results are validated with measurements of several medium voltage drive systems includ-
ing LCl and VSl drives with power ranging from 1.6 MW up to 20 MW.

One of the main contributions is the torsional damper (also called active damper or active
compensator) implemented in current control loop of LCl drives (description in chapter 6.2.6). The
torsional vibration is reduced by approx. factor 1.5 - 3.0 when the damper is activated. The
functionality was demonstrated by simulations as well as in real operation (string test measurements
and measurements on site). In three real systems (Table 7, Table 8 and Table 10) the torsional damper
enabled operation at critical speed and expanded the speed range. It provided extended operation
flexibility and increased efficiency to the end user. Another major contribution is the modification of
pulse pattern (smart switchover) during starting of LCl drive at low speed (0 to approx. 10% nominal
speed) that significantly reduces the excitation of dominant torsional natural modes and is very critical
for the coupling design. The idea was further developed and patented [A1].

The analytical methods to optimize the speed controller of VSI drives already helped in numerous
troubleshooting cases as well as for preparation of commissioning. Early recognition of torsional vi-

bration problems mitigated mechanical failures in concrete cases. The engineering guideline in ex-

tended form is used by field service engineers when there is a system sensitive to torsional vibration.

10.1 Main contribution of this thesis

e Explanation of origin of torsional oscillation and vibration in electric drive systems, focusing
on torque ripple due to inverter modulation and non-sinusoidal motor current as well as elec-
tro—mechanical interaction in the closed loop control system.

e Development of drive simulation model including scalable model of elastic shaft.

e Simulation-based investigations to explore influence of feedback control, interaction among
multiple control loops and control damping.

e Investigations of negative damping phenomena.

e Comparison of classical torsional analysis (open loop) and results from closed loop approach.

e Analysis of torsional stability by using frequency characteristics (Bode diagrams) as alternative
fast approach to extensive simulations.

e Increase of damping of control circuits for torsional natural frequencies.

e Propose perspective methods for active damping and verify them by means of simulations

and on site measurements of real projects.
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e Propose and implement control engineering methods and processes to mitigate the risk of
torsional vibration during execution stage.

e |Issue a guideline for field service engineers how to parameterize variable speed drives in ap-
plications sensitive for vibration

e Perform diagnostics of severity of torsional vibration during commissioning stage

10.2 Challenges and perspective directions of future research

Following perspective directions together with associated challenges have been identified:

e Further research on active damping functions on torsional vibration
There is variety of methods for active damping. The principle is often similar, but it differs in imple-
mentation. The most suitable methods will probably be those with highest robustness, effectiveness
and straightforward commissioning in daily practice.

e Implementation of model predictive control on active torsional damping
Perspective modern control methods such as model predictive control unlock large potential for op-
timization. The challenge here is mainly the long prediction horizon and estimation of state variables.
Suitable algorithms could overcome this obstacle.

e Oscillation damping of direct on-line vs VFD fed induction motor
Natural damping of induction motor when operated in open loop manner brings some advantages
that seem to be still not completely understood. A thorough explanation of differences between direct
on-line and VFD closed-loop controlled machine could provide hints how to improve VFD control and
maximize the electric damping.

e Include effects coming purely from motor design (e.g. spatial harmonics etc.)

Spatial harmonics originate from the winding arrangement of the electric machine. They have typically
high frequencies and very low magnitude and can therefore often be neglected. For special cases
where very high accuracy is required such effects need to be considered as well.

e Improved modeling of elastic mechanical system
The mechanical model could be potentially extended with non-linear effects and coupling between
torsional and lateral vibrations. The latter step is very complex and requires very detailed knowledge
of bearing type and it modeling as well as information about stiffness of foundation.

e Automatic identification of parameters of elastic mechanical system (lower priority)
Algorithms for automatic identification have been proposed by several authors. However, these meth-
ods are mainly suitable for lower power. The automatic tuning algorithm often requires dynamic tests
of the system that may not be acceptable for manufacturer of driven equipment or not supported by
the overriding process control system (large amount of instrumentation). The automatic identification
would have to be safe from mechanical perspective so that no hardware damages or whatsoever can
happen during auto-tuning. In addition, the system would have to accept the fact that some key sys-

tem parameters might be time variant (e.g. inertia).
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Appendix 1 — Oscillations across power electronic systems

A) Oscillations in traction application

A converter installed in a rolling stock application is likely to cause grid instability because:

e The train moves along the grid cables, meaning the grid parameters constantly change for
the converter, because the position of the converter changes constantly in time. The train is
‘scanning the grid for a resonance’ by moving from position A to B.

e The damping effect is higher in 16.7 Hz grids than in 50 Hz grids (X/R ratio is close to 1
whereas in 50 Hz grids this ratio is closer to 10...20).

In Switzerland, the Swiss Federal Authority for Transportation requires as of 2013 that all traction

converters must be passive above 102 Hz, but in future it is planned to reduce this number to 82 Hz.
Case: Collapse of Swiss railway system

This issue is also known as “165 Hz instability”. It happened on Saturday, 9 April 1995. All modern
locomotives of series Re 450 and Re 460 switched off at the same time. A large 165 Hz oscillation in
the traction line supply has been present all over Switzerland [28]. The root cause of the large oscil-
lations is an interaction between modern inverter fed traction vehicle and the corresponding traction
line supply. The power electronic traction vehicle has to be considered as a vehicle active at certain
frequencies. When the excitation frequency of traction vehicle matches the resonance frequency of
the supply network, oscillations will occur. The control system of the vehicle might further amplify
the oscillations. These are the conditions where the power supply instability develops. The phenom-
enon has been studied and confirmed by several tests in the Swiss railway network.

10°

|V

o 100 200 300 400 S00 s00
Freguency [Hz]

Modelled (blue) and measured (red) line admittance [28]
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Instability in 132 kV network (up to 60% overvoltage) [28]
The problem in Switzerland has been solved by software changes on the locomotives of Re 460 se-
ries. However, as the report [28] states, there is still no guideline how to determine the degree of
stability. The analysis is so far only possible by means of simulations or calculations. The measure-
ment principle is depicted in Appendix 2 — Measurement of input admittance: Principle scheme.
The approach of vehicle input impedance/admittance can predict the instability. The modelled re-
sults match very well real measurements — see figure above.

B) Oscillations in conventional power generation

The types of interaction are described in chapter 2.1.2.4. The sub-synchronous resonance, induction
generator effect and torsional interaction phenomena are closely coupled. The induction generator
effect can be explained by using basic equivalent circuit diagram of induction machine. Although the
generator is typically a synchronous machine, the damper winding or the rotor surface itself act dur-
ing transients in similar way like the squirrel cage rotor (see [114] for more details). The same effect
happens also in case of non-synchronous frequencies in stator current and/or voltage. We might
imagine the physics as a superposition of steady state synchronous generator operation and imposed
induction generator effect for sub-synchronous frequency. E; is the voltage induced from oscillations

of rotor.

Rs j'Xss j'xrs

R’ =R/s

Equivalent circuit of induction machine
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R/ =R//s

O

Simplified equiv. circuit diagram for synchronous machine at non-synchronous frequency [114]

The effective rotor resistance as seen from stator terminals is:

R, is the equivalent rotor resistance
R, is the physical rotor resistance
sis the slip
The slip is defined in (56). As slip is relative quantity, it can be expressed using angular frequencies

or electric frequencies:

o Yo mpp.wm _ O fr (56)
Wo wo fo

wg is the synchronous angular frequency (frequency of magnetic field of stator)

npp is number of pole pairs

W,y is the mechanical angular frequency of rotor

wis the rotor angular (electrical) frequency
Series capacitor compensated electric systems inherently have a subsynchronous resonance fre-
quency f,,-. During disturbances in the electric grid there will be currents flowing in the stator of
generator (armature) at frequency f,-. The positive sequence component of these currents will pro-
duce a rotating magnetic field an angular frequency 2mf,, while the machine’s rotor keeps rotating
at synchronous angular frequency 2mf,. A current of frequency f, = fo, — fo will be induced into
rotor windings and corresponding electromagnetic torque component at frequency f, will be devel-

oped. The torque component corresponds to slip as per (3):

s = fer - fO (57)
fer
By combination (55) and (57) we obtain:
R = Rr -fer (58)
" fer - fO

Since f,, is subsynchronous, then per definition f,, < f; and therefore R;. < 0. The effective re-
sistance for this particular component viewed from stator terminals will always be negative. If this
equivalent resistance exceeds the sum of positive armature resistance and system resistance at the

resonance frequency f,,, the armature current can be sustained or growing. The phenomenon is
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known as induction generator effect [33] or self-excitation effect. A similar effect can potentially
appear in some variable speed drive systems. Therefore, it is worth to mention the problematic here.
The torque component developed on the generator rotor contributes to torsional interaction with
turbine-generator shaft string. The phenomenon is known as torsional interaction or more specifi-
cally sub-synchronous torsional interaction and involves both electrical and mechanical systems. The
torsional interaction can be triggered from both sides:
a) Generator rotor oscillations at torsional natural frequency fryr induce sub-synchronous
voltage components in the stator (armature) of sub-synchronous frequency fo, = fo —
frnr and super-synchronous frequency foh, = fo + frar-
Note: f., and f.t are often referred to as sidebands (synchronous frequency plus/minus the
mechanical oscillation frequency).
b) Electric grid disturbance excites the resonance frequency f,,- causing currents at this fre-
guency to flow through stator (armature) windings of generator. A rotating magnetic field at
frequency f,, is developed and the interaction between this field generator rotor field at
frequency f, creates a torque component at frequency fy — fo,. If this torque component
coincides with the torsional natural frequency fryfr of the turbine-generator shaft and the
magnitude exceeds the damping torque, sustained or growing oscillations can occur.
In case of severe faults in the electric system (especially short circuits) a significant sub-syn-
chronous torsional excitation can develop. If the frequency of this sub-synchronous transient
torgue corresponds to the torsional natural frequency of turbine-generator shaft, a large
cyclic shaft torque will appear. Such torque oscillations have the potential to damage the
shaft components [115], [54].

C) Oscillations in wind power generation

Passivity-based design

Admittance analysis method as a learning from traction becomes state of the art. The excitation is
the grid voltage and the response is the converter current. Admittance is a transfer function that
gives the current answer to a voltage excitation. The admittance approach is only possible for linear
and time invariant systems. A real converter is never a linear system, but as long as there is no strange
control function deviating the linear assumption, the approximation can be made. Converter is also
inherently time variant as there are many adjustable control parameters that modify the response.
Therefore the parameter settings need to be frozen when determining the admittance. The admit-
tance, with respect to grid stability, is not equally important in all frequency regions. One approach
used in the industry is enforced passivity within the frequency band of interest.

Torsional vibration in wind turbine-generator shaft

Damping strategies employ either passive or active damping systems. Passive systems use mechan-
ical components with increased damping, e.g. rubber elements. Active systems utilize pitch control
(adjustment of blades) or software algorithms to modify the torque of generator. The latter one is
the preferred method with two available solutions: conventional method with fixed parameter band-
pass filters and model based damper structure.

D) Oscillations in power transmission (HVDC)
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In late 1970s the risk of sub-synchronous torsional interaction was discovered for the first time dur-
ing commissioning and operation of HVDC links (keyword Square Butte project in North Dakota). The
HVDC system has a potential to interact adversely with turbine-generator torsional vibration modes
and destabilize them. Rigorous test plans and extensive studies followed in order to understand the
phenomena and design and verify control systems that prevent such dangerous interaction. The
negative damping of HVDC increases with transmitted power (destabilization) while at the same time
the inherent damping of turbine-generator mode increases with output power. Therefore, it is diffi-
cult to define the worst-case condition.
The control strategy of firing the semiconductors pays role for the damping performance as ex-
plained e.g. in [116]. The two basic methods for generation of firing pulses are:

e Individual phase control (IPC)
This is the older method used in early HVDC installations. The pulse generator for each phase or
semiconductor is independent of each other. The major drawback of IPC scheme is a harmonic sta-
bility problem, characterized by magnification of noncharacteristic harmonics in steady state.

e Equidistant pulse control (EPC)
The firing pulses are generated in steady state at equal intervals. There are three variations of the

EPC scheme: Pulse frequency control (PFC), Pulse period control and Pulse phase control (PPC).

E) Sub-synchronous torsional interaction (SSTI)

Sub-synchronous interaction can appear in power systems between the turbine-generator and load.
There are several types of load capable to destabilize the torsional mode of turbine-generator.
In general, any device that controls or responds rapidly to power or speed variations in the sub-
synchronous frequency range is a potential source of excitation of sub-synchronous oscillations [33].
Among such devices belong:

e Excitation systems of generators with Power System Stabilizers

e HVDC converter controllers

e Variable speed motor controllers
There are two forms of instability [55]:

e steady increase in generator rotor angle due to lack of synchronizing torque

e rotor oscillations of increasing amplitude due to lack of sufficient damping torque.
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Appendix 2 — Measurement of input admittance: Principle scheme

Messung der Eingangsadmittanz: Prinzipschema

Spannungsmessung

quelle

Testspannung
AW 100 ... 500 V,
frequenzvariabel

v

Speisespannung
N~ 15KV, 16.7 Hz

Spannungs- l C@

Messung / Aufzeichnung

u(t) Phasentreue

Auswertung
—

— I(f)

P Y{f) = —

= u(f)
O—0

Strom-
messung

Testtriebfahrzeug

Figure in German language; translation provided below:

Messung

Aufzeichnung
Phasentreue Auswertung
Spannungsmessung
Strommessung
Spannungsquelle
Testspannung
frequenzvariabel
Speisespannung

Teststriebfahrzeug

measurement

recording

true phase evaluation

voltage measurement

current measurement

voltage source

test voltage

variable frequency

supply voltage

traction unit under test

The principle evolved from traction vehicles to wind converters and motor drives (especially drives

with active rectifiers where several units operate in parallel).
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Appendix 3 — System analogies between electrical and mechanical systems

When observing an object from mechanical point of view, the main properties typically are the mass
or inertia, elasticity and friction. These three properties can be realized through separate idealized
building elements

e inertial, but stiff and without friction = mass

e elastic, but without mass and friction = spring

e dissipative, but stiff and without mass = damper
In electrical world there are also three basic building elements used:

e capacitance = capacitor

e inductance = inductor (coil)

e resistance - resistor
The analogies differ depending on the literature source.
In translational systems the mass can be replaced with capacitance, spring with inductance and
damping (friction) with resistance. Force is equivalent to current. Rotational systems have inertia
instead of mass and torsional spring instead of linear spring.

e Mass mis equivalent to inductance L

e Stiffness k is equivalent to electric elastance %

e Damping (friction) b is equivalent to resistance R

e Excitation Qis equivalent to rate of change of voltage %
e Deflection qis equivalent to current |

L : di
e velocity v is equivalent to rate of change of current d—;

. . . N d?i
e acceleration a is equivalent to second derivative of current ez

Each rotational equipment as a system of second or higher order has certain eigenfrequencies. These
eigenfrequencies can be obtained as a solution of eigenvalue problem.
A system can oscillate if there are at least two energy storages so that the energy can be periodically
exchanged or transformed. In rotordynamics there is the torsional disc as a storage (accumulator) of
kinetic energy and the torsional spring as a storage of potential energy.

A comprehensive comparison is summarized on the last page of [90].
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Appendix 4 — Unbalance, coupling misalighment and shaft eccentricity

A) Unbalance

Ideal stiff rotor has no or very small torque fluctuation and the centrifugal forces are compensated
by axis symmetry. In reality, the mass distribution is not completely symmetrical due to manufactur-
ing tolerances. The rotor is out of balance when the center of mass (gravity) does not coincide with
the center of rotation. Effects of unbalance are vibration, noise, decreased life of bearings, reduced
machine lifetime and increased maintenance.

The centrifugal force acting on the eccentric center of gravity is calculated according to (59).
F.=m-¢-w? (59)

Elastic (flexible) rotor:
The centrifugal forces increase with speed. Above certain speed the elastic deformation of rotor py

has to be taken into account because it increases the forces. Overall centrifugal force is given by (60):
F,=m-(e+ py) -’ (60)

€ ... Eccentricity

Py - Elastic deformation
We talk about elastic rotor when the elastic deformation is not negligible compared to eccentricity.
An Imagination about behavior of elastic shaft is obtained by defining the condition of equilibrium

of acting forces. The returning force is in balance with centrifugal force:
E=kpgy=F. =m-(c+ py) - w? (61)

E. ... Returning force
k ... Bending stiffness

Based on condition (61) the elastic deformation can be expressed as (62):

) .,
- (g)

where Q is the undamped eigenfrequency given by relationship (63):

(w)z (62)
PH =

(63)

At low speed (w < %Q) the bending of the shaft increases proportionally with centrifugal force m -

£+ w?, because the impact of the term m * py * w? in (60) is very small. For w = %Q the shaft defor-

mation reaches the value of eccentricity €. For w = ( the critical speed appears where the shaft
bending (by assumptions of undamped system) is infinitely large. At very high speed (w > ) the

self-centering effects apply.
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€ Shaft deformation of elastic rotor

Rotating centrifugal forces
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Shaft deformation and centrifugal forces due to unbalance

The force F; causes reactions F; and F, inside the bearings. These forces increase with the square of

the shaft speed (F}, E, ~ w?). Centrifugal forces and forces in bearings can be minimized by attach-

ing masses in two selected balancing planes. This procedure is called rotor balancing.

Rotor balancing is an important task in design and testing of rotating equipment, particularly in tur-

bomachinery, and strict limits apply. Despite of this fact, every rotor has some residual unbalance.

The excitation frequency from unbalance corresponds to the fundamental rotor frequency (some-

times called “1X”). Maximum allowed magnitudes are defined in international standards such as ISO,
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APl or VDI. The magnitude of excitation is determined at the beginning of torsional analysis. Typical
values are 1% or 2% of nominal transmitted torque.

B) Coupling misalignment

Similar as unbalance, the couplings are in reality never perfectly aligned. Misalignment is a condition
where the centerlines of the coupled shafts do not coincide. The misalignment is radial, axial, angular
or a combination of all of them. Parallel (radial or axial) misalignment occurs in case the shaft cen-
terlines are parallel, but not coincident. Angular misalignment is the situation where the misaligned
shafts meet at a point, but are not parallel. Modern couplings tolerate certain degree of misalign-
ment so for them it is not a primary concern. However, it causes additional forces in bearings. There-
fore, misalignment shall be minimized. The excitation frequency is the fundamental rotor frequency
and twice this frequency (sometimes called “1X” and “2X”). Parallel misalignment has dominant 2X
component with smaller 1X component. Angular misalighment has largest 1X component, but 2X
and eventually 3X are present as well.

The recommended amplitude of excitation torque due to misalignment with shaft speed (“1X”) is
typically 1% of the transmitted torque, whereas that of 2X shaft speed (“2X”) is assumed 0.5% of the

transmitted torque.

Rodial Misolignment Axial Misalignment Angular Misalignment

Radial, axial and angular misalignment between the shafts
C) Shaft eccentricity
Shaft eccentricity is a condition in which the geometric center of the rotating shaft moves from the
true center (the center the assembly tries to rotate around naturally). Most often root cause of shaft
eccentricity is bow or bend. It can be developed when the rotor is sitting idle e.g. during overhaul or
it has been inadvertently stopped during coast down (mechanical bow / temporary thermal bow /

gravity bow).
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Appendix 5 — Campbell diagram for LCl and VSI drives

A) LCl drives

MOS = Minimum operating speed

MCS = Maximum continuous speed

Magenta dots — intersections of excitation frequency and torsional natural frequency

Example of Campbell diagram: fSuplDly
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motor (el.)
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Campbell diagram for 50 Hz supply and 50 Hz motor (2-pole)
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Campbell diagram for 50 Hz supply and 60 Hz motor (2-pole)
Example of Campbell diagram: fSupply =50 Hz, fmotor €)= 6...52.5 Hz (4-pole motor)
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/ blue: characteristic harmonics (GfM, 12fM, 18fm etc)
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Campbell diagram for 50 Hz supply and 50 Hz motor (4-pole)
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Example of Campbell diagram: fsupmy
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Example of Campbell diagram: fsupply =60 Hz, fmotor i 5...52.5 Hz (4-pole motor)
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B) VSI drives

Project specific Campbell diagram

Operating speed

— range
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— — — — Characteristic torque harmonics due to VFD operation, magnitude range 1...2.5% rated torque
— — — — Torqueexcitation due to mechanical reasons as recommended by API standards
Torsional natural frequency (15 Hz just as example)
Notes/Comments
1. MOS... Minimum Operation Speed (continuous)
2. MCS... Maximum Continuous Speed
3. Characteristic torque harmonics due to VFD operations have magnitude 1...2.5%
4, Non-Characteristic torque harmonics due to VFD operation («white noise») have very low
magnitude in the range 0.1...0.3%
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Appendix 6 — Introduction in rotordynamics and torsional analysis

A) Rotordynamics

There are three basic types of dynamics:
e lateral (radial, tranverse)
0 complex models including foundations etc.
O measurable with state of the art instrumentation
O adjustable alarm and trip limits
e torsional (twist)

relatively simple models

o

difficult to measure, usually not instrumented
0 limited observability
0 dangerous (problems can grow until failure)
e axial
0 less of a concern for most machines
0 important for magnetic bearing machinery
e structural
0 disk or blade vibration
Shortly summarized: Lateral vibration is easy to measure and difficult to predict. Torsional vibration
is difficult to measure and easy to predict.
The simplest elastic model that allows to study rotordynamic behavior is called “Laval rotor” (German
literature) or “Jeffcott rotor” (English literature). It is a single DOF model with one single rigid disk
mounted on a circular flexible shaft.
e The disk has certain mass and inertia and is ideally stiff (rigid)
e The shaft element is mass-less and has a finite stiffness, i.e. is elastic (flexible)
Such model is of course an extreme simplification. However, it is possible to describe and explain
almost all phenomena relevant in practical use (however insufficient for torsional issues).
The model can be easily extended by increasing the number of disk and shaft elements. In order to
study torsional behavior at least two disks are needed.
Rotordynamic Terms:
= FEigenfrequency: An “Eigenfrequency” of a system is a frequency at which the system vi-
brates if affected by an impact force.
= Resonance: When the frequency of a periodic forcing phenomenon (excitation) applied to a
rotor system (torsional vibration) or rotor-bearing support system (lateral vibration) coin-
cides with an eigenfrequency of that system, the system will be in a state of resonance.
= (Critical speed: A shaft rotational speed at which the rotor system (torsional) or rotor-
bearing-support system (lateral) is in a state of resonance. According API the critical speed

is defined as resonance with amplification factor greater than or equal 2.5.

The main objectives of a rotordynamics analysis are:
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. Predict critical speeds

. Determine design modifications to change the critical speeds

. Predict natural frequencies of torsional vibration (TNFs)

. Calculate balance correction masses and locations from measured vibration data
. Predict amplitudes of synchronous vibration caused by rotor imbalance

. Predict threshold speeds and vibration frequencies for dynamic instability

~N OO U BN

. Determine design modifications to suppress dynamic instabilities

ad 1) Speeds at which vibration due to rotor imbalance is a maximum can be calculated from
design data, so as to avoid them in normal operation of the machine.
ad 2) Whenever design engineers fail to avoid critical speeds or the operating speed range is
changed, design modifications might be required to change the critical speeds.
ad 3) This objective usually applies to the entire drive train system in which the turbomachine
is employed. TNFs are calculated for the whole shaft string, TNFs of individual string components are
not much of interest.
ad 4) This capability allows "in-place" rotor balancing -> reduction of amplitude of synchronous
vibration.
ad 5) One of the most difficult objectives! The amplitude of rotor whirling depends on two
factors which are both very difficult to measure:
a) distribution of imbalance along the rotor
b) rotor-bearing system damping
What can be done is to predict relative effects of rotor imbalance and system damping at specific
locations.
ad 6) Another challenging objective - lot of destabilizing forces that are not yet fully under-
stood. Instability caused by journal bearings (sleeve bearings) can be predicted quite accurately.
ad 7) Computer simulations can predict the relative stabilizing effect of various hardware mod-

ifications, even if the models for destabilizing force are only approximations.

Page 185



B) Torsional analysis

The torsional response characteristics of rotating equipment should be analyzed and evaluated to
ensure system’s reliability. Torsional analysis is a mandatory design check for majority of shaft sys-
tems, especially in turbomachinery. The goal is to verify that the system can operate within the re-
quired speed range without excessive vibration and torsional stress. According [117] the classical
torsional design consists of the following steps:

e Machine selection and pre-selection of coupling

e C(Calculation of undamped torsional natural frequencies

e Definition of torsional excitation

e Campbell diagram to identify resonances
- Torsional analysis

e Forced response analysis

e Resonance conditions

e Transient torsional response

0 motor starting

0 fault conditions
The coupling design is an iterative process. A pre-selection of the coupling is done in early stage in
order to calculate the undamped torsional natural frequencies and corresponding mode shapes (e.g.
using Eigenvector-Eigenvalue method). As the damping in torsional systems is small, it has very little
effect on the natural frequencies. Therefore, the torsional natural frequencies and mode shapes may
be calculated assuming the damping is zero. The Campbell diagram (also called interference diagram)
shows if there is any resonance. Required separation margin shall be taken into account. Forced
vibration response is performed to calculate the shaft torsional stresses and results are compared
with proposed criteria. Holzer method and the Eigenvector-Eigenvalue procedure are the major anal-
ysis techniques. A parametric analysis can identify sensitive elements that may be adjusted to modify
the torsional response. Afterwards, the coupling selection can be optimized. Coupling stiffness can

eventually be modified e.g. to move the resonance outside of the operating speed range.
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C) Vibration sources in electric variable speed drive systems

Overview of vibration sources and their influence on stability

Root cause Influence on Excitation frequency
of oscillation, eigenfre- stability w v'w
mechanism quency (1%) (multiple x)
unstable stable
Unbalance (mechanical) ok
Elastic bearings bl
External damping * ok
Internal damping * ok ok
Sleeve bearings ** *kk ok
Non-circularity of shaft o * ok
Orthotropic bearings 3 ok
Gyroscopic forces *x Hox
Magnetic forces *k *x *%
Couplings ok ok
Deformed shaft (bending) ok
Sye:l{c()teeth shape, oil qual- Note 1 Note 1 Note 1 Note 1 Note 1
Roller element bearings = ok *k
Groove effect * ek
Network disturbances 3 e Note 2 Note 2
Process disturbances (e.g. - .
inlet gas flow)
Motor slot harmonics *[rx
Motor drive (VSDS) ok *
* negligible influence
ok medium influence
kK strong influence

Note 1: Impact of gear on stability of rotor system is very complex and exceeds author’s knowledge and prac-
tical experience. Author only knows that the shape of teeth inside gearbox significantly influence the lateral-

torsional vibration transfer and oil properties influence vibration level.

Note 2: Character of network disturbance is very generic (influence of other non-linear loads, grid faults, un-
balance etc). Projects are known where heavily distorted network voltage induced pulsating torques in direct

on-line machine driving e.g. blower in metals plant.
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Appendix 7 — Vector control and direct torque control schemes
A) Simplified torque control core

Flux reference

_ 5 L» Flux usd* |
Stator Flux controller ” Us*
phase ——— Mathematical > >
currents - model Cartesian ——» Thyristor /
to polar A @ | Modulator transistor
(Flux and transfor- i (PWM, PP) control
Stator ) torque mation —» signals
phase ———3 estimation) Torque > >
voltages Torque usq*
— > controller i
Torque reference I_>

PLL

Y

Torque control part in vector control

Flux reference

» Flux
Stator % hysteresis >
phase ———— % Mathematical Flux »| controller
currents > model ——————» Thyristor /

Flux sector Look-up transistor
(Flux and "1 table control

Stator > torque »  signals
phase ———)p| estimation) Torque > Torque
voltages | hysteresis >

»{ controller
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Torque control part in direct torque control (DTC)
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B) Overview scheme of Direct Torque Control (DTC)
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Appendix 8 — Air gap torque comparison: PWM versus DTC modulator

Air Gap Torque: DTC maodulation
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Appendix 9 — Air gap torque spectrum: white noise
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Appendix 10 — Mechanical shaft strings of real projects

This is an overview of torsional demanding projects where the author was involved. The table below shows torsional natural frequencies (first, second and third)

and corresponding modes for typical compressor trains. All data is based on real projects executed together with six world leading compressor OEMs (Europe,

Japan and North America). Project names and customer names are not displayed due to confidentiality. The author does not know all details of each project,

but available information is shown.

Rated motor Rated speed [rpm] Gear Speed range 1st TNF 2nd TNF 3rd TNF
(2252:12:2) power [kW] Motor type VFD model |Load side Motor side | [Yes/No] [rpm] freq [Hz] location freq [Hz] location freq [Hz]  location
Compressor 8'700 Asynchronous ACS5000 8'910 1'410 Yes | 1'128...1'480
Coupling Coupling
between LP between motor
compressor and and LP Coupling between gear
Compressor 20'600 Synchronous LCI.DR 7'654 4'300 Yes 14.90 gear (LS) 21.80 compressor (LS) 85.80 and HP compressor (HS)
Coupling
Compressor Coupling between axial
and gas between GT and and centrifugal Inside gas turbine
turbine 20'000 Synchronous LCI.DR 3'636 No 9.93 compressor 18.68 compressors 39.05 (Internal)
Blower 8'400 Asynchronous ACS5000 5'204 1'492 Yes 16.91 50.49
Blower 8'400 Asynchronous ACS5000 5'313 1'492 Yes | 1'191...1'530 16.76 HS coupling 49.42 LS coupling 159.79 Motor internal
Compressor 6'000 Synchronous LCI.DR 7'547 1'500 Yes | 1'050...1'575 15.01 77.80 342.68
Compressor 9'910 Asynchronous ACS6000 7'548 1'500 Yes
Compressor 21'000 Synchronous LCI.DR 7'548 1'500 Yes 17.60 60.10 221.92
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Rated motor Rated speed [rpm] Gear Speed range 1st TNF 2nd TNF 3rd TNF
(32523223) power [kW] Motor type VFD model |Load side Motor side | [Yes/No] [rpm] freq [Hz] location freq [Hz] location freq [Hz]  location
Compressor 13'580 Synchronous LCI.DR 11'006 1'500 Yes | 1'050...1'575 11.20 30.80
Compressor 18211 Synchronous LCI.DR 1'500 Yes | 1'050...1'576
Compressor 17'000 Synchronous LCI.DR 11'195 1'714 Yes | 1'076...1'800 10.80 71.60 213.60
Compressor 37'000 Synchronous LCI.DR 7'927 1'800 Yes | 1'260...1'890 17.40 LS coupling 58.20 HS coupling 202.80 LS coupling
Compressor 17'400 Asynchronous ACS5000 4'216 1'500 Yes | 1'441...1'575 12.73 LS coupling 36.33 HS coupling
Compressor 6'100 Asynchronous ACS6000 10249 1'429 Yes | 1'000...1'500 14.89 LS coupling 56.45 HS coupling 347.95
Compressor 6'100 Asynchronous ACS6000 10249 1'429 Yes | 1'000 ... 1'500 17.92 LS coupling 56.70 HS coupling 462.30
Compressor 1'200 Asynchronous ACS1000 1'450 Yes | 1'050...1'572 23.17 LS coupling 79.40 HS coupling 606.90 between motor and coupling
Compressor 1'500 Asynchronous ACS1000 1'422 Yes | 1'050...1'573 22.01 LS coupling 69.70 HS coupling 629.40 between motor and coupling
Compressor 3'400 Asynchronous ACS5000 1'463 Yes | 1'050...1'575 22.15 LS coupling 67.40 HS coupling 594.60 between motor and coupling
between gear and HS
Compressor 900 Asynchronous ACS1000 2'997 Yes | 2'400...3'150 20.89 LS coupling 125.80 HS coupling 758.70 coupling
Compressor 1'300 Asynchronous ACS1000 1'499 Yes | 1'200...1'575 24.27 LS coupling 79.70 HS coupling 585.40 between motor and coupling
HS coupling
(mainly) and LS

Compressor 9'000 Asynchronous ACS5000 1'500 Yes | 1'200...1'575 13.85 HS coupling 50.20 coupling 464.60 between motor and coupling

LS coupling

(between LS HS coupling 1 and HS coupling 2 (slightly also LS
Compressor 11'500 Asynchronous ACS5000 1'500 Yes | 1'200...1'575 15.56 |coupling and gear)| 29.30 LS coupling 57.30 coupling and HS coupling 1)

LS coupling & HS

Compressor 5'950 Asynchronous ACS5000 13.30 HS coupling 69.10 coupling 399.50
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Rated motor Rated speed [rpm] Gear Speed range 1st TNF 2nd TNF 3rd TNF
(32523223) power [kW] Motor type VFD model |Load side Motor side | [Yes/No] [rpm] freq [Hz] location freq [Hz] location freq [Hz]  location
Compressor 15'100 Synchronous ACS5000 10.35 LS coupling 1 15.60 LS coupling 2 26.93 HS coupling 1
Compressor 1'100 Asynchronous ACS1000 23.40 LS coupling 75.24 HS coupling
Compressor 8'891 1'490 yes | 1'044 ...1'566 29.17 | LS coupling - gear | 62.03 HS coupling 178.23 inside motor
Compressor 13'057 Synchronous LCI.DR 1'498 18.98 61.49
Compressor 30'889 Synchronous LCI.DR 1'500 13.51 39.24
LS cooupling & HS
Compressor 7'000 Asynchronous ACS5000 1'500 19.49 HS coupling 76.99 coupling 817.50
Compressor 10'300 Asynchronous ACS5000 1'500 17.10 LS coupling 37.10 HS coupling 224.70 inside gear
Compressor 2'500 Asynchronous ACS1000 1'680 1'176...1'764 17.00 LS coupling 65.47 HS coupling 599.10
Compressor 2'300 Asynchronous ACS5000 1'800 26.10 LS coupling
Compressor 350 Asynchronous ACS1000i 1'500 1'050...1'575 26.10 LS coupling 100.04 HS coupling
Compressor 2'200 Asynchronous ACS5000i 1'680 1'680 ... 1'800 27.90 LS coupling 61.12 HS coupling
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Appendix 11 — Motor transient torques

A) 5’500 kW induction machine at min. speed (36.2 Hz/1’080 rpm) and max. speed (63.3

Hz/1’890 rpm)
3-phase short circuit @ 36 Hz
12
8
=) 4 AN
e o\ A\ A
SN RVALY
SV
-8
125 0.05 0.1 0.15 0.2
Time [s]
3-phase short circuit @ 63 Hz
12
8
? 4 N
M TATAY,
[ \
-8
125 0.05 0.1 0.15 0.2

Time [s]

Air gap torque at 3-phase short circuit at min. speed:
Air gap torque at 2-phase short circuit at min. speed:
Air gap torque at 3-phase short circuit at max. speed:

Air gap torque at 2-phase short circuit at max. speed:

Torque [pu]

Torque [pu]

2-phase short circuit @ 36 Hz

12
8 N
I A
AV A A PPN P
WA RRVIRAVINAY vV
NIV
Y,
1% 0.05 0.1 0.15 0.2
2-phase shgm:eii]uit @ 63 Hz
12
8
Al
ok LU I T o o g Aa fp An An A
LAY VY Y VRV IV IV VY
Vv
-8
1% 0.05 0.1 0.15 0.2

Time [s]

-8.04 Tyatt=6.91ms

-10.5Tyatt=8.98 ms

-6.27 Tyatt=3.95ms

-8.2Tnyatt=553ms

B) 7’000 kW induction machine at nominal speed (50.2 Hz/1’500 rpm)

3-phase short circuit

2-phase short circuit

10 10
2 z UL
() 0 A /\ VAN [<}] 0 A vﬂ [\/\ /\ /\/\ /\
¢ /U VAVA : Uv IRBUAM MR
(o] (@]
= =
5 5y
10 0.05 0.1 0.15 0.2 10 0.05 0.1 0.15 0.2
Time [s] Time [s]
Air gap torque at 3-phase short circuit at nom. speed: -5.16 Tyatt=5.0ms
Air gap torque at 2-phase short circuit at nom. speed: 6.92 Tyatt=13.3ms
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C) 13’600 kW induction machine at nominal speed (49.2 Hz/980 rpm)

3-phase short circuit

Torque [pu]

10 10
5 5
T A DA A AN z ||

JAVAVAYS A s

S
5 -5ty
1% 0.05 0.1 0.15 0.2 1%
Time [s]

Air gap torgue at 3-phase short circuit at nom. speed:

Air gap torque at 2-phase short circuit at nom. speed:

2-phase short circuit

A

WA

AN

0.05

0.1 0.15 0.2

Time [s]

-4.89 Tyatt=5.08 ms
-6.38 Tyatt=6.61ms

D) 8700 kW induction machine at nominal speed (43.9 Hz/1°318 rpm) incl. coupling torques

Transient Torques Due To 3-Phase Short Circuit - detail

Motor Air-Gap Torque
Torque on LS Coupling
Torque on HS Coupling

NN 0 A A A A

N

N\ N\

AAAA A A4

x PU Torque (63.09 kNm)

0.1 0.2

0.3 0.4
time [s]

0.5 0.6

Transient torques during 3-phase short circuit (air gap torque, torque on low-speed coupling, torque

on high-speed coupling)
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Trans

ient Torques Due To Phase To Phase Short Circuit - detai
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s
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Transient torques during 2-phase short circuit (air gap torque, torque on low-speed coupling, torque

on high-speed coupling)
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D) Overview of induction motor transient torques across wide power range - both direct on-line (DOL) and VFD driven motors

Motor

Motor

Pole num-

Rated

Stator re-

Total reac-

b SIS power voltage S L ber speed ih%t:? ziercuit ih%t:? ziercuit rHelgI';-ssiEged actance X1 | tance Supply
Asynchronous 350 kW 3.3kV 400 mm 4-pole 1'500 rpm | -9.01 *TN -6.71* TN n.a. 0.102 pu 0.204 pu VFD
Asynchronous 1'100 kW 4.0 kv 450 mm 4-pole 1'800 rpm | -6.08 * TN -4.62* TN n.a. 0.172 pu 0.278 pu VFD
Asynchronous 1'300 kW 3.3kV 450 mm 4-pole 1'490 rpm | -7.79 * TN -5.92* TN n.a. 0.138 pu 0.241 pu VFD
Asynchronous 2'200 kW 6.6 kV 500 mm 4-pole 1'680 rpm | -9.26 * TN -7.11*TN n.a. 0.110 pu 0.187 pu VFD
Asynchronous 2'500 kW 3.0kV 500 mm 4-pole 1'489 rpm | -6.12* TN -4.69* TN -12.1* TN 0.141 pu 0.247 pu DOL
Asynchronous | 2500 kW | 6.0 kV 500 mm 4-pole 1'490 rpm | -7.08 * TN 542 * TN -14.2 * TN 0.147pu | 0.238pu | POL
Asynchronous 2'600 kW 6.6 kV 560 mm 4-pole 1'559 rpm | -7.74* TN -5.93* TN n.a. 0.139 pu 0.220 pu VFD
Asynchronous 2'800 kW 6.3 kV 560 mm 4-pole 1'492 rpm | -7.42* TN -5.72* TN n.a. 0.183 pu 0.259 pu VFD
Asynchronous 2'800 kW 6.0 kV 630 mm 4-pole 1'494 rpm | -9.43*TN -7.10* TN -21.0*TN not known | not known | POL
Asynchronous 3'000 kw 3.0kV 560 mm 4-pole 1'488 rpm | -5.24 * TN -4.01* TN -10.2* TN 0.204 pu 0.317 pu DOL
Asynchronous | 3000 kW | 6.0 kV 560 mm 4-pole 1'490 rpm | -7.05 * TN -5.40 * TN -14.2 * TN 0.153pu | 0.234pu | POL
Asynchronous 3'639 kW 3.3kV 560 mm 2-pole 3600 rpm | -6.01*TN -4.61* TN n.a. 0.179 pu 0.260 pu VFD
Asynchronous | 3728 kW | 4.0kV 710 mm 8-pole 893 rpm | -8.53* TN -6.46 * TN -11.6 * TN 0.118pu | 0.205pu | POL
Asynchronous | 4500 kW | 3.0 kV 560 mm 4-pole 1'490 rpm | -6.27 * TN -4.80 * TN -12.4* TN 0.172pu | 0.272pu | POL
Asynchronous 4'500 kW 6.0 kV 560 mm 4-pole 1'490 rpm | -7.17 *TN -5.49* TN -14.3* TN 0.149 pu 0.245 pu DOL
Asynchronous | 4500 kW | 6.0 kV 560 mm 4-pole 1'490 rpm | -6.67 * TN 510 * TN -13.4 * TN 0.156pu | 0.262 pu | POL
Asynchronous 4'500 kW 6.0 kV 560 mm 4-pole 1'491 rpm | -7.50 * TN -5.73* TN -15.2* TN 0.137 pu 0.239 pu DOL
Asynchronous | 4620 kW | 6.0 kV 710 mm 4-pole 1'489 rpm | -7.78 * TN -4.74* TN -9.62 * TN 0.225pu | 0.369 pu | POL
Asynchronous 4'750 kW 6.6 kV 560 mm 2-pole 3'437rpm | -6.96 * TN -5.33*TN n.a. 0.258 pu 0.287 pu VFD
Asynchronous 5'000 kW 6.0 kV 560 mm 4-pole 1'492 rpm | -5.60 * TN -4.29* TN -11.3* TN 0.193 pu 0.305 pu DOL
Asynchronous | 5235 kW | 3.1kV 630 mm 4-pole 1'489 rpm | -6.02 * TN -4.59 * TN -11.9 * TN 0.182pu | 0.299 pu | POL
Asynchronous 5'500 kW 3.0kV 630 mm 4-pole 1'584 rpm | -8.20* TN -6.27 * TN n.a. 0.114 pu 0.184 pu VFD
Asynchronous 5'900 kW 10.0 kV 800 mm 10-pole 597 rpm not known not known not known 0.167 pu 0.294 pu DOL
Asynchronous 5'950 kW 6.6 kV 710 mm 4-pole 1'500 rpm | -6.52* TN -5.00* TN n.a. 0.156 pu 0.243 pu VFD
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Motortype | LS| Vokage | Sheftheignt | p2E T | e | Shoeicuit | shortarcut | rodosmg | acnce X1 | tanee | SUPPY
Asynchronous | 6000 kW | 3.0 kV 630 mm 4-pole 1'492 rpm | -6.35 * TN -4.86 * TN 125 * TN 0.169pu | 0.270pu | POL
Asynchronous 6'000 kW 6.0 kV 630 mm 4-pole 1'491 rpm | -6.29 * TN -4.82* TN -12.4* TN 0.171 pu 0.272 pu DOL
Asynchronous | 6300 kW | 3.0 kV 630 mm 4-pole 1'491 rpm | -6.05 * TN -4.63* TN -11.9 * TN 0.178 pu | 0.284pu | POL
Asynchronous 6'300 kW 6.0 kV 630 mm 4-pole 1'491 rpm | -5.99 * TN -4.59* TN -11.8* TN 0.180 pu 0.286 pu DOL
Asynchronous 6'400 KW 6.9 kV 710 mm 6-pole 1'000 rpm | -8.46 * TN -6.46 * TN n.a. 0.150 pu 0.236 pu VFD
Asynchronous 6'500 kW 6.6 kV 630 mm 4-pole 1'500 rpm | -6.52* TN -4.99* TN n.a. 0.171 pu 0.267 pu VFD
Asynchronous 6'500 kW 6.6 kV 630 mm 4-pole 1500 rpm | -7.71*TN -5.90* TN n.a. 0.146 pu 0.228 pu VFD
Asynchronous 6'800 kW 6.6 kV not known 4-pole 1'480rpm | -7.00* TN -5.38* TN n.a. 0.181 pu 0.269 pu VFD
Asynchronous 7'000 kW 6.6 kV 710 mm 4-pole 1'493rpm | -6.72* TN -5.16 * TN -12.5* TN 0.143 pu 0.235 pu VFD
Asynchronous | 7100 kW | 3.0 kV 630 mm 4-pole 1'492 rpm | -7.45* TN -5.70 * TN -14.9 * TN 0.148pu | 0.230pu | POL
Asynchronous 7'100 kW 6.0 kV 630 mm 4-pole 1'490 rpm | -5.69 * TN -4.36 * TN -11.0*TN 0.185 pu 0.299 pu DOL
Asynchronous | 7400 kW | 6.6 kV 630 mm 4-pole 1622 rpm | -7.84* TN -6.01* TN -14.4* TN 0.144pu| 0.230pu | VFD
Asynchronous | 7400 kW | 13.8kV | 800 mm 4-pole 1778 rpm | -7.59 * TN -5.66 * TN -13.4 * TN 0.136pu | 0.218pu | POL
Asynchronous 7'800 kW 6.6 kV 630 mm 4-pole 1935 rpm | -7.75* TN -5.94* TN n.a. 0.128 pu 0.198 pu VFD
Asynchronous | 8000 kW | 3.0 kV 630 mm 4-pole 1'491 rpm | -6.70 * TN 513 *TN -13.2 * TN 0.163pu | 0.255pu | POL
Asynchronous 8'000 kW 6.0 kV 710 mm 4-pole 1'493rpm | -6.10* TN -4.68* TN -12.1* TN 0.168 pu 0.223 pu DOL
Asynchronous 8'000 kW 6.6 kV 710 mm 4-pole 1'500 rpm | -6.60 * TN -5.06 * TN n.a. 0.162 pu 0.250 pu VFD
Asynchronous 8'700 kW 6.6 kV 800 mm 4-pole 1'318 rpm | -8.84* TN -6.74* TN n.a. 0.117 pu 0.219 pu VFD
Asynchronous 8'700 kW 6.6 kV 900 mm 4-pole 1'380 rpm | -7.06 * TN -5.40* TN n.a. 0.151 pu 0.243 pu VFD
Asynchronous | 9000 kW | 6.0 kV 710 mm 4-pole 1'494 rpm | -6.42 * TN -4.92 * TN -12.9 * TN 0.162pu | 0.252pu | POL
Asynchronous 9'000 kW 6.6 kV 710 mm 4-pole 1'494 rpm | -7.54* TN -5.78 * TN n.a. 0.136 pu 0.225 pu VFD
Asynchronous | 10'000 kW | 6.0 kV 710 mm 4-pole 1'494 rpm | -6.25 * TN -4.79 * TN -12.4* TN 0.168pu | 0.258 pu | POL
Asynchronous 10'300 kW | 6.6 kV 800 mm 4-pole 1'500 rpm | -7.36 * TN -5.63* TN -14.6 * TN 0.141 pu 0.227 pu VFD
Asynchronous | 11'200 kW | 6.0 kV 800 mm 4-pole 1'493 rpm | -6.94 * TN -5.31*TN -9.89 * TN 0.148pu | 0.239pu | POL
Asynchronous | 11'500 kW | 6.6 kV 800 mm 4-pole 1'494 rpm | -6.58 * TN -5.04 * TN n.a. 0.158pu | 0.255pu | VFD
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Motortype | LS| Vokage | Sheftheignt | p2E T | e | Shoeicuit | shortarcut | rodosmg | acnce X1 | tanee | SUPPY
Asynchronous 12'447 KW | 6.6 kV 800 mm 4-pole 1'343rpm | -6.64 * TN -5.08* TN n.a. 0.167 pu 0.257 pu VFD
Asynchronous 12'500 kW | 6.0 kV 800 mm 4-pole 1'494 rpm | -7.83* TN -5.99 * TN -11.2*TN 0.132 pu 0.215 pu DOL
Asynchronous | 13'600 kW | 3.0 kV 900 mm 6-pole 980 rpm | -6.38 * TN -4.89 * TN n.a. 0.161pu | 0.276pu | VFD
Asynchronous 14'000 kW | 6.0 kV 900 mm 4-pole 1'494 rpm | -7.47*TN -5.72* TN -11.2*TN 0.138 pu 0.216 pu DOL
Asynchronous 15286 kW | 6.9 kV 900 mm 4-pole 1'343rpm | -8.61*TN -6.57* TN n.a. 0.122 pu 0.221 pu VFD
Asynchronous 16'000 kW | 6.0 kV 800 mm 4-pole 1'494 rpm | -7.32*TN -5.60 * TN -10.4* TN 0.143 pu 0.232 pu DOL
Asynchronous 16'000 kW | 6.0 kV 900 mm 4-pole 1'495 rpm | -9.09 * TN -6.96 * TN -13.7* TN 0.115 pu 0.181 pu DOL
Asynchronous 16'556 kW | 6.6 kV 1'000 mm 4-pole 1791 rpm | -5.19*TN -4.15* TN -11.0*TN not known | not known | VFD
Asynchronous 17'400 kW | 6.6 kV 900 mm 4-pole 1'494 rpm | -6.32* TN -4.85* TN n.a. 0.172 pu 0.262 pu VFD
Asynchronous 17'400 kW | 6.6 kV 900 mm 4-pole 1'494 rpm | -6.32* TN -4.85* TN n.a. 0.172 pu 0.262 pu VFD
Asynchronous 18'000 kW | 6.0 kV 900 mm 4-pole 1'492 rpm | -5.58 * TN -4.28* TN -8.11 * TN 0.189 pu 0.294 pu DOL
Asynchronous | 18'000 kW | 6.0 kV 900 mm 4-pole 1494 rpm | -7.47 * TN 572 *TN -11.2 * TN 0.139pu | 0.219pu | POL
Asynchronous | 18'000 kW | 6.0 kV 900 mm 4-pole 1'495 rpm | -8.44 * TN -6.46 * TN -12.4* TN 0.127pu | 0.198pu | POL
Asynchronous 18'000 kW | 6.0 kV 800 mm 4-pole 1795 rpm | -8.76 * TN -6.71* TN -13.1* TN 0.120 pu 0.198 pu DOL
Asynchronous | 20'000 kW | 6.0 kV 900 mm 4-pole 1494 rpm | -7.13* TN -5.46 * TN -10.5 * TN 0.148pu | 0.227pu | POL
Asynchronous 20'000 kW | 6.0 kV 900 mm 4-pole 1'494 rpm | -7.60* TN -5.82* TN -11.0*TN 0.141 pu 0.220 pu DOL
Asynchronous | 20'000 kW | 6.0 kV 900 mm 4-pole 1'494 rpm | -6.98 * TN 5,34 * TN -10.3 * TN 0.152pu | 0.237pu | POL
Asynchronous 22'000 kW | 6.0 kV 900 mm 4-pole 1'493rpm | -6.34* TN -4.86 * TN -9.23* TN 0.168 pu 0.262 pu DOL
Asynchronous 23'000 kW | 6.6 kV 900 mm 4-pole 1'494 rpm | -7.75* TN -5.93* TN -11.3* TN 0.134 pu 0.216 pu DOL
Asynchronous | 24'000 kW | 6.6 kV 900 mm 4-pole 1494 rpm | -7.43* TN -5.68 * TN -10.8 * TN 0.140pu | 0.226 pu | POL
Asynchronous 24'000 kW | 6.6 kV 900 mm 4-pole 1793 rpm | -5.64* TN -4.33* TN -8.38 * TN 0.154 pu 0.297 pu DOL
Asynchronous | 24'000 kW | 6.0 kV 900 mm 4-pole 1795 rpm | -7.60 * TN -5.83* TN -11.3* TN 0.122pu | 0.224pu | POL
Asynchronous 24'500 kW | 6.6 kV 900 mm 4-pole 1'494 rpm | -7.27*TN -5.57 * TN -10.6 * TN 0.143 pu 0.231 pu DOL
Asynchronous | 27'000 kW | 6.0 kV 900 mm 4-pole 1794 rpm | -6.62 * TN -5.08 * TN 9.7 *TN 0.138pu | 0.257pu | POL
Asynchronous | 28'000 kW | 6.0 kV 900 mm 4-pole 1794 rpm | -6.38 * TN -4.9*TN -9.31* TN 0.144pu | 0.267pu | POL
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Appendix 12 — Torsional natural frequencies and mode shapes in variable speed

drive systems

1'200 KW compressor drive
1% Mode shape: 23.17 Hz

0.04 T T T T i T
" Low speed |
0.02f- coupling : 7
oF L J
€ -0.02- -
w
=
8 -0.04- .
%_ 1 ... Electric motor
2 006- 2 ... LS Coupling (DE) |
T 3 ... LS Coupling (NDE)
@ 4 .. Gearbox (LSS)
= -0.08- 5 ... Gearbox (HSS) b
E 6 ... HS Coupling (DE)
S 01k 7 ... HS Coupling (NDE)
= 8 ... Compressor
012 =
______ ]
-0.14
a
= | 1 1 | | | | |
0'160 1 2 3 4 5 <] 7 -] 9
Mass no.
1'200 kW compressor drive
2" Mode shape: 79.35 Hz
005 T T T T T T T T
_____ |
: High ;peed |
T\ I coupling
|
0 I I
| |
b= | |
T | |
& | !
8 -0.05 | |
®
g ! '
0 | |
=
k=] | |
8 | '
E 01F 1 ... Electric motor | : 7
5 2 ... LS Coupling (DE) : |
= 3 ... LS Coupling (NDE) |
4 ... Gearbox (LSS) : |
0.5 5 ... Gearbox (HSS) | | 4
6 ... HS Coupling (DE) |
7 ... HS Coupling (NDE) | |
8 ... Compressor \‘ | |
L —— e
N 1 1 1 | | | | 1
U'20 1 2 3 4 5 6 7 8 9
Mass no.
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Normalized displacement

Normalized displacement

6'100 kw compressor drive
1% Mode shape: 17.92 Hz

0.06 I T 1 I I I I I
@
0.05 ;. Tow s
: coupling
0.04+ ] 1 ... Electric motor 5 ... Gearbox (HSS)
2 ... LS Coupling (DE) 6 ... HS Coupling (DE)
3 ... LS Coupling (NDE) 7 ... HS Coupling (NDE)
0.03- 4 ... Gearbox (LSS) 8 ... Compressor
0.02
0.01~
o+ & £ o
-0.01
-0.02 —
o | 1 1 | | | | |
0'030 1 2 3 4 5 6 7 8
Mass no.
6'100 kW compressor drive
2" Mode shape: 56.70 Hz
0.1 T T T T T T T T
1 ... Electric motor 5 ... Gearbox (HSS) [—————
0.08+2 ... LS Coupling (DE) 6 ... HS Coupling (DE) | High speed
3... LS Coupling (NDE) 7 ... HS Coupling (NDE) | ool
4 ... Gearbox (LSS) 8 ... Compressor | ping
0.06 :
|
|
0.04~ |
|
|
|
0.021 |
|
|
o= e 1] :1’ ’
\N‘ |
-0.02 !
o | 1 1 | | | | |
0'040 1 2 3 4 5 6 7 8
Mass no.
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0.035

0.03

0.025

0.02

0.015

0.01

0.005

MNormalized displacement

-0.005

-0.01

-0.015

0.02

0.015

0.01

o
$

S
5

-0.01

Normalized displacement

-0.015

-0.02

-0.025

\Lcoupling
|
|
|
|
|
|
|
|
|
|
|
|
|

11'500 KW compresssor drive
1% Mode shape: 15.56 Hz
T T T T T T

ILow speed

= = 000~ R

~o

... Electric motor —
... LS coupling (DE)

... LS coupling (NDE)
... Gearbox LSS

... Gearbox HSS

... H52 coupling (DE)
... HS2 coupling (NDE)
... Compressor 2

... HS1 coupling (DE)
.. HS1 coupling (NDE)
.. Compressor 1

T T T

| | 1 1 1

2 3 4 5 6 7 8

Mass no.

11'500 kW compresssor drive
2" Mode shape: 29.28 Hz
T T T T T T

. HS2 coupling (DE)
.. HS2 coupling (NDE)
. COmpl’BSSOF 2

1 ... Electric motor
2 ...LS coupling (DE)
3 .. LS coupling (NDE)
|Lowspeed! 4 ... Gearbox LSS
| coupling g .. Gearbox HSS
7
8

T T

ﬁi&l;pged
coupling 1 |

Mass no.

... HS1 coupling (DE) -
10 ... HS1 coupling (NDE)
11 ... Compressor 1
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15'100 KW compressor drive
[1SIMode§hapef103PF421

002 T T T T T T T T T T T T
Low speed
caoupling 1
0.01} e }
& 0
£
w
3
[=% !
2 !
5 -0.01- 1 ... Compressor 3 13 ... HS Coupling 2 (DE)
= 2...HS Coupling 3 (NDE) 14 ... HS Coupling 2 (NDE)
p 3 ... HS Coupling 3 (DE) 15 ... Compressor 2
g 4 ... Gearbox 2 (HSS) 16 ... HS Coupling 1 (DE)
= -0.02 5 ... Gearbox 2 (LSS) 17 ... HS Coupling 1 (NDE)
=z 6...LS Coupling 2 (NDE) 18 ... Compressor 1
7 ... LS Coupling 2 (DE)
8 ... Electric motor
-0.03F- 9 . LS Coupling 1 (DE) -
10 ... LS Coupling 1 (NDE)
>t 11 ... Gearbox 1 (LSS)
12 ... Gearbox 1 (HSS)
_004 | | | 1 | 1 | | | | | 1 | | | | 1 |
0 1 2 3 4 5 6 7 g 9 10 11 12 13 14 15 16 17 18 19
Mass no.
15'100 kW compressor drive
2" Mode shape: 15.60 Hz
0.02 T T T T i T T T T T T T T T T T T
Low speed
coupling 2
0.01- e -
High speed
coupling 2
| =
E 0
]
s,
I 1... Compressor 3
© -0.01- 2 ... HS Coupling 3 (NDE) -
3 3 ... HS Coupling 3 (DE)
o 4 ... Gearbox 2 (HSS) 13 ... HS Coupling 2 (DE)
E 5 ... Gearbox 2 (LSS) 14 ... HS Coupling 2 (NDE)
5 -0.021- 6 ... LS Coupling 2 (NDE) 15 ... Compressor 2 7
z 7 ... LS Coupling 2 (DE) 16 ... HS Coupling 1 (DE)
8 ... Electric motor 17 ... HS Coupling 1 (NDE)
— 9 ... LS Coupling 1 (DE) 18 ... Compressor 1
-0.031- 10 ... LS Coupling 1 (NDE) -
11 ... Gearbox 1 (LSS)
S 12 ... Gearbox 1 (HSS)
_0.04 1 | 1 1 | 1 | | 1 | 1 1 | 1 I | 1 ]
o 1 2 3 4 5 6 7 8 9 10 M 12 13 14 15 16 17 18 19
Mass no.
15'100 kW compressor drive
3" Mode shape: 26.93 Hz
0025 T T T T T T T T T T T T T T T il T
1 ... Compressor 3 13 ... HS Coupling 2 (DE) High l"?”“‘iy
0.02 2. HS Coupling 3 (NDE) 14 ... HS Coupling 2 (NDE) Couping, |
. 3 ... HS Coupling 3 (DE) 15 ... Compressor 2 | :
4 ... Gearbox 2 (HSS) 16 ... HS Coupling 1 (DE)
£0.015 9. Gearbox 2 (LSS) 17 ... HS Coupling 1 (NDE) _
g 6 ... LS Coupling 2 (NDE) 18 ... Compressor 1
@ 7 ... LS Coupling 2 (DE)
g 0.01- & .. Electric motor =
o 9...LS Coupling 1 (DE) Low speed
So.05. 10 - LS Coupling 1 (NDE) coupling 1 i
i 11... Gearbox 1 (LSS) Lowspeed
N 12 ... Gearbox 1 (HSS) ceupling 2
[} o~ : _
[=]
=
-0.005 -
-0.01
-0.015+- —
1 | | 1 1 | 1 1 | 1 1 | M |
JO'UZO 1 2 3 4 5 8 7 8 9 10 11 12 13 18 19

Mass no.
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17'400 kW compressor drive
1% Mode shape: 12.73 Hz

0.02 T T T T T T T T
0.015 —""]
0.01f | Low speed n
X ;
» | coupling
£
3 0.005 | -
8 X
% |
k-] 0 |
- + @ ¢
Jei] |
& X
g -0.005
2
.01k 1 ... Electric motor 5 ... Gearbox (HSS) i
) 2 ... LS Coupling (DE) 6 ... HS Coupling (DE)
| 3 ... LS Coupling (NDE) 7 ... HS Coupling (NDE)
0,015~ # 4 ... Gearbox (LSS) 8 ... Compressor i
@
4 1 1 1 | | | | 1
C"020 1 2 3 4 5 6 7 8 9
Mass no.
17'400 kKW compressor drive
2" Mode shape: 36.33 Hz
0.01 T T T T 1
|
0 o l 4
|
|
E -0.011 : -
£
T |
o
@ |
2 |
5 -0.02 |
o |
1
N |
© 1 ... Electric motor |
% 003/ 2..LS Coupling (DE) | |
= 3 ... LS Coupling (NDE) |
4 ... Gearbox (LSS) |
5 ... Gearbox (HSS) T
0.04 6 ... HS Coupling (DE) | i
: 7 ... HS Coupling (NDE) I High speed
& ... Compressor : coupling
4 1 1 1 | | | | 1
0'050 1 2 3 4 5 6 7 8 9

Mass no.

Note:

For the investigations of electro-mechanical interactions the finite element model is not practical
and a simplified lumped inertia model can be used instead. The detailed model is reduced to several
dominant masses. Only the lowest torsional natural frequencies need to be considered. Higher tor-
sional modes are much better damped and they are outside the bandwidth of the VFD controllers.
Therefore the simplified model needs to reproduce correctly the lowest two or three torsional
modes (more than three modes only in special cases with very complex shaft string). The simplest
model of elastic shaft is a two mass model. Such model is easy to understand and might be good
enough for certain qualitative considerations. An eight mass model shown in a case study seems to

be sufficient for most investigations.
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Appendix 13 — Elastic mechanical model (example with 8 inertial masses)

A) Lump inertia model with 8 inertial masses

J1 k12 12 k23 3 k3a 4 a5 5 kg 6 kg7 V7 k78 18

cl2 c23 c34 c45 c56 c67 c78

J ... moment of inertia (torsional disc) [kg*m2]
K ... stiffness (torsional spring) [Nm/rad]
C ... damping (torsional damper) [Nm*s/rad]

J1 ... Electric motor, J2 ... Low speed coupling (driving end), J3 ... Low speed coupling (non-driving

end), J4 ... Gear (low speed side), J5 ... Gear (high speed side), J6 ... High speed coupling (driving end),
J7 ... High speed coupling (driving end), J8 ... compressor

B) Simulink implementation with state-space modeling

» npp/wN
n_mot [pu]
me x'=Ax+Bu Sl to put
S L ] S T
(2)
puto Sl Mechanical Speed Selector
m_load Model P o -
(S Units) n_load [rpm]
recalculation from
w [rad/s] into n [rpm]
n_load [pu]
Slto pu2
— ) Y
teta_load
Angle Selector
t_coupling [pu]
Coupling Torque Slto pu tq_coupling
Selector
M echanical System
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Appendix 14 — Software filters

The most common second order filters are described with transfer function (where wc is the cut-off
frequency and & represents the damping) and corresponding Bode diagram.

e Low pass filter (LP)

_ 1
Transfer function Fip(s)= 255

1+ w; + (wic)z

Bode Diagram of Low-Pass filter

20

Magnitude (dB)

-45

-90

Phase (deg)

-135

-180k L L I R | L L T S S R L T
10° 10° Frequency (rad/s) 10 10

Usage of LP filter: Reduction or elimination of high frequency components, e.g. to remove ripple
from measured signal and get just fundamental component.
e High pass filter (HP)
s 2
)
2:8-s s \2
ot (w_c)

Bode Diagram of High-Pass filter

Transfer function Fyp (s) =

N
o

B N
o o o
T T T
| |

Magnitude (dB)

[e2]
o
T

|

=
00
=)

Phase (deg)
i
©O w
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T T
| |

iy
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T

|

o
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=
o
N
™
-
o
B
o

Frequency (Hz)
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Usage of HP filter: Reduction or elimination of low frequency components, e.g. to remove DC com-

ponent or fundamental harmonic.

Band pass filter (BP)

Transfer function

Magpnitude (dB)

N
o
T

Phase (deg)

A
a
T

[N
o

AN
o
T

©w
<]

N
o
T

©
s}

2:8's

Fgp () = —5s 7

2
+ (_)
wc Wc.

Bode Diagram of Band-Pass filter

1+

o
T

o
T

=
o

10

Frequency (Hz)

Usage of BP filter: Block (remove) the whole frequency spectrum besides a defined frequency range.

Band stop filter (BS)

Transfer function

Phase (deg)

Magnitude (dB)

20

+ (o)

Fps (s) = Es, (o)

p
+ 25, (i)
wc wWc

Bode Diagram of Band-Stop filter

Frequency (Hz)

Usage of BS filter: Remove specific frequency or narrow frequency range from measured spectrum.

Passive control damping functions require only few fundamental data of the driven equipment such

as e.g. the values of torsional natural frequencies.
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The shape (frequency characteristic) of above filters is significantly impacted by the damping value.

This is illustrated on the examples of band-pass filter below for damping values 0.16, 1.0 and 3.0.

Bode Diagram
0
L L —
0 ///, P \\ \\\\\
L i ~ g
g 20 7 in —~
T o
2 — L ~ T~
> P 3 N S~ Ny
§_30 / Py 3 2 i ~ & N~ . ~
S g T » ML
s 4 T — T~ N
] ,// \\\
-50
L ~
//
-60
90 T T L
— R blue = damping 0.16
— ue = damping 0.
45 red = damping 1
5 ~_ P
< 0 T black = damping 3
b S ;
©
i Y \\
T~ i
“ P~ \\\\
\ \\\\\ \\\
-90 Do e e
-1 0 1 2 3 4
10 10 10 10 10 10

Frequency (rad/sec)
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Appendix 15 — Background on waterfall plots

The waterfall plots shown in submitted thesis are mostly “2-dimensional”, i.e. one axis is time (usually
x-axis) and the other axis is the frequency (usually y-axis). The magnitude of the frequency compo-
nents is represented by a colorbar. The waterfall plot actually consists of a series of FFTs over the

time domain signal; the principle is a moving window with certain overlap (see figures below).

Typical settings of waterfall plot:
Window length: 1, 2 or 4 seconds (dynamic processes require shorter length while for steady
state or quasi steady state trends longer window can be used)
Step size: 0.1 to 0.5 seconds (smaller step size provides smoother diagram)
Overlap: In order to get a smooth trend, an overlap of time windows is required.
Presented figures use high overlap up to 90-98%.
overlap = (window length — step size) / window length * 100%

Windowing function:  Hann, Hanning, Hamming or Blackmann-Harris windows

Comparison of windowing functions

1 ) .
—Hann
/ \ —Hanning
A 0.8 — Hamming i
- .
N / \ — Blackman-Harris
9
2 0.6
©
>
3
N 0.4
<
£
o
Z0.2 \
/ Window functions as implemented in MATLAB\
O 1 1 L 1 1
10 20 30 40 50 60 70 80 90 100

Number of samples N [-]

Figure A9.1 — Comparison of most frequent windowing functions

Signal
(Torque,
current,
voltage
rlohngows VYT VT W\MNVWVW\M
Overlap ——Step
FFT Window2

Step Overlap

FFT Window 3

LN

>

Time [s]

Figure A9.2 — Principle of generation of waterfall plot by using a moving FFT window

The author has positive experience with window length of 4 seconds for slowly changing trends and
length of 1 to 2 seconds for a bit faster trends (step size in both cases 0.1 seconds). Longer window

length provides better resolution of frequency (y-axis), but suppresses transients due to averaging.
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Short window length makes transients better visible, but it influences the frequency axis. Selection

of window length is therefore always a compromise. This is illustrated in figure below.

Motor speed in rpm (window length 6 sec, step size 0.1 sec)

0.06

10.05

10.04

10.03

frequency [Hz]

10.02

0.01

10 20 30 40 50 60 70
time [s]

Motor speed in rpm (window length 4 sec, step size 0.1 sec)

0.07

0.06

10.05

o

10.04

frequency [Hz]

10.03

0.02

0.01

10 20 30 40 50 60 70
time [s]

Motor speed in rpm (window length 2 sec, step size 0.1 sec)
0.08
0.07

10.06

w
(=]

10.05

2

10.04

frequency [Hz]

N

10.03

0.02

0.01

10 20 30 40 50 60 70
time [s]

Figure A9.3 — Waterfall diagrams of identical signal; upper — window length 6 seconds, middle —

window length 4 seconds, lower — window length 2 seconds
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Appendix 16 — Slip of VFD driven induction machine at rated point

Rated Rated Breakdown
Shaft power | speed Stator freq. | torque Rated slip torque
[kw] [rpm] [Hz] [Nm] [%] [pu]
900 2'997.0 50.4 2'868 0.89% not known
1'200 1'450.0 48.7 7'903 0.75% 1.90
1'500 1'422.5 a7.7 10'070 0.59% 2.10
2'100 1'499.9 50.3 13'370 0.60% 2.80
2'300 1'799.8 60.3 12'203 0.51% 2.40
3'400 1'463.0 49.0 22'192 0.48% 2.90
4'750 3'437.0 57.6 13'197 0.55% 2.30
6'100 1'429.6 47.9 40'746 0.51% 2.40
6'500 1'500.2 50.3 41'375 0.58% 2.40
7'000 1'500.0 50.2 44'563 0.40% 2.40
7'370 3'590.0 60.2 19'604 0.61% 2.90
8'700 1'380.0 46.2 60'202 0.43% 2.20
8'700 3'588.4 60.0 23'152 0.32% 2.59
9'000 1'500.0 50.2 57'296 0.40% 2.50
9'000 3'602.1 60.3 23'859 0.44% 2.05
10'300 1'500.0 50.2 65'572 0.40% 2.60
11'500 1'500.0 50.2 73'211 0.40% 2.30
15'290 1'800.0 60.3 81'116 0.50% 2.90
17'400 1'500.0 50.2 110'772 0.40% 2.20
21'250 1'775.0 59.4 114'323 0.39% 2.20
21'700 1'807.0 60.5 114'676 0.44% 2.10
Slip at rated point versus shaft power
1.00%
0.90%
T 0.80%
= 0.70%
S 0.60%
E 0.50%
©  0.40%
T 0.30%
& 0.20%
0.10%
0.00%
§S38g8sRS38Kegessggasgre
o NN®mYTbORN®®OO DS oy Do

Shaft power [kW]
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