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Abstract

The use of synchronous motors
associated to adjustable speed drive
systems (ASDS) is a rising field in
oil and gas applications, since it
represents a desirable alternative in
high power applications due to its
higher efficiency compared to AC
induction ma&hines and DC motors.
However, there are some drawbacks
to the use of such combination, as the
pulsating torque components
resultant from current harmonics
which are impressed on the motor by
the converters of the drive system. In
spite of their small amjude in
comparison with the driving torque,
these pulsating components can
excite system resonances. ASDS
availability is also extremely
important for the plant operation.
Thus, extensive factory testing is
required to reveal any possible
hidden weaknessf the components
and system design issues. Such tests
may have different setps and
follow different standards in which
the amplitude of the pulsating torque
components may be required. In this
context, the objective of this study
was the implementation of

measurement techniques of pulsating
torque on a 19.3MW and a 20MW
synchronous machine fed by ASDS
with LCI configuration.The methods
employed for the measurement of the
pulsating torque (VoiSecond
Ampere and Modified Input Power)
were selected amorttpose available
in the literature, privileging the
quality of the results as well as low
costs and complexity. It was also
taken into account that a significant
reduction of costs and complexity is
achieved by using sensors already
available on the test seThe results
obtained evidenced the presence of
pulsating torque components related
to the current harmonics. The
computed values for the pulsating
components were inside the expected
boundaries when compared to the
maximum expected values, except
for the components at 120 Hz, 240
Hz and 960 Hz. However, two
unexpected low frequency pulsating
components were present around 20
Hz and 40 Hz. Both phenomena
should have their origin studied in
future developments.
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Abstract Italiano

L'impiego di motori sincroni
associati ad azionamenti a velocita
variabile (ASDS) é di interesse
crescente in applicazioni oil & gas,
sopratutto per grandi potenze in
relazione alla maggiore efficienza
rispetto alle macahe asincrone ed ai
motori in corrente continud.uttavia,
Ci sono al cuni
di tali sistemi, come le componenti
della coppia pulsanti risultanti dalle
armoniche di corrente che vengono
impresse sul motore dai convertitori
del sistema id azionamento.
Nonostante la loro piccola ampiezza
rispetto alla coppia motrice, queste
componenti pulsanti possono eccitare

risonanze del sistema. La
di sponi bilit? del
estremamente importante per il
funzionamento dell'impianto.

Pertanto, diersi test sono necessari
per rivelare ogni possibile punto
debole dei componenti e problemi di
progettazione del sistema. Tali prove
possono avere diversi sap ed

essere eseguite in accordo agli
Standard IEC o IEEE. Nello Standard
IEC 618004 €& richiest la

determinazione dell'ampiezza delle
componenti di coppia pulsantin

guesto contesto, l'obiettivo di questo

studio € [limplementazione di
tecniche di misura di coppia pulsante
su machine sincrone di potenza
19.3MW e 20MW alimentate da
ASDS con configurazione LCIlI

metodi impiegati per la misura della
coppia pulsante (Volsecond

Ampere e Modified Input Power)

i ncsonov &ati i selezionati nra | qualiu s o

disponibili in letteratura,
privilegiando la qualita dei risultati
nonché costi e complessita di
esecuzione. E' stato anche tenuto
conto che una significativa riduzione
dei costi e della complessita €
ottenuta utilizzando ensori gia
presenti nel test set. | risultati ottenuti
dimostrano la presenza di
totnporentodncappia pulsanti relativi
alle armoniche di corrente. | valori
calcolati per le componenti pulsanti
sono allinterno dei limiti previsti
guando confrontati ai vati massimi
previsti, salvo per le componenti a
120 Hz, 240 Hz e 960 Hz. Inoltre,
due componenti pulsanti, non
previste, a bassa frequenza sono
presenti a circa 20 Hz e 40 Hz.
Entrambi i fenomeni dovrebbero
essere approfonditi ulteriormente per
capirne lecause in lavori futuri.
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Sommario

Introduzione

I motori sincroni sono comunemente utilizzati nelle applicazioni di grande
potenza come turbocompressori, ventilatori e pomnipegueste installazioni,
spesso la potenza delleanhine espressa in cavalli € superiore al valore della
velocita di rotazione espresso in giri al minuto.

Un motore sincrono appartiene alla classe di motori a corrente alternata (AC)
ed ha come caratteristica principale il funzionamento in una velocpé&mionale
alla frequenza della corrente che fluisce nella sua armatura a regime.

Questi motori continuano ad essere un'alternativa per applicazioni di grande
potenza, in quanto essi hanno relativamente maggiore efficienza, circa il 97% di
efficienza, risgtto alle macchine a induzione e motori DC.

Non solo la macchina in sé e importante, ma anche i sistemi di azionamento
sono di fondamentale importanza, soprattutto in sistemi ad alta potémzaodo
di azionare macchine sincrone e attraverso sistemi idhamenti a velocita
variabile (ASDS), che permettorisparmiare energia e migliorare il controllo del
processo per il funzionamento piu conveniente.

Un esempio di ASDS é quelle basato sulla tecnologia di ABB
MEGADRIVE-LCI (Load (machine) Commutated Inter). Questo sistema si
basa su convertitori con tiristoricmmmutazione naturale, ed e wie sistemi di
azionamento piu efficienti del mercato, con efficienza con valori intorno al 99%.

Tuttavia, ci sono alcuni svantaggi quando si utilizzano macchinoeose
associate ad ASDS. Si potrebbe citare almeno la coppia pulssmtante di
armoniche di correntehe sono impressi sul motore dai convertitori del sistema di
azionamento. Tale coppia pulsante sebbene di ampiezza trascurabile rispetto al
valore nominale della coppia pud eccitare risonanze quando le loro frequenze
coincidono con una frequenza naturdie sistema. Quindi la sua analisi € di
fondamentale importanza e sara al centro di questa tesi.

Particolare attenzione viendedicata al problema del azionamento di
compressori e pompe con impegno di grandi ASDS poiché questo € un campo
crescente in applicaziomil & gas, particolarmentper il trasporto di gas/olio,
liquefazione del gas e iniezione di gas.queste applicazio la disponibilita del
ASDS é di estrema importanza per il funzionamento dell'impianto che risulta nella
necessita di numerosi test in fabbrica prima di consegnare al sito. Questi test hanno
lo scopo di scoprire eventuali debolezze nascoste dei compe@npnvblemi di
progettazione del sistema.

Tali prove possono avere diversi-sgt e seguire gli standard diversi cui
puo essere richiesto lI'ampiezza delle componenti di coppia pulBarguesto
contesto, I'obiettivo di questo studio era I' implemeiotae di tecniche di misura
di coppia pulsante su macchine sincrone con potenza 19.3MW e 20 MW azionate
da ASDS con configurazione LCI.
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Metodologia ed Esecuzione
Diversi metodi di misura della coppia pulsante sono disponibili in letteratura
come quelle mecaniche:
1 Misura della accelerazione angolare
1 Misura della velocita di rotazione
T Metodo dell a coppia all odalbero
o quelli elettrici, la cui | '"implementazi
ottenuto dalla trasformazione di Park:
1 Metodo delle "se@h coil" e sensori di corrente
1 Misurazione della coppia elettromagnetica con misure della potenza
assorbita
1 Misurazione della coppia elettromagnetica con misure della potenza
assorbita e della velocita
1 Misurazione della coppia elettromagnetica con misurmksione e
di corrente ai terminali della macchina
La selezione dei metodi e stata effettuata tenendo conto della qualita dei
risultati nonché costi e complessitaE' stato anche tenuto conto che una
significativa riduzione dei costi e della complessitattenuta utilizzando sensori
gia presenti sul bangarova.Cosi i metodi scelti sono VeiecondAmpere (VSA)
e Modified Input Power (MIP).
L'algoritmo per il calcolo della coppia & stato implementato su Matlab
secondo le seguenti equazioni:

ey o PP
MetodoMIP: ¥e -1
i e 5+
: e VBN o o -
Metodo VSA: ¥e Q@ Q@ Umdt @ @ Oy dt

6

dove p rappresenta i numeri di poli della macchinalaPpotenzaassorbitg 5 la
velocita angolare, la corrente nella fase j ej;\a tensione di linea tra linea i e
linea j.
Il punto saliente di questa tesi € nella risoluzione dei problemi posti dal
calcolo dell'integrale delle tensioni di linea presenti sul metodo VSA.
Quando si calcola l'integrale di un segnale che &€ composto dalla sommatoria
di diversecomponenti sinusoidalnon & immediato che il valore iniziale per
I'integrale sia impostato al valore correti@versi metodi sono stati implementati
per trovare e impostare il valore iniziale per gli integrali delle tensioni di linea, ma
nessuno di questi era in grado ditedeninare il valore preciso: il risultato del
calcolo era una coppia al traferro affetta da questa imprecisione. Le soluzioni
trovate sono state basate su concetti piu teorici di integrale di segnali sinusoidali e
sono:
1 eseguire l'analisi di Fourier sulleensioni di linea e ottenere le
componenti sinusoidali del segnale con le loro ampiezze e fasi.
Calcolare glintegral di ogni componente ed infine sommarli.
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1 calcolo dell'integrale con il metodo trapezoidale e superare il
problema della condizione inizattraverso una procedura di media
mobile.

Risultati e Discussione

Una fase di validazione e stata realizzata facendo uso del
SimPowerSysten¥ toolbox di Matlaf. In questa fase i risultati ottenuti con la
simulazione di modelli semplificati di motorénsrono in Simulin® sono stati
confrontati con i risultati dai metodi seleziondtrisultati ottenuti con il metodo
VSA sono stati piu coerenti di quelli trovati con il metodo MIP. L'errore calcolato
per il metodo VSA é stato limitato da un fattore pari6,5%, mentre il metodo
MIP non ha raggiuntsignificativa corrispondenza tra i risultati attesi ed i risultati
trovati con il metodo di calcold?er questo motivo, I'analisi dei dati reali con il
metodo MIP non é stata presa in considerazione.

Dopo la convalida, le misure reali delle macchine in prova (19300 kW,
20000 kW a pieno caricodea carico 75%) sono state utilizzate per calcolare le
componenti della coppia pulsanti. | risultattenuti sono stati confrontati con i
valori massimi previsti peraomponenti di frequenza di coppia pulsairtetutte le
prove realizzate, la presenza dei componenti di coppia pulsanti relativi alle
armoniche di corrente ¢ stata verificata e confermata. | componenti pulsanti di tutte
le frequenze attese, a parte il 188, 240 Hz e 960 Hz, sono rimasti dentro il
valore massimo previsto ed i valori medi per la coppia, che sono stati anche
comparati a quelli attesi, hanno presentato errore sempre minore di 2,7 %.

Conclusioni eSviluppi futuri

Tra i due metodi di calcoloedl | 6i nt egral e wutilizzat:i p
del metodo VSA, nessuno ha mostrato risultati significativamente migliori rispetto
all d6altro. (! met odo di anal i si di Fouri

risultato in tutta la gamma di frequeneea ha anche presentato alcuni picchi spuri

in frequenze non previsti. Invece, il metodo trapezoidale ha mostrato un risultato

un pod6 inferior in tutta | a gamma di fre
spuri significativamente ridotta.

E' importante menzionareuna differenza tra i due metodi di calcolo
integrale. Per futuri sviluppi potrebbe essere interessante avere il calcolo della
coppia in tempo reale (con il motore in movimento durante le prove), e per questa
implementazione, il metodo trapezald con media mobile presenterebbe un
vantaggio poiché darebbe la possibilitd di calcolare la coppia per ogni nuovo
piccolo set di dati mentre il metodo di Fourier richiederebbe un set di dati piu
grande per essere efficace.

Gli sviluppi futuri dovrebberanche indagare le ragioni per le componenti a
120 Hz, 240 Hz e 960 Hz sui risultati con i dati di misura reali siano sopra il valore
massimo previstoMantenendo lo stesso ragionamento, anche l'esistenza di due
picchi non aspettati a bassa frequenza a 2@ M0 Hz dovrebbero essere studiati
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poiché la prossimita della frequenza naturale del sistema puo portare conseguenze
pericolose per il sistema.

Infine, dal momento che i test sviluppati durante questa tesi vengono eseguiti
su sistemi in cui la disponiliih & di estrema importanza per il funzionamento
degli impianti, si potrebbe valutare per successivi approfondimenti di applicare un
metodo diverso di misurazione per la coppia pulsante, come il metodo delle
Abobi ne disearchocoily aim metodomegccanico accurato. Avendo a
disposizione anche questi dati, si potrebbero confrontare con i risultati del
programma creato durante questa tesi e comprendere meglio i limiti della
soluzione proposta.
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1.Introduction

Nowadays,synchronous motors are commonliged as prime movels
"high power"applications such as largerbocompressor, fan and pump this
installations, frequentlythe horsepower rating of the machine exceeds its
corresponding rpm (revolution per minute) ratjfhf

A synchronousmotor belongs to the class alternate currentC) motors
and has agnain characteristidche operation in a speegroportional to the
frequency of the currenflowing in its armatureunder steady statsondition In
the rotating magnetic field configuratiothe most commorone currentsflow
through the armature windingsd a magneticfield is created. This fieldotates
with a speed proportional to thieequencyof the armature current€urrent also
flow on the robr (field) winding and anothemagnetic feld is created. &h
magnetic fields tend to rotate at same spegdchronous speedhd a steadstate
torque results.

These motors continue to be a desirable alternative in high power
applications since they have relatively higher efficiency compared to AC induction
machine and DC motor3.he typical value for the efficiency of thersjhronous
machine is around 97%2]. But the high efficiency is not the only advantage for
synchronous machinesn® couldadd to this fact the possibility of readily control
the reactive powesf such kind ofmaching1].

Not only the machine itself is important on a practical point of view,edriv
systems are also of fundamental importance when it comes to real life application,
especially in high power system®ne way ofdriving synchronos machines is
through Adjustable Speed Drive $stems(ASDS) This devices allow energy
save and improve peess control fomore costeffectiveoperation2].

An example of ASDSis the MEGADRIVE-LCI (Load (machine)
Commutated Inverterjechnologyfrom ABB. It is based onconverters with
naturally commutated thistors,andis one of the most efficient drive systeims
the marketWhen associated with synchronous machine this system can bring very
good efficiency resultshat are related with thkigh efficiency of synchronous
machinesasalready commentecnd withthe conerter efficiencythat has values
around 9% [2].

However some drawbacks appear when using synchronous machines
associated with ASDSOne could mention at least the asynchronous accelerating
torque during a direct eline startand the oscillating torquest double slip
frequency due to rotor asymmetf§] without forgettingthe pulsating torque
resultant of current harmonics which are impressed on the motbe bgnvertes
of the drivesystem([3]. This pulsating torque although of amplitude frequently
negligible when compared to the torque nominal value can excite resonances when
their frequencies coincide with ormatural frequency of the system. This
analysis iof fundamental importance amdll be the focus of this thesis
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Now that an overview wasettled and before analyzing the possible methods
of measung pulsating torque some basic ideas shouldllbstrated. This first
section will be devoted to more deeply expléie ASDS characteristicthe
challenges of testindpigh power ASDS and the possiblesources of pulsating
torque.

Before going on the mentioned detailssome basic ideas of
electromagnetism, electromechanical energy conversion and modeling of
synchronous machines through the dq axis theory from[Bhvkll be discussed.

1.1.Basics on electromagnetism and electromechanical energy
conversion.

l111Far adayods | aw ofndetiomct r omagneti c

Described byMichael Faraday (1791867), can be presented in two
different ways
1 If a moving conductor cutdines of force flux) of a constant
magneticfield while moving it will experiencea voltage induced
betweernits terminals
1 If a loop made of conductor material has a magnetic flux passing
through it and changing with time, a voltage will be induced in the
loop.
In both cases the rate of change is the critical determinant of the ngsulti
differenceof potential.Fig. 1.1illustrates this basic relationship.

~J .
i E
&
X X XIE FX X X X
B
X X X X X X X \ ?
\_/
m, R
Fig.ll:Faradayod6s basic | aw of electromagnet:i

Consideing the illustration on théeft sideof Fig. 1.1, a straightconductor
of length "I", mass "m" and resistance "R" is free to move on a plane perpendicular
to a uniform magnetic field "B"

Then, if the conductor moves with linear speed "v", an electromédrce is
induced across an element "dI" of the conductor.

=0 x 6t (1.1)
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integrating over the length:
0= 06w (1.2)

While on the right size dfig. 1.1:
o= 2 (1.3)

where( is the magnetic flux crossing the loop.

1.1.2.Ampere-Biot-Savartoés | aw of elogcest r omag.]

Attributedto Andre MarieAmpere (17751836), Jean Baptiste Biot (1774
1862) and Victor Savart (1803862) this law establishes that a conductor is
located in a magnetic field and has a curqgasing through ita forcewill be
experience byhe conductar

Analyzing again the illustration on the left sioleFig. 1.1.:

Q0= ix 6 tQ (1.4)
and again integrating over the length:

"O= 6dQ (1.5)

1.1.3.L e n law @&f action and reaction

In L e taw @Heinrich Lenzi 1804 1865) bot h Faradayos [ av
AmpereBiot-S a v a r t cdrse tdgether. Istates that electromagnetiuced
currents and forces will try ttancel the originating cause.
Let usconsider arexample
1 If a conductor is forced to mewcuttinglines of force of a constant
magnetic fielda v ol t age i s induced in it (F
1 Then, if the conductorends areconnected in such a way that
current can fiw, the induced current will produca force actingon
the conducto(AmpereBiot-Savart 6s | aw) .
1 Finally theL e n fa@ states that this force will act to oppose the
movement of the conductor.

1.1.4.Electromechanical eergy conversion

This simple principle states thall @he ekectrical and mechanical energy
flowing out of thesystem added to the energy stored in the system and to the
energy dissipated as heat must be equal to all the electrical and mechanical energy
flowing into thesystem
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1.2. Synchronous machines

Now that the basic concepts efectromagnetismand electromechasial
energy conveion were brieflyreviewed, the synchronous machine can be more
deeply explained. Howevetet us first make an introduction with some
explanations of some basic concepts before getting to the model of such kind of
machineFig. 1.2shows acommercial version of a synchronous motor.

Fig. 1.2: Synchronous motdi5]

Nowadays synchronous machine are commonly found as generators in
power generation systems and is not uncommon to see machines with ratings
reaching up to 150MVA [6]. But it is important to highlight thatyachronous
machinesanalso operat@s motoyand can go from the smafiermanentnagnet
synchronous motor used in analog clocks to some tens of megawatt.

This study will be cared out considering synchronous motors of about
20 MW shaft power that are tlumes in which the tests will be developddore
detailson the motorsvill be given latter.

As already mentioned synchronous machinéas as main feature the
constanspeed under steady statendition that is proportionab the frequency of
the current in its armatur&his speed can be coned as:

5 = 200 (1.6)
n
where "Ns" is the synchronous speed (in rpm), "f* the frequency of the AC supply
current and "p" the number of magnetic poles.

If one would like to consider the angular speed(in rad.s'), a simple

transformation can bapplied and
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4“7Q
1¢= N (1.7)

Synchronous machines are divided into two main grainesstationaryield
and the rotatingnagneticfield. This thesis consider for the developments the
rotating magnetic field machines that are thesheommon and that is the group
that includes the machines available for tests. Now some considerations will be
made to illustrate the differences between the two groups:

1.2.1.Stationary field synchronous machine

This type of machinéas salient pole@nagretizedby permanent magnets or
DC currentimounted on thetator.Normally a thregphase winding is mounted on
the shaft and constitutes the armature thded throughthree sets oslip rings
(collectors) and brushes.

This arrangement cdre found in machirgeup to about 5 kVA in rating. For
larger machines(including the ones of interest rfahis thesis)the typical
arrangement used is the rotating magniesid [6].

1.2.2.Rotating magnetic field synchronous machine

This type of machine has aefd-winding mounted onthe rotor, and the
armaturemounted on the statoAs already mentioned, currents flow through the
armature windings and createnaagneticfield. This field rotateswith a speed
proportional to thérequencyof the currents flowing on the armagu On the field
winding there is also aurrent flowng and another a magnetic field is created.
Both magnetic fields tend to rotate at same spg@tchronous speed).

From now onfor simplicity, the term rotating magnetic field synchronous
machine will be substituted by just synchronous machine or synchronous motor.
However, theconfiguration in discussion ienly the rotating field synchronous
machineand not the stationary fieklynchronous machine

1.2.3.Constructive detalls

Insulatedsteel laminationsare used to build the stator core. They can have
different thickness antlype of steelthat are chosen in order to minimize eddy
current, hysteresislossesand cost while maintainingrequired effective core
length.

For the rotor there are two types of structumaund (cylindrical) rotor and
salient pole rotoas illustratedn Fig. 1.3. Generally, round rotor structure is used
for high speedsynchronous machinesith two or fourpole (rot common but
possible in sixpole machines), such as steam turbine generators, while salient pole
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structure is used for low speed machines with six or more poles, such as
hydroelectric generators and the majority of synobus motor$6].

An important aspect of saliepble machines is that they usually have one or
more additional windings in the rotofthe dampingvindings (also known as
amortisseursgerve to damp the oscillations of the rotor around synchrosymeesd
andcanalsobe used o start the motoin much the same manner as do the rotor
bars of a conventional squirrel cage induction motor

1.2.3.1.  Distributed three phase windings

As discussed osectionl1.2.2,for the operation of rotating magnetic field
machines a rotating magnetic fiedtiould result from the armature currents. But
how to create a rotating field resulting from the armature currents?

Making use of asimple mathematical analysis it is possible to show that a
threephase balanced current (equal magnitudes and 120 eledeigades apart)
flowing in a balanced threghase stator windingeneratesa rotating magnetic
field in themachineair gapwith constant magnitude.

Stator winding

Stator (armature)

Rotor winding
(dc field)

= Stator
\_{inding

(b) Salient pole structure

(a) Round structure

Fig. 1.3: Rotor structure for a synchronoomaching[6]

It is important to remark that:

. . 2 -

where p is the number of poles of the machine
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The distribution of the coils in the stator is an important asjgegenerate
the rotating field and it is highly discussed in literature. The main idea is to have a
stator that has a number of uniformly distributed skstshown irFig. 1.4. These
slotsreceive oils that areconnected in such a way that the current in each phase
winding produce a magnetidield in the air gap as close as possitieanideal
sinusoidalistribution.

Fig. 1.4: Statorstrudure

As mentioned, liere are different ways of configuring the stator windings in
the stator slots described by the literature, but as this information is not part of the
scope of this thesis one my refer to referd@téor more information.

1.2.4.Park's transformation

Before the development of a model tostudy the electrical and
electromechanical behavior of synchronous machines it is important to introduce
the concept of Park's transformation that will be very useful on the development of
such model.

In the late 20's of last centutite American electrical engineer R.Rark
(190271 1994)[4] introduced a newdeato analyzeelectric maching A change of
variable was formulated in which the variables (flux linkage, voltages and
currents) associated withhie stator windings of a synchronous machine were
replaced by variables associated with fictitious windings rotating with the rotor.
This transformation has as result the elimination of all waing inductances
from the voltage equation of the synchrasanachine which occur due to electric
circuits in relative motion and electric circuits with varying magnetigctances.

[7] Such transformation is known as Park's transformation or dqO (direct
quadraturezero) transformation

It is important to remarkhat this development will be carried taking as reference
the book'Analysis of Electric Machinery and Drive Systeniig].
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A transformation of the -phase variables of a stationary circuit elements to
an arbitrary reference frame may be expressed as:

Goi = Ki "G (1.8)
where
(Go)" =12} Q1 (1.9
("Qw)" =8 ] Q] (110
A N 2N 0l
ZIrt;:osf cos | 3 cos | 3 .
_ 4L ) 2N ) 2N
K; = 3“§|nf sin [ o osin [+l (1.11)
1l 1 1 |°J
u 2 2 2 U
df
= = 112
> dt ( )
Note thatf can represent either voltageurrent, flux linkage, or electric
charge.

The s subscript indicates that the variable, parameter or transformation is

associated with the stationary circuit.
The transformation is illustrated Fig. 1.5

w
8] fas
Ly
N
N
N
f \\ / ;7
ds N ///
\\ -
N =
\\ // qs
\ i
\\ e
\ e
N s
N g
AN e
N s
N~
fbs ft s

Fig. 1.5: Park's transformation
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It can be shown that for the inverse transformation we have:

cos/ sinf ll,I
2N
1 P i N M
K t=,808) 5 snf &I (1.13)
11 2N i 2N I
LFOSI+? S|nj+? lU

whered repreents the angular velocity afidthe angulapositionof the arlitrary
reference frame. And from (1.12):

[= 5 dt (1.24)
or in definite integral
t
= ODU»dU+I(0) (1.15)

The original Park's transformation as presented aboakhough
revolutionary, isnot power invariantand slight modifications were presented to
add this property to the traiosmation. The transformation akhown below takes
as reference the bookPbwer System Control and Stability8] and is power
invariant.

Consider now a transformation matrixstich that:

Goi = T W (1.16)
where Ts is given hy
~cos| cos | 4 cos [ + 2N
=11 3 3 )
T = 211 " 2A in T+ 2N 117
P = §:a|;|n_j Si I_ 3 S I_ 3 " (1.17)
12 n2 N2 a
u 2 2 2 U
and the inverse transformation:
V2,
v ; B
i cos/ sin| >
211 2A 2n W™
T = = 2 ==, 1.18
i S:alzosj s SNl T 5 : (1.18)

Ll 2A _ 2h  W2n
L-f:osj+? smj+? U

Note that (§)™* = (To)" or, in other words, Jis orthogonal which means that
the transformation is power invariant and that we should use the same power
equation on abs-cs and d-gs-0s[8]. Then:
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0= vgig + Vg ig + Valis = Ve |l
— 1 T 1
= T v Ti  ~ o

= vgoi ' T YT T g

Vaor ' T Yigioi = Vajoi | ioyoi

Vg ig + Vg ig + Voi o (1.19

The transformation oftationary circuit variables into the arbitrary reference
frameare shown irAppendix A This transformations are useful, but not essential,
to understand the motor modeling.

1.2.5.Synchronous motor model

This section is dedicated to the development of a ntbdéhllows the tudy
of the electrical and electromechanicah&eor of a synchronous motofhe
model that we are looking for is the one considering thpheé&se salierpole
synchronous machingdlustrated inFig. 1.6 that in most cases can be used to
describe any synchnousmachinewith slight modifications.This model will be
developed taking sareference the books "Analysi§ Electric Machinery and
Drive Systems(7] and"Power System Control and Stabifify3].

a axis

Fig. 1.6: Synchronous machine model
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1.2.5.1. Flux linkage equations

In Fig. 1.6six mutually coupled coils are present. These coils can be split
into two groups: stator coils and rotor coils. The first group is composed of the
three phase stator windingsag bb' and ec’, by your time, the second group is
composed of the field winding, ', and two damper winding3-D' and QQ'.

Then the flux linkages can be described by the following mafinere a
simplification on the notation is made, lowercase subscripts are related to stator
quantities while uppercaselmscripts are related to rotor quantities)

} 0l Aaa Lab  Lac E Lar Lap  Lag 0l
stator{ o ke Lob Loc ! Lor Lo Loqa ?';b:a'

e 'Lea_ Len_ Lee ! Lee_ Lep_ Leo™ icp

Hen H—Fa Leb Lec | Ler Lep Legl 1hen (1.20)
rotor{ o kpa Lob Loc)lor Loo Logn !Mow

4ol Joa Lop Loc!

where L; = selfinductance fori=j;

= mutualinductance forl |
for examplel,, is the selfinductance of the a coil of the statby, is the mutual
inductance between the coils a and b of the statot gnid the mutual inductance
between the a coil of the stator and the F coil onmdta.

It is important to note that, in any cadg, = L;. Another important fact,
shown by Pratice[9], is that most of the inductances in this model will vary with
the rotor position and thus with time.

Now let usdevelop the equations for thesductances:

Stator:
( Lao = Li + Oy cos2f (1.21)
. 2N
self-lnq‘uctances{ Lep = L + Oy cos2 | = (1.22)
(Li > Um)
2A
L Lgn= L + O cos2 [ + =5 (1.23)
‘ . A
Lo = L= M, O cos2 [ + 5 (1.24)
mutual inductanceg N A
(M s> O T Lg=Lle= M 0y cos2 [ > (1.25)
. SA
\ L= L= M O cos2 [+ = (1.26)
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Note thatdg,M; and 0,, are constant and thaigns of mutual inductance
terms depend on assumed current directions and coil orientations.

Rotor:
field winding:Lgg = Lg (2.27)
seltinductances D-damper windingLpp = Lp (1.28)
Q-damper windingLgg = Lg (1.29)
field / D-winding: Lgp = Lpg = Mg (1.30)
mutual inductanc field / Qwinding:Lgg = Lgp = 0 (1.31)
D-winding / Qwinding:Lpg = Lgp = 0 (1.32)

Note thatsaturation and slot effect are neglectélden all rotor seH
inductances are constant.
Note also that the field winding is align withe D-winding what makeshe
mutual inductance between them invariant with respedtto On t he ot her h
components on thpgairs field/Qwinding and Dwinding/Q-winding are displaced
with 90° of electrical angle betweémem thus the mutual inductance is zero.

Stator-to-rotor mutual inductances:
(

Lgo= L@y = M-ocosf (1.33)
, 2A
armature / fieldk Lgo= L@y = Mcos | 3 (1.34)
2
L Lgo= Lgy= Mocos [ + ?A (1.35)
( Lgo = Log = Mp cosf (1.36)
= Loy = 2 1.37
armature / Dwinding{ Lio = Lop = Mocos [ —= (1.37)
2
\ Léo = Loy = Mgcos [ + ?A (1.38)
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( Lgp = Ly = Mgcos| (1.39)
2N
armature Q-winding{ Lip = Lop= Mgcos [ —= (1.40)
2
\ Lg = Lgg= Mgcos [ + ?A (1.42)

It is easy to sed¢hat most of the inductances presented up to now are
dependent on the rotor position, in other words, dependent on time what would
make the nextomputations quite complecomputations willrequire the time
derivative of the inductancesJhus the idea is to simplify (1.20) referring all
quantities to a rotor frame of reference through a Park's transformation applied to
the ab-c partition. Thenpre-multiplying (1.20) by:

v 0
0 9
where Tis given by (1.17) ant} is a 3x3 identitymatrix. Thus
YOO _wm _ Y 0 O Oy Yyl oY 0 @

09 Zav = 0 @by b 0 9 0 9 @y 42
where:
Lss= statorstator inductances
Lsr = Lrs = statorrotor inductances
Lrgr = rotor-rotorinductances
That results in:
Jap L 0 0 kMg kMp 0 . g
P Ly 0 0O 0 kMo, I’Yan
on_ 110 0 L 0 0 0 %y
e kMg 0 0 Le Mg 0 T ied (1.43)
pn  1KMp 0 0 Mg Lp 0 , lipn
o0 u0 kMg O O 0 Lo U QU
where'Q= gand the constant inductances are:
3.
3.
Ln = L+ M EUm (145)
L0= Li ZMI (146)
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In (1.44)L4is the direct axis seihductance and can be understood as a self
inductance of a fictitious coil align with the direct axis which is representing the a
b-c stator coils of the stator. The same is valid fpinL(1.45)and Lyin (1.46)

In (1.43 14 is theflux linkage in a circuitequivalent to the original one but
moving with the rotor and centered on thexis. Similarly,} 4, is centered on the

axis. Flux linkagd o is completely uncouplefiiom the other circuits

1.2.5.2. Voltage equations

The voltage equations for the windings presentelign 1.6can be written
as:

Va, fa 0 0 0 0 0. iy dan
V't 0 o, 000 0 0. T, bt
|}|/ A Ip 0 r 0 0 ] I: ] |1 i v
1co_ | [ iy 11Ch 1ITCa n
YERT 0 0 0 rp 0 Optiiea’ et 0 (1.47)
Yo 4 p 0 0 O rp On lipn ']:D':'
WU w0 0 0 0 0 roU U 'U_‘ .
} QU

where usually vp = vo = 0and v, is the voltage on the center of the star
connection (voltage drop on the neutrahnection), that is given by:

1 1 1 ig 1 1 1 i
V, = rp 1l 1 1 ip+Ly 1 1 1 ip
1 1 1 i 11 1 i (1.48)

Rniabc + I—niabc

Usually ry= r, = r. = r, and a simplification on the notation can be
mack. Defining:

Regp = s (1.49)

where }is the 3x3 identity matrix. Thus:

Vabc _  Ranc 0 . lanc Vabe Vn
VFDQ - 0 RFDQ iFDQ + lFDQ + 0 (15Q
where
(VrpQ) T = VEVp Vo = [VE00] (1.51)
(iFDQ)T = ipipig (1.52)
(rp)' = 1elplg (1.53)
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As in the flux linkageequations, this computation mag complex since it

involves the time derivative of tesnthat are time dependent (). This
complexity can be eliminated applyingthe Park's transformation on the stator
partition. In other words, prultiplying bothsidesof (1.50)by :

v 0
0 @
where Tis given by (1.17) and s a 3x3 identity matrix.
Analyzing term by term, the leftand side is given by:
Y O Vapc _ Vdqo
0 @ VeDQ = VFDQ (1.54)

The first term of the righband side can be developed accordinggpendix
A what gives:

Y 0 Ranc O . lapc _ Ranc o . idqo
0 "@ 0 RFDQ iFDQ - 0 RFDQ iFDQ (155)
for the second term, again considering the developments majpendix A:

\l( 0 1abc — Ts]'abc
0 9 1gpg Yepo

where: 50, (1.%6)
Tsd anc = 1dq0+ Sk
0
andd is the angular speed.
For the last term:
Y 0 vy _ Nggo
09 0~ 0 (2.57)

wherengqo is the voltage drop from the neutral to ground in the dqO coordinate
system, and is given by:

e e vy 1: v vy 1:
nqu =YW, = }(Rn}( |dq0+ m—n}( ldgo

0 0 (1.58)
= 0 + O
Srnio 3Lni0

Then, this voltage dropccurs just in the zero sequence.
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Summarizing, equation (1.50) can be rewritten as:

Vaqo _ Rape 0 .idqo ¢ ta0 | TT Mago , Maao (1.59)
VEDQ 0 Reoo " e 1ppg 0 0 .

Considering balanced conditions, the zseguence voltage is always equal
to zero and aimplification on the notation can be made. Let:

0 e 0 0 51
R= (I; : RR: 0 b 0 : S= 5 1q (16@
' 0 0 rq d
thus:
Vdq R 0 . ldq Vg S
= t . + + 1.61
VEDQ 0 RR IFDQ 1FDQ 0 ( )

1.2.5.3.  Torque equation

The total thregohase power input into a synchronous machine is given by:
O = Vgia + Vaig + Vaig (1.62
That from (1.19) can be rewritten as:
Ug = Vqig + Vyiy + Voio (1.63

Consideringbalancedsystembut not necessarily steadyate conditions.
Then, vy = ig= 0and:

6’@ = Vgig + Vi |r] (1649
Substitutingvg andvy with (1.61):
Og = inlo+igly + igla inlg 9 +r1ig?+iy? (1.65

Concordia[10] observes that the three terms are identifiable as the rate of
change ofstator magnetic field energy, the power transferred across the air gap,
and thestatorohmic losses respectively. The machine torguehtained from the
second terndivided by the angular speed of the machine

“ p . .
%= E Ir']l'Q |an (16@

where p is the number of poles of the machifiee term% appears from the
relation between the mechanical angle and the electrical angle.
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1.3. Adjustable speed drive systems (ASDS)

Now that the model for a synchronous motor was described, it is time to
address some ideas on the problem of controlling and drivicly machine. One
way of realizing this task is through the usage of adjustable sjpeedsystems
(ASDS) or variable speed drivesystems(VSDS), thatare the components that
will be discussed in the following sections.

These components hawes main characteristic thmontrol of the speed of
machineryand rmany industrial processesquire their usesuch as assembly lines,
compressors and pumpgsaving this in mindespecial attention is being devoted
to the problem of Wving compressors angumps by means of large ASBince
this is an increasingfield in oil and gas applications, specially for gas/olil
transportation, gas liquefaction and gas injectiorf@ift This growthin the usage
of ASDS can be mainly associatedthe increase of effiency ofthe systenwhen
comparing situations with and without use of ASD®iis fact can be easily
illustrated with argeneralexample

Let usthink about the possibilities of changing tneflow in a process. This
change can be done at least in twifedént ways:

1 the first and more traditional way requsrihe use of a fixed speed
motor connected to a fan that generates a air flow invariably higher
than the one that is requirethd dampersan be used to reduce this
airflow.

1 the second approach coutthkeuse of ASDS to directly control the
speed of the motor driving tfan and generatg just the required
airflow.

Now it is easy to understand that when using an ASDS the efficiency of the
system can be considerably higher since it avoids the losseodyassociated to
the generation of an airflow bigger than tlecessarpne and then reducing it by
mean of mechanat constraits. This idea can besasily generalized forfans,
pumps, compressors associated w#lmpers, control valves and so on.

Now that an overview was done in ASDI8t usget into some details of
ASDS and the importanagf testing them. Before thatramark should be done,
ASDS and VS5 may be purely mechanicaélectromechanical, hydraulic, or
electronicand the ones discussed istthesis ar¢he purely electroniones

1.3.1.Typical configuration of an ASDS

An adjustable speed drive system is typically composed of: input converter
transformer, frequency converter, motor, system control and protection and in
addition any needed harmorfitter and cooling systemrhere are two different
topologies of ASDS availablen the market: Voltage Source Inverter (VSI) and
Load Commutated InvertetCl) [3].
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In the voltage source inverter thi®nt end is composed by threephase
diodebridgerectifier that conved the ACvoltagesupplyinto aDC voltage.After
this stagea dclink constituted of a shunt capacitsrconnected to thBC side of
the rectifier reducingthe ripple m the DCvoltage. Then an inverteris used to
reconvert the DGroltageinto a threephaseAC voltage with variable frequency
and sometimes variablenagnitude. Finally, this generated AC voltage is used as
inputto the motorTheFig. 1.7illustrates the typical schemes for a VSI ASDS.

| [ ASDS | ]
| |

: T nlEsE
I_.L ] 3 [ Tk |— @ |
Main Circuit |, Converter VS| Converter Motor ‘
Breaker || Transformer (input diode brdge, (Induction or ]
) capacitor DC-Link, Synchronous) ’

IGCTAGBT inverter)

Fig. 1.7: Typical VSI ASDS schemg3]

In the load commutated inverter thmainideaon the transformatiorstill the
same of the VSI budifferent stages are used. ttme front end a thyristor bridge
rectifier is utilized, asdc-link a DC-reactoris introducedand the last stage is
composed bw thyristor inverterFig. 1.8illustrates the typical schemes for a LCI
ASDS. For more information about the LCI converters one may refer to chapter 9
of referencd?2].

| | ASDS | |
| |
|
Main Circuit Converter LCI Converter Motor (only s
Breaker Transformer (input thyristor bridge, synchronous) | |
| reactor DC-Link, .
thyristor inverter)

#
i

Harmonic
| filter

Fig. 1.8: Typical LCI ASDS schemé§3]

On the market it is possible to find some configurations of LCI drives and
one of them iste MEGADRIVELCI Medium Voltage AC Drive from ABBIt is
available in the power rangeom 1000kW to 100000kW and is also suitable for
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high-speed applications with turbo machines up to approximately ffd00t can
be watercooled orair-cooled depending on the power capability of the sy$®m

The MEGADRIVELCI is composed of:

1 power part and D&eactor
1 converter control unit
1 other components depending on the application

For example, considering the drive configuration that has as aim the
continuous operation of the motor in variable speed, a third component of the LCI
is the exciation unit. On the othenand, wherthe gplication is the Soft Starter
that has as aim thstartingof the motor from zero speed to nominal speed and
synchronization of the motor with the line, a third and artfo component are
included and they are a bypass disconnector fdpubutransformer and a
synchronizeg2].

Focusing on the system tested during this theéks MEGADRIVELCI
utilized consists of a waterooled versionwith 12/12pulse onechannel
connectionand type code W121-283N465.When necessary more information
will be given during this text and for further information one may refer to
referencd?2].

1.3.2.Testing large ASDS

After presenting the basic aspects of ASDS the key point for this thesis
arrives, more specifically the testing of large ASDS for oil and gas apiphs
that, as already mentioneds anincreasingfield for the ASDS.It is important to
highlight thatin these applications the ASCvailability is of extremernportance
for the plant operatiomhich results on the necessity @ttensivefactory testing
before delivering at sitél hese tests ainto uncover any possible hidden weakness
of the compnents and system design iss[&s
During the testing stagbe followingaspectsre checked:
1 Verify that the system design and integration have hmeperly
done;
1 Ensure that the required performances are met;
1 Check that the protection devices and setting work effectively;
1 Test ASDS rated power and any overloads the system is designed
for;
1 Run the temperature rise test with the actual distauecnts;
1 Evaluate system efficiency
These checks are made accordingnternationalstandardsand/or oil and
gas company specificationshd international standardsf most interesfor this
field are IEC618001 [11], IEEE1566 [12 In Appendix Ba tableis presented
with the main aspects of each standard.
Each test procedure has its own peculiarity but the point to be stressed here
is that for thelEC standard the measurement of torque pulsation is requiresl.
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thesis will discuss methods for such measment and comment results of the
application of such measurement technique in large ASDS under test. But first
some aspects of the test-gpt and the origin of the torque pulsation will be
introduced.

1.3.2.1. Test setup

The first issue to be addressed wheding ASDS with power in the
megawatt ranges thatthe availability of a suitable load machioannot be taken
for granted For this reason andegending on the ASDS topology, differesst
upscan be applied to run thest atrequired load.

The first setup can be used in situations in whiwto or moreLClI ASDS
are part of the project. In this case theck to back tesis the typical seup.
Considering that Cl ASDS areintrinsically regenerative, the back to back tess$
as idea thdine-up of the tvwo systems one against the other with one operating as
motor and the other as generaf8}. Fig. 1.9 illustrates the typicaback to back
setup.

i
oL I [

1 Transformer

2 Frequency Converter
3 Motor

4 Filter

[@5]

:

a motor operation (drive to be tested)

[4a]
[2a] 2b b generator uperation
¥ LY
e active power P
2 2
T T T T | |mwws reactive power G
L — | —
SM sM

[3a] 3b

e

Fig. 1.9: Back to back typical saip[3]

However, when VSASDS are usedsince their input diode bridge are not
regenerativepr when only one ASDS is part of the projeet different approach
needto be followed.Consideringthe large power involvedhe test bed concept
based on the energy recirculationtii® best strategy tde adoped. This idea
consists a havinga regenerative braking machine that is able to compensated the
reactive power absorbed by the load machinghis way, only the losses of the
two systemsaresupplied by the test bed feeding netk{8]. This type of test can
be referred as full load teahdis illustrated byFig. 1.10. This configuratiorwill
be the one used during the tests realized in this thasissme other details will
be given further ahead when discussing thefaedities.
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Another important aspect is thaimnse challenges are imposed by such test
configuration but as they are not part of the main scope of this thesis they will not
be discussedFor more details one may refer to referefflein which they are
fully presented angdossiblesolutions are discussed.

Supply Network
r_ 1 Transformer
“ 2 Frequency Converter
’ \ 3 Motor
* ‘ 4 Generator
: : a motor operation (drive to be tested)

b generator operation

iy active power P
= mafe reactive power Q

|z |
o " o
2z ) el

% b
@—II—II— o—ll—ll— °
Test field load VSDS

Fig. 1.10: Full load testypical setup [3]

1.3.2.2.  Air gap torque pulsation in ASDS tests

As mentioned on the beginning of this section, the air gap torqueipaolsat
measurement is one of the tests requested by the IECEL&idet usexplain the
importance and the possible origin of such torque pulsation.

As any mechanical system, a synchronous motor and the load connected to it
can be represented byeguivalet systemof massesand springs, with natural
frequencies associated to the spring constantnaasbedl]. Some systems are
intrinsically sufficient damped or sufficient stiff that resonances are not of
concern. On the other hand, some systems are inherently flexible and resonances
may arise by the excitation caused by the pulsating tditlelt is important to
highlight tha this resonance may occur even if the magnitude of the pulsating
torque can normally be neglected in respect of its nominal value [3].

Concerning the test dirge ASDS care should be takem thedesignof the
coupling betweerthe machine undetest andthe braking machinén order to
withstandshort circuittorques andcvoid possible resonances due to the pulsating

torque in the air gap [3].
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Fig. 1.11shows an illustrative example of the coupling betweeror and
braking machingevidenced in red), annalysis of the tension over the shaft line
andan analysis of critical frequencies of the illustrated system.

Tensione [Mfmmz2]
40.000 —
30,000 —_ ] Sollecitazione equivalente
20000;:
10.000—
0.000 e ] BWE

0.000  2000.000 4000.000 6000.000 S8000.000 10000,000

Direzione assiale ¥ [mm]

Frequenze naturale/N. di giri critici

1. Frequenza naturale: 0.00 Hz, N. di giri critico: 0.01 1/min Rotazione corpo rigido ¥
Albero 1°

2. Frequenza naturale: z, N. di giri critico: 29 1/min Torsione '"Albero 1°'

3. Frequenza naturale: , N. di giri critico: 1/min As 'Rlpbero 1°'

4. Frequenza naturale: z, N. di giri critico: 1/min F XY 'Albero 1°'
5. Frequenza naturale: , N. di giri critico: 1/min Fles Zlbero 1°'
6. Frequenza naturale: N. di giri critico: 1/min Fl Albero 1°'
7. Frequenza naturale: , N. di giri critico: 1/min F Zlbero 1°'

[=TRTR ]

. Freguenza naturale:
. Frequenza naturale:
. Frequenza naturale:

Albero 1°
XY 'Albero 1°'
e 'Albero 1°'

1/min
1/min
1/min

, N. di giri criti
, N. di giri o
08 Hz, N. di giri critico:

Fig. 1.11: lllustrative example of coupling betweertor and braking machine

The torque pulsationan mainly derive from two different components: the
asynchronous start of the motor and the current harmonics impressed on the motor
by the converter.

1.3.2.3.  Starting torque pulsations

According to literature [1] and IEEE standard43], all salient pole
synchonous machines develop the following components of electromagnetic
torque during the stanig phase
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1 A time-average or unidirectional component. Tliesmponent is
useful to accelerate the machine and results fromirttezaction
between thdorward rotatig component of the rotor currergadthe
symmetrical alternating component of the air gap flux linkage.

1 An initial transient(decaying) component which results from the
initial asymmetrical component of the inrush current interacting with
the symmetricatomponentf the air gap flux linkages.

1 A steady stateomponent at twice slip frequen(gifference between
the synchronous speed and the rotor speed multiplied by the number
of pole pairsWwhich result§romthe asymmetry of the rototestrical
and magetic circuits.

Pulsating electromagnetic torques caused by rotor asymmetry are considered
to be the most important detrimental pulsating component. For this reason the
three causes of the rotor asymmetry are presented below. It is important to remark
thatthis geometry repeats once per pole pitch.

1 Magnetic permeance variations which are the result of the salient
pole being relatively easily magnetized at the center of the interpolar
space.

1 Main field windings which encircle only the direct axis and not the
guadrature axis.

1 Variable bar span of the damper winding (amortisseus).

An additional component of continuous torque pulsation at slip frequency is
added wnen the main field winding is excited by direct currethis addition
happens due to the fact ththe electromagnetic geometry repeats once for every
two poles.In most cases the field winding is shorted either across the terminals or
through a fielddischargeresistor.If the acceleration phageefore synchronizing
speed is reacheadycurs with thdield excitation being applied, an additional large
component of pulsating torque appears with a frequencyhalfeof the slip
frequencyOn the other hand, if the field excitation is not apptiesl frequency of
the pulsating torque variealmost linearly from twice the line frequency at
standstill to zero at synchronous speed

Although of big importance the pulsating torque arising from the
asynchronous start will not be the focus of this thesiscethe machines tested
during thisthesis are composéday a roundotor andnot a salient pole machine, in
which thissourceof torque pulsation is of more interest

1.3.2.4.  Current harmonics torque pulsations

When dealing with LCldrive, like all other drive systems utilizing static
converter equipmenturrentharnonics are generated arfdrced upon the supply
network and the synchronous machiAe.this pointit is important to highlight
that not only the supply network is affected by the correspondingent
harmonis but also the machine will keffected [2].
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The origin of such current harmonics relies on the fact thatuhent in the
DC link will not be completely smooth, even if there idareactor. The voltage
harmonics of constant frequency in the line converter DC voltage and those of
variable frequencyin the machine converter DC voltage, produce -non
characteristic ripples in the DC current. This results in additionatinteger
harmonics (the exact definition for nomteger harmonics is given on the
following) in the line currents, in the machine mts and in the electrical torque
on the machine [2].

Considering the motor side, the pulsating torque frequencies of uniform LCI
configuration are welknown. Assuming a constant network frequerigy (or
slightly shifting within the industrial and international standards), and a drive
output frequency'@. Assuming an-pulse configuration r{= 6 for 6-pulse,

N = 12 for 12-pulse and) = 24 for 24-pulse LCI system). The pulsating torque
are located at the following frequeas[3][14]:
{ integer pulsating torques wiffequencieste t"°Q (¢ = ntg
f noninteger pulsating torques witfequencies X "Q (O= nto
1 noninteger pulsating torques depending both on the network
frequency and the motor frequency according $ot"Q + X "Qs
€=ntg0=ntgy
1 whered= 0,1,2,38

One way of reducing the harmonic currents on the machine side (and also on
the line side) is to split the converter into two converters operating 30° phase
displaced with respect to each other. Sucl2-pulse converter will eliminate the
5" and 7 harmonics, which normally are the largest, under all operating
conditions.To reduce even more the harmonics on the line side the converter can
be split into four converters operating 15° phase displacdd negpect to each
other. This operation (2gulse converter) will eliminat@ot only the 5" & 7"
harmonics but also thel™ & 13" and 17" & 19" harmonicq2].

The idea of making LCI configurations more complex is understandable
when consideng that on the motor side, the current harmonic reduction is directly
reducing the air gap torque pulsation. In these complex configurations the number
of pulses, n, in the grid side can be different from the number of pulgesn the
motor side. Thenl{4]:

¢ integer pulsating torques with frequencies @ (€ = Rt

f noninteger pulsating torques witrequencies '@ ((O= ntog

1 norrinteger pulsating torques depending both on the network
frequency and the motor frequency according $ot"Q + X "@s
(¢ =1ty 0=ty

1 whereda= 0,1,2,38

Fig. 1.12 illustrates the pulsating torque frequency for a LCI 12/12 pulse (the
one in use during the testsvééoped duringhis thesis)
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Pulsating torgue frequencies of a 12-pulse/12-pulse system
fN=60Hzand fM=5 .. 63 Hz
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Fig. 1.12: Pulsating torquérequencieg3]

Now that all the theoretical concepts were coveledusintroduce some
key facts of ABB and its Oil, Gas & Petrochemical division in Italy. This section
will be also devoted to the presentation of the testingitiasilused during this
thesis.

1.4.1.ABB key facts

ABB is a global leader in power and automation technologies.
1 Headquarter iZurich
1 145,000 employees in abo
100 countries

T In 1988 ASEA (Allmanna
Svenska (Elektriskz Power and productivity “ l. l.
Aktiebolaget) and BBC for a better world™ "l.l.
(Brown, Boveri & Cie) merge
and ABB wadormed.

1 $39 billion in revenue (2012)
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1.4.2.ABB S.p.A. (Italy) : Key facts

1 Headquarter iMilan
1 Over 5,500 employees (2010)
T ¢ 2,463 million in revenue (2010)
Among the severalivisions of ABB present in Italy there is the Process and
Automdion division in which the Automation & Electrical Systems for Oil, Gas &
Petrochemicatakes place

1.4.3.ABB at CESI

1.4.3.1. CESI Sp.A. (Italy) : Key facts

National Research Center for Electrical Application

1 Headquarter in Milano

1 Laboratories in Milano, Piacenzaegrate, Mannheim and Berlin

1 Main activities:
0 Test on electromechanical and electronic components
o Studies, consulting and supplies for electric power systems

(generation, transmission, distribution and control

o System and product certification services

1.4.3.2. Full load and back to back test facilities

ABB worked in close cooperation with CESI to develop the test facilities,
which helps ABB to meet the increasing demand from OEMgynhal Equipment
Manufactures) and endusers.

These facilities enable ABB to lieer tested equipment meeting the
stringent requirements of the oil and gas and other indusmieghich full load
testing of electrical equipment is required.

The test fadity is composed ofwo test baydisposed in a area of300 sqm.

In Fig. 1.13an illustration of the test area can be seen.
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Fig. 1.13: CESI test area

Characteristics of the back to back test bay:
1 back to back tests up to 45MW shaft power or more on a case by case
basis
T 1,900 sgm area
1 240 sgm inertial platform for rotating machinery
1 supply voltages 24kV, 33kV and higher on request
1 testing:
o Performance measurements at full load
o Vibrations
o Noise
Characteristics of the full load test bay (the one used on tests realized during
this thesis) that can be seerfFig. 1.14:
9 full load tests up to 30MW shaft power
2,100 sgm area
240 sgm inertial platform for rotating machinery
supply voltages 6.6kV, 11k\24kV, 33kV and higher on request
two regenerative load ASDS up to 15MW each, 30MW in tandem
configuration
i testing:
o Performance measurements at full load
o Vibrations
o Noise

1
1
1
1
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Fig. 1.14: Full load test bay

1.5. Objectives

This thesis has as objective the implementatibmeasurement techniques
of pulsating torque on 49.3MW and &20MW round rotorsynchronous machine
fed by ASDS with LCI configurationSuchmachine and driving systesiwere
produced by ABB angassed througtestprocedureson CESI .

An importantaspectto be considerediuring the thesis developmentttse
selection of the available methofis pulsating torque measurement, since it must
take into consideratiothe cost and complexity of the @iisle solution. Then, the
main target to be pursued is to have methods in wihielmeasuremestuse as
much as possibl@jready available sensors (current and voltage)

The method presened in literature will be discussed on the following
section andhe ones fulfilling the requirements for this work will be implemented
and will have the results commented on the following chapters.
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2.Methods

After introducing the main aspects e considered during this thesthis
section will be devoted to explain and compare the methods present in the
literature for the measurement of the torque pulsation on synchronous machines.
Even though hHe methods utilized for measurement of pulsating torque on
synchronous machineseamore descriltkas themeasurements of starting torque
pulsationsof salient pole maching4][13], the main ideasf such methodsan be
extended t@nyinstantaneoutrque measurement.

On the measurement of pulsatituyque, the electrical system hasstrong
influence on the level of pulsation astinple mathematical models aret atle to
describe it accurately. Thereforagthods that involve the usage of mechanical or
electrical measurements are the preferred test methodse fitethods can be
divided into two groups: mechanical methods and electrical methods, depending
on the measurements to be taken in otd@ompute the pulsatirigrque[13].

The following topics will be devoted toriefly presensome more details on
the methods availablen literature.For more details, e mayrefer to references
[1] and [L3].

2.1.Mechanical methods for electromagnetic air @p torque
measurement

The most "natural" and traditional idea for torque measurement is the use of
strain gauges couplin the load and the motor shaft. But the use of these
equipments, in association with an electric conditioning equipment, yields accurate
results just for constant or slowly varying torque. Then, the reliability for transient
torque measurements cannot hegnteed, because of limits of their dynamic
behavior and the inertia of the machine rotehich influences the resul{45].

Not forgetting to mention that the equipment needed in this method and even the
setup of such measurement equipment canvbey expensive Thus, other
mechanical methods based on other measurements are presented:

2.1.1.Measurement of angular acceleration

This method utilizes the relation between angular acceleration and
electromagnetic torque given by the equaf@):

2J d¥f
Te = FW+TW+]° (2.1)
where:
J is the mass moment of inertia of the rotor
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p is the number of poles
Ty +¢ IS the torque drop due to windage and friction

d?f is the angulaacceleratiorof the rotor, in electrical radians per secc
diz  square
0 is thetime
all the measurements in Sl units.

In most cases the effect of the windage and the friction can be neglected.
This fact is not true for machines with unusually large bearing or fan.

The measurement of acceleration can be obtained by piezoelectric
accelerometers or other angular accelerometers, such as those that are closed loop.

For each specific case, some limitations arises from the characteristics of the
accelerometers chosen (for more details, please reffé8Jjo

2.1.2. Measurement of rotationalspeed

The measuremertdf the rotationalspeedcan also be used to compute the
pulsating torque. Theoretically, the angular velocity of the shaft can be
differentiated to provide shaft gnlar acceleration, and then utilized equation
(2.1). In practice very high resolution is require@ examinetransientorques and,
even though successhas been achieved imeasuringinstantaneous angular
acceleration by thdifferentiation of the angular speed, this rhetd is not
recommended over tleecelerometer ntleod [13].

2.1.3.Torque shaft method

A special shaft (torque shaft) must be attached betweemtior and the
load for measuré¢he torque transmitteetween thenon an instantaneous basis.
This system is rather delicate, but when used properly, gives resdtsao
bandwidth much wider than the torque @isn frequencies of interefl3]. The
instantaneous electromagnetic torque can be related to measured strain according
to equation(2.2).

2J d?f 2Joad 9% load df 10ad
Tstrain = Te Twa+t F W F())a T;a"' Tioad | load 1% (2-2)
Where:
J is the mass moment of inertia of the rotor
p is the number of poles

Ty +¢ IS the torque drop due to windage and friction
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Te is theair gap torque

df is the angular velocity of the rotor, in electrical radians per se

dt square

0 is the time

load as a subscript denotes the components of the inertia, torque
electrical angular rotation on the load side of the torque shaft

all the measurements in Sl units.

One more time the windage and the friction caméglected in most cases.
This fact is not true for machines with unusually large bearing or fan.

In general, the load varies as a function of the angular position and also as
function of the angular velocity. If the load characteristicscarapletelyknown
as a function of thesparametersthe air gap torquean be computed using this
method. Howeverpractically, only in exceptionalcasesthis calculation can be
completed accurate[\t 3].

2.2.Electrical methods for electromagnetic air gap torque
measuremert

In this section, the torque equation presented in sedt@’.3will be the
main artifact to be used. So it is convenient to hawvertind:

" p . .
%: E Iﬁl'Q |an (23)

2.2.1.Search coiland current sensorsnmethod

This method consists am "direct” measurement of the air gap flux ahd t
stator current which are theomponents of theelectromagnetic torque, as
presented in equatid@.3).

The measurement of the flux can be made by the use of Hall probes or
search coils inserted in the giap of the machine. When using Hall probes several
practical limitations arises, between them it is important to mention:

1 possibility of damage on the probes during installation.

1 possibility of damage on the probes during measent due to the
fact thatthey are placed directly on the armature winding, which in
general is one of the hottest portions of the machine.

These limitations make the use of Hall probes not convenient for the
measurement of electromagnetic torque.

On the other hand, the use of sbacoils together with current sensors
represents the most accurate mettowalectromagnetic measurement and consists
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on measung the voltage induced in these coils and intaggathem to produce
the measure of the air gap flux linkgdé

Kamerbeel16] has shown that if hysteresis is neglected and if the magnetic
field can be considered as a state function, the electromagnetic torque acting on the
shaft can be expressed as the integral describeduation (2.4).

%= RBHydA (2.9
A
Where:
A is the area of the cylindrical surface described by the air gap
B, is theradial component of air gap magnetic flux density

H, is the tangential component of magnetic field intensity

R is the radius from the shaft center line to the surface ofthi®r core
facing the air gap
all the measurements in Sl units.
Equation (2.4) also assumes that the flux penetrating the ends of the
machines is zerfl].
Considering that no eddy currents or permanent magnetization exists in the
stator iron and that Bancy exsts only on the rotololt [17] hasshown that:

t t

3
%= Tp Ky ic Vepdt ip Vi dt 2.5
0 0
where:
Kw is the fundamental number of effective turns of the armature wir

divided by the fundamental number of turns of the search coil winc
p is the number of poles

Vb »Vme  are the induced voltage in a pair of search coils located concentric
the magnetic axis of the b and ¢ phases of the machine winc
respectively. For more details, pke refer t¢13]

ip g are the currents iphase b and c, respectively

all the measurements in Sl units.

The good performance of this method makes it attractive, but the extra cost
arising from the installation of the flux coils and the possible breakage of the coil
wires, during operation, do t@brations are a consideraldeawback [1].
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2.2.2.Measurement of electromagnetic torque using input power
sensing

This method makes use of the concept of "synchronous watts", introduced by
Mayer and Owen[18], which provides another mean of computing the
electromagnetic torque:

pe D 2.6

whereP,q is the power transferred across the air gap from stator to rotor.
In terms of terminal quantities:

v P Bn Poss Peax
Ye — 2.
¥e 5 5 (2.7)

where
Pn is thepower flow into the stator terminals
Ploss is the instantaneous copper losses
P is the instantaneous time rate of change of magnetic field energy ¢

teak in the stator leakage magnetic field
P is the number of poles
S is the angular frequency of tiapplied voltage

When the stator magnetic stored energy is assumed to not vary rapidly,
equation(2.7) can be rewritten

" P Bn Ploss
¥e —_N__10sS 2.8
¥e 5—— (2.9
In Ojo et al.[1], this method is nameas themodified input power method
(MIP) .
For large machinesperating in quasi steagyate conditionthe quantities
Ross andReak can be, generally, neglectgld. Thus

Yo o0 29)
This approach is somewhat less accurate tharnvoltampere method (that

will be presented on iter2.2.4), but forlarge machines both methods yield almost
the same solution.
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2.2.3.Measurement of electromagnetictorque using electricd
power input and speed sensing

The input power can be obtained by the equatih§4) and (1.65)
introduced in section 1.2.5.3:

Og = Vi + Vy iy (2.10
Substitutingvg andv,with (1.61)
Og = igla+igly + igla igly O +r1ig°+iy? (2.11)
Remember that equati@¢@.11) can be expressed as:
bo = Guaso+ Daasot Oeii (212

Where the termDgi; is the instantaneous stator cooper ld$g;o is the
instantaneous time rate of change of magnetic fieltgy stored in the magnetic
field andug g;0is the shaft output power. These terms can be expressed as:

- _ _ 2.14
Ugasa= Ir'] 1’Q I’er'] b} ( )
6&“ =r i‘QZ_'_ |n2 (215)
Analyzing equation$2.3) and (2.1 one can conclude:
%= b Gigo  Ouii p (2.1
14 2
where:
IR is the actual mechanical angular speed of the rotor
p is thenumber of poles

When operating in quasteady state conditiotthe time rate of change of
magnetic field energy stored in the magnetic field;q, is nearly zero. And, if the

stator cooper loses are negligible,;; , this method for the torqumeasurement
can be sufficiently accuratd].

2.2.4.Measurement of electromagnetic torque using terminal
voltage and current sensing

Before presenting the method, it is important to mention the structure of a
"VI observer" that will be used in the following pge This observer allesvthe
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computation of the flux linkage on the dq axis based on the dqg voltages and
currents, and states:

—on = Ugy 17gy dt (2.17)

Special attention must be driven to the flux computation in order to suppress
any offset in the numerical integrations without influencing the current and flux
aperiodic componen{49].

Now, starting from equatiori2.3) and(2.17), if eddy currents, armate
tooth saturation, skin effect stator resistance and magnetic hysteresis are neglect,
the electromagnetic torque of a synchronous machine can be expressed as a
function of the terminal currents and voltages[1]:

o VBN L,
%= R @ Ly QG Qd

6 (2.19
R B Um LR @ d

where:
"R, Q, 'R Arethe currents in phase a, b and c, respectively

Oty is the voltage of line a with respect to line b
Ogis is the voltage of line ¢ with respect to line a
p is the number of poles

all the measurements in Sl units.

In reference[l] this method is named: modified wsdécond ampere
(MVSA) method. An important aspect of the MVSA method is that, since the
stator resistance changes with temperature and isapmgoximately, the results
must be interpreted with care [1].

In machines above 764 kW (1000 hp), the effect of stator resistance can be
nedected [13, thus

o VB o
¥e— @ @ Ugdt @ @ Ogpdt (2.19

This method is named, ineference [1], asvolt-second ampere (VSA)
method and allows the computation of the electromagnetic torque using only two
line-to-line voltages and two current measuremeb8 [

The same idea presented in this method is also used on the "digital transient
torque measurement”, teuljue presented on referenfEl] and explored on
reference [B].
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2.3.Comparison betweemmethods

Ojo et al [1] compared the results of the methods for a 25 hp salient pole
Synchronous motor, while Gillarf20] compared the methods for a 14000 hp
synchronous motor, and the main results of these casopamwill be briefly
shown in this section. Faletailed explanation one may refer to references [1] and
[20]. Both comparisons were made for the analysis of pagdorque during the
starting of the synchronous machine, but, as already mentioned, the idea can be
generalized for any instantaneous torque measurement.

For the 25 hp synchronous motor the results found by Ojo et aitd1]

Torquevs. Rotor Speed

00

3

1.00

Torque [10%* Nm]

-1.00

-3.00

Rotor Speed [pu]

Fig. 2.1: Simulation results of the electromagnetic torque (modiiiech [1])

Fig. 2.1 shows the starting instantaneous torque computed using the full
order simulation model [1For this simulation the formulas for voltagena flux
linkage introduced on sectidh2.5.1 and sectiot.2.5.2were used to build the
equivalent circuibf the motor, which is utilizeds simulatiormodel.

Fig. 2.2 illustratesthe result of the electromagnetic torque measurement
obtained with the use of an Hoodwin Instruments accelerometer. As already
mentioned about the mechanical methods, while the average value for the torque is
reasonably accurate, the pulsation on theutig severelattenuated [1].
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Torquevs. Time
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Fig. 2.2: Electromagnetic torque vs. time for fulbltagestart with $iorted field using
accelerometer method (modifié@m [1])

Fig. 23 illustrates the results of the electromagnetic torque measurement
obtained using the direct search coil methbde results have good correlation
with the simulation results (Fig. 2.1). The main difference is the small 120 Hz
ripple that appears when thetor is approaching synchronous speed, but it
occurred due to measurement error [1].

Fig. 2.4 shows the results when using the MIP method. They are reasonably
good, except in the regions in which the magnetic stored energy change rapidly
(low speed and aund half speed) [1].

Fig. 25 shows the measurement results using the MVSA meilote that
there is a notable similarity between this result and the one making use of the
search coil technique (Fig2.3Again a 120 Hz torqueipple, when rotor is
apprachingsynchronouspeedappearslue to measurement erfdy.

Fig. 2.6illustrates the results using the VSA method. This time a significant
difference from Fig. & can be seen. At low speed the pulsating torque
components are significantly increaseldiowing that, unless when dealing with a
very large machine, neglecting the effects of the stator resistances can cause
significant errors on the torque measurements [1].
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Torquevs. Time
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Fig. 2.3: Electromagnetic torque vs. time for fulbltagestart with $iorted fieldusingstator
current and flux coil measurement (modifiedm [1])

Torquevs. Time

60.00

4400

28.00

Torque[ 10 * Nm]

12.00

-4.00

-20.00

000 017 033 030 067 083 100
Time [s]

Fig. 2.4: Electromagnetic torque vs. time for fubbltagestart with shorted field using/lP method
(modified from[1])
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Torquevs. Time
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Torque[10 * Nm|
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Fig. 2.5: Electromagnetic torque vs. time for fulbbltagestart withshorted field usingMVSA
method (modified fronfil])
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Fig. 2.6: Electromagnetic torque vs. time for fulbbltagestart withshorted field usingy SA method
(modifiedfrom [1])
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For the 14 000 hp synchronous motor the results found by Gil@jcre

Torquevs. Time

0.360

0.240

Torque [PU]
<
=

Time [s]

Fig. 2.7: Electromagnetic torque vs. time with VSA method (modifiean [20])
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Fig. 2.8: Electromagnetic torque vs. time with input power method (modifizm [20])
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Fig. 2.9: Electromagnetic torque vs. time with accelerometer method (modiified[20])
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As mentionedn section 2.2.2, the use of VSA and input power method yield
results almost identical when dealing with large machines. In Figrl Fig. 2.8
that present the results of the VSA and the input power method, respectively, this
similarity of the results can be obser/dd)].

In Fig. 2.9 that illustrates the use of the accelerometer method , the behavior
is similar to the one found inidg: 2.2. The average value for the torque is
reasonably accurate but the pulsation on the tasjattenuated.

2.4. Methods selection

The selecton of the methods used for the measurement of the pulsating
torgue in this thesifllowed two main steps. e first was the selection between
the mechanical and electrical methodlse second was the definition of the
specific method between the category chosen.

The first step was defined taking in consideration the fact that the
mechanical methods present high afsihe equipmentshigh installation cosand
long set up time. Not only the cost was taken in consideration, but also the fact
that, in some applications, the result of mechanical methodbeat totally
correctwhen considering not only the averagegtee but also thpulsation torque
(as explainedm sectior2.1and shown o sectior2.3).

After all these considerations, the category of the method chosen was the
electrical one and its drawbacks will be presented in more details when analyzing
each eletrical method for the selection of the second step.

For the second step, the first electrical method discarded was the search coll
method. Although of high accuracy, this method presents high cost of installation
and maintenance, as shown on section 2.2.1

The second electrical method considered was the power input and speed
sensing. This method, in some conditions, can be much less accurate then the
VSA, MVSA and synchronous watt techniqyé8] andalso will not be used.

The two remaining electrical mettis seems to fibon theobjectives of this
thesis and will be considered in parallel for the measurement of the pulsating
torgue in synchronous machines driven by ASDS.

Since the machirsconsideredarelarge maching (20 MW of shaft power),
the inputpowe method (synchronous watt technique) will be considered in the
form of the equation (2.9) while the terminal voltage and current sensing method
will be used in the form of thequation (2.1p(VSA method). This selection was
made taking in consideratiohd properties of each method described on section
2.2.2 and 2.2.4, respectively

It is important to highlight that for the VSA method, special attention must
be driven to the computation of the integral present orethmtion in order to
suppress any ofés present on the data without influencing aperiodic components,
as already mentioned on section 2.2.4.
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Another important characteristic of both methods is that, in general, no extra
equipment or installation is required, since #ectrical connectionfor voltage
and currents measurements for poanalysis are already made]15
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3. Tests andimplementation

3.1.Test setup

The first aspect to me mentioned on the implementation of the pulsating
torque measurement technique is thst setup utilized duringthe motor tests
developed by ABB at CESAs shownon sectionl.3.2.1, there are two possible
configurations for such kind of test, the back to back configuration anculihe f
load configuration. For the tests developed during this themiseach project
involves only one LCI systenthus there is not a second LCI system to be used as
load,the configuration selected was the fold option.

The measurements made during thestese shown on Fig. 3.1 and the
whole test configuration is shown on Fig. 3i8 which the measaments of
special importance for this thesis are also evidenced:

1 MeasuremestM 6.0 and M 6.1 are composed hbyeephase voltage
measurement anthreephase current meaementeach onewith
frequency of BHz. These measurements were utilized just as an
extraanalysiswhen the check of the current harmonics on the line
side of the converter was of interest.

1 Measurements M 7.0 and 7.1 are composed also by thaease
voltage measurement antireephase currentmeasurement with
60Hz frequency, for each measurement Jétese measurements
were the ones actually used on the pulsating torque computation.

The test setip shownon Fig. 3.2llustratesthe system under test connected
to two braking regenerative machincomposed of an VSI converter each,
containing active rectifisrwhich make them also capable of generating reactive
power [3]. As explained on section 1.3.2.1, ttamfiguration is based on the test
bed concept and has as main advantage the fact tlyathenlosses of the two
systems must be supplied by the network, since the reactive power absorbed by the
load machine is compensated by the braking macksjes

The main parameter the motors and braking machinés the test setip
are showron Table 3.1.1t is important to noten the table and also on Fig. 3.2
that, for thedevelopment of thdests, a gearboxvith reduction of 2t was
introduced between the motor under test and the braking machines. This fact is
explained by the different speelbveloped byhe machines that must beatched
to ensure a proper working condition to the system.
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Motor data
Test 1 Test 2
Shaft power 19300 kW 20000kW
Speed 3600 rpm 3600 rpm
Rated voltage 2 x 3930 \* 2 x 3930 \*
Rated current 1553 A 1608A
Winding connection Star Star
Number of poles 2 2
Rotor data Horizontal, round Horizontal, round
Driving system LCI.DR W1212 LCI.DR W1212
483N465 483N465
Braking machines (for each machine)
Shaft power 15000kW
Speed 1800 rpm
Rated voltage 3150V
Driving system ACS6000
Gearbox 2:1

Table 3.1: Main data for test seip

* The motors are supplied with two thyplkase system that are 30° phase
displaced to reduce the harmonic currents on the maddieéasd also on the line
side), as explaineon section 1.3.2.4.

The currents and voltages acquired during the tests were measured by
Rogowski coils and resistiveapacitive potential divider, respectively, and the
signals were sampled by a data acquisitsystem from National Instruments that
operates with 15kHz of sampling frequency. More details about the measurement
equipment can be found on Appendix C.

An aspect to be highlight at this point is that no -afiising filter was
present on the samplimgocess, what can introduce problems related to aliasing
on the sampled data. The possible consequences of the absence of such filter on
the measrementswill be briefly discussedn the next topic.
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Fig. 3.1: Full load test: measurements
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The nominal valugfor the measurements of interest are showalrle 3.2.
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Fig. 3.2: Full load testronfiguration
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Motor 1 Motor 2
Voltage 33 kV 33 kV
M 3.0| Current 461 A 461 A
Frequency |50 Hz 50 Hz
Voltage 4730V 4730V
M 6.0 | Current 1608A 1608 A
Frequency |50 Hz 50 Hz
Voltage 4730V 4730V
M 6.1 | Current 1608 A 1608 A
Frequency |50 Hz 50 Hz
Voltage 3930 V 3930 V
M 7.0| Current 1553 A 1608 A
Frequency |60 Hz(variable)| 60 Hz(variable)
Voltage 3930 V 3930 V
M 7.1| Current 1553 A 1608 A
Frequency |60 Hz(variable)| 60 Hz(variable)

Table 3.2: Measuremendata

Photos of the testing system can be seefAppendix D

3.1.1.Aliasing and anti-aliasing filter

Aliasing is the phenomenon that happens when a sigredmpledwith a
frequencythat isnot high enough, resulting in a reconstructed signal different from
the desiredne[21].

In order tohave thereconstructed signal and the original signéth the
same information, the Fundamental Sampling Theaya®s the conditions to be
met. This therem is attributed to C.E. Shannon, and stdles function x(t)
contains no frequency higher than BW hertz, it is completely determined by giving
its ordinatesat a series of points spacet!(2BW) seconds apart"(original
statement of the Sampling Thear, as appears in the 1949 Shannon's p§Hr)

This effect and its impact on the spectrum analysis is presenteah on
example onFig. 3.3. The top figure shows a generic analog signal and its
spectrum; the center one shows tignal reconstruction winethe sampling
frequency is lower than the minimum allowed, causing aliasing; the bottom figure
shows a situation in which the frequency is higher than the minimum required and
the signal is reconstructed in the correct form, no alig@hp

Even if it is guaranteed that no components of the signal will be higher than
f4/2, unfortunately, other componergsch as noise and unwanted harmonics can
be added to the signal and the aliasing phenomenon can happen again if an anti
aliasing filter is not presefi21].
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Thus he antialiasing filter has as purpose avoid that signal components
and/or noises at frequency higher thaf2 fare sampled and then wrongly
reconstructed and understood as part of the original signal. It is important to
highlight that if nofilter was used before sampling, nothing else can be done to
avoid the wrong reconstruction of the signal.
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Fig. 3.3: Analog timecontinuous signal (at the top), sampled wig?ff ., with aliasing (in the
cente)), and correcthsampledwith f>2*f ., (at the bottom)21]

Fig. 3.4shows the effect of a signal with an disturbance at 130kHz sampled
at 88kHz with no antaliasing filter.
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Fig. 3.4: Effect of f, higher than §2 [21]
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3.1.2.LCI configuration

As mentioned on section 1.3.1, the systems under test are from the family
MEGADRIVE-LCI from ABB, and consists of a watepoled version with 12/12
pulse onechannel connection and type code W1-2B3N465.

The 12/12pulse configuration thyristor bridge used on the mentioned LCI
can be seen on Fig. 3.5.

Fig. 3.5: One-channel 12/12ulse series connection thyristor bridgé

This configuration has the benefit of redugithe %' and the ¥ current
harmonics, which are normally the largest, impressed by the LCI on the line and
on the machine side [2].

3.2. Algorithm implementation

The methods selectedn section 2.4 (modified input power meth@dIP)
and voltsecond ampere meth@dSA)) represented by thequations 2.9 and 2.19
presented on section 2.2.2. and 2.2.4 were implemented @gaithmwith help
of the commercial software Matf@b The implementation followed the order
shown on Fig. 3.6 andach step will be discussed in details the following
items

3.2.1.Data acquisition

The measurements made at CESI wavailableon an *.tmds file from
LabVIEW®. This file is usually transformed on an Excel (*.xIs) file with use of
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TDM import, an adeon tool provided by National Instruments. Having the excel
file on hand, thelatawentthrougha simple conversion to acquireal physical
meaning and it waead to be used.

To simplify andincrease performance of the data acquisition by Matlete
data concerning the measurements M 7.0 and M 7.1 tnasderred intoan *.txt
file, reducingsignificantly the file size from around 60 Mbytes to 2 Mbytes,
making the acquisition process significantly faster.

Then, the data was transferred to Matlanaking use of the well known
functions foper' and 'fscanf.

Data acquisition
{voltage and current}
M7.0and M 7.1

QOutliers removal

VSA method VSA method
2™ approach
MIP method Fourier analysis 1= approach Pp
of voltage
I Integral computation
U 1 {trapezoidal rule)
Signal reconstruction \l/

Integral computation
for validation = -

J/ Torque computation

Torque computation

—
J

Fourier analysis
of torque

Fig. 3.6: Algorithm implementation
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3.2.2.0utliers removal

Different authorshave proposednany definitions for an outliethat are
seemirgly no universally accepted-or example thalefinition given by Grubbs
(Grubbs, 1969) anquoted in Barnett & Lewis (Barnett and Lewis, 1994):

"An outlying observation, or outlier, is one that appears to deviatekedly
from other members of the sample in whidbccurs'

A further outlier definition from Barnett & Lewis (Barnett and Lewis,1994)
is:

"An observation (or subset of observations) which appears to be inconsistent
with the remainder of that set of dat§22]

Other definitions were given by John (#91995) and Aggarwal (Aggarwal
and Yu, 2001) ad can be found on referenf@?]. For this thesis, the definition of
outliers is in line with the definitions quoted on the previous paragraphs.

The causes of the appearance ofliers canbe various For example, the
physical apparatus for takingneasurements may have suffered a transient
malfunction or there may have been an error in data transmission or transcription
[22].

As the definition, here is no rigid mathematical definition of what
constitutes an outlier, buhere are several approachbat were suggested on
literature.One can rier to referencd22] to have an overviewon the proposed
solutions.

For this thesis the method selecteds the Rosner's test, also known as
Rosner's manyutlier test, hat is a generalization of the Extreme Studentized
Deviate (ESD) originajyl suggested by Grubbs (196[3], and can be used to
detect one or more outliers im anivariate data set that folvs an approximately
normal distribution.

The basis of the test is to set a upper bound for the number of outliers on the
data set and the ESD test essentially perfdrseparate tests: a test for one
outlier, a test for two outliers, and so ontax outlier [24].

The test is implemented as follow, thisrdlpment takes as refereried]:

1 With a data set of n samples, compute:
o adign Gs
= JOn ]“‘gib
where: (3.1)
wgdenotes the sample mean
s denotes the sample standard deviation

1 Remove the observation that maximizeg, «§ and recompute
equation (3.1) with 11 observation.

1 Repeat the process until k observations have been removed.
(resulting in k test statistics;RRy, ..., K)
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1 Correspondentiyto the k test statistics, comjguk critical values
given by equation (3.2).

_ € Wye 01
E QL+ o (B QD (3.2

Where:

i=1,2,..k

tp, vis the 100p percentage point from the t distribut
with v degrees of freedom.

and p is giverby equation (3.3).

LTI )

(3.3)

Where:
U is the significancce

1 The number of outliers is determined by finding the largest i such
thatR> i &

3.2.3.VSA method

The VSA method was implemented as statedsection 2.2.4 by equation
(2.19) that is nowecalledfor clarity.

M3n

e 8 B wdt Q@ @ gyt 3.9

The algorithm for the torque computation was implemented on Madiath
despite the apparently simple implementation, the problems imposed by the
computation of the integral of thme-to-line voltages was the point to be stressed
on this implementation.

The computations start with the transformation of -i;dmeutial voltages
measured on CES&cquired from the input filand that passed through an outlier
removal procesn line-to-line voltages.

The lineto-line voltages are then utilized for the integral computation that
will be described on the following item. However, before considering the integral
computation implemented on this #i® a point to be highlighted arthe
difficulties faced thatvere the key point for the solution proposed.

When computing the integral ofsggnal that is composed by the summation
of several sinusoidal components, it is not immediate that the initial value for the
integral will be set to therpper value. Several methods were implemented to find
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and set the initial value for the integrals of the {iodine voltages, but none of
them were able to set the precise vahesulting on @aorque component extremely
affected by thismprecision The solutiors found werebased on more theoretical
conceps of integral of sinusoidal signals and will be presented on the following
section

3.2.3.1.  1™approach for integral computation

The first solution proposed was the one of performing a Fourier analysis
(making use of the "fft" function of Matl&) on the lineto-line voltages and
obtairing the sinusoidal components of the signal with their amplitudes and their
phases. Having this on hand, the signals were reconstructed for validatials@nd
the integrawas computedby the simple mathematical relation:

O L
osin(l 0+ 1n) dt= 1—cos(1 o+n)+ w (3.5

This operation simplifies the integral computation when considering the
initial condition but increases the implementation complexity. Not only, but also
gives better results on the torque computation that can be related to the good
quality of the signal reconstruction.

An important fact to be mentioned is that when dealing with Fourier analysis
it is advisable to use a windowing procedureeiducethe immact ofthe finiteness
of the sampled signalvhen considering the signal periodic on the FFT algorithm.
The window used was the Hanning window.

The main drawback of such method iattdue to the windowing procettse
set of data isreducedsince thebordes of the signal cannot be considered
anymore resulting in areconstructed signainda integrated signatontainng less
data points than the initial data set.

Some more details on the windowing process will be given on the following
section

3.2.3.2.  Windowing for spectrum computation

The computatiorof the FFT transform assumes that the finite data set is one
period of a periodic signal. For the FFT, both the time domain and the frequency
domain are circular topologies, so th@rt pointand the endpoinof the time
waveform are interpreted a$ they were connected togethérherefae, the
finiteness of the sampled signalay result in a truncated wavefortimat when
replicated to compute the FFT may generate "wrong connegctsrthe one seen
onFig, 3.7

When dealing with sampled signals that are a summatiosinofsoidal
signals is difficult to ensure that rfovrong connectioh will occur. Then it is
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difficult to preventthe distortion orthe spectrum analysis, as the one shown on
Fig. 3.8

The solution $ to consider a windowing processes that consistgedghting
the borders samples of the signal with smaller weights than the ones on the center
of the signal. Hamming, Hanning, Blackman and triangular are examples of

I 111i"TTTﬂ]TTT°‘lLlﬂ111& ‘

e

SEFT (t) | m

?ﬁr ﬂﬂm i
TTW T J MM I )@1;;2:&" lljﬂllli' llﬂﬂllf‘“

~1.05ms ©
Fig. 3.7: Examgde of wrong connection oRFT [21]
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Fig. 3.8: Deformation of tle FFT due to wrongonnectiorf21]
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3.2.3.3.  2"approach for integral computation

The secon@pproach proposed consists on the gotation of the integral by
the well-known trapezoidal method (making use of the "cumtrapz” function of
Matlab®).

To set the initial condition for thiategral, a theoretical result wapplied. It
is known that, in ourcase, as the lin®-line voltages have average value
approximately zero, the lia@-line voltage integral should also have mean
approximately equal to zerdhus, two methods were proposed to set the integral
mean to zero.

The first one was to simply ogpute the mean of thmtegral signal and
remove from every pointfathe signal the computed mean. By your time, the
second method consists on computing a moving average of the integral signal and
removning from each point the respective computed averafyeva

Comparing the results found fboth methods, the better performarneas
obtained with the one making use of the moving average technique and its results
will be shown on the results discussion.

3.2.4.MIP method

The MIP method was implemented as statedsection 2.2.2 by equation
(2.9) that is nowealledfor clarity.

ye B0 36)

To implement this methodhe input power was estimated making use of the
currents and lingdo-ground voltage®btained after an outlier removal process
the measureants giverby CESI

It is important to mention that, as on the VSA method, the cooper losses are
neglected. However, this is not the only approximation madein#tantaneous
time rate of change of magnetic field energy stored in the stator leakage imagnet
field was also neglected, as suggested by literature, and the effect of this
approximation will be better discusses on the results.

3.2.5.Fourier analysis of the torque

After having the torque computed by both methods, the Fourier analysis was
once moreutilized to evidence the frequencies present on it. To implement this
analysis the function "fft" from Matldbwas usedremembering always to use the
windowing process in order tdiminish the effects of "wrong connections” as
discusse@n section 3.2.3.2Again the windowselected was the Hanning window.

In sequence, a simple peak detection algorithm was implemented in order to
generate tables containing the values for the amplitude of each present frequency.
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3.2.6.Graphical interface

In order to simplify thenteraction between users and program, a graphical
interface was created with help of the "GUI" tool of MallaBhis interface is
composed byour principal areas:

1 data input areéblue arean Fig. 3.9)is the area in which the initial data is
inserted ® the computation . The data requisee
0 *.txt file containing voltage data

* txt file containing current data

motor speed (rpm)

number of poles

line frequency: 50 or 60 Hz

o sampling frequency (kHz)

1 output selection area (orange area on Fig. 3.9): iaréeein which the user
selects which results to have as output. The options are:

o Plot voltages and currents with outliers

o Plot voltages and currents without outliers

o Plot voltage data and reconstructed signal after the FFT analysis for
the VSA method. (uskfor validation)

o Plot FFT analysis of the data voltage and the reconstructed signal.
(used for validation)

o Plot torque computed by MIP method and VSA method.

o Plot FFT analysis of computed torque by MIP and VSA methods.

o0 Save excel table with the peaks mmson the FFT analysis of the
torque.

1 buttons and status panel area (red area on Fig. i8.8)e area in which the
user can start and check the statfihe computation and can also start the
current analysis program. The components are:

0 run button: vihen pressed, starts the torque computation.

o current analysis button: initially disabled, becomes enable when the
torque computation is finished and, when pressed, starts the current
harmonics analysis that will be better explainedgection 3.2.7.

o statuspanel: shows the status of the computation and possible
errors on the data input.

1 results area (green area on Fig. 3.9): is the area in which the main results
are shown to the user. It is composed by:

o two plotting areas. The first on the left is designdtethe plot of
the computed torque by the VSA method vs time and the one on the
right is designated to the plot of the Fourier analysis of the
computed torque. (The reason why just the VSA method is shown
on the main window of the graphical interface vadl explained in
details on the results comments)

0 a table in which the amplitude of the frequency components that
are expected from theory are shown.

O O o0 O
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[ Putsating Torque_ver_1.0 (o]

RRODEe -
Pulsating Torque Computation Tool for LCI ASDS (Voli-Second Ampere Method)
— Motor dat
Voltage data 1 1
Current data L e
08 08
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time [s]
X_system 0°_phase A 06 06
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X_system 30°_phase A
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Sampling frequency: KkHz 0 02 04 06 08 1 0 02 04 06 08 1
Piot votage and current with outhers?- oL torque for VSA — Torque FFT analysis.
- . - P Non-integer
Yes @ Wo | Yes @ No \teger pulsating torque o constant frequency "ww:z- Kim
Plol voltage and current without outlers? — — Plot FFT analysis of compuled torque for VSA and MP— Hz KNm Hz- e Hz- brinn
D Yes @ No | ’7 Oves @no ‘ Hz Nm Hz- KNm Hz- Nm
Y Hz khm Hz- Nm
Piot vokage data )?— with FFT analysis method)?

Hz KNm Hz- Khm

sigr
B o o= fommme ] e
I Pt FFT analysis (vokage data and reconstructed signah? | A0 EXcel fie wilbe generated wih the . P - Hz- im
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JYes @ HNo | named with the date of the execution

Fig. 3.9: Graphical interface areas

Fig. 3.10shows anexample of the graphical interface with results of the
torque computation.

[ Pulsating Torque_ver 1.0 = S|
RRTBDES »
Pulsating Torque Computation Tool for LClI ASDS (Volt-Second Ampere Method)
— Motor dat:
lorque x lime (VSA method Single-Sided Amplitude Spectrum of Torque
Vollage data il ¢ ) 18 g Sled AmRuCe Spechum ol T
voltage_lchthys_20000KVV_16_ 62 —— FFT integral ——— FFT integral
Current data Trapezoidal integral 161 Trapezoidal integral
current_Ichthys_20000kW_16_ 60
- 14+ B
Note: the fies should be ".txt” with 7 columns in the
following order: L i
time [s] % =12
X_system 0°_phase A = £
X_system 0°"_phase B = = 1}t 4
X_system 0°_phase C = 56 [ i =
X_system 30°_phase A 2 T
X_system 30°_phase B g I g. 08F -
X_system 30°_phase C 2 54 S
Where X can be vokage [V] or current [A] = o6l |
If the secend system does not exist,
set the value for the 3 final columns to 0. 52
04t 1
Speed:| 600 | pm
Number of poles: | 2 =0 02 ] ] e
Line frequency: |so 1= =) 1 . L L L . . . 0 Jul, i L J
Sampling frequency. | 15| kHz 08 082 084 08 088 09 092 004 0 1000 2000 3000 4000 5000 6000 7000 8000
Time [s] Frequency (Hz)
Plot voltage and current with outliers?- Plot computed torque for WSA and MPI methods? Status Panel Torque FFT analy
Oves @ o ‘ Oves ®no Done legerpussing arave ot voraant ey eieaer pusang oraue
Plot voltage and current without outiers? - — Plot FFT analysis of computed torque for VSA and MPI2— 360 Hz 0.042 kNm 300 Hz- 0.000 KNm 880  Hz- 0.003 KNm
OYes @ Mo ‘ O Yes ©No ‘ 720 Hz 1613 Kim 600 Hz- 0207 km 120 Hz- 0153 Wim
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B Run
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Piot FFT analysis (vokage data and reconstructed signalj?
. =D T e T L TR Average Value (0 Hz)  SS63¢ Kim 960  Hz. 0.062 KNm
©Yes @no ‘ named with the date of the execution

Fig. 3.10: Graphical interface with results

3.2.7.Current harmonics analysis

As mentionedn section 1.3.2.4, torqumilsations on synchronous machines
fed by LCI systems are strongly related to the harmonics impressed by the LCI on
the motor and line sideurrents Knowing that, the implementatia@xhibitsas an
"extra" a current harmonics analyffisoughFourier analsis.
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When the button "Currentharmonict is pressed on the torque analysis
window, a "popup” is opened giving the option to the user to select the line side
current measurements, as shawnFig. 311. The user can alsproceedwithout
selecting this dat and performing the harmonics analysis just on the motor side
currents.

N
current_option ‘i_léj

If you want also to perform the harmonics analysis on the line
currents, please insert the data file. ‘
If not, just continue and the current analysis of the motor currents
will be done

(mload )

Note: the files should be ".txt" with 7 columns in the
following order:
time [s]
|_system 0°_phase A [A]
|_system 0°_phase B [A]
|_system 0°_phase C [A]
|_system 30°_phase A [A]
|_system 30°_phase B [A]
I_system 30°_phase C [A]
If the second system does not exist,
set the value for the 3 final columns to 0

[ continue |

Fig. 3.11: Option for evaluation of current harmonics on the line side

In this thesis, the measurements for the line side currenthasesindicated
as M 6.0 and M 6.1 oRig. 3.1
When the button continue is presgld following situations can happen:

1 If the user has selected the input data for the line side curtenmts,
windowswill be opened The motor side current harmoniasalysis
window and the line side current harmonics analysis window.

1 On the other hand, if the user has not selected the input data for the
line currents, just the motor side current harmonics analysis window
will be opened.

3.2.7.1. Motor side current harmonics aralysis window

The motor side current harmonics analysis windmm be divided in two
regions, as can be seen Big 3.12 The first one, on the top, is the region
concerning the 0 degree system, and the second one, on the bottom, is concerning
the 30degree system.

Each region is composed by thi@etting areas where the spectrum analysis
are plotted for the currents on the motor side, before and after the outlier removal
process A table is also present thsplaythe percentage of the frequenciearfd
on the analysis with respect to the fundamental one.

Finally, two options are given two the user on this window. The first one is
to save the values present on the tablestBxael file and the second one is to
enlarge the plots in individual windows
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Fig. 3.12: Current harmonics analysis on the motor side

3.2.7.2.  Line side current harmonics analysis window

The line side current harmonics analysis window, that can becseéig.
3.13, presentthe same features as the motor side one. The only difieierthat
no outlier removal process is performed, and then the harmonics analysis is
computed just othe original signal.

B current Jine_analysis _ | =)
RROVES -
Eesihedasiofiheiatiesd Current Harmonics Analysis (line side;
| — UES( )
System 0 degree
P Single-Sided Amplitude Spectrum of la1{t) Single-Sided Amplitude Spectrum of Ib1{t) Single-Sided Amplitude Spectrum of Ic1(t)
req (Hz) lat b1 i1 - 25 25 25
100 021% 0.00 0.28% i
500 2237kA 220kA 22326
150.0 0.44% 0.42% 026% = 2 2 2
2500 18.99% 19.76% 19.52% _ _ _
I < kS
350.0 13.49% 13.18% 13.35% =15 = 15 = 15
450.0 055% 0.46% 0.00 z z z
550.0 7.76% 8.26% 8.12% € € €
g 13 2
6s0.0 S65% 530% 5.48% g 1 £ 1 £ 1
I
670.0 0.00 021% 0.00 =3 2] &
750.0 0.40% 0.34% 0.00
7700 0.19% 0.00 0.00 L= B3 0l
850.0 337% 375% 366% |||\ M || L
950.0 282% 267% 283% - [ o Ll o Ll
¢ = ] » 0 2000 4000 6000 8000 0 2000 4000 6000 8000 0 2000 4000 6000 8000
Frequency [Hz] Frequency [Hz] Frequency [Hz]
| — System30 de:
Single-Sided Amplitude Spectrum of la2t) Single-Sided Amplitude Spectrum of Ib2(t) Single-Sided Amplitude Spectrum of Ic2(t)
Freq(Hz) a1 b1 ] 4] 25 25 25
10.0 0.23% 0.00 0.29%
50.0 2233KA  222TkA  2241KA
150.0 028% 022% 0.28% L 2 2 2
250.0 19.27% 19.56% 18.99% — - -
i e 1351% 13.43% 13560%. S 15 I S 15
4500 0.00 0.34% 0.35% L § é é
550.0 807% 826% 7.91% < - z
850.0 551% 541% 584% E 1 E 1 E 1
7500 0.0 025% 024% 2 e 2
7700 0.00 0.19% 0.00 05 05 05
850.0 360% 375% 3.49%
950.0 282% 275% 292% || L L ||l
1150.0 155% 188% 1.50% - o M oL [
- = o 0 2000 4000 6000 8000 0 2000 4000 6000 8000 0 2000 4000 6000 8000
Frequency [Hz] Frequency [Hz] Frequency [Hz]

—

Fig. 3.13: Current harmaics analysis on thiéne side
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3.2.8.Results validation

For the validation of the results, a Simuffhknodel was implemented
making use of the SimPowerSystéthsoolbox for Matlalf.

Thefirst validation was made with a preset model of a 111.9 kW, 762 V, 4
polessynchronous machine available on the mentioned toolbox. This decision was
taken to remove the possibility of inconsistencies on the machine modeling that
could make difficult to understand if the possible mistakes owdhdationwere
related to the machine modeling or the torque computation by the selected
methods.

It is important to mention that the procedure of using a different machine
should not change the result of the validation since the methods selected (VSA and
MIP) shoud work independently of the machickaracteristics

To implement such test, the voltagmeasured on the real machine were
reszed to fit the machine model requiremerisd the currents and torque were
"measuredfrom the simulationas shown ofig. 314.

Finally, with the voltages and currents measured on the simulation, the
torque was also computed through the selected methods (VSA and MIP) and
compared with the one found through the simulation. This results will be discussed
onsection 4.1.
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Fig. 3.14: Simulink® model for validation
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A second step on the validation was made and a motor model of one of the
tested motors10300 kW 2 x 3930 V, 2 poles) was implemented 8imulink®, in
an away very similar to the one shown Fig. 3.14 However, for simplicity, the
two supply systems of the real motor were simplified with just one supply system
on the simulated model.

The procedure of simplifying the supply system may change the result
obtained for the torque on the simulation when comparing with the result found
with real data. But the result found for the torque computed with the selected
methods (VSA and MIP) using voltages and currents "measured” from the
simulation should be very sitar to the one obtained as the result of the
simulation itself. Thus, once more, this procedure should not change the result of
the validation. Te results for this simulation aa¢so presemtdon section 4.1.
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4.Results and discussion

4.1.Method and implementationvalidation

As explainedon section 3.2.8hefirst validation was realized making use of
a preset model of a synchronous machinéhenSimPowerSysterfl$ toolbox of
Simulink™. The results of such validation can be seen on4&lg.Fig. 4.2 Fig.
4.3 and Fig. 4.4

Remarks:

i1 Fig. 4.2 presents the same results as the ones shown on Fig. 4.1 but
with different time scales, making easier to evidence the behavior of

the results found.
1 In this section,te valus for the torque are prestedas negative
following the convention of th&imPowerSystem¥ simulation, in

whichis statedhat the torque for the simulated synchronous machine
is negative when dealing with a motor and positive when dealing

with a generator.

Torque x Time (VSA method - integral with fft)

0 14 .1,25 ) r;é{g} | 155 | 16 165 !
1 R L Smeomersysems
B

S T TR

Fig. 4.1: Comparison torque x time for VSA method, MIP method and simulation with
SimPowerSystemgresetmotor mode(111.9 kW
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On Fig. 4.1 and Fig. 4.2 starting from the top plobne can noticegood
match betweerthe VSA methodcomputedwith help of FFT and the simulation
resultsfor the torque On themiddle plot it isalso notablethe good correlation
between the VSA method computed by the trapezoidal rule and the simulation
results. On the other handn the baibm plot, it is easy tonoticethe bad mech
between the MIP method and the simulation results.

Such differenceon the computedvalues by the MIP method may be
explained by looking on the simplifications maid when applying such method. In
special the simplification of assuming tliae variation ofstator magnetic stored
energycan be neglect

Torque x Time (VSA method - integral with fft)
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Fig. 4.2: Comparison torque x time for VSA method, MIP method and simulation with
SimPowerSystemgresetmotor mode(111.9 kW) - details in evidence

Fig. 4.3 shows the spectral analysis of the torque results. For better
visualization the constant component of the torquses amitted from the plot.
However, thisconstantomponentan be found on Table 4.1 and all the frequency
components can be found on Tablé EAppendix E).
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On Fig. 4.4 theerror between the values computed with VSA method and
the values obtained by the simulation are shdwithis figure, one can notice the
apparent better performance of the VSA method computed through the FFT
procedure for integral computation. Howeventlb methods present erralways
smaller than 16.5% and the critical region for the error is located near GbeHz
fundamental frequency of the voltage to be integrated)

SimPowerSystem VSA method results
result VSA method FFT VSA method trapezoidal
Torque [KNm] Torque [KNm] |Error| [%] | Torque [KNm] |Error| [%)]
6.00E01 6.01E01 0.1% 6.01E01 0.0%

Table 4.1: Constant components of computed torques and corresponding-gsreset model

Continuing the process of validation, agplained on section 3.2.8, a
simplified model of one of the machines under test was implemented and the
results are shown on Fig. 4.5, Fig. 4.6, Fig. 4.7 and Fig. 4.8.
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Fig. 4.5: Comparison torque x time for VSA method, MIP method and simulation with simplified
motor model (19300 kW single alimentation system)
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Fig. 4.5 and Fig 4.6 show one more time the good match between the VSA
method computed byoth integral calglation procedures and the simulation
results for the torque, on the top and middle plot. By your time, the MIP method
on the bottom plot shows again a worst performance, as already discussed. This
worst performance found on the validation process of the Method isthe
reason whyt will be abandoned fahe subsequent analysis.

Torque x Time (VSA method - integral with fft)
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Fig. 4.6. Comparison torque x time for VSA method, MIP method and simulation with simplified
motor model (19300 kW singlealimentation system)details in evidence

Fig. 4.7 shows the spectral analysis of the torque results for the simplified
motor model (19300 kW single alimentation system). For better visualization the
constant component of the torque and also the compométh frequency higher
than 4080 Hz were orted from the plot. However, theonstant component can
be found on Table 4.2 and all the frequency components can be found on Table
E.2 (Appendix E).
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Spectral analysis of results
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Fig. 4.7: Spectral analysis of results for simplified model
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Spectral analysis of the results - error

VSA method - trapezoidal

B VSA method - FFT
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Fig. 4.8: Spectral analysis of results for simplified modetror
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Fig. 4.8 shows the errors obtained for each implementation. Once more the
error is bounded but this time by the value B26, apart from twospurious
frequencies (12 Hz and 372 Hz) in which the error goes above t&8612
boundary.

SimPowerSysten VSA method results
result VSA method FFT VSA method trapezoidal
Torque [KNm] Torque[kNm] | |Error| [%] | Torque [KNm]| |Error| [%0]
52535 52648 0.2% 52637 0.2%

Table 4.2: Constant components of computed torques and corresponding-esiragified model

4.2.Torque computation for 19300 kWmotor

For the first test bench at CESI a 19300 kW synchronous motor and the
respective LCI system ka been tested under fudad (19300 kW) and nominal
speed (3600 rpmonditions. The results for the computed pulsating torque can be
seen on Fig. 9.

Torque x Time

[22]
o

p Il

Fig. 4.9: Torque x Time results for 19300V motor

Remark: the figures of this section wesbtained from the results dfie
data set collected on the moméa8 May 2013- 12:03:09 of the test Table 43
shows the key results of thilsta setnd dso of asecondnomentcollectedon "08
May 2013- 16:45:47.
For clarity, Fig. 410 showsthe results of the computation made with VSA
method through the two different integ@mputationmethods in a smaller time
interval and overlapped.
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Torque x Time
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Fig. 4.10: Torque x Time results for 19304 motor- details

OnFig. 4.100ne can see the good correlation between the results computed
through the diffeent integral computation procedure. This fact is also evidenced
by Fig.4.11, Fig. 4.12and Table 4.

On Fig. 4.11and Fig. 412 it is also possible to notice that the pulsating
components of the torque introduced by the current harmonics (as presented on
section 1.3.24are of notable amplitudehen compared to the other pulsating
components. For a two pole nimaiwe at3600 rpm and 50 Hz line frequency, as the
one under test, the expected frequencies on the pulsating torque are: 60 Hz, 100
Hz, 120 Hz, 240 Hz, 300 Hz, 360 Hz, 420 Hz, 600 Hz, 660 Hz, 720 Hz, 840 Hz,
960 Hz, 1020 Hz, 1080 Hz, 1320 Hz, 1440 Hz and othdrenifrequencies with
smdler torque magnitude (the determination dofie expected frequency
componentganbe found on section 1.3.2.4).

Also on Fig. 4.11 and Fig. 4.1% is important to highlight the pulsating
torquecomponentsvith frequencyof 20 Hz and40 Hz. These frequencies are not
theoretically predicted but their impact on the mechanical system can be
dangerous due to the possible vicinity of the system natural frequEney, he
existence of such components should be investigated with morancéuture
developments to understand if those components are originated by measurement
errors, computational errors or real pulsating torque components.
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Spectral analysis of torque result - VSA method (integral by FFT)
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Fig. 4.11. Spectral analysis of torque resultgSA method (integral computed by FFT)
- 19300 kW motor

Spectral analysis of torque result - VSA method (integral by trapezoidal rule)
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Fig. 4.12: Spectral analysis of torque result¢SA method (integral computed Iwapezoidal rule
- 19300 kW motor

The expected components of the pulsating torque are also evidenced on
Table 43. This table presents the results found for two measurement data set
obtained in two different momentsf the test and the value of the maximum
expected amplitude for each comgat. The maximum expected amplitude was
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computed by the ABB engineering team and it is part of the machine
documentation.

Maximum Test 1- 08 May 2013 Test 2- 08 May 2013
expected 12:03:® 16:45:47
amplitude VSA - fft | VSA -trapz | | VSA - fft ‘ VSA - trapz
Freq [Hz] | Torque [kKNm] Torque [KNm] Torque [kNm]

0 52.610¢ 52515 52.685 52.655 52776
60 0.161 0.026 0.025 0.031 0.034
100 NA 0.127 0.123 0.064 0.064
120 0.126 0.159 0.169 0.157 0.158
240 0.026 0.173 0.179 0.147 0.154
300 0.4M 0.052 0.051 0.047 0.048
360 1.595 0.061 0.058 0.060 0.058
420 0.079 0.003 0.006 0.004 0.005
600 0.754 0.342 0.343 0.337 0.338
660 0.161 0.003 0.003 <0.001 <0.001
720 6.247 1.590 1.597 1.586 1.593
840 NA 0.073 0.074 0.076 0.078
960 0.026 0.073 0.074 0.069 0.071
1020 0.079 0.002 0.003 0.001 0.001
1080 0.295 0.031 0.030 0.029 0.029
1320 0.126 0.031 0.031 0.033 0.033
1440 1.221 0.285 0.285 0.279 0.279

Table 4.3: Pulsating torque componentd9300 kW notor

* The expected value for the Blz frequency does notepresent the
maximum expected amplitudieit the nominal expected value.

On Table 43 one can notice tha small variation can be fourtaetween the
computed torque for the two data sets. Tdifferencemay be related ttransient
variaions on thesystem (baking machinesmotor or LCI) that @uld be present
due tosmall changes on the operating conditions related to the tests that the motor
must undergo during the test bengl.this pointit is also important to highlight
that for both data set the components correspgrid 120 Hz,240 Hzand 960 Hz
are bigger than the maximum expected ones. Once more an investigation on the
origin of suchmagnitudeshould be considered in future developments.

Regarding the average component of the torque, one can notice that the error
between the expedevalue and the computed values is smaller than 0.5%.

For completenes§,able E3 with the results of the spectral analysis up to 3
kHz can be found on Appendix E.
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4.3.Torque computation for 20000 kWmotor

For the second test bench at CESI a 20000 kW synehsomotor ad the
respective LCI system haween tested undelifferentload conditios. The ones
that will be considered for this thesis are the lo#id (20000 kW) and 75% load
(15000 kw) conditions, both with nominal speed (3600 rpm). The resulthdor
computed pulsating torquweill be discussedn section 4.3.1 and section 4.3.2

4.3.1.Full load (20000 KW) - 3600 rpm

The results for the fulbadtest can be seen éig. 413and Fig. 4.4

Torgue x Time
65 T

L
g ) | | Time [s] | ]

Fig. 4.13: Torquex Time results for 20000W motor- full load

Remark: the figures of this section were obtained from the results of the data
set collected on the momerit8' June 201317:00:07 of the test Table 44 shows
the key results of this data set atgbaof twoothermomens collected on 18 June
2013- 16:00:56 and "18 June 201317:30:12"

Once more, for clarity, Fig. 441shows the results of the computed values
for torque obtained through the VSA method in a smaller time interval and
overlapped. In this figure it is possible to see the good match between the results
computed through the different integral computation @doce. This fact is also
evidenced by Fig. 45, Fig. 416 and Table 4.

On Fig. 4.5 and Fig. 4.6 it is possible to se®ne more timethe expressive
amplitude of the pulsating torque components related to the current harmonics
with respect to the othepulsating componentsAgain two low frequency
components at 33 Hz and 47 Hz should have their origin more deeply investigated
in future developments.
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Fig. 4.15: Spectral analysis of torque result¢SA methal (integral computed by FFT)
- 20000kW motor- full load
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Spectral analysis of torque result - VSA method (integral by trapezoidal rule)
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4.16: Spectralnalysis of torque resultd/SA method (integral@mputed by trapezoidal rule)

Test 1- 18 June 2013
16:00:56

Test 2- 18 June 2013
17:00:07

Test 3- 18 June 2013
17:30:12

VSA - fit |VSA - trapz

VSA - fft | VSA - trapz

VSA - fft | VSA - trapz

Freq [HZz] Torque [KNm] Torque [KNm] Torque [KNm]
0 55.634 55.812 55.813 55.953 55.728 55.859
60 0.114 0.115 0.186 0.192 0.050 0.051
100 0.130 0.119 0.171 0.172 0.213 0.207
120 0.153 0.151 0.191 0.187 0.186 0.201
240 0.103 0.097 0.191 0.199 0.140 0.143
300 0.043 0.046 0.060 0.059 0.064 0.067
360 0.042 0.044 0.047 0.046 0.050 0.050
420 0.009 0.010 0.008 0.009 0.011 0.011
600 0.207 0.206 0.166 0.167 0.219 0.218
660, < 0.001 <0.001 <0.001 < 0.001 0.003 0.004
720 1613 1.622 1.691 1.698 1.716 1.725
840 0.067 0.068 0.084 0.084 0.087 0.090
960 0.062 0.062 0.073 0.075 0.064 0.064
1020, < 0.001 <0.001 0.004 0.005 0.006 0.006
1080 0.035 0.036 0.029 0.029 0.033 0.033
1320 0.030 0.031 0.031 0.030 0.029 0.028
1440 0.249 0.248 0.278 0.278 0.287 0.287

Table 4.4: Pulsating torque component20000 kW motor full load
Politecnico di Milano 92




Measurement Techniques for Air Gaprque Pwation of Synchronous Machinesd-by Adjustable Speed Drive

Table 4.4compares the values found for three different data sets. Since the
full load operation is not one of the operational points required by the client, the
values for the expected maximum amplitude of the components are not available.
However, the expected nmonal value for the O Hz component is estimated to be
54.522 kNmand the error between the expected value and the computed values is
smaller than 2.7%.

For completeness, TabledBwith the results of the spectral analysis up to 3
kHz can be found on AppeixcE.

4.3.2.75% load (15000 KW) - 3600 rpm

The results for th&@5%load test can be seen 6iy. 4.17 and compared, as
done on the previous cases,fg. 4.18.

Torque x Time

w
(=

£, |
B

Fig. 4.17: Torque x Time esults for 20000 kW moter75%load

On Fig. 4.19 and Fig. 20 the pulsating torque components related to the
current harmonicandtwo low frequency components at 20 Hz andH#can be
seen. As on the previous cases, the low frequency compostenitd be more
deeply investigatkin future developments.

Similarly to the previous cases, the expected components of the pulsating
torque are evidenced on Tablé.4This table presents the results found for the
torque computation and the value of the maximum expected amplitude for each
component Once more, an investigation should be considered in future
developments to understand the reasons why the compaoergsponding to 240
Hz and 960 Harebigger than the maximum expected sane
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Torque x Time
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Fig. 4.18: Torque x Tine results for 20000 kW moter75%load- details

Fig. 4.19: Spectral analysis of torque result¢SA method (integral computed by FFT)
- 20000 kW motor 75% load
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