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Abstract

The research is focused on the modelling of a sgjtoage induction generator in dynamic
generation involving ocean-wave energy. The chageplication includes an oscillating
water column fitted with a Wells turbine.

The modelling approach is based on the evaluatioextsting generator models. These
include the equivalent steady-state and dynamicetsoghich are considered from a time-
domain (differential equation) perspective. Sin@nayation is dynamic in nature, model
stability is an important component of model evabra

The evaluated models provide information regardithg electrical and mechanical
operational variables of the generator. Power feowl energy loss between the mechanical
and electrical subsystems are easily calculated these variables.

The wave-energy converter excluding the inductienegator is not explicitly considered.

The generator models are evaluated by considegpga generator inputs which are

representative of the given application. These dyos are reproduced experimentally and in
simulations with a comparison of generator respaikeving for a conclusion on model

performance. Generator inputs include the statttage excitation and turbine torque with
the generator response given by the stator currants rotor velocity. Electrical and

mechanical power are also considered.

Dynamic generation is broken down into two mode®pération: the first mode involves
generation for a constant sea state and the sevodeé involves generator operation for a
change in sea state. The dynamics for the firstemaeblve a set generator speed (set voltage
supply) and a sinusoidal prime-mover torque. Dymanfor the second operating mode are
not well-defined owing to system variations. Siocdy the generator model is considered, an
informative dynamic is tested providing an indioatiof possible model performance. The
tested dynamic involves a sinusoidally-varyingatéitequency and prime-mover torque.

The steady-state model considered from a time-dormparspective is found to be unstable
for all generating slip values and is, thereforgsuitable for the given generation application.

The dynamic model shows good agreement betweernrigy@eal and simulated generator
response for the two operating modes identifieccdnclusion, the model is applicable for a
constant sea state with a wave period of uf.2xs. Furthermore, it is suspected that the
dynamic model is applicable in the case of a changea state. Cases involving magnetic
saturation and parameter variation are left fonreitdevelopment.

The dynamic-model evaluation assumes a balanceddr-stEtage excitation — strange
electrical transients including electrical faulte aot considered.



An important simulation consideration involves theantification of state-variable initial
conditions. Initial rotor currents are problemads these are not easily measured or defined
in a practical squirrel-cage rotor constructioneTitial rotor currents are approximated by a
phasor analysis of the steady-state circuit modete time.

The use of an inverter-based generator excitabothie experimental work poses an analysis
problem owing to the pulse-width-modulation-bas@dtage supply (not truly sinusoidal).
This is solved by considering only the fundamem@inponent of the stator voltage and
current. Second-order low-pass filters are usdddititate such measurements.
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Nomenclature

Nomenclature

» UPPER CASE is used for constant quantities.

* lower case is used for instantaneous (time-varyigugntities.

* 7 denotes a phasor quantity.

* 7 denotes a time-average quantity.

* Vector quantities and matrices are writteraid.

* Where angles are given imechanical radians, the subscriptm will be included.
Otherwise the angle is expressedeinctrical radians. The same applies to angular
velocities inrad.s™1.
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Chapter 1

1 Introduction

1.1 Introduction

The purpose of this work involves the modellingaothree-phase Squirrel-Cage Induction
Generator (SCIG) driven by a Wells turbine in arciging-Water-Column (OWC) Wave-
Energy Converter (WEC). Since the focus is on theegator model, the turbine and WEC
models are not considered. SCIG models are evalulde the given application by
reproducing typical operating conditions.

The modelling of induction machines for both steathte as well as dynamic operating
conditions is well established,p]. Therefore, the purpose of the work is to evauaiese
models considering the given generation applicaflitms is of interest owing to the nature of
the anticipated generator dynamics.

The SCIG model can be broken down into equivalédtecal and mechanical models. The
mechanical model reduces to a typical rotating esgstinvolving applied torque,
friction/windage and moment of inertid,8]. The electrical model comprises an equivalent
circuit model of which two possibilities are considd. These are the equivalent steady-state
and dynamic electrical models presentedli@][ Therefore, two complete SCIG models are
evaluated by combining the above-mentioned eledtand mechanical model components.

The steady-state circuit model as presente@]iis[considered from a phasor perspective. As
its name suggests, it is applicable under steaatg-sbperation. The chosen generation
application is dynamic in nature which challendes application of such a model. However,
the dynamics involved are slowly-varying in natateh that the generator operation may be
considered as quasi-steady-state. Under thesetimorgithe steady-state circuit model may
provide a good approximation of the generator atedtbehaviour. The work presented in
[4] supports the possible use of the steady-statitimodel for this application and is
discussed in more detail later in this chapter. éMderature that supports the possible use of
the steady-state circuit model in slowly-varyingndgnic operation is2]. In this case, the
generator electrical sub-system is considered tio lp@asi-steady-state when the rotor speed
varies slowly over a given electrical excitatiorcleysince the generator electrical response
occurs quickly. This is stated in the context ofv@tage supply which is constant in
amplitude and frequency. Under such conditions, sieady-state torque-speed curve may
approximate induction-machine behaviofy. [

In the proposed research, the steady-state modedomsidered from a time-domain
perspective and not from a frequency-domain (phgserspective. The steady-state circuit
model is relatively simple when compared to theiajant dynamic electrical model which
involves various reference-frame transformatidpg][ The dynamic model does, as its name
suggests, cater for dynamic operation. Both thesgets are evaluated for the given dynamic
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generation condition through a comparison of sitewlaand experimental results where
possible. Model stability is also considered inélraluation process.

This chapter provides some background informatiegarding existing WEC technology
including basic turbine functionality. Consideritige wave-energy application, the feasibility
of a SCIG is also considered. The research prokddhen formalised. This includes:

 The SCIG models being considered

* The means of model evaluation

* The dynamics to be accommodated by the models

» Existing model solutions in the application of OWNECs

The chapter concludes with a breakdown of the neimgichapters/appendices.
1.2 Problem Contextualisation

1.2.1 Why is this research important?

There is an increasing demand for reliable andaswsble (renewable) sources of energy.
This is a result of increasing pressure on nonweabé energy sources owing to increasing
energy demand, environmental degradation and noawable energy depletion. Electricity
generation from wave energy is a possible solution.

WEC modelling is an important part of developingverenergy technology as it represents
the level of understanding of such systems. Thealemodels facilitate the design and
control of the systems which are modelled. Modglllrelps to reduce system uncertainty
which is often a cause of an iterative design/imq@atation process.

The need for developing wave-energy technologyttegewith the usefulness of modelling
gives relevance to task of modelling a SCIG as us&EC systems.

1.2.2 The Nature of Ocean-Wave Energy

Instantaneous
o Average
=
X4
S
1)
3
o
o —\— — — —— —
0 T <
0 . 12
Time (s)

Figure 1.1: Example Wave-Energy Power Profile (péeidfrom p]
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Figure 1.1 gives an example of the power input tBG\converter devices]. The wave

power has a serious oscillating nature and dropsgeally to 0 KW. As a result, there is a
large peak-to-average power ratio.

The oscillating nature of wave power implies theddor some sort of energy storage in
order to achieve power smoothingd,7]. This may be achieved mechanically through the
various inertias of the WEC as well as electric#lipough the use of capacitors.

Another important characteristic of wave energyhis variation in power, even at a fixed
location [B]. Apart from long-term seasonal variation, andrsterm daily (tidal) variation,
the power of the incident waves even varies fromen® wave. The variation as a result of
weather conditions also needs to be mentioned.elasations are considered by designing
for a particular wave climateb]. Variability in wave power requires certain flexity in
WECs in order to allow for maximum power output.isiimvolves variable speed operation
as discussed lates,B).

1.2.3 Existing WEC Technologies
In [6], WECs are classified according to principle oemtion grouping WECs as OWCs,
oscillating bodies and overtopping devices.

The WEC used is dependent, to a large extent, enldbation of the proposed device.
Regarding location, WECs may be further classifisdshoreline, near-shore and offshore
devices §]. Owing to practical and cost considerations, dixgructures are usually near-
shore and shoreline devices. The use of breakvi@teations and the coastline for structural
support is often used to reduce structural costs.

A drawback of near-shore and shoreline WECSs isttietwave power is generally reduced
compared with offshore device§][ The benefit of this is that the WEC structurahthnds
may be reduced as a result of a calmer wave climatetback of offshore devices is that
maintenance is less practical owing to structiagblit and sometimes not even possible due
to sea conditions5]. As a result, offshore WECs require a low-maiatece and high-
durability implementation.

A brief summary of the various WEC types as degdtiin [6] is now presented.

1.2.3.1 OWCs

OWCs may be further subdivided into fixed versusfiing structures where fixed structures
may be isolated or attached to a breakwaprHigure 1.2 illustrates example fixed/isolated
and floating variations of OWCS$]
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Fixed/Isolated Structure

Val / \ Floating Structure — Eurbme &
alve Backward Bent Duct Buoy||G€nerator
2 2| [Tnd Al
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Air ¥ |Z E_ Generator | “Flow”
/ ) -
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i Water Wave'
Column | Propagation
Wave Oscillating _ L
Propagation L— Water | e s
N E Column
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Figure 1.2: Two Possible Variations in OWCs (cresstion) — adapted frong][

The OWC may be considered as some chamber-fornmncfsre which is open at both ends.
The lower end of the chamber is submerged in tleamaevith the upper end open to the air.
An intermediate air chamber is thus formed. Theyinar water level at the lower chamber
end forms the oscillating water column which depslaa varying air pressure gradient
between the air chamber and the atmosphere oulgeresulting air flow is used to drive

an air turbine. It is important to note that theflaw is reciprocating in nature and, therefore,
a self-rectifying turbine is require®][ Relief valves may be present in the OWC struectur
for protection against excessive excitation (staonditions) as well as to facilitate turbine

air-flow control.

Demonstrated power ratings of standard fixed/isdlaOWCs lie in the range &0 —
500 kW [6].

1.2.3.2 Oscillating Bodies

Oscillating bodies may be further classified asatilag or submerged devices generating
electrical energy either through translational @ational motion §]. Floating variations of
oscillating-body WECs are given in figure 1.3 whidlustrates the translational and
rotational actions of wave-energy conversiép [

Translational Device

/IFlaaterE o I\ Rotational Device

Hydraugc Rams

«—
Rotation Around Hinge Rotation Around Hinge

| .

2 | Relative | e

B &| Oscillating wave Y —p77 1 | L T
5 “| Motion Propagation

—>

Damper Plate
[

T

Figure 1.3: Floating Variation of Oscillating-BodyECs —Translational and Rotational
Devices (side-view)
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Translational devices are typically vertically otiated. The structure depicted on the left of
figure 1.3 is known as the PowerBudj.[A disc-shaped floater moves in heave with the
incident waves relative to a stationary cylindrishaft. The shaft is held stationary by a large
damper plate at its bottom-most end which incretisegffective inertia of the shaft through
the inclusion of the mass of the water above thepda plate. The relative floater-shaft
motion activates a hydraulic system which, in tamyes an electrical generator.

The rotational device depicted on the right of fgd.3 is known as the Pelam8j.[Figure
1.3 shows two of the four cylindrical elements aged in a linear fashion to form the
complete structure. The Pelamis is orientated melipalar to the crest of the incoming
waves which induces a vertical rotational motiorth&f elements about the hinged joints. The
relative motion between adjacent elements activiayesaulic rams which force oil through
hydraulic motors. The motors, in turn, drive el@e generators.

Achieved power ratings of the PowerBuoy and Pelamie 150 kW and 750 kW
respectively ¢]. Oscillating bodies typically activate hydraugstems which run hydraulic
motors or hydraulic turbine$]. These, in turn, drive rotational electrical gexters. The use
of hydraulic systems allows for a certain amounteofergy storage and, thus, power
smoothing §]. Some translational devices also directly drinear generators].

1.2.3.3 Overtopping Devices

Overtopping devices may also be categorised asl fsesus floating structure$][ The
principle of operation is practically the same lath classifications. The basic components
of a floating overtopping device are given in figur.4 p].

Wave 06‘0&
Propagation NS
pag Q&

Reservoir

Figure 1.4: Layout of Floating Overtopping Devi¢esp view) — adapted fron®]

Overtopping devices make use of the potential gnstgred in ocean waves to generate
electrical energyf]. Collecting reflectors "catch" incident waves aicect them towards a

central ramp. The waves progress over the ramgrdada reservoir which stores water at a
level higher than the surrounding ocean water. fdservoir water has potential energy
relative to the surrounding water. This potentiaérgy is eventually converted to electrical
energy as the reservoir is emptied into the sudmgnhocean through a hydraulic turbine.
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The purpose of the reflectors is also to concemttaé wave potential energy as a certain
wave height is required in order to fill the res@ryvin this way, the energy of smaller waves
can be "summed" to produce a sufficiently large evas opposed to "losing” smaller wave
energies.

A particularly attractive feature of overtoppingvaees is the power smoothing that may be
achieved through the use of large reservoirs waithd energy storagé][

1.2.3.4 Final Remarks

The WEC of choice is the OWC since it is one of there promising WECs8[9,10].
Therefore, the generator input dynamics associaidid this WEC (which is likely to be
different compared with the other WECSs) are consideThis is discussed in more detalil
when the research question is formalised. Basethignchoice of WEC, possible turbine
technologies are now briefly reviewed together \lith feasibility of a SCIG.

1.2.4 Turbine Solutions for an OWC WEC

It has already been mentioned that a self-rectjfyim turbine is required to accommodate the
reciprocating air flow of the OWC WE®]| Possible solutions include the Wells turbine and
impulse turbine as illustrated in figure 161[1].

Wells Turbine Impulse Turbine
ey N
Z IS YT/
Air Flow % \% % v %
; - A E \ v /
=\ < N .
- Rotor O~ \\ v /
Leadi % Blades T'Xl' Guid
eading Guide railing Guide
Vanes Vanes

Figure 1.5: Side View of Wells and Impulse Turbiséswing Blade/Vane Configuration —
adapted from@,11]

The Wells turbine functions with the air flow alotige rotor axis and consists of zero-pitch
rotor blades as well as leading and trailing rgioide vanes. The leading vanes are included
to improve turbine efficiency and stalling charaistiec whereas the trailing vanes allow for
turbine self-startingl1]. The Wells turbine, as shown in figure 1.5, isnsyetrical about the
vertical axis as required by the reciprocatinglaiv [ 10].
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Fixed-pitch turbines should be considered for tv@@WEC in order to satisfy the need for
a low-maintenance implementatio®12]. Variable pitch turbines have increased mechanica
(frictional) wearing and, therefore, increased rexance and associated costs. A basic
comparison between the fixed-pitch Wells and theulse turbines is presented ih2]
where these turbines (with similar specificatioasg tested under similar conditions of
unidirectional steady flow. Turbine efficiency afuaction of flow coefficient modified from
[12] is given in figure 1.6. Typical maximum Wells kime efficiencies are in the range of

50 — 65 % [5).

—— Wells Turbine

~
T

-------- Impulse Turbine

Efficiency (%)
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e
|

0
0 0.25 0.75
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Figure 1.6: Wells Turbine and Impulse Turbine Béicy versus Flow Coefficient — adapted
from [12]

Flow coefficient is the ratio of the air speed tngb the turbine over the turbine tip spedd [
Figure 1.6 shows that the Wells turbine has a higheximum efficiency but for a relatively
small range of flow coefficien. High flow coefficients results from a large dow rate and

a relatively low turbine tip speed. In such caghs, Wells turbine stalls resulting in poor
turbine efficiency p]. The impulse turbine, on the other hand, hasasetamaximum turbine
efficiency but for a larger range of flow coeffiotevalues. The impulse turbine achieves this
consistency owing to the absence of aerodynamlimsta

Turbines used in OWC WECs have speeds in the rahg®0 — 1500 rpm with Wells
turbines operating at the higher end of the spaade and impulse turbines operating at the
lower end $,6,12]. This means that Wells turbines can be directbupted to their
corresponding electrical generator (of similar speating) whereas impulse turbines will
require the use of a gearbok?]. Therefore, Wells turbines have a distinct adagetin
terms of simplicity, maintenance and cost. A pdss#titernative for the impulse turbine is to
use a generator with a lower operating speed. Hekyglhrese generators are more expensive
owing to the increased pole coull.[The higher operating speed of the Wells turlaiss
allows for a certain amount of power smoothing tigto the flywheel effectq].
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As previously stated, the Wells turbine is the inebconsidered for use in an OWC WEC
owing to its popularity 10]. It is important for the rotational speed of Mlls turbine to be
controlled in some way so as to achieve a flow fomeht associated with better efficiency
[5,8]. This will make the Wells turbine useful overaader range of sea states.

1.2.4.1 System Control Considerations

An important system requirement is the need todawibine aerodynamic stalling and the
corresponding poor turbine efficiency at high fleeefficient values. This is achieved by
allowing for increased turbine speed during verygitexi sea state,B]. For a given sea
state, the turbine speed is kept at a certain valwd that the fluctuating flow coefficient
(which varies with the fluctuating air flow) avoi@d&rodynamic stalling. In other words, the
flow co-efficient fluctuates between zero and sonaimum value where maximum turbine
efficiency is achieved just before stalling occunsthis way, the turbine speed should change
as the sea-state changes. For sea states witreadowrgy content the same principle applies
except the operating speed should be decreasesitsg@eevent the turbine from continuously
operating with a low flow coefficieng].

This paradigm of system control is important whensidering the generator dynamics to be
tested.

1.2.5 The SCIG as a Generator Solution for an OWC WEC

A comparative analysis regarding the selectionrofppropriate generator in the case of an
offshore OWC WEC is presented i).[ Four possible generators are considered anddecl
the SCIG, the Doubly-Fed Induction Generator (DFI@&)e Field-Wound Synchronous
Generator (FWSG) and the Permanent-Magnet SynchsorGenerator (PMSG). The
generators are compared on the basis of offshaability, electrical grid requirements, cost
and energy efficiency. Important factors in theesgbn of an appropriate generator are now
highlighted based on the analysis presente8]inThis is done with the intention of showing
the feasibility of the SCIG for the given applicati

1.2.5.1 Offshore Durability

Owing to the isolated nature of offshore OWC WEE€svall as the difficulty associated with
their maintenance, it is desired that as little ntenance be required as possitidg This is
where brushed generators suffer a serious disaalyanturthermore, brush durability is
compromised by factors such as varying power maid high humidity level$]. Brushed
generators require operation close to their ratedent level to avoid poor brush
performance. However, the power profile given gufie 1.1 indicates that this requirement is
not generally met in OWC WECs. The generator of GWC WEC is also likely to be
ventilated by air with high humidity levels. Thissults in further complications.

Another important consideration is the mechanidhfration and shock resulting from the
heaving motion of the OWC structure (which may lbé@egsevere in storm conditions]]
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Benefits are observed in generators with higher ggeta-mass ratios from both an initial
structural-cost perspective as well as a maintemgmerspective. Here, the synchronous
generators have an advantage However, PMSGs require special considerationngwb
the brittle nature of their permanent magnets.

The corrosive nature of sea air poses a problerticplarly for permanent-magnet-based
generatorsq]. Permanent-magnet contact with corrosive ainksly to occur through the
ventilation process. Therefore, corrosion-resisf@rimanent-magnets or protective coatings
are requiredq).

Owing to the absence of conducting brushes and gregnt magnets, the squirrel-cage
induction machine is well suited for generatiommOWC WEC.

1.2.5.2 Electrical Grid Requirements

Important grid specifications from a generator pecsive include flicker (the presence of
low-frequency voltage components), voltage disbortinon-sinusoidal voltage), voltage
limits (requirements on the voltage amplitude),ctiv® power requirements (the ability to
supply reactive power), fault ride-through (thelipiof the generator to continue operation
through grid-side faults) and power ramp ratesitétions on the rate of change of active
power supplied by the generatds).|

The above-mentioned grid requirements are easily impower converters are used to
interface the generator with the griel.[ Such devices separate the generator and grid suc
that each may operate at a different voltage aogdiand frequency. The intermediate Direct
Current (DC) bus capacitors also allow for limitedergy storage. The "separation” of the
generator and electrical grid together with theac#pr energy storage helps to meet the grid
requirements. The capacitive energy storage iscpéatly important for reactive power
supply, fault-ride through and steady power supply.

In the case of a DFIG, the rotor windings are satear from the grid by a power converter;

however, the stator windings are grid-tied]. [Owing to the nature of wave energy (figure

1.1) and the absence or reduced use of power @hcirbetween the generator and the grid,
a DFIG may perform poorly as a generator in OWC WEIhe SCIG, FWSG and PMSG are

all completely interfaced with the grid through paveonverters and may be better solutions
for use in OWC WECS].

Owing to the power-converter interface of the S@lith the electrical grid, the SCIG is able
to meet the above-mentioned grid requirements. Assalt, a SCIG implementation is well
suited for use in an OWC WEC.

1.2.5.3 Cost
The variable power of ocean waves for different siades coupled with the need to avoid
turbine aerodynamic stalling for improved turbin@ceency results in a requirement for
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variable-speed operatiod,8]. This, together with the above-mentioned griduisgments
implies the use of power electronics in interfacing generator with the gri®d][ Therefore,
the cost associated with power converters is censid as unavoidable. WEC costs are
broken down into capital and running co$Sp |

In [5], capital costs in 2009 for a generator deviceda&t500 kW are given. These figures
state the machine cost associated with the SCIGrenBWSG as being approximately equal
and the PMSG and DFIG being approximatelyyand2 times as expensive respectively. The

cost of the power electronics for the SCIG, FWS@ BMSG are the same (ratedl@d %

of rated plant power) whereas the DFIG power ebaitss cost is reduced by approximately
70 % as a result of the reduced power rating (ratedpgtroximately30 % of rated plant
power). Total generator capital costs are listetbvberelative to the cost of a DFIG
implementation %:

DFIG 100 %
SCIG 112 %
FWSG113 %

PMSG121 %

Running costs associated with maintenance are fisigmily higher for generators with
brushes. Other mechanical maintenance includingrigeaeplacement as well as electrical
maintenance of complicated power electronic devatesuld be considered][ Electrical
maintenance is required as the various electroomoponents also have limited lifespan
which may be determined by such things as contiswmerating point, continuous operating
temperature, overloading incidents and switchiegdiency 7).

From the above cost-based perspective, there ishwious advantage or disadvantage
regarding a SCIG-based implementation.

1.2.5.4 Energy Efficiency

In order to allow for good energy harvesting oveiaage of sea states, variable generator
speed operation is desireald]. As previously mentioned, this is made possibl®ugh the
use of power converters which interface the genesatvith the electrical grid while
satisfying the grid requirements]|

General conclusions can be made regarding compPMt€ WEC system efficiency based on
the use of different generator technologies and th@wver convertersy). Firstly, a fixed-

speed SCIG connected directly to the grid can &ehgmod system efficiency if the desired
system speed is close to the generator synchrospeed. A contributing factor is the
elimination of power-converter-associated lossesweéler, the system performance is

10
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reduced as the desired system speed varies withgiclta sea state. At higher system
excitation, the DFIG has the best efficiency owitty the lower losses in the power
electronics with reduced power rating. The generegochnologies (with power electronics)
may be generally listed as the DFIG, PMSG, FWSG &adG in order of decreasing
efficiency.

From an efficiency perspective, a SCIG-based implaation is at a disadvantage.

1.2.5.5 Final Remarks

There appears to be no outright optimal generattrtisn in generating electricity in an
OWC WEC. This is not the purpose of the above aisilyhe idea is to show the possible
feasibility of the SCIG in an OWC WEC. From the waboanalysis, there is no serious
contradiction to the application of the SCIG. ThE€IS is actually well suited to given
generation environment:

* Animportant generator requirement in an OWC WE®vs maintenance and, therefore,
good reliability and durability. In this regard tB€IG is suitable as its construction does
not include conducting brushes or permanent magnets

« From a grid-requirement perspective, the SCIG i @b meet the various grid
specifications provided it is connected to the grala power converter.

* The use of a power converter to control the SCI®aal for a variable-speed operation.
In this way, the generator set is able to cateafaange of sea states.

1.3 Research Problem

The fundamental research problem involves the nhadelof a SCIG. The operating

dynamics to be accommodated by the model(s) amdbas electrical and mechanical input
dynamics that may be expected in electricity gdim@rafrom ocean-wave energy. More
specifically, an OWC WEC fitted with a Wells turkimnvhich drives the electrical generator is
assumed. This is illustrated in figure 1.7 whickoashows the system power flow.

Wave Oscillating Water Column Pneumatic .
Energy_> (OWC) Eneray —p| Wells Turbine
Mechanical Energy
Electrical Grid <_Electrlcal_ Power Converter <_Electrlcal_ SCIG
Energy Energy

Figure 1.7: WEC Power Flow

The research question is stated W#at existing models are applicable considering the
dynamic nature of the generation application?

11
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Only the SCIG model is considered in this work. Tileer system components are implied
through the inclusion of particular generation dwes for the chosen application. As stated
in the research question, the generator modellpgyaach is based on evaluating existing
squirrel-cage induction machine models.

1.3.1 What models are considered?

As previously mentioned, the generator model ikénodown into equivalent electrical and
mechanical components. The mechanical model redt@es rotating system involving
applied torque, friction/windage and rotor momerit imertia [1,3]. For the electrical
component, two models are considered.

The first electrical model is the per-phase stestdye equivalent circuit model expressed in
terms of machine variable4,p]. This model assumes balanced steady-state operais
such it is typically analysed from a phasor/frequyebased approacl?]l Regarding the
research problem which involves dynamic generatibe,given model is evaluated from a
differential-equation/time-based perspective. Thisdiscussed further in the context of
existing work in generator modelling for the givapplication. Included in this discussion is
the applicability of a steady-state model to dyrageneration.

The other electrical model is the equivalent dyrtamodel referred to the arbitrary reference
frame with the variables expressed in terms of "gd@mponents J]. This model is a
differential-equation/time-based model and is asedlyas such. In this model, steady-state
simplifying assumptions are not made. Thereforis, ieferred to as the dynamic model.

1.3.2 How are the models evaluated?

Model evaluation is a two-step process. The fitep anvolves evaluating model stability
which is important for dynamic operation. The setatep involves a comparison of
experimental and simulation results. If a modefosnd to be unsuitable based on model
stability, the second step is not required.

The comparison of experimental and simulation tesid based on expected generator
operation for the given application. Particularuhgynamics are considered which include
the stator voltage (amplitude and frequency) as ageprime-mover (Wells turbine) torque.
Model suitability is based on a comparison of ekxpental and simulated generator response
as given by the stator currents. The rotor spesgorese is also used where possible;
however, a comparison of stator currents is suaficito determine model suitability. A
detailed discussion regarding this sufficiency dbond is given in chapter 5. Generator
electrical and mechanical power provides a diffengerspective in model evaluation. A
suitable SCIG model would produce a generator mespdhat is comparable with the
practical response.

12
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1.3.3 Typical Generator Operation
As previously mentioned, poor turbine efficiencys@gated with very low and very high
(aerodynamic stalling) flow coefficients shoulddeided b,8]. This can be achieved in two

ways Bl

* Regulation of air flow through the use of an awflealve.
» Decreasel/increase in turbine speed.

As presented ing], the variable-speed approach has a faster respaith regards to
avoiding aerodynamic stall, allows for a higher powutput for a given sea state and may
also result in power smoothing. However, the usaroéirflow valve (for example, the relief
valve in figure 1.2) allows for the control of theverage power output. Therefore, a
combination of the two approaches may produce ¢isé tesult.

Based on the need to maximise turbine efficieneyegation can be broken down into two
modes of operation:

1. The first mode involves normal operation where ghistem has already adjusted to the
given sea state. In this mode, any valve functiod speed change will have already
been completed. The pulsating wave power drivesSIGéG via the air-chamber and
Wells turbine.

2. The second mode of operation involves the WEC mspan an attempt to avoid poor
turbine efficiency as a consequence of a transitioa different sea state. As previously
mentioned, this may include some combination ofeand speed control. This mode is
a transition mode between two consecutive operatorglitions (for two different sea
states) as defined by mode 1 above.

The above-mentioned modes of operation are usedkfioe the dynamics for generator
model evaluation. These modes are now discussethdre detail together with their
consideration in model evaluation. For simplicitjyear wave theory is assumed which
approximates ocean waves as sinusoids with a pktigvave amplitude and wave period

[8].

1.3.3.1 SCIG Operation for a Constant Sea State

In this case, valve position and generator spesdhban set and the pulsating wave power is
absorbed by the WEC without turbine stallifig8[9]. A set generator speed implies a stator
voltage supply that is constant in amplitude arediency 2,5]. The turbine torque and
mechanical power output is approximately sinusoidahature $,8,9]. Owing to turbine
rectification, two turbine torque/power oscillataccur for each wave period 9].

The pulsating turbine torque produces a pulsatimgine/generator speed as a result of the
generator slip required to produce an opposingreleagnetic torque. The turbine attempts
to drive the generator faster than the set syncu®welocity while the generator applies a

13
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reactive torque so as to bring the rotor speed dawkn towards synchronous velocity. Since
induction machines usually operate at low slip gaJuany speed variation is not expected to
be very large 3]. This is a consequence of a steep machine tasgeed curve near
synchronous velocityl].

The generator speed and torque oscillations asudt ref the pulsating turbine mechanical
power will depend on the corresponding torque-spregde for the given voltage amplitude
and frequencyd]. These oscillations may be reduced by a largeesysnertia as a result of
the flywheel effect which would function in redugithe oscillations in generator powét. [

The worst fluctuation in generator power for a gi\eea state would be an oscillating power
ranging from light generation to rated generati®f][ This would be typical of systems with
small inertias where the generator electromagnietique and system speed would be
synchronised with the input prime-mover torque lasws in P]. In some cases, the SCIG
may even operate as a motor during the cyclicwatsrof low turbine power outpub];

Typical sinusoidal wave periods range fr@&s — 10 s [5,9,13]. As previously mentioned,
two turbine torque/power oscillations occur for leawave period. Therefore, expected

power/torque dynamics would be sinusoidal with agaeof4 s — 5 s.

1.3.3.2 SCIG Operation for a Change in Sea State

Generator input dynamics should also be considereithe WEC response to a change in sea
state as the system moves to a new operating fmimhaximum turbine efficiency. This
would include decreasing/increasing generator sgeedow/high-excitation sea states as
previously describeds5[8]. Characterising the dynamic generator inputstter purposes of
this research is more difficult than in the prewaase. This is because the WEC response to
a change in system speed is not exactly known witlexplicitly considering all system
components. Different dynamic generator inputs @dé a consequence of:

» Different combinations of valve-position and generapeed control.

» Different system transition times in combination ttwidifferent system inertias.
Transition times may also be a function of limitiognditions such as limits on stator
current [L3].

* The presence/absence of turbine stalling togetlitartthve point in time during which the
transition is initiated.

Therefore, SCIG model evaluation will not considetual dynamic inputs in response to a
change in sea state. Instead, an informative ygtleidynamic case is considered which may
form the basis for future development.

1.3.3.2.1 Input Dynamics Considered
A desired change in system speed would be initiddgdthe corresponding change in
generator electrical excitation (voltage amplituated frequency). Constant volts-per-hertz

14
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generator control is assumed where a change in speed is brought about by a change in
stator electrical frequency]l The magnitude of stator supply voltage is alsgutated so as
to avoid magnetic saturation.

A change in system speed is not required to bectefée very quickly. This is because a
change in sea state is not likely to occur verygdently — certainly not at the wave
frequency. For the purpose of model evaluation, irruseidally-varying rotor speed
(excitation frequency) is assumed where the sdasstary between low- and highly-excited
conditions continuously.

The resulting turbine torque as observed by theeigdor is assumed to be sinusoidal for
simplicity.

1.3.3.3 Final Remarks

SCIG operation for a constant sea state involvaeady-state voltage supply and a dynamic
prime-mover mechanical torque. In the case of anghan sea state, both electrical and
mechanical generator inputs are dynamic in nature.

Only these two cases are considered in the evaftuatfi SCIG modelling. Generator
operation involving system start-up/shutdown is monsidered and is left for future
development. Inclusion of the complete WEC systeould facilitate this investigation as
well as a conclusive investigation into WEC resmottsa change in sea state. This is also left
for future development.

1.3.4 Existing SCIG Model Solutions for an OWC WEC

In order to place this research into context wehkpect to existing work in the field OWC
WECSs, the use of existing induction generator m®deinow considered. The focus here is
on electrical-component modelling.

1.3.4.1 Per-Phase Steady-State Equivalent Circuit Model

The work presented id] is concerned with reducing the fluctuation in geted power
which is typical of the wave-energy problem assiliated in figure 1.1. The work assumes an
OWC WEC fitted with an impulse turbine which drivas induction generator. The effect of
increasing system inertia together with differemberator parameters is observed.

In this analysis, the per-phase steady-state elgmivacircuit model is assumed for the
induction generator. This is because the wave gaind the period at which the sea state
varies are both large compared with the generddotrecal responsed]. As presented inZ],

the model is used from a phasor (frequency-donmngpective. At any given point in time,
voltage and current signals are represented by toeiesponding RMS equivalents which
allows for the calculation of a "varying" averagengr. The chosen mechanical model is the
typical model used for a rotational system as nesly described.
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Based on this approach, the only system dynamisate considered are the mechanical
dynamics as given by the mechanical system diffedeaquation. The electrical system is
evaluated by a simple phasor calculation (no difféal equations) based on the variables for
the given time-step.

The approach of the proposed research involvesemmghting the given steady-state circuit
model from a time-based/differential-equation pective so as to consider the electrical
dynamics of the corresponding circuit model. Thauwation of instantaneous-time voltage
and current waveforms is desirable for dynamic gaman conditions so that generator
transients may be observed — this is not possilitle avphasor approach. The time-based
approach would also allow for the calculation cdtamtaneous per-phase power as opposed
to just an average power which is the case for ghasor approach. Knowledge of
instantaneous per-phase powers allows for the legilon of instantaneous total power and
instantaneous electromagnetic torque as opposealvécage quantities using the phasor
approach.

1.3.4.2 Equivalent Dynamic Circuit Model

The purpose of the research 8 is to establish the improvement in WEC output poas a
result of avoiding Wells turbine stalling in theseaof an OWC WEC. The research considers
the effect of turbine speed control as well adairfcontrol achieved through valve action.
The work assumes a DFIG.

In generating the various simulation results, tipgivealent dynamic model expressed in terms
of "qd0" components is assumed. This is the sametralal model to be evaluated in the
proposed research. I18][ the electrical model is used in simulating tHectical power
output of the WEC. In the proposed research, thdainsuitability is not assumed and is
evaluated by considering generator response agpsdy described.

The analysis in§] also assumes a typical mechanical model forirgeatystems.

1.3.4.3 Final Remarks

An important difference between the proposed reseproblem and the work presented in
[4,8] is that the research problem does not assumesthef the generator models adopted in
[4,8]. Instead, experimental and simulated generatepamrses are compared for model
evaluation so as to allow for a conclusion regaydimodel applicability considering the given

generation application. Furthermore, a comparisbrmodel performance is desirable if

possible.

It is desired for time-instantaneous generatoraldeis (such as stator voltage and current) to
be modelled. An instantaneous-time approach alldes a direct comparison of
model/simulation results with experimental results.
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The steady-state circuit model is tested for a cdsynamic generation. In order to model
dynamic operation, the model is considered from iraetbased/differential-equation
perspective. As presented ii,[the model may be implemented from a phasor petspe
and evaluated at each point in time; however, tbdehdynamics are not considered in such
an analysis. Therefore, the model is not evaluatét this approach together with the
reasons given in section 1.3.4.1 — the phasor approf f] is not a true instantaneous-time
approach.

1.4 Dissertation Breakdown
The remainder of the dissertation is broken dowfokbsws:

» Chapter 2 presents the SCIG electrical and mecalamodels to be evaluated together
with the means of approximating the various initi@hditions for simulation purposes.

* Chapter 3 reveals the experimental and measuresetup used in establishing the
experimental generator response — the use of gvkased generator excitation as well
as the effect of experimental scaling is discussed.

* Chapter 4 documents the parameters of the expei@an8€IG to be used in the model
simulations while highlighting the parameterisatpocess.

» Chapter 5 presents an evaluation of the given S@d@els for dynamic generation. This
evaluation is based on model stability and a comparof experimental and simulation
test results. The effect of an inverter-based gdoersupply as opposed to a truly
sinusoidal supply is also observed.

 Chapter 6 concludes on the work presented in tlisedation with a focus on the
modelling of a SCIG given the dynamics of an OWCGVE

* Appendix A highlights basic induction-machine ceustion and operation.

* Appendix B is a summary of the development of tipeivealent dynamic circuit model.

* Appendix C details the measurement system designiraplementation including the
measurement circuit layout and equipment list.

* Appendix D details the measurement system caliati
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The Modelling of a SCIG

2 The Modelling of a SCIG

2.1 Introduction

The purpose of this chapter is to present the nsoodmtsidered for modelling a squirrel-cage
induction machine operating in quasi-steady-staeegation. To facilitate understanding,
basic induction machine construction and operat®rhighlighted in appendix A. This
includes important concepts such as the rotatinggag magnetic field, electrical versus
mechanical units of space and time, basic windimgngement, rotor slip and the steady-
state torque-speed curve.

The electrical-component models considered in ¢thiapter include the per-phase steady-
state equivalent circuit model as well as the emaivt dynamic circuit modell[2]. The
steady-state model is presented first as it istmg@ler more-intuitive of the two models. The
dynamic model generalised to the arbitrary refezefitame is then presented. Modelling
assumptions/simplifications are identified for battodels as appropriate. An important
consideration is the quantification of magneticeclmss.

The development of dynamic circuit model includitgyreference-frame transformations is
summarised in appendix B[

Once the mechanical model is presented, the overadkels are discussed with consideration
given to model simulation. Model non-linearity apdssible time variability is revealed;
these are also important characteristics for metiddility evaluation presented in chapter 5.
Important initial conditions are identified togetheith their quantification. Of particular
importance are the rotor currents which are notlyedefined/measured in a squirrel-cage
rotor construction.

2.2 Electrical Component Models

2.2.1 Model Assumptions

The dynamic circuit model is a generic inductionchine model whereas the steady-state
circuit model assumes short-circuited rotor windingnd, therefore, directly models a
squirrel-cage induction machinel,2]. Both models are based on the assumption of
sinusoidally-distributed rotor and stator windirgs well as a magnetically linear machine
where no magnetic saturation occug$. [For simplicity and circuit model symmetry, the
dynamic model and its steady-state equivalent assansymmetrical induction machine
where the corresponding parameters of all thresgshésuch as stator winding resistance) are
identical pJ.

For ideal machine operation, it is desired that tree-phase excitation is balancdd. [
However, this is only an assumption of the steadtescircuit model derivatior®].
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Chapter 2

2.2.2 Per-Phase Steady-State Equivalent Circuit Model

The per-phase steady-state equivalent circuit motial three-phase squirrel-cage induction
machine is now presented as a summarylpfJteady-state operation is such that the stator
voltage excitation is balanced and constant in dogd and frequency; the mechanical
torque applied to the rotor by a prime-mover/loadlso constan?]. As a result, the stator
current is balanced and constant in amplitude aaduency and the rotor speed is also
constant. From a machine operation perspectivepoird in time is simply a time-shifted
representation of any other point in time.

The circuit model is given in figure 2.1][

v is the per-phase stator excitation voltage

* i is the per-phase stator current

* R, is the per-phase stator winding resistance

* L is the per-phase stator-winding leakage inductance

* i, is the per-phase stator magnetising current

* L, is the per-phase stator magnetising inductance

* e, is the per-phase stator winding induced voltage

» ¢’ is the per-phase rotor induced voltagéut referred to the stator
» i, is the per-phase rotor curre@ptbut referred to the stator

» L', is the per-phase rotor leakage inductabgcéout referred to the stator
* R', is the per-phase rotor resistamebut referred to the stator

s is the rotor slip as defined in equation A.2 opapdix A. The rotor equivalent circuit
model is arranged so as to operate at stator fregyg, thus, allowing for connection with
the stator equivalent circuit model]] The rotor quantities are also transformed tdosta
equivalent quantities (regarding magnitude) throtigthstator-rotor turns ratio

The rotor effective resistanc—Rér can be broken down into two part®’, and@ as

shown in figure 2.1. The first resistance componast mentioned above, represents the
actual per-phase rotor resistance. The secondtaesés component is dependent on the
operating slip of the induction machine and, themefaccounts for the energy transferred to
(positive resistance value for motoring) or recdifieom (negative resistance value for
generating) the mechanical system. The magnetie lmss is not included in the circuit

model of figure 2.1. A discussion on modelling meaigncore loss is given in section 2.2.5.
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|
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: —aPRy(1-s)/s
STATOR | ROTOR
AIR GAP

Figure 2.1: Per-Phase Steady-State Equivalent iCvtadel of a Squirrel-Cage Induction
Machine — adapted froni ]

2.2.2.1 Power Flow in a Squirrel-Cage Induction Machine
For steady-state motor operation, the relationsleippveen the power transferred across the
air gap (from the stator to the rot@r),, the power dissipated in the rotor resistapge and

the mechanical power developeg.., is given by the ratiol]]

%:m:pmech = 1:5:1_5 (21)

For motoring action, friction and windage lossee atill to be subtracted from,.cx,
whereas, in generatiop,,.., iS the mechanical input to the generator alreamhsidering
these losses. Noting thak,.., ands are negative for generation, equation 2.1 mayebe r
written as

m:m:@zl:i:i (2.2)
From equation 2.2p,, is negative andy, is positive during generating as expected. It is
observed from equation 2.1 and equation 2.2 thatimlduction machine operates more
efficiently (in terms of rotor resistive loss) asrtor/generator at lower values of slifj.[
However, maximum efficiency does not imply maximgenerated power. The relationship
of equation 2.2 is illustrated in figure 2.2 whéihe SCIG is more efficient for lower values
of rotor slip.
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Figure 2.2: Power Flow across the Air-Gap of a SCIG

Steady-state power flow in a SCIG is presentedguaré 2.3 [L]. The only difference that
applies for motoring action is that power flowsnrahe electrical systenpf,..) to the

mechanical systenpf,qs¢)-

Friction and Rotor Magnetic-  Stator Magnetic-
Windage Loss Core Loss Core Loss

T Prmech T Pag T
i '

Rotor-Resistance  Stator-Resistance
Loss (prr) Loss
Figure 2.3: Steady-State Power Flow in a SCIG -ptthfrom [L]

Pin = Pshaft > Pout = Pelec

2.2.2.2 Electromagnetic Torque

Variables linking the electrical and mechanical poments include the electromagnetic
torque applied to the rotor by the rotating magnéield t, as well as the associated
transferred powep,,..,. The model convention adopted assumes a drivingu&o with
electro-mechanical power flow to the rotor as pesit(motoring action). The per-phase
electromagnetic torque exerted on the rotor isrga® [L]

1ir.2
Rirlly (2.3)

WsynmS

Tepp =

Where wsynm (rad.s™1) is the mechanical synchronous velocity (velocifytle rotating
magnetic field) relative to the stator expresseflps

__ 2mngyn 47T_fs (24)

w =
synm 60 P
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nsyn IS the synchronous velocity expressedryim and P is the machine magnetic-pole
count.

The total electromagnetic torque, is found by adding all of the per-phase torque
components. The corresponding power flow betweea #hectrical and mechanical
subsystems isl]

Pmech = TeWrsm (2.5)

wysm (rad.s™1) is the mechanical rotor velocity relative to thatesr where the positive
direction of rotation is given by the rotating gap magnetic field.

In a balanced three-phase system at steady-sw@at®otidl instantaneous electrical power is
constant and equal to the sum of the per-phasegegrowers (which are equal).[As a
result, the total instantaneous mechanical toraueepower developed by the magnetic field
is also constantl].

2.2.2.3 State-Space Representation

The steady-state circuit model is used in the odantd dynamic (quasi-steady-state)
generation and is considered from a state-spacgp@etive. The per-phase steady-state
model of figure 2.1 may be written in state-spawenfas

RSL’lr+LMRS LyR!y

dis 0 ~bis . Lty

dt lg Dy

dim RSL’lr LisRlr i Ly

dt 0 Dqs tm| + D4 Us (2-6)

d;’tr LMR5 g — LsRirtiyRir Ly ;_M

Dis 1
where
_ ’ ’

Dl - LlsL lr + LML lr + LMLls (2-7)

andt is time. It is observed that none of the derivegiwf the state variables are dependent
on the magnetising current state variatle Therefore, the third-order state-space model of
equation 2.7 may be reduced to a second model:

dis RsL/y+LyRs LyR!y ] Liy+ly
s _ _ i 5
dt S
it — D1 Dis S+ k2 (2.8)
airy __LyRs _ LigRretLyRry | |0, Lm
dt D Dys D,
with
Iy =is—1' (2.9)

From figure 2.1, it is observed that the circuitdabhas three currents with each current
flowing in a modelled inductor. Since each induatpresents an energy storage element, a
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third-order state-space model such as that givesggtion 2.6 might be expected. However,
the three currents are related by Kirchhoff's Qurreaw shown in equation 2.9 which
implies that if two currents are known, the thindeas automatically known. Therefore, the
third-order state-space model may be reduced tecansl-order one with the third current
found by Kirchhoff's Current Law. This is supporied3] (page 232) where the system state
variables are defined abe smallest number of states that are requiredléscribe the
dynamic nature of the system

The concept of rotor slip and synchronous veloicitylies a three-phase sinusoidal electrical
excitation with a common excitation frequency. Rartnore, the model assumes a non-zero
rotor slips.

2.2.3 Equivalent Dynamic Circuit Model
The equivalent dynamic circuit model is now presdr[R]. The model is expressed in terms
of the arbitrary reference-frame where substitutiddrnthe corresponding angular velocity
determines the chosen reference frame.

Development of the arbitrary-reference-frame-basemtiel using general reference-frame
theory is detailed ing. A summary of this development is given in appenB for
convenience.

The dynamic model is significantly more complicatedn the steady-state model given in
figure 2.1. However, it does not assume steadg-stperation. Derivation of the steady-state
model as a special case of the dynamic model engiv 2].

2.2.3.1 Arbitrary Reference Frame in Relation to the Statand Rotor Circuits
The dynamic model involves a transformation ofitidiction-machine phase variables to an
arbitrary reference frame such th2 [

Yas» 9bs) Gcs = gqs; YGas» Jos

and

! ! ! ! ! !
Jarr9br9cr 29 qr;g ar 9 or

for the stator and rotor circuits respectivedy.is a placeholder for the machine terminal
voltagesv, terminal currents and flux linkagest (Wb.turns). The subscripts, b andc
refer to the three phases of the induction machihige g,d and0 refer to the arbitrary-
reference-frame components. Subscriptsand r refer to stator and rotor quantities
respectively. The rotor circuit variables have beeferred to the stator circuit via the
effective winding ratio.

The relationship between the arbitrary refereneen& and the stator and rotor circuits is
illustrated in figure 2.4 where]:
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* 0, is the rotor circuit angular displacement relatigethe stator circuit and,. is the
corresponding angular velocity

* 0,5 is the reference frame angular displacement veldt the stator circuit and,.
is the corresponding angular velocity

*  O..5 Is the reference frame angular displacement veldti the rotor circuit

As shown in figure 2.4, theq and d arbitrary-reference-frame components are
trigonometrically related to the corresponding maehvariables Z]. The "zero" reference-
frame componentsg{; and g'y,,) are not shown in figure 2.4 since the correspandi
transformations do not depend on the relative eefeg-frame displacements,.{;; and

Hrefr)-
Arbitrary Reference Frame
------------ Rotor Circuit
— —— — Stator Circuit

----

Figure 2.4: Transformation of Machine Variableshte Arbitrary Reference Frame (angles
are inelectrical radians) — adapted fromZ]

2.2.3.2 Dynamic Circuit Model in the Arbitrary Reference me

The equivalent circuit model expressed in termthefarbitrary reference frame is illustrated
in figure 2.5 P]. The model is a generic induction machine modmloemmodating both
wound-rotor and squirrel-cage induction machines.
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i S i’ T
o AVAVAY: O Y Y Y Yy O AVAVAV =
R Orefshds Lis L’y ((Drefs' (Drs))\f'dr R’
Vqs LM g V’qr
i Py
55 AVAVAY: O AYYY AYYYY O AVAVAY: de
R (Drefs)\rqs Lis L’k (Ores - mrs))\"qr R’
Vs LM g \4 ,dr
AN A%
R, R’;

Figure 2.5: Induction Machine Dynamic Circuit Mo@adpressed in terms of an Arbitrary
Reference Frame — adapted frazh [

The voltage equations corresponding to the modiyure 2.5 are?]

Vgdaos = Rsigaos + Wrepsdags + %AquS (2.10)
V' qaor = R'oi'qaor + (@refs — 0rs)V aqr + 5 A gaor (2.11)
where

(9qaos) = [9as 9as  Jos] (2.12)
(9'qaor) =9'ar Gar Gor] (2.13)
(Aqu)T =[das —Ags 0] (2.14)
(Wagr) =ar g 0] (2.15)

T refers to the transpose of a matrix/vecRyr.andR’, are diagonal matrices accounting for
the stator and rotor phase-winding resistancesotisly. A symmetrical induction machine
implies equal diagonal values. As shown in figui® 2’440, represents the terminal voltages
applied to the rotor windings. In the case of aGQhese voltages are short-circuited such
that
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Vi =V =V =0Vov ,=vy4=v0G=0V (2.16)

This is discussed in more detail in section B.®Morder to complete the circuit model of
figure 2.5 from equations 2.10-2.11, the stator eotdr flux linkages are given in terms of
stator and rotor terminal currents frogj [

L + L 0 0 Ly 0 0
0 Lis+Ly O ] [ 0 Ly o]
l'l,"d“ l 0 o kel 20000 l.i,"d(’s l (2.17)
A’ aor Ly 0 0 Ly + Ly 0 0 [|]# qaor
[ 0 Ly o] 0 L'y+Ly O
0 0 0 0 0 L]

The parameter®;, L;;, Ly, L', andR’, are as defined for the steady-state circuit madel
figure 2.1.

The electromagnetic torque (positive for motoriegpressed in terms of current components
is given as?]

3PLy . . .
T, = 4M(lqsl’dr—ld5l’qr) (2.18)

2.2.3.3 Simulation of the Dynamic Circuit Model

The voltage equations 2.10-2.11 expressed onlgnmd of current variables and not flux-
linkage variables have more than one current diévivavith respect to time2]. Therefore,
for simplicity, the dynamic circuit model of figu25 will be considered with flux linkages
as state variables giving a state equatin [

-%Aqs- '_Rs;'zRR —Wrefs 0 % 0 0 -

d r A

_/1(1 __RgL! 0 RsLy 0 qs

C(iit /1 s wrefs DZRR O DZ Ads

? 1 1 o0 0 —i 0 0 8 Aos N
E/l’qr Rirlm Z;EM 0 0 —Rirlss ZLZSS _(O)refs - wrs) :11’617'

d ., RirL Iy 0 d

d ., _ R

= Aol L0 0 0 0 0 Ly

1.0 0 0 0 0V

010 0 0 o} ‘;ds

00 1 0 0 offYs

00010 0|V (2.19)
000 0 1 0fvy

000 0 0 Uy,

where

Lgs = Lis + Ly (2.20)
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L,RR = L,lT + LM (221)
Dz = LSSL,RR - LM2 (222)

The current variables are related to the flux lggsby P]

_I:qs' -L,RR 0 0 _LM O 0 1 '/1qs
ids 0 L’RR 0 0 _LM 0 Ads
bsf_110 0o # 0 0 0l
i,qr - D, —LM 0 0 LSS 0 0 A,qr (223)
' ar 0 —Ly o 0 Ly O||¥a
| 1 or- | 0 0 0 0 O 3—121“ _/1,07-_

The electromagnetic torque may also be expresstinrs of flux linkage components using
[2]

__ 3PLy

Te = 4D, (Aqs/lldr - Ads/llqr) (2-24)

In order to use the model, terminal voltages e)q@#sas machine variables need to be
transformed to the arbitrary reference frame asehioghuts and terminal currents need to be
transformed from the arbitrary reference frame bexkmachine-variable form as model
outputs. This allows for a comparison with pradtegerimental measurements which are in
machine-variable form. The appropriate transforomatdf stator variables to the arbitrary
reference frame is given bg][

9qaos = KsGabcs (2.25)
where
(Gaves)” =[9as  Gvs  Ges] (2.26)

[cos(@refs) cos (Hrefs - Z?n) cos (Grefs + Z?n)]

Ks = 2[sin(0yer,)  sin(Breps — =) sin(Gpes +2) (2.27)
1 1 1
2 2 2

A similar transformation exists for the rotor vdnlies where the transformation mati is
K, but with0,.. ¢, replaced b¥,.r. [2]. As shown in figure 2.49,., is given as

Hrefr = erefs — O (2.28)

Stator variables in the arbitrary reference framme loe transformed back to machine-variable
form using the inverse transformatidj [

Yabcs = (Ks)_lquOS (2.29)

29



The Modelling of a SCIG

where

[ cos(@refs) sin(erefs) 1]
(K.)-1 = |cos (Grefs - 2?”) sin (erefs - 2?") 1 (2.30)
cos (Hrefs + 2?”) sin (Hrefs + 2?”) 1

Again, a similar relationship and inverse matrixsex for the rotor variables with, .z
replaced by, ¢, [2].

2.2.3.4 Reference-Frame Selection

As previously mentioned, the model presented imrég2.5 is expressed relative to an
arbitrary reference frame. The reference framepexified by the selection of a particular
angular velocityw, fs.

Reference frame selection is a considered one ikfawalysis is being done in the "qd0"
reference frame 2]. However, model verification in chapter 5 is awred through a
comparison of simulation and experimental resufislight of this, the simulation outputs
will be in machine-variable form and the selectadra particular reference frame is arbitrary
in this case.

2.2.4 Electrical Parameter Variability

It is assumed, for the purpose of this researcit, tire machine electrical parameters are
constant. Cases involving variable parametersedtrédr future consideration. These include,
for example, squirrel-cage induction machines vdéep-bar and double-cage rotors where
the rotor leakage inductance and rotor resistandes/with rotor frequencyg. [1].

2.2.5 Magnetic Core Loss

The steady-state and dynamic electrical modelsi@stipn do not include magnetic core loss.
According to P] the magnetic core loss is often negligibly smak. such it is neglected in
this research. The inclusion of magnetic core laosthe model of a SCIG is left for future
development.

2.3 Induction Machine Mechanical Model

The SCIG mechanical subsystem reduces to a simeéebbdy diagram of the rotor as
illustrated in figure 2.6.The air-gap magneticdiebtation defines the convention for positive
rotation [L]. The rotor is assumed to be rigid with no hysterén any mechanical coupling.
The corresponding differential equation is expréssep,3]

dw .
Te+ Tpm — Trw :]g drtsm :]gwrsm (2.31)
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7, IS the total electromagnetic torque (positive footoring action) as calculated from
equations 2.3, 2.18 or 2.24. The prime-mover tordyiving the generator rotor is given by
Tpm- The opposing friction and windage torque is giasn

Trw = Cf,wSign(wrsm)4V | Wrsm (2.32)

This expression is derived in the parameterisapimtess outlined in chapter 4, is the
friction/windage co-efficient and the functiatign() returns the sign (positive/negative) of
the rotor angular velocity,q,. Wy, 1S w,.¢ but expressed imechanical radians as
discussed in section A.3. The same appligd.{n andé,.,. Equation 2.32 is not proposed as
a generic friction/windage torque equation buthe tmost appropriate expression for the
experimental setup of chapter 3 as determined g¢firoveasurement. According tg,[losses
associated with rotor friction and windage are mofsmall but are still included in the
mechanical model.

Jq is the effective rotor moment of inertia. For teeperimental setup of chapter 3, this

includes inertia associated with the rotor, shafteeler, torque transducer and coupling
between the rotor and torque transducer. This issidered further in the generator
parameterisation of chapter 4.

haN ™ haN

0]'Sm

®rsm Te Tw J g Tpm

o e -

Figure 2.6: Free-Body Diagram of Generator Rotor

2.4 Complete SCIG Model

A discussion on the complete SCIG model is now gl with consideration given to
model simulation. This includes the specificatidnstate-variable initial conditions. Model
non-linearity and time-variability is also discuds&lon-linearity is important for the stability
analysis presented in chapter 5 where the SCIG Imade evaluated for dynamic generation.

2.4.1 Equivalent Steady-State Model

The electrical component requires equations 2.8t@.8e repeated for each of the three
electrical phases. The mechanical component ingolequations 2.31-2.32 where the

generator electromagnetic torque is given by equdi3 repeated for each electrical phase.
The machine operating slip is given by equationwre [L]

2T Nyg

Wrsm =55 (2.33)
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n,s IS simply the rotor velocity relative to the statxpressed impm. As discussed in
section 1.3.2, the stator terminal voltages anch@mmover torque are model inputs.

2.4.1.1 Model Non-Linearity and Time-Variability
From equations 2.8, 2.33, A.2 and A.3, the eleaksabsystem differential equations may be
expressed as

dis RsL’lr"'LMRs . LMR’T Lijr+Ly

dt pa(1- 4nf asrsm) lS e b (2.34)
diry LMRS B LlSRIT+LMR/r Ly S )

dt D1< 4-7'l.'f wrsm Dy

Considering the electromagnetic torque (equati@) &nd friction/windage torque (equation
2.32), the mechanical subsystem (equation 2.31) is

dWrsm RIy

g2, a0 2 g 2 1 Crw o /
dt - ]g(‘“Tfs )(l,ar + l,br + l’cr ) t ETpm B ]_gwslgn((‘)rsm)4 |wrsm|

P @Wrsm

(2.35)

The complete SCIG model is a seventh-order mod#t ie per-phase stator and rotor
currents and rotor angular velocity forming theteysstate variables.

The electrical model component includes the rotmgugar velocity in the system matrix and
is, therefore, non-linear. Furthermore, the deperodeof the system matrix on the stator
frequency implies a time-varying model should thesvariable.

The mechanical model is also a non-linear expraseifosystem state variables. Again, a
variable stator frequency results in a time-varyimgchanical model.

Therefore, it is concluded that the complete edaiMasteady-state model is non-linear and
possibly time-varying.

2.4.1.2 Simulation Considerations

If simulation results are to be compared with pcattresults, the correct state-variable initial
conditions are required. Rotor angular velocity atdtor currents at = 0 are easily
determined through measurement. However, the oaiestruction of a SCIG makes defining
and measuring the rotor currents difficult. Therefan alternative means of approximating
the initial rotor currents is required.

Perhaps the initial rotor currents may be approt@shdrom a phasor analysis of the steady-
state circuit model at= 0 for a given stator voltage supply and initial rotelocity. This is
discussed further in section 2.4.2.2 where the wmiynamodel initial conditions are
considered.
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2.4.2 Equivalent Dynamic Model
While the equations used may be different, the gdgna adopted in simulating the SCIG
dynamic model is as presented 2t |

 The electrical model is evaluated in terms of flinkages referred to the arbitrary
reference frame

» Electrical inputs expressed as machine variablesransformed to this reference frame

* The solved flux linkages are expressed as curreetsre being transformed back to
machine-variable from

* Electromagnetic torque is calculated from the eleaitstate variables

* The rotor velocity is solved by evaluating the medhal model

The fundamental difference in the model equatienthat in ], the electrical-component
equations are arranged so as to accommodate magagiration effects more conveniently.
Since saturation is not considered here, this sktaris not included for simplicity.

2.4.2.1 Model Non-Linearity and Time-Variability

In order to comment on model non-linearity and twaeiability, the system first-order
differential equations are considered. The elemttomponent differential equations are
given by equation 2.19. If the electromagnetic aidion/windage torques are considered in
the mechanical model then the mechanical systemb@maxpressed as

dw 3PL 1 Crw .
drtsm = (Aqs/vdr - Adsllqr) + ETpm - %mgn((umm) VN wyrsm| (2.36)

4DZ]g

From equations 2.19 and 2.36, the SCIG state Vasgahcluded,s, 445, Aos, A’ grs A ars A or
and w,s, Wherew, = gwmm (equation A.1). Inspection of the electrical sidieyn reveals

a non-linear model owing to the presence of therrahgular velocity (state variable) in the
system matrix. Furthermore, the model may or mal b® time-invariant depending on
whether the reference-frame angular velocity isstamt or not. Inspection of the mechanical
subsystem also reveals a non-linear model as # cédlux-linkage multiplication as well as
the fourth root of the rotor angular velocity.

In conclusion, the complete SCIG model is non-lirea possibly time-varying.

2.4.2.2 Simulation Considerations

As previously mentioned, matching initial conditois required in order for simulation and
experimental results to be compared. This includesnitial model state variables and initial
reference-frame and rotor angular positions retatovthe stator.

The reference-frame transformations depend 6pgy; and 6,5 where 6,5 requires
knowledge of@,; as given by equation 2.28..r; and 6,5 are easily found through
integration of their corresponding angular vel@stiw,.rs is a model/simulation input
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whereasw,s is a system state variable. The integration psodemplies thatd,.r;(0) and
0,5(0) are required.

As previously mentioned, the model evaluation prese in chapter 5 is based on machine
variables and not quantities referred to the refegeframe. Therefore, reference-frame
selection is arbitrary as the reference frame doesffect the induction-machine's operating
condition. In light of this, the initial referendeame position &,..(0)) is also arbitrary.

However, the same does not apply to the initiadr@osition @,5(0)). This is because the
rotor position determines the instantaneous machamgbles for a given operating point.
This is shown in equation B.11 where the mutualiatdnce between the stator and rotor
windings is dependent on rotor positié@j. [

The initial rotor angular velocity (state variablegay be quantified through measurement.
What remains is to establish the initial machinexflinkages as well as the initial rotor
position.

2.4.2.2.1 Initial Flux Linkages

As shown by equations 2.17 and 2.25, the initiaixdinkage state variables

(A45(0), A45(0), 205(0), 44 (0), A'4,-(0) and A’y,.(0)) are derived from the initial stator and
rotor currents i(;(0),ips(0),i.5(0),i ¢(0),i',-(0) andi’.-(0)). In the case of a SCIG,

measurement of the initial rotor currents is difficto achieve. Therefore, a means of
approximating the initial machine currents (rotarrents in particular) is desired.

If it may be assumed that the initial machine openaapproximates some sort of balanced
steady-state condition then perhaps a phasor amalfythe steady-state circuit model may be
used to approximate the initial stator and rotorrents [,4]. A variable steady-state
condition may involve a combination including:

* A balanced three-phase voltage supply variableteohg amplitude and/or frequency
* Avarying/constant prime-mover torque

where input variations are slow in nature. The amentioned phasor analysis requires
knowledge of the stator terminal voltage and ratelocity. A single phase is evaluated at

t=0 - variables of the other phases are merely pHafteed by 2?” and

4?” electrical radians respectively.

It is important to note that the rotor-current sBmmmation for the rotor equivalent of
equation 2.25 assumes rotor currents referredetstdtor regarding magnitude but remaining

at rotor frequency. Rotor currents derived from skeady-state circuit model are referred to
the stator and are also at stator frequency. Thisot a problem because only the initial
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(t = 0) rotor currents are required making frequencylesant. Furthermore, there is no
phase difference between these rotor currentgimrtequency and rotor frequendy.|

The method of approximating the initial generatorrents as described above is evaluated
for the tests considered in chapter 5 — this meibodot proposed as a generic means of
deriving initial generator currents.

2.4.2.2.2 Initial Rotor Angular Displacement

As previously mentioned, rotor angular displacemientndirectly involved in all rotor-
variable transformations to and from the arbitragference frame. This includes the
transformation of rotor terminal voltages to thbitary reference frame as well as recovery
of simulated rotor currents from the arbitrary refece frame.

Since the induction machine is of squirrel-cagestmttion, the rotor terminal voltages are
zero. Therefore, their gd0-equivalents are zer@anagss of rotor position. In this regard,
0,-(0) does not need to be known.

0,5(0) is also required in recovering the rotor machingants from their qd0-equivalents.
However, rotor currents are not easily measureneef for a squirrel-cage rotor
construction. Therefore, there is no need for sat@a machine-variable rotor currents to
correspond with their equivalent experimental acuiseas these are not measured for
comparison. Furthermore, the rotor currents expess machine variables do not feature in
the electromagnetic torque equations 2.18 and go2that incorrect rotor currents will not
affect simulated generator behaviour.

As mentioned in the previous section, the initabr currents (in machine-variable form) are
approximated using the steady-state circuit mobetse currents still need to be transformed
to the chosen reference frame before they can peessed as flux linkages. It is this
transformation that require.c(0) to be known. Since rotor position is difficult tkefine
owing to its squirrel-cage construction, the iditiator position is guessed for simulation
purposes.

2.4.3 Simulation Implementation
Model implementation involves a time-based SIMULINKplementation where the first-

order differential equations are executed by irgtws p]. This implementation is
convenient considering the non-linear (and posstithe-varying) nature of the complete
SCIG model as previously described. The variousstaamations and other calculations
(power etc.) are also easily accommodated on aantaneous-time basis.

2.5 Conclusion

Two SCIG models are identified by combining twofeliént electrical component models
with the equivalent mechanical model. The firsteieal model is the per-phase steady-state
equivalent circuit model; the other being the eglaat dynamic circuit model.
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A symmetrical induction machine with constant pagtars is assumed. Magnetic core loss is
neglected and magnetic saturation is not modelRatameter variability, core loss and
magnetic saturation are left for further developmen

The SCIG models are found to be non-linear andiplyssme-varying. These are important
considerations regarding model stability evaluaiad model simulation.

Important simulation considerations are identifigdich include various initial conditions.
Of particular importance is the establishment dfiahrotor currents which are not easily
defined/measured for a squirrel-cage rotor constmcA possible means of approximating
initial rotor currents is based on applying a phaswlysis to the steady-state circuit model at
t = 0s. This is not proposed as a generic means of igerdiinitial machine currents but
may be useful for conditions of "varying steadytestaperation”. This approach to
approximating initial rotor currents is consideraad evaluated together with SCIG model
evaluation in chapter 5.
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3 Experimental Setup and Measurement System for SCIGModel
Evaluation

3.1 Introduction

In order to evaluate the applicability of the e@lént steady-state and dynamic SCIG
models, simulation results produced by such modet¢sl to be compared with experimental
measurements. The purpose of this chapter is toridesthe experimental setup and
measurement system adopted for the experimentadged a SCIG. This includes:

* The basic experimental setup
* The measurements required
* How these measurements are achieved (measurenségmsgyonfiguration)

Pictures of the complete experimental setup arewshoThe usel/interpretation of
measurement outputs as well as possible improvenietiten discussed. Before concluding,
the effect of experimental scaling is considered.

Measurement system design and implementation imgudnterference mitigation is
presented in appendix C with the correspondingtesting and calibration given in appendix
D.

3.2 Basic Experimental Setup

The basic experimental setup is shown in figure A.four-pole SCIG is coupled to another
identical squirrel-cage induction motor which isnttolled so as to reproduce the required
torque dynamics. Both squirrel-cage induction mesi are interfaced with a typical
balanced three-phase sinusoidal supply using PAIdéa-Modulation-based (PWM)
variable speed drives which, in turn, drive the hiaes. The converter on the generator side
is capable of transferring generated electricalrggndack to the electrical grid such that
braking resistors are not required.

The power converter driving the SCIG allows for gettion to be tested under different
electrical supply conditions (steady-state as wvaslldynamic). The prime mover variable
speed drive allows for a variable mechanical inputthe SCIG (also steady-state or
dynamic).
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Figure 3.1: Basic Experimental Setup
3.3 Required Measurements

3.3.1 Generator Phase Voltage and Phase Current

Each generator phase voltage and phase currentasured. While it is expected that the
voltages and currents will be balanced (approxityptehey are all measured for
completeness.

As shown in figure 3.2 below, the output voltagetiod variable speed drives has a PWM
waveform and is non-sinusoidal in nature. This rsakedirect measurement of the voltage
difficult as the desired fundamental sinusoid isabied by the high-frequency switching
effects. The high-frequency switching problem isdradsed by filtering the switching
frequencies from the fundamental voltage and ctirtemponents for comparison with the
corresponding simulation waveforms (which assunsenasoidal electrical excitation). The
effect of the PWM nature of the drive output isuased to be negligible. This is verified in
chapter 5 where the simulation and experimentalliedor SCIG model evaluation are
presented.

The measured phase voltages are reproduced ased immat in the corresponding generator
simulation. Measured and simulated current wavesaane compared for model evaluation.

Knowledge of the generator excitation frequencgls® required. The SCIG is excited by a
power converter which functions to produce a badnihree-phase excitation. Therefore, it
is assumed that the excitation frequency is comtooall three machine phases. As such,
only a single frequency measurement is anticipalfed. common frequency were not the
case, the air-gap magnetic-field velocity (as dadim appendix A) would be ill-defined.

The measured generator excitation frequency alsveseas a model input in the
corresponding generator simulation. Furthermoresimulating the equivalent dynamic
circuit model, the stator excitation frequency equired if the synchronously rotating
reference frame is the chosen reference frame.
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2.50 ms/division 0.50 ms/division

Figure 3.2: Power Converter Output Line VoltageMN? Equivalent of a Sinusoid

3.3.2 Prime-Mover Torque and Rotor Speed

In order to quantify the mechanical performancetid SCIG, two measurements are
required. These are the rotor speed measurememelisas the prime-mover-torque
measurement. Since the rotor will only turn in aodieection, rotor direction is not a
measurement requirement.

The input prime-mover torque serves as an inptheaorresponding model simulation. The
induction motor may be controlled so as to prodagearticular torque trajectory and this
measured trajectory is used in the generator stioola

Rotor speed measurement is used for comparison twéhsimulated rotor speed which
allows for model evaluation.

3.3.3 Prime-Mover (Induction Motor) Measurements

The induction-motor excitation is quantified thrbugneasurement of a single phase voltage
and corresponding excitation frequency as describedhe SCIG. This is included for
experiment repeatability if required.

3.3.4 General Measurement Requirements

It is required for all measurements to be carrietl @ an instantaneous basis and to be
synchronised so as to allow for easy comparisorutation. Data storage and plotting are
additional measurement requirements. All of thisudth occur automatically once a particular
experiment has been initiated. The input rangesbé¢oaccommodated by the various
measurements include:

* Generator phase voltage — all three pha@&g s — 231 Vrums)
* Generator phase current — all three pha@és ;s — 4.89 Arms)
* Generator excitation frequency iz — 70 Hz)
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* Prime-mover torqued(Nm — 14.8 N. m)

* Generator shaft spee pm — 2100 rpm)

* Prime-mover phase voltage — one ph#@s@ts — 231 Vrus)
* Prime-mover excitation frequenc§ iz — 70 Hz)

From the required measurements, secondary variahkeg be derived for a different
perspective in model evaluation. This includes botltput electrical power and input
mechanical power of the SCIG.

3.4 Measurement System Configuration

Figure 3.3 illustrates the general layout and fiumetlity of the implemented measurement
system relative to the experimental setup of figlide The actual signal processing is carried
out by a measurement circuit implemented on vemaboBhe outputs of the measurement
circuit are captured by an oscilloscope. Torque sueament is the exception where the
output of the torque transducer is measured dyr&dth an oscilloscope. All of the terminals
interfacing the measurement devices and the maasatecircuit/oscilloscope are guarded by
Common-Mode-Current (CMC) chokes.

3.4.1 Generator Phase Voltage and Phase Current

The generator stator windings are connected iaracsinfiguration I]. This allows the stator
phase currents to be measured directly since theyeguivalent to the corresponding line
currents. Phase voltage measurement requires doddgsneutral point of the stator-winding
star connection.

Generator phase currents are measured using Cufiramsformers (CTs) with their
secondary circuits completed bylda) resistor. The phase currents are scaled down by a

factor of 10 and read as a voltage drop acrossltkeresistor. Each generator phase voltage
is measured using a Differential Voltage Probe (DMMich scales the voltage down by a
factor 0f1000.

Phase-voltage and phase-current measurements ssedpan to Low-Pass Filter (LPF)
circuits by intermediate buffer circuits. Bufferaiits are used to prevent any loading effect
of the measurement circuit on the measurement egvithe purpose of the LPFs is to filter
out the higher frequencies present as a resulie@power-converter switching. The filtered
phase voltages and currents are then captured bgaidioscope. The fundamental frequency
of the generator's electrical excitation (basedhanfiltered equivalent) is also captured as a
DC-equivalent value produced by the correspondiaguency-to-voltage converter.

3.4.2 Prime-Mover Torque and Rotor Speed
An inline torque sensor measures the prime-moveutitorque while an incremental shaft
encoder is used to measure the generator rotod speepreviously mentioned, the torque
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transducer output is measured by an oscilloscope \asdtage which is proportional to the
prime-mover input torque.

The shaft encoder output signal is not isolateé liuffer circuit since the amplitude of this
signal is not important; only its frequency is ofgortance. The only requirement is that the
load as seen by the shaft encoder be large enauglotiuce the voltage input required to
trigger the frequency divider. The shaft encodemdr power from the measurement circuit
and outputs a pulse train with a frequency propodi to the generator shaft speed. This
frequency is scaled down by a factor b6 using a frequency divider before being
represented as a DC-equivalent voltage by the sporeling frequency-to-voltage converter.

3.4.3 Prime-Mover (Induction Motor) Measurements

The prime-mover induction motor also has its stat@ndings arranged in a star

configuration. A single prime-mover phase voltagi@neasured using a Voltage Transformer
(VT) which scales the voltage down by a factor4®. The measurement-circuit signal

processing for voltage and frequency measuremendsisdiscussed for the generator
excitation.
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3.5 Complete Experimental/Measurement Setup
The experimental setup and measurement systemirusled practical testing of a SCIG for
model evaluation is presented in figures 3.4-3.7.

As shown in figure 3.4, a waveform generator mayubed to provide a speed reference to
the control unit of the generator or prime-movewpp converter. If the speed reference is
applied to the prime-mover converter, the prime-aramduction machine may be controlled

S0 as to reproduce a particular torque input toSB¢G. If, however, the speed reference is
fed to the generator converter, a particular geoerlectrical dynamic may be tested. This
approach is used to achieve the mechanical andriee@cdynamic tests for the SCIG as

described in chapter 1. The actual tests are destm more detail in chapter 5 together with
the experimental results.

Figure 3.7 shows the torque transducer CMC chogetler with the associated transducer
supply and oscilloscope measurement. The otherhbesmgply output is used to provide a

+5 Vpc voltage used to trigger the oscilloscopes.

As previously mentioned, oscilloscopes are useddfma acquisition. Real-time plotting
facilitates the experimental process while dataag® allows for appropriate data analysis
and presentation. It is desired for all the ossdlpe measurements to be synchronised. This

is achieved by the external trigger functionalitycombination with the-5 Vp system. The
measurements are triggered by closing the triggemitas shown in figure 3.7.

As shown in chapter 5, the measurement systemrpesfavell and is sufficiently protected
from CMC effects. However, it is observed that @MdC effects on the measurement system
are also function of the experimental layout. Tisi:iot unexpected?[3,4,5]. Therefore, in
order to obtain interference-free measurementspb@surement system components should
not be placed near possible contamination soungels as inverter and induction-machine
supply lines. The placement of oscilloscope pradddes is also important.
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3.5.1 Use/Interpretation of Measurement Outputs
In order to recover the actual quantities fromrtfeasurement system outputs as measured by
an oscilloscope, the following equations shouldibed (no phase corrections are made):

generator phase voltage (V) = 1000 X measurement output (V) (3.1)
generator phase current (A) = 10 X measurement output (V) (3.2)
generator excitation frequency (Hz) = 9 X measurement output(V) (3.3)
generator rotor speed (rpm) = 237.12 X measurement output(V) (3.4)
prime mover torque (N.m) = ﬁ X measurement output(V) (3.5)
prime mover phase voltage (V) = 40 X measurement output (V) (3.6)
prime mover excitation frequency (Hz) = 9 X measurement output (V) (3.7)

The measurement-system testing and calibratioresponding to the above equations are
given in appendix D.

The above equations assume that measurement dgddetailed in appendix D) are
obeyed. Excitation-frequency and rotor-speed measent require attention in this regard.
For a dynamic (sinusoidal) rotor-speed or excitatirequency, the corresponding

measurements have a first-order low-pass filtegiffigct with —3 dB cut-off frequencies of:

* 0.34 Hz (3 s) for rotor-speed measurement
* 0.147 Hz (7 s) for generator excitation-frequency measurement
* 0.153 Hz (7 s) for prime-mover excitation-frequency measurement

As stated in chapter 1, typical prime-mover torgiymamics have a sinusoidal period of

4s—5s for a constant sea state. Therefore, correctiom ofynamic rotor speed and/or
excitation frequency may be required depending hen dynamics tested. Improvement in
rotor-speed/excitation-frequency measurement réggrdynamic performance is left for
future development.

As shown in appendix D, error in current measurdm@mplitude and phase) by the
corresponding CTs is a possible source of measunteareor. Mitigation of these errors is
left for further development.

Another possible source of measurement error irrgtorque measurement for low prime-
mover input torque (refer to appendix D). This iscansequence of the oscilloscope
resolution where the resolution error becomes coafppa to the measured torque. This is
unavoidable and is a limitation of the measuremiemplementation. Improvement in
reducing this error is left for future development.
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For the purpose of model evaluation as presentetapter 5, the errors involve in the phase-
current and prime-mover-torque measurement areidenesl as acceptable. Cases where
measurement error becomes observable are mentghgten appropriate.

3.5.2 Experimental Scaling
The experimental setup makes use dI.akW SCIG which is significantly smaller than

demonstrated OWC WEC systems which lie in the raoyé0 — 500 KW as stated in
chapter 1 §]. An important consideration is whether the preaity large OWC WEC
systems are suitably represented by the smalleergmpntal setup with reduced power
rating. In other words, what scale consideratiaesmportant in reducing the practical SCIG
used in WEC systems to that used in the experirheatap? This is important as it affects
how the experimental/simulation conclusions applyetal-life systems.

It is important to note that system dynamics vaithwdifferent implementations as they
depend on the various system parameters. A goath@gas turbine/generator moment of
inertia. Therefore, the approach should be todeserator dynamics that act as a boundary
condition to all possible dynamics for the givemplagation. As previously mentioned, this is
a challenge for the case of varying sea state ovarthe desired simplicity of the analysis.
For the case of a constant sea state, the dynamans been suitably quantified. What
remains is to consider the difference in generpimameters as a result of a down-scaled
experimental setup.

3.5.2.1 Mechanical Considerations

The actual WEC structure and associated turbinepaegmesponse to a particular sea state is
not considered 7]. Since the hydrodynamics and aerodynamics of dy&em are not
considered, scaling laws such as Froude scalingadcapply to the experimental system
[7,8]. This is a benefit of only considering the gemerain the research analysis by
reproducing expected dynamic generator inputs.

From a generator perspective, two important quastiare the generator rotor moment of
inertia as well as the generator frictional/windagejue. Machine friction and windage are
often negligible component8]f therefore, their scaling is not important. Gexter moment

of inertia is much larger for larger machines. Hssociated energy storage as a result of the
flywheel effect is beneficial owing to the smoothirof generator speed/torque/power
oscillations — smaller systems are likely to exgece larger oscillations in this regard.
Therefore, the experimental use of a smaller géolers appropriate as it is likely to test the
worst-case fluctuation in generator power.

3.5.2.2 Electrical Considerations

Regarding generator electrical parameters, theneoigeneral scaling between large and
small induction machines. The parameters are atgmerttient on machine construction
including rotor construction for exampl&][ In light of this, any difference in the electlc
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parameters of large and small SCIGs is not constbleEven though the exact generator
response to dynamic inputs would differ, this i$ cansidered important as the fundamental
generator operation is unchanged.

The experimental power level is reduced when costpaith practical WEC systems. This
is of no concern since typical generator operatngditions (deep generation and light
motoring for example) are experimentally reproduasdar as possible.

3.5.2.3 Final Remarks

The fundamental difference between the correspgnelkperimental and practical SCIGs is

the reduced power rating. In both cases, the geweraied speed is comparable depending
largely on the pole-count of the machirig. [This would be based on the optimal operating
speed of the WEC as a whole.

Based on the above-mentioned mechanical and el@ctonsiderations, the conclusions on
SCIG modelling (model performance) for the giveplagation should be applicable for both
large and small generators. The exact respondeecfenerators will be different but this is
not important as machine optimisation is not pathe research focus.

3.6 Conclusion

An experimental setup to be used in establishimgptactical operation of a SCIG in an
OWC WEC is proposed. For practical purposes, tlmmgmover is another squirrel-cage
induction motor. The measurements required togewhidr the appropriate ranges to be
accommodated include:

» Generator phase voltage — all three pha@&g ;s — 231 Vrums)
* Generator phase current — all three pha@és ;s — 4.89 Arms)
* Generator excitation frequency iz — 70 Hz)

*  Prime-mover torqued(Nm — 14.8 N. m)

* Generator shaft speed fpm — 2100 rpm)

* Prime-mover phase voltage — one ph&s¥s — 231 Vrus)

* Prime-mover excitation frequenc z — 70 Hz)

The induction machines are excited by power corvenivhere the output voltages are not
truly sinusoidal but rather PWM-equivalents therebhe proposed measurement system
makes use of low-pass filters to obtain the funda&alecomponents of the electrical
excitation. The design and implementation of thasaeement system is detailed in appendix
C with the measurement calibration given in appelilmportant measurement limitations
and possible sources of measurement error aressisginere.
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All measurements are carried out on an instantanéasis using oscilloscopes which are

triggered for synchronisation. The oscilloscopesoaprovide data plotting and storage
functionality.

The use of a down-scaled experimental SCIG compariéd larger generators used in
practical OWC WECs is not expected to have anyceften conclusions regarding the
modelling of a SCIG for the chosen application.
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4 SCIG Parameterisation

4.1 Introduction

The objective of parameterising the experimental GG to obtain the various machine

parameters required for model simulation. Inductioachine parameterisation is broken
down into a characterisation of electrical and na@ital parameters. The parameters are
common to both equivalent steady-state and dynaroitels as presented in chapter 2.

Electrical parameter characterisation is achievedugh two steady-state-excitation tests as
well as a DC-resistance measuremds?][ From the steady-state tests, machine parameters
are derived from a phasor-based analysis of thevalgat steady-state circuit modélZ].

Mechanical parameterisation is focused on chaiaatgrthe friction and windage loss of the
induction machine. This involves quantifying thesdoas a function of rotor speed. An
unexcited run-down test is used to characterise ltgs where any frictional and windage
forces are responsible for bringing the rotor siap.

This chapter highlights the parameterisation ofraluction machine and concludes with the
parameters of the given SCIG in the experimentalpsef chapter 3.

4.2 Electrical Parameters

DC resistance measurements together with steathy-t#ats are carried out in order to
determine the electrical parameters of an induagtiachine. Regarding the steady-state tests,
a phasor-based derivation of parameter values ssilple by considering the per-phase
steady-state circuit model. A summary of the DC-sneament, locked-rotor and no-load
determination of the induction machine electricaitgmeters given irl[2] is now presented
together with the parameters of the tested SClGail®e calculations of parameters are
presented in1]. For each steady-state test, required measursniecitide stator voltage,
stator current, average stator power (phase argjl@elen stator voltage and current) and
stator frequency.

Steady-state parameterisation of the SCIG usedxperimental purposes is achieved by the
required sinusoidal three-phase voltage supplyessribed below. Average values of the
measurements across the three-phases are useddcal¢hlation of machine parameters for a
symmetrical induction-machine model.

4.2.1 DC Measurement of Stator Winding Resistance
Each stator-winding resistance is found by a DCsuesanent of the stator windings.[ For

the given SCIG, the stator windings have a DC taste 0f2.9Q,2.9Q and 2.8Q

respectively giving an average per-phase statodimgnresistance dt.87 () to be used in the
symmetrical electrical model.
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4.2.2 Locked-Rotor Test

The locked-rotor test is carried out with the inti@m of identifying the stator and rotor
leakage inductance values as well as the rotostegsie I]. The rotor is locked while
applying a balanced set of stator voltages sudtetiygpical rotor current is present. For rated
machine operation, rated stator current should d®&l.uSince operating rotor frequency is
desired, a reduced excitation frequency shouldseel.uUHowever, this is only really required
for large machines or in cases were rotor resistamd leakage inductance is a function of
frequency. Normal small motors can be parameterset a rated excitation frequency.

The equivalent locked-rotor circuit based on the-piease steady-state circuit model is
presented in figure 4.1]. In the case of a locked rotor, the slip is 1llstitat the effective
rotor impedance is significantly smaller than that@ magnetising impedance; the rotor
circuit effectively shorts out the stator magnetisbranch.

> AVAVAY, Yy Y Y Y
T RS Lls L ’ Ir

Figure 4.1: Locked-Rotor-Test Equivalent CircuieffPhase) — adapted frodj [

The SCIG used for experimental purposes is exdtested electrical frequency with rated
stator currents. With the rotor locked, the pergghéocked-rotor resistance & + R', =
4.8041 Q. This is found by considering the average statowey. The per-phase stator

resistance is found by the previous DC measuremterefore, R, = 1.9341 Q. By
considering the locked-rotor reactive componenrg, pler-phase locked-rotor inductance is

calculated ad,;; + L', = 0.022002 H. Assuming equal stator and rotor leakage induetanc
values, it is found thdt,; = L';, = 0.011001 H [1,2].

4.2.3 No-Load Test

The aim of the no-load test is to determine théostmagnetising inductancd][ This is
achieved by exciting an unloaded induction machuite a balanced stator-voltage supply at
rated amplitude and frequency.

The equivalent no-load circuit is given in figur 41]. Since the slip is approximately zero,
the large rotor resistan(l!e:'et of figure 2.1 is effectively an open circuit. The-load losRy;,

includes the stator winding loss, magnetic cors ksl friction and windage loss.
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Y YYY

Figure 4.2: No-Load-Test Equivalent Circuit (PeraBé) — adapted fromi][

In parameterising the given SCIG the friction/wigdaof the coupled (but unexcited)
induction machine is assumed to be negligible. Ftbenmachine reactive component, the

per-phase no-load inductancelig + Ly, = 0.27789 H. SinceL;; = 0.011001 H from the
locked-rotor test, the per-phase stator magnetisitigctance i.,, = 0.26689 H.

4.2.4 Improved Accuracy of Rotor Resistance
As derived in 1], a more accurate rotor resistar’g ;,,,, may be calculated from the initial

rotor resistanc®’; ;nitiq USING

2
I _ pr Lry+Ly
R r.final — R r,initial ( Lt ) (4-1)

Based on the previously calculated parameters,giien SCIG has a modelled rotor
resistancer’, = R’ fing = 2.0969 Q.

4.3 Mechanical Parameters

4.3.1 Generator Moment of Inertia

The first mechanical parameter that needs to bettjiea is the effective rotor Moment Of
Inertia (MOI) J,. The effective MOI includes inertia associatedwgenerator rotors(5 x
1073 kg.m? [3)]), shaft encoderZ(x 107° kg.m? [4]), generator/torque-transducer coupling
(4 x 1073 kg.m? [5]) and torque transducef.485 x 1073 kg.m? [6]) giving a total rotor
moment of inertia of; = 9.7445 x 107> kg.m?. Only half the torque transducer MOI is
associated with the generator rotor.

Since the generator's rotor MOI is known, a run-ddest may be carried out in order to
characterise the friction/windage loss.

4.3.2 Run-Down Test
The run-down test involves the following process:

1. Run the induction machine as a motor at no loadh \&itrated stator voltage supply
(amplitude and frequency)

2. Disconnect the stator supply from the induction Iniae and measure the rotor speed as
it comes to a standstill
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For the experimental setup in chapter 3, the gémena coupled to another induction
machine. Considering that the only torque actingtlom coupled rotors is the combined
friction/windage torque and assuming that the twduction machines are approximately
equivalent in their effective rotor MOI and frictivindage torque, then the system
mechanical equation reduces to

dWrsm
—215,, = 2]g“;—t (4.2)

A simple time derivative of the measured rotor dagwelocity is used to calculate the

instantaneous run-down torque (friction/windagd)ef, considering the instantaneous rotor
velocity, an expression for the friction/windageqgtae in terms of rotor angular velocity can

be found.

4.3.2.1 Rotor Speed/Acceleration

The measured rotor speed for the run-down testasemted in figure 4.3. The rotor takes
approximately 10 s to come to a halt. The measured rotor speed ishensttically
approximated for the characterisation of the foictwindage torque. The corresponding
acceleration curve is given in figure 4.4. It issetved that there is a non-constant rotor
deceleration. The initial positive rotor accelesatiis a consequence of the error in
approximating the initial rotor speed. Thereforhistregion is not considered in the
derivation of the rotor friction/windage co-efficie

- Measured
= Approximatior

|
|
[ S [ I
|
|
|
|
T
|

=
= 1000

|
+-F-
|

Rotor Speed
(o]
8

Figure 4.3: Run-Down Rotor Speed
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Figure 4.4: Run-Down Rotor Acceleration

4.3.2.2 Friction/Windage Torque as a Function of Rotor Andar Velocity

The friction/windage co-efficient as a function aftor angular velocity is presented in
figures 4.5-4.7 for different friction/windage tarerspeed relationships. For square and linear
torque-speed relationships, the friction/windageeffiwient varies considerably with rotor
speed as shown in figures 4.5-4.6. The relativeefioient variation decreases with a
decrease in the exponent of the rotor angular itglotthe torque-speed relationship. Owing
to the variation of the friction/windage co-effinte the square and linear torque-speed
relationships of figures 4.5-4.6 are not consideredppropriate.

As highlighted in section 2.3, the proposed fricfimindage torque as a function of rotor
angular velocity for the given experimental sesip i

Trw = Cf,wSign(wrsm)4V | Wrsm (4.3)

As stated in section 2.3, equation 4.3 is not psedoas a generic friction/windage torque
equation but is the most appropriate expressiontlier given experimental setup. The
friction/windage co-efficient based on the torqpeed relationship of equation 4.3 is given
in figure 4.7. The co-efficient is relatively coast when compared with figures 4.5 and 4.6
except for the regions where the rotor begins éseteration and when the rotor comes to a
standstill. The spike at zero rotor speed is igdas it is a result of division by "zero" in
calculating the friction/windage co-efficient.

In choosing a constai} ,,,, for equation 4.3, the outer non-constant regafrfigure 4.7 are
neglected with a focus on the approximately-coristagion. Some inaccuracy may be
introduced for the non-constant regions but attlélas effect of friction/windage is not
understated. Furthermore, friction/windage lossxisected to be smak][7]. From figure 4.7,

Crw = 0.067025 N.m.s%%. rad~%%°.
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The lower friction co-efficient for high rotor spgéabovel400 rpm) as shown in figure 4.7
is a consequence of the lower initial decelerasloown in figures 4.3-4.4. Perhaps this lower
acceleration would be shifted to higher rotor sgeddhe run-down test was initiated at a

higher speed. The cause of this lower initial am@ion is not known. However, this is of
little consequence in the characterisation of tieidn/windage loss as previously described

where the given region is neglected.
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Figure 4.7: Friction and Windage Co-efficients, = C.,,sign(wysm) V| @rsm|

4.3.2.3 Friction/Windage Power Loss

The associated friction/windage loss is given by

4.4)

Tf,w Wysm

pf,w

equation .3 4 with

friction and windage torque of

given

For

0.067025 N.m.s%2>, rad~%25, the friction and windage loss as a function dabro

Crw

cage induction machine, the rated

speed is illustrated in figure 4.8. For the giveuigel

mechanical power output B2 kW at a rated rotor speed ®#20 rpm (motor operation).

The corresponding friction and windage loss as hedién figure 4.8 is approximateB5s W

which is1.59 % of the rated power output. This is reasonableiasdn and windage loss is

typically 1 — 2 % of the rated power outpuf][As stated in2], this friction and windage loss
is negligibly small; however, it is included in theechanical model for completeness.
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Figure 4.8: Modelled Friction and Windage Powerd.os

4.4 Conclusion

The SCIG used for experimental purposes is pararsete through tests/measurements

including:

DC resistance measurement of the stator windings

Steady-state locked-rotor test

Steady-state no-load test

Unexcited run-down test

The unexcited run-down test is used to characténseotor friction and windage torque as a

function of rotor angular velocity. The electricabdel parameters are:

R, =2.87Q

0.011001 H
0.26689 H
L', = 0.011001 H

R,

Lis =

LM:

2.0969 O

The mechanical model parameters include:

9.7445 x 1073 kg. m?
Crw = 0.067025 N.m.s%%>. rad~ %%

]g:
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Chapter 5

5 SCIG Model Evaluation

5.1 Introduction

The work presented in this chapter provides anuewi@n of the electrical and mechanical
equivalent models of chapter 2. Model evaluatioagproached from a stability perspective
as well as from a comparison of simulation and erpental results. Stability theory reveals
the viability of a particular model under dynamienditions. A comparison of simulation
with practical results illustrates model performarand further exposes any particular model
limitations.

Verification of the equivalent steady-state modgbpiesented first and is based on evaluating
model stability. This analysis is sufficient forrmuding on the application of the steady-
state model for dynamic generation. Therefore, ramparison of simulation and
experimental results is required.

A general conclusion on the stability of the eqiema dynamic model (as presented for the
steady-state model) is difficult to achieve. Theref model stability is inferred from the
behaviour of the simulated generator performanbeés i not a generic stability analysis (for
all model parameters and operating conditions)ibuised as a compromise for the case of
testing every combination of generator paramet&rsore informative stability analysis is
presented in]]] with the results summarised in this chapter. éterbnce of the equivalent
dynamic model is presented based on the compaoissimulated and experimental results.
The test cases are based on the expected dynamas OWC WEC generation case as
argued in chapter 1.

The evaluation of the equivalent steady-state maslehow presented followed by the
evaluation of the equivalent dynamic model. Basedhe following results and analysis, any
conclusions regarding the modelling of a SCIG dribgy a Wells turbine in an OWC WEC
are given in chapter 6.

5.2 Equivalent Steady-State Model

In order to evaluate model stability, one shouldstder the complete SCIG model (electrical
and mechanical components). However, if one modeiponent is found to be unstable
under certain conditions, this may allow for caertaonclusions regarding the overall model
stability. Therefore, initially consider only th&eetrical component regarding model stability.

5.2.1 Model Stability — Electrical Component
The state-space representation of the model @#testrin figure 2.1 is given by equation 2.8
reproduced below for convenience:

dig RsL'i+LpRs LyR'y ] Lyr+Ly

dt ls D

a | ) Dis []+ Dy (5.1)
r _ LyRs _ LigRr+LyR7 | [} im

dt Dq Dys Dy
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where
Dy = LigL"y + Ly L'y + Ly Ly (5-2)
i = is— 1 (5.3)

The characteristic equation of a system is usexVatuate the stability of that syste2)3,4].
For a linear time-invariant system expressed itestpace form, the characteristic equation is
given as 2,3:

det(sI —A) =0 (5.4)

s is the Laplace variabld;is the identity matrix with dimensions equal tattlof matrix4; A

is the system matrix which is multiplied to thetstaector of the system expressed in state-
space form; the functiodet() represents the determinant of a matrix. It is intgod to note
thats is used to denote the induction machine operatiijpgwhereas denotes the Laplace
variable.

The complete steady-state generator model is maailiand time-varying as discussed in
section 2.4.1.1. From the perspective of the etadtsubsystem as given by equation 5.1, this
is a consequence of the system matriand its dependence on the rotor sligComparing
equations 5.1 and 2.34, the rotor slip is a fumctb stator frequency (which may be time-
varying) and rotor velocity (which is a state vhitgy. For the sake of evaluating electrical
model stability, the mechanical sub-system is igdoiThe non-linear nature of equation 5.1
is lost as the rotor velocity no longer featuresaastate variable. Therefore, from the
perspective of the equivalent circuit model, thraslip can be varied at will. If the rotor slip
is kept constant, the electrical model also becaines-invariant so that equation 5.4 may be
used to evaluate model stability. Assuming a caristator slip does not contradict the
electrical model and its state variables as giveaquation 5.1. The means of achieving this
constant slip is not of importance in the followiaigalysis.

All resistance and inductance machine parametersassumed to be constant. Solving the
characteristic equation of the second-order sysfieen by equation 5.1 produces equation:

(s2(D15)+5(LisR Yy +LyR'r+RsL'1rS+LyRs)+(RsR') ) 0 (5.5)

Dys

with D; > 0 assuming non-zero inductance values. It is impbrta remember that the
model assumes a non-zero rotor slipn order to evaluate model stability, the rocsis of
the characteristic equation need to be evalud&pdionsidering its numerator, equation 5.5
may be written as:

(as®> +bs+c)=0 (5.6)
where
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a=Dys = (LisL'y + LyL"y + LyLis)s (5.7)
b=LR' +LyR', +RsL";s + LyRgs (5.8)
¢ =R.R', (5.9)

The roots/zeros of the characteristic equationthexefore, given as

s = —-b+Vb2-4ac

2a

(5.10)

In order to qualify the stability of a model, theal parts of the characteristic equation
roots/zeros need to be knowd.[If Re(s) < 0 for all roots, then the system is said to be
stable. However, ifRe(s) >0 for any root, then the system is unstab@. [A
dynamic/disturbance input will cause the systentestariables of an unstable system to
follow unbounded trajectories. The model represkrnty equation 5.1 has the various
machine currents as state variables. Practicalig,known that these variables do not follow
unbounded trajectories even for dynamic inputsrdfoee, a stable model is desired.

5.2.1.1 Generator Action § < 0)
Consider generation where the rotor slip is negatiw 0):

1. From equation 5.7¢ < 0 which means thatac < 0 (positive resistance and inductance
values are expected).

2. ThereforeVb? — 4ac is a positive real number such that> — 4ac > |b]|.
3. Equation 5.8 withs < 0 is inconclusive regarding the sign bf Therefore,b < 0 or
b>0orb=0.

Whetherb < 0 orb > 0 or b = 0 is not important. The fact thath? — 4ac is a positive real
number (from point 2 above), thafb? — 4ac > |b| (also from point 2 above) and that

Vb? — 4ac is both added to and subtracted fremh in equation 5.10, it means that the
numerator of the first non-zero characteristic ¢éignaroot is real and positive and that of the
second root is real and negative.

Therefore, in the case of generation, the secoddrmtate-space model is shown to have a
characteristic equation with two non-zero real so@ne negative and one positive. This is
illustrated in figure 5.1 which shows the charaster-equation root placement in the
plane. As a result, the model is unstable for gar®r operation as there is always one
characteristic equation root with a positive reamponent. Practically, SCIG operation is
known to be stable. Therefore, the second-ordde-sfgace model under question is not
suitable for simulating dynamic generation.

Having an unstable steady-state model is no caotrad. This is because, as shown i}, [
the model is derived with the assumption of exgsteady-state conditions.
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Im

Figure 5.1: Stability of the Steady-State ElectrMadel of a SCIG — Position of
Characteristic-Equation Roots

5.2.2 Conclusion

The equivalent steady-state circuit model is evalliaregarding its application in the
electrical component of a SCIG under dynamic gdimeraThe model validity is considered
from a stability perspective.

From equation 5.1, the only influence that the naeatal component has in the electrical
sub-system is through the value of the rotor slipherefore, by evaluating the steady-state
electrical model according to rotor slip, the metgbal component effects on the electrical
sub-system are considered.

Rotor slip is likely to change with dynamic generatwhich needs to be considered for
model stability evaluation. However, the presengtdbility analysis is generalised for
generation £ < 0) with instability being consistent over this regiof operation. In other
words, it doesn't matter what happens in the mechbsub-system, the generator electrical
model response will always be unstable. Therefibwe equivalent circuit model is unstable
for generation under dynamic slip conditions. Exkaugh the actual model response is
variable and may not be exactly quantified, itsuratis sufficiently qualified through
stability.

With regards to modelling the generator action adqairrel-cage induction machine, the
steady-state electrical model is unstable for ahegating conditions. This instability
contradicts the practical operation of a SCIG. €fme, the steady-state electrical model
considered from a time-domain is not suitable fgrainic (or quasi-steady-state) generation.

On examining the steady-state circuit model ofriégR.1, it is observed that the rotor slips
only present in the variable resist@'@. For a negative (generating) rotor slip, the

resistance becomes negative and changes charctemisone of a variable source. This
makes sense as the element now models a gengratieg flow from the mechanical system
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to the electrical system. However, the nature ¢ Hource is such that there is no direct
control over its behaviour. In other words, it ist @ model input and is hidden within the
model detail. It is suspected that this "hiddentialle source is responsible for the model
instability. This may be a consequence of the stestate simplifying assumptions used in
the model derivation as described ) yvhich results in the incorrect modelling of dynam
generation from a time-domain perspective.

5.3 Equivalent Dynamic Model

The equivalent steady-state circuit model is n@liapble for dynamic generation. However,
a complete SCIG model for the given applicationsisl desired. As such, the model
comprising the equivalent dynamic electrical modetl mechanical model of chapter 2 is
now considered. Model stability is addressed &ftgr which a performance evaluation based
on a comparison of simulation and experimentalltessipresented.

5.3.1 Model Stability

Stability analysis of the complete SCIG dynamic eldd made difficult by its non-linearity
and time-varying nature as described in sectiorR2L4The matter is further complicated if a
general result (general machine parameters anaitipgiconditions) is desired. An analysis
providing useful insight into induction machine nebdtability is presented irl]. Important
assumptions and results are highlighted as follows.

Model stability is evaluated based on the rootghef characteristic equation as given by
solving equation 5.4. This implies that a lineandtinvariant equivalent of the complete
induction machine model is used. This is achiewe@dnsidering small displacements (and
their associated Taylor expansions) from a givelady-state balanced operating condition.
The stability analysis is based in the synchronoeference frame and is somewhat
generalised by considering a motoring slip<(s < 1) for three different machine sizes at
constant (rated) stator frequency. The dynamicthefthree machines are different but an
important common result is observed. The dynamidehas generally unstable for high
motoring slip values and stable for low motoring slalues [1]. Model instability for high
slip values does not invalidate the applicatiorthef model as machine operation may very
well be unstable for such values as the machineoappes a stable operating point (low
rotor slip). The model instability/stability is shito correspond to the positive/negative
gradient of the steady-state torque speed cunam ahduction motor as illustrated in figure
A.3 [1]. Remember, the equivalent steady-state circudleh not applicable for generation
simulation as it is unstable for all generating sialues £ < 0).

The stability analysis presented if] [covers induction machine motoring operation. The
work presented here is concerned with generatiahraquires a stability analysis for such
operation. The results fromi][ indicate that the equivalent dynamic model hagoms of

stability and instability for motor action and i®tngeneralised for all possible induction
machine parameter combinations. If the same apfaregeneration, then there is no purpose
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in reproducing this analysis as there are regidi®th stable and unstable operation with the
analysis not being generalised for all machine patars. However, it is required that the
model is not unstable for all generation operatiothe model must have regions of stable
generation as shown by the experimental resultstwtallow. In the following comparison
of simulation and experimental results, possibledehcstability is observed by the good
agreement between simulated and measured results.

In other words, model stability must match pradtigenerator stability for the given
operating condition. This is easily observed inoaparison of simulation and experimental
results. In the generation tests which follow, Eabenerator behaviour is practically
observed.

5.3.2 Model Performance — Simulation versus ExperimentaResults

The following is presented with the intention ofakiating the equivalent dynamic model of
chapter 2. The simulation implementation of the eldths been described in sections 2.4.2-
2.4.3. The model is evaluated by first consideriaged (approximately) steady-state
generation followed by dynamic generation. Dynameéneration is considered from the
perspective of both mechanical and electrical ispAtl tests are based on a balanced three-
phase generator supply.

Each test includes:

* A basic test description with appropriate experitaband simulation settings/parameters
» Reasons for carrying out the given test includiagitd objectives

* Simulation and experimental results/observatiorgetad at satisfying the test objectives
* Test summary on important observations and corasissi

As previously mentioned, stator voltage excitati@mplitude and frequency) and prime-
mover input torque act as experimental and simarfatputs. Stator current (magnitude and
phase relative to stator voltage) and rotor speedhee experimental and simulation outputs
which are compared for model verification. Powewgfarms (electrical and mechanical) are
derived outputs which provide a different perspexfor the comparison of experimental and
simulation results.

5.3.2.1 Steady-State Generation

5.3.2.1.1 Test Description
The SCIG is excited so as to generate under ramgat@ximately) steady-state conditions:

* Electrical excitations 400 Viys line-to-line @50 Hz
» Constant prime-mover torquel4.8 N.m

For the first steady-state test (sinusoidal supesf), the SCIG is not excited by a power
converter as illustrated in figure 3.4. Insteadsisupplied from the preceding three-phase
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variac output. The coupled induction motor is ex@iby a power converter as shown in the
same figure. The converter excites the motor based linear volts-per-hertz control such

that the SCIG is driven above its synchronous vlat 1500 rpm [5].

The second steady-state test (inverter supply iest)repeat of the first test except that the
SCIG is excited by a power converter as illustratetigure 3.4. The converter is also set to
linear volts-per-hertz control.

As previously mentioned in chapter 2, one pointimme for induction machine steady-state
operation is merely a time-shifted equivalent of ather point in time — voltage and current
amplitude and phase, excitation frequency, elecigmatic torque, rotor speed/slip and
electrical and mechanical power are all constdri].[ A consequence of this is that the
experimental and simulation results do not havbeasynchronised in order for them to be
compared. As long as magnitudes and relative wavefthases (voltage versus current for
example) can be established for each set of measuts, an appropriate comparison of
results is possible.

Where constant values are produced by simulativarage values of the corresponding
experimental results are used provided that arbi$sobvious.

5.3.2.1.2 Test Objectives

The steady-state generation test is the obviogstist that should be carried out for model
evaluation. It is a simple test that avoids the enoomplicated dynamic test should the
models fail.

The experimental test is carried out twice: firsthwa truly-sinusoidal generator supply and
then with an inverter-based generator supply. Amanson of the results from the two tests
is used to expose the effect of the inverter PWNKpwatu(non-sinusoidal) on the operation of
the SCIG. More specifically: if the inverter exc¢itan is represented by its fundamental
sinusoidal component as measured by the given mesasat circuit, how does the operation
of the SCIG compare with that of a truly-sinusoidaltage excitation? In the ideal case,
there is no significant difference between trulyusioidal and inverter-based supply tests.
This is used to evaluate the approach of consigeanly the fundamental sinusoidal

component of the inverter excitation — at leastmfr@an operational perspective for

symmetrical systems with balanced excitation. Farrttore this implies that sinusoidal-

excitation-based simulation results may be compuaiididinverter-based practical results for

model evaluation.
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5.3.2.1.3 Experimental/Simulation Results and Observations

5.3.2.1.3.1Generator Inputs

Figures 5.2-5.3 show the SCIG phase-voltage exmitdor the experimental cases of truly-
sinusoidal and inverter excitation respectively. ilgstrated in these figures the generator
electrical supply is approximately balanced in brcdbkes.

Obviously the generator supply as given in figses5.3 is not perfectly sinusoidal in both
cases with a "wavy" signal super-imposed on thessiinal fundamental. This occurs for
both the sinusoidal and inverter excitation andherefore, not a consequence of the inverter
operation. The effect of this non-ideal excitatisrobserved in the generator power which
follows.

The ideal perfectly-balanced equivalent of the gatoe excitation is given by the simulated
generator excitation as shown in figure 5.4.

The stator frequency for the two excitation casemeasured as illustrated in figures 5.5-5.6.
There appears to be some variability in the meastegjuencies which is further affected by
the measurement resolution of the oscilloscope amaultiplication factor as discussed in

appendix D. This is observed by the stepped naifitte measured signals. However, the

measurements appear to have an average vahie3& Hz and51.99 Hz for figures 5.5 and

5.6 respectively. The maximum measured frequeneyatien is no more thal % from
these average values.

The simulated voltage supply (perfectly balancddjgure 5.4 is based on the measurements
for the truly-sinusoidal excitation case. As suitie, stator phase voltage has a peak amplitude

of 327 V and frequency d$1.35 Hz.

The experimental and simulation voltage excitati@ame comparable in frequency and

amplitude. A visual inspection of figures 5.2-5ldcaindicates that they are balanced supplies
(approximately balanced in the experimental cas@$erefore, all three supplies are

comparable. Slight deviations from a balanced su@sk easily observed in the total

electrical power waveforms presented later.

The inverter-excitation fundamental component isnparable to that of the sinusoidal

excitation case. Since the inverter output is adi0D % (with the appropriate machine data
entered into the controller), this implies that thgerter output is a good approximation
(from a fundamental perspective) of the sinusogdaitation it aims to mimic.
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Figure 5.2: SCIG Stator Voltage — Sinusoidal Exmta

0 0.01 0.02 0.03 0.04 0.05 0.06
Time ()

—V1i V2 —V3

Figure 5.3: SCIG Stator Voltage — Inverter Excaati
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Figure 5.4: SCIG Stator Voltage — Simulation
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Figure 5.6: SCIG Stator Frequency — Inverter Exicite

The mechanical input to the SCIG is given by thenprmover input torque. This is
measured as shown in figures 5.7 and 5.8 for thig-sinusoidal and inverter excitation

respectively. The torque is only approximately ¢answith an average value ©4.76 N.m
and 14.36 N.m for the truly-sinusoidal and inverter supply casespectively. From the
measured results, the maximum torque deviation fteenaverage torque values1$ %.
Non-ideal machine coupling may be a contributingtda to the non-constant prime-mover

torque. For simulation purposes, a constant priraeamtorque 0fil4.76 N.m is used.
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Figure 5.7: Input Prime-Mover Torque — SinusoidatiEation
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Figure 5.8: Input Prime-Mover Torque — Inverter Exton

Since both electrical and mechanical inputs to $@&G are comparable for the truly-

sinusoidal and inverter excitation cases, the geoerresponses may be compared in
observing the effect of inverter excitation. Thimydes insight regarding the reduction of
the inverter-based excitation to its fundamentalisoidal equivalent.

Furthermore, the experimental and simulation geaeraputs also show good agreement.
Therefore, a comparison involving the measured/&itad generator response is possible and
provides insight into model performance at steadyes

5.3.2.1.3.2Generator Response

The measured stator phase currents for both expetaihcases are given in figures 5.9-5.10.
The corresponding simulated phase currents areemtexs in figure 5.11. Like the
corresponding phase voltages, the phase currentoarparable in amplitude, frequency and
their balanced nature. Again, any deviation frorbaéanced excitation is observed in the
waveforms of the total electrical power.

What remains is to compare the current phase velati the corresponding voltage as this
affects electrical power. This is possible in figsir5.12-5.14. Since all three cases have
approximately balanced electrical excitation, calgingle phase needs to be considered. The
phase voltage leads the phase current 1B$°, 146° and 135° for the three cases
respectively. A lagging power factor together wéttphase anglé@ where90° < 6 < 180°
resulting in a negative (generating) average plpaseer is expectedS]. The three phase
angles are not identical but are comparable —réifiee is less thah0 %. Furthermore, the
wavy non-ideal nature of the of the measured wawescaffects the measured phase angles;
any error introduced is magnified in convertingrage angle fromeconds to degrees.
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In conclusion, the phase currents for both expertalecases as well as the simulation are
comparable.
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Figure 5.9: SCIG Stator Current — Sinusoidal Exidita
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Figure 5.10: SCIG Stator Current — Inverter Exaitat

73



SCIG Model Evaluation

(V) wuaun) m.m@:.n_

0.04 0.05 0.06

10.03
Time (s)

Figure 5.11: SCIG Stator Current — Simulation
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Figure 5.14: SCIG Phase 1 Excitation — Simulation

The next machine output to be considered is ther gggeed as presented in figures 5.15-5.17.

The limited oscilloscope resolution is observedhe tiered nature of the measured rotor
speeds; measured signals are represented by Wleeaiga values. The average rotor speed is

respety.

inverter excitation

and

Experimentally, the maximum rotor speed deviatimmf average rotor speed is no more than

1568 rpm and 1576 rpm for the sinusoidal

2 %. The simulated rotor speed is constantla88 rpm. Therefore, the rotor speed is

comparable for the experimental and simulated cases
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Figure 5.17: Rotor Speed — Simulation

Power and efficiency information are now presertegrovide a different perspective on
generator and model performance. ldeal generatamed on a perfectly balanced machine
supply and ideal machine construction is illustlate the simulation results of figure 5.18.
The sinusoidal components of the per-phase poveerset with the average powers summing

to give a constant total power e2.17 kW (generation)5|.

Per-phase powers as well as total stator powah&experimental cases are given in figures
5.19-5.20. The experimental voltage and current stnesnents are only approximately
sinusoidal/balanced as previously mentioned. Thiseflected in the corresponding stator
powers:

» Per-phase powers are approximately sinusoidal.
» Total stator power is approximately constant.

The approximately balanced/sinusoidal nature of phese voltages and currents is a
consequence of practical system non-idealities kviiay include:

* A non-ideal voltage supply that:

o is variable in amplitude and frequency

o is not perfectly balanced

o has some source impedance such that the outpatyeak current dependent
* A non-ideal generator that:

o is not perfectly symmetrical across all three pbase

o has windings placed in slots instead of being camtusly distributed
* A non-constant prime mover torque
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However, a definite average total power-&£.12 kW and—2.11 kW is observed for figures

5.19 and 5.20 respectively. A worst-case deviatibapproximatelyl3 % from the average
power is observed in the experimental cases.

There is a noticeable difference in comparing tbeaekppowers of the truly-sinusoidal and
inverter supply cases — the reason for this diffeeas unknown. The simulated peak powers
appear to match the inverter-based results moeeigloThe three average total powers show
agreement. Overall, the power results for the thiigares are comparable, especially
considering the fact that the experimental resales derived from voltage and current
measurements of non-ideal systems — slight diffremn the voltages and currents between
the three cases are magnified by voltage-currentiptication in calculating the electrical
power.
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Figure 5.18: Input Electrical Power — Simulation
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The mechanical power input to the SCIG by the pnmaver is presented in figures 5.21-
5.22 for the experimental tests. The mechanicalgpas derived from the rotor speed and
prime-mover torque measurements shown earlier. eftwe, the calculated mechanical
power suffers from the same variability as the inaymeasurements. However, there is a

clear average power @42 kW and2.37 kW for the truly-sinusoidal and inverter excitation

cases respectively. Deviation from these averagesoi more thanll %. The average
experimental mechanical powers are comparable & dbnstant simulated power of

2.46 kW.

The mechanical power loss as a result of frictiod windage is simulated 40 W which is
less thar2 % of the average mechanical input. As a result,piveer entering the electrical

79



SCIG Model Evaluation

subsystem from the mechanical subsystem at steaath/{§10 change in angular momentum)
is approximately the same as the prime-mover ipputer.
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Figure 5.21: Input Mechanical Power — Sinusoidatittion
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Figure 5.22: Input Mechanical Power — Inverter Eatoon

Generation efficiency may be calculated by consmdethe average electrical/output power
as a fraction of the average mechanical/input po@eneration efficiency i87.60 % and
89.03 % for the sinusoidal- and inverter-based experinlecdaes respectively; simulated

generator efficiency i88.21 %. The experimental efficiencies are a little higthey should

be slightly lower than the simulated efficiency@mmagnetic core loss is neglected in the
theoretical models. However, the measured effiegmnare still acceptable considering that
they are derived values from measurements of padlgtinon-ideal systems.
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5.3.2.1.4 Conclusion

The experimental electrical excitation is found le comparable (from a fundamental
frequency perspective) for truly-sinusoidal and eirtgr-based excitation. This gives an
indication that the inverter is functioning corigah approximating a sinusoidal supply.

Stator currents as well as average rotor speeslisdfto be comparable for the experimental
cases of truly-sinusoidal and inverter-based ettoita This implies that the two methods of

machine excitation are equivalent when considettvegfundamental component of electrical
waveforms as a means of comparison. This is suggdoly the derived electrical and

mechanical power waveforms as well as the generafitciency results. Therefore, inverter-

based generator excitation may be used with medsleetrical waveforms reduced to their
fundamental sinusoidal component.

Since practical and simulated generator responsesa@nparable, the induction machine
model gives a good representation of practical S@#&ormance for rated steady-state
operation.

5.3.2.2 Dynamic Generation — Mechanical Input Dynamics

The following test deals with a case of constamegator supply (voltage amplitude and
frequency) but dynamic prime-mover torque. Thig tescarried out with the intention of
concluding on SCIG model performance in an OWC W&Ghe case of a constant sea state
as presented in chapter 6.

5.3.2.2.1 Test Description

The experimental setup is the same as that oRtésiverter-excitation test) of the previous
steady-state-generation analysis with the primeanpower converter controlled such that a
sinusoidal torque is applied to the generator roldre prime-mover torque ranges from
0 N.m to a rated torque df4.8 N.m (approximately). The torque period may be variati®
chosen a$.1 s (10 Hz). This accommodates dynamics which are slowerenddlbwing for a
convenient analysis of results (electrical exawatirequency is not significantly higher than
the torque frequency). The generator voltage etaitais set constant in amplitude and
frequency.

The fundamental test characteristic is based ohngythe SCIG from no generation (light
motoring) to deep generation and back again abgiwtes synchronous velocity.

5.3.2.2.2 Test Objectives
The objective of the following test is to evaludte performance of the SCIG dynamic
model in the case of a set generator supply witihn@mic prime-mover torque.

Another test objective involves determining whettiner steady-state SCIG circuit model may
be used to identify the initial generator currefds the dynamic generation in question
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(balanced stator supply with constant voltage awombd and frequency together with a
sinusoidal prime-mover torque).

5.3.2.2.3 Experimental/Simulation Results and Observations

5.3.2.2.3.1Generator Inputs

The measured generator stator supply is given dayrdi 5.23 and approximates a balanced
three-phase supply. The phase voltages are remddurc the simulations with a peak
amplitude 0f295.33 V and frequency o6 Hz such that the simulation voltages are in-phase
with their corresponding experimental voltages dtergiven time series.

0 0.05 0.1 0.15 0.2
Time (s)
—V1 V2 =—V3
Figure 5.23: SCIG Stator Voltage — Experimental

The generator mechanical input is given by the uergvaveforms of figure 5.24. The
sinusoidal simulated torque approximates the medsexperimental torque as desired.
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Figure 5.24: Input Prime-Mover Torque

The SCIG inputs are comparable and synchronisethéoexperimental and simulation tests.
Therefore, the practical and theoretical generatsponses can be compared on an
instantaneous basis.

5.3.2.2.3.2Generator Response

The generator response may be characterised Ibyafiedysing the resulting stator currents.
The experimental and simulated currents are givefigures 5.25 and 5.26 respectively.

From these figures, it is observed that the prataad theoretical stator currents show good
agreement thus confirming generator model perfoo@an

As described in chapter 2, the SCIG steady-statelitimodel has been used to identify the
generator initial currents based on a phasor apprdaom the current waveforms presented,
it is concluded that the initial conditions areided approximately but sufficiently.

As shown in figures 5.25-5.26, the stator currappear to be sinusoidal in nature with
instantaneously varying amplitude and frequencye Variable frequency is apparent when
considering the "sinusoidal" half-periods. Thisai@ possible according to a phasor analysis
of the SCIG steady-state circuit model where thatostcurrent frequency would be
determined by the stator-voltage frequency (constathis case). Therefore, if the test had
started at some other point in the generation diper# is possible that the calculated initial
conditions would have been less accurate. Therefiostould be concluded that the SCIG
steady-state circuit model cannot be used to exalhtify the initial generator currents but
may give a good approximation of them. In otherdgoithe given dynamic generation is not
exactly a series of different steady-state conaitio

Since the voltages and currents of the experimamglsimulation tests have been compared
on an instantaneous basis, there is no need téy\he phase shift of the phase currents
relative to their corresponding phase voltages.
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Figure 5.25: SCIG Stator Current — Experimental
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Figure 5.26: SCIG Stator Current — Simulation

The practical and theoretical rotor speed is prteseim figures 5.27 and 5.28 respectively. A
speed variation with variable driving torque is egi@d based on the torque-speed
relationship of an induction maching].[ This is clearly shown in the simulated rotor epe

which is sinusoidal with a frequency ®® Hz. Such a sinusoidal variation is not observed in
the measured rotor speed. This is a consequertbe difst-order low-pass filtering effect of
the rotor speed measurement as mentioned in sekfoh and quantified in section D.5.2.

For a given frequency of rotor speed variation, #peed measurement has—8 dB
bandwidth of0.34 Hz. Therefore, al0 Hz simulated speed variation &0 rpm will be
measured a8.04 rpm. This speed variation is lost in the measuremesalution as shown in
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figure 5.27. The average measured speetdB83 rpm which corresponds to the average
simulated speed df405 rpm.

The generator model cannot be evaluated from adspemparison; however, the previous
comparison of stator currents is sufficient. Thechmae rotor and stator windings are
magnetically coupled and, for argument purposey, lmeaconsidered as some sort of rotating
transformer. In this way, the stator currents apethdent on the rotor currents. According to
Faraday's and Lenz's laws of electromagnetic inolucthe voltage induced in the rotor
windings is dependent on the rotor velocity rekatio the air-gap magnetic field. This
implies that the rotor current and, therefore,mstatirrent is dependent on the rotor speed. If
there is good agreement between measured and sahdator currents, then there will be
good agreement between the corresponding rotodspEeom a steady-state perspective, the
dependence of the stator current on rotor spepdssbbserved in the circuit model of figure
2.1 where the effective rotor resistance is depeinole the rotor slip.
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Figure 5.27: Rotor Speed — Experimental
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Figure 5.28: Rotor Speed — Simulation

Experimental and simulated power waveforms are posgented providing further insight
into model performance.

The per-phase and total electrical input power iv@rg in figures 5.29 and 5.30 for the

experimental and simulated results respectivelynstlering possible system non-idealities,
the power waveforms show good agreement. The madperation oscillates between deep
generation and light motoring. The change in persghpower and its effect on the total
electrical power developed is obvious. It appearthaugh the machine operation is a sort of
variable steady-state operation comprising a sefi@fferent steady-state conditions. Such
an analogy is not exactly true based on the vargurgent frequency evident in figures 5.25-
5.26.
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Figure 5.29: Input Electrical Power — Experimental
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Figure 5.30: Input Electrical Power — Simulation

The simulated speed deviation from its average evabi2.14 %. For the purpose of
determining mechanical power, the speed can badsresl as being approximately constant.
Therefore, the measured speed of figure 5.27 carudeel in the experimental power
calculation to obtain approximate values.

The experimental generator electrical power andn@imover mechanical power are
illustrated in figure 5.31. The corresponding siatign results are also given in figure 5.31.
Despite the inaccuracy in the speed measurememg th good agreement between measured
and simulated mechanical powers.
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Figure 5.31: Prime-Mover Mechanical Power versufGSElectrical Power

87



SCIG Model Evaluation

5.3.2.2.4 Conclusion

The dynamic model is evaluated by comparing simaraand experimental results in the
case of a dynamic prime-mover torque. The considelyggamic involves a sinusoidally-
varying input torque driving the SCIG between lighttoring and deep generation.

Even though there is a good agreement betweenvitiage values of the measured and
simulated rotor speed, a comparison of rotor smaethot be used to conclusively evaluate
model performance. This is because the rotor sggedmics are not accommodated by the
measurement system bandwidth. However, the goakagnt based on the stator currents is
sufficient to conclude that the dynamic model iplegable for the given case of a dynamic
prime-mover torque. This is supported by the agergnn simulation/experimental power
waveforms.

The tested generation condition involves a balanstator supply with constant voltage
amplitude and frequency together with a sinusomlmhe-mover torque. It is concluded that
the considered dynamic generation is not exactigrees of steady-state operating conditions.
This is apparent in the stator-current frequenajatian. As a result, a phasor-based analysis
of the equivalent steady-state circuit model is/@tlle to approximate the initial stator/rotor
current conditions for the given dynamic generation

5.3.2.3 Dynamic Generation — Electrical Input Dynamics

The test in question involves model performancehwvdiynamics in generator electrical
supply. The intention of carrying out the followirigst is to conclude on SCIG model
performance in an OWC WEC for the case of a chamgea state as discussed in chapter 6.

5.3.2.3.1 Test Description

The dynamic considered involves a sinusoidal vianaof the stator supply frequency. The
sinusoidal variation has a frequency4oHz where the generator operation is continuously
cycled between light generation and deep generation

The prime-mover induction machine electrical exmta is kept constant — there is no
intentional variation in generator mechanical eatain. Owing to the coupled nature of
induction-machine torque to its rotor speed/sligr¢hwill be a prime-mover torque response
[5]. The measured prime-mover torque is simply repced in the simulations.

As is the case for the previous dynamic generdiamsed on a dynamic prime-mover torque,
the generator and prime-mover induction machines electrically supplied by power
converters.

5.3.2.3.2 Test Objectives

The test objective is to evaluate the performariceed SCIG dynamic model in the case of a
variable generator supply; the dynamic considere@ isinusoidal variation of the stator
frequency.
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The results are presented for one cycle of supahation; however, generator operation is
merely repeated with following cycles.

A secondary objective involves investigating whettige equivalent steady-state circuit
model may be used in determining the initial staod rotor currents for the given repetitive
generation condition.

5.3.2.3.3 Experimental/Simulation Results and Observations

5.3.2.3.3.1Generator Inputs

The measured stator voltage supply of the SCIGviengby figure 5.32. The three-phase
supply appears to be approximately balanced inr@afiny variation of the supply amplitude

and frequency is not immediately obvious from feg&.32 but will become apparent on the
establishing a mathematical equivalent for simatatipurposes. However, no periodic
variation in voltage amplitude (especially one timattches the periodic frequency variation)
can be identified. Therefore, the voltage amplitislassumed to be constant for simulation
purposes.

The stator voltage supply and its variable freqyenature reduce to a simple case of
frequency modulation where a phase voltage maxpeessed ag]

Vphase = Vpeak COS (271 fot fr,(Ddt + 61,) (5.11)

Vpeak = 294.67 V is the constant peak value of the phase-voltéges the phase of the
given phase voltagdd, = gn rad for phase one with phase two and three delayed by

furthergn rad and%n rad respectively;t is a dummy variable for time; f,(t) is the

instantaneous frequency of the phase voltages ssguleas
f(@) = Fpeak COS(ZﬂffT + ef) + Faverage (5.12)

Fpeax = 2 Hz is the maximum deviation from an average frequemdy Fyyerqge =
48.025 Hz; the frequency at which the instantaneous frequé@) varies from its average
value Fyperqge 1S fr = 4 Hz; the phase of the sinusoidal frequency variat®ffound to be

0 = %n rad. Substituting equation 5.12 into equation 5.1%gia phase voltage of

Vpnase = Vpeak COS (F’}iak sin(27fpt + 05) + 2 Fperaget — F’}e}:’k sin(0;) + 9,,) (5.13)

In summary, the three-phase supply is similar teaanced supply with a peak voltage of
294.67 V and relative phase delays b20° between the phases. The only difference is the
instantaneous frequency which has a peak sinusdieldbtion of2 Hz from an average
frequency o#8.025 Hz. The sinusoidal frequency deviation has a perio@i2b s.
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A comparison of the measured and modelled phase«atege supply is presented in figure
5.33. The instantaneous electrical frequency i® @isen in this figure. The frequency
variation is observable in the voltage supply anere is also a good agreement between
measured and simulated phase-one voltages. Thegragnt is also true for the other phase
voltages.
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Figure 5.33: SCIG Stator Voltage — ExperimentakusrSimulation

The stator frequency as measured by the measurearmeunit is given in figure 5.34. This
frequency measurement has a first-order low-paksr fcharacteristic with a—3 dB
bandwidth of approximatel¥).147 Hz. As a result, any sinusoidal frequency variatien i
significantly attenuated. However, the average feegy 0f48 Hz shows good agreement
with the modelled value @8.025 Hz.

90



Chapter 5

A practical indication of the instantaneous supfitBguency can still be achieved if one
considers the speed-reference signal input to tmra unit of the generator power

converter. Through a series of steady-state tegteré the measurement circuit frequency
measurement is applicable), it is found that theedpreference voltage is directly

proportional to the inverter output frequency. Bhsm the speed reference signal, the
associated generator supply frequency is presentdjure 5.35. The simulated supply

frequency is also shown and supported by this éigliris observed that the power converter
introduces a negligible attenuation and delay @& #ttual supply frequency versus the
desired supply frequency.
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The measured prime-mover torque and its simulagurvalent are presented in figure 5.36.
The torque is sinusoidal with a frequencytdiz and an average 8f25 N.m.
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Figure 5.36: Input Prime-Mover Torque

Since all experimental and simulation inputs far 8CIG are comparable and synchronised,
the practical and modelled generator responsesncanbe compared on an instantaneous
basis.

5.3.2.3.3.2Generator Response

The experimental and simulated generator currerspeesented in figures 5.37 and 5.38
respectively. The corresponding currents are coafpparin phase and magnitude thus
confirming the performance and application of thaamic generator model. The slight
difference in the current amplitudes is acceptaben considering supply and generator
non-idealities as previously mentioned.
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Figure 5.38: SCIG Stator Current — Simulation

The experimental and simulated rotor speed is tititisd in figures 5.39 and 5.40
respectively. Based on the simulation result, txpeamental rotor speed would be
significantly attenuated by the measurement impteaton as discussed in the case of
mechanical input dynamics. Hence, the sinusoidakdpprofile is not observed in figure
5.39. However, the average measured rotor spee¢affiected by the measurement low-pass
filter characteristic) oftl485 rpm is comparable with the simulated valueldi66 rpm. As
discussed in the rotor speed analysis for the chsmechanical input dynamics, a good
agreement between measured and simulated statmentauns sufficient to prove model
performance in the case of deficient rotor speedsmement.
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The beginning of figure 5.40 shows that the simaitatnitial conditions are not perfect.
However, the results still allow for the evaluati@mi generator model performance.
Therefore, the equivalent steady-state circuit rhotey be used to derive approximate initial
stator/rotor current conditions for the given répet generation condition.
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Figure 5.39: Rotor Speed — Experimental
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Based on the agreement between the practical andated stator currents, the SCIG model
performance has been verified for the given germgratondition. Power curves are now
presented and analysed to further support thisndiadm a different perspective.

The per-phase and total electrical power are ptedem figures 5.41 and 5.42 for the
measured and simulated cases respectively. Thé pgotaer is not as smooth for the
measured results as for the simulated results. i$l@asconsequence of the non-ideal practical

94



Chapter 5

system. However, the profile and general magnitoflehe corresponding powers are
comparable. This is also illustrated in figure 5wWii3ich shows the measured and simulated
total electrical power on the same set of axes.
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Figure 5.42: Input Electrical Power — Simulation

According to figure 5.40 the maximum rotor speediakon is2.5 % from its average value.
As a result the rotor speed may be considered &g lsproximately constant for the
purpose of evaluating mechanical input power. lheotwords, the sinusoidal speed
component is considered negligible. Therefore, tteasured rotor speed of figure 5.39 is
used in the calculating the practical mechanicalgydnput to the SCIG.
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The mechanical input power to the generator is gmtesl in figure 5.43 for both the
experimental and simulation results. There is gagieeement despite the deficiency in rotor
speed measurement.
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Figure 5.43: Prime-Mover Mechanical Power versufGSElectrical Power

5.3.2.3.4 Conclusion

The equivalent dynamic model is evaluated by casid dynamics in electrical excitation.
Model evaluation is achieved by comparing simulatiesults with experimental results. The
particular dynamic involves a sinusoidally-varyiglgctrical frequency.

There is good agreement between the average vafuie® measured and simulated rotor
speed. However, the bandwidth of the rotor speedsmement is insufficient and does not
cater for the tested dynamics. This is also the das the model verification based on a
dynamic torque input. Again, a comparison of sirtedeand measured rotor speed cannot be
used for conclusive model evaluation.

However, the simulated and measured stator curgdii® good agreement. As mentioned
before, this is sufficient for a positive model kasion. The application of the dynamic
SCIG model for the given dynamics is also suppotbgdthe generator electrical and
mechanical power waveforms.

Therefore, the dynamic SCIG model is applicable foe tested electrical-excitation
dynamics.

It is also shown that the equivalent steady-stateuit model may be used to derive
approximate initial stator/rotor current conditidos the given generation condition.
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5.4 Conclusion

An equivalent steady-state model and dynamic mtuieh SCIG are evaluated for the case
of dynamic generation. The steady-state model sueted from a stability perspective
whereas the dynamic model is evaluated through mpadson of simulation and

experimental results.

The steady-state model is found to be unstablalf@enerating conditions (negative slip). In
practice, the SCIG has regions of stable generaijmeration. Therefore, the steady-state
model considered from a time-domain perspectivetsapplicable for dynamic generation.

The dynamic model is evaluated by considering tbprating conditions:

* Rated steady-state generation

* Dynamic generation involving a dynamic torque ingntl steady-state voltage excitation

* Dynamic generation involving a dynamic voltage &tton and a dynamic prime-mover
torque

Based on the agreement between simulation and imxg#al results, the dynamic model is
found to be applicable for the given dynamic geti@naconditions.

It is also observed that the use of a phasor aisabfsthe steady-state equivalent circuit

model att = 0 s sufficiently approximates the initial machine @nts for the given steady-
state and dynamic generation tests. It is import@amiote that the steady-state circuit model
instability is irrelevant in a phasor-based analysi
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6 Conclusion

6.1 Research Problem

The fundamental research question involves the Hiogleof a three-phase symmetrical
SCIG in generating electrical energy from oceanavanergy. The chosen application
involves a generator driven by a Wells turbine m@WC WEC. The modelling approach
involves the evaluation of existing generator meddl is important for these models to
correctly reproduce the practical generator respdmsthe given application.

Considering the dynamic nature of ocean-wave enaryy the chosen WEC setup, the
generating condition is dynamic. However, the ingjgnamics are relatively slow compared
to the generator electrical response such thatrgemeoperation may be considered as quasi-
steady-state. Owing to the quasi-steady-statedyeamic, generator operation, two SCIG
models are considered:

* The equivalent steady-state model
* The equivalent dynamic model

Both models are considered from a time-domain metsge (time-based differential
equations). Before implementing and testing theG@lodels, their stability is considered
which is important given the dynamic generatingligpgion.

Generator function is broken down into two modespération for the purpose of model
evaluation:

+ Generation for a constant sea state

This involves the typical system operation where WIEC operating point has been set
for a particular sea state. The generator speedtharkfore, electrical excitation is set
with a dynamic prime-mover torque that oscillatethwhe wave power. Expected torque

oscillations are sinusoidal with a perioddof — 5 s.
* Generation during a change in sea state

This mode of operation involves the WEC responsa thange in sea state so as to
optimise system efficiency. The system responseolweg establishing a new
turbine/generator speed which corresponds to the sea state so as to avoid poor
turbine efficiency. The expected generator dynararesnot easily quantified since they
depend on the system control implementation possialuding the use of an air-flow
valve as well as various system parameters sualotas MOIl. Some electrical input
dynamic (voltage amplitude and frequency) is usedbting about a change in
generator/turbine speed while causing some s@ystEm mechanical response in terms
of a turbine torque applied to the generator ro@nce the system reaches the new
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operating point, the WEC functioning is describgutlie operating mode for a constant
sea state.

The SCIG models are evaluated by reproducing theamijc electrical and mechanical
generator inputs (voltage amplitude and frequemxy @rime-mover torque) for a particular
generation mode while comparing the simulated ampeemental generator response (stator
current and rotor speed). In this way, the genenatodels are evaluated without explicitly
including the rest of the WEC system in the analygigreement between simulated and
measured stator current is sufficient to concluden@del performance; however, rotor speed
as well as electrical and mechanical power arewdsd providing a different perspective.

6.2 Equivalent Steady-State Model

The steady-state model is evaluated for dynamierggion by considering the stability of the

electrical subsystem circuit model as a functiorrabr slip. It is shown that the model is

unstable for all negative slip values and, theesfatl generation conditions. Since a SCIG
has regions of stable generation in practice (asvshby the test cases of chapter 5), the
equivalent steady-state model as considered fraimexdomain perspective is not suitable
for the given generation application. Quasi-stesidye generation is still classified as

dynamic generation, just with slow input dynamics.

6.3 Equivalent Dynamic Model

6.3.1 Generation for a Constant Sea State

The first dynamic generation test presented in @repinvolves a dynamic mechanical input
to a SCIG. This test is used to evaluate the dyoanudel for generation in the case of a
constant sea state. The stator voltage excitasi@omnstant in amplitude and frequency (near
rated in this case) corresponding to some systamatpg speed. A sinusoidal prime-mover
(turbine) torque drives the induction machine bemvéght motoring and deep generation.
This is the worst-case generation dynamic for astzont sea state as described in chapter 1.

The tested dynamic involves a prime-mover torquellaton with a period 00.1s (10 Hz)

which is faster than the typical dynamic4f — 5 s. Furthermore, the tested torque dynamic
is rather fast considering that it is a mechandlyedamic. It is unlikely that a faster realistic
dynamic should occur in practice.

Based on the agreement between simulated and redaganerator response in terms of
stator current, the model is found to be applicdblethe tested dynamic generation. The
agreement in corresponding electrical and mechbpaaer further supports this conclusion.
Therefore, the model is applicable for typical S@iGeration as driven by a Wells turbine in
an OWC WEC for a constant sea state with a dyn&onigie oscillation up to a frequency of

10 Hz. This is provided magnetic saturation and parameteability (as discussed in chapter
2) are not present. Otherwise, model paramete@nbea function of the generator operating
point.
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6.3.2 Generation for a Change in Sea State

As previously mentioned, quantification of the geater input dynamics in the case of the
system response to a change in sea state is tificcachieve. This is especially true for the
simplistic approach adopted where the rest of tHeCWystem is not explicitly modelled.
What is known is that some change in generatortredat excitation is used to move the
generator to a new operating speed while expengrebme turbine torque response. In light
of this, an informative dynamic test is carried autchapter 5 ("Dynamic Generation —
Electrical Input Dynamics") which provides an ination of the model performance.

The tested dynamic involves a sinusoidal variationstator excitation frequency. This
mimics the case of an oscillating desired systemedp The prime-mover torque is also
sinusoidal in nature and is simply the respongd@®®xperimentally coupled induction motor
excited with a steady-state voltage. For experialepurposes the induction generator
oscillates between light generation and deep gaorraObviously the exact WEC system
response has not been considered. However, thetiokjés to observe model performance
for a dynamic electrical excitation with some dymaprime-mover torque.

The electrical-frequency and torque oscillationgeha sinusoidal period df.25s (4 Hz).
Such a dynamic is expected to be much faster tmgntypical dynamic for the given
application. For perspective, consider the typiwalve period of8 s — 10 s. This is much
slower than the tested dynamic. Furthermore, cheabgaveen sea states are not expected to
occur at anywhere close to the typical wave period.

Since there is good agreement between the simudatddexperimental generator response
(given by the stator current and electrical and lmeal power), the model is applicable for
the tested dynamic. Owing to the nature of theetediynamic (sinusoidal electrical frequency
and prime-mover torque with a relatively fast datibn), it is suspected that the dynamic
model would also be applicable for actual generapmration as a result of a change in sea
state. Again, cases involving magnetic saturatimh @arameter variation still require further
consideration.

6.4 Research Context

As discussed in chapter 1, the work 1h i focused on reducing the fluctuation in gensulat
power in the case of an OWC WEC fitted with an ictchn generator. The work is based on
a phasor analysis (frequency domain) of the pes@hsteady-state circuit model. The
research question answered by the work presentddisrdissertation is whether the same
model may be considered from a differential-equaftone-domain) perspective.

The work presented ir2] is concerned with improving the Wells turbinei@#ncy in an
OWC WEC by avoiding aerodynamic stalling. The wadsumes a DFIG and makes use of
the equivalent dynamic model. The research predemtethis dissertation is based on
proving/supporting the use of the same model irctse of a SCIG.
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6.5 Final Remarks and Future Work

In modelling the SCIG for the given test cases, meéig core loss is neglected and magnetic
saturation and parameter variability are not careid/included. Based on the good

agreement between simulated and experimental sesbése assumptions are justified. As
previously mentioned, cases involving magnetic rediton and parameter variability are left

for future development.

System starting and shutdown are not consideregh Siperation would require the
incorporation of the entire WEC model. This is l&jt future development. Based on the
model performance for the given dynamic test cames,might expect the generator model to
perform suitably for starting and shutdown condisoHowever, it is important to note that
the tested dynamics have relied on a balancedit alixeamic, stator voltage supply. Cases
involving some strange electrical-supply transisoth as an electrical fault or phase-
switching have not been considered. Again, modaluation of such cases requires further
research.

As discussed in chapter 1, experimental scaling has bearing on the research
results/conclusions. In evaluating the SCIG dynamaziel, the experimental and simulated
results show good agreement — especially consgleossible system non-idealities:

»  Stator voltage supply which is not perfectly bakshavith some source impedance

* Generator which is not perfectly symmetrical acralsshree phases and where windings
are not continuously distributed

* Non-ideal generator/prime-mover mechanical coupling

The inclusion of system non-idealities in the gatmr model is not considered part of the
research scope and is left for future development.

The SCIG models considered are focussed on prayidiormation regarding the electrical
and mechanical variables of the generator includiegninal voltages and currents,
mechanical torque and rotor velocity. Important polow and energy loss between the
mechanical and electrical systems can also be r@utairom the model simulation while
giving an indication of the machine mode of opemtiThermal considerations including
heat dissipation and ventilation as well as med#nvearing and vibration are not solved in
the given models.
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Appendix A

A. Basic Induction-Machine Construction and Operation

A.1 Introduction
The purpose of this note is to establish a basiderstanding in induction machine
construction and operation. Important conceptsuihei

» Air-gap magnetic field

» Electrical versus mechanical units of space and tim

* Basic winding arrangement

* Rotor slip

 The steady-state torque-speed curve showing diffeneodes of induction-machine
operation

A.2 Air-Gap Magnetic Field

Operating as a motor, theduction machine stator windings are excited byesahree-phase
power supply (ideally balanced,]). A three-phase voltage supply is said to berxd if
the voltages of each phase are sinusoidal with legoglitudes and frequencies and

respective phase shifts%’? radians in time [L,2].

The currents developed in the stator windings ptedumagnetic field in the air gap between
the rotor and the statof,p]. Owing to the winding distribution of each phasepulsating
sinusoidal magnetic field is developed by each phasding with the number of pole pairs
(one pole pair consists of two "magnetic poles"’narth pole” and a "south pole")
determined by each phase winding configurationsTiillustrated for phase "a" in figure
A.1 which shows the winding configuration of a #mghase, four-pole induction machine
[1,2,3]. It is important to note that a wound rotor ilsistrated for explanation purposes as a
squirrel-cage rotor can be represented by its waootat equivalent I]. Figure A.1 shows

that the rotor windings merely mirror their corresding stator windingsl].

The sinusoidal magnetic field for each phase imsequence of the per-phase winding
distribution and not the power suppl).[This is discussed in section A.4.2 for a thrbege,
two-pole induction machine — figure A.1 illustrat@soncentrated winding arrangement for
explanation purposes. As shown in figure A.1, Bieé phase windings are identical but
relatively displaced around the stator. Owing te tact that there are three identical phases
which are mechanically displaced, that each phapely is sinusoidally time varying and

that the excitation voltage of each phase is efjuaklectrically displaced bgéf radians in

time (balanced three-phase electrical grid supplyg, superposition of all three phases
produces a sinusoidal time-varying magnetic fiblat rotates in the air gafj[
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Zero Magnetic Field
Reference Line (outward
magnetic field direction
taken as positive) Current flowing out of page

N = Magnetic North Pole; S
= Magnetic South Pole as
experienced by an outside

.. . observer
(positive current convention)
Current flowing into page
(positive current convention)
Return
Conductor

Phase “a” of Coil
“Stator” Coil “1”

a — — —

n/3 (mechanical)
o
2mn/3 (electrical)

T
\CSZ
\
\ .
\ 7/2 (mechanical)
or

|
Sinusoidal Magnetic Field |
| w (electrical)
I
I

[T}

Distribution produced by Phase “a
Winding Arrangement (current
assumed to flow as given by
convention)

Figure A.1: Concentrated Equivalent of the Wind@wnfiguration of a Three-Phase, Four-
Pole Induction Machine (Wound Rotor) — Cross Secidapted from1,2,3]

The resultant rotating stator magnetic field cassef two pole pairs. This magnetic field
varies relative to the windings of the rotor. Adaliog to Faraday's and Lenz's law of
induction, a three-phase sinusoidal voltage anceatiis induced in the rotor windings. The
induced three-phase current produces a rotor magingtl of its own. The stator magnetic
field "pulls on" the rotor magnetic field so thaettwo are aligned and rotate synchronously
[1]. As a result, a torque is produced on the rotbictv causes it to rotate. According to
Lenz's law, the rotor will rotate in the same diil@t as the magnetic fields so as to reduce
the change in magnetic field observed by the ratodings [L]. However, in order for a
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voltage to be induced in the rotor, the stator neéigrfield must be varying relative to the
rotor (Faraday's law of induction). This impliesathotor must rotate slower than the stator
and rotor magnetic fields (which form the resultar@gnetic field) 1].

A.3 Electrical and Mechanical Units of Space and Time

It is important to differentiate between electriGald mechanical units of position and,
therefore, displacement and velocity (spacial gtiag). This can be explained with the aid
of figure A.1l. For a four-pole machine, a full rotorotation represents
21 mechanical radians. However, since two sinusoidal wave periods ofrtitating resultant
magnetic field fit along the air gap, one full rototation representém electrical radians
(one wave period i8m electrical radians). For aP-pole machine, the relationship between a
physical angle measuredeétectrical radians 8 andmechanical radians 6,, is [1,2,3]

P

0 ="0n (A.1)

For a balanced three-phase power supply, the platges are relatively phase-shifted by
2?” electrical radians [1,2]. This is a time-base displacement or shift ant aspacial or

physical displacement like the relative displacetmefthe stator windings.

In an induction machine, both time-based and phaysisplacements occur, which can be
expressed in units of electrical mrechanical radians. Time-based shifts are conventionally
expressed in terms efectrical radians.

A.4 Winding Arrangement of a Three-Phase Four-Pole Indation Machine

A.4.1 Concentrated Winding Representation

The winding configuration of figure A.1 is derived follows [,2,3]. Each phase winding is
required to produce a sinusoidal magnetic fielcthghat two magnetic pole pairs are present
in the air gap. Therefore, two coils (connectedenes) are required per phase winding with
each coil comprising a conductor carrying curretib ithe page and a conductor carrying
current out of the page,B]. As shown in figure A.1 the coils do not crossarthermore, the
current direction (into or out of the page) of ttemductors of each phase winding alternates
around the stator. This results in constructiveegopsition of the magnetic fields produced
by any two adjacent conductors as given by thet digimd rule. A magnetic pole is, thus,
produced between two adjacent conductors. Each atagnpole occupies

7 electrical radians and this translates infz% mechanical radians as given by equation A.1.

This angle is shown in figure A.1.

A balanced three-phase system has phase voltaggésarents) which are relatively phase
shifted in time byZ?” electrical radians. In order to produce the desired resultant magneti

field, the phase windings must be physically dispdabyz?” electrical radians [1]. This
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translates intt% mechanical radians as shown in figure A.1. The winding displacemearts

anticlockwise and, thus, produce a positive rodbation in the anticlockwise direction.

As shown in figure A.1, angles can be measuredivel&o the stator circuit or rotor circuit
[2]. The reference points of these circuits are gibgnthe axis of the a,,as,") and
(ar1,a,1") coils respectively. Angles (ialectrical radians) measured relative to these axes
are given byg; andé, respectively. The rotor circuit position relatiteethe stator circuit (in
electrical radians) is given asf,;. Where angles are given imechanical radians, the
subscriptm is be included, for exampléy,,, 6,., andéf,,,,. The same applies to angular
velocities inrad.s™1.

A.4.2 Practical versus ldeal Winding Arrangement

Figure A.1 represents the concentrated equivalénhe various windings for explanation
purposes. However, in order to achieve a sinusaitignetic field distribution from each
phase winding, the coil turns should be arranged gontinuous sinusoidal distribution as
shown in figure A.2 for a single-phase stator wirgdof a two-pole induction maching][ In
figure A.2, the size of the corresponding conduatcles indicates the relative "turn”
density of the winding.

In reality, the coil "turns" cannot be continuousligtributed and are placed in a physically-
limited number of slotsl]]. Furthermore, it is practically convenient to kaan equal number
of "turns” in each slotl]]. As a result, the practical distributed windingpguces a stepped
magnetic field that approximates a sinusoidal magtield [1].

The stepped magnetic field can be represented yraurier series which includes a
fundamental sinusoid together with a number of @rghequency harmonic sinusoids
(unwanted). The magnetic field harmonics produceesimable effects on the torque-speed
relationship of the machinel][ Therefore, complicated winding techniques sushshort-
chording exist to suppress/eliminate problematrerioaic signalsq].

For the purposes of the work presented in thisediaBon, a sinusoidal air-gap magnetic field
is assumed. From the above winding descriptioresstator winding of an induction machine
may be broken down into its various components as:

conductors carrying current into and out of the page —
turns(concentrated or distributed) —
coils (determines the number of magnetic pole pairs) —

phase windings (stator or rotor)
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N

Negative Magnetic Field <8 Positive Magnetic Field

Resultant Sinusoidal

Magnetic Field Distribution

(current assumed to flow as
given by convention)

Figure A.2: Ideal Distribution of a Single-Phasat8St Winding in a Three-Phase, Two-Pole
Induction Machine for a Sinusoidal Air-Gap Magndtield — Cross Section

A.5 Rotor Slip
The difference between the resultant magnetic 'figlotational velocity (referred to as the
synchronous velocity) and the rotor rotational eélois known as slip and is given &g [

__ Nsyn—Nys
s = r— (A.2)
where ng,,, (rpm) is the synchronous velocity and.; (rpm) is the rotor velocity both

relative to the stator. The synchronous speed ahduaction machine is dependent on the
stator electrical frequengy and the number of magnetic pofesuch that]]

120f;
nsyn = T (A3)
It is assumed that the direction of positive medatemrotation is given by the rotation of the
air-gap magnetic field1].

Since the resultant magnetic field rotates slovetative to the rotor as compared to the
stator, the frequency of the induced rotor voltage currentf, must also be lower when
compared withf; [1]. This is evident from equation A.3 by replacihg tstator variables with
their corresponding rotor equivalents. Therefdne, relationship between the stator and rotor
frequency is given a4d]

fy = sf, (A.4)

For generatiom,,,, < n,; in equation A.2 and, therefore,< 0. This implies a negative
rotor frequency in equation A.4. To get the actt@br frequency, the modulus of the
negative frequency may be taken. However, the negsign of the frequency implies an air-
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gap magnetic field which rotates in the oppositedation to the rotor as observed by the
rotor. This is because the rotor is rotating faitan the resultant magnetic field even though
both rotate in the same direction relative to tketos. For this reason, equation A4 is
presented without taking the modulus of the slip.

A.5.1 Negative Rotor Frequency for Generation
For balanced, steady-state operation, the rotoabias are of the forn2]

Jar = G, cos (wert + ng(O)) (A.5)
Ipr = G, cos (wert + 64-(0) — 2?”) (A.6)
Jer = G, cos (a)ert + 6,4-(0) + 2?”) (A.7)

whereg is a placeholder for the variable in questi6n,is the rotor-variable amplitude and
84-(0) is the initial phase shift. Subscriptsb and ¢ refer to the different rotor phases.

w. = 21 f, IS the electrical angular velocity of the rotocgation.

During generation operation, the rotor is rotatiagter than the air-gap magnetic field
relative to the stator. Relative to the rotor, #ikegap appears to be rotating in the opposite
direction (negative direction of rotation). Thispagsite direction-of-rotation is observed in
the negative rotor frequency as follows. For getr@maequations A.5-A.7 can be written as

Jar = Gy €05 (~|wer |t + 64,(0)) = Gy cos (|wer |t — 65,(0)) (A.8)
Gor = Gy 0 (~lwer |t + 84,(0) = 5) = Gy cos (Jwerlt — 6, (0) +5) (A.9)
Jer = G, cos (—Iwerlt +6,,-(0) + 2?") = G, cos (Iwerlt — 6,,-(0) — 2?”) (A.10)

If any two phases on the stator are switched, thenair-gap magnetic field rotates in the
opposite direction to that indicated in figure AApplying this logic to the rotor, the rotation
of the resultant magnetic field in the negativeediion relative to the rotor implies that two
of the rotor phases have been switched. This &lgl@vident in comparing equations A.5-
A.7 with equations A.8-A.10 where rotor phageandc have been switched. The effect of
switching rotor phases is achieved by a negatit@ foequency for machine generation.

A.6 Steady-State Torque-Speed Curve

The induction machine may operate as a motor, gesreand plug. . The regions of
operation can be explained by considering the mls@gnetic torque exerted on the rotpr
as a function of rotor velocity (or slip) as givieynfigure A.3 fi].
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For motoring operation the rotor speed is less #arthronous speed, is positive (in the
same direction as positive rotor rotation) as eledt energy is converted to mechanical
energy required to drive a mechanical load. Howe¥ehe rotor begins to rotate faster than
the air-gap magnetic field, thep becomes negative by Lenz's law as a reductioheofdtor
speed relative to the magnetic field is desirdd The induction machine is said to generate
electrical energy from mechanical energy. In dyrasystems, the induction machine can be
kept in generator mode by adjusting the statorueagy so as to keep the synchronous speed
below the rotor speed].

During plugging operation the rotor velocity is aéige and the rotor rotates in the opposite
direction to the air gap magnetic field, is positive and attempts to bring the rotor to a
standstill before driving the rotor during motottian. Plugging is, thus, used to bring the
rotor to a rapid halt by switching any two supphapes]].

Te

/
-nsy:n 0 Ny 2nsyln Ny
2 1 o\/-l S

Plygging Generating
Motoring

Figure A.3: Steady-State Torque-Speed Curve ohdadtion Machine showing the
Different Regions of Operation — adapted frath [

A.7 Conclusion
Important induction-machine concepts have beenligigied. These include:

* The air-gap magnetic field

» Electrical versus mechanical units of space and tim

* Basic winding arrangement

* Rotor slip

 The steady-state torque-speed curve showing diffeneodes of induction-machine
operation
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Appendix B

B. Development of the Equivalent Dynamic Circuit Model

B.1 Introduction

The machine-variable-based dynamic circuit modelwa#l as its development into an
arbitrary-reference-frame-based circuit model usigpgneral reference-frame theory is
detailed in 1]. A summary of this work is presented in this nfateconvenience.

The equivalent dynamic circuit model is first presel in terms of its machine variables
(such as the stator phase voltages and currditd)He stator circuit is expressed in terms of
the stator excitation frequency whereas the rot@uit is expressed in terms of the rotor
excitation frequency. However, for simplified casitrand analysis, the complete circuit
model may expressed relative to some other referdrame such as the synchronous
reference frame (rotates synchronously with thatmog magnetic field)1]. The appropriate
reference frame depends on the operation of thectrah machine. The arbitrary-reference-
frame-based circuit model is then presented whelpstgution of the corresponding angular
velocity determines the chosen frame of referetfe [

B.2 Dynamic Circuit Model expressed in terms of Machine/ariables

B.2.1 Voltage Equations expressed in terms of Currents ahFlux Linkages

In order to effectively model an induction machfram a circuit perspective the model must
account for each phase of both the stator and dtw circuits. Furthermore, the voltage
equation of each phase must account for an extexuaation voltage, a voltage associated
with winding loss as well as a voltage resultingnir electromagnetic induction or varying
flux linkage. Physical symmetry between the phasksn induction machine (such as
winding resistance) will translate into symmetrytbé resulting voltage equationt|.[ The
voltage equations of a three-phase induction machia []

Vabes = Rslapes + %flabcs (B.1)
V aper = R U gper + %A’abcr (B.2)
where

(Gabes)T = [9as  Gbs  Yes] (B.3)
G'ave) =19ar Gor Ger] (B.4)

The voltage equations involve derivatives with exggo time.T refers to the transpose of a
matrix/vector angy is a placeholder for the terminal voltagegerminal current$ and flux
linkagesA (Wb.turns) of equations B.1-B.2. The subscriptsb andc refer to the three
phases of the induction machine whilandr refer to stator and rotor quantities respectively.
v e IS NOt the magnetically-induced rotor voltage bepresents the rotor windings'
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terminal voltages (in the case of a wound rotohe Tiagonal matriceR, andR’, account
for the stator and rotor phase-winding resistamespectively. A symmetrical induction
machine implies equal diagonal values.

B.2.2 Rotor Quantities Referred to the Stator
Equations B.2 and B.4 involve rotor quantities adhe referred to the stator (in terms of
magnitude) via the stator-rotor turns ratigl]:

' _ . p! — 2D . _ 1. Y —
Vaber = AVqgpers R r=4a Rr' Uaber = ;labcr» A abcr — alabcr (8-5)

After being referred to the stator, the rotor vhles are still functions of rotor frequengy
and have not been converted to stator frequégncss a result of different frequencies, the
stator and rotor equations cannot be graphicaplyeseented on the same circuit diagr& [
Only once both circuits have been referred to amom reference frame with a single
frequency, can the rotor and stator equations fyesented on the same circuit diagrdin [

B.2.3 Flux Linkage Equations
A is the flux linkage of a particular phase windswgh that 1]

it I P | il 5

Expressing the various flux linkages in terms ofrent variables and constant inductance
values assumes the use of a magnetically-linearctireh machine (no magnetic saturation)

[1].

A uniform air gap is also assumed in deriving thgpressions for the various machine
inductance valuesl]. These inductance values are expressed as sklnatual inductance
which may be further reduced to leakage and magjngtinductance. The stator-winding
inductance matrix accounting for the stator wingingelf inductance as well as the mutual
inductance between the stator windings is givejips

1 1
I[Lls + Lms ELms ELms —!
1 1
Ly = I _ELms Lig + Ly _ELms I (B-7)
1 1
[ _ELms Lms Lls + LmsJ

L;s andL,, are the leakage and magnetising inductance of g@atbr winding respectively
(constants). The corresponding rotor inductanceixnatcounting for the rotor windings' self
inductance as well as the mutual inductance betwheerotor windings is given a][
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I 1 1
L Ir + Lms ELms 2 Lms
1 1
L. =ad’L, = _ELms L'y + Lins _ELms (B.8)
1 1 I
- ELms ELms L Ir + Lms
where
L’lr = aler (Bg)
Lys = a%L,, (B.10)

L, andL,,, are the leakage and magnetising inductance of edoh winding respectively
(constants). The stator-rotor coupling matrix actimg for the mutual inductance between
the stator and rotor windings of the form []

[ cos 0,5 cos (Hrs + 2?”) cos (HTS - 2—”)1

L'y, = aLg, = Ly |cos (Hrs — 2?”) COS O, cos (Hrs + 2?”) (B.11)
cos (HTS + 2?”) cos (Hrs — 2?”) cos O,

where

Lpys = alLg, (B.12)

L, is the amplitude of the mutual inductance betwdes stator and rotor windings
(constant) and,., is the rotor position relative to the stator €lactrical radians).

In equation B.6 stator (rotor) flux linkages arduaction of rotor (stator) currents. The
appropriate transformation of rotor (stator) taatdrotor) frequency is achieved by the,
matrix containing sinusoidal terms which are fumet of the respective rotor-stator
displacement.

B.2.4 Voltage and Torque Equations expressed in terms @urrents
Using equation B.6 the voltage equations B.1-B.% maexpressed solely in terms of stator
and rotor currentsl]:

d d o, .
[vabcs] _ Rs + ELS EL ST [labcs] (B.13)
VU aber % (L,sr)T R,r + %L,r Uaber
The total torque equation (for all three phase®jitig the electrical and mechanical systems
is derived as]]

P .. d 1 .y
Te = 2 (labcs)T (Frsl' sr) Uaber (B-l4)
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whereP is the machine magnetic-pole count.

B.2.5 Induction Machine Winding Connections

The equations B.1-B.2 are based on per-phase statbrotor circuits. Therefore, the stator

and rotor voltage excitation must be reduced topésphase equivalent. Under balanced
operating conditions, per-phase voltages and cigrare easily derived regardless of the

three-phase connections used. For unbalanced mrslfier-phase voltages and currents are
easily obtained from a Y-Y-connected system witteatral line present. This is because the
system is inherently connected in a per-phase gor#tion. Otherwise, per-phase voltages
and currents need to be measured directly whicloislways convenient. Basic three-phase
circuit theory is presented ][

B.3 Dynamic Circuit Model expressed in terms of the Arlitrary Reference
Frame
The inductance matrix of equation B.11 definesrtheual inductance between the stator and
rotor windings in terms of the rotor angular diggaent relative to the stataf,.(). This
means that the voltage equations given by equaBdiB have coefficients which are
functions of rotor position &) and rotor angular velocityn,; relative to the stator.
However, some of the terms involviflg, andw,. can be eliminated by selecting a particular
frame of reference and expressing the stator atod voltage equations relative to this frame
of reference]].

The reference frame is chosen for effect basedherekpected nature of operation of the
induction machine 1]. Popular reference frames include the statiorrafgrence frame,
synchronous reference frame and the reference fsgn@hronous with the rotor.

The dynamic circuit model is now presented relatovan arbitrary reference fram#.[From
this reference frame, the dynamic model in termanyf other reference frame can be derived
by substitution of the corresponding reference-aangular velocity relative to the stator

(wrefs-)-

B.3.1 Arbitrary Reference Frame in Relation to the Statorand Rotor Circuits

Before the dynamic circuit model can be expresstative to some reference frame, the
relationship between the machine variables of ta®isand rotor circuits with the variables
of the arbitrary reference frame needs to be astadal. This relationship is shown in figure
B.1 [1].

Figure B.1 shows the reference frame and machimiits on a2m electrical radians
Cartesian plane. In a multiple pole-pair inductiorachine, each phase winding has
appropriately repeated and distributed coil sets time physically constrained

2m mechanical radians. Since the repeated coils of each phase windiegidentical and
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physically displaced by electrical radians, the analysis reduces to that of a two-pole
machine as shown in figure B.1.

The three components of the stator circuit (cowadmg to the three phases which are
physically displaced by23—” electrical radians) are reduced to two orthogonal arbitrary-
reference-frame componenig.f, gps, gcs = 9qs» 9as)- The same applies to the rotor circuit
G'ar 9'br 9 cr = 9'qr 9 ar)- As shown in figure B.1, the stator and rotor hiae variables
are trigonometrically related to the arbitrary refece frame components by

*  O..s Which is the arbitrary reference frame angulapldisement relative to the stator
circuit
*  O..5 Which is the arbitrary reference frame angulapldisement relative to the rotor

circuit

To complete the transformation, there is a thirthponent known as the "zero" component
(gos Or g'or) Which is numerically related to the rotor and@taircuit componentsl]. Since
this component is independent of the relative ezfee frame displacement.{¢; and6,.¢,)

it is not included in figure B.1.

Arbitrary Reference Frame
------------ Rotor Circuit

—— — Stator Circuit

Figure B.1: Transformation of Machine Variablegtie Arbitrary Reference Frame (angles
are inelectrical radians) — adapted from1]

B.3.2 Transformation Equations
The stator machine variables are transformed florstator circuit to the arbitrary reference
frame using the transformatiof [

9qdos = KsGapcs (B.15)
where
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(quOs)T: [gqs Yas 905] (B.16)

[cos(@refs) cos (Hrefs - Z?n) cos (Grefs + Z?n)]

K, = 2 sin(f¢r5) sin (Hrefs - 2?”) sin (Hrefs + 2?”) (B.17)
1 1 1
2 2 2

The appropriate transformation of the machine-\@eiafrequency is achieved through
multiplication with the sinusoidal terms containirtige relative reference-frame angular
displacementd,.r;). The same effect is achieved by itig. matrix (equation B.11) in the
flux linkage equations (equation B.6) whetg,., is at stator frequencf andA’,,., is at
rotor frequency,..

The stator variables may be transformed back tohmeaevariable form using the inverse
transformation 1]

Yabcs = (Ks)_lquOS (B.18)
where
[ cos(@refs) sin(erefs) 1]
2 . 2
(K,)~1 =|cos (Hrefs - ?”) sin (Hrefs - ?”) 1 (B.19)

cos (Hrefs + 2?”) sin (Hrefs + 2?”) 1

Similar transformations and inverse transformatierist for the rotor variables involving
transformation matrixK,. [1]. K, and (K,)~! are the same as their corresponding stator
matrices withd,..r replaced by, r,.. From figure B.16,., is found from

Hrefr = erefs — O (B.20)

B.3.3 Voltage and Torque Equations in the Arbitrary Reference Frame

After completing the necessary transformations amdplifications as given inl], the
induction machine dynamic circuit model relativetiie arbitrary reference frame is given by
the voltage equationd]

Vgdaos = Rsigaos + Wrepsdags + %AquS (B.21)
V' qaor = Ry qaor + (Wreps — rs) A qqr + %llqur (B.22)
where

(Adqs)T =[Aas —Ags O] (B.23)
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T

('qur) =[Aar —Agr 0] (B.24)
d
Wrefs = Egrefs (B.25)
d
Wrs = Eers (B.26)

The induction machine flux linkages are expressaeérms of stator and rotor currents @y [

[[Lis + Lu 0 0 Ly 0 0
0 Lis+ Ly 0 ] [ 0 Ly 0]
)“qus _ 0 0 Lls 0 0 0 .quS (B 27)
X gaor| Ly 0 0 L'y + Ly 0 0 111 qaor '
0 Ly O 0 L'y +Ly O
0 0 0 0 0 L'y
where
3
Ly =5 Lims (B.28)

Equations B.21-B24 and B27 imply an induction maetdynamic circuit model as shown in
figure B.2 [1].

i i’
or— AN O Y Y Y Y O ANNN— Q
R Orefshds Lis L’k (Orefs - Ors)Ndr R’
Vqs LMg V,qr
O O
. i’
e AAN——rn A O— AN —%

T RS O)refs}\'qs LIS L,lr ((Drefs - 0~)rs)}\"qr R’r T
Vds LM; Vir
VIOS /\/\/\/ /\/\/\/ i’()r:

R, R,

Vos Llsé L Vor

Figure B.2: Induction Machine Dynamic Circuit Mo@dpressed in terms of an Arbitrary
Reference Frame — adapted frath |
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The electromagnetic torque (positive for motoriagpressed in terms of arbitrary-reference-
frame current components is given &k [

3PL P ..
Te = 4M (lqsl,dr - ldsl,qr) (B.29)

The resulting electromagnetic torque plotted asurection of time is independent of the
choice of reference framé][ This is not immediately obvious from equatior28.

B.3.4 Rotor Terminal Voltages in a Squirrel-Cage Inductian Machine

The dynamic circuit model presented is a generideh@ccommodating all three-phase
induction machines. Since a SCIG is the chosenctimlu machine, a decision needs to be
made regarding the treatment of the rotor termintibges ¢'q;, V', Vs Vg V' ars Vor)-

The rotor cage consists of rotor bars arrange égliadrical fashion short-circuited at both
ends by conducting ring€]f The assumption is that the three-phase rotareots arrange
themselves spatially in the rotor cage such they ttan be thought of as leaving one end of
the squirrel cage via a particular rotor bar arghtheturning via another rotor bar. This is a
simplistic view as current is likely to be distribd over a number of spatially-appropriate
rotor bars.

Regarding three-phase electricity distributione@iphase circuits are either connected in star
or delta arrangements as described?in The rotor current distribution described aboea c
be thought of as a three-phase system with staremtions (including a neutral connection)
at each end. Obviously, each phase is short-ca@wt both ends as the rotor bars and rings
are assumed to be good conductors. This type ofemtion implies that

Vg =V =V =0Vov' . =0 =04 =0V (B.30)

B.4 Conclusion

The dynamic electrical model of an induction maehia presented in terms of machine
variables. The development/transformation of thisdel to one expressed in terms of an
arbitrary reference frame is also given as a sumroéil]. The selection of a particular
reference frame is achieved through the substituifdhe reference frame angular velocity.

The dynamic circuit model transformed to the adoitrreference frame has voltage equations
expressed in terms of stator and rotor currentsfamxdlinkages. These voltage equations
may be further expressed solely in terms of curcgrftux-linkage state variables for effect

[1].
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Appendix C

C. Measurement System Design and Implementation

C.1 Introduction
This note describes the theory, design and impléatien of the measurement system
adopted in the experimental setup of chapter 3 Huludes:

* The buffer and LFP circuitry for voltage and cutrereasurement

* The frequency-to-voltage converters for excitati@guency measurement

» The shaft encoder, frequency divider and frequdneyoltage for rotor speed
measurement

* The inline torque sensor for input prime-mover tegneasurement

* CMC-interference mitigation through choke implenatian

The veroboard layout of the measurement circuippsed in chapter 3 is also given together
with the experimental equipment list. Measurem@atesn calibration is detailed in appendix
D.

C.2 Circuit Diagram Conventions and Parameters
Component values for the circuit diagrams are givetable C.1. In these circuit diagrams,
red and blue indicate circuitry associated with positive andyatéve supplies respectively

(5 Vpc, 15 Vpe and +30 Vpc) whereasgreenindicates signals to be measured by an
oscilloscope. Furthermor&,; = 15 Vp¢, Vs, = 5 Vpc andVg; = 30 Vp in these figures.

Table C.1: Circuit-Diagram Component Values

Component Value
C, 10 uF
C, 47 nF
Cs 100 nF
C, 5uF = 2 X 10 uF in series
Cs 1 uF
Ce 680 pF
R, 2257k =22KkQ+560+1Q
R, 3.327kQ =3.3kOQ+27Q
R 202.6 kQ =180 kO 4+ 22 kO + 3300 + 270 Q
R, 10 kQ
R 1kQ
R 89.1 kO =56k + 33 kO + 100 Q
D, PH4148

C.3 Buffer and LPF Circuitry

The circuit diagram for the measurement of the gEpne phase voltage is given in figure
C.1. In this case, the phase-one voltage measutaméiustrated. Description of the CMC
choke is given later but is included for complesmélhe triangular reference represents the
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zero-reference conductor of the measurement cirdiits reference is the same as the
oscilloscope-measurement zero-reference which mnuan to the oscilloscope grounding
reference. The relationship between this zero-eefe and the protective earth reference of
the experimental setup in figure 3.3 is revealgdrlarhe buffer and filter are implemented
through the use dfL084CN quad-operational-amplifier packages.

CMC |Buffer
Choke

LPF

-
o
‘ —

Vi DVP Lem vV

Cr Hv=fv)

Z,
:‘;.
4
<
-

c2

Figure C.1: Generator Phase-Voltage MeasuremeiricdiCDiagram

The buffer circuit is a typical operational-ammdifivoltage follower with its input’, scaled
down fromv; by the DVP such that:

V', = —2 (C.1)

17 1000

The buffer output is passed on to a second-orderealow-pass filter. The chosen filter is a
Butterworth filter in a Sallen-Key Topology withuaity gain as presented ifi][ The filtered
output is a function (scaled-down filtered versiohjhe phase-voltage, .

An active filter (using an operational amplifie chosen over a passive filter so that a
second-order filter can be achieved without theafsen inductor I]. A Butterworth filter is
chosen so as to achieve maximum pass-band flagbpdsurthermore, a second-order filter
is chosen as a first-order filter has a lower at&ion for higher frequencies. Even though
higher-order Butterworth filters produce a flatpass-band they introduce larger phase shifts
over the pass-band which is undesirable in thengmeasurement applicatiof] |

In selecting the bandwidth of the filter, one ne&agonsider the range of the fundamental
frequency to be measured as well as the attenuatidrtime delay (phase shift) introduced

by the filter. If a maximum generator synchronoygeexl of 2000 rpm is chosen, this
translates into an excitation frequency & Hz for a four-pole machine (equation A.3).
Therefore, the measured-signal fundamental banbdwsdapproximately70 Hz. In order to

accommodate filter attenuation and time delay, l@rfi-3 dB bandwidth of800 Hz is
chosen.

The buffer and LPF circuitry for the generator mhaarrent measurement as well as the
prime-mover phase-voltage measurement is identicathat of figure C.1. The only
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difference being the input to the correspondingfdyugircuit. This is illustrated in figures
C.2-C.3 for the generator current and prime-mowdtage measurement respectively. The
CT and VT ratios in these figures are scaling gatio

‘CMC
Choke
. — L.
i, T ]| in
C *|® 7y °
3 §| Lem %Q v=f(i,)
L, 2888
’ ﬂ:1J|_L°2_| ~ ’
Figure C.2: Generator Phase-Current Measurememiut to Buffer Circuit
“CMC |
Choke

J— L.
L " VT ]| ;A

‘1 y
2588 .

N 40:1J |_Lc2_' -
Figure C.3: Prime-Mover Phase-Voltage Measureménput to Buffer Circuit

C.3.1 Filter Design
Based on an ideal operational-amplifier analysithwhe use of Fourier transforms, the
transfer function of the LPF in figure C.1 may betten as

B(]O)) — Vout(jw) _ 1 (CZ)

vin(jw) ~ (1-RiR2C2C302)+jC2(R1+R2)w

Active filter design is presented id][which explains the procedure used in selectirg th
filter component values. The process is highlightete for convenience. Frort]] equation
C.2 may be expressed as

Vout(s) _ 1
vin(s) o 1+(‘)CCZ(R1+R2)§+0)02R1R2C2C3§2 (C.3)
such that

_J®
S = e (C.4)
We = 21 fe (C.5)
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a, = wCCZ(Rl + Rz) (CG)
b1 = wC2R1R262C3 (C?)

f- i1s known as the corner frequency-e8dB frequency of the filter. The parameter selection
is carried out as followsl]:

1. a; = 1.4142 andb, = 1 are obtained from a table of values for a secadérdow-pass
Butterworth filter.

2. C, is chosen for convenience.

3. (5 is chosen such that][

C; >, (C.8)

a12

4. R, andR, are chosen such thdf [

a1C3$ a12632—4b1C263
“ (C.9)

4mfcC2C3

R1,2 =

It is recommended thatkQ < R;, < 100 kQ and1 nF < C, 3 < several pF [1]. Based on
this procedure and practically available capacitdues, the recommended component values

are C, = 47nF; C; =100nF; R, =2.26kQ and R, = 3.726kQ (f. = 800 Hz). The
resistors are implemented practically as (nomirellu@s not considering tolerancg) =

2257k =22kQ+56Q+10QandR, = 3.327kQ = 3.3kQ + 27 Q.

C.3.2 Theoretical Filter Response
Based on the implemented component values, thedtieal filter frequency response is

given by figures C.4-C.5. The40 dB/dec filter response for high frequencies is clearly

visible in figure C.4. The phase shift introducadhe0 Hz — 70 Hz band is addressed in the
calibration process of appendix D.
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Figure C.4: Filter Frequency Response (Theoretie@8pde Modulus
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Figure C.5: Filter Frequency Response (Theoretic@lpde Phase

The theoretical filter attenuation and phase ttift0 Hz and800 Hz is given in table C.2. It
is observed that the ideal attenuation and phasiea$h-3 dB and—90° respectively is not

achieved at800 Hz. This is because the chosen resistor values aradeatical to the
recommended resistor values. Furthermore, it iemes that the filter amplifies the signal

(negligibly) at70 Hz as opposed to attenuating it. This is a resutheffilter transfer function
being under-damped causing amplification (negl@ilbhther than attenuation (negligible) of
the lower bandwidth frequencies.

Table C.2: Theoretical Filter Frequency Respons® &z and800 Hz

Frequency (Hz)

Attenuation (dB)

Phase Shift (Degren

70

0.0012

-6.629

800

-2.435

-85.31
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C.4 Frequency-to-Voltage Converter — Excitation-Frequeny Measurement

The frequency-to-voltage converter circuit for bgdnerator and prime-mover excitation-
frequency measurement is presented in figure Q@].[ Each converter has the
corresponding scaled-down/filtered phase-voltagetsasnput and outputs a DC-voltage
which is directly proportional to the input frequsn Converter functionality, design and
parameter selection is obtained from 1iM2907N — 8 datasheet and application no&3].

The packages are supplied by a singlé ¥, supply with the passive circuit parameters
chosen so as to consider:

1. Input frequency to output voltage relationship utthg linearity
2. Output voltage ripple
3. Frequency-to-voltage converter response time

The chosen component values inclu@e= 47 nF, R; = 202.6 kQQ = 180 kQ + 22 kQ +
3300+ 270Q, C, =5puF =2 x 10 uF in series. R, = 10 kQ is chosen to be the same as
that prescribed inZ3]. The frequency-voltage relationship is establisive the calibration
process (appendix D).

The generator and prime-mover phase voltages shangldr thant40 Vj,e,x and+1.6 Vpeax
respectively in order to trigger the correspondieguency-to-voltage converters (worst-case
input thresholds)J]. This considers all the scaling ratios beforejfrency measurement is
actually achieved. This requirement is of no consege as experiments will not be
conducted at such low excitation levels.

|_ 5 47V51l 1 C, Frequency
o F —Voltage
8 7 6 5 Converter
L |
Charge
Pump
+
1 2 3 4 .
b __l-_l- I\
— =C %7R C Ry =f(f,
\I/ f(vy) —|_ 2 3 T 4 % ;’ (1)
~ —
Figure C.6: Frequency-to-Voltage Converter — ExiotaFrequency Measurement (adapted
from [2,3])
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C.5 Shaft Encoder with Frequency Divider and Frequencyto-Voltage
Converter — Generator Speed Measurement

The shaft encoder is rated 100 ppr (pulses-per-revolution). The synchronous speed of

four-pole induction machine excited a0 Hz is 2100 rpm (equation A.3). Therefore, the

maximum shaft encoder output frequency to be acoosated is175 kHz. In order to obey
advised component limits of the frequency-to-vadtampnverter as presented &3, it is
necessary for this frequency to be stepped dowis. i$tihe purpose of the frequency divider
which reduces the shaft encoder output frequency fgctor of16. The drawback of this
scaling is that any measurement errors may be phalli when calculating the generator
speed.

The rotor-speed-measurement circuit diagram iseptesl in figure C.7 (frequency-to-
voltage converter adapted fror3,3]). Conventionally, the shaft encoder has a pasiihC
supply voltage applied at the red terminal relatvéhe black terminal (zero-reference), with
a pulse-train output at the white terminal relativehe black terminal. However, in order to
limit the number of voltage supplies required by tmeasurement system as well as

considering a maximum input voltage DfV for the MB74LS73A flip-flop package used in
the following frequency divider, a different encod#erface is proposed.

The veroboard circuit has85 Vpc supply with the positive supply being required foe
flip-flop package. The negative supply is includedprovide a voltage supply df0 Vpc
required by the shaft encoder. This is achieveddinecting the positive supply to the red
terminal and the negative supply to the black teahiAs a result, the zero-reference of the

shaft encoder is actually at5 Vpc relative to the measurement circuit zero-reference
Therefore, thé® V,10 V pulse-train output of the shaft encoder (relatovés black terminal)

is actually—5V, +5 V relative to the measurement circuit zero-refereiibe PH4148 diode
(D,) is used to block the negative half-cycle of steaftoder pulse train applied to the input
of the flip-flop package and &kQ resistor Rs) acts as a pull-down resistor during this
period. Therefore, the first flip-flop seesbaV,5 V pulse train. Direction of rotation is not
required as the generator will only ever turn i alirection. The other shaft-encoder outputs
are not used.

The frequency divider consists of four-stages d&f fip-flops which are set as toggle
switches 4,5]. The flip-flops toggle on a high-to-low transitiosuch that each flip-flop
halves its incoming frequency. The "clear” inputdhe flip-flops are always inactive, even
on system initialisation. This is because the dctiate of each flip-flop output is not
important, just the frequency at which it chang@kcourse there is a delay generated by the
frequency divider when the frequency changes, hewethis is considered negligible in
comparison to the delay created by the followirggjérency-to-voltage converter which needs
to balance output-voltage ripple and response firhe.output of the frequency divider sees a
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DC-blocking1 pF capacitor () before activating the frequency-to-voltage coteefThis is
to generate a bipolar pulse train from a unipotaint which is required to switch the
converter comparator.

The frequency-to-voltage converter topology in fEC.7 is the same as before except for
the component value€; = 680 pF andRy; = 89.1 k0 = 56 kQ + 33 kQ + 100 Q.

Shaft
Encoder °
Red | Vsz J—FI:C|

Black

White 54 —pCLK —pCLK —pCLK —pCLK |C
— K CIR Q| —K CIR Q| —HK CLR Q| K CLR Q
Green Frequency
| Divider f_ _i —_ _%_ _%_ _|
Yellow -
Yellow/ Twisted Triple Passed | $VSIIO %_(\ |
Black Through a Choke | 3 7 6 5 |
Screen | L i |
ﬁ Charge
| Pump |
| Frequency + 4‘< |
—Voltage
| Converter |
o ' 2 3 4|
| n | A
£=f/16 —|—C( R¢ —|—C4 %R‘l v=f(£,)=f(f})
- - _ _ _ _ _1
Figure C.7: Rotor Speed Measurement — Circuit Riag(frequency-to-voltage converter
adapted from3,3])

C.6 Inline Torque Transducer

The basic electrical setup for the torque transdiscpresented in figure C.8. The transducer
wiring consists of a supply loop and a measurertag — each with separate zero-reference
lines [6]. The bench-supply provides an isolated0 Vpc voltage and an oscilloscope
measures the prime-mover torqug, as an output voltage from the transducer. The
conductors of the two loops are arranged as twigigids to reduce possible magnetic
interference §]. The use of CMC chokes in the suppression of Mé&rference is discussed
in the following section.

Proper shielding of the measurement against etefodid coupling is difficult to achieve
owing to the use of a separate supply and measuatemnterface on the right of figure C.8
[6,7,8]. Therefore, it is important to minimise any canpl after the CMC choke which may
result in noticeable CMCs. The placement of thekehsupply and oscilloscope away from
possible sources of electric-field coupling shdugdconsidered.
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Torque cMC
Transducer ?hoke Bench Supply
Supply o
° LVS3
O-reference s ()-reference
Torque Signal|—> ‘ °
° OV:f(Tpm)

Figure C.8: Torque Transducer Electrical Connestion

C.7 CMC Interference Mitigation through Choke Implementation

The concept of electromagnetic compatibility is vestablished and involves the generation,
coupling and reception of various forms of Electagvietic Interference (EMI)/]. Various
interference mitigation techniques targeted at dhdwee areas of EMI are also well
developed 7,9,8]. The purpose of this section is to highlight theplication of existing
knowledge to the measurement problem as previaleflged including:

» Differential- and common-mode interference sigriatgether with the corresponding
circuit model [,9,10].

* General power line filters and ideal CMC choke agien [7,8,9,11,12].

* CMC interference associated with PWM power convsifg.

These topics are applied specifically to the meament problem with the aim of producing
"cleaner" and more reliable measurements. The ChM&ke is used as the primary means of
reducing circuit susceptibility to EMI. The opemti and ideal performance of a multi-
conductor choke (shaft-encoder and torque-transdinmkes) is stated as an extension of the
simpler twin-conductor cas&,p].

C.7.1 Differential-Mode and Common-Mode Interference — Egiivalent Circuit Model

In order appreciate the nature of EMI and, theeefadevelop techniques targeted at
interference mitigation, appropriate models neetddaised. Figure C.9 is a circuit diagram
developed in 9] which models a source of interference such thatsgion occurs via
conduction. The source circuit is given by theddihes with the load circuit elements given
by the broken lines. In order to make sense ofc¢huit model, consider loop "Al12" to be
the differential (main) circuit loop with conductbras the "go-to" conductor and conductor 2
as the "return” conductor. In this loop the differal-mode interference source is given by
the combination oty py; and v, pyy. Z14irr @Nd Z; 45 represent some differential-mode
impedances withZ;,, loading the given loop. Conductor 3 represents esaeference
conductor (protective earth is a good example) watlassociated common-mode interference
sourcev,; and conductor impedancg,,,,. vey; is defined as a common-mode voltage
source as it attempts to drive a common-mode cuiggi through conductors 1 and 2 in the
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same direction (i.e. conductors 1 and 2 form allghtaranch) with conductor 3 as the return
conductorZ; ;3 andZ;,3 are load impedances. Thpy;, v, py; andvey; sources together
form the general source of EMI. This model is nohaerned with how these sources are
generated, but rather on how a source of interéeremay be defined together with the effect
that this source has on a load.

11 1|
' |
I |
IN! [
el |
I~ [
| |

|

2! |
* |
- _i_
N IN!
IS Ic
=1 e |
L
3é ]

Figure C.9: General Circuit Model for an InterfeterSource and its Corresponding Load
Circuit — adapted from9|

Since PWM power converters are used, common-mdéefenence is the primary source of
interference to the measurement circi]t [f vy py; andwv, py, are neglected such the entire
circuit is balanced WitlZ; 4;¢r = Z, 4i5f andZ;13 = Zj 3, the voltage produced acragg,,

as a result of the common-mode voltage source iie f£10]. This is obvious if one
considers that;, = v;3 — v,3 Wherev;; andv,; are derived from loops "A13" and "A23"
respectively.

Forcing a circuit to be balanced in this way pregd technique that reduces the common-
mode to differential-mode interference conversimnf vy, to vy, [7,10]. If, however, an
unbalanced condition is assumed Wil 4irr # Zoqi;r anNd Zjy3 # Zp43 = 0 Q and

vy pmp V2,pmy @re neglected, figure C.9 may be further modified that of "Common-Mode
Circuit" of figure C.13 4]. This circuit model is the interference modelwamed for the
purpose of the measurement system and includgdabement of a choke for common-mode
interference mitigation.

From figure C.9, a CMC may be defined as a curtieat flows in the reference conductor

[9].

C.7.2 General Power-Line Filters

A typical power-line filter, illustrated in figur€.10, is used to mitigate both differential-
mode and common-mode interferen@e]. Such a filter circuit may be used at the input
and/or output of switch-mode power supplies depemdin the nature and origin of EMI

[7,9]. Placement and physical construction of therfitiso influences the effectiveness of the
filter [7,8]:
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* The incoming and outgoing wire ends of the cholaikhbe separated as far as possible
SO as to minimise any parasitic capacitance betwleem that would effectively short-
circuit the choke at high frequencies.

* The power line filter should be fitted as closethie entry/exit point of a protective (to
EMI) enclosure. This hinders any short-circuitirggass the choke as the high-frequency
currents are intercepted by the enclosure and rttadie way to the protective earth
connection of the enclosure.

Consider figure C.10 with the source of differektend common-mode interference to the
left and some susceptible load to the right. THEeilintial- and common-mode currents are
represented bYigirr and icom = i1 com t I2com respectively with the differential- and
common-mode filtering elements being presentduuer andred respectively.

The differential-mode filter assumes a low souropedance with a corresponding high load
impedance T]. The uncoupled inductoils, andL, together with the capacit@k, develop a
low-pass filtering effect to differential-mode sais.

Regarding common-mode interference, the filter congmts are arranged assuming a high
source impedance with a corresponding low load dapee 7]. An ideal CMC choke is one
which has no effect on the differential currentt¢ags a short circuit) but presents a large
impedance to CMCs (as a result of the mutual cagplbetween coupled inductors)
[7,9,11,12]. This is because a differential-mode current poms$ cancelling magnetic fields
for the two windings whereas a common-mode curpeatiuces additive fields for the two
windings [7,9,11]. L.; and L., represent the choke self-inductance values whekgas
represents the mutual inductance between the chokdings. Ideal choke-inductance
relationships are discussed later. The presenc&otapacitorsCy; and Cy, provide an
alternative (easier) path for CMCs to flow whenef@ddy a large choke impedance. From a
practical perspectivd,; andL, may be achieved as choke leakage inductarigels [

Considering the proposed measurement circuit, timdy choke is implemented regarding
common-mode interference. An active filter is usedilter the actual measured signal in
order to extract the signal fundamental. This ffilso serves for differential-mode-
interference filtering.

cmc !
Choke
. . L1 ° Lcl
INPUT 11 com  1diff Faasa) o
(Differential- & . TCv @ _L . OUTPUT/
Common-Mode = L (Cys . T % LOAD
Interference Source) T P ch_l o

Figure C.10: Typical Power-Line Filter — adapteahir[7]

C-11



Measurement System Design and Implementation

C.7.3 PWM-based Power Converters and their associated CMhterference
In order to appreciate and mitigate the interfeeepcoblem faced by the measurement
system, one needs to have an understanding obthreesof this interference. In this case, the

high% of the switch-mode power converter is the sourfclh@® common-mode interference

[7]. This is easily observed in the PWM nature of plogver converter output as illustrated in
figure 3.2. The interference problem is illustratadiigure C.11 with the typical common-
mode interference path indicatedourple[7].

In figure C.11, a typica#t00 Vrys (line-to-line), 50 Hz three-phase supply excites a three-
phase variac which outputs the same voltage suppig. supply excites a power converter

which drives a SCIG. Considering a single phasargetis high‘% at point "F" with respect to

the protective earth reference "E" as a resulhefdonverter switching actioi][ These high
frequencies develop a current path in the proteat&rth conductor as a result of parasitic
capacitance 7). Part of this capacitance is situated betweendings of the induction
machine and its metal enclosutg X which is connected to protective earth. The aurpath

is completed by capacitance between protectivd eaxdl the switching circuitry as indicated
by C,. Since the neutral point of the variac is alsonzmted to protective earth, an alternative
current path exists via the variac and rectifiecwitry. The problem is repeated for the
power-converter/squirrel-cage-induction-motor comalion.

400 Vs (line-to-line): 50 Hz_ | e o |
- | PWM Power Converter — | (I}nductn;)n
Variac | Regeneration Capable | enerator
L, i
Blx z & ey EY | | Ch
L3_ — JI C |
Ty, -~ —
EC — <
Figure C.11: PWM-Based Power Converter CMC Interiee — adapted fron7][
The interference problem as observed by the measmesystem is indicated n in

figure C.12. The common-mode interference is passeth the measurement circuit via the
parasitic inter-winding capacitance of the curramdl voltage transformerg][ It is assumed
that the DVPs are immune to CMCs but the voltagasuements are protected with chokes
anyway. The common-mode current in the measurenieniit zero-reference conductor has
a path to the protective earth conductor via thelloscope zero-reference line which is
directly connected to the protective earth — themomn-mode current loop is thus complete.
The common-mode current component in the signaklimay make their way to the circuit
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zero-reference either by direct conduction (viatlieresistors across the output of the CT's)
or via parasitic capacitance.

A possible alternative path for common-mode cus@mthe measurement circuit to return to
the protective earth conductor is via the benchgyasupplies4]. The reference terminal of
the supply voltages are directly connected to tteiit zero-reference and, therefore, provide
a conduction path. Interference current may predsetf on the other supply lines as
discussed before. From the bench supply termitiaéscommon-mode currents may make
their way to the protective earth conductor viaagdic capacitance such as wire-to-casing
capacitance where the casing is connected to pinetezarth.

All the voltage and current measurements are aetiedter a buffer circuit which presents
an open circuit to the signal line and, therefdiee corresponding CMC component.
However, the presence of non-negligible parasitgpacitance and inductance at high
frequencies make it difficult to predict the belwawi of the measurement circuit as a result of
CMCs [13,14]. Two points on the same conductor may have anpiatedifference as a result
of parasitic inductancel]. As a result zero-reference or protective eaothnections may not
always be as expected. The situation is made viotdat the parasitic elements are largely a
function of circuit layout and constructiofd14]. As shown later in figure C.13, an open-
circuit load (buffered load for example) remainsaptible to common-mode to differential-
mode interference conversion, even though the suo@mponent flowing though the load is
zero. Therefore, the best approach is to preventdimmon-mode interference from entering
the circuit.

Another measurement circuit input susceptible tmmon-mode interference is the shaft
encoder interface. A three-wire choke is used tluce this susceptibility. The supply and
signal wires from the encoder have a shield whictonnected to the encoder enclosure. The
enclosure and shield are grounded (connected teqtive earth) via the generator chassis to
direct any capacitive/common-mode interference hte protective earth away from the
encoder wires{]. If possible, the shield should be grounded ahlends 15]. Furthermore,
the measurement circuit should be located in argted enclosure which is connected to the
shield so that the encoder wires are completelyosad and protected $]. This is not the
case and the encoder wires protrude from theiddihgg thus, providing another entry point
of interference. However, the measurement ciraeifqggms suitably with the CMC choke for
interference mitigation in the absence of a proteatnclosure.

Possible interference in the torque measuremendisated in figure C.12 and is similar to
that discussed above.

An additional means of mitigating the CMC interiece introduced into the measurement
circuit as a result of inverter operation involvike use of a Faraday shield].[ This
technique aims to reduce the inter-winding capacéaof the measurement transformers. A
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Faraday shield is simply a grounded shield betwtkerprimary and secondary windings of
the transformers where any CMCs originating from phimary winding are intercepted and
passed directly to protective earth. The given messent transformers do not include this
shielding.

»400 Vs (line-to-line); 50 Hz_ | nduction””
| PWM Power Converter — B Induction

I_Varac -l Regeneration Capable Generator
o
Ll
T | |zs 5K A7 A5
D S O + »
N A £ | — F
AN N
¥ | 1} +
e C
p T —
o= - < o
|l§nch ‘;suppp Bench >upp§| | |ﬂmke 13 Shaft
| T H T | Oscllloscope | Encoder
|_‘Vs2__ng_ I__V_]__V st _I_ AF

Er
“Squirrel-Cage |Bencl1ﬁply

- T
| Oscilloscope

7 | Induction T T
| PWM Power Converter EF:@ | Motor |_ $3

|
dhiay | A3

C XK K | |
| 12434
— I — —

Figure C.12: Measurement-Circuit CMC-Interferen@n€ideration

1 Transducer

C.7.4 Measurement-Circuit Chokes — Desired Performance, &sign and Construction

C.7.4.1 Equivalent Differential-Mode and Common-Mode CircuiModels for a CMC
Choke
Figure C.13 is a circuit diagram showing the plaeetmof a CMC choke in a typical
(differential-mode) circuit together with its cosonding common-mode circuit equivalent.
As previously mentioned, the common-mode circuib&sed on figure C.9 assuming an
unbalanced caset,[7,9,10]. Figure C.13 is concerned with analysing and cauy CMCs
introduced into a "receiver" circuit and not on iecuit producing CMCs. The aim is to
reduce the effects of CMCs on the |dad

The differential-mode circuit comprises a desiredltage sourcevg¢r (with source
impedanceZ; 4;¢f) that drives a curren; ¢, through the load,. The zero-reference of the
differential-mode circuit is separated from gendgaiotective) earthE by impedanceZ
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which may be zero. A two-winding choke with selfduttancel.,, L., and mutual
inductancd..,, has voltage and current conventions as depictbtlia

The common-mode circuit comprises a high-frequeraliage sourcev,,,, (high-frequency
switching components of a PWM-based power conveiterexample) which drives a
common-mode current,,, through the differential-mode circuit. The voltageurce has a
"source impedanceZ; ., such that the total common-mode impedance extdmahe
original differential-mode circuit is given & + Z; .,,. This impedance is split so as to
account for a non-zero total external impedancen elvéhe differential-mode circuit zero-
reference and general earthare connected. Each parallel branch now has aiticadd
common-mode impedand§ .., Or Z; .,» Which accounts for additional impedances as a
result of the high-frequency current paths. Theggeddances include intra- and inter-winding
capacitances of transformers as well as parasieatance as previously describedZlf,,,
andZ, .,m are neglected, then without a CMC choke, the Wrawmith L., becomes a short
circuit and the upper branch has a Idad Theoretically, the common-mode current would
be confined to the lower loop and, thus, would af¢ct the differential-mode circuit i.e. no
common-mode current problem. Since this is notctme experimentally; .., andZ; .o,
are included.

The choke model used in figure C.13 is that of wempled inductors and, therefore, is

incomplete for high frequencies where parasitic@f such as intra- and inter-winding

capacitance is not negligiblee314,16]. For the purpose of desired choke performance,
design and construction presented here, theseifi@edfects are not considered.

The location of the differential-mode source andrse impedance relative to the common-
mode-interference source and common-mode impedanuet explicitly defined. This is of
no importance to the analysis presented as thes fieaan the load; .

< <
Differential-Mode Differential-Mode
Circuit Zero- Circuit Zero-
E Reference Reference
Differential-Mode Circuit Common-Mode Circuit

Figure C.13: Receiver-Based Differential-Mode amnthon-Mode Circuit Models
including a CMC Choke
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C.7.4.2 First Design/Construction Requirement — Minimise Ci4

In the proposed measurement circuit, it is diffidial quantify the magnitude/nature of the
common-mode voltage source and, therefore, the moaginature of the common-mode
current to be attenuated. Faraday's law for thauallytcoupled inductors of figure C.13 may
be written as

d¢ di di

v =N == Ly Lo (C.10)
d¢ di di

v, = Nz d_tz = LCZ ﬁ + Lcmﬁ (Cll)

whereN is the inductor turn count arflis the linking-flux of the given inductor. Equat®
C.10-C.11 assume a linear choke (no magnetic sayaThe mutual inductance is related
to the self inductance by the coupling fadtoas

Lcm = K\/ LClLCZ (C12)

Furthermore, the self inductance may be expressed a

2 2
Ly = ’;—1 andL, = - (C.13)

2

whereR is the reluctance of the magnetic field path & ¢iiven inductor. If a symmetrical
choke with100 % coupling is assumedRf = R, = R; N; = N, = N; K = 1) then from
equations C.12-C.13)

NZ
Loy =Ley =Lem = R (C.14)
A symmetrical choke witH00 % coupling produces an ideal choke as defined inigec
C.7.2 L2]. This is shown in the following section. Equago@.10-C.11 may then be written

as . = ¢, = ¢)

d NZ? di N2 di
v, =v,= N2 Ldh Vi

dt R dt R dt (C'15)

In the common-mode circuit of figure C.13, equatf®ri5 shows that in order to attenuate
the CMC {.,m = i; + i) as much as possible where the coupled inductonsircate the
common-mode impedance such that~ v, = v,.,,,,, the inductors should be made with as
many turns as practically possible. Consideringlagroperspectivey,.,,, determines the core
magnetisation as given in equation C.15. In ordeavioid saturation, as many winding turns
as possible should be applied. This is the firdtnaf design/construction requirements of the
implemented chokes.

C-16



Appendix C

C.7.4.3 Ideal (Desired) CMC Choke Operation and Performance
The ideal choke operation and performance is aedlff®m a differential-mode as well as a
common-mode circuit perspective.

C.7.4.3.1 Differential-Mode Circuit Perspective

From a differential-mode circuit perspective, traugled inductors are connected in anti-
series such that; s = i; = —i, (figure C.13). Assuming an ideal choke given byapn
C.14, the choke equations C.10-C.11 reduce to

v, = v, = 024UL (C.16)

In other words, the coupled inductors can be medelis short-circuits. However, this
assumes a symmetrical choke with0 % coupling as given in equation C.14. If this is not
the case, the coupled inductors don't cancel auptetely and introduce a voltaggy, k. In
the differential-mode circuit given as

_ _ diy diy dip dir) _ dlaiff
Vchoke = V1 — V2 = (Lcl E + Lcm E) - (LCZ E + Lcm E) - (Lcl + ch - ZLcm) dt

(C.17)

Furthermore, if the choke is non-ideal, the negatarminal of the differential-mode source
vqifr 1S NO longer at the same potential as the cieiio-reference. The inductantg +
L., — 2L, accounts for the differential-mode filtering ottbhhoke as previously described.

C.7.4.3.2Common-Mode Circuit Perspective

The purpose of a choke is to minimise any CMC sdocaseduce its effect on a load.
Therefore, consider the choke impedance to domitetecommon-mode circuit of figure
C.13 such that all other impedances are negletiteslassumed that the choke impedance is
such that any possible series resonance with th&tirex circuit impedance is easily
compensated for by the choke impedance. The cirediices to coupled inductors in parallel
with each other and a common-mode voltage sougge as shown in figure C.14. From
figure C.14 and assuming an ideal choke such khat L., = L., = L, equations C.10-
C.11 reduce to

dicom
Veom = le_t (C18)

If the inductors are decoupled such thai = L., =L; L., =0, equation C.18 would
become
— Ldicom (C.19)

vcom - 2 dt

Equations C.18-C.19 show that a CMC choke wii@i® % coupling produces double the
effective CMC impedance than two separate indud¢&id,12).
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The individual voltages; andv, as a result of CMG,,,, are non-zero. As a result, the
negative terminal of the differential-mode soutgg: is no longer at the same potential as
the circuit zero-reference.

+ v, —
I (Wo'a'os N
_ L
/ <
Lcm
[ i vy \
| Lo |
_— — -
v Y
~ — icom -
— -
QO
Veom

Figure C.14: Assumed CMC Choke Performance

Practically, it is impossible to develop an infmtommon-mode impedance. Therefore, it is
expected that an element of CMC interference wbgs be present (may be insignificant).

C.7.4.4 CMC Interference Considering an Open-Circuit Load

If Z, is an open circuit, a CMC-induced voltage may stdpear across it as a result of
Zycom- This is shown in figure C.13 if the choke is remd. If Z,.,, can be
removed/reduced, the problem will be solved. IEtle not possible, the current flowing
throughZ, .., should be reduced. Introducing an inductor inesewithZ, ., will reduce
the current; however, it will not solve the problasithe CMC-induced voltage now appears
across the inductor which is in parallel with

The problem is better solved by introducing an lideaoke as shown in figure C.13.
Considering equations C.10-C.11 and that 0, it can be shown that the, component is
effective in reducing, as desired. Furthermore, the coupling betweentwue windings
(Len) will induce a voltage in the upper winding eqt@althe voltage produced across the
lower windingL,, inductance by,. These voltages cancel in the upper loop andefiues,
only a reduced, .., Voltage appears acrogg as a result of CMG,,,,.

C.7.4.5 Second Design/Construction Requirement — Ideal CN\dGoke Characteristic

From a differential-mode circuit perspective, neki filtering is desired as this is carried
out by the active LPFs where required. If the clso&ee ideal, they can be neglected when
considering the differential-mode circuit.

From a common-mode circuit perspective, it has &leen shown that an ideal choke is
desired for minimising a CMC.
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In conclusion, the proposed measurement systemresga choke with as close to an ideal
characteristic as possibld..( = L., = L.,). Such a choke is achieved by having two
identical windings with100 % coupling. To facilitate this from a constructiorrppective,
the two windings are wound bifilar around a tordidare which helps to minimise any
leakage flux between the windings12).

C.7.4.6 Magnetic Saturation
In order for the choke to be effective in blocki@lyICs, it is important that the magnetic core
does not saturate. This is the reason for applgsmgnany winding turns as possible — the
common-mode voltage source of figure C.13 doesatirate the magnetic core. In this way,
the CMCs are also reduced.

The differential-mode current also requires consitien regarding possible core saturation.
For an ideal choke (desired case) having two idahtindings with100 % coupling, the net
magnetic field produced by the two windings is zasathe individual magnetic fields cancel
completely. This is a consequence of the coupldddtors being connected in anti-series for
a differential current as illustrated in figure B.JAs a result, the core is not saturated by a
differential-mode current.

In conclusion, the proposed choke implementatiomukh not suffer from magnetic
saturation.

C.8 Measurement Circuit — Veroboard Layout

The veroboard implementation of the measurementitirs presented in figure C.15. The
lower section of the veroboard comprises the varibuffer and filter circuits whereas the
upper section of the board holds the frequencyddivifrequency-to-voltage converters and
circuit supply inputs.

Each half of a’'L084CN package forms the buffer-LPF pair of a particwialtage or current
measurement. The filter inputs enter the board hen left hand side with their filtered
equivalents exiting to the right.

The twoLM2907N — 8 frequency-to-voltage converter packages on thealef responsible
for frequency-excitation measurement. Th2907N — 8 andMB74LS73A packages on the
right are involved in rotor-speed measurement.

The outer-most veroboard strips are used forthe V. and+5 Vpc supply tracks as well
as the measurement circuit zero-reference. Thelywpfiages are re-enforced witt00 pF
DC-bus capacitors with local package supplies ksa&bi usingl0 uF capacitors.

The various input/output interfaces to/from the sugament circuit are arranged as twisted
pairs/triples so as to reduce any loop self anduaiuhductance4,7]. Mutual inductance
provides a possible means of magnetic interferehlbese twisted pairs and triples are also
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connected reasonably close to their ideal connegtimnts in order to further reduce any

inductance4].
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C.9 Equipment List
The list of required equipment is presented

Appendix C

ingdbI3:

Table C.3: Equipment List

Equipment

Additional Information

Siemens Sinamics G120 Power Convertd
(Prime Mover)

-

Power Module (PM240)

2.2 kW; input = 3-phase AC @ 380-480
50/60 Hz; FSB type; order number
6SL3224-0BE22-2UA0

Control Unit (CU240E-2 DP)

order number = 6SL32£8R02-1PA1

Inbut Reactor FSB type; order number = 6SL3203-
P 0CD21-0AA0

FSB type; order number = 6SL3202-
Output Reactor 0AE21-0CAO

Intelligent Operator Panel

order number = 6SL32B200-4JA0

Siemens Sinamics G120 Power Convertg
(Generator)

-

Power Module (PM250)

5.5/7.5 kW; input = 3-phase AC @ 3
480V, 50/60 Hz; FSC type; order nu
= 6SL3225-0BE25-5AA1

e

Control Unit (CU240E-2 DP)

order number = 6SL328B02-1PA1

Output Reactor

FSD type; order number 6SE64(
3TC05-4DD0

Intelligent Operator Panel

order number = 6SL32B2{00-4JA0

2.2 kW; input = 3-phase AC @ 400V},
2X Four-Pole Squirrel-Cage Induction] 4.89 A, 50 Hz, power factor = 0.7p;
Machine (Actom Low Voltage Motor) 1420 rpm; y-connected; type = LS41(1-

4AU
Hengstler  Shaft Encoder (RS58 10 )
O/5000EK.42KB) Supply = 10-30 ¥c; 5000 ppr

Magtrol In-Line Torque Transducer —
TMB 212

Rated torque 200 N.m; rated speeq
4000 rpm; torque sensitivity
25 mV.N~.m™; supply = 20-32 ¥

3X Topward Dual-Tracking DC Power
Supply (6303D)

Agilent 20MHz Function / Arbitrary
Waveform Generator (33220A)

2X Tektronix TDS 3034B — Four Channel|
Color Digital Phosphor Oscilloscope

300 MHz; 2.5 GS/s

4X Tektronix P2221 Voltage Probe

(200 MHz, 10 M2, 16 pF, 10X / 6 MHz
1 MQ, 95 pF, 1X)

4X Tektronix P2220 Voltage Probe

(200 MHz, 10 M2, 16 pF, 10X / 6 MHz

1 MQ, 95 pF, 1X)
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Tektronix TDS 2002B — Two Channe
Digital Storage Oscilloscope

60 MHz; 1 GS/s

2X Tektronix P2220 Voltage Probe

(200 MHz, 10 M2, 16 pF, 10X / 6 MHz

1 MQ, 95 pF, 1X)

3X Elditest Electronic Differential Probe
(GE8115)

30 MHz Bandwidth;
(1 MHz)

> 50dB CMRR

3X AC/DC Dynamics Current
Transformer (DS101 10T)

2.5 VA, 660V, 50/60 Hz; ratio = 10:1 A;

class = 1; 20 mm ring

Voltage Transformer

C.10Conclusion

The design and implementation of the measuremesteésyfor the experimental testing of a
SCIG as proposed in chapters 1 and 3 is preseDfgghrticular focus is:

* The buffer and LFP circuitry for voltage and cutrareasurement

* The frequency-to-voltage converters for excitati@guency measurement
» The shaft encoder, frequency divider and frequdneyoltage for rotor speed

measurement

* The inline torque sensor for input prime-mover tergneasurement

Care is taken to reduce the effects of EMI on theasarement system. Of particular
importance is the CMC interference produced by plosver converters. CMC chokes
constitute the main form of protection against thterference.

The measurement circuit layout (veroboard) is presk together with the experimental

equipment list.
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Appendix D

D. Measurement System Calibration

D.1 Introduction
This note details the unit testing and calibratmfinthe measurement system adopted in
chapter 3 and appendix C. The testing and caldoraticludes:

 CTs, VT and DVPs — magnitude and phase error

» Buffer and LPF circuits — frequency response artguioffsets

* Frequency divider — frequency division

* Frequency-to-voltage converters — linearity andashyit response

* Inline torque sensor — frequency response

e CMC chokes - differential-mode and common-mode oapee to low and high
frequencies

» Oscilloscope resolution

The purpose of calibrating the measurement ciisuid quantify any difference between the
actual quantity and its measured equivalent asatref measurement errors/non-idealities.
In this process, any differences can be reversahilie measured results of various tests are
analysed.

D.2 CT, VT and DVP

The CTs, VT and DVPs are calibrated using a sipblase system wherela5 Viys, 50 Hz
sinusoidal source excites4®2.8 () resistive load. The DVP is assumed to be the eafsy
measurement device from which the CTs and VT caragsessed. Each CT-Chok&-
resistor combination is tested with a DVP load-g#t measurement for comparison. A VT
voltage measurement is then taken simultaneougly avDVP voltage measurement for VT
evaluation.

D.2.1 CT Calibration Results

All three CT combinations produced a leading curneaveform relative to the voltage
waveform measured by the DVP. The leading timesgaren in table D.1 below together
with their angle equivalents. This implies a capeeiload which is unexpected. If anything,
a slightly inductive load could be expected. Thadlag current angle is seen to be affected
by the mechanical connections to the transformeorsary winding; the values in table D.1
are stated as worst-case approximations.

Table D.1 also includes the actual current ampdsudneasured by the different CT

combinations. For the given single-phase systeourgent 0f410 mAgys IS expected. The
results of table 3.3 are close enough for the mepf the measurement system (maximum

error of 9 %). Slight measurement inaccuracies are expected r@sudt of system non-
idealities including thd Q resistor tolerances(%).
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Current measurement is taken directly acrosd theesistor and not across the CT output so
as to not include the voltage drop across chokewgresistance.

Table D.1: CT Sinusoidal Performance

CT1(1) ) CT2(12) | CT3(I3)
Leading Phase Introduced in| 128 290 200
Current Measurement (us)
Leading Phase Introduced in|
Current Measurement (Deg) 2.3 3.96 3.6
Current Amplitude ( mAgus) 438 451 436

D.2.2 VT Calibration Results
VT-measurement is evaluated by comparing the siplgése load voltage as measured by
both the VT and DVP. It is found that the VT vokagvaveform lags the DVP voltage

waveform by40 us or 0.72°. The VT output voltage has an amplitude 910 Viys;

considering the scaling ratio d@D: 1, this translates into a measured voltagd ®f Viys.
Therefore, there is a good agreement between VIDafRIsinusoidal-voltage measurement.

D.2.3 Final Remarks
The CTs and VTs are not able to measure DC exaitaibmponents. This is no limitation to
the measurement system as DC components are rettegp

For the purpose of the measurements required sndissertation100 % accuracy is not a
necessity. The CTs, VT and DVPs are assumed tdda with their outputs related to their
inputs by scaling ratios df0: 1,40: 1 and1000: 1 respectively. However, there is room for
improvement in the CT current measurement.

D.3 Buffer and LPF Circuits

D.3.1 Frequency Response
The active filters are calibrated by applying auswidal voltage to each filter input via the
corresponding buffer circuit and measuring bothutrgind output signals for attenuation and

phase difference. This is done for frequencie§ ®Hz, 800 Hz and 4 kHz. The results are
given in table D.2 and compared to their theoreétitssign equivalentsV, represents the
filter corresponding to the prime-mover phase-\ggtaneasurement.

From the table of results it is observed that etilva filters perform similarly and close to the
designed characteristic for a frequency 7@ Hz. There is no amplitude attenuation for
frequencies aroun@d0 Hz which are the frequencies of interest. Since theduced phase
delay is common to all filters &t0 Hz, voltage and current can be multiplied without
adjustment when calculating electrical power. Agghdelay 06.5° at a frequency of0 Hz

is equivalent to a time delay 6f3 ms. Since the system mechanical dynamics are expected
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to be relatively slow, this time delay is neglectétle frequency measurements will include

this delay as they rely on voltage measurement,eliery a time delay oD.3 ms is
insignificant when compared with that inherentha frequency measurement.

For the higher frequencies 800 Hz and4 kHz, the filter performance is generally common
to all filters and similar to the theoretical perfance. Difference in attenuation and phase
between filters for higher frequencies is not agsias these undesired frequencies are filtered

from the desired signal.

Table D.2: Active Filter Performance — Attenuataomd Phase

Designed|

Filter 11 12 13 V1 V2 V3 V4 .
Filter

Attenuation

0 0 0 0 0 0 0 0.0012
70 Hz | (dB)
Phase (Deg)] -64 | -6.3| -6.5| -6.5 -64 -64 -6.4 -6.629

Attenuation :
23| 27| 23| -23] -23 -21 -28 -2.43

800 Hz | (dB) ’

Phase (Deg)] -81.8| -83.5 -853 -829 -7 -77\2 -78.9 -85.31

Attenuation
(dB)

-25.5| -26.2| -26.3 -26| -24p6 -25/1 -252 -

4 KHz

Phase (Deg)| 159 g| 146.9| 161.3| 162.7| 158.4 161.3| 159.8

An example of the filter input/output attenuatioor fa logarithmic frequency sweep of
50 Hz — 4 kHz (with a sweep time ob60 ms) is presented in figure D.1. This figure
illustrates the low-pass nature of the filter.

CH2 500y M 500rns

Figure D.1: Active Filter Low-Pass Characteristic
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D.3.2 DC Offset

In order to quantify a possible DC offset introddidgato the measurements by the active
filters, each filter output is measured with theuh (to the corresponding buffer circuit)

short-circuited. The results are presented in tBb& Considering the scaling ratios of the
CTs, VT and DVPs, the effect of the introduced efffsn the measurement is also given in
table D.3. Comparing these effects to the rateddtidn machine line values df89 Agys

and400 Vryus, they may be neglected.

Table D.3: Active Filter Performance — DC Offsetrdaluced

Filter 11 12 13 V1 V2 V3 V4
Input (mVp) 0 0 0 0 0 0 0
Output i.e.
Short- -
Cirouit | Offset (mVpc) ° ° ° i ° ’
Test Offset Affect on
Measurement 0.06 A| 0.0O6A| 0.06A 2V, 2V, -6V 0.08
(Scaling Ratio)

D.3.3 Final Remarks

From the results and analysis presented thustfagn be concluded that the buffers and
active filters have no significant undesired effeat the measurements that they facilitate.
Therefore, their measurements are used withouécioon.

D.4 Frequency Divider for Rotor Speed Measurement (Sh&fEncoder
Interface)

Performance of the frequency divider implementai®onerified by driving it with at5V,

175 kHz square wave. The diode; included in figure C.7 is effective in blockingeth

negative half-cycle of the input signal as requir€de 1 uF capacitorCs following the flip-
flop Integrated Circuits (ICs) also shown in figueer is effective in blocking DC before the
corresponding frequency-to-voltage converter.

Channel 1 and 2 of figure D.2 show the wavefornfereethe diode and after the capacitor
respectively. The frequency @75 kHz is reduced by a factor df6 for an output frequency
of 10937.5 Hz. Any voltage level reduction is irrelevant as tignal frequency is what
contains information about the rotor speed — predithat the voltage levels are sufficient to
trigger the following frequency-to-voltage convert€he voltage levels given in figure D.2
are expected for all rotor speed values as theyoalg dependent on the various supply
voltages.
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D.5 Frequency-to-Voltage Converters

Calibration of the frequency-to-voltage convertass important in order to establish
input/output linearity and, in so doing, developuatpns relating the output voltage to the
input frequency. The converter dynamic responsemarying input frequency is also desired.

D.5.1 Input/Output Relationship (Linearity)
In order to establish linearity and frequency-tdtage equations, the converters measuring

excitation frequency are excited with sinusoidaqfrencies of0 Hz, 10 Hz, 70 Hz and a
frequency for which the converter output voltag&(s/pc. The converter associated with the
shaft encoder undergoes the same analysis excefretpencies ob Hz, 5.5 kHz, 11 kHz

and a frequency for which the output voltagd @sVpc. The results are presented in figures
D.3 and D.4 respectively. The figures include thguagions for the best-fit linear
approximations of the measured results. For pralcparposes, the converters of figure D.3
are assumed to be identical.

Assuming that non-zero y-intercepts are negligitite, excitation frequency and rotor speed
(in rpm) can be recovered from the output voltage of theesponding converters using
equations D.1 and D.2 respectively:

excitation frequency = 9 X measurement output (D.1)

rotor speed = 237.12 X measurement output (D.2)
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Figure D.4: Shaft-Encoder Frequency-to-Voltage @oter — Input/Output Relationship

D.5.2 Converter Dynamic Response

The measurement response to a varying rotor spe@dyenerator/prime-mover excitation

frequency is now considered. This is achieved bysktering the attenuation and delay
introduced in the measuremerii.[ Rotor-speed and excitation-frequency measurengent

achieved by means of a frequency measurement witbrr@sponding output voltage. The
attenuation for a given oscillating (sinusoidaligaon) rotor speed or excitation frequency
(in dB) is given by considering the actual sinusoidatagé output from the frequency-to-

voltage converter as a fraction of the un-atterdiateusoidal voltage output as given by the
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steady-state equations D.1-D.2. This is repeateddifferent oscillation frequencies to
produce the measured results of figure D.5.

The delay introduced for a given oscillating radpeed or excitation frequency is obtained by
considering the phase difference between the sitaibpvarying input rotor speed or
excitation frequency and the sinusoidal outputaget The delay introduced for different
oscillation frequencies is given by the measuredlts of figure D.6.

The speed-measurement results of figures D.5-Dchude the dynamics of the frequency
divider before the frequency-to-voltage convertérfigure C.7. This is done because the
previous calibration of the frequency-divider is sieady-state/constant rotor-speed
calibration.

The frequency responses of figures D.5-D.6 appratenthat of a first-order low-pass filter.
The corresponding theoretical responses are alengn these figures. The rotor-speed,
generator excitation-frequency and prime-mover takoin-frequency measurements have
—3 dB cut-off frequencies 0f.34 Hz,0.147 Hz and 0.153 Hz respectively. These cut-off
frequencies translate into sinusoids with peridd3 ©7 s and7 s respectively. As expected,
the frequency-measurement converters have a sidyifeamic response.

From the frequency-response results of figures &-the speed and excitation-frequency
measurement may require amplitude/phase corredépanding on the dynamics tested.

10

[ M N
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\{ N
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m Generator Excitation - Measured + Prime-Mover Excitation - Measured

Figure D.5: Frequency-to-Voltage Converter FreqydResponse — Bode Modulus
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Figure D.6: Frequency-to-Voltage Converter FreqydrResponse — Bode Phase

D.6 Inline

Torque Transducer

The torque transducer has a built-in filter basedaosecond-order low-pass Butterworth

characteristicZ]. 1 kHz is the chosen-3 dB cut-off frequency for the experimental testing.

Based on this selection, the frequency-phase raegpisnas presented in figures D.7 below —
the attenuation is negligible over the consideredudency range. As shown in this figure, the
phase delay introduced is also negligible. Theeeftine torque measurement requires no
correction after measurement.
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Figure D.7: Torque Measurement Frequency RespoBsgle Phase
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Based on the transducer sensitivity 0025V.N"1.m™1, the prime-mover torque is
recovered from the transducer output voltage usgquation

. 1
Tpm = PTime mover torque = —— X measurement output (D.3)

D.7 CMC Choke Characterisation

As mentioned in appendix C, it is desired that@hC chokes operate as close to their ideal
characteristic as possible. This involves havingegligible effect on the differential-mode
current but producing a high inductive impedanc€MCs [3,4,5,6]. Tests regarding choke
operation are focused at evaluating such performaharacteristics. The following analysis
involves the two-conductor chokes used in the geltand current measurements where the

load is either an open circuit (buffer input) ot & resistor.

Choke characterisation is based on a frequencyndiepé measurement and analysis. This
involves effective differential-mode and common-ronnpedance measurements for a

frequency sweep oR0 Hz — 2MHz. In this way, the effects of parasitic capacitance
hysteresis and eddy-current losses are conside€ldeb,7,8]. The high-frequency range
considers the fact that the large common-mode indudmpedance is being shunted by a
lower impedance path produced by the parasiti@iwinding capacitance3]. This choke
evaluation merely provides an indication of the eotpd performance as the choke/system
interaction is not considere®,9,10]. The interaction of the choke with the externgtem
may result in poor CMC filtering over a certainduency range. An example of this is a
series resonance of a choke inductance with amaysépacitance (parasitic or no8,J0].
Therefore, final choke testing must involve chegkiar the effects of CMCs in the outputs
of the measurement circuit.

Various choke impedances are measured with an ®glé980A Precision LCR Meter
fitted with a16047E test fixture. Any inductance-resistance (impedamseasurements are
taken as a series inductor-resistor equivalent. igcudsion regarding the appropriate
equivalent circuit model for a given impedance measent is presented if]].

D.7.1 Differential-Mode Impedance

The differential-mode choke impedance magnitude amgle as a function of frequency is
presented in figures D.8 and D.9 respectively. Tingedance is measured by connecting the
choke windings in anti-series for different diffat@l-mode current values.

The following analysis assumes a differential-modeent is present as is the case for phase-
current measurements where the measurement cloadt is effectively al Q resistor.
However, load presented in the case of phase-wltagasurement is the open-circuit buffer
input impedance. No differential-mode current ipensted and the following analysis is
unnecessary.

D-9



Measurement System Calibration

S 100 =
T /4
(&]
c
3 /

1.0
8 A
£
= = |

0.1

10 100 1 000 10 000 100 000 1 000 000
Frequency (Hz)
——3.5mA (RMS) =—10.5mA (RMS) =21 mA (RMS)

Figure D.8: Differential-Mode Choke Impedance (Mitigie) versus Frequency

(o]
o

o
o
|

~
o

g o
S S
=

/
/

N W
o O

[
o

Impledance Angle (Degrees)
o S
S

10 100 1000 10000 100000 1000 000
Frequency (Hz)

——3.5mA(RMS) ——10.5 mA (RMS) ——21 mA (RMS)
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D.7.1.1 Low Frequencies

For low frequencies, the differential-mode impedans low and is attributed to the DC
winding resistance as shown by a zero impedanck andgigure D.9. The impedance is
constant with a zero reactive component as a fomctif current excitation. These two
observations support the notion of an ideal cholkk mo core magnetisation as a result of a
differential-mode current (zero differential-modaductance since there is a zero net
magnetic field). The effective differential-modesistance is constant versus frequency and
current which implies that core losses such aselgsis are not present. This further supports
the notion that the core is not being magnetised.

D-10



Appendix D

These results are as expected. As already mentidinedwo windings have the same turn
count and are wound bifilar around the toroidal nedg core §,12]. Based on this

geometry, two identical windings witls 100 % coupling are expected as both windings
occupy the same point in spaég [

D.7.1.2 High Frequencies
In the case of high frequencies, parasitic effsctsh as intra-winding capacitance provide
alternative current paths such that a net difféaénmode flux is produced. This net flux is

associated with the inductive impedance for fregiesnabovel 0 KHz as shown in figures
D.8-D.9.

Figure D.8 shows an impedance magnitude that vainesrly with frequency for high
frequencies. This may indicate that the net magrfeik is produced in air where the core
frequency-based non-linearity doesn't affect tHective differential-mode impedancég]|
Either this is the case or the core non-linearstyadunction of frequency is negligible. This is
especially true for frequencies aboM@® KHz in figures D.8-D.9 where the impedance angle
is approachin@0° and the impedance is almost exactly a functioeftéctive inductance
and frequency. A mostly reactive impedance witheltively small resistive component
supports the notion of any generated flux beingtaioed in an "air-core" and not in the
magnetic core. Otherwise hysteresis loss wouldldp\weenoticeable resistive component.

One observation that does question the proposeatidoc of the magnetic flux is the
impedance dependence on current excitation whegbt store non-linearity has an effect.
Perhaps there is a combination of core-based axzhaed magnetic flux.

Non-negligible inductive impedance for high freqcies implies that the choke is not ideal
for these frequencies. However, this is actuallydbieial as these filtered differential-mode
frequencies are undesirable and are also filtesethé following active LPF anyway. The
choke low-pass impedance profile is desirable amalitatively matches the profile of the
following active filter.

One question that remains is whether the high-fraqu differential-mode currents saturate
the core in the case of phase-current measurethest,reducing choke effectiveness against
CMCs. Such core saturation is unlikely:

» As previously mentioned, it is likely that magnetiox produced by high-frequency
differential-mode currents is distributed betweba thoke's core and the surrounding
air.

* High-frequency differential-mode currents are notperted as high-frequency
components in SCIG phase currents are not pre3émns. is a consequence of the
inductive nature of an induction machine.
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D.7.1.3 Final Remarks
In summary, the two-conductor chokes used in platage and phase-current measurement
are expected to perform suitably from a differdnti@de perspective.

D.7.2 Common-Mode Impedance

The effective common-mode impedance as measurembiuyecting the choke windings in
parallel (dot-terminals connected together) is girefigures D.10-D.11. From figure D.10,
the common-mode impedance increases with frequasayesired. A small impedance for
low frequencies is not a concern as the CMCs goeard to be high-frequency in nature.

The effective inductance and resistance compordritee measured impedance are given in
figures D.12 and D.13 respectively. These figureshdt represent modelled components at
high frequencies, since they do not consider thenptete model including parasitic
capacitance which is not negligible at these fregies [L0].

The CMC is expected to be relatively small afteokahinclusion. Therefore, the impedance
measurements of figures D.10-D.13 are carriedaua fow CMC (.,,, = 3.5 mAgus)-
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Figure D.10: Common-Mode Choke Impedance (Magnjtudesus Frequency
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D.7.2.1 Low Frequencies

From figure D.11, it is observed that the chokeffectively an inductor for low frequencies.
This is desired according to the analysis in sadior.4.3.2. The effective inductance is also
approximately constant as shown in figure D.12sTiiplies that the parasitic intra-winding
capacitance is negligible for these frequenciesesapected. The effective resistance
(relatively small compared to the effective reac&nincreases with increasing frequency
over the low-frequency region. This is expected end consequence of increasing choke
loss as a result of magnetic hysteresis.

If the upper-limit of the low-frequency region isfthed as the point where choke behaviour
deviates from that expected/desired, then, fromaréig D.11-D.12, the low-frequency upper
limit is approximately 10 kHz. This corresponds to the low-frequency region loé t
differential-mode impedance analysis. Based on ¢bimparison, the increase in effective
resistance of figure D.13 over the low-frequenayioe is probably not a consequence of the
skin effect in the choke windings. Otherwise, thisreasing resistance would be observed in
the impedance profile of figure D.8. Therefore, thereasing resistance of figure D.13 is a
consequence of magnetic hysteresis which is nateptein figure D.8 since the magnetic
core is not magnetised.

The choke behaves as desired over the low-frequemge; it is effectively an inductor. This
analysis is based on a lodg # o Q in figure C.13. Since the low-frequency differaii
mode performance shows a symmetrical choke ®ift00 % coupling, the desired common-

mode choke behaviour is also expected for low feegies wherel; = co Q as discussed in
section C.7.4.4.
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D.7.2.2 High Frequencies

It is important to note that there is no distinetimductive-capacitive resonance observable in
figure D.10 which is typical of an inductor at hiflrequencies I1]. This is strange since
there is definitely a shift from an inductive chamistic to a capacitive characteristic as

given by the change in phase angle in figure D.évben1 MHz and 2 MHz [11]. The
changing impedance angle is also observed in theedsing effective inductance profile of
figure D.12 which eventually becomes negati/@.|

Resonance is not observed in figure D.10 becawseetiistive component is dominating the
impedance as shown in figure D.13. Furthermore, thwedance angle doesn't
instantaneously transition frorf0° lagging to90° leading. The resistive component is
maintaining a desirable impedance profile for higbquencies with their energy being
dissipated as hea#,[L0]. The reason for this resistive component is noivin exactly and
could be a result of magnetic hysteresis and/aeased winding resistance due to the skin
effect.

For phase-current measurement the choke loadlif aesistor. The large resistive choke
impedance at high frequencies reduces the GM§ and, therefore, its voltage drop across

the1 Q resistor also decreases as desired.

The effect of a common-mode voltage source on am-gorcuit load is discussed in section
C.7.4.4. This is applicable in the case of phad&age measurement where the choke load is
given by the buffer input impedance. Based on tiadyais of section C.7.4.4 a choke which
functions more like a resistor than a set of codipleductors may not be effective in
decreasing the effect of the common-mode voltagecsoon the open-circuit load. Since the
frequencies (and their magnitudes) produced byctimmon-mode voltage source have not
been quantified, it is difficult to anticipate tlthoke common-mode performance for an
open-circuit load. In this case, choke performaiscevaluated by the presence/absence of
CMC effects in the measurement circuit outputs.

D.7.3 Overall CMC Choke Performance

The investigation into choke performance must idelta complete measurement-circuit
evaluation with the chokes included. This is reegias the choke/system interaction needs to
be considered89,10]. Such an evaluation also proves whether the cloakemon-mode
impedance is sufficient while qualifying the higleduency common-mode performance with
an open-circuit load. Based on the measured regsudtiuced by the measurement circuit, the
chokes perform suitably — negligible CMC effects abserved. According to this evaluation,
the other multi-conductor chokes used in the measent system also perform as required.

D.8 Oscilloscope Resolution as a Source of Measuremetiror
An important source of measurement error is th@aligheasurement of an analogue signal
by an oscilloscope. The Tektronix TDS 2002B andtiiakx TDS 3034B oscilloscopes have
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a vertical resolution oB bits and 9 bits respectively 13,14]. Approximate measurement
errors are given in tables D.4 and D.5 respectiwghile showing which variables are
measured on which oscilloscopes. The errors areappate since:

» Itis assumed that the each oscilloscope useaitire decimal range of its digitizers.

* The equivalent voltage resolution of a given meas@nt is dependent on the voltage
range accommodated by the oscilloscope. This imbler by adjusting the "volts-per-
division" setting for each oscilloscope channele Thsolution errors of tables D.4-D.5
are based on the "volts-per-division” settings usetthe experimental measurements of
chapter 5 (all probes always have an attenuatidngf

Measurement error as a result of oscilloscope wésol is amplified by the various scaling
factors converting a voltage measurement into dugired speedrpm) etc. measurement.
The error amplification is also given in these ¢abl

Table D.4: Tektronix TDS 2002B Oscilloscope — Measwent Resolution

Measurement V/Division | Resolution (V) (Clc:;rerz(c);ltultJlr?ir;s)
Prime-Mover Stator Frequenc 2 0.0627 0.5647 Hz
Rotor Speed 2 0.0627 14.8781 rpn
Prime-Mover Torque 0.2 0.0063 0.2510 N.m

Table D.5: Tektronix TDS 3034B Oscilloscope — Measwent Resolution

Measurement V/Division | Resolution (V) (C(F){rizgltug(r)lir;s)
SCIG Voltage 0.1 0.0016 1.5656 V
SCIG Current 0.2 0.0031 0.0313 A
Prime-Mover Voltage 5 0.0783 3.1311V
SCIG Stator Frequency 2 0.0313 0.2818 HZ

The oscilloscope resolution errors are assumedetmdgligible relative to the expected
magnitudes of the corresponding measurements amshachapter 5. The only real concern
is when the SCIG is operating at low load with asagiated low prime-mover torque. In this
case the torque resolution error is more comparébl¢he measured torque. This is a
challenge of the measurement system.

D.9 Conclusion
The unit testing and calibration is shown for theasurement system discussed in chapter 3
and designed in appendix C. The unit testing ahidraion focuses on:

* The magnitude and phase error of the CTs, VT anB@®dV
* The frequency response and output offset of theebahd LPF circuits
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* The frequency division accuracy of the frequeneyddir

* The linearity and frequency response of the frequéo-voltage converters

* The frequency response of the inline torque sensor

» The differential-mode and common-mode performari¢bevarious CMC chokes
* The oscilloscope resolution

A possible source of measurement error is the pbasent measurement using the various
CTs. This involves the current amplitude and prasreviously described. However, the
measurements are still appropriate for SCIG modaluation — measurement-error effects
are noted when appropriate.

The rotor-speed and excitation-frequency measureni&ve room for improvement in terms
of the dynamics accommodated. The frequency-tageltconverters have a first-order low-
pass filtering effect regarding dynamics in meadwspeed and excitation frequency. The

corresponding-3 dB cut-off frequencies are:

*  0.34 Hz for rotor-speed measurement
* 0.147 Hz for generator excitation-frequency measurement
* 0.153 Hz for prime-mover excitation-frequency measurement

The steady-state input-output relationships of th#or-speed and excitation-frequency
measurements are linear as desired.

Special attention is given to CMCs produced by BW&M power converters and the
mitigation thereof using chokes. Based on the edent differential-mode and common-
mode impedance for a range of frequencies, theeim@hted chokes are expected to perform
suitably in the measurement application.

Oscilloscope resolution errors are neglected far parpose of SCIG model verification.
However, for conditions of low generator load ame tcorresponding low prime-mover
torque, the oscilloscope resolution error may baparable to the measured torque. This is
unavoidable and is a limitation of the measurensgstem.
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