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PREFACE

PREFACE

Between 2010 and 2018ue to the growing dependence of the European grids on
renewable sources of energy, the power generation market saw a shift to regulated
de-centralized power; the powglants connectetb the grids in Europe had to
comply with a set of criteria intended
codesd were only i rfapnmsbuwedre slowly wiioducdedtand s o
powerplants driven by reciprocating engines and hyglower as well. These
powerplants were also given a very shaodtice to comply with the grid codes. In

a market that had always designed for pedemsity, efficiency and ultimately

cost, the introduction of gridodes presentamanyunique challenges thatould

potentially impact not just competitive advantagef these poweplant
owner/operators, but also their letegm survival and that of their component
manufacturersThe reciprocating engines being the most expensive components in

a powefplantcoulde x er ci se t heir Opower 6-codey del e
complianceto other system and sidystem manufacturers, specifically the
manufacturers of synchronous generators. This was the reagenakynchronous

generator manufacturers, including Cumsn{@enerator Technologies invested a

lot of resourceso understand and develop solutions that would not only help them

survive, but also potentially propel them ahead of competition.

The work presented in this thesis led to an extensive work coveriagpatts of
synchronous generator design specific to grid code compliance including, but not
limited to understanding and articulating gdddes and their demands from

synchronous generator design, impact of the reciprocating engines on the



performance of he synchronous -geded atpbvi riacn nmen
therefore led to numerous collaborative work with various engine manufacturers,
including Cummins Gener at bCummies&Ehgmes| ogi e
and the various factors that would afféat reliability of the synchronous generator

and methods to improve them. All this work was led by the author Sridhar
Narayanan with a crodsnctional team of mechanical, electrical and thermal
engineers through a program that lasted almost 5 wearseulted in numerous

webinars given to customers of Cummins Generator Technologies, conference
talks, white papersasmast er s6 t hesi s, a patent and
establish Cummins Generator Technologies as an industry leader in designing and
sekecting synchronous generators for grid codes. These outcomes have been listed

in the next section.



KEY DELIVERABLES

KEY DELIVERABLES

WHITE PAPERS

1) CCritical Parameters of a synchronous alternator for a grid code
compl i ant gwwwetanafdrdavik.gom/snediandnite-papers.

2) drault Ride Through Effects on Alternators Connected to adsrid
www.stamfordavk.com/media/whitgapers.

3) @Benefits and challenges of a grid coupled wound rotor synchronous
generator in a wiwwmvstamfordboi ne appl i cat

avk.com/media/whitg@apers.

CONFERENCE PROCEEDING& MAGAZINE PUBLICATIONS

1) S. Nar ay a AnsAnalytcal Tomllto,chedk for static grid code
compl i ance of Prgceedimgs ad tha Umigersities Posvér
Engineering Conference (UPEQ@010.
2) Sri dhar Na rLewValtage nide thitougla performance of a 4
MVA synchronous generatormeasurements and simulatiéng" IET
International Conference on Power Electronics, Machines and Drives
(PEMD 2014).
3) Sri dhar Naticah Bammeders of a §ynchronous alternator for
grid code compl Preceetinggd Powergen Bunopg, s et 0,

2012, Cologne.



4) Sridhar Narayananetah,Faul t Ri de t hrough effect
connect ed,Rrogeedinyscof PGBwerGeroAsP011.
5) Sri dhar NMNereaky anrga S,y Rawen Engimeeriog t y 0,

International, 2012.

TALKS

1) &Grid-Locked: Challenges with Designing Synchronous Generators for the

Gr i-tdMagSoc, May 2%, 2017.

MASTERSOGISTHES

1) Pet r Ch Byadhroroes Genatay Reactance Prediction using FE

Anal Y&0.s 6,

PATENT(S)

1) Reducing fault curr e ndB2494i66 filed:3E1 ect r i

August2011, Granted: 27November, 2018).



ABSTRACT

ABSTRACT

This thesisaims to provide a set of design critef@ designingsynchronous
generators§Gs) for engine driven generating sets to méetemergingrid code

requirements.

Historically, central plants have been an integral part of the electric grid, in which
the power generation facilities are typicdtigated closer to the resources or further
away from the loadd.iberalization of the energy market in the early parts of the
21% century combined with stringent environmental policies and emission
regulation have forced electrical energy providers tdaprenewable sources and
distributed generation. While both these methods of power generation offer better
efficiency and economies of scale compared to large power plants, they introduce
instability in the grid.To ensure stableupply of electrical paer to consumers,
many transmission and distribution system operatoremaf@cing performance
expectations on power plsconnected to the gridGrid CodesThese regulations
pose great design challengegshe manufacturerand designersf generating sets

and associated componeragspeciallysynchronous generatd@@ manufacturers.

In this work,relevantgrid codes are analgd and specific requirements are defined.
A practical and quickanalysis method is developed atidn used tosimulate
engine driverSGs conrected to electric grid. Aeural network based simplification
is applied to minimize the number of simulations requirqatéeide guidelines for

designingSGs for grid code compliance. Low Voltage Ride Through tests are



ABSTRACT

performed to validate the proposed guidelines. The effects of system solutions on

the desig parameters amsobriefly analyzel.

The proposed design criteria are applie8@s and are validatetiroughgrid code
certification testsAs vessel to provéne validity of the concepts mentioned above,
a 1400 KVA alternatoris prototyped and experimental measurements are finally
performed. The work presented in the thesis has ledatocomprehensive
understanding of grid codes and their effect on design aedti®el of engine
driven SGs is obtainedand a granted patent on a novel retrabte method to

reduce fault currents in%G.
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INTRODUCTION
CHAPTER 1
INTRODUCTION

1.1 Evolution of the more distributed grid

The generaldefinition of anelectric gridi san ifiterconnected network for
deliveringelectricityfrom suppliers to consumers |t cl) gesaratings o f
stations that produce electrical pow®rhigh-voltage transmission lines that carry
power from distant sources to demaedtersand3) distribution lines that connect
individual customers [1]. Figure 1.1, which is sourced from [2] illustrates the
conventional structure of electrical power gyss, showing the traditional sap
of very large power plants supplying large areas. Over the last decade however,
many socieeconomic reasons have led to a shift towards more distrilpotedr
generation. Thioften consists of aast array of intercoratted systems which
encourages integration (regional and otherwise) of the traditiooatigentrated
power generation and consumption activities. Thus, instead of limiting power
generation to thelassicalarge power plants, a number of strategicallyifimsed
smaller power plants / consumer driven generating sets are included within the
distribution system. Figure 1.&om [2] shows the general structure of power
systems with distributed generatidks summarizedn the CIRED survey [4], the
key factos that are leading the industry towards more distributed generation

include
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1 Policies on reduction in greenhouse gas emissions (mainly Cl)e
led to power generation companies resorting to more renewable energy
sources and smaller, more segmentettidiged generation.

1 Energy efficiencyi the need fomoreefficiencysystemsomplements the
policies on greenhouse gas emission reductions. The large coal powered
plants arenore energy efficient than small generating setslgsst
efficientoperationallyand cannot meet the agility requiremethia the
smaller distributed power plantan meet

1 Deregulation of energy markias allowed more players to enter the
power generation markehus leading to a higher competition in the
energymarker.This has led to an increase in the number of electricity
suppliers connected to the gridgpecifically on the distribution side.

1 Diversification of energy resourcéghe evetincreasing introduction of
niche sources of energyoduces a propodnal segmentation alfie

electricalgrid.
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Generators Generators

Transmission
grid

Generators

Distribution
grid

Distribution
grid

Distribution
grid

Loads Loads Loads

Figure 1.1

Figure 1.1 Conventional powesystem2]

An important factor that justifies the eviecreasing need fadistributed
generation ighat today it representee most practical means of providipgwer
to the remotest parts of the world. The International Energy Agency estimates that
approximately 1.5 billion people laeld access to electricity in 20about20% of
t he wor | oro[5]. TheoWoud Bark report othe energy gap [5] also
recommends that extension of the electric distribution grid by developing mini
grids or individual systems closer to the population is often the cheapest way to
new consumers and to increase actesdectric power. It is also predicted that in
most countries, between-8@% of the unserved communities will receive electric
power through grid extension [53. summary ofthe global acess to electricity in
2017[5] is given in Table 1.1.
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Table 1.1: Global access to electricity 2017 [5]

Population

Rate of . Urban Rural
without access o e
Access t0 electricity Electrification | Electrification

(%) (millions) (%) (%)
North Africa 52 603 74 36
Sub-Saharan Africa 43 602 67 28
China 100 0 100 100
India 87 168 98 82
Other South-East Asia 88 44 97 82
Central & South America 96 20 98 86
Middle East 92 18 98 78

Besideghe technology driveror distributed generation introducethove, other

important advantagesglated to tis concept include:

1 Mobility and ease of setupdistributed generation consists of many small

units that can be easitsansportedased on power needs.

i Lower transmission

losses and

infrastructure costé distributed

generation, power inormally generated closer to the load and hence the

transmission losses are lower. Additionally, shorter distances to transmit

power result in lower infrastructure costs.

9 Low plant cost and accessibility. The modular nature of distributed

generation mininzes the space requiréal the power plantand therefore

simplifies the logistic aspects.

1 However,grids made up of several small generating sets as in distributed

generatiorhave been shown tantroduce instability in the powesystem

[12].
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1 Additionaly, the variability in generation levels caused by the vast array

of renewables in the electric gridads to arunequivocally less reliable

power system

Transmission
grid

Distribution Distribution

grid grid grid

Distribuled Distribuled Distributed
genaration generation peneration

Figure 1.2 PowerSystem with distributed generation [2]

Distribution

Loads

This chapter describes the challenges posed by modern-pgstems and
the measures taken by the Transmission System Operators (TSO) and Distribution
System Operators (DSO) to ensure a reliable and robust electric power supply.
These measures have a sigmifitimpact on the design and operation of power
plants and associated componemsparticularengine driven generating sets and
the SG that together formthe most common source of electrical power. A brief
description of thedentified challengebeing addressed included in this chapter

along with a summary of the layout of the thesis.
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1.2 Grid Codes

As for any other system/technology, there exist a set of standards/
guidelines for grid connected syster@sid Codes are the guidelines set outhsy
TSOs and DSOs that specify performance (technical and operational
characteristics) expectations for power plants and all components involved in the

generation, transmission, distribution and utilization of electric power [4].

Grid Codeshave been arau in various forms and levels of details since
the first electricity transmission and distribution system. Until72€fere were no
requirements for power plants to stay connected to the grid during fault ride
throughs This meant that in the event ofsmall disturbance, should the power
plant operators feel nervous about the integrity of their equipment, they could
disconnect from the grid leading to large scale blauts [L37]. However, until
2011, no real effort in terms of enforcement of thesedstias had been donkt
the turn of 2013, Germany became the first country to enforce Grid Codes for all
electricity generating facilities. Adhering to the legislation dnee compulsory
throughout the rest of Europa 2015. With the projected growth ofobal
distributed generation as shown in Figure 1.3, which is sourced from [6], an
increasing number of countries across the globe are becoming conscious of the
importance of these regulations. Figure 1.4 [7] illustrates the various countries that
have aopted some form of grid codéhe main concerrelated to this ishatthe

adopted grid codes vary from country to country tangicomplicateenforcement.

35



INTRODUCTION

However, he information contained in any grid code document can broadly

be classified into fivsubsections [4]:

1 Planning Codé Discus&srequirements on data that needs to be presented

to gain approval for power plant proposals.

1 Connecting Codé Specifesthe gridrequirements related tive power
plans 6 c¢ a poandintaining cgnnectivity @tection schemes, reactance
requirements, harmonic distortions, voltage fluctuationsitetlsorequires

a combination of simulation and test data to prove compliance.

1 Operating Codé Specifies the criteria for safe, reliable operatiore.
maintenane and monitoring requirements, demand forecasting,

contingency planning requirements, and system test requirements.

Which region will see the most growth
over the next 5 years?
(figure 20, source: Ipryme & IEEE)
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30% 4
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20% -
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10%
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MNorth Europe Middle East Latin - South Asia - Pacific Africa
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Figure 1.3: Regional Growth of Distributed Generation [6]

1 Data Communication CodeProvides guidelines orath transfer between

power plants and other entities connected to the grid.

1 Balancing Codé Specifies the power flow requirements in the gadch
as reactive power requirementsontrol system requiremeni)esponse

timesand voltagdevels

. National Static and Dynamic Grid Codes

. ENTSO-e Static and Dynamic Grid Code

Figure 1.4: Status of Grid Codes Internationally [7]

While the five types of codes described above, apply to all sources of
electrical power connected to a gfienewables, nuclear, hydro and fossil fugl
the work presentenh this thesigs mainlyfocusedon the grid code compliance of
enginedriven SGs (SGs) In fact, these represent the type of application that the

SGs manufacturedy Cummins Generator Technologies (CGT) are designed for.
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1.3 Problem Description arptoject objectives

Cummins Generator Technologies (CGT) is one of the largest manufacturers of
SGs in the world with the broadest portfolio of prodremiging from 0.5<VAup
to 20MVA. Over US $100M worth o8Gssold in Europe for the European market
are used in distributed generation / combined heat power (CHP) applications. Since
early 2013 the TSOs and DSOs of countries (Germany in the lead) in the European
Economic Council (EEC) have started enforcing grid codes. In fact, it is predicted
that a ParEuropean ENTSE@ (European Network of Transmission System
Operatorselectricity) grid codehas beerenforced starting 2015. Thus, power
plants utilizing renewable sourcese already implementing process to modify
product and system desmgto comply with grid codes. The focus of grid code
compliance is currently on power plants / CHP plants that are made up of-engine
driven SGs While there are several benefits of directly conneddilbgrnatorso
the grid,(e.g.reactive power compensatiandvoltagestability) alsopose major
challengesfor achieving the required compliance witjrid codes This is
particularlyimportant for the conditions and requirements reltadetesteady state
operation and tde stability demands of the low voltage ride tigh.Such effects
are being addressed today (emythe renewable indusiyby deploying power
electronics and associated control strategieewever,suchsolutions are very
expensive and therefotbey arenot the preferred solution f@Gbasedpower

plants to comply with grid codes.
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Simplistic but also potentially expensive methodologies to achieve
compliance also include situations where power generation companies simply
increase the inertia or significantly ovete the main alternator. While shoffers
a fast and simple solution to grid code compliance, howtnesgissociatedoss
can berelatively high due to theraditional overrating philosophy (over

engineeringhich is behind these concepts

A potential solution to all the abovetlserefore taddress grid compliance
requirements at every stage of the power generation system design. This means
settinggrid compliance as an objective function of the design of every component
that will be implemented into a power generation set. Astyiéhe most important
component with the dominant effect on power quality is the main alternator itself
(.e.theSGs) t he engine is the most expensive
the engine to the grid and is thus the most critical compandhe genset. The
alternator also becomes significant because the design of the alternator defines the
level of protection the engine receives from transients in the ghdrefore,
significant benefits in terms of system level power quality and grigbtiance can
be achieved, if the design and development processes of the SG were to be done

with grid code compliance as a main ob]j

In order to achieve thig deep understanding of the critical parameters of
the SG,includingits design parameteend theireffectson the capability of the
SGto meet grid codes igequired Significant effort in terms a@bmbining the
understanding ofhesecritical parameters with the abilitgf designng SGsis
necessary to performptimizations aimed at achieving design solutidoss grid
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code compgability, without any detrimental effects othe power density
efficencyand reliability of the machines.
approach to grid code compliance by radicaldgSign has been recorded and will

represent one of the main novelties in this thesis.

The main objective of this thesistlsusto obtain a clear understanding of
the design requirements of engine drig£ss for grid code complianc&o achieve
this, the general methodology followed in this work will be a systematic approach

in the pursuit of the following.
1) What are the relevant grid codes?
2) What aspects of the grid codes are critical to the desi§ee?

3) What are the alternator / sgstn 6 f eat ur esd t hat wo ul

drivenSGgrid code compliant?

As vessel to reach the @ae-mentioned objectives, a MV/A, SG,
completely compliant with standard grid codes Ww# designe&nd developed.
Firstly, grid codes from various partstbe world are summarized and the sections
relevant toSGs are tabulated. These are then analyzed using power system
simulationsaimed at identifyinghe design requirements of an engine dri®&h
Finally, asensitivity study is completdd determinghe most significant and least
significant generator geometrical features that contritauéehieving the grid code

requirements
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1.4 Thesis Contributions

The workdescribed in this thesis led to the developmenttarieintroductionto
market of a new range ofgrid-compliant productsby CGT. This work has
enhanced the understanding of reliability of SGs relative to grid code compliant
applicationsand contributed toentering a niche market segment through a
competitive product lineAdditionally, thework directy comected to this thesis

l ed to a MandagantedipatdhhGB824D49166.

1.5 Structure of thesis

This thesis is structured in the following chapters:

Chapter 1 introduces tlvballengesrisingbecause ahe increase idistributed
generationthe need for grid codes and the challenges and opportunities that arise
from mandating grid codésparticularly forSGmanufacturers and finally outlines

the methodology applied in this thesis.

Chapter 2 summarizes the grid codes that are applicable to engineSiaven
The performance of an engine driven gel
power system is described aadalyzedand the impact of the grid codes on the
ma ¢ h i niabiitg is desckibed. The required method of proving grid code

compliance to the relevant governing bodies is presented.

Chapter Joriefly presentshe basic theory of classical S@sd then describes
and the development af numerical analysis tool (i.e. the finrkéement method)
for the SGs performance predictiorhis chapter also describes the development
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and validation of a fully automated tool to predi® parameters with only the

geometrical parameters as input imte element analysis.

Chapter 4 summarizes the various methods of modedintbanalysisof
power systemsA fully automated power systems simulation model is developed
and is used to run simulations of various power systems scenarios agawst k
grid code requirement3.he output of this model is combined with the matlab
neural network tool to derive the design criteria for a grid code compliant

synchronous generator that is validated using grid code testing.

Chapter5 describes ampproach that combines tfiedings described in
chapter 5with a sensitivity analysjsto relate theSG design parameters to its

geometry.

Chapter6 describes the design methodology and validatiorSssdesigned

to meet the geometrical regements defined in Chapter 6.

Chapter7 summarizes the reliability aspects @@thatmustmeet grid code
requirementsThenthe solutions identified and implemented in 8@designed in

Chaptel6 are investigated
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CHAPTER 2

GRID CODES

In this chapter, the grid codemdopted byvarious countriesincluding
Germany, Denmark, France, Italy, India, Australeic, are reviewed and
summarized. A comprehensive discussion on the performance requirements
according to the grid codespresented. The implications of these expectations on
the alternator durability / reliability are presented and the arguments are
complimented with test evidence. This discussion is then usedview and
summarize the scope of tlehallenges thathe work presented in this thesis
addresses along with an overview of pineposednethodologyaimed at improving

and solving these challenges

2.1 Introduction to Grid Codes

The National Grid Company [58] defis&a gr i d cTedhmcalas a
specification whib defines the parameters an electricity generating plant has to
meet to ensure proper functioning of the electrical grid. The authority responsible
for the electricity distribution specifies the grid code which may vary from country

to countryo

There areseveralauthorities in charge of plibhing suchGrid codes

including

1 Transmission system operators
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9 Distribution system operators

1 Transmission system owners

1 Distribution System owners

1 National Electricity (or Energy) Commissiondgkegulators

1 Governments (as a law)

1 Reliability councilsi Association of operators

Grid codes apply to all power plants and associated components and protection
systems connected to the electricity netwoFkey cover the mainosirces of
electric power, including rengables, energy storage systems, IC engine driven

systems and nuclear and hydro power plants

Table 2.1, whose source is [9] summarizes some of the transmission system

operators by country responsible for owning the relevant grid codes.

In Table 2.1, it calbe clearly observed that there is a big diversity in the number of
grid operators and therefore the number of grid codes availatd&aisely quite

high. The table also shows the complexity and / or scale of the pral@egrid

codes just by the nureb of variations available.

In addition to the transmission system operators shown above, within Europe, the
ENTSO-e (European Network of Transmission System Operatetsctricity) is

expected to own a paburopean grid code.
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Table 2.1: Transmission System Operators by country [9]

Transmission System Operator (TSO)
Continent | Country
Continent Region Responsible department
ETSQ (European UCTE.(Un_lon for co- Verband der Netzbetreiber - V[
Germany Transmission Syste ordination of .
o - -e. V. beim VDEW
Operator) Transmission - Electrici
UCTE / UKTSOA (Unitg
Europe | United Kingdom Transmissior] BETTA (British Electricity Tradi
. ETSO o
Kingdom System Operator |and Transmission Arrangemen
Association)
Denmark ETSO UCTE / NORDEL Elkraft
Sweden ETSO UCTE / NORDEL Svenska Kraftnat
. South NER (National Electricity
Africa -
Africa Regulator)
America USA NERC ( North Amerlca_n Elect
Reliability Council)
. New
Oceania Zealand Transpower
. . ISTS (Inter State Transmissid
Asia India
System)

2.2 Grid Code$ Terminology & Content

This section will focus on explainirtge key terminology used in the field of grid

codesand aimsto summarize the elements of the five subsectdescribed in

Section 1.2hat apply to the electrical machines used in power plants.

2.2.1 Grid Codes$ Terminology

1 Point of Common Coupling (PCC)EEE [10] defines the PCC as
fithe point where a local electric power system is connected to an

are ads

are not necessarily the same point. The grid codes define the PCC
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as the location where all system measurements are made and
therefore the location where all the grid codes apply. Figuré3.1]
illustrates the difference between PCC and point of connection;

DER refers to ®istributedEnergyResource [13].

i Agreed Active Power Agreed Active Power or contract
capacity [11] or project capacity [12] is the maximum active power
allowed for export by a distribution system (power plant) and is
contractually agreed between the network operator and the
distributionsystem (power plant) owner. The agreed reactive power
requirement is implicitThe specifics on feenh tariffs, specific load
requirements, load sharing requirements are covered in the

contractual agreement.

Area elecine power system

o—PCC Io—PCC —PCC
A I N : ;
! 1 ! ] . 1
i i i - : Poant -:.rf“ - i . Pount {:.nf
: P | connection | | connection
1 1 1
! Load P DE_R i Load DE_R' i
! i ! numit i ' umit !

- - - s - 1
i Local electnic ! i Local electnic! i Local electnic !

1 1

| power system! | power system! power system E
S | S | s

Figure 2.1 lll ustration of the concepts of PCC and Point of Conneti®h
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1 Ancillary Services These encompass the support functions / roles played
by the power plants / distribution system towards power system safety,

security and reliability [14]Typically, this involves:
0 Assisting in supporting local voltage
0 Assisting in regulating network frequency

o Contribution to network spinning reserve (amount of reserve /
backup power ready to be delivered to the grid upon request by the

network operator)
0 Harmonic Compensatn
0 Black Start Capability

1 Fault Ride Through Requirements (FRTYhese specify expectations on
distribution system / power plant response during and after a network fault
and prohibit the distribution system / power plant from disconnecting during
the néwork fault. The purpose of the FRT requirements according to [15]

are:

o To prevent a large distribution system / power plant to disconnect
during the fault and introduce a sudden loss of generation capacity

resulting in grid instability.

o Preventing lack ofvoltage and frequency support (reactive and

active power) to the network during and after the fault.
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Depending on the power system desigpstem impedances, voltage levels,
loads,etc. and the nature of the faultsymmetrical / unsymmetrical, tHaults
propagate through the network as voltage sags and this is seen by the power plant /
distribution system [16]. The power plant is required to ride through these voltage
sags (Low Voltage Ride ThroughLVRT) and the grid codes define rules around
staying connected during the LVRT and when to drop off (disconnect). Figure 2.2
illustrates a LVRT curve marking the regions where the power plant must stay
connected and where it can disconnect relative to the LVRT [13]. Figure 2.3 is an
example of how mucholtage is retained at different parts of a network during a

fault ride through.

2.2.2 Grid Codes Content

Based on the nature of the requirements specified, grid codes can be grouped into

two categories, namely

9 Static Grid Codes: Enforcing tiperformance of power plants during steady

state conditions. The Static Grid codes regulagefollowing parameters

0 Total harmonic Distortion (THD)

o

Voltage range the network operates within

o

Frequency range the network operates within

o Power factor rangdne network range operates within
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o0 Active and Reactive Power Requirements under the above voltage,

power factor and frequency ranges.

1 Dynamic Grid Codes: Regulating the performance of power plants during

transient conditions. These include:
0 Low Voltage RideThrough curves
o Pole slip conditions
0 Active and Reactive Power requirements during transients

The power plants need to prove compliance to the above requirements and the rest

of the grid code document through testing and / or simulation.

V[#]

100+ = o
<1 Tripping
- prohibited
30+
Tnpping
15+ permissible
§ o5 1 5 10 > 1G]

Figure 2.2: Sample LVRT curve [13]
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Figure 2.3: Examplel voltage drop at various levels in a network during a fault

Table 2.2 presents a summary of the grid codes relevant to powerthiEnise

engine driverSGs and the content relevant to alternators

Table 2.2: Summary of grid code requirements specific to alternators globally

Design |GermanyDenmarkHolland| France | Spain | China| India USA South New |Belgiun|Australia|Northern
Concept Africa | Zealand Ireland
Target
oltage +/-10% | +/-10% +10% tq +/- | +/-10%|5 S LIQ|+/- 10% +/- 10% +/-10%] +/-10% 5 S LIQ| +6% tq
Range 5% 10% -7.5%
Frequency | +/-5% | +/-5%/| +/-2% | +/-1% +/-1% |+/-0.3% +/-% | +/-1% | +/-1% | +/-1% | +/-1% |+3%tq +/-1% | -1% to
Range -5% +4%

Power 0.95lag/ |0.95lag/| 0.9 lag 10.95lag 0.95lag/| In 0.95 |0.95 lag/0.95lag/|0.95lag/| 0.95lag /| n/a [0.9lagto|0.95 leac

Factor 0.95lead [0.95 lea(0.95 leaq / 0.95 | 0.98 lead progresg lag/ |0.9 lead|0.95leaq0.95leaq 0.95lead 0.9lead| to 0.98
lead 0.95 lag
lead

Harmonic <3% <3% <5% | <5% <3% <3% | <3% | <6% <6% <8% <6% 8% <3% | <3.5%
Content

Reduction No Yes, 15% | yes no yes yes |yes afteryes aftel no yes after| yes NA NA
of Active  |Reduction within |reductio| after |reduction| outside| after | 10min | 10min freductiol 10min | after

Powerc Imin | non |10min operatin| 10min 10min

Steady 30min g points

[State

Fault 250ms | 150ms [150ms-|100ms| 250ms [500ms g n/a n/a 100ms| 150ms| 150ms |200ms 430ms
clearing 250ms 20%V

time

Of all the requirements captured in Table Zhdsefor Europe are being enforced
in stages. The European grid code requirements specific to alternatoes
summarizedn Table 2.3, while the ENTSO e columneisiphasizedn Table 2.4
which lists out the expectation of the paaropean codexpected to be enforced
between 2014 an?l017 Table 2.5 (data sourced from [1i7]27]) illustratesthe
plan and deadlines for integration and standatdin of the various parts of the

German grid code.
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Table 2.3: Summary of Grid Code requirements in various Europeantries

Most Design Germany United Denmark Holland France Spain Ireland Italy ENTSO-e
Stringent| Intent Kingdom
oltage +10% | +10% | +10% | +10% |+10%tq +10% | =10% |5 S LIQ| +10% +10% +10%
Range -15% | -15% -5% -15% -12.5%
Frequency +5% | £5% |+3% +2% + 2% +1% +1% | +0.3% |-1% to +4Y +3% +5%
Range 5% -5%
PF Lag 0.8 0.8 0.95 0.85 0.9 0.95 0.95 0.85 0.95 0.9 0.85
PF Lead BEENOESN 095 | 095 | 095 | 095 | 098 | 095 ek 0.9 0.9
Harmonic <3% <3% <3% <5% <5% <5% <3% <3% <3.5% Not Not specified
Content specified
Active Powerl  No No No |Yesaftel] 15% |yesaftef No yes NA b2 b 2 \
Reductiong | wSR{ wS R{ wS R Q%0 sec reductior] 10min | w S R Qgutside
Steady State, below |on 30mi 2 LISNO3
47.5 Hz points
Fault clearing 250ms | 250ms |150ms a] 140ms | 150ms-| 100ms | 250ms | 500ms at N/A 200 ms| 140 to 250ms
time 30% 250ms 20% (@5% to 30%

Table 2.4 : Timescales for enforcement of the panropean ENTS& grid code

March 2013

Final Revision Issued

December 2013

Approval, acceptance, adaptation of the

regulations by the member states

2014 to 2016

Implement the code, modify the local code to

be in line with the RfG

2017

Mandatory
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Table 2.5: Timescales for enforcement of German grid code

Grid code enforcement dates
Wind / Internal
Photovoltaic / Combustion
Fuel Cell plants Engine plants
Steady State 01/04/2011 01/01/2010
Full grid codei 01/04/2011 01/01/2013
static / dynamic
grid code
Certification 01/04/2011 01/01/2015
obligation
E

100%

90% fmmmmmdemm e
L7 —— R —/

Lower voltage band

0% b ————

Time (mS)

0 150 00 1500 000

Figure 2.4: LVRT - German grid code
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Figure 2.6: LVRT - ENTSOe grid code

2.2.3 Compliance testing and validation

Compliance to grid codes is proven using the test setup shown in Figure 2.7 [34].

The operating conditions.e. voltage, power factor and frequenigyels of the
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generating set can be controlled using the test setup. The steady state conditions of
the generatounder tesare set to the required values stipulated by the relevant grid
code; the steady state stabilitytigisassessed under these conditions. This is then
followed by a low voltage ride through te$his consists in applyingfault at the
terminals of the generating set by opening the circuit breaker CB2 (Figure 2.7). The
low voltage ride through curve relevant to the grid code is then simulated by

varying the reactance;&and 2 that in principle operate like a voltage divider.

The load angle, reactive and active powers are measured during the test and
compliance to gricdcodes on power transfer requirements during and after fault in
addition to no pole slip occurrinig checkedA certificate is then issued by the

authorized grid code certifier to state compliance to the grid codes.

e LVRTTestUnit
CB,
—H ) \ — l . {_/G\‘l
7 | - >/
Grid Transformer 1 \ Transformer Unit
\ CB?: (optional) under test

Figure 2.7[34]: Proving compliance to grid code requirements

The outcome of the test iscamprehensiveertificate of conformity approveloly
thetest agencyhat confirms whether there is thapability to meet specific grid

codes.
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2.3 Impact of grid codes on iermance of engine driveBGs

This section is aimeastudy andunderstand the impact of the expectations set out

by grid code®n enginedriven SGs. As vessel for this analysisystentonnected

to the grid as shown in Figure 2.8 [28]. The grid isrespnted by the PCC as
stipulated in various grid codes.s The s
which corresponds to the appropriate grid electrical frequencySGreactance

XgenWhile VierminaliS the voltage measured at the point of commmupling and is

the refeence voltage for the generat®Mgen is theinternal electromotive force

developed by the generator

w, y
/_,__.\ man xgun Vlurmlnal
- YV B

Engine I\\ | Alternator
v Point of
Common

Coupling

Figure 2.8 [28]: Single line representation of engine dri\&@ connected to the

grid

A genericgrid code is imposed on the generating set of FigureTh& sudy is
focused on three specifioperating regionsnamely Steady State, Fault Ride
Through and Post Fault Ride Throughe$h areshown in Figure 2.9 [32] arttie

majorfeatures can be sumnzgdas follows.
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1 Steady State Condition: Grid codes require power plants and the generating
sets to be capable of maintaining stability under a wide range of voltage
levels and varioupower factor and frequency combinations. Using the
values for frequengypower factor and voltageshownin Table 2.3, the
boundaries of operation for the generating set are definddthese are
shown in Table 2.@below, whereU is givenin percent ® Unominay T iS
expressed in dependerfgeminaiand thepowerfactor pfis represented with

aé6+oforlag anda 1T @ f lead:

Table 2.6: Boundaries of operation for generating set according to grid codes

U f pf
+10% +2% -0.95
+10% -2% -0.95
-10% -2% -0.95
-10% -2% +0.95
-10% +2% +0.95
-10% +2% -0.95
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Figure 2.9 [32]: 3 operating regions for a grid connected engine driven generating

set

As shown in [29]and[30] the worstcase combination in terms of stability ary
alternatoroperating in a power systemyolvesthe combination of Un=10% and

pf =-0.95. These valuedetermine the steady state load angle of the alternator for
any given load demand. The steady state load angle needs to be within the design
margin of the alternator for steady state stghib meet the grid code requirements
under static conditiong\s described by (2.1) and Fig. 2.108e design margin for
steady state stability depends on the synchronous reack¥araedX. This is also
substantiated further in AppendixE.is the airgap emf in the SG, Ms the voltage

at the point of common couplingqnd X are the d and q axis reactances and

is the steady state load angle.
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The steady state conditions defined by the static grid codes thus regulate the steady
stat e | ¢gdttheS& rEguhtien 20 also confirms the needcbnsider an
alternator design thatan operatavithin its stability margin for the defined steady

state boundary conditions.

1 Fault Ride Through: During the fault ride through, the voltage at the
PCC drops to a value determined by the locationiatessity of the fault

on the grid. If the nature of the fault is to reduce or even completely remove
the active loading on the alterngttine kinetic energy stored in the shaft
produces araccelerabn of the rotor. Thewell-known technique of the
equatarea criterion [33] is used to predict the ability of an alternator or a
generating set tmaintain stabilityunder transient conditions. Figure 2.11
[33] describes the condition as set out by the equed criterion for

transient stability.
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A, > A4,

P, - prefault P, - prefault

P, - postfault P, - postfauit

P, - during
fault

P, - during
fault
-8

Figure 2.11[33]: EqualArea Criterion

In Figure2.11[33], the areas Aand A representhe energy gained during
the acceleration and energy lost during deceleration. The system (alternator

/ generating set) is said to be

M stable under transient conditions if

1 un-stable or tending towards instability if the energy gained > energy lost.

According to the grid codesummarized in Table 2.&he alternator /
generating set must remain in this 0
T 500 ms without pole slip, after which it must reconnect to the grid as
seamlessly as possible before the transition into the next condition. The
expectation ishtat the power plants provide reactive power to stabilize the

grid voltage by staying connected to the grid during a fault ride through.

i Post Fault Ride Through: The alternatwat had accelerated during
the fault now has to connect to the grid thanasv back online after the
fault has been cleared. In addition to reconnecting, the generating set /

power plant is expected to start delivering-fanelt active power within a
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specified time. The main challenge is that, depending on the rotor position
of the alternator and the speed of the rotor, the reconnection can be
anywhere from a smooth uneventful synchronizapotentially dueto a

catastrophic out of phase synchronization event.

To understand the dynamics associated with an out of phase
synchroniation, a test was setup@GT. The tesis performed by using

400 V, 50Hz, 72.5 KVA alternatprelectrically connected to another
alternator in thet445 KVA, designed to produce a 400V supply at 50Hz.
The test setup shown in Figure 3.2. The phasegnbetween the voltages

of the alternatorsare monitored and the difference in the phase angle is
controlled by varying speed of thwo machinesThe test emulates a small
power plant the 72.5kVA machineconnected to a grice(nulated by the
1.4MVA sysem) The stator and rotor currerdn thesmaller generator ar
measured and their values recorded for various phase angles between the
two machineganging from-180 degrees to +180 degrees in steps of 15
degrees. The test confirmed that depending omphizse angle mismatch
between the voltages, the out of phase synchronization could lead to
catastrophic outcomes. The torque produced by the event aph&a6e
difference exceeded the load capability of the shaft of 2hekVA SGand

damagedhe keyway d the shaftas shown ifrigure2.13 [28].
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Motor ( belt driven)  UCI224F
+ sliprings
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Motor ( belt driven) PI734C

No2
REACTOR
ACB

Variable 0610 KVAR Load

Figure 2.12: Test Layout for emulating out of phase synchronization

Figure 2.13[28]: Damaged keyway of shaft due to out of phase synchronization

In addition tothe mechanicabndstructural damage, thretor field voltage

can registevalues as high as approximatelya@times theated(i.e. under

normal full load operation)rotor voltagebecause othe current transients

in the statorPot ent i al effects of these hig
include degradation of the rotor insulation over time and damage to the
diodes of the rotating rectifier, typically present in gensets employing

brushless excitation systems
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All these potenal events canlead to an inability of the alternator /
generating set to meet the grid code requiremeptsn this caséo return
to prefault conditions within a desired time period and eventuall/ can
leadto the power plant owneo be preventé from connecting to the grid

by the power system operator.

It is clear from the above thaesigning for grid codeampliance needs a
two-pronged approachi a) Design for compliance and b) Design for

robustness.

per unit Torque an Shaft
w

Phase Angle (degrees]

Figure 2.14: Per Unit shaft torques measured on the UCI224F leading to the

cracking @ the shaft key as in Figure 2.13

2.4 Solutions adopted by the Renewables Industry

In the field of renewable energy, the wind industry whaes first tobe regulated
towards modifyinghe conventional systedesigns to meet grid code compliance.
To achieve thiswind farmsadopted a combination of power electronics (full power

converters), high inertia, and braking resistors. These solutions have ppdwed t
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very effective in making wind turbines grid code complig@onsideringhis, then

a part of thisthesisconsists inan evaluation on the feasibility of using sopfe

these solutiongor the application at hand.he details of this evaluation are in

Appendix 1 and the summary of the findings are shown in Table 2.6.

In summarythe main benefits and drawbacks of adopting the above solutions are

1)

2)

3)

Increasinghe SGinertia is a good way to improve stabilitfowever the
resulting extra weight has atdenental effect on the system power density,
which is an important factor in terms of cost and quality of the system.
Braking resistors anelativelyvery expensive, especially for larger engine
driven generating sets and sometimes pose the risk eivoltages during
low voltage ride through. They also impact the efficiency of the generating
set negatively during steady state operation.

Full Power converter / power electronics solutions are very effective; they
control the active and reactive power la¢ toutput of the generating set
under steady state conditions and temporarily decouples the generator from
the grid during the low voltage ride throudtpart from their effect on grid
power quality (switching harmonics), thesenvertercome at a very lgh

economical cost.
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Table 2.7: Comparison of grid code solutions adopted by the wind industry

Inertia Braking resistor Full Power
Converter
Functionality Low Moderate High
Impact on Low N.A. Moderate
generating set
design
Costs Moderate Moderate High
Efficiency Moderate Moderate Low
Market Moderate Low Moderate
availability

It can be seen from Table 2tiat while several solutions exist that can be
implemented on engine driven generating sets, there are practical issues associated
with costs, market availability, functionality and implernsidn challenges that

canlimit the ability to use thabovemertionedsolutions.

2.5 Conclusion

In this chapterthe concept of grid codegasintroducedand the various challenges
posed byhe evefincreasing role and importancegyfd codesvere describedrhe
various solutions adopted by the wind turbines to comply with grid codes were also
summarizedn Section 2.4along with the challengebat such no#invasive (to the

SG itself)solutions pose to engine driven generating $eis.therefore cleathat

there isa significant gap in terms of addressing the challenges relatix torid

code compliance of engine driv&s. While reciprocating engines have a impact
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on the dynamic performance of the generating set through contributing to the
overall irertia of the generating set, the general contribution of the reciprocating
engine in distributed power plants is minimum due to the speed of the transient
events being quicker than the mechanical tcoestants; added to the high cost of

the reciprocatingngines compared to SGs and the numerous types of reciprocating
engines in the market, it becomes the onus of the SG manufacturers to design their
products to be grid code compliant for a wide range of reciprocating engies.
discussed above, this gap can be filled with improved design processed for SGs that
establish grid code compliance as a major objective function, at the fundamental

component level (i.e. the design of gileernator tiself).

An important point to notés thatdue to the variations in grid codes published
globally, it is important to developdesign and analysieol thatwhile being highly
accurate and reliable, alsdlows a certain measure of flexibilityp be able to

6cat er 6 @rid codederfdrniarce rquirements.
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CHAPTER 3
SG Modelling

As explained in Chapter 2, the sensitivity of the power system model ® &é s
equivalent circuitparameters is quite significant and it is therefore essential to
predict then in an accurate ancbnsistent way. H&ditionally, these parameters
have been calculated using analytical methodsests[96] T [106]. While the
analytical methods are quick and provide the designer with the ability to try several
iterations before building the prototygéey only provide approximate solutions
while neglecting the geometrical detailsand the 8suing electromagnetic

phenomenghatcharacterizéhe machine.

Testing of the machinggpresentshe most accurate method of evaluating3iae
performancebut carbe expensive and time consumimghen compared to virtual

prototyping procedures

Recent advances in computatioredourcesand methods enable the use afdarn
analysis and design toglthat canoffer adniddle ground for design engineers.
Amongstthese methodologies, numerical methods such as provided by commercial
FE toolsrepresentt odayds state of the art i n
development. Considering thisan automated~E analysis toois built using the
commercial packag¥ector Fietls Operaand its development and validatioil

be detailed in Chapter 4h this chapterthe classical methods of SG analysie

discussedndpresented.are implemented withn automated script that has been
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usedto predidt h e efubs/alaent circuit parameters and design3fzeonsidered

in this thesis.

3.1 Literature Review

3.1.1 Basic Theory & Construction

A generator is a device that converts mechanical energy into electrical energy. The
energy conversion is controlled by agmetic field inside the generator. Majority

of the generators used in power generation currentlg@erlheseare AC rotating
machine in which, at steady state, the speed of the rotation of the shaft is directly
related to the frequency of tla@matureelectromagnetic quantitie$he two main

parts of a convention&8Gare the stator and rotor. The stator consists of a magnetic
core supported by a frame for structural integrity. The stator houses the armature
windings usually held in slots stamped imnt®inner periphery. The rotor is made

up of magnetic materiand includes the scalled field winding, which isvound
around the rotor poles. The rotor is attached to a rotating shaft that is used to
mechanicallycouple the rototo the prime mover and separated from the stator

by an airgap. Based on the rotor pole geometry, there are two tySsdfsalient

pole and cylindrical rotors [55]. Figure 3.1 shows the axial esestion of a four

pole salient pol&G representative of the type that i® tfocus of this thesis. The

part of the pole closest to the air gap is called the pole $hoehese poles, an
additional winding, known as the damper cage, which is used for multiple purposes

is also usually implementedA classical approacts used tostudy the operation
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of the SGsis givenin [54], wherethe direct (daxis) and quadrature {axis) axes

are used to model the machimehavior

Figure 3.1i Axial crosssection ofSG[56]

3.1.2 Equivalent Circuit Model of tHeG

In studieswhichinvolve theunderstandingf the behavior 08Gs either separately
or as part of a system, a set of electrical equations arecusguiésent the operation
of the machine under variougperating conditions. Based on th&evel of
complexityandaccuracyrelative tothe application the equivalent circuit models
arecharacterizedy severalequations which define the order of the systehre T
equivalent circuit of &G with the relevant circuit panaeters are shown below in
Figures 3.2 a and The quantities shown in Figures 3.2 a and b asearid Ry are
the field selfinductance and field resistana@dong the direct axis {exis)
respectivelyL 14 and Rgq are the eaxis damper circuit selhductance and-dxis
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damper cage resistance respectively, whileahd Rq are the gaxis damper cage
seltinductance and resistance respectivelyy dnd Lag are the armature self
inductances along d and g axes eespely; ed and eq are the induced emfs in d
and q axes respectively, whilees t he field voltage,
rad/ g&mrdqar@the d and g axes flux linkages,tRe armature resistance

and L the leakage seihductance.

Ry Li Ra
VWA M O— W,
L Ria ¥
glmd Ed
e Lia

Figure 3.2 ai Equivalent circuit of &Gin the daxis

L:’ Ra

_mr'vw_()_\/\/\/s_cur

R Iq o Vi
g chq €y

Figure 3.2 i Equivalent circuit of &Gin the gaxis
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3.1.4TheFinite Element Method

While the classical equivalent circuit analysis is vkelbwn and consolidated,
however it represents certain drawbacks, sudimaed ability to predict operation
under nodinear conditions (saturation), parameter variation due to geometrical
featuredike slot and teeth geometry, graded@ap on rotor poles, asymmetrically
distributed damper cagend connection of damper bars in d and q aXbsse
drawbacks can be solvagsing more accurate techniques such as FE. The FE
method usedo design and atyze electrical machisdas been gaining popularity

in recent years due to the availability of powerful computing systems, and because

it can achieve ahpredct veryaccurataesults[43].

Although FE methods are wisely utilised for predicting the perémce of any
electremagnetemechanical device,his sectiondescribesthe basic concepts
relative to theuseof such technique for the electromagnetic analysislexdtrical
machinesandof classical, salieapole, SGsAn overview of the twedimensional

finite element methods is given in [43].

The finite element methodbnsists inby segmenting the geometry / space into a
number of sullomains (hefinite elementsjpnd this concepsishown in Fig 3.3.

The relevant system of equatioage th@ applied to each of these sdbmains

with the associated boundary conditions applied. Sutedivision ofthe analysis
space into small sections allows the finite element algorithm to run several
problems of manageable sizbat produtimprovements ircomputational speed

and efficiency.
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Finite Element Analysis can broadly be summarized in 4 steps:

1. Cr e a t-d Inegmeditfe iadilem elomain is divided into a number of
relativelysmaller, finer elementsvhose sizelepend on computational speet@
solution accuracy requirements. Increagimgnumber of elements provides better

accuracyat the cost of increased computational resource

2. Selecting the interpolating functiofisFunctions representing the unknown
guantities are selected. The quaes are typically simple and the calculation of

which at the small scale can be replicated at the larger scale as well.

3. Defining the system of equationsThe interpolating functions and associated
boundary conditions are used to formulate a systesquiitions that will be solved
by the computational system. A detailed review of the process of selecting

equations is described in [43].

4. Solving the system of equations developed using the interpolating funitteom
the results are obtainedhe salition provides spatial and / or temporal values for
the interpolating functions that can be used to glean more information about other

guantities.

While, Finite Element Analysis can be done in two and three dimensimss$,of
the problems can be solvdd/ employingtwo-dimensional analysis [43]in
applications, where thteed i me nsi on all e f f ethen apopuam 6 t
method is to implementorrection factorsthorough analytical formulasto

compensate and take these effects into account
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3.1.4 Predicting Electrical Machine Reactance using Finite Element Analysis
A good overview of finite element analysis of electrical machines and
electromechanical devices in general is given in ,[48here techniques to
determine and identify the main rnaaneters for synchronous machines are

discussed along with numerical algorithms to implement some ¢ thethods.

References [44], [45] and [46] provide an exhaustive description of synchronous

machine operation during steady state and transient comsliti

Figure 3.31 Finite element model of 8G showing the suolomains / finite

elements

Mathematical models of synchronous machines are compared and their pros and
cons relative to steady state and transient simulations are deshriled, several

test procedures to determine synchronous machine paramet@smparedndit
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recommenddhat either sudden short circuit test or steady state frequency response

test may be used to determine transient anersuisient parameters for 5.

A magnetestatic method of predicting transient and -$t#msientSG parameters
using FE is elaboratad [47]. This method involves replacing currents, induced in

damper cage and field winding by an equivalent boundary condition.

Stator winding currents may be chosen to represent MMF aligned with d or g axis
(based on power factor or operating conditidiie assumptions used in this model
enable faster computation of transient and-tsabsient parameters, but, this
method is recommended for large€s, specifically, those used in hydro power

plants[47].

In [48] a detailed approach to calculate reactarfoeSGs with cylindrical rotors

is presentedThe magnetatatic method isised,and the methods described in [47]

are applied to simulate magnetic saturation. The methodlidated,and the
authors observe a 10% difference between test data andipdechatues. In [49]a
method to calculate reactances for salient pole synchronous machines equipped
with damper windings is presented. A time harmonic simulation is used to calculate
transient and sutyansient reactances. The rotor positiofixisd, andfield currents

of varying frequencies are used to simulate the rotor under different operating
conditions. In this work it is observethat while a time harmonic simulation is
faster and requires minimum computing resources, the results are deperttient on
frequency used to simulate the rotor under fault conditions and the designer should

ensure that the décorrectd frequency i s
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According to [50] and [51] actual test procedure can be replicated with time step
simulations.With this technique, the electrical machine is initially running under
opencircuit condition and a sudden sheitcuit is thenapplied Current traces are
recaded and are used to calculate reactances. The time step simulation depends on
how the model is setupndmost importantlyon how an external fault simulation
circuit is setup. The short circuit in an electrical machine only involves the direct
axis (daxis) and hence the data from skartuit test provides limited information

on the quadrature parametersafds)[47]. The stanektill frequency response test
allows for the prediction of bothalxis and epxis reactances. The rotor is stationary
during tre test and its position fixed to direct / quadrature axis as required. The
armature winding is supplied an AC voltage of varying frequenciemaguitudes.

The current induced in the armature winding is measured and is used to predict the
reactances alontpe dand gaxes.In [52], an approachh@at consists in usinthe
standstill frequency response to determine machine reactasasscribedThe

main conclwsion of this work isthat the suggested method is viable and poses

minimum risk to the electricahachine during the test.

All the above indicates the wealth of literature that exists today in terms of SG
modelling and analysis. The current state of the art is however still based on
defining individual techniques and methodologies aimed at desciibiegspect

(or a set of parameters) of the SG. The aim is therefore to develop and validate a
more comprehensive a desitpol andits associated GUIwhose objective i$0

predict theentireequivalent circuit parameters o5& using only the geometry of

the generator as inputia FE techniques
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3.2 Finite Element Tool Development

3.2.1 Overview

This section describes the various finite element techniques that are adopted to
predict theSG reactancexx har act er i st equiwlenodircuitt Tthe S GO s
reactances predicteloly using this method are: the d and q axes synchronous
reactances Xq andXgqrespectively, the d and q axes transient reactangegand

X @ respectively and the d and g axes-sansient reactancéds X & @nd X &; 6
respectively. All other parameters (i.e thoenstants) are then extrapolated based

on the reactance valuesll the methods described in this section are used to
develop an algorithm that is then controlled through an appropriately designed user
interface A SGreactance calculation towlill be also developed angsed into the
power systensimulationmodel This tool will also be used to design the grid code

compliantSGdescribed in Chapter 7 of this thesis.

3.2.2 Computational Algorithm f@G Reactances calculation
Based on the literature review discussed in Section 3.1.4, an extensive assessment
of the various finite element techniques used to prebdeSG parameters was

completed and the results are summarized in Figure 3.4.

Through the ssessmentompleted,it was determined that a magnetatic
simulation can be used to predit and Xy, while several methodsan be

implementedor the transient and sttbansient parametersspecifically, the short
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circuit simulation vs single frequey response, to ensure that t8& machine

model could be suitably validated.

Method of prediction Xq X, X'y X" X"
Sudden short-circuit x x v x x
Single frequency response| % x x v v
Magneto-static simulation| v v x x x

Figure 3.417 Summary oimethodologies used based on literature review to
predict synchronous generator parameters.

3.22.1 Computational Algorithm foBG Reactances calculation
In this sectionthe findings presented in Figure 3.4 are explained in greater detail
and a step by step approach is developed to automate the process of calculating SG

parameters.

3.2.2.2Calculationof X4

The synchronous direct axis reactaiXcas defined as the reactance of {hiease

winding whose axis coincides with the direct axis of the rotor, when theghsesz=

currents are flowing through the armature windings [bdgmagnetestatic solver

is sufficientfor the calclation as relative speed betwebe rotor and the armature

reaction field is zero t her eby resembl i Du toathedst at |
geometrical symmetry associated with the design of salient pole macbirgs

one pole isnodelled,and boundary conditions are assigned according to Figure

3.5. Field current is set to be zero so magnetic field is only induct: Bymature

currents.
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\ ‘I‘ |%l {@' (@J /\

Figure 3.517 Winding configuration for predicting-exis reactance

In magneto static simulatish DC currents are injectednto the armature
conductors wherthe direct axis aligns with peak mmiThis is followed by
computation othe magnetic vector potential. InetRE simulationset up for this
purpose the field windingis not excited However,it is also possible to run the
simulation with the field winding excited, but the flux due toeReitationcurrent
mustbe subtracted from the total flux linkage of thexiis coil to obtain the-dxis

reactance.

Additionally, due to the nofinear properties of thelectromagnetic materialthe
simulation had to be repeated at various valuesaxisicurrergto plot a reactance
profile and to accurately capture theusation characteristidn Fig. 3.6, the flux

lines distribution of the saliefgole SG under analysis is shown.
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Figure 3.6 1 Flux plot for armature windings excited by onhagis current

3.2.2.3Calculation ofXq

The gaxis synchronous reactance prediction method is identical to that of the d
axis synchronous reactancedascribedn Section 3.2.1.,with the only difference
being the epxis i aligned wittpeak mmf in the formeiThe winding configuration

and flu lines distributiorfor the gaxis reactance prediction method are shown in
Figures 3.7 and 3.8 respectively. The effect of satura&ioonsideredalso for the
g-axis reactance evaluatioshown The synchronous reactances, evaluated along
the d andthe g axes, are shown in Figure 3.9, where the saturation effects can be

observed.
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AN

S

Figure 3.71 Winding configuration for predicting-exis reactance

3.2.1.3 Cros€oupling and impact oKq andXq values

Crosscouplingis the magnetic interaction between the direct and quadrature axes
that becomes relevant to the SG performance prediction especially during saturated
conditions [145] [146]lt is crucial to include the effect of cressupling in the
calculation of synchravus reactances to be able to accurately predict load angles
[146]. Equations (3.1) and (3.2) summarize the impact of ezoapling on the flux
linkages in the d and g axeBhis section focuses aine phenomenon afross
couplingand its impact on synchronous reactan@égh high levels of magnetic

flux, the daxis may be saturated by flux fromagis and vice versa and the

synchronous reactance is a function of currents in both axes.

. 0 HQQ « OhQ (3.1)
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- 0 OfoQ .« OHQ (3.2)

Where, the d and q stdzripts represents the quantities along the d and q axes
respectively, i the current, L the sélductance and is the flux linkage.

Figure 3.81 Flux plot for armature windings excited by onhagis current

Saturation of synchronous reactance in direct and quadrature axis

X[pul]

Figure 3.91 Impact of saturation on the synchronous reactance values
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The effect of crossoupling is included into the modely using the following

procedure:

1) Inverse park transformation is used to calculate d and g axes stator currents
These currents are thertroducednto the armature windings.

2) The associatedux linkage of each phase coiltteentransformed in to the
d-g reference using Park Transformation.

3) The flux linkages in d and g axes are then used to calculate the associated
inductances / reactances using the known current values in the
corresponding axes.

4) Thereactances may be plotted in a contour,@stshown irFigure 3.10

and are then used as lookup tables which are used in reactance prediction.

Figure 3.10 shows the contour plot of theds synchronous reactance plotted
against the d and g axes currents. It can be observed that as the current in either
axes increases, theais synchronous reactance reduces due to saturation in the
machine. Tk values from the contour map can be used to create a table relating the
reactancesin this case the-dxis synchronous reactance with the currents. Since
the d and g axis currents for any given electrical load depend on the power factor
and on the loadop of the SG, the table can then be translated into a specific

reactance value for the machine at any given operating point.
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D-axis synchronous reactace Xd as a function of d and q axis current [p.u.]
1 T
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Figure 3.1071 Contour plot of eaxis reactance plotted as functions of d and q axis

currents

3.2.2.4Calculation of enawinding leakage reactance

The datasheet in Figure 3.17, shows that the leakage inductance itself has a minimal
contribution to the overall performance of the SG and thewending leakage
inductance from [139and [140]can be Bown to contribute to not more than 5%

of the overall reactance of the SG even during dynamic conditions. [138], [139] and
[141] also show that during a transient event, the leakage reactances relative to the
rotor and field winding dominate the performaraf the SG. This means that while

the endwinding leakage reactance needs to be modelled for completeness, even a

100% error in enavinding leakage would lead to a small variation in the
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performance of the SG and well within the allowed tolerances aocprdi

international standards [66].

[139] layst he f oundation to calculate Oar mat
equation(3.3). where the first term in the bracket represents the slot leakage and

the second term in the bracket represents thenamding leakageln equation

(3.3), A is the maximum Ampere Turns per pole, &, &, w are the slot
dimensions from [139], D if theiragap diameter, F is the doad airfap ampere

turns per pole, Kis the leakage constantp End Ko are the pitch and distribution

factors of armature winding, L is the cdength, p the winding pitch, P the number

of poles, S the number of slots, tke armature leakage reactance &aritie flux

per pole.

A 2D FEmodel of aSG includestheeffects ofleakage reactanahie to thehigher
order harmonis, theslot leakageinductancesand the leakage flux between the
poles Other inherently 3D featuresiich as skewing (when implemented) and end
winding effects, can be alswnsideredn 2D models of SGShe value of the end
winding leakagdlux may sometimes be ignored during normal operabahthe
saturation effect, during the short circcgtinstrongly influence the magnetic circuit
in the teeth close to the shaitcuited windings, since they may camlevated
currents Asthe end winding aresurrounded by air and almost unaffected by the

saturation effect it gains in importance in casa ehort circuit.

The end-winding leakagdlux can be accurately modelledly by an accuratel3

FE evaluation of the electromagnetic phenomenaweler, these models consume
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significant computing time and resourcés. simplify the process of eagdinding
leakageflux calculation, a variation of the endiinding part of equation(3.3) can
be modified to derivé3.4) can beused within thedeveloped FEanalysis code to
approximate the endinding leakageln (34), lew is the effective end winding

| e n gt Rwistha specifiegpermeance coefficigit value ranges between 0.35
and 0.55, according to the winding typeinding geometry, pitch, distribution)

[139].

This techniques validatedusing an appropriate testethod developed and is

described in Section 3c# this chapter

& — —on p — — —— - @ (33

Ls en =n3_|ew/ew 34
.end D (34

3.2.2.5Prediction of sudransient reactance

To accurately model the transient behavior of the SG, thdranbient reactance

X & Beeds to be accurately predicted. Thetsabsient reactance can jpedicted

using finite element analysis using two methods; the single frequency response
simulation and the sudden shoitcuit test. Both methods have been reviewed in
the below sections and the more accurate method is applied to build the tool to

predid¢ SG parameters.
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3.2.2.51 Single frequency response simulation

T/he single frequency responseethod is used to predict the sukansient
reactances dhe SG In this methodhe rotor is at standstill and is aligned with the
direct or quadrature axis depending on the specifictmuitsient reactance that
needs to be predicted. The rotor winding is shorted and a rated voltage at nominal
frequency is applied across tstatorphases The current in the armature windings

are then measured and4gis used to calculate the stdansient reactancés @, §

The schematic diagram of the single frequency response calculation setup is shown
in Figure 3.11 while Fig. 3.12 shows thi#ux line paths during the tesin this

figure, the currents induced in the field winding and indamperbars can be also

noticed.

W 5 — O § Wy Y (34)

50 Hz(

Nominal voltage
o
}

A) B)

Figure 3.11i Setup for single frequency response. Apxiis B) gaxis
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Component: J
‘-224.971552 2.381‘}5E-D3 224.976315‘
I

Figure 3.12i Flux plot of single frequency response simulaiiamte the

currents induced in the damper bars and figltting. [136]

3.2.2.52 Sudden Sho€ircuit simulation

In addition to being capable of predicting the-$w@nsient reactance in theadis,
the suddemhreephaseshortcircuit simulation is also capable of predicting the
transient reactanc&he simulation tess carried out by using time stepping
solverin conjunctionwith an externaélectricalcircuit as showrin Figure 3.13.
The procedure adopted to simulate a sustained-siouit curve can be

summarized as below:

1 The dator windingconnections arelefined by an external circuit with
inductance and res@tceconnected in seried he esistance represeritse
associated values of tllemature winding and thaeductancevalueis that

of theleakage inductance of the armature winding overhangs.
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1 The motor rotates arated speedand this is maintained throughout the
simulation

1 The feld winding isconnected t@n external circuit(and therefore to an
external resistance and voltage soues®) iscoupled to the FE modélhe
field voltageis setto getthefield current necessary tproducethe rated
no-load voltage at machine terminal$ie imposed fieldoltage is constant
during the short circuit simulation, but additional currents may be induced
during transient operation.

1 Short circuit is applietb thearmature windingising a variable resistance
(parametric variable)-or initial neload run theesistance is setgqualto a
practicalinfinite valueandthusonly a very small current flown the
armature winding. At the chosen time instangresistances switched to
the value of phase resistancedmexternal command file.

1 Short circuit current traces are recorded up to the pdien they reach

sustained shoitircuit conditions
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\I'/" External [ If time>short circuit instant |
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Figure 3.1371 Setup for the finite element model to run a sustained short circuit

simulation[136]

The simulation yields a shectrcuit decrement curve for the currents in all three
phases of the armature winding (Figure 3.14). These currents are then analyzed
usinga peak detection algorithm that is used to plot a graph in alegnpiot
(Figure 3.15) This is then used to calculate the transient and-tssient

reactances.

All the methodslescribed abovevere automated using a script written in Vector

Fields Ora. The process flowchart for this script is shown in Figure 3.16.

The next section details the testing@ P7C that is used to validate the process

developed above.
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x 10 Simulated short circuit current traces
4 T T T
| ! A phase
h | | B phase
El R [ [ —— C phase
I Field current

A OOAROOLY

Curment [A]

| |
0 0.1 0.2 03 04
time [s]

Figure 3.14i ShortCircuit current trace

it Phiase cument afle the e phase Latnced shor Circuil 3 e machine leminds.
T T T T T T T

(A) (B)
Figure 3.157 A) current trace processed by peak detection algorithm B)}legmi

plot of peak currents vs time
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AN N oo
3 Winding Spec p End-winding leakage reactance )(cr
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Drawings P Open circuit
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Figure 3.16/ Automatel algorithm to predicEG parameters

3.2.3 Validation ofSGParameter prediction tool

To validate the process developed abav&,4MVA machine known as the

P1734C alternator is usedhose dataheets shown in Figure 3.17.

3.2.3.1 Validation oKy

The characteristicreactanceof a SG (i.e. the synchronous reactance) can be
calculated by two tests, with the armature terminals open circuited or short
circuited. The opertircuit test will be discussed in this section. Thdead voltage
curve is more comonly referred to as thepen circuit characteristi¢or theopen
circuit saturation curvie The open circuit characteristiocc) represents the
connection between thlamfacting on the magnetic circwthen no currents flow

in the stator windingnd theensuingair gap flux. As the field current increases the

90



SG Modelling

magnetic material saturatesdthe reluctance of the flux patladong theferro-
magnetic parts of thenachineincreases, thus producing a reductiorthef field
currents ability to produce magnetitux. The occ (air-gap line)represents the
open circuit voltage characteristic in the machine in relation to unsaturated
operation. The degree of saturation in a machine can be measured by deviations of
the actuabccfrom this curve. The terminal voltagsequalto the generated voltage

'O when the armature terminals are open circuitderefore the occrepresents

the relationship between the field currédtandO . Therefore, comparing the
opencircuit curves of the finite element analyaisd test data aids with validating
the finite element analysis model with respect to its ability to predict synchronous
reactances. The op@ircuit test on the chosen machine P1734C per$ormedat

CGT. The test setup is shown in Figure 3.18 while Feg@19 shows the
comparisorbetween the Hpredicted and the experimental open circuit curves,

where a good match can be observed thus validating the implemented FE model.

3.2.3.2 Validation of entkakage reactance

A methodology is developed to estim#te endwinding leakageeactanceTwo

measurements are takim this purpose

1) The stator reactance mseasured in one phase while the rotareimoved,
and the other two phases are not energized. To understand the effects of
saturation on entbakagethreedifferent voltage levels aigpplied,and the

current is measured for thieeevoltages Figure 3.20 shows the test setup.
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2)

3)

It was confirmed that saturation does not lead to a discernible change in the

endwinding leakage reactance.

. Replicate thedst described in 1) with a 2D FE model of the P1734C
generator and record the voltage/current values for the different scenarios
simulated.To replicate the test with respect to rotor removal, the rotor
permeability is set to 1 in the FE model, behavingntlas air from a

magnetic point of view.

The test and simulation exclude the effect of rotor position on the reactance
measured / simulated. The 2D FEA model excludeswandings and
therefore he difference in the reactance obtaifredn thetestin 1) andthe

2D FEA in2) will give the value of the enbtkakage.
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PI1734C STAMFORD
WINDING 312
CONTROL SYSTEM SEPARATELY EXCITED BY PM.G.
AVR. MX341 | MX321

VOLTAGE REGULATION

+1% +05% |With 4% ENGINE GOVERNING

SUSTAINED SHORT CIRCUIT

REFER TO SHORT CIRCUIT DECREMENT CURVES (page 7)

INSULATION SYSTEM CLASSH
PROTECTION P23
RATED POWER FACTOR 08

STATOR WINDING

DOUBLE LAYER LAP

WINDING PITCH

TWO THIRDS

WINDING LEADS

6

MAIN STATOR RESISTANCE

0.00126 Ohms PER PHASE AT 22°C STAR CONNECTED

MAIN ROTOR RESISTANCE

1.85 Ohms at 22°C

EXCITER STATOR RESISTANCE

17.5 Ohms at 22°C

EXCITER ROTOR RESISTANCE

0.062 Ohms PER PHASE AT 22°C

R.F.I. SUPPRESSION

BS EN 61000-6-2 & BS EN 61000-6-4 VDE 0875G, VDE 0875N. refer to factory for others

WAVEFORM DISTORTION

NO LOAD < 1.5% NON-DISTORTING BALANCED LINEAR LOAD < 5.0%

MAXIMUM OVERSPEED

2250 Rev/Min

BEARING DRIVE END

BALL. 6228 C3

BEARING NON-DRIVE END

BALL. 6319 C3

1 BEARING 2 BEARING
WEIGHT COMP. GENERATOR 3018kg 2967 kg
WEIGHT WOUND STATOR 1445 kg 1445 kg
WEIGHT WOUND ROTOR 1257 kg 1195 kg
WR? INERTIA 37.3309 kgm? 36.33 kgm?
SHIPPING WEIGHTS in a crate 3091kg 3036kg

PACKING CRATE SIZE

194 x 105 x 154(cm) 194 x 105 x 154(cm)

50 Hz 60 Hz
TELEPHONE INTERFERENCE THF<2% TIF<50
COOLING AIR 2.69 m¥sec 5700 cfm 3.45 m¥sec 7300 cfm
VOLTAGE STAR 380/220 400/231 415/240 440/254 416/240 440/254 460/266 | 480/277
CVAT_LEJ‘I’;\SSE RATING FOR REACTANCE 1505 1550 1550 1520 1705 1815 1855 1890
Xd DIR. AXIS SYNCHRONOQUS 3.18 2.96 275 240 3.86 367 343 321
X'd DIR. AXIS TRANSIENT 0.19 0.18 0.17 0.15 0.23 0.22 021 0.20
X"d DIR. AXIS SUBTRANSIENT 014 0.13 0.12 0.1 0.17 0.16 0.15 0.14
Xq QUAD. AXIS REACTANCE 2.05 1.9 1.77 1.55 249 237 222 207
X"g QUAD. AXIS SUBTRANSIENT 029 027 0.25 0.22 0.35 0.33 0.3 0.29
XL LEAKAGE REACTANCE 0.04 0.03 0.03 0.03 0.04 0.04 0.04 0.04
X2 NEGATIVE SEQUENCE 0.20 0.19 0.18 0.15 0.25 0.23 0.22 021
Xo ZERO SEQUENCE 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03

REACTANCES ARE SATURATED

VALUES ARE PER UNIT AT RATING AND VOLTAGE INDICATED

T'd TRANSIENT TIME CONST. 0.135s
T'd SUB-TRANSTIME CONST. 0.01s
T'do O.C_FIELD TIME CONST. 223s
Ta ARMATURE TIME CONST 0.02s
SHORT CIRCUIT RATIO 1/Xd

Figure 3.171 Technical datasheet for P1734C
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N To Measure Voltage
DC Supply

gbtciler Field

Figure 3.1871 Test setup for opeaircuit characteristic [57]
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Open Circuit Curve: Test vs Predicted
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Figure 3.191 Comparison of predicted vs tested oj#cuit characteristic curve

showing a good match

Figure 3.201 Test setugor measuring thendwinding leakage

As theendwinding leakage isensitive to the alternator size and design, the above

described method is applied to 3 different types of alternators manufactured by
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Cummins Generator Technologies and the results are summarized below in Table

3.1.

Table 3.1: Summary of endvinding leakage measurement

Machine| Analytical Leakage [Test Leakage Reactan
Type reactance ir> | in> |

UCI27E 23.8 22.1
PI7C 17.3 16.7
PI7E 18.2 17.4

As seen in Table 3.1, there is good correlation between the analytical formula
used and the tested values for leakage reactances. Once-thmeing leakage
analytical formula was validated, the formula vaasled to an automatedde

written to calculate th8G parameters.

3.2.3.3 Single Frequency Response test

A test methodology is developed to measure thersuitsient reactances of tB&

using the single frequency response test. These values are then compared against
the simulation results for the same voltégeels toconfirm thevalidity of the finite

element models. The test involves locking / holding the rotor in place, eitherdaligne
with the daxis / gaxis as shown in Figure 3.21 while shorting the field winding

and applying a voltage at the rated frequency (50 Hz) across two of the armature
phases. The angular positions of the d and g axes themselves are determined at the
beginnirg of the test by slowly rotating the rotor and recording the currents for
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various angular positions; the currents at the d and q axes poaitewapresented
by thetwo peaks seen in Figure 3.22. Once the angular positions of the d and g axes
are known,the rotor is then locked either at theaxis or gaxis to record the
corresponding reactance value by using the current induced in the armature

winding.

Figure 3.21 Test setup for single frequency response

The test is cared out by appling voltage levels equal to100V and 400 VY
respectivelyto analyg the saturated and the unsaturated conditions, in terms of the
values of the reactances. The summary ofctiraparative exercisketweenFE

and experimental resulisshown in Table 3.2.
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Direct and Quad position in the test machine

2500.0
2000.0 /\
1000.0

2\
V4

0.0

Rotor Current mA [rms]

\

0 2 4 6 8 10 12
Rotor position

Figure 3.22. Angular position of the d and g axes

3.2.3.4 Sudden She@ircuit Test

The sidden three phase short circuit test is one of the main standard metbdds
to determine thel-axis transient and sukransient reactances of the synchronous
machine. Theereactances are obtaineddnyalyzingof the current tracesccurring
after having applieda symmetrical threephase short circuit at the machine
terminals. Thealternatoris initially driven at nominal speed liie prime mover
and terminals are open circuitedhe field winding is supplied with DC current
gettherated voltage at th&tatorterminals. Atan appropriatéme instant, the short

circuit is applied,and current and voltageaces are igistered. The chematic
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diagram for this procedure is givemFigure 3.23. Analysis of the current traces is
widely described in literature and international standards donsists in creating
two envelopes and migoint curve for each tca andthe resultant waveform is
then decomposed into symmetrical and unsymmetrical compsnéifte peak
values of unsymmetrical component are plotted semtlogarithmicplot. Values

of transient andubtransient currents are identified by extrapolatad the curve
on to a semilog plot and finally the reactams are then calculated as tia¢io
between of the ntad voltage (before the short circuit), atm the initial
asymmetrical current value. The same sagpmplementedandused to analyze
the current trace ensuing from the test data was ulked for the analysis of the
results.A summary of the results comparing finite element predictions with test
data is shown in Table 3.2, while a plot of the current tracesh@wn in Figure

3.24 for the sake of completeness.
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Figure 3.23: Test setup for sudden shaitcuit

Table 3.2: Summary of test results vs finite element predictions

Analysis Methods X6 X&o X0
3ph SSC test 0.2734 0.1803 N.A.
3ph SSC simulation finite element 0.262 N.A.
Single frequency response test (unsat) 0.2872 0.2872 0.265
Single frequency response test (sat) N.A. 0.238 0.2189
Single frequency responsé finite element N.A. 0.2846 0.261
(unsat)

Single frequency response finite element N.A. 0.236 0.22

(Vectorfields) (sat)
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Short circuit current traces

a phase

Current [A]

1
150
time [ms]

Figure 3.24: Three phasshortcircuit currents in the armatuvending of the test
machinei P1734C. The a,b,c, phases are the same as u,v,w phases in the same

sequence.

3.4 User interface for finite element analysis tool

Having validated the tools usealdeterminghe SGparameters, a user interface is
thusdevelopedvith the aim of building a FiEhodel that can be used to run various
simulations as shown in the previous sectitmpredict the performance of the
considered alternatdfigure 3.25 a,b,c are snapshots of some of the inputs that are
required by theool. Figure 3.26 shows the flowchdhat gives a comprehensive

overview of howthe user interface was setup.
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@ P7 Slot Pre-set and core size | Py | | | | |
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Figure 3.25: Typical inputsfor the user interface used to build the finite element

model.
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Figure 3.26: Flowchart showing the functioning of the user interface of the finite

element modelling tool
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3.5 Conclusion

In this chater, afinite element anabis tool thatan predicthe SGparameters.e.

the synchronous transieand sulransient reactancesas developedThe tool

takes minimal user input and builds the desired model ofStBeand creates
performance reports with the click of a button. Since the tool was meant to be used
for analyzing / modifying existing product lines, the designs available on the tool
were limited to all feasible design changes and all possible design coiorsfar

the existing products manufactured by Cummins Generator TechnolDgiealso
allows for easy fine tuning of the modehich will have to be completed every
time an entirely new model of SG is developed using the fosimulatei test
regimenis required to ensure that the user understands the limitations of the model
whilst developing new product lines; however, when driving sensitivity studies to
determine SG sensitivity under various application conditions, the tool is a very
quick and accate approachThe results of the simulation tool were validated

againstexperimentameasurements.
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CHAPTER 4
POWER SYSTEM MODEL REQUIREMENTS AND SETUP

The design ofSGs used in power systems must include a detailed understanding
of the conditionsrelated to the application thdhe generator interacts with
Building and testing generating sés power systemmay be expensive and time
consuming and therefothe use otomputer simulations today an integrgdart

of the design process. In tlaBapter a stepy-step approach to build and initialize

a power system model to be used in grid code simulation studies is described. The
boundaries / assumptions for the power system model are presented along with an
extensive review of literature on pewsystem modelling and the various tools
available forsuch applications. The tools descritzedi validatedn Chapter 3 are

used to calculate theSG parametersaimed at deriving the characteristics
(reactances and time constardspny SGbased on its geometryhe parameters
calculated using this approach are applied toSBemodel in the power system
simulationtool. Chapter 4 discusses in detail, the results of the power system
simulations and the methods adopted to reduce the comopugébrt. A systematic
modeling approach @lso presented an utilise generalize thelevelopednodels

as a contribution to the fiel&everal variables influence the LVRT performance
andthesecombinationsanlead to severalesign iterationsAn auomated process

was setupo evaluateall possible combinationsTheresults from the power system
simulatiors are fed in to a neural network model to evalisecificrequirements.

The neural neterk development and results from analysis of power syste

simulation data ardiscussed in Chapter 5.
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4.1 Power System Simulation

4.1.1Selection othedynamicsimulation tool

To select theappropriatdool to be used for simulatiggurposeshe tools available

in the market were scored against criticaderia defined by both commercial and
technicalconstraints Fi gure 4.1 shows the 6Pugh
compare the various simulation toolslatlab/Simulinkis anexcellent simulation

tool for the consideredpplications and used in tk simulations described in the
thesis The Vector Fields Opera package was selected with the sole purpose of

calculatingthe SGdesign parameters ubs@ the Matlab/Simulink models

Critical Parameter Estimation
Concept
Best way to determine critical parameter Testing Matlab/Simulink Opera2D /3D Ansoft / Maxwell

Precision S S t+ +
User Friendliness S + + +
Reproducible S S S S
Speed S + + +
Cost of Setup S + + -
Cost of Training S + - -
Variation S + + +
Validation S + +
Maintenance S + S -
Repeatable S + + +
Complexity of setup S + + -

S

S

S
Total ] + 0 8 8 6
Total §] - 0 1 1 4
Total  § 14 2 2 1

Figure 4.11 Pugh matrix selection of Simulation tools

106



POWER SYSTEM MODEL REQUIREMENSESTAND

4.1.2 Modelling the components

This section describes the various simulation components and the associated
mathematical models usameffectively describe the dynamics of an Engine Driven

SGconnected to therml.

4.1.2.1 System Overview

Figure 4.2 is a graphical representation of the generic poyserm model that was

built for this thesis. Although the outcome of this thesis is to develbgm MW

alternator that is capable of beingused inagridcodeappat i on, t he si
purpose is broader and is intended for use beyond tH{@Pi& the same as the

P1734 introduced in Chapter.3yor this reason, a system model is initiddlyilt,

based on a generality concepb build a model that can be used robustly on the

P7, but also be extended to other CGT prodtintsmnodel wasested on the largest

CGT product by kVA namely thBIG142ethat isused ingrid code applications

Since theSG parameters are themselves usednfra validated model, the power
system model resul ts wonotThibapprdachsvdase d un
also adopteaincea DIG 142e was readily available for testing and validation.

Once the gerree model is built and tested P7C alternataroupled to a Cummins

QSK 60 HiSurf gas engine is simulated and the outcome of the simulations are
analyzed through a Neural Network to determine the critical parameters that will

enable compliance with the grid codes identified in Chapter 2.
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Alternator Transformer Grid

Figure 4.21 Graphical representation of simulation model

4.2 Power System Model Components

4.2.1 Prime Mover

The Cummins QSK 60 Hsurf gas engine model [60] was used to represent the
Prime Mover that drives the P7C alternator. A gagiree is chosen as opposed to

a diesel engine due to its slower response time to change in load conditions making
it a worg-case prime moverasestudy Additionally, an industry wide review of

all engine inertias were reviewed and Cummins engines wihianconstants
almost the same asabeof theSGs they were coupled with were selected based on
this arrangement being the lowest generating set inertia thaS@evould
encounterA Cummins QSK 6(Q133] Hi-Surfis chosenfor modelling purposes

and the simulation model is built based onlEEE recommended practices fgas
turbinesin combination with the exact time constants representing the fuel systems
and the speed governor used in the engine. Figure 4.3 below represents the simple
IEEE madel ofa reciprocating engingased on which the Cummins Engine model

was developed.
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1/R

m,gl
E P _J(1+sty) ——

Figure 4.3: IEEE[88] model of the internal combustion engine
4.2.2 Automatic Voltage Regulator and ExciEetcitation system

In any enginea governor measures the speed of the shaft relative to the reference
speed and adjustbe fuel injection based on torque / power demand which is
evaluated using the speed measured. The IEEE model in Figure 4.3 represents the
speed measurement and powdjuatment by the engind.he model is simple

enough that it consolidates the entire fuel injection and governor systems into a
time constant that is specific to an engine / engine class.

Figure 4.4 below illustrates thEEE AC8B [89] model of an excitatin system that

is required to be used in grid code simulatidriee AVR is represented usinglP

D blocksin conjunction with a voltage limiter. THeunct i on al bl ocks
AFc#a, BFcBo dahd A Fcn _repsedent the alternator excitemhe
uncontrollablethrep hase rectifier is modelled by
A F ¢ n waich @rovides the field voltage that is used to provide input to the
simpowersystems synchronous machines mod€hriables in terms of their
abbreviations followFigure 4.4, so that they correspondthe IEEE AC8B

standard89].
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Figure 4.4: The IEEEACS8B[89] model of the alternator excitation system with

functional blocks identified

Since the model represented in Figure 4.4 follaws requirements of an
international standard including the variables used within the moleldetails of
the various individual loicksand theassociategharameters within the blockse
described in Appendif which also provides aummary of the internal technical
standard that was developed on modelling excitation systeawly as a resutif

the work presented in this thesis

4.2.3SGmodel

Five different generator models with varying levels of complexity and accuracy
have ben discussed in [35]. The construction, operation and derivation 8Ghe
models have been extensively discussed in [35], (3[41] This section will
thereforeperform a review ofthesemodels and define the rationale for selecting

the most adequatgenerator modeldeal for the scope ofhe work defined in the
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thesis. The development of all the generator models are based on the following

assumptions [35]:

1 The threephase stator winding is symmetrical.

1 The capacitance of dle windings can beeglected.

1 Each of the distributed windings may be represented by a concentrated

winding.

1 Thedependence of the self and mutuadiuctance of the stator windings
on the rotational variable is assumed to hasmasoidakrend, i.e. the

higher order harmucs are neglect

There are 5 types d6G mathematical models based on the number of state
variables used [35], [42fanging from thesecondo thesixth order. Details of the

variousSG models have been provided in Appendix A.

The power system simulatns are run witlthe Simpower Systems toolboXA

sixth ordersystem(Figure 4.4 is used andavill be the focus of this thesis.
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Figure 4571 Simpowersystems model 8(G[35]

The sixth order model represents four winding&o on the eaxis and two on the
g-axis. This model neglects network and stator transients which leads to
conservative predictions [35]. The sixth order is the most preferred model for
stability studiesln figure 4.5, the various subscripts canrderpreted as-cand g

axis quantity, R,9 rotor and stator quantity, lm i leakage and magnetizing
inductance and f,k field and damper winding quantity while the quantities
themselves are represented as Wbltage, Ri resistance, L-selfinductancei 1

curréanguiar vellxci ty and A

4.2.4 Transformer & Transmission Lines

The Matlab Simpowersystems toolbox provides a modehatiaaltransformer

that is represented by winding resistances and leakage inductances as well as the
magnetizing characteristics of the transformer core [91]. Figufeshows the
typicalmodelof a transformer used to connect an engine di&@to the grid. The

typical impedance of the transformer is 6% for the size of the generating sets that
are simulated. Tyipal values for leakage reactances and magnetinthgctance

of a transformer are us¢@s]. R1, R2, R3 are the winding resistances, L1, L2, L3

are leakage inductances and Rm and Lsat represent the magnetizing characteristics
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of the coreThis model doesot include hysteresand eddy current effects, as well
as the phenomena related to the-hnearbehavior(i.e. saturationdf the magnetic
cores. Howevelfor the sake of this studyt, was considerednoughto represent
the contribution of the transformer during dynamic events on the width

represents the main purpose of this modelling aspect.

R1 L1

— M\~

Lsatjg

L]

Figure 4.6: Model of transformer used

The worsecase scenario for a generatisgt operating in connection to the
electrical grid is simulated by neglecting the transmission line parameters.
Therefore, the transformer represents the only connection between the generating
set and the grid. This ensures that any voltage drop simalatée grid is applied

mostly across the terminals of thachine.

4.2.5 Grid

A Matlab model of a threphase source lnich feeds aesistance andn

inductanceas a typical load ahe gridis built. The size of the grid can be varied
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by adjusting the shoxircuit level and voltagievel of the threephase source

model.

A fault through a voltage dip and rigeintroduced using the curve shown in
Figure 4.6 below and the variablespac, d ana can be changed to represent the
appropriate low voltage ride through profilEor this application, the simulation

consists othe profile from the France low voltage ride through requirerf26it

1lpu
Cc
Y

'S‘ < —e » /
&

g la < >
g -¢ T >
S b

\

Time [s]

Figure 4.7: A generic Low Voltage Ride Through curve that is simulated

4.2.2.6 Summary

In an engine drive®G, the engine is set to run at a rated sgettk synchronous
speed. Under ntoadoperation no currenflows in the stator widings, there is no
almosttorque on the rotor and the engine burns a minimum amount of fuel to
maintain synchronous speed. On connecting a load, the load current in the stator
windings interact with the rotor current to produce an opposing torque that slow

down the rotor. The engine governor picks up this reduction in speed and injects
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more fuel into the cylinders thereby producing more power which works against
the armature reaction to maintain synchronous speed. When the load is removed,
this torque onfte rotor due to armature reaction no longer exists and the rotor starts
to accelerate. This increase in speed is picked up by the engine governor which in
turn cuts / reduces the necessary amount of fuel injected in@Gkenich slows

it down and allowgontinued operation at synchronous speed. The IEEE model of
the engine introduced in the above sections accurately captures this behavior of the
engine required to model dynamic performance of38do include engine time

constants and the torque balamcaction.

The method of accurately predicting synchronous reactances developed in Chapter
3 are used to drive the Simulink model of 8@ which is then used to model its

behavior whilst connected to the grid.

The grid model used is a simple voltaggedance model that can be used to
control the size of the grid through its kVA and skmrtuit level and the voltage
control program that was developed allows controlling the behavior of any voltage
ride-through conditions that are being studied as partisf thesis. Since the
transformer reactances are more crucial to the study of dynamic stabiitgsof
connected to the grid, a simple two wire model of a transformer is used for the

simulation.

The entire power system model setup is an excellent apptoastudying the
sensitivity of SG dynamic stability tocharacteristics ofarious systenelements

like engine, transformers and the grid itg€ligure 4.7)
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4.3 Power System Simulation Testing

4.3.1 Approach

Tofully understand th&Gbehavior under both static and dynamic grid conditions,
test simulation of the generating set itsdiive been done considering these two
conditions.Figure 4.8below summarizes the considered modelling approach. An
analytical method is used to determthe initial states and therefore thee-fault
static stability of theSG can be determined using this approach, which is laid out

in Appendix 4.

4.3.2Simulation trials on a DIG142e

Tovalidate the power systems modgroduced in the previous sectigast MVA,

DIG 142e SG is modelled and simulated. The DIG 142e represents the
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Figure 4.8. Approach to twestage power system modelling

largest CGT product used in grid code applications and since was readily available
for testing, was used to test the model results. The results from the simulation are

then validated to demonstrate the capability of the model. This section discusses
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the results of the simulation that will form the basis for setting up the power systems

model for the target 1.45 MVAG(P7).

4.3.2.1Validation of a DIG142e model

To validate the systems model developed, a sticctiit test on a 4AMVA DIG142e

is planned. The machine is chosen as it was available to test rightiadf#g in

with the intent to make the model valid for a broad range of alterndtoesesults

of this test have been discussed in [92] and therefore this section will briefly
introduce the test method and dalfion results only. Figure 4t8low shows the

test setup to simulate a sheitcuit on the DIG142e. A drive motor is used to run

the test unit asynchronouspeedAn excitation system provides the input required

for the rotor field current in a closed loop feedback system that measures the stator
voltage and adjusts the rotor field current input needed to math&uoltageat

its rated valuecrosstheterminals.The machine itoadedinitially with avery large

load, which is therswitched to avery small load to repducethe shorcircuit

across thetatorterminals othe DIG142e. The value of the load used in the test is
also used in theirmulation to represent realistic conditions. The modelling tool
developed in Chapter 3 was used to predict the parameters of the DIG142e and then

used to build the synchronous machine model on Matlab.

Figure 4.10 shows the results of the stoirtuit testand their comparison with the
simulated shofrtircuit results. A good correlation between simulation and
measured quantities is observed. Some variations are seen in values and this is

attributed to three reasons:
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1 Nominal tolerance of the model whichvgthin +/- 10%. This tolerance is
due to the physical distance between the connection points in test vs the
assumed resistances / line impedances in the model and due to the inherent
differences in reactance values that occur due to geometrical andcahalyti
approximations.

{1 Differences inspeed change over time between the drive uséest and
the simulation

1 The time of applying the fault; while in simulation, the time at which the
fault is applied can be controlled, it is not practical to exactly Imtitrs

thereby leading to some differences.

A validated synchronous machine parameter estimation tool that can predict the
synchronous machine reactances within reasonable tolerances and the load

from the test was accurately represented in the simulation.

4MVA
generator

Figure 4.9: Test setup to validate systems model of SG with stiartiit test.
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Figure 4.10: Results of the shodircuit test lined up against simulation results

showing excellent correlation

4.3.22 LVRT simulations on DIG142e and discussions of findings

Following validation of the DIG142e model with shaitcuit tests discussed in the
previous section, the systems model was then used to run LVRT simulations. A
voltage following Figure 4.6 as applied at the terminals of the DIG142el over

120



POWER SYSTEM MODEL REQUIREMENTS AND SETUP

600 simulations were completed for various voltage ride through profiles. This

section discusses the findings from the simulations.

According to [59], Simpowersystems is good for dynamic simulations$egmis to

be slow or to pos&ensitivity analysis of LVRTA low voltage ridethrough
impacts the generator at two instances, initially at the instance of the fault and then
upon clearing that fault. When a fault occurs in a grid, terminal voltage of the
generator drops abruptly. On the other hand, as the fault is cleared, the terminal
voltage recovers rapidly. Sudden change in terminal voltage results in high

amplitude current oscillations in the machine.

The peak current during fault condition is detenad by several factorsuch as

the characteristics of the fault, operating condition of the generator, condition of
the grid and the reaction of the control system. Each of those mentioned factors has
several variables. Some of the important variabletsatiect the fault currents are

given below.

Characteristic of the fault: Depth of voltage drop: Fault current increases with the
depth of the faultthereforethe worst condition for maximum fault current is 100%

voltage drop.

Duration of fault: Generatospeed generally increases during a fault. As a result,
the angle difference between the generator rotor and the grid voltage increase. This

could lead to crash resynchronization upon clearing the fault.
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Condition of the generator. Operating power factorOperating power factor
determines the internal generated voltage of the generator. Internal generated

voltage influences the fault current.

Operating active power output: Prefault active power output determines the
prime mover torque. High prime moverdoe during that fault leads to undesirable

rotor acceleration.

Instant of fault: Instance of the fault with respect to generator voltage phase angle

affects the dc offset component of the fault current.

Condition of the grid: Fault level of the grid at emection point: Effective
impedance of the grid at the connection point slows down the speed of the voltage
recovery upon clearing the faulthereforethe worst condition for generator fault

current would be infinite grid at the generator terminal.

Location of the fault from generator terminal: Any impedance between the
generator and the fault helps reducing the fault current from the generator. Fault

occurring at the terminal of the generator would be the worst case.

Governor action for fault: Prime mover governor regulates the speed of the
generator and helps maintain the rotor speed. Speed variation during the fault

affects the rotor angle and thus the fault current magnitude.

Action of AVR: AVR increases the field voltage boost the voltage drop during

the fault. However, higher field voltage leads to high short circuit current.
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Short circuit current at the instance of fault The magnitude of dc current in any
phase depends upon the instance at which the fault is appidatiefe are three
voltages mutually at 120 deg apart it is possible for only one phase to have the
maximum direct current component. Numerous simulations were conducted to
identify the worst time to apply the fault. In these simulations the apparent power

and the terminal voltage of the generator were kept at rated before the fault.

3900 —— 7 =—#—0.80verexcited —#~Unity PF 0.8 underexcitec 717 [ |

Stator peak current [A]
8
8

2900 5 —— — —

2700

2 2.005 2.01 2.015 2.02
Fault start time [s]

Figure 4.11: Stator peak current variations against instant of the fault for different

power factors

Duration of fault: Grid cod requirements for LVRT specify the duration of a fault
in which the generator needs tetain its connectiorto the grid. Apart from
demanding grid code requirements, it is always desirable to design a generator to

withstand any fault conditions.

Duration of the fault is one of the important factors affecting the peak current upon
clearing a fault. When the terminal voltage drops to a very low value, the generator
is unable to transfer all the power input coming from the prime mover. During a

100% wltage drop, generator losses (mainly increased heat loss) are the only power
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sink. However,the prime mover generally maintains the power outputsaire-
fault value during the fault. Mismatch between the input and output torque at the

generator rotordads to unwanted acceleration.

Governor of a prime mover regulates the speed of the generator anddielps
maintain the rotor at the synchronous speed. Feedback speed controller generally
has low control bandwidth and cannot strictly maintain the spedagdine fault.

As the speed increases, the angle difference between the generator rotor and the
grid voltage increase. This would lead to crash resynchronization upon clearing the
fault. However, modern prime movers may include advanced-fteadrd
proted¢ion mechanism to stop the rotor accelerating by means of cutting off the
energy input.The worstcasescenariofor the maximum peak current would be

without advanced feefbrward protection controllers.

Absolute worst case A number of simulations was cduacted to identify stator

peak current during LVRT at the worst theoretical conditions. The voltage drop
during the fault is assumed to be 100% and the generator terminal voltage changes
as a step without any transients. Combination of 100% voltage distegnchange

in terminal voltage would be theorstcasescenario for maximum peak current.
Figures4.12, 4.13 and 4.1ghow the response of the generator during an LVRT for
the fault durations of 110, 190 and 230ms. In these simulations, the powebfactor
the generator was maintained at unity before the fault. Each figure has several

variables and an indicative rotor position diagram.
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In Figure 412, the fault duration is small therefore there is no pole slip due the
LVRT. The prime mover initially accelerates the rotor and then the grid
resynchronizes the rotor. On the othand,in Figure 4.11 the fault duration is
long enough to let the rotoraps the critical mechanical angle. As the grid is
restored, the stator flux is pulling the opposite pole. Asult, the rotor is
experiencing motoring torque and further accelerdeslly, rotor to pole slip
occurs with high induced stator curremtHgure 4.4, the rotor shaft is shifted by
around 130 deg during the fault and then the fault recopellg the rotor and

resynchronizes.
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Figure 4.12 LVRT performance of DIG14e: Pffiault PF- unity, prefault
terminal voltage 1.0pu, fault duratioi 110ms, retained voltage during fault

0.0pu, and step changes in terminal voltages
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Figure 4.13: LVRT performance of DIG14e: Pffiault PF - unity, prefault

terminal voltage 1.0pu, fault duratioit 190ms, retained voltage during fault

0.0pu, and step changes in terminal voltages
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Figure 4.14: LVRT performance of DIG14e: Pfault PF- unity, prefault
terminal voltage 1.0pu, fault duratioii 230ms, retained voltage during fault

0.0pu, and step changes in terminal voltages

More than 600 simulations were conducted at different fault durations (starting

from 50ms to 300ms) andwer factor settingszigure 4.5 shows the stator peak
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current variation against fault duration for different power factors. Locations of
operating conditions dfigures 411, 4.12 and 4.13re illustrated irFigure 4.14

In these simulationghe prefault apparent power and terminal voltage were kept

at rated values before the fault. As the fault duration increases, the peak stator fault
current also increases and the maximum peak current magnitude is identified as
4600A at 0.8 over excitecopver factor. The fault duration for this worst condition

is 230ms.
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Figure 4.15; Stator peak current variation against fault duration for different
power factors, préault terminal voltagé 1.0pu,retained voltage during fault

0.0pu, step voltage changes

RMS values during and postfault: Maximum peak current is one of the
important factors that define the forces at the end winding. It is also important to
understand the perssttcurrent, power and torque variations that are generated by

the LVRT event.
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Figure 4.5 shows three phase current variation during a 230ms L\ARMS
values of the currents are calculated during and-faodtt for the fault duration.

Comparingrmsof the current during and pefstult gives useful indication of the severity

of the fault recovery against the short circuit conditions.
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Stator current [A)

I = (EJ (1. [r_l' +1 [z_r +1(¢F }-d)

2 2.05 2.1 215 2.2 225 2.3 235 24 245
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Figure 4.16: Calculation of stator rms current during fault and fastt
condition, pe-fault terminal voltagé 1.0pu, retained voltage during fault

0.0pu, step voltage changes andfandt PFi 0.8 over excited

Calculated rms values of stator current are shoviigare 4.17for different fault
durations. The rms value of the shontcait current is higher than the pdault
value until the fault duration reaches 180ms. Then thefpoktrms current reaches
a peak value of 1520A at 210ms. Pfatlt rms drops below the short circums

current when the fault duration reaches 250ms

The pwer at theerminalis shown inFigure 4.18 where it can be observéiat
the power during the fault is not given as it is zero during the fault. Electromagnetic

torquermsvariation during and posgault is given inFigure 4.D.
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Figure 4.17: Statorcurrent during fault and poe$ult condition against fault
duration, prefault terminal voltagé 1.0pu, retained voltage during faul0.0pu,

step voltage changes and {iaalt PFT 0.8 over excited

un

o
= L

w
un
-

v

w
v

A

005 0.1 0.15 02 0.25 03

Fault duration [s]

Rms power at terminal [pu]

]
P2 9]

=
n

Figure 4.18 RMS powerat thestatorterminals during fault and pe&ult
condition against fault duration, pfault terminal voltagé 1.0pu, retained
voltage during fauli 0.0pu, step voltage changes andfadt PFi 0.8 over

excited
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Figure 4.19: Electromagnetic torque during fault and pfaatlt condition against
fault duration, prefault terminal voltagé 1.0pu, retained voltage during fault

0.0pu, step voltage changes andfandt PFi 0.8 over excited

Practical considerations It was identified inthe previous section that theorst
casescenario occurs when the peak currsnd600A. Designing an eleal
machine for this absolute worst case could lead to an over engineered system that
rarely experiences the theoretical worst caserefore|t is desirable to consider

some practical scenarios. Naaro retained voltage during a fault and finite slope

of voltage changes are the two most important factors that reduces the peak current

during an LVRT.

Non-zero retained voltage Retained voltag during a fault enables the generator
to transfer some active power to the grid thus maintains useful electromagnetic

torque. As a result, rotor acceleration is reduced and helps to reduce the peak

current.
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Figure 4.20; Stabr peak current variation against fault duration for different
retained voltage, priault power factor 0.8 over excited, preault terminal

voltage 1.0pu and step voltage changes

Finite gradient terminal voltage variation: Voltage recovery during LVRT
heavily depends on the characteristics of the grid in terms of effective inductance,
capacitance and resistances of the transmission line. In addition, characteristics of

the breaker that clears the fault also influence the shape of the voltage recovery.

Modeling the exact shape of voltage recovery using 8imaps/stem is highly
unreliable.Therefore, a simple approach has beensideredn this section by
forcing the voltage return to follow a predefined ramp ritgure 433 shows a
typical voltagevariation during an LVRT and the ramp rate of the voltage change

is around 20ms.

Figure 4.21shows the influence of finite voltage gradient on reducing the peak
current for 100% voltage drop and 0.8 over excited power factor. Similarly, 70%

voltage drop with different ramp rate return is giveifrigure 4.2.
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Figure 4.21: Stator peak current variation against fault duration for different
return ramp voltages, pifault power factor 0.8 over excited and fault retained

voltagei 0.0pu
LVRT assessment for German grid

The German electricity grid requires generatorsde through 70% voltage drop
(0.3pu retained voltage)19]. Therefore, several combinations of operating

scenarios were investigated for LVRT performance with 0.3pu retained voltage.
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Figure 4.22: Stator peak curremariation against fault duration for different

power factor. Préault terminal voltage 1.0pu, fault retained voltage3pu

Figure 4.2 shows the variation of stator peak current against fault duration for
different power factors. It is interesting tosglove that the over excited power factor
helpingthe generator to ride through easily. Over excited power factor operation
generates significantly lower peak current than the unity or under excited power
factor cases. Over excited power factor indices higernal voltage and thus
enabling to transfer more active power to the grid. This helps in reducing the rotor
accelerations when comparing against the unity or the under excited power factor.
Time series results are given for all these three power fafrtam Figure 4.3 to

Figure 4.24
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Figure 4.23: LVRT performance: retained voltage during fau@.3pu, fault
durationi 250ms, predault terminal voltagé 1.0pu, prefault power factor 0.8

over excited
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Figure 4.24: LVRT performance: retained voltage during fau@.3pu, fault
durationi 250ms, prdault terminal voltagé 1.0pu, prefault power factor

unity
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Figure 4.25. LVRT performance: retaineebltage during fault 0.3pu, fault
durationi 250ms, prefault terminal voltagé 1.0pu, prefault power factor 0.8

under excited
RMS average values during and postault

Rms variation of stator current, power at the terminal and the electromagnetic

torque are shown ikigure 4.250 Figure 4.26or 0.3pu retained voltage.
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Figure 4.26: Stator rms average current during fault and-fesit condition
against fault duration, piault terminal voltagé 1.0pu, retainedoltage during

faulti 0.3pu, step voltage changes andfadt PFi unity
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Figure 4.27. Stator rms power at the terminals during fault and-fast
condition against fault duration, pfault terminal voltagé 1.0pu,retained

voltage during fault 0.3pu, step voltage changes andardt PFi unity
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Figure 4.28: Electromagnetic rms torque during fault and gastt condition
against fault duration, piault terminal voltagé 1.0pu, etained voltage during

faulti 0.3pu, step voltage changes andfadt PFi unity

1.1pu pre and postfault grid and 0.3pu retained voltages

Higher terminal voltage before and after the fault always induces high peak current
as the change in voltage dugithe LVRT is highFigure 4.26shows the variation

of stator peak current against fault duration for different power factors. Over excited
power factor is not considered in this scenario as the generator is not normally
operated at over exciting while the terminal voltage is Hgjure 4.26andFigure

4.27 shows the performance of the generator during an LVRT with pre and post

terminal voltage of 1.1pu.
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Figure 4.29: Stator peak current variation against fault duration for under excited

and unity powerdctors: pre and po$ault terminal voltage 1.1pu, retained

voltage during fault 0.3pu
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Figure 4.30: LVRT performance: pre and pefstult terminal voltagé 1.1pu,

retained voltage during fault0.3pu, prefault power facto- unity
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Figure 4.31 LVRT performance: pre and pefstult terminal voltagé 1.1pu,
retained voltage during fault0.3pu, prefault power factor 0.8 under excited

power factor

0.9pu pre and postfault grid and 0.3 retained voltages

Contrarilyto the previous case studpwer terminal voltage before and after the
fault helps in reducing the stator peak current as the change in voltage during the
LVRT is low. Figure 4.32shows the variation of stator peak currentiagfafault
duration for different power factors. Under excited power factor is not considered
in this scenario as the generator is not normally operated at under exciting while

the terminal voltage is lowFigure 4.3, Figure 4.30and Figure 4.31shows the
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performance of the generator during an LVRT with pre and post terminal voltage

of 0.9pu.
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Figure 4.32: Stator current variation against fault duration for over excited and
unity prefault power factors: pre and pefstult teminal voltage 0.9pu, retained

voltage during fault 0.3pu
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Figure 4.35: Stator peak current variation against fault duration for different

return ramp voltages, 0.8 over excited power factor and 70% drop
Effect of Slow ramp onpole-slip

Fast recovery of grid voltage induces high peakrent; however,it helpsto

synchronize the rotor to the grid quicker. This is because the grid return establishes
synchronizing torque and thus prevents further rotor accelerations. Fast
resynchronization avoids any undesirable fsbiie. Definition of poleslip during
aLVRTisdebat abl e. For mal definition accorc
whereby a generator, or group of generators, terminal voltage angles (or phases) go

past 180 degrees with respect to the re
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Figure 4.36: General LVRT profile

Figure 4.33shows the performance of the generator when a German Grid code for
LVRT is applied at the terminal. Since there is a retained voltage (0.3pu) during
the fault and the voltageegis up by 0.4pu, the generatanavoid any pole slips.
However,when there is no retained voltage and the grid returns slowly (300ms),
the rotor shaft advances by 540 degrees. That is equivalent to 3 pole slips (540/180
= 3) as shown ifrigure 4.33as the generator hagpdles. InFigure4.34 the prime
mover has a very low controller bandwidth and thus does not alter the prime mover
torgue upon clearing the fault. Another set of simulations was conducted with a
high controller bandwidth and the pemmance is given irfFigure 4.35 The fast
controller effectively alters the prime mover torque and manages to reduce the pole
slip to only 2. This shows that the control system of the prime mover can be tuned

in such a way to reduce the impact of LVRT.
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Figure 4.37: LVRT performance with German grid code
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Figure 4.39: LVRT performance with absolute worst case and fast controller
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4.4 Selection of variables fggower systemsimulation

In chapter 3, the development of a detailed validated methodology to obt&@ the
parameters was described. Thegseameters were then used to build a power
systems simulation model of an engine dri&hconnected to the grid as shown

in the previous sections.

Beforegoing into a detailednalysis using the power systems simulation model, a
4 MVA SGwas used to valida thedeveloped tooand the validatiosteps taken
weredescribed in the previous section. Madéidatedmodel was also used to study
the performance of engine driv&Gs during transients on the grid and several
parameters were identified as having @ituence on the dynamic performance of

an engine drivesG.

The power systems simulation capiép / framework once validated, can be
therefore applied to achieve the main objective outlined in this work, i.e. the design
of a grid code complian8G. An automated script wasised to vary several
guantities / inputs in various power systems simulations and the performance of the
SG was monitored. The critical clearing time according to [35], [38] as the
maximum fault clearing time that ti&&would remain table for any given system
conditions was the output measured across all the simulafitvesoutput from
these simulations will then be processed using Neural Netvwoidsfine design

criteriafor grid-compliantSGs. The apprach used is shown in Figude4Q
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Power Systems Simulation for SG des
parameters as inputs vs currents, acti
and reactive power, speed and load ang

Determine table relating input
parameters and a padail criteria based
on poleslip conditions.

Input table into neural network.

Neural Network model to predict
combination of SG parameters that yie
100% passes against criteria

Define SG parameters from neural
network model as criteria for grid codg
compliance and for future proofing.

Validate SG design parameter criteria fi
grid code compliance.

Figure 4.40: Method to determin8G design criteria for grid code compliance

The approach to define the inputs to the power systems simulation and details on
the neural network models along with results and validation with grid code tests

will be addressed in the next chapter.
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To run an efficient search for characteristics of syonbus machine design that
contribute to grid code complian@simplified set of input&eredefined A three
pronged approach waasdopted as shown in Figure 4.89 identify the input
parameters to be used in the power systems simul&samh of the three elements

will be discussed in this section.

Critical
Parameter
GCES

Literature Pragmatic
Review constraints

Inputs to
Power
Systems
Simulation

Figure 4.41: Threepronged approach to defining inputs to power systems

simulation

4.4.1 Literature Review

[112], [113], [114], [115] through extensive discussiam grid code compliance

of SGs argue thaBGdesign parameters are the best approach to designing for grid
code compliance due to impracticalities associated with knowing grid and

transmission line parameters when selectiB@s for grid applications.
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Additionally, [115] also argues that power electronics and any external devices
would add unnecessary cost and inefficiencies to the power system. [113] shows
that lower shortircuit capability of grids form the worst case in terms of dynamic
stability of ergine driven generating sets connected to the grid. [A58]goes on

to show that typicalvorstcasegrids are approximately three times the sfoinduit

power of that of the genset.

4.4.2 Critical parameter trees

Figure 4.41illustratesthe critical parameter tree for the steady state load angle. A
critical parameter tree breaks down any quantity into its fundamental constituents.
The steady state load angle that defines thdgui¢ condition of theSG depends

on theSG reactances, tramission line parameters and nature of load, including

voltage at point of common coupling, power factor and kVA.

Steady State Load Angle

Active Power Transferred i Steady State Line Reactances Xd Saliency

,_{

Transformer Transmission Lines xd Xq

Engine Load Power Factor at PCC

Figure 4.42: Critical parameter tree for Steady State Load Angle

Figure 4.3&imilarly breaks down acceleration of the shaft during a transient event
and shows the acceleratidepends on inertia of the gendii transient torque
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which depends on transient and gtdmsient reactances and shartuit capability

Acceleration of Shaft during transients

Transient Acceleration ‘Sub-Transient Acceleration

of the grid.

| | Engine Torque ‘Sub-Transient Electromagnetic Torque

Engine Torque Transient Electromagnetic Torque Genset ineftia constant
Sub-Transient Stator Current

Transient Current in stator vinding

Terminal Voltage before fault Sub-Transient Reactance

Terminal Voltage before faut Transient Reactance

Engine Inertia Constant Altenator Inertia Constant

Figure 4.43: Critical Parameter Tree for shaft acceleration during transients

4.4 3 Pragmatic constraints

The work presented if116], [117], [118] show extensively the impact of
transformer reactances on thgamic stability of generators connected to the grid,
specifically, lower the transformer reactance, moreSBaeeds to depend on its
own stability capabilities to remain connected to the giigpically, the
transformes used with 1400 kVAGs have aeactancef 6% per uni{122]. Since

6% per unit is the lower limit of all transformers used with products made by
Cummins Generatofechnologies122], the same value was also set as a generic
transformer reactancfl17], [119], [120] demonstrate thepact of the grid short

circuit capability on dynamic stabilityrhe authorshow that high shoitircuit
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capability grids create a more stable connection foste Typical low values are
also defined at 3 times the shoitcuit capability of theSGs they are connected to.
The recommendations of [117], [119], [120] were used to set the grid in the
simulation to 3 times the shecircuit capability of theSG as a worstase design
constraint[16], [17], [18], [19], [20], [21], [22], [23], [24], [25], [8], [27] list out

the pass / fail criteria for static and dynamic stability as stated in the grid codes.

4.4.4 Inputs to power systems Simulation

The 3pronged approach discussed above was used to define the inputs and
constraints used in the power systems simulation as shown in Table 4.1.
Additionally, to align with business and cost constraints discussed in Cha}ter 6,
and H were the onl\5G design parameters selected to be varied based on a
hypothesis that a solution space for grid code compliance can be found by varying

only these two design quantities.

Table 4.1: Input variables and limits set in simulation

Prefault load (%rated loadl 25%, 50%, 75%, 100%

Power Factor 0.9 lead, 0.9 lag, 0.8 lag, unity

power factor

Low Voltage Ride Through France, Germany, Italy

Curvds)
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Xd 1.5 per unit,1.6 per unit, 1.7
per unit, 1.8 per unit, 1.9 per
unit, 2 per unit,2.1 per unit,
2.2 per unit, 2.3 per unit, 2.4
per unit,2.5, 2.6 per unit, 2.7
per unit, 2.8 per unit, 2.9 per

unit and 3.0 per unger unit

H 0.25s5,05s5,0.75s,1s

4.4.5Pole slip prediction

[35] and[38] define Critical Clearing Time as the time after which a generator that
is riding through a fault will becomanstable withoutbeing able to return to
stability upon return of préault conditions. Critical Clearing time dependsS@
design parameters atite power system quantities and defines how lo8&aan

ride through a fault and was therefore selected asutpeit to be measured.fault

that lasts beyond the criticalearing time leads to a pe#tip condition and

t herefore t o iehtmstakblity of anedgindg dnveBGtundea grid code
conditions, predicting potslip and recording the poelip condition as a fail and a

pass otherwise would be a robust approach.

An automatedscript was writterusing the principles setut in [127] topredict

poles| i p and record a 6006 for a f@bl

and(4.2), where, P is the value of active power measured at a discrete (tinee t
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instantaneous value at a time tlire tsimulation)0 is the value of active
power before the fault, Q is value of reactive power at a discrete timedt ands

calculated dynamicallythe quantity @n is being averaged in a tinstepping
simulation by considering éhvalue of Q at various time stejpsaveraging
considering a moving windowby (4.2), where@ is the direct axis synchronous

reactance and is the arithmetic average of the thiglease voltage.

Since the approach is predictive and not reactive, the methodology of determining

transient stability of th&Ghas a builin safety margin.

0o 0 (4.1)

0 0 ® O o— 4.2)

4.5 Prediction of critical parameters for grid code compliance with neural

networks

4.5.1 Approach

The power systems simulation tool that was developed in the previous section lends
itself to requiring specialist knowledge relative to matlab and simpower systems
and needs extensive case by case setup and simulation that is both time consuming
and cumbesome. Typically selecting generators for an application needs to be

completed within 24 hours of a request being made. This means that a more
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simplified simulation tool that can be used by a wider population and one that is

flexible enough to work with thehanging grid codes was needed. To accomplish

the objectives of this thesis and to have a generic model to test for grid code

compliance, a neural network approach to simplifying the power systems

simulation tool developed in the previous chapter as showigure 4.41.

Use Pass (1) / Fail (0) outputs for
the inputs shown in Table 4.2 and
build a neural network.

h 4

Train the neural network with a
suitable quantity of input-output
combinations.

h

Use the trained neural network to
be able to predict a dynamic grid
code pass or fail for a given grid

Validate output & define
synchronous machine design
criteria for erid code compliance.

Figure 4. 44: Process to define SG design criteria using neural network.

4.5.2 Model setup & findings

For

t

h e

pur pose of thi

S

t hesi

the process of neural network creation, training\zaiiation.

S

t

he

Through numerous trials, a twayer feedforward network with sigmoid hidden

neurons and linear output neurons are used. The-&dsdeactance and inertia
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constant, the load condition (percentage of rated load and power factor), Voltage at
terminals of generator as a percentage of rated voltage and the grid code fault ride
through curves are used as inputs to the neural network and a Pass (1) or Fail (0)
from the power systems simulation results are used as outputs. Using the results
from theneural network, the maximum values of reactance and minimum value of

inertia constant that lead to a 100% pass for the simulated conditions are selected

as the target design parameters that need to be achieved.

The neural network simplification of the pewsystems analysis results in a
scenario where when theadis synchronous reactance needs to be no more than
2.1 per unit and inertia constant needs to Heast 0.5 seconds to comply with the

transient stability requirements of the required grid codes

4.6 Grid Code Testing

To validate the findings of the neural network, a LVSI804S generator is tested using
the method described in this secti@ampliance testing is performed by certified
test laboratoriegp prove compliance of the equipment wittioaal, international,

or industry standardBhe most common test approadded is based on the voltage

divider prgosed in standard IEC 614@0[12] and shown in Figuré.5 below
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Z, WT

+——=
Sk, Wi

.(S

Figure 4. 45: IEC 6140@1 method of testing for grid code compliaft2l]

in Figure 4.4572 representshe fault impedance. Theoltagedip is initiated by

closing the circuit breaker. §1ductors are used as impedances because to minimize
lossesMoreover, inductive fault impedance is more demanding in terms of reactive
support to be provided by the generator. The impedance Z1 is needed to limit the
influence of the voltage dip in the supplying giid.be able to select the remaining
voltage level during the dip (according to the grid code requirements), the
impedance Maes must be adjusted accordingly. In most grid codes, FRT
conditions are specified at the Point of Common Coupling (PCC). Testing
procedures usually prescribe the same retained voltage levels as required at PCC
also at the generator terminals. Indeed; Would indicate that the generator is fully

compliant.

Figure 4.46 below shows the test setup for the LVSI804S driven by a Cummins
QSK60 di esel engEner gy nnleox tQat dntulatesythid n = 0
test method described in IEC 614P0. The SGis subjected various grid code
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conditions. The opportunity is also taken at this stage to compare results of the
power systems simulation from Chapter 4 and this comparison is shown in Figure
4.47 that shows the results for a 70% voltage drop and Figi8el#at shows the
results for a 30% voltage drop; a good correlation is observed between simulation
and the tests. Also, the tests completed confirm the findings of the neural network
as when the LVSI804S was tested at a rating that providesis deatance of 2.1

per unit and inertia constant of 0.5 seconds, it passed all the grid code curves.

Figure 4. 4: Grid code test setup for the LVSI804S generator with a Cummins

QSK®60 engine
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Figure 4.

Z Comparison of simulation (green) vs test (red) 20% voltage drop
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Figure 4. 8 Comparison of simulation (green) vs test (red) at a 30% voltage drop
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4.7 Conclusion

A very comprehensive power systems simulation model was developed and
validated. The model was also used to make some initial assessments on critical
parameters that impact dynamic performanc&@G$ connected to the grid. The
findings combined with a comghensive literature survey, high level analysis of
requirements and pragmatic considerations were used to define inputs to the power
systems simulations model that will be shown to simulate a variety of grid
conditions with differentSG parameters usingnaautomated script whictvere
analyzed further using a neural network model. The power systems model also uses
validated synchronous machines data derived from a finite element model that was
built and validated in Chapt& Combined, the FE model and thewer systems
simulation models alone provide the capability to deSiGa with a comprehensive
understanding of grids, i.e. the means to deSi@a with an understanding of the
application and the ability to study its performance in the application fwior

launching to market.

When a customer makes a request to select a SG, the decision is made by the
Applications Engineering team within 24 hours of a request being made. This
prompts the need for a quick response tool, especially in the absence afya read
available product. The Neural Network tool described in the chapter has simplified
the process of defining criterionfor a SG to be grid code compliant, it has also

laid the foundation for a tool that can be adapted teeteechanginggrid codes

and diversified application conditions and requirements. Within the tool, the inputs
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like reactance, inertia constant and LVRT curve can be adjusted without having to
build cumbersome power systems simulation models. The resulting output is also
a simple pas (1) or a fail (0) and therefore can be used by even a new employee
with minimal training. This provides a competitive edge through being able to
provide technically competent responses to customers in a verywshdow of

time. In addition to using aiderse collection of modern tools to enrich the work
contributing to this thesishis was the reason to create a neural network tool that
was generated using data from a validated power systems simulation model and
validated using approved grid code deséition tests.The results of the neural
networksimulation provide selection criteria for an engine dri8&to be dynamic

grid code compliant while the tool described in Appendix 4 can be used to select a
SGfor static grid code compliance. While bdtols allow to derate or oversize

SGs to fit the identified criteria to comply with grid codes, it is still crucial to go
through a design exercise to confirm the benefits of-esang over designing for
grid-codes or viceversa. The design for grid cesl has been described in Chapters

5 and6 and the findings conclude that for the tar§&, designing for grid code

compliance is the most cesffective solution.
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CHAPTER 5

SENSITIVITY ANALYSIS

Chapter4 described thedevelopment and validatiostepsof a model used to
identify the system level parameters that influence the ability of an engine driven
SGto be grid code compliantn order to meet the requirements summarized in
Chapter 2, the engine driv&G needs to meet the following criteria:

A d-axis synchronous reactanc¥y <= 2.1 pu for shorterm gains and

Xa<=1.8 pu for futureproofing for grid codes.

Alnertia constant: H O 0.35 sec for

A lnertia const angineswithbut@rgle.cdntrosec f or
Chaptert also described the need tedesign the 1400 kVAG being used for this
work. In addition to meeting the above requirements, $&ehad to meet the
constrainty el at ed thasineséreed@audigs

A No increase in cost of the machiniee. achieve grid code compliance

requirements with same cost.

>

Reliability of SGshould be identical or better than existing product.

>

No change to the rotor outer diameter or stator outer diameter as this will
lead to a signifiant change to the tooling.
A No (cost and time intense) change to the tooling used in the manufacturing

and assembly processes.
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Due to the nature of the business constraints, an iterative process to deSign the
by performing an appropriagensitivity analysis ofhe geometrical parameters is

recommended.

5.1 Introduction to Sensitivity Analysis

60Sensitivity analysi s i's the study
mathematical model of system can be apportioned to different soofces
uncertainty in its inputs' [61] [62].
A sensitivity analysis is used improve the performance according to set objective
functionsby varying one variable at a time in any system; it is typically used too:
A Understand relationship between inputs antpots.
A Test robustness of results.
A Uncertainty reduction in predictions.
A Calibrating models with large number of parameters
Considering the aboyea sensitivity study can be used to analyze the impact of
changing various geometrical features &@on the key target parametexg and
H.
To perform a sensitivity analysis on tl&5, a process shown in Figukel is
defined. The following sections describe the journey taken to idetigy
geometrical parameters within the targeted 1400 to achieve the design

targets within the business constraints defined.
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Start

Define inputs and
outputs, targets
and constraints

|

Build parametric Finite 2D
Element maodel of —
synchronous generator |

Mo
Model |
. S
validated?
Yes l
Yary inputs one at a time and record associated outputs i 'f

Target solution
(s) reached?

Figureb. 1. Model setup approach
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5.2 Model Setup

5.2.1 Selection of model for parametrization

The finite element model of the P7C that was developddalidated to predict its
parameters was shown in Chapter 3. This model is parametrized to be used for

sensitivity analysis.

5.2.2 Selection of Parametric Variables

The geometricafeatures of the synchronous generdlat are parametrized are
selectedising acombination otritical parameter flow approaemd first principle

analytical equations that describe the various quantities we are looking to optimize.

Equatiors 5.1 [147], 5.2 [140][141] [147] and (3.2)togetherdescribe the -Gxis

reactance Xas a function of the synchronous generator geometrical features.
(AT ) (5.1)

Where, X is the daxis synchronous reactance whichaiscombination of the

armature reactancesxand the leakage reactance X

® _ (5.2)

Where, X4 is the armature reaction reactance, k is a constant that is dependent on
the permeabilityand therefore predominantly on the type and quantity of steel used

fw is the winding ceefficient, In is current, Bis the number of turns in stator, P the
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numberof poles, B the effective air gap flux density anegtthe effective air gap
given by Equation (5.3).

Q 6°Q (5.3)
Where,C isthe carter ceefficient given by equation (5.4)47] and g is the roter

stator air gapength.
6 Q- (5.4)

Where,w is the slot width agh lg is the air gap length. The carter-efficient is a
function of the slot width and air gap length and is therefore a function of the tooth
design.

Equation (5.5) describes the inertia constant H in seconds.

O 8

(5.5)

Where, J is the moment of inertia of the spinning mass of the synchronous
generator], is the nominal angular frequencyrad/sec and S is the rated power

of the synchronous generator in kW.

The critical parameter flow approach breaks down a key requirement / performance
parameter into controllable, measurable quantikesthe scope of this thesis, the
critical parameteflows were created using the equations (5.1) through to (5.5) and
equation (3.3)Figure5.2 shows a critical parameter flow diagram for the steady
state load angle of a wound fiek{s showingthe high-level dependent variables

into measurable independerariables.
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Steady State Load Angle

Active Power Transferred — Steady State Line Reactances Xd Saliency

Transformer Transmission Lines Xd Xq

Engine Load Power Factor at PCC

Figure5. 2: Critical Parameter Flow Down for Stea8yate Load Angle

The | owest | evel &échi |5Rdengiretoadapowee s i den
factor at PCC, transformer, transmission linad the synchronous reactancas

be used as levers to vary the Steady State load angle. Critical Parameter Flows are
developed foXq and H as shown in Figu®e3 to determine the variables to be
parametrized in the finite element model of the tagj&t

One of the key constraints of the project is to not increase rotor / stator diameter

and hence increasing diameter of rotor will not be pursued in this thesis.
Additionally, due to the winding method used in the manufacture os@ehe

number of turs and strands of wire per slot are mostly constrained except o fine

tune the design.
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Figureb. 3: Critical Parameter Flow for Reactance and Inertia Constant

From Figureb.3, it can be observed thtite parameters required to be modified are
the following forXq and H respectively

Xq: Air-gap, slot opening, tooth tip length and electrical steel permeability.

H: Weight of rotor (increased diameter of rotor and higher density steel), lower

KVA for samevolume (derate).

The inertia requirements of the project will be achieved using a new cast iron fan,

the design and validation of which are described in detail in Chépldre focus

of this section and the rest of this chapter will be the aspedis disign that will

be used to determine the best approach to fine tuneakis deactance of the target

machine. The finite element model developed in Chapter 3 is parametrized to be

able to vary the following quantities: Agap, slot opening, toottip length and

steel grade (steel permeabilitfyh e v al ues of the O0sel ect
Table5.1 were controlled using a script file written to run the finite element analysis
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simulations. The results of the sensitivity analysis are used as timnibggo an

iterative process that has been used to design the grid code cor@iant

5.3 Results & Analysis

All the identified parameteese shown irmable5.1. All the parameters are varied
keeping the remaining base design quantftiexi. The results are analyzed based

on the sensitivity oKq to each of these parameters.

6.3.1 Effect of Airgap onXqg

The FE analysis confirms a ¢éapeahdXs¢. Kknown
Figure 5.4 below shows an almost lineaurve. The X4 varies between
approxmately 3.5 and 2 per unit. At this stage, the-gap thickness appears to be
aparameter that can be modified to deliver the target valX@.dXlso, Figure 6.4

shows that the aigap value that is required to achieve a valugof 2.1 per unit

is equal to8 mm.
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Table5. 1. Limits of variables for sensitivity study

Physical limits of
Base design
current lamination
min max
5
Slot opening [mm] 1 9
5
Air-gap [mm] 5 9
Tooth tip lengtHmm] 2 1 5
Electrical Steel Gradg  M470-65 AP
Corelength (mm) 550

A larger airgap reduces the reactance of the machine, has a detrimental effect on
the rotor and increases rotor loading and therefore increasing rotor losses and
reducing rotor insulation life. It is therefore required to ensure that the design is not

enirely dependent on an agap change.
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Change in ehxis reactance (Xd) with respect to ABap
4.00

3.50
3.00
2.50
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0.00
4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5

Air gap (mm)

Xd (per unit)

Xd (pu)

Figureb. 4. Change inXq with respect to Akgap

5.3.2 Effect of Tooth tip length 0Xqg

The tooth tip length as shown in Figis® represents critical part of the path of
the fluxlines thatcharacterizéhe machine.The effect of the tooth tip length prior
to the analysis was thought to have a significant effect on the reactances@ the
and that with a reduction in tooth tip length would lead to a reductiokgin
However, analgis of theSG design shows that the tooth tip length variation leads
to almost negligible impact on thé& value as shown in Figuée5 b. This is due to
the greater significance of the other variables likegap and number of turns in
the machine and éhfact that the geometry of the tooth tip length even with a high
number of slots is not large enough to have a measurable impactXan Fmoth

tip length will therefore not be varied to achieve a grid code com@i@antesign.
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(]
&

Tooth Tip Length

Figure5. 5 a: Tooth Tip Length

Change in ehxis reactance (Xd) with respect to tooth tip
length
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Figure5.5 b: Change iXq with respect to tooth tip length
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5.3.3 Effect of Slot opening

The statorslot openingeffect onXq is investigated in this Sectioithis is due to

the variation inthe flux leakage aroundhe slot opening. The hgger the slot
opening,the larger ighe leakage andice-versa TheXq of a SGdepends on two

key reactances the armature reaction reactancedpand the leakage reactance

(XI). The slot opening impact&q by changing the leakage around slot openings.

The analysis shown in FiguBe6 shows that while there is a noticeable change in

Xq from changing the slot opening, the variation itself is not significant enough to
be considered as a design parameter that can be modified to design a grid code

compliantSG.

Change in €hxis reactance (Xd) with respect to Slot opening
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n
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S
o
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0.500
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0 1 2 3 4 5 6 7 8 9 10

Slot opening (mm)

Xd (pu)

Figureb. 6: Change inXq with respect to Slot opening
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5.3.4 Effect of Electrical steel grade

Electrical steel is manufactured by varying the amount of silicon and carbon used
in steel production to provide the cdoss and permeability characteristics needed
by steels used iplectrical machines [64]. The name of the electrical steel grade
provides the reader information about wats and permeability characteristics of
the electrical steel. F@xample,n Figure5.7a ands5.7b plot the permeability of
various standard grasef electrical steel as a function of magnetic flux density.
The M470i 65 gradesteelis a 4.7 W/Kg steel and comes in sheets of 0.65 mm
thickness. The A at the end of M470 indicates- grainoriented, fully processed

steel while the P in AP that foliss M47065 indicates high permeability steel.

Electrical Steel Permeability Characteristics
8000

7000

6000 ,// //_\\\ ——MA400-65TF
wn—/f Z\ e
5 4000 ///I/ ) \\\ ——M530-65A

3000 / \\\ e M530-50A

\ ——M530-50AP
2000 -} 3
\\ M700-65A
1000 — M800-65AP
—\ & ¥

0 - M1000-65A

B[T]

Figure5. 7: Electrical Steel Permeability as a function of Flux Density for various

steel grades [63]
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Electrical Steel Permeability
Characteristics
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100 \ =~ ——MS530-50A

0 ! M530-50AP

15 17 19 2.1 2.3 M700-65A

B [T] MB800-65AP

Figure5.7b : Electrical Steel Permeability as a function of Ahensity for
various steel grades at typical operating magnetic flux density range 22T

[63]

Permeability is a key factor in determining tkeof a SG. Figure5.8 shows that
there is a very minimal impact oty due to the permeability differences across the
different steel gradeThe steelB-H curve was obtained using a validated
proprietary test method and setup described in [@88§l the observed result is
shown inFigure 5.7b. Figure 5.7b shows the electricglermeability for various
magnetic flux densities for different commercially available types of steel. The
electrical permeability defines the rotor current required to setup the desired
magnetic flux densities in the agap to maintain the rated voltageross the stator
terminals.The targetSGat and close to its operating limits is running at magnetic

saturation levels of the electrical steel used. At these saturated levels, the impact of
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the permeability orXq is reducedandthe difference between vaus steel grade

permeabilities at high magnetic flux densities is low.

Change in ehxis reactance (Xd) with respect to steel grade

25

15

Xd (per unit)

0.5

M470-65 A
M470-65 AP
M700-65 A
M700-65 AP
M800 -65 A
M800-65 AP

Steel Grade

——Xd (pu)

Figureb. 8: Effect of steel grade (electrical steel permeability) @xid reactance

5.4 Conclusion

A sensitivity analysis of the machine design parameters that mostly affect the grid
requirements and the business constraints of the SG under analysis was performed
and its results shown in this chapter. The analysis results showed thatghp air
thickness plays the most important role for achieving the tatgealue. Caution

must be exercised in increasing thegap, as it can significantly impact the rotor

diameter constraint, the overall performance and the lifecycle cost 82he
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CHAPTER 6

SYNCHRONOUS MACHINE DESIGN

6.1 Introduction

Chapter5 summarized the approach that was used to determine the critical
parameters that would enable a design that met the performance criteria to meet the
various grid codes listed in the previous chaptershig chapter, the design and
validation of the 1400 kVASGthat meets the reactance and inertia targets will be
discussed.

The reactance target will be mostly met with the air gap and optimized through a
combination of cordength selection and winding sign and the inertia

requirements will be met with a special fan design.

6.2 Design Specification

Table6. 1: Summary oflesign specifications

Rated Voltage (RMS) 400
Rated kVA 1400
Rated Frequency 50
Rated Speed (RPM) 1500
Direct Axis Synchronous
ReactanceXd per unit) <21
Inertia Constant (sec) 0.5
Efficiency (%) >95.3
Insulation Life ( hours) > 60000
L10 Bearing Life (hours) > 20000
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6.3 Design Constraints

To minimize the impact on product cost, reliability and manufacturing processes,

the following design constraints were established:

T

T

Generator to keep existing geometry as a standard design with the exception
of the airgap length and armature slot design.s&€hehanges can be
implemented with simple modifications to the existing tool.

Armature windings will be concentric winding design with single turn. This

is to improve the reliability of the windings by eliminating the risk due to
inter-turn winding faults.

Use a combination of machine rating and fan design to achieve the required
inertia constant. The rating used will also enable the insulation system
design life target of 60,000 hours. For clarity, basegranticalexperience,

in a continuous applicatigrihe generator runs 8,000 hours per year and
60,000 hours is equivalent to 7.5 years. 60,000 hours is also the time for a
major engine overhaul and therefore any change to the alternator needs to

be aligned with this.

6.4 Baseline current product capatiigs

To ensure minimum design effort and product change, the entire lineup of the P7

product range is reviewed against reactance, ratings and efficiencies to select a

suitable starting point for réesign to meet grid code compliance based on the

requiremats oulinedin Chapterb.
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Figure6.1 identifies all the P7 products with respecKtandpower rangelso the
design specification foXqg and power are shown in the figure. From this, we can

conclude that a P7E or P7G with the appropriateatie meets th&q = 2.1 pu

upperlimit requirement.

The Class H [66] and 85 percent ratings for the standard P7 products can be seen
in Figure6.2; the 1400 kVA requirement is also shown. This identifies that P7D,
P7E, P7F and P7G meet the requirement for insulation life [67]. The P7D/F would
require considerable 1@esign to meet th¥q requirements and the P7G would not

be utilizing its active materiand therefore the only option available for using as a

base design is the P7E.
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Figure6. 1: Baseline of current produsty capabilities
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P7 Efficiency Evaluation @ 400V 50Hz
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Figure6. 3: Baseline of current product efficiency capabilities

Figure6.3 confirms that the P7E provides one of the best efficiencies at 1400 kVA
and therefore the grid machine design starting point is thesRiI& design. This
winding already has a single turn lap winding which can easily be converted into a

concentric winding using existing manufacturing tools and processes.
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6.5 Calibraing thedesign tool

The design tool developed in Chapter 3 is usedcetogth, model and analyze the
grid code complian®G. Prior to starting the design, the tool was calibrated by build
models of 3 different variants of the P7 and compared to ite®tstandard P7
models and 1 test variant that is used to confirm the capyattilthe design tool.
Table 6.2 below summarizes the results from simulation and testing on the 3

machines models that were used.

Table6. 2: Summary of simulation vs test data on 3 P7 model variants

Test Results Design Tool Predictions
Rotor curren Rotor curren
Rating (KVA) Xd gincsir(ijitt a sr?:r)t ;:qu?l ;:dl Xd Rotor current at | Rotor current at short]
Machine model Core Length (mm)) saturated | X"d (pu) ! X saturated | X"d (pu) |open circuit , 400\ circuit and rated
at 0.8 lag pf (ou) 400V on stator| rated current in (ou) on stator (A) current in stator (A)
(A) stator (A)
Standard P7C 1550 550 3.239 0.1523 15.5 50.2 3.315 0.1588 14.96 49.59
Standard P7E 1900 700 2.381 0.18 19 44.7 2.3094 0.189 19.323 44.625
Test Design P7Grid 1400 620 3.259 0.1363 14.99 48.85 3.37 0.143 14.387 48.552

The results shown above in Tal@l2 confirm that the output of th8G simulated

using the tool developed in Chapter 3 as compared to the test results are between
3% and 5% which is well within the measurement tolerances allowed by IEC 60034
[66]. The tool s therefore confirmethat it can be used tesign the grid code

compliantSG.

6.6 Grid code compliarfGdesign

In this section, the tool calibrated above will be used to desigh@te obtain the
target reactance and a new fan design using cast iron will be proposed to meet the

inertia constant requirements set out in the previous chapters.
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6.6.1 Electromagnetic Design

The works of[39] and [68] discuss in detail the equations amsit fprinciples
involved with the design dbGs. Therefore, this section will only summarize the
outcome of the design exercise completed using the design tool devétoped

achieve the target synchronous reactatee

6.6.1.1 Stator Design

The P7 standarchiination is used as a baseline to minimize the impact of the
change in machine design on existing manufacturing capafibtynodify the air

gap change necessary to achieve the target synchronous reaktaribe stator
internal diameter is reduced bywm and therefore increasing the airgap by 2 mm

to 7 mm compared to the existing air gap of 5 mm6Alot configuration is used

with the slot depth increased from 39.39 mm on the standard P7 to 40 mm; the
standard skewactor of 1 stator slot skew is maiained. The new co#length
proposed is 700 m. The effective change proposed to the new stator design would
only require a new notching tool, a module that can be easily replaced in the presses

that produce the stator laminations.

6.6.1.2 Rotor Design

Since the proposed stator lamination design achieves the target synchronous

reactance, no changes were proposed to be made on the rotor. The design was
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checked to ensure that the harmonics were not impacted with the new stator

design.

6.6.1.3 Simulation oproposed design

The new 1400 kVASGdesign is proposed to be called PG7S, where S denotes the
corelength. The no-load field mapsin Figure 6.4 below shows the difference
between the standard 96 slot design and the PG7S design. The open circuit
characteristics show a higher saturated design for the PG7S but this is expected due
to the airgap increase and reduction in back iron for the samet malpage. This
producesan increase of approximately 32% in field current. In the load case it is
apparent that there is less armature reaction effects on the PG7S due to the increased
airgap and therefore the saturation is higher from the standara dBsighis only

causes an increase in field current of approximately 9%. Thermal performance is
not a concern with rotor current density of 3.822 Afamd main armature of 5.36
A/mm? being so low when compared to current design levels. The saturated
syndironous reactance achieved using the proposed design is simulated to be 1.9
pu. The following sections will describe how the simulation results compare with

test results.
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PG7S Design P7E Standard Design

Open Circuit @ 1pu Voltage Flux Density Characteristics

PG7S Design P7E Standard Design

-Rated Load @ 1400kVA, 0.8pf Flux Density Characteristics

Figure6. 4: Comparison between standard P7E basetiaehine and the PG7S

6.6.2 Achieving the inertia time constant target

6.6.2.1 Design

Inertia constant (H) is the kinetic energy stored in the rotating components of an
electrical machine for a given kVA rating delivered. The unit of inertia constant is
in seconds [35]. For the standard P7 range, the inertia constant was calculated to be

between 0.2 s and 0.4 s. On the PG7S design based on the electromagnetic design
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above, the inertia constant is calculated to be 0.39 s. Inertia constant can be
modified byeither changing the rotor inertia or by adding mass to the rotor or by
derating. To achieve a target of 0.5 s on the 1400 kVA PGY7S that is being
developed, 3 options were reviewed and scored based on pros and cons relative to
capability of solution and cbs mandacturing constraints. Tablé.3 below

summarizes the findings.

Table6. 3: Summary of options for increasing inertia constant on PG7S

Option1: Option2: Option3:
No design Change Add
change, rotor inertia
only de diameter. disc to
rate. rotor.
Cost of High High Moderate
solution
Impact on Low Low Low
manufacturing
Effectiveness High High Moderate
of solution

To ensure a scalable and repeatable solution, Option 3elastedand an inertia
disc was designed to be fitted to the faincrease the inertia constant. Figéré

below shows the famertia ring assembly that was developed.
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Figure6. 5: New PG7 Fa#nertia ring assembly drawing

6.6.2.2 Analysis

Since the PG7S can be used in 50Hz (1500 rpm) and 60Hz (1800 rpm) applications,
all the mechanical analgs are completed at 1800 rpm to represent worst case on
the fan- inertia disc assembly. The burst speed and fatigue stress leveteeaked

to be below the levels indicated by FEP 00021655 [69]. Figuée&) and.6 (b)
demonstrate the capability of the fanertia disc system to meet the burst speed and

fatigue requirements respectively.

Results generated by flywheel

bursting speed macro i as
detailed in FEP 00021655.

Burst speed is 4.0 times the
operating speed of 1800 rpm.
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X
(rGsign Margin 1.50094
Max.Hoop_Str 75.4269 |Node .206E+07 |Percent_Error .081644

Hoop_Stress_Plot.

(b)
Figure6. 6: (a) Burst Speed Analysis (b) Fatigue Analysis

If the Fan and Inertia disc mating faces are not flat, then assembly stresses will be
induced. Assuming an axial displacement of 0.1mm, the maximum stress in the
spigot radius ishown to be less than 40 MPa (max principle stress) in F&ydre

below which is again in accordance with [69].

67.4731
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30.0000
25.0000
20.0000
15.0000
10.0000
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0.00000
-30.0671

Xt

stress in fillet radius
is less than 40

Maximum-principle

Figure6. 7. Maximum Principle Stress due to a 0.1 mm axial displacement of one

of the fasteners.
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Maximum radial clearance between Fan and Inertia Disc spigot = 0.2mm.
Therefore, the maximum radial slippage between the Fan and Inertia Disc is also =
0.2mm. This slippage will occur at the fasteners. To ensure no significant loss of
joint integrity, Belleville washers anchigh-grade cap screwswere specified.
Loctite 2700 was also recommended to be used to prevent any relaxation of the

fasteners.

Figure6.8 below shows the maximum principle stress induced in the fan due to the
centrifugal loading (180@m) and the resistance to the thermal expansion of the
fan provided by the fasteners. The stress is shown to be less than 30 MPa which is

within acceptable limits specified by [69].

72.7355
30.0000
26.2500
22.5000
18.7500
15.0000
11.2500
7.50000
3.75000
0.00000
-3.94834

Figure6. 8: Maximum Principle Stress 4800 rpm due to thermal expansion

In addition to the static loading and thermal expansion effects, the integrity of the
fanrinertia disc assembly was also studied under LVRT events. The LVRT events
were represented through a maximum measured accelerat®090 radiansfs

Figure6.9 shavsthe mean stress on the assembly with LVRT loads. The maximum

simulated stress was 36.2 MPa (23 MPa due to rotational velocity and 13.2 MPa

191



SYNCHRONOUS MACHINE DESIGN

due to the acceleration during LVRT) which was well within the material yield
strength. The total mean stress on the various location of thendama disc
assembly was also plotted on a Goodman diagram shown in Biddréo ensure

that the life of the assembly was not impacted due to the high levels of stresses seen

with typical LVRT events.

Based on the above analysis, the fan design was deemed to meet requirements. The
fanrinertia disc design increased the inertia constant of the PG7S to 0.5 s at 1400
kVA. Figure6.11 shows the various inertia constant and reactances that % PG

delivers at different kVA ratings.

3.200e+01
2. B00e+01
. 400e+01
. DoBe+01
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. 20Pe+@1
. 00oe+00

= = NN

4.000e+00
0.00Re+00

Figure6. 9: Mean Stress at 1800 rpm with LVRT loads
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PG7S Direct Synchronous Reactance and
Inertia Constant Characteristics
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Figure6. 11: Relationship between kVA, inertia constant and direct synchronous

reactance for the PG7S

193



SYNCHRONOUS MACHINE DESIGN
6.7 Validation of the PG7S

6.7.1 Waveform Analysis

The waveform analysis calculates the individual harmonics and consequently, the
THD (Total Harmonic Distortion) of the line to Ine voltage on Nd.oad. Table

6.4 illustrates the THD for the PG7S. Figusel2 shows the individual harmonic
components that are present in thdaoed line to line voltage of the generator. The
THD value meaured is less than the maximum allowed THD according to [66] and

therefore meets the associated requirement.

Table6. 4;: THD for the PG7S

Line-Line (%) Line-Neutral (%)

THD 0.41 0.4
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PG7S Waveform Analysis - No-load, 50Hz, L-L

o
~

o
=)

o
wn

o
s

o
W

I
o

Percentage of Fundamental [%]

o
s

| I | [PYRN] () IRAPAPYRNFAFIRNL §] (NEFY
3 7 11 15 19 23 27 31 35 39 43 47 51 55 59 63 67 71 75 79 83 87 91 95 99

Harmonic Number

o

Figure6. 122 Harmonic analysis of the PG7S

6.7.2 Open Circuit and She@ircuit characteristics

The experimentalopen circuit and short circuit characteristics are illustrated in
Figure6.13 with the simulated curve. The simulation correlates wil the test
resuts. Table6.5 also compares the field currents and reactances between the

simulation and test datndconfirms a good correlation between simulation and

test.
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PG7S OC & SC Characteristics
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Figure6. 13: Open Circuit and She@ircuit characteristics ohe PG7S

Table6. 5: Comparison of Field currents and reactances of the PG7S between

simulation and test

Field Current at Field Current at Xd (pu)
Open Circuit Test at 400 V (A) Short-Circuit and rated current at 1400 kVA P
Simulated Test Simulated Test Simulated Test
19.93 35.04 19.95 35.63 1.79 1.76

6.7.3 Losses and Efficiency

The no load losses and shoitcuit losses are illustrated in Figusel4, which is
followed by Tables.6 defining the losses at machine rating. The overall efficiency
is comparable to the standard PE7. Figui® shows the efficiency characteristics

at various power factors.
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PG7S No Load Loss Characteristics @ 50Hz
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Figure6. 14: No Load andshortCircuit loss characteristics of the PG7S

Table6. 6: Breakdown of losses in the PG7S
Windage Stator Rotor Rated Load
& Friction Iron Copper STRAY Copper Efficiency
(kW] [kw] [kw] [kw] [kW] [%]
7.86 8.23 15.73 4,27 9.54 96.09
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Figure6. 15: Tested efficiency curves of PG7S at various power factors

6.7.4 Reactances and Time Constan
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Figure 6.16 illustrates the classical three phase sudden-sinouit armature
currents at rated voltage and frequency. The calculated results for the 3 phase

Sustained showcircuit are shown imable6.7.
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Figure6. 16: PG7S 3 phase sudden shartuit at 400V, 50Hz

Tableb. 7: PG7S reactances and time constariest results

Reactances Time Constants
X &b X6 Xd T Ty Tdo Ta
pu pu pu sec sec sec sec
Uph 0.1132 | 0.1534 | 1.7948 | 0.0126 | 0.1725 | 3.4014 | 0.0334
Vph 0.1086 | 0.1431 | 1.7873 | 0.0109 | 0.1619 | 3.4027 | 0.0266
Wph 0.1168 | 0.1453 | 1.7841 | 0.0096 | 0.1623 | 3.4046 N/A
Average| 0.1129 | 0.1472 | 1.7887 | 0.011 | 0.1655 | 3.4029 0.03
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6.8 Simulation othe PG7S

To conclude the design process of the PG7S, a simulation using the power system
tool described in Chapter 4 ¢one toensure that the PG7S meets the grid code

requirements, specifically, the low voltage ride through requirements.

Figure 6.17 show the matlab model of the PG7S coupled to an engine and

connected to a power system.

W/ 2001a_Simodel InfnGrid_AVR_Gov_LVRT [E=8EeR S

File Edit View Simulation Format Tools Help

D& B = » = [TEnd  [Nomal V| B @S R @R

Ready 96% ode23th

Figure6. 17: Power system model with PG7S

An extensive analysis of the PG7S performance under extreme grid conditions,
including check for pole slip during the worst case Low Voltage Ride Through
conditions are completed. Figusel8 below shows the simulation results of a Low

Voltage Ride Througkimulation on the PG7S.
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Figure6. 18: Low Voltage Ride Through simulation on the PG7S

The simulations confirmed that the PG7S does not pole slip during the Low Voltage
Ride Throughoperation,thereby meeting the grid code mgments set out in

Chapter 2. Additionally, the stability analysis using the analytical tool developed in
Chapter 4 is also completed to demonstrate capability to meet Static Stability

requirements as well.
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7.9 Conclusion

In this chapter, it was showthat he PG7S grid machine meets the stated inertia
and reactance requirements. The PG7S has a direct axis synchronous reactance of
1.76 pu at 1400kVA and offers a flexible operating range for customers to select
the appropriate synchronous reactance ameftia constants. In addition to
designing and testing the PG78mulations aimed at checkirthe reliability
requirements werearried out and the resultse described in Chapt&r The
machine designed in this chapter demonstrates that despite tHenginag
conditions imposed by the various grid codes, a solution space can indeed be found
and that &5G that meets the stipulated criteria can be designed and as shown in

ChapterB, the designed generatorclseapethan existing generators.
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CHAPTER 7

Reliability of SGs for grid code compliance

7.1 Introduction

In Chapter6, the design of a synchronous generator to meet the criteria set out in
Chapte”t was described. In addition to posing a challenge to the stability of engine
driven generating sets, the dynamic conditions set out in the grid codes also induce
high levels of stress on various components of the SG. It is therefore necessary to
understandhese stresses addsign the SG to ensure any risk to the life / durability

of the SG is not compromised whilst designing for grid code compliance. In this
chapter, the SG designed in chaftés reviewed at a component level in terms of

reliability anda design for reliability process is applied.

As part of any new product development program, it is essential to understand the
risks associated with the product, especially those specific to the application or the
usage of the product. The Design FailMede Effects and Analysis (DFMEA)

[71] is a tool that is traditionally used to identify these risks relative to the product
design and performance requirements and proposes a validation or mitigation plan
for each of these risks. The DFMEA itself is ded¥em a boundary diagram that
maps out interactions at the interfaces betweeis@and the application. Figure

7.1 shows a boundary diagram for the bracing rope to retain the end windings of a

SGand Figurer.2 is the associated DFMEA for the boundaggdam.
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Figure?. 1: Boundary diagram for the bracing rope showing interactions

An extensive DFMEA analysis was completed for the design presented in Chapter
6 along with the requirements defined in Chapteand6 and the following areas
of focus were identified as being critical to designing a reliléddor grid code

compliant applications.

1) Temperature rise on the stator: Temperature rise in excess of typical operating
conditions at a 0.8 lagging power factor the stator due to high leading power

factor loads contribute to accelerated insulation degradation thereby impacting the
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Figure7. 2: DFMEA for the boundary diagram shown in Figur#

insulation life and ultimately impeding the ability of the design to mes1,@00
hourdesign life on the insulation system [72]. It is therefore essential to define the

temperature rise limits on the windings with a view of insulation life charactsristic

2) Forces on end windings: Large transient loads during the Low Voltage Ride
throughEvent leads to forces in the end windings that could potentially lead to
degradation of the insulation system due to miomvements. Managing the forces

in the endwindings is therefore essential to ensure alternator reliability. [73], [74],
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[75] discuss forces iBGwindings extensively and this chapter will therefore only
elaborateon the efforts taken towards understanding the design of the end windings for

the grid code compliant generator designed in Ch#&pter

3) Limiting rotor current transients during LVRT: The LVRT tests described in
Chapter 5 demonstrated that during a LVIRor transient voltages up to 1.2 KV

can be induced. On a low volta§ss like the one designed in this thesis, these
transient rotor voltages exceed the capability of the insulation system and therefore
could contribute to accelerated degradation ofrtther insulation system thereby
reducing the life of the insulation system and consequentially the life of the product.
[76], [77], [78] describe the experiences of the authors with respect to rotor transient
during LVRT events on DFIGs while this thesidliocus on the rotor transient

during LVRT onSGs.

4) Bearing life due to increased loading on 8t&during transient events: During

the LVRT tests described in Chapter 5, mechanical torque of up to 15 times the
rated torquevasrecorded in the shaft dfie SGused for testing. It is essential to
ensure that the bearing and all mechanical systems connected to theashaft

withstandthese loads.

This chapter will provide an elaborate summary of the work completed as part of
the design exercise to mitigathe risks related to the four critical areas described

above.
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7.2 Design for Reliability

7.2.1 Temperature rise on the stator

The thermal rating of electrical machinissbased on the life of the insulation

system which is defined using the Life curvéha insulation system that is derived
using methods defined by the Underwritei
manufacturer needs to complete ageing tests on their insulation system complying
with the IEC 6003418-31 standard [80]. In this test) Inotorettes comprising of

the copper wire and insulation system used in the windings as shown in ERjure

is exposed to three different temperatures 200 deg C, 220 deg C and 240 deg C
followed by cold shock t620 deg C, mechanical stress of 1.5G thtoug0 . 0 0 8 6 6
displacement at a frequency of 60Hz plus 100% moisture tests at 23 deg C for 48
hours. This is then followed by a diagnostic test on the motorettes where a 600V
phase to phase and phase to ground and 120V turn to turn voltages are applied to
detemine end of life failure. Failure is defined to be when the insulation resistance

of the motorettes drop to 50% or less than the initial value. The time to fail is noted

as the life of the insulation system and an Arrhenius rate of reaction approach [81]

is used to derive the life curve of the insulation system.
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Figure 8.3: A motorette sample specified by UL

Figure7.4 shows the life curve of the insulation system used on the P7 broadly and
specifically on the PG7S that isetHfocus of this thesis. Using the curve, it is
predicted that for a design life of the insulation system, a maximum temperature on

the windings of 155 deg C at a 40 deg C ambient needs to be achieved.
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Figure7. 4. Life curveof insulation system used in PG7S
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To confirm if the PG7S designed in Chapéat 1400 kVA meets the required
60,0008hourdesign life on the insulation system, a PG7S with a total of 58 RTDs
was built to measure temperatures at various locations inténeadbr, specifically
focused on the stator. Figuig5 below shows the axial distribution of the
temperature rise along the length of the machine as measured from tteveon
end; this shows that along the length of the machine all the recorded tenmgsera
are well within the required thermal limit set out to meet the insulation system life

requirements.
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Figure7. 5: Axial temperature distribution on the PG7S

Additionally, Figure 7.6 below also demonstrates that circunréedly, the
temperature in the stator and various locations on the alternator are within the

thermal limits defined.
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Figure?. 6: Circumferential temperature distribution on PG7S

In summary, the PG7S as it was designed in Ch#&ptatr the rated load of 1400
kVA operates thermally well below the required limits. Although, thermally the
ratings can be increased, for reasons of meeting the reactance requirements, the

decision was maglto retain the 1400 kVA rating on the PG7S.

7.2.2 Forces on endindings

The works in73], [74], [75] discuss in detail the forces and stresses in stater end
windings due to theurrents induced duringfeadystate and transienjperations.
Figure 8.7 breaks down the forces in the-amadings of an electrical machine.

All the forces on the endindings translate into mechanical components.
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