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PREFACE 

PREFACE 

Between 2010 and 2015, due 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 power-plants connected to the grids in Europe had to 

comply with a set of criteria intended to increase grid stability. Initially these ógrid 

codesô were only imposed on wind and solar farms but were slowly introduced to 

power-plants driven by reciprocating engines and hydro-power as well. These 

power-plants were also given a very short-notice to comply with the grid codes. In 

a market that had always designed for power-density, efficiency and ultimately 

cost, the introduction of grid-codes presented many unique challenges that would 

potentially impact not just competitive advantage of these power-plant 

owner/operators, but also their long-term survival and that of their component 

manufacturers. The reciprocating engines being the most expensive components in 

a power-plant could exercise their ópowerô by delegating most of the grid-code 

compliance to other system and sub-system manufacturers, specifically the 

manufacturers of synchronous generators. This was the reason several synchronous 

generator manufacturers, including Cummins Generator Technologies invested a 

lot of resources to 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 covering all aspects of 

synchronous generator design specific to grid code compliance including, but not 

limited to understanding and articulating grid-codes and their demands from 

synchronous generator design, impact of the reciprocating engines on the 



 

performance of the synchronous generator in a ógrid-codeô environment and 

therefore led to numerous collaborative work with various engine manufacturers, 

including Cummins Generator Technologiesô parent company ï Cummins Engines 

and the various factors that would affect the reliability of the synchronous generator 

and methods to improve them. All this work was led by the author Sridhar 

Narayanan with a cross-functional team of mechanical, electrical and thermal 

engineers through a program that lasted almost 5 years and resulted in numerous 

webinars given to customers of Cummins Generator Technologies, conference 

talks, white papers, a mastersô thesis, a patent and a product line that helped 

establish Cummins Generator Technologies as an industry leader in designing and 

selecting synchronous generators for grid codes. These outcomes have been listed 

in the next section.  
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ABSTRACT 

ABSTRACT 

 

This thesis aims to provide a set of design criteria for designing synchronous 

generators (SGs) for engine driven generating sets to meet the emerging grid code 

requirements.  

Historically, central plants have been an integral part of the electric grid, in which 

the power generation facilities are typically located closer to the resources or further 

away from the loads. Liberalization of the energy market in the early parts of the 

21st century combined with stringent environmental policies and emission 

regulation have forced electrical energy providers to opt for renewable 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 stable supply of electrical power to consumers, 

many transmission and distribution system operators are enforcing performance 

expectations on power plants connected to the grid ï Grid Codes. These regulations 

pose great design challenges to the manufacturers and designers of generating sets 

and associated components, especially synchronous generator (SG) manufacturers.  

In this work, relevant grid codes are analyzed and specific requirements are defined. 

A practical and quick analysis method is developed and then used to simulate 

engine driven SGs connected to electric grid. A neural network based simplification 

is applied to minimize the number of simulations required to provide guidelines for 

designing SGs for grid code compliance. Low Voltage Ride Through tests are 



ABSTRACT 

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

the design parameters are also briefly analyzed. 

The proposed design criteria are applied to SGs and are validated through grid code 

certification tests. As vessel to prove the validity of the concepts mentioned above, 

a 1400 KVA alternator is prototyped and experimental measurements are finally 

performed. The work presented in the thesis has led to a comprehensive 

understanding of grid codes and their effect on design and selection of engine 

driven SGs is obtained and a granted patent on a novel retrofit-able method to 

reduce fault currents in a SG. 
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CHAPTER 1 

INTRODUCTION  

1.1 Evolution of the more distributed grid  

          The general definition of an electric grid is ñan interconnected network for 

delivering electricity from suppliers to consumersò. It consists of 1) generating 

stations that produce electrical power, 2) high-voltage transmission lines that carry 

power from distant sources to demand centers, and 3) distribution lines that connect 

individual customers [1].  Figure 1.1, which is sourced from [2] illustrates the 

conventional structure of electrical power systems, showing the traditional set-up 

of very large power plants supplying large areas.  Over the last decade however, 

many socio-economic reasons have led to a shift towards more distributed power 

generation. This often consists of a vast array of interconnected systems which 

encourages integration (regional and otherwise) of the traditionally concentrated 

power generation and consumption activities. Thus, instead of limiting power 

generation to the classical large power plants, a number of strategically positioned 

smaller power plants / consumer driven generating sets are included within the 

distribution system.  Figure 1.2, from [2] shows the general structure of power-

systems with distributed generation. As summarized in the CIRED survey [4], the 

key factors that are leading the industry towards more distributed generation 

include  

http://en.wikipedia.org/wiki/Electricity
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¶ Policies on reduction in greenhouse gas emissions (mainly CO2) ï have 

led to power generation companies resorting to more renewable energy 

sources and smaller, more segmented distributed generation. 

¶ Energy efficiency ï the need for more efficiency systems complements the 

policies on greenhouse gas emission reductions. The large coal powered 

plants are more energy efficient than small generating sets, but less 

efficient operationally and cannot meet the agility requirements that the 

smaller distributed power plants can meet.  

¶ Deregulation of energy market has allowed more players to enter the 

power generation market, thus leading to a higher competition in the 

energy marker. This has led to an increase in the number of electricity 

suppliers connected to the grid ï specifically on the distribution side.  

¶ Diversification of energy resources ï the ever-increasing introduction of 

niche sources of energy produces a proportional segmentation of the 

electrical grid.   
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Figure 1.1 

Figure 1. 1 Conventional power-system [2]  

           An important factor that justifies the ever-increasing need for distributed 

generation is that today it represents the most practical means of providing power 

to the remotest parts of the world. The International Energy Agency estimates that 

approximately 1.5 billion people lacked access to electricity in 2017, about 20% of 

the worldôs population [5]. The World Bank report on the 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 access to electric power. It is also predicted that in 

most countries, between 80-95% of the unserved communities will receive electric 

power through grid extension [5]. A summary of the global access to electricity in 

2017 [5] is given in Table 1.1.             
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Table 1. 1:  Global access to electricity in 2017 [5] 

  

Rate of 

Access 

(%) 

Population 

without access 

to electricity 

(millions) 

Urban 

Electrification  

(%) 

Rural 

Electrification  

(%) 

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 

 

 Besides the technology drivers for distributed generation introduced above, other 

important advantages related to this concept include: 

¶ Mobility and ease of setup ï distributed generation consists of many small 

units that can be easily transported based on power needs. 

¶ Lower transmission losses and infrastructure costs - In distributed 

generation, power is normally generated closer to the load and hence the 

transmission losses are lower. Additionally, shorter distances to transmit 

power result in lower infrastructure costs. 

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

generation minimizes the space required for the power plants and therefore 

simplifies the logistic aspects. 

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

generation have been shown to introduce instability in the power-system 

[12].  
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¶ Additionally, the variability in generation levels caused by the vast array 

of renewables in the electric grid leads to an unequivocally less reliable 

power system. 

 

Figure 1. 2 Power-System with distributed generation [2]  

          This chapter describes the challenges posed by modern power-systems 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 significant impact on the design and operation of power 

plants and associated components, in particular engine driven generating sets and 

the SG that together form the most common source of electrical power. A brief 

description of the identified challenges being addressed is 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 systems. Grid Codes are the guidelines set out by the 

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 Codes have been around in various forms and levels of details since 

the first electricity transmission and distribution system. Until 2007, there were no 

requirements for power plants to stay connected to the grid during fault ride 

throughs. This meant that in the event of a small disturbance, should the power 

plant operators feel nervous about the integrity of their equipment, they could 

disconnect from the grid leading to large scale black-outs [137].  However, until 

2011, no real effort in terms of enforcement of these standards had been done. At 

the turn of 2013, Germany became the first country to enforce Grid Codes for all 

electricity generating facilities. Adhering to the legislation became compulsory 

throughout the rest of Europe in 2015.  With the projected growth of global 

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 adopted some form of grid code. The main concern related to this is that the 

adopted grid codes vary from country to country and this complicates enforcement.   
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However, the information contained in any grid code document can broadly 

be classified into five subsections [4]: 

¶ Planning Code ï Discusses requirements on data that needs to be presented 

to gain approval for power plant proposals. 

¶ Connecting Code ï Specifies the grid requirements related to the power 

plantsô capability to maintaining connectivity protection schemes, reactance 

requirements, harmonic distortions, voltage fluctuations, etc. It also requires 

a combination of simulation and test data to prove compliance. 

¶ Operating Code ï Specifies the criteria for safe, reliable operation - i.e. 

maintenance and monitoring requirements, demand forecasting, 

contingency planning requirements, and system test requirements. 
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Figure 1. 3: Regional Growth of Distributed Generation [6] 

¶ Data Communication Code ï Provides guidelines on data transfer between 

power plants and other entities connected to the grid. 

¶ Balancing Code ï   Specifies the power flow requirements in the grid, such 

as reactive power requirements (control system requirements), response 

times and voltage levels.  

 

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 grid (renewables, nuclear, hydro and fossil fuel), , 

the work presented in this thesis is mainly focused on the grid code compliance of 

engine-driven SGs (SGs). In fact, these represent the type of application that the 

SGs manufactured by Cummins Generator Technologies (CGT) are designed for.   
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1.3 Problem Description and project objectives 

   Cummins Generator Technologies (CGT) is one of the largest manufacturers of 

SGs in the world with the broadest portfolio of product ranging from   0.5kVA up 

to 20MVA. Over US $100M worth of SGs sold 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 Pan-European ENTSO-e (European Network of Transmission System 

Operators-electricity) grid code has been enforced starting 2015. Thus, power 

plants utilizing renewable sources are already implementing process to modify 

product and system designs to 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 connecting alternators to 

the grid, (e.g. reactive power compensation and voltage stability) also poses major 

challenges for achieving the required compliance with grid codes. This is 

particularly important for the conditions and requirements related to the steady state 

operation and to the stability demands of the low voltage ride through. Such effects 

are being addressed today (e.g. in the renewable industry), by deploying power 

electronics and associated control strategies.  However, such solutions are very 

expensive and therefore they are not the preferred solution for SG-based power 

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 over-rate the main alternator. While this offers 

a fast and simple solution to grid code compliance, however the associated costs 

can be relatively high due to the traditional over-rating philosophy (over-

engineering) which is behind these concepts.  

A potential solution to all the above is therefore to address grid compliance 

requirements at every stage of the power generation system design. This means 

setting grid compliance as an objective function of the design of every component 

that will be implemented into a power generation set. Arguably, the most important 

component with the dominant effect on power quality is the main alternator itself 

(i.e. the SGs); the engine is the most expensive, but itôs the alternator that connects 

the engine to the grid and is thus the most critical component in the genset. The 

alternator also becomes significant because the design of the alternator defines the 

level of protection the engine receives from transients in the grid. Therefore, 

significant benefits in terms of system level power quality and grid compliance can 

be achieved, if the design and development processes of the SG were to be done 

with grid code compliance as a main objective, óright from the startô.   

In order to achieve this, a deep understanding of the critical parameters of 

the  SG, including its design parameters and their effects on the capability of the  

SG to meet grid codes is required  Significant effort in terms of combining the 

understanding of these critical parameters with the ability of designing SGs is 

necessary to perform optimizations aimed at achieving design solutions for grid 
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code compatability, without any detrimental effects on the power density, 

efficiency and reliability of the machines.  To the authorôs knowledge, no such 

approach to grid code compliance by radical SG design has been recorded and will 

represent one of the main novelties in this thesis.  

 The main objective of this thesis is thus to obtain a clear understanding of 

the design requirements of engine driven SGs for grid code compliance. To 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 design of SGs? 

3) What are the alternator / system ófeaturesô that would make an engine 

driven SG grid code compliant? 

 

As vessel to reach the above-mentioned objectives, a 1.5MVA,  SG, 

completely compliant with standard grid codes will be designed and developed.  

Firstly, grid codes from various parts of the world are summarized and the sections 

relevant to SGs are tabulated. These are then analyzed using power system 

simulations aimed at identifying the design requirements of an engine driven SG. 

Finally, a sensitivity study is completed to determine the most significant and least 

significant generator geometrical features that contribute to achieving the grid code 

requirements. 
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1.4 Thesis Contributions  

The work described in this thesis led to the development and to the introduction to 

market of a new range of grid-compliant products by CGT.   This work has 

enhanced the understanding of reliability of SGs relative to grid code compliant 

applications and contributed to entering a niche market segment through a 

competitive product line. Additionally, the work directly connected to this thesis 

led to a Mastersô Thesis and a granted patent GB24949166. 

1.5 Structure of thesis 

      This thesis is structured in the following chapters: 

     Chapter 1 introduces the challenges arising because of the increase in distributed 

generation; the need for grid codes and the challenges and opportunities that arise 

from mandating grid codes ï particularly for SG manufacturers and finally outlines 

the methodology applied in this thesis. 

       Chapter 2 summarizes the grid codes that are applicable to engine driven SGs. 

The performance of an engine driven generating set in a ógrid code applicableô 

power system is described and analyzed and the impact of the grid codes on the 

machineôs reliability is described. The required method of proving grid code 

compliance to the relevant governing bodies is presented. 

      Chapter 3 briefly presents the basic theory of classical SGs and then describes 

and the development of a numerical analysis tool (i.e. the finite-element method) 

for the SGs performance prediction. This chapter also describes the development 
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and validation of a fully automated tool to predict SG parameters with only the 

geometrical parameters as input in finite element analysis. 

           Chapter 4 summarizes the various methods of modelling and analysis of 

power systems. A fully automated power systems simulation model is developed 

and is used to run simulations of various power systems scenarios against known 

grid code requirements. The 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. 

           Chapter 5 describes an approach that combines the findings described in 

chapter 5 with a sensitivity analysis, to relate the SG design parameters to its 

geometry.  

          Chapter  6 describes the design methodology and validation of a SG designed 

to meet the geometrical requirements defined in Chapter 6. 

          Chapter 7 summarizes the reliability aspects of a SG that must meet grid code 

requirements. Then the solutions identified and implemented in the SG designed in 

Chapter 6 are investigated. 
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CHAPTER 2 

 

GRID CODES 

           In this chapter, the grid codes adopted by various countries, including 

Germany, Denmark, France, Italy, India, Australia, etc., are reviewed and 

summarized. A comprehensive discussion on the performance requirements 

according to the grid codes is presented. The implications of these expectations on 

the alternator durability / reliability are presented and the arguments are 

complimented with test evidence. This discussion is then used to review and 

summarize the scope of the challenges that the work presented in this thesis 

addresses along with an overview of the proposed methodology aimed at improving 

and solving these challenges  

2.1 Introduction to Grid Codes  

The National Grid Company [58] defines a grid code as a ñTechnical 

specification which 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 countryò.  

There are several authorities in charge of publishing such Grid codes, 

including  

¶ Transmission system operators 
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¶ Distribution system operators 

¶ Transmission system owners 

¶ Distribution System owners 

¶ National Electricity (or Energy) Commissions ï Regulators 

¶ Governments (as a law) 

¶ Reliability councils ï Association of operators 

Grid codes apply to all power plants and associated components and protection 

systems connected to the electricity network. They cover the main sources of 

electric power, including renewables, 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 can be clearly observed that there is a big diversity in the number of 

grid operators and therefore the number of grid codes available is relatively quite 

high. The table also shows the complexity and / or scale of the problem i.e. grid 

codes just by the number of variations available. 

In addition to the transmission system operators shown above, within Europe, the 

ENTSO-e (European Network of Transmission System Operators ï electricity) is 

expected to own a pan-European grid code.  
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Table 2. 1: Transmission System Operators by country [9] 

 
 

2.2 Grid Codes ï Terminology & Content  

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

codes and aims to summarize the elements of the five subsections described in 

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

2.2.1 Grid Codes ï Terminology          

¶ Point of Common Coupling (PCC) - IEEE [10] defines the PCC as 

ñthe point where a local electric power system is connected to an 

areaôs electric power systemò. The PCC and the point of connection 

are not necessarily the same point. The grid codes define the PCC 

Continent Country

Continent Region Responsible department

Germany

ETSO (European 

Transmission System 

Operator)

UCTE (Union for co-

ordination of 

Transmission - Electricity

Verband der Netzbetreiber - VDN 

- e. V. beim VDEW

United 

Kingdom
ETSO

UCTE / UKTSOA (United 

Kingdom Transmission 

System Operator 

Association)

BETTA (British Electricity Trading 

and Transmission Arrangements)

Denmark ETSO UCTE / NORDEL Elkraft

Sweden ETSO UCTE / NORDEL Svenska Kraftnat

Africa
South 

Africa

NER (National Electricity 

Regulator)

America USA
NERC ( North American Electric 

Reliability Council)

Oceania
New 

Zealand
Transpower

Asia India
ISTS (Inter State Transmission 

System)

Transmission System Operator (TSO)

Europe
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as the location where all system measurements are made and 

therefore the location where all the grid codes apply. Figure 2.1[13] 

illustrates the difference between PCC and point of connection; 

DER refers to a Distributed Energy Resource [13]. 

¶ 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 

distribution system (power plant) owner. The agreed reactive power 

requirement is implicit. The specifics on feed-in tariffs, specific load 

requirements, load sharing requirements are covered in the 

contractual agreement.  

 

Figure 2. 1 Ill ustration of the concepts of PCC and Point of Connection [13] 
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¶ 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: 

o Assisting in supporting local voltage 

o 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)  

o Harmonic Compensation 

o Black Start Capability  

¶ Fault Ride Through Requirements (FRT) ï These 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 network 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 of voltage and frequency support (reactive and 

active power) to the network during and after the fault.  
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      Depending on the power system design- system impedances, voltage levels, 

loads, etc. and the nature of the fault ï symmetrical / unsymmetrical, the faults 

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 Through ï LVRT) 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 much voltage is retained at different parts of a network during a 

fault ride through. 

 

2.2.2 Grid Codes ï Content  

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

two categories, namely 

¶ Static Grid Codes: Enforcing the performance of power plants during steady 

state conditions. The Static Grid codes regulate the following parameters 

o  Total harmonic Distortion (THD) 

o Voltage range the network operates within  

o Frequency range the network operates within 

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

power factor and frequency ranges. 

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

transient conditions. These include: 

o Low Voltage Ride Through curves 

o Pole slip conditions 

o 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.  

 

Figure 2. 2: Sample LVRT curve [13] 
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Figure 2. 3: Example ï voltage drop at various levels in a network during a fault 

 

Table 2.2 presents a summary of the grid codes relevant to power plants that use 

engine driven SGs and the content relevant to alternators. 

Table 2. 2: Summary of grid code requirements specific to alternators globally 

 

Of all the requirements captured in Table 2.2, those for Europe are being enforced 

in stages.  The European grid code requirements specific to alternators are 

summarized in Table 2.3, while the ENTSO e column is emphasized in Table 2.4 

which lists out the expectation of the pan-European code expected to be enforced 

between 2014 and 2017.  Table 2.5 (data sourced from [17] ï [27]) illustrates the 

plan and deadlines for integration and standardization of the various parts of the 

German grid code. 

 

 

Design
Concept 
Target

GermanyDenmark Holland France Spain China India USA South 
Africa

New 
Zealand

BelgiumAustralia Northern 
Ireland

Voltage 
Range

+/- 10% +/- 10% +10% to 
5%

+/-
10%

+/- 10%5ŜǇΩŘŜƴǘ+/- 10% +/- 10% +/- 10% +/- 10% 5ŜǇΩŘŜƴǘ+6% to 
- 7.5%

Frequency 
Range

+/- 5% +/- 5% +/- 2% +/- 1% +/- 1% +/- 0.3% +/-% +/-1% +/-1% +/-1% +/-1% +3% to 
-5%

+/-1% -1% to 
+4%

Power 
Factor

0.95lag /  
0.95 lead

0.95lag/ 
0.95 lead

0.9 lag / 
0.95 lead

0.95lag
/ 0.95 
lead

0.95lag/ 
0.98 lead

In 
progress

0.95 
lag/ 
0.95 
lead

0.95 lag/ 
0.9 lead

0.95lag/ 
0.95lead

0.95lag/ 
0.95lead

0.95lag / 
0.95lead

n/a 0.9 lag to 
0.9 lead

0.95 lead 
to 0.98 

lag

Harmonic 
Content

<3% <3% <5% <5% <3% <3% <3% <6% <6% <8% <6% 8% <3% <3.5%

Reduction 
of Active 
Power ς
Steady 
State

No 
Reduction

Yes, 
within 
1min

15% 
reductio

n on 
30min

yes 
after 

10min

no 
reduction

yes 
outside 
operatin
g points

yes 
after 

10min

yes after 
10min

yes after 
10min

no 
reduction

yes after 
10min

yes 
after 

10min

NA NA

Fault 
clearing 
time

250ms 150ms 150ms -
250ms

100ms 250ms 500ms at 
20% V

n/a n/a 100ms 150ms 150ms 200ms 430ms
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Table 2. 3: Summary of Grid Code requirements in various European countries 

 

 

Table 2. 4 : Timescales for enforcement of the pan-European ENTSO-e 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 

 

 

Most

Stringent
Design

Intent 

Germany United 

Kingdom

Denmark Holland France Spain Ireland Italy ENTSO-e

Voltage 
Range

+ 10%
- 15%

+ 10%
- 15%

±10% ±10% +10% to 
-5%

± 10% ± 10% 5ŜǇΩŘŜƴǘ ±10% +10%  
-15%

+10%  
-12.5%

Frequency 
Range

± 5% ± 5% +3%      -
5%

± 2% ± 2% ± 1% ± 1% ± 0.3% -1% to +4% +3% 
-5%

± 5%

PF Lag 0.8 0.8 0.95 
0.95 

0.85 0.9 
0.95

0.95 
0.95 

0.95 
0.98

0.85 
0.95

0.95 
0.98 

0.9 0.85

PF Lead 0.9 0.95 0.95 0.9 0.9

Harmonic 
Content

<3% <3% <3% <5% <5% <5% <3% <3% <3.5% Not 
specified 

Not specified 

Active Power 
Reduction ς
Steady State

No   
wŜŘΩƴ 

No   
wŜŘΩƴ 

No   
wŜŘΩƴ 

Yes after 
20 sec 
below 
47.5 Hz 

15% 
reduction 
on 30min

yes after 
10min

No   
wŜŘΩƴ 

yes 
outside 
ƻǇŜǊΩƎ 
points

N/A bƻ   wŜŘΩƴ bƻ   wŜŘΩƴ 

Fault clearing 
time

250ms 250ms 150ms at 
30% 

140ms 150ms -
250ms

100ms 250ms 500ms at 
20% 

N/A 200 ms 140 to 250ms 
(@5% to 30%) 
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Table 2. 5: Timescales for enforcement of German grid code 

 Grid code enforcement dates 

 Wind / 

Photovoltaic / 

Fuel Cell plants 

Internal 

Combustion 

Engine plants 

Steady State 01/04/2011 01/01/2010 

Full grid code ï 

static / dynamic 

grid code 

01/04/2011 01/01/2013 

Certification 

obligation 

01/04/2011 01/01/2015 

 

 

Figure 2. 4: LVRT - German grid code 
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Figure 2. 5: LVRT - France grid code 

 

Figure 2. 6: LVRT - ENTSO-e 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, i.e. voltage, power factor and frequency levels of the 
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generating set can be controlled using the test setup. The steady state conditions of 

the generator under test are set to the required values stipulated by the relevant grid 

code; the steady state stability is thus assessed under these conditions. This is then 

followed by a low voltage ride through test. This consists in applying a fault 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 Z2 and Z1 that in principle operate like a voltage divider.  

The load angle, reactive and active powers are measured during the test and 

compliance to grid codes on power transfer requirements during and after fault in 

addition to no pole slip occurring is checked. A certificate is then issued by the 

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

 

Figure 2. 7[34]: Proving compliance to grid code requirements 

The outcome of the test is a comprehensive certificate of conformity approved by 

the test agency that confirms whether there is the capability to meet specific grid 

codes. 
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2.3 Impact of grid codes on performance of engine driven SGs 

This section is aimed to study and understand the impact of the expectations set out 

by grid codes on engine-driven SGs. As vessel for this analysis, a system connected 

to the grid as shown in Figure 2.8 [28]. The grid is represented by the PCC as 

stipulated in various grid codes. The synchronous speed of the generating set is ɤs 

which corresponds to the appropriate grid electrical frequency. The SG reactance 

Xgen while Vterminal is the voltage measured at the point of common coupling and is 

the reference voltage for the generator. Vgen is the internal electromotive force 

developed by the generator. 

 

Figure 2. 8 [28]: Single line representation of engine driven SG connected to the 

grid 

A generic grid code is imposed on the generating set of Figure 2.7. The study is 

focused on three specific operating regions, namely Steady State, Fault Ride 

Through and Post Fault Ride Through. These are shown in Figure 2.9 [32] and the 

major features can be summarized as follows. 
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¶ 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 various power factor and frequency combinations. Using the 

values for frequency, power factor and voltage, shown in Table 2.3, the 

boundaries of operation for the generating set are defined and these are 

shown in Table 2.6 below, where U is given in percent of Unominal, f is 

expressed in dependence fnominal and the power factor pf is represented with 

a ó+ô for lag and a óï ófor 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 worst-case combination in terms of stability of any 

alternator operating in a power system, involves the combination of Un=-10% and 

pf = -0.95.  These values determine 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 stability to meet the grid code requirements 

under static conditions. As described by (2.1) and Fig. 2.10, the design margin for 

steady state stability depends on the synchronous reactances Xd and Xq. This is also 

substantiated further in Appendix 4. Ef is the air-gap emf in the SG, Vg is the voltage 

at the point of common coupling, Xd and Xq are the d and q axis reactances and ŭg 

is the steady state load angle. 
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Figure 2. 10 Representative Electrical power vs load angle curve [29] 

ὖ     ίὭὲς(2.1) --------      ‏ 
 

The steady state conditions defined by the static grid codes thus regulate the steady 

state load angle ŭg of the SG. Equation 2.1 also confirms the need to consider an 

alternator design that can operate within its stability margin for the defined steady 

state boundary conditions.  

¶ Fault Ride Through: During the fault ride through, the voltage at the 

PCC drops to a value determined by the location and intensity of the fault 

on the grid. If the nature of the fault is to reduce or even completely remove 

the active loading on the alternator, the kinetic energy stored in the shaft 

produces an acceleration of the rotor. The well-known technique of the 

equal-area criterion [33] is used to predict the ability of an alternator or a 

generating set to maintain stability under transient conditions. Figure 2.11 

[33] describes the condition as set out by the equal-area criterion for 

transient stability.  
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Figure 2. 11 [33]: Equal-Area Criterion 

In Figure 2.11[33], the areas A1 and A2 represent the energy gained during 

the acceleration and energy lost during deceleration. The system (alternator 

/ generating set) is said to be 

¶ stable under transient conditions if the energy gained Ò energy lost  

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

 

According to the grid codes summarized in Table 2.3 the alternator / 

generating set must remain in this óacceleratingô state for between 150 ms 

ï 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 is that the power plants provide reactive power to stabilize the 

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

¶ Post Fault Ride Through:  The alternator that had accelerated during 

the fault now has to connect to the grid that is now back online after the 

fault has been cleared. In addition to reconnecting, the generating set / 

power plant is expected to start delivering pre-fault 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 synchronization potentially due to a 

catastrophic out of phase synchronization event.  

To understand the dynamics associated with an out of phase 

synchronization, a test was setup at CGT.  The test is performed by using a 

400 V, 50Hz, 72.5 KVA alternator, electrically connected to another 

alternator in the 1445 KVA, designed to produce a 400V supply at 50Hz. 

The test setup is shown in Figure 3.2. The phase angle between the voltages 

of the alternators are monitored and the difference in the phase angle is 

controlled by varying speed of the two machines. The test emulates a small 

power plant (the 72.5kVA machine) connected to a grid (emulated by the 

1.4MVA system). The stator and rotor currents on the smaller generator are 

measured and their values recorded for various phase angles between the 

two machines ranging from -180 degrees to +180 degrees in steps of 15 

degrees. The test confirmed that depending on the phase angle mismatch 

between the voltages, the out of phase synchronization could lead to 

catastrophic outcomes. The torque produced by the event at 150° phase 

difference exceeded the load capability of the shaft of the 72.5kVA SG and 

damaged the key-way of the shaft, as shown in Figure 2.13 [28]. 
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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 to the mechanical and structural damage, the rotor field voltage 

can register values as high as approximately 10-20 times the rated (i.e. under 

normal, full load operation) rotor voltage because of the current transients 

in the stator. Potential effects of these high voltage ósurgesô in the rotor 

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 potential events can lead to an inability of the alternator / 

generating set to meet the grid code requirements, i.e. in this case to return 

to pre-fault conditions within a desired time period and eventually this can 

lead to the power plant owner to be prevented from connecting to the grid 

by the power system operator.  

It is clear from the above that designing for grid code compliance needs a 

two-pronged approach ï a) Design for compliance and b) Design for 

robustness.  

 

Figure 2. 14: Per Unit shaft torques measured on the UCI224F leading to the 

cracking of 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 was the first to be regulated 

towards modifying the conventional system designs to meet grid code compliance.  

To achieve this, wind farms adopted a combination of power electronics (full power 

converters), high inertia, and braking resistors. These solutions have proved to be 



 

GRID CODES 

63 

very effective in making wind turbines grid code compliant.  Considering this, then 

a part of this thesis consists in an evaluation on the feasibility of using some of 

these solutions for the application at hand. The details of this evaluation are in 

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

In summary, the main benefits and drawbacks of adopting the above solutions are: 

1)  Increasing the SG inertia is a good way to improve stability. However, the 

resulting extra weight has a detrimental effect on the system power density, 

which is an important factor in terms of cost and quality of the system. 

2) Braking resistors are relatively very expensive, especially for larger engine 

driven generating sets and sometimes pose the risk of over-voltages during 

low voltage ride through. They also impact the efficiency of the generating 

set negatively during steady state operation. 

3) Full Power converter / power electronics solutions are very effective; they 

control the active and reactive power at the output of the generating set 

under steady state conditions and temporarily decouples the generator from 

the grid during the low voltage ride through. Apart from their effect on grid 

power quality (switching harmonics), these converters come at a very high 

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 

generating set 

design 

Low N.A. Moderate 

Costs Moderate Moderate High 

Efficiency Moderate Moderate Low 

Market 

availability 

Moderate Low Moderate 

 

 

It can be seen from Table 2.7 that while several solutions exist that can be 

implemented on engine driven generating sets, there are practical issues associated 

with costs, market availability, functionality and implementation challenges that 

can limit the ability to use the above-mentioned solutions. 

2.5 Conclusion 

In this chapter, the concept of grid codes was introduced, and the various challenges 

posed by the ever-increasing role and importance of grid codes were described. The 

various solutions adopted by the wind turbines to comply with grid codes were also 

summarized in Section 2.4, along with the challenges that such non-invasive (to the 

SG itself) solutions pose to engine driven generating sets. It is therefore clear that 

there is a significant gap in terms of addressing the challenges related to the grid 

code compliance of engine driven SGs. While reciprocating engines have a impact 
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on the dynamic performance of the generating set through contributing to the 

overall inertia 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 time-constants; added to the high cost of 

the reciprocating engines 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 engines. As 

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 the alternator itself). 

 An important point to note is that due to the variations in grid codes published 

globally, it is important to develop a design and analysis tool that while being highly 

accurate and reliable, also allows a certain measure of flexibility, to be able to 

ócaterô for different grid code performance requirements.  
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CHAPTER 3 

SG Modelling 

As explained in Chapter 2, the sensitivity of the power system model to the SGôs 

equivalent circuit parameters is quite significant and it is therefore essential to 

predict them in an accurate and consistent way.  Traditionally, these parameters 

have been calculated using analytical methods or tests [96] ï [106]. While the 

analytical methods are quick and provide the designer with the ability to try several 

iterations before building the prototype, they only provide approximate solutions 

while neglecting the geometrical details and the ensuing electromagnetic 

phenomena that characterize the machine.  

Testing of the machines represents the most accurate method of evaluating the SG 

performance, but can be expensive and time consuming, when compared to virtual 

prototyping procedures.  

Recent advances in computational resources and methods enable the use of modern 

analysis and design tools, that can offer a ómiddle groundô for design engineers.   

Amongst these methodologies, numerical methods such as provided by commercial 

FE tools represent todayôs state of the art in terms of machine design and 

development.  Considering this, an automated FE analysis tool is built using the 

commercial package Vector Fields Opera and its development and validation will 

be detailed in Chapter 4. In this chapter, the classical methods of SG analysis are 

discussed and presented.  are implemented with an automated script that has been 
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used to predict the SGôs equivalent circuit parameters and design the SG considered 

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 a magnetic field inside the generator. Majority 

of the generators used in power generation currently are SGs. These are AC rotating 

machine in which, at steady state, the speed of the rotation of the shaft is directly 

related to the frequency of the armature electromagnetic quantities. The two main 

parts of a conventional SG are 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 into its inner periphery. The rotor is made 

up of magnetic material and includes the so-called field winding, which is wound 

around the rotor poles. The rotor is attached to a rotating shaft that is used to 

mechanically couple the rotor to the prime mover and is separated from the stator 

by an air-gap. Based on the rotor pole geometry, there are two types of SGs ï salient 

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

pole salient pole SG representative of the type that is the focus of this thesis. The 

part of the pole closest to the air gap is called the pole shoe. On these poles, an 

additional winding, known as the damper cage, which is used for multiple purposes 

is also usually implemented.   A classical approach is used to study the operation 
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of the SGs is given in [54], where the direct (d-axis) and quadrature (q-axis) axes 

are used to model the machine behavior. 

 

Figure 3. 1ï Axial cross-section of SG [56] 

3.1.2 Equivalent Circuit Model of the SG   

In studies, which involve the understanding of the behavior of SGs either separately 

or as part of a system, a set of electrical equations are used to represent the operation 

of the machine under various operating conditions. Based on the level of 

complexity and accuracy relative to the application, the equivalent circuit models 

are characterized by several equations which define the order of the system. The 

equivalent circuit of a SG with the relevant circuit parameters are shown below in 

Figures 3.2 a and b. The quantities shown in Figures 3.2 a and b are: Lfd and Rfd are 

the field self-inductance and field resistance along the direct axis (d-axis) 

respectively, L1d and R1d are the d-axis damper circuit self-inductance and d-axis 
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damper cage resistance respectively, while L1q and R1q are the q-axis damper cage 

self-inductance and resistance respectively, Lad and Laq are the armature self- 

inductances along  d and q axes respectively;  ed and eq are the induced emfs in d 

and q axes respectively, while efd is the field voltage,  ɤ the angular frequency in 

rad/sec, Ɋd and Ɋq are the d and q axes flux linkages, Ra the armature resistance 

and Ll the leakage self-inductance.  

 

Figure 3. 2 a ï Equivalent circuit of a SG in the d-axis 

 

Figure 3.2 b ï Equivalent circuit of a SG in the q-axis 
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3.1.4 The Finite Element Method 

While the classical equivalent circuit analysis is well-known and consolidated, 

however it represents certain drawbacks, such as limited ability to predict operation 

under non-linear conditions (saturation), parameter variation due to geometrical 

features like slot and teeth geometry, graded air-gap on rotor poles, asymmetrically 

distributed damper cage and connection of damper bars in d and q axes. These 

drawbacks can be solved using more accurate techniques such as FE. The FE 

method, used to design and analyze electrical machines has been gaining popularity 

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

it can achieve and predict very accurate results [43]. 

Although FE methods are wisely utilised for predicting the performance of any 

electro-magneto-mechanical device, this section describes the basic concepts 

relative to the use of such technique for the electromagnetic analysis of electrical 

machines and of classical, salient-pole, SGs. An overview of the two-dimensional 

finite element methods is given in [43].  

The finite element method consists in by segmenting the geometry / space into a 

number of sub-domains (the finite elements) and this concept is shown in Fig 3.3. 

The relevant system of equations are then applied to each of these sub-domains 

with the associated boundary conditions applied. The sub-division of the analysis 

space into small sections allows the finite element algorithm to run several 

problems of manageable sizes that product improvements in computational speed 

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

1. Creating ófinite-elementsô- The problem domain is divided into a number of 

relatively smaller, finer elements, whose size depends on computational speed and 

solution accuracy requirements. Increasing the number of elements provides better 

accuracy at the cost of increased computational resource.  

2. Selecting the interpolating functions ï Functions representing the unknown 

quantities are selected. The quantities 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 equations ï The interpolating functions and associated 

boundary conditions are used to formulate a system of equations 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 function, then 

the results are obtained. The solution provides spatial and / or temporal values for 

the interpolating functions that can be used to glean more information about other 

quantities. 

While, Finite Element Analysis can be done in two and three dimensions, most of 

the problems can be solved by employing two-dimensional analysis [43]. In 

applications, where the three-dimensional effects canôt be neglected, then a popular 

method is to implement correction factors thorough analytical formulas to 

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 [43], where techniques to 

determine and identify the main parameters for synchronous machines are 

discussed along with numerical algorithms to implement some of these methods.  

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

machine operation during steady state and transient conditions. 

 

 

Figure 3. 3 ï Finite element model of a SG showing the sub-domains / finite 

elements 

Mathematical models of synchronous machines are compared and their pros and 

cons relative to steady state and transient simulations are described. In [44], several 

test procedures to determine synchronous machine parameters are compared and it 
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recommends that either sudden short circuit test or steady state frequency response 

test may be used to determine transient and sub-transient parameters for the SG. 

A magneto-static method of predicting transient and sub-transient SG parameters 

using FE is elaborated in [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 q axis 

(based on power factor or operating condition). The assumptions used in this model 

enable faster computation of transient and sub-transient parameters, but, this 

method is recommended for larger SGs, specifically, those used in hydro power 

plants [47]. 

In [48] a detailed approach to calculate reactances for SGs with cylindrical rotors 

is presented. The magneto-static method is used, and the methods described in [47] 

are applied to simulate magnetic saturation. The method is validated, and the 

authors observe a 10% difference between test data and predicted values. 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 sub-transient reactances. The rotor position is fixed, and field currents 

of varying frequencies are used to simulate the rotor under different operating 

conditions.  In this work it is observed that while a time harmonic simulation is 

faster and requires minimum computing resources, the results are dependent on the 

frequency used to simulate the rotor under fault conditions and the designer should 

ensure that the ócorrectô frequency is used to minimize errors in prediction.   
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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 

open-circuit condition and a sudden short-circuit is then applied. Current traces are 

recorded and are used to calculate reactances. The time step simulation depends on 

how the model is setup and most importantly on how an external fault simulation 

circuit is setup. The short circuit in an electrical machine only involves the direct 

axis (d-axis) and hence the data from short-circuit test provides limited information 

on the quadrature parameters (q-axis) [47]. The stand-still frequency response test 

allows for the prediction of both d-axis and q-axis reactances. The rotor is stationary 

during the test and its position fixed to direct / quadrature axis as required. The 

armature winding is supplied an AC voltage of varying frequencies and magnitudes. 

The current induced in the armature winding is measured and is used to predict the 

reactances along the d and q axes. In [52], an approach that consists in using the 

stand-still frequency response to determine machine reactances is described. The 

main conclusion of this work is that the suggested method is viable and poses 

minimum risk to the electrical machine 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 describing one aspect 

(or a set of parameters) of the SG. The aim is therefore to develop and validate a 

more comprehensive a design tool and its associated GUI, whose objective is to 

predict the entire equivalent circuit parameters of a SG using only the geometry of 

the generator as input, via 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 the SG reactances characteristics of the SGôs equivalent circuit. The 

reactances predicted by using this method are: the d and q axes synchronous 

reactances ï Xd and Xq respectively, the d and q axes transient reactances ï Xôd and 

Xôq respectively and the d and q axes sub-transient reactances ï Xôôd and Xôôq 

respectively. All other parameters (i.e time-constants) are then extrapolated based 

on the reactance values. All  the methods described in this section are used to 

develop an algorithm that is then controlled through an appropriately designed user 

interface. A SG reactance calculation tool will be also developed and used into the 

power system simulation model. This tool will also be used to design the grid code 

compliant SG described in Chapter 7 of this thesis.  

3.2.2 Computational Algorithm for SG Reactances calculation 

Based on the literature review discussed in Section 3.1.4, an extensive assessment 

of the various finite element techniques used to predict the SG parameters was 

completed and the results are summarized in Figure 3.4.  

Through the assessment completed, it was determined that a magneto-static 

simulation can be used to predict Xd and Xq, while several methods can be 

implemented for the transient and sub-transient parameters ï specifically, the short-
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circuit simulation vs single frequency response, to ensure that the SG machine 

model could be suitably validated.  

Figure 3. 4 ï Summary of methodologies used based on literature review to 

predict synchronous generator parameters. 

3.2.2.1 Computational Algorithm for SG Reactances calculation 

In this section, the 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. 

3.2.2.2 Calculation of Xd 

The synchronous direct axis reactance Xd is defined as the reactance of the phase 

winding whose axis coincides with the direct axis of the rotor, when the three-phase 

currents are flowing through the armature windings [54]. The magneto-static solver 

is sufficient for the calculation as relative speed between the rotor and the armature 

reaction field is zero, thereby resembling a óstaticô condition. Due to the 

geometrical symmetry associated with the design of salient pole machines, only 

one pole is modelled, and boundary conditions are assigned according to Figure 

3.5. Field current is set to be zero so magnetic field is only induced by the armature 

currents.  
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Figure 3. 5 ï Winding configuration for predicting d-axis reactance 

In magneto static simulations, DC currents are injected into the armature 

conductors when the direct axis aligns with peak mmf. This is followed by 

computation of the magnetic vector potential. In the FE simulation set up for this 

purpose, the field winding is not excited. However, it is also possible to run the 

simulation with the field winding excited, but the flux due to the excitation current 

must be subtracted from the total flux linkage of the d-axis coil to obtain the d-axis 

reactance. 

Additionally, due to the non-linear properties of the electromagnetic materials, the 

simulation had to be repeated at various values of d-axis currents to plot a reactance 

profile and to accurately capture the saturation characteristic. In Fig. 3.6, the flux 

lines distribution of the salient-pole SG under analysis is shown. 
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Figure 3. 6 ï Flux plot for armature windings excited by only d-axis current 

3.2.2.3 Calculation of Xq 

The q-axis synchronous reactance prediction method is identical to that of the d-

axis synchronous reactance as described in Section 3.2.1.1, with the only difference 

being the q-axis is aligned with peak mmf in the former. The winding configuration 

and flux lines distribution for the q-axis reactance prediction method are shown in 

Figures 3.7 and 3.8 respectively. The effect of saturation is considered, also for the 

q-axis reactance evaluation.  shown. The synchronous reactances, evaluated along 

the d- and the q- axes, are shown in Figure 3.9, where the saturation effects can be 

observed. 
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Figure 3. 7 ï Winding configuration for predicting d-axis reactance 

3.2.1.3 Cross-Coupling and impact on Xd and Xq values 

Cross-coupling is the magnetic interaction between the direct and quadrature axes 

that becomes relevant to the SG performance prediction especially during saturated 

conditions [145] [146]. It is crucial to include the effect of cross-coupling in the 

calculation of synchronous reactances to be able to accurately predict load angles 

[146]. Equations (3.1) and (3.2) summarize the impact of cross-coupling on the flux 

linkages in the d and q axes. This section focuses on the phenomenon of cross-

coupling and its impact on synchronous reactances. With high levels of magnetic 

flux, the d-axis may be saturated by flux from q-axis and vice versa and the 

synchronous reactance is a function of currents in both axes.  

•  ὒ ὭȟὭὭ  • ὭȟὭ                                          (3.1) 
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•  ὒ ὭȟὭὭ  • ὭȟὭ                                           (3.2) 

 

Where, the d and q sub-scripts represents the quantities along the d and q axes 

respectively, i the current, L the self-inductance and • is the flux linkage. 

 

 

Figure 3. 8 ï Flux plot for armature windings excited by only q-axis current 

 

Figure 3. 9 ï Impact of saturation on the synchronous reactance values 
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The effect of cross-coupling is included into the model by using the following 

procedure: 

1) Inverse park transformation is used to calculate d and q axes stator currents. 

These currents are then introduced into the armature windings. 

2) The associated flux linkage of each phase coil is then transformed in to the 

d-q reference using Park Transformation. 

3) The flux linkages in d and q axes are then used to calculate the associated 

inductances / reactances using the known current values in the 

corresponding axes. 

4) The reactances may be plotted in a contour plot, as shown in Figure 3.10, 

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

Figure 3.10 shows the contour plot of the d-axis synchronous reactance plotted 

against the d and q axes currents. It can be observed that as the current in either 

axes increases, the d-axis synchronous reactance reduces due to saturation in the 

machine. The values from the contour map can be used to create a table relating the 

reactances, in this case the d-axis synchronous reactance with the currents. Since 

the d and q axis currents for any given electrical load depend on the power factor 

and on the loading 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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Figure 3. 10 ï Contour plot of d-axis reactance plotted as functions of d and q axis 

currents 

3.2.2.4 Calculation of end-winding 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 the end-winding leakage 

inductance from [139] and [140] can be shown 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 performance of the SG. This means that while 

the end-winding leakage reactance needs to be modelled for completeness, even a 

100% error in end-winding leakage would lead to a small variation in the 
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performance of the SG and well within the allowed tolerances according to 

international standards [66]. 

[139] lays the foundation to calculate óarmature leakage reactance as shown in 

equation (3.3). where the first term in the bracket represents the slot leakage and 

the second term in the bracket represents the end-winding leakage. In equation 

(3.3), A is the maximum Ampere Turns per pole, d1, d2, d3, w are the slot 

dimensions from [139], D if the air gap diameter, F is the no-load air-fap ampere 

turns per pole, KB is the leakage constant, KP and KD are the pitch and distribution 

factors of armature winding, L is the core-length, p the winding pitch, P the number 

of poles, S the number of slots, Xl the armature leakage reactance and  ɲthe flux 

per pole. 

A 2D FE model of a SG  includes the effects of leakage reactance due to the higher 

order harmonics, the slot leakage inductances, and the leakage flux between the 

poles.  Other inherently 3D features, such as skewing (when implemented) and end 

winding effects, can be also considered in 2D models of SGs. The value of the end 

winding leakage flux may sometimes be ignored during normal operation but the 

saturation effect, during the short circuit can strongly influence the magnetic circuit 

in the teeth close to the short-circuited windings, since they may carry elevated 

currents.  As the end windings are surrounded by air and almost unaffected by the 

saturation effect it gains in importance in case of a short circuit.  

The end-winding leakage flux can be accurately modelled only by an accurate 3D, 

FE evaluation of the electromagnetic phenomena.  However, these models consume 
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significant computing time and resources. To simplify the process of end-winding 

leakage flux calculation, a variation of the end-winding part of  equation (3.3) can 

be modified to derive (3.4) can be used within the developed FE analysis code to 

approximate the end-winding leakage. In (3.4), lew is the effective end winding 

length, and ẹew is the specific permeance coefficient; its value ranges between 0.35 

and 0.55, according to the winding type (winding geometry, pitch, distribution) 

[139]. 

This technique is validated using an appropriate test method developed and is 

described in Section 3.3 of this chapter.  

 ὢ   ɲ  σὴ ρ  
Ȣ

 
Ȣ

πȢφὑ           (3.3) 
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0, =                                                          (3.4) 

3.2.2.5 Prediction of sub-transient reactance 

To accurately model the transient behavior of the SG, the sub-transient reactance 

Xôôd needs to be accurately predicted. The sub-transient reactance can be predicted 

using finite element analysis using two methods; the single frequency response 

simulation and the sudden short-circuit test. Both methods have been reviewed in 

the below sections and the more accurate method is applied to build the tool to 

predict SG parameters.  
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3.2.2.5.1 Single frequency response simulation 

T/he single frequency response method is used to predict the sub-transient 

reactances of the SG. In this method the rotor is at standstill and is aligned with the 

direct or quadrature axis depending on the specific sub-transient reactance that 

needs to be predicted. The rotor winding is shorted and a rated voltage at nominal 

frequency is applied across two stator phases.  The current in the armature windings 

are then measured and (3.4) is used to calculate the sub-transient reactances Zôôd, q. 

The schematic diagram of the single frequency response calculation setup is shown 

in Figure 3.11, while Fig. 3.12 shows the flux line paths during the test. In this 

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

noticed. 

           ὤ ȟ   ὢ ȟ  ὤȟ  Ὑ                                  (3.4)  

 

Figure 3. 11ï Setup for single frequency response. A) d- axis B) q-axis 
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Figure 3. 12ï Flux plot of single frequency response simulation ï note the 

currents induced in the damper bars and field winding. [136] 

3.2.2.5.2 Sudden Short-Circuit simulation 

In addition to being capable of predicting the sub-transient reactance in the d-axis, 

the sudden three-phase, short-circuit simulation is also capable of predicting the 

transient reactance. The simulation test is carried out by using a time stepping 

solver in conjunction with an external electrical circuit as shown in Figure 3.13. 

The procedure adopted to simulate a sustained short-circuit curve can be 

summarized as below: 

¶ The stator winding connections are defined by an external circuit with 

inductance and resistance connected in series.  The resistance represents the 

associated values of the armature winding and the inductance value is that 

of the leakage inductance of the armature winding overhangs. 
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¶ The rotor rotates at rated speed and this is maintained throughout the 

simulation. 

¶ The field winding is connected to an external circuit (and therefore to an 

external resistance and voltage source) and is coupled to the FE model. The 

field voltage is set to get the field current, necessary to produce the rated 

no-load voltage at machine terminals. The imposed field voltage is constant 

during the short circuit simulation, but additional currents may be induced 

during transient operation. 

¶ Short circuit is applied to the armature winding using a variable resistance 

(parametric variable). For initial no-load run the resistance is set equal to a 

practical infinite value and thus only a very small current flow in the 

armature winding. At the chosen time instant, the resistance is switched to 

the value of phase resistance by an external command file. 

¶ Short circuit current traces are recorded up to the point when they reach 

sustained short-circuit conditions. 
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Figure 3. 13 ï Setup for the finite element model to run a sustained short circuit 

simulation [136] 

The simulation yields a short-circuit decrement curve for the currents in all three 

phases of the armature winding (Figure 3.14). These currents are then analyzed 

using a peak detection algorithm that is used to plot a graph in a semi-log plot 

(Figure 3.15). This is then used to calculate the transient and sub-transient 

reactances.  

All  the methods described above were automated using a script written in Vector 

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

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

developed above.  
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Figure 3. 14ï Short-Circuit current trace 

 

 

(A)                                                           (B) 

Figure 3. 15 ï A) current trace processed by peak detection algorithm B) semi-log 

plot of peak currents vs time  
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Figure 3. 16ï Automated algorithm to predict SG parameters 

3.2.3 Validation of SG Parameter prediction tool 

To validate the process developed above, a 1.4MVA machine known as the 

PI734C alternator is used, whose data sheet is shown in Figure 3.17.  

3.2.3.1 Validation of Xd 

The characteristic reactance of a SG (i.e. the synchronous reactance) can be 

calculated by two tests, with the armature terminals open circuited or short 

circuited. The open-circuit test will be discussed in this section. The no-load voltage 

curve is more commonly referred to as the open circuit characteristic (or the open 

circuit saturation curve). The open circuit characteristic (occ) represents the 

connection between the mmf acting on the magnetic circuit when no currents flow 

in the stator winding and the ensuing air gap flux. As the field current increases the 
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magnetic material saturates and the reluctance of the flux paths along the ferro-

magnetic parts of the machine increases, thus producing a reduction of the field 

currentôs ability to produce magnetic flux. 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 actual occ from this curve. The terminal voltage is equal to the generated voltage 

Ὁ  when the armature terminals are open circuited. Therefore, the occ represents 

the relationship between the field current Ὅ andὉ .  Therefore, comparing the 

open-circuit curves of the finite element analysis and test data aids with validating 

the finite element analysis model with respect to its ability to predict synchronous 

reactances. The open-circuit test on the chosen machine PI734C was performed at 

CGT. The test setup is shown in Figure 3.18 while Figure 3.19 shows the 

comparison between the FE-predicted 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 end-leakage reactance  

A methodology is developed to estimate the end-winding leakage reactance. Two 

measurements are taken for this purpose: 

1) The stator reactance is measured in one phase while the rotor is removed, 

and the other two phases are not energized. To understand the effects of 

saturation on end-leakage, three different voltage levels are applied, and the 

current is measured for the three voltages.  Figure 3.20 shows the test setup. 



 

SG Modelling 

92 

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

end-winding leakage reactance. 

 

2) . Replicate the test described in 1) with a 2D FE model of the PI734C 

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, behaving then as air from a 

magnetic point of view. 

 

3) The test and simulation exclude the effect of rotor position on the reactance 

measured / simulated. The 2D FEA model excludes end-windings and 

therefore the difference in the reactance obtained from the test in 1) and the 

2D FEA in 2) will give the value of the end-leakage. 
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Figure 3. 17ï Technical datasheet for PI734C 
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Figure 3. 18 ï Test setup for open-circuit characteristic [57] 
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Figure 3. 19ï Comparison of predicted vs tested open-circuit characteristic curve 

showing a good match 

 

 

Figure 3. 20 ï Test setup for measuring the end-winding leakage 

 As the end-winding leakage is sensitive 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 end-winding leakage measurement 

 

 

As seen in Table 3.1, there is good correlation between the analytical formula 

used and the tested values for leakage reactances. Once the end-winding leakage 

analytical formula was validated, the formula was added to an automated code 

written to calculate the SG parameters. 

3.2.3.3 Single Frequency Response test 

A test methodology is developed to measure the sub-transient reactances of the SG 

using the single frequency response test. These values are then compared against 

the simulation results for the same voltage levels to confirm the validity of the finite 

element models. The test involves locking / holding the rotor in place, either aligned 

with the d-axis / q-axis 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 q axes themselves are determined at the 

beginning of the test by slowly rotating the rotor and recording the currents for 

Machine 

Type

Analytical Leakage 

reactance in ˃ I

Test Leakage Reactance 

in ˃ I

UCI27E 23.8 22.1

PI7C 17.3 16.7

PI7E 18.2 17.4
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various angular positions; the currents at the d and q axes positions are represented 

by the two peaks seen in Figure 3.22. Once the angular positions of the d and q axes 

are known, the rotor is then locked either at the d-axis or q-axis 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 carried out by applying voltage levels equal to 100V and 400 V, 

respectively to analyse the saturated and the unsaturated conditions, in terms of the 

values of the reactances.  The summary of the comparative exercise between FE 

and experimental results is shown in Table 3.2.  
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Figure 3. 22: Angular position of the d and q axes  

3.2.3.4 Sudden Short-Circuit Test 

 The sudden three phase short circuit test is one of the main standard methods used 

to determine the d-axis transient and sub-transient reactances of the synchronous 

machine. These reactances are obtained by analyzing of the current traces occurring 

after having applied a symmetrical, three-phase short circuit at the machine 

terminals. The alternator is initially driven at nominal speed by the prime mover 

and terminals are open circuited.  The field winding is supplied with DC current 

get the rated voltage at the stator terminals. At an appropriate time instant, the short 

circuit is applied, and current and voltage traces are registered. The schematic 
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diagram for this procedure is given in Figure 3.23. Analysis of the current traces is 

widely described in literature and international standards. This consists in creating 

two envelopes and mid-point curve for each trace and the resultant waveform is 

then decomposed into symmetrical and unsymmetrical components. The peak 

values of unsymmetrical component are plotted on a semi-logarithmic plot. Values 

of transient and sub-transient currents are identified by extrapolation of the curve 

on to a semi-log plot and finally the reactances are then calculated as the ratio 

between of the no-load voltage (before the short circuit), and to the initial 

asymmetrical current value. The same script is implemented and used to analyze 

the current trace ensuing from the test data was then used 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 traces are shown in Figure 

3.24 for the sake of completeness.  
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Figure 3. 23: Test setup for sudden short-circuit 

Table 3. 2: Summary of test results vs finite element predictions 

Analysis Methods Xôd Xôôd Xôôq  

3ph SSC test 0.2734 0.1803 N.A. 

3ph SSC simulation ï 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 response ï finite element 

(unsat) 

N.A. 0.2846 0.261 

Single frequency response ï finite element 

(Vector fields) (sat) 

N.A. 0.236 0.22 
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Figure 3. 24: Three phase short-circuit currents in the armature winding of the test 

machine ï PI734C. 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 used to determine the SG parameters, a user interface is 

thus developed with the aim of building a FE model that can be used to run various 

simulations as shown in the previous sections to predict the performance of the 

considered alternator. Figure 3.25 a,b,c are snapshots of some of the inputs that are 

required by the tool. Figure 3.26 shows the flowchart that gives a comprehensive 

overview of how the user interface was setup.  
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(a)                                           (b)                                     (c) 

Figure 3. 25: Typical inputs for 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 chapter, a finite element analysis tool that can predict the SG parameters, i.e. 

the synchronous transient and sub-transient reactances was developed. The tool 

takes minimal user input and builds the desired model of the SG and 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 combinations for 

the existing products manufactured by Cummins Generator Technologies. This also 

allows for easy fine tuning of the model which will have to be completed every 

time an entirely new model of SG is developed using the tool. A simulate ï test 

regimen is 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 accurate approach. The results of the simulation tool were validated 

against experimental measurements.  
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CHAPTER 4 

POWER SYSTEM MODEL REQUIREMENTS AND SETUP  

 The design of SGs used in power systems must include a detailed understanding 

of the conditions, related to the application that the generator interacts with. 

Building and testing generating sets for power systems may be expensive and time 

consuming and therefore the use of computer simulations is today an integral part 

of the design process. In this chapter a step-by-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 power system modelling and the various tools 

available for such applications. The tools described and validated in Chapter 3 are 

used to calculate the SG parameters aimed at deriving the characteristics 

(reactances and time constants) of any SG based on its geometry. The parameters 

calculated using this approach are applied to the SG model in the power system 

simulation tool. Chapter 4 discusses in detail, the results of the power system 

simulations and the methods adopted to reduce the computation effort. A systematic 

modeling approach is also presented an utilise to generalize the developed models, 

as a contribution to the field. Several variables influence the LVRT performance 

and these combinations can lead to several design iterations. An automated process 

was setup to evaluate all possible combinations.   The results from the power system 

simulations are fed in to a neural network model to evaluate specific requirements. 

The neural network development and results from analysis of power system 

simulation data are discussed in Chapter 5. 
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4.1 Power System Simulation  

4.1.1 Selection of the dynamic simulation tool  

To select the appropriate tool to be used for simulation purposes the tools available 

in the market were scored against critical criteria defined by both commercial and 

technical constraints. Figure 4.1 shows the óPugh Matrixô that was developed to 

compare the various simulation tools.  Matlab/Simulink is an excellent simulation 

tool for the considered applications and is used in the simulations described in the 

thesis. The Vector Fields Opera package was selected with the sole purpose of 

calculating the SG design parameters used in the Matlab/Simulink models.   

 

Figure 4. 1 ï Pugh matrix selection of Simulation tools 

 

Critical Parameter Estimation
Concept

Best way to determine critical parameter Testing Matlab/Simulink Opera 2D / 3D Ansoft / Maxwell

Precision S S + +

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 S + 0 8 8 6

Total S - 0 1 1 4

Total S S 14 2 2 1
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4.1.2 Modelling the components 

This section describes the various simulation components and the associated 

mathematical models used to effectively describe the dynamics of an Engine Driven 

SG connected to the grid.  

4.1.2.1 System Overview 

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

built for this thesis. Although the outcome of this thesis is to develop a 1.45 MW 

alternator that is capable of being used in a grid code application, the simulationôs 

purpose is broader and is intended for use beyond the P7 (P7 is the same as the 

PI734 introduced in Chapter 3). For this reason, a system model is initially built, 

based on a generality concept. To build a model that can be used robustly on the 

P7, but also be extended to other CGT products, the model was tested on the largest 

CGT product by kVA , namely theDIG142e that is used in grid code applications. 

Since the SG parameters are themselves used from a validated model, the power 

system model results wonôt be tested unless deemed necessary. This approach was 

also adopted since a DIG 142e was readily available for testing and validation. 

Once the generic model is built and tested, a P7C alternator coupled to a Cummins 

QSK 60 Hi-Surf 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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Figure 4. 2 ï Graphical representation of simulation model 

4.2 Power System Model Components  

4.2.1 Prime Mover 

The Cummins QSK 60 Hi-Surf gas engine model [60] was used to represent the 

Prime Mover that drives the P7C alternator. A gas engine is chosen as opposed to 

a diesel engine due to its slower response time to change in load conditions making 

it a worst-case prime mover case study. Additionally, an industry wide review of 

all engine inertias were reviewed and Cummins engines with inertia constants 

almost the same as those of the SGs they were coupled with were selected based on 

this arrangement being the lowest generating set inertia that the SG would 

encounter. A Cummins QSK 60 [133] Hi-Surf is chosen  for modelling purposes 

and the simulation model is built based on the IEEE recommended practices for gas 

turbines in 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 model of a reciprocating engine based on which the Cummins Engine model 

was developed. 
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Figure 4. 3: IEEE [88] model of the internal combustion engine 

4.2.2 Automatic Voltage Regulator and Exciter-Excitation system 

In any engine, a governor measures the speed of the shaft relative to the reference 

speed and adjusts the 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 power adjustment by the engine. The 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 the IEEE AC8B [89] model of an excitation system that 

is required to be used in grid code simulations. The AVR is represented using P-I-

D blocks in conjunction with a voltage limiter. The functional blocks ñFcn_03ò, 

ñFcn_04ò, ñFcn_05ò and ñFcn_06ò represent the alternator exciter. The 

uncontrollable three-phase rectifier is modelled by functional blocks ñFcn_01ò and 

ñFcn_02ò which provides the field voltage that is used to provide input to the 

simpowersystems synchronous machines model . Variables in terms of their 

abbreviations follow Figure 4.4, so that they correspond to the IEEE AC8B 

standard [89].  
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Figure 4. 4: The IEEE AC8B[89] model of the alternator excitation system with 

functional blocks identified 

Since the model represented in Figure 4.4 follows the requirements of an 

international standard including the variables used within the models, the details of 

the various individual blocks and the associated parameters within the blocks are 

described in Appendix 2 which also provides a summary of the internal technical 

standard that was developed on modelling excitation systems directly as a result of 

the work presented in this thesis.  

4.2.3 SG model 

Five different generator models with varying levels of complexity and accuracy 

have been discussed in [35]. The construction, operation and derivation of the SG 

models have been extensively discussed in [35], [37] ï [41]   This section will 

therefore perform a review of these models and define the rationale for selecting 

the most adequate generator model ideal for the scope of the work defined in the 
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thesis. The development of all the generator models are based on the following 

assumptions [35]: 

¶ The three-phase stator winding is symmetrical. 

¶ The capacitance of all the windings can be neglected. 

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

winding. 

¶ The dependence of the self and mutual  inductance of the stator windings 

on the rotational variable is assumed to have a sinusoidal trend, i.e. the 

higher order harmonics are neglect. 

There are 5 types of SG mathematical models based on the number of state 

variables used [35], [42], ranging from the second to the sixth order. Details of the 

various SG models have been provided in Appendix A.  

The power system simulations  are run with the Simpower Systems toolbox.  A 

sixth order system (Figure 4.4) is used and will be the focus of this thesis. 
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Figure 4. 5 ï Simpowersystems model of SG [35] 

The sixth order model represents four windings ï two on the d-axis and two on the 

q-axis. This model neglects network and stator transients which leads to 

conservative predictions [35]. The sixth order is the most preferred model for 

stability studies. In figure 4.5, the various subscripts can be interpreted as d- and q-

axis quantity, R,s ï rotor and stator quantity, l, m ï leakage and magnetizing 

inductance and f,k ï field and damper winding quantity while the quantities 

themselves are represented as V ï voltage, R ï resistance, L -self-inductance, i ï 

current, ɤ ï angular velocity and ʌ ï flux. 

4.2.4 Transformer & Transmission Lines 

The Matlab Simpowersystems toolbox provides a model of an ideal transformer 

that is represented by winding resistances and leakage inductances as well as the 

magnetizing characteristics of the transformer core [91]. Figure 4.6 shows the 

typical model of a transformer used to connect an engine driven SG to the grid. The 

typical impedance of the transformer is 6% for the size of the generating sets that 

are simulated. Typical values for leakage reactances and magnetizing inductance 

of a transformer are used [95]. 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 core. This model does not include hysteresis and eddy current effects, as well 

as the phenomena related to the non-linear behavior (i.e. saturation) of the magnetic 

cores.  However, for the sake of this study, it was considered enough to represent 

the contribution of the transformer during dynamic events on the grid, which 

represents the main purpose of this modelling aspect.  

 

Figure 4. 6: Model of transformer used 

The worse-case scenario for a generating set 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 simulated on the grid is applied 

mostly across the terminals of themachine. 

4.2.5 Grid 

A Matlab model of a three-phase source which feeds a resistance and an 

inductance as a typical load of the grid is built. The size of the grid can be varied 
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by adjusting the short-circuit level and voltage level of the three-phase source 

model.  

A fault through a voltage dip and rise is introduced using the curve shown in 

Figure 4.6 below and the variables, a, b, c, d and e can be changed to represent the 

appropriate low voltage ride through profile.  For this application, the simulation 

consists of the profile from the France low voltage ride through requirement [20]. 
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Figure 4. 7: A generic Low Voltage Ride Through curve that is simulated 

4.2.2.6 Summary 

In an engine driven SG, the engine is set to run at a rated speed ï the synchronous 

speed. Under no-load operation, no current flows in the stator windings, there is no 

almost torque 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 slows 

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 on the 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 into the SG which slows 

it down and allows continued 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 of the SG to include engine time 

constants and the torque balancing action. 

The method of accurately predicting synchronous reactances developed in Chapter 

3 are used to drive the Simulink model of the SG which is then used to model its 

behavior whilst connected to the grid. 

The grid model used is a simple voltage-impedance model that can be used to 

control the size of the grid through its kVA and short-circuit level and the voltage 

control program that was developed allows controlling the behavior of any voltage 

ride-through conditions that are being studied as part of this thesis. Since the 

transformer reactances are more crucial to the study of dynamic stability of SGs 

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 approach to studying the 

sensitivity of SG dynamic stability to characteristics of various system elements 

like engine, transformers and the grid itself (Figure 4.7).  
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4.3 Power System Simulation Testing 

4.3.1 Approach 

To fully understand the SG behavior under both static and dynamic grid conditions, 

test simulations of the generating set itself have been done considering these two 

conditions. Figure 4.8 below summarizes the considered modelling approach. An 

analytical method is used to determine the initial states and therefore the pre-fault 

static stability of the SG can be determined using this approach, which is laid out 

in Appendix 4.  

4.3.2 Simulation trials on a DIG142e 

To validate the power systems model introduced in the previous sections, a 4 MVA, 

DIG 142e SG is modelled and simulated. The DIG 142e represents the 
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          Figure 4.7: Power Systems Model developed 

 

Figure 4. 8: Approach to two-stage 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 MVA SG (P7). 

4.3.2.1 Validation of a DIG142e model 

To validate the systems model developed, a short-circuit test on a 4MVA DIG142e 

is planned. The machine is chosen as it was available to test right away and fits in 

with the intent to make the model valid for a broad range of alternators. The results 

of this test have been discussed in [92] and therefore this section will briefly 

introduce the test method and validation results only. Figure 4.9 below shows the 

test setup to simulate a short-circuit on the DIG142e. A drive motor is used to run 

the test unit at synchronous speed. An 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 maintain the voltage at 

its rated value across the terminals. The machine is loaded initially with a very large 

load, which is then switched to a very small load to reproduce the short-circuit 

across the stator terminals of the DIG142e. The value of the load used in the test is 

also used in the simulation 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 short-circuit test and their comparison with the 

simulated short-circuit results. A good correlation between simulation and 

measured quantities is observed. Some variations are seen in values and this is 

attributed to three reasons: 



 

POWER SYSTEM MODEL REQUIREMENTS AND SETUP 

119 

¶ Nominal tolerance of the model which is within +/- 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 and analytical 

approximations. 

¶ Differences in speed change over time between the drive used in test and 

the  simulation. 

¶ 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 match this 

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. 

 

Figure 4. 9: Test setup to validate systems model of SG with short-circuit test. 
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Figure 4. 10: Results of the short-circuit test lined up against simulation results 

showing excellent correlation 

4.3.2.2 LVRT simulations on DIG142e and discussions of findings 

Following validation of the DIG142e model with short-circuit tests discussed in the 

previous section, the systems model was then used to run LVRT simulations. A 

voltage following Figure 4.6 was applied at the terminals of the DIG142e and over 
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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 and tends to 

be slow or to pose Sensitivity analysis of LVRT. A low voltage ride through 

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 determined by several factors, such 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 variables that affect the fault currents are 

given below. 

Characteristic of the fault: Depth of voltage drop: Fault current increases with the 

depth of the fault; therefore, the worst condition for maximum fault current is 100% 

voltage drop. 

Duration of fault:  Generator speed 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 factor: Operating power factor 

determines the internal generated voltage of the generator. Internal generated 

voltage influences the fault current. 

Operating active power output: Pre-fault active power output determines the 

prime mover torque. High prime mover torque 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 connection point: Effective 

impedance of the grid at the connection point slows down the speed of the voltage 

recovery upon clearing the fault. Therefore, the 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 to 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 applied. As there 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. 

 

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 to retain its connection to 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% voltage drop, generator losses (mainly increased heat loss) are the only power 
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sink. However, the prime mover generally maintains the power output at its pre-

fault value during the fault. Mismatch between the input and output torque at the 

generator rotor leads to unwanted acceleration. 

Governor of a prime mover regulates the speed of the generator and helps to 

maintain the rotor at the synchronous speed. Feedback speed controller generally 

has low control bandwidth and cannot strictly maintain the speed during the 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 feed-forward 

protection mechanism to stop the rotor accelerating by means of cutting off the 

energy input. The worst-case scenario for the maximum peak current would be 

without advanced feed-forward protection controllers. 

Absolute worst case: A number of simulations was conducted 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 drop and step change 

in terminal voltage would be the worst-case scenario for maximum peak current. 

Figures 4.12, 4.13 and 4.14 show the response of the generator during an LVRT for 

the fault durations of 110, 190 and 230ms. In these simulations, the power factor of 

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 4.12, 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 other hand, in Figure 4.11, the fault duration is 

long enough to let the rotor pass the critical mechanical angle. As the grid is 

restored, the stator flux is pulling the opposite pole. As a result, the rotor is 

experiencing motoring torque and further accelerates. Finally, rotor to pole slip 

occurs with high induced stator current. In Figure 4.14, the rotor shaft is shifted by 

around 130 deg during the fault and then the fault recovery pulls the rotor and 

resynchronizes. 

 

Figure 4. 12: LVRT performance of DIG14e: Pre-fault PF - unity, pre-fault 

terminal voltage - 1.0pu, fault duration ï 110ms, retained voltage during fault ï 

0.0pu, and step changes in terminal voltages  
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Figure 4. 13: LVRT performance of DIG14e: Pre-fault PF - unity, pre-fault 

terminal voltage - 1.0pu, fault duration ï 190ms, retained voltage during fault ï 

0.0pu, and step changes in terminal voltages 
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Figure 4. 14: LVRT performance of DIG14e: Pre-fault PF - unity, pre-fault 

terminal voltage - 1.0pu, fault duration ï 230ms, retained voltage during fault ï 

0.0pu, and step changes in terminal voltages 

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

from 50ms to 300ms) and power factor settings. Figure 4.15 shows the stator peak 
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current variation against fault duration for different power factors. Locations of 

operating conditions of Figures 4.11, 4.12 and 4.13 are illustrated in Figure 4.14. 

In these simulations, the pre-fault 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 excited power factor. The fault duration for this worst condition 

is 230ms. 

110ms, unity PF

190ms, unity PF

230ms, unity PF

 

Figure 4. 15: Stator peak current variation against fault duration for different 

power factors, pre-fault terminal voltage ï 1.0pu, retained voltage during fault ï 

0.0pu, step voltage changes 

RMS values during and post-fault : Maximum peak current is one of the 

important factors that define the forces at the end winding. It is also important to 

understand the persistent current, power and torque variations that are generated by 

the LVRT event. 
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Figure 4.15 shows three phase current variation during a 230ms LVRT. RMS 

values of the currents are calculated during and post-fault for the fault duration. 

Comparing rms of the current during and post-fault gives useful indication of the severity 

of the fault recovery against the short circuit conditions. 

 

Figure 4. 16: Calculation of stator rms current during fault and post-fault 

condition, pre-fault terminal voltage ï 1.0pu, retained voltage during fault ï 

0.0pu, step voltage changes and pre-fault PF ï 0.8 over excited 

Calculated rms values of stator current are shown in Figure 4.17 for different fault 

durations. The rms value of the short circuit current is higher than the post-fault 

value until the fault duration reaches 180ms. Then the post-fault rms current reaches 

a peak value of 1520A at 210ms. Post-fault rms drops below the short circuit rms 

current when the fault duration reaches 250ms.     

The power at the terminal is shown in Figure 4.18, where it can be observed that 

the power during the fault is not given as it is zero during the fault. Electromagnetic 

torque rms variation during and post-fault is given in Figure 4.19.  
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Fault duration [s]
 

Figure 4. 17: Stator current during fault and post-fault condition against fault 

duration, pre-fault terminal voltage ï 1.0pu, retained voltage during fault ï 0.0pu, 

step voltage changes and pre-fault PF ï 0.8 over excited 

 

Fault duration [s]

 

 

Figure 4. 18: RMS power at the stator terminals during fault and post-fault 

condition against fault duration, pre-fault terminal voltage ï 1.0pu, retained 

voltage during fault ï 0.0pu, step voltage changes and pre-fault PF ï 0.8 over 

excited 
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Fault duration [s]
 

Figure 4. 19: Electromagnetic torque during fault and post-fault condition against 

fault duration, pre-fault terminal voltage ï 1.0pu, retained voltage during fault ï 

0.0pu, step voltage changes and pre-fault PF ï 0.8 over excited 

Practical considerations: It was identified in the previous section that the worst-

case scenario occurs when the peak current is 4600A. Designing an electrical 

machine for this absolute worst case could lead to an over engineered system that 

rarely experiences the theoretical worst case. Therefore, it is desirable to consider 

some practical scenarios. Non-zero 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 voltage 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: Stator peak current variation against fault duration for different 

retained voltage, pre-fault power factor - 0.8 over excited, pre-fault 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 Simpowersystem is highly 

unreliable. Therefore, a simple approach has been considered in this section by 

forcing the voltage return to follow a predefined ramp rate. Figure 4.33 shows a 

typical voltage variation during an LVRT and the ramp rate of the voltage change 

is around 20ms. 

Figure 4.21 shows 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 given in Figure 4.32. 
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Figure 4. 21: Stator peak current variation against fault duration for different 

return ramp voltages, pre-fault power factor - 0.8 over excited and fault retained 

voltage ï 0.0pu 

LVRT assessment for German grid 

The German electricity grid requires generators to ride 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 current variation against fault duration for different 

power factor. Pre-fault terminal voltage 1.0pu, fault retained voltage - 0.3pu 

Figure 4.22 shows the variation of stator peak current against fault duration for 

different power factors. It is interesting to observe that the over excited power factor 

helping the 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 high internal 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 factors from Figure 4.23 to 

Figure 4.24. 
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Figure 4. 23: LVRT performance: retained voltage during fault ï 0.3pu, fault 

duration ï 250ms, pre-fault terminal voltage ï 1.0pu, pre-fault power factor - 0.8 

over excited 

 

1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9
-1

0

1
x 10

4

V
ab

c,
 P

hP
k 

[V
]

1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

-2000

0

2000
Ia

bc
, P

hP
k 

[A
]

1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9
-5

0

5

To
rq

ue
 [p

u]

 

 

Prime mover

Generator

1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

0.95

1

1.05

S
pe

ed
 [p

u]

1.9 2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9

0

50

100

Time [s]

A
ng

le
 [d

eg
]

 

 

Shaft angle shift

Totor electrical angle



 

POWER SYSTEM MODEL REQUIREMENTS AND SETUP 

136 

 

Figure 4. 24: LVRT performance: retained voltage during fault ï 0.3pu, fault 

duration ï 250ms, pre-fault terminal voltage ï 1.0pu, pre-fault power factor - 

unity 
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Figure 4. 25: LVRT performance: retained voltage during fault ï 0.3pu, fault 

duration ï 250ms, pre-fault terminal voltage ï 1.0pu, pre-fault power factor - 0.8 

under excited 

RMS average values during and post-fault  

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

torque are shown in Figure 4.25 to Figure 4.26 for 0.3pu retained voltage. 
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Figure 4. 26: Stator rms average current during fault and post-fault condition 

against fault duration, pre-fault terminal voltage ï 1.0pu, retained voltage during 

fault ï 0.3pu, step voltage changes and pre-fault PF ï unity 

 

Figure 4. 27: Stator rms power at the terminals during fault and post-fault 

condition against fault duration, pre-fault terminal voltage ï 1.0pu, retained 

voltage during fault ï 0.3pu, step voltage changes and pre-fault PF ï unity 
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Figure 4. 28: Electromagnetic rms torque during fault and post-fault condition 

against fault duration, pre-fault terminal voltage ï 1.0pu, retained voltage during 

fault ï 0.3pu, step voltage changes and pre-fault PF ï unity 

1.1pu pre and post-fault grid and 0.3pu retained voltages 

Higher terminal voltage before and after the fault always induces high peak current 

as the change in voltage during the LVRT is high. Figure 4.26 shows 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 high. Figure 4.26 and Figure 

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 power factors: pre and post-fault terminal voltage 1.1pu, retained 

voltage during fault ï 0.3pu 

 

Figure 4. 30: LVRT performance: pre and post-fault terminal voltage ï 1.1pu, 

retained voltage during fault ï 0.3pu, pre-fault power factor - unity 
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Figure 4. 31: LVRT performance: pre and post-fault terminal voltage ï 1.1pu, 

retained voltage during fault ï 0.3pu, pre-fault power factor - 0.8 under excited 

power factor 

0.9pu pre and post-fault grid and 0.3 retained voltages 

Contrarily to the previous case study, lower 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 4.32 shows the variation of stator peak current against fault 

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 low. Figure 4.29, Figure 4.30 and Figure 4.31 shows the 
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performance of the generator during an LVRT with pre and post terminal voltage 

of 0.9pu. 

 

Figure 4. 32: Stator current variation against fault duration for over excited and 

unity pre-fault power factors: pre and post-fault terminal voltage 0.9pu, retained 

voltage during fault 0.3pu 
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Figure 4. 33: LVRT performance: pre and post-fault terminal voltage - 0.9pu, 

retained voltage during fault - 0.3, pre-fault power factor - 0.8 over excited, step 

change in voltages 
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Figure 4. 34: LVRT performance: pre and post-fault terminal voltage - 0.9pu, 

retained voltage during fault - 0.3, pre-fault power factor ï unity, step change in 

voltages 
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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 on pole-slip 

Fast recovery of grid voltage induces high peak current; however, it helps to 

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 pole-slip. Definition of pole-slip during 

a LVRT is debatable. Formal definition according to IEEE is give as ña condition 

whereby a generator, or group of generators, terminal voltage angles (or phases) go 

past 180 degrees with respect to the rest of the connected power systemò. 

500

700

900

1100

1300

1500

1700

1900

2100

2300

2500

0.05 0.1 0.15 0.2 0.25 0.3

S
ta

to
r 

p
e
a

k
 c

u
rr

e
n

t [
A

]

Fault duration [s]

0ms ramp 10ms ramp 20ms ramp



 

POWER SYSTEM MODEL REQUIREMENTS AND SETUP 

146 

a

d

c

b

e

f

1pu

V
o

lt
a

g
e

 [
p

u
]

Time [s]
 

Figure 4. 36: General LVRT profile 

Figure 4.33 shows 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 voltage steps up by 0.4pu, the generator can avoid 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 in Figure 4.33 as the generator has 4 poles. In Figure 4.34, the prime 

mover has a very low controller bandwidth and thus does not alter the prime mover 

torque upon clearing the fault. Another set of simulations was conducted with a 

high controller bandwidth and the performance is given in Figure 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.            



 

POWER SYSTEM MODEL REQUIREMENTS AND SETUP 

147 

 

Figure 4. 37: LVRT performance with German grid code 
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Figure 4. 38: LVRT performance with absolute worst case and slow controller 
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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 for power systems simulation  

In chapter 3, the development of a detailed validated methodology to obtain the SG 

parameters was described. These parameters were then used to build a power 

systems simulation model of an engine driven SG connected to the grid as shown 

in the previous sections. 

Before going into a detailed analysis using the power systems simulation model, a 

4 MVA SG was used to validate the developed tool and the validation steps taken 

were described in the previous section. The validated model was also used to study 

the performance of engine driven SGs during transients on the grid and several 

parameters were identified as having an influence on the dynamic performance of 

an engine driven SG. 

The power systems simulation capability / framework once validated, can be 

therefore applied to achieve the main objective outlined in this work, i.e. the design 

of a grid code compliant SG.  An automated script was used to vary several 

quantities / 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 the SG would remain stable for any given system 

conditions was the output measured across all the simulations. The output from 

these simulations will then be processed using Neural Networks to define design 

criteria for grid-compliant SGs. The approach used is shown in Figure 4.40. 
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Figure 4. 40: Method to determine SG 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.  

Power Systems Simulation for SG design 
parameters as inputs vs currents, active 

and reactive power, speed and load angle 

Determine table relating input 
parameters and a pass-fail criteria based 

on pole-slip conditions.

Input table into neural network.

Neural Network model to predict 
combination of SG parameters that yield 

100% passes against criteria

Define SG parameters from neural 
network model as criteria for grid code 

compliance and for future proofing.

Validate SG design parameter criteria for 
grid code compliance.
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To run an efficient search for characteristics of synchronous machine design that 

contribute to grid code compliance, a simplified set of inputs were defined. A three-

pronged approach was adopted as shown in Figure 4.39 to identify the input 

parameters to be used in the power systems simulation. Each of the three elements 

will be discussed in this section. 

 

Figure 4. 41: Three-pronged approach to defining inputs to power systems 

simulation 

4.4.1 Literature Review 

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

of SGs argue that SG design parameters are the best approach to designing for grid 

code compliance due to impracticalities associated with knowing grid and 

transmission line parameters when selecting SGs 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 short-circuit capability of grids form the worst case in terms of dynamic 

stability of engine driven generating sets connected to the grid. [113] also goes on 

to show that typical worst-case grids are approximately three times the short-circuit 

power of that of the genset. 

4.4.2 Critical parameter trees 

Figure 4.41 illustrates the 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 the pre-fault condition of the SG depends 

on the SG reactances, transmission line parameters and nature of load, including 

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

Steady State Load Angle

Active Power Transferred ï Steady State Line Reactances Xd Saliency

Engine Load Power Factor at PCC

Transformer Transmission Lines Xd Xq

 

Figure 4. 42: Critical parameter tree for Steady State Load Angle 

Figure 4.38 similarly breaks down acceleration of the shaft during a transient event 

and shows the acceleration depends on inertia of the genset, the transient torque 



 

POWER SYSTEM MODEL REQUIREMENTS AND SETUP 

154 

which depends on transient and sub-transient reactances and short-circuit capability 

of the grid. 

Acceleration of Shaft during transients

Transient Acceleration Sub-Transient Acceleration

Engine Torque Transient Electromagnetic Torque Genset inertia constant

Transient Current in stator winding

Terminal Voltage before fault Transient Reactance

Engine Inertia Constant Alternator Inertia Constant

Engine Torque Sub-Transient Electromagnetic Torque

Terminal Voltage before fault

Sub-Transient Stator Current

Sub-Transient Reactance

 

Figure 4. 43: Critical Parameter Tree for shaft acceleration during transients 

4.4.3 Pragmatic constraints 

The work presented in [116], [117], [118] show extensively the impact of 

transformer reactances on the dynamic stability of generators connected to the grid, 

specifically, lower the transformer reactance, more the SG needs to depend on its 

own stability capabilities to remain connected to the grid. Typically, the 

transformers used with 1400 kVA SGs have a reactance of 6% per unit [122]. Since 

6% per unit is the lower limit of all transformers used with products made by 

Cummins Generator Technologies [122], the same value was also set as a generic 

transformer reactance. [117], [119], [120] demonstrate the impact of the grid short-

circuit capability on dynamic stability. The authors show that high short-circuit 
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capability grids create a more stable connection for the SGs. Typical low values are 

also defined at 3 times the short-circuit capability of the SGs they are connected to. 

The recommendations of [117], [119], [120] were used to set the grid in the 

simulation to 3 times the short-circuit capability of the SG as a worst-case design 

constraint. [16], [17], [18], [19], [20], [21], [22], [23], [24], [25], [26], [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 3-pronged 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 Chapter 6, Xd 

and H were the only SG 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 

Pre-fault load (% rated load) 25%, 50%, 75%, 100% 

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

power factor 

Low Voltage Ride Through 

Curve(s) 

France, Germany, Italy 
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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 unit per unit 

H 0.25 s, 0.5 s, 0.75 s, 1 s 

4.4.5 Pole slip prediction 

[35] and [38] define Critical Clearing Time as the time after which a generator that 

is riding through a fault will become unstable without being able to return to 

stability upon return of pre-fault conditions. Critical Clearing time depends on SG 

design parameters and the power system quantities and defines how long a SG can 

ride through a fault and was therefore selected as the output to be measured. A fault 

that lasts beyond the critical-clearing time leads to a pole-slip condition and 

therefore to ómeasureô the transient stability of an engine driven SG under grid code 

conditions, predicting pole-slip and recording the pole-slip condition as a fail and a 

pass otherwise would be a robust approach.  

An automated script was written using the principles set-out in [127] to predict 

pole-slip and record a ó0ô for a fail. The script utilizes two criteria shown in (4.1) 

and (4.2), where, P is the value of active power measured at a discrete time t (the 
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instantaneous value at a time t in the simulation), ὖ  is the value of active 

power before the fault, Q is value of reactive power at a discrete time t and ὗ  is 

calculated dynamically (the quantity Qdyn is being averaged in a time-stepping 

simulation by considering the value of Q at various time steps ï averaging 

considering a moving window) by (4.2), where, ὢ  is the direct axis synchronous 

reactance and ὠ  is the arithmetic average of the three-phase voltage. 

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

transient stability of the SG has a built-in safety margin. 

                                                   ὖὸ ὖ                                            (4.1) 

ὗὸ ὗ ὸ 

                                  ὗ ὸ ὠ  ὢ ὠ ὢ                                   (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 cumbersome. 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 the changing 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 shown in Figure 4.41. 

 

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

4.5.2 Model setup & findings 

For the purpose of this thesis, the ónntoolô within MATLAB was used to simplify 

the process of neural network creation, training and validation. 

Through numerous trials, a two-layer feedforward network with sigmoid hidden 

neurons and linear output neurons are used. The SG d-axis reactance 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 the neural 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 power systems analysis results in a 

scenario where when the d-axis synchronous reactance needs to be no more than 

2.1 per unit and inertia constant needs to be at-least 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 section. Compliance testing is performed by certified 

test laboratories, to prove compliance of the equipment with national, international, 

or industry standards The most common test approach used is based on the voltage 

divider proposed in standard IEC 61400-21[121] and shown in Figure 5.5 below. 

 



 

POWER SYSTEM MODEL REQUIREMENTS AND SETUP 

160 

 

Figure 4. 45: IEC 61400-21 method of testing for grid code compliance [121] 

in Figure 4.45, Z2 represents the fault impedance. The voltage dip is initiated by 

closing the circuit breaker S. Inductors are used as impedances because to minimize 

losses. Moreover, 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 grid. To be able to select the remaining 

voltage level during the dip (according to the grid code requirements), the 

impedance values 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, this would indicate that the generator is fully 

compliant. 

Figure 4.46 below shows the test setup for the LVSI804S driven by a Cummins 

QSK60 diesel engine connected to an óEnergy to Qualityô box that simulates the 

test method described in IEC 61400-21. The SG is 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 Figure 4.48 that 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 provides a d-axis reactance of  2.1 

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

 

Figure 4. 46: Grid code test setup for the LVSI804S generator with a Cummins 

QSK60 engine 
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Figure 4. 47 Comparison of simulation (green) vs test (red) at a 70% voltage drop 

 

Figure 4. 48 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 performance of SGs connected to the grid. The 

findings combined with a comprehensive 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 different SG parameters using an automated script which were 

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 Chapter 3. Combined, the FE model and the power systems 

simulation models alone provide the capability to design SGs with a comprehensive 

understanding of grids, i.e. the means to design SGs with an understanding of the 

application and the ability to study its performance in the application prior to 

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 of a readily 

available product. The Neural Network tool described in the chapter has simplified 

the process of defining a criterion for a SG to be grid code compliant, it has also 

laid the foundation for a tool that can be adapted to the ever-changing grid 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 pass (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 very short-window of 

time. In addition to using a diverse collection of modern tools to enrich the work 

contributing to this thesis, this 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 certification tests. The results of the neural 

network simulation provide selection criteria for an engine driven SG to be dynamic 

grid code compliant while the tool described in Appendix 4 can be used to select a 

SG for static grid code compliance. While both tools allow to de-rate 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 over-sizing over designing for 

grid-codes or vice-versa. The design for grid codes has been described in Chapters 

5 and 6 and the findings conclude that for the target SG, designing for grid code 

compliance is the most cost-effective solution. 
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CHAPTER 5 

SENSITIVITY ANALYSIS  

Chapter 4 described the development and validation steps of a model used to 

identify the system level parameters that influence the ability of an engine driven 

SG to be grid code compliant. In order to meet the requirements summarized in 

Chapter 2, the engine driven SG needs to meet the following criteria: 

Á d-axis synchronous reactance: Xd <= 2.1 pu for short-term gains and 

Xd<=1.8 pu for future-proofing for grid codes. 

Á Inertia constant: H Ó 0.35 sec for engines with torque control and  

Á Inertia constant: H Ó 0.5 sec for engines without torque control 

Chapter 4 also described the need to re-design the 1400 kVA SG being used for this 

work. In addition to meeting the above requirements, the SG had to meet the 

constraints related to the CGTôs business needs, including 

Á No increase in cost of the machine. i.e. achieve grid code compliance 

requirements with same cost. 

Á Reliability of SG should be identical or better than existing product. 

Á No change to the rotor outer diameter or stator outer diameter as this will 

lead to a significant change to the tooling. 

Á 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 SG 

by performing an appropriate sensitivity analysis of the geometrical parameters is 

recommended.  

5.1 Introduction to Sensitivity Analysis 

óSensitivity analysis is the study of how the uncertainty in the output of a 

mathematical model of system can be apportioned to different sources of 

uncertainty in its inputs' [61] [62]. 

 A sensitivity analysis is used to improve the performance according to set objective 

functions by varying one variable at a time in any system; it is typically used too: 

Á Understand relationship between inputs and outputs. 

Á Test robustness of results. 

Á Uncertainty reduction in predictions. 

Á Calibrating models with large number of parameters 

 Considering the above, a sensitivity study can be used to analyze the impact of 

changing various geometrical features of a SG on the key target parameters Xd and 

H. 

To perform a sensitivity analysis on the SG, a process shown in Figure 5.1 is 

defined. The following sections describe the journey taken to identify the 

geometrical parameters within the targeted 1400 kVA SG to achieve the design 

targets within the business constraints defined. 
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Figure 5. 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 developed and validated 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 geometrical features of the synchronous generator that are parametrized are 

selected using a combination of critical parameter flow approach and first principle 

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

 

Equations 5.1 [147], 5.2 [140][141] [147] and (3.2) together describe the d-axis 

reactance Xd as a function of the synchronous generator geometrical features.  

                                              ὢ  ὢ  ὢ                                                                (5.1) 

Where, Xd is the d-axis synchronous reactance which is a combination of the 

armature reactance Xad and the leakage reactance Xl. 

 

                                           ὢ                                                    (5.2) 

Where, Xad is the armature reaction reactance, k is a constant that is dependent on 

the permeability and therefore predominantly on the type and quantity of steel used, 

fw is the winding co-efficient, In is current, Ns is the number of turns in stator, P the 
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number of poles, Bg the effective air gap flux density and geff the effective air gap 

given by Equation (5.3). 

                                                   Ὣ  ὅ Ὣ                                                                   (5.3) 

Where, C is the carter co-efficient given by equation (5.4) [147] and g is the rotor-

stator air gap length. 

                                                 ὅ Ὢ                                                                  (5.4) 

Where, w is the slot width and lg is the air gap length. The carter co-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. 

                                              Ὄ  
Ȣ   

                                                                (5.5) 

Where, J is the moment of inertia of the spinning mass of the synchronous 

generator, is the nominal angular frequency in rad/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 quantities. For the scope of this thesis, the 

critical parameter flows were created using the equations (5.1) through to (5.5) and 

equation (3.3). Figure 5.2 shows a critical parameter flow diagram for the steady 

state load angle of a wound field SG  showing the high-level dependent variables 

into measurable independent variables. 
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Figure 5. 2: Critical Parameter Flow Down for Steady-State Load Angle 

The lowest level óchildô variables identified in Figure 5.2 ï engine load, power  

factor at PCC, transformer, transmission lines and the synchronous reactances can 

be used as levers to vary the Steady State load angle. Critical Parameter Flows are 

developed for Xd and H as shown in Figure 5.3 to determine the variables to be 

parametrized in the finite element model of the target SG.  

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 of the SG, the 

number of turns and strands of wire per slot are mostly constrained except to fine-

tune the design. 
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Figure 5. 3: Critical Parameter Flow for Reactance and Inertia Constant 

From Figure 5.3, it can be observed that the parameters required to be modified are 

the following for Xd and H respectively 

Xd: 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 same volume (de-rate).  

 

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 Chapter 6. The focus 

of this section and the rest of this chapter will be the aspects of the design that will 

be used to determine the best approach to fine tune the d-axis reactance of the target 

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

able to vary the following quantities: Air-gap, slot opening, tooth-tip length and 

steel grade (steel permeability). The values of the óselectedô variables shown in 

Table 5.1 were controlled using a script file written to run the finite element analysis 



 

SENSITIVITY ANALYSIS 

172 

simulations. The results of the sensitivity analysis are used as the beginning to an 

iterative process that has been used to design the grid code compliant SG. 

5.3 Results & Analysis 

All  the identified parameters are shown in Table 5.1. All  the parameters are varied 

keeping the remaining base design quantities fixed. The results are analyzed based 

on the sensitivity of Xd to each of these parameters. 

6.3.1 Effect of Air-gap on Xd 

The FE analysis confirms a ówell knownô relationship between air-gap and Xd. 

Figure 5.4 below shows an almost linear curve. The Xd varies between 

approximately 3.5 and 2 per unit. At this stage, the air-gap thickness appears to be 

a parameter that can be modified to deliver the target value of Xd. Also, Figure 6.4 

shows that the air-gap value that is required to achieve a value of Xd < 2.1 per unit 

is equal to 8 mm. 
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Table 5. 1: Limits of variables for sensitivity study 

  

Base design 

Physical limits of 

current lamination 

  

  min max 

Slot opening [mm] 

5 

  1 9 

Air -gap [mm] 

5 

  5 9 

Tooth tip length [mm] 2 

 

1 5 

Electrical Steel Grade M470-65 AP   

Core-length (mm) 550   

 

A larger air-gap 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 

entirely dependent on an air-gap change.  

 



 

SENSITIVITY ANALYSIS 

174 

 

Figure 5. 4: Change in Xd with respect to Air-gap 

5.3.2 Effect of Tooth tip length on Xd 

The tooth tip length as shown in Figure 5.5 represents a critical part of the path of 

the flux lines that characterize the machine.  The effect of the tooth tip length prior 

to the analysis was thought to have a significant effect on the reactance of the SG 

and that with a reduction in tooth tip length would lead to a reduction in Xd. 

However, analysis of the SG design shows that the tooth tip length variation leads 

to almost negligible impact on the Xd value as shown in Figure 5.5 b. This is due to 

the greater significance of the other variables like air-gap and number of turns in 

the machine and the fact that the geometry of the tooth tip length even with a high 

number of slots is not large enough to have a measurable impact on the Xd. Tooth 

tip length will therefore not be varied to achieve a grid code compliant SG design. 
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Figure 5. 5 a: Tooth Tip Length 

 

 

Figure 5.5 b: Change in Xd with respect to tooth tip length 
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5.3.3 Effect of Slot opening  

The stator slot opening effect on Xd is investigated in this Section. This is due to 

the variation in the flux leakage around the slot opening.  The bigger the slot 

opening, the larger is the leakage and vice-versa. The Xd of a SG depends on two 

key reactances ï the armature reaction reactance (Xad) and the leakage reactance 

(Xl). The slot opening impacts Xd by changing the leakage around slot openings. 

The analysis shown in Figure 5.6 shows that while there is a noticeable change in 

Xd 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 

compliant SG. 

 

Figure 5. 6: Change in Xd 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 core-loss and permeability characteristics needed 

by steels used in electrical machines [64]. The name of the electrical steel grade 

provides the reader information about watt-loss and permeability characteristics of 

the electrical steel. For example, in Figure 5.7a and 5.7b plot the permeability of 

various standard grades of electrical steel as a function of magnetic flux density. 

The M470 ï 65 grade steel is a 4.7 W/Kg steel and comes in sheets of 0.65 mm 

thickness. The A at the end of M470 indicates non- grain oriented, fully processed 

steel while the P in AP that follows M470-65 indicates high permeability steel. 

 

 

Figure 5. 7: Electrical Steel Permeability as a function of Flux Density for various 

steel grades [63] 
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Figure 5.7b : Electrical Steel Permeability as a function of Flux Density for 

various steel grades at typical operating magnetic flux density range 1.5 T ï 2.2 T 

[63] 

 

Permeability is a key factor in determining the Xd of a SG. Figure 5.8 shows that 

there is a very minimal impact on Xd due to the permeability differences across the 

different steel grade. The steel B-H curve was obtained using a validated 

proprietary test method and setup described in [65], and the observed result is 

shown in Figure 5.7b. Figure 5.7b shows the electrical permeability 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 air-gap to maintain the rated voltage across the stator 

terminals. The target SG at 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 on Xd is reduced and the difference between various steel grade 

permeabilities at high magnetic flux densities is low. 

 

 

Figure 5. 8: Effect of steel grade (electrical steel permeability) on d-axis 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 that the air-gap 

thickness plays the most important role for achieving the target Xd value. Caution 

must be exercised in increasing the air-gap, as it can significantly impact the rotor 

diameter constraint, the overall performance and the lifecycle cost of the SG. 
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CHAPTER 6 

 SYNCHRONOUS MACHINE DESIGN  

6.1 Introduction 

Chapter 5 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 chapters. In this chapter, the design and 

validation of the 1400 kVA SG that 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 core-length selection and winding design and the inertia 

requirements will be met with a special fan design. 

6.2 Design Specification 

Table 6. 1: Summary of design specifications 

Rated Voltage (RMS) 400 

Rated kVA 1400 

Rated Frequency 50 

Rated Speed (RPM) 1500 

Direct Axis Synchronous 

Reactance (Xd per unit)  
< 2.1 

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: 

¶ Generator to keep existing geometry as a standard design with the exception 

of the airgap length and armature slot design. These changes 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, based on practical experience, 

in a continuous application, the 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 capabilities 

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 re-design to meet grid code compliance based on the 

requirements outlined in Chapter 5. 



 

SYNCHRONOUS MACHINE DESIGN 

182 

Figure 6.1 identifies all the P7 products with respect to Xd and power range also the 

design specification for Xd and power are shown in the figure. From this, we can 

conclude that a P7E or P7G with the appropriate de-rate meets the Xd = 2.1 pu 

upper-limit requirement.  

The Class H [66] and 85 percent ratings for the standard P7 products can be seen 

in Figure 6.2; 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 re-design to meet the Xd requirements and the P7G would not 

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

base design is the P7E. 

 

Figure 6. 1: Baseline of current product Xd capabilities 
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Figure 6. 2: Baseline of current product kVA capabilities 

 

 

Figure 6. 3: Baseline of current product efficiency capabilities 

 

Figure 6.3 confirms that the P7E provides one of the best efficiencies at 1400 kVA 

and therefore the grid machine design starting point is the P7E stator 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 Calibrating the design tool 

The design tool developed in Chapter 3 is used to design, model and analyze the 

grid code compliant SG. Prior to starting the design, the tool was calibrated by build 

models of 3 different variants of the P7 and compared to tests ï 2 standard P7 

models and 1 test variant that is used to confirm the capability of the design tool. 

Table 6.2 below summarizes the results from simulation and testing on the 3 

machines models that were used. 

Table 6. 2: Summary of simulation vs test data on 3 P7 model variants 

 

 

The results shown above in Table 6.2 confirm that the output of the SG 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 is therefore confirmed that it can be used to design the grid code 

compliant SG. 

6.6 Grid code compliant SG design 

In this section, the tool calibrated above will be used to design the SG to 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. 

Machine model
Rating (kVA) 

at 0.8 lag pf
Core Length (mm)

Xd 

saturated 

(pu)

X''d (pu)

Rotor current at 

open circuit , 

400V on stator 

(A)

Rotor current at 

short circuit and 

rated current in 

stator (A)

Xd 

saturated 

(pu)

X''d (pu)

Rotor current at 

open circuit , 400V 

on stator (A)

Rotor current at short 

circuit and rated 

current in 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

Test Results Design Tool Predictions
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6.6.1 Electromagnetic Design 

The works of [39] and [68] discuss in detail the equations and first principles 

involved with the design of SGs. Therefore, this section will only summarize the 

outcome of the design exercise completed using the design tool developed to 

achieve the target synchronous reactance Xd. 

6.6.1.1 Stator Design 

The P7 standard lamination is used as a baseline to minimize the impact of the 

change in machine design on existing manufacturing capability. To modify the air 

gap change necessary to achieve the target synchronous reactance Xd, the stator 

internal diameter is reduced by 4 mm and therefore increasing the airgap by 2 mm 

to 7 mm compared to the existing air gap of 5 mm. A 96-slot configuration is used 

with the slot depth increased from 39.39 mm on the standard P7 to 40 mm; the 

standard skew factor of 1 stator slot skew is maintained. The new core-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 on proposed design 

The new 1400 kVA SG design is proposed to be called PG7S, where S denotes the 

core-length. The no-load field maps in 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 same output voltage. This 

produces an 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 standard design. But this only 

causes an increase in field current of approximately 9%. Thermal performance is 

not a concern with rotor current density of 3.822 A/mm2 and main armature of 5.36 

A/mm2 being so low when compared to current design levels. The saturated 

synchronous 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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Figure 6. 4: Comparison between standard P7E baseline machine 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 by either 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 PG7S that is being 

developed, 3 options were reviewed and scored based on pros and cons relative to 

capability of solution and cost / manufacturing constraints. Table 6.3 below 

summarizes the findings. 

         Table 6. 3: Summary of options for increasing inertia constant on PG7S 

 Option1: 

No design 

change, 

only de-

rate. 

Option2: 

Change 

rotor 

diameter. 

Option3: 

Add 

inertia 

disc to 

rotor. 

Cost of 

solution 

High       High Moderate 

Impact on 

manufacturing 

        Low       Low Low 

Effectiveness 

of solution 

High      High  Moderate 

 

To ensure a scalable and repeatable solution, Option 3 was selected, and an inertia 

disc was designed to be fitted to the fan to increase the inertia constant. Figure 6.5 

below shows the fan-inertia ring assembly that was developed. 
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Figure 6. 5: New PG7 Fan-inertia 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 analyses are completed at 1800 rpm to represent worst case on 

the fan - inertia disc assembly. The burst speed and fatigue stress levels are checked 

to be below the levels indicated by FEP 00021655 [69]. Figures 6.6 (a) and 6.6 (b) 

demonstrate the capability of the fan-inertia disc system to meet the burst speed and 

fatigue requirements respectively. 

 

 

(a) 

Fasteners

Fan

Inertia Disc

Burst speed is 4.0 times the 

operating speed of 1800 rpm.

Results generated by flywheel 

bursting speed macro ïas 

detailed in FEP 00021655.
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(b) 

Figure 6. 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 is shown to be less than 40 MPa (max principle stress) in Figure 6.7 

below which is again in accordance with [69].   

 

Figure 6. 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 and high-grade cap screws were specified.  

Loctite 2700 was also recommended to be used to prevent any relaxation of the 

fasteners. 

Figure 6.8 below shows the maximum principle stress induced in the fan due to the 

centrifugal loading (1800rpm) 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]. 

 

Figure 6. 8: Maximum Principle Stress at 1800 rpm due to thermal expansion 

In addition to the static loading and thermal expansion effects, the integrity of the 

fan-inertia disc assembly was also studied under LVRT events. The LVRT events 

were represented through a maximum measured acceleration of 2000 radians/s2. 

Figure 6.9 shows the 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 
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due to the acceleration during LVRT) which was well within the material yield 

strength. The total mean stress on the various location of the fan-inertia disc 

assembly was also plotted on a Goodman diagram shown in Figure 6.10 to 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 

fan-inertia disc design increased the inertia constant of the PG7S to 0.5 s at 1400 

kVA. Figure 6.11 shows the various inertia constant and reactances that the PG7S 

delivers at different kVA ratings.  

 

Figure 6. 9: Mean Stress at 1800 rpm with LVRT loads 
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Figure 6. 10: Goodman plot for Mean Stress at 1800 rpm (MPa)  

 

 

Figure 6. 11: Relationship between kVA, inertia constant and direct synchronous 

reactance for the PG7S  
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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 line voltage on No-Load. Table 

6.4 illustrates the THD for the PG7S. Figure 6.12 shows the individual harmonic 

components that are present in the no-load line to line voltage of the generator. The 

THD value measured is less than the maximum allowed THD according to [66] and 

therefore meets the associated requirement. 

Table 6. 4: THD for the PG7S 

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

THD 0.41 0.4 
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Figure 6. 12: Harmonic analysis of the PG7S 

6.7.2 Open Circuit and Short-Circuit characteristics 

The experimental open circuit and short circuit characteristics are illustrated in 

Figure 6.13 with the simulated curve. The simulation correlates well with the test 

results. Table 6.5 also compares the field currents and reactances between the 

simulation and test data and confirms a good correlation between simulation and 

test. 
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Figure 6. 13: Open Circuit and Short-Circuit characteristics of the PG7S 

Table 6. 5: Comparison of Field currents and reactances of the PG7S between 

simulation and test 

 

6.7.3 Losses and Efficiency 

The no load losses and short-circuit losses are illustrated in Figure 6.14, which is 

followed by Table 6.6 defining the losses at machine rating. The overall efficiency 

is comparable to the standard PE7. Figure 6.15 shows the efficiency characteristics 

at various power factors. 

 

Test ïOpen Circuit

Test ïAirgap line

SimïOpen Circuit

SimïShort Circuit

Sim ïOpen Circuit

Simulated Test Simulated Test Simulated Test

19.93 35.04 19.95 35.63 1.79 1.76

Field Current at 

Open Circuit Test at 400 V (A)

Field Current at 

Short-Circuit and rated current at 1400 kVA (A)
Xd  (pu)
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Figure 6. 14: No Load and Short-Circuit loss characteristics of the PG7S 

 

Table 6. 6: Breakdown of losses in the PG7S 
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Figure 6. 15: Tested efficiency curves of PG7S at various power factors 

6.7.4 Reactances and Time Constants 

The PG7S was used to develop new testing methods that were later added to the 

Cummins Generator Technologies internal test standard DD15596 [57] for ótest 

procedures and product approvalô. This data was used to create/validate new design 

procedure in the simulation tool developed. The new methods include the óApplied 

voltage test with rotor in direct and quadrature axisô, óVoltage recoveryô and óDC 

decay test at standstillô, which are described in [70]. The applied voltage test is used 

to validate Xôôd, Xôôq and the armature end leakage. Voltage recovery gives Xôôd, 

Xôd, Tôôdo and Tôdo time constant. The dc decay test can be performed in the direct 

and quadrature axis enabling the calculation of Xôd, Xôq, X2, Tôd, Tôdo, Tôôdo, Tôq, 

Tôôq, Tôqo, Tôôqo and the frequency response characteristics for both axes.  
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Figure 6.16 illustrates the classical three phase sudden short-circuit armature 

currents at rated voltage and frequency. The calculated results for the 3 phase 

Sustained short-circuit are shown in Table 6.7. 

 

Figure 6. 16: PG7S 3 phase sudden short-circuit at 400V, 50Hz 

 

Table 6. 7: PG7S reactances and time constants ï test results 

 Reactances Time Constants 

 Xôôd Xôd Xd T''d T'd T'do 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 of the PG7S 

To conclude the design process of the PG7S, a simulation using the power system 

tool described in Chapter 4 is done to ensure that the PG7S meets the grid code 

requirements, specifically, the low voltage ride through requirements. 

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

connected to a power system. 

 

Figure 6. 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. Figure 6.18 below shows the simulation results of a Low 

Voltage Ride Through simulation on the PG7S. 
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Figure 6. 18: Low Voltage Ride Through simulation on the PG7S 

The simulations confirmed that the PG7S does not pole slip during the Low Voltage 

Ride Through operation, thereby meeting the grid code requirements 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 shown that the 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 and inertia constants. In addition to 

designing and testing the PG7S, simulations aimed at checking the reliability 

requirements were carried out and the results are described in Chapter 7. The 

machine designed in this chapter demonstrates that despite the challenging 

conditions imposed by the various grid codes, a solution space can indeed be found 

and that a SG that meets the stipulated criteria can be designed and as shown in 

Chapter 8, the designed generator is cheaper than existing generators.  
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CHAPTER 7 

Reliability of SGs for grid code compliance 

7.1 Introduction 

In Chapter 6, the design of a synchronous generator to meet the criteria set out in 

Chapter 4 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 

understand these stresses and design 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 chapter 6 is reviewed at a component level in terms of 

reliability and a 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 Failure Mode 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 derived from a boundary diagram that 

maps out interactions at the interfaces between the SG and the application. Figure 

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

SG and Figure 7.2 is the associated DFMEA for the boundary diagram. 
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Figure 7. 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 Chapters 4 and 6 and the following areas 

of focus were identified as being critical to designing a reliable SG for 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 on the stator due to high leading power 

factor loads contribute to accelerated insulation degradation thereby impacting the 
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Figure 7. 2: DFMEA for the boundary diagram shown in Figure 7.1 

insulation life and ultimately impeding the ability of the design to meet a 60,000-

hour design 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 characteristics. 

2) Forces on end windings: Large transient loads during the Low Voltage Ride 

through Event leads to forces in the end windings that could potentially lead to 

degradation of the insulation system due to micro-movements. Managing the forces 

in the end-windings is therefore essential to ensure alternator reliability. [73], [74], 
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Dia 25 Rope on OD will break debris in m/c 3 Vibration 2
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3
elect. forces larger 
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Confirm mechanical forces
D.Jackson/S.Narayanan

3 Thermal expansion 2
Existing product 

experience
9 54

None

lose constraint position 5 Vibration 2 None 9 90

5
elect. forces larger 

than predicted
7 Estimated forces 9 315

5 Thermal expansion 2
Existing product 

experience
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5
Cracking from stress 

raisers
2

Existing product 

experience
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lacing ropes snap debris in m/c 3
elect. forces larger 

than predicted
4 Estimated forces 9 108

3 Incorrect material 1 Mat. Specification 9 27

3 Thermal expansion 1 Mat. Specification 9 27

lose constraint position 5
elect. forces larger 

than predicted
7 None 9 315

5 Incorrect material 1 Mat. Specification 2 10

5 Thermal expansion 1 Mat. Specification 2 10

lacing ropes come loose lose constraint position 5
elect. forces larger 

than predicted
2 None 9 90

5 incorrect material 1 Mat. Specification 9 45

5 Thermal expansion 1 Mat. Specification 9 45

Coil / insulation breaks Loss of primary function 8 Fatigue 3 Existing experience 10 240
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Felt packers crush lose constraint position 5
elect. forces larger 

than predicted
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Debris in m/c 3
elect. forces larger 

than predicted
2 None 10 60

Felt packer detaches lose constraint position 5
elect. forces larger 

than predicted
7

Visual control
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5 Thermal expansion 2 Visual control 5 50

Debris in m/c 3
elect. forces larger 

than predicted
2 Visual control 5 30

3 Thermal expansion 2 Visual control 5 30

Fretting 5
elect. forces larger 

than predicted
7 Estimated forces 5 175

5 Thermal expansion 2 Visual control 2 20

Hit resonant frequency Fretting of insulation 8 coil shapes 2
Proven design std

Best practice
1 16

Launch corporate project 

to investigate
P.Bend/J.Matthews

8 Thermal expansion 2
Proven design std

Best practice
1 16

Launch corporate project 

to investigate
P.Bend/J.Matthews

8 Load 5 Estimated forces 5 200
Launch corporate project 

to investigate
P.Bend/J.Matthews

8 vibration 7
None

8 448
Launch corporate project 

to investigate
P.Bend/J.Matthews

8
Tightness of lacing 

ropes
5 Visual control 5 200

Launch corporate project 

to investigate
P.Bend/J.Matthews

8
Quality of 

impregnation
2 Process Control 1 16

Launch corporate project 

to investigate
P.Bend/J.Matthews

8 Ambient condition 2
Process Control

2 32
Launch corporate project 

to investigate
P.Bend/J.Matthews

Fatigue failure 8 coil shapes 2
Proven design std

Best practice
1 16

Launch corporate project 

to investigate
P.Bend/J.Matthews

8 Thermal expansion 2
Proven design std

Best practice
1 16

Launch corporate project 

to investigate
P.Bend/J.Matthews

8 Load 5 Estimated forces 5 200
Launch corporate project 

to investigate
P.Bend/J.Matthews

8 vibration 7
None

8 448
Launch corporate project 

to investigate
P.Bend/J.Matthews

Fine tune natural frequency of 

overhang (including damping, 

stiffening, strain, displacement)
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Tightness of lacing 

ropes
5 Visual control 5 200

Launch corporate project 

to investigate
P.Bend/J.Matthews

8
Quality of 

impregnation
2 Process Control 1 16

Launch corporate project 

to investigate
P.Bend/J.Matthews

8 Ambient condition 2 Process Control 2 32
Launch corporate project 

to investigate
P.Bend/J.Matthews

debris in m/c 8 coil shapes 2
Proven design std

Best practice
1 16

Launch corporate project 
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P.Bend/J.Matthews

8 Thermal expansion 2
Proven design std

Best practice
1 16

Launch corporate project 

to investigate
P.Bend/J.Matthews

8 Load 5
Estimated forces

5 200
Launch corporate project 

to investigate
P.Bend/J.Matthews

8 vibration 7
None

8 448
Launch corporate project 

to investigate
P.Bend/J.Matthews

8
Tightness of lacing 

ropes
5 Visual control 5 200

Launch corporate project 

to investigate
P.Bend/J.Matthews

8
Quality of 

impregnation
2 Process Control 1 16

Launch corporate project 

to investigate
P.Bend/J.Matthews

8 Ambient condition 2 Process Control 2 32
Launch corporate project 

to investigate
P.Bend/J.Matthews

Bracing back to the Frame / Landing bars removed from design (Risks = Thermal expansion, Prototype blocks cracking and equally spaced bracing points)
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[75] discuss forces in SG windings extensively and this chapter will therefore only 

elaborate on the efforts taken towards understanding the design of the end windings for 

the grid code compliant generator designed in Chapter 6. 

3) Limiting rotor current transients during LVRT: The LVRT tests described in 

Chapter 5 demonstrated that during a LVRT, rotor transient voltages up to 1.2 KV 

can be induced. On a low voltage SG 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 of the rotor 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 thesis will focus on the rotor transient 

during LVRT on SGs. 

4) Bearing life due to increased loading on the SG during transient events: During 

the LVRT tests described in Chapter 5, mechanical torque of up to 15 times the 

rated torque was recorded in the shaft of the SG used for testing. It is essential to 

ensure that the bearing and all mechanical systems connected to the shaft can 

withstand these loads. 

This chapter will provide an elaborate summary of the work completed as part of 

the design exercise to mitigate the 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 machines is based on the life of the insulation 

system which is defined using the Life curve of the insulation system that is derived 

using methods defined by the Underwriterôs Laboratory (UL) [79]. Every generator 

manufacturer needs to complete ageing tests on their insulation system complying 

with the IEC 60034-18-31 standard [80]. In this test, 10 motorettes comprising of 

the copper wire and insulation system used in the windings as shown in Figure 7.3 

is exposed to three different temperatures 200 deg C, 220 deg C and 240 deg C 

followed by cold shock to -20 deg C, mechanical stress of 1.5G through 0.008ôô 

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 

determine 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 

Figure 7.4 shows the life curve of the insulation system used on the P7 broadly and 

specifically on the PG7S that is the focus 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. 

 

Figure 7. 4: Life curve of insulation system used in PG7S 
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To confirm if the PG7S designed in Chapter 6 at 1400 kVA meets the required 

60,000-hour design life on the insulation system, a PG7S with a total of 58 RTDs 

was built to measure temperatures at various locations in the alternator, specifically 

focused on the stator. Figure 7.5 below shows the axial distribution of the 

temperature rise along the length of the machine as measured from the non-drive 

end; this shows that along the length of the machine all the recorded temperatures 

are well within the required thermal limit set out to meet the insulation system life 

requirements. 

 

Figure 7. 5: Axial temperature distribution on the PG7S 

Additionally, Figure 7.6 below also demonstrates that circumferentially, the 

temperature in the stator and various locations on the alternator are within the 

thermal limits defined. 
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Figure 7. 6: Circumferential temperature distribution on PG7S 

In summary, the PG7S as it was designed in Chapter 6, at 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 made to retain the 1400 kVA rating on the PG7S. 

7.2.2 Forces on end-windings 

The works in [73], [74], [75] discuss in detail the forces and stresses in stator end-

windings due to the currents induced during steady-state and transient operations. 

Figure 8.7 breaks down the forces in the end-windings of an electrical machine. 

All  the forces on the end-windings translate into mechanical components.   












































































































































