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Abstract

The conventional approach to vehicle design is restrictive, limited, and
biased. This often leads to sub-optimal utilisation of vehicle capabilities and
allocated resources and ultimately entails the repercussions of designing and
later on an using an inefficient vehicle. To overcome these limitations, it is
important to gain a deeper understanding of the interaction effects at compo-
nent, subsystem, and system level. In this thesis, the research is focused on
identifying appropriate methods and developing robust models to facilitate
the interaction analysis.

To scrutinise and identify appropriate methods, criteria were developed.
Initially, the Design Structure Matrix (DSM) and its variations were exam-
ined. While DSM proved to be fundamental for capturing interaction effects,
it lacked the ability to answer questions about the structure and behaviour of
interactions and to predict unintended effects. Therefore, network theory was
explored as a complementary method to DSM which was capable of providing
insights into interaction structures and identifying influential variables.

Subsequently, two criteria were established to identify subsystems sig-
nificant to interaction analysis: high connectivity to other subsystems and
multidisciplinary composition. The traction motor was observed to satisfy
both criteria as it had higher connectivity with other subsystems and was
composed of multiple disciplines. Therefore, a detailed model of an induction
motor was developed to enable the interaction analysis.

The induction motor model was integrated into a cross-scalar design tool.
The tool employed a two-step process: translating operational parameters
to motor inputs using Newtonian equations and deriving physical attributes,
performance characteristics, and performance attributes of the motor. Com-
paring the obtained performance characteristics curve against existing studies
validated the model’s reliability and capabilities. The design tool demon-
strated adaptability to different drive cycles and the ability to modify motor
performance without affecting operational parameters. Thus validating the
capability of the design tool to capture cross-scalar and intra-subsystem in-
teraction effects. To examine inter-subsystem interaction, a thermal model
of an inverter was developed, capturing temperature variations in the power
electronics based on motor inputs. The design tool successfully captured inter-
action effects between motor and inverter designs, highlighting the interplay
with operational parameters.

Thus, this thesis identifies methods for interaction analysis and develops
robust subsystem models. The integrated design tool effectively captures
intra-subsystem, inter-subsystem, and cross-scalar interaction effects. The
research presented contributes to the overarching project goal of developing
methods and models that capture interaction effects and in turn serve as
a guiding tool for designers to understand the consequences of their design
choices.

Keywords: Subsystem interaction, Interaction effects, Design Structure
Matrix, Network theory, Cross-scalar design tool, Induction motor, Inverter.
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Sammanfattning

Det konventionella tillvägagångssättet för fordonsdesign är restriktiv, be-
gränsat och partiskt. Detta leder ofta till en suboptimal användning av fordo-
nets kapacitet och tilldelade resurser och innebär i slutändan att konsekven-
serna blir att använda ett ineffektivt fordon. För att övervinna dessa begräns-
ningar är det viktigt att få en djupare förståelse för interaktionseffekterna på
komponent-, delsystem- och systemsnivå. I denna avhandling fokuserar forsk-
ningen på att identifiera lämpliga metoder och utveckla robusta modeller för
att underlätta interaktionsanalysen.

För att granska och identifiera lämpliga metoder utvecklades kriterier. Till
att börja med undersöktes Design Structure Matrix (DSM) och dess varia-
tioner. Medan DSM visade sig vara grundläggande för att fånga interaktions-
effekter, saknade den förmågan att besvara frågor om interaktionsstrukturer
och beteende samt förutsäga oavsiktliga effekter. Därför utforskades nätverk-
steori som en kompletterande metod till DSM, vilket kunde ge insikter i in-
teraktionsstrukturer och identifiera inflytelserika variabler.

Därefter etablerades två kriterier för att identifiera delsystem som är be-
tydelsefulla för interaktionsanalysen: hög anslutning till andra delsystem och
mångdisciplinär sammansättning. Dragkraftmotorn observerades uppfylla bå-
da kriterierna eftersom den hade högre anslutning till andra delsystem och
var sammansatt av flera discipliner. Därför utvecklades en detaljerad modell
av en induktionsmotor för att möjliggöra interaktionsanalysen.

Induktionsmotormodellen integrerades i ett tvärskaligt designverktyg. Verk-
tyget använde en tvåstegsprocess: att översätta operativa parametrar till mo-
torinsatser med hjälp av Newtons ekvationer och härleda fysiska egenskaper,
prestandakaraktäristik och prestandaattribut hos motorn. Jämförelse av den
erhållna prestandakaraktäristikkurvan med befintliga studier validerade mo-
dellens tillförlitlighet och förmågor. Designverktyget visade anpassningsbar-
het till olika körcykler och förmågan att modifiera motorprestanda utan att
påverka operativa parametrar. Detta validerade designverktygets förmåga att
fånga tvärskaliga och intra-subsystem interaktionseffekter. För att undersö-
ka inter-subsysteminteraktion utvecklades en termisk modell av en inverter,
som fångade temperaturvariationer i kraftelektroniken baserat på motorns
styrning. Designverktyget fångade framgångsrikt interaktionseffekter mellan
motor- och inverterdesign och belyste samspelet med operativa parametrar.

Därmed identifierar denna avhandling metoder för interaktionsanalys och
utvecklar robusta delsystemmodeller. Det integrerade designverktyget fångar
effektivt intra-subsystem-, inter-subsystem- och tvärskaliga interaktionseffek-
ter. Den presenterade forskningen bidrar till det övergripande projektets mål
att utveckla metoder och modeller som fångar interaktionseffekter och i sin
tur fungerar som ett vägledande verktyg för designers att förstå konsekven-
serna av sina designval.

Nyckelord: Subsysteminteraktion, Interaktionseffekter, Design Structure Matrix,
Nätverksteori, Cross-scalär designverktyg, Induktionsmotor, Inverter.
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Chapter 1

Introduction

"What if we just modify this?"

This is a question that would have crossed the minds of many designers who
work with complex systems. More often than not, it leads to a sub-optimal design
with increased number of design iterations. This inefficacy could be attributed to
the uncertainty about the consequences of design choices, especially in the early
stages of the design process. This uncertainty further results in under-utilisation
of the vehicle’s capabilities, over-utilisation of the resources allocated to the design
and development of the vehicle, and ultimately leads to the repercussions of using
an inefficient vehicle. The aim of this Licentiate thesis and the PhD project is to
develop methods and tools to mitigate this uncertainty and help the designer to
make an informed decision.

1.1 Background

The definition of Sustainable Vehicle Design and Development has been associated
solely with the mitigation of tail-pipe emissions for a long time. However, due to
the increase in global mean temperature, rapid change in climate, and the resulting
repercussions, the scope of this definition has been updated and broadened over the
years.

In 1987, the report "Our Common Future" by the Brundtland commission [1]
from United Nations formally introduced the definition of sustainable development
as "development that meets the needs of the present without compromising the
ability of future generations to meet their own needs". Following this ideology,
the United Nations developed several other initiatives to foster sustainability. In
ISO/TR 14062:2002 report [2], ’Eco-design’ or ’Design for Environment (DfE)’
is defined as "the integration of environmental aspects into product design and
development". The underlying intent of these definitions is to promote sustainable

3



4 CHAPTER 1. INTRODUCTION

design and development that includes not just the environmental aspects, but also
the economic, and social aspects.

Since the establishment of Sustainable Development Goals (SDGs) as a part
of Agenda 2030 by the United Nations General Assembly in 2015, and the Paris
Agreement in 2016, the holistic approach to sustainable design and development has
gained significant traction in various industrial sectors, especially in the transport
sector. In addition to being one of the highest contributor to emissions in the
European Union (EU), contributing approximately 25% of the total greenhouse
gas (GHG) emissions and 30% of CO2 emissions [3, 4], the transport sector is also
responsible for almost 5 to 7% of the total GDP [5]. Therefore, the transport sector
plays an integral role in achieving the Sustainable Development Goals (SDGs).

This increased focus on sustainability coupled with more stringent regulations
encouraged many manufacturers to integrate sustainability across the entire life-
cycle of vehicles. From vehicle conceptualisation and simulation to end-of-life man-
agement, all methods were scrutinised to improve efficiency, not only in terms of
environmental impact, but also in terms of economic(financial and temporal) and
social impact. As a result, the principle behind Sustainable Vehicle Design and
Development has shifted from environmental impact mitigation to environmental
impact prevention. However, this shift entails the need to reformulate the approach
to designing vehicles, as the conventional approach to vehicle design is conservative
and possibly biased [6].

1.2 Problem statement

The conventional vehicle design approach hinders the achievement of sustainable
design solutions due to several factors. First, it typically uses the design of previous
generation of vehicles as a benchmark to design the next generation of vehicles.
This compels the objectives to be more focused on improving existing solutions
rather than developing new ones. Moreover, when a new solution is evaluated in
an existing architecture, the results maybe biased towards the existing solutions as
the current vehicle design process may be preconditioned to the existing solutions
[7].

Furthermore, the conventional method employs a distributed design approach
in which the complex vehicle system is broken down into manageable subsystems
[8]. As a result, the influence of both improved and innovative design solution is
evaluated in isolation at the component or the subsystem level. Thus, it does not
capture the direct and indirect effects of the solution on other subsystems and on the
overall vehicle attributes. This inability of the conventional design approach could
lead to unintended negative effects such as under-utilisation of vehicle’s capabilities
and possibly causing even adverse effects on other subsystems.

For example, the implementation of the Silicon-Carbide (SiC) semiconductors
in the traction converters of Stockholm metro improved not just the traction ca-
pabilities, but also resulted in a 9 dB noise level reduction [9], and it could further
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be helpful in improving the cooling systems required for the train, and in mass
reduction. But without sufficient knowledge about the influence of the solution on
other subsystems and overall vehicle, these benefits could be overlooked, potentially
leading to over-sizing and redundancy of certain components and ultimately result-
ing in an inefficient vehicle design. There have also been cases where improving
one aspect of the solution resulted in an adverse effect on others. For example, the
improvement obtained by utilising light-weight materials and sandwich panels is
often negated by the adverse effect on the acoustic performance [10].

These limitations make the conventional approach to developing vehicles very bi-
ased and restrictive to introducing significant technological changes, and ultimately
hindering significant improvements.

To enable this improvement, it is important to influence the design in the early
stages where there is freedom for making significant changes [11] and the cost
of experimenting with novel technologies is relatively low. However, one of the
biggest challenges in influencing design in early-stage vehicle design is the lack of
knowledge. This can be attributed to a design problem commonly referred to as
the design paradox [12].

In the early stages of vehicle design, there is a lack of knowledge about the
influence of design choices on the interaction effects between components, subsys-
tems, and ultimately on the attributes of the vehicle system and transport system.
This lack of knowledge coupled with the shortcomings of the conventional design
approach results in a sub-optimal vehicle design with increased design iterations.

Thus, to mitigate these drawbacks of the conventional approach, it is vital to
develop methods and tools that allow for objectively analysing the intended and
unintended interaction effects at a component and subsystem level and the influence
of these complex interactions on the overall attributes of the vehicle system and the
transport system. Developing this knowledge on interaction effects could help the
designers understand the consequences of design choices at all levels and thus help
them make an informed decision and in turn help them in their strive to achieve a
globally-optimal solution.

1.3 Research focus of the project

The goal of this thesis and of the PhD project is to develop methods and tools
to analyse both direct and indirect interaction effects that may occur between the
components within a subsystem, across subsystems, and consequently capture the
influence these interaction effects have on the attributes of the subsystem, vehicle
system, and the transport system. These interactions may not be homogeneous
i.e., the interaction can happen between two variables that have different disciplines
and thus have different units and scales. For example, the magnetic density of the
motor can have an interaction with the mass of the motor. The developed methods
must be able to handle these heterogeneous interactions. Furthermore, the aim
is to develop methods that is applicable to any type of vehicle. Therefore, the
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framework developed must be able to handle the different types of relationships
that may occur within different vehicle types. Additionally, the framework has to
be robust to allow the inclusion, removal, or replacement of certain components and
subsystems. This can be helpful in situations where an updated solution is available
where two components or subsystems are combined into one or a mathematical
model is replaced by Finite Element Model (FEM). To achieve these goals, the
research questions are formulated as follows:

(RQ1) What methods can be utilised to identify and quantify the interactions
across any given level(s)?

(RQ2) To what extent are these interactions influencing the performance of other
subsystems and even other systems which operate at a different scale?

(RQ3) What level of complexity is required for each subsystem model to sufficiently
capture the interactions?

(RQ4) How can the developed methods and tools help and guide a designer gauge
the consequences of different design choices?

1.4 Contributions hitherto

The work performed over the last two years focused on two aspects. The first aspect
involved scrutinising available methods to identify suitable ones that could enable
the analysis of interaction effects between different components and subsystems
across various levels. To identify such methods, certain criteria were developed.
Several methods were examined and network theory approach was elected as the
suitable method for this project. Paper C provides a brief introduction to the
concept of network theory, some definitions that are central for implementing the
concept in this project, their benefits, limitations, and possible applications. This
paper further helps in answering the Research Question 1 and 4 as it introduces
a method that allow for identification and quantification of the interaction effects
and provides a brief account of its application for a designer.

The second aspect involved developing models that could be integrated into
the identified methods to perform the interaction analysis. The developed models,
therefore must be sufficiently detailed and robust to accommodate any changes,
including the addition, elimination, or replacement of any variables, parameters,
or subsystems. Different modelling techniques were explored and mathematical
modelling technique was chosen to be suitable for this thesis. To identify which
subsystem was of interest in the context of interaction analysis, certain criteria
were developed and a brief analysis was conducted to determine which subsystem
fit these criteria. It was observed that the traction motor qualified as a subsystem
of interest. Hence, in this thesis, a sufficiently detailed and robust motor model is
developed. Paper A focuses on the process involved in developing a detailed and
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robust mathematical model of a motor. The capability of the model is exemplified
by analysing the influence of transport level requirements on motor design.

Moreover, this motor model can be utilised in interaction analysis between dif-
ferent components and subsystems. To exemplify this inter-subsystem interaction
capability of the model, a passive cooling model of an inverter that predicts the
temperature rise is developed. It is developed in such a way that the inputs from
the motor model such as the current and voltage demanded by the motor are re-
quired for the inverter model to function. The author’s contribution in Paper B
focuses on utilising the motor inputs for successfully predicting the temperature
rise in inverter.

The papers Paper A and Paper B further help in answering the Research Ques-
tions 2, 3, and 4, as the influence of design choices and requirements at one level
over the design at another level is assessed and a brief account of the application
of these assessments are provided. A summary of the contribution of the different
papers to the research questions is tabulated in Table 1.1.

Table 1.1: Research questions addressed by each of the appended papers.

RQ1 RQ2 RQ3 RQ4
Paper A -
Paper B -
Paper C - -

main questions secondary questions

1.5 Outline of the thesis

Chapter 1 provides an brief introduction to the background of the thesis, the mo-
tivation behind it, the research questions that are to be addressed, and the work
performed so far to address the research questions. Chapter 2 provides the the-
oretical background necessary to understand the modelling process and a concise
introduction to different methods considered and the reasoning behind the method
choice. It further provides a brief account of similar research works to identify the
research gap. Chapter 3 provides a detailed description of the modelling process of
the traction motors, which is an extended summary of Paper A. Chapter 4 discusses
the results obtained from the developed motor model and the possible applications
of the motor model in the context of interaction analysis. This chapter is an ex-
tended summary of Paper A and Paper B. Finally, chapter 5 provides a summary
of the thesis, discusses briefly the potential and limitations of the work, and rec-
ommends avenues for future explorations. A detailed explanation of the traction
motor modelling with all the necessary equations is provided in Appendix A.





Chapter 2

Literature review

For each aspect of the contribution, this chapter provides a comprehensive overview
of the theory necessary to understand the modelling approach employed in this
thesis. Additionally, it briefly describes research works that share similar goals
with this thesis, providing an overview of the current state of research. The purpose
of this literature review is to identify alternative methods and tools that can be
employed to achieve the goals of this thesis, as well as to identify any research gaps.

2.1 Method choice

The first aspect focused in this thesis is the identification of methods in which the
developed models shall be integrated to perform the interaction analysis. To per-
form such an analysis, the method should satisfy certain requirements: (1) The
method must be capable of capturing dependencies between the factors of interest.
(2) The interactions may not be homogeneous; therefore, it should be capable of
handling heterogeneous interactions, i.e., interactions that occur between factors
with different disciplines, units, and scales. It should further be capable of quanti-
fying the interactions between different factors. This would help in identifying the
most influential factor and trace their influence. The influential factors are the crit-
ical variables/parameters, which either drive or are dependent on other variables.
Identifying these parameters and variables can help in identifying the bottlenecks
which hinder efficiency and technological improvement.

2.1.1 Design Structure Matrix (DSM)
In this section, a brief introduction is provided to Design Structure Matrix (DSM),
its variations, and the capabilities and limitations of these variations. A more
detailed account is provided in [13, 14, 15, 16].

One of the most common methods to capture interactions and dependencies
between factors is Design Structure Matrix (DSM) [17]. It consists of a square

9
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matrix whose rows and columns are the factors of interest. The diagonal elements
are the factors itself and the off-diagonal elements are the dependencies. This allows
you to capture any predetermined interactions between the factors. There are two
types of DSMs, binary DSMs and numerical DSMs. Binary DSMs indicate whether
or not a dependency exist [18] and numerical DSMs use numbers to indicate the
strength of the dependencies [19]. If the DSM is symmetric, it implies either that
a dependency exists between two factors i.e. an undirected dependency, or the
dependencies act both ways i.e. x and y are dependent on each other. If the
DSM is asymmetric, then it implies that the dependency is one-way i.e. y = f(x).
Typically, DSM relates factors of the same domain only [14]. To overcome this
drawback, Domain Mapping Matrices (DMM) and Multiple-domain matrix (MDM)
were introduced.

DMM is typically a rectangular matrix which allows to map the interactions
between factors in two different domains. There have been other studies which
presented similar methods, however these methods were not capable of utilising the
algorithms developed for DSMs as they involved both qualitative and quantitative
data. DMM was formalised by Danilovic and Browning [20] and it is applied in
different fields such as automotive, aerospace, control systems, electronics, design
etc [13]. Although the DMM can relate only two domains at a time, multiplying two
DMMs with a common domain can yield a third DMM, and multiplying the DMM
by its transpose can yield a DSM. These techniques have been used in several studies
to compare DSMs derived by this method and the DSMs developed by traditional
methods [21]. However, in cases where multiple domains need to be analysed, DMM
multiplying methods can become cumbersome and complex. Therefore, the DMM
was extended to develop the MDM.

MDM is typically a square matrix consisting of DSMs along the diagonal and
DMMs in the off-diagonal cells and a typical construction of an MDM is depicted
in Figure 2.1. The idea of mapping multiple domains was initiated by Eppinger et
al. [22] and later the term Multiple Domain Matrix was formalised by Maurer [23].
Concurrently, Engineering Systems Matrix (ESM) was proposed by Bartolomei [24]
which has similar function and offers similar benefits as MDM. It relates physical
objects to system drivers, stakeholders, objectives, functions, and activities and
identifies these as nodes. It further classifies these nodes into five different domains
(social, technical, functional, process, and environmental) and map them in a single
adjacency matrix. Thus, allowing to map dependencies across multiple domains in
engineering systems. Since the ESM is also an extensions of DMM and is very
similar to MDM, ESMs are generally classified as MDM as well [13]. MDMs have
been used in various applications such as, change propagation [25, 26], knowledge
management [27], and engineering design [28].

There have been also some variations of MDM such as Component Propaga-
tion DSM, Change Propagation Frequency Matrix (CPFM) [16], Sensitivity Design
Structure Matrix (SDSM) [29], etc. which were developed for specific applications,
and they offer similar benefits and limitations as MDM.

Therefore, depending upon the complexity of the dependencies and their do-
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Figure 2.1: Composition of MDM [23]

mains, different matrix methods can be utilised to analyse the dependencies. How-
ever, it should be noted that most of these methods have been used predominantly
in process and product architecture analysis and are limited to analysis related to
the dependencies between elements of the matrices. As mentioned earlier, to qual-
ify as a suitable method for the interaction analysis, the identified method must be
able to identify the crucial factors in addition to capturing the interaction effects
and quantifying them. Therefore, an extended application of the matrix meth-
ods, network theory, is also investigated as it allows to understand and analyse the
overall structure of the interactions in a system.

2.1.2 Network Theory
This section is an extended version of Paper C. In this section, a brief introduction
to network theory is provided along with the network theory metrics applicable
to the interaction analysis, the reasoning behind the choice of this method, and
benefits and limitations of this method.

As mentioned earlier, one of the criteria for a method to qualify for the interac-
tion analysis is that it should be able to identify the crucial factors. These factors
are the parameters and variables that either drive or depend on other variables.
To identify such variables and parameters, it is important to analyse the structure,
patterns, and behaviour of the interactions in a vehicle system and this is possible
through network theory.

Network theory, a subset of graph theory, is a branch of mathematics and com-
puter science that studies complex systems by representing them as graphs. A
graph is defined as a finite set of vertices (also called as nodes or points) and edges
(also called as links). The vertices represent the discrete elements of the system and
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the edges represent the relationship between the elements. These vertices and their
relationships are recorded in the form of a matrix called adjacency matrix. The rows
and columns of these matrices are the vertices and the relationships between differ-
ent vertices are recorded in the off-diagonal cells. Therefore, the adjacency matrix
is equivalent to the Design Structure Matrix, and hence, the Network theory is con-
sidered an extension to the DSM. There are also other similarities between DSMs
and the graphical representations. Graphs can either be unidirected, bigraph, or
directed similar to DSMs. There are also weighted graphs which allow to quantify
the significance of the relationship between vertices, similar to the numerical DSMs.

These similarities enable network theory to capture interactions and depen-
dencies, similar to a DSM. Furthermore, network theory facilitates the structural
analysis of the interactions in addition to capturing dependencies between different
elements i.e. it enables us to look at not just which elements interact but also
observe the behaviour of the interactions and allows us to deduce any available
patterns in the interaction. This would further help in visualizing complex systems
intuitively and also help in identifying any indirect relationships between vertices.
This ability further allows for the characterisation of the parameters and variables
i.e., it would answer questions such as "What is the influence of any two variables
on each other?" "Which parameters/variables act more as an influencer than be
influenced?" "Which parameters/variables just act as a messenger?" "Are there any
parameters/variables acting as a bridge between two or more domains?". This helps
in understanding the complex system in a better way than with just the matrix
methods.

To perform such interaction analysis on complex networks, network theory pro-
vides numerous metrics. These metrics offer insights into the structure, connectiv-
ity, and dynamics of networks. For example, the metric ’degree centrality’ indicates
the number of links any given vertex has. This allows to identify which vertices or
elements in the system are significant. In case of directed graphs, the degree cen-
trality can be further classified into in-degree and out-degree which identifies the
driven and the driving elements of the system respectively. The metric ’closeness
centrality’ calculates the average length of the shortest path between any given
node and all the other nodes in the graph. This allows us to identify which vertices
or elements are closely tied or clustered and which ones are isolated. The metric
’betweenness centrality’ identifies the vertices which act as a bridge in the shortest
path between any two vertices, thus identifying vertices which act as a messenger
of information. Thus, depending upon on the question to answer, the appropriate
metric can be utilised to gain different insights on the structure of the complex
network interactions.

Because of the vast capabilities of network theory, it found its applications in
various fields including machine learning [30], engineering design [16, 31, 32], eco-
nomics and sociology [33, 34], neuroscience [35], and psychology [36]. In engineer-
ing design, there are a lot of studies that used network models to design modular
products [37], to reduce the iteration time required in product development [38].
However, there are only a few studies which focus on using network theory to design
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vehicles [14]. Thus, it is an interesting scope of research to use network theory to
understand the interactions in vehicle design process and use this to help designers
understand the consequences of their design choices.

However, there are also some limitations or challenges in utilising network the-
ory in the context of understanding the interaction effects in vehicle design. The
primary challenge is due to the complexity of vehicle models, which generally tend
to consist of large number of components and subsystem with intricate relation-
ships between them. Thus, building a visual representation of such network models
can become quite cumbersome. This may limit the capability of visually analysing
and tracing the dependencies in such complex network models and it would be re-
quired to resort to the matrix representation of networks. However, all the metrics
are still applicable in the matrix representation as well. The secondary challenge
is data requirements. To analyse the interactions of such complex networks, it is
necessary to have either reliable data sets from experiments or sufficiently complex
models which would capture the interaction effects. Without such reliable data or
complex models, the interpretations derived from analysing the interactions may
produce insignificant or incorrect results. Therefore, it is important to be aware of
the limitations of the capabilities of network theory while developing the models
and interpreting the results. Despite these limitations, network theory qualifies as
a suitable method for interaction analysis since it satisfies all three requirements.

2.2 Modelling

The second aspect focused in this thesis was the development of robust and suf-
ficiently detailed subsystem models for the interaction analysis. Any subsystem’s
model can be developed in two ways, through empirical modelling or mathematical
modelling. Empirical modelling is where the behaviour of a system is predicted by
observing the data obtained from the experiments. It is concerned only with the
input-output relationship and may not necessarily identify the functional relation-
ship governing the system, i.e., it could assume a black-box relationship. Mathe-
matical modelling is a technique where the relationship between different variables
and parameters are described by equations and thus strive to resemble and predict
the real-world phenomena based on the described relationships. Since experimental
data is not readily available, in this thesis, mathematical modelling is preferred.

After choosing the modelling technique, the next important step was to identify
which subsystems were of significance and of interest to perform this interaction
analysis. To tackle this, two criteria were developed that must be fulfilled to qual-
ify as a subsystem of interest: (1) The subsystem must have high connectivity i.e.
the subsystem must either be a driving subsystem that controls several other sub-
systems or a driven one which receives inputs from several other subsystems or a
combinations of both. This ensures that the interaction analysis can be performed
between subsystems and can be extended to the entire vehicle and not just one
cluster of isolated subsystems. (2) The subsystem must be composed of different
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Figure 2.2: Subsystem connection map of a rail vehicle

significant disciplines such as mechanical, electrical, magnetic, structural, and Noise
Vibration Harshness (NVH) etc. This allows for the analysis of interaction effects
across disciplines within the same subsystem itself. To identify the subsystems that
fulfil these criteria, a rudimentary map of all subsystems of a rail vehicle is drawn
as depicted in Figure 2.2. It is to be noted that the rail vehicle is chosen only for
the purpose of exemplification and the methods, tools, and framework developed
in this thesis and project is aimed to be applicable for all types of vehicles.

From Figure 2.2 it can be inferred that the traction motors have a high con-
nectivity, and moreover, they act as the bridge between the dominantly electrical
subsystems (inverters, rectifiers, pantograph) and dominantly mechanical subsys-
tems (brakes, wheels, axles, bogies, and suspensions). Furthermore, the traction
motors are composed of components of different disciplines such as mechanical,
electrical, magnetic, thermal, electro-magnetic etc. Therefore, they satisfy both
the criteria, and in addition, the propulsion system plays an important role in a
vehicle system to satisfy the functional requirement of mobility. Hence, in this the-
sis, a sufficiently detailed and robust motor model is developed. Furthermore, from
Figure 2.2 it can be seen that the traction motor is directly dependent on inverter
model and is driving the brakes (regenerative brakes). Therefore, in this thesis,
in addition to the detailed description of the motor model development process, a
brief account of the manner in which the motor model is utilised to develop the
passive cooling model of an inverter is provided.

2.2.1 Traction motor
Electric vehicles have become more prominent in the past decade to help in achiev-
ing the sustainability goals. There has been an 18.9 times increase in the number
of electric passenger vehicles registered [5] and the rail vehicles have adapted to



2.2. MODELLING 15

electric traction since a long time. An important aspect in the transition to elec-
tric vehicles is the traction motor. There are different types of electric traction
motor available. They can broadly be classified into two types : Direct Current
(DC) motors and Alternating Current (AC) motors [39]. DC motors are motors
that are designed to operate with a substantially constant current source. The DC
motors are relatively simple compared to that of AC motors. Hence, most, if not
all motors in automobiles are DC, and many of the traction and servo motors have
been DC machines. However, DC machines require commutators and brushes for
changing the direction of the current, which lead to increased maintenance cost and
durability concerns. Whereas in AC machines this is eliminated by the use of semi-
conductors. This disadvantage of DC machines coupled with the implementation
of high-power, high-performance, and low-cost semiconductors in AC machines led
to the rise of AC machines as the preferred choice for traction motors.

AC motors can be further classified into Asynchronous motors (Induction motors
(IM)) and Synchronous motors (Permanent Magnet Synchronous Motors (PMSM)).
Induction motors have been the most preferred type of AC machine for traction
for a long time for both road and rail vehicles. They are relatively simple, have
good performance and efficiency, and are cheaper, and do not require any rare-
earth metals. They are also relatively easy to control compared to the synchronous
machines. Although in the recent years there has been an increase in the use of
PMSMs for traction motor in both rail and road vehicles, there is also a prevailing
debate about the aspect of sustainability in PMSMs as they heavily rely on rare-
earth metals. Moreover, the modelling and control of PMSMs are significantly
complex and requires sufficient expertise and computational effort. Therefore, in
this thesis, to limit the complexity, induction motors are preferred as the traction
motor for modelling and analysis, specifically the 3-phase induction motor.

2.2.1.1 Construction

The basic construction of the 3-phase induction motor is displayed in Figure 2.3
and the cross-sectional view of the motor is depicted in Figure 2.4. The 3-phase
induction motor consists of two main parts known as the stator and the rotor.
The stator, as the name suggests, is the stationary part of the motor. It consists
of two major components: the core and the windings. The stator core is made of
laminated sheets which are usually made of electric steel and are insulated from each
other. The reason for having laminate sheets instead of a solid block is because the
laminate sheets have lower eddy current losses compared with solid metal blocks.
These laminated sheets have slots which are of three types : open slots, semi-closed
slots, and closed slots. And each of this type can either be straight or tapered.
These slots in the laminated sheets of stator core accommodate the three-phase
copper windings. In this thesis, semi-closed tapered slots are adapted.

The rotor is the rotating part of the motor. It can be of two types: squirrel cage
rotor and slip ring rotor. In this thesis, the squirrel cage rotor is chosen. Similar to
the stator, the core of the squirrel cage rotor is made of thin laminated steel sheets
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Figure 2.3: Construction of 3-Phase induction motor [40]
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Figure 2.4: Cross-section of 3-Phase induction motor [41]

with slots. In squirrel cage rotors, these slots accommodate longitudinal conductive
bars which are usually made of aluminium or copper. These conductor bars are
then connected to end rings at both ends and thus short-circuiting the rotor. The
short-circuited conductive bars resemble a squirrel cage and hence the name of the
rotor. The rotor has a shaft in the middle which is connected to the load and
provides the rotational motion to the connected load.

The stator and the rotor are housed in the frame of the motor. The frame is a
strong and rigid structure since it must not allow any stator movements otherwise
it can lead to non-concentric alignment of stator and rotor and will result in uneven
magnetic pull. There are other components such as bearings, flanges, and brushes
which help in operation of the motor.

The laminated core of both stator and rotor have slots to accommodate windings
and conductor bars respectively as stated before. These slots give rise to teeth of
the core as well. Design of these slots and teeth of the stator and rotor core is
vital since the slots and teeth have a great influence on the magnetic, electrical and
mechanical properties of the motor. These slots and teeth can have different forms
and types. For this thesis, tapered, double-layered semi-closed slots for the stator
and tapered, semi-closed slots for rotor are chosen and are depicted in Figure 2.5a
and Figure 2.5b.

2.2.1.2 Working principle

The working of induction motor is based on a principle called electromagnetic
induction or Faraday’s law of electromagnetic induction [43]. Faraday’s law of
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Figure 2.5: Slot form and dimensions [42]

induction states that when a conductor is placed in a varying magnetic field, an
electromotive force (EMF) is produced. When a 3-phase alternating current is
supplied to the windings in the stator which are placed at 120○ apart, it produces
an rotating magnetic field (RMF) which rotates at synchronous speed. When the
RMF cuts through the stationary rotor conductors, according to Faraday’s law of
induction, an EMF is induced in the rotor. Since the rotor conductors are short-
circuited, the induced EMF induces current in the rotor. And due to the induced
current, an alternating flux is produced in the rotor. Now, there are two alternating
fluxes, one due to the stator and another one due to the rotor which interact with
each other. The alternating flux in the rotor lags behind the alternating flux in the
stator. This lag helps develop an electromagnetic torque which rotates in the same
direction as the RMF and hence the rotor starts to rotate.

It is important to note that the speed of the rotor never reaches the synchronous
speed of the motor. This is because if the rotor achieves the synchronous speed,
it means that the alternating flux of the stator and the rotor are rotating at the
same speed and therefore, the RMF will not cut the conductor bars in rotor and
hence the alternating flux in the rotor will not be produced. This leads to rotor
slowing down. At this point, since there is a relative difference between the speed
of the RMF and rotor speed, the RMF cuts the rotor bars and causes an EMF in
the rotor which then leads to the increase in rotor speed. Thus, the rotor always
rotates at a speed less than that of the rotating magnetic field. This difference in
speed between the rotor and synchronous speed is called the slip.

2.2.1.3 Related work and studies

One of the most common methods to model and analyse induction motors is Finite
Element Modelling (FEM). FEM allows for accurate and detailed modelling, and it
is an important tool in validating results obtained from other methods. However,
due to the accuracy, the computational and temporal cost of simulating these mod-
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els is very high [44]. Furthermore, it requires a certain level of expertise to derive
the necessary results from the vast data that is obtained from FEM. To overcome
these drawbacks, analytical circuit models of induction machines were developed,
which utilises equivalent circuit models [45, 46, 47, 48], Thevenin’s equivalent cir-
cuit model [49], d-q models [50, 51], and state variable models [52]. These models
are relatively simpler, and thus, computationally cheaper; this further allows itera-
tive optimisation designs using the analytical models. There are also studies which
utilised the hybrid approach of combining analytical models and FEM [53, 50] and
mathematical models [54] to estimate the performance of the induction motors.

Although these studies share similar approach as this thesis in utilising ana-
lytical circuit models and equations to model the induction motor, they differ in
the focus of the work and the assumptions made in the modelling process. The
equivalent circuit model assumes that the circuit parameters such as resistance,
inductance, reactance etc. are available either through experience or experiments.
In this thesis, however, this assumption is not made and the circuit parameters are
derived from the design of the motor. There are similar studies that estimate these
circuit parameters with reasonable accuracy [55, 56, 49], however, they lack the nec-
essary level of detail to capture the interactions being investigated in this thesis.
Furthermore, the d-q models and state-space models are widely used for simulating
the dynamic behaviour of the induction machines [51]. However, in this thesis, it is
decided that the focus of the modelling process shall be on the steady-state design,
sizing, and performance aspects rather than their transient and dynamic character-
istics. This is because, in this thesis, the aim is to understand in what manner the
design changes in one subsystem is influencing the design in other subsystems and
to what extent this influence propagates i.e. whether only at a subsystem level, or
even to component and transport level. Therefore, in this thesis, a mathematical
model of the induction motor is developed with sufficient complexity.



Chapter 3

Design of traction motor

This chapter is an extended version of Paper A. In this chapter, a brief introduction
to the idea behind the modelling process is provided along with an outline of the
modelling process, and a detailed explanation of the equations required to develop
the motor model.

One of the goals of this thesis and the PhD project is to develop methods and
models to enable the designers make informed decisions. This is facilitated through
performing an interaction analysis i.e. analysing in what manner a design change
made at a component level is influencing the design change at a subsystem, system,
and operation level and vice versa. This would allow mapping the interaction effects
between parameters and variables of different disciplines and levels. To perform
such an analysis, it is vital to develop robust and detailed models of subsystems
that are sufficiently complex and have high connectivity to other subsystems.

As mentioned in the Chapter 2, the traction motor is sufficiently complex since
it is multi-disciplinary and has numerous components. Moreover, it has high con-
nectivity to other subsystems since it is a vital part of the traction chain of a vehicle.
Therefore, in this thesis, a detailed explanation of the design and modelling of the
traction motor, specifically, the 3-Phase induction motor, is provided.

Motor modelling can be approached in multiple ways. Generally, the approach
depends on the available data, the modelling technique, and the desired results from
the model. Since the goal is to develop the modelling process in a pragmatic manner
and there is no readily available data from experiments, in this thesis, standard
drive cycles are used as inputs for the motor model. This procedure is similar to
that followed in the industries. The desired results from the motor model are the
physical and performance characteristics of the motor i.e., mass and volume of the
motor, power and torque delivered by the motor. The inputs to the motor model
are from an operational level and the outputs can be used as design parameters
in other subsystems. Thus, facilitating the interaction analysis. Moreover, since
the inputs are at an operational level and the outputs are at subsystem level, this
motor model can be considered as a part of a larger cross-scalar design tool. The

19
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design tool shall constitute different subsystems and parameters at different levels,
thus providing a framework for the interaction analysis. In this thesis, initially, the
design tool shall constitute of induction motor and the drive cycle parameters.

The modelling process is divided into two steps. In the first step, the con-
ventional drive cycle information is converted into motor input parameters. The
drive cycle usually contains information about the distance, velocity, and relative
track elevation. In the second step, the motor input parameters are converted
to the motor’s physical attributes (volume and mass), performance characteristics
(torque-speed curve), and performance attributes (rated torque, maximum torque,
and maximum power). The overall procedure of the design tool is presented as a
flowchart in Figure 3.1.
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Figure 3.1: Overall procedure of the design tool

3.1 Step 1: Extracting drive cycle information

The objective of this step is to calculate the input parameters to the motor model
from the drive cycle information i.e. to derive subsystem level parameters from
operational level parameters. The input parameters are the required rated power
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and the required rated speed. Rated power is the maximum power with which the
motor may run continuously over a long period of time and rated speed is the speed
at which the maximum power occurs. The relationship between power and speed
for a vehicle using electric motors for traction is depicted in Figure 3.2. The region
in which the power increases is called the constant force/constant torque region. It
increases up to a speed called the base speed. The base speed corresponds to the
rated speed for the motor model in this thesis. After the base speed, the power
remains constant, and this region is called the constant power region.
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Figure 3.2: Power and speed relationship of vehicle using electric traction motors

The drive cycle consists of information about the elevation of the track with
respect to the start position and the velocity of the vehicle at every sampled po-
sition of the chosen route. A typical representation of a rail vehicle’s drive cycle
is presented in Figure 3.3. From this information, the motor input parameters are
determined using the Newtonian equations of motion [57]. The required tractive
power Pti at every position along the track is calculated using Equation 3.1. The
required tractive force Fti is calculated using Equation 3.2. The acceleration of the
vehicle ai at every sampled position of the track is calculated using Equation 3.3.
The equivalent mass of the vehicle meq is calculated using Equation 3.4.

Pti = Ftivi (3.1)

Fti = meqai (3.2)

ai = v2
i − v2

i−1
2∆x

(3.3)

meq = (mκ) +ml (3.4)

Equations 3.1 to 3.4 can be used to estimate the required tractive power at
every sampled position of the track. However, to obtain more accurate information
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Figure 3.3: Representation of typical drive cycle of a train

about the required power, different factors need to be taken into account, such
as the different resistances experienced by the vehicle (viz., the aerodynamic resis-
tance, curving resistance, gradient resistance, and rolling resistance), the maximum
available adhesion, and the corresponding available traction force at every position
of the track. The current design tool considers all these factors and calculates the
required power at every position of the track and the result is displayed in Fig-
ure 3.4. It can be noted that it is similar to the relationship presented in Figure
3.2. However, the calculated power is the power required for the entire vehicle. To
determine the power required per motor, the power is divided by the number of
motors in the vehicle. Thus, the rated power per motor is calculated. The rated
speed is calculated by identifying the speed at which the maximum power occurs.
The vehicle speed is translated into motor speed using Equation 3.5.

0 50 100 150 200 250 300

Velocity (km/h)

0

1000

2000

3000

4000

5000

6000

P
o
w

er
 (

k
W

)

Calculated power and speed characteristics

Figure 3.4: Calculated power-speed characteristics of the high-speed rail drive cycle



3.2. STEP 2: INDUCTION MOTOR MODELLING 23

nm = v30i

3.6πrw
(3.5)

3.2 Step 2: Induction motor modelling

The objective of this step is to develop an induction motor model that calculates
the motor’s physical attributes, performance characteristics, and performance at-
tributes that satisfy the power and speed requirements obtained from the drive
cycle. The physical attributes are volume and mass of the motor, the perfor-
mance characteristics is the torque-speed curve of the motor and the performance
attributes are rated torque, maximum torque, and maximum power of the motor.

The induction motor modelling step is further divided into two parts. The first
part is the motor design part, where the parameters such as its dimensions, electric
and magnetic parameters, and equivalent circuit parameters (resistance, induc-
tance, impedance etc.) are calculated. The second part, the motor performance,
is where the losses and performance characteristics of the motor are calculated.
The design procedure followed in this thesis is inspired by the versions presented in
[58, 42]. The major steps involved to develop such a motor model are represented
as a flowchart in Figure 3.1 and the equations required to develop a detailed motor
model is presented in Appendix A.

3.2.1 Motor design
In this section, the motor is modelled for one specific frequency and voltage spec-
ification. This frequency corresponds to the base frequency and the voltage corre-
sponds to the supply voltage from the electrical grid. This specification is used to
size and design the motor and later the performance characteristics are derived for
the designed motor.

As mentioned, the motor modelling can be approached in multiple ways. Since
the inputs are the operational parameters such as rated power and rated speed de-
rived from the drive cycle, certain geometrical, electrical, and magnetic parameters
of the motor are initially assumed to begin the modelling process as depicted in
Figure 3.1 and a list of the assumed parameters and their values are provided in
Table A.1. The assumed parameters would be different if different motor inputs
were assumed.

Once the initialising parameters and specifications are defined, the main dimen-
sions of the motor such as the stator inner diameter, rotor outer diameter, air-gap
length, volume of the rotor, and the length of stator core are determined. These
dimensions are important as they are fundamental in sizing the motor and have a
significant influence on the performance of the machine.

The main dimensions are then used to calculate the electrical and magnetic
parameters of the machine. These are the number of stator and rotor slots, the
pitch of stator pole, stator slot, and rotor slot, and the number of stator windings.
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These parameters are significant as they define the construction of the stator and
rotor and heavily influence the performance characteristics of the machine.

As indicated before, certain magnetic parameters of the motor are initially as-
sumed. However, these parameters are influenced by the calculated parameters.
For example, the air-gap flux density is a parameter value that is initially assumed.
But, the number of stator windings, which is calculated, has an influence on the
flux density. Therefore, it is important to revise the parameter values with respect
to the calculated values to obtain an accurate motor design.

One of the important steps in motor design part is the design of teeth and
slots of rotor and stator. The design of these teeth and slots are vital as they
influence magnetic, electrical, and mechanical characteristics of the motor. The
stator slot and rotor slot form and dimensions are depicted in Figure 2.5. It is
worth highlighting that, in this thesis, the teeth and slot are designed with the
help of a simple optimisation loop. This is because, the stator and rotor slots serve
as housing for the copper windings and conductive bars respectively. Since the
windings and conductive bars are designed earlier than the stator and rotor slots,
the design of the slots are iterated until they satisfy the constraints of the windings
and conductive bars design.

Subsequently, the design of the windings, teeth, and slots are utilised to de-
termine their respective magnetic voltages, the saturation factor which depend on
these magnetic voltages, the stator and rotor yoke heights and their magnetic volt-
ages, the magnetising current of the stator windings, and the total magnetic voltage
of the electrical machine. These parameters play an important role in calculating
the equivalent circuit parameters of the machine.

The most important step and final step in motor design part is the design of the
equivalent circuit parameters. These parameters are vital in calculating the losses
and performance characteristics of the machine. With the help of the parameters
calculated thus far, the equivalent circuit parameters such as the resistance, leakage
inductance, and leakage reactance of the motor are calculated. There are multiple
resistances in the motor such as the resistance of stator, rotor, rotor conductive
bars, and end ring. The leakage inductance of the stator is a sum of different
leakage inductances such as:

• Skew leakage inductance (Lsq)
• Air-gap leakage inductance (Lδ)
• Slot leakage inductance (Lu)
• Tooth tip leakage inductance (Ld)
• End winding leakage inductance (Lw)

However, the leakage inductance of the rotor has a more complicated relation-
ship. It consists of leakage inductance of the rotor bar and rotor end rings and the
equation to calculate the leakage inductance of the rotor is provided in Appendix
A, Equation A.117. For every leakage inductance, there exists a corresponding
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leakage reactance and the relationship of leakage reactance is simply the product
of the corresponding leakage inductance and the angular frequency of the motor.

3.2.2 Motor performance
In this section, the performance characteristics, performance attributes, and physi-
cal attributes of the motor are calculated using the design of the motor established
in the previous section. Initially, the power losses in the motor are calculated using
the equivalent circuit parameters calculated in the previous section. Subsequently,
a control logic is applied to the motor to calculate the power losses across the entire
operating range of the motor. From which the performance characteristics i.e the
torque-speed curve is developed and the performance attributes are derived from
the torque-speed curve.

The power loss calculation is a crucial step in the motor performance part of
motor design. The resulting power loss values are significant due to their direct in-
fluence on the motor’s performance characteristics and attributes. Moreover, they
integrate the electrical, magnetic, thermal, and mechanical aspects of the motor,
providing a comprehensive, multi-disciplinary perspective to the design of the in-
duction motor. The different power losses experienced by the motor is depicted in
Figure 3.5
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Figure 3.5: Power-flow diagram of induction motor

There are different stages of power losses as indicated in Figure 3.5. At each
stage, the initial electrical power supplied by the motor is dissipated as heat and the
remaining power is delivered to the shaft. The objective of this step is to determine
this available power at the end shaft, which can be used to operate the load, in this
case, to facilitate the mobility of a vehicle. The power delivered at the motor shaft
and the corresponding torque are calculated using Equation 3.6 and Equation 3.7
respectively. The electrical input power to an induction motor is calculated using
Equation 3.8.

The supplied current flows through the stator windings and causes the stator
copper losses (PCuS

). The stator copper losses constitute the majority of losses and
are calculated using Equation 3.9.
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The stator current causes a rotating magnetic field which leads to eddy current
and hysteresis losses which are commonly referred to as core or iron losses. The
core losses are a function of the frequency, the magnetising flux, the material being
utilised in the motor, and also the equivalent circuit parameters of the motor. An
approximation of the core or iron losses is calculated using Equation 3.10.

The remaining power is then transferred to the rotor across the air-gap and
referred to as the air-gap power (PAG). The transferred power causes a torque
in the rotor and thus the rotor rotates, and at this stage, the rotor experiences
copper losses. These are called rotor copper losses (PCuR

) and are calculated using
Equation 3.11.

The remaining power is converted to mechanical energy (Pmech). In addition
to the electrical and magnetic losses, the motor experiences mechanical losses such
as friction, windage, and ventilation losses (Pρ) and are calculated using Equation
3.12. In some cases, there are some unaccounted losses called stray losses (Pstray).
These losses are not considered in this thesis. The equations are derived from
[58, 59, 42] for calculating the various power losses, input and output power, and
the torque developed.

Pout = Pin − PCuS
− PF e − PCuR

− Pρ (3.6)

Tout = Pout60
2πnr

(3.7)

Pin =
√

3ULIs cos ϕ (3.8)

PCuS
= mpI2

s Rs (3.9)

PF e = khfΦ2
m + kef2Φ2

m (3.10)

PCuR
= mpI ′2r R′r (3.11)

Pρ = kρDr(lr + 0.6τp)v2
r (3.12)

nbase = 60f

p
(3.13)

The motor design and the calculated power losses thus far is for one specific
frequency and voltage specification of the motor. To determine the power losses,
the performance characteristics and attributes for the entire operating range of the
motor, a control logic known as Variable-Voltage-Variable-Frequency (VVVF) is
applied. The control logic regulates the frequency and the voltage supplied to the
motor throughout the motor’s entire operating range. Similar to the power-speed
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relationship, the voltage increases until the base frequency, after which it remains
constant. However, the value of the voltage at 0Hz is not 0. There exists an offset
value which is called the boost voltage. Thus, to implement the VVVF control,
the boost voltage value and the rate at which the voltage increases until the base
frequency are calculated. To calculate these, initially, the stator voltage value at
an arbitrarily chosen frequency value is calculated. It is evident that the voltage
value at the base frequency is equal to the maximum phase voltage supplied. With
these two coordinates, the slope and the y-intercept are calculated. This can be
also written as linear system of equations as indicated in Equation 3.14.

Uph = v0 + k0(f)

Umin = v0 + k0(fmin)
(3.14)

Here, Uph is the maximum phase voltage supplied to the motor, Umin is the
phase voltage value at arbitrary frequency, f is the base frequency, fmin is the
randomly chosen frequency, v0 is the y-intercept or the boost voltage value, and k0
is the slope or the rate at which the voltage value increases until the base frequency.

With the identified slope and y-intercept, the VVVF control logic is imple-
mented. Thus, the power losses and in turn, the power and the torque delivered
by the motor across its entire operating range is calculated with the help of the
implemented control logic. This information is subsequently utilised to develop the
torque-speed curve of the designed motor. The performance attributes are also
derived after developing the torque-speed curve.

Thus, an induction motor model is developed in which the operation level pa-
rameters i.e. drive cycle information are utilised to design an induction motor
and derive the performance characteristics (torque-speed curve), performance at-
tributes, and physical attributes. This model, thus, facilitates the mapping of in-
teraction effects between parameters in different levels. Moreover, since the model
is sufficiently detailed and complex, any given parameter can be mapped against
any parameter. Furthermore, it is worth highlighting that this induction motor
model is only a small part of a larger design tool. The goal of the PhD project is to
develop methods and models that would act as a guiding tool for the designers to
make informed decisions and understand the consequences of their design choices.
Therefore, to achieve this goal, several other subsystems shall be implemented in
the design tool. This would allow to map interaction effects between parameters in
different subsystems as well. The possible extensions of the design tool are further
discussed in Chapter 5.





Chapter 4

Results, applications, and
limitations

In this chapter, the results obtained from the induction motor model, the differ-
ent applications of the design tool, and the limitations of the design tool and its
constituting subsystems are discussed.

4.1 Induction motor model results

The objective of the induction motor model is to derive the physical attributes,
performance characteristics, and performance attributes. To obtain these results,
initially, the motor is designed for one specific frequency and voltage specifica-
tion. The values for this specification of frequency and voltage is derived from the
drive cycle and the electricity supply infrastructure respectively. The performance
characteristics such as the torque, power factor, stator current, and power plotted
against the motor speed for the chosen specification is obtained from the model as
illustrated in Figure 4.1. These characteristics curves obtained from the model are
compared to the general induction motor characteristics curve suggested in [59, 60]
and it was observed that the motor model is representing the characteristics of an
actual induction motor. Thus, the motor model is validated.

The physical attributes such as the volume and mass of the motor are also
obtained from the model. It is worth highlighting that the physical attributes of
the motor are not limited to the volume and mass alone. Since the motor model
is sufficiently detailed and complex, any geometrical parameter can be classified
as physical attribute and it is up to the designer’s discretion to determine which
parameters are of interest.

With the motor design established for one specific frequency and voltage spec-
ification, a Variable-Voltage-Variable-Frequency (VVVF) control is applied to the
motor. The VVVF control regulates the voltage and frequency to obtain the per-
formance characteristics i.e. torque-speed curve of the entire operating range of the
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Figure 4.1: Induction motor characteristics curves

motor as illustrated in Figure 4.2. It is worth highlighting that applying the VVVF
control does not alter the design of the motor. As depicted in Figure 3.1, VVVF
is applied after the motor design is established. Therefore, it simply calculates the
motor performance of the established design for every voltage and frequency value
within the specified range.
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Figure 4.2: Torque-speed characteristics obtained from design tool for high-speed train
drive cycle

The reason behind applying VVVF in traction motor modelling is multiple fold.
The foremost reason is the availability of torque at lower speeds. It can be observed
from Figure 4.1 that the torque values at lower speeds are very low. However, one
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of the important trait of electric traction motors is that they provide high torque
at lower speeds. To facilitate this, a control logic is applied and it can be observed
in Figure 4.2 that the torque values are relatively high. It is worth mentioning
that there are numerous control logic available that can be applied to traction
motor. Since the focus of this thesis is to identify to develop models that facilitate
interaction analysis, a simple VVVF control logic is applied.

4.2 Drive-cycle application

In this thesis, a design tool is developed that maps the interaction between pa-
rameters and variables at two different levels i.e. operational level and subsystem
level. To demonstrate this capability of the design tool, two distinct drive cycles
are utilised, namely, the high-speed train drive cycle and the metro train drive cycle
and the results are tabulated in Table 4.1.

Table 4.1: Results obtained from the design tool for different configurations of high-speed
and metro train drive cycles

Attribute Configuration 1 Configuration 2
Frequency (Hz) 37 50
Rated speed (rpm) 1061 2000

High Rated Torque (kNm) 5.625 5.625
Speed Maximum Torque (kNm) 10.317 5.812
Train Rated Power (kW ) 683 683

Maximum Power (kW ) 1163.752 839.105
Volume of the motor (m3) 0.56 0.303
Mass of the motor (kg) 3660.564 1906.181
Frequency (Hz) 60 50
Rated speed (rpm) 1836 2000
Rated Torque (kNm) 1.264 1.264

Metro Maximum Torque (kNm) 2.292 2.123
Train Rated Power (kW ) 250 250

Maximum Power (kW ) 418.762 323.751
Volume of the motor (m3) 0.125 0.115
Mass of the motor (kg) 757.923 691.951

It can be noted that for the high-speed train in Table 4.1, in the first configu-
ration, the maximum values of power and torque are almost twice their respective
rated values. However, this is not the case in all situations. This ratio of maximum
to rated values of power and torque can vary based on the type of the train [61], but
they are largely dependent on the thermal capabilities of the traction system [57].
This includes the insulation, cooling method utilised, and the limit up to which the
traction converters, inverters, and motor are allowed to overheat before they fail.

Since the input requirements were that the motor should be able to produce
a power of 683 kW and a torque of 5.625 kNm continuously for longer operation
times with the available thermal capabilities, the design tool produces an oversized



32 CHAPTER 4. RESULTS, APPLICATIONS, AND LIMITATIONS

motor design. In this design, the required power and torque are almost half the
maximum power and torque of the motor. This way the motor always runs at a
lower level than its maximum capability and thus does not overheat. However,
these constraints and requirements lead to a heavier motor.

There are also other design parameters such as the frequency and the rated
speed of the motor, which can influence the ratio without modifying the thermal
capability of the motor. Keeping the other parameters constant, increasing the
frequency and the rated speed of the motor has a negative effect on the output
torque. Thus, for a given thermal capability of the motor, the frequency and the
corresponding rated speed are increased such that the ratio is lower and the results
are tabulated in Table 4.1 under configuration 2 of the high-speed train. In this
case, it can be noted that there is a considerable difference in the physical attributes
of the motor, especially the mass of the motor, which is almost half the mass value
in configuration 1.

A similar analysis is performed using a drive cycle of a metro to test the ro-
bustness of the design tool and the results are tabulated in Table 4.1. However,
in configuration 2 of the metro train in Table 4.1, it can be seen that there are no
significant changes in the maximum power and maximum torque when compared
with the results in configuration 1 of the metro train. This is because the frequency
of configuration 2 is decreased compared to configuration 1, which would increase
the maximum values. And the rated speed is increased compared to configuration
1, which would decrease the maximum values. Thus, the ratio can also be kept
similar while altering the design parameters.

Thus, it is inferred that the design tool can be utilised to understand the influ-
ence of operational parameters on motor design parameters and consequently the
manner in which these identified parameters influence the different attributes of the
motor. This would thus help a designer to understand the consequences of different
choices and help design a vehicle/subsystem based on the requirements.

4.3 Inverter application

This section is an summarised version of the author’s contribution in Paper B. The
objective of this application is to estimate the temperature variations of the power
electronics in the inverter using the motor parameters such as current and voltage
as an input to the temperature model of the inverters.

Inverters are a type of converter which convert the Direct Current (DC) to
Alternating current (AC) and they are an essential part of the traction chain.
There are also other type of converters called rectifiers which convert Alternating
Current (AC) to Direct Current (DC). Both play a vital role in the traction chain of
a rail vehicle. As represented in Figure 4.3, a typical traction chain of a rail vehicle
consists of 3 parts, the power supply, the power electronics, and the traction. The
components in the ’power supply’ and the ’power electronics’ will vary depending
on the supply system available. In the case of an AC supply system, both rectifiers
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Figure 4.3: Typical representation of a traction chain of a rail vehicle with an AC supply
system and a DC supply system

and inverters are utilised in the traction chain. In the case of a DC supply system,
only the inverters are utilised in the traction chain.

In this thesis, a conceptual metro train with a DC supply system has been used
as an example to illustrate the model. Metro trains either use Overhead Catenary
System (OCS) or third rail as the power source, and pantograph or current collector
respectively to transfer the power from the power source to the train. If the line
voltage is too high for the operation of the motor, a chopper may be inserted in
the DC-intermediate part of the traction chain as depicted in Figure 4.3. Thus,
depending on the line voltage, the current collected from the power source is either
directly fed to the inverter or via a chopper. The inverter then converts the DC to
a 3-Phase AC. The 3-Phase AC is finally used to operate the traction motor.

It is apparent that since the inverter delivers the necessary current and voltage
for the traction motor to perform, the outputs from the inverter are the inputs
for the traction motor. Therefore the design and the performance characteristics
of the inverter can influence the design and performance of the traction motor.
However, as mentioned previously, since the traction motor is identified to be the
central subsystem in the traction chain, in this thesis, it is assumed that the traction
motor is primarily designed and the design of other subsystems are influenced by
the motor’s design. Therefore, in this thesis, the design of the motor influences
the design of the inverter and in turn the temperature variations of the power
electronics. The overall procedure to calculate the temperature variation in inverter
is illustrated in Figure 4.4. It can be inferred from Figure 4.4 that the inverter model
is an extension to the induction motor model discussed in Chapter 3. Therefore,
the inverter model is integrated into the larger design tool.

The temperature variation is calculated using the Equation 4.1 and q0 is the
heat flux or the power loss of the electronic components in the inverter. Calculating
the power loss is an important step as it is the step where the dependency between
inverter and motor is established. The power loss of the inverter is calculated using
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Equation 4.2. It can be observed that the power loss depends on the maximum
current delivered to the motor and the phase voltage of the motor. To derive these
two motor parameters, the torque-speed curve of the motor is utilised.

∆T (t) = R q0
´¸¶
Ploss

(1 − e−t/τ) (4.1)

Ploss = Psw + Pcond

= 1/2VinImaxfs(ton + toff) +RdI2
max/2

(4.2)
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Figure 4.4: Overall procedure of inverter application

As depicted in step 4 of Figure 4.4, in this application it is assumed that the
motor would operate on the nominal region of the torque-speed curve for the sake
of simplification i.e. the envelope of the torque-speed characteristic map. A specific
traction power when plotted with the torque-speed curve, results in a hyperbolic
curve as depicted in step 5 of Figure 4.4. Therefore, for any given traction power,
the hyperbolic curve intersects with the nominal torque-speed curve. This allows
calculating the torque and speed values corresponding to the given traction power.
These values of power, torque, and speed are further used to interpolate the cor-
responding current and the voltage values used for the calculation of power loss
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on the inverters for any given operational point. The power loss or the heat flux
calculated is subsequently used to calculate the temperature variations. The results
from the model are depicted in the Appendix B.

Therefore, a dependency between the design of the motor and the design of the
inverter is established. Since the design of the motor is influenced by the oper-
ational parameters of the drive cycle, the interaction effects between operational
level parameters and inverter design are also established. Thus, it facilitates cap-
turing the inter-level (operational level and subsystem level) and intra-level (across
subsystems) interaction effects.

4.4 Limitations

Although the design tool and its constituting subsystems are developed to be robust,
there are a few limitations that need to be addressed in the future. As discussed in
the previous section, the ratio of the maximum to rated values of torque and power
is a vital parameter. This ratio, in the developed model, is a consequence of the
design rather than something that can be controlled. This limits the capability of
the design tool to control the motor design. Additionally, it can be observed from
Figure 4.2 that that the starting torque obtained from the motor model is relatively
lower compared to the behaviour suggested in [59, 58]. This can be accounted to the
assumptions simplicity of the control logic applied. Improving the complexity of the
control logic applied can influence the motor design. Moreover, there are several
assumptions made in the initial step of the induction motor modelling process.
These assumptions play a role in the design of equivalent circuit parameters which
in turn influences the starting torque. Therefore, to overcome these limitations, an
extensive uncertainty and sensitivity analysis shall be performed to quantify the
influence of each parameter and variable on the desired performance parameter.
This would further allow in controlling the maximum to rated values ratio and the
starting torque values. The inverter model is developed specifically to calculate
the temperature variations of the power electronics. Therefore, the capability of
the model is limited and cannot be utilised to design the inverter in terms of its
dimensions and component specification. Thus, more detailed and complex models
are required to capture the interaction effects of motor design on inverter design
in the context of dimensions and component specifications. The design tool, at
the moment, consists of only the induction motor and inverter subsystems and
the primary input for these subsystems are from the drive cycle. Therefore, the
modelling process at a system level resembles more of a flowchart rather than a
network. Therefore, more subsystem models which interact with the developed
subsystem models shall be developed to resemble the design tool as a network.
This can also help in understanding whether the developed framework is robust
enough to allow for any inclusion, removal, or replacement of subsystems.





Chapter 5

Conclusions

5.1 Summary and Discussions

The conventional approach to designing vehicles has various hindrances that leads
to sub-optimal design with improper utilisation of vehicle capabilities and allocated
resources. To overcome the limitations of the conventional approach, it is important
to analyse the interaction effects that may occur between the components within
a subsystem, across subsystems, and their subsequent influence on the attributes
of the subsystem, vehicle system, and the transport system. To perform such an
analysis, sufficiently detailed models and methods that would facilitate the interac-
tion analysis are required. Therefore, the research focus of this licentiate thesis was
to identify the appropriate methods that could enable the analysis of interaction
effects and to develop robust and detailed models of subsystems that are sufficiently
complex. It is worth mentioning that the goal is to develop a framework that is
adaptable to any type of vehicle. Therefore the methods and the models developed
in this thesis are aimed to be applicable for any type of vehicle and rail vehicles
are chosen only for the sake of exemplification. Moreover, the framework should
be capable to allow for any inclusion, removal, and replacement of any subsystem.
Thus, accommodating any changes made to the infrastructure of vehicle or the type
of vehicle itself.

Initially, to identify suitable methods, certain criteria were developed and sev-
eral methods were scrutinised against these criteria. The Design Structure Matrix
(DSM) and its variations were scrutinised for their capabilities, limitations, and
applicability in the context of interaction analysis. It was observed that they serve
as a vital and fundamental concept in capturing the interaction effects and the vari-
ations of DSM are useful in specific applications. However, DSM and its variations
are not capable of analysing the structure, patterns, and behaviour of the inter-
actions which is vital to predicting the unintended interaction effects. Therefore,
another method known as ’network theory’ was examined. Network theory utilises
graphs to analyse the interactions. Therefore, in addition to capturing the interac-
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tions, it also answers questions about the structure of the interaction effects such as
"Which is the most influential variable/parameter in the interaction?". This would
enable in-depth understanding of the source of the interaction effects. Moreover,
network theory uses ’adjacency matrices’ to capture the interaction effects which
are very similar to DSMs. Therefore, network theory serves as a complementary
method to DSM rather than an alternate method. Furthermore, network theory
satisfied all the criteria developed and thus, network theory was elected to be the
suitable method for the interaction analysis.

The other aspect of the research focus was to develop robust and detailed mod-
els of subsystems that could be integrated into the identified methods. However, it
is important to identify subsystems of significance and of interest to perform this
interaction analysis. Therefore, two criteria were developed with regard to connec-
tivity and multidisciplinarity. Traction motor was identified to be the subsystem
with highest connectivity and it is sufficiently complex since it is multi-disciplinary.
Although there are numerous models of induction motor available, it was observed
that they differ in the focus and the assumptions made in the modelling process.
Therefore, a robust and sufficiently detailed model of an induction motor was de-
veloped which serves the purpose of interaction analysis.

The induction motor model was integrated as a part of a larger cross-scalar de-
sign tool. The modelling process of the design tool consists of two steps. In the first
step, using Newtonian equations, the operational level parameters from the drive
cycle are translated to motor input parameters such as the required rated power
and rated speed. In the second step, the motor input parameters are translated into
physical attributes (volume and mass), performance characteristics (torque-speed
curve), and performance attributes (rated torque, maximum torque, and maximum
power). The second step consists of two parts, motor design and motor perfor-
mance. In the motor design part, the parameters such as its dimensions, electric
and magnetic parameters, and equivalent circuit parameters are calculated. In the
motor performance part, the losses experienced by the motor and subsequently, the
performance characteristics of the motor are derived.

The performance characteristics curve derived from the induction motor model
for a particular voltage and frequency specification were validated against the in-
duction motor behaviour suggested in other studies. Using the Variable-Voltage-
Variable-Frequency control logic, the performance characteristics curve for the en-
tire operating range of the motor was derived.

To demonstrate the capability and examine the robustness of the developed de-
sign tool, two distinct drive cycles were utilised, namely, the high-speed train drive
cycle and the metro train drive cycle. The results indicated that the design tool
is capable of adapting the motor design based on the drive cycle. This indicates
that the interaction effect between the operational level parameters and subsystem
level parameters can be captured using the design tool. Moreover, two distinct
configurations of the motor were developed for each of the drive cycle by modifying
the motor design parameters. These configurations indicated that it was possible
to alter the performance of the motor without affecting the operational level pa-
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rameters. Thus, it can be inferred that the design tool is capable of capturing the
interaction effects within a subsystem for a given operational parameter specifica-
tion. This would allow us to identify the design space within which the subsystem
can be optimised without influencing the operational level parameters.

To examine the capabilities of the design tool in the context of inter-subsystem
interaction, a thermal model of an inverter was developed to identify the tempera-
ture variations in the power electronics of the inverter. The inputs from the motor
were utilised to calculate the power losses experienced in the inverter, and sub-
sequently, the temperature variations in the inverter were calculated. Thus, an
interaction effect between motor design and inverter design was captured. More-
over, since modifying the operational level parameters influences the motor design
and in turn influences the inverter design, an interaction effect was established be-
tween operational level parameters and inverter design with motor design as an
intermediary connection.

In summary, this thesis delineated the methods capable of performing the in-
teraction analysis and developed robust and detailed mathematical models of sub-
systems that are sufficiently complex. Moreover, a design tool capable of capturing
the intra-subsystem, inter-subsystem, and cross-scalar interaction effects was de-
veloped. Thus, the work described in this thesis contributed to the larger goal of
the project.

5.2 Future Work

The goal of the PhD project is to develop methods and models that facilitate
interaction analysis and serve as a guiding tool for the designers to make an informed
decision. In the pursuit of this goal, in this thesis, suitable methods were identified
and detailed models were developed. However, to overcome the current limitations
of the design tool and to extend its capabilities, further work needs to be performed.

The interactions in a vehicle can be classified hierarchically as depicted in Figure
5.1. The subsystem level interactions i.e., the impact on design of a subsystem
due to the design changes made in the same subsystem can be analysed using
the induction motor model developed in this thesis. However, to quantify the
impact of various parameters and variables over other parameters and variables, a
global sensitivity analysis shall be performed. This would further help in answering
questions related to the structure, pattern, and behaviour of the interaction effects.

The analysis of vehicle level interactions i.e., the impact on design of one subsys-
tem due to the design changes made in another subsystem were briefly introduced
in the thesis by analysing the interaction effects between motor and inverter de-
sign. However, this analysis can be further extended by analysing (1) the influence
of motor design on braking system design (2) the influence of motor design on pan-
tograph wear, and (3) the influence of gear ratio and wheel diameter on the design
choices of the running gear.
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Susbsystem level

Vehicle level

Transport System level

Societal level

Figure 5.1: Hierarchy of interactions in a vehicle

The transport level interactions and societal interactions are another important
aspect that can be explored further. These are interactions in which the design
changes at subsystem and/or vehicle level have an impact on transport level and
societal level parameters and variables. One example of this interaction is discussed
in the thesis i.e. impact of drive cycle on motor design. However this can be further
explored to other parameters and variables as well. For example, the utilisation of
mechanical brakes and the wheel to rail contact can lead to particle emissions.
These emissions do not have stringent regulations although they can be harmful to
human beings. Therefore, one possible extension of the design tool is to understand
the influence of motor design on the particle emission levels. This could further help
in mitigating the particle emissions from the early stages of vehicle design.
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Appendix A

Traction Motor modelling

In this section, a detailed explanation of the equations involved in developing the
induction motor model and the reasoning behind the modelling process choices
are given. The equations are explained in a manner that would allow to replicate
the development of the motor model with ease. The overall procedure followed to
develop the motor model is depicted in Figure 3.1.

A.1 Motor Design

Initialising values

As depicted in Figure 3.1, the first step of developing a motor model involves
defining certain basic characteristic values. These values can be considered as
specifications and parametric values of the motor model. The list of parameters
and specifications required to develop the motor model is tabulated in Table A.1.
It is to be noted that the motor modelling can be approached in multiple ways, i.e.,
by assuming different parameters than what is stated in Table A.1 and deriving
different parameters. The choice of modelling is generally based on the available
data and modelling principle. As stated before, this model is aimed to replicate
the pragmatic and realistic design procedure which is followed in the industries and
thus a V-style design procedure is followed. As mentioned earlier, the drive cycle
of a train is utilised to extract the required power, speed, and torque values. Other
parameters and specification values are chosen based on values suggested in [42].

Main dimensions

Once the initialising parameters and specifications are defined, the main dimensions
of the motor such as the stator inner diameter, rotor outer diameter, length of
the stator core, air-gap length are determined. As stated this can be achieved in
multiple ways. In this model, the linear current density and the flux density are
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assumed initially and the main dimensions of the motor are derived based on the
assumptions.

Stator inner diameter (Dsi) is calculated using Equation A.1.

Dsi =Dr + 2 ∗ δ (A.1)

Outer diameter of the rotor is calculated using Equations A.2,

Dr = 3

√
4 ∗ Vr

π ∗ χi
(A.2)

The air-gap length is calculated using Equation A.3

δ = 0.18 + 0.006 ∗ P 0.4

1000
(A.3)

The terms required to calculate Equation A.2 is calculated using Equations A.4
to A.7.

Vr =
T

2 ∗ σF tan
(A.4)

T = P ∗ 60
2 ∗ π ∗ nreq

(A.5)

σF tan =
A ∗ B̂δ ∗ cosζ√

2
(A.6)

χi =
π ∗ 3
√

p

2 ∗ p
(A.7)

Once the air-gap length (δ), stator inner diameter (Dsi), rotor outer diameter
(Dr) are determined, the length of the stator core (l) is determined using Equation
A.8

l = l′ + (nv ∗ bv) − 2 ∗ δ (A.8)

The equivalent machine length l′ is calculated using Equation A.9

l′ = χi ∗D (A.9)

The average diameter of the motor is calculated using Equation A.10

D =Dr + δ (A.10)
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Number of slots, windings, and winding factor
Once the main dimensions of the motor are calculated the number of slots in the
laminated stator core (Qs) and rotor core (Qr), number of stator windings (Ns),
and the winding factor (kw1) is calculated.

The number of slots in the stator core (Qs) is calculated using Equation A.11

Qs = 2 ∗ p ∗m ∗ qs (A.11)

Number of rotor slots has to be chosen with special care. This is because if
the rotor slots is relatively larger than the number of stator slots, it would lead
to asynchronous torques. If the rotor slots is an integer multiple of the number
of stator slots, it will lead to synchronous torques created by slot harmonics, this
also includes if the number of stator slots is equal to the number of rotor slots.
This condition is called "cogging", where the motor would not start because the
stator slots are locked up with the rotor slots, thus also called the problem due
to synchronous torques. To minimise such problems, the rotor slots are generally
skewed with respect to the axis of rotation and the number of slots are selected
using Equation A.12.

Qr = (6 ∗ qs + 4) ∗ p = Qs + 4 ∗ p (A.12)

It is to be noted that the second part of Equation A.12 is valid only if the
number of phases (m) is 3.

Once the number of stator and rotor slots are determined, the stator slot pitch,
stator pole pitch, and the rotor slot pitch is determined.

The stator slot pitch is calculated using Equation A.13

τus =
π ∗Dsi

Qs
(A.13)

The stator pole pitch is calculated using Equation A.14

τp =
π ∗Dsi

2 ∗ p
(A.14)

The rotor slot pitch is calculated using the Equation A.15

τur =
π ∗Dr

Qr
(A.15)

Number of stator windings
Number of stator windings is calculated in two steps. Initially the number of wind-
ings is estimated using Equation A.16 and this value is used to calculate the number
of conductors in a slot (ZQs) for stator using Equation A.19. And the determined
value is rounded-off to the nearest even integer. This is because the stator slot
chosen is a double-layer winding slot as stated in Section 2.2.1.1. Now with the
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rounded-off value of ZQs, the number of windings in stator slot is recalculated by
rearranging Equation A.19 which then becomes Equation A.20. Thus the number
of windings in a stator slot is calculated. It is to be noted that the number of
conductors in a slot for rotor is 1. This is because of the squirrel-cage construction
that is chosen for the motor. In a squirrel-cage rotor one longitudinal conductor
bar is placed in a slot.

Ns =
√

2 ∗Em

ω ∗ kw1 ∗ l′ ∗ τp ∗ αi ∗ B̂δ

(A.16)

The RMS value of the induced voltage (Em) is calculated using Equation A.17.
This equation is derived using guidelines suggested in [42].

Em = 0.94 ∗Uph (A.17)

The fundamental winding factor (kw1) is calculated using Equation A.18

kw1 =
sin(ν ∗ W

τp
∗ π

2) ∗ sin(ν ∗ π
2∗m
)

qs ∗ sin(ν ∗ π
2∗m∗qs

)
(A.18)

ZQs =
2 ∗ a ∗m ∗Ns

Qs
(A.19)

Ns =
Qs ∗ZQs

2 ∗ a ∗m
(A.20)

New air-gap flux density
The calculated number of stator windings has an effect on the peak value of air-gap
flux density (B̂δ). Therefore, the air-gap flux density (B̂δ) is recalculated using
Equation A.21

B̂δ =
√

2 ∗Em

ω ∗ kw1 ∗ l′ ∗ τp ∗ αi ∗Ns
(A.21)

Tooth and slot dimensions
As stated earlier in Section 2.2.1.1, the laminated core of the stator and the rotor
has slots and teeth. The design of these slots and teeth are vital as they influence
magnetic, electrical, and mechanical characteristics of the motor. The stator slot
and rotor slot form and dimensions are depicted in Figure 2.5. Width of the stator
(bds) and rotor tooth (bdr) in (m) is calculated using Equation A.22 and Equation
A.22 respectively.
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bds =
l′ ∗ τus

kF e ∗ (l − nv ∗ bv)
∗ B̂δ

B̂′ds

+ 0.1 ∗ 10−3 (A.22)

bdr =
l′ ∗ τur

kF e ∗ (l − nv ∗ bv)
∗ B̂δ

B̂′dr

+ 0.1 ∗ 10−3 (A.23)

The cross-sectional area of the stator conductor is calculated using Equation
A.24

Scs =
Is

a ∗ Js
(A.24)

The stator current is calculated using Equation A.25

Is =
P

m ∗ ηeff ∗Uph ∗ cosϕ
(A.25)

The line voltage is calculated using Equation A.26

Uph =
U√

3
(A.26)

The cross-sectional area of the rotor conductor is calculated using Equation
A.27

Scr =
Ir

Jr
(A.27)

The rotor current is calculated using Equation A.28

Ir =
ZQs ∗Qs ∗ Ird

a ∗Qr
(A.28)

Rotor current referred to stator is calculated using Equation A.29

Ird = Is ∗ cosϕ (A.29)

Cross-sectional area of short-circuit ring is calculated using Equation A.30

Scring =
Iring

Jring
(A.30)

Wound area of the slot, i.e., the surface area of the windings in the stator slot
is calculated using Equation A.31

Scus =
ZQs ∗ Scs

kcus
(A.31)
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The dimensions of the stator tooth and rotor slots are calculated in an iterative
manner. This is to ensure that the calculated dimensions of the slots align with the
area that is calculated. Figure 2.5a depicts the stator slot form and dimensions.
To identify the necessary dimensions of the slot, some design parameters are as-
sumed and these assumed values are tabulated in Table A.1 under the ’Geometrical
parameters’ section. Initially the inner width of the slot (b4cs) is calculated using
Equation A.32

b4cs =
π ∗ [Ds + 2 ∗ (h1s + h2s + h3s)]

Qs
− 2 ∗ h6s − bds (A.32)

The width of the slot (b5cs) and the wound area of the slot (Scus) is calculated
using Equation A.33 and Equation A.34

b5cs = b4cs +
2 ∗ π ∗ h5s

Qs
(A.33)

Scus =
b4cs + b5cs

2
∗ (h5s − h′) + π

8
∗ b2

5cs (A.34)

Here, the height of the stator slot (h5s) is iterated to identify the optimal value
of the width of the slot (b5c) such that when this value of b5c is used in Equation
A.34, the value of Scus would be the same value as calculated using Equation A.31.

The width of the slots b4s is calcualted using Equation A.35

b4s =
π ∗ [Ds + 2 ∗ (h1s + h2s)]

Qs
− bds (A.35)

The height of the slot h4s is calculated using Equation A.36

h4s = h5s +
b5cs

2
(A.36)

The total width and height of the stator slot is calculated using Equation A.37
and Equation A.38 respectively.

b5s = b5cs + 2 ∗ h6s (A.37)

hs = h1s + h2s + h3s + h4s + h6s (A.38)

A similar procedure is carried out for calculating the rotor slot dimensions using
Equation A.39 to Equation A.41 and the rotor slot form and dimensions is depicted
in Figure 2.5b.

b4r =
π ∗ [Dr − 2 ∗ (h1r + h2r)]

Qr
− bdr (A.39)

b5r = b4r −
2 ∗ π ∗ h5r

Qr
(A.40)



A.1. MOTOR DESIGN 55

Scr =
b4r + b5r

2
∗ h5r +

π

8
∗ b2

5r +
b1r + b4r

2
∗ h2r (A.41)

Here, the height of the slot h5r is iterated to find an optimal value of b5r. This
value when used in Equation A.41 must have the same value for Scr as calculated
using Equation A.27.

The height of the slot h4r is calculated using Equation A.42

h4r = h5r +
b5r

2
(A.42)

Here, the width b4r is the total width of the slot and the total height of the slot
hr is calculated using Equation A.43

hr = h1r + h2r + h4r (A.43)
It is important to note that if the initial assumptions of the dimensions of the slot

are unsuitable, then the iterative procedure that is used to calculate the dimensions
of the slot could result in an infinite problem, if not modelled with precautionary
measures.

Magnetic voltage of air-gap, stator teeth, and rotor teeth
In this subsection, the magnetic voltage of the stator teeth Ûmds, the rotor tooth
Ûmdr, and the air-gap Ûmδe are calculated.

A.1.0.1 Stator tooth magnetic voltage

The magnetic voltage of the stator teeth Ûmds is calculated using Equation

Ûmds = Ĥds ∗ hs (A.44)
The field strength Ĥds is calculated using Equation A.45.

Ĥ = 1835.2 ∗ (B̂5) − 6232.3 ∗ (B̂4) + 7806.7 ∗ (B̂3) − 4376.3 ∗ (B̂2) + 1227.6 ∗ (B̂), ifB̂ < 1.5T

Ĥ = 0.011637 ∗ e7.362∗B̂ , ifB̂ ≥ 1.5T

(A.45)

In Equation A.45, B̂ refers to the real flux density over stator tooth B̂ds which
is calculated using the Equation A.46

B̂ds = B̂′ds −
⎡⎢⎢⎢⎢⎣

l′ ∗ τus

kF e ∗ l ∗ bds
− 1
⎤⎥⎥⎥⎥⎦
∗ µ0 ∗ Ĥes (A.46)

The field strength (Ĥes) is determined by interpreting the B-H curve for the
value of B̂′ds. The B-H curve is specific to the iron core material and in this
calculation, the material is assumed to be M800-50A.
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A.1.0.2 Rotor tooth magnetic voltage

The magnetic voltage over the rotor tooth (B̂dr) is calculated very similar to that
of the magnetic voltage over the stator tooth (B̂ds) using Equation A.47, Equation
A.45, and Equation A.48.

Ûmdr = Ĥdr ∗ hr (A.47)

The field strength Ĥdr is also calculated using Equation A.45.
Here, in Equation A.45, B̂ refers to the real flux density over rotor tooth B̂dr

which is calculated using the Equation A.48

B̂dr = B̂′dr −
⎡⎢⎢⎢⎢⎣

l′ ∗ τur

kF e ∗ l ∗ bdr
− 1
⎤⎥⎥⎥⎥⎦
∗ µ0 ∗ Ĥer (A.48)

The field strength (Ĥer) is determined by interpreting the B-H curve for the
value of B̂′dr. The B-H curve is specific to the iron core material and in this
calculation, the material is assumed to be M800-50A.

A.1.0.3 Air-gap tooth magnetic voltage

The magnetic voltage of the air-gap is calculated using Equation A.49

Ûmδe =
B̂δ ∗ δe

µ0
(A.49)

The equivalent air-gap length is calculated using Equation A.50

δe = kctot ∗ δ (A.50)

The equivalent carter factor is calculated using Equation A.51

kctot = kcs ∗ kcr (A.51)

The carter factor for stator tooth is calculated using Equation A.52

kcs =
τus

τus − (ks ∗ b1s)
(A.52)

The coupling factor ks for kcs is calculated using Equation A.53

ks =
2
π
∗ (arctan b1s

2 ∗ δ
− 2 ∗ δ

b1s
ln

¿
ÁÁÀ1 + ( b1s

2 ∗ δ
)

2

) (A.53)

The carter factor for rotor tooth is calculated using Equation A.54

kcr =
τur

τur − (kr ∗ b1r)
(A.54)
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The coupling factor kr for kcr is calculated using Equation A.55

kr =
2
π
∗ (arctan b1r

2 ∗ δ
− 2 ∗ δ

b1r
ln

¿
ÁÁÀ1 + ( b1r

2 ∗ δ
)

2

) (A.55)

New saturation factor
The saturation factor is calculated using Equation A.56

ksat =
Ûmds + Ûmdr

Ûmδe

(A.56)

This saturation factor is used to determine the assumed arithmetical average
flux density over one pole (αi) and it must correspond with the αi value assumed
initially with sufficient accuracy. Otherwise, the peak value of the air-gap flux
density (B̂δ) has to be recalculated. Furthermore, the flux density values of stator
teeth (B̂ds) and the rotor teeth (B̂dr), and the magnetic voltages of the stator teeth
(Ûmds), the rotor teeth (Ûmdr) and the air-gap (Ûmδe) have to be corrected. The
αi value is verified using Equation A.57

αi =
(1.24 ∗ ksat) + 1
(1.42 ∗ ksat) + 1.57

(A.57)

Stator and rotor yoke heights and magnetic voltages
The stator and the rotor yoke heights are calculated using Equation A.58 and
Equation A.59 respectively

hys =
ϕm

2 ∗ kF e ∗ (l − nv ∗ bv) ∗ B̂ys

(A.58)

hyr =
ϕm

2 ∗ kF e ∗ (l − nv ∗ bv) ∗ B̂yr

(A.59)

The peak value of the main flux ϕm is calculated using Equation A.60

ϕm = αi2 ∗ B̂δ ∗ τp ∗ l′ (A.60)

The magnetic voltage over the stator yoke is calculated using Equation A.61

Ûmys = cs ∗ Ĥys ∗ τys (A.61)

The coefficient cs is determined by interpreting the B-c curve which is a curve
depicting the yoke flux density as a function of the machine coefficient. The assumed
value of the stator yoke flux density B̂ys is utilised to determine the value of cs.
Equation A.45 is used to determine the value of Ĥys based on the assumed value
of stator yoke flux density B̂ys.
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Similarly, the magnetic voltage over the rotor yoke is calculated using Equation
A.61

Ûmyr = cr ∗ Ĥyr ∗ τyr (A.62)

The coefficient cr is determined by interpreting the B-c curve which is a curve
depicting the yoke flux density as a function of the machine coefficient. The assumed
value of the rotor yoke flux density B̂yr is utilised to determine the value of cr.
Equation A.45 is used to determine the value of Ĥyr based on the assumed value
of rotor yoke flux density B̂yr.

Magnetising windings
This subsection identifies the magnetising current of the stator winding and the
total magnetic voltage required for the machine. As suggested in [42], half of the
magnetic circuit is used for calculation in this report. This means half of the stator
yoke length, one stator tooth, one air-gap, one rotor tooth, and half of the rotor
yoke length. This magnetic voltage has to be accommodated by the current linkage
amplitude produced by the excitation winding [42].

The total magnetic voltage required Ûmtot is calculated using Equation A.63

Ûmtot = Ûmyr + 2 ∗ Ûmdr + 2 ∗ Ûmδe + 2 ∗ Ûmds + Ûmys (A.63)

The magnetising current is calculated using Equation A.64

Ismag =
Ûmtot ∗ π ∗ p

m ∗Ns ∗ kw1 ∗
√

2
(A.64)

Stator and rotor diameters
In this subsection, the outer diameter of the stator and the inner diameter of the
rotor are calculated using Equation A.65 and Equation A.66 respectively.

Dse =Dsi + 2 ∗ (hs + hys) (A.65)

Dri =Dr − 2 ∗ (hr + hyr) (A.66)

Equivalent circuit parameters
In this subsection, the equivalent circuit parameters such as the resistance, induc-
tance, reactance, and impedance of the motor are calculated. These parameters are
required to analyse the machine characteristics such as power, torque, and efficiency.
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A.1.0.4 Resistance

The resistance is an important parameter as it plays a vital role in the losses and
essentially other machine characteristics such as the power output, torque, and the
efficiency. The resistance of a winding is defined as the DC resistance. The DC
resistance value of the stator is calculated using Equation A.67

Rdcs =
Ns ∗ lav

σc ∗ Scs ∗ a
(A.67)

The average length of a coil turn of a slot winding (lav) is calculated using
Equation A.68

lav =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

(2 ∗ l) + (2.4 ∗W ) + 0.1 for low-voltage machines ,

(2 ∗ l) + (2.8 ∗W ) + 0.4 for large machines ,

(2 ∗ l) + (2.9 ∗W ) + 0.3 for U = 6 to 11 kV .

(A.68)

Here, the average coil span W is calculated by multiplying the winding pitch
W /τp by the stator pole pitch τp

The conductivity of copper wire after temperature rise σc is calculated using
Equation A.69

σcu =
σc20c

1 + θcu ∗ αcu
(A.69)

The resistance of the rotor referred to the stator is calculated using Equation
A.70

R′r = ρv ∗Rr (A.70)

The coupling factor (ρv) for the case of squirrel cage induction motor is calcu-
lated using Equation A.71

ρν =
4 ∗m

Qr
∗ (Ns ∗ kw1

ksqν
)

2

(A.71)

The skewing factor ksqν is calculated using Equation A.72

ksqν =
sin(ν ∗ ssq

τp
∗ π

2)

ν ∗ ssq

τp
∗ π

2
(A.72)

The resistance of the rotor is calculated using Equation A.73

Rr = Rbar +
Rring

2 ∗ sin2(ν∗π∗p
Qr
)

(A.73)
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The DC resistance value of the rotor bar (Rbar) is calculated using Equation
A.74

Rbar =
l

cosαsq ∗ σal ∗ Scr
(A.74)

The skew angle of the rotor (αsq) is calculated using Equation A.75

αsq =
ssq ∗ π

τp
(A.75)

The conductivity of aluminium after temperature rise (σal) is calculated using
Equation A.76

σal =
σal20c

1 + θal ∗ αal
(A.76)

The DC resistance value of the end ring is calculated using Equation A.77

Rring =
lring

Scring ∗ σal
(A.77)

Length of the end-ring is calculated using Equation A.78

lring =
π ∗Dring

Qr
(A.78)

Diameter of end-ring is calculated using Equation A.79

Dring =Dr − 2 ∗ (h1r + (h2r/2)) (A.79)

A.1.0.5 Leakage inductance

The leakage inductance (Lσ) of a motor is calculated by summing up the different
leakage inductances. The leakage inductance can be divided into the following
leakage inductances:

Thus for stator, the total leakage inductance is calculated using Equation A.80

Lσs = Lsqs +Lδs +Lus +Lds +Lws (A.80)

And the respective total leakage reactance is calculated using Equation A.103

Xσs = Lσs ∗ ω (A.81)

The skew leakage inductance of the stator is calculated using Equation A.82

Lsqs = σsq ∗Lm (A.82)

The skew leakage factor (σsq) is calculated using Equation A.83
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σsq =
1 − k2

sqν

k2
sqν

(A.83)

The magnetising inductance (Lm) is calculated using Equation A.84

Lm = αi ∗
m ∗ τp

π ∗ p ∗ δef
∗ µ0 ∗ l′ ∗ (kw1 ∗Ns)2 (A.84)

The effective air-gap length is calculated using Equation A.85

δef =
Umtot

Umδe
∗ δe (A.85)

The corresponding magnetising reactance (Xm) is calculated using Equation
A.86

Xm = Lm ∗ ω (A.86)

The air-gap leakage inductance is calculated using Equation A.87

Lδs =∆2 ∗ σδs ∗Lm (A.87)

The damping and the leakage factor values depend on the harmonics of the
motor. Thus the damping and the leakage factor are calculated using Equation
A.88 and Equation A.89 respectively

σδs =
ν=+∞

∑
ν=−∞

ν≠1

( kwν

ν ∗ kw1
)

2

(A.88)

∆2 ≈ 1 − 1
σδs

∗∑
ν≠1

⎛
⎝

kwν

ν ∗ kw1
∗ ksqν

sin(ν∗π∗p
Qr
)

ν∗π∗p
Qr

⎞
⎠

2

(A.89)

The winding factor for νth harmonic (kwν) is calculated using Equation A.18.
However, in this instance of calculation, the harmonic is not equal to 1 as suggested
in Equation A.88. While calculating the winding factor and damping, only the
harmonics involved and created by the windings are considered. To identify this
maximum order of harmonics [42] suggested a guideline (1 < ν ≤ (2 ∗m ∗ qs) + 1).

The corresponding leakage reactance of air-gap is calculated using Equation
A.90

Xδs = Lδs ∗ ω (A.90)

The leakage inductance of the stator slot is calculated using Equation A.91

Lus =
4 ∗m ∗ µ0 ∗ l′ ∗N2

s ∗ λus

Qs
(A.91)
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The permeance factor (λus) is calculated using Equation A.92

λus = k1 ∗
h4s − h′

3 ∗ b4s

+ k2 ∗ (
h3s

b4s

+ h1s

b1s

+ h2s

b4s − b1s

∗ ln b4s

b1s

) + h′

4 ∗ b4s

(A.92)

The factors k1 and k2 are calculated using Equation A.93 and A.94 respectively.

k1 = 1 − 9
16
∗ ϵ (A.93)

k2 = 1 − 3
4
∗ ϵ (A.94)

The corresponding leakage reactance is calculated using Equation A.95

Xus = Lus ∗ ω (A.95)
The leakage inductance of stator tooth is calculated using Equation A.96

Lds =
4 ∗m ∗ µ0 ∗ l′ ∗N2

s ∗ λds

Qs
(A.96)

The permeance factor (Lds) is calculated using Equation A.97

λds = k2 ∗
5 ∗ ( δ

b1s
)

5 + 4 ∗ ( δ
b1s
)

(A.97)

The corresponding leakage reactance of stator tooth is calculated using Equation
A.98

Xds = Lds ∗ ω (A.98)
The leakage inductance of stator end winding is calculated using Equation A.99

Lws =
4 ∗m ∗ qs ∗N2

s ∗ µ0 ∗ λws

Qs
(A.99)

The permeance factor (λws) is calculated using Equation A.100

λws = 2 ∗ lew ∗ λew +Wew ∗ λwew (A.100)
The length lew and the permeance factors λew and λwew are chosen based on

the guidelines suggested in [42]. The chosen values are tabulated in A.1. The width
of the overhanging end winding is calculated using Equation A.101

Wew = π ∗Dsi(
1
p
− 1

Qs
) (A.101)
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The corresponding leakage reactance of stator winding is calculated using Equa-
tion A.102

Xws = Lws ∗ ω (A.102)

Once the total leakage inductance of the stator is calculated using Equation
A.80, the corresponding total leakage reactance is calculated using Equation A.103

Xσs = Lσs ∗ ω (A.103)

The leakage inductance of the rotor has a different approach than that of the
stator due to their difference in construction and components. The total leakage
inductance of the rotor is calculated using Equation A.104

Lσr = Lbar +
Lwr

2 ∗ sin2(π∗p
Qr
)

(A.104)

The leakage inductance of the rotor bar is a summation of the leakage inductance
of the rotor slots and the leakage inductance of rotor teeth i.e. (Lbar = Lur +Ldr ).
The leakage inductance of the rotor slots is calculated using Equation A.105

Lur = µ0 ∗ l′ ∗Z2
Qr
∗ λur (A.105)

The permeance factor λur is calculated using Equation A.106

λur = λ1 + kL ∗ λ4 (A.106)

The permeance factor λ1 and λ4 are calculated using Equation A.107 and Equa-
tion A.108

λ1 =
h1r

b1r

(A.107)

λ4 =
h4r

3 ∗ b4r

(A.108)

The skin factor kL is calculated using Equation A.109

kL =
3

2 ∗ ξ
( sinh 2ξ − sin 2ξ

cosh 2ξ − cos 2ξ
) (A.109)

Where ξ is the reduced conductor height and is calculated using Equation A.110

ξ = h4r ∗
√

ω ∗ µ0 ∗ σal ∗
b4r

2 ∗ b4r

(A.110)

The corresponding leakage reactance of the rotor slot is calculated using Equa-
tion A.111
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Xur
= Lur ∗ ω (A.111)

The leakage inductance of the rotor teeth is calculated using Equation A.112

Ldr = µ0 ∗ l′ ∗ZQr ∗ λdr (A.112)

The permeance factor λdr is calculated using Equation A.113

λdr = k2 ∗
5 ∗ ( δ

b1r
)

5 + 4 ∗ ( δ
b1r
)

(A.113)

The corresponding leakage reactance is calculated using Equation A.114

Xdr = Ldr ∗ ω (A.114)

Once the leakage inductance for the rotor bar (Lbar) is calculated, the leakage
inductance for the end-ring is calculated using Equation A.115

Lwr = µ0 ∗
Qr

2 ∗ p2 ∗m

⎡⎢⎢⎢⎢⎣

2
3
∗ (lbar − l′) + νr ∗

π ∗Dring

2 ∗ p

⎤⎥⎥⎥⎥⎦
(A.115)

In the chosen type of skewed squirrel cage rotor, the rotor bars can be longer or
equal in length to the equivalent machine length i.e., lbar ≥ l′. Here it is assumed
to be 0.8m longer than the equivalent machine length.

The corresponding leakage reactance is calculated using Equation A.116

Xwr = Lwr ∗ ω (A.116)

Once the total leakage inductance of the rotor is calculated using Equation
A.104, it needs to be modified so as to include the leakage inductance of the air-gap.
However, it must be noted that the leakage inductance calculated using Equation
A.104 must be referred to the stator. Therefore the total leakage inductance of the
rotor after referring to the stator is calculated using Equation A.117

L′σr
= Lσr ∗ ρv +Lδr (A.117)

And the corresponding total leakage reactance of the rotor after referring to
the stator and including the rotor air-gap leakage inductance is calculated using
Equation A.118

X ′σr
= L′σr

∗ ω (A.118)

The leakage inductance of the rotor air-gap is calculated using Equation A.119
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Lδr = σδr ∗Lm (A.119)

The leakage factor σδr is calculated using Equation A.120

σδr =
1

ksqν

2
∗
⎛
⎝

pπ/Qr

sin pπ/Qr

⎞
⎠

2

− 1 (A.120)
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Table A.1: Specification and parameter initialisation values

Specification / Parameter Notation Value Unit
Construction parameters

Machine type Asynchronous -
Construction type Squirrel cage -

Required rated power P 150 kW
Required rated speed nreq 1400 rpm

Line voltage U 750 V
Motor input frequency f 50 Hz
Number of pole pairs p 2 -

Number of phases m 3 -
Stator slots per pole per phase qs 4 -

Skewing factor ϵsp 2 slot pitches
Parallel branches a 2 -

Estimated efficiency ηeff 0.85
Estimated power factor cosϕ 0.62

Current and flux density parameters
Linear current density A 45 kA/m
Stator current density Js 3.5*106 A/m2

Rotor current density Jr 3.4*106 A/m2

Short-circuit ring current density Jring 4.2*106 A/m2

Peak value of air-gap flux density B̂δ 0.7 T
Average flux density of one pole (Saturation factor) αi 0.66

Apparent flux density in stator tooth B̂ds 1.6 T
Apparent flux density in rotor tooth B̂dr 1.6 T

Flux density of stator yoke B̂ys 1.4 T
Flux density of rotor yoke B̂yr 1.4 T

Geometrical parameters
Stator tooth width b1s 3*10−3 m

Stator tooth height (h1s) h1s 0.5*10−3 m
Stator tooth height (h2s) h2s 2.5*10−3 m
Stator tooth height (h3s) h3s 2*10−3 m
Stator tooth height (h6s) h6s 0.5*10−3 m
Stator tooth height (hds) hds 0.5*10−3 m
Rotor tooth width (b1r) b1r 6*10−3 m
Rotor tooth height (h1r) h1r 0.5*10−3 m
Rotor tooth height (h2r) h2r 1*10−3 m

Average conductor length of winding overhang lew 0.06 m
Length of coil ends lw 0.382 m

Thermal parameters
Specific conductivity of copper at 20°C σcu 57*106 S/m

Specific conductivity of aluminium at 20°C σal 37*106 S/m
Temperature coefficient of copper resistivity αcu 3.81*10−3 /K

Temperature coefficient of aluminium resistivity αal 3.7*10−3 /K
Temperature rise in copper wire θcu 70 K

Temperature rise in aluminium wire θal 80 K
Other parameters

Damping factor: stator tooth leakage inductance ∆2 0.8
Permeance factor for leakge inductance of length of end winding λlew 0.5
Permeance factor for leakge inductance of width of end winding λw 0.2

Density of iron ρfe 7600 kg/m3

Specific iron losses per mass unit at 1.5 T P15 6.5 W
Experimental factor for windage and bearing losses kρ 15 Ws2/m4

Space factor of Iron core kF e 0.98
Space factor of stator slot insulation kcus 0.62
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A.2 Motor performance

Losses and Machine characteristics
The objective of this subsection is to identify equations that provide information
on the efficiency, power, and torque delivered by the motor after including all the
losses calculated. The equations utilised to calculate the machine characteristics
are derived from [59]. The stages of power and different losses experienced by the
motor are depicted in Figure A.1. The efficiency of the motor is calculated using
Equation A.121

ηeff =
Pout

Pin
(A.121)

The power delivered by the motor is calculated using Equation A.122

Pout = Pconv − Pmechx (A.122)

The converted mechanical power Pconv is calculated using Equation A.123

Pconv = (1 − sx) ∗ PAG (A.123)

The slip of the motor is an important characteristic of induction motor. The
slip experienced by the motor is the reason behind the power and torque delivered
and also the reason for the name ’asynchronous motor’. The slip of the motor is
calculated using Equation A.124

sx =
nsn − nr

nsn
(A.124)

The synchronous speed of the motor is calculated using Equation A.125
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Figure A.1: Power-flow diagram of induction motor



68 APPENDIX A. TRACTION MOTOR MODELLING

nsn =
60 ∗ f

p
(A.125)

The power developed at the air-gap is calculated using Equation A.126

PAG = Pin − PSCL − PF es (A.126)

The electric power developed by the motor is calculated using Equation A.127

Pin =
√

3 ∗U ∗ Isx ∗ cosϕ (A.127)

The stator current (Isx) derived using equivalent parameters of the circuit is
calculated using Equation A.128

Isx =
Uph

Ztot
(A.128)

The total impedance of the circuit is calculated using Equation A.129

Ztot = Zs +Zf (A.129)

The stator impedance is calculated using Equation A.130

Zs = Rdcs + iXσs (A.130)

The combined impedance Zf is calculated using Equation A.131

Zf =
Z ′σr
∗ iXm

Z ′σr
+ iXm

(A.131)

The rotor impedance Z ′σr
is calculated using Equation A.132

Z ′σr
= (R′r/sx) + iX ′σr

(A.132)

The stator copper losses is calculated using Equation A.133

PSCL =m ∗E2
mx
∗Rdcs (A.133)

The induced voltage Emx is calculated using Equation A.134

Emx = Uph − Isx ∗Zs (A.134)

The iron losses of the stator PF es is calculated using Equation A.135

PF es = kh ∗ f ∗Φ2
m + ke ∗ f2 ∗Φ2

m (A.135)

Iron losses are dependent on various factors such as frequency and material
properties. There are several models to calculate the iron losses. For the sake of
simplicity, in this thesis, it is assumed that the power losses are linearly dependent
on the hysteresis coefficient kh and the eddy current coefficient ke.
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To identify the coefficients, the Equation A.135, the magnetic flux and specific
loss data of the core material at different frequencies are used to set up a system
of equations for different frequencies.

Here, the coefficients are the unknowns, the terms f and Φ are derived from
the material data sheet. Then, an anonymous function is created which is given
as the input to the lsqcurvefit function in MATLAB. The output of this lsqcurvefit
function are the coefficients kh and ke. Since these coefficients are dependent on
the frequency, depending on the motor operating frequency, the value of these
coefficients are interpolated from the developed curve.

However, the actual magnetic flux density developed in the motor due to the
motor configuration is calculated using Equation

Φm =
Lm

Xm
∗ I ′rx

(X ′σr
− i

R′r
sx
) (A.136)

The rotor current referred to stator is calculated using Equation A.137

I ′rx
= Isx ∗

Zm

Zm +Z ′σr

(A.137)

The magnetizing Impedance Zm is calculated using Equation A.138

Zm =
RF e ∗Xm

RF e + iXm
(A.138)

The resistance RF e is calculated using Equation A.139

RF e =
m ∗E2

m

PF e
(A.139)

Here, a cyclic requirement arises. The iron losses need to be estimated initially
to calculate a more accurate version of the iron losses. Thus, the iron loss value
PF e is estimated using Equation A.140

PF e = Pfey + Pfed
(A.140)

The stator yoke and stator teeth iron losses are calculated using Equation A.141
and Equation A.142 respectively

Pfey = kF e ∗ P15 ∗ (B̂ys/1.5)2 ∗mys ∗ (f/50)1.5 (A.141)

Pfey = kF e ∗ P15 ∗ (B̂ys/1.5)2 ∗mdsloss
∗ (f/50)1.5 (A.142)

The mass of the stator yoke is calculated using Equation A.143

mys = Vys ∗ kF e ∗ ρF e (A.143)

Volume of the stator yoke is calculated using Equation A.144
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Vys = π ∗ l ∗ [(Dse/2)2 − ((Dse/2) − hys)2] (A.144)

The mass of stator tooth (mdsloss
) is calculated using Equation A.145

mdsloss
= kF e ∗ ρF e ∗Qs ∗ bds ∗ h5s ∗ l (A.145)

The mechanical friction and windage losses are calculated using Equation A.146

Pmechx = Pρ ∗ (
nr

nsn
)

2

(A.146)

The windage and ventilation losses Pρ is calculated using Equation A.147

Pρ = kρ ∗Dr ∗ (l + 0.6) ∗ v2
r (A.147)

The surface speed of the rotor vr is calculated using Equation A.148

vr =
π ∗ nsn ∗Dr

60
(A.148)

The torque developed in the motor is calculated using Equation A.149

T = Pout ∗ 60
2 ∗ π ∗ nr

(A.149)

It is to be noted that the torque developed by the motor can be calculated
through multiple equations, using equivalent circuit parameters and also through
building a thevenin circuit. However, they produce the similar results and they shall
be compared in the results. One alternate way of calculating the torque developed
using equivalent circuit parameters is described using Equation A.150

T =
m ∗ abs(I ′rx

)2 ∗R′r ∗ (1/sx) − Pmechx

2 ∗ π ∗ (f/p) (A.150)

A.3 Abbreviations

a Number of parallel paths
A Linear current density (A/m)
bdr Width of the rotor tooth (m)
bds Width of the stator tooth (m)
bv Width of ventilation ducts (m)
bxr Width of the rotor slot at different sections (m)
bxs Width of the stator slot at specified section (m)
bxcs Width of the stator slot at different sections (m)
B̂′ds Apparent flux density over stator tooth (T )
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B̂′dr Apparent flux density over rotor tooth (T )
B̂yr Flux density of rotor yoke (T )
B̂ys Flux density of stator yoke (T )
B̂δ Peak value of air-gap flux density (T )
cr Coefficient for maximum flux density of rotor yoke
cs Coefficient for maximum flux density of stator yoke
D Average diameter of the motor (m)
Dr Outer diameter of the rotor (m)
Dring Diameter of the end-ring (m)
Ds Inner diameter of the stator (m)
Dse External diameter of the stator (m)
Dsi Inner diameter of the stator (m)
Em RMS value of induced voltage i.e., the air-gap voltage (V )
Emx Induced voltage or the air-gap voltage (V )
f Supply frequency of the motor (Hz)
hr Total height of the rotor slot (m)
hs Total height of the stator slot (m)
hys Height of stator yoke (m)
hxr Heights of the rotor slot at different sections (m)
hxs Heights of the stator slot at different sections (m)
h′ Distance between the two layers in the double layered

slot
(m)

Ĥdr Field strength corresponding to real flux density of
rotor tooth

(A/m)

Ĥds Field strength corresponding to real flux density of
stator tooth

(A/m)

Ĥer Rotor tooth apparent flux density field strength (A/m)
Ĥes Stator tooth apparent flux density field strength (A/m)
Ĥys Stator yoke flux density strength (A/m)
Ir Rotor current (A)
Ird Rotor current referred to the stator (A)
Iring Short-circuit ring current (A)
I ′rx

Rotor current referred to the stator (A)
Is Stator current (A)
Isx Stator current (A)
Jr Rotor current density (A/m2)
Jring Short-circuit ring current density (A/m2)
Js Stator current density (A/m2)
kcr Carter factor for rotor tooth
kcs Carter factor for stator tooth
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kctot Equivalent carter factor i.e. combined carter factor
for stator and rotor

kcus Space factor for stator slot insulation
ke Eddy-current loss coefficient (A2m2s2/kg)
kF e Stacking factor or space factor of iron core
kh Hysteresis loss coefficient (A2m2s2/kg)
kL Skin effect factor for the permeance and inductance
kr Coupling factor for kcr

ks Coupling factor for kcs

ksqν Skew factor
kw1 Fundamental winding factor
kwν Winding factor for νth harmonic
k1 Factor for permeance factor
k2 Factor for permeance factor
kρ Experimental factors for windage and bearing losses (Ws2/m4)
l Length of the stator core (m)
lav Average length of a coil turn of a slot winding (m)
lew Average conductor length of winding overhang (m)
lring Length of the end-ring (m)
l′ Equivalent machine length (m)
Lbar The leakage inductance of the rotor bar (H)
Ld Tooth tip leakage inductance (H)
Ldr The rotor tooth leakage inductance (H)
Lds The stator tooth leakage inductance (H)
Lm Magnetising inductance (H)
Lsq Skew leakage inductance (H)
Lu Slot leakage inductance (H)
Lur The rotor slot leakage inductance (H)
Lus The stator slot leakage inductance (H)
Lw End winding leakage inductance (H)
Lwr End-ring leakage inductance (H)
Lws Stator winding leakage inductance (H)
Lδ Air-gap leakage inductance (H)
Lδr Leakage inductance of the rotor air-gap (H)
Lδs Air-gap leakage inductance (H)
Lσr Total leakage inductance of rotor before referring to

stator
(H)

L′σr
Referred total rotor leakage inductance (H)

Lσs Total stator leakage inductance (H)
m Number of phases
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mdsloss
Mass of specific portion of stator teeth used for cal-
culating losses

(kg)

mys Mass of stator yoke (kg)
nreq Required rated speed extracted from drive cycle (rpm).
nv Number of ventilation ducts
nr Speed of the rotor (rpm)
nsn Synchronous speed of the motor (rpm)
Ns Number of windings in stator slots
p Number of pole pairs
P Required rated power extracted from drive cycle (kW )
PAG Air-gap power (W )
Pconv Mechanical power developed and given to the load

shaft
(W )

PF e Estimated iron loss value due to core losses (W )
Pfed

Iron losses due to the stator teeth (W )
PF es Stator iron losses (W )
Pfey Iron losses due to the stator yoke (W )
Pin Electric power developed by the motor (W )
Pmechx Mechanical friction and windage losses (W )
PSCL Stator copper losses (W )
Pout Power delivered by the motor (W )
P15 Specific iron losses per mass unit at 1.5 T (W )
Pρ Windage and ventilation losses (W )
Rbar DC resistance value of the rotor bar (Ω)
Rdcs DC value of the stator resistance (Ω)
RF e resistance value due to core losses (Ω)
Rr DC resistance of rotor with rotor bar and portion of

end ring
(Ω)

R′r Referred rotor resistance (Ω)
Rring DC resistance value of the rotor end ring (Ω)
ssq Skewing in terms of stator slot pitch (m)
sx Slip of the motor
Scr Cross-sectional area of the rotor conductor (m2)
Scring

Cross-sectional area of the short-circuit ring or end
ring

(m2)

Scs Cross-sectional area of the stator conductor (m2)
T Torque developed by motor (Nm)
qs Number of stator slots per pole per phase
Qr Number of rotor slots
Qs Number of stator slots
U Line voltage (V )
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Ûmdr Magnetic voltage of rotor teeth (A)
Ûmds Magnetic voltage of the stator teeth (A)
Ûmyr Magnetic voltage of rotor yoke (A)
Ûmys Magnetic voltage of stator yoke (A)
Ûmtot Total magnetic voltage of the motor (A)
Ûmδe Magnetic voltage of the air-gap (A)
Umδe Magnetic voltage of the air-gap (A)
vr Surface speed of the rotor (m/s)
Vr Volume of the rotor (m3)
Vys Volume of the stator yoke (m3)
W Average coil span (m)
Wew Width of the overhanging end winding (m)
W
τp

Winding pitch
Xm Magnetising reactance (Ω)
X ′σr

Total referred rotor reactance (Ω)
Xσs Total reactance of the stator (Ω)
Zf Combined magnetising impedance and rotor

impedance
(Ω)

Zm Magnetising impedance (Ω)
Zs Stator impedance (Ω)
Ztot Total impedance of the motor circuit (Ω)
ZQr

Number of conductors in a rotor slot
ZQs Rounded-off value of number of conductors in a slot
Z ′σr

Impedance of the rotor referred to the stator (Ω)
αal Temperature coefficient of aluminium resistivity (/K)
αcu Temperature coefficient of copper resistivity (/K)
αi Average flux density over one pole
αi2 New average flux value calculated
αsq Skew angle of rotor (rad)
χi Ratio of equivalent machine length to the average

diameter of the motor.
δ Air-gap length (m)
δe Effective air-gap length (m)
δef Effective air-gap length (m)
∆2 Damping factor for air-gap leakage inductance
ϵ Value denoting the amount of short pitching
ηeff Estimated efficiency of the motor
λdr Permeance factor for leakage inductance of rotor

teeth
λds

Permeance factor for stator tooth leakage inductance
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λew Permeance factor for leakage inductance of length of
end winding

λur Permeance factor for leakage inductance of rotor slot
λus Permeance factor for stator slot leakage inductance
λwew Permeance factor for leakage inductance of width of

end winding
λws Permeance factor for stator winding leakage induc-

tance
λ1 Permeance factor of slot opening
λ4 Permeance factor of the wound part of the slot
µ0 Permeability of vacuum (H/m)
ν Order of harmonics
νr Factor for calculating the leakage reactance of end-

ring
ω Angular frequency (rad/s)
ϕ. Magnetising flux (T )
ϕm Peak value of main flux (T )
ρv Coupling factor to refer the rotor resistance to stator
σal Specific conductivity of aluminium wire after tem-

perature rise
(S/m)

σal20c Specific conductivity of aluminium at 20°C (S/m)
σc Specific conductivity of copper wire after tempera-

ture rise
(S/m)

σcu20c Specific conductivity of copper at 20°C (S/m)
σF tan Tangential stress experienced by the motor (N/m2)
σsq Skew leakage factor for leakage inductance
σδr Leakage factor of rotor air-gap
σδs Leakage factor of stator winding air-gap inductance

without damping
τp Stator pole pitch
τur Rotor slot pitch
τus Stator slot pitch
τyr Rotor yoke pitch
τys Stator yoke pitch
θal Temperature rise in aluminium wire (K)
θcu Temperature rise in copper wire (K)
ζ Angle between A and B̂δ

cosϕ Power factor
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