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Abstract

Years of experience have been dedicated to the advancement of thermal power
plant technology, and in the last decade the investigation has focused on the wind
energy conversion system (WECS). Wind energy will play an important role in the
future of the energy market, due to the changing climate and the fossil fuel crisis.
Initially, wind energy was intended to cover a small portion of the energy market,
but in the long term it should compete with conventional fossil fuel power
generation.

The movement of the power system towards this new phenomena has to be
investigated before the wind energy share increases in the network. Therefore,
the wind energy integration issues serve as an interesting topic for authors to
improve the perception of integration, distribution, variability and power flow
issues. Several simulation models have been introduced in order to resolve this
issue, however, the variety in types of wind turbines and the network policies
result in these models having limited accuracy or being developed for specific
issues. The micro-machine is introduced in order to overcome the challenges of
simulation models and the costs involved in field tests. In the past, the grid
integration issue of large turbo-alternators was solved by the micro-machines. A
variety of tests are possible with the micro-machines and they also increase the
flexibility of the system. The increased accuracy as well as the ability to carry out
real-time analysis and compare actual field test data are strengths worth utilizing.

This project involves the designing and the prototyping of a scaled doubly-fed
induction generator (micro-DFIG). The machine is also analysed and tested. The
scaling of the micro-machine is achieved by means of a dimensional analysis,
which is a mathematical method that allows machines and systems to be down-
scaled by establishing laws of similitude between the reference model and its
scaled model. MATLAB/SIMULINK, Maxwell and Solid Work are employed to

achieve the objectives of this project.
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1. Introduction

When a large scale of wind energy joins the grid, the main concern is to investigate
integration, distribution, transmission and power flow issues. Currently, digital
computing simulations are usually employed to research the above issues and have
improved in terms of computation speed and accuracy by employing advanced
computers. Although the computers are advanced, dynamic models are still required to
be simplified in order to maintain the balance between time, volume, and accuracy of
the simulations. The current power system models are too immature to investigate the
above problems, therefore, alternative methods are required. This thesis is in effort to
find better solutions for the wind energy challenges within the power system by

employing micro-machines.

1.1 The Wind Energy Conversion System Structure

A wind farm produces power by means of several interconnected wind turbines which
are located in a region with favourable wind conditions. The steady-state and dynamic
behaviour of a wind farm is determined by the aggregated characteristic responses of
individual wind turbines. A wind energy conversion system (WECS) structure is illustrated
to present a clear image of the source of dynamic behaviour of wind power [1], [2]. The
typical design of a wind turbine is a horizontal axis wind turbine. All components of this

type of wind turbine are shown in figure 1.1 and are presented as follows.

1.1.1 Tower and Foundation

The generator, gearbox, etc. are located on the tower and its foundation. The free-
standing type using steel tubes, lattice towers, and concrete towers is the common
design currently in use. The properties of the wind farm are important when selecting
the type of tower. The minimum height of the tower is 20m, however, it is usually 1 to
1.5 times the rotor diameter. The tower stiffness must be considered in the design of the

wind turbine in order to minimize the vibrations between the rotor and the tower.
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Fig. 1.1 Wind turbine components.

1.1.2 The Rotor

The wind turbine expenses and performance are approximately defined by the rotor
components (the hub and the blades). Wind turbines usually employ a pitch control
system particularly for large machines, but the fixed-blade pitch and stall control are still
used in some medium sized turbines. Most turbines today contain upwind rotors with
three blades but some still contain downwind rotors with two blades. The blades on the
majority of turbines are made from composites, primarily fiberglass or carbon fibre

reinforced plastics, but occasionally wood/epoxy laminates are used.

1.1.3 Drive Train

The drive train is composed of a low-speed shaft (on the rotor side), a gearbox, a high-
speed shaft (on the generator side) and other components such as support bearings, one
or more couplings, a brake, etc. The gearbox will increase the rotational speed of the
rotor from a low value (tens of rpm) to a rate suitable for driving a standard generator
(hundreds or thousands of rpm). Parallel shaft and planetary are two types of gearboxes
in the WECS. Planetary gearboxes are usually adapted for larger machines due to the
weight and size advantages. Furthermore, fluctuating winds and the dynamics of large

rotating rotors must be considered in the design of wind turbine drive train components.
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1.1.4 Generator

In general, wind turbines are divided into variable-speed and constant-speed wind
turbines. If they drive at a constant or limited speed and connect directly to the grid, they
are known as constant-speed wind turbines. However, if they operate at variable speeds
with power electronic components, they are known as variable-speed wind turbines. The
grid connected wind turbines (constant-speed) usually make use of squirrel cage
induction generators (SCIG). Thus, these type of generators operate within a narrow
range of speeds, slightly higher than its synchronous speed. Rugged construction, low
cost, and ease of connection to an electrical network are the main advantages of this
type of machine.

Due to their ability to capture the maximum amount of power from the wind energy,
the variable-speed wind turbines are popular for utility-scale electrical power generation.
When used with suitable power electronic converters, either synchronous or induction
generators of either type can run at variable speed. The doubly-fed induction generators
(DFIGs) and the permanent magnet synchronous generators (PMSG) are popular for use
in variable-speed generators. Table 1.1 indicates a comparison of the features of

different types of wind turbines [3].

Table 1.1 A comparison of different types of wind turbines.
Type of generator SCIG DFIG PMSG
Aerodynamically Less efficient Efficient Efficient
Electrically Efficient Less efficient Less efficient
Gearbox Included Included None
Converter None Partial Full
Electrical Noise Noisy Less Noisy Less Noisy
Aerodynamic Noise Noisy Noisy Noisy
Design Simple Convectional Unconventional
Weight Heavy Heavy Heavy
Cost Normal Less Expensive Expensive
Speed Constant Speed Speed Range Variable Speed

1.1.5 Nacelle and Yaw System

The drive train components are placed in the main frame and the contents are
protected from the weather by the nacelle cover. The rotor shaft is aligned with the wind
by the yaw orientation system. The main frame is always connected to the tower with a

large bearing. An active yaw drive is always employed for upwind turbines and
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sometimes is used with downwind turbines. It is composed of one or more yaw motors
which drives a pinion gear against a bull gear attached to the yaw bearing. An automatic
yaw control system with its wind sensor controls this mechanism. Yaw brakes are

sometimes used with this type of design to hold the nacelle in position when not yawing.

1.1.6 Controls

A wind turbine control system includes sensors, controllers, power amplifiers, etc.
Three properties are considered in the control system of the wind turbines: limiting the
input torque by the gearbox, maximizing the fatigue life of the structural components of

the wind turbine, and maximizing the power production.

1.2 Influence of Wind Power on the Power System

Voltage fluctuations, harmonics, reactive power, power peaks and in-rush current are
specifically considered in the grid power quality while the wind power integrates into the
power system. These issues can be caused by the wind turbine electrical components
such as the generator, transformer, etc., but also by the aerodynamic and mechanical
components such as the rotor and drive train. In this thesis, the wind generator’s

behaviour is investigated among WECS components, throughout.

1.3 Summary of Relevant Literature
1.3.1 Micro-Machines

Micro-machines were developed in the 1950s in order to generate empirical data [4].
They are designed by down-scaling large, utility-scale machinery. The prototyped micro-
machines are used for training and teaching purposes, developing a control system,
power system stability studies and the testing of theoretical assumptions and
approximations used in various analytical calculations. Recently, investigation of the
transient behaviours of power plant and power system have become the other additional
applications of the micro-machines [5], [6].

Due to the micro-machine’s capability to test under exact operating conditions, they
are used to research steady-state and transient phenomena in electrical power systems
even though the digital technology is advanced [7]-[12]. In fact, the time constant
regulators (TCRs) have been created in order to increase the simulation accuracy run by
the micro-machines under transient conditions [5], [13]. Simulated turbine generators
[14], parameter identification for generators and validation of digital models of power

system [15], [16] are also cited as applications of micro-machines.
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1.3.2 Dimensional Techniques

Dimensional analysis is a critical technique in designing micro-machines. This technique
considers a relationship between the machine’s structures and its behaviour.
Dimensional analysis usually assists the scaling process to create scaling factors in order
to design a micro-machine. Scaling of a transformer is reported as first scaling by the
elementary physical approach [14]. The electric machines’ dynamic models are more
complex than transformers due to their structures. Therefore, the result of geometrical
scaling for electric machines is inaccurate. In [10], it is presented that physical similarities
between the reference machine and micro-machine does not guarantee similarity in the
machines’ characteristics under the same conditions. In addition, it is presented that
boundary and initial conditions also affect the size of the physical model in the scaling
process. In [8], operating under low temperatures is recommended in order to reduce
the complexity of the micro-machine by increasing the conductivity of the machine’s
conductors. The authors of this paper employed liquid nitrogen in order to achieve their
objective. In [12], it is reported that reduction in the machine’s size increases its losses
and the micro-machine’s characteristics are defined by its equivalent circuit parameters.
Therefore, the dynamic responses of micro-machine and reference machine will be the
same if the resistances and the reactances of both machines become equal in the per-
unit system. Brechten and his colleagues recommend a novel approach to developing
micro-machines by defining equations which describe relations between the micro-
machines and the reference machine. These defined equations are constrained by
geometrical infeasibility. A dynamic-response-control, known as Model Reference
Following Controller (MRFC), is developed in [12]. MRFC adapts two pulse width
modulators (PWMs) to feed the two rotor windings in order to control a micro-

synchronous machine.

1.3.3 Investigation of Wind Power Behaviour by Micro-Machines

It is known that synchronous generators have the major share in the electricity
generation within the power system. Their behaviours under various conditions have
been investigated for decades [17], [18]. While the wind energy in the power system
continually increases, the WECS usually uses variable speed generators with power
electric convertors such as DFIGs and PMSGs. The behaviour of these types of generators
require more research because they are new in the grid. Therefore, numerical modelling
has been employed to simulate and investigate the WECS’s behaviour under faulty
conditions [19]-[21]. However, these simulations can be heavy and time consuming

when they are based on the accurate model of the wind turbine. They can also lead to
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lower accuracy of dynamic results when a simplified model of wind turbines is used. As
noted, the micro-machines can assist in investigating this new phenomena behaviour in
the grid. If the wind generators are scaled based on the relationship between the physical
dimensions and the machine’s behaviour under dynamic conditions, then the scaled-
generator or the micro-machine will behave in a similar manner under the same
conditions. In fact, the scaled-machine behaves the same as the reference machine under
the transient condition and its behaviour towards the grid can be researched with

acceptable accuracy and within reasonable time.

1.4 Aim and Objectives

Development of a scaled doubly-Fed induction generator for assessment of wind power

integration issues is the aim of the research and the objectives are as follows:
e Develop a scaling methodology for a utility-scale DFIG.
e Develop a design methodology for the detailed design of the scaled DFIG.
e Analyse the design of the DFIGs with numerical techniques.

e Prototype, test and compare the scaled machine’s performance to that of the

utility-scale DFIG.

e Analyse specific grid integration issues with the laboratory-based system and

compare with results from actual and power system simulations.

1.5 Research Questions

The research questions related to the thesis are as follows:

e How can a DFIG be down-scaled with inherent non-linear magnetic and electrical
properties?

e How can a Micro-Machine be designed to have the same dynamic characteristics as
a utility-scale DFIG?

e Which grid integration issues require more accurate models of DFIG systems than
those available in order to perform meaningful analysis?

e Can a Micro-Machine be used to analyse specific grid integration issues with DFIGs
more accurately?

1.6 Research Output and List of Publications

The research output and list of publications are as follow:

e Design, Prototype and Test a micro-DFIG.
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H. Dehnavifard, M. Khan, and P. Barendse, “Development of a 5kW Scaled
Prototype of a 2.5 MW Doubly-Fed Induction Generator,” IEEE Trans. Ind. Appl.,
2016.

e H. Dehnavifard, A. C. Wozniak, M. A. Khan, and P. S. Barendse, “Determination
of parameters of doubly-fed induction generators,” in 2016 XXII International
Conference on Electrical Machines (ICEM), pp. 2769-2774, 2016.

e H. Dehnavifard, X. M. Hu, M. A. Khan, and P. S. Barendse, “Comparison between
a 2.5 MW DFIG and CDFIG in wind energy conversion systems,” in 2016 XXl
International Conference on Electrical Machines (ICEM), no. 3, pp. 238-244,
2016.

e H. Dehnavifard, M. A. Khan, and P. Barendse, “Development of a 5kW scaled
prototype of a 2.5 MW Doubly-fed induction generator,” in 2015 IEEE Energy
Conversion Congress and Exposition (ECCE), 2015, pp. 990-996.

e H.Dehnavifard, A. D. Lilla, M. A. Khan, and P. Barendse, “Design and optimization
of DFIGs with alternate voltage and speed ratings for wind applications,” in 2014
International Conference on Electrical Machines (ICEM), 2014, pp. 2008—2013.

e A.D. Lilla, H. Dehnavifard, M. A. Khan, and P. Barendse, “Optimization of high

voltage geared permanent-magnet synchronous generator systems,” in 2014

International Conference on Electrical Machines (ICEM), 2014, pp. 1356-1362.

1.7 Organisation and Scientific Contribution of the Thesis

In this project, it is assumed that DFIGs are employed in the WECS. Therefore, a micro-
DFIG is developed to behave similarly to the utility-scale machine in order to investigate
wind power issues. To design a micro-DFIG, the dimensional analysis technique is
employed. This technique’s constraints are justified for DFIGs because of their specific
design. For instance, DFIGs have 3-phase windings on their rotor, as opposed to
synchronous machines. Finite Element methods (FEMs) are adapted to prove the
similarity of both machines’ behaviours under transient conditions. Finally, the machine

is prototyped and tested.
The thesis is completed as follows:
Chapter 1: Introduction

Chapter one defines the wind turbine and its components to present the effective
elements on output dynamic behaviour. It gives a literature survey on the micro-
machines and dimensional analysis. It also discusses micro-machine’s advantages in

order to investigate the wind energy in the power system.
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Chapter 2: Induction Machine Design Considerations

Chapter two covers a literature review on induction machine design trends and focuses
on wound rotor induction machines. It includes market interest towards electrical
machines and in particular, wind generators. Also, it sheds light on unknown aspects of
machine design and is an effort to illustrate the important points regarding induction

machines. To conclude, it presents the areas which require further investigation.
Chapter 3: Wound Rotor Induction Machine Design

Chapter three explains the machine’s design theoretically with sizing equations and
empirical data. It also presents a reference DFIG analytical design along with its 2D finite

element analysis (FEA) simulation.
Chapter 4: Wind Energy Conversion System with DFIG

Chapter four describes a WECS component which includes DFIGs with different speeds
and voltages. It presents the cost and efficiency of the WECS’s components while the
generator voltage and speed change within a limit. It investigates a better DFIG

specification based on WECS’s cost and efficiency.
Chapter 5: Wind Power Integration Issues

Chapter five investigates the wind power integration issues. It describes how the power
system will react if there is a fault in wind power. It discusses the possibility of using the

micro-machines to develop a better understanding of the wind energy integration issues.
Chapter 6: Dynamic Model of DFIG

Chapter six presents the common mathematical modelling of induction machines. It
seeks to define the most important elements on transient behaviour of DFIGs by ignoring
time as a variable. These elements are considered in the dimensional analysis in order to

maintain the dynamic behaviour of the reference DFIG in the scaled-machine.
Chapter 7: Micro-Machines and Scaling

Chapter seven begins with a literature review about micro-machines and the scaling
process. It presents a dimensional analysis which is adjusted for wound rotor induction
machines. The micro-DFIG is presented in this chapter and ultimately, it is verified

through FEA.
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Chapter 8: Prototyping and Identification of micro-DFIG

The process of the manufacturing of the micro-DFIG is illustrated in chapter eight. The
test rig is also discussed. At the end, the micro-DFIG is tested under blocked-rotor and

no-load condition to identify its equivalent circuit.
Chapter 9: Transient Response of micro-DFIG

In chapter nine, FEA is used to simulate the DFIGs under transient conditions through
various scenarios. The micro-machine is tested under similar conditions. The FEA and

experimental results are satisfactory and meet the objectives.
Chapter 10: Conclusion and Recommendations

The conclusions based on the FEA results and the micro-DFIG’s results at the transient-

state are made in chapter 10.
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2. Induction Machine Design
Consideration

Induction machines (IMs) are the most popular electric machines in industry. These
machines are rugged and do not require separate DC field power. They are very
economical, reliable, and are available in a wide power range, from fractional horse
power (FHP) to multi-megawatt capacity. Induction machine design, structural analysis,
efficiency and the state-of-the-art features are discussed in this chapter. The objective is
to review what has been accomplished in these years in terms of the design and

manufacturing of induction machines.

2.1 Introduction

IMs were invented with a wound rotor in 1889 and later using a squirrel cage rotor. As
with synchronous machines, induction machines have 3-phase windings on their stator.
Their rotor slots can be filled with 3-phase windings or by solid bars. These types of
electric machines are known to have robust construction, simple design and lower cost.
IMs can be operated at variable speeds, which is in contrast with synchronous machines.
Also, their connection process to the grid is relatively simple. They usually operate at a
low lagging power factor and often require power factor correction capacitors to improve
their operating power factor [22], [23].

Squirrel cage induction machines have their rotor slots filled by solid conductive bars.
These machines are the most common type of induction machines due to the simplicity
and robustness of their design and relatively low cost. This type is widely used in stand-
alone wind power generation schemes.

Wound rotor induction machines have 3-phase windings on the rotor and are
consequently more expensive and less robust than squirrel cage machines. Wound rotor
machines are preferred due to their ability to produce a high starting torque. If wound
rotor induction machines are fed through their rotor, they are called doubly-fed
induction machines. These machines can deliver power to the grid through their stator
and rotor [3], [24], [25]. In fact, this is an advantage of wound rotor that it has the ability
to extract rotor power but comes at the added cost of power electronics in the rotor
circuit [9], [22], [26]. An emerging application for doubly-fed induction generators (DFIGs)
are in wind energy conversion systems (WECSs). This is mainly due to its simplicity and

low cost in relation to competing wind generator technologies like the permanent
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magnet synchronous generators (PMSGs) [1], [18], [27]. However, they require a gearbox

for low speed operation, particularly in wind energy applications [3], [9].

2.2 Current Utilisation of Induction Machines

Electric motors are the main energy conversion devices used in the modern world. In
developed countries, there are more than 3kW of installed electric motors per capita
[28]. Figure 2.1 shows the estimated share of global electricity demand by end-use
applications [29]. The figure shows that electric motors consume approximately 46% of
generated electricity in 2015. This means that if the efficiency of electric motors increases
by a small percentage on average, it will ultimately lead to significant energy savings. The
estimated number of electric motors installed in 2012 was 48.1 million units and this
estimate is expected to grow to approximately 60.8 million units by 2017 [30]. The ratings
of IMs vary from tens of watts to 400MW [3], [31]-[34].

Fig. 2.1 Estimated share of global electricity demand by end-use application in 2015.

As mentioned previously, induction motors are popular due to their rugged design and
moderate cost. Furthermore, they are typically connected directly to the grid through
protective devices such as relays and circuit breakers. In domestic applications, low
power induction motors are typically fed from a single-phase main supply. Home
appliances, account for approximately 79% of the residential energy consumption
globally, as shown in figure 2.2 [34]-[37].

Global revenue from the manufacturing of IMs was 250 million dollars in 2014 and it is
forecasted to be between 300 and 350 million dollars in 2017 [28]. In fact, the electric
motors market will grow by 40% by 2017. Moreover, IMs can be supplied through
converters to provide variable speed operation of motorised systems. In fact, more than

30% of the installed induction motors globally are powered through variable speed drives
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[3]. The demand for variable speed drives has increased by 10% annually since 2010,
while the average annual growth in the electrical machines market was at a rate of 5%
over the same period [28]. It is predicted that more than half of the electric machines will
be controlled by a variable speed drive in the next decade, whilst IMs would dominate
up to 60% of the new market.

An emerging market for induction machines is in the wind energy sector, which has
been growing gradually since 1997. By the end of 2014, 423GW of electricity generated
was by wind farms in 80 countries, which primarily used induction generators. These
machines compete with permanent magnet generators in the market. There are,
however, no accurate market share details for different systems (DFIG and PMSG) due to
a lack of manufacturer information. Table 2.1 illustrates the wind generator suppliers by

their share market percentage for 2014.

Fig. 2.2 Household motor energy consumption in terawatt-hours.

Table 2.1 Wind turbines’ suppliers of 70 percent of the market share.
Manufacturer Generator types and drive train | Market share (=70%)
GE (US) IG!, DFIG2 PMSG3 11.8%
Vestas (Denmark) IG, DFIG PMSG 11.8%
Siemens (Germany) IG, DFIG PMSG 11%

PMSG
Enercon (Germany) -- 7.2%
EESG*
Suzlon Group (India) IG, DFIG, SCIGs -- 6.6%
Gamesa (Spain) IG, DFIG PMSG 6.4%
Goldwind (China) - PMSG 6.0%
GuoDian United (China) IG, DFIG - 3.5%
Sinovel (China) IG, DFIG - 2.7%
Sewind (China) IG, DFIG PMSG 2.3%

" Induction Generator

2 Doubly Fed Induction Generator

3 Permanent magnet synchronous Generator
4 Electrical excited synchronous generator

5 Squirrel Cage Induction Generator
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2.3 Essential Knowledge for Design of an Electrical Machine

The design of an electrical machine involves the selection of electrical, magnetic and
insulation materials, and the detailed dimensioning of the magnetic circuit and electrical
circuits. This is carried out through detailed consideration of the design equations for the
specific machine under investigation. In general, there are a number of possible design
solutions that will meet the user specifications for the design, but it is the designer’s task
to find the optimum solution, which will be based on necessary trade-offs encountered
throughout the design process. The desired solution must have important features such
as high efficiency at rated speed, high power and torque density, tolerable temperature
rise, and ultimately low cost. Finally, the durability and reliability of the machine must be
considered in the design process. The manufacturing conditions form part of the design
challenges [3], [38], [39]. The design process also requires knowledge of the following

areas related to the machine type [40]:

e National and international standards

e Specifications (that deals with machine ratings, performance requirements etc., of
the consumer)

e  Cost of materials and labour

e Manufacturing constraints

The desired design values will be achieved by iterative methods in order to overcome the
design complexities. Therefore, computers play an important role to evaluate aspects of
the design with sufficient accuracy throughout the design process. Moreover, laboratory
testing of a prototype can be used to validate the numerical results and assess if the

design specifications were achieved [41], [42].

24 Selection of Materials

Induction machines have magnetic circuits which permeate the revolving magnetic
fields, and also electric circuits which have alternating currents. The electric circuits have
a different purpose from the magnetic circuits, and are insulated from each other. The
magnetic, electric, and insulation materials are defined by their characteristics and their

losses [39], [43].

2.4.1 |Insulation

Insulation materials are used to prevent short circuits between conductors, and
between conductors and the laminated cores in electrical machines. The insulation

material is selected based on the electrical circuit of the machine, but is required to be
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compatible with the cooling system and the magnetic circuits of the machine. In fact, the
insulation helps to withstand inter-turn, phase-to-phase and phase-to-ground faults. In
the stator and rotor, the laminations are insulated from one-another by a special coating
which minimizes eddy current losses in the core. It is cited that bearing and shaft voltages
and currents are reduced by insulating the bearing housing. This helps to prevent
premature bearing damage. This is especially prevalent in PWM converter fed IMs, where
there are additional common mode high frequency capacitor currents [44]. In addition,
PWMs causes the applied current and voltage to become non-sinusoidal. This means the
current peaks result into raising the insulations’ temperature. The voltage peaks and the
voltage transient also causes the insulation stress. These effects will accelerate insulation
ageing [45]. Moreover, the insulation has to withstand the expected operating
temperature. There is a slow deterioration of insulation by internal chemical reactions
and contamination which causes cracks in the enamel, varnish or resin and thus reduces
the dielectric strength of the insulation [26], [46]. Flexible sheet materials such as
cellulose and polyester film proposed in [39], [47] are used to provide a slot to phase
insulation for class “A” temperatures. In high-temperature IMs (class “F”, “H”), glass cloth

paper treated with special varnish is used for a slot to phase insulation [32], [34], [39].

2.4.2 Laminations and Magnetic Material

The permanent magnet dipoles inside the material define the magnetic properties of
the material. As known, hysteresis is a property of magnetic materials which may cause
energy loss in electric machines. The alloys of iron, nickel, cobalt plus silicon-steels are
known as soft magnetic materials due to having low hysteresis. These materials include
micro-domains whose sizes are between 10™* and 107m. When completely
demagnetized, these domains have random orientations and therefore the material has
zero remanence in all finite samples. The result of dipoles varies within the magnetic
material and creates B-H curves for each material [48]—[50]. Magnetic materials can be
categorised by their B-H curves.

Annealed iron (soft) is desirable to make a core for rotating machinery due to its high
level of a magnetic field tolerance (until 2.6 Tesla) without saturating. Soft iron can boost
the magnetic field concentration up to 50000 times more than air core. This material has
a high conductivity which causes high eddy current loss and undesirable heating. Two
methods are usually employed to decrease the conductivity of the iron: alloying with
silicon; and lamination [51].

Silicon-steel is an iron with up to 6.5% silicon and it is usually manufactured in a cold-

rolled with less than 2mm thickness [52]. The maximum thickness of lamination in the
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electrical machines’ cores is Imm [3]. The silicon-steel’s mechanical property depends
on its silicon concertation. Silicon ultimately reduces core losses by decreasing iron
conductivity. Basically, it decreases the induced eddy currents and narrows the hysteresis
loop. Then, the machine’s core will be laminated by the plates made of silicon-steel.
These laminations are coated to decrease conductivity between plates. The coating
protects the laminations from oxidation and acts as a lubricant while die cutting [34]. It
is reported for IMs of fundamental frequency up to 300Hz, that 0.5mm thick silicon steel
laminations lead to reasonable core losses of approximately 2 to 4W/kg at 1T and 50Hz.

For higher fundamental frequency, thinner laminations are required [52]-[54].

2.4.3 Electrical Conductors

In general, copper conductors are used for electrical machine windings. The type of
conductor, either circular or rectangular depends on the machine’s rating. Wound rotor
induction machines (WRIMs) have three phase windings on both their stator and rotor.
The size of the conductors in three phase windings depends on the current density. Also,
it is reported that current density affects the cooling system, service duty cycle, and the
targeted efficiency. The current density lies between 3.5 to 6A/mm? for high efficiency
WRIMs. It is possible to twist several elementary conductors (6 to 8) in parallel to reduce

the skin effect to acceptable levels [23], [38], [55].

2.5 The Induction Machine Design Process

Several design approaches are available in literature, but majority start the process with
design specifications and pre-assigned values of flux densities and current densities.
Then, the stator bore diameter (D;), stack length (L;), number of stator and rotor slots,
stator outer diameter (D), stator and rotor slots’ dimensions are determined by
means of various approaches. Typically, the design algorithms iterate until an acceptable
efficiency and power factor have been achieved. If the results of the design process are
unsatisfactory, the whole process will be restarted from the initial state [3], [27], [31],
[39], [56], [57]. Due to the ability to simulate the geometric variations and irregularities,
saturations and eddy current effects with a high degree of accuracy, using finite element
method (FEM) to design electrical machines is popular. Radial flux machines are usually
simulated in 2D while axial flux machines require simulating in 3D to trace the flux lines
as well as the flux densities axially [19], [58]-[61]. In [21], the authors developed a finite
element (FE) based analysis by employing reduced models for both stator and rotor. This
model is fast and accurate enough that can be used for designing a large induction motor.

The optimization of the machine design is a multivariable and multimodal optimization
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problem. Traditionally, a combination of analytical and empirical methods are used for
convectional design optimization. However, the emerging trend of design optimization is
based on FEM analysis combined in the optimisation loop. The evaluation of alternate
designs becomes simple and accurate by using FEM models. However, the simulation
time becomes lengthy when attempting to increase the accuracy of FEM calculations
[62], [63].

Madescu and Boldea present a practical nonlinear model which can be attached to the
industrial design tools for induction motors. Their main aim was to develop a two-
dimensional model which divides the machine into five circular cross-sectional domains
[57]. A canonical particle swarm optimization (PSO) technique is employed to develop a
fast and efficient multi-objective optimization design method for induction machines
[64]. Less design iterations are required in this method than traditional design methods.
Computer aided design (CAD) approach is presented for the design of an efficient and
compact DFIG. The designed DFIG is validated by means of finite element (FE) analysis.
The designed DFIG developed by the CAD program is then compared with a
conventionally designed DFIG of the same rating. The comparison involved the active
volume of the machine, airgap harmonics and efficiency at variable speeds [65], [66].
There appears to be a need for the development of better approaches for the design of
wound rotor induction machines, as most of the literature and commercial machine

design software focuses on squirrel cage IMs due to the interest of manufacturers.

2.5.1 Main Induction Machine’s Dimensions

Sizing equations for an electrical machine are presented in [22], [23], [26], [40]. The
authors describe various techniques to calculate the stator inner and outer diameters,
core length, equivalent slot dimensions, flux density as well as the number of poles. The
stator diameter and core length are the main dimensions of electric machines. There are
two different methods to calculate the length and diameter for IMs: 1- based on output
coefficient design concept (Cy) and 2- based on the rotor shear stress. The following
equation can be used to calculate the stator inner diameter (D;s) for the machine [39],

[56]:

D= [ 2.1

LinsCo

where p; is the number of pole pairs, Q is the input power, L; stator length, ng is the
synchronous speed, and C; is the output constant. Boldea and Lipo recommended the

rotor shear stress to calculate the inner stator diameter (D;) [25], [31]. Therefore,
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3] 2XT,
D5 = /—ﬂx/.lext 2.2

where T, is electromagnetic torque,A the aspect ratio and f,; is the rotor shear stress for
induction generators. The aspect ratio is defined as the ratio of the stator length (L;) to
diameter (D):

1=L1

= i 2.3

The ratio between the length and diameter of the machine will determine the power
factor and the cost of materials of IMs. In several references, methods are proposed to

ensure that the target operating characteristics are achieved [3], [9], [26], [39], [40], [67].

The authors propose that the ratio of stack length to pole pitch (/51) may reduce costs if
(1.5 < % < 2), improve power factor if (1.0 < % < 1.25), improve efficiency if (% = 1.5),

and it is better to use (% = 1) in order to design DFIGs. The value of the ratio (%) was

suggested to be between 0.6 and 2, depending on the size of the machine and the
characteristics desired. Figure 2.3 indicates the acceptable range for the stack aspect
ratio for the number of pole pairs [27]. It is reported that an increased stack length leads

to additional winding losses of up to 10 percent [24], [68], [69].

Fig. 2.3 IMs empirical stack aspect ratio versus number of pole pairs.

When choosing the diameter of the IM’s stator, the peripheral speed is considered. It is

suggested that the peripheral speed should not exceed about 30m/s [37], [70].

2.5.2 Standard Frames

Standard induction motor frames determine the overall mechanical structure of the
machine. The frame includes: the stator, bearings, end cover, and terminal box. It
provides safety, the ability to withstand twisting forces and shock when transmitting the

torque, as well as ventilation. Apart from a few special machines, the manufacturers of
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all modern machines for industrial applications provide a series of standard frames which
cover a wide range of power ratings [71], [72]. As the airgap of an induction machines is
relatively small, the frame structure must be rigid in order to keep the stator and the
rotor concentric, otherwise, it can cause unbalanced magnetic pull [67], [72]. The frame
may be die-cast or fabricated. Machines with rating of approximately 50kW usually have
their frames die-cast in a strong silicon aluminium alloy and in some cases with the stator
core cast in. The process of die-casting has an advantage in that it facilitates the use of a
thicker cross-section frame in places where greater mechanical strength is required. The
die-cast frames do not require machining [34], [73]. The casing of small machines is
usually a single unit and comes on a base plate. The large-sized machines’ frames are
made up of a few steel plates. Depending on the design, the frame can be adapted and
modified. In machines with radial ventilating ducts, the stator core is placed inside the
frame on axial ribs, thereby providing an annular space for air between the core and the

frame [39], [43], [53].

2.5.3 Stator Structure of Induction Machines

The stator consists of a cylinder made of laminations. The stator laminations are packed
and placed into a frame. The stator core is laminated in segments for large machines in
order to avoid wasting steel. Depending on type of silicon-steel the outer arch length of
each segment can be between 0.3 and 0.8 m [74]. This will give an economical balance
between the cost of dies, the cost of assembly and the amount of left-over scrap material
after cutting the laminations from steel strips. Long cores are divided into a number of
stacks. Radial ventilating ducts are sandwiched between them for efficient cooling. The
width of a single stack of core should not exceed 0.5 to 0.6 m [39], [73], [75]. The slot
geometry is designed according to the IM’s power ratings. The slot geometry has an
important effect on the operating performance of IMs. The slots can be open or semi-

enclosed depending on the type of conductors (round or rectangular) (figure 2.4).
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Fig. 2.4 Slot geometrics to locate coil windings: a) semi-closed, b) semi-open, c) open

[3].
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Due to decreasing flux pulsation in the rotor tooth which increases core losses, only one
side (stator or rotor) is an open slot [76], [77]. The winding coils can be formed before
they are inserted into open-slots. The windings are more accessible when a need arises
for removing individual coils. In addition, decreasing the leakage reactance is one of the
merits of open slots. The coils must be formed after they are inserted in the semi-
enclosed slots. The semi-enclosed slots are used for the induction motor because they
result in smaller values of magnetizing current. As mentioned, the semi-enclosed slots
will have a lower tooth pulsation loss and a much quieter operation as compared to open
slots [78], [79]. Also, wedges are inserted at the openings of open-slots or semi-open-
slots to protect the windings from centrifugal forces and they are usually made up of
wood or Bakelite. It is recommended that a large number of narrow slots can minimize
tooth pulsation losses and noise in small IMs with open type slots [33]. It is reported in
various sources that in small IMs where round conductors are used, the tapered slot with
parallel sided tooth arrangement is useful, as it gives the maximum slot area for a
particular tooth flux density. In large and medium sized IMs, where strip conductors are
preferred, parallel sided slots with trapped teeth are used [3], [26], [79]. The large
number of stator slots will result in a small width of stator teeth, which may lead to the
teeth becoming mechanically weak. Moreover, the thin stator and rotor teeth may result
in excessive flux density levels in the teeth and higher iron losses. The narrow teeth would
be better to support at the radial ventilating ducts by welding the laminations [40], [70],
[80]. It is reported that having approximately equal tooth width and slot width would
help to have uniform flux density in the tooth. Also, the deep slots result in a large value
of leakage reactance [3], [25]. Moreover, the leakage reactance also increases if the
number of slots per pole per phase decreases, which in turn reduces the cost of the
winding due to the lower number of coils. On the other hand, the large number of slots
causes leakage flux and hence the leakage reactance decreases, which results in a higher
overload capacity. The cost also increases with a larger number of slots due to increasing
number of coils. Therefore, it is good practice to use as many slots as economically
possible [18], [27], [39]. Usually, the slot space factors in IMs lie between 0.25 and
0.4mm. High voltage machines have lower space factors due to the large thicknesses of

insulation [74], [78].

2.5.4 Rotor Structure of Induction Machines

The rotor core is laminated as a single plate in small machines and a segmental plate in
large machines. The rotor core pack is keyed to the shaft by a ring. The ring keeps the

plates together and the key transfers torque to the shaft and it usually makes the rotor
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core skewed. The simplest way to reduce the harmonics is by skewing, which however
lowers the power factor and overload capacity of the machine. Therefore, it is better to
mention here that a large airgap length can decrease the harmonic torques, but it also
reduces the power factor and overload capacity on the IM [25], [40].

Depending on the size of the machine, radial and axial ventilating ducts are inserted in
the rotor to provide adequate air circulation. The number of radial ventilating ducts in
the rotor is usually equal to that of the stator [3], [18], [26], [39]. There are reports on
the relationship between rotor eccentricity and shaft arms and stiffeners. It has been
cited that if the rotor has not been placed on the shaft carefully or the shaft has not been
installed centrally (inside the stator), it will create a parasitic harmonic, vibration and
noise [3], [9], [22].

Generally, windings with an integer number of slots per pole per phase are used for the
rotor and cannot be equal to the number of slots per pole per phase in the stator.
Different policies are available in literature to select the number of slot per pole per
phase for each squirrel cage and wound rotor induction machines [18], [23], [81]. For
instance, it is recommended that the number of slots per pole per phase (q) must be an
integer in order to produce completely symmetrical windings in WRIMs. However, it is
recommended that fractional slot windings be used on the rotor for small WRIMs in order
to reduce the harmonic content of the airgap flux density [31], [39].

In order to achieve a small airgap in IMs, the shaft should be short and stiff. In fact, even
a small deflection would create noticeable irregularities in the airgap which would lead
to the production of an imbalanced magnetic pull. In the case of short shafts, the
diameter of bearings should be about two-thirds of the shaft maximum diameter [38],
[39]. Roller bearings are used for horizontal shaft machines and thrust bearings are used
for vertical shaft machines. The forces act radially in horizontal shaft machines while the
axial load acts downwards in vertical shaft machines. Radial loads in this case can be
caused either by the dynamic unbalance of the rotor or by the unbalanced magnetic pull
of the rotor towards the stator [3], [34], [43].

The slip rings are made up of either brass or phosphor bronze. They are pressed
together on the body of reinforced thermo-setting resin carried on a mild steel hub. The
slip rings are located either between the core and bearing or on the shaft extension.
When the slip rings are on the shaft extension, the shaft is made hollow to allow the
three connections from the rotor to the slip ring to pass through the bearings. The
brushless induction machine is designed to reduce the ohmic losses. Brushes are,
however, still used in modern machines [24], [39], [82]. Runcos and Mauricio investigated

a 350kW brushless doubly-fed 3-phase induction machine with its wound rotor circuit
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connected to flat-plane rotary transformers. They reported the merits of eliminating
brushes and slip rings by means of rotary transformers. In addition, they presented a
rotary transformer design and demonstrated the operation of a 90-kW brushless doubly-
fed three phase IM [83]. The design and performance analysis of a medium-speed
brushless doubly-fed induction generation for a wind turbine drivetrain was investigated
by Abdi. It was shown that the medium speed brushless DFIG in combination with a two
stage gearbox, offers a low-cost, low-maintenance and more reliable drivetrain for wind

turbine applications [84].

2.5.5 Airgap

The length of the airgap in an induction machine should be mechanically as small as
possible in order to minimise the magnetizing current and improve the operating power
factor. A large airgap can reduce the flux pulsation loss, however, it creates a small
eccentricity and an unbalanced magnetic pull [24], [25], [48]. Several empirical equations

are presented to calculate the airgap length [25], [56]. Say suggested equation 2.4:

where g is the airgap. Lipo presented a few methods and he ultimately derived equation

2.5:
1
g =3x1073t (2p,)2 2.5

It is reported that a large airgap length would be better to facilitate cooling in induction
machines. The variation of reluctance in the path of the zig-zag leakage flux is the reason
for the noise in IMs. A large airgap length reduces the zig-zag leakage flux, which reduces
value of the leakage reactance as well as the noise level of the machine [22], [71], [75],
[85]. The flux density in the airgap should be moderate in order to limit the magnetizing
current, which will result in a poor power factor. However, in induction motors the flux
density in the airgap should be such that there is no saturation in any part of the magnetic
circuit. Moreover, a large flux density in the airgap causes high iron loss, thus reducing

the efficiency of the machine [48], [86].

2.5.6 Winding Structure

In general, the winding system is designed by assigning coils to the slots for different
phases, establishing the direction of currents in the coil sides, calculating the number of
turns for various coils, and finally sizing conductors for the slots. The number of coils is
determined by the number pole pairs and the number of phases. Moreover, a large

number of poles result in a poor power factor and also regulating the number of poles
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can affect the magnetization current and the flux densities. Also, the number of turn per
coil is assigned based on the flux density in the airgap and the conductor size depends on
the operating current density. The large number of turns per coils produces a large
winding mmf, which decreases the overload capacity of IMs.

The number of turns per coil is calculated as follows:

KpZsh
w, = Wffﬁgﬂi 2.6

where K is the back emf factor (0.97 < K < 0.98), Vg is the stator phase voltage, f
is the frequency, K4 is the winding factor and By is the assumed airgap flux density, and
ks is filling factor. An important consideration in a three phase winding is to produce
equal resistance and leakage inductance per phase, in order to ensure a balanced
winding. The windings of electrical machines are restricted from movement in the radial
direction. The wire bands of rotors and solid bands (retaining rings) are methods that are
used for the carrying of rotor windings [87], [88].

Figure 2.5 illustrates lap and wave windings which are used for induction machines [3],
[25], [38], [74]. Single-layer windings employ full pitch coils (y = t) to produce a
fundamental mmf with pole pitch “t” and it would be practical to use an integer number
of slots per pole per phase. “y” is the number of slots which are covered. A single-layer
winding is appropriate for lower power IMs. Double-layer windings are shown in figure
2.6, which allow chorded (or fractional pitch) coils (y < T) such that the end connections

of coils are shortened and thus copper loss is reduced.

a b

Fig. 2.5 Lap a) and wave b) single turn coils [3].

It is recommended that the double layer lap type winding with diamond-shaped coils is
generally used for stators and the use of single-layer mesh windings is suggested for small

machines with a small number of slots and having a large number of turns per phase. The
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three phases of the winding can be connected in either star or delta, depending on the

starting methods to be employed [18], [25], [56], [74], [79].

a b

Fig. 2.6 Single-layer a) and double-layer b) coils (windings) [31].

Fractional slot windings with two pole symmetry (q = %) are investigated thoroughly

in [87]-[89], where the authors suggest that g =% for low power IMs. In general,

fractional slot windings reduces copper weight and space harmonic content in IMs.

Pole-changing windings have been considered since the sixties. A method known as
“the 3 equation principle” is presented in [90] for various pole count combinations. This
is also a kind of symmetric method with a well-defined methodology. Alternating the
number of poles in IMs is presented in [91]-[93] by changing the direction of the current
in the windings.

When sinusoidal three-phase currents are supplied to the stator windings of an ideal
machine, a sinusoidally distributed revolving mmf waveform is produced in the airgap of
the machine. If the coils of a winding were to be placed in the airgap (in a slot-less
machine) and distributed sinusoidally, then perfect sinusoidal distribution of mmfs would
be possible. However, the airgap in this scenario would be large and this leads to the low
power factor and efficiency [27], [39], [79], [94].

As known, the value of mmf depends on the size of the machine, the voltage of the
stator winding, the type of ventilation and the overload capacity desired. A medium
voltage high power machine is designed with a small value of Ampere-Turns [40], [79],
[87]. The voltage induced in the rotor is at its maximum when the rotor of the machine
is at rest. Therefore, to keep the rotor voltage at an acceptable level, the ratio of effective
stator to rotor turns must be properly selected [18], [25], [26]. For a wound rotor IM, the
rotor voltage on open circuit between the slip rings should not exceed 500 volts for small

machines. The voltage is limited to a low value to protect the operator from the machine
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if the brush gear is not perfectly protected. Moreover, it is easier to insulate the rotor
windings with a low rotor voltage. The voltage in medium and large size machines can go

up to 4kV [39], [95].

2.6 Cooling System and Thermal Modelling

The cooling system is designed for the efficient transfer of heat from the electrical
machine’s housing to the surroundings of the machine. Thermal models are considered
when designing a cooling system. The thermal model of induction machines depends on
the level and location of the losses, machine geometry and the method of cooling.
Several thermal models have been recommended for IMs with regards to heat removal
methods, temperature distribution and insulation tolerance [3], [25], [39], [40], [56].

Some thermal considerations will be discussed in this section.

2.6.1 Cooling System

The cooling system of an IM can be either natural or forced, depending on the rating of
the IM. A natural air cooling system transfers the heat to the ambient air through a fan.
A forced cooling system is designed to transfer the heat to a secondary heat exchange
medium. In general, an air cooling system is preferred for electrical machines due to its
simplicity [39], [96], [97]. Ventilators ducts are radial channels that are located at the
regular interval along the axial length of the machine. Figure 2.7 shows the radial and
axial ventilating channels. Radial and radial-axial cooling ducts are usually recommended

for medium and large machines [24], [27], [98].

a b

Fig. 2.7 a) single stack magnetic core IMs with axial ventilations b) multiple stack

magnetic core IMs with axial and radial ventilations [3].

It is reported in the literature that large machines can have a smaller rotor diameter as
well as better efficiency if they make use of an axial cooling system because their winding
resistances will be lower. This allows larger machines the ability to handle larger power

losses, without exceeding the thermal rating of the active materials used in the machine.
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2.6.2 Thermal Modelling

Thermal circuit models and distributed models are described in [99], [100]. The
conduction method of heat transfer essentially implies that thermal energy flows from a
heat source to a heat sink. Generally, the heat source and the heat sink in IMs are
windings and the ambient air, respectively. In IMs, the thermal energy flow is defined
from the windings in the slots, through the conductor insulation and slot liner insulation,
to the laminated core teeth. Convection heat transfer takes place between the surface
of a solid body and a fluid. Convection depends on the velocity of the fluid, fluid
properties, the solid body geometry and orientation. IMs are designed with a frame
which has fins to allow heat transfer by convection. The insulated laminations reduces
the transfer of heat along the axial direction, which therefore enhances heat conduction,
convection, and radiation in a radial direction [3], [43], [98]. The conductor’s insulation is
designed for specific maximum temperatures. It is reported that the manufacturers test
IM by keeping it at locked rotor conditions in order to determine the max temperature
rise [43], [87]. A realistic thermal equivalent circuit for IMs at steady state and transient

conditions is proposed in figure 2.8.

Fig. 2.8 Thermal equivalent circuit for stator or rotor windings [101].

The authors investigated a thermal equivalent circuit with finite element analysis
software. The issue of heat flow in 2-dimensional coordinates is solved by using a finite
element formulation with arc-shaped elements in the r-8 plane of a cylindrical co-
ordinate system [102]. In 1995, Bellenda proposed a lumped parameters dynamic model
for the analysis of the thermal behaviour of the induction machine, based on the
machine’s geometrical dimensions. He presented an approach to estimate the thermal

behaviour of induction machines designed for the propulsion system of Electric Vehicles
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[101]. Bolietti presented a simplified thermal model for a wound rotor induction motor
in [103]. The lumped parameters and the analytical equations were used to compute the
thermal model of a 3 kW motor. The model estimates the temperature with a tolerance
of less than 7 percent.

The design of smaller induction motors with higher efficiency is the main concern of
manufacturers. It is important to note that the temperature rise of an induction motor
increases when their size decreases. This issue requires more attention in design and
manufacturing of the machine. Therefore, the thermal sensitivity analysis of Total
Enclosed Fan Cooled (TEFC) induction machines is presented in [104]. The thermal
parameters of classical IMs were modified for TEFC IMs and their influences on the

machine’s temperature rise was shown.

2.7 Losses and Efficiency

In IMs, the conventional losses include the load dependent losses (stator copper losses
, rotor copper losses and stray losses) and the load independent losses (the core losses,
the friction and windage losses) [105]. Stator copper loss is the dominant loss in induction
motors due to the finite stator winding resistance of the machine for a given current. The
optimal design of the slot fill is a large slot (wide and deep) in the stator core that can
assist in reducing copper losses by using thicker conductors and easy ventilation.
However, this reduces the volume of the stator magnetic material, causing it to saturate
and increase the core loss, thus a good compromise should be reached [3], [27], [34],
[40], [71]. Copper losses in the rotor cause heating in the rotor conductive bars or
windings. These losses can be reduced by using large rotor bars or conductors for the
winding, which have lower resistance [25], [39], [98]. Also, thinner insulation can be used
when the cross-sectional area of the conductor increases and the voltage is the same.
Here, the material cost and slot space must be considered.

Zheng found the rewinding process as an opportunity to increase the efficiency of wind
generators. He suggested a surrogate model to optimize a DFIG based on wind farm
specific information and the DFIG’s previous performance. Therefore, the windings will
be optimized to match maximum efficiency [106]. Core losses are as a result of hysteresis
and eddy currents in the magnetic structure of the IM. These losses are in both the stator
and the rotor. Using modern steels which typically have high permeability and also low
loss per kg will reduce these losses [107]. Thin laminations which are well insulated from
each other reduce the eddy current path associated with the pulsating magnetic field in
an IM and thus reduce the eddy current losses [3], [25], [38], [108]. Augusto presented

detailed mathematical models of hysteresis [109], which was based on models presented

35



by Mayergoys in [110]. Yanase proposed a simple method for predicting the magnetic
losses of electrical steel sheets in [111]. Pillay developed a model based on the three-
term loss separation formula to predict lamination losses in induction motors. This model
estimates the core losses by employing the flux density waveforms in different sections
of a machine from FEM. The model results are verified by measured data from an 11kW
induction machine [112]. The losses under an arbitrary induction waveform with or
without minor loops can be estimated by this method under sinusoidal excitation. A new
mathematical model of core losses in ferromagnetic steel, based on a minimal amount
of experimental data, is described in [113]. This new model has a hysteresis loss
coefficient that varies with frequency, eddy current coefficient and excess losses that are
a function of induction. The new model is validated successfully on a large number of
different samples of non-grain oriented fully and semi-processed steel alloys. Roy
illustrates a modelling technique to estimate the core losses for wound rotor induction
machine based on Mircea’s method [114]. It was shown that 10 to 20% of the total losses
are incurred in the magnetic materials of induction machines. The drag losses associated
with the rotor and fan, and the mechanical friction due to the motor bearing together
cause friction and windage loss. These losses are minimized by the good structural design
of the rotor and fan, such as proper bearing selection with appropriate lubrication.
Proper bearing alignment during assembly also helps to reduce these losses. If the
bearing are not well positioned, there may be increased losses and premature bearing
failure [105], [115].

Stray load losses are additional losses which are slightly more difficult to quantify and
model. The stray load loss causes an increase in temperature and consequently decreases
the torque of the machine. Some approximate equations for IMs have been presented in
the references to predict stray losses [108], [116]-[118]. The process of repair and
rewinding of electric machines affects the efficiency and particularly stray load loss. Cao
analysed this effect in [119], [120]. Sana presented analytical methods to calculate the
winding and the slotting effect on losses in a three phase induction machine in [121],
[122]. These methods allow for the distinction between contributions from the stator
and the rotor slot openings to the dynamic losses and, consequently, to the total iron

losses.

2.8 Conclusion

As mentioned, IMs are the most popular among electric motors used in industry today.
Moreover, a strong emerging application for IMs is in the wind energy sector. This

chapter outlined the important considerations associated with the design of induction
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machines. In particular, the active materials and insulation properties were discussed.
The design and optimisation process of IMs were also considered in some detail. In
addition, different sections of IMs were introduced with their tasks in details. The
performance of IMs was also considered, in respect to losses, efficiency and thermal
behaviour. In conclusion, WRIMs’ design require more investigation to have better

efficiency due to their application in the WECSs.
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3. Wound Rotor Induction Machine
Design

The design considerations for induction machines were discussed in the previous
chapter. This chapter will describe the design algorithm by illustrating the sizing
equations and analytical calculations for the wound rotor induction generator (WRIG).
Three main operation modes are considered for the electromagnetic design in the
WRIGs: generator at the power grid, generator to the autonomous load and brushless AC
exciter (generator with rotor electric output). Here, the WRIG’s rotor is assumed to be
excited by a converter and the power can be delivered to the grid through either the

stator or rotor.

3.1 Introduction

A machine model, an optimized method and other objective functions with a computer
program are used to achieve the machine electromagnetic design. Electromagnetic
design factors of WRIGs are named as follows: stator and rotor cores sizing, stator and
rotor winding design, magnetization current calculation, equivalent circuit parameter

determination, and efficiency computation.

3.2 Stator Design

The interior diameter of the stator depends on a factor known as shear rotor stress (f,)
[25], [31], [38]. This shear rotor stress increases with torque and varies between 1.5 and
6N/cm? [123]. The shear rotor stress is used to calculate the stator interior diameter (D;;).
To calculate Dy, the electromagnetic torque has to be estimated at maximum speed on
the basis of the input power of the machine and expected efficiency. The electromagnetic
power (Sqy) is as follows:

_ Ssn + Srw

gN ~ n 3.1
N

where,

Syn: Electromagnetic power;

Ssn: Power on stator side at unity power factor;
Srn: Power on rotor side at unity power factor;

ny: Expected efficiency;
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The corresponding electromagnetic torque T, is [40], [97]

_ SgN

T —=_—_ "N
¢ 271'&(1+|Smax|) 3.2
p1

where,

f1: Frequency;
p1: The number of pole pairs;
Smazx: Maximum slip;

The maximum slip is different with rated slip. 5,4, is used in order to design the machine

based on maximum rotational speed. Therefore, the stator diameter D;; can be

3| 2XT,
D5 = /nxth 3.3

/1=Dl—f'; 02<A<15 3.4

expressed as [39], [56]:

where,

A: The stack length ratio;
l;: The stack length;

The stack length ratio is smaller corresponding to the larger number of poles.
The external stator diameter D,,,; based on the maximum airgap flux density per given
magneto-motive force (mmf) is approximated in table 3.1 [3], [31], [38]. These values are

measured in order to avoid saturation of the yoke.

Table 3.1 Outer to Inner Stator Diameter [31].
Number of pole pairs 2 4 6 8 210
Doue/Dis 1.65-1.69 | 1.46-1.49 | 1.37-1.40 | 1.27-1.30 | 1.24-1.20

The rated stator current at unity power factor in the stator Isy is

_ _Ssn
Isw =&y 3.5

where,

Vsn: Rated stator voltage;

The airgap flux density (B,) is usually assigned between 0.65 and 0.8 and the airgap

electromagnetic force (emf) Es per phase is as follows [3], [39], [71]:
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Eg=K;Z%; Ky =097 (097 <Ky < 0.98) 3.6

where,

K : emf coefficient;

The pole pitch 7 is calculated as follows:

_ TtDjg

20, 3.7

The number of turns per phase is dependent on the emf per phase (Es), pole pitch (7),
and winding factor (Ky;1). The fundamental winding factor is calculated as follows [3],

[25], [39]:

3.8

=
S
[
|
el
S
|
wIiN
IA
EEAS
IA
[N

where,
g1: The number of slots per pole per phase in the stator, which an integer for an integral

slot winding machine.
%z The stator coil span/pole pitch ratio;

The number of turns (W;) per phase is [3], [38]:

Es

Wi = 2V2f1 W1 Ky 14BgTl; 3.9
Number of turns per coil (n.4) is calculated as follows:
w,
Ney = (zmih) 3.10
ai
where, a, is the number current paths in the stator winding.
The stator slot pitch (zg) is:
_ D
[ — 2p1ds 3.11
where,
m: The number of phases;
The number of stator slots (N) is:
Ns = 2p,qm 3.12

The stator conductor cross section (A.,s) is as follows:
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Agps = =38 3.13

Qa1-Jcos

where,

Jeos: The stator current density;

The cooling system and cross-section of the conductors depend on the selected current

densities in the stator and rotor of the machine. The useful slot area Ay, is:

Z1Nc14
Ay, = 2o ';; 3.14

where,

z41: The number of layers per slot in the rotor;

kf: The slot fill factor;

In general, slot width (Ws) is 45 to 50 percent of slot pitch for WRIGs. The rectangular

slot useful height (hgy) is:

— Asu
hsy = W 3.15
The airgap length (g) is [3], [38], [39]:
g = (0.1+0.0123/S5y)1073 3.16

If the flux density in the stator’s back iron (core) is assigned as B then the height of the

stator back iron (h,g) is:

Byt

hes = TBes 3.17
The magnetically required outer diameter of the stator Dy im is
Doutm = Dis + 2(hsy + hsw + hes) 3.18

where,

hgy : The stator slot wedge, if used in the design;

As known, the flux and current density distribution in a conductor (or a group of
conductors) flowed by a.c. currents and surrounded by a magnetic core with some
airgaps can lead to skin effects. The skin effect increases the conductor’s effective
resistance at higher frequencies where the skin depth is smaller, as a result decreasing
the effective cross-section of the conductor. The skin effect factor is calculated using a
sequence of equations. Initially, it requires the calculation of a chording ratio, £ [3], [25],

[38]:
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_ [@W1H00co Gce
p = [Phatle 3.19

where,

B: Chording ratio;

wq: Angular speed;

Uo: Permeability of free space;

0., Electrical conductivity;

a..: Conductor cross-sectional area;

The resistance (¢(§)) and slot leakage inductance (¥(€)) correction coefficients are

required to calculate the skin effect factor.

__ g Sinh2&+sin2€

(P(s;) - f cos2h&—cosé
3.20

_ (sinh&+siné)

l/)(f) - 2"; cosh&+cosé

where, § = B X h, and h, is conductor thickness. Furthermore, skin effect coefficient

(Krme) is [3], [271, [39]:

2
e—1

Kpme = 0(§) + mTll’(E) 3.21

where m,, is the number of conductor strands. Furthermore, the additional skin effect

coefficient (K,44) is [3], [25], [38]:

_ ap4 par b N2 2 (L+cosy)?
Krad - 4‘:8 -hc( ) Nen
lturn 4

3.22
—(1_%\
Y= (1 r) 2
where l;,,, is the coil length. The total skin effect factor (Ky) is [3], [25], [38]:
Kg =1+ (Kyme = 1) + Kyaq 3.23
turn

The total skin effect factor is very important in the large machines due to their loss

calculations.

3.3 Rotor Design

The rotor design is based on maximum speed and power delivered, Pgy, at the
maximum corresponding rotor voltage (Vgy < Vsp)- In addition, the unity power factor

in the stator is assumed to design the WRIG. Therefore, all the reactive power is provided
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by the rotor. Consequently, the rotor also provides magnetization of the current in the
WRIG.
For Vey = Vsn at S;nax, the turns ratio between the rotor and stator Kys is obtained

[3], [31] by considering equations 3.6 and 3.9 as follow:

W, K 1
Kgs = 212 = 3.24
RS WiKw1 |Smax|
where,
W,: The rotor number of turns per phase;
Ky, The rotor winding factor;
The rated stator current referred to the rotor side (I'sy) is:
! Isn
ISN = 325

The rated magnetization current (I',,) depends on the machine power and the number

of poles. The referred magnetization current can be expressed as:
I’m - KmI’SN 326

where, K,,, is the magnetization current coefficient and it varies between 0.1 and 0.3. The
magnetization current coefficient is initially assumed to calculate the rotor current,
however, it will ultimately be adjusted through the final calculation. The actual rotor

current (I%y) at maximum slip is [3], [31]:

1By = /1’§N + 12, = I'syyJ1+ K2 3.27

The rotor power factor cos@,y is:

PRrN

VB Vin i >28

COS(pZN =

The rotor winding factor (K, ) is calculated similarly to the stator winding factor [3], [25],

[39].

i . T
Ky, = —2x sin—== 3.29

Where, g, is the number of the rotor slots per pole per phase. Hence, the number of the
rotor slots (N,.) is:

N, = 2p1q,m 3.30

The rotor turns per phase (W) is [3], [38]:
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W, = WiKw1KRs 3.31

Kw>

The number of turns per coil (n.;) is:

nCZ - (2p1q2) 3.32

where a, is the number of current paths in the rotor winding. Also, the rotor slot pitch

(tg) is calculated in a similar to stator slot pitch as:
TR=—"—— 3.33

The rotor conductor cross-section (4., is:

I
Apor = —2H 3.34

az.jcor
where, j.or is the rotor current density. The rotor useful slot area (4,,,) is:

ZyNcp A
A — 2'tc24cor 335
Tu kf

where,

Z,: The number of layers per slot in the rotor;

The rotor slot width (Wg) is usually between 45% and 55% of the rotor slot pitch for

WRIGSs. Then, the rotor slot’s height (hgy) is:

hpy = a/—: 3.36

The minimum rotor teeth width (W;pmin) is [3], [25], [27], [39]:

_ T(Dis—2(g+hru+hrw)) W,
R

Wirmin = - 3.37

where, hgyy is the rotor slot wedge. Then, the maximum rotor teeth flux density (Bigrmax)
is:

_ _BgTr

Birmax = 3.38

WiRmin
If B, is assigned as the rotor core flux density, the rotor back iron radial path (hcg) is:

Byt

her = p— 3.39
Consequently, the maximum shaft diameter (D) is:
Dig = Dis — 2(9 + hgy + hgw + hcgr) 3.40
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If the shaft diameter passes its maximum value, then the flux density increase in the rotor
core and rotor teeth. This results to increase in core loss and might also cause saturation

either in the rotor core or rotor teeth.

34 Magnetization Current

So far the stator and rotor designs are discussed. This section illustrates analytical
computations for the magnetization current. The flux path in the rotor and stator of a
typical wound rotor induction machine is shown in Figure 3.1. Applying Ampere’s Circuit

law along half of the contour of the main flux, yields the following [3], [25], [38]:
Ep = (Fppr + Fap + Fpe + Fyrgr + Fgrer) 3.41

where,

F44r: The airgap mmf;

F45: The stator teeth mmf;
Fgc: The stator yoke mmf;
F 451 The rotor teeth mmf;

Fgrcr: The rotor yoke mmf;

Fig. 3.1 Main flux path [31].

Carter’s coefficient is used to determine a modified effective airgap length due to the
effects of slot openings in a machine. The Carter’s coefficient for an induction machine is
the product of that for the stator and rotor of the machine, which can be expressed as

(3], [25], [38], [39]:
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KC = KClKCZ 3.42

ZWSI’RI>2
1 g
where, K¢qc2 = 1. . and yi, = T Wy 3.43
12274 54+ ——
! 9
The equivalent slot openings, with magnetic wedges, W and Wy are:
w w
Wg =—= and Wy = —£ 3.44
HURsS HRR

where, ugs and ugpp are the relative permeabilities of the magnetic wedges associated
with the stator and rotor slots respectively. The airgap mmf can therefore be expressed

as [3], [25], [38], [39]:
B
Fyar = chM_“Z 3.45

The flux densities in the stator core and teeth are required to calculate their respective
mmfs. The stator core flux density is assigned as B.g and the flux density in the teeth

(Bes) is:

Ts

e 3.46

BtS =Bg X

Table 3.2 shows magnetization curve data of silicon-steel lamination at 50Hz with 0.5mm
thickness which it has 3.5% silicon. This lamination is simply used as an illustrative
example. From table 3.2, the field intensities for B;; and B.s can be determined. As a

result, the stator teeth (F45) and core (Fgc) mmfs are:
Fpp = Hys(hsy + hsw) 3.47
FBC ~ HCS- lcsav 3.48

where H; is selected from table 3.2 according to the stator core flux density and ¢4, is

the average length of stator core flux path.

2 T(Dout—hcs)
lesav = 37 22p, 3.49

The average rotor teeth flux density is required to calculate the mmf in the rotor tooth

portion. This can be expressed as follows:

_ TR _ TR _ TR
Byt = Bgy X Wen' Birm = Bg1 X Werm and Bigp = Bgy X Wir
3.50
B., = BtretBtrp+4Btrm
tR = A

where,
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Bir:: The top rotor tooth flux density;
Bigrm: The middle rotor tooth flux density;
Birp: The bottom rotor tooth flux density;
Hy, is drived from table 3.2 and the rotor teeth mmf (F 4/5/) is:
Fyrgr = Her(hgry + hrw) 3.51
The rotor back iron mmf is calculated similar to that of the stator core, as:

Fgrer = Her-leraw 3.52

where, Hcp is selected from table 3.2 according to rotor core flux density and g4y, is the

average length of the rotor core flux path [27], [31], [38]:

2 t(Dshase+hcr+0.01
lerav = 3 (Oan f;.ZpiR ) 3.53
the no-load rotor current (Igg) is [3], [31]:
Iro = Fm 3W27.T1.<z:;2\/§ 3.54
Table 3.2 Lamination magnetization curve B, (Hy,).

B[T] H[é] B[T] H [é]

m m

0.05 22.8 1.05 237

0.1 35 1.1 273

0.15 45 1.15 310

0.2 49 1.2 356

0.25 57 1.25 417

0.3 65 1.3 482

0.35 70 1.35 585

0.4 76 1.4 760
0.45 83 1.45 1050
0.5 90 1.5 1340
0.55 98 1.55 1760
0.6 106 1.6 2460
0.65 115 1.65 3460
0.7 124 1.7 4800
0.75 135 1.75 6160
0.8 148 1.8 8270
0.85 162 1.85 11170
0.9 177 1.9 15220
0.95 198 1.95 22000
1.0 220 2.0 34000
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As considered, the rated magnetization current is determined by assigning K,,,. After
sizing the stator and the rotor, the magnetization mmf can be recalculated as follow:
K = 2 3.55
SN

If the K,,, become greater than the assigned value, the design process requires to be
repeated by assigning new assumptions. However, the smaller K,,, leaves more room for
saturation in the stator teeth that can be used for the cooling system.

The saturation factor (Ks) accounts for all iron mmfs as divided by the airgap mmf. The

saturation factor is expressed as follow:

__ Fap+Fpc+F jipi+Fpi

Ks = =

3.56

AA'

For normal IMs, the saturation factor should be K¢ < 1 and ifitis 1 < Kg < 1.6, then the
IM is mildly saturated [3].

3.5 Reactances and Resistances

The main WRIG parameters are the magnetization reactance X,,, the stator and rotor
resistance Rg and R,, and leakage reactances X and X,,, referred to the stator. The

magnetization reactance expression is [25], [31], [38]:
Xm = w1 Ly 3.57

where magnetization inductance (L) is:

_ 6puo(WiKys)?tl;
™ " w2p1gKc(1+Ks) 3.58
The stator resistance R per phase is [3], [31], [39]:
w;.2 1
Rs = pc0100°ﬁ (li + lfs) a 3.59

where, l¢; is the end winding length as shown in figure 3.2 and p419- is copper resistivity

at 100C°, which can be expressed as [31], [97]:

sT

s = 20 + 1) + mhye = 2 (I + 255) + mhyg and B, =2 3.60

B
2cosa
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Fig. 3.2 Stator coil end connection [31].

The stator leakage reactance (X;) is:
Xs1 = w1Llg 3.61
where L, is the stator leakage inductance [3], [25], [31].
Ng
Lg = #O(chl)zli(ls + Aena + Aas) ma.? 3.62

The slot permeance coefficient (Ag), the end connection permeance coefficient (A¢p4)

and the differential leakage permeance coefficient (A44) are [3], [25], [31], [38]:

= hsu | hsw
As = gw. T Wi 3.63
lrs—0. S
Agng = 0.34 ql%f“” 3.64
Ods
Aas = 0975 (41 Kw1)? Ko chg 3.65

where, g is the stator differential leakage coefficient which depends on number of
slots per phase per pole and chording ratio £ as illustrated in figure 3.3. The term A4
generally includes the zigzag leakage flux.

The rotor end connection length ¢, can be determined in a similarly manner to that of

the stator [3], [31], [38]:

Br
r = 2 (I + 22 ) + gy + haw); 3.66
and the actual rotor resistance (RZ) at 100C° is:
2.W,
R§ = pcolOO"roi (Li+ ) 3.67

Lfl is rotor leakage inductance is [3], [31], [38]:

N
LR = po(2n:2)?1;(Asg + Aenar + Aar) ;R 3.68
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Fig. 3.3 Differential leakage Coefficient o4.

Similar to the stator, the rotor slot permeance coefficient (Agr), end connection

permeance coefficient (A.,,4r) and differential leakage permeance coefficient (145) are

as follows:
_ hru | hrw
A = 5w ¥l 3.69
l r—4Y. T
Aonar = 0.34q2w 3.70
2
_ 21 Odr, _1_ WR Y.
AdR - 09TR (quwz) K02 ch, K02 1 0033 (g‘L'R)' 371

where, the rotor differential leakage coefficient (o4z) is determined the same as g5 from

figure 3.3. Therefore, the actual rotor leakage reactance is:

XR = w,L" 3.72

rt —
The turns ratio (Krs) can be used to transfer these value to the stator side. The rotor

resistance is usually larger than the stator resistance due to greater current density.

3.6 Electrical Losses and Efficiency

The equivalent circuit can be used to determine the power flow (depends on the
machine operating mode) and also calculate efficiency. Stator (P.,), rotor (P.,,-) and slip

rings (F,) losses are calculated as follows:

P.,s = 3KgrRsIZ, 3.73
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P, = 3RRI3y 3.74
P, = 3VgIE 3.75

where,

Vsg: Voltage drop between the brush and slip-ring;

The stator and rotor core losses are calculated by means of classical core loss
formulations developed by Steinmetz. To calculate the stator fundamental core losses,

the stator teeth and back iron weight G, and G_sare required [3], [25], [31]:
13 2 2
Gts = {Z [(Dis + Z(hsu + hsw)) - Dis] - Ns X (hsu + hsw) X VVS} liyiron 3.76

Gcs ~ T[(Dout - hcs) X hcs X li X Yiron 3.77

The fundamental core losses of the stator may be effected by mechanical machining.
These impacts are considered by using as K; (1.6 to 1.8) as tooth fudge factor and K, (1.3

to 1.4) as yoke fudge factor [3], [25], [31].
£\
Pirons = Pg (5_3) (KtBLgsGts + KyBcszcs) 3.78

The rotor core losses may be calculated in a similar manner [3], [31], [38].

The stray load losses include the surface and pulsation additional core losses (P,4).
These losses depend on the ratio of the slot opening on the airgap in the stator and in
the rotor. These losses can be counted as 5% of the stator rated power. Thus, the total

electrical losses (}; P,) are:
ZPe=Pcos+Pcor+Pirons+Pironr+Pad+Psr 3.79

The mechanical losses (friction and windage losses) are negligible, however, they can
count less than 5% of the total power.

The electrical efficiency is:

Ne = Psny+Pry 3.80
€ PsN+Pry+XPe :

3.7 Analysis of the Reference-DFIG

The main design equations of a wound rotor induction generator were presented in the
preceding sections of this chapter. Several approaches can be used to conduct analytical
design of the machine. In this section, a reference machine is presented with
specifications in table 3.3 from [31]. The design details of the reference-DFIG are

illustrated in appendix A. Ansys Maxwell 2D is used to validate the design of the machine.
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The rotor of the machine is assumed to be excited by a converter and the rated speed is

assumed to be 1750rpm.

Table 3.3 The reference-DFIG specifications.

Specification Symbol Quantity
Power[MW] P 2.5
Efficiency[%)] n 95.8
Voltage[V] Ven 690
Poles 2.pq 4
Phase m 3
Synchronous Speed[rpm] niy 1500
Frequency[Hz] fi 50
Maximum Slip Simax +0.25

. P
Electromagnetic power[MW] Sgn = 09 2.604
Stator power[MW] Ssn 2
Rotor power[MW] Srn = Ssn|Smaxl 0.5

The current densities, flux lines, and flux densities are illustrated in figures 3.4 and 3.5,

respectively.

Fig. 3.4 The flux lines and the current densities in the stator and the rotor of the

reference-DFIG.

The mean current densities in the stator and rotor are assigned as 6.54/mm? and
84/mm? respectively, based on normal air cooling system. The mean stator and rotor
flux density are 1.8T and 1.5T, respectively. The DFIG’s behaviour is defined according
its stator’s outputs. The 3-phase stator current and voltage graphs are shown in figures
3.6 and 3.7. The peak current and voltage are approximately 1000A and 690V in steady-

state, respectively.
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Fig. 3.5 The flux densities in the stator and the rotor of the reference-DFIG.
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3.8 Conclusion

The main design equations of a wound rotor induction machine were presented in this
chapter. This included the sizing detailed design equations, loss calculations and
equivalent circuit parameters. The design of a reference-DFIG is presented and validated
by means of numerical finite element analysis (FEA). The reference-DFIG will be used in

the reminder of the thesis to design and then compare with the micro-DFIG.
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4. Wind Energy Conversion System
with a DFIG

The design algorithm and sizing equations have been presented in the previous chapter.
As noted, the design algorithm begins with several assumptions according to the initial
specifications. Therefore, it is important to uncover the optimum specifications of the
generator such as voltage, speed, and rated power in the wind energy conversion system
(WECS). This chapter begins by illustrating the trends of wind generators output power
since they have been manufactured in order to picture their current status. Then, it
continues by discussing the advantages and disadvantages of different speeds (different
number of poles) and voltages (low and medium voltages) of the WECS components to

discover the optimum alternatives at present.

4.1 Introduction

It is evident that direct-drive generators are ideal for the wind energy system due to
the challenges caused by the drive-train in terms of cost and efficiency for the system.
However, research in the area of direct-drive DFIGs has shown that the technology is not
feasible for wind applications due to winding constraints of the design [31]. In addition,
wind generators can connect to the grid without transformers if they can generate the
power at medium voltage or even high voltage. This will decrease the current value and
reduce the generator copper losses, which will improve the efficiency of WECS [1], [124],
[125]. Consequently, the question will arise regarding which combination is best if it is
possible to design and prototype each part of the WECS (generator, gearbox, converter,

etc.).

4.2 Wind Energy System Output Power Trend

Wind turbines are available with horizontal and vertical axes in the market. The trend
of wind turbines output power from 1980 to 2014 is shown in figure 4.1. The figure
indicates commercial turbines in utility-scale, land-based, and offshore wind farms. It also
presents that a typical land-based turbine has a rating of between 1.5 MW and 1.8 MW,
and offshore turbines have a rating from 3.6 to 5.0 MW, in 2005. Wind generators on a
scale of 7.5 to 10 MW are considered for offshore projects more recently. Ultimately, it
shows that the structural cost of wind turbines encourage manufacturers to prototype

wind generators with larger output power over time [126].
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Fig. 4.1 Wind turbine rating growth.

4.3 Wind Energy System Topologies

Fixed and variable speeds are two operation methods for wind turbines. Fixed speed
wind turbines are simple, robust and reliable. In addition, they are less expensive when
compared with variable speed wind turbines. Conversely, their disadvantages include an
uncontrollable reactive power consumption, mechanical stress and limited power quality
control. Electrical power fluctuation may transmit to the grid through fixed speed wind
turbines. This may cause large voltage fluctuations in weak grids. As a result, significant
line losses will occur [1], [127], [128]. The variable-speed wind turbines are capable of
having a maximum efficiency over a wide range of wind speeds. This means that the
rotational speed w of the wind turbine will be able to adjust to the wind speed v in the
variable speed wind turbine in contrast to the fixed wind turbine. In contrast with a fixed-
speed system, a variable-speed system keeps the generator torque fairly constant and
the variations in wind are absorbed by changes in the generator speed. Increased energy
captured, better power quality and less mechanical stress make variable speed wind
turbines attractive for the industry. The disadvantages of variable wind turbines are
losses in power electronics, the use of more components and the increased cost of

equipment because of the power electronics.

4.4 Wind Turbine Components

The properties of WECS components will be present in the sections to follow in order

to investigate the optimum combination.
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4.4.1 Gearbox

The wind turbine’s rotor turn speed is low, thus, its drive train includes a gearbox which
will justify the input speed in order to achieve the rated operation speed of the generator.
It is important to avoid under-designing the gearbox and adjust the design according to
its operating conditions. The gearbox is usually heavy and expensive compared to the
other components of the wind turbine. Gearboxes are divided into two basic types for
WECS: (1) parallel-shaft gearboxes and (2) planetary gearboxes [1], [129]-[131]. Parallel
gearboxes have two or more parallel shafts which carry the gears. For instance, a single-
stage parallel gearbox has two shafts which each have a gear. These shafts are known as
low-speed and high-speed shafts. The gear on the low-speed shaft is larger than that of
the high-speed shaft. Moreover, the low-speed shaft is usually connected to the rotor
and the high-speed shaft to the generator in the WECS. On the other hand, planetary
gearboxes have coaxial input and output shafts. In this gearbox, the loads on each gear
are reduced because there are multiple pairs of gear teeth meshing at any time. It causes
the gearbox to be relatively light and compact. A planet carrier includes at least 3
identical small gears which are stiffly connected to the lower speed shaft. These small
gears are known as planet in the career and they are assembled on short-shaft. These
planets mesh with a large-diameter internal or ring gear and a small-diameter sun gear.
The sun gear is connected to a high-speed shaft [132]. Ultimately, the gearbox is designed
to have a lower cost. Hence, the number of stages in a gearbox is important, primarily
because it affects the size, weight, and in the end, the cost of the gearbox. Also, the
maintenance of the gearbox becomes more difficult when the number of stages
increases. The gearbox’s cost should not cause a reduction in the reliability of the

gearbox. A single-stage planetary gear configuration is considered in this chapter.
Ty E5 F, 4.1
1000

Where T, is the output torque of gearbox (N.m) and Fs is the service factor considering

Ggear = 32

surface damage and failure in metal fatigue. The weight factor Fy is given as [133]:

1 1 147, 4.2
FW:E+E+TW+TMZ'+O'4 X(Tratio_l)z
Where Z in the planetary wheel number in the stage; the wheel ratio 7, = rn;tio -1

and 73440 IS Single-stage gear ration. The cost of a single-stage gearbox Cyeq is roughly
estimated by the weight G .4, and specific cost cgeq, as [133]:

Cgear = Cgear Ggear 4.3
The losses in a gearbox can be divided into two different parts: these include gear teeth

losses and bearing losses, which depend on the rotational speed. The main losses in a
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gear box are proportional to the shaft speed.

ny 4.4
nrN

Rgear = kg Py
Where kg is a constant for the speed-dependent losses (in this case, it is 1.5 % for single-

stage gearbox), Py is the rated power of wind turbines, n,y is the rated rotor speed.

Table 4.1 shows the coefficients for a single-stage gearbox.

Table 4.1 Single-stage planetary gearbox modeling
Single-stage gearbox
Gearbox service factor Fs 1.25
Planet wheel number Z 8
Cost per weight Cgeqr [S/kg] 8
Losses percentage at the rated power k, 1.5%

4.4.2 Converters

Today, variable-speed wind turbine generator systems may use many different types of
converters. The power converters are a combination of basic elements such as diodes
and electronic switches, such as conventional or switchable thyristors and transistors.
The converters are characterized as either grid-commutated or self-commutated
converters [134]. A thyristor is a common type of grid-commutated converter. It is highly
reliable and well-priced, but it generates current harmonics and consumes reactive
power. Typical self-commutated converters consist of either gate turn-off (GTO)
thyristors or transistors. The advantage of self-commutated converters is their high
switching frequencies. Harmonics can be filtered out more easily and thus their
disturbances to the network can be reduced to low levels [135], [136]. As indicated in
table 4.2, the common switching frequency of an IGBT is between 2 and 20 kHz. In

contrast, GTO converters are limited to about 1kHz [137], [138].

Table 4.2 Switches: maximum ratings and characteristics.
Switch type
GTO® IGCT’ BJTS MOSFET’ IGBT!?
Voltage [V] 6000 6000 1700 1000 6000
Current [A] 4000 2000 1000 28 1200
Switching frequency [kHz] 0.2-1 1-3 0.5-5 5-100 2-20
Drive requirements High Low Medium Low Low

Self-commutated converters are divided into current source converters (CSCs) and

voltage source converters (VSCs). These converters are able to control both the

6 Gate Turn-Off

7 Integrated Gate Commutated Thyristors

8 Bipolar Junction Transistors

9 Metal Oxide Semiconductor Field Effect Transistors
"0 Insulated Gate Bipolar Transistors
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frequency and the voltage. VSCs and CSCs are able to provide smooth switched voltage
and current waveforms, respectively. They can be used with different policies: six-step,
pulse amplitude modulated (PAM) or pulse width modulated (PWM). By using the PWM
technique, the low-frequency harmonics are eliminated and the frequency of the first
higher-order harmonics lie at approximately the switching frequency of the inverter or
rectifier. Generally, a power electronic system is adapted to adjust the generator voltage
and frequency in the variable-speed wind turbine. The system includes devices such as
soft-starters, rectifiers, inverters and frequency converters. There are various methods
to merge a rectifier and an inverter into a frequency converter. There are five applicable
technologies for controlling variable speed machines: back-to-back, multilevel, tandem,
matrix and resonant.

It is clear that the back-to-back converter configuration is fitted to current WECSs
(figure 4.2). However, the control strategy is gradually moving toward the matrix and
multilevel converter. The back-to-back PWM converter of a DFIG consists of a rotor-side
voltage converter (RSC) and a grid-side converter (GSC) [139]. With the rotor-side
converter, it is possible to control the torque or the speed of the DFIG as well as the
power factor at the stator terminals, while the main objective for the grid-side converter
is to keep the DC-link voltage constant regardless of the magnitude and direction of the
rotor power. The grid-side converter works at the grid frequency and the rotor-side
converter works at different frequencies, depending on the wind speed [140]. The matrix
converters are better in terms of efficiency and lifetime compared to back-to-back
converters with the DC link capacitor [141], [142]. However, protection in a fault
situation, higher conduction losses, and the limitation of the output voltage converter
are the disadvantages of the matrix converter [143], [144].

The losses of the converter can be divided into switching losses and conducting losses.
The switching losses of the switches are the turn-on and turn-off losses. For the diode
the switching losses mainly consist of turn-off losses, i.e., reverse-recovery energy. The
turn-on and turn-off losses for the switches and the reverse-recovery energy loss for a
diode can be found from data sheets. The conducting losses arise from the current
through the transistors and diodes [8]. Here, the losses of converter is calculated as
follow:

4.5
Peonvn = k¢ Py

The converter cost can also be calculated by their cost coefficient which varies by the
market rate. Table 4.3 illustrates the converter coefficient which is employed in this
chapter.
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Table 4.3 Back-to-back converter modeling.

Converter coefficients
Converter losses percentage k. 3%
Specific cost of power electronic system [S$/kW] 28
Specific cost of sub electrical system [$/kW] 38

4.4.3 Generator

Several types of generators may be used in wind turbines such as the squirrel cage
induction generator (SCIG), the wound rotor induction generator (WRIG) or the
synchronous generator and the permanent magnet synchronous generator (PMSG).
However, the PMSGs and the doubly-fed Induction generators (DFIGs) dominate the

market due to their many advantages.

Fig. 4.2 Typical back-to-back arrangement of the converter circuits to control power
flow.

PMSGs are suggested for use in wind turbines because of their property of self-excitation,
which allows an operation at a high power factor and a high efficiency [145]. The
efficiency is higher in the permanent magnet (PM) machines than in IMs, as the excitation
is provided without any energy supply. Permanent magnet materials are rare and as a
result, they are expensive. Also, it is difficult to work with permanent magnets materials
due to their sensitivity to heat, shock and stress. PM machines are required to be driven
by a full-scale converter in order to adjust their voltage and frequency to the grid, which
ultimately will increase the cost. The disadvantage of the PMSGs is the difficulty during
start-up, synchronization and voltage regulation [18], [146]. Also, their synchronous
nature can cause a very stiff performance in the case of an external short-circuit and
unsteady wind speed [147].

As mentioned earlier, the DFIG consists of a WRIG with the stator windings directly

connected to the constant-frequency 3-phase grid and with the rotor windings mounted
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to a bidirectional back-to-back IGBT voltage source converter. The capability of
controlling the reactive power as well as controlling active and reactive power separately
are the DFIG’s advantages. The DFIGs are also able to deal with active power and reactive
power through their rotor by the grid-side converter as well as their stator. However, the
grid-side converter might become costly for a weak grid with voltage fluctuations
because they are designed based on the maximum slip in order to transfer an amount of
reactive power between the grid and the DFIG. Thus, the cost of the converter increases
when the speed range becomes wider. The DFIG requires slip rings which decrease its

efficiency [1], [148].

4.5 Analytical Result and Comparison
4.5.1 Analytical Results

A 736 kW, 4 pole, 4 kV, delta-connected wound rotor induction generator (WRIG) was
adapted from [3]. The WRIG is redesigned and optimized by means of an analytical design
algorithm and optimized with a genetic-algorithm. The design and optimization
procedure was validated by providing specifications for a machine similar to that
presented in [3]. The reference design and that of [3] are presented in table 4.2. It shows
five alternative wind generator designs (A, B, D, E, and F) which were generated by the
above mentioned design and optimization procedure. These designs are variations of the
reference design (c) and details for comparison are provided in table 4.2. In particular,
output power is the same, but the number of the poles and output voltages are different.
Table 4.2 includes three sections for comparison, namely the generator specifications,
system weight and components costs. The generator specifications present details of the
DFIGs designs such as bore diameter, axial length, airgap diameter, slot dimensions, etc.
As shown, the bore diameter increases when the speed decreases. This is expected since
the rated torque must increase with a drop in rated speed. This is achieved by increasing
the airgap diameter, since T~D? L. The system weight shows the mass of the different
parts of the machine such as the stator, rotor, and gearbox. The copper mass of the
winding reduces when voltage increases and speed decreases. The gearbox weight
increases when speed reduces and the insulation expense will increase with voltage. The
last part of table 4.2 shows the cost of the wind generator and efficiency of the machines.
The active material cost increases along with the active material mass when the speed
decreases and voltage increases. In table 4.2, the initial cost showed wind turbine
installation, winding, and cables expense generally. The cables in the low-voltage (LV)
system contain simple insulation materials but they are more complicated for medium

voltage (MV) systems. These cables have a coated copper and a variety of insulations.
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Moreover, the terminations of these MV cables are more difficult than that of LV cables
and are usually performed by higher skilled labour. However, the total cost impact on
installation and maintenance of these cables is minor and covered in the initial costs.
Moreover, the annual energy was calculated based on the gearbox’s maintenance,

generator insulation failure and an average wind profile.

Table 4.4 The comparison of analytical design features for a 736 kW generator.
Generator System
Machine name A ‘ B ‘ C D ‘ E ‘ F
Synchronous speed n [rpm] 1800 (4 poles) 900 (8 poles)
Voltage (on stator)[V] 690 2000 4000 690 2000 4000
Airgap diameter [m] 0.0015 | 0.0015 | 0.0015 | 0.0025 | 0.0025 | 0.0025
Bore diameter [m] 0.581 | 0.565 | 0.472 | 0.663 | 0.839 | 0.795
Outer diameter [m] 0.894 | 0.856 0.75 0.911 1.07 1.02
Inner diameter [m] 0.344 | 0.337 | 0.261 0.5 0.65 0.62
Axial length [m] 0.285 0.34 0.361 | 0.396 | 0.310 | 0.37
Stator slot height [m] 0.0529 | 0.0684 | 0.075 | 0.0529 | 0.0629 | 0.693
Stator slot width [m] 0.02 0.01 0.01 0.02 0.01 0.01
Stator tooth width [m] 0.0307 | 0.0147 | 0.011 | 0.0089 | 0.0083 | 0.0073
Rotor slot height [m] 0.0404 | 0.0379 | 0.0417 | 0.0393 | 0.0390 | 0.0392
Rotor slot width [m] 0.021 | 0.105 | 0.105 | 0.021 | 0.105 | 0.105
Rotor tooth width [m] 0.0547 | 0.019 | 0.014 | 0.0221 | 0.0113 | 0.0102
System Weight
Stator’s Iron [kg] 808 695 713 585 869.5 781
Rotor’s Iron [kg] 404 327 294 255 426 545
Stator’s Copper [kg] 1.2 0.37 0.271 | 0.991 | 0.393 | 0.221
Rotor’s Copper [kg] 4.2 1.87 1.66 3.44 1.52 1.24
Single-stage gearbox [kg] 402 403.2 | 401.2 | 810.5 | 812.65 | 812.65
Total weight [kg] 1619 1427 1410 1655 2110 2140
Component Cost
Generator active material [S] | 6840 6230 6550 7300 7520 7810
Initial [S] 18310 | 15960 | 12690 | 25530 | 20120 | 17610
Annual Energy cost [S] 37570 | 37710 | 33640 | 36530 | 39770 | 38630
Total cost [$] 62720 | 59900 | 52880 | 69360 | 67410 | 64050
Efficiency % 93.1 94.1 95.2 93.8 95.6 93.6
Power factor 0.91 0.9 0.912 | 0.862 0.9 0.9

4.5.2 Comparison

Figure 4.3 shows the characteristics of the stator current versus the shaft torque. The
mechanical part of the generator involves the shaft torque. As seen in figure 4.3, the
torque is proportional to the stator current. Conversely, all machines have similar output
power and it would be more efficient to generate electricity at maximum torque in a

wider range of stator current in order to control output power. It is indicated that the
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wider graph of the stator current has better capabilities in terms of the generator’s load
[135]. Low-speed machines are heavier. As a result, these machines require more torque
to produce the same electrical power. Figure 4.4 shows the efficiency versus the shaft

torque and a similar trend is observed for increasing torque.

2500 T T T T T

T
Machine A
------- Machine B
""""" Machine C

Machine D
2000 - Machine E ||
Machine F

1500 \ J

1000 - B

Current (A}

500+

Torgue (Nm) x 10"

Fig. 4.3 The stator current versus torque for machines A, B, C, D, E, and F.

The torque versus slip characteristics of machines A, B, C, D, E, and F in figure 4.5 show
that as the pole number increases, the peak torque increases. The height of the torque
versus the slip is dependent on the leakage reactance, while the width depends on the
stator and rotor resistance. The magnetization current can reduce the short-circuit
current and hence prevent the insulation failure in the generator. Figure 4.6 shows that
the magnetization inductance is higher for high-speed machines than for low-speed
machines. The magnetization inductance range is usually between 3.5 to 5 p.u. for an IM
with a rating of 700 kW power for the wound rotor [27]. Low-speed machines are in this
range and high-speed machines lie slightly out of the limitations. As shown in figure 4.7,
the rotor and stator resistance in the low-speed machines is more than that of the high-
speed machines. This implies that low-speed machines have higher copper loss.
Moreover, considering figure 4.5 again, the maximum torque reduces by decreasing the

rotor resistance for each speed.
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Fig. 4.4 The efficiency versus torque for machines A, B, C, D, E, and F.

- Machine A
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Machine D
Machine E ||
Machine F

Tarque (Nm)
L
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Fig. 4.5 The torque versus slip for machines A, B, C, D, E, and F.

4.6 Conclusion

Variations in the designs of a 736 kW induction machine are presented in this chapter.
Several aspects are compared and discussed for each design configuration. The MV
system achieves a significant capital cost advantage over the traditional LV system. In
particular, a substantial reduction in the cost of cables and transformers is observed for
MV systems compared to LV systems. The cost of converters also decreases dramatically
for MV machines. The perceived technical risk in the development of MV converter
systems is a concern for turbine manufacturers and operators. It isimportant to note that
many of the historic technical problems have been overcome in recent years by

technological advances. The weight of a gearbox increases dramatically with an increased
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power rating of the turbine. In fact, the gearbox weight will scale approximately with the
cube of the radius, as does the weight of the rotor. Since planetary gearboxes are lighter

than parallel-shaft boxes, there is a weight advantage to be gained by using them.
6.5 T T T T
==&-= Machine (D, E. F)

6F i

55F B

451 B

Magnetization Inductance (p.u.)

35
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0.5 1 15 2 25 3 35 4
Voltage (kV)

Fig. 4.6 The magnetization inductance versus voltage.

Resistance (ohm)
o
o
T

Input voltage (kV)

Fig. 4.7 The stator and the rotor resistance versus voltage.

On the other hand, due to their greater complexity, they also cost more than would be
indicated by their reduced weight. Machines C and E are the most efficient of the high-
speed and low-speed machines, respectively. The results show that the quality of the
power generated by low-speed machines is better than that generated by high speed
machines. As a conclusion, it would be better to compromise between the quality,

efficiency and cost in different circumstances.
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5. Wind Power Integration Issues

The main goal of the power system is to supply the network’s energy demand. In order
to increase the penetration of wind energy in the power system, due to green energy
obligations, it must adjust with power system conditions. Thus, the wind energy must
satisfy the system’s conditions before joining the network. The wind power fluctuates
naturally and its fluctuation will migrate to the power system with wind energy
integration. This chapter presents the wind energy integration issues with the
introduction of aggregated modelling to investigate these issues. The advantages and
disadvantages of the aggregation’s models are also presented. Finally, a single machine

equivalent is discussed.

5.1 Introduction

When nuclear energy was introduced to the market, integration posed a challenge due
to the inflexibility of nuclear energy. Hence, the flexibility of the system must be great
enough to add the nuclear source to the grid. Also, wind power is fairly new to the system
and more recently governments have made the decision to increase renewable energy
shares in the market, particularly wind energy, due to its advantages. The increasing wind
energy shares are evident with the current technology and do not require a major
redesign of the existing system. However, it is essential to predict the behaviour of wind

farms while integrating to the power system [36], [129], [130].

5.2 The Wind Farm in the Power System

The equation 5.1 indicates the voltages and the currents in a power system,
v(t) = V), cos(wt)
5.1
i(t) = Iycos(wt — 6)

where,

v(t): Voltage;

Vi Maximum voltage;
w = 2nf;

f : Frequency;

i(t): Current;
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I: Maximum current;
6: Phase shift between voltage and current.
The power can be calculated by the voltages and the currents as follows:
p(t) = v(t)i(t) = Vy cos(wt) Iy cos(wt — B) 5.2
= P[1 4+ cosQRwt)] + Q sim Rwt)

where, P and Q represent active and reactive power, respectively. Essentially, the voltage
and the current waves must have a constant amplitude and 120° phase shift between
them to transfer 3-phase symmetric power to the grid. The impedance in all transmission
lines, cables and transformers in the feeding grid is represented by Z in figure 5.1. The

figure also indicates a local load at the point of connection of the wind farm [149].

Fig. 5.1 The grid connection of wind power.
Vi: RMS value of the voltage on the grid side;
V,: RMS value of the voltage on the load side;
B,,: Wind power active power;
Q.: Wind power reactive power;
P; p: Local load active power;
Q. p: Local load reactive power.

If there is a short-circuit failure at the wind farm connection point, then the short-circuit
power ( P;.) can be calculated through equations 5.3 and 5.4. The short-circuit increases
the current in the impedance Z, while Py flows towards short-circuit point. It isimportant

to understand how the grid reacts.

V=V, =321 5.3
2
P, = ‘;1 5.4
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Under the normal conditions, the amount of current in impedance Z depends on the wind
energy generation due to its voltage (V) fluctuation. It must be recognized that there is
no space for wind energy in the weak system (with large impedance) as much as there is
for the stronger system (with small impedance) [150], [151]. As seen in equation 5.2, the

voltage V, in figure 5.1 can be calculated as:

1
1)z
2

5.5

2 2
Vo == 2 () - @ + @)

where,
a;: —R(Py — Prp) — X(Qw — Qrp),
a:—X(Py — Prp) + R(Qw — Qrp)-

Equation 5.5 shows that the reactive power generation in the wind farm, Qy,, has an
impact on the voltage V,. The local load and the feeding grid impedance are important

parameters in this incident.

5.3 Integration to the Power System

Figure 5.2 illustrates the power from the network (Pg;), industries and residential
demands (Pp), and a wind power station that delivers power, Py,. The impedances
(Z1-Z3) represent the impedances in the transmission lines and transformers between

the different places in figure 5.2.

Fig. 5.2 lllustrative power system.

It is clear that the energy cannot disappear in the system. Therefore,
P, =Py + P, — Py, 5.6
where,

P;: The power production in the grid side;
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Pp: The power consumption in the residential load;
P; : The electrical losses in the impedances;
Py,: The wind energy.

The energy demands must be supplied by the power system. It is noted that the grid
power, wind energy and other power sources must be balanced against the energy
demands. Furthermore, the voltage level and the reactive power must be considered in
the transmission system. Hence, it is essential to investigate the dynamic behaviour of

wind farms in case of system faults in more detail.

5.4 The Effect of Wind Turbines on the Grid

Wind farms are located in remote areas and they connect to the grid through high-
voltage (HV) or medium-voltage (MV) distribution systems. Usually, the wind turbines
employ transformers and they may connect to the HV system. It is, however, often more
efficient sometimes to connect them directly by MV transmission lines to more nearby
loads. As mentioned, wind farms influence the steady-state voltage and reactive power
consumption of the network. The integrated wind power must respect the power

system’s rules which are as follows:

e Steady-state voltage

The power system is designed to keep the voltage level as steady as possible. The
voltage variations of the system must be within the standard limits whenever the wind
turbines are directly connected to the MV system. These limits are set by the official wind

farm planning considerations [126], [152].

e Reactive power consumption

The reactive power is an important factor in the power system. There is a demand for
reactive power from the reactive component operating in the network. The wind farms
also consume reactive power for their transformers and the transmit lines when they are
feeding active power to the grid. Reactive power consumption can decrease the power
factor at the conventional power stations [127]. It will increase in the classic constant
speed wind turbines (SCIG), as well as variable speed wind turbines (DFIG) with thyristor-
based converters. However, the wind turbines with IGBT-based converters (DFIG) will not

consume reactive power [3], [153], [154].
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5.5 The Network Impact on the Wind Turbine

Weak grids may have an effect on aspects of the wind turbines such as performance,

safety, etc. [127], [152], [155]. These impacts are as follows:
e Power performance

The wind turbine’s power performance can be affected by outages, frequency, and

voltage imbalance.
e Safety

The safety of the wind turbine would be compromised when it is connected to weak
grids. For example, grid abnormalities in the voltage and the frequency may cause trip

relay and overheating of the generator.
e  Structural lifetime

The weak grid increases the mechanical stress on the wind turbine. Hence, the lifetime

of the mechanical components will be reduced.
e Reactive power consumption

As stated above, wind farms trade the reactive power with the power system. This will
affect the power system and wind farms. So, it will influence the power factor of the wind

turbine.

5.6 Dynamic Performance of Wind Turbines

The regimen of energy generation has been changed by the WECS. Wind farms have
different characteristics from large power plants. Wind farms can recover and return to
being online within a few seconds following a disconnection due to mechanical failure.
On the other hand, thermal power stations require hours to be able to resynchronize
themselves to the network after a failure. One should also note that these types of
stations may contribute for several seconds substantially in a short-circuit in order to
ensure network protection and maintain voltage levels [156], [157]. Wherever wind
energy dominates in the local network and conventional generation from large power
stations is simultaneously reduced, significant voltage drops and frequency fluctuations
are more likely if the short-circuit capacity is reduced. This leads to both a voltage
instability and damage to the network protection systems. The understanding of the
dynamic behaviour of the wind turbines is vital in network failures in order to find the

new grid requirements and adjust the network regulation mechanism [1], [158].
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5.7 Aggregated Modelling of Large Wind Farms

An aggregated model of a wind farm must consider each wind turbine individually, their
mutual interactions, the internal transmission lines and the wind farm grid connection. It
must also reduce the wind farm model and implement it in detailed models of the large
power system. The covering of these two issues is the main objective of an aggregated
model [18], [136]. An aggregated model is used to analyse the power system’s stability.
In this chapter, the focus is on the impact of a large wind farm on a large power system

which implies that a single machine can represent a large wind farm [159].

5.7.1 Aggregated Modelling Issues

As previously noted, the mutual interaction between wind turbines within a large wind
farm is considered by the aggregated model. The model is able to indicate the risk of
combing the electricity produced by different wind turbines within the wind farm [1]. A
grid disturbance from the external network may initiate the interaction problem within
the wind farm. Thus, a group of wind turbines might be separated from the others. The
potential of mutual interaction is higher amongst the wind turbines with converter-
controlled generators. Also, the issue of the wind turbines equipped with induction
generators and blade-angle control is cited [160], [161]. The aggregated model may assist
in designing the internal network of the wind farm and estimation of its reactive
compensation [162]. For large wind farms, analysing and investigating the control
coordination between control systems of wind turbines is possible by the wind farm’s
aggregated models [163]. Aggregated models of large wind farms can also be used to
evaluate relay settings during short-circuit faults or other disturbances in the internal
network of a wind farm. Instead of a complete model of all wind turbines, the behaviour
of the wind farm (at the point of common coupling to the grid) can be represented by an
equivalent model derived from the aggregation of wind turbines into an equivalent wind
turbine. A few aggregate wind farm models have been proposed in the literature,
reducing computational effort and simulation time during transient stability analysis. In
[136], a single-machine aggregate wind turbine model is developed for the entire wind
power plant. References [161] and [164] propose an equivalent model with constant
incoming wind speeds. An aggregate model is introduced in [165] which considers
variable incoming wind speeds. A method has been presented to separate wind farms for
parallel analysis in a super-computer and is given in [166]. The references are associated
with two issues. On one hand, some research is based on simplified wind turbine models
which lead to lower accuracy of dynamic results. On the other hand, some studies rely

on simplified wind models which may decrease the simulation time but will increase the
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application difficulty in order to create a new set of equivalent wind turbines and their

variables whenever wind speed or wind direction change.

5.7.2 A Single Machine Equivalent

Whenever the power system falls into transient condition, the wind farm in the system
also gets affected. The wind turbines evidently will respond coherently to the transient
incident. It means the simulated behaviour of a wind turbine will be similar to the wind
farm dynamic response, if they both operate at the rated operational point of the wind
farm. The wind turbines with converters (DFIG and PMSG) would be at risk of a converter
blocking at the rated operation due to the machine and the grid-side converter currents
are being closest to their respective relay settings [136]. The arrangement of the control
system of converters must be considered within the wind farm to decrease the risk of
mutual interaction among the wind turbines. Therefore, the analysis of voltage stability
for a wind farm can be done simply by a single machine equivalent [159], [167]. To show
a single wind turbine model as a wind farm, the power capacity of the wind farm will be
the power capacity of the equivalent machine and the power generated in the wind farm
will be equal to the power produced in the equivalent machine [1], [159]. The reactive
power of the equivalent machine is also zero at the connection point [168]. It is worth
noting that the dynamic behaviour of speed and voltage are separated because the active
and the reactive power controls are dependent on each other [136]. As known, the risk
of mutual interaction for PMSG and DFIG may be neglected if the converter tuning is

efficient [169].

5.8 Conclusion

In this chapter the basic integration issue is discussed. The main interest is shown on
the short-circuit failure nearby the wind farm due to the wind farm behaviour being
unknown which is explained and analysed with its effects on the grid. The aggregation is
introduced as a tool to solve the issue and it helps reduce the complexity of the issue. A
few aggregated models and their properties are presented. It is shown that they have
difficulties in analysing the wind energy in the power system due to their constraints. A
single machine is also considered to represent a wind farm in the system. However, it

appears that prototyping a single machine equivalent is not feasible.
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6. Dynamic Model of DFIG

As previously noted, a dimensional analysis technique is required when designing a
micro-machine using a reference machine. This technique is justified by the objective of
the scaling process, which is to achieve similar behaviour in both machines under
transient conditions. Therefore, the scaling factors will essentially be defined by the
parameters which generate the machine’s behaviour. The d-q model of a DFIG under
normal and short-circuit conditions is presented in this chapter in order to disclose the

parameters in the steady and transient states.

6.1 Introduction

In general, illustrating the operation of 3-phase induction machines by an equivalent
circuit or number of equations is known as modelling. An accurate dynamic model of a
wind generator is required in order to do research on steady-state and transient
characteristics of wind energy systems. In other words, this model assists in the discovery
of effective parameters on the steady and transient behaviours of the machine under
transient conditions. Therefore, the relationship between the identified parameters and
the machine’s equivalent circuit elements must be taken into account in the scaling

process [3], [170].

6.2 Space Vectors in the Stator Reference Frame

An induction machine is illustrated in figure 6.1 to present the space vectors concept.
For simplicity, the stator will be analysed and then the same concept will be used for the
rotor. There are two assumptions necessary to explain this concept; firstly, each phase
winding is assumed to have only one turn and secondly, all vectors indicated in bold
letters and a superscript present a particular reference frame. The winding’s axis is
presented perpendicular to the plane in which the coil lies. The stator reference frames

(stationary) are:
d: The direct axis aligned along the horizontal geometrical axes of the stator.
qs: The quadrature axis aligned along the vertical geometrical axes of the stator.

The direct axis is physically referenced along the axis of the phase-A winding of the stator.
Currents entering the coil ends marked A, B, C (in figure 6.1) have been defined as being
positive. The currents are negative when entering ends A’, B’ and C’ [170], [171]. Figure

6.2 illustrates that the phases are spatially displaced by 120°. If the currents entering the
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coils are provided from the grid, with radian frequency w, the currents can be indicated

as follows:
iqs(t) = I cos(wt) = ISRe{ej“’t} 6.1
. 21
ips(t) = I cos (wt - 2?”) = I Re {e(”"t_?)} 6.2
. 21
i.s(t) = I cos (a)t + 2?”) = I Re {e(]‘”t_?)} 6.3

where [ illustrates the magnitude of stator current. Figure 6.3 presents the currents over

two periods.

Fig. 6.1 The cross section of the stator and the rotor of 3 phase, 2-pole induction
machine.

A magneto-motive force will be produced along the winding’s axis when the current flows
in a phase. These currents can be indicated as vectors in the winding’s axis direction. The
magnitude of the current vector is proportional to the instantaneous value of the current
while the direction lies along the axis of the winding. These arrangements are known as
space vectors [171]-[174]. Figure 6.4 presents the phase current space vectors (at wt =
0) with the resultant current space vector, which is gained by vector addition of the

instantaneous phase current space vectors.
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Fig. 6.2 The 3-phases located with 120° displacement.
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Fig. 6.3 The balanced 3-phase stator currents.

Each phase current space vector may also be presented in complex form and the final

gained.

L2TC AT

. ] 0 . — ]— . ) ]— .
las = lase] ylps = lps€” 3,1lcs = lgs€7 3 6.4
i.g =lgs +ips + ics 6.5
s =3 | giwt)
s =3 Lse 6.6
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At wt = 0;

. . 1, . 1
iqs(0) = I5; ip5(0) = _Els; ics(0) = _Els 6.7
. 21 AT
i§ =10 — lISeJT —llels 6.8
2 2
i$ = 1.5 I;e/° 6.9
which is presented in figure 6.4. At = g;
. b3 1 . T 1 . T
ias (5) =315 105 (5) = 3 lsrles (5) = s 6.10
s _ 1, jo, 1 j2Z jaZ
i5 = Else +51s€ 3 —Ie’"3 6.11
iS =151’z 6.12

which is indicated in figure 6.5. 8, shows the angular position of the final stator current
space vector. It is clear from figures 6.4 and 6.5 that the final vector current is 1.5 I and

rotates with angular frequency w.

Fig. 6.4 The space vectors for the stator current at wt = 0.

The implication of space vectors can also be distributed to all other parameters (i.e.
voltage (v), flux linkage (), mmf, etc.) [170], [171]. This means that a 3-phase induction
machine is able to transform into an equivalent 2-phase induction machine through

space vectors.
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Vg = vasej0 vbsejzgvcsej45 6.13
l,l)_;-s = 1:l)asejo wbsejzglrbcsej45 6.14
6.3 Transformations between the 3-phase and 2-phase Quantities

Thus far, the complex plane of the stator currents of induction machines have been
presented. It is formed by the quadrature and direct axis. Using Euler’s Identity e/®t =
cos(wt) + jsin(wt), the resultant stator current space vector may be decomposed into
its quadrature and direct components. This is indicated below by substituting equation

6.4 into 6.5.

Fig. 6.5 The space vector for the stator current at wt = 1/3.

S i o j0 4 i pJ2m . jAn 6.15
lg = ligse’” +ipse’ "3 + i€ '3 :

iy = igs[cos(0) + jsin(0)] + ips [cos (2?”) + jsin (2?71)] + ics [cos (4?”) +

6.16

n(2)
s = (ias - %ibs - %ics) +J (\? lps — gics) 6.17
Is = igs + Jjigs 6.18

This may be indicated in matrix form as follows:
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0 ¥ _¥

The derived expression is referred to as the Clarke Transform [171], [175]. The 3-phase
guantities were shown in the stator reference frame by the resulting matrix. The inverse
of the matrix above can easily be solved for and the expression in (6.20) is known as the

Inverse Clarke Transform [175].

2
CE 0]
as | 1 1 Iidss
[l_bs] = |_§ = l[l Kk 6.20
les l_l _iJ a
3 3

6.4  Transformations of Space Vectors between Different Reference Frames

iy was referenced to a plane perpendicular to the rotor shaft and stationary to the
stator. It can, however, also be referenced to other planes, with their orthogonal axis
rotating at various speeds. For instance, the rotor reference frame will be explained as

follows:
6.4.1 Rotor Reference Frame

The rotor current frequency is proportional to the slip, as shown:

deslip
Wslip = SW = == 6.21

w
—— Wy

s=2_ 6.22
P1

BOs1ip: Slip angular position;
Wg1ip: Slip angular frequency;
w,: Rotor angular frequency;
s: Slip;

p1: Number of pole pairs;

The rotor reference frame is defined by having its real and imaginary axis aligned with
the vertical and horizontal geometrical axis of the rotor. The real axis (direct axis, d,.), is
physically referenced along the axis of the phase-A coil of the rotor. 6 is known as the
angular position (8, = [ wo dt) and w, is referred to as the angular speed at which the

rotor reference frame rotates relative to the stator reference frame (wg = pyw,). The
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currents in the rotor result in a final current space vector, which is indicated i, (figure
6.6). 643 is the angular position of i, relative to the rotor reference frame and may be
calculated from the slip frequency (i.e. 04, = fwsll-p dt). The resultant rotor current

space vector relative to the rotor reference frame can be illustrated as follows:
il =151, e/%up 6.23

where [ is magnitude of the rotor current. As noted, the angle change between the
stator and rotor reference frame must be included (figure 6.6). Thus using Euler’s

Identity, e/“t = cos(wt) + jsin(wt), the equivalent rectangular representation is:

i$ =ilelbo = (igr + jigr)(cos(eo) +jsin(90)) = (igrcos(GO) —

6.24
ifysin(6o) ) + j (iycos(8y) + jilysin(6))
Representing the above in matrix form
] - [costOw) —sintoo) i) .
igr sin(6p)  cos(6y) | ligr '

Fig. 6.6 The final rotor current space vector relative to the stationary and rotor
reference frames.

The inverse of the above expression is as follows:

[itrir] _ [COS(QO) sin(@o)] [ifir] 6.26

igr —sin(6y) cos(6o)] Ligr
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6.4.2 Synchronous Reference Frame

Here, the purpose of transformation is to conveniently analyse behaviour of induction
machines. It is essential to convert AC quantities to DC quantities due to alternating
guantities being difficult to work with, and thus transformations to various reference
frames are required to enable the conversion. The synchronous reference frame rotates
at synchronous speed, w, and the direct axis is referenced along the peak of the flux
density in the airgap [170], [171]. The immediate angle shaped between the synchronous
reference and the stationary reference frame is wt (figure 6.7). The resultant stator
current space vector seems to rotate at w and stationary when perceived from the
stationary reference frame and the synchronous reference respectively. It may then be
decomposed into its two time invariant components; in the direction of its real and
imaginary axes. The relationship between the synchronous and the stator reference
frames are as follows (the resultant stator current space vector in the synchronous

reference frame is i):
i$ = ifelt 6.27
i€ = iSe~Jjot 6.28

Similarly,

Fig. 6.7 Final stator current space vector relative to the stationary and synchronous
reference frames.

vs = vsee]wt 6.29
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s = peelot 6-30

The equivalent rectangular co-ordinates are as follows:

igs +jigs = (igs +ji55)(cos(wt) + jsin(wt)) = (if)s cos(wt) —

igssin(wt)) +j (igs sin(wt) +jisscos(a)t)) o
ips +ji5$ = (ifis +ji55)(cos(—a)t) +jsin(—a)t)) = (ifis cos(wt) —
i;ssin(wt)) +j (—ifls sin(wt) +ji§scos(wt)) o
Representing the above in matrix form:
if,s] _ [cos(wt) sin(wt)] [idss] 633
iGs —sin(wt) cos(wt)] [igs®

whereby the above expression is referred to as the Park Transform [167], [171]. The

inverse is:

e [cos(wt) —sin(wt)] ifs 6.34
. S - - e .
igs sin(wt)  cos(wt) | |igs

which is known as the Inverse Park Transform. Thus the transformation between
different reference frames integrates the theory of relativity. The solution policy of the

problem determines the choice of the reference frame.

6.5 Dynamic Model of the Induction Machine in the Stationary Reference

Frame

The windings may be presented as interconnected resistor-inductor circuit elements in
induction machines. Figure 6.8 illustrates such a circuit while voltage, current and flux

vectors are employed instead of time variant ac signals [65], [171], [176], [177].
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Fig. 6.8 Equivalent circuit representing the stator or rotor winding.

The stator winding voltage is represented as follows:

, dys
S S S
vi = Rgig + T

The rotor winding voltage is represented as follows:

ayy

r _— T
vl = R,i; + It

The following substitutions refer the rotor equivalent equation to the stator,
vl = vie %

= iSe /%

i = pieio

ayr _ d(pre™%)
dat dt

Differentiation by parts, we get

ayy _ dyi _jg, | A0 o ay? _je, _ dbo s —j6
=TTy J 0+—-¢) =Tlpe ] O_JElpre Jb6o

dt dt dt r dt
whereby,

— 3%

thus,
AVt _ AVE ,-j00 _ opeihSe—i0 — e=ifo (TE _ i S
B S ity e = oI (42 )

dt dt at

Substituting equations 6.38, 6.39, 6.44 into equation 6.37, we get
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. . . S
vieJ% =R ife /0% + ¢~/ (dd—d:r —jwolpﬁ) 6.44

dividing by e /%

v = Ryif + 22 — jwgps 6.45
Y
Interchanging = withp
vs = Rgis + pys 6.46
vf = Reif + P$(p — jwo) 6.47

The flux vectors have to appear in terms of currents and inductances in order to express
the above voltage equations in terms of the stator and the rotor current vector. Thus, the

equations 6.46 and 6.47 will transfer as follows,
L;s : Leakage stator inductance
Ly, : Leakage rotor inductance

L., : Mutual inductance

whereby,
Ly =L+ Ly 6.48
Lr=Ly+ Ly 6.49
Vs = Lgis + Ly, 05 6.50
Y: = Lpyis + L, i3 6.51

Substituting equations 6.50 and 6.51 into equations 6.46 and 6.47 respectively, the

voltages are expressed as follows:
vs = (R + pLy) is + pL,,i7 6.52
vy = (p = jwo)Lmis + (Ry + (p — jwo)Ly)iz 6.53

This can be re-written as follows:

vas = (Rs + pLe)igs + plmiyy 6.54
vgs = (Rs + pLs)igs + pLnigr 6.55
Var = Plpigs + woLiyids + (Ry + pLy)ig, + woLyid, 6.56
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Vir = —WoLyifs + pLmigs — wolyify + (Ry + pLy)ig, 6.57

This may be expressed in matrix form as follows:

[Uds 1 [Rs+pLs 0 pL, O [ldss]

| Vas® | _ 0 Retpl 0 plm | |las | 658
R R Sl | I
Vgr _wOL pLy —woly Ry +pL; liquJ

The two equivalent circuits below represent the d-axis and the g-axis of the equations

above.

Fig. 6.9 Dynamic equivalent circuit of the d-axis in the stationary reference frame.

where,

V= _wo(LrifIr + Lmlgs) 6.59

Fig. 6.10 Dynamic equivalent circuit of the g-axis in the stationary reference frame.

where,

vz = _(l)o(Lrigr + Lmlcsis) 6.60
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6.6 Dynamic Model of the Induction Machine in the Synchronous Reference

Frame

So far, the equivalent circuit and the modelling equations of the induction machine in

the stationary reference frame have been given. Using equations 6.27, 6.29 and 6.30 (i.e.

mapping vs, i3, from the stationary reference frame to the synchronous reference

frame), substituting into equations 6.46 and 6.47[65], [170], [171], [176].

véel®t = R ifel®t + pplel@t
veel®t = R.ife/®t + YfelVt(p — jw,y)
Substituting p with % and simplifying the stator equation,

d(wgel®t)

véel¥t = R ifel®t +
dt

veel®t = R_i¢ e]“)t+d(w5) plot 4 ( )ll)s

veel®t = R ifel®t 4 =152 (I/)S) eJOt 4 japfel@t
s = Rsis + (p + jw)ys
Simplifying the rotor equation,

d(pgelor)

viel®t = R,ife/®t + =2 " — jwopgel®t

veelot = R ¢ e]wt_l_d(llfr) et 4 ( )1llr — jwgptelot
veel®t = R,ilel®¥t + - (wr) eIt 4 jopfel®t — jwoplel®t

vr = Reif + (p +jow — jwo)yF

Since wgip = SW = W — Wy,

U,? = Rrif + (p +jwslip)1/)7€

6.61

6.62

6.63

6.64

6.65

Transforming equations 6.50 and 6.51 to the synchronous reference frame, the flux may

be expressed as follows;
Y5 = Lsis + Lipiy
l/)re = Lmise + Lriﬁ

Substituting into equations 6.63 and 6.64 the following is attained,
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vé =[Rs+ (p+jw)Lgli + (p + jw)Lyif 6.68

vre = (P +jw$lip)Lmi§ + [Rr + (p +jwslip)Lr] if 6.69

and representing these in matrix form

[vDSe] rRS +ply, —wLs pLy, —wLpy 1 [ips“]

| vos® | | oLs R; + pL; wL,, pLy igs® 670
UDTeJ - [ me _wslime Rr + er _wslier} iDTe '
ere WstipLm pLm wsiiply Ry + pLy I_iQreJ

The two equivalent circuits, shown below represent the above matrix.

Fig. 6.11 Dynamic equivalent circuit of the D-axis in the synchronous reference

frame.
where
V1 = W(Lsi§s + Linihy) 6.71
vy = Wggip (Lrigy + Lipi§s) 6.72

Fig. 6.12 Dynamic equivalent circuit of the Q-axis in the synchronous reference
frame.

where

vy = —w(Lgifs + Liipy) 6.73
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Uy = _(‘)slip(LriLe)r + Lmips) 6.74
6.7 Electromagnetic Torque Developed by the Induction Machine

The resultant stator and rotor current vectors may each be represented by a single
fictitious coil (in figure 6.13) when the 3-phase winding transfers to a fictitious 2-phase
winding in the stationary reference frame (figure 6.5). Figure 6.13 illustrates the stator
magnetic flux by the dashed lines (®,). The radius of the rotor is represented by r while
the angle between the stator and rotor current vectors is a. An electromagnetic force (F)
is cause by a crash between the stator coil flux and the rotor coil flux. The torque applied
on the rotor coil is caused by the force component, which lies perpendicular to the plane

of the coil [170]. The force is expressed as follows:

F = F'sin(a) 6.75
where,

F'=B.lLi.r 6.76
B: Flux density of the magnetic field caused by the stator winding;
[ : Length of the coil side;
The torque generated in both the coil sides is,

T' =2F.r = 2F'".sin(a) .r = 2L.r. B,si,sin(a) 6.77

Fig. 6.13 Forces acting on imaginary stator and rotor coils [171].

Since the stator coil is a single turn, the flux density may be indicated in terms of the flux

linkage,
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= Prs _ s
Brs = =, 6.78

A, Area occupied by the rotor coil.
Substituting this back into the torque equation,
T' = Y,i, sin(a) 6.79
whereby the flux linkage may be represented in terms of the stator current as follows,
Yrs = Linls 6.80
substituting into the torque equation,
T' = Lyisi, sin(a) 6.81

sin (a) is expressed in terms of the currents rectangular complex components,

iS S
sin(a) = sin(fs — 6,.) = sin(6y) cos(H,) — cos(fy) sin(6,) = lf—sl% -
o ° T 6.82
lgglgr _ 1 :S :S £S S
l—ss: = E(lqsldr - ldslqr)

The torque equation now appears in terms of the stator and rotor current complex

components when substituting into equation 6.81.
T' = L (i§si5r — i3si5r) 6.83

As shown, the analysis done thus far has been for an induction machine with 2-poles. A
machine with 2p; number of poles turns p; times slower than the 2-poles machine.
Therefore, the developed torque must be p; times to cover for the drop in speed (since
Power (W) =Torque (N.m) x Speed(rad/s)) for the same sized machine. The total

apparent power gained by the imaginary 2-phase model, is % times greater than the

actual apparent power of the machine[170], [171]. This is proven below.

s = Els,max 6.84
3
Vs = EVs,max 6.85
S's = Vsl = = I max Ve 6.86
s = Usls = 7 lsmaxVsmax .

The actual apparent power of the machine is,

! — ls,max Vs,max
§'s = 3 S 6.87




Thus, the actual power of the machine and the fictitious machine differs by a factor ofg

, which is compensated for by multiplying the torque by ; . The resulting torque equation

is as follows:
_P S :S S S
T = ELm(lqsldr - ldslqr) 6.88

Similarly the above may be proven for the transformation to the synchronous reference

frame in which the following torque equation will emerge;
P e - o -
T = ELm(lgslgr - lf)slgr) 6.89

6.8 d-g Modelling under Short-Circuit Condition

Here, the DFIG is considered to rotate at rated speed and its stator supplies an isolated
passive load (Ry + jwL,) with constant voltage vs. In addition, a frequency converter
with voltage phasor v, is connected to the rotor. It is assumed that the speed, the rotor
excitation voltage and the frequency remain unchanged. Vicatos used Laplace
transformation on equations (6.70), (6.89) and vf% = vgﬁ + vE2 to deduce the
machine’s equations in Laplace mode. The d-q components of the stator and rotor
equations are obtained by reversing the Laplace transformation. Then, the d-q
components are retransformed to find the voltage as a function of time [178]. Ultimately,
the stator voltage equations are simplified by eliminating the terms with p due to the
stator and the rotor flux linkage remaining constant at the moment of short-circuit. The

simplified voltage equation are as follow;
Ups® = Rsips® — wLsior® — Winio* 6.90
Vos® = wLgip,® + Rsigs® + wipip,* 6.91
The d-g components of the rotor flux linkage are unchanged thus any stator current

variation will cause a change in the rotor current at the instant the short-circuit occurs.

e
. Lm .
ipy® =Yor _Imy, e 6.92
T T

e
e:d’Qr Lm. e

lor L1, les 6.93

As a result, the stator voltage can also be expressed as follows:

e . e . e L% Yor®
Vps® = Rslps — wigs [Ls - L_r] —wlpy L 6.94
. ) L Yprt
Vgs® = Rsigs® + wips® [LS - L—’:‘] + a)LmLL: 6.95
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Ultimately, the short-circuit current and voltage are determined and the stator short-
N L L% . L
circuit time constant can be calculated by R—S 1- ﬁ). The duration of the short-circuit

S Nl

is short due to the small stator time constant. In the end, the transient behavior of the
DFIG is dependent on a few dominant parameters, which include time. The purpose of
this section was to identify the dominant parameters of the machine’s behavior, besides
time. As considered, time is eliminated in equations (6.94) and (6.95), which enable
identification of the other important parameters. The time constant is also important

because their dynamic behaviors must be similar in equal time frame.

6.9 Conclusion

This chapter has reviewed the dynamic modelling of an induction machine. The
dynamic modelling of the induction machine is critical in developing mathematical
simulations. Also, it presents the dynamic model’s parameter influence on the machine’s
behaviour. It would be useful to find a relationship between the mathematical model and
the physical model. Ultimately, the machine will be scaled based on these parameters to

have similarity in their behaviours in the next chapter.
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7. Micro-Machines and Scaling

Thus far, the induction machine design has been discussed and the effective
parameters of the DFIG in transient behaviour have been presented. The dimensional
analysis technique is presented in this chapter in order to design a micro-machine which
has the same behaviour as the reference machine. The identified parameters are used in

order to find the scaling factor and ultimately design the scaled machine.

7.1 Introduction

As mentioned, there is a demand in the WECS to understand and predict issues such as
integration, distribution, variability and power flow when a large scale of wind power is
added to the power system. The first option is a mathematical simulation, which is ideal
since the number of variables is large. However, the model simplification remains an
interesting research area although finding the balance between computation time and
result accuracy remains a challenge [1], [179]. The classic electric machine models have
many simplifying assumptions which will reduce the accuracy [17], [180]. Therefore, an
alternative technology is required to model the generator with its complexity and also
reduce the simulation time. Micro-machines were introduced for this exact reason, to
simulate complex operating phenomena associated with electric machines [65], [181].
Micro-machines are scaled prototypes of large utility-scale machinery. In the past,
apprentice training, analytical design testing, tuning and regulation of current and new
equipment were the reasons for the prototyping of micro-machines in the industry [7],
[8]. In addition, the micro-machines were used for academic purposes such as
confirmation of modes of specific systems and their specified parameters, simplification
of the machine’s structural parameters of specific elements, investigation of the power
system stability and performing theoretical assumptions and approximations used in
different analytical computations [9]-[11]. The micro-machines were attractive even
though the ability of digital computers progressed and their results in sub-transient,
transient and steady-state became more accurate. The advantage of micro-machines was
that the exact operating condition could be simulated, which was a method to verify

digitally computed results [4], [12].

7.2 Micro-Machine’s History

Micro-machines are scaled models of industrial-sized generators, usually used as a

component of a power system research bench. They were initially employed to be an
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answer to the demand of empirical data amongst machine designers in the 1950s [182].
They were then used in the research of the transient behaviour of the power plant and
the power system. Time constant regulators (TCRs) have been designed for micro-
machines in order to improve their transient behaviour, which was their advantage
against digital simulations [6], [183]. Their applications included the simulation of turbine
generators, the creation of generator models, the determination of generated
parameters as well as the validation of digital models of electric power systems.
Furthermore, they have been used in the instruction (or teaching) of young engineers,

the investigation of the generator stability and its control system [9], [13].

7.3 Micro-Machine’s Applications in Wind Energy Conversion System

Micro-machines have the ability to validate the simulation of the integration of wind
plants. Problems that may be solved by micro-machines include the inaccuracy in the
mathematical modelling as well as the difficulty and cost involved in performing field
tests on actual power systems [14]. The advantages of micro-machines in WECS include
being easier to create a model, better model accuracy, the ability to carry out real-time
analysis, and the ability to compare the results of real-time tests. The opportunities to

use micro-machines in the WECS are as follows [181]:

e The large generators are integrated at transmission level to the power system,
whilst the renewable energy sources (RESs) are usually integrated at the sub-
transmission level. This means that the network is considered an ideal infinite bus
at transmission level and the network would not be ideal at the sub-transmission
level. Hence, the grid power quality may affect the RESs’ behaviour in the system,
and these influences may be neglected in current simulation packages. The realistic
impact of the RESs on the system can be investigated by micro-machines.

e Current digital simulations depend on mathematical models of power system
components. All of the usual influence in real components may not be involved in
the simulation model due to the complexity of the components. The software
manufacturers model the component slightly differently. This is why the designers
are required to validate their simulation with various packages.

e There is a demand to validate the mathematical model experimentally, which is
made possible by the micro-machines.

e As mentioned earlier, the electric machines are a complex phenomenon in the
power system. This is worsened if a converter is added as a control system. The

converters have their own dynamic behaviours which are not accurately modelled
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in simulation packages. The micro-machines are able to be converted and tested

under real conditions.

7.4 Dimensional Analysis Techniques

An acceptable scaled model of an alternator must be similar to the real one in a few
parameters such as dynamic response and mechanical machine constants. In [7], a large
synchronous generator is modelled by a micro-alternator with a low kVA rating. Equality
in dynamic response is obtained by adding negative resistance on the rotor circuit. The
micro-machine presented in [184] is relatively large for kVA power range and the result
is not accurate enough. Equality in time constant and losses between the micro-machine
and the real machine were considered in [10]. Berchten and his colleagues expressed a
novel micro-machine model which adjusts eight of the transient and sub-transient
characteristic time constants of a doubly-fed machine (DFM) [12]. In this model, several
scaling factors link dimensions and also physical properties of the micro-machine to the
real machine by considering equality in the dynamic response. The scaling factors and

their definitions are shown in table 7.1.

Table 7.1 Scaling factors.
Scaling factors Physical properties
k For the machine diameter D, length L and slot width Ws
a For the current density J
B For the flux density B
Y For the slot depth hss
A For the airgap

The real machine dimension x* multiplied to the scaling factor will drive the micro-
machine dimension x. The scaling relationships of a micro-machine are represented by

the equations in table 7.2.

x = (scaling factor) X x* 7.1
Table 7.2 Scaling formula.
Quantity Relation No.
Current Coverage [A] % =ay
kVA rating [VA] Si = k3afBy 7.2
Voltage Rating [V] UE =k%B
.. Zg _kB
Normalizing Impedance [ohm] 77 " ay
- . r_4%

Winding Resistance [p.u.] = kB 7.3
Leakage React Yo _ 7.4
eakage Reactance [p.u.] %~ KB .

. Xqa _ kay
Magnetizing Reactance [p.u.] Y 7.5
Time Constant Tl =y?
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These equations can be proven by substituting the scaling factor in the design equations
from chapter 3. For instance, equation (7.2) can be proven as follows:
The apparent power is,

S = D?Lik,pns 7.6
By substituting the specific electric loading and output coefficients in equation (7.6), S
can be expressed as:

_11x1073
- s

S

DLingByK,,Qn lg 7.7
The stator current is then converted to the current density and slot area, so S can be
written as:

_ 11x1073
s

S

DLinngKchUshsbss) 7.8

The ratio of the output apparent power of the scaled-machine and that of the reference
machine is expressed in (7.9). Here, the reference machine’s number of conductors (Z.)
is also used for the scaled-machine (on the stator-side), so the scaling factors can be

substituted as shown in (7.9).
% = k3apy 7.9

The equations in table 7.2 can be derived in the same manner as equation (7.2). These
equations build a dimensional relationship between a reference DFIG and micro-DFIG
with the scaling factor for each design detail such as terminal voltage and current.

In chapter 6, equations (6.94-6.95) show the winding resistance, leakage and
magnetizing reactances’ impact on the transient behaviour of the machine under short-
circuit conditions. The authors in [12] also derived the per-unit reactance and resistances
of the micro-machine in the steady-state and transient which are close to the real DFIG
to keep the dynamic response. Thus, equations (7.2-7.5) have been selected from table
7.2 in order for the micro-DFIG to prove that it performs like the real system. The
reference machine will be scaled to an equivalent micro-DFIG when equations (7.2-7.5)

are derived, based on ratio of the reference and micro DFIG parameters. Therefore, these

Xo

*

X . .
=1, “d* = 1 will be assumed. Hence, the converted equations are

. T
ratios — =1,
T Xad

given in (7.10-7.13):

k3aBy = 0.002 7.10
a=kp 7.11
ay?=kp 7.12
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kay=Ap 7.13

. . 0.044 X
The scaling factors respectively are a = P B = %,y =1 and A= k2. These factors

will define the characteristics of the scaled-DFIG. The geometric scaling factor k has to

validate equation (7.14) for the micro-machine in the kVA range:
D'k = Q(bss'y + b kPB) 7.14

Equation (7.14) represents the fact that the circumference of the micro-machine (mD*k)
is equal to the sum of the slot width (bs“¥) and the thickness of rotor tooth (b, kf3)
multiplied by the number of slots if the airgap flux density remains unchanged (f = 1).
Due to there being different scaling factors involved in scaling the slot width, the tooth
width and diameter, this equation evaluates the feasibility of the scaled-DFIG.

Lipo suggested a simple scaling process of designing new machines by using the details
of similar existing ones [25]. Alternative relations between two machines are proposed
to simplify the design of the new machine in table7.3. It indicates that the parameters of
the scaled-machine vary with length (k;) and diameter (k) when the number of turns is
held constant and when the number of turns is changed to keep the terminal voltage
constant. Lipo also mentioned that the equality in the electrical time constant appeared
to have a similar dynamic response between the two machines. As shown in table 7.3,
the electrical time constant of the machine (transient and sub-transient) will increase by
a factor sz when the resistance decreases and the inductance increases. The challenge
of this method is the large deviation for scaling a machine from MWs rating to kWs.

Hence, the model will not be accurate for a large difference between their ratings.

7.5 The Scaled-DFIG

As noted, two scaling models are introduced in this chapter. Berchten’s scaling
methodology is used in this thesis due to the inaccuracies in Lipo’s policy when dealing
with long distance scaling.

The design process usually begins with assumed values of the following initial design
parameters: airgap flux density, stator and rotor current densities, etc. The scaling
equations developed in this chapter are used in this thesis for the design of the scaled-
DFIG. The minimum geometrical scaling factor (k) is determined as 0.25 by keeping the
stator equivalent circuit parameters and magnetization reactance in per-unit system plus

using equation (7.14).
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Table 7.3 Lipo’s scaling model parameters.
Parameter Proportionality | Constant B,Jand N | Constant B, Jand V
Voltage [V] V o« N.D.l k. kp 1
1
Turns N 1 ko
Dz 2 3
Current [A] o — kp ky. kp
Power [W] V.1 ky. kp® ki kp®
Resist 0 N2.1 k; 1
esistance [Q] R PE P P
Losses [W] R.I? ky. kp? ky. kp?
. N2. Ay, 1
Magnetic Inductance [Q] Ly & k, —
lmpath kl-kD
N2.4, 1
Leakage Inductance [Q] L k, —
Lipatn ky. kp
%4
Magnetizing Current [A] I ¢ — kp k. kp®
m
Magnetizing Field Energy | wp, « L. 1, k. kp® ky. kp?
Leakage Field Energy w; < L. 1, ky. kp* ky. kp*
. . L
Electrical Time Constant T, 7’" kp? kp?
Breakdown Torque V2 ) )
[Nm] Tpk OCL—I kl-kD kl'kD
. 3 VA
Power Density [VA/m?] i kp kp
volume
N I.R
Temperature Rise [°C] 0 o« —— kp kp
Asu‘rface
1
Power Factor — kp kp
In

The scaled-DFIG design is then continued by calculating the rating parameters such as
output power, flux densities, current densities, stator diameter, airgap and slot
dimension. In the next step, the rest of the machine’s specifications such as rated voltage,
equivalent circuit parameters and breakdown torque will be calculated by the equations
in chapter 3. The current density and the airgap flux density were determined as
0.176A/m and 0.704T respectively, from the scaling process, which is clearly
unacceptable. With consideration of the scaling procedure, the rated voltage is justified
to have the desired current and stator slot fill factor (k¢). The number of turns on the
rotor is also increased in order to improve the rotor tooth flux density and as a result the
airgap flux density. As previously noted, the number of relevant stator or rotor slots for
the scaled-DFIG is selected as half of the reference DFIG. This is to satisfy the slot width
scaling factor (y) as well as to strengthen the teeth of the micro-machine in order to resist
against the rotational tension and stress. The airgap would be scaled to 0.1mm by 4
which is not feasible. Thus, it is assumed as 1.6mm, similar to the reference DFIG.
Consequently, the scaled-DFIG cores, teeth and airgap flux densities are within the
acceptable margin which verifies the result of analytical design. An air cooling system is
considered for this machine. Table 7.4 illustrates the geometrical design details of the

scaled-DFIG.
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Table 7.4 Design parameter of the reference-DFIG details and the micro-DFIG.

Parameters Reference Micro-DFIG

kVA rating [VA] 2.5 x10° 5000
Efficiency [%] 95.7 73
Current [A] 1673.5 72.2
Voltage [V] 690 30
Torque [N.m] 13270 32.5
Number of slots Sta. /Rot. 60/48 30/24
Number of turns Sta. /Rot. per phase 80/160 80/320
Diameter [mm)] 520 130
Length [mm)] 520 130
Airgap [mm] 1.6 1.6
Stator slot width [mm)] 13.6 6.8
Stator slot depth [mm] 68.8 8.7
Rotor slot width [mm)] 15 7.5
Rotor slot depth [mm)] 52 13.4
Airgap flux density [T] 0.75 0.63
Stator core flux density [T] 1.5 1.6
Stator teeth flux density [T] 1.55 1.32
Rotor core flux density [T] 1.87 1.63
Rotor teeth flux density [T] 2.1 1.77
Stator current density [A/mm?] 6.5 6.5
Rotor current density [A/mm?] 8 10

Maxwell 2D and 3D are used to verify the micro-DFIG and table 7.5 also indicates the

equivalent circuit parameters.

Table 7.5 The equivalent circuit parameters for the reference-DFIG and the
micro-DFIG.
Parameters Reference Micro-DFIG

Stator Resistance (Rs) [p.u.] 0.018 0.018
Stator Leakage Reactance (Ls)[p.u.] 0.346 0.349
Stator Time Constant [s] 0.0512 0.0493
Rotor Resistance (R/)[p.u.] 0.022 0.133
Rotor Leakage Reactance (L:)[p.u.] 0.4 0.526
Magnetization Reactance (Xm)[p.u.] 10.85 13.5

The rated speed is assumed as 1750rpm and the rotor is excited through the converter.
As expected, the efficiency is decreased by the output power. The per-unit resistance and
per-unit reactance are approximately equal. The magnetization reactance is increased by
25 percent from the reference DFIG to the micro-DFIG. Their time constants are
approximately 50ms. Due to the increase in number of turns and the use of narrower
conductors, the rotor resistance and the rotor reactance are increased. The resultant flux

lines and current densities are indicated in figure 7.1. As seen, the average current
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densities are about 6.54/mm? and 104/mm? in the stator and the rotor respectively.
Figure 7.2 shows the flux densities in the stator and the rotor cores. As shown above, the
flux densities are distributed across the whole cross-section’s area and they are not
saturated. The average flux densities are 1.3Nm in the stator teeth and 1.8Nm in the
rotor teeth. As mentioned in chapter 3, the stator outputs define the DFIG’s behaviour.
Figure 7.3 and 7.4 present the 3-phase stator current and the 3-phase stator voltage,
respectively. These graphs are related to a state where the machine’s speed is constant

at 1750rpm while it is connected to the grid. The electrical time constant is about 45m:s.

Fig. 7.1 The micro-DFIG flux lines and current densities in the stator and the rotor.

7.6 Conclusion

The micro-machines and their merits were reviewed in this chapter, along with several
scaling processes. Here, Berchten’s scaling model was preferred due to its accuracy in
this case. The scaling equations in table 7.2 indicate the relationship between physical
elements and equivalent circuit parameters. In fact, the circuit parameters will ultimately
remain unchanged whenever the scaling factors (a, B and y) are in unity. Therefore, the
number of turns, slot width and voltage are adjusted after scaling to keep these factors
in unity. Per-unit resistance and per-unit reactance are equal between the reference DFIG
and scaled-DFIG. However, the magnetization reactances are different due to the airgap
not having been scaled. The referenced DFIG is scaled to 5kW DFIG. The micro-DFIG has
been verified by Maxwell 2D and 3D.
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Fig. 7.2 The micro-DFIG flux current densities in the stator and the rotor.

Fig. 7.3 The micro-DFIG 3-phase stator current.
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Fig. 7.4 The micro-DFIG 3-phase stator voltage.

100



8. Prototyping and Identification of
micro-DFIG

In the previous chapter, the process of designing the micro-DFIG based on the reference
design has been discussed. The analytical design has been verified by Maxwell 2D and
3D. Maxwell has also been employed to certify the objective of the designed micro-DFIG.
In this chapter, the prototyping process is discussed and the equivalent circuit

parameters are determined.

8.1 The Prototyping Process

The machine is composed of various parts such as the shaft, slip rings, bearings, rotor,
and stator. These components are hosted in a casing. Here, the manufacturing process
begins with purchasing an old 7.5kW 3-phase motor (table 8.1). The machine’s frame and
the other parts such as the slip rings and bearings are used in order to reduce time and

cost. New cores and windings were prototyped and installed in the machine.

Table 8.1 The details of 7.5kW wound rotor induction motor.

Parameter Value
Power [kW] 7.5
Rated line voltage, [V] 220
Rated line current, [A] 27
Power factor 0.75
Rated speed [rpm] 1420
Frequency [Hz] 50

All of the parts (frame, fan, and slip rings) are employed from a purchased machine as
shown in figure 8.1. The outside stator diameter is smaller than the internal diameter of
the frame. Thus, it is increased to fit the stator core in the casing. The stator back iron
core will increase, however, it will not affect the micro-DFIG’s dynamic behaviour. This is
due to it not having an effect on the mentioned parameters in chapter 7 such as the
airgap flux density. It will only decrease the stator core flux density as well as increase
the volume of materials which is not cost efficient. The prototyped cores are shown in
figure 8.2. Appendix B presents the stator, the rotor, and the shaft sketches. SURA M530-
65A silicon-steel is employed to laminate the stator and the rotor cores. The thickness of
each lamination is 0.5mm. Appendix C better presents the details of the SURA M530-65A.
The laminations of the stator and the rotor cores are laser cut according to their sketches
and placed on the shaft. It is important to note that the key way is skewed on the shaft

in order to skew the rotor slots.
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Fig. 8.1 The wound rotor induction motor’s parts are used for micro-DFIG

Fig. 8.2 The prototyped stator, rotor and shaft of the micro-DFIG

The winding details of the micro-DFIG are presented in table 8.2. Figure 8.3 illustrates the
stator and the rotor winding design. The windings were placed according to the profiles

(figure 8.4) and the micro-DFIG is assembled and baked in the oven (figure 8.5).
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Table 8.2 The micro-DFIG winding details.

Parameter Stator Rotor
Turn per Coil 4 4
Winding Layers 2 2
Parallel Branches 2 1
Coil pitch 7 5
Number of strands 2 3
Wire diameter range[mm] 1.829 0.724

b)

Fig. 8.3 The micro-DFIG winding’s profile for a) the stator and b) the rotor.
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Fig. 8.4 Placement of windings into the micro DFGI’s slots.

b)

Fig. 8.5 The micro-DFIG’s a) schematic parts and b) the final assemble.
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8.2 Test’s Rig

A test bench is required in order to test the micro-DFIG. The output voltage of the
micro-DFIG is 3-phase 20.9 (phase voltage) volts, which is quite low. A transformer is
designed and prototyped to connect the micro-DFIG to the grid (figure 8.6). Table 8.3

illustrates the details of the transformer.

Fig. 8.6 The prototyped transformer to connect the micro-DFIG to the grid.

Table 8.3 The transformer’s detail.
Parameter Value
Power [kVA] 5.5
Primary voltage [V] 40
Primary current [A] 79
Secondary voltage [V] 380
Secondary current [A] 8.3

Yokogawa WT1800 is employed to capture data and California Instruments model MX30

is adapted as a power supply. Figure 8.7 shows the lab set-up for testing the micro-DFIG.

8.3 Identification of Equivalent Circuit Parameters

IEEE Standard 112 presents the procedure for testing IMs and for determining the
equivalent circuit parameters. DFIGs are also tested using IEEE Standard 112. These
machines have a slightly different design structure due to the presence of rotor windings.
In the testing, the number of coil turns is assumed to be equal for both the stator and
rotor but are in fact not equal. This assumption would decrease the accuracy of the

results [31], [106], [185].
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Power Supply
UL

DC Motor ——— Load

Fig. 8.7 Set up for lab tests.

The stator is usually connected to the grid and induces magnetic fields on the rotor
winding. The magnetic fields are strong enough to produce electromagnetic torque. As a
classic wound rotor machine, the machine will behave similarly if the stator gets short-
circuited while the magnetic fields are being produced by the rotor coils. However, the
stator coils have fewer turns than the rotor coils in DFIGs, which causes weaker magnetic
fields and eventually weaker magnetic torque. In this chapter, Maxwell 2D is used to
investigate the DFIG while it is fed through the stator or the rotor coils. In figure 8.8, the
flux lines in the machine are seen. Figure 8.8a shows the flux lines when the DFIG is fed
through the stator windings and the rotor windings are short-circuited, while figure 8.8b
shows when the DFIG is fed through the rotor with the stator windings short-circuited.
As indicated by m; and m;, the flux lines are stronger when the machine is fed through
the rotor. This is justified by the fact that the number of coil turns on the stator is less

than the rotor in order to produce sufficient electromagnetic fields in generator mode.
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The FEA proves IEEE Standard 112 tests’ results would be more accurate for DFIGs if they
were fed through the rotor.

Here, the equivalent circuit parameters are measured while the machine works in the
motor mode at slip‘’s’ and it is also assumed that the stator winding is short-circuited.
The equivalent circuit of the machine is shown in figure 8.9 when it is fed through the

rotor.

(b)
Fig.8.8 The flux lines is generated by a) the stator and b) the rotor coils.

8.3.1 No-Load Test

Figure 8.10 shows the equivalent circuit of the machine under the no-load condition. This
means that the measured power under the no-load condition is dissipated across two
components, the rotor core loss (r;;,) and the rotor copper loss (r,). The value of r, may

be measured directly from the rotor windings.
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Fig. 8.9 The referred equivalent circuit of induction motor.

2 X2

iXm§ I'm \") @

Fig. 8.10 The equivalent circuit of the induction machine under the no-load
condition.

Therefore, 7;;,can be calculated easily as follows [186], [187]:

1.72
rm = — T2 81
Pinput

Also, the input reactive power is used by the magnetizing and the rotor winding

reactances. The magnetizing reactance is much greater than the rotor winding reactance,

thus
2
Xy = — .
m Qinput 8.2
The no-load condition data of the induction machine is shown in table 8.4.
Table 8.4 The induction machine details under the no-load condition.
Rotor Frequency | Active | Reactive | Speed Stator Stator p.f.
Resistance [Hz] power power [rom] | Voltage | Current
[Q] (kW] [kVar] (V] [A]
1.35 50 0.089 0.344 1490 182.5 1.94 0.25

Therefore, the airgap magnetization reactance (x,,) is 97Q and the core resistance is

375.5 Q both on the rotor side.
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8.3.2 Blocked-Rotor Test

The equivalent circuit is changed under the blocked-rotor (BR) condition as shown in

figure 8.11.

Fig. 8.11 The equivalent circuit of induction machine under the blocked-rotor
condition.

Itis possible to measure the referred stator resistance and it may be calculated as follows:

1 v?
=5 -1 8.3
input

The total reactance is:

v2

x1' + xZ = 8.4

Qinput

Table 8.5 shows the equivalent circuit details at the blocked-rotor condition (slip=1).

Table 8.5 The induction machine details under the blocked-rotor condition.
Stator Frequency | Active | Reactive | Speed | Stator | Stator p.f.
Resistance[Q] [Hz] power | power | [rpm] | Voltage | Current
[kw] [kvar] [V] [A]
0.142 16 1.247 1.0995 0 68 14.1 0.75

Hence, the stator resistance (r;) and the rotor resistance (1) in the rotor side are
0.142Q and 1.35Q, respectively. The total stator and rotor reactances is 4.2Q which
means x, = x; = 2.10. By referring to equations 3.63, 3.64 and 3.65, the accurate value

of the stator reactance is calculated as follow:

Js = 3432 = 384, Aong = 034y L0 = 3.34
8.5
Ags = 0.97, (g1 Kyq)? Km]jf; = 5.157
Lg = po(2ne)2L(As + Agpg + A L=322 10~*[H 8.6
sl #0( ncl) l( S end dS)ma12 : X [ ] :
XSl = (,()1le = 0101[9] 8.7
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and the rotor reactance is also calculated as follow:

Asp = 32+ "V';—Z = 294, donar = 0.34q, L2PRT — 1 23
8.8
Aar = 0.97; (q2Ky2)%Ko % =1.811
r 2 NR
Ly = po(2nez)*li(Asg + Aenar + AdR)z = 0.0125 [H] 8.9
X‘Z'.l = (l)lLrlr = 3.93 [Q] 8.10

Table 8.6 presents the micro-DFIG’s equivalent circuit parameters in per-unit system.

Table 8.6 The micro-DFIG equivalent circuit parameters.
Stator Stator Rotor Rotor Magnetization | Core Loss
Resistance Reactance Resistance Reactance Reactance Resistance
[p.u.] [p.u.] [p.u.] [p.u.] [p.u.] [p.u.]
0.0194 0.351 0.185 0.538 13.26 51.36
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9. Transient Response of the micro-
DFIG

In the previous chapters, the electrical machine’s design was expressed theoretically
and a reference-DFIG has been adapted. The effect of an optimum design in the WECS
has been expressed earlier, relatively. Also, the dynamic modelling of the machine and
the scaling policy are presented to indicate the impact of different parameters on the
machine’s behaviour. The reference-DFIG is scaled to maintain dynamic behaviour, in
both sub-transient and transient states. Ultimately, the micro-DFIG is designed and
prototyped. This chapter presents scenarios to compare the transient behaviour of the
reference-DFIG and micro-DFIG by employing Maxwell 3D. The micro-DFIG is also tested

under similar scenarios.

9.1 Introduction

The machine is required to be under transient conditions in order to display transient

behaviour. In electric machines, transient conditions may be defined as follows [31], [97]:

e Prime mover torque variations for generator mode;
e Load machine torque variations for motor mode;
e Power grid faults for generator mode;

e Electric load variation in stand-alone generator mode;

Speed and voltage, current amplitudes, power, torque, and frequency vary in time during
transient conditions, until they eventually stabilize to a new steady state. As noted, the
proposed scaled-DFIG and reference DFIG were simulated in Maxwell 3D. The simulations
were conducted in order to verify the analytical results of the scaling and design
methodology. In addition, FEA would be used to verify the objective of this investigation

regarding the dynamic response of the two DFIGs.

9.2 The DFIG Operation Mode

It is necessary to discuss the DFIG’s operation mode before presenting the transient
result. The grid-connected generators must produce power at constant voltage and
frequency. DFIGs can do this by adjusting the rotor current and frequency for varying
wind speeds. In addition, the voltage amplitude will remain steady as long as the specific
flux value remains constant [188]. The induced stator voltage frequency depends on the

rotor voltage frequency and its rotational speed:
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fs=f+fm 9.1
Where f; is the stator voltage frequency, f, is the rotor voltage frequency and f,, is the

rotor mechanical frequency, which

— MmXp 9.2
fm 120

The DFIG has two modes of operation depending on the rotational speed: sub-
synchronous and super-synchronous. The positive direction of power flow is expressed

as:
P, =P, — P 9.3
Where P, is input mechanical power, P; and B, are the stator and the rotor power,
respectively. The rotor power may be calculated:
P = Ty (wy, — ws) 9.4
Where, T, is mechanical torque and w,;, and w, are the mechanical and synchronous
speed, respectively. The angular velocity slip expression is:
SWg = Wg — Wy 9.5
By substituting the slip expression into the rotor power expression, it will be:
P. = —sP; 9.6

The stator power as a function of the slip is given by:

By 9.7
S 1-s

Hence, the slip and the rotational speed of the rotor have an impact on the direction of
the power flow. Also, the slip polarity indicates weather the power is drawn or delivered
at the stator and the rotor terminals.

Here, the stator voltage frequency of the micro-DFIG is accurate in FEA results due to
its ability to excite the rotor with 8.5Hz at the rated slip (17%). However, the stator
voltage frequency is not 50Hz due to the inability of California Instruments to supply less
than 16Hz. Here, the rotor frequency is selected as 20Hz and the stator frequency

depends on the slip in the tests. By referring to table 7.2 and time constant formula
2
(% 1- LL—’Z)), this issue does not have effect on transient behaviour of the machine
S S Hr

while testing.

9.3 FEA Transient State Results

So far, the equivalent circuit parameters for the reference DFIG, the scaled-DFIG and
the prototyped-DFIG are shown in table 9.1. The efficiency is moderate, but expected for

the size of the scaled-DFIG. The efficiency of the prototyped DFIG is lower compared to
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the reference DFIG due to the increased copper and iron losses in the prototyped

machine. The per-unit resistance and per-unit reactance are approximately equal.

Table 9.1 Comparison of Parameters for the Reference and scaled DFIGs.

. Prototyped
Machine Reference DFIG | Scaled-DFIG Scaled-DFIG
Power [kW] 2500 5 5
Efficiency [%] 95.7 73 65
Voltage (line to line) [V] 690 30 36.7
Stator current [A] 1675 72 72
Torque [N.m] 13270 32 32
Stator Resistance (Rs) [p.u.] 0.018 0.018 0.0194
Stator Leakage Reactance (X;) [p.u.] 0.346 0.349 0.351
Stator Time Constant [S] 0.0512 0.0493 0.0477
Rotor Resistance (R/)[p.u.] 0.022 0.133 0.185
Rotor Leakage Reactance (X:)[p.u.] 0.4 0.526 0.538
Magnetization Reactance (Xm)[p.u.] 10.85 13.5 13.26

As expected, the magnetization reactance is increased by 25% from the reference DFIG
to the prototyped DFIG. The prototyped DFIG’s time constant is approximately 50ms.
Figure 9.1 shows the equivalent circuit which is assigned for the reference DFIG and

micro-DFIG in FEA. The circuit is only included on the stator side of DFIGs.

Fig. 9.1 The micro-DFIG assigned equivalent circuit.

The rotor side of the DFIGs is assumed to be connected to a converter and gets excited
through the grid. Therefore, the test scenario is as follows: the rotor excites through a
converter and suddenly the stator is connected directly to loads when it rotates at the
rated speed (1750rpm). Phase A of the reference machine and scaled-DFIG are connected
to the earth at 150ms. The dynamic behaviour of the DFIG and scaled-DFIG are shown in
figure 9.2 and figure 9.3. Figures 9.2a and 9.3a represent the fact that the reference DFIG

and the scaled-DFIG speeds are constant while the generators experience start-up and
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short-circuit conditions. Figures 9.2b and 9.3b indicate the electromagnetic
characteristics of the reference DFIG and scaled-DFIG, respectively. Three critical points
are observed until 50ms in both graphs. The reference machine’s electromagnetic torque
decreases from -10 to -13.7 (kN.m) and the scaled-DFIG’s electromagnetic torque
reduces from -26 to -28.8 (N.m). The electromagnetic torque also falls immediately after
short-circuit and their graphs’ shapes become triangular, in both graphs. Their stator
currents are presented in figures 9.2c and 9.3c respectively. The reference machine
output current decreases from -1630A to -2050A and it settles after 50ms. The scaled-
DFIG’s stator current starts from 115A and ends up at 100A at 50ms. Their short-circuit
behaviour is the same and their currents in phase-A rise dramatically due to experiencing
almost zero load resistance (only stator resistance). Figure 9.2d and figure 9.3d show the
stator voltages of the reference DFIG and scaled-DFIG, respectively. The reference
machine voltage increases gradually form 675V to 692V within 50ms. The 3-phase
voltage also became unbalanced after a short-circuit at 150ms. The scaled-DFIG’s stator
voltage behaviour appears to follow that of the reference DFIG’s behaviour when the
machine is connected to the load and it is short-circuited. The stator voltage increases to
the rated voltage and rests at 30V line-to-line and it becomes unbalanced after short-
circuit at 150ms as well. These figures present the induced stator voltages and also show

that the voltages are not zero in phase-A after the short-circuit.
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(a)
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(b)

(d)
Fig. 9.2 The reference DFIG FEA results a) rotor rotational speed b) electromagnetic
torque c) stator current d) stator voltage.
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(d)
Fig. 9.3 The scaled-DFIG FEA results a) rotor rotational speed b) electromagnetic
torque c) stator current d) stator voltage.

The short-circuit scenario was performed to place the DFIGs under transient conditions
in Maxwell 3D. The reference-DFIG and the micro-DFIG circuits were shorted to earth at
150ms. It proves that their dynamic behaviours are similar in the transient state.

Therefore, the micro-DFIG design is acceptable.

9.4 The micro-DFIG Transient State Results

The experimental results are compared to FEA results for the scaled-DFIG, since
experimental results are not available for the reference DFIG. Therefore, the scaled-DFIG
is tested under the same conditions as the FEA simulation, however, the short-circuit
conditions were not tested due to concerns about safety of the operator and lab facilities.
As shown in figure 8.7, the micro-DFIG is excited by California Instruments and the stator
is connected to the load through the transformer. The prototyped DFIG is driven by a DC
motor. It is connected to a balance load on the stator through a transformer. A California
Instrument MX30 programmable power supply is connected to the rotor and acts as a
converter. The data is captured by means of a Yokogawa WT1800 power analyser.

In order to get the machine to its start-up condition, the machine is rotated until it gets
to 1800rpm while the stator is not connected to the load. The machine is tested by
suddenly connecting it to the load and the results are shown in figure 9.4. The speed is
reduced as presented in figure 9.4a. Figure 9.4b and 9.4c show an overshoot in the output
power and stator current at about 100ms because the electromagnetic fields of the rotor
and stator coils interact. In figure 9.4b, the electrical transient domain starts from about
108ms and it becomes steady at about 160ms. The stator current transient state in

phase-A starts from 102ms and it takes 53ms to reach steady-state.
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(b)

(c)
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(d)
Fig. 9.4 The scaled-DFIG test results a) rotor rotational speed b) electromagnetic
torque c) stator current d) stator voltage when the machine starts to operate.

Figure 9.4d indicates that the stator voltage has increased to 38V as a result of
electromagnetic fields interacting and three peaks are observed from 100 to 153ms. The
results in figures 9.3 and 9.4 show that the scaled-DFIG and the prototyped DFIG behave
the same under the start-up condition. Figure 9.5 presents the results of the prototyped

DFIG when the load is increased by 30 percent.
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(b)

(c)

(d)
Fig. 9.5 The scaled-DFIG test results a) rotor rotational speed b) electromagnetic
torque c) stator current d) stator voltage when the machine’s load increases.
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The load is increased from 3.8kW to 5.6kw when the rotational speed is 1800rpm. As a
result: sudden increasing the electromagnetic torque on the shaft, the output power
graph peaks at about 100ms while the rotational speed drops slightly until 133ms and
then starts to return to the initial speed. It can be observed that the electrical transient
domain is between 133ms and 185ms as shown in figure 9.5b. The output power
becomes constant after 185ms when it is 5.6kW at 303ms which is very close to output
power at 186ms. Figures 9.5¢ and 9.5d show the stator current and voltage
characteristics, respectively. The stator current characteristics have a similar behaviour
to the output power graph as opposed to the stator voltage. The electromagnetic fields
interaction causes a significant increase at about 100ms and its time constant is 50ms in
figures 9.5b and 9.5c. As expected, the stator voltage magnitude is constant in figure
9.5d. Figure 9.6 presents the result of simulation of the scaled-DFIG in FEA under the

same conditions as the previous test.
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(b)

(c)

(d)
Fig. 9.6 The scaled-DFIG FEA results a) rotor rotational speed b) electromagnetic
torque c) stator current d) stator voltage when the machine’s load increases.

The rotational speed is constant in figure 9.6a even when the load is added at 50ms. The
output power suddenly increases at 50ms and it reduces gradually to its steady-state
value at 100ms. Figure 9.6c illustrates three peaks from 50 to 93ms in the Phase-A stator
current. Figure 9.6d shows that the stator voltage magnitude is also steady. Figures 9.5
and 9.6 indicate that the scaled-DFIG and the prototyped DFIG have similar behaviours
while their loads increase. The rotational speed profiles in the test and the FEA simulation

are presented in figure 9.7a and 9.7b, respectively.
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(a)

(b)
Fig. 9.7 The scaled-DFIG rotational speed graph in, a) the experiment and b) FEA
simulation.

As noted, the speed ramps up between the operating points in the test but it is stepped
in the FEA. In fact, there is a delay in the speed increases in the test, while it is
instantaneous in the FEA simulation. Figure 9.8a and 9.8b present the output power of

the scaled-DFIG based on the rotational speed profiles.
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(b)
Fig. 9.8 The scaled-DFIG output power characteristics when speed increases, a) in the
experiment and b) in FEA simulation.

In the laboratory test, the speed increases twice between 165-200ms and 335-370ms.
The influence of the speed variations is evident in the output power graph within these
periods. The output power rises dramatically when the speed increases and it decreases
gradually after the rotational speed becomes constant in figure 9.8a. The FEA results
show that the output power increases quickly after the rotational speed is raised and it
becomes steady after about 45ms. The output power behaviour of the scaled-DFIG in the
laboratory test and the FEA simulation are similar. The stator current graph varies with
the rotational speed profile in the same manner as the output power. Figure 9.9 indicates

the stator current of the scaled-DFIG in the test and the FEA simulation.
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(a)

(b)
Fig. 9.9 The scaled-DFIG stator current characteristics when speed increases, a) in
the experiment and b) in FEA simulation.

Figures 9.9a shows that the electrical transient domains are between 205-257ms and
376-428ms. Three peaks can also be observed in each one. The stator current settles at
101.5A and 106.5A when the speed becomes steady in each step. Figure 9.9b shows the
current passes three peaks within 70-113ms and 130-175ms as it gradually reduces. The
stator voltage of the scaled-DFIG in the laboratory test and FEA are presented in figures
9.10a and 9.10b, respectively. As noted, the stator voltage is constant while the speed

varies.
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(b)
Fig. 9.10 The scaled-DFIG stator voltage characteristics when speed increases, a) in
the experiment and b) in FEA simulation.

Figure 9. 11 presents the temperature of cores and windings at full-load after running for

an hour.
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Fig. 9.11 The thermal image of the micro-DFIG at full-load.

As seen above, the maximum temperature of rotor is 120°C, the slip rings are 100°C, and
the rest of the parts are less than 60°C. It proves that the cooling system of the machine

is capable to transferring the heat and protecting the insulations.
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10. Conclusions and Recommendations

10.1 Conclusions

Based on the finding of this project, the following conclusion can be made:

1- Wound Rotor Induction Machine Design and Reference Design:

This dissertation has expressed the analytical design of the wound rotor induction
machine, following the literature review regarding induction machine design. The sizing
equations of the induction machine design have been illustrated and a reference design

was presented and verified in Maxwell 2D.

2- Investigation in the Wind Energy Conversion System with a DFIG:

The effect of various voltages and speeds has been investigated in the WECS with the
DFIG. The investigation was necessary in order to explore the DFIG’s design impact on
the cost and performance of the WECS. As a result, if there is an opportunity to redesign
a DFIG for the current WECS it would be reasonable to design it for a medium voltage

system.

3- Investigation in the Wind Energy Integration Issues

The penetration of the wind energy in the power system has been investigated to
illustrate their behaviours in the transient state. Then, the aggregation has been
introduced to develop a better understanding of the integration issues. The aggregated
models are introduced for specific issues but they present challenges as they are not
accurate. For instance, an accurate model is still required to predict the behaviour of
wind energy within the grid when there is a short-circuit. Furthermore, a single machine
equivalent is also discussed, but it is not feasible to be prototyped. Each power system
requires a specific model to accurately investigate the wind energy penetration within

sensible time.

4- Finding Critical Characteristics in Wound Rotor Induction Machine’s Transient
Behaviour:

The dynamic modelling of the induction machine has been expressed by a number of
equations to illustrate their transient behaviours. These equations have been transferred
to the stationary frame to decrease the model difficulty. These models have been
employed in FEA software to simulate the electrical machines mathematically. These
models theoretically can show the effective parameters on the dynamic behaviour of the

machine. These parameters can also be related to the machine’s geometry. This means
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that the machine can be scaled while the reference and the scaled machine behave the

same during transient conditions.

5- Investigation in Dimensional Analysis and Micro-Machine’s Applications

The micro-machines have been expressed with their applications. They have been used
to solve the integration issues of the turbo-alternator. The dimensional analysis is also
discussed to design micro-machines. As the scaled wind generator would react the same
as the reference generator, it is feasible to employ them in solving the wind farm

integration issues.

6- Similarity Between Transient Behaviours’ of Reference DFIG and micro-DFIG

The mathematical modelling is adapted in order to identify the dominant parameters
in the equivalent circuit of the DFIG, which determines its behaviour. These equivalent
circuit elements must ultimately remain unchanged after the scaling process in order to
maintain the same behaviour of the reference machine and the scaled-DFIG. The scaling
process is outlined with the scaling factors and the scaling equation. Per-unit resistance
and per-unit reactance are kept equal between the reference DFIG and scaled-DFIG.
However, the magnetization reactances are different because the same airgap is used.
The reference DFIG and the scaled-DFIG are verified in the FEA and were tested under a
transient condition. The objective of the project was met, despite the efficiency of the
scaled-machine being less than the reference machine. The prototype DFIG was also
tested under the same transient conditions as FEA. There is a similarity between the FEA
and the prototype DFIG at the transient region. However, there are mechanical effects
which affect the test results of the prototype DFIG, which are not modelled in the FEA
(Maxwell), and hence not presented in the results, even though parameters, such as
inertia were implemented in the FEA software. The results show that the electrical
dynamic behaviour of the simulated and prototype scaled-DFIGs are similar, which

proves the objective of this investigation.

10.2 Recommendations and Future Work

Most of available FE software are facilitated to design squirrel cage induction machines
and they sometimes require complicated adjustments to simulate WRIMs. For instance
in the Flux, squirrel cage bars material must be replaced by copper and the machine
equivalent circuit also needs to justify simulating a WRIM while the rotor slots shape still
needs to be defined. Due to these challenges, Maxwell is employed to design wound
rotor induction machine in this project. However, Maxwell does not cover the mechanical

impacts of the machine (even though there are inertia variables that may be assigned).
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Therefore, it is recommended to develop FE software for particularly wound rotor
machines since they are the popular wind generators.

Since a single machine is infeasible to simulate a wind farm and as result investigate the
wind integration issue, an ideal solution may be prototyping a laboratory based wind
farm using micro wind generators. The laboratory wind farm can include different types
of wind generators such as DFIG, SCIG, and PMSG. It should be capable of testing under

different wind profiles while it interacts with the grid (depends on where it is installed).
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12. Appendices

Appendix A

A reference DFIG is employed in chapter 3. Appendix A presents the reference DFIG’s

design details with relevant equations.

Table 1 The reference DFIG design details

3T—/ : the stator coil span/pole pitch ratio

2y
—-<=<1
3717

Specification Formula Quantity
Power[MW] P 2.5
Efficiency[%)] n 95.8
Voltage[V] Vsn 690
Poles 2.p1 4
Phase m 3
Speed[rpm] Ny 1500
Frequency[Hz] fi 50
Max Slip Smax +0.25
Electromagnetic Power

8 Suy = —mt 2.604
power[MW] g 0.96
Stator power[MW] Ssn 2
Rotor power[MW] Srn = Ssn|Smaxl 0.5
Stator Design
Electromagnetic T, = San
e IA 13.27
Torque[kN.m] 2np— (1 + |SpmaxD
1
The shear rotor stress 15<f, <6 6
[N/cm?] Co
Li
Stack length ratio A= oo 02<4A<15 1
Stator Internal 2XT,
. Dy = |——¢ 0.52
Diameter[m] ' TXAX fyr
Stator Outer D. . —148.D 0.796
Diameter[m] out = mET s '
Rated stator current[A] = Ssn 1675.46
™ VBV '
Airgap flux density[T] Byq 0.75
. nDis
Pole pitch[m] T= 0.4
2py
T
sing T
Koo = —_Z
w1 2T
q1Sin 64
Stator winding factor q1 = 5 (slot per pole per phase) 0.9097
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KE VSN

Number turn per Wy, = V3
=
current path (rough ZﬁlelKWlaBglfli 19.32
calculation) K =097 (0.97 < Kz < 0.98)
a, = 2 (current path)
Number of turn per coil Me1 = 219, 2
( aq )
_2py
Number turn w;, = a—‘hnm 20
1
. T[Dis
Stator slot pitch[m] Tg = ——— 0.0266
m2p;q,
Stator number of slot Ng = 2p,qm 60
Isy
Stator conductor cross cos = -
tion[mm?] 4 Qi-Jcos 128.88
sec Jcos = 6.5 [mmz] (assumed current density)
Stator slot width[m] Ws = 0.5 74 0.01333
_ 2n¢1Acos
Stator useful slot su="—71—
area[mm?] s 937
ks = 0.55 (assumed filling factor)
Stator useful slot Agy
hey =——— 70.315
height[mm] S1000 * Wy
Arigap[mm] g = (0.1+0.012%/S;,)1073 1.6
_ Byt
Stator back i [m] o b 0.0637
atorback ron corelm B.; = 1.55 [T] (assumed stator core flux '
density)
Outer diameter[m] Doyetm = Dis + 2(hgy + hgy, + hes) 0.7997~0.8
Cross section area of 4 Acos
elementary cose 4 32.2
conductor[mm?] Number of elementary conductor=4
hce — ACOS@
Uce
Height of elementary Ace = 12[mm], (width of elementary 5 68
conductor[mm?] conductor) )
m, = 16 (number of layers elementary
conductors)
Skin Effect
ﬁ — wlﬁuoo-co&
2 W
-1
B[m™] w, = 21 f, 69.64
to = 1.256 x 107°
0.0 = 4.3 x107
€ (unnamed in the
E= [ Xhg 0.1866

reference)
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mZ—1
Krme = @(§) + 3 Y(é)
Skin effect coefficient sinh2& + sin2¢&
(for 16 layers ) =¢ = 1.04675
cos2hé — cosé
elementary conductor) . ]
W(E) = 28 (sinh¢ + sing) c et 104
~ 7 coshé +cosé
l; (1 + cosy)?
Kraa = 4‘34-}136 ] . chz‘n 4
. . turn
Additional skin effect Liyrn: coil turn length 0.01847
= (1 — X) T 0 (for dimentional coil)
Y T/ 2
. _ lstack
Total skin effect factor Kg =14+ (Kype — 1) i + Kpaa 1.03717
turn
Rotor Design
Wy Ky, 1
Turn ration = = 4
* T WiKwi  |Smaxl
Stator current reduced , Isy
I'sy =— 418.865
to rotor side[A] SN Krs
Rotor-reduced
I, = ! 125.6595
magnetizing current[A] m = Kml'sn
Rotor current at max R , 5 2
= |I ! 437.
S“p[A] IRN ISN +1 m 3
Rot fact CoOSQPry = il 0.9578
otor power factor 2N = 7= n .
i V3 VenIRy
T
Ssin -+ T
Rotor winding factor qzsing 2T 0.925
2
q» = 4 (Rotor slot per phase per pole)
Rotor number of slot N, = 2pg,m 48
Wy Ky K,
Rotor turns per phase 2 = —LWLRS 78.53~80
Ky
Number of turn per coil Mz = (2P1Q2)
—_— 5
for rotor a
a, = 1 (rotor current path)
Rotor slot pitch[m] 7Dis 0.033805
otor slot pitch[m g =———— .
5 m;2p1q;
A = Irn
Rotqr conduzctor cross €T = G Jeos 434
section[mm?] . A .
Jeor = 8 [mmz] (assumed current density)
Rotor slot width[m] Wy = 0.45 14 0.0152
R el ] _ 2ne2fcor
a;)::[rn?rsnez]u slot an kf 789 09
ks = 0.55 (assumed filling factor)
A
Rotor useful slot ru 51913

height[mm)]

hpy = ——o—
RU™1000 = Wy
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(Dis — 2(g9 + hgy + hgw))

M.i(;\tirr‘rEum ;otor teeth Wirmin = Ny 11.43
wi mm
— WR
Maximum rotor teeth By1Tr
B = 2.22
flux density|[T] CRIMAX T W, min
Byt
Rotor back iron radial R nB, 0.0597~
path[m] B = 1.6[T] (assumed rotor core flux 0.06
density)
Inner diameter[m] Digp = Djs — 2(g + hgy + hpy + her) 0.287
Magnetization Current
Kc = Kc1Keo
1
KCl,CZ = —g, KCl == 10826, KCZ
— V1,2 275,
= 1.04
(2WS,,R,>2
Carter Coefficient _ g 1.126
Y12 = —>Sur_
ZWSI R’
54+ ———
g
Ws 13.2
Wg = —=——=4.066
Hrs 3
Wy 15.2
Wgr =——=——=3.04
HRR 5
Bg1
Airgap mmf [A.turns] Fua = gKc ,u_ 1083.86
0
H ‘ Fyp = Hes(hgy + hsw)
Stator teeth mm Ts
B;s = B X —=— = 149|T 94.62
[A.turns] 5777wy [7]
Hys = 1290 [A/m]
FBC ~ Hcs- lcsav
Stator back iron mmf 2 (Doyt — hes)
l ~ —————==0.19266 258.17
[Aturns] Ueswlse ~ 35 - m
H.s = 1340[A/m]
Fprgr = Hyp(hgy + hgw)
Byt = Byy X Mf—; = 1.3629[T]
Birm = By X —2— = 1.69[T
Rotor teeth mmf tRm g1 WtTRm 7] 29234
[A.turns] Birp = Bgq X W—I; = 2.2[T] :
Bigp: + Bipp + 4B
B = tRt tR6b tRm _ 1.72[T]
H;. = 5334 [A/m]
Fgrer = Heg- lerav
2m(D + hep +0.01
Rotor back iron mmf leray = 3 ( Shaftz 2 cR ) 216.92
[A.turns] “P1 )
= 0.19266m

Heg = 2460[A/m]
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_ 3WyKyzlgoV2

. . m
Total magnetization P, 1946.40
mmf [A.turns] = (Fyu + Fap + Fpe
+ FAIBI + FBICI
TT. pl
Iro = Fn————F%=
No-load rotor In 3Wz. Ky2V2 39.05
0 .
current[A] Kn = Iy = 0.09322
(compare it with assumed K,;,)
Fiyg +Fge + Fyrpr + Fprpr
Saturation factor[%] s = AP Be F 45 BC 79
A4’
Reactances and
Resistances
Magnetization _ by (W1 aKws)?l; 8.0428
Inductance[mH] ™ m2p,gKe(1 + Ky) '
Magnetization
Xy = L 2.582
Reactance[Q] m = ®1 bm
_ Vsy
Base reactance[Q] Xy = T 0.238
SN
Magnetization Xy = Am 10.85
Reactance[p.u.] Xp
lfS = 2(ll + ll’) + T[hSt
BsT
=2 (l + )+ h
LY 2cosa) TS
I=0.015 [m]
Sf;t:; etr]c;jn[m] B y_12 0668
C cti =2 ="
$ 1t 15
hss = 0.07035 [m] (diameter of end
connection)
a=40°
W42 1 R
Stator resistance[Q] Rs = proto0e ——— (li + lfs)— 0.429x10
ACOS al
le = #0(2ncl)zli(/15 + Aend + Ads) _52
mia;
The slot coefficient, A, = Pou hs—",” = 7.852
3wy W/
The end connection coefficient,
lrg — 0.640,T
Stator leakage Aong = 0.34q, "5 = 15143 0.257x103
inductance[mH] i
The differential geometrical permeance
o,
AdS = 09‘[5 (‘hKWl)Z K()l ds = 1127
Kcg
Wy
Ky =1—-0.033|—) = 0.9873
gTs
Stator leakage
X = w.l 0.0823
reactance[Q] st = @ibst
Rotor end l =2(l+ bt )+n(h + hpw)
, I Y7 2cosa RU T TRW 0.6375
connection[m] I, = 0.015 [m]
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y 10
Br==

T 12
a = 40°
Rotor resistance[Q] - W,.2 3
Ry = o— (L +1 83.8x10
(reduced to rotor side) R = Peot00 Acor (i +1s)
r 2 NR
Ly = uo(2ne2)“li(Asg + Aenar + AdR)E
The slot coefficient, A, = hry 4 hR—‘;V =
3Wg W
2.1256
The end connection coefficient,
Rotor leakage L — 0.640,T
inductance[mH] Aomar = 0.34q, Z——— "R = 11093 4.858
(reduced to rotor side) i
The differential geometrical permeance
o,
Aar = 0.97x (q2Kuw2)? Koz —~ = 1.413
Kcg
Wr
Ky, =1—-0.033|—] = 0.994
9Tr
Rotor leakage
reactance[Q] X = wLy" 1.525
(reduced to rotor side)
Rotor resistance[Q)] Ry = Isz 5.24x10°
RS
Rotor leakage Ly,
Lp == 0.303
inductance[mH] RU™ ks
Rotor leakage Xpy = X_,Zu 0.0953
reactance[Q] Kgs
Stator copper 5
P.,c = 3 X KxR¢l 37.47
losses[kW] cos RTSSN
Rotor copper i
P.,. =3 X Rkl 48.075
losses[kW] cor RERN
Py = 3Vsplp
ipri 1.3119
Sliprings losses[kW] The voltage drop along brushes is Vg = 1V
Stator back iron
weight[kg] Gcs ~ T[(Dout - hcs) X hcs X li X Yiron 582
T 2
Ges = {Z [(Dis + 2(hsu + hsw)) - Dlzs]
Stator teeth weight[kg] — N, X (hgy, + hgy) 313.8
X VVS} liyiron
fi 15
Pirons = Pl_g (%) (KtBtszts + KyBcszcs
w
Stator core losses[kW] P10 = 3[—] 8.442
50 kg
Kt = 16
K, =13
Rotor core losses[kW] Pironr < SZax Pirons 0.527
Zpe = Pcos + Pcor + Pirons + Pironr + Pad
Total losses[kW] 101.2

+ P,
Padd = 10 [kW]
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Efficiency[%)]

Te

Pgy + Pry

" Psy+Pry + 2P,

95.8
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Appendix B

The micro-DFIG’s structural profiles for the stator, the rotor and the shaft are presented
in Fig. 1, 2 and 3.

Figure 1 The micro-DFIG 2D and 3D stator sketch.
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Figure 2 The micro-DFIG 2D and 3D rotor sketch.
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Figure 3 The micro-DFIG 2D and 3D shaft sketch.
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Appendix C

SURA M530-65A silicon-steel is used to laminate the micro-DFIG’s cores and the
lamination thickness is 0.5mm. Table 1 presents the loss details of SURA M530-65A
silicon-steel at 50Hz.

Table 2 SURA M530-65A silicon-steel loss details at 50Hz

Flux density[T] [W/kg] [VA/kg] [A/m]
0.1 0.02 0.08 39.2
0.2 0.11 0.23 53.2
0.3 0.23 0.41 62.9
0.4 0.38 0.62 71.5
0.5 0.56 0.86 79.8
0.6 0.76 1.14 88.5
0.7 0.98 1.46 97.8
0.8 1.24 1.82 108
0.9 1.53 2.25 120
1.0 1.85 2.76 134
1.1 2.12 341 156
1.2 2.62 4.28 195
13 3.07 5.65 271
14 3.63 8.66 466
1.5 4.26 18.46 1085
1.6 4.97 49.01 2750
1.7 5.59 115 5797
1.8 6.10 226 10270

Table 2 shows the magnetic details of SURA M530-65A silicon-steel.

Table 3 SURA M530-65A silicon-steel magnetic details

Magnetic polarization at 50Hz

H = 2500 A/m, [T] 1.59
H =5000 A/m, [T] 1.68
H = 10000 A/m, [T] 1.79
Coercivity (DC) [A/m] 60
Relative permeability at 1.5 T 1110
Resistivity [uQcm] 38
Yield strength [N/mm?] 285
Tensile strength [N/mm?] 430
Young’'s modulus, RD!!, [N/mm?] 190000
Young’s modulus, TD!2, [N/mm?] 210000
Hardness HV5 (VPN) 145

" Rolling Direction
2 Transverse Direction
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