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Abstract

The use of fossil fuels for power generation over a long period is one of the major cause
for the global warming, which has now become a serious environmental concern. An attempt
to reduce the effects of climate change due to carbon dioxide production and to meet the future
energy requirement has resulted in significant research in renewable energy sources for power
generation. The present thesis is mainly focus towards the design and development of generator
suitable for low power wind conversion systems.

The machine specifications have been obtained from the wind turbine model, such as torque,
speed, and power. Based on these specifications, the design of a synchronous reluctance gen-
erator (SRG) with a rating of 2.1kW is proposed in the thesis. Due to its ruggedness, and
good efficiency, its potential application may be towards the electrification of the rural area of
a country. In SRG, the design of the rotor is the most challenging part of the design. Here, the
thickness of the axial and tangential ribs plays a significant role in its performance. The design
procedure presented in the work includes the effect of stator resistance, as it cannot be neglected
in the design of SRG with low power ratings. Various parameters of the designed machine are
analyzed through an analytical model and cross-verified through Ansys Electronics Desktop
software. Further, the thesis includes experimental validation of the results. The formulae to
approximate the minimum values of the excitation capacitor requirement, for a self-excited
SRG with inductive load, are developed. Further analysis of the generator’s performance under
different conditions of wind speed and loads is evaluated.

The effects of placing the ferrite magnet into the rotor air barrier of synchronous reluctance
generators (FM-SRGQG) on its electromagnetic performance have been analyzed. The difference
between average electromagnetic torque and ripple torque is used as a measure of the perfor-
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mance index. Here, in the analysis, a magnetic material is placed in the middle of each air
barrier, and its size is symmetrically increased on both sides to increase the percentage of the
volume of the magnetic material. The effect of an increase in the volume of the magnetic ma-
terial on its performance is presented. Moreover, the variation in electromagnetic features such
as the d— and g — axes inductance and flux linkage is also explored and compared for different
volumes and ferrite material.

Design and analysis of electromagnetic performance in itself are not enough to secure the
durability and reliability of the machine. The mechanical and thermal modeling of the machine
also plays a significant role in machine design. Hence, the thesis also includes the mechanical
and thermal analysis of SRG.

The mechanical analysis consists of the analysis of the change in the mechanical stress due
to the presence of centripetal force, wind speed, and rotor speed on the tangential and radial
ribs with different thicknesses. Moreover, the variation in the electromagnetic feature such as
the g— and d — axes flux, reactance ratio, inductance, torque, and torque ripple are discussed
for different thicknesses of tangential and radial ribs. Increasing both tangential and radial rib
thickness has an effect on the electromagnetic performance, but it is observed that the effect is
significantly more with the variation of tangential rib thickness. Similarly, the mechanical stress
analysis for rotor design has been explored in this work. It is observed that a high concentration
of peak stress on the rotor ribs, which limits the range of rotor speed.

The study focused on the thermal analysis of the synchronous reluctance generator (SRG)
with a rating of 2.1 kW, mainly uses explicit, and implicit finite difference methods for the ther-
mal analysis to reduce the complexity of thermal calculation for the machine’s components. It
compares the results with the results obtained using a finite element analysis (FEA) and includes
the experimental verification of the obtained results. The explicit, and implicit finite difference
thermal analysis is relatively simple and computationally fast. Once the design parameters are
known, the electric losses and iron losses of the SRG are evaluated. These machine parame-
ters are utilized in developing the explicit finite difference (EFD), the implicit finite difference

(IFD), and the 3D FEA model for thermal analysis. It is observed that the obtained results from
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the EFD, IFD, FEA, and experiments are very close to each other, and the temperature rise for

the designed machine is within the desired and acceptable range.
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1. INTRODUCTION
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Figure 1.1: Wind energy conversion without power converter interface for fixed speed

In recent times, there is a significant focus on the development of green and sustainable grids
to meet the future energy demand. The world is witnessing rapid growth in the generation of
electricity with large wind farms and solar power plants, etc [4,5]. These large wind farms are
located mainly in the places where high-speed wind i.e., in the range of 10-15 m/s is observed
for most of the years. In many parts of the globe, the average wind speed is not very high and
the large wind turbine may not be suitable to extract wind power, thus by having a large number
of a small power rating wind turbines, it may be possible to harness power from wind energy at
low wind speed which may be suitable for providing the electricity to rural areas of the country.

The generators normally used for wind energy conversion are the squirrel cage induction
generator (SCIG), doubly fed induction generator (DFIG), wound rotor synchronous generators
(WRSGs), and permanent magnet synchronous generators (PMSGs), etc. The power ratings of
these generators vary from a few kW to several MWs [6, 7]. The SCIG is rugged and simple in
construction. It is comparatively inexpensive and requires minimum maintenance. The SCIG
can operate as fixed-speed wind turbines. The SCIGs are also employed in variable-speed wind
energy systems. The main drawback of fixed speed wind energy conversion system (WECS)
is their low energy conversion efficiency for the variable wind speed. Fig.1.1 shows a typical
schematic of a wind energy conversion system with SCIG.

In recent times, there is wide use of DFIG as the generator in WECS. This is mainly for its
good performance with the wind at variable speed. In DFIG, the stator of the generator is con-

nected to the grid directly, while the rotor is interfaced with the grid through the converter with
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reduced power capacity. The use of a rotor side converter with reduces capacity significantly
reduces the cost and the requirement of space. Fig. 1.2 shows the DFIG based wind energy
system with a reduced capacity converter. Using the power converters, the system power fac-
tor can also be adjusted. The converters process the slip power in the rotor circuits, which is
approximately 30% of the rated power of the generator. The use of a converter also allows
bidirectional power flow in the rotor circuit and increases the speed range of the generator. The
DFIG improves overall power conversion efficiency, extends generator speed range +30%, and
increases dynamic performance as compared to fixed speed SCIG.

The Wound Rotor Synchronous Generator (WRSG) is very well suitable for direct-drive
wind turbines with a high power rating. The rotor field winding of the WRSG requires DC
excitation. The rotor current can be supplied directly by brushes in contact with a slip ring
attached to the shaft and electrically connected to the rotor winding. It is simple but it needs
regular maintenance of brushes and slip ring.

In the Permanent Magnet Synchronous Generator (PMSG), the rotor magnetic flux is gen-
erated by permanent magnets. Thus, the PMSGs are brushless. Due to the absence of the rotor
windings, it has a high power density, thus reducing the size and weight of the generator. More-
over, there are no rotor winding losses and result in reducing the thermal stress on the rotor.
The main drawbacks of PMSGs are their high cost and are prone to demagnetization. For all

generators, the performance of the wind energy conversion system can be enhanced with the
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use of a full capacity power converter as shown in Fig.1.3.

Out of these, SCIG is rugged but less efficient, whereas DFIG and WRSG are costly and
requires frequent maintenance. The cost of PMSG is also quite high and hence is not much
suitable for rural electrification. In recent times, there is some focus on the use of synchronous
reluctance generators (SRGs). They are rugged, less costly, and has better efficiency.

The distribution generation (DG) of three phases AC/DC grid-tied system is also getting
higher attention than a centralized generation because of transmission cost, mainly for rural
areas which are distant and away from the urban. The critical issues included in the distributed
generation of DC grid-tied involves machine design, energy conversion, control, and integra-
tion. A lot of electrical machines can be used and designed for electromechanical energy con-
version, each with its own advantages and disadvantages [8,9].

Motivated by these ideas, the present thesis is towards the design and development of a
synchronous reluctance generator (SRG) of a low-power suitable for wind power conversion
systems operating at low power.

1.1 Literature Review

The advantages of self-excited induction generators (SEIGs) in stand-alone wind energy
generation has gained attention in recent days. This is mostly due to its merits over the ac syn-
chronous generator, such as robustness, rugged, brushless, simple, and relatively low mainte-
nance cost [10]. Moreover, self-excited induction generators do not require a DC supply circuit
for their excitation [11]. However, the main drawbacks of SEIG are its poor regulation of the

voltage and frequency under varying loading conditions. The generated voltage and frequency
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are highly dependent on the speed of the prime mover, and the loading condition due to the
presence of slip. As a result, it requires a very sophisticated voltage and frequency stabilizer,
which significantly increases the cost of installations [12, 13].

There are other generators such as Doubly Fed Induction Generator (DFIG) and permanent
magnet synchronous generator which are used as generator in wind energy conversion systems
(WECS). Compared to them, the suggestions or use of synchronous reluctance generator (SRG)/
ferrite-magnet synchronous reluctance generator (FM-SRG) as a potential generator of WECS
is relatively new, and the availability of the literature is also less. Moreover, it is difficult to find
the literature associated with the design and modeling of SRG with a low power rating. Most
of the models available in the literature have neglected the effect of stator resistance, which
normally will lead to an inaccurate model, especially for a low power generator. The SRG has

many advantages as as mentioned below [14—16].

e There is no copper winding in the rotor. Thus, the SRG is less costly and has no copper

losses in the rotor.

e [t reduces the risk of frequency and phase voltage variation in case of load change/ fault.

o [t still exhibits high torque density and efficiency even without the need of using a ferrite

magnet.

e [t is more compact compared to other machines [12, 13].

1.1.1 Self-excited Synchronous Reluctance Generator

Wang L. et al. [17] and Sullivan R.et al. [18] reported the key technology behind the design
and development of robust, efficient and small scale generator. A few mathematical models
have been built to analyze the performance of a self-excited synchronous reluctance generator.
Abdel-Kader et al. [19] attempted to develop an equivalent circuit for the SRG in the same
manner as the SEIG. Yawei Wang et al. [20] also presented the analysis and modeling of self-
excited synchronous reluctance generators with and without load, but, they used only resistive

load in the model. Moreover, the effects of core losses and saturation effects are neglected,
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despite the losses and saturation have a significant effect on the performance of the machine
with low power ratings. Rahim H. et al. [12, 21], investigated dg axes transformation-based
model and demonstrated its validity. T. F. Chan. et al. [22], suggested a two-axis theory to
model and analyze a three-phase self-excited reluctance generator that supplies power to an
isolated inductive load. However, in these surveys, the estimation of the ratings of the excitation
capacitor is not included. Nevertheless, these researches are mostly based on conventional
salient rotor synchronous reluctance generators, i.e., no magnetic material or bridges in the
rotor. Syede Sara M. and Pragasen P. [23] presented the conditions for self-excitation in terms of
minimum residual flux and maximum start-up acceleration to trigger up self-excitation. Bianchi
N et al. [24] reported the detailed design of rotor flux barrier design for torque ripple reduction in
synchronous reluctance machine. Maged 1. and Pilly P. [25] have presented that the conditions
to achieve successful self-excitation of SRG for operating in a stand-alone system. i.e., build up
of the terminal voltage, and rotor core residual flux is the primary conditions for self-excitation
of SRG. Thus advancements in the design and modeling of SRG are required for its practical
implementation and cost reduction. Hence, it is important to consider the saturation effects,
stator core loss, compactness, and estimation of minimum excitation capacitor in its design,
modeling, and implementation.
1.1.2  Self-excited Ferrite-magnet Synchronous Reluctance Generator

Yawi W. and Nicola B. [26] analyze the steady-state performance of self-excited Permanent-
magnet (PM) assisted reluctance generator. Nicola B.et al. [27] reported the performance com-
parison between the PM-assisted reluctance motor and synchronous reluctance motor. The
geometry analysis and optimization of PM-assisted reluctance motors are reported by Y.Wang,
G. Bacco, and N. Bianchi [28]. The rotor saturation of PM-assisted reluctance and synchronous
reluctance motors have been analyzed by Emanuele F. et al. [29]. Camara M. et al. [30] pre-
sented the merits of PM-assisted synchronous generator such as the compactness in size, no
additional DC supply for magnetic field excitation, and robustness in construction. The main
problem with this generator is the cost particularly when neodymium material is used. Latoufis
etal. [31] suggested to use low-cost PMs such as ferrites and alnico. Aissaoui et al. [32] reported
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the performance of the generators with low-cost PMs is low compare to the same generators us-
ing a neodymium magnet. In order to keep the generator with low-cost PM feasible, attention
should be paid to the optimization and design. Therefore, the challenge for small-scale and
micro-scale wind power generation is to find a solution to the development of the lower costs
generator with good efficiency and reliability.

This is one of the motivations for this research work. For that, two configurations of low-
cost SRG and FM-SRG suitable for wind power applications have been studied.

1.1.3 Mechanical stress and thermal analysis of Self-excited SRG

For all types of electrical generators, mechanical stress, and heat flow analysis is very impor-
tant for their reliability and performance. In general, thermal analysis and mechanical analysis
is quite complex, as it involves solving equations related to heat flows and mechanical stresses.
Moreover, these analyses require the generator parameters along with the properties of the ma-
terial in detail.
1.1.3.1 Mechanical stress of Self-excited SRG

The design of SRG rotors usually uses the rotor topology that can be either transversely
laminated variant (TLV) or axially laminated variant (ALV) [14]. The TLV being the most
common anisotropic [15]. During the designing of TLV, flux barriers number and their shape
insulation ratio are investigated in most cases [16,33].

According to the survey, it is observed that the large size gearbox may damage wind turbines
during large disturbances. Bang D. et al. [34] proposed that it is advantageous to have a small
gearbox with a small gear ratio or direct drive wind turbine. Klaus G. et al. [35] and Rouhollah
S. et al. [1] reported that it is important that to make the small size generators with high power
density, high torque, and coupled with turbine directly or through the gearbox with a small gear
ratio.

Park et al., Mohammadi et al. [36] and Di Nardo et al. [37] have investigated different
computational and analytical barriers optimization methods. The suitable selection of material
grade is also one of the promising areas of investigation along with its impact on wind-driven

SRG [38-40]. A very few and rare studies have been carried out on the analysis and design of
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mechanical stress, and electromagnetic performance on the design and thickness of radial and
tangential ribs that link the flux lines.

An SRG with a high power factor requires a high d— to g — axis reactance ratio, which can
be achieved through the high-quality design of the rotor. This comprises not only the design
of the number of barriers, shape, and the number of poles but also the design of tangential and
radial ribs to ensure good performance. The effect of centripetal or centrifugal force on radial
and tangential ribs for a wind turbine operating at a steady-state needs to be studied.
1.1.3.2 Thermal Analysis of SRG for Wind Energy Application

Even though SRG has many advantages, some failure is observed due to thermal overload-
ing and insulation breakdown. O’ Donnell P. Part I [41] reported that a significant number of
machine failures are due to the temperature overloading of the various machine components.
O’ Donnell P. Part II [42], Albrecht P. E. et al. [43] and Firoz A., Narayan C. [2] reported that
nearly, 45% of the induction generator failures are associated with failure of insulation of cop-
per winding and iron core. Tallam R.M. and Lee S.B. [44] reported the rise in temperature
slowly degrades the quality of insulation, which is the main cause of generator failures.

The thermal overloading and insulation breakdown failures can severely affect the genera-
tion capability. Moreover, it also increases the financial cost associated with the maintenance
and replacement of the machine. Staton D.A. and Cavagnino A. [45] identified that the thermal
analysis of the generator is as vital as the magnetic design, and it plays an important role in the

design of overload thermal protection system.

1.2 Motivation

In literature, many designs along with their performance are presented for the synchronous
reluctance motors. Almost all the surveys are based on the performance improvement of the
machine such as ripple torque reduction, optimization of rotor design, power factor, and effi-
ciency improvement. Different types of rotors shape such as trapezoid, U-curve, circular and
multi-bridge are used as per the requirements. Mostly, the trapezoid shape is used as it involves
less complexity along with high mechanical stability compared to others.

Research on electric machines driven by wind turbine systems has drawn extensive attention
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over the past few years. The electric machine for wind turbines should have high power den-
sity, maintenance-free operation, long durability, and high efficiency. Hence, the design of the
electric generator must be based on the wind turbine performance, such as power, mechanical
torque, and speed.

There is a lack of literature related to the design of an electrical generator considering the
coupling of it with a wind turbine. There is also a need to have a better analytical model of
SRG and FM-SRG developed using dg rotor reference frame. Moreover, many authors in their
reported literature have neglected core losses, g — axis saturation, effects of stator resistance
on torque. In addition to this, there is a gap in the literature associated with the compactness
analysis of SRG and FM-SRG, and estimation of minimum capacitance required for the self-
excitation stand-alone SRG and FM-SRG with inductive load.

The thermal and mechanical stress analysis is required to ensure the long durability and
stability of the electric machine. The available research works on thermal and mechanical
stress analysis are mostly related to induction generators and AC synchronous generators. It
is observed from the literature review that the thermal and mechanical analysis of the SRG in
self-excited mode is not covered widely, and has no simple and fast method for its analysis.
Therefore, it is important to provide the thermal and mechanical stress analysis of SRG in detail
to fill the gap in the available literature.

The above are the main motivations behind the design, development, and modeling of SRG

and FM-SRG.

1.3 Scope and objectives

This section mainly discusses the scope and objective of this thesis. The author observes that
there is a significant gap in the available literature on the design, development, and modeling of

SRG/ FM-SRG. Thus, this thesis tries to fill these gap with the following contributions:

(i) Design and modeling of Self-excited Synchronous Reluctance and Ferrite-magnet

Synchronous Reluctance Generators for suitable for Wind Energy Application:

This includes wind turbine modeling, design, and analytical modeling of the self-excited
TH-2546_156102022
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SRG and FM-SRG in the g and d-axes rotor reference frame. The developed model
includes ¢ and d-axes saturation of inductances saturation and stator core losses. While
designing, more attention is paid towards the increase in its efficiency, compactness, and
its performance in the presence of inductive load. Further, the effects of stator winding

resistance on electromagnetic torque is analyzed.

The finite element method, analytical calculations, experimental setup, are used to vali-
date the analytical results. Simple formulae is developed to approximately the minimum
values of excitation capacitor for self-excitation of SRG/ FM-SRG. It also includes the
generator’s performances under different conditions of wind speed and loads are pre-

sented and analyzed.

(i) Electromagnetic-Mechanical Stress Analysis of Wind-Driven Self Excited Synchronous

Reluctance Generator:

It includes the mechanical stress analysis on the different sizes of tangential and radial
ribs due to the centripetal force. The calculation of the centripetal force is based on the
wind speed and rotor speed of the generator. It also includes an analysis of the variation in
the electromagnetic feature such as the g— and d — axes flux, reactance ratio, inductance,
and torque ripple for different sizes of tangential and radial ribs thickness. Similarly, the
mechanical stress analysis of the rotor shows that a high concentration of peak stress is

observed on the rotor ribs which limits the range of rotor speed.

(iii)) Implicit and explicit thermal analysis of SRG for wind energy application:

Explicit and implicit has to be used for solving proposed finite-difference modeling for
thermal analysis to accurately estimate temperature rise at hot spots, such as end winding,
stator windings, and the end region of SRG. It is observed that the temperature rise for
the designed machine is good and within the desired and acceptable range.

1.4 Thesis Organization

In this section, a brief description of each section of the thesis is presented. The thesis

consists of six chapters:
TH-2546_156102022
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e Chapter 2: This chapter includes the design and analytical modeling of the synchronous
reluctance generator. The performance of the machine includes both d and g-axes satu-
ration effects. Further, the compactness, reliability, and efficiency of this generator are
analyzed. The performance of the machine for change of load, constant speed, and vari-
able speed is also analyzed. This also includes the effects of stator winding resistance on

electromagnetic torque.

e Chapter 3: This chapter includes the design and analytical modeling of the ferrite magnet
synchronous reluctance generator. The performance of the machine includes both d and
g-axes saturation effects. Further, the compactness, reliability, and efficiency of this gen-
erator are analyzed. The performance of the machine for change of load, constant speed,
and variable speed is also analyzed. This also includes a detailed comparison of SRG and

FM-SRG.

e Chapter 4: This chapter includes mechanical stress and electromagnetic analysis of an
SRG with a transversely laminated variant of the rotor. Mostly, this chapter focuses on
issues related to mechanical stress and the electromagnetic design of an SRG rotor. The
effects on the d — axis and g — axis inductances are analyzed with varying the radial and
tangential ribs thickness. In a similar way, the effects of mechanical stress on the radial
and tangential ribs are evaluated by varying the radial and tangential ribs thickness. It
is observed that d — axis and g — axis inductances are affected by increasing/decreasing
the thickness of radial and tangential ribs. The thickness of these ribs is chosen based on

mechanical and electromagnetic analysis.

e Chapter 5: This chapter is focused on the thermal analysis of the self-excited synchronous
reluctance generator. The thermal analysis is for the machine designed in Chapter 2 of
this thesis. The losses of different components of the generator including electrical loss
and core loss are included in the model as the heat source. Three techniques are used to
perform overload thermal analysis. Mainly, the explicit, implicit, and FEA-based thermal

analysis. The analysis includes the thermal response of different components of SRG.
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e Chapter 6:In chapter 6, the general conclusions from the research work and the scope for

future work are presented.
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2. DESIGN AND MODELING OF SELF EXCITED SRG FOR WIND ENERGY GENERATION

2.1 Introduction

In recent years, the evolution of renewable energy sources such as solar, hydroelectric, wind
energy, biogas and geothermal energies have gained global attention. Rahim et al. [12] reported
that an isolated self-stand generating strategy is desired to achieve electrification in distant ar-
eas. The conventional stand alone energy generation system utilizes a synchronous genera-
tor that requires a direct current field excitation. Nagria et al. [46] identified that the convec-
tional energy generating methods are not suitable for rural electrification. Instead, a self-stand
and self-excited generating system will be more convenient for such applications, as depicted
in Fig.2.1(b). For machines like synchronous reluctance machines and induction machine,
self-excitation can be realized by the interconnection of excitation capacitors in star or delta
across the stator terminals, allowing them to be used as a self-stand generators [47], [48], [20].
The self-excited induction generator (SEIG) offers certain advantages over a conventional syn-
chronous generator as a source of isolated power supply, such as low cost, rugged structure,
reduced size, the absence of a direct current source for field excitation and low maintenance
requirements [20,23,49]. However, the frequency of the generated voltage is influenced by the
connected loads and excitation capacitor bank. A self-excited synchronous reluctance genera-
tor (SRG) has almost all the advantages of a self-excited induction generator. In addition, its
rotor copper losses and the output frequency are not much influenced by the load, i.e., the load
variations do not significantly affect the rotor speed and frequency of output voltage [22,50].

In literature, only few mathematical models have been built to determine the performance of
a self-excited synchronous reluctance generator. Abdel-Kader et al. [19] attempted to develop
an equivalent circuit for the SRG in the same manner as the SEIG. Yawei Wang et al. [20] also
attempted analysis and modeling of self-excited synchronous reluctance generators. But, the
load is limited to no load and resistive load conditions. Moreover, the effects of core losses
and saturation effects are neglected, although the losses and saturation have significant effect
on the performance of the machine. Rahim H. et al. [21, 22, 24], [51], investigated dg axes

transformation based model and demonstrated its validity. T. F. Chan. et al. [22], develops
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Figure 2.1: (a) Cross-section and dq axes rotor reference frame of the SRG. (b) Stand-alone generating
system for rural area applications.

a two-axis theory to model and analyze a three-phase self-excited reluctance generator which
supplies to an isolated inductive load. However, in this survey, simple method to estimate

the excitation capacitor is not included. Nevertheless, these research papers are mostly based
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on conventional salient rotor synchronous reluctance generators, i.e., no magnetic material or
bridges in the rotor.

In this Chapter, wind turbine modeling, design and an analytical model in the dg rotor
reference frame is developed as shown in Fig.2.1(a). In addition, the inductive load is considered
to estimate the performance of the SRG. A new and simple method to estimate the minimum
capacitance requirement for the inductive load is applied. Electromagnetic torque equations are

developed in terms of stator winding resistance.

2.2  'Wind turbine model

Among renewable energy sources on the earth, the generation of electricity from wind en-
ergy is more economical and environmentally friendly. Nowadays, there is a significant expan-
sion in the use of wind for power generation. It results in the need for developing turbines and a
generator of higher power ratings. Since the present work is more focused on the development
of low cost, high-efficiency generators for rural applications. The rating of the turbine is in the
range of kilo watts. The performance coefficient of the turbine in terms of the tip speed ratio

(TSR) and blade pitch angle is given in equation (2.1) [52]:

C -C
C,(A, @) = cl(f — C3a — Cy) exp TS +Cod (2.1)
1 1

where;
(@ + 1D+ 0.08a)

= (2.2)
@ —0.0028a — 0.0354 + 1

A

For various types of wind turbine, the values of C; ~ C¢ are different. Fig.2.2(a) depicts the
group power coefficient curves and tip speed ratio for C;, C», C3, C4, Cs and Cg as 0.219, 119,

0.4, 6, 12.5, and 0, respectively. The turbine output power is given in (watts)

_ Rimp,Cp(d, )@’
" 243

(2.3)

The value of A has been selected for optimal point of C,, at @ = 0 as shown in Fig.2.2(a). Once

the values of A and C,, are found, the turbine speed and the radius are calculated from (2.3) and
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(2.4). The tip speed ratio can be expressed as:

(2.4)

The torque causing the rotation of the wind turbine shafts depends on the turbine rated power

output and angular velocity. It can be expressed as:

A = ﬁ _ anpan(/l, @)Q?
"Q 243

(2.5)

The gearbox used in wind turbine is utilized to transfer torque to the generator shaft rotating at

a higher speed. The gear ratio is expressed as:

(2.6)

where, w and Q are the rotational speed of the generator and turbine, respectively. Equations
(2.1) to (2.6) are used to design a wind turbine that can produce an output shaft power of 2.1 kW
at a rated mean wind speed of 10 m/s. Table 2.1 summarizes the designed parameters of the

wind turbine. The variation of power coefficient of the wind turbine for different blade pitch

Table 2.1: Initial data and calculated values of the wind turbine parameters

Parameters Optimal values  units
TSR(1) 6 -
Mean wind speed 10 m/s
Gearing ratio 4.488 -
Blade speed 35 rad/s
Performance cof ficient limit 0.408 -
Mechanical transmission ef ficiency 90 %
Mechanical power 2.1 kW
Mechanical torque of tubine rotor 68.94 Nm
Mechanical torque of generator shaft 12.75 Nm
Generator rated speed 157.08 rad/s
Turbine blade radius 1.68 m

angle « is shown in Fig. 2.2(a). Fig. 2.2(b), shows the generated mechanical power at different
wind velocity. From Fig. 2.2(b), it is observed that as the wind speed increases, the rotational

speed of the turbine also needs to be increased to extract maximum power out of the turbine. It
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Figure 2.2: (b) Analytical approximation of C,, — A characteristics. (a) Turbine power characteristics at
pitch angle @ = 0.

is also observed that for the designed wind turbine, the maximum power attains near 35 rad/s

for the average wind speed of 10 m/s.
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2.3 Design and analytical modeling of SRG

The subsection below presents the algorithms used to design the SRG.
2.3.1 Design algorithm

The sizing procedure of the generator starts with assigning the initial critical parameters of a
wind turbine, such as speed, power, and maximum torque. These assigned parameters are used
in the calculations of magnetic, geometric, and electric parameters together with the analytical
model of the generator.

The design of the generator starts with the desired range of the output parameters, such
as stator geometry, outer rotor diameter, etc. If any of the output parameters after the initial
design is not in the desired range, the designed procedure is repeated with some modification,
and this process is continued until the objectives of the design are satisfied. The analysis of the
designed SRG is done using Finite element (Ansys Electronics Desktop) software. It is used
to analyze the generator’s performance related to the output functions such as torque ripple,
electromagnetic torque, and the magnetic properties such as magnetic field H and magnetic field
density B. The process ends if results obtained from the Ansys Electronic Desktop software
satisfy the design requirements. Otherwise, the process is repeated by updating the assigned
parameters such as current and magnetic loading, pole pitch to air gap ratio, and stack aspect
ratio to obtain the proper size (see Table 2.2).

The sequence of how the algorithm is executed for the design of the SRG is summarized as

follows:

Step 1. The initial data (i.e., power, torque, and speed, etc.) required for the design is obtained
from the assigned and the calculated value of wind turbine parameters, as given in
Table 2.1. Initial data is fed to an analytical model to get an estimate of the initial

design parameters of the machine.

Step 2. Fix/assign parameters: some parameters can be fixed during calculations, and some of
them should be revised during the design process. The summary of the assigned data

parameter is shown in Table 2.2.
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Step 3. Choose the rotor’s design parameter based on power, torque, size of the generator, and
torque ripple. Equations (2.7) and (2.8) are used to get the rotor design parameters such

as pole pitch, the outer diameter of the rotor, and stack length.

Step 4. Approximately assign the number of poles. Then search appropriate global and local
points to design the rotor flux barrier, and interpolate the points to get a smooth ribs

curve. Fig.2.3(a) shows the step involved in the design process.

Step 5. Evaluate the performance of the generator and compare the results with the desired

values.

Step 6. If the performance of the generator is close to the desired values, go to step 9, else go

to step 7.

Step 7. Optimizing the performance of the generator (i.e., flux noise, smoothen the emf, and

reduction of ripple ) by updating the assigned design parameters.

Step 8. Go to step 6

Step 9. The design process is completed.

The design objectives for SRG which need to be satisfied are given as:

e The power rated 2.1 kW, with electromagnetic torque > 12.75 Nm, maximum torque

ripple < 12%, maximum back-emf > 145 V.
2.3.2 Analytical model of SRG

For the developed analytical model, the following simplifying assumptions are considered:

e The time harmonics in current and space harmonics in air gap flux are neglected

e The core loss resistance is assumed to be constant and has no effect on excitation.
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Table 2.2: Assigned Parameters

Parameters values units
B, [0.5, 1] T
ky [0.6, 1] -
ky, (0, 0.4] -
L/t [0.6, 3] _
Vi [5, 25] m/s
J [4.5,9] A/mm?
k. [0.4,0.7] -
Oa 1.2 kg/m?
0, 36 -
P 2 -

Pole pitch 7, as given in the equation below, is the prime parameter to obtain the outer rotor

diameter of the generator.

T,k
_ 2.7
i \/Bz,P%kd—kq)\/Ld/quc(l+ks>lg<Ls/T> =

The outer rotor diameter, D, and stack length, L; could be:

D, = 2PT/7T

L=r(L.f]

where, T,,, Ly/7 , k. = 1.03, k, = 1.2, P, k;, and k, are generator torque from the wind turbine,

(2.8)

stack aspect ratio, Carter factor, saturation factor, number of pole pairs, the ratio of d— and
q — axes inductance to magnetizing inductance, respectively. The parameters are defined in
Table 2.2, while the saliency ratio defined as L,/ L,=(ks — k;)/2k,.

The design of the stator core geometry, i.e., the stator slot dimensions are shown in Fig.2.3(b).
Fig.2.3(a) and Fig.2.3(b) show in details the structure of rotor ribs and stator. The distance of
the rotor air gap ribs from the shaft radius is shown in the Fig.2.3(a). It also shows the sep-
aration of the edge of the ribs along the inner core radius of the rotor with an angle of «,,.
The segments/points are selected and are interpolated to get the structure of the 4-poles rotor

(Fig.2.3(a)).
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(b)

Figure 2.3: (a) Rotor ribs structure modeling . (b) Typical geometry of stator slot and rotor dimensions.

Every air, and flux barrier consists of trapezoid shape segments with a tangential thickness,
radial thickness, and the endpoint angle of the air gap, «,,. These parameters are designed in

such a way as to ensure the structural stability at the high-speed and required electromagnetic

performance.
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The expression for maximum rotor tips mechanical end point angle ,,, in terms of number
of flux barriers (k;), poles pair (P) and floating angle (8) is given as (2.9):
(n/<2P> - ﬁ)
ay = ——— (2.9)
(ki +1/2)
Here, the floating angle 8 assumed to be in between 0 to 10° (0 to /18 rad).

The total slot, d— and g — axes components of ampere turns can be expressed as:

i, = \nl? + (nl,)? (2.10)

Here,
B,n(1 + ky)k.l,

d =
3 V2(qkykait,)

ml, = mly JLa/L, (2.12)

where, I, = I,..,, and k,, is stator slot winding factor, k,,=0.9598. The conductor per slot turns

(2.11)

m is one of the key parameter in the design such as stator resistance, leakage inductance and

machine inductances. The resistance per phase Rj, is:

R - 2(Lg + L,)PgJmp,

2.1
s I (2.13)

where, L, is end winding length, L, = n7/2, J is current density, and p, is copper resistivity at

temperature of 120°C. The leakage inductance L;; is given as:
Li; = (es + e, + €,)2L,Pgm’u, (2.14)

Here, the calculated slot permeance, e, = 1.7564, air gap coefficient, ¢, = 0.25 and the end
winding length coefficient, e, = 0.0011685. The magnetizing inductance L,,, for uniform air
gap can be presented as: ,
6,u(,TLxP(qkwm)

w2k (1 + ky)

L, = (2.15)
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Therefore, for double layer winding, the stator resistance, leakage inductance, magnetizing
inductance, d—, and g — axes inductances are the function of m. By simplifying the calculation,
they are expressed as in Table 2.3:

Table 2.3: Parameters expression

Parameters SRG Units
2

R, 1.597 x 1073 m Q
2

Ly 2.001 x 10~%{m H
2

L, 1.308 x 10~#{m H
2

Ly 1.39 x 104(m) H
2

L, 0.2616 x 10—4(m) H

Using the d-g — axes rotor reference frame in Fig. 2.1(a), equations of the SRG in the

transient state are written as below.

Vi=R,, +p/1d — (,()P/lq

V, = R, + pA, + wP, (2.16)

Vo = V2 + V2

Whereas at steady state, the equation can be represented as:

Vo = V40 x m (2.17)

Ad = Ldld + Aresi
(2.18)

Ay = Lyly
The above equations (2.16) are written utilizing the motor convention for the reluctance ma-
chine. When the machine work in generator mode, they convert mechanical power into elec-
tric active power, but requires reactive power to magnetize their magnetic field paths for self-

excitation. In motoring mode, I; and I, are of the same sign, while in generating mode they
TH-2546_156102022
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are of opposite sign. Referring to the current ¢ and d-axes frame, motoring operations are in
the first and third quadrants, in other words the motoring mode is when I; and I, < 0 or I,
and I, > 0, T, > 0, generating operations are in the second and fourth quadrants which means
I;>0and I, <Oorl; <0and I, >0, T, < 0. Fig. 2.6(a) and 2.7, show the reluctance torque
developed by the SRG. Neglecting the effect of stator resistance, the torque equation is given
as:

3P 3P
T, = 7(/1qu = A1y = T(Ld - L)1, (2.19)

Since, the wind turbine rotates at low speed, gearbox are utilized to increase the speed of rota-
tion of generator shaft. The swing-equation corresponding to the combined turbine - generator

system is given as:

P (T, —T 2Bw,
We = =Ly = Lo —
pLe =17,

) (2.20)

2.3.2.1 Copper and core loss
The copper loss for SRG can be calculated as follows,
P.,, = 3R,1,,’ (2.21)

For machine with low power ratings, the core losses can be determined based on machine pa-
rameters. Therefore, for the calculation of iron loss, it is important to know the mass of stator

yoke (wy), rotor (w,), and teeth (w,), which are given by the equations as given below [48].

wr = Qulbih’ + oty — (222)) + hy (1 — b)ILyp;
wy =[5+ hy + hy + B+ h)? = (D,/2+ hy + hy + ') ] Lyp; (2.22)

W, = [ﬂ-(%)z - (Aair + Ash)]Lpl

Thus, the total iron core mass is the sum of stator yoke (w,), rotor (w,) and teeth (w,) masses,

1.e., Wiron=w; + wy + w,. For this machine, the value taken for the machine parameters are,
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hy = 1.2mm, hy = 1.3 mm, b = 1.6 mm, h = 13 mm, h’ = 11.81, p; = 7600 kg/m3, which
represents slot opening height, wedge height, opening width, yoke height, height of slot and
iron density, respectively. In the equation the stack length (L) taken as 65 mm.

Thus, the core losses can be estimated as follows:

Piron = Wi(PB,,,.)50 5z + Wy(PB,,..)50 Hz + Wr(PB,,.)50 H:

PB,,W, = (PI.S)SO Hz(Bmaxt/1~5)2(f/50)2
(2.23)

Pg,,., = (P15)50 #z(Buaxy/1.5)*(f /50)?

PB,mm = (PI.S)SO Hz(Bma)cr/1-5)2(](‘/50)2

where, By, Buaw and B, are stator teeth, rotor and yoke calculated maximum flux
density at rated speed.

Since, the rated speed is 1500 rpm at 50 Hz, utilizing the manufacturer data for M — 19
specifications, i.e., (P}5)so g, = 2.75 W/kg. For the designed machine, the results obtained are
(Piay)so m; = 2.4 W/kg, (P176)50 5: = 3.8 W/kg, and (P 1,)s50 n; = 1.48 W/kg. Neglecting a
percentage increase for the field harmonics in stator, rotor and mechanical losses percentage of
rated power, the result related to the calculated copper and core losses are tabulated in Table

5.2.

2.3.2.2 Excitation capacitance and load modeling

The inductive load R;, X, is connected to a capacitor bank in shunt at the stator terminals.

The equation which relates the stator current, load current, and terminal voltages are presented

as follow:
Ly = 15— I
(2.24)
loe = =1g =1y
The excitation capacitance in rotor reference frame is as follows (2.25)
Ly pC  wPC||Vy
= (2.25)

Iy -wPC  pC (| V.
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Where as the voltages in rotor reference frame are given as:

quL = U)PVdL + (—Iq - IqL)/C

(2.26)
pVa = —wPVy + (=1 - IdL)/C
The R-L load model are obtained as (2.27)
L = [ +(Vor = IRy + wPLly )dt
(2.27)

I = [ +(Var = LRy, — wPLI)dt

Equation (2.27) is obtained using a general balanced RL load model (V = R, [ + L%). Table
2.4 summarizes the calculated parameters, the designed parameters of the generator, and their
performance.

Table 2.4: Evaluated performance parameters and approximated quantity of 2.1 kW of SRG

Parameters Quantity Parameters Quantity
L, 76 mH D, 104 mm

L, 80.5 mH D;, 105 mm

L, 15mH D, 165 mm

Ly 1.15mH n 11.811 mm
I, 13.5A m 24

Peop 274 W ml, 305.819 A.turns
Piron 13.868 W mliy 132.84 A.turns
Ly 65 mm Epn 150V

ly 0.5 mm n 86.95%

k. 0.5 P 2

W, 2.45 kg W, 0.99 kg

R, 1.00 Q W, 2.7 kg

2.3.3 [Experimental and finite element analysis of SRG

The present section includes the experimental validation of the proposed design of the SRG
on a prototype of the SRG, as shown in Fig.2.4(a). The prototype is developed as per the
proposed design specifications, where Fig.2.4(b) shows the core lamentation and Fig. 2.4(c),
shows the schematic diagram of the experimental setup.

The performance of the designed SRG is evaluated using FEA. The maximum induced
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Figure 2.4: (a) The drive motor and SRG set up. (b) Rotor core lamination and assemble. (c) Schematic

diagram of the test bench.

electromotive forces (emfs) in the stator winding of the 2.7 kW SRG with symmetric design

are shown in Fig. 2.5(a). The induced voltage in the machine is given by equation (2.16),
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Figure 2.5: (a) Machine emf at given frequency. (b) emf curves as a function of current.

which clearly shows that if the effective ¢ — axis flux is reduced, it leads to a decrease in

induced voltage. The results obtained through FEA simulation with the excitation current of the

machine is shown in Fig. 2.5(a).

The peak values of the back emf produced at 1500 rpm corresponding to different magne-

tizing currents for the machine is shown in Fig. 2.5(b). It is observed that, emf starts with zero

voltage and the experimental result distinguished by dashed line. Fig.2.5(b) shows experimen-
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tally obtained emf by SRG, which is very close to the simulated (FEA) results.
The analytical equation of electromagnetic torque of SRG for R # 0 is given as

3P 5
Te = Vmax
2(Pw)*La(yp + B?)?

~2B(1 + @)sin’(y) + 2¢p

(- 90)[(90 - B*)sin(2y)
(2.28)

where, f = R,/(PwLy), ¢ = L,/Ly.

The torque versus power angle curves as shown in Fig. 2.6(a) is obtained using FEA, it is
observed that the torque at zero power angle (i.e., y = 0°) is positive. This can also be observed
using the analytical equation of torque as given by (2.28) i.e., T.(at y = 0) = 3PV2_ (1 —
go)goﬁ/ [(Pw)*Ly(¢ + *)?]. It is also observed that the maximum torque angle decreases due to
the presence of stator resistance, which cannot be neglected for machine with small ratings. The
peak torque in generating mode is achieved at an angle close to 94° of power angle as shown in
Fig.2.6(a)). It is also observed that for R; # 0, the torques do not attain their maximum values

at power angle of 45° (i.e., y = 45°) for the machine.

If the effect of stator resistance is neglected i.e., R; = 0 equation (2.28) is given as

.. Ay :
Te - 2(P(,L))2Ld((p)2 Vmax(l QD)l(‘,D)Sln(Zy)] (229)

The above equation i.e., (2.29) can be rewritten as:

... L
T W Par,L, ettt ~ L)) (2.30)

Since, Viyor/(PwLy) = 14, and V., /(PwL,) = 1, the torque equation is rewritten as

3P

T, = T(Ld — L)1, sin(2y) (2.31)

The maximum torque power angle, v,, is obtained from equation given below

(2.32)
2cos(2y) =0
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Figure 2.6: (a) Torque verses power angle curves. (b) Torque verses current curves of the machine.

This implies that the maximum torque is obtained at y,, = 45° Or 135°. From equation (2.29) it
can be seen that the torque tends to zero at y = 0° and y = 90°.

Fig. 2.6(b) represents that the performance of the machine in motoring and generating
mode. From Fig. 2.6(b), it is observed that the average torque is as a function of square of
stator current till the current of the machine is 5SA. However, after 5 A the difference between
(Lgs — L,) 1s approximately constant, hence, the variation of average torque is observed to be

linear. Table 2.5, provides a comparative analysis of the presence of ripple torque in SRG with
TH-2546_156102022
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Table 2.5: Variation of torque ripple with phase currents

Maximum currents (A)  Ripple values

0 0

2.5 0.155
5 0.430
7.5 0.668
10 0.918
12.5 1.044
13.5 1.260

0
13.5 o - - - sm o heoe e 50 SRG

Torque (Nm)

—— =130’
—— =150
L] I L] I L] I L] I L] I L] I L] I L} y=1700
0 5 10 15 20 25 30 35 40
Time (ms)

Figure 2.7: Variation of SRG electromagnetic torque with power angle, for R # 0

increase of stator current.

Fig.2.7 represents the electromagnetic torque of the machine with variations of y. Moreover,
as the magnitude of average torque increases, the torque ripple also increases and viva-versa.

Fig. 2.8(a) depict the ¢ and d-axes flux linkages versus the g-and d-axes currents. The
curves are obtained from finite element analysis (FEA), and are verified through experimental
tests, which estimates the g and d — axes flux linkage,4, and A,. From Fig. 2.8(a), it is observed
that A; and A, increase linearly when /; and I, are less than 6 A. After that, 4; and 1, become

almost constant due to saturation. It is also observed that simulated results are very close to the
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Table 2.6: Values of polynomial coefficients evaluated from curve fit.
The unit of equation (2.33) is in mWb

Poly.coefficient (c,d) values
Co 0.5
Cq -96.7
c 104.1
C3 -22.1
Cy 2.1
Cs -0.1
Ce 0.002
dy 2.2
d; 57
d -4.3
ds 0.1
d4 —
ds —
ds -

experimental results as shown in Fig.2.8(a). In order to account for the iron saturation effects,
the relationship between the g and d-axes flux linkages is expressed as the function of armature
current. Hence, 44 and A, in (mWb) are represented by:

Aa = ¢l + csI + caly + 313 + aly + cilg + co (2.33)

Ay = I + dol; +d 1, + dy
The polynomial coefficients ¢y — c¢g, and dy — d; are obtained from a curve fit of the actual g and
d-axes flux linkages as obtained from Ansys Electronic Desktop software FEA. The estimated
coefficients are shown in Table 2.6. These equations are utilized to estimated the requirement
of minimum residual flux for generator to produce terminal voltage. Further analysis of self-
excited synchronous reluctance generator has been carried out, with the presence of inductive
load.

Similarly, the empirical expressions for the inductance along the d- and g-axes i.e., Ly, L,
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Figure 2.8: (a) d- and g-axes flux linkages magnetizing of the machines. (b) d and g-axes magnetizing
inductance.
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Table 2.7: Values of polynomial coefficients evaluated from curve fit.
The unit of equation (2.34) is in mH

Poly.coefficient (g,h) for SRG values

80 15
81 9
&2 8.3
&3 -2.5
84 0.3
g5 -0.01
6 0.0001
ho 59.5
hy -4.8
h 0.1
hs -
]’l4 -
h5 -
he -

in mH which are obtained through curve fitting are given below:

Ly = g6l + gsI, + galy + gL, + ol + g1l + go 03

Ly = I} + hyI, + ho
The polynomial coefficients gy — g, and /o — h,, are obtained from a curve fit of the actual d-and
g-axes inductances.

Fig. 2.8(b) depict the d and g-axes inductances verses the g and d — axes currents, for
SRG. The curves obtained from experiment test bench and FEA are distinguished by dashed
and solid line, respectively. Equation (2.34) and Table 2.7 show the variation of saturations as
the function of ¢ and d-axes currents.

The L, of the SRG keeps increasing for low values of current. However, as the current
becomes approximately more than 5 A, the value of L, starts decreasing and attains a constant
value because of the steel saturation. While the L, of SRG is high for the low value of current
due to the presence of bridge in g — axis, it decreases gradually with the increase of current
and subsequently becomes constant. For no cross-saturation, the L; would depends on 1, only,

however, increasing I, causes the L, to drop. Similarly, L, drops when the current, I; grows as
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2. DESIGN AND MODELING OF SELF EXCITED SRG FOR WIND ENERGY GENERATION

Table 2.8: Technical achievements of the SRG
SRG

Parameters Initial Final (optimal) Increase (%)

P, 1.22 1.5 19.9
Py, 0.20 0.25. 20.2
T, 7.46 9.10 19.8
Ty, 1.24 1.49 18.3

shown in Fig. 2.8(b).

2.3.4 Technical performance of SRG

The compactness, reliability and efficiency are the important issues related to the power
generation at remote locations. The compactness of the machine helps in many ways, such as,
easy to transport, reduce installation cost, reduce weight, and reduced cost of other parts of the
structure. To develop a low power rating machine with high power density and high efficiency
is a very challenging work, but in this work we design a low power rating machine with high
power density using FEA. To design the machine, the key parameters such as volume, mass,
rated power, and torque of the machines are utilized. Where the volume of the machine V,,;, can
be expressed as:

D,’Ln

Vit = 1 (2.35)

There are inherent advantages in utilizing synchronous reluctance generator in term of machine
performance and manufacturing. It also has high efficiency and high power density. In this
Chapter, SRG is designed for a power rating of 2.1 kW. By optimizing the design parameters for
the machine, the final design has the stack length of 65 mm for SRG. The other initial and final
(i.e., the optimal one) such as power density (P,), specific power density (Py,), torque density
(T,), and specific torque (T,) are provided in Table. 2.8. It can be note that the performance
in term of torque density (7},), and specific torque (7,) can be evaluated for the machine.
Moreover, SRG is more robust and its manufacturing cost is less as compared with SEIG. Table
2.9 provides the performance of self-excited SRG generator. From Tables 2.9 and Fig. 2.9(b),
the compactness/size of SRG is observed. Overall, it can be said that the design of SRG is
TH-2546_156102022
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Table 2.9: Analytical, FEA and experimental results of the machines

SRG
Parameters Analytical FEA Experimental

Vil 14 L - -

Ly 80.2 mH 80 mH 79 mH
L, 15 mH 15.2 mH 17.5 mH
T, 12.75 Nm 12.23 Nm  12.17 Nm
T,, - 9.7% -

B[ Tesla]

2.60
2.46
2.24
2.02
1.79
1.57
1.34
0.08
0.06

(b)

Figure 2.9: (a) Magnetic flux density distribution and flux lines of the machines . (b) Size of the machine.

more robust and less costly. Since, cost effectiveness and robustness are major criteria for
the suitability of generator for rural electrification application, SRG is more suitable for rural

electrification. Fig. 2.9(a) provides magnetic field density distribution and flux lines of SRG
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|
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Figure 2.10: Circuit of the synchronous reluctance generator with capacitor C, resistive Ry and inductive
Xploads (V =V + jV, I =1+ jly, A= g+ jA,)

generator. While Fig. 2.9(b), shows the compactness/volume of the machine.

2.4 Steady-state performance analysis

Self-excitation of the SRG is required to build up their emfs and residual flux in the field
poles at a given rotor speed. Thus, a suitable excitation capacitance must be selected with some
critical value. The detail impedance load analysis of the SRG is carried out in the following
section. For the inductive load, the terminals of the SRG are connected to a bank of capacitors
C and the load R;, L in parallel as shown in Fig. 2.10. Consequently, the equivalent impedance

can be expressed as:

—jX(Rp + jX1)

eq = - (2.36)
TR+ (XL - Xo)
Rationalization of the denominator yields,
X R Xy JX X (Xp — Xo)
Zog = —
(Ru)* + (X - Xo)*  (Ru)* + (X — Xo)? (2.37)
B JX(R.)? _ XR.(X, - X.) '
(R + (Xp = X0 (Rp)? + (X — X,)?
Letting,
X,
T= (2.38)

(Rg + (X, - Xc)z)
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2.4 Steady-state performance analysis

then, Z,, = YR X, + jYX. X, — jYR? — jYX?. The voltage of impedance (loads) is:

V = —Z,,0 = (YR, X, + jTX, (X, + X.) + jTR?

+ YRL(X — X))y + jl)

(2.39)
= TR XAy + LR} + I,X] - 1,X,X,))
— jYR. X1, — LR} — 1,X; + [,X, X,)
Therefore, the voltage equations are figure out to:
Va=Ry— X1, = YR XA+ R21, + X31, — X; X.1,)
(2.40)

V, = Ry, + Xgly = =Y(=R: Ly — X2, + X X Ay + R, X 1,)

By elimination of /; and [, from equations (2.40) and rearrangement of terms yield the following

quadratic equation.

(TR.X. + R, = (TR} + X] — X; X.) + X,)(V(—R;
(2.41)
- X7+ X.X,) + X))
The condition required for the self-excitation of SRG is obtained by maintaining the active
power balanced and equating the reactive power to zero i.e., P, = Pe,, + Piron + Ploag and

Q.- 0, - 0, = 0. The following equation obtained by substituting equation (2.38) in equation
(2.41)

XX, — X,) - X.Xi(X, - 2X,) + R2(X. - X,) - X°X,
R(R2 + X2 —2X, X, + X2) + R, X2
. Ry(R% + X2 —2X, X, + X2) + X°R;, 0
—X2(Xp + Xa) + (R + X7 + 2X, X)X, — X4(R? + X?)

(2.42)

Solving (2.42), for X, the minimum value of the capacitor for self excitation can be achieved at
different speeds. Which gives four resonant points in the self excitation of SRG. (With X,=w,L,,

X,~w.L, and X.=1/w,C). The solutions are given as:
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2. DESIGN AND MODELING OF SELF EXCITED SRG FOR WIND ENERGY GENERATION

X, =L =X, +jR,
‘ (2.43)

=X, - JRe

g
9!

1
w,C

X = wi ==1 / 2(R§ —2R(R, + R} + X7 + X1 Xy + X1 X, + Xqu)]

(R%Xd +RIX, + 2RI X, + XX, + X3 X, + 2XdXLXq)

+(Ri(—4R§ + X3 +2X,X, + X7) + 8R; (R} + R, X, X,)+ (2.44)
2R} (-2R} — 4X3X7 — AR X X, + X7 X7 — 2X; XX, + X[ X, — 2X3X7)

1/2
SSRURXARE + XgX,) + XAAR? + X2 2X,X, + xg))

X, = ch =1 / [2(1%% —2RR, +R2+ X2 + X, Xy + X1 X, + deq)]
( - RIX;— RiX, - 2R2X; - X; X, - X7 X, — 2XdXqu)
+(Ri(—4R§ + X5+ 2X X, + X3) + 8R; (R} + R Xy X,)+ (2.45)

2R2(-2R! — 4X2X2 — AR’ X X, + X2X2 = 2X2X,X, + X2X2 — 2X2X2)

SSRURXARE + XgX,) + XAARE + X2 — 2X,X, + xg))m

Since, the L;, L, and R, are parameters of the generator that have been obtained from the de-
signed machine as shown in (Table 2.4 and equation (2.34)). Therefore, solving (2.42) gives
the minimum value of the capacitive reluctance required for self-excitation of the SRG genera-
tor. It is observed that while solving equation (2.42) four solutions with two real roots and two
imaginary roots are found (see equations (2.43), (2.44), and (2.45)). In case of imaginary roots,
no excitation is possible and the generator can not achieve the rated voltages (equations (2.43)),
while in case real roots, we calculate the capacitive reluctance given by the roots ((2.44), and
(2.45)). Since, we are interested in minimum value of the capacitor, the root which provides
maximum reactance is considered. The plots of the estimated capacitor as function of speed

corresponding to the two real roots for a load of R; = 18 Q, L = 30 mH and R, = 250 Q,
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2.4 Steady-state performance analysis
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Figure 2.11: (a) Capacitor, voltage and speed curves (R;, = 18 Q,L = 80 mH),(Ry = 250 Q,L
30 mH). (b) Reactive power map at the speed of 1500 rpm with different currents (R, = 50 Q, L =
3 mH).

L =30 mH is provided in Fig.2.11(a).
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2. DESIGN AND MODELING OF SELF EXCITED SRG FOR WIND ENERGY GENERATION

From Fig. 2.11(a) it is also observed that the curves are more focused on the solution which
give minimum capacitance value with the variation of the speed. Since we are interested in
finding the minimum requirement of the capacitor, hence, we have discarded the other solution
and use a solution with a minimum capacitor. At approximately 62.5 rad/s, the value of the
capacitor used is 0.00425 F, and for 500 rad/s, it is about to 0.00018 F.

Fig. 2.11(a) also provides a comparison of the terminal voltage versus speed with the value
of minimum capacitance. It is also observed that the minimum capacitance required at a par-
ticular speed is also a function of the inductive load. This is shown by two different curves of
minimum capacitance corresponding to the loads R; = 18 Q, L = 80 mH, and R, = 250 Q,
L =30mH.

It can also be observed that the terminal voltage depends on the value of capacitor and speed,
i.e., by increasing the capacitor or the speed, the terminal voltage increases or vise versa. For
the effective use of SRG to generate power, it is important to have some ways of varying the
capacitor to maintain the magnitude of the terminal voltage. An economical way, is to design
an algorithm that picks the turbine speed and the value of the capacitor to improve the overall
efficiency of the system.

In a self-excited system, the reactive power is provided by the capacitor’s bank. For induc-
tive load, a reactive power balance is achieved between the generators, capacitors, and inductive
load, as shown in the following equations.

Qg =0.-0,-0,
(2.46)

Py, = Peop + Piron + Ploaa
where P,, P, Piyon and Q, are obtained from the FEA simulation. Py, and Q. are calculated
from the generated voltage, which is also derived from the analytical model and FEA simula-
tion. Fig. 2.11(b) provides the net reactive power supplied to the generator ( i.e., Q. — Q)),
and the reactive power drawn by the windings of the generator (i.e., Q) with increasing load
current i;. For obtaining the plots, it is considered that the generator is rotating at 1500 rpm,

connected with an inductive load of R, = 250 Q, L = 3 mH. From Fig. 2.11(b), the SRG is
TH-2546 156102022
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Figure 2.12: The generated voltage verses speed for C =240 u F and Ry, = 71 Q

able to generate power, provided (Q. — Q)) > Q,, thus from the plot it can be observed that for
the capacitor with a capacitance of 64 uF, the SRG will not be able to produce active power,
whereas, with capacitor with capacitance 335 uF, it will generate active power till the load cur-
rent is less than approximately 13.5 A. Similarly, for C = 189 uF, it will generate power until
the load current is less than 6 A.
2.4.1 Performance analysis of SRG with resistive load

The present subsection provides the performance analysis of SRG with the presence of con-
stant resistive load (R;). In the present steady state analysis the value of the capacitor connected
at the terminal of the generator is kept constant.

Fig. 2.12 Shows the resistive load generated voltage versus speed forC = 240 u F and
R; =71 Q. The peak value of phase voltage is increasing with the rotor speed. The solid red
line represents the analytical result, while the circles and black lines indicate the experimental
result. It is verified that analytical values have a small deviation from the experimental results.

Fig. 2.12 Shows the resistive load generated voltage versus speed for C = 240 u F and
R, = 71 Q. The peak value of phase voltage is increasing with the rotor speed. The solid red
line represents the analytical result, while the circles and black lines indicate the experimental

result. It is verified that analytical values have a small deviation from the experimental results.
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Figure 2.13: The out put power verses speed for C = 240 yu Fand R; =71 Q
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Figure 2.14: Efficiency at resistive load and different speed conditions of the 2.1 kW SRG

At the constant resistive load condition (R, = 71 ), the variations of output power with
speed for the constant capacitor (C = 240 u F) are shown in Fig. 2.13. The solid red line
represents the analytical result, while the solid black line indicate the experimental result. With
the increase of speed, the output power increases. The value of the capacitor helps to increase
the generated voltage and power. In case the rotor speed exceeded the rated speed the power
becomes constant and the torque will be decrease.

The efficiency of the 2.1 kW SRG for the wind power generation is calculated at different
TH-2546_156102022
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2.4 Steady-state performance analysis

speed and resistive load condition as shown in Fig. 2.14. The efficiency that is calculated
for the generator in the given power range at the rated speed of 157.08 rad/s is above 86.7%.
The efficiency is the main feature that makes the SRG generator attractive as it can compute
with other types of generators that are used in wind turbines. The solid red line represents the
analytical result, while the dotted black line indicate the experimental result.

The similar analysis can be done for ferrite magnet synchronous reluctance generator (FM-
SRG), only the voltage equation (2.40) get slightly modified as shown below:

Vi =Ry — X1, + ApPw = =Y(R X 1, + R2I, + X21, — X, X.I,) o)

V, = Ry, + Xgly = =Y(=R: L, — X2, + X X Ay + R, X 1)

The design and the modeling of FM-SRG have been discussed in Chapter 3.

2.4.2 Residual flux linkage for self-excitation

The rating of the excitation capacitor is a function of the operating speed range. It is impor-
tant to have some residual voltage along with the capacitor to generate voltage to its required
value. The developed prototype of SRG, fails to generate a voltage in its first run, due to absence
of the residual flux in the rotor core, hence, in case if there is no residual flux, it is important
to magnetize the core with the magnetizing circuit. In the experimental setup, the magnetizing
circuit consists of a charged capacitor, which is connected temporarily to the terminal of the
machine, and immediately disconnected, as shown in Fig.2.4(c). Consequently, the residual
flux linkages A,.,; in the rotor core are one of the crucial factors to determine self-excitation in
the generators.

To show the excitation voltage build up and collapse for capacitor charged at different volt-
age levels (C = 120 u F at the speed of 1500 rpm) is given in Table below and in Figs. 2.15(a)
and 2.15(b). The experiments were carried out with a voltage charge capacitor (magnetization),
C = 120 u F, excitation capacitors, C = 240 u F, resistive load, R, = 71 Q, and the results are
shown in Table 2.10. The generator can be self-excited only if the voltages are high enough.

As expected, if the charged voltage of the capacitor is zero, no self-excitation will occur in the
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Table 2.10: Charged voltage and measured peak phase voltage (atC = 240 u F and Ry =71 Q)

Charged Voltage (Auto transformer voltage)

in the capacitor (C = 120 u F) Measured phase Voltage (V)
(Phase, a,b,c) C=240uFand R, =71 Q
+0, 0, 0 0.0
+70, 0, =70 78 to 147.7
+100, 0, —100 90 ro0 148.2
+110, 0, —110 94 to 148.7
+120, 0, —120 94 to 148.7
0.8
0.6 a
0.4 *

Phase Voltage (V)
é

150

100 H 1

g

O
——
1

 Phase Voltage (V)
O

501

. 0.6 0.8 1 1.2
Time (s)

(b)

Figure 2.15: (a) Voltage collapse with out magnetizing voltage. (b) Self-excitation/voltage build up after
magnetizing with voltage).

generator or it fails to generate voltage.
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2.4 Steady-state performance analysis

Figs. 2.15(a) and 2.15(b) shows the two examples representing the same speed value of
1500 rpm, which is machine rated speed, with two different levels of magnetization voltage.
In Fig.2.15(a), the SRG is magnetized with zero/lower charge capacitor voltage to starting.
When, the rotor is rotated using the prime mover with rated speed. It can be seen that when
the generator is magnetized below a certain value of voltage, which is showed in Table 2.10
and Fig.2.15(a), self-excitation does not occur and the terminal voltage collapses (zero exper-
imentally and 0.06 V for simulation at steady state). Fig. 2.15(b), shows a simulation result
with the same speed value, but a higher magnetizing charge capacitor voltage. The effect of low
magnetizing charge voltage can be clearly seen in these two figures, which shows the effect of
the amount of residual flux on the self-excitation condition.

The residual flux linkage in air gap can be expressed as:

E;

resi — 2.48
wP ( )

where wP is electrical speed, and E is an emf required to magnetize the SRG core at electric
speed. The residual flux linkage A,.,; can be determined from the emfs at a given speed.

The capacity of the SRG with residual rotor magnetism can be examined. In the analy-
sis, a 190 uF capacitors bank, without load, was used at the terminals of the SRG. The volt-
age/current was used to produce residual magnetism. The rotor speed was slowly changed
during the analysis. It is observed that the current has the maximum value at the resonance
point (i.e.,.X. = X;), which gives maximum residual flux. The current is increased until the
process of self-excitation/resonance point then after it starts decreasing. The equation of the

excitation current, /,, can be expressed as:

PAresi
Iy = — (2.49)
(Rs + ](Xss - Xc))
From equation (2.49) the current at resonance (X, = Xjy), I, define as:
Aresi
I, = —— (2.50)
R, L, C

where, X; is generator reactance, wP = 2x f and at resonance point f = 1/27+/L,C , that gives
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Figure 2.16: Wind-driven SRG at constant of v,, = 10 m/s with Ry = 250 Q, L = 30 mH for C = 190 u
F.

wP =1/+LC.
The current at resonance value can be used to decide whether the SRG with certain residual
flux can be self-excited or not. In fact, the current /,, produces the minimum air gap flux linkage

required for self-excitation.

2.4.3 Effects of wind speed, and load on the system performance

In this section, the simulation has been carried out in Matlab using the design parameters to
observe the dynamic behavior of the system under various conditions such as variation of wind
speed, constant wind speed, and variation of the load for SRG.

The performance of the SRG under a fixed wind speed of 10 m/s and an inductive load
(R =250 Q, L = 30 mH and excitation capacitor of 190 uF) are shown in Fig. 2.16. As the
mechanical torque from wind turbine is applied, the rotor speed of the generator increases to
the rated speed of 1500 rpm. For constant wind speed, the voltage and current plot of SRG are
shown in Fig. 2.16. It is observed that the steady state is reached in about 1 s for the machine.
To simulate the effect of sudden change in wind speed on the dynamic response of the SRG,
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Figure 2.17: Wind-driven SRG for falls in speed from v,, = 10 m/s to v, = 4.98 m/s with Ry, = 250 Q,
L=30mH for C =190 u F.

here, the wind speed is suddenly drop to 4.98 meters per sec. This results into the falls of the
generator rotor speed from the rated values of 157.08 rad/s (1500 rpm) to 67.54 rad/s (645 rpm)
as shown in Fig. 2.17. Under this condition, the generated voltage and current decrease from an
initial value of 149.1 V to a new value of 92.8 V for the machine (SRG). The current supplied
by the machine also decreases. At t=6.5 s, again the wind speed is increase to its previous
value. The performance of the SRG under step change of load are presented in Fig. 2.18. The
inductive loads instantly decrease from 258 €, 30 mH to 150 Q, 10 mH at 5 sec, and then
increases back to the initial impedance load values at + = 7 sec. At 5 sec, the reduction in
both the stator currents and voltages is observed i.e., the voltage slightly change from a steady
state value of 149.1 V. Similarly, the stator current decreases from 16.5 A to 15.2 A. When
the impedance load value is changed at ¢t = 7 s to its previous value, the current and voltage
increase to the initial stable value. As the speed of the SRG kept fixed at 1500 rpm, and thus
the frequency remains same despite the change in load. This is one of the advantage over self-
excited induction generator, whose frequency and voltage are highly influenced by changing

load condition. From Fig. 2.18, it is observed that the change in load for SRG, slightly changes
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Figure 2.18: Wind-driven SRG at constant of v, = 10 m/s with Z; = 258 Q to 150 Q for C = 190 u F.
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Figure 2.19: Wind-driven SRG for variable speed with Ry = 250 Q, L = 30 mH for C = 190 u F.

the current and voltage as compared to the self-excited induction generator. The performance
of the SRG under the variable wind speed is shown in Fig. 2.19. The inductive load is kept
constant at 250 Q, 30 mH, and the wind speed is varied, as shown in Fig. 2.19. This variation of
wind speed was observed from a location in India over a period of one hour, forty minutes. But

to show the effect of wind variation on the machine’s performance, the duration of variation
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was mapped to a time of 10 sec purely for simulation. Fig. 2.19, shows the variation in the
stator current, voltage, and rotor speed. However, as the practical generator will have a speed
controller, which will regulate the rotor speed, this kind of voltage and current fluctuations will

not be observed for a practical SRG.

2.5 Summary

The design and an analytical modeling of synchronous reluctance generator, from wind tur-
bine modeling specifications, are presented. The d and g-axes flux and inductance saturation
effects has been evaluated. The compactness, reliable and efficiency of this generator have been
evaluated. Using inductive load condition, formulae to select the required minimum capacitance
are developed. The relationship between generated voltage with the change of capacitor is eval-
uated. The effects of stator resistance on electromagnetic torque with variation of power angle
have been considered. It also verified that if the value of capacitor is less than minimum value
of the capacitor, the generator is not able to generate the voltage. The effects of residual flux
linkage on the excitation of reluctance generator are analyzed. Using Matlab, the performances
of the machine for change of load, and variable wind speed are also determined. With decrease
in load impedance the performance of generated current and voltage have been presented. The
advantage of continuously varying reactive power to keep the voltage constant, with change of
load, has been observed i.e., to dynamically vary the capacitance of the capacitor. It is observed
that if the wind-driven SRG operate at constant speed, the frequency remains constant despite

the change in load.
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3. ELECTROMAGNETIC TORQUE ANALYSIS OF SRG WITH FERRITE MAGNET FOR
WIND ENERGY GENERATION

3.1 Introduction

Synchronous reluctance generator (SRG) is one of the suitable generator to generate elec-
tric power from wind energy conversion systems. It is compact, robust, and it can operate in
a self-excited mode using the input mechanical power from the rotating wind turbine. It is re-
liable, simple in construction, small in weight and size, efficient, and with a reduced cost of
maintenance.

To enhance the operating performance of SRG, a small percentage of low-cost ferrite mag-
nets (FMs) are placed into the generator rotor air barrier to form an FM-assisted SRG (FM-
SRG) [53-55], [53,56,57]. It is observed that by filling the air barrier with a suitable volume
of the magnetic material, it is possible to improve the average torque, efficiencies, and power
factor of the FM-SRG [55,58,59]. The design of the shape of the air barrier has a significant
impact on the performance of the SRG. A rectangular shape is preferred while designing the
shape of the ferrite magnet, as it reduces the cost and is easy to place them into the air barriers.
Hence, significantly reducing the cost of its mass production [59-61]. In some designs, addi-
tional ribs are provided between the magnets to increase the mechanical strength of the rotor
during its operation [62—65].

Here, for comparison purposes, only the length of the FM-SRG is reduced with an increasing
percentage of the volume of ferrite magnet while keeping the rating of the FM-SRG constant
1.e., 2.1 kW. The analysis of the performance of the machine is done using the FEA, and the
results are also compared with the experimental result obtained by an SRG. The parameters
and the rating of the machines i.e., FM-SRG (30% ferrite magnet volume of the total air barrier
volume) are similar to the parameters (D;,, D,, D,, rated current and output power, wind turbine
modeling) of SRG except for the stack length of 50 mm. In this Chapter, design and an analytical
model in the dg rotor reference frame is developed as shown in Fig.3.1. In addition, the inductive

load is considered to estimate the performance of the FM-SRG.
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Ferrite magnet

Figure 3.1: Cross-section and dq axes rotor reference frame of the FM-SRG.

3.2 Impact of placing Ferrite magnet and analytical modeling of FM-SRG

Using the design procedures as given in Chapter 2, the designed rotor for a 2.1 kW, 4-poles,
1500 rpm SRG is shown in Fig.3.2. Thus, the electromagnetic torque of a FM-SRG without

neglecting stator resistance effects, can be expressed as:

3P 1
Ton = —| LA, + V: (1- — B%)sin(2
2 [d (P(A))2Ld((,0+ﬁ2)2 max( ‘P)[(‘P ﬁ )Sll’l( 7)
3.1
—2B(1 + @)sin’(y) + 2¢pB ]
If, R, = 0, equation 3.1, yields
3P 1
Tow = —|LiAy + ————V? (Ly— L,)sin(2 3.2
Since, V,uc/(PwLy) = 14, and V. /(PwL,) = I, the torque equation is rewritten as:
3P .
T,, = - LA, + (Lg — L)1, sin(2y) (3.3)

where, B = R;/wLy, ¢ = L,/L,4, P is the number of poles pairs, A,, A4, Ly, L4, I, and 1; are

stators flux linkages, inductances, and currents referred to the rotor reference frame in g— and
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Table 3.1: Parameters expression

Parameters FM-SRG Units
2

R, 1.362 x 1073 m Q
2

Ly 1.514 x 107%(m H
2

L, 1.006 x 10~*{m H
2

Ly 1.205 x 10~*{m H
2

L, 0.2006 x 10‘4(m) H

d — axis, respectively. The conductor per slot turns m, is one of the key parameter in the design
of stator resistance, leakage inductance, and magnetizing inductance. The resistance per phase

R, is:
P 2(Ly + L)PgJmp,
S Im

(3.4)

where, L, is end winding length, L, = n7/2, J is current density, and p, 1S copper resistivity at

temperature of 120°C. The leakage inductance L, is expressed as;
Lis = (e, + e, + €,)2L,Pgm°u, (3.5)

Here, calculated slot permeance, e, = 1.7564, air gap coefficient, e, = 0.25 and the end winding

length coefficient, e, = 0.001519. The magnetizing inductance L,,, for uniform air gap is given
as:

2

6/1()TLSP(qkwm)

Lm =
2Lkl + ky)

(3.6)

Therefore, for double layer windings, the stator resistance, leakage inductance, magnetizing
inductance, d—, and g — axes inductances are the function of m. By simplifying the calculation,

they are expressed as in Table 3.1:
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Using the d-g-axes rotor reference frame as shown in Fig. 3.1, the voltage equations of the

FM-SRG in the transient state is written as below.

Vi =R, + plg — wPA, + wPA,,

(3.7)
V, =Ry, + pd, + wPAy
whereas, the steady state voltage equation is given as,
2 2
7 — (— 1.73><m+31.416) +(5.20><m) (3.8)

The above equations (3.7) are written utilizing the motor convention of the reluctance machine.
When the machine work in generator mode, they convert mechanical power into active power,
but requires reactive power to magnetize their magnetic field paths for self-excitation. Motor-
ing operations are carried out when /; and I, exhibit the same sign, while generating operations
when they exhibit opposite sign. Referring to the current g and d-axes frame, motoring opera-
tions are in the first and third quadrants. In other words the motoring mode is when I, , I, < 0
or Iy, 1, > 0, which implies 7, > 0 . Similarly, the generating mode are in the second and
fourth quadrants, which means I; > 0,1, <Oorl; < 0,1, >0, = T, <0. The same is
shown in Figs. 3.14(a), and 3.15(b). The equation for FM-SRG may be determined from those
of the synchronous reluctance machine with the magnetic flux terms included in the equation
according to the arrangements of ferrite material.

The electromagnetic torque for SRG depends on location (i.e., along g- axis or d-axis) and
flux direction (i.e., in the direction of stator flux or opposite to stator flux ) of the magnets. It
also depends on the type of magnet, i.e., permanent magnet or ferrites magnetic . In this design,
the ferrites magnet are placed to decrease the g-axis flux from stator as shown in Fig. 3.1.
Therefore, the voltage increase by wPA,,, whereas the produced torque increase by %Pld/lm.
Since, the objective of placing the ferrite magnets into the air barriers is to increase the torque,
it is important to place them in an air barrier in such an orientation, which reduces the flux

linkage along the g — axis, i.e., A}, with FMs is expressed as:
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3. ELECTROMAGNETIC TORQUE ANALYSIS OF SRG WITH FERRITE MAGNET FOR
WIND ENERGY GENERATION

Ferrite magnets

Flux segments

q-axis

d-axis

(b)

Air barriers

Figure 3.2: (a) Maximum permissible ferrite compositions FM-SRG. (b) Rotor of the reference SRG.

N, =24, =Ny =L, - A, (3.9)

Here, A, is the flux linkage of ferrite magnet oriented along the negative g — axis.
The electromagnetic torque 7, that can be produced from such FM-SRG, neglecting stator

resistance effects is expressed as

3P

3P
Tem = 7[Amld + (Ld - Lq)Iqu] = Te + T(Amld) (310)

From (3.9), and (3.10), it could be inferred that by placing the ferrite magnet with the cor-
rect orientation, the electromagnetic torque of the FM-SRG gets increased, but at the cost of
increased torque ripples. This leads to the development of a performance index that uses the
combination of average electromagnetic torque, and the ripple torque. Moreover, the increase
in the volume of the ferrite magnet in the air barrier also has an effect on the reduction of the
d — axis flux linkage, thus reducing the average torque [51, 64, 66]. If the ferrite magnet of an
FM-SRG loses its magnetic strength, still the machine continues to operate as an SRG. This is
one of its important advantages. Fig. 3.2(a), and Fig. 3.2(b) shows rotor air barriers of FM-SRG
with ferrite magnet, and FM-SRG without ferrite magnet (i.e., SRG), respectively.

Fig. 3.2(a) shows the placement of a ferrite magnet in four air barriers. For increasing the
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------------ * Direction of ferrite magnet increments

Figure 3.3: Illustration schematic for the ferrite magnet-increment arrangements of a 2.1 kW, 4 poles
FM-SRG.

percentage volume of the ferrite magnet, the size of the magnet is increased in the direction as
given by the arrow in Fig. 3.3. The percentage volume is calculated as the ratio of ferrite volume
to that of the total volume of the air barrier, i.e., Vy,, = 0% FM-SRG without magnet and V,, =
100% when the whole air barrier is filled with the ferrite magnet. To quantify the performance,
a performance indexes, /i, which represent the difference between torque ripple performance

ratio R and the produced electromagnetic torque performance ratio 7' at corresponding Vy,, 18

defined as:
YT
T = o 3.11)
(me(Tfm = Te) + Te)
k4 Temr
R = p- ey (3.12)

(me(Tfmp - Tep) + Tep)

Hence, based on the equations (3.11), and (3.12) the performance index 7 can be expressed as:
h=TR (3.13)

Here, T.,,, is peak-peak torque ripple of FM-SRG, and ¥ and ‘¥, are weight factors of torque
and peak to peak torque ripple, respectively. Here, T, and T, are the average electromagnetic

torque, and the ripple torque, which obtained T, ~ T, and T, = T., when Vy,, = 30%. The
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Figure 3.4: (a) Efficiency enhancement as amount of ferrite magnet increments.(b) Performance index
as the amounts of ferrite magnet increments.

factor ¥ and ¥, are adjusted to get the actual average and ripple torque for a different volume
of ferrite magnet.

The plot of the variation of the operational efficiency is shown in Fig. 3.4(a). However,
the efficiency seems high at the ferrite volume of Vg, = 40%, the performance index start
decreasing after this point. It is observed from Fig. 3.4(b) that initially, with the increase in
the volume of the ferrite magnet V,,, the performance index increase, but for V4, > 30%, a

decreasing in the performance index is observed. This is mainly due to the demagnetization
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along the d — axis and increase in the ripple torque.
3.3 Construction troubles of the FM-SRG

The main advantage of FM-SRG as compared with the SRG is in terms of increased power
factor and efficiency [58,67]. The design of FM-SRG is similar to that of SRG, except for a few
minor changes. The changes are mainly in the shape of the air barriers; typically, the trapezoid
shape rotor air barrier is preferred to host low-cost rectangular ferrite magnet, as shown in Fig.
3.3. Moreover, here some additional ribs may also be provided to fit the magnet in the air
barrier securely. While designing the tangential and bridge ribs, the additional safety margin is
provided to withstand the mechanical stress induced with the rotation of the FM-SRG machine.
The sequence/step of how the algorithm is executed for the design of the FM-SRG is similar to
that of SRG as summarized in Chapter 2 section 2.3. The design objectives for FM-SRG which

need to be satisfied are given as:

e The rating of the machine should be 2.1 kW, with electromagnetic torque > 12.75 Nm,

maximum torque ripple < 12%.

e Ferrite magnet volume is < 30% of total of air barriers, maximum back-emf > 120 V for

FM-SRG .

The results of design parameter/variables for ferrite magnets of rectangular shape as shown
in Fig.3.5 are given in Table 3.2 . To reduce the ripple and achieve the objectives the design

variables can be adjusted by using the following parameters.
e The adjacent distance between the ferrite magnet X, length of the ferrite X’, and X;.
e Vertical distance of the ferrite and height of the ferrite, X; ~ X5 and Y, ~ Y4, respectively.

From Fig. 3.4(b), it could be observed that the maximum performance index is obtained at
Vim = 30%, i.e., the percentage ratio of the volume of ferrite magnet to that of the total air
barrier volume is 30%. The rotor structure and the diameter of the stator of the two machines

are the same, only the volume of the FM-SRG is decreased so that the ratings of the two machine
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Figure 3.5: Design parameters/variables for rectangular ferrite magnet shape

Table 3.2: Optimal design variables of FM-SRG

Intervals (mm) Optimal values (mm)
5<X; <8 7
3<X,<5 4.98
3<X3;<6.8 4.74
10<X, <13 12.7
1<X,<13 1.2
6<X <7 6.5
4<Y, <6 5.5
4<Y,<45 4.05
4<Y;<45 4
45<Y4<5 4.5

could be kept at a constant value of 2.1 kW (3.14). Due to the presence of flux barriers, the direct

axis inductance is higher than the quadrature axis inductance in SRG.
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The mathematical expression which relates d — axis inductance, L; or magnetizing induc-

tance L,, to that of the volume of the SRG is given below:

12, (ke \’( Vi \(Din
o= ) (e ) 024

where, k,, is the winding factor, and k. and k, are Carter factor and saturation factor, respectively.
Here, the selected factors are k. =1.03, k; =1.2. Based on the finite element analysis, the de-
sired electromagnetic-torque and torque-ripple of FM-SRG structures for different volumetric
amounts are summarized in Table 3.3.

Table 3.3: Torque ripples and electromagnetic torque of the FM-SRG structures

Performance SRG (Vi = 0%)(V 5y, = 30%)(V i = 40%)(V 11y = 58%)
Averge torque (Nm) 12.23 12.28 13.70 13.16
Experimental (Nm) 12.17 - - -
Torque ripples (%) 9.7 11 17 17.9

3.4 Structure and performance evaluations

The arrangement of the ferrite magnets and the design of rotor flux segments/barriers of
an FM-SRG is explained in the previous sections. Figure 3.6 shows the distribution of the
magnetic field (B) with the change in volume of ferrite magnets using the FEA simulation.
Figure 3.6(a) show the magnetic flux distribution without magnet i.e., the initial reference SRG
(Vim = 0%). Similarly, Fig. 3.6(b, c, d), shows the distribution of magnetic flux in the presence
of ferrite magnet with Vg, = 30%, 40%, and 58%, respectively. Since with the increase in
the volume of the magnet, the core length is also reduced to maintain the same rating of the
machine as that of reference SRG, it is observed from Figs. 3.6(a, b, c, d) that the magnitude of
flux density distributions in nearly constant. The performance index of the two machines i.e.,
FM-SRG and SRG of the same ratings, are mainly compared using the data obtained through
FEA simulations. Both the machines are of 2.1 kW, and has identical stator.

From Table 3.3, it can be observed that the average torque as estimated by FEA is 12.23 Nm,

and average torque as obtained from the designed prototype of initial reference SRG is 12.17 Nm.
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B (T) Reference SRG Structure A

B (T) Structure B Structure C

1.33

0.66

0.00

(c) (d)

Figure 3.6: Stator and rotor structure and field density distribution of 2.1 kW generators. (a) Stator and
rotor of reference SRG (for V¢, = 0%). (b) Stator and rotor of FM-SRG (for V,, = 30%). (c) Stator
and rotor of FM-SRG (V,,, = 40%). (d) Stator and rotor of FM-SRG (for V¢, = 58%).

Hence, it can be concluded that experimental, and FEA results are very close to each other. This
also validates results as obtained from FEA. Fig. 3.7, shows the estimated losses of the stator
yoke, rotor core, stator teeth, and copper with the increasing volume of the machine. It is
required to get the operational efficiency of the generator with different volumes. Fig. 3.7(a)
shows the plot corresponding to the stator yoke, rotor core, and stator teeth losses. It is observed
that these losses increase linearly with an increase in the volume of the machine. Similarly, cop-
per loss, and the total losses of the machine is shown in Fig. 3.7(b). It is observed that for the
designed SRG core, the total losses and the copper losses are increasing as the volume of the
machine increases (i.e., for the machine with V,, = 0%).

The electromagnetic performance of initial reference SRG improves with minimizing the
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Figure 3.7: (a) Summarized stator yoke, rotor and teeth losses. (b) Entire core and resistive losses.
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inductance of the g—axis, L,, and maximizing the inductance of d—axis, L,. This also increases
the power factor of the machine, which is defined as the ratio of (L;/L, — 1) to the (Ly/L, + 1).
It is seen that by increasing the volume of the generator axially, as indicated in Fig. 3.8(a), the
inductances L, and L, is increased, but the increase of L, is comparative more as compared to
L, i.e., the ratio of (Ly/L, — 1) to (Ly/L, + 1) tends to increase, but torque ripple also tends
to increase. Thus, the design selects a suitable axially volume, which gives better performance
between these two contradictory objectives. Hence, the design choice made for reference SRG
is with a volume of 1.39M (mm)?, as shown in Fig. 3.8(a). In this Figure, the red-colored curve
represents the d—and g —axes inductances as estimated using FEA at the axial designed volume,
and the dashed line is the one obtained experimentally from the fabricated reference SRG.

Similarly, the variation of the flux along the d— and g axes with the change of axial volume is
shown in Fig. 3.8(b). It is observed that as the volume of the generator is reduced, the values of
A4 and A, reduces (see Fig. 3.8(b)). In Fig. 3.8(b), the red-colored curve represents the d— and
g—axes as obtained using FEA, and the dashed line curve is experimentally obtained flux values.
It can be observed that the result obtained through the experiment are very close to the one
obtained through FEA. It is observed that by increasing the volume of the FM-SRG axially, as
indicated in Fig. 3.9(a), for V,, = 30%, the inductances L, and L, is increased, but the increase
of L, is significantly more as compared to L, i.e., the ratio of (L;/L, — 1) to (Ly/L, + 1) tends
to increase significantly, but at the same time torque ripple also tends to increase. Therefore,
the design selects a suitable axially volume, which gives better performance between these
two conflicting objectives. Hence, the design choice made for FM-SRG is with a volume of
1.07M (mm)?, as shown in Fig. 3.9(a). In this Figure, the red-colored curve represents the
selected d—and g — axes inductances as estimated using FEA.

In the same way, the variation of the flux along the d— and g axes with the change of axial
volume is shown in Fig. 3.9(b), for V,, = 30%. It is seen that as the volume of the FM-SRG
is reduced, the values of 4, and A, reduces (see Fig. 3.9(b)). In Fig. 3.9(b), the red-colored
curve represents the selected d— and g — axes flux as obtained using FEA. From Fig. 3.9(b),

it is clear that A, and A, increase, for low values of I; and I, (i.e.,less than 6A). After this, A,
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Figure 3.8: (a) d—and g — axes inductance with generator volumes at Vy,, = 0%. (b) d—and g — axes
flux with generator volumes at Vy,, = 0%.
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Figure 3.9: (a) d—and g—axes inductance with generator volumes and at V¢, = 30%. (b) d—and g—axes

flux with generator volumes and at V,, = 30%.

TH-2546_156102022

72



3.4 Structure and performance evaluations

and A, become almost constant due to saturation. It is observed that for FM-SRG, the g— axis
flux gradually increases as the current increase. In Fig. 3.10(a), it is seen that by increasing
the volume of the FM-SRG axially, at V,, = 40%, the inductances L, and L, is increased, but
the increase of L, is far more as compared to L, i.e., the ratio of (L;/L, — 1) to (Ly/L, + 1)
is significantly large, but at the same time torque ripple also tends to increase. Hence, the
design choice is made for FM-SRG with a volume of nearly 1.07M (mm)*, as shown in Fig.
3.10(a). Similarly, the variation of the flux along the d— and g axes with the change of axial
volume is shown in Fig. 3.10(b), for V, = 40%. It is observed that as the volume of the
FM-SRG is reduced, the values of 4; and 4, reduces (see Fig. 3.10(b)). In Fig. 3.10(b), the
d— and g — axes group of flux curves are obtained using FEA. Similar observation about the
variation of d— and g — axes inductances and flux linkage for the FM-SRG with V;,, = 58%
are shown in Figs. 3.11(a) and 3.11(b), respectively. These curves are obtained for different
volume i.e., 0.86M mm?>, 1.07M mm?®, 1.39M mm?®, and 1.71M mm?>. In Fig. 3.11(a), it is
seen that by increasing the volume of the FM-SRG axially, at V4, = 58%, the inductances L,
and L, is increased, but the increase of L; is slightly more as compared to L, i.e., the ratio of
(Lqs/Ly = 1) to (Ly/Ly + 1) 1s slightly more, but at the same time torque ripple also tends to
increase significantly. Hence, the overall performance of the machine reduces. Similarly, the
corresponding variation of the flux is shown in Fig. 3.11(b). Fig. 3.12 represents the decrease in
machine volume versus the increase of percentage volume of ferrite magnet while keeping the
rating of the machine as 2.1 kW. It is observed that as the volume of ferrite magnet increases,
the volume of the machine decrease.

Table 3.4 summarizes the evaluated performance and design parameters for Vy,, = 30% of

2.1 kW of FM-SRG using analytical design.

3.4.1 Finite element analysis of FM-SRG for Vy,, = 30%

Using FEA the performances of the designed FM-SRG have been evaluated. The maximum
induced electromotive forces (emfs) in the stator winding of the 2.1 kW FM-SRG with symmet-
ric design are shown in Fig. 3.13(a). The induced voltage in the machine is given by equation

é3.72) which clearly shows that if the effective ¢ — axis flux is reduced, it leads to a decrease in
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Figure 3.10: (a) d—and g — axes inductance with generator volumes and at Vy,, = 40%. (b) d—and
q — axes flux with generator volumes and at Vy,, = 40%.
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Figure 3.11: (a) d—and g — axes inductance with generator volumes and at Vy,, = 58%. (b) d—and
q — axes flux with generator volumes and at V,, = 58%.
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Figure 3.12: Volume of ferrite magnet-increment verses volume of machine for 2.1 kW, 4 poles PM-
SRG.

Table 3.4: Evaluated performance and design parameters for Vy,, = 30% of 2.1 kW of FM-SRG

Parameters Quantity Parameters Quantity

J £ m 58 mH D, 104 mm
Ly 69.4 mH D;, 105 mm
L, 11.55 mH D, 165 mm
Ly 0.87 mH h 11.811 mm
I, 13.5A m 24

ml, 305.819 A.turns mly 132.84 A.turns
L 50 mm E,, 125V

L, 0.5 mm n 90.49%
k, 0.5 W, 0.80 kg
R, 0.70 Q W, 2.07 kg

induced voltage. The result obtained through FEA simulation with the rated excitation current
of the machine is shown in Fig. 3.13(a).

The peak values of back emf produced at 1500 rpm corresponding to different magnetizing
currents for the machine is shown in Fig. 3.13(b). It is observed that, the starting emf with zero
magnetizing current is approximately 42 volts (peak) due to the presence of magnet. But for
FM-SRG, the voltage at saturation is approximately 20 volts less than SRG.

The torque versus power angle curves have been analyzed for the generator. From Fig.

3.14(a), it can be observed that the torque at zero power angle (i.e., ¥ = 0°) is positive. This can
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also be observed using the analytical equation of torque as given by (3.1) i.e.,T,,(at y = 0) =
3P[A1; + V;h(l — )8 / [((Pw)*Ly(¢ + B*?)]. Similar to SRG, it is observed that the maximum
torque angle decreases due to the presence of stator resistance, which cannot be neglected for
machine with small ratings. The peak torque in generating mode is achieved at an angle close
to 100° of power angle.(see Fig.3.14(a)). It is also observed that for R, # 0, the torques do not
attain their maximum values at power angle of 45° (i.e., ¥ = 45°) for the machine.

If the effect of stator resistance is neglected i.e., Ry, = 0 (see equation 3.3, for v = 0°,
the torque tends to 32—PAmId. In order to further evaluate the performance of the FM-SRG for
the wind power generation, the cogging torque curves are provided in Fig. 3.14(b). It can
be noted that this cogging torque has a negative role in the power generation, while SRG do
not experience the presence of cogging torque. The machine with less cogging torque are more
suitable for wind power application. Fig. 3.15(a) represents that the performance of the machine
in motoring and generating mode. From Fig. 3.15(a), it is observed that the average torque is a
function of square of stator current till the current of the machine is SA. However, after 5A the
difference between (L; — L) is approximately constant, hence, the variation of average torque
is observed to be linear. To achieve a higher maximum average torque per ampere, it is suitable
to have a ferrite assisted SRG. However, the strength of the ferrite magnetic is limited by the
permissible ripple torque in its design (i.e., nearly < 12% of rated torque ripple is considered for
the design). Fig. 3.15(b) represent the electromagnetic torque of the machine with variations
of y. In Fig. 3.15(b) comparing the torque magnitudes, it can be seen that the torque of machine
with ferrite magnet is about 1% higher than the machine without ferrite magnet. Moreover, as
the magnitude of average torque increases the ripple increasing for the machine. Table 3.6,
provides a comparative analysis of the presence of ripple torque in FM-SRG with increase of
stator current.

Fig. 3.17(a) depict the g and d-axes flux linkages versus the g-and d-axes current. The
curves are obtained from finite element analysis (FEA), which gives the ¢ and d — axes flux
linkage, A, and A,. From Fig. 3.17(a), it is observed that A; and A, increase linearly when the

current, I, I, are less than 6 A. After that, 4; and A, become almost constant due to saturation.
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Figure 3.13: (a) Machines emf at given frequency. (b) Machine emf curves as a function of current.

It is also observed that for FM-SRG, due to the presence of magnet along the g — axis (i.e., the
magnet produce a flux of 0.1 wb, see Fig. 3.16) get saturated at lower flux as compared with

SRG. In order to account for the saturation effects, the g and d-axes flux linkages are allowed
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Figure 3.14: (a) Torque verses power angle curves. (b) Cogging torque of FM-SRG (without excitation).

to vary with the armature current, as A, and A, in (mWb) are represented by:

Ag = 61612 + 61512 + 61413 + 613[2 + 61215 +al; + ay
(3.15)

/1q = b61q6 + b5[3 + b4lg + bgls + bzlg + bllq + b()
For low or near zero value of currents ( 14, 1,), the flux linkage A, is near zero, whereas, A, is
slightly negative due to the presence of g-axis magnets. The polynomial coefficients a( — a and

by — bg are obtained from a curve fit of the actual ¢ and d-axes flux linkages as obtained from
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Table 3.5: Values of polynomial coefficients evaluated from curve fit.
The unit of equations (3.15) are in mWb

Poly.coefficient (a,b) values
ay 0.005
a 29.3
ar 42.8
as -11.7
ay 7.2
as -0.06
ag 0.001
by -0.4
b, 1.5
b, 6.4
b3 -1.5
by -7.2
bs 0.1
be -0.004

Table 3.6: Variation of torque ripple with phase currents

Maximum currents (A) Ripple values
0 0.126
2.5 0.307
8 0.503
7.5 0.830
10 1.150
12.5 1.390
13.5 1.600

Ansys Electronic Desktop software FEA. The estimated coefficients are shown in Table 3.5.
These equations are utilized to estimated the requirement of minimum residual flux for gen-
erator to produce terminal voltage. Further analysis of self-excited FM-SRG has been carried
out with the presence of inductive load. Similarly, the empirical expressions for the inductance
along the d- and g-axes i.e., L;, L, in mH which are obtained through curve fitting are given
below:

= eI + esI + ey + e3P + ey
Lq = eoly + esly + ealy + esl + el + erly + e (3.16)

Ly = foIp + f5I) + ful; + 31, + HI7 + fily + fo
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Figure 3.15: (a) Torque verses current curves of the machine. (b) Variation of FM-SRG electromagnetic
torque with power angle.

The polynomial coefficients ey — eg, and fy — f¢ are obtained from a curve fit of the actual

d-and g-axes inductances. Fig. 3.17(b) depict the d and g-axes inductance verses the g and
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Figure 3.16: Linkage flux of FM-SRG (without excitation).

d — axes current for FM-SRG. Equation (3.16), and Table 3.7, shows the variation of saturations
as the function of g and d-axes currents. The L, of the FM-SRG keeps increasing for low
values of current. However, as the current increase to a certain value, it starts decreasing and
subsequently reaches to a constant value because of the iron saturation. The L; of FM-SRG
remains constant at low value of current, whereas it start decreasing gradually when current is
more than 4 A. Because of the existence of ferrite orientation in the g-axis, there is no flux
linkage in d-axis without excitation current. But, the d-axis inductance is of high value at low
current and start decreasing as current increases. It remains almost constant when the current is

more than 13.5 A.
3.4.2 Technical performance of FM-SRG

Similar to SRG the compactness, reliability, and efficiency are important issues related to
power generation at remote locations. To design the machine, the key parameters such as vol-
ume, mass, rated power, and torque of the machine are utilized. The specific power and torque
densities are calculated from mass and volume of each machine components. There are inherent
advantages in utilizing synchronous reluctance generators in terms of machine performance and
manufacturing. It also has high efficiency and high power density. In this chapter, FM-SRG are
designed for a power rating of 2.1 kW. By optimizing the design parameters for the machine,

the final design has the stack length of 50 mm. The other initial and final ( i.e., the optimal one)
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Figure 3.17: (a) d- and g-axes flux linkages magnetizing of the machine. (b) d and g-axes magnetizing
inductances of FM-SRG.

such as power density P,,,, specific power density Pj,,, torque density 7,,,, and specific torque
T, are provided in Table. 3.8. Table 3.9 provides performance of self-excited FM-SRG. From
Table 3.9, and Fig. 3.18(b), it is observed that FM-SRG is more compact as compared with
SRG, but their efficiency and torque/ power densities are comparable. In terms of torque ripple,
SRG is better than FM-SRG. Fig. 3.18(a) provides magnetic field density distributions and flux
lines of FM-SRG. Similarly, the Fig. 3.18(b), shows the compactness/volume of the machines.

From Fig. 3.18(b), it is observed that FM-SRG is more compact as compared with SRG.
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Table 3.7: Values of polynomial coefficients evaluated from curve fit.

The unit of equation (3.16) is in mH

Poly.coefficient (e,f) values

e 105.3

€1 -50

[55) 25.3

és -5.7

€4 0.6

es -0.03

€ 0.0001

fo -0.9

f 2

f 1.8

f3 -0.8

fa 0.1

fs 0.006

fe -0.0001

Table 3.8: Technical performance of FM-SRG
FM-SRG

Parameters Final (optimal) Increase (%)
P 2.10 33
Popm 0.33 27
o 12.75 33
Tk 1.98 28

Table 3.9: Analytical, FEA and experimental achievements of the machine

FM-SRG
Parameters Analytical FEA
Vi 1.07 L - -
Ly 69.49mH 70.3mH -
L, 11.5 mH 10mH -
T, 1268 Nm 12.28 Nm —
T - 11% -
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Figure 3.18: (a) Magnetic flux density distribution and flux lines of the machine. (b) Size of the machine.

3.4.3 Effects of wind speed, and load on the system performance of FM-SRG

In this section, the simulation has been carried out in Matlab using the design parameters to
observe the dynamic behavior of the system under various conditions such as variation of wind
speed, constant wind speed, and variation of the load for FM-SRG.

The performance of the FM-SRG under fixed wind speed of 10 m/s and an inductive load
(R, =250 Q, L = 30 mH with an excitation capacitor of 190 uF) are shown in Fig. 3.19. As the
mechanical torque from the wind turbine is applied, the rotor speed of the generator increases
to the rated speed of 1500 rpm. For constant wind speed, the voltage and current plot of FM-
SRG are shown in Fig. 3.19. It is observed that the steady-state is reached in about 1 s for the
machine. The effect of a sudden change in wind speed is simulated to get the dynamic response

of the FM-SRG. Here, the wind speed suddenly drops to 4.98 m/s. This results in the falls
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Figure 3.19: Wind-driven FM-SRG at constant of v, = 10 m/s with Ry = 250 Q, L = 30 mH for
C=190uF

of the generator rotor speed from the rated values of 157.08 rad/s (1500 rpm) to 67.54 rad/s
(645 rpm), as shown in Fig. 3.20. Under this condition, the generated voltage and current
decrease from an initial value of 121 V to a new value of 65.5 V for the FM-SRG. The current
supplied by the machine also decreases. At ¢ = 6.5 s, again, the wind speed is increased to
its previous value. The performance of the FM-SRG under the change of load are presented in
Fig. 3.21 for FM-SRG. The inductive loads instantly decrease from 258 €, 30 mH to 150 Q,
10 mH at 5 sec, and then increases back to the initial impedance load values at t = 7 sec.
At 5 sec, the reduction in both the stator currents and voltages is observed, i.e., the voltage
slightly changes from the steady-state value of 121 V to 118 V for FM-SRG. Similarly, the
stator current decreases from 13.5 A to 12.9 A for FM-SRG. At ¢ = 7 s impedance load value is
changed to its previous value. It is observed that the current and voltage increase to the initial
values. As the speed of the FM-SRG kept fixed at 1500 rpm, and thus the frequency remains the
same despite the change in load. This is one of the advantages over the self-excited induction

generator, whose frequency and voltage are highly influenced by changing load conditions.
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From Fig. 3.21, it is observed that the change in load for FM-SRG, slightly changes the current

and voltage as compared to the self-excited induction generator.
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Figure 3.22: Wind-driven FM-SRG for variable speed with Ry, = 250 Q, L = 30 mH for C = 190 u F.

The performance of the FM-SRG under the variable wind speed is shown in Figs. 3.22. The
inductive load is kept constant at 250 €, 30 mH, and the wind speed is varied, as shown in Fig.
3.22. This variation of wind speed was observed from a location in India over a period of one
hour, forty minutes. But to show the effect of wind variation on the machine’s performance, the
duration of variation was mapped to a time of 10 sec purely for simulation. Fig. 3.22, shows
the variation in the stator current, voltage, and rotor speed. It is observed that the variation in
current FM-SRG is slightly more as compared with SRG. But, as the practical generator will
have a speed controller, which will regulate the rotor speed, this kind of voltage and current

fluctuations will not be observed for a practical FM-SRG.

3.4.4 Performance comparison of SRG and FM-SRG

Using sections 2.3.2 and 3.2 the summarized performance comparison of SRG and FM-
SRG are given in Table 3.10. The design performance of SRG and FM-SRG is compared using
analytical calculation as shown in Table 3.10. Similarly, the performance of the designed SRG
and FM-SRG is compared using FEA. The maximum induced electromotive forces (emfs) in the

stator winding of the 2.7 kW SRG and FM-SRG with symmetric design are shown in Figs. 2.5(a)
TH-2546_156102022

88



3.4 Structure and performance evaluations

and 3.13(a). The results obtained through FEA simulation with the same excitation current of
the machines is shown in Fig. 2.5(a) and 3.13(a). It could be observed that SRG has more
induced emf as compared with FM-SRG as predicted by the voltage equation.

The peak values of back emf produced at 1500 rpm corresponding to different magnetiz-
ing currents for both machines are shown in Fig. 2.5(b) and 3.13(b). It is observed that, for
SRG, emf starts with zero voltage and the experimental result distinguished by dashed line,
whereas for FM-SRG, with zero magnetizing current the induced voltage is approximately 42
volts (peak) due to the presence of magnet. But for FM-SRG, the voltage at saturation is ap-
proximately 20 volts less than SRG. Fig.2.5(b) shows experimentally obtained emf by SRG,
which is very close to the simulated (FEA) results.

The torque versus power angle curves as shown in Fig. 2.6(a) and 3.14(a) are obtained

using FEA. It is observed that the torque produced by the SRG and FM-SRG for R, # 0 are

Table 3.10: Evaluated performance parameters of SRG and FM-SRG
for 2.1 kW Generators

Parameters Quantity

SRG FM-SRG
L, 76 mH 58 mH
Ly 80.5 mH 69.4 mH
L, 15 mH 11.5 mH
L 1.15mH 0.87 mH
L, 13.5A 13.5A
L, 65 mm 50 mm
L, 0.5 mm 0.5 mm
k. 0.5 0.5
Ry 1.00 Q 0.70 Q
D, 104 mm 104 mm
D;, 105 mm 105 mm
D, 165 mm 165 mm
n 11.811 mm 11.811 mm
m 24 24
E, 150V 125V
n 86.5% 90.49%
W, 0.99 kg 0.8 kg
W, 2.7 kg 2.07 kg
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Table 3.11: Variation of torque ripple with phase currents for SRG and FM-SRG

Maximum currents (A) Ripple for SRG Ripple for FM-SRG

0 0 0.126
2.5 0.155 0.307
5 0.430 0.503
7.5 0.668 0.830
10 0.918 1.150
12.5 1.044 1.390
13.5 1.260 1.600

comparable with little variations. The peak torque in generating mode is achieved at an angle
close to 100° of power angle for FM-SRG, and near to 94° for SRG as shown in Fig.2.6(a) and
3.14(a).

Further, a comparison of the cogging torque and flux with out excitation for the FM-SRG
are shown in Fig.3.14(b) and 3.16. It can be noted that this cogging torque has a negative
role in power generation, while SRG does not experience the presence of cogging torque. The
machine with less cogging torque is more suitable for wind power generation. It is suitable
to have a ferrite-magnet SRG to increase maximum average torque per ampere. However, the
strength of the ferrite magnetic is limited by the permissible ripple torque in its design (i.e.,
nearly < 12% of rated torque ripple is considered for the design).

Table 3.11, provides a comparative analysis of the presence of ripple torque in SRG and
FM-SRG with an increase of stator current. It can be seen that the ripple torque is less in SRG
as compared to FM-SRG.

To design the machine, the key parameters such as volume, mass, rated power, and torque of
the machines are utilized. For the specific power, torque density, and mass of each components
have been evaluated. There are important advantages in applying SRG in terms of machine
performance and manufacturing. In Chapter 2, and in this Chapter, SRG and FM-SRG are
designed for a power rating of 2.1 kW, respectively. By optimizing the design parameters for
the machines, the final design has the stack length of 65 mm for SRG, and 50 mm for FM-SRG.
The other initial and final ( i.e., the optimal one) such as power density (P,), specific power

density (Py,), torque density (T},), and specific torque (7';,) are provided in Tables. 2.8, and 3.8.
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It can be noted that the performance in terms of torque density (7,) and specific torque (7’,) are

comparable for the two machines. Moreover, SRG is more robust, and its manufacturing cost is

less as compared with FM-SRG, while FM-SRG is more compact for the same rating as shown

in Figs. 2.9(b), and 3.18(b), respectively.

Table 3.12: Performance comparison of existing machines
with up to date SRG, and FM-SRG

Existing Machines [68]

Performance IE2 class IE4™ class  IE4* class
IM SRM PM — SRM
Power 2.6 kW 2.45 kW 2.4 kW
S peed 1700 rpm 1800 rpm 1800 rpm
Power factor 0.77 0.65 0.71
Torque 12.2 Nm 11.67 Nm 11.67 Nm
Torque ripple - 11.44% 11.46%
Ef ficiency(%) 83.89 88.96 90.5
Existing Machines [55]
Performance IE4" class
PM — SRM
Power - - 1.8 kW
S peed - - 1500 rpm
Torque — - 11.86 Nm
Torque ripple — - 11.25%
Cogging torque — - 0.154 Nm
Volume - - 26L
Up to date Machines
Performance 1E4~ class IE4* class
SRG FM - SRG
Power - 2.1 kW 2.1 kW
S peed - 1500 rpm 1500 rpm
Power factor - 0.69 0.72
Torque - 12.23 Nm 12.28 Nm
Torque ripple — 9.7% 11%
Cogging torque - - 0.12 Nm
Volume - 1.4L 1.07 L
Ef ficiency(%) - 86.95 90.49

Further, the performance of the designed FM-SRG, and SRG at such a rated condition is
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compared with the induction machine obtained from an /E2 class and reference SRM with sim-
ilar stators. As observed from Table 3.12 the SRM, and the PM-SRM has higher performances
than that of the IM. Furthermore, using proper ferrite magnet arrangement and design algo-
rithm, the performance of the SRG, and FM-SRG achieves the International Electrotechnical
Commission (IEC) IE4+ class as shown in Table 3.12. Moreover, from Table 3.12 it can be
observed that performance of SRG and FM-SRG are better compared to the other machines

rating. (i.e., the higher power rated, the higher the efficiency) [69].

3.5 Summary

The effect on the performance index for the synchronous reluctance generator (SRG) by
placing the low-cost ferrite magnet in the rotor air barrier with suitable location and orientation
is presented. The orientation is chosen in such a way as to reduce the g-axis flux. It is observed
that as the percentage volume of the ferrite magnet (V,,) increases in the air barrier, there is
an increase in the performance index of SRG, but it is observed ftill the V4, = 30%. The
performance index, and ripple torque changes for V4, > 30% have been evaluated. Hence, it
can be said that, for this particular design, till V, < 30%, there is an improvement in power
factor, compactness, and the operational efficiency of FM-SRG. Moreover, the variation of
the d — axes and g — axes flux linkage, and inductances while varying the V,, are analyzed.
Additionally, analytical, finite element analysis, and detail performance comparison of SRG

and FM-SRG, are provided in the present work.
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4.1 Introduction

The design and modeling of SRG and FM-SRG have been discussed in Chapters 2, and 3,
respectively. The present Chapter is focused on the electromagnetic and mechanical stress on
the rotor of the synchronous reluctance generator (SRG). While improving the electromagnetic
performances, the stress on the various components of the rotor of the machine must be simulta-
neously analyzed. This will ensure the structural stability of the rotor of the machine. The topol-
ogy associated with the design of SRG rotors are either transversely laminated variant (TLV) or
axially laminated variant (ALV) types [14]. However, the TLV design is more commonly used
over ALV [15]. Hence, this chapter investigates the rotor of the TLV type. Significant literature
is available in the design of the number of flux barriers, and their shape insulation ratio [16,33].
Park et al. [70], Mohammadi et al. [36] , and Di Nardo et al. [37] has investigated different
computational and analytical barriers optimization methods. Similarly, significant work has
been done towards the selection of material grade used in SRG design [38—40]. But, very few
and rare studies have been carried out on the analysis and design of electromagnetic-mechanical
stress performance with respect to radial and tangential ribs that link the flux lines. The work
presented in this Chapter tries to fulfill the gap in the literature.

An SRG design base on a high power factor and high reactance ratio 1.e., high X,;/X, for
better performance is achieved through the high-quality design of the rotor. The design evolves
the number of barriers, shape, and the number of poles along with the design of tangential and
radial ribs to ensure good performances. The SRG coupled with the wind turbine experiences
a wide variation of centripetal or centrifugal force acting on the rotor, and hence, requires the
electromagnetic-mechanical stress analysis of the SRG. For low wind speed centripetal load
is less, but to have better electromagnetic performance, the design of the rotor should be such
that the g — axis inductance reduces and the d — axis inductance increase [14], but this can be
achieved by a decrease in the thickness of radial and tangential ribs. The design based on the
reduced thickness of axial and tangential ribs leads towards high stress on the ribs, and hence, is
not suitable for high speed. Hence, a trade-off between electromagnetic and mechanical stress

performances with the variation of wind speed is required to validate the design.
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z -
z2Z -
z2

&=

Radial Ribs,
widths=W

Tangential Ribs ,widths=H

Figure 4.1: Structural, cross-section and dg — axes rotor reference frame of SRG.

It is observed from the literature review that the electromagnetic-mechanical analysis of
SRG rotor design with the variation of wind speed in self-excited mode is not covered in the
available literature. Therefore, this Chapter focuses on the trade-off between mechanical and
electromagnetic performances with the variation of wind speed and thickness of tangential and
radial ribs. The finite element analysis (FEA) is used for both mechanical stress analysis and
electromagnetic analysis. The considered SRG has been designed for producing 12.75 Nm of
torque at 1500 rpm equal to 2.1 kW with the efficiency of 86.95%, with a stator fill factor of
50%, is shown in Fig. 4.1.

4.2 Machine design parameters and problem statement

4.2.1 Design specification and parameters

The geometrical dimension and specifications of the SRG are summarized in Tables 2.1,
and 2.4 of Chapter 2. The air gap length is fixed to the range, as allowed by the manufacturer
(lg = 0.35 to 1.0 mm). It is important to note that as the air gap length increases, the torque
and power factor decreases (I, ~ 1/L;) [14,40]. While designing the machine, it is common

to use distributed windings, to reduce the harmonic content of the stator emf, which negatively
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impacts the reluctance torque and the core loses [71]. The present design has four poles, and
the design procedure can be extended for more number of poles. For a better design, in terms
of iron losses, torque ripple, and mechanical strength, typically the number of flux barrier are
approximately half of the number of slots per pole. Hence, the present design uses five flux
barriers per pole with 36 stator slots as shown in Fig. 4.1.

The detailed sizing, and design procedure of the SRG start by assigning the initial key pa-
rameters of the wind turbine such as speed, and maximum torque. The analysis of the machine
and its designed parameters are summarized in Tables 2.1, and 2.4. The present work includes
the mechanical stress analysis of the designed machine with varying rotor speeds. It also pro-
vides a study on its influence on the rotor design of SRG. Here, the stator is assumed to be fixed
in all cases.

4.2.2 Rotor parameterizations

The parameterizations of different kinds of rotor flux barrier have been given in references
[48,72,73]. All the findings show that the flux barrier and tangential ribs structure plays an
important role in torque ripple minimization, and maximization of average torque [74]. Mostly,
it is observed that the performances could be improved by using complex design, i.e., increasing
the number of bridges, etc, but the complex design significantly increases the cost of production,
difficult to manufacture, and also involves a high cost for its design [73,75]. Hence the present
work has used only four poles and few flux barriers as shown in Fig. 4.1. Every flux barrier
is consists of trapezoid shape segments and is identified by the tangential thickness H, radial
thickness W, and the end point angle at the air gap, «,, which assures the structural integrity at
high-speed, as shown in Fig. 4.2. The expression for maximum rotor tips mechanical end point
angle a,,, in terms of number of barriers (k;), poles pair (P) and floating angle () as in equation
(2.9) [76].

In spite of the many advantages of SRG, care must be taken while designing the rotor of
SRG for high wind speed. It is important to ensure that the machine is mechanically stable, and

produces more electromagnetic torque with minimal ripples.
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4.3 Analysis of electromagnetic performance

The electromagnetic performance of SRG rotor can be improved by minimizing the reluc-
tance of the d —axis, 3, and maximizing the reluctance of the ¢ —axis, J,. The ratio of d — axis
inductance to the g — axis inductance (saliency ratio) is usually defined using the orthogonal
axis inductances, L; ~ 1 / Jgand L, ~ 1 / I, [48]. This inductance ratio is denoted as &, as given

below:

Ly
== 4.1
& L, (4.1)
or the saliency ratio can be expressed as:
Xy
= — 4.2
& X, (4.2)

For better electromagnetic performance, this ratio needs to be large. It is observed that by
reducing the thickness of ribs (i.e., for both radial and tangential ribs), as shown in Fig. 4.4,
4.5, the inductance ratio ( &) tends to increase, but at the same time the mechanical stress tends
to increase, hence, a design choice needs to be made between these conflicting objectives. Fig.
2.8(b) and 4.2 show the variation of d and g — axes inductances with respect to the change of g
and d — axes currents and thickness of tangential and radial ribs, respectively. These plots are
associated with the rotor cross-section, with the radial rib thickness ( W = 1 mm) and tangential
ribs thickness (H = 1.2 mm), respectively. The curves obtained from the experimental setup
and FEA can be distinguished by the smoothed and orange-dotted lines as presented in Fig.
2.8(b). The L, of the SRG keeps increasing for low values of current. However, as the current
becomes approximately more than 5 A, the value of L, starts decreasing and attains a constant
value because of the magnetic saturation. While the L, of SRG is high for the low value of
current due to the presence of bridge in g — axis, it decreases gradually with the increase of
current and subsequently becomes constant.

The important point to note that in the designed SRG, the thickness of tangential and radial

ribs (see Fig 4.3) plays an important role in controlling the g— and d—axis fluxes, hence, control
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Wmin=0'1 mm , H=1.2 mm Radial rib (RR)

Flux barrier

Tangential rib (TR) H,.=0.1 mm, W=I mm

Figure 4.2: Rotor cross section view: radial and tangential ribs thickness.

the associated inductances. Fig. 4.4, shows the effect of variation in tangential rib thickness on

Tangential Ribs
B|=2.37T

Tangential Ribs
|A|=9.50m Wb/m

Radial Ribs

Radial Ribs
|B|=2.00 T |A[=0.0043m Wb/m

Figure 4.3: Magnetic field density and flux lines plot showing ribs saturation.

d—q axis fluxes, the ratio of d and g—axis inductances and reactance while keeping the thickness
of radial ribs to a value of W,,,, = 1 mm. From Fig. 4.4(a), it is observed that as the thickness
of tangential rib is reduced, the value of 4, slightly increases, whereas, the value of 4, decrease
till the ratio of (X,;/X,) is maximum, as shown in Fig. 4.4(b) (i.e., as the core start saturation,
the influence of I, is more). Similarly, the plot of d and ¢ — axis inductances is shown in Fig.

TH_‘&QX%). 1{% éi &i%%gbserved that as the core start getting saturated, there is a decrease in (X;/X,)
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Figure 4.4: (a) d- and g-axes flux linkages magnetizing curve with tangential rib widths. (b) d-and
g-reactance ratio with tangential rib widths.

ratio. Fig. 4.5(b), and 4.6 show the effect of variation in radial rib thickness on d — g axis fluxes,

the ratio of d and ¢ axis inductances and reactants while keeping the thickness of tangential ribs

to a value of H,,,, = 1.2 mm. From Fig. 4.5(b), it is observed that as the thickness of radial rib

is reduced, the value of A, slightly increases, whereas, the value of A, decrease till the ratio of

(X4/X,) is maximum, as shown in Fig. 4.6(a). Similarly, the plot of d and ¢ axis inductances

is shown in Fig. 4.6(b). It is also observed from Fig. 4.4, 4.5, 4.6 that the effect of variation
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Figure 4.5: (a) d-and g-inductances with tangential rib widths. (b) d- and g-axes flux linkages magne-
tizing curve with radial rib widths.

on inductance is more with the change in thickness of tangential ribs, as compared with the
variation in thickness of radial ribs.

In summary, the tangential and radial ribs should be small enough to produce good elec-
tromagnetic performance, i.e., to reduce the ¢ — axis inductance and maximize the d — axis
inductance (increasing reluctance torque), but the mechanical stress in the ribs should be below

the centripetal loading.
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Figure 4.6: (a) d-and g-reactance ratio with radial rib widths. (b) d-and g-inductances with radial rib
widths.

Fig. 4.7(a) shows that the performance of machines in motoring and generating mode. Fig.
4.7(a), the effect of reducing tangential rib i.e., with rib thickness 1.2 mm, 1 mm, 0.5 mm and
0.1 mm is shown while keeping the thickness of radial ribs to a value of W,,,, = 1 mm. It is
observed that as the thickness of tangential rib reduces, the torque increase in motoring and
generating modes, as shown in Fig. 4.7(a), mainly because the magnetic flux flowing outward
from the rotor g-axis reduces, hence, reducing the value of L,. Similarly, in Fig. 4.7(b), the

effect of reducing radial rib width i.e., with rib thickness 1.2 mm, 1 mm, 0.5 mm and 0.1 mm
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Figure 4.7: (a) Average torque-current profile of SRG curve with tangential rib widths. (b) Average
torque-current profile of SRG curve with radial rib widths.

is shown while keeping the thickness of tangential ribs to a value of H,,,, = 1.2 mm. It is
observed that as the thickness of the radial rib reduces, the torque slightly increase in motoring
and generating modes, as shown in Fig. 4.7(b), mainly due to the reduction of magnetic flux
in g — axis. However, it is observed that the effect of radial ribs width variations on torque is
not much as compared with the variation of tangential rib widths. From Figs. 4.7(a) and 4.7(b),

it is observed that the average torque is a function of square of stator current till the current
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Torque ripple

Torque ripple
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Figure 4.8: (a) Torque ripple percentage curve with tangential rib widths. (b) Torque ripple percentage

curve with radial rib widths.

of the machine is 5A. However, after 5A the difference between (L; — L,) is approximately

constant as seen from Fig. 4.7, hence, the variation of average torque is observed to be linear.

The influences of the tangential rib width on torque ripple while keeping the thickness of radial

ribs to a value of W,,,, = 1 mm are shown in Fig. 4.8(a). From Fig.4.8(a) it can be observed

that the torque ripple increases by reducing the tangential rib thickness. Similarly, the effect on

torque ripple for the variation of radial rib thickness while keeping the thickness of tangential
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ribs to a value of H,,,, = 1.2 mm is shown in Fig. 4.8(b). It is observed, that the torque ripple,
(Tax — Thin)/ Tay, decrease by reducing the radial rib thickness. When the radial rib width is
reduced, both the magnetic and air reluctance layers increase for g-axis flux, that causes L, to

reduce, while L,; almost remains constant or slightly change.

4.4 Analysis of mechanical performance

From the analysis of electromagnetic performance, as discussed in the previous section, it is
observed that for better electromagnetic performance, the thickness of ribs need to be reduced,
but as these ribs also provide mechanical strength to the rotor, it is important to know the stress
in these ribs, under the influence of centripetal force, and check whether the stress is within the

permissible limit.

4.4.1 Centripetal force on flux barriers

It can be seen from Fig. 4.1, that mainly the radial ribs, support the flux barriers together un-

der influence of centripetal force while operating at variable speed. The flux guides lamination

Ma = pirLs ff dA (43)

where, L; is the stack length, f f dA 1s the cross-section area of the flux barriers, which has a

has a mass of [40]:

complex shape, and p;, is the density of lamination material. When the generator is operating
with the rotational speed of w, the centripetal force acting towards the center of the rotor (i.e.,

normally) with radius R at the surface of the rotor is given as:
f= MR’ (4.4)

The yield strength ¢, is the stress above which the material become plastic, and hence, the stress
on a rotor must be below the yield strength of the material used in the design of rotor. From,
equation (4.4), it can be observed that the stress on the rotor is a function of w?. Usually, the
stress must be less than yield strength with an acceptable safety factor while designing and/or
sizing the tangential and radial ribs.
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The lamination material (50C350 — AP)/(M19) is used in the design of the rotor for SRG,
which has average yield strength of 310 M pa, and the lamination density of 7600 kg/m?>. The

commonly used safety factor S  is given as per the equation below:
Sp=—= (4.5)

where, ¢, is the average yield strength of the material, o, is the stress on the rotor. Fig. 4.9
shows the distribution of mechanical stress at different parts of SRG rotor, rotating at 1500 rpm
using finite element analysis (FEA). The peak stress observed at the critical points of the rotor
are reported as in Fig. 4.9, and can be observed that the ribs are highly stressed. To provide the
quantitative analysis, Table 4.1, and 4.2 provides the details about peak stress observed in ribs
i.e., in tangential ribs indexed as 1,2,3 and 4 i.e., TR; 34 and radial ribs index as 1,2, and 3 i.e.,
RR, 3. The results shown in Table 4.1 corresponds to the rotor rotating at 1500 rpm, with the
simultaneous variation in thickness of both tangential ribs (TR) and radial ribs (RR) by same
thickness i.e., the thickness of both TR/RR is same and varies from 1.2 mm to 0.1 mm. The Table
also provides a stress factor (SF), centripetal force at the surface of the rotor (f), average torque
(T4), and percentage torque ripple (7;,). Similarly, Table 4.2 provides the similar analysis for
rotor rotating at 2500 rpm, i.e., 60% over the rated speed of 1500 rpm. From Table 4.1 it is
observed that the design is suitable for tangential and radial ribs thickness at the rotor speed of
1500 rpm. While, Table 4.2 shows the tangential and radial thickness is not suitable at speed of

2500 rpm for 0.1 mm. The stress factor (SF) on the ribs given as:

Nb
_ i
SF = E 'O'I,—O'W
i=1

where, Nb is total number of tangential and radial ribs, Nb = 7, O'; is peak stress on i'" rotor

(4.6)

rib, 0, is stress target that usually taken to be as 80% of yield strength.
4.4.2 Tangential and radial rib thickness

This section analysis the effect on stresses estimated for SRG with simultaneous variation
in thickness of both tangential ribs (TR) and radial ribs (RR) by same thickness. For the esti-

mation of stress, the present work uses finite element analysis (FEA). From Fig. 4.9, it could
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Table 4.1: Mechanical performance (Von Mises stress, centripetal force, stress factor) of peak stress and
Electromagnetic performance (torque and ripple) of the designed rotor speed of 1500 rpm

Thickness (TR/RR) — 1.2 mm 1 mm

Parameters Peak stress Peak stress Unit
TR1’2’3’4 38 57 Mpa
RR1’2’3 23 34 Mpa
SF 1515 1406 Mpa
f 908 902 N
T, 12.28 12.63 Nm
T,ip(%) 11 16 -
Thickness (T'R/RR) — 0.5 mm 0.1 mm

Parameters Peak stress Peak stress Unit
TR1’2’3’4 72 172 Mpa
RR1’2’3 65 245 Mp(l
SF 1253 313 Mpa
f 890 880 N
T, 13.41 14.08 Nm
T,ip(%) 26 36 -

Table 4.2: Mechanical performance (Von Mises stress, centripetal force and stress factor) of peak stress
and Electromagnetic performance (torque and ripple) of the designed rotor speed of 2500 rpm

Thickness (TR/RR) — 1.2 mm 1 mm

Parameters Peak stress Peak stress Unit
TR1’2’3’4 98 146 Mpa
RR17273 69 88 Mpa
SF 1137 888 Mpa
f 2323 2310 N
T, 12.20 12.50 Nm
T,i,(%) 9 13 -
Thickness (TR/RR) — 0.5 mm 0.1 mm

Parameters Peak stress Peak stress Unit
TR1,2’3,4 184 440 Mpa
RR1’2’3 168 565 Mpa
SF 496 1719 Mpa
f 2277 2270 N
T, 13.40 14.05 Nm
T,ip(%) 27 37 -
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Figure 4.9: Von Mises stress distributions (Mpa) of designed rotor with ribs widths variation (mini-
mum=0.1 mm to maximum=1.2 mm)

be observed that ribs i.e., tangential or radial are the ones that are associated with high stress as
compared with other parts of the rotor. Hence, this section analyses the stress at tangential and
radial ribs in detail. Fig. 4.10(a), show the stress experienced by the tangential rib of different
widths with the variation of centripetal force. Similarly, Fig. 4.10(b), shows that the stress
observed at the radial rib. From the results, it can be observed that the stress reduced with in-
creasing ribs width. It is also observed that the variation of stress with an increase in centripetal
force is approximately linear.

Fig. 4.11(a) provides the plot associated with the stress in tangential ribs of thickness vary-
ing from 0.1 mm to 1.2 mm. It is observed that as the ribs thickness decrease, the stress in
tangential rib increase. It is also observed that the increase in stress on tangential ribs is approx-
imately quadratic to the variation of rotor speed. Fig. 4.11(b), provides a plot of safety factors
in the tangential rib with different widths vs rotor speed. The zoomed version of the plot shows
the yield strength line corresponding to the safety factor of 1, but it is common to take a safety

factor of 2.5 for most of the design, hence, the present work also uses a safety factor of 2.5, as
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Figure 4.10: (a) Stress at tangential rib with different widths vs centripetal force. (b) Stress at radial rib
with different widths vs centripetal force.

shown by a dashed line in the plot. It can also be observed that a thickness of 1.2 mm or more
is required to provide mechanical stability of the tangential rib.

Similarly, Fig.4.12(a) provides the plot associated with the stress in radial ribs of thickness
varying from 0.1 mm to 1.2 mm. It is observed that as the ribs thickness decrease, the stress in
radial rib increase. It is also observed that the increase in stress on radial ribs is approximately
quadratic to the variation of rotor speed. Fig. 4.12(b), provides a plot of safety factor in the

radial rib with different widths vs rotor speed. It can also be observed that a thickness of radial
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Figure 4.11: (a) Stress at tangential rib with different widths vs rotor speed. (b) Safety factor of tangen-
tial rib with different widths vs rotor speed

rib should be more or equal to 1.0 mm for ensuring mechanical stability of the ribs.

4.5 Summary

The electromagnetic-mechanical stress analysis of SRG for a rotor with transverse lamina-

tion are evaluated. The work mainly discuss how the thickness of ribs affect the electromagnetic

performances of the machine i.e., it is observed that with decrease in the thickness of both radial

or tangential ribs, there is an increase in the inductance ratio, which reaches to its peak value
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Figure 4.12: (a) Stress at radial rib with different widths vs rotor speed. (b) Safety factor of radial rib
with different widths vs rotor speed

near to its rated current, and then there is a decrease in this ratio due to the effect of saturation
in the core. Further, the mechanical stress analysis is done to find the minimum thickness of
the ribs which could ensure mechanical stability. It is also observed that the maximum stress
is either at tangential ribs or radial rib of the SRG rotor. To ensure the mechanical stability, a
safety factor of 2.5 is used in the present work while suggesting the minimum thickness of the

tangential ribs and radial ribs are 1.2 mm, and 1 mm, respectively.
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5. EFD AND IFD THERMAL MODELING OF SELF-EXCITED SRG FOR WIND ENERGY
APPLICATION

5.1 Introduction

In recent times, the literature suggests to use synchronous reluctance generators (SRG) in
the wind energy applications because of its ruggedness, no copper loss in the rotor, high power
density, compactness, cost-effectiveness, low maintenance and easy to assemble. Even though
it has many advantages, some failure is observed due to thermal overloading and insulation
breakdown. O.Donnell P. identified that a large number of machine failures are due to the
temperature overloading of the various machine components [41]. Nearly, 45% of the induction
generator failures are associated with failure of insulation of copper winding and iron core
[2,41-43]. In most cases, the excessive temperature rise is observed at the end region of the
copper windings as compared to other parts of the generator. Tallam R.M. et al. reported that
the rise in temperature, which slowly degrades the quality of insulation is the main cause of
generators failures [44]. These types of failures can severely affect the generation capability
of the distributed generation. Moreover, it also increases the financial cost associated with the
maintenance and replacement of the machine.

The National Electrical Manufacturers Association (NEMA) provides the allowable tem-
perature range for different types of insulation classes as given in Table 5.1. To prevent the
thermal failure of the generator, it is important to appropriately select the insulation class for
stator windings. The present design utilizes the insulation of F class as the rise of temperature
of the component of the machine is less than 105°. This class of insulation could be used in gen-
erators with ratings in the range of a few kWs to MWs. The choice of the class of the insulation
may also change based on the atmospheric temperature.

To protect the machine from thermal overloading, a thermal analysis of the machine to know
the heat transfer mechanism of different components of the generator is required. The thermal
analysis of the generator is as important as its magnetic design and plays an important role in the
design of the overload thermal protection system [77]. The previous research work on thermal
analysis is mostly related to induction generators and ac synchronous generators. It is observed
from the literature review that thermal analysis is based on finite element analysis (FEA) which

is highly computational and complex. Therefore, this Chapter provides the thermal analysis of
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5.2 Heat sources calculation of SRG

Table 5.1: Limits of temperature for different insulation class in (°C) [1-3]

Insulation T. Ambient T. Hot spots tolerance Allowable T. rise Insulation Class

105 40 5 60 A
130 40 10 80 B
155 40 10 105 F
180 40 15 125 H
Over 189 40 15 Over 134 C

SRG using 3D time-dependent Finite Element Analysis (FEA), Explicit finite difference (EFD),
and Implicit Finite finite difference (IFD) to fill the gap in the available literature.

The EFD and IFD methods are techniques used in numerical analysis to obtain numeri-
cal approximations to the solution of time dependent partial differential equations. The EFD
method calculate the state of the systems at a later time from the inial condition of the system at
the present/current time. It uses forward and central difference, while IFD method find out the
solution by solving the equation involving both the later one and the current time of the system.
1.e.,it uses backward and central difference [78].

The Chapter, covers the thermal modeling of the 2.1 kW self-excited SRG, which is modeled
and designed through a finite element analysis (FEA). The developed models of the designed
SRG represented in Fig. 5.1. The losses of different parts of the generator where estimated
in Chapter 2, which act as heat sources in the machine. The thermal analysis is done using a
explicit and implicit models and compared with 3D time-dependent FEA model. The results
are also validated through the experimental test on the developed machine.

5.2 Heat sources calculation of SRG

The core loss, copper loss, core weights and detail calculation of parameters are given in
Chapter 2, which gives approximate heat source of the SRG. The core losses mainly depend on
the magnitude of the stator flux, the rotor flux density, and the frequency of output voltage. It is
observed that the stator windings and stator end windings losses are the primary heat sources for
the copper losses. These losses are parameterized as the heat sources in the thermal modeling
of SRG.

Table 5.2 summarizes various losses of the machine, which are used to approximate the
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\
Stator inner half

Figure 5.1: Rotor and stator structure of SRG.

Table 5.2: Loss analysis of the 2.1 kW SRG for rated wind speed

Wind speed (m/s) Rotor Speed (rpm) Losses Watt
10 1500 Stator copper 274.0
Stator teeth core 3.762
Stator core 6.480
Rotor core 3.626

Total losses 287.868

temperature rise for different nodes of the thermal circuit. For low power rated machine, large
eddy current can not be induced in the iron core, as it has very thin laminates. Thus, the core
loss could be evaluated from machine parameters, and it is observed that the core losses are
small, while copper loss due to the resistance of the wire in stator winding is large as shown in
Table 5.2. These copper losses can be reduced by using wire with a large cross-section area in
the construction of the coils [48].
5.3 Lumped parameter model, and the use of EFD and IFD to estimate
the temperature rise.

There is a gap in the literature on the thermal modeling and heat flow modeling of an SRG
used in wind energy applications. The widely used machines for thermal modeling are the
induction generator and conventional synchronous generator. The present work extends the
explicit, and implicit models for SRG. It uses the mesh of thermal resistance along with heat

source, to model the various parts of the generator. Moreover, to test the accuracy of the model,
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5.3 Lumped parameter model, and the use of EFD and IFD to estimate the temperature rise.

the results are compared with 3D FEA thermal model, which uses both axial and radial heat
flow for various components in the generator [1,35].

The explicit, the implicit thermal modeling, and 3D FEA are applicable for both steady-
state and time-dependent thermal analysis of the machine. The explicit, and implicit consists
of thermal capacitances and resistances/conductances. Besides, the thermal mesh model circuit
includes the heat sources of the generator. In the model, different parts of the generator are
represented as the nodes. And at each node, the presence of capacitance is associated with heat
stored in the components of the generator. The presence of resistance in the model symbolizes
the thermal resistance associated with the flow of heat between the various parts of the gener-
ator. Thus, by solving the explicit, and implicit equations model, it is possible to estimate the
temperature rise for various components of the generator.

As the various heat sources and the different parts of the generator are radially placed at
equidistant from the shaft of the generator and have laminations in the axial direction, it is
reasonable to model only the radial flow of heat to get the temperature rise in the machine (since
the difference is negligible, i.e., less than 0.6%). However, to further improve the accuracy of
the model, the axial flow of heat for the shaft is also considered in the present work.

All the thermal resistances present in the model correspond to the heat flow by the various
process, such as radiation, convection, and conduction in various parts of the generator, which
are typically made of different materials.

The temperature at the thermal node of each location is given by 6, to 6;, and the ambient
temperature is represented as 6,,,. The capacitors C, to C;, which are connected to the nodes,
are used to represent the heat stored by various components of the machine, as shown in Fig.5.2.
The model assumes that the heat is uniformly distributed in the generator from each heat source.

Finally, for each node, the energy balance principle is applied to compute the temperature
rise at different locations of generator components. The equation (5.1), and (5.2) are energy
balance equations of EFD, and IFD, respectively. The EFD and IFD approaches used to calcu-
late incremental temperature rise for every At interval. Equation (5.1) uses direct computation

of temperature rise at each node in terms of known quantities, while equation (5.2) find out the
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atm

Figure 5.2: Thermal network model of SRG

temperature rise at each nodes by solving equation at current time ¢ and later time # + 1. The
general form of equations representing the model are as follows [79, 80]:

For explicit,

At
0[7+1 = 0[) + —( 0[7 + Ppen—loss) (51)
pcVelement Node §
and for implicit,
At
o =0+ ————| > o P (5.2)
pCVelement Node gen=loss

where, the term p ¢Veemen 1 €qual to the thermal capacitance of the material (C=p ¢V jemens)-
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5.3 Lumped parameter model, and the use of EFD and IFD to estimate the temperature rise.

Table 5.3: Thermal properties for thermal capacitance and resistance calculation at room temperature

[1,2]

Material Thermal conductivity Specific heat capacity Density
(W/m °C) (J/kg °C) (kg/m’)

Aluminium 202 920.48 2700

Copper 386 383 8954

Iron 73 452 7600

Steel 54 465 7833

Air 0.02624 1005 1.205

Similarly, Viemens 1 the volume of material. The equation (5.1) and (5.2) is used to get the
equation corresponding to the change of temperature at a particular node at each iteration, and
is given as:

For explicit,

gr+l _ gr

T 1/C[P§en_loss +00,+6  +6 (5.3)
and, for implicit,
g+l — gr
i 1/C[P§;l_,m O+ Oy +9i.’:;] (54)

Here, Oy, Onas Orag» 07, and 0P*! are the temperatures associated with convection, conduc-
tion, radiation, temperature at time pAt, (p + 1)At, respectively.

In (5.1) to (5.4), 6.y, Bena, and 6,4, are used to get the updated of . Equation (5.3) and (5.4)
represent a general equation to get an update of 6, i.e., is used to get the updated value of 6, to
;. Generator 10ss Pgen_jo5s n (5.1), is used to refer the losses, such as stator winding loss, rotor
core loss, stator core loss, and other loss as given in Table 5.2. These losses are modeled as the
thermal injection at nodes 6,, 6., 6, 8;, and 6;, as shown in Fig.5.2. To evaluate, the temperature
rise at a specific node, it is required to estimate the heat flow coefficient corresponding to the
radiation, convection, and conduction for various components of the generator. The thermal
parameters and material dimension of various parts of the generator are summarized in Tables
5.3, and 5.4, respectively. Here, emissivity (¢€) of Iron and Aluminum is taken as 0.72, and 0.25,

respectively.
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Table 5.4: Generator physical dimension data

Parts of the Generator Values(mm)
Inner diameter of stator 105
Outer diameter of stator 165
Outer diameter of rotor 104
End winding outer radius 40.6
End winding inner radius 37
End winding axial length 127
Stack length 65
Air gap length 0.5
Shaft length 250
Air thickness between

rotor and end caps 92.5
Frame fins length 84.5
Frame fins width 5.67
Lamination thickness 0.35
Frame length 84.5
Stator slot height 11.811
Frame fins height 7.45

Operating parameters of the generator

Rated current (A) 9.5
Output Power (kW) 2.1
Phase voltage (V) 150
Stator winding resistance (€2) 1.0

5.3.1 Analytical solution of thermal conductance, capacitance, EFD and IFD methods

The temperature rises for a different section of the generator can be estimated by selecting
the suitable modeling method (i.e., radial or combined radial-axial methods) and by calculating
the thermal resistance and capacitance. The radial method provides a negligible difference
compared to combined radial-axial method [2, 3, 81]. The error introduced by radial method
is bellow 0.6% compared to combined radial-axial method. Hence, the simplified radial axis
model is reasonably accurate and it involves less computational complexity.

The developed analytical model based on radial axis heat flow uses the following assump-

tions to simplify the calculation of parameters:
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5.3 Lumped parameter model, and the use of EFD and IFD to estimate the temperature rise.

Neglecting percentage increase for the field harmonics in stator, rotor, and mechanical

losses.

e The thermal and electrical properties of the iron steel of different grades are assumed to

be the same.

e The magnitude of flux density is assumed to be constant for the stator core, stator tooth,
and the ribs of the rotor. i.e., each of these parts has different flux density, but for a

particular region, the flux density is assumed to be constant.
e The effects of some variation in frequency due to the changing load are neglected.
e A generator symmetry is assumed cylindrical around the shaft, and radial plane via center.
e Each cylinder thermal is symmetrical in the radial direction.

e The heat flow in the axial direction is considered only in the shaft and is neglected in

other parts of the machine.

e The calculated heat sources (losses) are uniformly distributed via the machine body.

5.3.1.1 Estimation of temperature rise using calculated thermal conductance and capac-
itance

This subsection explains how the estimate of the temperature rise at each node is obtained
using the calculated thermal conductance, and thermal capacitance (i.e, the temperature rise
at assign nodes are evaluated from the thermal equivalent circuit as shown in Fig.5.2). The
calculation of the thermal conductance and thermal capacitance is based on the parameter of
the machine.

a) Node a, 6,: Temperature rise in rotor core: The temperature rise, 95” in rotor core can be
estimated using the parameters K, K,,, K,,, and P,,,_,. The thermal capacitance, C, in rotor core
can be be determine from machine parameters. Rotor core loss P,,,_, act as the heat source for
the rotor which flows radially, i.e., from rotor core — air gap — stator lamination — generator

frame — atmosphere, and axially from rotor end surface to central air. Henec, the 6, i.e., the
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temperature at the core can be expressed using the references [2, 3,81, 82]. Using equations
(5.1), and (5.2) an explicit and implicit temperature equations for each nodes (a to /) is derived,

and the final results are as follow:

95“ = 95[1 — Ate, (K, + Ky + Ky) | + Atey(Peor—r)’

(5.5)
+At8a[l(a6§ + K07 + Knef ]

For an explicit equation (5.5), from the von Neumann stability condition, [£ | < 1 it found that:

0<Arg, < L

(;(K0+Km+Kn)—])

or (5.6)

1 1
0<Alc—aS

(;(Ka+Km+Kn)—1)

whereas, the implicit equation is given as:

9;’“[1 + Atey (K, + Ky, + K| = 68 + At&y(Pogy—,)P*!

(5.7)
+Arsa[1<aeg” + K, 0" + Knef”}

while, all the implicit equations are inherently stable.
where, g, ; = 1/C, 95“ is temperature rise of rotor core, K, , = 1/R,_,, is thermal
conductance of the network. The thermal conductance, K, and capacitance, C, respectively,

can be expressed as :

Ki=— (5.8)
qaln(%)
and,
C,= CipiLsAr—end/ 2 (5.9

Here, g, = 1/(2nk; L), L, is stack length which equal to rotor length, r,, is rotor outer
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5.3 Lumped parameter model, and the use of EFD and IFD to estimate the temperature rise.

radius, rg, s rotor shaft radius, and k;, is conductively of the lamination.

The thermal conductance K, is:
K, = Ar_enahria (5.10)

where A,_.,4 1s the area of rotor end surface that has been computed by applying FEA. The FEA
is used to evaluate the rotor end surface due to its very complex geometry. 4,;, is the convection
heat flow coefficients in the region between the inner air and rotor end, which includes both the
forced and free flow of air. The values of A4, is calculated using Schubert expression (5.52).

The thermal conductance of K, is:

1
" inn(%) + qsh + 4 she

(5.11)

The equation is the sum of three thermal resistance, ¢, = 1/(27k;.Ly), the 1°" one is the radial
thermal resistance because of rotor core, gy, = 0.5L; /ﬂki,rfh /4, the 2"? thermal resistance due
to the shaft part which is under the rotor core, and gy, = 0.5(Ly, — Ly)/2nk;,r%,, the 3™ is the
equivalent axial thermal resistance because of the shaft part which is external to rotor core.
Where Ly, is the shaft length, and ry, is the shaft radius, which is same as the inner core radius
(Tir).

b) Node b, 0),: Temperature rise on rotor surface: The thermal conductance, K, thermal
capacitance, C), and temperature rise on rotor surface, 6, *! calculated as follow: For explicit the
result is:

o+ = 9,‘;[1 — Atey(K, + Kp)

+ AtSb[Kagg + Kbgf] (512)

That gives:

0 < Atgy, < 2

(Ka+Kb+l)

or (5.13)

1 2
O<AIC—bS

(Ka+K,,+1)

125
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and, for implicit the final result given as:

0 1 + Atey(K, + Kp)

=0+ Atab[Kaeg“ + Kbef“] (5.14)

1. . )
where, 95 s temperature rise of rotor surface. The thermal conductance K}, and capaci-
tance Cj:

Kb = Arshairgp

and, (5.15)

Cy, = cipiLsArs/z
Here, A, = 2nr,, Ly 1s the area of rotor surface, /), 1S air gap forced convection heat coefficient

which depends on air gap length, rotor speed and viscosity of the fluid, and is given as:
Paisp = Va1 (5.16)

Here, k,, s thermal conductivity of air, N, is the Nusselt number, and /, is the length of the air
gap. Using Becker and Kaye and equation (5.20), the Nusselt number associated with to air gap

convection force coefficient is given as: [1,2]

Nu =2; forT, < 1700

Nu = 0.128723%7; for 1700 < T, < 10,000 (5.17)

Nu = 0.409T7%%*'; for 10,000 < T, < 100,000,000

T, is the modified Taylor number and found from the equation:

T, = Tan/pg (5.18)

where, F, is the geometry factor given as:
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714(2ra - 2.3041g) /(Zra - zg)
F, = (5.19)

2
1679[0.()056 + 0.057((2ra - 2.304lg)/(2ra - lg)) ]( l—g)

2rq

where, [, is is the air gap length. Since, [, << r,,, neglecting it, F, ~ 1, and T, and T,, are
nearly equal.

The Taylor number 7, can be computed using the equation, as given below

Ton = pw’r.l, /yz (5.20)

Here , r,, w, p, l, and u are the average radius of the stator inner yoke, and outer rotor radius,
the rotor angular speed, density of coolant material, air gap length, and the dynamic viscosity
cooling material, respectively. The value of 7, is found to be 13136, approximately.

c) Node c, 6.: Temperature rise in the air gap: The thermal conductance, thermal capaci-
tance, and temperature rise in the air gap, K., C,, and 67 + , respectively, can be evaluated. And
the results for explicit, and implicit method are given below:

For explicit:

ort = 95[1 — Ate(Kp, + K,)

+ Atsc[Kbe: + KCOZ] (5.21)

For explicit, it gives:

2

(K}+K¢+1)

or (5.22)

0 < Ate,

IA

1 2
0<AtC_C<

(KC+Kb+l)

=60+ A;gC[K,,eg” + KCOZ”] (5.23)

and for implicit,

p+1
90

1+ Ate. (K, + K,)
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The thermal conductance and capacitance K., C.:

K. = Ashairgp
and,
Cc = cipiAsiLs

(5.24)

+1 . o . . . . .
where, 82" is temperature rise of air gap, ry; is inner radius of the stator, A, = 277 ;L; is stator

inner surface area, and Ao, 1s given in (5.16), and energy stored in stator tooth is assumed to

be same as energy stored in air gap.

d) Node d, 6,: Temperature rise in stator tooth: The values of thermal conductances, capac-

itance, and temperature rise at the stator tooth, K;, K, , C,, and 95“ given as:

95“ = 95[1 — Ateg(K. + Ky) | + Ateg(Proen)”

+Atsd[l(00£’ + K 67 ]

Which result for stability condition:
0<Atg; < L

(;(KC+K,,)—1)

0< At < 1

Cy
$(Ke+Kg)-1

or

and,

07 |1+ Ate(K, + Ky)

+Ateg,

K. +-1(d9§+1]

TH-2546_156102022
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(5.26)

(5.27)

(5.28)
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and,
C, = cipirL,S ¢e(r§”. -~ rf,.) /2¢,, (5.29)

Here, g, = nk;.LyP,/2, S, is lamination stacking factor, 05” is temperature rise of stator teeth,
I'syi 1s the stator yoke inner radius, and P, is percentage volume of a teeth to the entire volume
of teeth and slot. The thermal conductance, K, depends on slot area and insulating material

property, and is given as:
1

= —— 5.30
(Ayinsuq}z) ( )

K

Here, g, = 1/Agokinsus AYinsu 1S thickness of insulation material, k;,y, is the conductivity of
insulating material, A, is the slot area.
e) Node e, 0,: Temperature rise on stator winding: The thermal conductance, thermal ca-

pacitance, temperature rise in the stator winding, K., C,, 67 o, respectively, are given as:

ot = P [1 — Ate, (K, + K, + Kp)| + Ate, PP, _,
(5.31)
+Ate,| K, 0! + K(ﬂ? + Khei]
result in:
0<Atg, < —1—
(;(Kd+Kg+K,,)—1)
oF (5.32)
0<Atg < ———
(;(Kd+Ke+Kh)—1)
and,
07" 1 + Ate(Ky + K, + Kp) | = 0 + Ats PP,
(5.33)
+Atg| K0 + K07 + Kheg“]
1
K=———— (5.34)

(rs')'i+r3')'<>)/2
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and,

C.= ccpcAcLst/2 (535)

Here, q. = 1/(2nk;.L,Py), Gf“ is temperature rise of stator winding, K, is radial conduction
conductance of stator inner yoke, C, is stator winding capacitance, r, is outer radius of stator
yoke, and P; is percentage volume of a slot to the entire volume of teeth and slot.

f) Node f, 6;: Temperature rise in stator yoke inner half : Expression for temperature in the
stator yoke inner half, Q’;“ using explicit and implicit methods at node f is evaluated. Thus, the

final results of Ky, C, 0;” are given as:

) Atgf(Pcor—s)p

o = 9;[1 — Ate(K, + Kj)

(5.36)
+Atsf[K69£ + Kfeg]

gives:
0<Atey < —1—
(%(Ke”ff)—l)
or (5.37)
0<Atg < ——
(;(1(‘,+1<,-)—1)
and,
O |1 + Arey(K, + Kf)] = 0 + ALEf(Pegr—s)""!
(5.38)
+Ats | K00 + Kfeg“]
1
K= (5.39)
qfln((rsyi"'rsyo)/z]
and,
2
C; = c;oimLyS [((rsy,- + Tey0) /2) — rf),,.) /2 (5.40)

Here, q; = 1/(2nk;.Ly).
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g) Node g, 8,: Temperature rise in stator yoke outer half : The parameters, K,, C,, 92,’”,
i.e.,thermal conductance, thermal capacitance and temperature rise at the stator yoke for the

outer half at node g are determined as below: For explicit:

+ Arsg[Kfef; + ngg} (5.41)

0 < Atg, < —2

(K_/+Kg+1)

o7 (5.42)

1 2
O<Afc—gS

(Kf+Kg+l)

and, for implicit:

00 1 + Atey(Ky + Ky) | = 607 + Atgg[Kfegi“ + ngg“] (5.43)
letting:
_ 1
Ky = -
and, (5.44)

2
Cg = C‘,',Diﬂ'LsS(r?yo - ((rysi + rsyo)/Z) ]/2

Here, q, = 1/2nki 7y Ls, 0‘; s temperature rise of outer stator yoke, K is radial conduc-
tion conductance between stator and frame, C; is capacitance of outer yoke, /;, is the air gap
length between the interfaces (i.e., the small gap due to roughness between the frame and outer
stator core) which is assumed in the range of 0.05 to 0.08 mm, k,;, is the conductivity of inner
air.

h) Node h, 6),: Temperature rise in stator end winding : The end winding temperature rise,

HZ ”, can be evaluated at node, 4. Moreover, the parameters K;, K;, K, Cj, can be calculated and
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given as:
ot = 9;’[1 — Atgy(Ky + Ki + K; + K | + At (Pona )’
(5.45)
+Atsh[Kh0§’ + K0} + K;0/ + K6/
then,
0 < Arg, < L
(5(1(;,+K[+K.,'+Kk)—l)
- (5.46)
1 1
0< AtC_h <
(é(Kh+Ki+Kj+Kk)—l)
and,
O 1+ Atey(Ky + Ki + K + Ki) | = 07 + Aten(Pongy)P*!
(5.47)
+Atey, [Khef“ + KO+ Ko + Kkef“]
1
Ki=—— (5.48)
qlln(%)
and,
Cn= Ccpc(l _ﬁ)vc/z)( (5.49)
and here,
K] = 68Aewbt
(5.50)

here,

b, = (95 + 9,’;)((9,3)1’ + (efl)P)

Here, q; = 1/2nk,l.,,), QZH is temperature rise of stator end winding, A.,, is the end-winding

area, and ¢ is the emissivity of the material.

Ky = he,A., (5.51)
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Stator end-winding

Stator

Hot spot air rises .. .
P Small air circulation

Figure 5.3: Air circulation, combined forced and free convection between end winding and end cap in a
SRG.

Here, h,,, is the free and forced heat coefficient between the inner air and the stator winding. The
estimation of 4., 1s quite complex since it requires to know the heat flow under the influence of
temperature at the end region. The stator end-winding gap of the generator is classified into two
regions. One of them is the gap between the stator end winding and the generator frame, and
the other between the rotor end and the stator end winding. The air circulates in the end space
due to the rotation of the rotor, but the flow of air is negligible in SRG as compared with the
squirrel-cage induction machine due to the presence of a smooth surface at the rotor end which
is shown in Fig.5.3. Hence, mainly, the heat transfer takes place in the stator end winding
region by the forced and combined free convection. It is quite complex to estimate the velocity
of inner airflow, due to the presence of end winding structure. Hence, the present work uses
the rotor peripheral speed to estimate inner airflow speed. Among many models, Schubert’s
model is commonly applied to calculate the convection heat transfer coefficient. The equation

for Schubert’s modeling is [49]:

hew = 15.5 %

1+ (O.4ﬁa)0'9]
(5.52)

9, = Vorlief

Here, ¢, is the air speed in the stator end winding region, w is the angular speed of the rotor
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(1500 rpm), and 7. is fan factor (i.e., fan efficiency of the end ring fans) which are used to
estimate inner airflow speed. In general, the fan efficiency is assumed to be less than or equal
to 60%.

i) Node i, 0;: Temperature rise of inner air: The parameters K;, and Qf’ *! that represented the

thermal conductance, and temperature rise of the inner air of generator, respectively, are given

as:
o = ef’[l — Atei(K; + K; + K,)
(5.53)
+Ate;| Ki6, + Ki6) + Kmeﬁ,’]
as,
0<Atg; < —2——
(K1+Kk+Km+l)
or (5.54)
0< Até < —2—
(K,+Kk+Km+1)
and,
01+ Atei(K) + Ky + K,) | = 6
i (5.55)
+Ate;| KO + K00 + Kmeg“]
K, = hinairAencap
and (5.56)

Ci= Capavaspc/2

Here, Qf’ s temperature rise of inner air, Ve, Ningir are inner volume, and the convection
coefficient for the region between the machine end cap and inner air respectively, and A.cqp 18
end cap surface area. Since the value of the convection coefficient (4;,,;) is similar to the value
of the convection coefficient of 4,,,. Hence, the present work assumes that both are the same.

i) Node j, 0;: Temperature rise in the bearing: At node j the K,, and 9’7”, the thermal
TH-2548 128 dossy TP 8 / J
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conductance, and temperature rise in the bearing is given as:

o = 9;’[1 — Atgj(K, + K,,)

(5.57)
+Ate;| K 0] + K,,Qﬁ,’]
0<Ats; < —2—
(K0+Kn+l)
p (5.58)
0<Arg < 7——
(K,,+K,l+1)
and,
07 |1+ Ate (K, + K,)| = 6"
(5.59)
+Arsj[1<09§+‘ + Kneg“]
while,
1
i (5.60)

Yencap
qoln[ . ]

where, q, = 1/Q2rkiy:Ayencap), 0? +! s AVencaps Kir, and 7o,qqp are temperature rise of bearing,
the thickness of the end cap, the conductivity of end cap material, and the radius of the end cap
respectively.

k) Node k, 6: Temperature rise at the frame: Thermal conductances and temperature rise at

the frame K, K, K, and 85” are evaluated as:

Hf-H = 9£|:1 - Algk(Kg + Ki + KJ + K() + Kl + Kp)

(5.61)
+Atsk[Kg0§ + K0, + K6, + K(,H;’ + K6 + erf]
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with,
0<Atg, < 2
(Kg+K,~+Kj+K,,+K1+Kp+1)
or (5.62)
1 2
0< AtC_k <
(Kg+Ki+K_,v+K0+K,+K,,+])
and,
O 1+ Atey(K, + Ki + K; + K, + K+ K,)| = 6
(5.63)
+Atsk[1(g0§“ + KO+ Ko+ Koej.’“ + Ko+ K,,e;’“]
L (5.64)
P (QpA)’f) .

where, g, = 1/Asky, 9,’{’” is temperature rise of frame, Ay is the fins area, Ay, is the height
of the fins, and k, is the conductivity of fin material.

1) Node 1, 6,: Temperature rise at the fins: While temperature rise at the fins node, 67 *
thermal conductances K, and K, are given as:

For explicit:

ot = 0;’[1 —~ Ate(K, + K,)

+ Atg,[K,,(ef

(5.65)
—0;) + K Bl + K6y, + Ko (6 ~ Gf)]
implies,

0 < Atg < —Ll

(;(qu,)—l)
or (5.66)

1 1
0< Ata <-—-
(;(Kq+1<,)—1)
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and, for implicit:

9;’“[1 + Ate(K, + K,)

=60+ Atgl[Kp(HfH

(5.67)
—05"") + KOy + K,y + Ko(67" — ejj“)]
Kq = 68Arad[
where, (5.68)
where, A,, is the radiation surface area.
Kr —= thfra (569)

where 67 s temperature rise of fins, Az, is the generator frame surface area, and hy is the

forced convection coefficient for the region between the generator frame to the atmosphere.

hf — p—fzj;fﬂf X (1 -3 e_m“)

where, (5.70)

0.214
m :0.1448(L3.946/Q1.16)( e )

prerdy

where, k¢, p; and ¢, are thermal conductively, density and specific heat capacity of fins respec-

tively.
5.3.1.2 Solution of the developed lumped parameter based thermal model using explicit
and implicit methods

The explicit and implicit thermal network equations corresponding to each nodes are pre-

sented (i.e., utilizing the matrix representation) as the equation below, respectively.

Y, = U, + AtQ,D’ + AtQK,U?
(5.71)

Y, = U, + AtQ, D" + AtQ,K,UP*!

Where, the matrix Y,, U, Q;,, D, K,, D'*', U*' and U” given as:
TH-2546 156102022
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- 1 F - 112x12
gr! or g, 0 0 0 0
o 0 0 & 0 0 0
or! 6" 0 0 & O 0
Yt: 1 ?Ul‘: ’Qt: (572’)
6 6" 0 0 0 g 0
o 0 0 0 0 0 &
r 712x12
-K,,, K, 0 0 0
Ka —Bab Kb 0 0
0 K, -K,. K. 0
K, = (5.73)
0 0 K -Kyu 0
0 0 K, -K. —K,
»P” B »P””_
0 0
0 0
1
P feeth P fe:zh
B Ph
P?{Jr—&‘ P?{‘;‘l—&‘
D’ = "Dt = ‘ (5.74)
0 0
1
Pgnd—w Pfr:—d—w
0 0
0 0
0 0
0 0
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05 >05+1—
1
0, 0,
95 9£+1
Jor=| LUt = 1 (5.75)
+
04 0%
+1
%] % )

The entry thermal conductance K; matrix are specified as:
Ko = Ko + Ky + Ky, Koy = K + Ky, Kjpe = K, + K.

K=K+ Ky, Kjep = Kg+ K, + K, K.y = K, + Ky
ng = Kf +Kg,Khijk = Kh +Ki+Kj+Kk
Kij = Ki+Kj’Kikm = Ki+Kk+Km,Kon = K0+Kn

K

sijolp = K; + Ki + Kj + K, + K+ K,, K,, = K, + K,

Here, K., = 1/R,_,, K;, U?, D’, and Q; are thermal conductance at each mesh, thermal
conductance matrix, temperature rise, power loss matrix, thermal capacitance matrix respec-
tively.

In similar manner, the steady state, at (Y, — U,)/At=0, temperature rise for the SRG is given

by:

UP = Kt_lDf + Ouim (5 76)

Urtt = K7'DP 4 6,
Where, D”, D'*', U, UP*!, and K" are defined in equations (5.72) to (5.75).
The values of thermal capacitance and resistance are evaluated/calculated with the help of
given equations. The summarized capacitance and resistance values are shown as in Table 5.5.
Fig. 5.4(a) and 5.4(b) show the estimated temperature rise at the rotor core, rotor surface,
air gap, stator inner core, stator outer core, stator teeth, stator end winding and stator windings

in the slot determine by implicit and explicit finite difference. It could be observed that the
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5.4 Thermal analysis of SRG using 3D FEA

Table 5.5: Calculated thermal capacitance and resistance

Thermal capacitance = Thermal capacitance = Thermal resistance =~ Thermal resistance

Co.s, J/K) C,.1, J/K) R.is (KIW) R (K/W)
C, = 904.5 C, = 34424 R, = 0.46 R, = 0.0067
C, =724 Cj, = 3090.3 R, = 0.231 R, = 0.533376
C.=8013 Ci = 4543 R, = 0222 R, = 0.479
Cy=368.5 C; = 5897 Ry = 0.018 R, = 1.083
C, = 6320.4 Cy = 679.6 R, = 0.0142 R, = 0.014
C; =315 C; = 4928 R, = 0.002875 R, = 0.05692
- - R, = 0.068 R, = 0.016572
- = R, = 0.0553 R, = 0.095
- - R, = 0.24 R, = 0.0232

temperature rise limitation in the rotor core, rotor surface, air gap, stator inner core, stator outer
core, stator teeth, stator end winding and stator windings as shown in Table 5.7. The result from
explicit and implicit methods show that the end winding temperature rise to 54.58187°C, and
58.58268°C, respectively. With these results, it can be observed that maximum temperature rise
at different parts of the machine is well below the safety limits of the insulation class of the

material type.

5.4 Thermal analysis of SRG using 3D FEA

The 3D comsol multiphysics is also used to carry the thermal analysis of the SRG. Here,
in this section, comsol multiphysics is used to obtain the temperature distribution of the SRG.
Further, in the next section, the result obtained with FEA, experimental, implicit and explicit
are compared. The main drawback of FEA based thermal analysis is its high computational
time in the case of 3D modeling.

A finite element meshing of the SRG region is done using a physics-controlled sequence
type with an element size finer. The triangular mesh of quarter consists of 32296 numbers of
the degree of freedom (DOF) as shown in Fig. 5.5(a). The boundary conditions and domain
are specified, such as initial temperature, heat source or heat fluxes, and symmetry. The rotor
motion is considered by setting the prescribed rotational velocity of the rotating domain (band).
The constant angular velocity is set in rpm, with a small inial angle, and rotation axis base

point. The results are observed as depicted in Fig. 5.5(a), and Fig.5.5(b). Fig. 5.5(a), shows
TH-2546 156102022
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31 34 36 38 41 45 48 51 54 57

(a) (b)

Figure 5.5: Three-dimensional mesh analysis and thermal distribution rise (°C) of SRG for t = 3600 sec.

the finite element meshing of the machine, while Fig. 5.5(b) shows thermal analysis of stator
with its mesh. i.e., it shows that the temperature spread in different layers of stator yoke. From
Fig.5.5(b) it is found that maximum temperature distribution is observed in the stator winding
part/layer. It is also observed that the temperature distribution in the inner layer of the stator
yoke is less than the temperature in stator winding and is slightly higher than the temperature
in the stator outer yoke layer.

The basic equation that relates the thermal distribution of 8 at different section of the gener-

ator and heat flow is given by the differential equation:

06
pCp 5

— Py, = V(kV0O) (5.77)
where C, is specific heat capacity, and P,,, represents generator losses.

From Fig.5.5(b) it can be observed that, the distribution of surface temperature rise as the
function of time (i.e., for = 0 to # = 3600 sec). It is also clear that the initially rate of increase
in surface temperature is more and settles to near constant value in 3600 sec.

Fig. 5.6 shows the 3D temperature analysis at the stator inner core, stator outer core, and
stator winding end edge. It could be observed that the temperature rise in stator inner core,

stator outer core and, stator winding end edge are limited to 50.40130°C, 49.91401°C, and

57.15210°C, respectively, as shown in Fig. 5.6.
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Figure 5.6: Three-dimensional stator core and stator end winding thermal distribution (°C) of SRG for
t = 3600 sec.

5.5 Experimental verification of the results

This section compares the temperature rise in SRG with different thermal analysis methods.
The thermal analysis of the machine is evaluated for the explicit method, the implicit method,
and is compared with the 3D FEA. Further, the results are also compared with the experimental
results obtained by operating the SRG with the temperate sensor placed at various locations of
the machine.

The accuracy of the thermal analysis through the explicit and implicit thermal modeling is
compared with the developed experimental setup in the laboratory with the rating of 2.1 kW
SRG, whose design parameters are given in Table 5.4. Fig. 5.7(a) show the experimental
bench, where the test generator was driven by a DC motor for 3600 s as the prime mover.
A torque sensor is used through the coupling between the test generator and a DC motor as
the prime mover. For sensing the temperature, five thermistors were used in the experimental
setup. Three thermistor temperature sensors were inserted into the stator end-winding near the

stator surface per phase. The remaining two temperature sensors are inserted into the stator
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Table 5.6: Instruments used in the Experimental setup

Instrumentation Model Specification Accuracy
Torque indicator VTI01 Max., 100 kg.m +0.2%
T hermistors KTY84130 Max.,300°C +0.5%
Tachometers NCTM1000  Max. output +5 mW -
Exp. torque SRG Measured, 12.17 Nm -
Exp. resistance - Measured, 0.995 Q -

inner yoke and stator outer yoke through small holes on the stator core. A tape is used to keep
the thermistors in the coil and core. During the test, the result from the sensor was recorded
using an interfacing circuit with a PC and Arduino. Table 5.6 shows the specification of the
instrumentations. Fig.5.7(b) shows the schematic diagram of mentioned experimental setup.
5.5.1 Comparison of EFD, IFD, 3D FEA with the experimental results

Fig. 5.8, and 5.9 show the comparison between the estimated temperature of SRG obtained
using the explicit, implicit, 3D FEA, and experimental setup for the wind turbine which runs
at a mean wind speed of 10 m/s, i.e., the SRG rotating at 1500 rpm at the rated stator current.
The result indicates that there is a negligible difference between the predicted temperature by
the explicit, implicit, 3D FEA and experimental setup.

The 3D FEA model has modeled the machine in much more details with a more accurate pa-
rameters, and the results are very close to the one which are obtained from the explicit, implicit,
and through the experimental setup. The proposed methods (IFD and EFD) used the numerical
solution of equations (5.1), and (5.2), which uses forward and backward difference to solve the
partial differential equation respectively. The 3D FEA also apply the partial differential equa-
tion of (5.77) in dynamic condition. It is observed that for both methods the temperature rise
time to reach steady-state depends on the values of the thermal capacitance of the materials.
The thermal capacitance is based on the specific capacity, density, and volume of the material.
Therefore, the shape/pattern of the temperature rise curve in all methods is found to be similar.

In this Chapter, the effects of some variation in frequency due to the change of load are
neglected in evaluating the temperature rise (i.e., the SRG output frequency is not affected by

load change).
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Figure 5.7: TEFC SRG: (a) Thermal experimental setup. (b) Schematic diagram of the test bench.

Fig. 5.8(a), and 5.8(b) represents the temperature of the stator outer yoke, and frame as esti-
mated by the explicit, implicit, and 3D FEA. Further, the estimated results are verified through
the experimental test. The results indicate that the nature of temperature rise at different loca-
tion is observed to be exponential. While doing the experimental test, the ambient temperature
was 30°C, hence, the explicit, implicit and 3D FEA are also done with the initial temperature of
30°C. From Fig. 5.8(a), it could be observed that the estimated temperature of the stator outer
by explicit method is slightly less than FEA, and great than implicit method, but results from
both method are very close to the result obtained from the experimental setup. It can also be

observed that temperature rise settles to its final value in about 3000 sec. Similarly, Fig. 5.8(b)
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Figure 5.8: (a) Stator outer yoke temperature rise comparisons using 3D-FEA, IFD, EFD and Experi-
mental. (b) Frame temperature rise comparisons using IFD, EFD and Experimental.

shows the rise in the temperature of the stator frame. It is observed that the results obtained
by both of the models are approximately the same. Further, it also compares the temperature
rise obtained through the explicit, implicit and through experimental setup. It is observed that

the results of stator frame are very close to the experimental results for explicit and implicit
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methods with a maximum deviation of 0.43231°C, and 1.56876°C, respectively.
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Figure 5.9: (a) Stator inner yoke temperature rise comparisons using 3D FEA, explicit, implicit, and
Experimental. (b) End winding temperature rise comparisons using 3D FEA, explicit, implicit, and
Experimental.

Fig. 5.9(a), and 5.9(b) represents the temperature of stator inner yoke and end winding.

Here, the estimated temperature are given by the explicit, implicit, and 3D FEA. Further, the
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estimated results are verified through the experimental test. While performing the experimental
test, the ambient temperature was about 30°C, hence, it is also used as the initial temperature of
the explicit, implicit and 3D FEA.

From Fig. 5.9(a), it could be observed that the estimated temperature of the stator inner
yoke by explicit method is slightly less than that of FEA while slightly more for the implicit
method, but the results from all the methods are very close to the result as obtained from the
experimental setup. It can also be observed that the rise in temperature settles to its final value in
about 3000 s with a maximum deviation of 3.15351°C, 0.37738°C, and 0.86898°C for explicit,
implicit, and 3D FEA, respectively, as compared with the experimental result.

From Fig. 5.9(a), it can be observed that the temperature rise in stator inner yoke is limited
to 48.11677°C, 51.64766°C, 50.40130°C and 51.27028°C for explicit, implicit, 3D-FEA, and
experimental test, respectively.

Similarly, Fig. 5.9(b), shows the rise in the temperature of the stator end winding. It could
be observed that the estimated temperature of the stator end winding by implicit method is
slightly higher than FEA while for the explicit method it is slightly less, but the results obtained
from all the methods are very close to the result obtained from the experimental setup i.e., with
a maximum deviation of 1.58121°C, 2.4196°C, and 0.98902°C for explicit, implicit and 3D
FEA, respectively. Moreover, the temperature rise in end winding is limited to 54.58187°C,
58.58268°C, 57.15210°C and 56.16308°C for explicit, implicit, 3D-FEA, and experimental
setup, respectively. Further, it also observed that the temperature rise in stator end winding
is high as expected compared to other parts of the generator.

In summary, we observed that the highest temperature rise is seen at the stator end winding.
Its maximum value is limited to ~ 56.16308° C as per the experiment. From the experimental
result, it can be seen that the stator outer yoke, and stator inner yoke temperature are limited
to 50.12790° C, and 51.27028° C, respectively. The estimated and experimentally measured

steady temperature for SRG at the rotor speed of 1500 rpm are summarized in Table 5.7.
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Table 5.7: Explicit, implicit, FEA calculated and Experimental temperature at steady state

Components Explicit Implicit 3D FEA Experimental
C) C) C) C)
Rotor core 46.64943 50.10467 46.01390 ——
Rotor surface 48.38283 51.56792 47.33711 -
Air gap 49.59510 53.14581 51.04108 ——
S tator inner yoke 48.11677 51.64766 50.40130 51.27028
Stator outer yoke 47.42241 50.90403 49.91401 50.12790
Stator teeth core 51.36191 55.10828 49.8793 ——
Stator winding 51.44554 55.21230 49.89515 ——
End winding 54.58187 58.58268 57.15210 56.16308
Frame 40.26769 42.26876 40.7000

5.6 Summary

The thermal analysis of self-excited synchronous reluctance generator (SRG) is presented
for wind energy application. The heat sources of different components of the generator, i.e.,
the electrical losses and core losses, are presented. Three methods are used to perform thermal
analysis, i.e., FEA based, explicit and implicit methods. The work includes a comparative anal-
ysis of the estimated temperature rise by the three methods. It is observed that the estimated
temperature is nearly the same for all methods. But, the computational complexity of the ex-
plicit, implicit is significantly less as compared with FEA based thermal analysis. Moreover,
the estimated results are also very close to the results obtained through the experimental setup
developed in the laboratory on the developed SRG.

From the thermal analysis of the SRG, it is observed that the maximum temperature rise of
various components such as stator end winding (56.16308°), stator outer yoke (50.12790°), and
stator inner (51.27028° ) are within the acceptable limit of the machine as per the experimental

test. It could also be concluded that the machine is safe from thermal overloading.
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6. CONCLUSION AND FUTURE WORK

6.1 Conclusions

Design and modeling of electric machine from wind turbine models is essential for the
analysis and control purpose. There are several works reported in the literature on design of
synchronous reluctance motors/generators. To improve the performance and efficiency of the
machine, some rotor shape design are done. There is still some scope to extend the design of

synchronous reluctance generator. The key findings of the study are explored in this section.

(1) Design and Modeling of Self-excited SRG for Wind Energy Application

The present thesis includes the design and modeling of reluctance generator. The perfor-
mance of the machine, including the d and g-axes saturation effects has been evaluated to
observe the merits and demerits of its use in rural area electrification. The compactness,
reliable and efficiency of this generator have been evaluated. Considering inductive load,
a simple formulae to calculate the required minimum excitation capacitance is developed.
The effects of stator resistance on electromagnetic torque with variation of power angle
have been evaluated. The work also include, how the generated voltage changes with the
change of capacitor. It also verify that if the value of capacitor is less than minimum value
of the capacitor, the generator is not able to generate the voltage. The analysis carried out
in this section also includes, the effects of residual flux linkage on the excitation of reluc-
tance generator. The performance of the machine for change of load, and speed is also
determined. The results indicate that the generated current and voltage slightly decrease
with decrease in load impedance. To keep the voltage constant, with change of load, it
is important to continuously vary reactive power support i.e., to dynamically vary the ca-
pacitance of the capacitor. It is observed that if the wind-driven SRG operate at constant
speed, the frequency remains constant despite the change in load. The above advantages,

clearly show that designed SRG can effectively used for rural electrification.

(i) Design and Modeling of Self-excited FM-SRG for Wind Energy Application

TH-2546_156102022

152
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The effects on the performance index for the synchronous reluctance generator (SRG)
by placing the low-cost ferrite magnet in the rotor air barrier with suitable location and
orientation are presented. The orientation is chosen in such a way as to reduce the g —axis
flux. It is observed that as the percentage volume of the ferrite magnet (V,,) increases in
the air barrier, there is an increase in the performance index of SRG, but it is observed
till the Vy,, = 30% for this particular design. For Vg, > 30%, the performance index
decrease, as there is a significant increase in the ripple torque. Hence, it can be said that
till V4, < 30%, there is an improvement in power factor, compactness, and the operational

efficiency of FM-SRG.

Moreover, the analysis in variation of the d — axes and g — axes flux linkage and induc-
tances while varying the Vj, is evaluated. It also links this variation to the improved
performance of the machine. Further, analytical, finite element analysis, and detail per-

formance comparison of SRG and FM-SRG, are provided in the present work.

(iii) Electromagnetic-mechanical Stress Analysis of Wind-Driven Self Excited SRG

The electromagnetic-mechanical stress analysis of SRG for a rotor with transverse lam-
ination have been presented. How the thickness of ribs affects the electromagnetic per-
formances of the machine have been discussed i.e., it is observed that with decrease in
the thickness of both radial or tangential ribs, there is an increase in the inductance ra-
tio (L4/L,), which reaches to its peak value near to its rated current, and then there is a
decrease in this ratio due to the effect of saturation in the core. Further, the mechanical
stress analysis is done to find the minimum thickness of the ribs which could ensure me-
chanical stability. It is also observed that the maximum stress is either at tangential ribs
or radial rib of the SRG rotor. To ensure the mechanical stability, a safety factor of 2.5 is

used in the present work. It also suggest the minimum thickness of the ribs.

(iv) Thermal Analysis of Wind Driven Self Excited SRG

TH-2546_1561020 él"zhe lumped parameter model of the self excited synchronous reluctance generator (SRG)
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is used to evaluate the thermal analysis. In the developed model, the losses of different
components of the generator, i.e., the electrical losses and core losses, are represented as
heat sources. The lumped parameter model uses explicit, and implicit methods to estimate
the temperature of various components of SRG. The results are compared with the finite
element method based thermal analysis. It is observed that the estimated temperature is
nearly the same for all methods. But, it is observed that in the explicit, and implicit finite
difference the analysis is simple and fast compared to Finite Element Analysis (FEA).
Moreover, the explicit, and implicit results are very close to the results obtained through

the experimental setup developed in the laboratory, which includes the developed SRG.

From the thermal analysis of the SRG, it is observed that the maximum temperature
rise of various components such as stator end winding (56.16308°), stator outer yoke
(50.12790°), and stator inner (51.27028° ) are within the acceptable limit of the machine
as per the experimental test. It could also be concluded that the machine is safe from

thermal overloading.

6.1.1 Scope for further work

In this thesis, some design algorithms are given. These can be extended as further work;

e [t is observed that the generated voltage varies with the change of capacitors, load, and
rotor speed. Therefore, a capacitor with variable capacitance is needed at the terminal of
the generator. Current work does not include how it can be achieved, hence, the work can

be extended to include it.

e The work does not include its performance when connected to a Micro-grid, hence, the

present work can be extended with the study on its impact on the microgrid.

e The present work does not include the experimental verification of FM-SRG. The work

can be extended with its inclusion.
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A. SUPPLEMENTARY MATERIALS

A.1 Some important design equations are placed as:

Lyg = dem’ Lmq = qum

Ld (kd + kq)
T
q q
where, & is power factor.
%)
Ly=1—
T
T Oy
Ts=5,9= ——
3q 6P
ml,,
A =
k,J

where, A;, 7, and k, are slot area, slot pitch, and slot filling factor respectively.

Ly = Lyq + L, Lq = 2Lmq
20 2h, hy

= 3 +hy) (b1 +D) b
51, 0.344

= Gb+al) T LyL - 0.647)
(5l + b) _ B,
15l +b)-b" B,

where, B, is average air gap flux density

A.2 Stator and Rotor Details:
A.2.1 Stator and slot details design:

Fig.A.1 shows that the detail design of stator structure.
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A.3 The Impedance load detail derivation
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Figure A.1: Stator structure design

A.2.2 Complete rotor lamination:

Fig.A.2 shows that different view of rotor structure.

A.3 The Impedance load detail derivation

The equivalent circuit shown in Fig.A.3 has the voltage, current, and flux equations. To

derive the dynamic equations, the d- g-axes components of the variable V, I and A are utilized.
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Figure A.3: Circuit of the synchronous reluctance generator with capacitor C, resistive Ry and inductive
X/, loads

The d- and g-axes components of circuit shown in Fig.A.3 the equations are obtained as:

V=V,+jV, (A.])
I=1,+jl, (A.2)
A=A+ ja, (A.3)
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Figure A.4: Synchronous reluctance generator with required capacitor C

A.3.1 Excitation Capacitors Modeling

For the capacitor component the current for three-phase stated as:

From Fig.A.4 the currents through the capacitors can be obtained as:

I acbece = PYacheee (A4)

where ¢,.ccc 18 charge in the capacitance phase a, b, and c¢. The p is operator, and given as

_d
P=u
Thus,
d
Lacbece = —-Gacbecee A5
b 7y dach (A.5)
The transformation of variables yields:
quo = ksp [kslqdqo] (A6)

Where, k, can be expressed as:

TH-2546_156102022

161



A. SUPPLEMENTARY MATERIALS

and, ‘Zl—f=we

cosl cos(0—2n/3) cos(6+2r/3)
sinf  sin(@ —2x/3) sin(6 + 21/3)

1/2 1/2 1/2

From the inverse transformation, k;l given as:

yields

and,

can be written as:

Therefore,

But, ‘fl—f:we

implies that:

TH-2546_156102022

k' =|cos(@—2r/3) sin(@—-2r/3) 1

1
[ d j(k,

coso sinf 1

cos(@+2n/3) sin(60 +2x/3) 1

lago = kp [ks_l%lqo]

quo = ksp [ksl] qdqo + kskgpodqo

N d
szn@dte cos@dtﬁ

—sin(0 — 21t/3)46  cos(6 — 2n/3)L0

—sin(6 + 27r/3)%0 cos(6 + 27r/3)d%9

—sinf cost 0

We | —sin(@ — 21/3) cos(@—2n/3) O

—sin(@ + 2n/3) cos(@+2n/3) O

(A7)

(A.8)

(A.9)

(A.10)

(A.11)

0
0 (A.12)

0

(A.13)
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From equations A.7 and A.13

cost cos(0—2n/3) cos(@+2m/3) —sin6 cost 0
2
ksp [k;l] = 3 sin@  sin(@ —2n/3) sin(@ + 2n/3) | X W, | —sin(0 — 2n/3) cos(@ —2x/3) O

1/2 1/2 1/2 —sin(0+ 2x/3) cos(@+2x/3) O
] " ) (A.14)

As per trigonometric ratio it yields:

_ - _ -
0 3/2 0 0 10
£
ksp [ks_l} = gwe -3/2 0 0|=we|-1 0 O (A.15)
0 0 O 0 00
thus,
quo = ksp [k;l] dqo + kskgl,Dquo; ksk;1 =1 (A16)
The stored charge on capacitance given as:
dqo = Cvdqo; (A.17)
for capacitor,
qdcgcoc = CVdcqcoc (A.18)
and
Vdcqcoc = VquLoL (A.19)
then,
0 w., 0| |qa
Idcqcoc =|-w., 0 0]|X 4gc + PG dcqcoc (A.20)
0 0 0 g
Consequently,
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0  wCVy 0
Idc CdeL
~w,CVy 0 O]+ (A21)
ch CquL
0 0 0
Lie = W.CVy + CpVas (A.22)
I. = —w,CVy + CpV,. (A.23)

By applying Kirchoff’s current law (KCL), the capacitors d— and g — axes current can be

obtained as:

Idc = —Id - IdL (A24)
Le=-I,— I (A.25)

From equations A.22, A.23, A.24 and A.25 we have:

-
C

-1,-1
PYaL = ~wepVo + — (A.27)

PVqL = WePVar + (A.26)

A.3.2 Resistive and Inductive loads Modeling

The detail derivation of expression in (2.27) obtained from resistive and inductive can be
explained as:

For a three phase resistive, the transformation of:

Vabe = Rpdape (A.28)

transformation of V., will be

qu() = ksRLk;lldqo (A29)
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From equation A.16, k.k;'=1

Therefore, equation A.29 becomes

quo = RLquo

Or

Vd RL O Id
= ie,Vo=Ril;,V, =R,
v, o R|L

For a three phase inductive, the transformation of:

d
Vabe = pﬂ»abc = E/labc

can be expressed as:

quo = pks [k;l/ldqo]

equation A.33, can be written as:

Viago = ksp [k;l/ldqo + kok ' pAago
for steady state,
PAdgo =0
and for dynamic state,
PAdqo # 0
From equation A.13:
—sinf cosf 0

TH-2546_156102022

Y [k‘l] = We |—s5in(@ —2n/3) cos(@—2r/3) O

—sin(@ + 2n/3) cos(@+2n/3) O

(A.30)

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)
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and

0 w, 0
ksp[k;,l]= -w, 0 0 (A.38)
0O 0 0
thus for inductive load, _ _
0 w, 0]l
Vago = |-w, 0 0]+ PAdgo (A.39)
0 0 0ff4,

Implies,

Vd 0 W, 0 /Lj p/ld
Voll-we 0 0f|2,]+|pa, (A.40)

VoIl O 0 Of|4]| [pd

Or, for balanced load equation A.40 can be expressed as:

Vall 0 w. 0] pAy
+ (A.41)
Vill—we 0 0f]4, A
1.e.,
V, = a)e/lq + p/ld (A42)
and,
V= —w.Aq + pA, (A.43)
But,
Ay =Lyl (A.44)
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and

A, =L, (A.45)

From equations A.43, A.44 and A.45 the d— and g — axes voltage can be written as:

V, = —w.Aq + Lypl, (A.46)

V= we/lq + Ldpld (A47)

The voltage across the load is the sum of voltage drop across the resistance and inductance
loads. Thus, from equations A.31, A.46, and A.47, the g— and d — axes load voltages obtained

as:

Vi = Va(inductive) + Vy(resistive) (A.48)
Vo = Vy(inductive) + V,(resistive) (A.49)

As shown in Fig.A.5, we have inductive load L and resistive load R; for d- and g-axes
equivalent circuit.

Provided that:

VqL = —-w,LIl; + RLIqL + LpIqL
(A.50)

Vi = a)eLIqL + Rl + LpIdL

Equation A.50, yields:

I, =YV, -I,R, +wPLlL;)dt
w=J Va1, (A.51)

I; = f%(VdL — IR — a)PLIqL)dt
Where, wP = w,

Finally, the d— and g — axes load modeling with capacitors, inductor and resistor shown in
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Figure A.5: (a) Rotor reference frame equivalent circuit of a self excited reluctance generator (d-axis).
(b) Rotor reference frame equivalent circuit of a self excited reluctance generator (q-axis).

Fig. A.5(a) and A.5(b) respectively.
A.4 The steady state torque derivation of SRG

For steady state the stator voltages are symmetric and sinusoidal quantities and the speed is

constant. The voltages equation can be written as:
: 2r .
Va,b,c = maxcos(a)et - (.] Y 1)?)’ 15 1527 3 (ASZ)
Using the Park, transformation of V. to V4,
. d
Vi = Viaxcos(01), Vy = Vyaesin(0y), V, =0 (symmetry), and 7 =0 (A.53)

The actual stator current, /,,. are also symmetric quantities with frequency, Pw. But lag the

phase voltage by d,. Therefore,

Iy = Lyaco5(6, — 01), 1; = Lyaysin(0, — 01), 1, =0 (symmetry). (A.54)
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PaoA /Iq :]qu

________ W ———_d —axis
Ay =1,L,
Figure A.6: The vector diagram of SRG (motor convection)

where,

I=1;+jl,, Voo=Vi+jV,, A=A+ jA, (A.55)
; 3 o 3P
Vo = IR + jPwA, T, = EPRe](AI ) = T(Ld - L)1, (A.56)
and,

AN =L+ jLI, (A.57)

The vector diagram for steady state as shown in Fig.A.6 a space electric angle (power angle)

shift between g — axis and stator voltage, V.
V4
6, = i(z + ) (A.58)

While, +, — are for motoring and generating modes respectively. Using the above equations,

and substituting in to A.56, it yields:

Va+ jV, = IR, + jPwA

Va+ jVy = g+ jI)R, + jP(Lgly + jL,1,) (A.59)

Vmaxcos(gl) + jvmaxSin(Hl) = (Id + .]Iq)Rs + JPw(LdId + .]quq)
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Equation A.59, is true if the left side and right side imaginary and real parts are equal. Therefore,

Vinaxcos(0y) = I;R; — PwL,1,

(A.60)
Vinaxsin(0y) = I,R; + PwLgly
FromA.60, solve for I, as:
Vinaxcos(0y) + PwL,1,
) -, (A.61)
R;
Vinaxsin(6y) — IR,
) - LR _ (A.62)
PdeId
Equating equations A.61 and A.62, applying, 6;=+(5 + ), it provides that:
‘/171ax[cos(7)Rs L PdeSln(V)] — Iq (A63)
(Pw)*L,L; + R?
Similarly, I, obtained as:
Viaxlcos(¥)R; + PwL,sin
[cos(y) S _ o

(Pw)’L,L; + R?
Substituting equations A.63 and A.64 in to equation A.56, And defining, 8 = R,/(PwLy,), ¢ =
L,/Ly, it provides:

n 3P 2
© 2PwrLa(p + A

—2B(1 + @)sin*(y) + 2¢p

(1- w)[(so — B%)sin(2y)
(A.65)

A.4.1 Effects of ferrite-magnet on g — axis flux

The vector diagram for FM-SRG is shown in Fig.A.7, I, I, and I, are stator current and its
g— and d — axes components respectively. Similarly, L, and L, are g— and d — axes inductances.
The A is the flux linkage of the SRG, when ferrite-magnet are inserted in the rotor, the FM-SRG
flux linkage along the negative g-axis, A, is added. Then, the flux becomes A/,

Therefore, using the torque relation, 7,=T, + %‘DAmId, the electromagnetic torque of a FM-
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A.4 The steady state torque derivation of SRG

Figure A.7: The vector diagram of FM-SRG (motor convection)

SRG without neglecting stator resistance effects, can be expressed as:

3P 1
Tom = —| LA, + %4
2| (Pw)PLy)(g + 2> "

~2B(1 + @)sin*(y) + 290,3]]

(1- 90)[(90 — B*)sin(2y)
(A.66)
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