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ABSTRACT

HYBRID EXCITED SYNCHRONOUS GENERATOR DESIGN AND
COMPARISON OF DIRECT DRIVE WIND TURBINES

Akgemci, Aysel
M.S., Department of Electrical and Electronics Engineering

Supervisor : Assist. Prof. Dr. Ozan Keysan

January 2019, [T08] pages

Various types of electrical generators are used in wind turbines and there is not an
agreement on the best generator type. Although, high speed Doubly Fed Induction
Generators (DFIGs) are still the most common generator topology utilized in wind
turbine systems, there is a trends toward direct-drive Permanent Magnet Synchronous
Generators (PMSGs), as they are more efficient and reliable. However, permanent
magnets (PMs) induce uncontrollable voltage due to the fixed flux resulting from PM
excitation. Conventional synchronous direct-drive generators are controllable, but

they usually have a higher mass.

In the last decade, the idea of using hybrid excitation to effectively control the output
voltage emerged. The hybrid term come from the employment of both PM and DC-
excited field winding excitations. By this way, it would be possible to control the load
angle and power factor, and an uncontrolled diode rectifier can be used. Furthermore,

the amount of required magnet reduces, which helps to reduce overall cost.

In this thesis, several topologies of the hybrid excited generators in the literature will



be introduced and a 2.5 MW two rotor hybrid excited generator is designed for direct
drive wind turbine application. The design is evaluated using finite element method
(FEM) simulations. At the same ratings, the generator topology is compared with
the PMSG and Electrically Excited Synchronous Generator (EESG) in terms of short

circuit characteristics, torque ripple and induced voltage harmonics.

Keywords: Hybrid Excited Synchronous Generator, wind turbine generator design,

FEA of electrical machines
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0z

HIBRIT UYARTIMLI SENKRON GENERATOR TASARIMI VE
DOGRUDAN SURUSLU RUZGAR TURBINLERININ
KARSILASTIRILMASI

Akgemci, Aysel
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Bolimii
Tez Yoneticisi : Dr. Ogr. Uyesi Ozan Keysan

Ocak 2019 ,[108] sayfa

Riizgar tiirbini sistemlerinde ¢esitli generatorler kullanilmaktadir ve halen en iyi ge-
neratOr tipinin hangisi olduguna dair bir uzlasiya varilmamistir. Riizgar tiirbinlerinde
en sik rastlanan generator topolojisi yiiksek hizli Cift Beslemeli Indiiksiyon Genera-
torleri olsa da, daha verimli ve giivenilir olan dogrudan siiriislii Sabit Miknatisli Senk-
ron Generatorler yiikselise gegmistir. Fakat Sabit Miknatislar olusturduklar: sabit aki
sebebiyle kontrol edilemeyen bir gerilim indiiklerler. Ayrica alisilagelmis dogrudan

stiriglii senkron generatorler kontrol edilebilirdirler ama genellikle daha agirdirlar.

Son yillarda ¢ikis gerilimini etkili bir bicimde kontrol etmek i¢in hibrit uyartim kul-
lanma fikri One siiriilmiistiir. Hibrit terimi generatdr uyartiminda sabit miknatislarla
beraber DC uyartimli alan sargilarinin kullanilmasindan gelmektedir. Bu sayede yiik
acisii ve gii¢ faktoriinii kontrol etmek miimkiin olabilecektir ve bu durumda gii¢ do-
niistiiriiciide diyot dogrultucu kullanilabilecektir. Ayrica ayn1 giicte gereken miknatis

miktar1 azalacag i¢cin generator maliyeti de diisecektir.
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Sunulan tezde hibrit uyartimli generatorlerin literatiirde bahsi gecen cesitleri ve 2,5
MW giiciinde iki rotorlu bir hibrit generator topolojisinin dogrudan siiriislii riizgar
tiirbinleri uygulamalar: i¢in tasarimi aktarilmistir. Tasarim sonlu eleman analizleri
kullanilarak degerlendirilmistir. Tasarlanan generator ayni giic degerlerindeki Sabit
Miknatish ve Elektrikle Uyarilmis Senkron Generatorlerle kisa devre karakteristik-
leri, tork dalgalanmalar1 ve indiiklenen gerilimdeki harmonikler agisindan kargilasti-

rilmagtir.

Anahtar Kelimeler: Hibrit Uyartimli Senkron Generator, Riizgar tiirbini generatorii

tasarimui, elektrik makinelerinin sonlu elemanlar analizi
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CHAPTER 1

INTRODUCTION

Wind energy has a long history from windmills to today’s modern wind turbines
although it had not been given much importance until 1970s. Thanks to the techno-
logical developments and increasing investments in 80s, wind energy has become a
competitive energy source in the 21st century. It is recorded that the weighted average
investment cost for onshore wind fell by slightly more than two-thirds between 1983
and 2015 where the Levelized Cost of Energy (LCOE) fell from USD 0.38/kWh to
USD 0.06/kWh over the same period [1].

Wind energy market has continuously being shaped by technological developments
and economical feasibility of these technologies. Although a typical wind turbine
contains up to 8000 different components and the most expensive parts are the ones
that are not directly involved in electricity generation, technology level of a wind tur-
bine concept is mostly related to components in the drive train, namely the generator,

the gearbox and the power converter.

In Figure the percentage costs of the main components of a 2 MW REpower
MM92 model wind turbine utilizing 3 staged gearbox and Doubly Fed Induction
Generator (DFIG) are given. As seen from the chart, the gearbox covers 13% of
the overall cost whereas the generator covers only 3% [2]. However, for the direct
drive wind turbines in which the gearbox is eliminated and the generator mass is in-
creased dramatically, the generator cost also covers that 13% and reaches up to 16%
share. Therefore, it can be concluded that from economical and technological point

of view, drive train technologies play crucial role in the wind turbine industry.



Other

Tower

Shaft and bearings

3%
Pitch and yaw

system
4%
Transformer
4%

Power converter
5%

Rotor blades
22%

Gearbox
13%

Figure 1.1: The contribution of the turbine components to the overall cost .

1.1 Wind Turbine Generator Topologies Used in Industry

The drive train configurations used in industry are shaped according to the features
and the capabilities of the utilized generator. For instance, the generator types op-
erating at constant speed and the corresponding turbine topologies diminish as the
generators operating at variable speed yield more durable drive train and higher aero-

dynamic efficiency.

Two main types of wind turbine generator and their basic variations can be listed as

follows:

e AC Asynchronous (Induction) Generators

— Squirrel Cage Induction Generator (SCIG)
— Wound Rotor Induction Generator (WRIG)

— Doubly-Fed Induction Generator (DFIG)
e AC Synchronous Generators

— Electrically Excited Synchronous Generator (EESG)

— Permanent Magnet Synchronous Generator (PMSGQG)

2



The general properties of these generators and the drive train configurations associ-

ated with them are investigated in the following parts of this section.

1.1.1 Induction Generators

Induction generators are cheap, simple and well-developed as they are based on a
mature technology. There are various applications of induction generators in wind
turbines; however, the need for reactive power compensation is a common drawback
of the topologies utilizing induction generators. In addition, they are generally used
with three staged gearboxes because low rotational speeds in direct drive concept
would require larger dimensions, hence larger air gap lengths. The magnetizing cur-
rents goes up and losses increase dramatically as air gap gets larger [3]]. Therefore,
having a speed around 1000-2000 rpm, induction generators used in wind energy are

relatively small but the associated topologies are gearbox dependent.

Constant speed wind turbines utilize SCIGs as seen in Figure [[.2] In this topology,
power factor compensation is provided by the capacitor bank and the soft starter en-
ables smoother grid connection. This primitive topology with no speed control and
poor transient behavior gradually disappears from the market. Nonetheless, SCIGs
can be used in variable speed concept with full power converter as seen in Figure
[I.3] This topology, mostly adopted by SIEMENS brand wind turbines, brings the

advantages of SCIGs and variable speed concept together.

=Ne

SCIG

Softstarter ===
TTT

Capacitor bank

Figure 1.2: SCIG in constant speed wind turbines [4].

The same drive train configuration in constant speed concept allows variable speed in
a limited range when WRIG is used instead of SCIG. The speed control is realized

through a variable resistance connected series with rotor windings (Figure [I.4)). The

3



Gearbox

SCIG

Figure 1.3: SCIG in full power converter speed controlled wind turbines [5]].

speed range determined by the ratings of the variable resistance is typically 10% of
the synchronous speed. A wider control range would increase the slip and hence
decrease the efficiency. This topology is also no longer preferred as DFIGs dominate

the market thanks to low price of the utilized topology and wider speed control range.

Variable resistance

Gear E_ — ii,‘ +  Grid ;

WRIG Softstarter AL B

TTT

Capacitor bank

Figure 1.4: WRIG in variable speed concept with limited range [4].

In DFIG topology, as seen in Figure [I.5] the wound rotor is connected to the grid
via a partial scale power converter rated around 30% of the total power. The scale of
the converter determines the speed control range and the cost of the power converter.
Adopting partial scale converter instead of full scale ones lowers the size and hence
the cost of power electronic components but limits the power and speed control capa-
bilities. DFIGs are still the most common generator topology in wind turbines due to
the know-how level and mature production capabilities of the leading companies in
the sector. Moreover, utilization of partial scale converter results in decreased drive

train cost which makes DFIG topology attractive.

4
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Figure 1.5: Utilization of DFIG in wind turbines [4].

WRIG

1.1.2 Synchronous Generators

Synchronous generators, contrary to induction generators, are suitable for the direct
drive applications where rotational speed is low and torque rating is high. Although
full scale power converter requirement can be accepted as a downside of the topolo-
gies utilizing synchronous generators, energy yield and efficiency are expected to be
higher in these topologies. The utilization of synchronous generators in wind tur-
bines may generally be associated with the idea of discarding the gearboxes and their
drawbacks in terms of efficiency and maintenance. However, synchronous generators
connected to single or two staged gearboxes and operating at medium speed are not

common yet.

1.1.2.1 Electrically Excited Synchronous Generators

The rotor of the typical synchronous generators carries field windings excited with
DC and has either cylindrical or salient poles. Since salient pole machines are more
advantageous in low speed applications, they are preferred in wind turbines utilizing

EESG. The general configuration of direct drive EESG concept is given in Figure[I.6]

The excitation current can be controlled by the converter on the rotor side and it
is possible to control the amplitude and frequency of generator output voltage and
active/reactive power generation. Flux control capability and permanent magnet free

structure are among the advantages of EESG; however, DC excitation on the rotor
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Converter
Converter

Figure 1.6: Direct drive EESG topology [5].

requires brushes or rotating rectifier where field losses are inevitable in both cases.

Direct drive EESG concept maintains market position thanks to ENERCON [6], the
biggest representative of the topology in wind industry. However, EESGs are not
common in Asia and North America where PMSG utilization seems to be the first

choice in direct drive applications [7]].

1.1.2.2 Permanent Magnet Synchronous Generators

Field excitation in PMSGs is created by permanent Magnets (PMs) and they are more
efficient than EESGs as field windings and their associated losses are eliminated. In
addition to having high efficiency, energy yield and torque density; PMSGs do not
require slip rings, brushes and additional power supply for the field excitation. As a
result, direct drive PMSGs topology given in Figure became more popular in the
last decade. The major disadvantage of PMSGs is high and unstable cost of PMs.
Moreover, the topologies including PMs suffer from the risk of demagnetization due

to high temperature or short circuit.

PMSG

Converter

Figure 1.7: Direct drive PMSG topology [5].

Medium speed PMSGs coupled with single stage gearboxes given in Figure [I.8]also
promise high efficiency and required PM and the total generator mass is much lower

than those of direct drive PMSGs. Although the gearboxes and hence their disadvan-
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tages reappear in medium speed concept, the gearboxes utilized with medium speed
generators are single and double stage gearboxes that are said to be more reliable
than common three stage gearboxes [8]]. There are few commercial examples of the
medium speed PMSG concept but these products have not been much sought after
in the market. Nonetheless, the academic research and comparative studies about

medium speed concept continue.

PMSG

Figure 1.8: Medium speed PMSGs with single stage gearbox [5].

PMSGs can be classified according to flux path as radial, axial or transverse flux PM
generators. Radial Flux Permanent Magnet (RFPM) machines are the most common
PM generator topology in the wind industry since they have simpler and more stable

structure.

All of the presented generator topologies have their own advantages and disadvan-
tages considering the performance and cost trade-off. PMSGs are favorable in terms
of performance but the investment cost is significant especially in case of direct drive
utilizations. In addition, the maintenance cot is low in PM machines due to the ab-
sence of brushes and slip rings. The general properties mentioned under this section

are summarized in Table [I.1l



Table 1.1: Comparison of generator topologies (+:Low, ++:Medium, +++:High, -

:N/A).

Cost
Generator Efficiency | Reliability
) Power
Investment | Maintenance
Converter
SCIG
+ +++ + + -[+++
Geared
WRIG
+ + + +++ -
Geared
DFIG
+ + + +++ ++
Geared
Direct
++ + +++ +++ +++
EESG | Drive
Geared ++ + ++ +++ +++
Direct
ot +++ ot + ot
PMSG | Drive
Geared +++ +++ ++ + +++

1.2 Hybrid Excited Generators

Although high speed DFIGs still dominate the market, direct drive PMSG systems be-
came attractive due to high power density and efficiency where these features became
more important as the power ratings of wind turbines progressively increase. In ad-
dition, getting rid of reliability issue of gearboxes makes direct drive PMSG systems
preferable for offshore wind turbines in which the maintenance cost and downtime
are crucial. However, direct drive PMSGs contain hundreds of kilogram PM that is
expensive and difficult to handle in the manufacturing process. Furthermore, PMs in-
duce uncontrollable voltage in contrast to generators with DC excited field windings.
Therefore, these drawbacks of the most attractive topology among the commercially
available options motivated researchers to come up with a new topology. Although
hybrid excited machines, making use of both PMs and DC excited field windings,

had not been specifically proposed for wind turbine generators; they offer cheap and
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flexible systems for wind energy.

The main idea behind the hybrid excited machines is to provide the MMF by using
both PM and the field winding excitation. The benefits of the concept include reduc-
tion in the amount of PM and field strengthening/weakening possibility. Moreover,
hybrid excited generators can produce power in case of a loss of field winding or open

circuit, thanks to PM excitation [9].

Hybrid term in this sense appeared for the first time in a patent published back in
1987 [|10] where field coils included in between the two PM machine stators function
as a control coil to vary the output voltage. Later on, hybrid excitation phenomenon
became a topic of interest among researchers. A machine with PMs and field wind-
ings on the same rotor creating parallel flux paths is suggested in [11]]. The six pole
machine is proposed to combine the power density of the PM machines and the field
regulation capability of conventional synchronous machines. PM poles as seen in
Figure [1.9]are supposed to provide a major part of air gap flux whereas field weaken-
ing/strengthening is achieved by changing the flux density under the excitation poles.
Another property of the given topology is that the armature reaction inductance is said
to be lower than conventional synchronous machines and higher than PM machines.
However, it is pointed out that weakening the field at high speeds may promote stator
core loss as there exist a high flux density region in the stator between two adjacent

PM poles.

Armature
windings

Field windings

Permanent
magnet

Figure 1.9: Structure of hybrid machine proposed in [11] .



Variations of Doubly Salient Permanent Magnet (DSPM) machine topology proposed
in [12], constructed the basis of several studies about hybrid excitation machines es-
pecially for electric car applications [[13-17]. In [[13]], Chau suggested that flux weak-
ening/strengthening is enabled by adding an extra flux path in parallel with each PM
pole while the stator carries both of the polyphase armature and DC field windings
as seen in Figure [I.I0] In a subsequent study [18]], the doubly salient structure is
modified by adding an extra air bridge in shunt with PMs so that the effect of flux
weakening/strengthening is amplified and a small DC field excitation yields wider
flux regulating range. It is claimed that although the generator is proposed for a stan-
dalone low-voltage battery-based power systems, it is applicable to the large scale
wind systems. Figure[I.T1]illustrates the generator structure and the equivalent mag-

netic circuit of the suggested topology.

DC excitation winding
Permanent magnet
Armature winding

Rotor pole

Stator pole

Extra flux path

Stator york

Figure 1.10: Stator Doubly Fed Doubly Salient PM (SDFDS-PM) machine topology
[13].

A more common structure of DSPM based hybrid machines is given in Figure[I.12]
Stator core encloses the PMs beside containing both armature and field windings.
Rotor structure is very simple as there is no PMs, windings or brushes. Saturated
magnetic bridges are usually included in this configuration as they enable the stator
laminations to be sticked together and amplifies the effect of DC field flux due to their

low reluctance [14]].
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magnet
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DC field
winding

()

Figure 1.11: PM brushless hybrid generator with air bridge [[18]. (a)structure.

(b)magnetic circuit.

dc field pole
winding
‘O armature
c+ " ~“winding
B+ O— red
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At saturated
magnetic bridge
stator _/"' -
ole
P permanent
magent

Figure 1.12: Hybrid excited doubly salient machine propesed in [14].

A similar principle is applicable to the flux switching PM machines since the excita-
tion sources are located in the stator just as DSPM machines. It is possible to contain

the field windings external or wrapped around the PMs embedded in the stator [19].

Doubly salient stators may also be used as an outer layer of dual-stator structures
where both PM and field winding excitations are integrated in the inner stator to
reduce the overall size and mass. Moreover, by using outer rotor, direct coupling with
wind blades is enabled and constant output voltage range is widened [20]. Double
layer stator may be utilized also with inner rotor [21]. Structural model of inner rotor

dual-stator hybrid excited generator is given in Figure[I.13] The PMs in this structure
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are included in the rotor and the field winding is fixed on the shell with the inner
stator. It is claimed that the topology is beneficial for wind energy utilizations since

both power density and output voltage are increased.

Outer stator

Field windings

Rotor-yoke

Claw

poles Inner

Sstator

Figure 1.13: Structural model of dual stator hybrid excited wind generator .

A variation of dual-stator structure is given in where concentrated armature wind-
ings lay in the outer stator whereas inner stator houses surface mounted PMs and field
windings as seen in Figure[I.14] The topology is claimed to have attractive flux reg-
ulation capability since PM or Wound Field (WF) flux can loop through the adjacent
pole individually unlike the series hybrid machines where both flux components have
the same flux path. This configuration also requires no slip rings and the torque den-
sity is high thanks to the double stator structure. However, the fact that excitation

poles are not completely balanced may result in deterioration of the back-EMF.

In [23], a consequent-pole PM whose structure is given in Figure [I.13]is proposed
to have a wide range of control on air-gap flux with minimum field excitation. The
rotor is divided into two sections consisting of surface mounted PMs and laminated
iron poles. Conventional stator structure with armature winding is altered by adding a
circumferential field winding in the middle of the stator so that externally controllable
DC excitation is achieved without brushes or slip rings. However, this magnetically
complex structure reduces power density while increasing material requirement and

core losses in addition to causing manufacturing difficulties.
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Figure 1.14: Schematic of partitioned stator hybrid excited machine ||

Solid Stator
Core
Iron AC3
Poles Winding /
Solid Rotor
Core
Field DC
Winding
Magnets (
. Laminated
Laminated Stator Core
Rotor Core

Rotor Stator

Figure 1.15: Structure of consequent pole PM machine .

So far, the discussed studies are focused on low power/high speed applications. A
different approach is presented by Beik and Schofied in [24] with the introduction
of high voltage hybrid generator containing two separate rotors. The main focus
was the elimination of controlled rectifier in power converter stage. Later on, the
authors explained the design procedure of a 5 MW 600 rpm hybrid wind turbine
generator [25]. Figure [[.16] illustrates the proposed topology where PM and WF

rotors share the same stator while a brushless exciter with a separate stator is used
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to have no brush or slip rings. Both of the WF and surface mounted PM rotors are
coupled on the same shaft. Output voltage is resulted from the combination of the
fixed field from the PM rotor and a variable filed from WF rotor. Therefore, the output
voltage is controllable over a range that design of the WF rotor allows. Nine phase

armature winding is also preferred to increase power density and decrease DC-link

voltage ripple.
Exciter Stator HG Stator
OO | YL oy EEEEEE 9-phase stator AC
output to passive
rectifier
Exciter Wound PM Rotor
Field
(WF)

DC supply to i

exciter stator

Figure 1.16: Schematic of hybrid generator proposed in [25].

Although topology given in Figure [I.16] is proposed for high power wind turbine
applications, the predicted speed in [25] is in the medium speed range which still
necessitates a gearbox. A scale-down direct drive application of a hybrid excited ma-
chine is proposed in [26] where dual stator structure is preferred. Both rotor and outer
stator include PM-iron pole sequences to provide PM excitation and flux modulation
at the same time whereas armature windings are wound in inner stator and field wind-
ings lay in the outer stator. The design is suggested for direct-drive utilization, since
the major harmonics are synchronous and they contribute the electromagnetic torque
generation to achieve high torque density. Regulation of the back EMF by chang-
ing the field current is again possible for this hybrid excited machine. However, this
topology may not be economically feasible for a full scale direct drive application

due to excessive PM requirement.

To sum up, doubly salient hybrid excited machines are generally preferred in high
speed applications. There are various dual stator topologies suitable for wind tur-
bines promising high power and/or torque density. However, these electromagnet-
ically complex structures may be commercially infeasible due to high material and

manufacturing costs. Among the hybrid excited synchronous machines discussed un-
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der this section, structure combining WF and PM rotors suggested in [25] is used as
a base in the following parts of the thesis to design a direct drive hybrid excited syn-
chronous generator and make comparison among conventional direct drive topolo-
gies. Although, this hybrid configuration is no different from the other topologies
considering the level of completeness as they are all only tested on prototypes in low
power scale, the concept is easier to apply since two separate rotors are conventional
PM and WF rotors. There are no limitations on power or torque level since the di-
rect drive applications of surface mounted PM and WF synchronous generators are

well-known.

1.3 Scope of the Thesis

This thesis focuses on electromagnetic design and analysis of direct drive synchronous
generators having different excitation sources; namely PM, WF and hybrid excitation
which is basically the combination of former two excitation types. The main approach
is based on cost optimization using analytical model of WF and PM synchronous ma-
chines and the FEM simulations of the resulting designs. The study aims to discuss
the feasibility of hybrid excitation concept for direct drive wind turbine applications
by comparing a sample hybrid excited synchronous generator (HESG) design with a
PMSG and a EESG at the same ratings. As a new concept, hybrid excitation promises
controllability and flexibility but the performance and capabilities of such generators
need to be investigated. Although, it is expected to have performance ratings in be-
tween those of EESG and PMSG, the characteristics of HESGs remain unknown due

to lack of studies in the literature.
The outline of the rest of the thesis is as follows:

In Chapter 2, how the 2.5 MW 16 rpm direct drive EESG and PMSG are designed to
construct a reference point to discuss the hybrid excitation is explained. To mathemat-
ical models of the generators are summarized and sample designs for each topology
are obtained using Genetic Algorithm optimization. Afterwards, these designs are

simulated and verified by FEM simulations in ANSYS Maxwell environment.
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In Chapter 3, the principle applied in Chapter 2 is adapted to design the selected hy-
brid excited synchronous generator topology which is a machine with two separate
rotors for two different excitations coupled on the same shaft and sharing the same
stator. The dominance of WF and PM excitation sections and the effects of it on the
performance are investigated. According to the results of multi-objective optimiza-

tion, the excitation percentages are determined and the resulting design is given.

In Chapter 4, 2D and 3D FEA results of the hybrid excited synchronous generator
designed in Chapter 3 are given. The feasibility of the design approach given in

Chapter 3 is discussed and the simulation results are evaluated.

In Chapter 5, given 2.5 MW 16 rpm direct drive EESG, PMSG and Hybrid Ex-
cited Synchronous Generator designs are compared in terms of cost, mass and per-
formance. The discussion on performance includes THD of induced voltage, short
circuit characteristics, efficiency and power factor. The dimensions and parameters

of the designs are presented and compared.
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CHAPTER 2

DESIGN OF 2.5 MW DIRECT DRIVE WIND TURBINE GENERATOR

2.1 Introduction

In the previous chapter, common generator topologies in the wind industry are dis-
cussed and the main attributes and variations of hybrid excited synchronous gener-
ators are analyzed. The discussion is concluded by choosing the two rotor hybrid
generator topology to be investigated further. In order to evaluate the performance
of the direct drive hybrid generator to be designed, desired reference points are con-
structed in terms of mass, cost and performance of conventional direct drive wind
turbine generators used in the industry. In this chapter, the design and analysis proce-

dure of 2.5 MW direct drive PMSG and EESG is conveyed.

According to the statistics recorded in 2017 in Turkey, 92% of the wind energy was
generated by the wind turbines rated 2 MW and above [27]]. Although dominated by
high speed DFIGs, the conjuncture of onshore wind industry promotes the selection of
2.5 MW scale as the base power rating of the designs. In 2-3 MW range, a rotational
speed of 15-18 rpm is common among commercial direct drive PMSG and EESG
based wind turbines. The rotor speed drops 10-12 rpm as the rated output power
gets higher. In Table [2.1] several direct drive wind turbine models are presented. In
compliance with the commercial products, the nominal rotor speed is selected to be

16 rpm for the 2.5 MW generators to be designed.

Terminal voltages of available wind turbine generators vary between 690-3300 V.
Although higher terminal voltages reduces the required current at the same power
and results in higher efficiency, the generators with terminal voltages of kV level

require different safety measures in manufacturing and maintenance processes than
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the ones with low terminal voltages. In this study, the rated voltage of the designs is

selected as 690 V.

Table 2.1: Examples of commercial direct drive wind turbines around 2 MW scale.

Model Generator Type  Power Speed Diameter Weight
Enercon-E92 [28]] EESG 235MW  5-16 rpm - -
Enercon-E82 [28]] EESG 2.3 MW 6-18 rpm - 62t
Enercon-E115 [28]] EESG 3MW  4-12.8 rpm - -
Zephyros [29] PMSG 1.5 MW 18 rpm 4 m 40t
NewGen [30]] PMSG 4 MW 19 rpm 9m 37t
Switch 1650-17 [31] PMSG 1.65 MW 17 rpm - 50t
Switch 3200-12 [31] PMSG 3.2 MW 12 rpm ~6 m 80t

Under this chapter, the design process of 2.5 MW 16 rpm direct drive PMSG and
EESG is conveyed. Each generator is designed based on the analytical model con-
structed on MATLAB. The material cost of the generator is selected as the objective

function of the optimization problem.

The analytic models, optimization process and finite element analysis (FEA) results

are shared in the following sections.

2.2 Design of 2.5 MW Electrically Excited Synchronous Generator

2.2.1 Optimization Process Based on Analytical Model

The aim is to obtain the optimum EESG design by constructing an objective func-
tion on MATLAB which calculates the material cost using independent variables and
dimensions. In this sense, firstly, the performance requirements and criteria are de-
termined. The independent variables are selected and afterwards, the mathematical
model is created step by step. The obtained objective function is used in optimiza-
tion process in which Genetic Algorithm (GA) available in Optimization toolbox of

MATLARB is preferred.
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2.2.1.1 Constraints and Constant Values

Based on literature survey and the some industrial products, some of the dependent

variables are restrained to keep the dimensions and flux densities in a reasonable

range. In addition to constraints, some values are pre-defined and kept constant.

These restrictions can be summarized as follows;

The outer diameter is limited to 5.5 meters for manufacturing and transportation

limitations.

The tooth width must be thicker than 15 millimeters so that the teeth can endure

the mechanical stress.

The maximum flux density in the back cores and teeth are set to 1.6 and 2 T,

respectively.

The number of slots per pole per phase is decided to be equal to 2 since in-
creasing it further causes manufacturing process to be harder considering tooth
thickness, although greater number of slots would result in more sinusoidal flux

density in the air-gap [32], [33]].

The fill factors for armature and field windings are selected considering the

required space for insulating materials around the conductors.

Tooth tips of the stator core are assigned independent from the varying dimen-
sions. As illustrated in Figure [2.1] the total tooth lip height, iy is accepted as 6

millimeters.

Pole embrace ratio, i.e. the ratio of pole shoe over pole pitch, is taken to be

1th

equal to 0.72 to arrange the angle of the magnet arc such that 11" harmonic of

the air-gap flux density is minimized [34]].

The performance criteria regarding efficiency and power factor are enforced by means

of penalty functions as a very large coefficient is multiplied by the difference between

calculated and allowed top values and added up to the objective function. The other

constrained variables having penalty coefficient are outer diameter, D,, tooth width,
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Figure 2.1: Stator slot and tooth lip heights.

t,, and the tooth flux density, B;. The constrained variables and their limits are sum-

marized in Table 2.2]

Table 2.2: Performance criteria and the limited variables.

Variable/Parameter Criteria

Outer diameter, D, <55m
Tooth width, ¢, >15 mm
Efficiency, n >93%
Power factor, p f >0.9

Tooth flux density, B; <2T

2.2.1.2 Construction of the Objective Function

After setting the constants and determining the constraints, dimensions and dependent
parameters are formulated in terms of independent variables of the optimization. The

formulation process can be divided into for main steps as illustrated in Figure [2.2]

The input of the block I is the design vector containing the independent parameters.
These parameters are subjected to upper and lower bounds specified before the exe-

cution of Genetic Algorithm (GA).

The first block calculates maximum flux density values, main dimensions and number

of turns using the design vector and given constant values. The flat top and average
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Figure 2.2: Construction of the objective function based on analytical calculations for

EESG.

values of the air gap flux density, B, and B,,, respectively, are calculated as given
in Eq. (2.1) and (2.2) where g,y is the effective air gap length calculated using the
Carter’s coefficient and 7, is the pole embrace ratio. It is important to point out that
the air gap length is empirically chosen to be equal to the 0.1% of the selected outer

diameter limit.
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B
T Gers
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8 _ T
By = ﬁBgsm(Tpg) (2.2)

The rated electromechanical torque, 7., is obtained by using constant power and
speed ratings decided earlier. The stacking length of the generator, Ly, is calculated
using the main torque relation given in Eq. (2.3). The number of turns per phase,
Ny, 1s derived from the induced voltage equation as seen in Eq. (2.4) where £, is the
winding factor, D is the bore diameter, f is the frequency, ¢ is the electrical loading

and A, is the area per pole.

4\/§Tem
Lok = 5 — b2 (2.3)
E,
(2.4)

N, =
P 4 Adky f Baug A,

The backcore heights of stator, hg,. and rotor, h,;. is determined according to the
allowed flux density in the cores. The tooth height, A, is calculated considering the
electric loading, armature current density, the fill factor and total height of the tooth

lips, hy. Eq. (2.5) shows the calculation of the outer diameter, D,,.

D, = D + 2(hge + hy + hy) (2.5)

The number of turns of the field windings is calculated by simply dividing the M M F’
value provided in the design vector to the field excitation current, /; which is accepted
as 55 A in the design process as seen in Eq. (2.6). The value of the excitation current

can be altered later to observe its effects on induced voltage.

(2.6)

After obtaining the main dimensions, the equivalent circuit parameters can be calcu-
lated. The calculation of armature and field winding resistances, 7, and Ry, is given

in Eq. (2.7) and (2.8) respectively using the mean length of winding turn in a coil,
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LMC and conductor area, A, for the armature and their rotor equivalents with sub-
script r for the field where a is the number of parallel paths which is set to be equal

to the number of poles, p, in this study.

_ pcuLMONph

Ry = P 2.7)
ew LM C.N
Ry = ’)Acf (2.8)

From Eq. (2.9) to (2.12), the calculation procedure of D and Q axis equivalent reac-
tances is summarized. Firstly, equivalent self inductances are obtained using D and
Q equivalent reluctances. The mutual inductances which are equal to the one third of
the self inductances and the leakage inductance which is taken to be 15% of the D
axis component of self inductance, L, are added up the self inductance values. Lastly,

the D and Q equivalent reactances are obtained using the angular frequency.

8
;,UODLSM;(l'{:w]\[ph)2
Ly— o 2.9)
8 2
;MODLstk<kwNph>
L= e (2.10)
q
L L
Lsd = Ld + Lleakage + ?d & qu = Lq + Lleakage + ?q (211)
Xoa=21fLyy & Xo=271fLs, (2.12)

The equivalent circuit parameters are used to calculate the losses, efficiency, terminal
voltage and power factor in the third block of the design chart. The main sources of
losses are copper and core losses which are obtained as given in Eq. (2.13) to (2.16).
While the armature and field copper losses are calculated easily by using resistances,

the core loss calculation requires hysteresis and eddy loss coefficients, k; and k. in
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addition to the tooth and backcore masses, M; and M,.. The efficiency is calculated

as given in Eq. (2.17) neglecting the windage and friction losses.

Pcu, = 3Ry1; & Pcuy = pRyl; (2.13)

My = piron Lsti Notortew (B + har) (2.14)

Mo = pironLsix(0.25m D2 — (D + 2hy + 2hy)?) (2.15)
Peore = My(kn fBI™ + ke f*BY) + Myc(kn f By'ke [ By,) (2.16)
Fou (2.17)

= Pyt + Peore + Pcug + Pcuy

The terminal voltage of the generator is calculated as given in Eq. (2.18). It is impor-
tant to note that to achieve vector control conditions, I, is set to zero and X 4,1, term
vanishes. Both £, and I, lay on the Q axis. Therefore, the angle between V; and Q

axis is the power angle and the power factor is the cosine of this angle.

‘/;5 = Ea - Rphl’<fq —|—j]d) + Xsdfd - szqu (218)

The last block of the design works as a mass and cost calculator using the results of
Block I. The calculation of copper mass, M., containing the armature, M cu, and
field windings Mcu; and iron mass, M;,,, containing the stator, M4, and rotor
masses M, .o are given in Eq. (2.19) to (2.21) where N, is the number of slots, W,
is the width of the rotor poles, D, is the rotor diameter excluding the pole shoes and

D; is the inner diameter of the rotor.

Mcu, = 3peu Npp Ao LMC &  Mcuy = PpeyNyAcor LM C, (2.19)
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Mstator = piroantk [0257T(D(2) - (D + th + thl)z + Nslottw(ht + htl))] (220)

Myotor = Piron Lstr[7,0.257((D — 29)* — D2) + pW,hy, + 0.257 (D, — 2hy,)* — D?)]

7

(2.21)

Calculated masses are multiplied with the specific cost values to obtain the main
material expenditures of the design. The objective function C' is achieved after the
penalty function is added to the total material cost as Eq. (2.22) reveals. Penalty func-
tion includes penalty coefficients multiplied with penalty values for each constraints

defined in Table [2.2] The specific costs of the material used are given in Table[2.3]

Table 2.3: The costs per kg of the main materials used in the generators [35].

Material Specific Cost
Iron 3 $/kg
Copper 10 $/kg

Permanent Magnet 80 $/kg

C = 10§M0u + SEMimn + penalty  function (2.22)
kg kg

2.2.2 Optimization Results

The constructed objective function is aimed to be minimized where Genetic Algo-
rithm (GA) is chosen as solver in MATLAB optimization toolbox. The convergence
of the algorithm to the optimum cost is given in Figure [2.3] The active mass of the
resulting design is calculated to be 33 tonnes corresponding to a material cost of ap-
proximately 140 k$. The design vector yielding the optimum design are given in
Table [2.4] It is important to note that the number of pole pairs is enforced to be an

integer.
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Figure 2.3: Convergence of the GA.

Table 2.4: The resulting design vector.

The Design Variable Optimization Result

MMF 5766 A
Stator bore diameter, D 5222 mm
Number of poles, P 100

Stator slot opening ratio, s, 0.3

Rotor slot opening ratio, s 0.43

Electrical loading, ¢ 40,470 A/m
Armature current density, J 4.2210° A/mm?

Field current density, J,. 3.2210% A/mm?

The main dimensions of the resulting design are given in Table [2.5 whereas the im-
portant parameters and mass values are summarized in Table [2.6|and 3D and 2D
model of the optimum design are given in Figure [2.4] and [2.5] respectively. The unit

of the dimensions is millimeters.
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Figure 2.5: 2D model of the optimum EESG.
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Table 2.5: The main dimensions of the resulting design.

Dimension Value

Outer Diameter, D, 5465 mm
Stacking length, L 1053 mm
Air gap length, g 5.5 mm

Tooth width, ¢, 19.1 mm
Stator tooth height, h; 74.9 mm
Rotor tooth height, 7, 71.9 mm
Width of pole shoe, W,, 118 mm

Inner diameter, D; 4928 mm

Table 2.6: The main parameters of the resulting design.

Parameter Value
Number of conductors per slot, N, 52
Number of slots, s 600
Number of turns in field windings, N 105
Phase resistance of armature windings, ,, 5.1 m{)
Q axis equivalent inductance, L, 0.66 mH
D axis equivalent inductance, L, 0.73 mH

Since in the analytical model, the rated values are defined first and the parameters
are calculated each time the design vector input is changed; the power and voltage
ratings of the resulting design may slightly differ from the selected values. This is
mainly because the flux density in the air-gap is modulated each time according to the
calculated dimensions for a given design vector so that stator teeth does not saturate.
As a result, the induced line voltage of the optimum design is calculated to be 667 V

where the resulting EESG can be still classified as a 690 V machine.
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Table 2.7: The performance parameters of the resulting design.

Parameter Value

Induced line voltage (rms), £, 667.2V

Power factor, pf 0.9

Core loss, P.ore 20.1 kW
Armature copper loss, Pcu, 77.1 kW
Efficiency, n 93%
Iron mass, M, .y, 272t
Copper mass, M., 5.9t
Material mass, M 33.1t
Material cost, C 140.9 k$

2.2.3 Electromagnetic Finite Element Analysis

The optimum design is simulated on ANSYS Maxwell to verify the calculated pa-
rameters and discuss the feasibility of the designed generator. The design vector and
calculated parameters are used to construct the parametric model on RMxprt module.
Afterwards, the model is exported as Maxwell 2D design. The line to line induced
voltage at no load can be seen from Figure The rms value of the fundamental
component is measured to be 672 V. The 5 V difference between the analytical calcu-
lations and simulation is due to the approximating of the leakage flux and neglecting

the harmonic components in the analytical model.
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Figure 2.6: No load line to line induced voltage at 16 rpm.

According to 2D simulation, no load torque ripple, i.e., the cogging torque has a peak
to peak value over 100 kNm (Figure [2.8]) whereas full load torque oscillating over
the rated value is given in Figure 2.7, The cut-in speed of wind turbines depends on
the cogging torque, as the starting performance is highly effected by no load torque
ripples. Hence, the cogging torque is expected to be lower than 1.5-2.5% of the rated
torque [36].

The cogging torque is estimated to be nearly 8% percent of the rated torque for this
design. It is known that modifying slot opening width, pole embrace ratio, pole shoe
shape or skewing rotor/stator can significantly reduce cogging torque [37-42]. Nev-
ertheless, it is decided to not to make any further modifications onto the optimization

results in this level of the design.

After analyzing the behavior of the generator at no load condition, current excitation
is applied to the armature windings to simulate the full load condition. The flux
density distribution under full load is given in Figure 2.9] The flux density in the
rotor backcore is recorded to be in the 1.6-1.7 T band, whereas it can reach up to 1.8

T in the region of pole shoe which faces the excited armature phase at that moment.
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Figure 2.7: Output torque of EESG under full load.

120 140

100

[2)]
o o
ol

(3]
o
ol

100

" 20 40 60 g0 100 120

Time [ms]

Figure 2.8: Cogging torque versus time at 16 rpm.
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The output power at the rated full load can be seen from Figure[2.10]where the average

value is recorded as 2.45 MW. The ripples over the average value are due to the torque

ripples as they have the same frequency.
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Figure 2.9: Flux density distribution under a pole at full load.
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Figure 2.10: Output power versus time under full load.
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2.3 The Design of Permanent Magnet Synchronous Generator

2.3.1 Optimization Process Based on Analytical Model

The process of PMSG design is very similar to the EESG design explained in the
previous section. After determining the requirements and criteria, the mathematical

model is used to construct the objective function to be minimized by GA.

The restrictions applied on the dimensions and parameters are nearly same for the
PMSG design. Bore diameter is selected to be equal to that of the EESG designed
in the previous section. The parameters accepted to be constant or limited can be
summarized as listed under section The parameters which have penalty coef-
ficients are as listed in Table 2.2 whereas the only difference is the efficiency criteria
set to 95% since the efficiency is expected to be larger due to elimination of the losses

on the field windings.

2.3.1.1 Construction of the Objective Function

The construction of the objective function is illustrated in Figure Again the
process is similar to that of ESSG where properties of PM are added to the pre-
defined constants. The design vector contains magnet thickness L,,, pole number P,
slot opening ratio s,, electric loading ¢ and armature current density .J since the bore

diameter is decided to be equal to that of designed EESG in the previous section.

33



Pout(W) Ea(V) n(rpm)

Properties of the
PM material

N

Ly ——————> ph
P — Main dimensions Ltk . -
Equivalent circuit
and number of f
S — 5 > paramaters
turns 1
q —_——> | 9 >
) ty & hy 5
X Slot, tooth
Is D, <5.5 m? Di & Lotk | N &
DO ph Rph XS
— Isty, >15mm? conductor
IsBy<2T? dimensions
L2 v L2 \ 4 \ / v L2
Material Mass and Performance Core loss
densities cost parameters coefficients
o v I
Specific
costs
No /
Is efficiency > 95%7?
Is pf>0.9?
i . ower
ron & - material cost of the core & tficiency [f)actor
COPPer  resulting design No copper
mass i losses
L Add penalty Add penalty

Objective
function of
the
optimization

Figure 2.11: Construction of the objective function based on analytical calculations

for PMSG.

The main properties of the chosen NdFeB permanent magnet for the study is given in

Table 2.8l

The flux path in a PM machine and the equivalent circuit corresponding that flux are
given in Figure[2.12] where P,; represents the rotor leakage flux. As seen calculate the
the average flux density in the air-gap, air-gap reluctance and magnet permeance are
needed. Therefore, magnet area per unit axial length, A,,; is calculated first as given

in Eq. (2.23). The calculation of magnet total permeance per unit axial length, P,
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Table 2.8: Main properties of chosen NdFeB magnet.

Property Value
Grade 30N
Remanence 12T

Relative permeability 1.044

stator core airgap stator core
flux

(a) Flux path in a 4 pole PM machines. (b) Magnetic circuit of a pole.

Figure 2.12: Flux path and equivalent circuit of a pole for PM machines.

and air-gap reluctance per unit axial length Ry, are given in Eqs. (2.24) and (2.35),
respectively where k,, is the magnet leakage flux coefficient and summation of P,

and P,,, divided by length corresponds to P,,;.

T (D — 29 — Ly,)

A = 5 (2.23)
km recAm 1
P, = % & Rt = 25— (2.24)
m ml
. Geff
Ry =——D-9 (2.25)

HO[T + 29]

Flat top value of air gap flux density is obtained by using Eq. (2.26) where B, is the

magnet remanent flux density. Average value of the air-gap flux density is calculated
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using Eq. (2.27).

Am B’I‘
B, — 2.26
g Tmﬂ'(D - g) 1+ Pmlel ( )
S 2
8
Buayg = ;Bgsin(ng) 2.27)

The stacking length of the generator, Ly, is calculated using the main torque rela-
tion given in Eq. (2.3) and the number of turns per phase, N,,, is derived from the
induced voltage equation as seen in Eq. (2.4) given under section [2.2.1.2] Moreover
calculation of slot dimensions, outer diameter and phase resistance is also as given in

EESG design process.

The phase inductance is calculated using magnet and air-gap reluctances, R, and 17,
respectively as ginen in Eq. (2.28). The synchronous reactance, X is obtained by
multiplying angular frequency with the synchronous inductance which contains self,

mutual and leakage inductances per phase.

N2
Lpp = 1

= 4R,R) (2:28)

The relations governing the terminal voltage and the power factor are given in Eq.

(2.29).

|Ea| + |RphIa|

v (2.29)

Vi=FE, — Rphjzz - X, & pf =

The mass calculation is straightforward as given in Eqgs. (2.19), (2.20) (2.30) and
(2.31). Finally, the objective function is obtained as given in Eq. (2.32) by multiplying

mass values with corresponding specific costs and adding the penalty function.

Motor = Piron Lsir[0.257(D — 29 — 2L,,)* — D] (2.30)

Monagnet = Pmagnet LstkTm0.25[(D — 29)* — (D — 29 — 2L,,)?] (2.31)

36



C= SOEMmagnet + 1O§MCU + 3§an + penalty  function (2.32)
kg kg kg

2.3.2 Optimization Results

Genetic Algorithm provided in MATLAB Optimization Toolbox is again applied to
the constructed cost function. The convergence of the algorithm to the minimum cost
is given in Figure[2.13] The variables in design vector yielding the minimum cost are
listed in Table[2.9] Magnet length is forced to be an integer due to concerns regarding
manufacturability.
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+  Best penalty value
+  Mean penalty value

Best: 157307 Mean: 386817

Cost function
w

uuuuuu

1 1 1 1 | | |
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Generation

Figure 2.13: Convergence of GA for PMSG design.

Table 2.9: The resulting design vector.

The Design Variable Optimization Result

Magnet thickness, L,, 13 mm
Number of poles, P 100

Stator slot opening ratio, s, 0.42

Electrical loading, ¢ 60,000 A/mm?

Armature current density, J 4.6210° A/mm?

3D view and 2D model of the optimum design are given in Figure 2.14] and 2.15]
respectively. The unit of the dimensions is millimeters. The main dimensions are

listed in Table [2.10] while the design and performance parameters are summarized
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in Tables [2.11) and [2.12] respectively. Total active material mass is calculated to be
nearly 17 tonnes whereas the corresponding cost turns out to be 157 k$. The magnet

cost covers 60% of the total material cost.

Lstk = 1015 mm
| C——
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ' .

5436 mm

Do =

Figure 2.14: 3D view of the optimum PMSG.

Table 2.10: The main dimensions of the resulting design.

Dimension Value

Outer Diameter, D, 5436 mm
Stacking length, Ly, 1015 mm
Air gap length, g 5.5 mm

Tooth width, t,, 15.6 mm
Stator tooth height, ; 72.8 mm

Inner diameter, D; 5128 mm
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Figure 2.15: 2D model of the optimum PMSG.

Table 2.11: The main parameters of the resulting design.

Parameter Value
Number of conductors per slot, N, 76
Number of slots, s 600

Phase resistance of armature windings, [2,;, 8.2 m{2

Phase inductance, L, 0.7 mH

The rms of the induced line voltage is calculated to be 658 V which is 4.6% lower than
the chosen rated value due to modulation of air-gap flux density in the optimization

process.
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Table 2.12: The performance parameters of the resulting design.

Parameter Value

Induced line voltage (rms), £, 658 V

Power factor, pf 0.9

Core loss, P.ore 12.3 kW
Armature copper loss, Pcu, 119.3 kW
Efficiency, 7 95%
Magnet mass, M,,qgnet 1.2t

Iron mass, M.y, 13.4t
Copper mass, M., 2.3t
Material mass, M 169t
Material cost, C' 157.3k$

2.3.3 Electromagnetic Finite Element Analysis

The same procedure explained in section is applied to simulate the findings in
ANSYS Maxwell. According to 2D simulation results, the fundamental component

of the line to line induced voltage at no load (see Figure 2.16)) is 663 Vrms.

N? Lcatli Line Voltage [kV]

'1 00 ] T T T T I T T T T I T T T T ) T T T T T T T T T | T T T T | T T T T
0 20 40 60 80 100 120 140
Time [ms]

Figure 2.16: No load line to line induced voltage at 16 rpm.
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The cogging torque waveforms is given in Figure[2.18] The peak to peak value of the
torque ripple is estimated to be 25kN.m which is lower than % 2 of the rated torque. It
is important to note that this value is highly dependent on slot opening width, magnet

shape and magnet embrace.
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Figure 2.17: Output torque of PMSG under full load.
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Figure 2.18: Cogging torque at 16 rpm.

Full load condition is analyzed while armature windings are loaded with the rated
current. Flux density distribution on a pole under this condition is given in Figure

2.19)
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Figure 2.19: Flux density distribution under a pole at full load.

The output power at rated load current can be seen in Figure The power oscil-

lates around 2.47 MW with the same frequency as the no load torque ripples.
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Figure 2.20: Output power under full load.
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2.4 Discussion and Comments

Under this chapter, the design procedure of conventional synchronous generators used
in wind turbines, namely PMSG and EESG, are reported. The designs are based
on material cost optimization and the findings are simulated and verified in ANSYS

Maxwell environment.

The designs’ purpose is to have reference points for hybrid excited synchronous gen-
erators concerning mass, cost and efficiency. The findings are compatible with gen-
eral expectations since the active mass of PMSG is nearly as much as the half of the
EESG mass and the magnet cost dominates the active mass cost of PMSG. However,
the structural mass is excluded at this stage of the design and it will be heavier and
more expensive for the EESG topology. In this case, total material cost of EESG may
turn out to be greater than that of PMSG. The discussion on structural mass will be

provided in Chapter 5.

In [32]], 3 MW 15 rpm direct drive PMSG with 5 meters of outer diameter is also
designed and active material mass is estimated to be 24 tonnes whereas air-gap length
and magnet thickness are 5 and 15 millimeters, respectively. In the same study, 3 MW
15 rpm direct drive EESG with 5 meters of outer diameter designed for comparison
of wind turbine generators, has an active material mass of 45 tonnes whereas 2.3 MW
Enercon-E(82) weights 62 tonnes including structural mass which is generally greater

than active mass in direct drive generators.

In a study where direct drive and geared PMSGs are compared, the total weight of
3 MW 16 rpm generator with 5 meters of outer diameter is calculated as 65 tonnes
including structural mass [43]]. Excluding structural mass and scaling power rating
would result in a similar value that is estimated in this thesis. It can be concluded that
compared to commercial products and examples in the literature, the parameters of

the designs given under this chapter seem realistic. The comparison is summarized in

Table 2.13]

According to the presented data, the dimension, efficiency and mass values are similar
but for PMSGs, the corresponding costs differ as the total cost is highly dependent on
the PM cost per kg. The fact that each study assumes a very different specific cost is
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Table 2.13: Comparison of designed PMSG, EESG and examples from literature.

Parameter PMSG EESG PMSG and EESG in [32] PMSG in [43]7

Rated power 2.5MW 25 MW 3 MW 3 MW
Rated speed 16 rpm 16 rpm 15 rpm 16 rpm
Outer diameter | 5.44m  547m 5m S5m
Axial length 1.0Im 1.05m 1.2m 1.4m

Air gap length | 5.5mm 5.5 mm 5 mm 5 mm
Poles 100 100 160 - 80 -

PM thickness 13 mm - 15 mm - N/A 12 mm
Efficiency 95% 93% - approx. 95%
Active mass 16.9t 33.1t 24t-45t approx. 25 t
Cost $157.3k  $ 140.9k €287k - €162k approx. €150k

a proof of estimating PM cost not being easy. Therefore, improvement of efficiency,

reliability and power density comes with the price of unstable and high costs of PMs.

EESGs are easier to manufacture and active mass material is cheaper; however, the
efficiency is inevitably lower due to loss in the field windings. Moreover, the excita-
tion of the field requires additional power supply and control circuit. In spite of these
disadvantages of WF excitation, field windings enable flux weakening/strengthening

and hence control over induced voltage.

Comparing cogging torque and harmonic contents of induced EMF waveforms will
be more complicated since the cost optimization does not prioritize them and result-
ing optimum design would have dimensions that yield a poor performance regarding
torque ripple and harmonic content of EMF. Therefore, as far as the draft designs pre-
sented here are concerned, it would be wrong to jump to a conclusion such as cogging

torque for PMSG topology is much lower than that of EESG.

In the following chapter, similar design approach will be applied upon hybrid excited
topology.
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CHAPTER 3

DESIGN OF A HYBRID EXCITED SYNCHRONOUS GENERATOR

3.1 Introduction

In this chapter, the design procedure of a 2.5 MW 16 rpm direct drive hybrid excited
synchronous generator is reported by using a similar approach constructed for the
design of conventional synchronous generators in the previous chapter. As stated
in the section [I.2] the topology proposed in [24] and [25] is selected for design and
further discussion. After introducing the topology, the applied design method is given
and a discussion about the variation of the dominance of each excitation type for the
given topology is carried. Finally, the comments on the topology and the resulting

design are shared.

In [24], the authors propose a high voltage hybrid generator connected to a passive
rectifier for off-shore wind generation systems with HVDC interconnection and trans-
mission. It is claimed that the system is more efficient, simpler, lighter and cheaper
than the existing commercial systems. In [25]], the authors have particularly explained
the design of a 5 MW 600 rpm two rotor hybrid generator. Moreover, 3 phase and 9
phase stator winding designs are compared and a 3 kW 3000 rpm prototype is con-

structed for 9 phase system.

Conventional wind turbine generators are connected to the grid via two back to back
VSCs which decouple the generator from the grid. The generator side VSC controls
the machine speed via vector control whereas grid side VSC controls reactive power
and keeps the DC link voltage constant. In the proposed system, two VSCs are re-
placed with a passive rectifier and the tower transformer is eliminated so that the DC

output of the rectifier is sent to the offshore substation where it is converted to AC
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and sent to HVDC converter station as seen in Figure [3.1]

DC/AC Conversion

———————— 155 kV
38.1 kV I
— g J +HI:DE::::
TV L TV 1] —
dcl . N ' dc2 ) -H F— — —
N e | 1 E@
VH(}:ﬁ.S? kV Other ._ : Y _ _———
(phase) turbines

Figure 3.1: Connection of the proposed hybrid generator system to the converter

station [25]].

The hybrid generator (HG) proposed in [25] utilizing both PM and WF rotor sections
has 9 phase stator windings with 6.87 kV rms phase voltage at 600 rpm. The HG
combines the output voltage due to a fixed field from PM and a controlled variable
voltage due to the variable field of DC windings. The range of the total voltage vari-
ation depends on the ratio of the WF excitation over PM field excitation. Therefore,
the term split ratio is defined as the ratio of the field excitations and taken as 3:1
(0.75/0.25) to be able to cover for 25% terminal voltage variation between individual

wind turbines whose outputs are to be connected in parallel.

DC current for the WF rotor excitation is provided by a brushless exciter with AC
multiphase rotor winding. Output of the brushless excited rotor is connected to a
rotating rectifier that supplies DC to the WF. The brushless exciter has a DC stator
winding fed by the rectified output of the HG.

Considering the provided main information about the wound field and PM excited
hybrid generator topology; in the following sections of this chapter, the design of

such generator is reported.

3.2 Design Procedure

The mechanical power of the rotating electrical machines can be related to the air gap
diameter, D and axial length, L of the generator using Eq. (3.1) given below;
2

T
Pmec = kaav DQL 3.1
h 4\/5(") g ( )
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Where, k,, is winding factor, w is the rotational speed in rad/s, B,,, and g are average
air gap flux density and electric loading, respectively. Therefore, it can be concluded
that the torque and hence the mechanical power is directly proportional to the active
axial length. In the previous chapter, the given main relation was used to determine
the main dimensions of separate WF and PM based generators. For the hybrid gen-
erator topology under investigation, it is known that the total power of the generator
is a result of both WF and PM excitations where related power and induced voltages

are directly related to the axial length of corresponding rotor sections.

In order to make a fair comparison between full PMSG and EESG designs given
in Chapter 2 and the hybrid excited generator, it is decided to scale the full PMSG
dimensions whose parameters are reported in Table [2.10]according to the chosen ex-
citation split ratio. Therefore, the axial length of the PM rotor section is calculated
by multiplying the length of full PMSG with the chosen excitation ratio whereas the
dimensions of the WF rotor is calculated by constructing a new objective function
to be optimized by imposing the parameters of the stator of the full PMSG design.
Since the stator is common for both rotor sections, the stator length corresponds the
the summation of the lengths of each section and the required gap between the rotor

sections. The resulting cross-sectional view of the explained approach is illustrated

in Figure[3.2]

Stator —+—> End
windings
Permanent magnet I I
[ Field winding ]
L J L ) Shaft
Rl R

Optimized wound rotor length

Full PMSG length x (Excitation split ratio) considering split ratio

Figure 3.2: Cross-sectional view of the topology.

Construction of the objective function to optimize the dimensions of the WF rotor is
given in Figure [3.3] The number of poles, stator dimensions and air gap length are

fixed as the values of the full PMSG are imposed to the design. The excitation split
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ratio is chosen and fed to the analytical model. MMEF, field winding current density,
and the rotor slot opening ratio are chosen as design variables and hence the input of
the objective function. The optimization is again based on minimizing the material
cost and a penalty function is calculated according to the specified criteria and added

up the cost value.

+ Number of poles

« Outer diameter

Stator slot dimensions
Air gap length
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excitation) €—— mmf
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opening ratio
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add penalty if
efficiency,
power factor

Stacking Material ., to0oth flux
length mass density
exceed limits
A\ 4
Material
cost

Objective
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Figure 3.3: Construction of the objective function for the design WF rotor of the

hybrid excited generator.

Therefore, once the excitation ratio is chosen, the main dimensions and parameters of

the hybrid excited generator are obtained through explained procedure.
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3.3 Variation of the Excitation Split Ratio

As defined earlier, the ratio of PM and WF excitations gives the split ratio of the
hybrid generator. For instance, the ratio 4:1 corresponds to the case where 80% of the
induced voltage is obtained from PM excitation while the remaining 20% is due to the
WF excitation. In this case, that 80% resulting from PM excitation would be fixed and
uncontrollable whereas changing the field excitation of the wound rotor part would
change the resulting induced voltage at the armature windings. Therefore, the split
ratio, determining the control range over induced voltage and hence the generated

power, is a key parameter for the hybrid excited generator design.

The control range over the induced voltage depends on the requirements of the ap-
plication. For wind turbine applications, these requirements may be determined by
the variation of the wind speed for individual turbines whose terminals are to be
connected in parallel. In that case, the control range needs to be wide enough to
compensate for the induced voltage variation of each individual. It is said that wind
velocity variation is recorded under 20% between individual wind turbines located in

the same wind farm [44-46].

The variation of excitation ratio also effects the material mass, cost and performance
parameters since it directly involves in the determination of the axial length of each
section. Hence it is decided to investigate the effect of split ratio on the generator

parameters before fixing it for the final design.

In this thesis, optimization technique applied so far was Genetic Algorithm aiming at
minimizing the material cost. However, investigating the effect of split ratio through a
single objective optimization would be pointless since the algorithm would converge
to a design where the split ratio is adjusted to minimize just the chosen objective func-
tion provided that the limits specified for performance parameters are once reached.
For example, if the active material cost is chosen to be the objective function, the
algorithm tends to maximize the WF excitation whereas if the active material mass is
chosen instead, the algorithm converges to maximize PM excitation to yield a power
dense design. Therefore, the investigation is carried using multi-objective function

where the generator losses, active material mass and cost are minimized all together.
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Multi objective optimization problems have no unique solution; rather there exists a
set of reasonable trade-off optimal solutions. This set is known as Pareto front [47].
In our case, generating the Pareto front allows us to discuss the trade-off among the
chosen parameters of the design; namely the efficiency, active material mass and

corresponding cost.

For this purpose, analytical model of the hybrid excited generator is constructed on
MATLAB environment where the percentage of PM excitation, MMF due to field
windings, field current density and rotor slot opening ratio are selected as the vari-
ables. Obtained Pareto front of the objective functions while the percentage of PM

excitation is varied between 45% and 95% is given in Figure [3.4]
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Figure 3.4: 3D Pareto front of the multi-objective optimization problem.
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To compare the performance of the designs provided by the Pareto front, the acquired
solution set is analyzed. Each design vector belonging to an element in the solution set
is given as an input to the function where the parameters of hybrid excited generator

are calculated. The resulting variations are plotted as given in Figure 3.5}

It can be concluded that efficiency is tend to increase as the percentage of PM exci-
tation increase. Nonetheless, the active material mass decreases with increasing split
ratio since the PM part is expected to have higher power density. However, due to
increasing magnet requirement, increasing PM excitation percentage results in higher
material cost. Power factor also increases in a small range while the split ratio gets
higher. Since in PM machines, phase inductance is calculated by taking into account
the reluctance of PM in addition to the air gap reluctance, the power factor increases

as the PM part grows dominant.
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Figure 3.5: Variation of the generator parameters with respect to split ratio according

to recorded Pareto set.

This discussion on analysis reveals that the choice of split ratio depends on perfor-
mance requirements. By setting the design criteria, Genetic Algorithm based multi-
objective optimization is carried to find out a single point that the algorithm con-
verges. Minimum power factor is set to 0.85 while the minimum efficiency is se-
lected as 94%. Power factor and efficiency requirements are imposed to the objective

function by means of penalty whereas the loss, active material mass and cost values
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are normalized using the ranges calculated the score histogram while generating the
Pareto front. The multi-objective function with the imposed criteria converged to a
solution where the excitation split ratio is recorded as 0.65. The corresponding design

vector and boundaries are given in Table

Table 3.1: The resulting design vector of multi-objective optimization.

The Design Variable Optimization Result

Split ratio 0.65
MMF 4772 A
Rotor slot opening ratio, s, 0.50

Field current density, J,. 3.5572105 A/mm?

It is important to note that the convergence depends on the selected efficiency and
power factor criteria. The 0.65 split ratio corresponds to a design with 94% efficiency
and a power factor 0.85. Moreover, it means that 65% of the induced voltage and
generated power will be fixed due to PM excitation whereas remaining 35% will be
controllable due to field winding excitation. However, 35% controllability range is
beyond the estimated requirement. Therefore, in this study, the excitation split ratio is
decided to be selected as 0.75 since 25% voltage variation is sufficient and efficiency
would be slightly higher than the estimated value for a ratio of 0.65. Following part
of the thesis focus on the design with 75% PM and 25% WF excitation.

3.4 Dimensions and Parameters of the Selected Design

After selecting the split ratio, the principle given in Figure [3.3]is applied to estimate
the WF rotor parameters. The PM part is scaled down for the decided split ratio and
the parameters are recalculated. The obtained results for separate excitation sections

are given in Table [3.2]and [3.3]

As stated in Section [3.2] the stator of the 2.5 MW PMSG designed in Chapter 2 is
imposed to the design. Therefore, only the length of the stator is modified such that it
is equal to the summation of the length of WF rotor, PM rotor and the gap in between

due to end windings of field. Moreover, there should be also a gap between the end
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windings and the PM rotor. The length of this gap is empirically chosen to be near

5 millimeters. The side view of the both rotor sections and the stator can be seen in

Figure 3.6

Table 3.2: The main parameters of the excitation sections and the whole machine.

Parameter PM section WF section Whole machine
Rated power, P, 1875 kW 625 kW 2500 kW
Rated terminal voltage, V; 5175V 1725V 690 V
Induced line voltage, £, 490 V 160 V 650 V
Outer diameter, D, 5436 mm 5436 mm 5436 mm
Stacking length, Ly 761 mm 220 mm 1020 mm
Air gap length, g 5.5 mm 5.5 mm 5.5 mm
Number of poles, p 100 100 100
Core loss, P.ore 9.2 kW 3.1 kW 12.3 kW
Armature copper loss, Pcu, | 89.8 kW 41.2 kW 117.9 kW
Field copper loss, Pcuy - 25.1 kW 25.1 kW
Efficiency, 7 94.9% 90% 94.1%
Iron mass, M, 10.1¢ 4.2t 14.7t
Magnet mass, M,,qgnet 879 kg - 879 kg
Copper mass, M., 1.8t 2t 3.5t
Material mass, M 12.8t 6.2t 19.2t
Material cost, C' $118.9k $32.8k $150k

While designing each rotor section, the copper losses are calculated separately and
hence the numbers indicated in Table [3.2] include losses due to end windings as if
there are two separate stators. Therefore, armature copper loss for whole machine is

slightly less than the summation of separately calculated losses.
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Table 3.3: Some of the parameters of the resulting design.

Parameter PM part WF part Whole machine
Number of turns per slot, N, 76 76 76
Inner diameter, D; 5128 mm 4995 mm 4995 mm
Rotor tooth height, /. - 46.7 mm 46.7 mm
Width of pole shoe, W, - 118 mm 118 mm
Number of turns in field, Ny - &3 83
Magnet/pole shoe embrace 0.72 0.72 0.72
PM thickness, L,, 13mm - 13 mm

The efficiency of WF part is lower than EESG designed in Chapter 2 since for such
power rating, the ratio of bore diameter over length is far from the optimum point.
Moreover, the rated current is 2250 A which apparently causes lower efficiency when

the WF part is treated as a separate machine.

PM section ¢ WFsection :
1020 mm '

R 2718 mm
R 2611 mm

v

I

Stator Permanent Field Sta.tor' end
Magnet windings windings
v
PM rotor Salient pole
backcore WF rotor
backcore

Figure 3.6: Axial view of the generator sections.

The active material mass of the whole machine is estimated to be 19.2 tonnes and the

corresponding cost is 150 k$ whose 46.8% belongs to the permanent magnet cost.
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3.5 Discussion and Comments

In this chapter, the main approach applied to permanent magnet and electrically ex-
cited synchronous machines is used to design a hybrid excited synchronous generator
consisting of two separate rotor sections sharing a stator. Variance of the percent-
ages of applied excitation is discussed and it is decided to fix the design with 75%
PM excitation and 25% WF excitation. It means that 75% of the induced voltage
and generated power will be fixed due to PM excitation. The remaining 25% will be

added up when the rated field current is applied.

The discussed configuration can be treated like two separate generators connected
in series as seen in Figure The excitation sections share a common stator and

therefore the armature current is also shared.

Ig
o —
T TN AC/DC i DC/AC____
—— TN —— N T
EESG PMSG
part part

Figure 3.7: Grid connection scheme in case of series connection of the excitation

sections.

Since the WF excitation enables control over terminal voltage in a certain range,
there is an option to utilize passive converter in the rectification stage. Using diode
instead of MOSFET/IGBT in the rectifier would significantly decrease the converter
cost. However, the machine side converter is generally responsible from speed control
and passive converter would not achieve this duty. In this case, the speed control
would only rely on pitch control whose response time is restricted by mechanical
time constants. Therefore, there is a trade-off between controllability and cost when

the rectification stage is concerned.
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The excitation sections may also be connected in parallel provided that their terminal
voltages are equal as seen in Figure [3.8] Therefore, the stator and armature windings
cannot be shared as in the series connection case. However, rectification stage can be
decoupled and therefore generator side converter of the PMSG part can be an active
rectifier whereas the one connected to the EESG part can be a passive rectifier.
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Figure 3.8: Grid connection scheme in case of parallel connection of the excitation

sections.

Another option is to fully decouple the EESG and PMSG part by also utilizing sep-
arate inverters as seen in Figure In this case, the DC link voltages may also
be controlled independently and the excitation sections would be fully decoupled.

Nonetheless, this configuration increases the converter cost.
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Figure 3.9: Grid connection scheme for fully decoupled case.
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The discussion in this thesis is based on series connection of the excitation parts since
a comparison between direct drive synchronous generator contained in a single body

and similar main dimensions is concerned.

The results obtained under this chapter are as expected since the parameters lay in be-
tween those of fully EESG and fully PMSG designed in Chapter 2. There are certain
trade-offs between cost, mass and efficiency; and the application requirements deter-
mines the priority of each. In the next chapter, the designed hybrid excited generator

is verified and analyzed in ANSYS Maxwell environment.
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CHAPTER 4

FINITE ELEMENT ANALYSIS OF THE DESIGNED HYBRID EXCITED
SYNCHRONOUS GENERATOR

4.1 Introduction

In this chapter, the hybrid excited synchronous generator is modeled in ANSYS
Maxwell FEA software. It is aimed to verify and analyze the design by using 2D
and 3D FEM simulations.

In the analytical design process, two rotor sections, namely PM and WF rotors are
treated as if they are part of two separate machines. Since the flux path is in radial di-
rection for both sections, this approach is theoretically feasible. However, interaction
of the end windings of the WF rotor and the PM is neglected in the design process.
This assumption and its consequences are needed to be discussed by analyzing the

whole machine. Therefore, the magnetic field in the interaction region is analyzed.

Firstly, 2D models of the rotor sections are simulated separately. Afterwards, the
whole machine model is constructed in Maxwell 3D module. Figure .1 shows 5
poles of the HESG model to be simulated. The simulation and analysis results are

shared in the following parts of this chapter.

4.2 2D Analysis

The hybrid excited machine sections whose dimensions are given in Table [3.2] are
parametrically modeled in RMxprt module and imported as Maxwell 2D designs. The

simulation results using 2D transient solution type are reported under this section.
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Figure 4.1: 3D view of 5 poles of the HESG.

4.2.1 Permanent Magnet Rotor Section

The PM rotor section is responsible from 75% of the induced voltage and output
power. The induced voltage due to PM part under no load condition is given in Figure
M.2] The rms value of the fundamental component is measured as 496 V which is

nearly 96% of the rated terminal voltage of the PM section.
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Figure 4.2: No load line to line voltage at 16 rpm of the PM section.

The output power under full load condition is given in Figure 4.3] The average of the
given waveform is measured to be 1840 kW. The observed ripple in the power is due
to the variation in the torque waveform whereas no load torque ripple, namely the
cogging torque of PM section is given in Figure 4.4] peak to peak value of which is
18 kNm. This is below 2% of the rated torque of the PM rotor section.
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Figure 4.3: Output power of PM part under full load.

50

25

Cogging Torque [KN.m]
(=]
|

=25 -

" 20 4 < e 8 100
Time [ms]

Figure 4.4: No load torque ripple of PM part.
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The flux density distribution while the rated armature current is applied is given in
Figure 4.5] The flux densities in the teeth and back core remain within the desired

limits.
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Figure 4.5: Flux density distribution of PM part at full load condition.

4.2.2 Wound Field Rotor Section

The WF rotor section is capable of generating 25% of the rated power of whole ma-
chine when the rated field current is applied. The no load induced voltage is given in

Figure 4.6 whose fundamental component has an rms value of 162 V.

Output power under full load at rated field current is given in Figure 4.7 whose aver-
age value is 544 kW. This is the 87% of the rated power of this section. However, if
the WF rotor section is treated like an individual EESG, it would have an efficiency
of 89% which is lower than those of PM part itself and whole machine. Therefore,

the output power being lower than the rated is acceptable.

No load torque ripple is given in Figure .8 The peak to peak value is measured to be
12.8 kNm where the rated torque of the WF section with given field current is nearly
375 kNm. Therefore, simulated no load torque ripple is slightly above 3% of the rated

torque of WF section.
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Figure 4.6: No load line to line voltage at 16 rpm of the WF section.
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Figure 4.7: Output power of WF part under full load.

Flux density distribution under full load condition is given in Figure d.9] The maxi-
mum density is observed in the teeth neighboring to the excited phase windings and

may reach up to 2 Tesla.
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Figure 4.8: No load torque ripple of WF part.
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Figure 4.9: Flux density distribution of WF part at full load condition.

4.2.3 Variation of the Field Current

The simulations presented in the previous section are conducted for the rated field cur-
rent which is determined to be 55A. Since capability of controlling terminal voltage
and output power is stated as one of the most important advantages of this topology,

the range of this controllability needs to be investigated by varying the field current.
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This controllability is highly dependent on the response time of the field current to
the control signal. Since the equivalent inductance of the field windings of 100 poles
connected in series is estimated to be in the order of Henries, the time constant is
relatively high. In Figure the decay of field current is given. The time constant
is calculated to be nearly 0.5 seconds where the equivalent inductance and resistance

of the field windings are 3.8 H and 7 2, respectively.
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Figure 4.10: The decay of the field current.

The summation of induced voltages from both sections for different field currents
are given in Figure 4.11] When the rated field current is applied, total induced line
voltage is recorded to have an rms value of 660 V. The variation of no load terminal
voltage with respect to the field current is given in Figure 4.12] Increasing the field

current from 10A to 55A increases the terminal voltage by 24.5%.
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Figure 4.11: Total induced voltage for different field currents.
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Figure 4.12: Variation of total induced voltage with respect to field current.
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The summation of output power of the sections at full load according to Maxwell 2D
simulations for different field currents are given in Figure.13] At rated field current,

output power is found to be nearly 2.4 MW.
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Figure 4.13: Variation of total output power with respect to field current.

Changing the applied field current also affects the power factor as can be seen from
the typical V curve characteristics of synchronous machines given in Figure .14 In-
creasing the field current increases the power factor for the leading case and decreases

it for the lagging case.

In this thesis, it is assumed that the designed generators are driven under vector con-
trol and the angle between phase current and induced voltage is equal to zero to max-
imize the available torque at the output. The vector diagram of the corresponding
case is given in Figure The phase current and induced voltage being in phase
enforces the power factor to be leading. Therefore, the power factor is expected to

increase as field current is increased.
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Figure 4.14: Typical V-curves of synchronous generators [48].
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Figure 4.15: Vector diagram of induced and terminal voltages.
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For the designed HESG, the variation of power factor, which is a result of changing
terminal voltage, can be seen from Figure [4.16] The power factor increases from 0.8

to 0.86 as the field current goes up from 10 A to 55 A.
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Figure 4.16: Variation of power factor with respect to field current.

According to the results of 2D simulations, varying the field current yields the ex-

pected variation in the induced voltage and output power.

Another important feature of the hybrid topology is the flexibility to operate at dif-
ferent modes according to the load demand. At full load, 75% of the output power
is inevitably generated by the PM section; however, it is possible to determine how
much power is generated by the WF section at partial loads. At light loads, the WF
section may not be energized at all to maximize the generator efficiency. That is due
to the fact that copper losses in the field windings is more dominant in lower power
ratings. In Figure the change in efficiency with respect to the percentage of load
for different modes of operation is presented. As seen from the graph, below 30%
rated power, operating only the PM section is the most efficient mode whereas under
higher power outputs, varying the field current in hybrid excitation mode yields the
highest efficiency. Since in PM mode, 75% power output is obtained with the rated
armature current, the efficiency reduces due to loss in the armature windings. Oper-
ating with rated field current all the time in the hybrid mode, dramatically reduces the
efficiency under light loads due to the dominance of the loss in field windings at low

power ratings.
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Figure 4.17: Efficiency vs. load for different operating modes.

In hybrid mode with varying field current, the current is gradually increased from O
to 55 A where 50% load case corresponded to a field current of 30 A which is slightly
higher than the 50% of the rated value. In Table [4.1] calculated efficiency values for

different loads are listed.

According to the results, controlling the load of operation under different loads im-

proves efficiency and annual energy production of the wind turbine.

Table 4.1: Efficiency with respect to load.

Efficiency
Load Only Hybrid Mode Hybrid Mode
PM Mode (ConstantIf (Varying If)

12.5% 96.4% 89.2% 96%
25% 96.8% 93.3% 96.6%
37.5% 96.3% 94.8% 96.5%
50% 95.6% 95.1% 96.1%
62.5% 94.8% 95.2% 95.8%
75% 94% 94.9% 95.4%
100% - 94.4% 94.4%
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4.3 3D Finite Element Analysis

So far, the hybrid excited synchronous generator under investigation is analyzed like
two separate PM and WF excited machines connected in series. The working princi-
ple is indeed so, however the assumption still needs to be verified by analyzing the
generator as a whole. Hence, 3D simulations are conducted to discuss the perfor-

mance of the whole model.

4.3.1 Magneto-static Solution Type

3D FEM simulation of the designed machine geometry requires excessive number of
mesh elements. Mesh operation of a single pole of the generator plotted for magneto-

static solution type can be seen in Figure d.18]

Figure 4.18: The mesh distribution of one pole of the whole generator in 3D FEA

model.

In magneto-static solution type, the mesh elements are generated by iterations aiming
at minimum error in calculated energy. Therefore, this solution type is very useful to

analyze the flux density and magnetic field distribution.
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The most critical region is where the PM and end windings of the WF interact. The
flux density vectors between excitation sections and along the field windings are
shown in Figure .19 where magnetic field vectors ar the same region is given in Fig-
ure [4.20] As seen from the figures, a little amount of the leakage flux flows through
the magnets. Moreover, the magnetic field intensity in the corresponding part of the
stator is very low. The investigated plane in the axial cross-section lays in the mid-

point of a pole. The flux density vectors plotted at an axial plane of full length is

given in Figure [4.21]
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Figure 4.20: Magnetic field vectors resulting due to field windings.
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Figure 4.21: Flux density vectors at the axial plane of full length.

The flux density distribution at the same axial plane where the flux vectors are plotted
is given in Figure 4.22] A closer look at flux density at WF section and interaction
region is presented in Figure 4.23] The simulation is conducted at no load, therefore

the density in the stator is in 1.3-1.4 Tesla range.
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Figure 4.22: Flux density distribution in axial plane in the midpoint of a pole.
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Figure 4.23: Closer look at flux density distribution in axial plane of WF section.
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The flux density magnitude between the PM and end windings is nearly 0.3 Tesla.
This value is nearly same with the region of the end windings located at the other
edge. However, the region where the flux density is observed is slightly larger due to
PM interaction. There exist a region with a higher density in the pole shoe of the WF
section. This is also a result of PM interaction since the magnet pulls a higher amount

of flux than the air that surrounds the end windings at the other edge.

Another important point is that the flux density in the stator’s closest region to the WF
end windings witnesses a higher flux density. This phenomena would have been seen
at the other edge of WF if this was a fully electrically excited machine. However,
the most of the flux resulting due to end windings flows towards the magnet instead
of completing its path through the stator. The result is an asymmetrical flux density

distribution at the axial plane of the WF section.

The flux density variation at different cross-sections can also be seen through an arc
which stator slots and teeth as seen in Figure 4.24] The densities may differ from
edge to the midpoint of the stator as mentioned above due to interaction of sections
and leakage flux. However, it is seen that the average of the areas under the flux

density graphs are nearly the same with the graphs obtained with 2D simulations.

Figure 4.24: The plane crossing the teeth and slots to measure flux density.
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Figures .26 and [4.27) show flux densities along an arc drawn on a pole of the stator
according to 2D and 3D simulations. In 3D case, different cross-sections are evalu-
ated assuming the PM edge is the zero point as seen in Figure 4.25] The 2D and 3D
results being compatible indicates that the flux per pole and hence the induced voltage

values would also be similar.
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Figure 4.25: The location of cross-sectional planes where flux densities are measured.
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Figure 4.26: Flux density along an arc located in the stator teeth at 2D (left) and 3D

(right) simulations for WF section.
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Figure 4.27: Flux density along an arc located in the stator teeth at 2D (left) and 3D

(right) simulations for PM section.

Although magneto-static solver is capable of calculating the flux density with a nar-
row margin of error, it cannot directly display the variation of time dependent vari-
ables like induced EMF. One way to obtain the induced EMF is to record the flux
passing through a certain area while the rotor position is changed slightly in each
step, multiplying it with turns ratio and then differentiating the resulting flux linkage
as Eq. 4.1 stated where A is flux linkage, N, is the number of turns per phase, B is

the flux density and £, is the induced voltage.

dA
A:Nph]deA & B=- 4.1
In order to apply the given mathematical relation, a model with 4 pole of the designed
hybrid excited machine is constructed as seen in Figure where the area that the

flux is to be integrated over is the swept version of the arc given in Figure #.24] along

the axial direction.

Using the given model, the rotor is rotated by 0.1 degree each time and the normal
component of the flux density is integrated over the surface covering the area between
the windings belonging to a certain phase. A half cycle of flux density variation is
obtained by applying parametric sweep, however the solver failed to calculate the flux
at a couple position. Therefore these values are calculated via interpolation and the

whole waveform is constructed bu using symmetry. Figure shows, the resulting
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Figure 4.28: The model containing 4 pole to obtain flux linkage as the rotation angle

is gradually changed.

flux density and a pure sinusoidal waveform with the same frequency and magnitude.

The peak value of the flux density is recorded to be 6.4 Wb.
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Figure 4.29: Flux linkage obtained by sweeping rotation angle.

The derivative of the flux linkage with respect to time yields the induced phase volt-
age. However, due to inadequate mesh elements and parametric sweep steps for rotor
angle being too large, the differentiation results in an unrealistic waveform containing
high order harmonics as seen in Figure 4.30] Nonetheless, the fundamental compo-
nent of the waveforms has an rms value of 640 V which is just 3% lower than the

value obtained via 2D simulations.
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Even though magneto-static solution type yielded approximate data about induced

EME, the findings are said to be compatible with analytical calculations and 2D sim-

ulations.
1500 T T T
o ¢ < Derivative of obtained flux linkage
@ s — Derivative of fitted sinusoidal wave

1000 o o o |
=
g’ 500 T
=
=]
>
g 0 I
r
©
8
S -500 b
©
£

-1000 b

_1 SDD | | 1 1 1

0 20 40 60 80 100
Time(ms)

Figure 4.30: Induced EMF waveforms obtained by differentiating exported and ap-

proximated flux linkages.

4.3.2 Transient Solution Type

Transient solution type enables us to observe time variation of the parameters of the
simulated model. However, transient solver does not have adaptive meshing capabil-
ity and hence, the mesh elements can be either exported from RMxprt module or fully
defined by the user. Moreover, the transient solution generally takes longer than the

magneto-static solution does.

The flux linkage waveforms that transient solver provided are given in Figure {4.31]
The peak value of the wave is 6.6 Wb which is slightly higher than that of seen in
Figure 4.29
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Figure 4.31: Flux linkage waveforms obtained with transient solver.

The flux linkage waveform is smoother than the waveform obtained by using magneto-
static solver. As aresult, the distortion due to differentiation is lower as seen in Figure
M.32] The fundamental component of the wave is 668 V, 1.2% higher than the value

obtained via 2D simulations.
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Figure 4.32: The resulting induced EMF and the fundamental component of the wave-

form.
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The transient solver reveals a more accurate induced EMF waveform; however, the
waveform still contained spikes and high order harmonics due to insufficient mesh
elements. Finer mesh operation and shorter step time would definitely yield a more
accurate waveforms. Nonetheless, in order to solve this finite element problem, more
computational power is needed although the findings are compatible with the expec-

tations.

4.4 Discussion and Comments

Under this chapter, 2D and 3D FEA results of the designed HESG are presented. It is
shown that, the simulations conducted in ANSYS Maxwell software are compatible
with analytical calculations as summarized in Table 4.2 Following remarks can be

made according to the simulation results;

Table 4.2: Comparison of analytical results with 2D and 3D simulations.

Analytical 2D FEM 3D FEM

calculations simulations simulations

Fundamental component
650 V 660 V 668 V
of induced voltage, F,
Peak air-gap flux density
0.75T 0.77T 0.77T
in the PM section, B,
Peak air-gap flux density
0.88 T 0.86 T 0.86T
in the WF section, B,
Peak of the flux linkage, A 6.3 Wb 6.5 Wb 6.66 Wb
Phase inductance of
0.5 mH 0.68 mH -
PM section, L,
Q-axis equivalent inductance
0.3 mH 0.31 mH -
of WF section, L,
Inductance due to extended
9uH 22 uH -
region in the stator
Phase resistance, 2, 7.8 mf) 9.6 mf) -
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e There exists a gap of nearly 4 cm between PM and WF rotors including end
windings. This gap causes the stator to be longer and the corresponding region
in the stator witnesses a very low flux density. According to the inductance
matrix calculation done in Maxwell 2D, this extension in the armature windings
results in an inductance of 22 ;. H. The corresponding inductances of WF and
PM parts can be treated as series inductances. Since the equivalent inductances
of the WF and PM sections are 0.3 and 0.5 mH, respectively; neglecting this
gap in the analytical design process is a valid assumption. However, the power

factor is slightly lower when the inductance of this section is included.

e Due to the extension in the stator due to end windings of the field and the
gap between two rotors, in 3D simulations, total induced voltage may slightly
increase when compared to the estimated value with 2D simulations where that
extension is discarded. The rms value of the fundamental component of the
induced line voltage is found to be 668 V with 3D transient solver, whereas the
summation of the separately simulated sections is 660 V. Although it may seem

feasible, the error margin of the 3D transient analysis must be considered.

e 2D analysis cannot reveal the difference in flux density distribution in the core
regions located near to and far from the edges as pointed in Figure Figures
4.34] and {.35] display flux density distributions at the different cross-sections
along the axial length. The rotor back-cores near to the edges witness a higher
flux density than the regions located in the middle. This is due to the increased

non-radial flux near to the edges.

e The PM and WF interaction causes an asymmetrical flux density distribution
at the axial plane. Density in a narrow region in the WF rotor pole shoe gets
higher due to the magnet pulling flux to itself. Moreover, as clearly seen in
Figure the density in the stator region closer to the edge is higher because
of the leakage flux completing path through stator.
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Figure 4.34: Flux density distribution at different cross-sectional planes of PM sec-

tion.

e Even though both magneto-static and transient solver yielded distorted EMF
waveforms, gave more accurate results are achieved with the transient solver.
Further improvement of the waveform leans on more computational power as
the processors of the regular computers are not capable of solving finite ele-
ment problem defined on such a huge geometry that requires too many mesh

elements.
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Figure 4.35: Flux density distribution at different cross-sectional planes of WF sec-

tion.

e The design of the selected HESG topology is verified by FEM simulations and
it is shown that HESGs can be designed bu using similar approach used for
EESG and PMSGs where it is aimed to combine the advantages of those two
topologies. However, benefits and downsides of the utilizing direct drive HESG
in wind turbines need to be questioned. This investigation mostly relies on the
performance of the topology compared to the ones available in the industry. In
the final chapter of the thesis, the designed 2.5 MW direct drive generators are

compared.
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CHAPTER 5

COMPARISON OF THE DESIGNS

5.1 Introduction

In this chapter, 2.5 MW 16 rpm direct drive PMSG, EESG and Hybrid Excited Syn-
chronous Generator whose design procedures are conveyed in the previous chapters
are compared. The harmonic content of the induced voltage waveforms in the arma-
ture windings are evaluated for each topology by applying FFT analysis in MATLAB.

Total harmonic distortion (THD) of the line voltages are calculated accordingly.

In addition to the operation of the generator under nominal conditions, the response of
the system to a short circuit event is extremely important to avoid damaging magnets
and mechanical components. Hence, a short circuit scenario is simulated and the
short circuit torque and currents are recorded. According to the results, short circuit

characteristics of the given topologies are discussed.

So far, only the active mass of the generator, that is the mass of the components
in the generator which participates the electricity generation, is taken into account.
However, inactive or structural mass which contains the mechanical support structures
for these direct drive topologies can be even larger than the active mass. Therefore,
based on a support structure model given in literature, inactive mass of the given

topologies is estimated.

In addition, the dimension and performance parameters calculated through analytical
design or extracted from ANSYS Maxwell are summarized for the three generator

designs under investigation.
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According to the stated findings, the designed 2.5 MW hybrid excited synchronous

generator is evaluated and the feasibility of the topology is discussed.

5.2 Harmonic Content of the Induced Voltage

The total harmonic distortion (THD) of the line voltage effects the quality of the
power delivered to the grid converter and should be minimized. THD is directly cal-
culated from the magnitudes of fundamental and higher order harmonic components

of the waveform.

In Y-connected machines, third order harmonic components do not exist in the line
voltage. Moreover, the 5" & 7! harmonic components can be effectively reduced by
choosing winding the pitch ratio for short-pitched winding as 5/6. The next effective
harmonic orders are 11" and 13" which may be dominant in the harmonic spectrum.
Figure [5.1] reveals the FFT analysis of the induced line voltages of 2.5 MW PMSG
and EESG. THD of induced EMF of PMSG is found to be 2.6% whereas that of
EESG is nearly 2%.
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Figure 5.1: FFT analysis of the induced line voltage of PMSG (left) and EESG(right).

The harmonic content of the 2.5 MW hybrid excited synchronous generator is given

in Figure[5.2] The THD of the corresponding induced EMF waveform is 2.4%.
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Figure 5.2: FFT analysis of the induced line voltage of HESG.

As seen from the given spectra, the trend in harmonic content is similar among the
given topologies. This is expected since the pitch ratio of the armature windings for
each topology is the same and therefore 5" & 7" order harmonics are successfully
suppressed. Moreover, the magnet embrace for PM rotor and pole shoe embrace for
WF rotor are selected to be same. These embrace ratios affect the harmonic content
of the flux density and therefore that of induced voltage. The rms values of harmonic

components of the induced voltages of the investigated generators are listed in Table

51

Table 5.1: RMS values of harmonic components of induced voltages of PMSG, EESG
and HESG.

Harmonic component PMSG EESG HESG

Fundamental 663V 672V 639V
57 order 517V 0.73V 442V
7" order 5.04V 334V 479V
11%" order 820V 954V 742V
13" order 13.15V 3.08V 1230V
23" order 228V 721V 266V
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5.3 Short Circuit Analysis and Structural Mass

5.3.1 Short Circuit Characteristics

In addition to the performance parameters under nominal operation conditions, the
short circuit characteristics of the generators have a significant importance. Exces-
sive amount of current may flow through windings due to short circuit event, which
causes a very high copper loss and even demagnetization of the magnets in case of
PM motors. Moreover, the resulting short circuit torque may damage the generator

structure and even causes the support mechanism to break.

The support structure needs to be designed to withstand the short circuit torque and
a protection mechanism which has an immediate response capability needs to be in-
cluded in the system.In this section, three-phase short circuit case is simulated as a

worst case to evaluate the performance.

In Figure [5.3]and [5.5] the short circuit current of a phase and resulting output torque
under three phase fault are given for the PMSG, respectively. The maximum current
is recorded to be 9.12 kA which is nearly three times the rated current (2.25 kA). The
short circuit torque is 2.65 MN.m and it is reached in a time period less than 10 ms.

This value is 76% higher than the rated torque (1.5 MN.m).

In Figure [5.4] the short circuit current of a phase is given and its maximum value is
estimated to be 8.44 kA for the designed EESG. The short circuit torque is given in
Figure [5.6]and its slightly higher than that of PMSG.
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Figure 5.4: Short circuit current of phase A of full scale EESG.
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Figure 5.6: Short circuit torque of full scale EESG.

The short circuit characteristics of the HESG is also analyzed in Maxwell 2D envi-
ronment by separately applying the fault scenario to each excitation sections. The
output torque of both sections and total torque are given in Figure[5.7} The maximum
value reaches 1.95 MN.m whereas the rated torque is nearly 1.5 MN.m. The peak of
short circuit current is calculated to be 6.33 kA by using the phase inductance and

resistance.
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Figure 5.7: Short circuit torque of the HESG.

The findings of the short circuit analysis are given in Table[5.2] HESG has lower short
circuit current due to the increased equivalent inductances and hence short circuit
torque is also lower. The peak values of the short circuit torque of EESG and PMSG
are similar. Nevertheless, EESG would require heavier structural mass due to larger
dimensions and weight. The largest short circuit current is estimated for PMSG and

the consequence of current at such level may result in demagnetization of PM.

Table 5.2: Short circuit characteristics of PMSG, EESG and HESG.

Parameter PMSG EESG HESG
Short circuit torque | —2.65 MN.m —2.68 MN.m —1.95 MN.m
Short circuit current —-9.12 kA —8.44 kKA —6.33 kKA

One of the most important properties of the hybrid excitation is the ability to control
the field excitation and the terminal voltage. Therefore, the possibility of altering
field current to suppress the fault current emerges. The short circuit current of the

WF section while field current is decaying to zero is given in Figure [5.8]
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Figure 5.8: Short circuit current while field current decays.

Nonetheless, as stated in the Section[4.2.3] the time constant of field winding is nearly
0.5 seconds whereas the maximum short circuit torque is reached within milliseconds.
Hence, although reducing field current imposes decay upon fault current and reduces
the copper loss, it can not prevent the consequences of the maximum short circuit
torque and current. The decay of the field current can be accelerated by applying
negative voltage to the excitation terminals as shown in Figure [5.9] Still, the desired

quick response is not reached.

Therefore, if the short circuit events are desired to be taken under control by imme-
diate response of the field current, the winding configuration of the field needs to be
rearranged to yield a reduced time constant. To be more specific, parallel connec-
tion of the field windings may be considered instead of series connection in order to
decrease the equivalent winding inductance and hence the time constant. However,
parallel connection of the windings requires an excitation system that can supply field
current to each winding of a hundred poles. To avoid such an excessive current re-
quirement; the area of field winding conductors, the number of turns in the winding
and the height of the rotor pole can be altered. In this case, the mass of the poles, the

copper loss and efficiency must be recalculated.
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Figure 5.9: The decay of the field current for different cases.

5.3.2 Estimation of the Structural Mass

In direct drive applications, where speed is low and torque rating is high, electrical
machines require a solid support structures which come out to be heavy and bulky,

especially direct drive generator designs.

There are various types of support structures as stated in [49]] where several applicable
models for PM wind turbine generators are compared. However, in [50]], an analytical
method is proposed to calculate the structural mass by using stator bore diameter,
rotor diameter, maximum air-gap flux density and mechanical torque of the generator.
In the study, the mechanical distortion and mass of the structures are estimated by
considering Maxwell stress, gravitational pull and centripetal force. Moreover, both

analytical and FEA tools are presented that can optimize the required structural mass.

In this thesis, the analytical optimization presented in [50] is adapted to predict the ap-
proximate mass of the support structure bu using generator parameters. The adapted

five armed structural model is shown in Figure

The results of the applied analytical model are given in Table [5.3] Both the mass of

support structure and its share on total material cost are highest for EESG topology.
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(a) Rotor structure. (b) Stator structure.

Figure 5.10: Support structures with 5 arms for the rotor and the stator .

Table 5.3: Comparison of active and inactive mass of PMSG, EESG and HESG.

PMSG EESG HESG

Active mass 1691t 33.1t 19.2t
Structural mass 36t 48t 37t

Cost of the inactive mass $ 108k  $144k $ 111k
Cost of the active mass $157.3k $140.9k $ 150k
Total material cost $265.3k $284.9k $ 261k

Share of inactive material cost ~ 40.7% 50.5%  42.5%

These presented numbers are useful to predict the overall mass and material cost;
however, it must be considered that the resulting structure needs to be verified by

mechanical FEA and/or different mechanical modeling and simulation methods.
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5.4 Overall Results

The dimensions, parameters and obtained performance values are shared altogether to
compare the three topologies, namely PMSG, EESG and HESG which have the same
output power, rotational speed and terminal voltage ratings. Moreover, the air-gap
length, number of poles and ratio of magnet/pole shoe over pole pitch (embrace) are

equal as listed in Table [5.4] with other common design parameters.

Table 5.4: Common design parameters for the PMSG, EESG and HESG.

Parameter Value
Rated power, P,,; 2.5 MW
Rated terminal voltage, V; 690 V
Air gap length, g 5.5 mm
Number of poles, p 100
Number of slots s 600
Number of parallel branches in armature 100
Magnet/pole shoe embrace 0.72

The main dimensions of the designs are given in Table [5.5] The HESG and PMSG
have the same outer diameter as the stator of the PMSG is adapted in the HESG
design. The outer diameter and axial length of the EESG is larger than the others as

expected because power density in lower than PM based synchronous machines.

Table 5.5: Main dimensions of the designed PMSG, EESG and HESG.

Parameter PMSG EESG HESG
Outer diameter, D, 5436 mm 5465 mm 5436 mm
Stacking length, Ly 1015 mm 1053 mm 1020 mm
Number of turns per slot, N, 76 52 76
Number of turns in field, Ny - 105 83
PM thickness, L,, 13 mm - 13 mm

95



The performance parameters are listed in Table[5.6] The PMSG has the highest effi-

ciency thanks to the absence of the field windings and reduced core loss. The THD

values of the induced EMF waveforms turn out to be similar mostly due to the fact

that the pitch ratio of armature windings and the magnet/pole shoe embrace are equal

for all three generators.

Table 5.6: Performance parameters of the PMSG, EESG and HESG.

Parameter PMSG EESG HESG
Induced line voltage, £, 658 V 667.2V 650 V
Core loss, P.ore 123kW  20.1kW  12.3kW
Armature copper loss, Pcu, | 119.3kW 77.1 kW 117.9 kW
Field copper loss, Pcuy - 90.8 kW  25.1 kW
Efficiency, n 95% 93% 94.1%
Power factor 0.9 0.9 0.86
THD of induced EMF 2.6% 2% 2.4%

The result of the mass and cost calculations are shared in Table According to the

estimation including structural mass, the overall cost is the highest for EESG although

the cost of the active mass of the PMSG is higher.

Table 5.7: Mass and cost values of the PMSG, EESG and HESG.

Parameter PMSG EESG HESG
Iron mass, Mo 134t 272t 14.7t
Magnet mass, M,qgnet 1.2t - 879 kg
Copper mass, M., 2.3t 5.9t 3.0t
Active material mass, M 169t 33.1t 19.2t
Structural Mass 36t 48 t 37t

Active material cost, C),

Total material cost, C'

$157.3k $140.9k $ 150k
$265.3k $284.9k $261k

According to the presented findings, some of the parameters of the HESG turn out

to be in between those of PMSG and EESG. As expected, these are efficiency, axial

length, material mass and cost values.
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Two of the notable differences of HESG from the others are power factor and short
circuit peak current which are correlated since both are dependent on the winding
inductance. As discussed earlier, the pancake-type geometry of the WF section of the
hybrid excited generator results in a high winding inductance, which yields poorer
power factor. In return, increasing the winding inductance suppress the rapid climb

of the armature current in a short circuit event.
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CHAPTER 6

CONCLUSIONS

In this study, a 2.5 MW direct drive hybrid excited SG is designed and compared with
Permanent Magnet and Electrically Excited synchronous generators at the same rat-
ings to discuss the feasibility of hybrid excitation. The discussion is carried according
to the findings of analytical model based on cost optimization and FEM simulations

conducted in ANSYS Maxwell environment.

The hybrid excitation concept basically focuses on combining advantages of PM ma-
chines and WF excitation. Among many of the topologies presented in the literature,
the one that includes two separate rotors for two different excitations is selected. Ac-

cording to the findings, the following remarks can be made:

e PMSQG utilization in wind industry tends to increase as the power ratings of
the wind turbines increase since PMSGs are efficient, power dense and reli-
able. However, they induce uncontrollable voltage as a result of PM excitation.
Moreover, there may be fluctuations in PM costs due to economical policies
although PMs are already expensive materials. Direct drive EESGs are easier
to manufacture but they have bulky and massive structure. In addition, the ex-
citation loss in the field winding is inevitable. Both PMSGs and EESGs are
utilized with full scale power converter although EESG topology inherently

provides the opportunity to change the induced voltage.

e The selected hybrid excited topology contains both PMs and DC excited field
windings located at different rotors coupled to the same shaft. Therefore, the
fixed voltage induced due to PM adds up to the variable voltage induced thanks

to controllable field winding current of the WF rotor. This property is verified
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by electromagnetic FEM simulations as the presence of the WF rotor provides
controllability over the terminal voltage and output power in a range defined by
the ratio of the maximum power contribution of WF excitation section over the
rated power of the whole machine. In this study, this range is 25% as the PM

section is responsible from generating 75% of the rated power.

In the proposed hybrid excited system, required PM amount is reduced by
26.7% compared to a full PMSG at the same ratings as the PM mass dropped
from 1.2 tonnes to 0.88 tonnes. However,under full load, the efficiency is lower
as a result of the copper loss on the field windings. The material mass and the

cost of the hybrid excited SG are in between those of EESG and PMSG.

The WF section of the hybrid excited machine has low efficiency and poor
power factor when treated as a separate machine rated at 25% of 2.5 MW. This
is because the aspect ratio of the design is far from the optimum point for such
power level. In addition, the rated current of the armature is above 2 kA since
the excitation sections share the stator, and hence the copper loss became more

dominant.

The poor power factor is a result of the increased winding inductance due to
WEF section of the hybrid machine. Increased winding inductance suppress the
short circuit current and torque. However, this correlation can not be treated as
an advantage of combining excitation types, it is more likely to be a result of

selected generator geometry to do so.

The hybrid generator topology given in [25]], which is selected for investigation
of hybrid excitation concept in this thesis, claims that the controllability feature
of the topology thanks to WF section enables the utilization of passive diode
rectifier instead of active rectifiers. As a result, the power converter would be
cheaper. However, in this study, the calculations and estimations are performed
assuming that the induced voltage and the load current are kept in phase via
vector control. In case of a passive rectifier, the control over load angle com-
pletely depends on field current control where the range is limited. It is shown
that the field windings of such a direct drive generator have a high time constant

and the resulting response time would fail the system to be as robust as desired.
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Moreover, with a passive rectifier, the active power control would depend on
the control over turbine blades where the response time is bounded by the me-
chanical time constants. Therefore, adapting passive rectifier would definitely
be cheaper, but the controllability enabled by the WF section would not meet

the system requirements.

The 3D FEM simulation of the proposed hybrid excitation model revealed the
characteristics of leakage flux in the interaction region between PM and WF
rotors. The PM rotor attracts the leakage flux that supposed to flow though air
from the end windings of the field. The interaction causes asymmetrical flux

density distribution in the stator core.

The hybrid configuration also allows the system to operate at different modes
considering the required power level. In other words, one of the excitation
sections can be enabled or disabled according to the changing wind speed and
power generation requirement. It is shown that efficiency can be maximized by
operating at only PM mode at 30% and lighter load demands. At 50% rated
power, the efficiency is recorded to be 96% in hybrid mode with 50% of the
rated field current. Therefore, the field can be arranged according to the load

demand to keep on operating at maximum allowable efficiency.

At higher wind speeds, field weakening control may extend the operating range
of the generator and also improves efficiency at higher speeds [51]]. In this
sense, the flexibility provided by the WF section is not limited to strengthen-
ing the effect of PM. When the polarity of the field excitation is reversed, the
overall effect would be a ‘field weakening’ case where the induced voltage is
reduced. The field weakening of PM machines, otherwise, would require injec-
tion of negative /; current and hence there is always a risk of demagnetization
of the magnets. By applying negative field current, field weakening may be

accomplished while demagnetization risk is eliminated.
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e In the design procedure, constraints regarding manufacturability are consid-
ered. However, feedbacks from manufacturers and mechanical designers are
essential to yield a realistic electrical machine design. The production capa-
bility and mechanical constraints may require the electromagnetic design to be
revised. Another future work is to produce and test a prototype hybrid excited

machine at a lower power rating.

e As aresult, hybrid excited SG is a suitable topology for MW scale direct drive
wind turbines, yielding a performance not significantly better but comparable

to those of EESG and PMSG.
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