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Thesis: A liquid-cooled, direct-drive, permanent-magnet, synchronous generator with
helical, double-layer, non-overlapping windings formed from a copper conductor with a
coaxial internal coolant conduit offers an excellent combination of attributes to reliably
provide economic wind power for the coming generation of wind turbines with power
ratings between 5 and 20 MW. A generator based on the liquid-cooled architecture
proposed here will be reliable and cost effective. Its smaller size and mass will reduce
build, transport, and installation costs.

Summary: Converting wind energy into electricity and transmitting it to an electrical
power grid to supply consumers is a relatively new and rapidly developing method of
electricity generation. In the most recent decade, the increase in wind energy’s share of
overall energy production has been remarkable. Thousands of land-based and offshore
wind turbines have been commissioned around the globe, and thousands more are being
planned. The technologies have evolved rapidly and are continuing to evolve, and wind
turbine sizes and power ratings are continually increasing.

Many of the newer wind turbine designs feature drivetrains based on Direct-Drive,
Permanent-Magnet, Synchronous Generators (DD-PMSGs). Being low-speed high-torque
machines, the diameters of air-cooled DD-PMSGs become very large to generate higher
levels of power. The largest direct-drive wind turbine generator in operation today, rated
just below 8 MW, is 12 m in diameter and approximately 220 tonne. To generate higher
powers, traditional DD-PMSGs would need to become extraordinarily large. A 15 MW



air-cooled direct-drive generator would be of colossal size and tremendous mass and no
longer economically viable.

One alternative to increasing diameter is instead to increase torque density. In a permanent
magnet machine, this is best done by increasing the linear current density of the stator
windings. However, greater linear current density results in more Joule heating, and the
additional heat cannot be removed practically using a traditional air-cooling approach.
Direct liquid cooling is more effective, and when applied directly to the stator windings,
higher linear current densities can be sustained leading to substantial increases in torque
density. The higher torque density, in turn, makes possible significant reductions in
DD-PMSG size.

Over the past five years, a multidisciplinary team of researchers has applied a holistic
approach to explore the application of liquid cooling to permanent-magnet wind turbine
generator design. The approach has considered wind energy markets and the economics
of wind power, system reliability, electromagnetic behaviors and design, thermal design
and performance, mechanical architecture and behaviors, and the performance modeling
of installed wind turbines.

This dissertation is based on seven publications that chronicle the work. The primary
outcomes are the proposal of a novel generator architecture, a multidisciplinary set of
analyses to predict the behaviors, and experimentation to demonstrate some of the key
principles and validate the analyses. The proposed generator concept is a direct-drive,
surface-magnet, synchronous generator with fractional-slot, duplex-helical, double-layer,
non-overlapping windings formed from a copper conductor with a coaxial internal coolant
conduit to accommodate liquid coolant flow. The novel liquid-cooling architecture is
referred to as LC DD-PMSG.

The first of the seven publications summarized in this dissertation discusses the technolog-
ical and economic benefits and limitations of DD-PMSGs as applied to wind energy. The
second publication addresses the long-term reliability of the proposed LC DD-PMSG
design. Publication 3 examines the machine’s electromagnetic design, and Publication 4
introduces an optimization tool developed to quickly define basic machine parameters.
The static and harmonic behaviors of the stator and rotor wheel structures are the subject
of Publication 5. And finally, Publications 6 and 7 examine steady-state and transient
thermal behaviors.



There have been a number of ancillary concrete outcomes associated with the work
including the following.

X Intellectual Property (IP) for direct liquid cooling of stator windings via an em-
bedded coaxial coolant conduit, IP for a lightweight wheel structure for low-
speed, high-torque electrical machinery, and IP for numerous other details of the
LC DD-PMSG design

X Analytical demonstrations of the equivalent reliability of the LC DD-PMSG;
validated electromagnetic, thermal, structural, and dynamic prediction models;
and an analytical demonstration of the superior partial load efficiency and annual
energy output of an LC DD-PMSG design

X A set of LC DD-PMSG design guidelines and an analytical tool to establish optimal
geometries quickly and early on

X Proposed 8 MW LC DD-PMSG concepts for both inner and outer rotor configura-
tions

Furthermore, three technologies introduced could be relevant across a broader spectrum
of applications. 1) The cost optimization methodology developed as part of this work
could be further improved to produce a simple tool to establish base geometries for
various electromagnetic machine types. 2) The layered sheet-steel element construction
technology used for the LC DD-PMSG stator and rotor wheel structures has potential for
a wide range of applications. And finally, 3) the direct liquid-cooling technology could
be beneficial in higher speed electromotive applications such as vehicular electric drives.

Keywords: cooling system, copper winding, design for dynamics, direct cooling, direct-drive,
electrical machine, form-wound winding, fractional-slot winding, generator, layered sheet steel,
liquid cooling, non-overlapping winding, permanent magnet, radial flux, reliability analysis,
synchronous machine, thermal analysis, thermal design, thermal management, wheel structure,
wind turbine
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t time s
U voltage V
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w width m

α decreasing scaling factor (optimization algorithm) -
β angle (of the wind turbine rotor blade) rad
γ design variable -
γ design variables matrix -
δ load angle rad
∆ discretization steps matrix -
ζ phase angle between the current and voltage rad



η efficiency %
λ a ratio, a quotient
µ repair intensity yr–1

ν speed m/s
ξ calculated values of the design variables (optimization algorithm) -
ξ calculated values matrix of design variables (optimization algorithm) -
ρ electrical resistivity Ωm
ρ mass density kg/m3

σ stress Pa
τ torque Nm
τp pole pitch m
Ω angular velocity rad/s
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π the number Pi

SUBSCRIPTS

air air
am active materials
cu copper
E electromotive force
fe electrical steel
flow fluid flow
gap air gap
gen generator
ini initial
inl inlet
J current density
max maximum
mid middle
new new
oil oil coolant
old previous value
out outlet
p electromagnetic pole
P power
peak peak (highest value)
pm permanent magnet
R resistance
r generator rotor
rad radial
rb rotor blades of the wind turbine



s generator stator
S system
str structural
t tooth
tan tangential
w windings
we windings, ends
wh winding, harmonic
y yoke

τ torque

OTHERS

! factorial operator
∝ direct proportionality operator
∞ infinity
∆ difference operator
∈ set membership operator
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AEO Annual Energy Output
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DD-PMSG Direct-Drive Permanent-Magnet Synchronous Generator
DFIG Doubly Fed Induction Generator
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HDPE High Density Polyethylene
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IP International Protection Marking; Intellectual Property
LC DD-PMSG Liquid-Cooled Direct-Drive Permanent-Magnet Synchronous Generator
LCM Least Common Multiple
LPTN Lumped Parameter Thermal Network
MDT Mean Down Time (hours)
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PMSG Permanent-Magnet Synchronous Generator
SGS Société Générale de Surveillance
SKF Svenska Kullagerfabriken AB
SLDV Scanning Laser Doppler Vibrometer
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CHAPTER 1

Introduction

Wind power has been used for millennia to carry out tasks such as grinding grain
(windmills) and pumping water. However, generating electricity and transmitting it to an
electrical power grid to supply consumers is relatively new. The first such wind turbine
began operation in the 1940s in the United States of America (USA). The 1.25 MW unit
fed electric power to a local utility network in Vermont during World War II. However,
it was not until the 1970s, when oil prices began to rapidly rise, that interest in wind
turbines grew and research into wind energy technologies accelerated [46, 62]. Wind
energy technology for mainstream electrical power production is in its infancy, and
technological developments are still being made at a rapid pace.

The recent growth of wind energy is remarkable, and it plays an increasingly important
role in energy planning for Europe, the USA, and Asia. In 2007, the European Union
endorsed the European Strategic Energy Technology Plan to accelerate the development
of renewable energy technologies. Included in the plan are initiatives to increase wind
energy’s share of overall European Union energy production to 20% by the year 2020 [23].
In 2009, there was more new power capacity from wind technology installed in European
countries than from any other electricity production technology. Of a total 26 GW new
capacity, 39% was wind power [24]. To reach the year 2020 goal, 100-200 GW over that
capacity will be needed [6].

The USA is also pushing hard to increase the contribution of wind energy electricity
production, calling for an increase to 20% of total US electricity production capacity by
2030 [60]. This represents an increase of approximately 300 GW from 2008 wind power
production levels. In Asia, China plans to reach a wind power production capacity of
nearly 100 GW by 2020 [69], and Japan and South Korea are both engaged in aggressive
developments of additional wind power capacity. Other significant potential markets
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include Latin America, the former Soviet Union, and Africa. These markets have been
experiencing rapid growth in the demand for electricity, and their demand for wind power
could surpass both Europe and the USA in the next 15 years [6].

1.1 Present Wind Energy Technology

A typical large electrical power generating wind turbine uses a drivetrain with a large
three-bladed main rotor and an electrical generator sitting on top of a tall tubular tower.
Normally, the drivetrain axis is horizontal, and the main rotor faces the wind. Variable
speed operation with pitch control is standard [21]. The 3 MW wind turbine shown in
Figure 1.1 is an example.

There is no clear consensus on the most appropriate drivetrain type or generator tech-
nology. In the product catalogs of major wind turbine manufacturers, there are systems
based on doubly fed induction, electrically excited synchronous, or permanent magnet
synchronous generator architectures. The multi-bladed main rotor may be coupled to a
high-speed generator through a multiple-stage gearbox (1:100) or to a medium-speed
generator through a single-stage gearbox (1:10). Several of the latest designs couple the
main rotor directly to a high-torque generator designed to operate at low rotational speeds.
These direct-drive systems do away with the gearbox altogether.

Most currently installed wind turbines are land based. However, there is a move
to offshore wind farms to utilize the stronger offshore winds and to permit running
at higher rotor blade speeds with less concern over noise pollution [38, 43]. This
move is making high reliability and low maintenance operation increasingly important
requirements [10, 21, 51, 56].

Many of the newest designs offered by major wind turbine manufacturers are based
on the Permanent-Magnet Synchronous Generator (PMSG) architecture. For example,
Vestas, GE Wind, Goldwind, Siemens, and Gamesa have all introduced large systems
featuring PMSGs intended for offshore use. These large permanent magnet generators
offer advantages including lower weight, improved thermal performance, and higher
efficiency and energy yield [7, 8, 20, 37].

The number of direct-drive wind turbine installations seems to be increasing. Over the past
15 years, hundreds of direct-drive units have gone into operation in Germany, Denmark,
and Spain. In the USA and China, many of the newer installations have also been
based on direct-drive generator architectures. The latest offshore wind turbine product
offerings from GE Wind, Goldwind, and Siemens all use Direct-Drive Permanent-Magnet
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Figure 1.1 Horizontal axis wind turbine (courtesy of Vestas Wind Systems A/S)
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Synchronous Generators (DD-PMSGs). Figure 1.2 is an artist’s rendering showing the
main rotor blade hub, the generator, and the nacelle for a hypothetical direct-drive wind
turbine.

Direct-Drive Generator

Figure 1.2 Rendering of generic direct-drive wind turbine (model by Jeff Lewis)

1.2 The Size Evolution of Wind Turbines

As wind power technologies and the wind energy industry have matured over the past 40
years, power ratings have grown continuously. There are four important benefits that are
driving this growth.

A wind turbine converts the power of the wind that passes through the swept area of
its rotor blades. If the diameter of the swept area doubles, swept area increases by a
factor of four. If wind speed doubles, wind power increases by a factor of eight (velocity
cubed). Consequently, wind turbines are getting larger because 1) bigger wind turbines
can accommodate larger rotor blade diameters, and 2) they stand higher, reaching up to
where stronger winds blow [67].
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Furthermore, 3) economies of scale are driving wind turbine growth. As wind turbines
grow larger, their investment costs drop. For example, a 1% increase in size typically
requires only a 0.6% increase in the costs of manufacture [12]. Finally, 4) as recent studies
report, larger wind turbines result in a lower per megawatt environmental impact [11].

The average size of today’s new wind turbine offerings is moving rapidly to 6 MW
and beyond [18, 61]. The largest units currently in operation are the 7.6 MW Enercon
E-126 and the 8 MW Vestas V164. Several recent wind turbine development projects
are targeting 6 MW and higher. Table 1.1 summarizes the more notable projects, both
completed and in progess [4].

Table 1.1 Recent Large Wind Turbine Development Projects

Manufacturer Power Generator Drivetrain Type Rotor drb Availability

Siemens 6.0 MW PMSG Direct-Drive 154 m production
Sinovel 6.0 MW DFIG1 High-Speed 128 m production
Alstom 6.0 MW PMSG Direct-Drive 150 m 2015

Senvion 6.2 MW DFIG High-Speed 152 m production
Enercon 7.6 MW EESG2 Direct-Drive 127 m production

Vestas 8.0 MW PMSG Medium-Speed 164 m production
AMSC 10.0 MW HTSC3 Direct-Drive 190 m 2015

Sway Turbine 10.0 MW PMSG Direct-Drive 145 m 2015
Gamesa 15.0 MW N/A N/A N/A 2020

1 Doubly-Fed Induction Generator
2 Electrically Excited Synchronous Generator
3 High-Temperature Superconductor

Projections suggest that wind turbine size will continue to increase, reaching rated powers
of 20 MW and blade diameters of 250 m by 2025. A 20 megawatt wind turbine is an
impressively large structure. Figure 1.3 compares typical wind turbine sizes. Currently,
wind turbines are typically in the 3-5 MW range.
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3 MW
(�126 m)

10 MW 20 MW Empire State
(�100 m)

5 MW
(�160 m) (�250 m) Building

Figure 1.3 Size evolution of wind turbines - At publication, the largest operational wind
turbine is an 8 MW unit. Wind turbines are projected to reach 20 MW capacities by 2025.

1.3 Wind Turbine Economics

Wind energy is capital intensive. More than 75% of the total cost of energy for a wind
farm is the initial capital expenditure for the wind turbines. Table 1.2 breaks down the
cost structure for a typical 2 MW wind turbine installed in Europe in 2006 [36].

Actual cost-per-MW wind turbine prices are quite difficult to determine as they depend
on numerous factors such as where the wind turbines are manufactured, where they will
be installed, and how the deal is structured between the manufacturer and the wind farm
developer. However, examining reported financial figures from various wind turbine
manufacturers reveals some approximate pricing.

China’s Ming Yang, which delivers only land-based wind turbines, expects prices in 2015
to be around $650,000 per megawatt. Vestas, a Danish manufacturer delivering both
land-based and offshore wind turbines, reports 2013 wind turbine prices of approximately
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Table 1.2 Cost Structure for a Typical Wind Turbine Installation in Europe

% of Total

Wind Turbine 75.6
Grid Connection 8.9

Foundation 6.5
Land Rental 3.9

Electric Installation 1.5
Consultancy 1.2

Financial Costs 1.2
Road Construction 0.9

Control Systems 0.3

Total 100.0

C970,000 per megawatt. And, Suzlon of India is delivering a mixture of land-based and
offshore wind turbines at an average of C990,000 per megawatt. The USA National
Renewable Energy Laboratory (NREL) reports premium pricing for offshore wind
turbines of around $1,250,000 per megawatt [58].

The total capital cost of a wind turbine includes the cost of manufacture, the cost of
logistics, the cost of assembly and installation, and the cost of decommissioning.

Manufacturing costs can be broken down across seven categories: 1) the main rotor and
hub, 2) the generator and gearbox, 3) the variable speed electronics, 4) the electrical
connections, 5) the nacelle structure and housing, 6) other auxiliary components, and
7) the tower. Table 1.3 lists these categories, giving their approximate percentage
contribution to total manufacturing cost for a hypothetical 3 MW land-based wind turbine.
Total cost of manufacture for this hypothetical turbine is $2.3 million. The wind turbine
design cost and scaling model prepared for the NREL in 2006 was used to estimate the
percentages shown in the table [26].

Table 1.3 Manufacturing Cost Breakdown for 3 MW Wind Turbine in 2006

% of Total

Main Rotor and Hub 20.6
Generator (Direct-Drive or with Gearbox) 26.8

Variable Speed Electronics 11.5
Electrical Connections 6.5

Nacelle Structure and Housing 8.9
Other Auxiliary Components 10.6

Wind Turbine Tower 15.1

Total 100.0
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As the table reveals, the generator system makes up a full quarter ($620,000) of the total
manufacturing costs for this typical land-based 3 MW unit.

To illustrate the major systems typical of a modern wind turbine, Figure 1.4 offers a
nacelle cutaway view of the General Electric (GE) offshore direct-drive wind turbine with
major components labeled.

Electrical Circuitry

Direct-Drive
Generator

Yaw Drive

Tower

Pitch Controller

Rotor Blade

Rotor Hub

Nacelle

Figure 1.4 A nacelle cutaway view for a direct-drive wind turbine showing major
components (courtesy of GE Power and Water)

1.4 The Low-Speed Generator Size Dilemma

A direct-drive wind turbine generator based on a traditional air-cooled architecture must
be very large in diameter to realize power ratings of 6 MW or more. With the generator
rotor turning as slowly as the main rotor blade (10-20 rpm), the direct-drive generator
must develop a very high level of torque to produce a high level of power. Until recently,
the most practical way of producing this high torque level has been to increase generator
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diameter. Already making up a quarter of manufacturing costs at 3 MW, however, the
rapidly escalating size of the direct-drive generator as power ratings increase beyond
6 MW dramatically increases generator manufacturing cost and its proportion of total
wind turbine manufacturing cost. Furthermore, the costs of logistics, assembly, and
installation also increase dramatically with increasing generator size. At and above the
6 MW level, the economic viability of direct-drive generators becomes suspect.

For example, the direct-drive annular generator used in the 7.6 MW Enercon E-126
wind turbine is approximately 12 m in diameter overall with a stator diameter of more
than 10 m [17]. The large rotor and stator wheel structures needed to support its
electromagnetic forces are massive, and the E-126 generator totals 220 tonne [30, 68]. In
general, the mass of a direct-drive permanent-magnet generator of traditional design with
a power rating greater than 10 MW is approximately 32 kg/kW [40]. A 15 MW version
would be of colossal size and tremendous mass (480 tonne).

Certainly, a key to the continued acceptance of direct-drive generators for wind energy will
be solving this size problem. A more compact, more economical direct-drive generator
solution is needed, and determining and proposing an appropriate direction for further
low-speed wind turbine generator development is the major thrust of the work reported
by this dissertation.

1.5 Outline of the Dissertation

The dissertation reports on research and development work carried out from 2010 to 2014
to develop an understanding of wind energy and the wind energy industry. Main goals
included evaluating the state-of-the-art in wind turbine generator technology, identifying
opportunities for improvement, and then proposing specific generator solutions to improve
the costs, efficiencies, and overall usability of wind turbines.

The work has culminated in a proposed concept based on a direct-drive permanent-
magnet synchronous generator. The unique attribute of the proposed concept is its
reliance on direct liquid cooling of the stator windings for thermal management. The
generator implied by the proposed concept is referred to as an LC DD-PMSG. The
research and development team has concluded that the LC DD-PMSG architecture offers
an excellent combination of attributes making it suitable for future wind energy demands.
The proposed LC DD-PMSG concept features a simple electromagnetic topology that
produces higher torque density, enables reliable liquid cooling, and results in minimal
generator size and weight, workable logistics, and easy assembly.
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Four additional chapters follow this introductory Chapter 1 to summarize the work
reported in seven original publications. Chapter 2 describes how and why the basic
requirements for a new wind energy generator solution were established. Chapter 3
discusses the benefits of taking a new approach (Publication 1) and presents the proposed
conceptual embodiment of an 8 MW LC DD-PMSG. Chapter 4 describes the analytical
and numerical predictions made and the experimentation carried out to examine the behav-
iors of the introduced LC DD-PMSG design in the form of summaries of Publications 2
through 7. And finally, Chapter 5 offers conclusions and recommendations for continued
research.

The areas of research involved in the body of work reported here include:
• wind energy markets and the economics of wind power,

• system reliability,

• electromagnetic behaviors and design,

• thermal design and performance,

• mechanical architecture and behaviors, and

• performance modeling of installed wind turbines.

Publication 1 reviews the technological and economic benefits and limitations of direct-
drive permanent-magnet synchronous generators. Their benefits and physical and eco-
nomic limitations are examined, and their appropriateness as a key piece in the overall
wind turbine system design is considered. The publication looks at why these generators
are becoming so big, then proposes an architectural variation, a DD-PMSG that relies
on direct liquid cooling of the stator windings, and promises a more compact, more
economical, and more reliable wind turbine drivetrain.

R Scott Semken was the principal author for this publication, which was a joint effort by
research team members under the mentorship of Professors Juha Pyrhönen, Aki Mikkola,
and Jari Backman. R Scott Semken analyzed the current wind energy situation. Dr. Maria
Polikarpova investigated wind turbine costs. Drs. Yulia Alexandrova and Janne Nerg,
were responsible for electromagnetics content. Dr. Pekka Röyttä, Dr. Maria Polikarpova,
and R Scott Semken were responsible for thermal engineering content. Airflow power
analysis was carried out by Dr. Pekka Röyttä, and other mechanical engineering aspects
were covered by R Scott Semken.

Publication 2 addresses the question of LC DD-PMSG reliability. It presents a reliability
analysis for an 8 MW embodiment of the proposed generator architecture including
primary and secondary liquid-cooling systems. LC DD-PMSG reliability is calculated
analytically and assessed based on Mean Time Between Failures (MTBF), Mean Time To
Failure (MTTF), Mean Down Time (MDT), failure intensity, and availability.
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The publication was primarily the work of Dr. Maria Polikarpova with R Scott Semken
providing technical guidance. Professor Juha Pyrhönen provided oversight. Prior to this
publication, Advait Krishna carried out a similar reliability study for his Master’s degree
thesis, which was entitled Reliability Analysis of Liquid Cooled Direct Drive Permanent
Magnet Synchronous Generators. R Scott Semken was a co-examiner for Krishna’s thesis,
which was a helpful precursor to the work reported by this publication.

Publication 3 evaluates a proposed conceptual design solution for an 8 MW LC
DD-PMSG and examines key aspects related to the design including tangential stress,
current density, linear current density, heating factor, and generator efficiency at full
and partial load. The performance characteristics of a variable-speed wind turbine are
determined based on the proposed LC DD-PMSG drivetrain in terms of annual energy
production and load factor for a particular set of wind conditions.

Dr. Yulia Alexandrova was the principal author and investigator for this publication and is
responsible for its analyses. Professor Juha Pyrhönen supervised the work and helped to
refine the publication. R Scott Semken developed the overall LC DD-PMSG architecture
and designed, set up, and carried out the test procedures for a small-scale prototype
stator-cooling loop and data acquisition system used to validate analytical predictions.

Publication 4 describes the development of a simple MATLAB®-based tool that employs
a direct search method with variable step size to define, based on performance require-
ments, the basic parameters needed to begin the design of an LC DD-PMSG optimized
for minimum material cost and mass. The output of this tool, combined with an existing
set of LC DD-PMSG design guidelines, makes for quick convergence on an appropriate
generator geometry.

Dr. Yulia Alexandrova was responsible for the development of the MATLAB®-based
tool and is the primary author of the publication. The work was supervised by Professor
Juha Pyrhönen, who also helped to refine the publication. Dr. Maria Polikarpova covered
thermal engineering aspects. R Scott Semken helped to establish the basic requirements
for the tool, developed the mechanical design guidelines, and defined the LC DD-PMSG
conceptual design architecture.

Publication 5 examines the mechanical performance aspects of the unique wheel struc-
tures designed into the proposed LC DD-PMSG concept. The dominant forces in a large
operating PMSG are the magnetic attraction forces that act radially and the torque forces
that act tangentially between the rotor and stator. The stator and rotor wheel structures
must withstand these large forces and maintain a constant and uniform rotor-to-stator air
gap. Wheel structure design for a large PMSG is more about managing deformation than
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about limiting stresses. The slanted spoke and rim architecture of the wheel structures
promises to provide adequate rotor-to-stator air gap management without all the extra
steel. The publication reports on the static structural Finite Element (FE) analysis of
a full-scale LC DD-PMSG stator wheel that verifies structural performance. Next, it
describes FE modal analyses and an Experimental Modal Analysis (EMA) for a ¼-scale
model that are used to examine dynamic behaviors.

R Scott Semken was the principal author and investigator for this publication and is
responsible for the analyses. Professors Aki Mikkola and Jussi Sopanen supervised
the work. R Scott Semken designed the actual and prototype wheel structures and the
prototype EMA. FE modeling, building of the prototype, and setting up the EMA were
all carried out by R Scott Semken and by Charles Nutakor, who also took the EMA
measurements and helped interpret the results.

Publication 6 examines the steady-state thermal behaviors of the proposed 8 MW LC
DD-PMSG concept using three different analytical methods: Finite Element (FE),
Computational Fluid Dynamics (CFD), and Lumped Parameter Thermal Network (LPTN).
Predictions are made using each of the thermals models and the results are compared.
The influence of passive air cooling of the rotor surface magnets can be seen from the
CFD thermal analysis results.

Dr. Maria Polikarpova was the principal author and investigator for this publication and
is responsible for its analyses. Professor Juha Pyrhönen supervised the work. R Scott
Semken developed the overall LC DD-PMSG architecture and designed, set up, and
carried out the test procedures for a small-scale prototype stator-cooling loop and data
acquisition system used to validate analytical predictions.

Publication 7 continues the examination of thermal behaviors for the proposed LC
DD-PMSG design. A more exact LPTN model is developed that includes details of the
stator slot and coolant flow configuration to account for the uneven distribution of heating
in those areas. LC DD-PMSG temperatures predicted by the model are compared to
those seen in existing liquid-cooled generators and against two-dimensional FE analysis
results. Next, a transient thermal analytical model is prepared to predict time-dependent
temperature distributions. Transient calculations are carried out to predict LC DD-PMSG
changing windings temperatures for overcurrent and loss-of-coolant event scenarios
and for a real-world duty cycle. Both analytical thermal models are validated with
measurements taken from an instrumented prototype comprising two LC DD-PMSG
duplex-helical tooth-coil windings embedded in a lamination stack and integrated within
a liquid coolant loop.
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Dr. Yulia Alexandrova was the principal author and investigator for this publication and
is responsible for theoretical analysis, the implementation of the proposed methods in
MATLAB®, and theoretical analysis of the experimental results. Professor Juha Pyrhönen
was responsible for the supervision of the project and refinement of the publication.
R Scott Semken developed the overall LC DD-PMSG architecture and designed, set up,
and carried out the test procedures for the prototype and data acquisition system used to
validate analytical predictions.

1.6 Methodology, Thesis, and Scientific Contributions

Research Methodology: An important objective of this research work was to enable the
achievement of remarkably greater electromagnetic forces in wind turbine generators
by developing and applying new holistic methodologies that integrate commercial,
electromagnetic, thermal, structural, and manufacturing aspects. To this end, researchers
from various laboratories came together to combine research efforts and develop common
analytical modeling tools capable of virtually and quickly prototyping any number of
novel generator architectures and comparing their relative merits.

Elements of the investigative research included state-of-the-market and state-of-the-
technology analyses, as well as a thorough analysis of costing and wind turbine eco-
nomics. Common wind turbine generator architectures were researched in terms of
electromagnetics, thermal management, mechanical design, materials, manufacturing
approaches, and material cost structures. Equally important to the approach, there were
continual face-to-face discussions with prominent players from the wind energy industry.

As understanding of existing wind energy technologies grew and the direction in which the
industry was heading became more clear, a few critical hurdles became evident causing
the team to focus their creative energies on finding directed solutions. Once solutions
had been hypothesized, efforts shifted to their embodiment, analytical and numerical
prediction of the resulting behaviors, experimental evaluation of key functionalities, and
finally a demonstration of the solutions to validate the hypotheses.

Electromagnetic, thermal, static structural, and structural dynamics modeling was pri-
marily accomplished using commercial three-dimensional computer-aided design, finite
element, and computation fluid dynamics software programs. However, fast analytical
modeling tools were also developed using MATLAB® and Mathcad®. An important
optimization algorithm was developed to streamline the process of establishing design
requirements. Prototypes were designed and produced, and experimental measurements
were made to demonstrate the more important functional behaviors and to verify the
analytical and numerical models.



30 1 Introduction

Thesis: A liquid-cooled, direct-drive, permanent-magnet, synchronous generator with
helical, double-layer, non-overlapping windings formed from a copper conductor with a
coaxial internal coolant conduit offers an excellent combination of attributes to reliably
provide economic wind power for the coming generation of wind turbines with power
ratings between 5 and 20 MW. A generator based on the liquid-cooled architecture
proposed here will be reliable and cost effective. Its smaller size and mass will reduce
build, transport, and installation costs.

Scientific Contributions: A holistic approach to wind turbine generator design that
considers the needs of the wind energy markets and the costs of manufacturing, logistics,
assembly, and long-term operation has concluded that a more compact DD-PMSG
architecture is advantageous for low-speed direct-drive wind energy applications. An
architecture has been developed and is proposed here. The LC DD-PMSG architecture
can be the basis for future wind generator technology development.

The LC DD-PMSG architecture makes use of a newly patented liquid cooling technology
that comprises helical, double-layer, non-overlapping windings formed from a copper
conductor with a coaxial internal coolant conduit integrated within a primary liquid
coolant loop. The effectiveness of the stator cooling approach enables effective passive
air cooling of the rotor permanent magnets.

This is the first conceptual embodiment of the new architecture; an 8 MW generator
referred to as an LC DD-PMSG. The new architecture enables a machine that is
approximately half the size and mass of currently available direct-drive wind turbine
generators of equivalent power by increasing the maximum possible linear current density
in the windings and the tangential forces produced. See Publications 1 through 7.

This is the first conceptual embodiment of an LC DD-PMSG that makes use of a newly
invented lightweight slanted spoke stator and rotor wheel architecture comprising thin
sheet-steel elements that are layered and bound to form the spokes and rim. The wheel
architecture produces sufficient static structural strength to maintain generator air gap,
and exhibits excellent dynamic performance (vibration), because of energy dissipated by
friction between sheet-steel element layers. Another benefit to the stacked sheet-steel
construction is that substantial spoke-and-rim wheel structures can be built up without
welding together overly thick steel elements. See Publication 5.

This is the first comprehensive examination of the economic, electromagnetic, mechani-
cal, and thermal performance of the LC DD-PMSG conceptual architecture. The results
reveal excellent performance and value for wind turbine applications and suggest that
a wind turbine drivetrain based on the LC DD-PMSG concept should be given careful
consideration by the wind power industry.



CHAPTER 2

Configuration Basics and the Market Challenge

This doctoral dissertation is based on research and development work carried out by
a multidisciplinary team of researchers at the Lappeenranta University of Technology.
The team worked through a series of projects aimed at improving the costs, efficiencies,
and overall usability of large electrical generators intended for use in next-generation
high-power wind turbines.

The specific goal was to define a reliable generator solution to enable lower installed wind
turbine cost and lower cost of electricity production. The first step towards achieving
the goal was to establish basic requirements to identify the target and guide further
conceptualization.

2.1 Basic Requirements

The economics of wind power is driving continual upsizing. From 2000 to 2010, the
average power rating for new wind turbine installations was approximately 1.7 MW
[16, 61]. Today, 3 MW wind turbines are being installed on land, and 5 MW wind
turbines are being installed offshore [4, 53]. Industry projections suggest that future wind
turbine power ratings will reach 10 MW on land and 20 MW offshore [9]. At present,
there are wind turbine prototype development projects that are targeting power ratings of
10 and 15 MW. Refer back to the list of development projects previously presented in
Table 1.1 [4, 5]. The research and development team set 8 MW as the appropriate target
to begin analytical design and conceptualization of a new generator solution.
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A preliminary analysis of electrical machine architectures available for wind turbine
application suggested that DD-PMSGs offer an attractive combination of higher overall
electricity production, lower cost of operation and maintenance, long-term reliability, and
long life. In a trend supporting this conclusion, recent product introductions from major
wind turbine manufacturers have been based on direct-drive generator architectures. For
example; GE Wind, Goldwind, and Siemens have all introduced large systems intended
for offshore use that are based on the DD-PMSG. This architecture was selected by the
team as the basis for development of a new generator solution.

Reviewing the details behind the ongoing development projects also reveals the current
state of the art for rotor blade diameter and turning speed with respect to rated power.
According to their product literature, the Enercon E-126 achieves its rated 7.6 MW with
a 127 m main rotor that turns at 11.7 rpm, and the Vestas V164-8.0 MW uses a 164 m
rotor turning at 12.1 rpm to produce 8 MW. For the new generator development, a turning
speed target of 11 rpm was set to achieve the desired 8 MW power rating.

Most currently operating power-generating wind turbines were designed for a 20-year
life [55]. Typically, these wind turbines are land based. A move to offshore is the
most recent development in wind energy, and any new generator paradigm must be
compatible with offshore applications. While land-based wind turbines are relatively
accessible for maintenance and repair, offshore wind turbines are not. Because offshore
maintenance and repair is much more expensive; the reliability, serviceability, and
repairability requirements for offshore turbines are significantly more stringent [66].
Furthermore, the economics of offshore wind farm investment demands increased design
life. For the new generator solution, the team decided on a 30-year design life.

Cooling

Building an 8 MW generator for wind turbine use based on currently available DD-PMSG
architectures is neither practical nor economical, because the resulting machine becomes
too large, too heavy, and too expensive.

For a rotating electrical machine, power P is the scalar product of the produced torque τ
and the mechanical angular velocity Ω of the rotor (P = τ ·Ω). In equilibrium, the torque
being applied to the input shaft of a generator is opposed by an equal and opposite torque
being developed by the generator. For the DD-PMSG, this opposing torque comes from
tangential electromotive forces that develop between the rotor and stator according to
Maxwell stress theory.
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These tangential forces can be characterized as a tangential stress acting on an imaginary
cylindrical surface between the rotor and stator. The diameter of the cylindrical surface
can be set midway in the air gap and can be considered the generator’s active diameter.
The length of the surface is the length of the rotor poles (and stator). The total active
surface area is the product of π, the diameter, and the length. So, total force, the sum
of the tangential forces, is the product of tangential stress and this active surface area.
Finally, the product of the total force and the radius of the cylindrical surface is the
magnitude of the opposing torque produced by the generator.

The rotor of a DD-PMSG spins at the same speed as the wind turbine’s main rotor blades,
and the angular velocity of the blades is limited by how fast they can rotate without
exceeding structural strength limits and by how much noise the blade tips make speeding
through the air. Therefore, for a direct-drive generator, maximum rotor speed is limited.
The noise limitation is less of a concern for offshore installations. Since power is the
product of torque and rotor speed, and since maximum rotor speed is fixed, more torque
must be developed by the DD-PMSG to produce higher power.

Accordingly, to increase the magnitude of opposing torque within a DD-PMSG, either
the active cylindrical surface area acted upon by the tangential stress must be increased or
the magnitude of the tangential stress itself must be increased.

However, in a traditional DD-PMSG, tangential force is also limited. According to
Heinrich Lenz’s interpretation of Faraday’s law of induction, the electromotive force
induced produces electrical current in its windings. The primary output of any generator,
this electrical current is proportional to the magnitude of the developed tangential stress.
To sustain higher levels of tangential stress, the stator windings of the DD-PMSG must
run more electrical current, which means higher linear current densities in the winding
conductors.

Increasing linear current density also increases internal resistive heating, which is referred
to as Joule heating. Wind turbine DD-PMSGs in use today are air cooled. To remove
heat, air cooling relies on the convection coefficient of air, which is a function of air’s
thermal conductivity and velocity. The thermal conductivity of air is relatively poor, and
in practical applications, the velocity of cooling air is limited by the increasing difficulty
and expense of pumping higher and higher volumes through the electrical machinery [53].
Therefore, beyond a certain linear current density limit, an air-cooled generator begins
to run too hot. So, tangential force production in a traditional air-cooled generator is
ultimately limited by the ineffectiveness of forced air cooling.
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Since rotor speed is fixed and tangential force is limited, the only practical means of
significantly raising the power rating of an air-cooled direct-drive wind turbine generator
has been to increase the active cylindrical surface area acted upon by its tangential stress.
In practice, this has meant increasing diameter (d). Because of the very high magnetic
and electromotive forces acting both radially and tangentially upon the stator and rotor
wheel structures, extending generator length (l) presents serious structural challenges.
Furthermore, developed torque increases with diameter squared and only linearly with
length. The equation for generator torque as a function of tangential stress is as follows.

τ = σtanπ d2l / 2 (2.1)

Considering these points, a more appropriate way to achieve a high target power rating
in a compact DD-PMSG architecture is to produce higher tangential stresses by running
higher linear current densities in the stator windings, which is only possible with improved
cooling. Examining heat transfer first principles and the relevant heat transfer mechanisms
suggests that direct liquid cooling of the stator windings, using an appropriate cooling
fluid, is the best way to remove the extra heat that comes with higher levels of tangential
stress [53]. Two appropriate cooling fluid candidates are demineralized and deionized
water and the synthetic dielectric fluid polyalphaolefin (PAO).

Electromagnetic analysis shows that Joule losses in the stator windings account for 85% of
all losses [53]. Furthermore, heat transfer analysis reveals that primary coolant fluid flow-
ing in direct contact with the conductor minimizes stator temperatures, and consequently,
maintains low rotor temperatures [5, 47]. As a result, rotor cooling can be effected
passively. Therefore, liquid cooling of the stator-windings conductors was selected as
the best approach to generator cooling for this development. Direct liquid cooling is not
unprecedented. It is a common cooling approach for larger modern turbogenerators. One
example has been reported by Gray et al. [28]. The particular combination of direct liquid
cooling with the direct-drive, permanent-magnet, synchronous generator architecture
proposed here is referred to as LC DD-PMSG.

Efficiency

Preliminary electromagnetic analyses revealed that full load electrical efficiencies for the
LC DD-PMSG are not particularly high. For an 8 MW machine, the rated efficiency is
approximately 92%. However, the analyses also predict excellent partial load efficiencies.
At lower rotor blade speeds, predicted electrical efficiencies can reach 96% and beyond [4].
Because of the variation in wind speed at most wind farm sites, partial load efficiency
is more relevant for electricity production than rated efficiency, and an LC DD-PMSG
promises higher Annual Energy Output (AEO) than do other machine architectures that
come with higher rated efficiencies [4]. The efficiency requirement for the introduced
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LC DD-PMSG conceptual design was specified in terms of AEO. A minimum AEO
target of 20 GWh was set for an annual average effective wind speed of 9.6 m/s, which is
typical of the wind speed distribution for North Sea coastal waters [42].

Size and Mass

The overall size and mass of the generator influences the installed cost of a wind turbine. A
larger, more massive generator costs more to build, more to ship, and more to install. Extra
generator mass calls for a more robust and heavier nacelle, a sturdier and more massive
tower, and a deeper more massive foundation. Certainly, an important objective for any
new wind turbine generator solution is reduced size and mass. Liebherr Construction
claims their LTM 11200-9.1 to be the strongest telescopic mobile crane on the market
with the longest telescopic boom in the world. According to their literature, its maximum
lifting capacity for a height of 80 m is 100 tonne and for 90 m is 75 tonne. As such,
90 tonne seems a reasonable maximum mass limit and the requirement set for the new
generator solution.

Setting a size limit is more complicated. As discussed previously in the argument for
liquid cooling, the active cylindrical surface area acted upon by the developed tangential
stress is a key parameter in determining the power rating of a DD-PMSG. And, increasing
the diameter of the area has a greater effect than increasing its length. Moreover, there
are structural limitations to increasing active length in a permanent magnet machine.

High radial magnetic forces act upon the bridging structures between the concentric
rotor and stator wheels as illustrated by Figure 2.1. A large diameter, narrow structure
is more suited geometrically to supporting these radial forces than is a small diameter,
long structure. It is a trade-off, but in general, for a given power rating, it is possible to
achieve a lighter overall generator structure with a larger diameter-to-length aspect ratio.
Considering these arguments and based on the various practical aspects of logistics and
installation, a 7.5 m diameter overall size target was set for the proposed LC DD-PMSG.

Electrical Power

A six-phase electrical power configuration was selected as most appropriate for the
proposed electromagnetic topology. Increasing the number of phases from the traditional
three to six reduces the current per phase, smoothens torque pulsations, reduces harmonic
content in the air gap for lower rotor losses, and improves reliability [34]. A line-to-line
voltage (voltage between phases) of 3.3 kV was specified, which is classified as medium
voltage and is commonly used for high power electrical machinery. Compared to low
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Magnetic Attraction
Forces

Radial deformation peaks
at this imaginary midplane

Representative segments of bridging
rotor and stator structures

End
Faces

Figure 2.1 Radial magnetic forces action upon representative stator and rotor structure
segments - Because the wheel rims hold the end faces relatively immobile, maximum radial
deformation occurs at the midplane between end faces.

voltage 690 V systems, a 3.3 kV system features lower currents, less cabling, and reduced
system losses [1].

Stator Windings

For the proposed LC DD-PMSG, the windings conductor material must be low in
electrical resistivity to meet the efficiency requirement and high in thermal conductivity
to meet heat transfer requirements. Oxygen-free copper per ASTM C10200 (American
Society for Testing and Materials) delivered in a soft annealed initial temper to improve
coil formability was selected for the conductor material.

A helical, double-layer (slots shared by adjacent coils), non-overlapping tooth-coil
winding geometry is most compatible with the direct liquid cooling approach. This
geometry is compact, and an internal coaxial coolant passage within the coil conductor can
serve as the liquid coolant conduit. Moreover, beginning and ending the coil on the same
end makes for simplified cooling loop connections. Finally, coupling this type of liquid-
cooled tooth-coil approach with an internal stator and external rotor generator architecture
yields a minimally complex cooling system arrangement. Figure 2.2 illustrates how
helical, double-layer, non-overlapping tooth-coil windings can be arranged in a simple
internal stator generator configuration.

In addition to being compatible with the planned cooling approach, this winding geometry
offers other advantages. Compared to the more common distributed-windings, the end
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2 tooth coils share 1
slot (double-layer)

Tooth of Stator
Laminations

Slot of Stator
Laminations
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(representation)

Figure 2.2 Representation of helically wound, double-layer tooth-coils installed on an
internal stator structure - Each tooth coil encircles one tooth and shares one slot of the
laminated stator structure.

windings are shorter and less complex [39], and they offer a higher copper space factor
(more copper). Manufacturing and assembly is simplified, and with open slots as shown in
the figure, the coils can be replaced in the field [2, 33]. Because they offer a higher degree
of magnetic isolation between phases, tooth-coil windings make possible a more fault-
tolerant design [22, 27, 44]. Finally, the back-electromotive force waveform produced
by non-overlapping tooth-coil windings is nearly sinusoidal and results in lower torque
cogging [29, 70, 71].

The first step in effectively applying a tooth-coil winding approach for an electrical
machine is to set the base ratio of stator slots to magnetic poles. This ratio determines the
machine’s fundamental behaviors and performance [48]. A 12/10 slot/pole combination
was established here as the base machine configuration. The number of slots per pole
and phase q determines how the winding layout is arranged, which affects winding factor
and harmonics. The 12/10 base configuration for a six-phase (m = 6) supply results in
q = 12/(10 · 6) = 0.2 slots per pole and phase and a winding factor of 0.966 [4, 35].
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The symmetries resulting from the layout of the 12/10 slot-to-pole combination effectively
eliminate unbalanced magnetic forces [41]. Moreover, with this ratio, only the desirable
fifth stator space harmonic interacts with the magnetic pole fields to produce continuous
torque, which minimizes rotor losses [15]. In addition, the 12/10 combination offers a
high Least Common Multiple (LCM) of slot and pole numbers. The LCM determines the
number of cogging periods per rotor revolution, and a higher LCM corresponds to lower
torque cogging [41]. The LCM for 12 and 10 is 60.

The IEC (International Electrotechnical Commission) has adopted NEMA (USA National
Electrical Manufacturers Association) standards for electrical insulation that define safe
maximum operating temperatures for motors based on an average 20,000-hour lifetime.
The four classes commonly used in motors and generators are IEC class 105, 130, 155 and
180; which correspond to temperatures of 105, 130, 155, and 180◦C, respectively [65].
Insulation life as a function of temperature is expressed by the Arrhenius equation, which
relates reaction rate to temperature [31].

A general rule of thumb based on the Arrhenius equation is that electrical insulation life
is cut in half for each rise of 10◦C in average insulation temperature. The inverse should
also hold true, and by IEC definition, Class 155 insulation will hold up for 20,000 hours
at a winding temperature of 155◦C. Therefore, if stator winding temperatures are required
to remain below 115◦C by design, the 20,000-hour insulation life will be doubled four
times to as many as 37 years of continuous operation (155 – 115 = 40 = 4 · 10). Class 155
insulation was specified for the stator windings to meet the design life of 30 years.

Rotor Poles

The availability of high-energy rare earth magnet materials has made it increasingly
popular to use permanent magnet rotors in electric machines. Using permanent magnets
in rotors rather than the conventional electrical windings or induction makes it possible to
achieve greater energy densities with improved efficiencies and reduced complexity [57].
There are two common permanent magnet rotor configurations: 1) the magnets are
magnetized radially and mounted to the outer diameter surface of the rotor, or 2) the
magnets are magnetized circumferentially and embedded in slots below the outer diameter
surface. In general, surface magnet rotor configurations are less complex and can produce,
in a low speed machine, higher torque densities with less magnet material [52]. A rotor-
surface permanent-magnet rotor was specified for the proposed LC DD-PMSG.

Since this LC DD-PMSG is an external rotor and internal stator design, the rotor magnets
will attach to its inner diameter surface. Attached to the inner surface, the centrifugal
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forces of rotation work to keep the magnets in place, so it is easier to develop a secure
and long lasting magnet attachment method [19]. Because air gap flux density fluctuates
severely in an open-slotted tooth-coil machine, a laminated-steel rotor is required to
avoid rotor eddy current losses [49]. An advantage of the laminated rotor is that magnet
attachment features are easily included in the geometry.

Setting the maximum allowable rotor temperature to a conservative 80◦C means an
economical high-flux-density grade of neodymium magnet material (NdFeB) can be used.
Based on available NdFeB product literature, all available grades of NdFeB are stable at
this temperature. Since NdFeB is susceptible to corrosion, an exterior coating using an
appropriate corrosion protection material is also needed.

Protection

The International Protection (IP) marking code, according to IEC 60529, defines the
degrees of protection for an enclosed system. The team determined that IP54 would be
an appropriate IP classification for the LC DD-PMSG. An IP54 enclosure will prevent
ingress of dust or splashed water above levels that might affect machine operation [64].

Summary of Base Requirements

Accordingly, the requirements listed in Table 2.1 were established as the most suitable
basis for further development towards a proposed LC DD-PMSG concept and for investi-
gation of the architecture’s electromagnetic, thermal, and mechanical behaviors.
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Table 2.1 Base Requirements for development of an LC DD-PMSG

Rated Power 8 MW
Machine Type DD-PMSG
Rated Speed 11 rpm
Design Life 30 years
Cooling Type forced direct liquid cooling
Cooling Method, Stator axial fluid flow through stator conductor
Cooling Method, Rotor passive, contact with ambient air
Minimum AEO (North Sea Coastal) 20 GWh
Maximum Generator Mass 90 t (90,000 kg)
Maximum Diameter 7.5 m
Number of Electrical Power Phases 6 (two 3-phase systems in 30° phase shift)
Nominal Line-to-Line Voltage 3.3 kV
Rotor/Stator Configuration external rotor, internal stator
Winding Conductor Material ASTM C10200 oxygen-free copper, soft annealed
Winding Geometry tooth coil (duplex-helical, double-layer, non-overlapping)
Winding Layout q ≤0.5 fractional slot (12/10 base winding)
Maximum Stator Temperature 115◦C
Windings Insulation Class F (155◦C)
Rotor Magnet Configuration rotor surface permanent magnets
Rotor Wheel Rim Composition laminated electrical steel
Magnet Material for Rotor coated neodymium (NdFeB)
Maximum Rotor Temperature 80◦C
Ingress Protection Class IP54

2.2 Market Challenge

A wind turbine designed around a drivetrain based on the above requirements will be
unique and perhaps even disruptive to the wind energy marketplace. Manufacturers will
be reluctant to accept and adopt the new technology, and the marketplace will only invest
if the economic advantages are compelling.

Wind Turbine System Complexity

From the outside, wind turbines appear to be simple. However, the engineering disciplines
involved in the successful implementation of a utility grade wind turbine comprise
meteorology, aerodynamics, mechanical engineering, electrical engineering, electronics
engineering, instrumentation and controls, software engineering, plant and maintenance
engineering, and construction engineering.
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Modern utility grade wind turbines are complex systems of over 8,000 interdependent
components. When any of the major subsystems change, the entire wind turbine system
is affected. A drivetrain change influences the design of the rotor blades and hub, the
nacelle, the tower, and the auxiliary systems. A change to the generator architecture is
a change to the entire drivetrain, which ultimately results in a unique new wind turbine
product offering.

Testing and Certification

Before it can be introduced to the marketplace, any new wind turbine design and the
manufacturing processes for its production must be evaluated and tested to ensure
conformance to a standard. Currently, the preeminent standard is the IEC 61400-22,
which covers both land-based and offshore wind turbines and wind farms. Independent
testing, inspection, and certification services institutions; such as Bureau Veritas, Intertek,
and SGS (Société Générale de Surveillance); carry out the evaluations and perform the
testing. Once conformity has been established, a final evaluation report is prepared and a
type certificate is issued.

Each institution has its own specific certification process; however, their processes
typically include:

• design basis evaluation,

• design evaluation,

• type testing, and,

• manufacturing evaluation.

Design basis evaluation ensures the design basis requirements laid out for the engineering
and design teams are properly documented and sufficient to achieve a safe product with the
intended performance characteristics. The design requirements identify relevant principles
and methodologies, codes and standards, and statutory requirements. They detail the
requirements for manufacturing, transportation, installation, and commissioning and for
operation and maintenance. Finally, the design basis requirements define appropriate grid
connection and operation specifications.

Design evaluation determines if the completed design conforms to the design basis
requirements. All aspects of safety and control are assessed, as are load assumptions and
load calculations. All components are examined based on the approved loads and the
relevant standards and guidelines. The dynamic behavior predictions for the system are
also evaluated.
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Type testing provides data needed to verify safety, focusing on aspects that cannot be
reliably evaluated by analysis. Typically, type testing comprises safety and functionality
testing, dynamic behavior testing, load measurement, and rotor blade testing. Finally,
manufacturing evaluation determines if production processes are in accordance with
design specifications. It includes an examination of the quality system and an assessment
of implementation with regard to the design documentation.

Cost of Development

A major development effort would be required to move the proposed LC DD-PMSG from
concept to a marketable product offering. The development project would involve detailed
analyses and full detail design followed by the procurement, assembly, and testing of at
least two full-scale prototypes. Because the design power rating is 8 MW, the only way
to thoroughly test the generator is to drive it with an equally powerful motor. Therefore,
one prototype would be required to operate as the motor to drive the second prototype
operating as a generator.

This type of development program would span two to three years and cost on the order
of AC10 million. Facilities capable of handling a generator with a diameter of 7.0 m and
a mass of 85 tonne would be required. Upon successful conclusion of the development
program, type certification would be required before the product offering could be
introduced to the marketplace. Type certification could cost another AC1-2 million.

Wind Turbine Economics

Currently, wind turbine manufacturers are in a race to reduce the capital costs of their
product offerings. To do so, they must reduce development costs and move towards
product standardization. In this type of cost cutting environment, engineering changes
are resisted and wholesale technology shifts are avoided. Engineering changes add
significantly to unit costs and product delivery schedules. Lower costs are best achieved
by producing higher unit volumes of a standard product offering.

Historically, disruptive new technologies are introduced to the marketplace by startups
that do not have their engineering, manufacturing, and marketing organizations already
heavily invested in the technologies that make up their existing offerings. Established
manufacturing companies may act when a new technological discovery is made that
promises to significantly reduce manufacturing cost or when a new technology promises a
competitive advantage big enough to significantly improve market share. However, even
when prompted to act, existing manufacturering companies move slowly and deliberately
to avoid disruptions to their existing operations and to protect existing market share.
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New technologies can also be introduced to the marketplace when existing technologies
are no longer capable of satisfying marketplace demands as is the case for direct-drive
wind turbine generators. As mentioned previously, for example, 6 MW seems to be the
maximum power rating in which air cooling is a viable wind turbine generator thermal
management approach. Beyond 6 MW, a new approach is called for.

If and when the LC DD-PMSG solution is introduced to the marketplace, it will probably
be by a newer manufacturer striving to increase its share of the large offshore wind farm
market space.

Table 2.2 compares the current approximate costs of manufacture, logistics, and in-
stallation for 8 MW versions of a traditional air-cooled DD-PMSG and the proposed
LC DD-PMSG. Both on-land and offshore installations are addressed. The research team
developed generator designs for each of the two architectures and used them to predict
costs. Capital cost estimates were based on predicted material and production costs.
Logistics and installation costs were based on the size and mass of the two designs and
the typical costs reported for wind turbine components of comparable size and mass. As
the table shows, the cost advantages of the LC DD-PMSG architecture are compelling.

Table 2.2 Projected cost of air-cooled and LC DD-PMSGs with 8 MW rating

On Land Offshore
DD-PMSG LC DD-PMSG DD-PMSG LC DD-PMSG

Capital Cost 8,170 kAC 6,960 kAC 12,030 kAC 10,170 kAC
Logistics 1,140 kAC 900 kAC 1,190 kAC 950 kAC

Installation 2,340 kAC 2,290 kAC 3,680 kAC 3,660 kAC
Total 11,650 kAC 10,150 kAC 16,900 kAC 14,780 kAC
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CHAPTER 3

Presentation of Proposed Generator Concept

This next chapter begins with a discussion of the current state of wind energy technology,
pointing out the benefits that could result from a new approach to wind turbine generator
design and the establishment a new lighter weight generator architecture. The discussion
is followed up with a detailed presentation of the new architecture in the form of a
proposed conceptual embodiment of an 8 MW LC DD-PMSG.

3.1 Benefits to Wind Power Generation (Pub 1)

Currently, the European Union is producing over 115 GW of electricity from wind power,
which is more than 10% of total European electricity production [25]. The USA is
producing over 60 GW of wind power electricity; 4.25% of their total [63]. And, at the
end of 2012, China’s wind power electricity production was over 75 GW [14]. Clearly, in
each of these large energy markets, wind energy plays a vital role in energy planning, and
in each case, there are plans for continued aggressive wind energy development.

One of the essential but most costly components of a wind turbine is the generator, which
can be based on a number of electromagnetic architectures. Common types include
the PMSG, the DFIG, and the EESG. Recently, PMSGs are showing up in more of
the newer wind turbine product offerings. They offer advantages such as lower active
material weight, improved thermal performance, lower losses, and higher energy yield
[7, 8, 20, 37]. Vestas, GE Wind, Goldwind, Siemens, and Gamesa have all recently
introduced large systems featuring PMSGs.
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The majority of operational wind turbines are land based, but because offshore sites have
more wind, an increasing percentage of new installations are moving offshore. Projections
show the offshore percentage continuing to increase and wind turbine technologies, in
general, are being driven by new requirements in response to the demands of offshore
wind turbine operation.

The overriding focus of these new requirements is improving the reliability of the
wind turbine and reducing both the frequency and duration of maintenance and repair
operations, that is, extending uptime and reducing downtime [10, 21, 51, 56]. These more
stringent requirements are encouraging continuing development of wind turbines based
on direct-drive generator technologies.

Moving to a direct-drive, low-speed, high-torque generator eliminates the complex and
heavy gearboxes used in medium- or high-speed generators. And, with the nearly one fail-
ure per year per ten wind turbines reported in one study, gearboxes have been significant
contributors to wind turbine failure rate [59]. As such, the direct-drive approach promises
reduced maintenance and improved reliability and longevity [21, 45, 59]. Furthermore,
the direct-drive PMSG offers excellent overall efficiency [7, 37].

Over the past 15 years, hundreds of direct-drive units have gone into operation in Germany,
Denmark, and Spain. In the USA and China, many of the newer installations have also
been based on direct-drive generator architectures. Avantis, Clipper Wind„ Darwind,
Harakosan, Leitwind, Siemens, Vensys, and Mitsubishi are all introducing units based on
DD-PMSGs [56].

Why Wind Turbines Are Getting Bigger

However, DD-PMSG drivetrains have one major shortcoming for wind turbine applica-
tions. The generators must become very large to produce higher powers. Because the
rotor of a direct-drive generator spins at the relatively low speed of the wind turbine’s
rotor blades, the torque developed by the generator must be very large to produce higher
power ratings.

A couple real world examples will serve to illustrate. Typical parameter values for a
1500 rpm (gear-driven) and a 15 rpm (direct-drive) synchronous generator each rated at
3 MW have been published [50]. The tangential stress σtan developed by the 1500 rpm
generator is 43 kPa. In the 15 rpm generator, the developed tangential stress is 60 kPa.
The number of pole pairs in the configuration of each machine is 3 and 60, respectively.
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A typical length-to-diameter aspect ratio (l/d) for the rotor of a synchronous generator
can be estimated as a function of pole pair number p using the following equation [49].

l/d ≈ π

4p
√

p (3.1)

For the 1500 and 15 rpm machines with pole pair values of 3 and 60, the l/d aspect ratios
are 0.45 and 0.1.

The torque τ developed for each configuration can be expressed as a function of power P
and angular velocity Ω as given by Equation (3.2).

τ =
P
Ω

(3.2)

Previously, in Equation 2.1 torque was also expressed as a function of developed tangential
stress σtan. If length l is written as a function of the aspect ratio l/d as follows.

l = d(l/d) (3.3)

Then, the expression of torque based on tangential stress can be rewritten as illustrated in
this next Equation (3.4).

τ =
1
2
σtanπd2l =

1
2
σtanπd2d(l/d) =

1
2
σtanπd3(l/d) (3.4)

Setting the expression for torque fromn Equation 3.2 equal to the one from Equation 3.4
and solving for the diameter d produces an equation for rotor diameter.

d = 3

√
2P

Ωσtanπ(l/d)
(3.5)

The diameters calculated by Equation (3.5) for the actual parameter values of the 1500
and 15 rpm synchronous generators are 0.85 m and 5.85 m. In other words, the rotor
diameter of a low-speed, direct-drive synchronous generator designed for 15 rpm will be
nearly 7 times the diameter of a conventional 1500 rpm generator.

The Problem with Bigger Diameter Generators

Bigger is not better for wind turbine generators. Because the manufacturing cost of an
electrical machine is directly related to the mass of its constituent materials, a bigger
diameter translates to higher manufacturing cost. All other parameters being equal, if the
diameter of a generator increases by a factor of seven, generator mass will increase by
seven cubed (73), which dramatically increases the cost of materials and overall costs of
manufacturing.
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The increase in diameter and this tremendous increase in mass also translate into increased
costs for logistics. In general, heavier and larger is more expensive to transport. Beyond
certain limits, if standard shipping methods cannot be used for example, these costs can
also escalate dramatically.

A larger and more massive generator also means the wind turbine itself must be designed
more robustly. The nacelle and tower must be significantly larger, and the foundation
must support and manage the dynamic movement of a great deal more mass. These
structural changes contribute to substantially higher wind turbine capital costs. Increased
generator mass is a problem for floating offshore wind turbines in particular. Because
greater mass amplifies nacelle movement in response to wave motion, it is especially
important to minimize the mass of elevated components in a floating system [54].

At the wind farm, more expensive site preparations are required to accommodate the
larger equipment needed to handle more massive wind turbine components, and the
equipment is more expensive. Lifting the more massive components to assemble the wind
turbine is a longer and substantially more costly endeavor. Already today, wind turbine
construction is straining the limits of mobile construction technologies.

Figures 3.1 and 3.2 illustrate the scale of the size problem. Figure 3.1 is a photo showing
the nacelle of an Enercon E-126 being prepared for lifting during wind turbine assembly
on site. Figure 3.2 shows the mobile lifting crane, one of the largest available in the
world, alongside the E-126 tower. The photo on the right shows the generator being lifted
towards the nacelle.

Electromagnetic Limitations of the DD-PMSG

As previously mentioned, the tangential stress σtan developed by a rotating electrical
machine determines its torque production. According to Maxwell’s stress tensor theory,
this tangential stress is a function of the existing magnetic field strength, which is a
function of linear current density. Tangential stress and, therefore, torque production is
directly proportional to linear current density.

In practice, linear current density is produced by supplying current to the windings
that pass through slots in the stator electrical steel. The magnitude of linear current
density depends on the level of current passing through each conductor and the number
of conductor lengths passing through each slot.
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Figure 3.1 Nacelle of the 7.6 MW Enercon E-126 wind turbine being prepared for lift and
installation onto the wind turbine tower (Photo by Herman Walraet) - The two workers below
the 12 m plus diameter nacelle offer a size reference.

Figure 3.2 (Left) Mobile lifting crane for the 7.6 MW Enercon E-126 wind turbine standing
alongside the tower and nacelle (photo by Steenki) - (Right) The 220 tonne E-126 generator
being lifted upwards toward the nacelle (Installation of a stator© Enercon GmbH)
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Geometric constraints limit the number of conductor lengths that can be fitted circum-
ferentially in a stator. Electromagnetic constraints limit how many conductors can be
stacked radially. Increasing the number of conductors in the radial direction increases the
depth of the slot, which leads to excessively large slot leakage inductance.

A physical constraint also limits the level of current that can pass through each conductor.
As current level increases, Joule losses increase in proportion to the electrical resistivity
of the conductor material. The temperature of the stator windings and electrical steel is
set by the balance that develops between the resistive heat being produced and the heat
being removed by the cooling system.

Improving the cooling method is the most appropriate way to increase linear current
density. Table 3.1 illustrates how cooling method affects the maximum linear current
density achievable in synchronous machines. The table gives linear current density ranges
for air cooling, cooling with hydrogen, and cooling with water applied directly onto the
windings, which is the LC DD-PMSG approach.

Table 3.1 Linear current density in synchronous machines as a function of cooling method

Air Cooling H2 Cooling H2O Cooling

Linear Current Density (kA/m) 30 ... 80 90 ... 110 150 ... 200

There is no theoretical upper limit to the linear current density produced in a synchronous
electrical machine. It increases indefinitely with increasing electrical current in the
windings. However, more current corresponds to higher Joule losses, which represents a
drop in overall machine efficiency. Furthermore, higher linear current density results in
deeper reactive voltage drop, which limits the peak torque at any given terminal voltage.
Since terminal voltage is limited by both the capabilities of the voltage supply and the
system of insulation, at some point further increases in linear current density are no longer
possible.

Finally, magnetizing inductance, a function of several of the electromagnetic design
parameters that must be changed to increase torque production, grows with and inhibits
torque production imposing a hard upper limit that cannot be exceeded. Linear current
density can be increased to develop higher peak torque production by improving cooling
method, but there is a cost to efficiency and a hard upper limit.
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Thermal Limitations of the DD-PMSG

The stator winding temperatures in a wind turbine DD-PMSG should be kept below
120◦C, and the temperatures of the rotor permanent magnets should be kept below 100◦C
[53]. These temperatures must be maintained regardless of ambient temperature, which
could be as high as 40◦C.

To maintain constant safe temperatures, total available cooling power must be equal to
or greater than the heat produced by the machine due to Joule and frictional heating, in
other words, due to the machine inefficiencies. Most wind turbine DD-PMSGs today are
air cooled. As coolant air passes through the internals of the stator and over the rotor,
convection is the dominant heat transfer mechanism. This convection is supported by
continual conductive heat flow through the generator materials.

The temperature of the coolant used to manage machine temperatures is determined
by ambient temperature levels, so total available cooling power cannot be increased by
simply specifying a lower incoming coolant temperature. It must be increased by either
raising the mass velocity of the coolant flow or by improving heat transfer coefficients.

For an air-cooled system, increasing mass flow velocity means increasing fan power. Air
cooling power is directly proportional to fan power. This imposes a practical limitation on
taking a higher flow rate approach. Beyond a certain mass flow velocity limit, it rapidly
becomes prohibitively expensive to provide the necessary additional fan power. Therefore,
the best approach to increasing cooling power is to improve the heat transfer coefficients.

Increasing the torque production of a wind turbine DD-PMSG is best accomplished using
stator windings that develop higher linear current densities, which are subject to higher
levels of internal heat production. And, there is really only one practical way to manage
the higher temperatures that result, which is to improve the heat transfer coefficients that
drive cooling power by selecting a coolant with exceptional heat removal properties.

The obvious solution is a move to liquid cooling using deionized water or other dielectric
heat transfer fluid. Combining direct liquid cooling of the stator coils with indirect air
cooling of the rotor is a generator cooling approach that enables significant increases in
linear current density for higher torque production to achieve high-power DD-PMSGs of
reasonable size.
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3.2 Proposed Embodiment of an 8 MW LC DD-PMSG

The following paragraphs describe one possible conceptual embodiment for an 8 MW
LC DD-PMSG derived from the base requirements presented previously in Table 2.1.

Sectioning, Number of Coils, and Number of Poles

Even with an increase in tangential forces and the resultant reduction in air gap diameter,
an 8 MW direct-drive generator is not going to be small. Practical manufacturing
considerations call for sectional construction, and both the generator rotor and stator
can be divided into a number of equal sectors. The tooth coils for each stator sector can
be electrically connected in a number of series/parallel combinations to get a variety of
voltage levels. For the proposed 8 MW LC DD-PMSG, both rotor and stator are divided
into 12 equal 30° sectors.

To maintain the desired q = 0.2 fractional number of slots per pole and phase for a 12/10
base winding with m = 6, the number of rotor poles and the number of tooth coils in the
stator must be equal multiples of 10 and 12, respectively. The number of rotor pole pairs p
and rotor rotation speed n determine the rated frequency f of the machine (f = p · n / 60),
which must be compatible with the cyclic loading requirements for the insulated-gate
bipolar transistors of the generator’s frequency converter [4]. For 120 magnetic poles,
which is p = 60 pole pairs, a rotor speed of 11 rpm yields a frequency of 11 Hz. To satisfy
the 12/10 base winding ratio, 144 tooth coils are required for 120 magnetic poles. So, the
specified number of coils and poles for the proposed LC DD-PMSG was 144 and 120,
respectively.

The line-to-line root mean square voltage specified for the six-phase machine is 3300 V.
The corresponding phase voltage is 3300/

√
3 or 1905 V. Each phase comprises 24 tooth

coils (144/6 = 24), and these 24 coils are wired in series. Therefore, the voltage across
each tooth coil is 1905/24 or 79 V.

Tooth Coil Configuration, Air Gap Diameter, and Active Length

A critical step towards embodiment of the LC DD-PMSG concept was to determine
the specific details of the tooth-coil design for the stator windings. Electromagnetic
performance was key; however, the coils also had to accommodate coolant conduits
of appropriate size, and coil geometries had to conform to practical manufacturing
limitations.
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The coil conductor itself can be solid or stranded. Cross-sectional areas being equal, solid
conductors are subject to more resistive heating than are stranded conductors due to the
skin effect distribution of current. In this case, however, the low operating frequency of
the generator results in minimal skin-effect losses, and it is easier to produce a rectangular
cross section with high copper space factor using a solid copper extrusion. Furthermore, a
solid rectangular conductor offers coil manufacturing advantages, and the resulting tooth
coil offers stator assembly advantages. The tooth-coil configuration for the proposed
generator solution was based on solid copper conductors with a rectangular cross section.

If the rectangular profile of the conductor is wider than it is tall, leakage inductance
is lower, which results in better electromagnetic performance. However, coiling the
conductor is much easier if the aspect ratio is reversed, that is, if the conductor is narrow
and tall. To get best electromagnetic performance and still maintain adequate formability,
a design rule was established setting the width-to-height aspect ratio for the conductor
to 1.2.

To minimize corrosion and ensure long-term leak-proof operation for a forced (pressur-
ized) liquid-cooling system, the coolant should be contained within a single-material
corrosion-resistant jacket with a minimum of transitions and connections. Furthermore,
the inner surface should be as smooth as possible. For the proposed generator solution, the
tooth-coil design features corrosion-resistant stainless steel tubing that has been coaxially
embedded within the conductor material to serve as the coolant conduit. Austenitic
stainless steel tubing such as ASTM 316 offers suitable corrosion resistance. EN 1.4401
is the equivalent material according to the European standard. Figure 3.3 shows a length
of conductor with its inner coaxial stainless steel conduit.

Fabricating long lengths of this hybrid liquid-cooling conductor material at production
volumes can be accomplished using a continuous rotary extrusion process. The heart
of this process is a continuous rotary extruder, such as a Metalmorph TTX 320 or a
Meltech-CRE. See Figure 3.4. The extruder is serviced by various feed and take-up units.
Copper feedstock comes from a pay-off reel, passes through a straightener and cleaner,
and feeds into the extruder. Stainless steel tubing comes off its own pay-off reel, passes
through its own straightener and cleaner, and then moves through a heater before it feeds
into the extruder. Heating the stainless steel tubing ensures a metallurgical bond is formed
between the copper and the stainless during the extrusion process. The coaxial hybrid
rectangular conductor exits the extruder, passes through a cooling system, and then feeds
onto a take-up reel.

This type of extrusion line must be set up and tuned to produce a single hybrid conductor
size at a time. For each conductor size, it uses size-specific extrusion dies, unique
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Extruded Oxygen-Free
Copper Conductor

316 Stainless Steel
Coolant Conduit

Figure 3.3 Segment of copper conductor (aspect ratio 1.2-to-1) showing stainless coolant
conduit - Copper is extruded over heated stainless steel tubing forming metallurgical bond.

Figure 3.4 Meltech continuous rotary extrusion machine (image courtesy of Meltech)
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process recipes, and unique pre- and post-processing units. Changing the line over to
produce another size is time consuming and costly. So, it makes sense to limit the
number of conductor sizes available for LC DD-PMSG use. Consequently, a catalog
of sizes compatible with standard stainless steel tubing was developed to cover a 5 to
20 MW range of generator powers. These hybrid conductor sizes were considered for all
subsequent LC DD-PMSG design and analysis work. Figure 3.5 shows the selected sizes.

Cu 19.2 x 16.0 mm
SS �8.0 x 6.5 mm

Cu 18.0 x 15.0 mm
SS �7.0 x 5.5 mm

Cu 116.8 x 14.0 mm
SS �8.0 x 6.5 mm

Cu 15.6 x 14.4 mm
SS �6.0 x 4.5 mm

Cu 14.4 x 12.0 mm
SS �6.0 x 4.5 mm

Cu 13.2 x 11.0 mm
SS �5.0 x 4.5 mm

Figure 3.5 A catalog of acceptable conductor sizes was defined to simplify design and
manufacture of a family of LC DD-PMSGs.

The number of phase turns, the number of conductors, and the total copper area needed
for the tooth coils to achieve an 8 MW power rating can be approximated using simple
analytical expressions [49]. Generator air gap diameter and the number of slots and poles
are important parameters for these expressions, and the analytical process is iterative.
However, after exploring how various preliminary combinations of these parameters affect
the result, it became clear the proposed machine would require duplex coils. In other
words, the continuous length of conductor would be wound with an inner and outer coil
and each tooth-coil side would be a 2-column array of conductors. Figure 3.6 illustrates a
simple two-level duplex-helical coil. The coil down-bend shown in the figure is necessary.
It accommodates the step changes in elevation required by the helical winding of the
conductor and makes it possible to keep the conductor active lengths level and parallel.

The width of any duplex-helical (two-column) tooth coil depends on the minimum bend
radius of the inside coil. Experimentation determined that a minimum bend radius of
twice the copper conductor width (rmin = 2wcu) was workable and resulted in minimal
distortion of the copper conductor without significant deformation of the coolant passage.
Moreover, as implied by Figure 2.2 presented previously, stator diameter is determined
by tooth-coil width for a generator architecture based on a fixed number of tooth coils.
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Duplex winding has
inner and outer
conductor columns

Down bend enables
winding level change

Terminal for
Electrical Connection

316 Stainless Steel
Coolant Conduit

Figure 3.6 Simple two-level duplex coil showing conductor wound into inner and outer coil
- Down bend at near end of coil is to accommodate the level change for each wrap of the
helical winding making it possible for the straight active lengths to remain horizontal and
parallel.

Accordingly, and to facilitate cost effective production and simplify early design decisions,
a catalog of acceptable generator air gap diameters was prepared. The diameters were
based on circular arrays of 144 duplex coils for the six minimum practical coil widths
corresponding to the previously established catalog of hybrid conductor sizes. In each
case, spacing between coils was chosen to be the minimum practical, while still providing
an approximately one-to-one tooth and slot width ratio. Figure 3.7 presents the details.

Considering the 7.5 m goal set in the initial requirements for maximum generator diameter
and referring to Figure 3.7, two of the catalog tooth-coil widths yield air gap diameters
that are appropriate for an 8 MW power rating. Tooth coils formed from the 18× 15 mm
hybrid conductor are compatible with an air gap diameter of 7 m. Tooth coils formed
from the 16.8× 14 mm conductor are compatible with an air gap diameter of 6.5 m.

Both tooth-coil configurations were evaluated using an optimization program that esti-
mates total generator cost and performance based on generator architecture [3]. Publi-
cation 4 describes this optimization tool in detail. The predicted performance behaviors
for the 6.5 m and 7 m configurations were equally acceptable with little difference in
total generator cost. Ultimately, the 6.5 m air gap diameter configuration using the
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Cu 19.2 x 16.0 mm ↔ rmin 38.4 mm ↔ gap �= 7.45 m

Cu 18.0 x 15.0 mm ↔ rmin 36.0 mm ↔ gap �= 7.00 m

Cu 16.8 x 14.0 mm ↔ rmin 36.0 mm ↔ gap �= 6.50 m

Cu 15.6 x 13.0 mm ↔ rmin 31.2 mm ↔ gap �= 6.10 m

Cu 14.4 x 12.0 mm ↔ rmin 28.8 mm ↔ gap �= 5.60 m

Cu 13.2 x 11.0 mm ↔ rmin 26.4 mm ↔ gap �= 5.10 m

Figure 3.7 A catalog of acceptable air gap diameters was defined as a function of duplex
tooth coil conductor size to simplify design and manufacture of a family of LC DD-PMSGs.

16.8 × 14 mm conductor size was selected, because the smaller diameter results in a
smaller generator. The required active length determined by the optimization program for
this configuration is 1.1 m.

Re-applying the previously mentioned analytical expression for number of conductors
per slot revealed that 24 active lengths of 1.1 m are needed to achieve the 8 MW power
rating at the catalog 6.5 m diameter.

Figure 3.8 illustrates the fully configured duplex tooth-coil with 24 conductors and an
active length of 1.1 m. Each 16.8× 14 mm conductor must be insulated to eliminate coil
short-circuiting, either wrapped with a thin electrical insulating tape or coated, and each
coil side is covered with a more substantial wall insulation material to seal and protect
the coil conductors and to isolate the coil from the surrounding electrical steel.

Stator Cooling Lines

Substantial voltage develops between the input and output legs of the LC DD-PMSG
tooth coil and between the coil and ground. Therefore, each coil must be electrically
isolated from the supply and return lines of the liquid-cooling system. A cooling tube
electrical isolation component was developed for this purpose. See Figure 3.9. The body
of the unit can be any appropriate electrically resistive material. For the proposed concept,
a polyoxymethylene acetal polymer such as Delrin® was assumed. The end caps shown
in the figure are stainless steel. They are orbitally welded and integral to the incoming
and outgoing stainless steel tubing fluid lines, which are not shown.
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Main wall insulation isolates coil
from lamination slot walls

Conductor is insulation wrapped
or coated prior to winding

Terminals for Electrical Connection

316 Stainless Steel Conduit

Figure 3.8 Duplex tooth coil for proposed LC DD-PMSG based on 144 tooth coils on a 6.5 m
air gap diameter - Total length of conductor is 34 m (27 m active length), and the total coil
mass is 66 kg.

Stainless steel end caps are orbitally
welded to stainless steel coolant lines

Concentric pair of Viton® double-seal
o-rings provides four serial sealing
surfaces at each end of the body

Delrin® body provides
galvanic isolation

Figure 3.9 Cooling tube electrical isolation assembly - The only mechanical seals in the
cooling lines near the generator are within these assemblies.
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This cooling tube electrical isolation component represents two potential leak paths for
the stator cooling system, so it has been carefully designed to minimize that possibility.
A concentric pair of double-seal Viton® o-rings; also known as quad seals, quattro seals,
or x-rings; is used at both ends of the unit to effect the seal using four serial concentric
sealing surfaces.

Incoming and outgoing coolant flow for each stator sector of the proposed LC DD-PMSG
passes through a single dual-path distribution manifold. Figure 3.10 shows the manifold
and offers a cutaway view to reveal its inner configuration. The bottom of the manifold
interior is divided front and back into two radial volumes that span its entire length. One
of these volumes connects to a single large feed line, and the other connects to a single
large return line. Above the two large radial volumes, the manifold is divided into 24
smaller chambers. Each chamber has a hole in its floor that connects it to one of the two
larger radial volumes. Every second chamber connects to the feed volume, and every
second chamber connects to the return volume. A length of tubing passes through the
roof of each one of these chambers to serve as a connection port, and these 24 connection
ports comprise 12 feed-and-return port pairs.

Return Line

Feed Line

Coil Return

Coil Feed

Coil Coolant Taps

Inlet and Outlet Separation Wall

Figure 3.10 Stator Segment Coolant manifold - Cutaway view on right side shows internal
configuration with inlet and outlet chambers to feed 12 tooth coils.

Cooled fluid coolant flows from the large inlet feed line and into the front radial volume.
It moves up into the feed chambers (every other chamber) and then out the feed taps.
Warmed fluid comes back through the return taps and into the return chambers. It flows
down into the back radial volume and then exits via the large return line. Each of the
tooth coils connects to one of the feed-and-return tap pairs.
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Stator Section

Every stator sector comprises 12 coils surrounding 12 teeth formed by the electrical steel
laminations. The conductors from one side of two adjacent coils sit side-by-side in each
open slot (double-layer configuration) held in place with a slot wedge. Slot material
can vary. A suitable slot wedge material has high flexural strength and high electrical
resistance. SPIndustries offers slot wedges made from their own SPInduwedge material,
which is an epoxy-glass-prepreg.

The electrical steel laminations make up the base structure for the stator section in each
sector. The base structure consists of stacked laminations, two stainless steel endplates,
and a series of high-tension binding (tie) rods that bind the stack tightly together. The
tie rods are stainless steel, but hollow to minimize eddy current losses. Binding rods
made from Röchling HIR Glasrod, an electrically non-conductive and non magnetic
fiberglass-reinforced thermoset polyester, offer improved electromagnetic performance.
HIR Glasrod binding rods were tested and with some development could possibly be used
in this application.

To minimize mass, the laminated base structure also serves as an arc structural element
for each stator sector. Its structural integrity relies on the frictional bond between
laminations that develops as the tie rods compress the laminations stack. Consequently,
an electrical steel with an appropriate high-friction coating must be used. An example is
Suralac® 7000 offered by Tata Surahammars Bruks AB. Suralac® 7000 has an inorganic
phosphate coating.

There are two different lamination shapes. The first is radially shorter and designed
primarily to optimize electromagnetic performance. The second is like the first, but it
extends further inward. The extension includes an array of large holes through which
cross tubes can be fed to fix the stator segment to the stator wheel structure. The shape of
the endplates is similar to the second radially taller lamination shape. Figure 3.11 shows
the bound stator section base structure. The bottom right image in the figure is a close-up
view of a single end of one of the tie rods.

Figure 3.12 presents a complete stator section assembly, showing the attached coolant
manifold. The only non-welded cooling line connections are between the end caps and
insulating body of the cooling system electrical isolation assemblies. All other stainless
steel tubing line connections should be orbital welds. Top right in the figure illustrates
how the notch wedges are axially constrained using a retainer, which should be made of a
low electrical conductivity material.
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Laminations

Stainless Steel End Plate

Crossing Tube Hole

Binding Tie Rods

Extended Laminations

Figure 3.11 Stator Segment Laminations - The electrical steel laminations are bound
between two end plates with 24 binding tie rods. Crossing tubes (not shown) pass through
the large holes at the bottom to mount the segment to the stator wheel structure.

Wedge and Retainer

Welded Connections

Figure 3.12 Stator section assembly showing coolant manifold and cooling line
connections - Twelve of these sectors combine to make up the active circumference of
the stator.
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Rotor Surface Magnets

The magnetic flux fields of the rotor are produced by front-to-back rows of radially
magnetized segmented NdFeB magnets positioned side-by-side on the rotor surface. An
economical grade of NdFeB is acceptable, but since NdFeB is susceptible to corrosion,
an effective corrosion resistant coating is required. An epoxy resin layer impregnated
with zinc powder has proven to offer excellent performance [13].

Each magnet consists of smaller segments of sintered NdFeB that have been adhesively
bonded together. See Figure 3.13. The segmentation of the magnet inhibits the devel-
opment of eddy currents, which produce heat and reduce efficiency. Each segmented
magnet is 136 mm wide by 26 mm tall and 54.5 mm front-to-back. The magnet design
results in the relative magnet width (pole arc / pitch) of 0.75 that is recommended to
minimize torque ripple for a fractional open-slot machine with q = 0.2 and m = 6 [52].

Bond Interface

Figure 3.13 Radially magnetized segmented NdFeB magnet

Rotor Section

Also comprising 12 sectors, the circumference of the outer rotor wheel consists of 12
inside-facing rotor sections. Each rotor section comprises 10 magnetic poles, that is, 10
rows of magnets running front-to-back. The magnets are surface mounted to the inside
surface of the rotor section.

The base structure of each rotor section is made up of electrical steel laminations.
Following the design philosophy introduced for the stator section, the rotor base structure
also consists of stacked laminations, two stainless steel endplates, and a series of high-
tension tie rods to bind the stack tightly together. Again, the laminated base structure
serves as a structural element for the rotor wheel rim. The laminations come in two
shapes: one regular and one extended radially. For this outer rotor configuration, the radial
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extension is outward. The extension includes an array of large holes to accommodate the
cross tubes that mount the rotor section to the rotor wheel structure. Figure 3.14 shows
the bound rotor section base structure.

Laminations

Extended Laminations

Stainless Steel End Plate

Crossing Tube Hole Binding Tie Rods

Figure 3.14 Rotor laminations bound together with end plates and tensioned rods

Figure 3.15 illustrates the magnet attachment method developed for the outer rotor of
the proposed LC DD-PMSG concept. Each row (pole) of segmented magnets is bonded
with adhesive into shallow flat-bottomed channels formed by the bound stack of electrical
steel laminations. Two rows of retainer clips slide into a single retainer groove that sits
between each row of magnets. The retainer clips are short lengths cut from an extruded
aluminum profile sized to clamp down on the magnets. Hard anodizing of the clips offers
electrical isolation. These rows of retainer clips are intended as a backup magnet retention
system should the primary adhesive bonding system fail.

A complete rotor section assembly is shown in Figure 3.16. The assembly includes the
10 large cross tubes that fix each rotor section to the rotor wheel structure. Because of the
considerable magnetic attraction forces that develop between the stator and rotor facing
surfaces, putting the rotor and stator together is a significant assembly challenge for
any large permanent magnet machine. A nice feature of the outer rotor and rotor wheel
structure design for the proposed LC DD-PMSG is that the rotor magnet sections can be
installed after the rotor wheel structure is assembled around the stator. With the large
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Retention Notch

Adhesive Bond

Retainer Clips

Figure 3.15 Rows of magnets adhesively bonded to laminations and also held in place by
rows of tensioned extruded aluminum retainer clips

cross tubes already installed, the 12 rotor section assemblies can be eased into position on
the rotor wheel structure one at a time, temporarily being held in place by the magnetic
attraction forces.

Figure 3.16 Rotor section assembly showing 10 magnet poles and mounting cross tubes
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Active Element Positioning

Figure 3.17 is a cross-sectional view of the stator and rotor facing surfaces for the 8 MW
LC DD-PMSG showing the relative positioning of the active elements. The air gap
between the rotor inner surface and the stator outer surface is 8 mm. This is the minimum
possible gap that can be produced using standard manufacturing methods. The angular
spacing between the tooth coils is 2.5°, and the spacing between rows of magnets is 3°.
The rotor cross tubes shown at the top of the figure have a longer span than the stator cross
tubes shown at the bottom, and there are fewer of them (120 versus 144). Consequently,
the rotor cross tubes are bigger in diameter.

Magnetic Pole Air Gap

Conductor
Cross Section

Figure 3.17 Cross section of LC DD-PMSG machine showing relationship of active
elements

Axle and Bearings

There are multiple ways an LC DD-PMSG with an inner stator and outer rotor could
be integrated with the drivetrain of a large wind turbine. The proposed conceptual
embodiment assumes the stator is mounted to two flanges on a large hollow axle that will
be fixed within the nacelle structure. Two large roller bearings mount to the axle on either
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side of the stator mounting flanges. Surrounding and secured snugly to the outer races
of these bearings are two rotor flange assemblies. The rotor, which envelops the stator,
mounts to these two flange assemblies. Figure 3.18 offers a cutaway view of the axle
with bearings installed showing the stator and rotor mounting flanges.

SRB

A Facing Pair of Rotor Mounting Flange Halves

Stator Mounting Flange

CARB

Bearing Insulation

Feed Line Ports

Figure 3.18 Cutaway view of fixed generator axle with stator wheel mounting flanges and
rotor bearing flange assemblies

Each of the two rotor flange assemblies comprises a facing pair of flange halves and a
rigid insulation component. The insulation isolates the flange pairs from the races to
block any flow of electrical current through the bearings, which can result in deterioration
and early bearing failure.

The bearings selected for this conceptual embodiment were recommended by SKF (Sven-
ska Kullagerfabriken AB) to meet the predicted design loads and the 30-year design life
requirement. The axially fixed rotor bearing is an SKF 710 mm, tapered-bore, double-row,
Spherical Roller Bearing (SRB 240/7107 ECAK30/W33). The axially free bearing is an
SKF 710 mm, tapered-bore, Compact Aligning Roller Bearing (CARB C 40/710 K30M).
The SKF CARB uses toroidal rollers so it can self-align to accommodate limited axial
displacement between the inner and outer races. The tapered inner race for each bearing
is secured with a large bearing nut.

Cooling system feed and return lines for each stator sector pass through a circular array
of 12 slot-shaped axle wall penetrations so connections to the primary coolant loop can
be made within.
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Layered Sheet Steel Stator and Rotor Wheel Structures

Once tangential stress has been maximized and overall dimensions minimized, the
structural design of the LC DD-PMSG stator and rotor wheel structures has the next
biggest influence on generator mass. The wheel structures must work together to resist
the large permanent magnetic attraction forces that pull together the facing surfaces of the
rotor and stator. Since the air gap must be kept small to optimize efficiency, the structures
must hold overall radial deformation to an absolute minimum. The structures must also
resist the large tangential electromotive forces produced by the generator. In addition,
dynamic performance is important, and the harmonic responses of both the stator and
rotor wheel structures must be compatible with expected excitations. For large generators
in particular, harmonic response becomes more of an issue.

In this conceptual embodiment, a novel lightweight wheel structure is being introduced
for both the stator and rotor. It is a spoked-wheel architecture; however, the spokes
are not radial. Instead of radiating normal to the hub, they are slanted to come out
tangentially. This orientation enables the wheel structures to provide maximum static
structural performance with minimum mass when the wheel rim is subjected to both
tangential and radial forces.

The spokes of the inner stator slant in the direction of the tangential forces acting on the
outer diameter surfaces. When these tangential forces are applied, they bend the slanted
spokes inward, pulling the outer diameter surfaces inward. When outward radial magnetic
forces are applied, they bend the spokes outward. So, when both forces are applied
simultaneously, the inward movement is opposed by the outward movement resulting in
less overall radial deformation. In the same way, slanting the spokes of the outer rotor
away from the tangential forces pulls its outer diameter outward in opposition to the
inward pull of the magnetic forces, which again results in less overall radial deformation.

Another unique and important attribute of the new lightweight rotor and stator wheel
architecture is its use of layered sheet-steel elements to form the spokes and rim of
the wheel faces. When appropriately bound, friction between the layered sheet-steel
elements establishes structural integrity with a substantial increase in structural damping
in the direction normal to the stack. In addition, because of the stacked sheet metal
approach, substantial spoke-and-rim wheel structures can be built up without having to
weld together overly thick steel elements. Eliminating deep structural welds reduces
manufacturing cost and eliminates problems associated with fatigue cracking and failure
of welded connections [32]. Fatigue cracking is a serious problem for a large structure
with a 30-year design life that is subjected to continual flexing and extreme temperatures.



68 3 Presentation of Proposed Generator Concept

Figure 3.19 depicts one of the sheet-steel elements used to make up the LC DD-PMSG
stator wheel. For the proposed 8 MW generator, this sheet steel element is 5 mm thick. It
can be cut from a rectangular sheet that is 2.8 m long and 1.6 m wide.

Spacer Retention and
Stack Binding Holes

Cross Tube Holes

Hub Mounting Holes

Figure 3.19 Punched or laser cut sheet steel element for stator wheel structure is 5 mm
thick.

Figure 3.20 illustrates one of the wheel faces used in the stator wheel structure. Each
wheel face comprises five layers of 12 elements laid out in a circular array. There are 60
total sheet-steel elements in each wheel face stacked to produce an overall thickness of
25 mm. Each new layer of sheet-steel elements is oriented 15° from the previous layer,
so the seams between elements are staggered.
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Figure 3.20 Full circular array of sheet-steel elements for one face of stator wheel structure
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Figure 3.21 gives close-ups of the hub and rim regions to show how the element layers
work together to build a strong planar structure.

Figure 3.21 Hub region (left) and rim region (right) for a single face of the stator wheel
structure

One side of the wheel structure is assembled from two wheel faces bolted to either side of
a single hub plate. Spacers sit between the wheel faces in line with the spokes to maintain
the spacing established by the hub. For this embodiment, a polymer material is envisioned
for the spacers, High Density PolyEtheylene (HDPE) for example, to introduce structural
damping in the axial direction. Figure 3.22 illustrates one fully assembled wheel side for
the stator wheel structure.

To form the wheel structure, a pair of wheel sides is joined together by a circular array of
cross tubes. Figure 3.23 shows a cross tube. In addition to establishing the wheel structure,
the 144 cross tubes of the stator wheel structure position and secure the 12 stator sections
that make up the complete stator. The cross tubes are sized to withstand the predicted
radial and tangential forces. The stator wheel structure also includes internal cross bracing
to establish axial rigidity. Figure 3.24 shows a pair of cross braces, illustrating how they
attach to the spoke spacers. The cross braces are bands of 5 mm thick sheet steel. Not
shown in the figure, an elastomeric damper separates and pretensions the cross-brace
bands.
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Polymer Spacer

Sheet Steel Element Seams

Hub

Figure 3.22 One wheel side of the stator wheel structure showing the hub and HDPE spoke
spacers - The close-up view in the upper corner shows the sheet steel element seams.
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End Cap

Wheel Sides and Laminations Spacers

Figure 3.23 Stator cross tube assembly - The inner spacers fix the axial position of the
laminations for each stator section.

Cross Brace Bands

Elastometric damper
(not shown) fits
between bands

Polymer Wheel
Side Spacers

Figure 3.24 Cross braces for the stator wheel structure, shown fastened to polymer spoke
spacers - Not shown, an elastomeric damper, where the braces cross, separates and
pretensions the bands.
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Figure 3.25 illustrates the complete 8 MW LC DD-PMSG stator wheel structure with
cross tubes and cross braces in place.

Bracing

Crossing Tube

Hub

Wheel Face

Spacer

Figure 3.25 Complete wheel structure for the inner stator of the proposed 8 MW
LC DD-PMSG

The outer rotor wheel structure architecture is similar to that of the stator wheel. Because
fewer tubes must bridge a longer distance, the 120 cross tubes of the rotor wheel structure
are bigger in diameter than the cross tubes of the stator. These cross tubes both position
and secure the 12 rotor magnet sections needed for the rotor. Figure 3.26 shows the
complete 8 MW LC DD-PMSG rotor wheel structure.
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Crossing Tubes

Insulated Bearing
Retainer

Figure 3.26 Complete wheel structure for the outer rotor of the proposed 8 MW
LC DD-PMSG

Stator and Rotor for 8 MW LC DD-PMSG

The complete inner stator for the 8 MW LC DD-PMSG is shown in Figure 3.27. The
figure illustrates how the liquid cooling system interfaces to the windings. The cooling
connections for each stator sector are made inside the main axle.

Figure 3.28 shows the complete outer rotor assembly of the 8 MW LC DD-PMSG, and
Figure 3.29 offers a close-up of the magnet sections. Because the cross tube slots of the
rotor wheel structure are open, each rotor section can be eased into place after the rotor
wheel has been assembled around the fixed stator. Because the magnetic attraction force
between each rotor section and the stator wheel is so high, being able to install the rotor
sections one at a time greatly simplifies the assembly process.
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Coolant Feed
Lines

Coolant Manifolds

Figure 3.27 Complete stator for the proposed 8 MW LC DD-PMSG mounted on fixed axle
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Permanent
Magnets

Insulated Bearing
Retainer

Figure 3.28 Complete rotor for the proposed 8 MW LC DD-PMSG with bearing insulation
flange assemblies mounted onto the wheel hubs
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Rotor Segments can
be lowered onto Wheel Structure
Rotor Segments can
be lowered onto Wheel Structure

Figure 3.29 Close-up view of magnet sections retained by rotor wheel structure - Because
the cross tube slots are open, the rotor sections can be eased into place after the rotor
wheel has been assembled around the fixed stator.

8 MW LC DD-PMSG: The Full Conceptual Embodiment

Figure 3.30 reveals the complete conceptual embodiment of the proposed 8 MW
LC DD-PMSG. The man shown in the bottom left of the figure is 182 cm tall. The
outer diameter of the machine as shown in the figure is 7 m. Not considering the axle,
the generator is just under 2 m from front-to-back. The total dry mass, calculated by
SolidWorks® for the model with axle and bearings, is approximately 85 tonne. Table
3.2 gives a summary of the basic dimensions and resulting masses for the conceptual
embodiment.

Table 3.2 Physical summary of 8 MW LC DD-PMSG

Total Generator Mass 85 t
Outer Diameter 7.0 m
Air Gap Diameter 6.5 m
Front-To-Back Length 2.0 m
Mass of Copper 8.5 t
Mass of NdFeB 3.5 t
Stator Laminations Mass 17.8 t
Rotor Laminations Mass 13.6 t
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Man is 182 cm tall.

Generator

Figure 3.30 Embodiment as proposed of complete 8 MW LC DD-PMSG



CHAPTER 4

Analytical and Experimental Evaluation of
LC DD-PMSG Concept

Chapter 4 describes the analytical and numerical predictions made and the experimenta-
tion carried out to examine the behaviors of the introduced LC DD-PMSG. This body
of work has been published as Publications 2 through 7. The following Subsections 4.1
through 4.6 are summaries of these publications. Publication 1 was covered earlier in
Subsection 3.1. Reference citations are not present in the following publication summaries,
but can be found in the full texts included at the end of this dissertation.

4.1 Predicted Reliability of an LC DD-PMSG Design (Pub 2)

Publication 2 addresses the question of LC DD-PMSG reliability. It presents a reliability
analysis for the 8 MW embodiment of the proposed generator architecture including
primary and secondary liquid-cooling systems. For the publication, LC DD-PMSG
reliability is determined analytically and assessed based on the number of failures per
year, the MTTF, the MDT, the MTBF, availability, and unavailability.

Introduction

There is a wealth of ongoing development activity in wind turbine technologies seeking
to improve the economics of wind energy by increasing reliability levels, producing better
efficiencies, reducing size, and simplifying construction. For DD-PMSGs, one avenue of
development that offers compelling cost and performance benefits is a switch from air to
liquid cooling. However, introducing liquid cooling raises reliability questions. Will an
LC DD-PMSG be as reliable as an air-cooled DD-PMSG over its design lifetime?
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These reliability analyses considered a) the critical primary loop plumbing comprising
tubing, manifolds, and connections and b) the constituent Original Equipment Manufac-
turer (OEM) components of the primary and secondary cooling loops. For the secondary
side, both liquid-to-liquid and liquid-to-air cooling system approaches were evaluated.
Published failure and repair data were used to quantify the reliability of plumbing elements
and OEM components. The reliability analyses did not consider wind turbine electrical
power and control systems.

A MATLAB® algorithm executed the calculations. The MATLAB® code makes it
possible to quickly compare predicted reliabilities for various approaches.

LC DD-PMSG Properties

The stator copper losses calculated for the subject LC DD-PMSG are approximately
415 kW. The losses due to stator steel heating are 14.5 kW. Rotor surface losses
are 1.5 kW. Because most of the Joule heating takes place in the stator copper, the
LC DD-PMSG cooling concept relies primarily on direct liquid cooling of the copper
windings to manage overall generator temperatures. The cooler stator temperatures and
passive air cooling keep the rotor magnets cool.

As proposed, the stator for the LC DD-PMSG is divided into 12 sectors, each with 12
copper tooth-coil windings. Each tooth coil has a galvanically isolated coolant inlet and
outlet, so there are 288 separate connections, which are subject to corrosion or sealing
issues. These connections are a major concern from the standpoint of reliability.

Appropriate cooling fluids include demineralized and deionized water, a water/glycol
mixture, or a synthetic dielectric cooling fluid, such as PAO. Water has superior heat
transfer performance, but it cannot be used where ambient temperatures drop below
freezing.

A primary coolant average temperature of 60◦C and a flow rate of 1 m/s were assumed
for this reliability study. The expected ambient temperature was 30◦C. The assumed
maximum stator and rotor operating temperatures were 85◦C and 50◦C, respectively.

Primary coolant flow velocity and temperature both influence loop reliability. Keeping the
temperature of the coolant below 90◦C prevents crevice or pitting corrosion on the inner
stainless steel surfaces. Maintaining the appropriate coolant chemistries is also important.
Often, liquid cooling conduit failures are the result of material cracking that precipitates
when stresses act on internal surfaces that have become sensitized by an inappropriate
coolant chemistry.
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Liquid-to-Liquid or Liquid-to-Air Systems

Both liquid-to-air and liquid-to-liquid cooling system approaches were considered in the
analyses. In each approach, the OEM components on the liquid primary side comprised
a deionizer, a centrifugal pump, a water reservoir, liquid filters, and an accumulator to
accommodate fluid expansion.

For the liquid-to-air approach, the secondary-side auxiliary OEM components included
five parallel units consisting of an air filter, a heat exchanger, and a blower. For the
liquid-to-liquid approach, the secondary-side components were liquid filters, a single heat
exchanger, and a centrifugal pump. With the liquid-to-liquid approach, only one heat
exchanger unit is needed on the secondary side, because liquid-to-liquid heat exchange is
more effective.

Reliability Equations

To facilitate the reliability analyses, the cooling system architectures were represented as
constituent elements laid out in the appropriate arrangement of series and parallel circuits.
A number of reliability equations for series and parallel circuits based on component
repair and failure intensities were published by Villemeur and are applied here.

For a series of n elements, system unavailability UAS, system repair intensity µS, and
system failure intensity ωS can be calculated using the following equations.

UAS(∞) ≈
n∑

i=1

ωi
µi

(4.1)

µS(∞) ≈
∑n

i=1 ωi∑n
i=1

ωi
µi

(4.2)

ωS(∞) ≈
n∑

i=1

ωi (4.3)

In the equations, µi is the repair intensity and ωi is the failure intensity of each element i.

For parallel branches of n total elements where a are functional elements and b are
non-functional elements and for a binomial distribution, numbers of event occurrences
can be expressed in terms of a binomial coefficient. The coefficients for the functioning
and nonfunctioning elements of the system are:

Ca
n =

n!
a! (n – a)!
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n =

n!
b! (n – b)!

(4.4)
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System unavailability UAS, system repair intensity µS, and system failure intensity ωS
can be expressed in terms these coefficients from the next three equations.
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b=1
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(4.5)
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MTTF, MDT, and MTBF for the system can be calculated using:

MTTFS = 1/ωS (4.8)

MDTS = 1/µS (4.9)

MTBFS = MTTFS + MDTS (4.10)

Reliability and availability are the two primary measurable reliability properties of a
repairable system. Reliability R, defined as a function of time t, and system availability
AS can be determined as follows.

R(t) = e–ωt (4.11)

AS = 1 – UAS (4.12)

Reliability Analysis of the Primary Cooling Loop Plumbing

In addition to its constituent auxiliary OEM components, the primary cooling loop in-
cluded various plumbing elements such as tubing, manifolds, and connections. Figure 4.1
illustrates. The 12 sectors of the stator represented 12 identical parallel circuits. Each
circuit comprised a) an inlet tube leading to b) a coolant manifold with c) 12 connections
to d) 12 tooth-coil cooling conduits, which e) return through 12 connections to f) the
coolant manifold and g) an outlet tube.

Applying failure intensities and MDT values taken from the literature for the tubing,
connectors, and manifolds; the reliability Equations (4.1) through (4.12) were applied
to predict the fundamental reliability parameters for the primary cooling loop plumbing.
The values determined for the key parameters are presented in Table 4.1.

As a function of time over a 30-year period, the reliability of the primary loop plumbing
drops linearly from its beginning maximum of 1 to 0.933.
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g) Outlet Tubea) Inlet Tube

c) 12 Connectors e) 12 Connectors

b) Coolant Manifold f) Coolant Manifold

d) Tooth-Coil Conduits

Figure 4.1 Schematic representation of a single primary coolant loop circuit

Table 4.1 Key Reliability Parameters for Primary Loop Plumbing

Failures per Year (µS) 3.3 × 10-3

MTTFS 303 years
MDTS 14 hours

MTBFS 303 years
Availability (AS) ≈ 1

Unavailability (UAS) 5.24 × 10-6

Reliability Analysis of Loop OEM Components

For the loop component reliability analysis, auxiliary OEM components were situated
in series or parallel as appropriate to the subject cooling loop configuration. Again, the
failure intensities and MDTs for the components used in both the primary and secondary
cooling loops were taken from the literature.

Deionizers, filters, blowers, and pumps have relatively short design lifetimes, so their
failure intensities are high. These components must be continually serviced and finally
changed out at end-of-life. The deionizers and water filters must be changed out once a
year. The pumps and blowers must be replaced every 10 years.

Based on the reliability Equations (4.1) through (4.12), fundamental system reliability
parameters were determined for the auxiliary OEM components of the primary and
secondary loops for both the liquid-to-liquid and liquid-to-air cooling system approaches.
The values for the key parameter are presented in Table 4.2.
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Table 4.2 Key Reliability Parameters for Auxiliary OEM Components

Liquid-to-Liquid Liquid-to-Air

Failures per Year (µS) 1.8 1.9
MTTFS 0.55 years 0.54 years
MDTS 4.3 hours 4.3 hours

MTBFS 0.55 years 0.54 years
Availability (AS) ≈ 0.991 ≈ 0.991

Unavailability (UAS) 8.8 × 10-4 1 × 10-3

Reliability as a function of time is plotted in Figure 4.2. As illustrated by the figure,
liquid-to-air system reliability degrades rapidly over time. Since the secondary side
of the liquid-to-air cooling system uses five parallel heat exchanger and blower units
compared to the single exchanger and pump used by the liquid-to-liquid cooling system,
the dramatic difference in predicted reliability for the two cooling approaches makes sense.
Its reduced number of OEM components makes the liquid-to-liquid cooling approach
inherently more reliable.

Combined Reliability Analyses

Combining the reliability analysis results for the primary coolant loop plumbing with the
results from the analysis of the auxiliary OEM components makes it possible predict key
reliability parameter values for both the liquid-to-liquid and liquid-to-air cooling system
approaches to LC DD-PMSG cooling. Table 4.3 lists these values.

Table 4.3 Key Reliability Parameters for Complete Cooling Systems

Liquid-to-Liquid Liquid-to-Air

Failures per Year (µS) 2.4 2.4
MTTFS 0.43 years 0.43 years
MDTS 4.3 hours 4.6 hours

MTBFS 0.43 years 0.43 years
Availability (AS) 0.999 0.999

Unavailability (UAS) 1.1 × 10-3 1.2 × 10-3
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Figure 4.2 Reliability of combined auxiliary OEM components for liquid-to-liquid and liquid-
to-air coolant loops over a 30-year wind turbine life

4.2 Electromagnetic Characteristics of an LC DD-PMSG (Pub 3)

Publication 3 evaluates the proposed conceptual design solution for an 8 MW LC
DD-PMSG and examines key aspects related to the design, including tangential stress,
current density, linear current density, heating factor, and generator efficiency at full and
partial load. The performance characteristics of a variable-speed wind turbine based
on the proposed LC DD-PMSG drivetrain are determined in terms of annual energy
production and load factor for a particular set of wind conditions.

Introduction

Wind turbine economics is a trade-off between expenses, the initial costs of putting a
wind turbine into operation plus its long-term operating costs, and the income from
electricity production over the life of the system. The ideal wind turbine generator should



86 4 Analytical and Experimental Evaluation of LC DD-PMSG Concept

be inexpensive to commission, operate at minimal cost for its design life, and maximize
average electricity production. The capital cost of a generator is heavily dependent on its
size, and particularly, on the amount of permanent magnet and copper materials called
for by the design. To minimize operating cost, the generator must be simple and robust
in design and construction and must function reliably. Average electricity production is
maximized when uptime and average efficiency of energy conversion are maximized.

Electrical machine efficiency is determined by several independent factors such as type,
size, operating speed, loading, materials, and operating regime; so there is no single
efficiency for any particular generator. Hydroelectric generators have efficiencies of
approximately 95%. Wind turbine DD-PMSG efficiencies usually range from 94 to 95%.
Both generator types are typically low-speed machines featuring short, but relatively large
diameter rotors.

The proposed LC DD-PMSG is also a low-speed machine; however, it develops higher
tangential forces in the air gap making it possible to dramatically reduce rotor diameter
and overall generator size. When optimized for minimal mass, the predicted peak load
efficiency of an LC DD-PMSG is approximately 93%. While this efficiency may seem
slightly lower than those offered by traditional DD-PMSGs, the LC DD-PMSG offers
excellent partial load efficiencies, which results in better overall electricity production
in wind energy applications. Since the LC DD-PMSG is significantly smaller and less
massive, it offers lower capital, logistics, and installation costs, which makes it a more
economic wind turbine drivetrain solution.

Tangential Stress and Copper Mass in an LC DD-PMSG

If the radial flux and stator linear current densities in an electrical machine are sinusoidal
and exactly in phase, then the average value of the tangential stress in the air gap σtan can
be expressed as follows.

σtan =
BpeakA
√

2
(4.13)

Bpeak is the peak air gap flux density of the working harmonic. It represents the magnetic
load. A is the root mean square value of linear current density fundamental. It represents
the electrical load.

Writing the equation for machine torque τ in terms of tangential stress and rotor diameter
d shows that output torque is proportional to tangential stress, the cube of the rotor surface
diameter, and the ratio of rotor active length to rotor diameter l/d.

τ ∝ σtan (l/d) d3 (4.14)
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Total generator mass mgen can be approximated in terms of l/d, the average density of the
active materials ρam, and the coefficients kstr and kdia. See Equation (4.15).

mgen ∝ (l/d) kstr(kdiad)3ρam (4.15)

The structural coefficient kstr is the total mass of the generator structure divided by the
mass of the active materials, and the coefficient kdia is the ratio of the outermost active
materials diameter to the innermost active materials diameter; a measure of total active
materials thickness. For the proposed outer rotor design, kdia is the outer diameter of the
rotor’s active materials divided by the inner diameter of the stator’s active materials. The
kdia needed is a function of the number of rotor pole pairs. A machine with fewer pole
pairs requires a larger kdia. Increasing the number of pole pairs permits using a smaller
kdia. As the number of pole pairs approaches infinity, kdia approaches one.

The ratio of machine torque to total generator mass is referred to as torque density and
represented as λτ. Torque density can be written in terms of tangential stress σtan, the
average density of the active materials ρam, and the introduced coefficients kstr and kdia,
as follows.

λτ =
T

mgen
∝ σtan

kstrk3
diaρam

(4.16)

Equation (4.16) indicates that machine torque density is proportional to tangential stress
and inversely proportional to both the average mass density of the active materials and the
coefficients kstr and kdia. The equation also reveals that machine torque density is fully
independent of rotor size, but grows rapidly as kdia values drop. Low speed electrical
generators typically have significantly more pole-pairs than do high-speed generators, so
they can be designed with substantially smaller kdia values. The use of high pole-pair
numbers in high-speed machines is limited by iron losses that increase with operating
frequency. The advantage of the low-speed, high-tangential-stress PMSG architecture in
terms of torque density is reasonably clear.

The amount of copper in the stator of a DD-PMSG influences its efficiency. In the subject
low-speed high-torque machine, Joule heating in the copper accounts for more than 85%
of total losses. The effect of copper mass on efficiency can be quantified in terms of the
product of copper linear current density A and current density J for the stator s. Referred
to as the heating factor, the expression for AJs can be written as follows.

AJs = 2Kνrσtan
1 – η
η

(4.17)

In the equation, η is efficiency, νr is the linear surface speed of the rotor, and K is a
grouping of coefficients and parameters including the winding factor of the working
harmonic kwh, the end winding factor kwe, the alternating current resistance coefficient



88 4 Analytical and Experimental Evaluation of LC DD-PMSG Concept

kR, the electromotive force coefficient kE, the electrical resistivity of the copper ρcu, and
the load angle δ. Equation (4.18) is the expression of K.

K =
kwh cos δ
ρcukRkwekE

(4.18)

Equation (4.17) reveals an interesting and important characteristic of the LC DD-PMSG.
Efficiency η and heating factor AJs are to some extent inversely proportional. That is, a
drop in the value of the heating factor represents an increase in efficiency. The units of
A and J are A/m and A/m2, respectively. Therefore, the heating factor units are A2/m3,
where m3 represents the electrical machine’s copper and tooth volume in cubic meters.
So, increasing active copper volume works to reduce the value of the heating factor, which
means that heating factor value drops with increasing copper mass. Or in other words,
machine efficiency increases with increasing copper mass.

Design Concept

The following paragraphs introduce one possible electromagnetic design for an LC
DD-PMSG. Because of the generator’s large physical size, the design is based on
segmented construction. That is, the rotor and stator are each divided into 12 identical
sectors. Each stator sector includes 12 slots for windings. Each rotor sector includes 10
magnet poles. The combined sectors of the generator comprise 144 slots and 120 poles,
i.e., 60 pole pairs.

The 12/10 slot/pole combination represents a q = 0.2 and m = 6 fractional slot winding.
The 12/10 winding configuration works at the fifth harmonic of the stator current
linkage. The design uses a double-layer (two adjacent coil sides per slot), duplex-helical,
concentrated (tooth-coil) winding geometry. The double-layer winding configuration
results in lower sub-harmonics in the current linkage distribution and shorter end windings.
The electrical machine is designed for a 6-phase electric power system. In a 6-phase
system, the 12/10 slot/pole combination offers a 0.966 operating harmonic winding factor.
Alternatively, a 3-phase (m = 3) version of the same arrangement should result in a
winding factor of 0.933. The 6-phase system utilizes copper more efficiently than the
3-phase version.

The tooth-coil conductor is extruded oxygen-free copper of rectangular cross section
with an internal coaxial stainless steel conduit to accommodate liquid coolant flow.
The rectangular shape of the cross section maximizes the amount of copper in the
windings. Each coil is formed to a minimum recommended bend radius, which establishes
overall coil width. Coil width, the number of coils, and their minimum practical spacing
determine the diameter of the stator. Correspondingly, stator diameter sets the air gap
diameter of the generator.
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Figure 4.3 is a photo of a pair of duplex-helical tooth-coils that were fabricated to
demonstrate the manufacturability of the windings concept. The coil up-bend near the
top in the photo is necessary. It makes it possible for the helical conductor winding to
step up in level, while still keeping all the coil active lengths parallel.

Stainless steel
tubing is coaxial to
copper conductor

Figure 4.3 Tooth coils fabricated to demonstrate manufacturability and cooling effective-
ness

An 18×15 mm hybrid liquid-cooling conductor was used for this proposed 8 MW design.
The outer and inner diameters of the internal coaxial 316 stainless steel tubing are 7 and
5.5 mm, respectively. Each tooth coil is 72 mm wide. With practical spacing, the array of
144 coils results in a minimum possible generator air gap diameter of 7 m.

An optimization algorithm using the direct search method and targeting minimization of
copper, permanent magnet, and iron masses was applied to define initial target values for
generator diameter, active length, and number of conductors per slot. Electromagnetic
performance was predicted using a methodology proposed by Pyrhönen. Thermal
performance evaluation was carried out via the procedure described by Holman.
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Table 4.4 lists the key specification values established for some of the most important
generator design parameters.

Table 4.4 Key LC DD-PMSG Initial Specification Values

Rated Power 8 MW Conductors per Slot 20
Rated Speed 11 rpm Copper Mass 8.1 t

Line-to-Line Voltage 3.3 kV Magnet Mass 4.5 t
Number of Phases 6 Generator Mass 92 t

Tangential Stress 80 kPa Copper Losses 550 kW
Stator Length 1.15 m Total Losses 651 kW

Air Gap Diameter 6.93 m Electrical Efficiency 92.6%

Tooth Coils Prototype

To demonstrate the proposed LC DD-PMSG liquid-cooling technology, a pair of helical,
double-layer, non-overlapping, tooth-coil windings were fabricated from a solid copper
conductor surrounding an internal coaxial coolant conduit of type 316 stainless steel. See
the previous Figure 4.3. The hybrid liquid-cooling tooth coils were fitted into a section of
bound laminations and plumbed into the primary side of an instrumented closed-loop dry
cooling system. Fabricating the hybrid tooth coils verified their manufacturing feasibility.
Running the loop demonstrated the effectiveness of the internal coaxial coolant conduit
liquid-cooling approach. ECOCUT HS PAO heat transfer fluid was the coolant used for
the primary loop. Figure 4.4 is a photograph of the prototype cooling loop.

Electrically, the pair of tooth coils was connected in series. A variable frequency 550 Hz
synchronous generator supplied 100 A current to the tooth coils to induce Joule heating.
The high frequency was used to induce more losses in the coils, because a 1000 - 2000 A
low-frequency source was not available. Coolant liquid fed into and out of each tooth
coil via a parallel connection to a coolant manifold. Coolant temperature, pressure, and
fluid mass flow sensors were positioned to monitor inlet and outlet coolant conditions.
Three 100Ω platinum resistance temperature detectors for each coil measured copper
temperature at the inlets, the outlets, and at the coil midpoints.

To evaluate the cooling performance of the hybrid liquid-cooling tooth coils, electrical
power was applied to the prototype with coolant flowing through each coil at 2 l/min. The
system was allowed to heat up for several hours until temperatures reached a steady state.
Once at steady state, data recording was triggered. Figure 4.5 shows the temperatures
recorded over a 5-hour time period. All the temperature measurements read approximately
40◦C for the first 4 hours. From Figure 4.4, the left and right coils are designated Coil A
and Coil B, respectively.
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Figure 4.4 Prototype primary coolant loop with duplex tooth coils - (1) tooth coil,
(2) galvanically isolated coolant manifold, (3) coolant reservoir, (4) pump, (5) heat
exchanger, (6) filter, (7) flow transducer, (8) pressure transducer, (9) thermocouple,
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Figure 4.5 Temperature measurement results over 5-hour period
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At 4 hours, the pump was turned off to stop coolant flow. As expected, copper tem-
peratures began to rise rapidly, and coolant temperature began to drop over the next 45
minutes. The pump was then turned back on. As the figure shows, copper and coolant
temperatures almost immediately returned to the area of 40◦C.

Power, Partial Load Efficiencies, and AEO for 8 MW LC DD-PMSG Design

To demonstrate the performance of this particular 8 MW LC DD-PMSG design in a wind
turbine application, its AEO and load factor were calculated using published North Sea
wind data.

Turbine generator power Pgen depends on how much wind is driving through the main
rotor blades. This power can be expressed in terms of wind speed νair and rotor blade
radius rrb as follows.

Pgen =
1
2
ρairπr2

rbν
3
airCP(λrb,βrb) (4.19)

In the equation, ρair is the air density, and CP is the dimensionless rotor power coefficient,
which is a function of the tip speed ratio λrb and blade angle βrb of the rotor blades.

By employing a control strategy reported by Hansen, wherein the frequency converter
directly controls generator speed, several operating regions for a direct-drive wind turbine
can be defined based on incoming wind speed, rotor speed, and wind turbine mechanical
power. The family of curves presented in Figure 4.6 illustrates how generator power
varies as a function of rotor speed for a number of wind speeds and corresponding blade
angles.

Between points A and B, main rotor speed increases linearly. At point B, the rotor blades
reach their maximum allowable speed of rotation, which corresponds to a tip speed of
90 m/s. From that point on, rotor blade speed is held constant.

The electrical power produced by a wind turbine is the product of the mechanical power
extracted from the wind and the efficiency of the generator. Generator efficiency varies
with load, so partial load efficiencies must be used to determine total wind turbine energy
production over time with respect to varying wind conditions. Figure 4.7 is a map of
generator efficiency as a function of main rotor torque and speed. The torque-speed
characteristics of the proposed LC DD-PMSG design are shown by the bold black curve.
As the curve indicates, the efficiencies for a direct-drive machine are good at lower rates
of rotation: above 95% below 9 rpm.
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Figure 4.7 Efficiency map for proposed 8 MW LC DD-PMSG concept
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The average wind speed for North Sea coastal waters at heights greater than 30 m above
sea level is approximately 9 m/s.

Wind speed distributions are commonly modelled using Weibull and Rayleigh probability
density functions. In this case, a Weibull shape parameter value of 2.17 and a Rayleigh
scale parameter value of 10.6 were selected to represent North Sea winds. The average
power available from the wind turbine was estimated by integrating the product of
generator power output at each wind speed by the probability of occurrence of that wind
speed.

Figure 4.8 shows the resulting distribution of wind energy content superimposed on the
Weibull wind speed distribution. The figure also shows power output as a function of
wind speed for the 8 MW LC DD-PMSG.
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Figure 4.8 Wind speed versus Weibull probability distribution, power curve for 8 MW
LC DD-PMSG, and wind energy content

To calculate AEO, total average generator output power was multiplied by the number
of hours per year that the wind turbine operates assuming 97% uptime. For this
proposed 8 MW LC DD-PMSG design, the estimated AEO is 33.8 GWh. Because the
LC DD-PMSG design offers higher partial load efficiencies, wind turbine drivetrains
based on the architecture offer higher annual energy output.
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4.3 Optimal EM Geometries for an LC DD-PMSG (Pub 4)

Publication 4 describes the development of a simple MATLAB®-based algorithm that
employs a direct search method with variable step size to define, based on performance
requirements, the basic parameters needed to begin the design of an LC DD-PMSG
optimized for minimum material cost and mass. The output, combined with an existing
set of LC DD-PMSG design guidelines, makes it possible to converge quickly on an
appropriate initial electromagnetic geometry.

Introduction

Establishing the optimal initial geometries for an electrical machine is complicated by a
large number of unknowns, by the nonlinear relationships between electrical machine
parameters, and by the practical need to use readily available and cost effective materials
and material sizes. To minimize capital costs, the primary optimization objective is
to minimize the cumulative masses of the permanent magnet materials, the windings
copper, and the electrical steel. The objective function for this optimization is nonlinear.
Ultimately, therefore, deciding on optimal initial geometries depends on the experience
and judgment of the lead engineer.

Seeking to simplify initial design specification steps, a simple MATLAB®-based algo-
rithm was developed to set, within specific electromagnetic, thermal, and manufactura-
bility constraints, the most appropriate air gap diameter, active length, and number of
conductors per slot from which detailed LC DD-PMSG design development work can
begin for a particular solution. The algorithm is based on a direct search method that
allows variable step size.

Basic LC DD-PMSG Design

The proposed LC DD-PMSG architecture uses concentrated non-overlapping tooth-coil
windings. The tooth-coil conductor has a rectangular cross section and includes an internal
coaxial stainless steel conduit to accommodate liquid coolant flow. The electromagnetic
architecture is based on a 12/10 windings configuration. Figure 4.9 illustrates one
configuration of a duplex-helical LC DD-PMSG tooth-coil winding.

This winding type imposes practical geometry limitations. The width of the coil is
determined by the acceptable minimum bending radius of the copper conductor, which is
itself determined by the width of the copper cross section. The minimum diameter of the
LC DD-PMSG stator is then a function of coil width and the total number of coils needed.
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Figure 4.9 Connection end of an LC DD-PMSG tooth coil

Some initial requirements must be set to begin the process of determining an optimal
electromagnetic geometry for an LC DD-PMSG architecture. For the example here, the
requirements were as follows.

Table 4.5 Initial Requirements for LC DD-PMSG Design

Power 8 MW
Speed 11 rpm

Line-to-Line Voltage 3.3 kV
Number of Poles 120
Rated Frequency 11 Hz
Number of Slots 144

Constraints and Objective Function

A set of constraints was established for the optimization algorithm to bound the number of
possible solutions. A maximum temperature of 80◦C and a maximum total pressure drop
of 2 bar (200 kPa) were set for the liquid coolant in the primary loop. Staying below these
maximum values improves reliability. Because generator efficiency drops continuously
with increasing tangential stress, a lower limit of 92% was set for generator efficiency.
Also for reliability assurance, a minimum torque overload capability of 130% of rated
torque was established as a constraint. Finally, a minimum power factor of 0.7 was set to
ensure reasonable converter overhead.

The objective function for the optimization algorithm calculates the total masses of the
active copper mcu, the permanent magnet material mpm, and the active and inactive
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steel mfe. The steel calculation assumes the mass of inactive structural steel is 35% of
the sum of the active steel and active copper masses. This percentage was estimated
by reviewing the inactive-to-active steel ratios for actual full size generator design models.

Algorithm Description

The optimization goal for the algorithm is to minimize active masses. Mass values are
determined numerically from LC DD-PMSG models. Generator electromagnetic design
is guided by the methodology proposed by Pyrhönen. Thermal performance is estimated
using the procedure presented by Incropera. Figure 4.10 is a flowchart detailing the
decision steps for the optimization algorithm.

In box 1 of the flowchart, the two design variables are electromotive force factor kE
and stator length ls. For each iteration j, only one of the two design variables is changed.
The expression n = [1, 2] indicates the order number of the design variable that changes.
The expression n(1) = 1 indicates that kE is changing, and ls remains fixed; and n(2) = 2
indicates that ls is changing, while kE remains fixed. The starting design variable values
are γini =

[
kE,ini, ls,ini

]
. The expression ∆ = [∆kE,∆ls], defines the discretization step

size for each design variable. The variable α ∈
[
αmin, 1

]
is a decreasing scaling factor

(for kE or ls), with αmin being the minimum value of α. Once α = αmin, the algorithm
stops iterating. The variable m∗ represents the objective function for each iteration, which
is the total active mass of magnet material, copper, and steel.

In 2 ,the value of ∆(n) is scaled for each iteration, that is, ∆(n)new = ∆(n)old × α.
To begin, α = 1. For each iteration j, the design variable is calculated at three different
points ξ(i = 1, 2, 3). The second point ξ(2) refers to the current value ξ(2) = γ(n) of the
design variable. The first ξ(1) and third points ξ(3) are equal to the ξ(3) = γ(n) – ∆(n)
and ξ(3) = γ(n) + ∆(n) of the changing design variable.

In 3 , calculations are carried out to determine geometric dimensions, electromagnetic
parameters, liquid-cooling parameters, and the mass objective function for the three
values of the subject design variable ξ. Conductor cross section, slot wedge height,
the basic windings configuration, inlet coolant temperature, allowable flux densities in
the electrical steels, insulation thickness, air gap diameter, air gap, effective permanent
magnet width, and the number of conductor per slot width are all held constant.

Initial air gap diameter d is set arbitrarily as a multiple of the base width wcu of the copper
conductor, that is, dini = 385 × wcu. Air gap is kept at its minimum practical value;
0.125% of air gap diameter. Effective permanent magnet width wpm is held constant at
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n = [1, 2] - order number of design variable;
n(1) is the initial value for the 1st iteration; ∆ini = [∆kE,∆ls];

∆ = ∆ini inital discretization step sizes;
γ ini =

[
kE,ini, ls,ini

]
starting values of design variables;

α ∈ [αmin, 1]; αmin = 0.01; α = 1 initial value;
m∗

1 = 0 is the first value of total active mass;
j represents an iteration cycle

∆(n)new → ∆(n)old × α
Calculation points i = 1, 2, 3 at

ξ = [γ(n) – ∆(n), γ(n), γ(n) + ∆(n)]

Analytical calculation for PMSG: geometric dimensions,
Electromagnetic parameters, water-cooling parameters,

and the objective function
m (ξ(i)) = mpm (ξ(i)) + mfe (ξ(i)) + mcu (ξ(i))

Tout (ξ(i)) ≤ 80◦C
∆P (ξ(i)) ≤ 2 bar
η (ξ(i)) ≥ 92%

τmax (ξ(i)) /τgen ≥ 1.3
cos ζ (ξ(i)) > 0.7

m∗
j = min (m (ξ(i)) 6= 0)

m∗
j ≥ m∗

j–1
n = n(2)

m∗
j < m∗

j–1

m∗ = m∗
j

α = 1; n = n + 1
∆ = ∆init
γ = γj

n = n(2)

n = n(1) n = n(2)

j = j + 1

Delete i iteration

m∗ = m∗
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Figure 4.10 Iteration logic flow for the MATLAB® tool optimization algorithm
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a fraction of pole pitch: bpm = 0.8× τp. There are four conductors across the width of
each slot, representing double-layer, duplex-helical coils.

In 4 , the analytical results are checked with respect to the following given set of
constraints. Maximum coolant outlet temperature Tout must not exceed 80◦C. Maximum
total pressure drop ∆P must not exceed 2 bar. Efficiency η must not drop below
92%. Maximum generator torque at constant speed must at least 130% of generator
rated torque (τmax(ξ(i))/τgen ≥ 1.3). And, minimum power factor cos ζ must remain
above 0.7. Failure of any of the conditions in 4 removes the iteration from further
consideration 11 .

In 5 , the design variable value ξ(i) that yields the minimum resultant value for the
active mass objective function m∗ for iteration j under the given set of constraints is
selected.

In 6 , if the objective function value m∗
j is greater than the value for the previous iteration

m∗
j–1, and if the order number of the design variable is n = n(2), meaning there have been

two successive iterations for both design variables, then the algorithm moves to step 7 .
Otherwise, the algorithm moves to step 12 .

In 12 , if the objective function has decreased, the algorithm moves to 13 . Otherwise,
the algorithm moves to 15 .

In 13 , the scaling factor α is set to 1, the order-number-counter n is incremented, and
the discretization step size is set to its initial value ∆ = ∆ini. The starting values for the
two design variables set for the next iteration are set to the final values from the current
iteration γ = γj.

In 14 , if the order number is n = n(2), meaning there have been two successive iterations
for both design variables, then it is reset to n = n(1). Otherwise, the order number is set
to n = n(2). Then, the algorithm increments the iteration-counter j and starts the next
iteration 10 .

Step 15 takes place when the objective function did not change for two successive
iterations. The scaling factor α is left unchanged, and the order-number-counter is
toggled to n = n(2). The starting values for the two design variables are set equal to
the values from the previous iteration γ = γj–1. Then, the algorithm increments the
iteration-counter j and starts the next iteration 10 .
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In 7 , the scaling factor is tweaked slightly (α = α× 0.99). This decision to emphasize
"search in depth" rather than "search in breadth" is because it is not possible to specify
exactly which minimum value of ∆(n) must be set for a specific design variable. The
order number is reset to n = n(1), and the starting values for the design variables are set
equal to the values from the previous iteration γ = γj–1.

In 8 , if the scaling factor value remains greater than its preset minimum (α ≥ αmin), the
algorithm increments the iteration-counter j and starts the next iteration 10 . Otherwise,
the algorithm moves to final step 9 , which indicates that optimum values for design
variables kE and ls have been determined.

Case Study

The optimization algorithm was used to determine the initial design parameters for an
example LC DD-PMSG configuration based on the initial requirements of previously
presented Table 4.5. Additionally, the example configuration included 12 equal machine
sectors with 6-phase stator windings. The air gap diameter was set to 6.93 m and hybrid
liquid-cooling conductor cross-sectional dimensions of 18× 15 mm with a 5.5 mm inner
conduit diameter were chosen as appropriate for an 8 MW machine.

The algorithm was initialized with discretization step sizes for the electromotive force
factor and stator length of ∆kE = 0.1 and ∆ls = 0.1, respectively.

It took 9132 iterations and a total computation time of approximately seven minutes for
the algorithm to arrive at a solution. The resultant values for load factor and stator length
were 0.8 and 1.1 m, respectively. Resultant copper, magnet, and steel masses were 9.2,
3.6, and 31 tonne. Predicted efficiency was 92%, and copper losses were 580 kW.

Figure 4.11 shows how the calculated total mass and tangential stress values evolved
during the iteration process.

To verify the efficacy of the algorithm results, a numerical simulation was carried out
using the commercial finite element software CEDRAT Flux 2D. The copper losses
calculated by Flux 2D were 620 kW at the rated point compared to 580 kW predicted by
the algorithm. The root mean square value of induced voltage at no-load was 1500 V
resulting in an electromotive force factor of 0.79, which compares to the algorithm
predicted value of 0.8. Flux 2D predicted internal conductor temperatures did not
exceed 80◦C.
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Figure 4.11 Total mass and tangential stress evolution during optimization algorithm
iteration

In general, there was good agreement between the algorithm and Flux 2D results, and
the slight differences can be attributed to some analytical simplifications made to the
algorithm calculations to speed up computation. The algorithm seems to be effective in
quickly establishing optimal initial geometries.

4.4 Mechanical Behaviors for the Wheel Structures (Pub 5)

Publication 5 examines the mechanical performance aspects of the unique wheel structures
designed into the proposed LC DD-PMSG concept. The dominant forces are the magnetic
attraction forces that act radially and the torque forces that act tangentially between rotor
and stator. The stator and rotor wheel structures must withstand these large forces and
maintain a constant and uniform rotor-to-stator air gap. Wheel structure design for a
large PMSG is more about managing deformation than about limiting stresses. The
slanted spoke and rim architecture of the wheel structures promises to provide adequate
rotor-to-stator air gap management without all the extra steel.
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Introduction

A key limitation of the DD-PMSG architecture for wind turbine applications is excessive
size, weight, and material costs. At and above the 5 MW level, DD-PMSGs based on
traditional concepts become too large to be economically viable. The direct-drive annular
generator used in the 7.6 MW Enercon E-126 wind turbine, for example, is 12 m in
diameter and 220 tonne in mass. To continue the current trend towards direct-drive wind
turbine drivetrains, generator diameters should be kept below 8 m, and generator masses
should be kept below 100 tonne.

Structurally, a generator is a pair of concentric wheels. In a DD-PMSG, the stator and
rotor wheel structures must work together to resist large permanent magnetic attraction
forces and large tangential electromotive forces. At the same time, the wheels must
be dynamically stable. Particularly, as generator diameter becomes larger, dynamic
response becomes more of an issue. For the structural designer, managing static structural
deformation and dynamic performance while keeping internal stresses within safe limits
are primary objectives.

This publication presents a novel concept for a lightweight stator wheel structure based
on a slanted spoked-wheel architecture composed of layered sheet-steel elements. The
geometry of the structure helps to manage both static and dynamic performance. The
layered sheet-steel construction improves manufacturability and dynamic behavior.

A static structural analysis was carried out to demonstrate how the lightweight wheel
structure responds to predicted tangential and radial forces. A numerical modal analysis
predicted vibration characteristics. Finally, an EMA using a laser vibrometer validated
the results of the numeric modal analysis. The actual size of the subject stator structure,
which is 6.5 m OD, prohibited building a full-scale prototype, so a quarter-scale prototype
was designed and built for the EMA.

Once the model had been validated, a second numerical modal analysis was carried out
to predict the dynamic behaviors of a full-scale stator wheel structure.

Conceptual Design

A detailed description of the LC DD-PMSG conceptual design was previously presented
in Subsection 3.2 of this dissertation. One can also be found in the full text of Publica-
tion 5.



4.4 Mechanical Behaviors for the Wheel Structures (Pub 5) 103

Radial and Tangential Forces

A prediction of the radial and tangential forces acting upon the stator wheel was needed
to carry out the static structural analysis. An electromagnetic FE analysis was carried out
using CEDRAT Flux 2D to determine the electromagnetic forces for a 30° segment of
an 8 MW LC DD-PMSG. The outputs of the FE analysis were the resultant radial and
tangential components of flux density under rated load in the air gap as a function of rotor
position.

The radial and tangential electromagnetic forces calculated from these equations are
presented in Figure 4.12. The values predicted at rated load using the Maxwell stress
method for the radial and tangential forces averaged over a single 30° segment were
Frad = 492.5 kN and Ftan = 169.3 kN, respectively.
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Figure 4.12 Calculated electromagnetic forces for an 8 MW LC DD-PMSG under rated load

The rotor of the proposed LC DD-PMSG has 120 magnetic poles and the rated rotor
speed is 11 rpm, so the fundamental electrical frequency is 11 Hz.

The two frequencies of excitation relevant to wheel structure vibration response are the
radial excitation frequency of 22 Hz, which is the result of the 120 magnetic poles of
the rotor pulling radially on the stator teeth, and the torque cogging torsional excitation
of 66 Hz, produced by the sixth harmonic of the fundamental machine frequency. For
optimum dynamic performance, the natural radial vibration frequencies of the full-scale
generator wheel structures should be at least 25% above 22 Hz or greater than 27.5 Hz,
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and the natural torsional vibration frequencies should be at least 25% above 66 Hz or
greater than 82.5 Hz.

Static Structural Analysis

A static structural analysis was carried out on a simplified FE model of the full-scale
stator structure using ANSYS® Workbench® v15.0. The model was constructed in
SolidWorks®, and then imported into ANSYS®. The axle was fixed, and the predicted
radial and tangential forces were applied. Figure 4.13 shows the meshed model.

Figure 4.13 Meshing of lightweight stator structure simplified for static structural analysis

The FE-model of the wheel structure was meshed with solid tetrahedral elements using
program-controlled course meshing. Convergence was ensured by repeating the analysis
with finer mesh sizes. The specific solid elements included SOLID186 and SOLID187.
Contact between elements was defined using CONTA174 and TARGE170. There were
494,039 elements with 3,024,795 degrees of freedom.
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Figure 4.14 illustrates the radial and circumferential deformations predicted for the
lightweight stator structure when subjected to the outward magnetic forces and the
clockwise tangential forces.

A: Static Structural
Type: Directional Deformation
Polar Coordinate System
Radial Deformation
Unit: mm
Min: 0.036

A: Static Structural
Type: Directional Deformation
Polar Coordinate System
Torsional Deformation
Unit: mm
Min: -2.6

Figure 4.14 Radial deformation (left) and circumferential deformation (right) of lightweight
stator structure showing maximums of 0.04 mm radial and 2.6 mm circumferential

As the figure illustrates, the stator wheel structure performed as expected. In the left
image, the 0.2 mm radial deformation (orange) of the spoke end region near the rim
indicates that the spokes are moving inward. The maximum outward radial deformation,
which occurs on the outer diameter of the stator segment body, is shown to be a negligible
0.04 mm. The image on the right in the figure shows the stator segment bodies moving
2.6 mm circumferentially in the clockwise direction. A peak stress of 99.6 MPa was
predicted. It occurs in the fillet where the axle and wheel flanges meet. Elsewhere in the
structure, the stresses are relatively low.

Vibration Characteristics of Quarter-Scale Wheel Structure

To understand the dynamic performance of the proposed wheel structure concepts, the
normal modes and natural frequencies that define the structure’s vibration characteristics
must be evaluated. A simplified numerical model is needed that can predict these
characteristics, and the numerical model must be verified.
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A quarter-scale layered-sheet-steel stator wheel structure was designed, fabricated, and
assembled. Its radial vibration characteristics were measured using a laser vibrometer.
Next, a simplified numerical model of the same quarter-scale structure was developed,
and a modal analysis was carried out using ANSYS®.

Figure 4.15 is a composite photograph showing the assembled stator wheel structure and
the zinc-iron coated, sheet-steel elements used to assemble it. The wheel comprises two
pairs of spoked wheel faces connected by a circular array of threaded rods. The wheel
faces are stacked circular arrays of the sheet-steel elements. Each new layer of arrayed
sheet-steel elements is oriented 15° from the previous, so the seams between elements
are staggered as shown on the right in the photo. HDPE polymer spacers sit between the
spoke layers of each wheel-face pair. Interior braces cross diagonally from the near to far
sides of the structure for axial rigidity.

Threaded Rod

Sheet-Steel
Elements

Interior Brace

HDPE Polymer
Spacer

Figure 4.15 Quarter-scale layered-sheet-steel wheel structure used for the EMA to verify
the simplified numerical model

Figure 4.16 shows the EMA setup used to take radial vibration measurements. The setup
comprises a Bruel & Kjaer 4814 modal exciter, a Polytec PSV-500 scanning vibrometer,
and the analyzer, a Polytec OFV-5000 vibrometer controller.

The EMA system was configured to measure vibrational velocity and displacement. Both
the exciter and the wheel structure were hung from above to simulate a free-free constraint.
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Bruel & Kjaer 4814 modal exciter

Polytec PSV-500 scanning
vibrometer

Figure 4.16 EMA radial measurement setup used to develop modal model for prototype
wheel structure

The modal exciter pulsed the wheel structure with a pseudo-random signal within the
excitation frequency range of 0-to-800 Hz. Ninety-five scanning points were measured
using a complex average of three, and the sampling rate for the measurement was 2 kHz
with 1600 fast Fourier transform lines.

The Scanning Laser Doppler Vibrometer (SLDV) measurement procedure and subsequent
data processing produced a frequency response function plot relating velocity magnitude
to frequency. Figure 4.17 shows the relevant range of frequencies of the plot for the radial
SLDV measurements. The first five radial vibration mode peaks have been tagged. They
occur at 270, 291, 304, 318, and 332 Hz, respectively.

Vibration measurement signals usually include noise. Superimposed onto the measure-
ment signal, this noise results in a level of uncertainty in the extracted modal parameter
data. Taking the average of several measurement samples is one common method used to
minimize the uncertainty. This method was employed here. The Polytec software offers
averaging in the time domain or in the frequency domain. In the frequency domain, a
preset number of serial time traces are gathered. Using FFT, a spectrum is calculated for
each time trace. Then, averaging all the values derived at each frequency produces an
averaged spectrum. For the time domain, an averaged spectrum is produced in the same
way.
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Figure 4.17 Measured radial vibration of the stator wheel structure presented as a
frequency response function plot showing the first five modes

Uncertainties may also arise in SLDV measurements if the laser beam is not properly
aligned to the tested structure. To minimize these uncertainties, scan points are defined
on the video image of the measurement plane to enable video triangulation, also known
as two-dimensional and three-dimensional alignment. Laser beam positioning precision
increases as a function of the number of scan points. Furthermore, precision increases if
the video image occupies the entire measurement area of interest. Both the number of
scan points and the video image were optimized to minimize uncertainty.

A simplified numerical model was constructed to carry out the modal analysis to predict
the vibration characteristics of the prototype wheel structure. Nonlinear effects resulting
from, for example, fastening methods were ignored. Linear elastic behavior was assumed
for the wheel structure materials.

The two layered-wheel-face pairs, comprising the slanted spokes and wheel rims, were
meshed as SHELL181 elements. All other structural components were meshed with
SOLID186 and SOLID187 elements. The model mesh consists of 211,181 total elements
with 2,336,571 degrees of freedom. To facilitate the connection of these element types and
varying degrees of freedom, a bonded contact with a multi-point constraint formulation
is used. The formulation helps to couple translational DOF from the solid surfaces to
the rotational DOF of the shell edges. A free-free boundary constraint was applied.
Surface-to-surface contact, CONTA174 elements and TARGE170 segment elements,
were implemented on the solid element interfaces.

The modal analysis solution revealed four distinct radial vibration modes at 301, 310,
320, and 333 Hz, respectively. Their shapes correspond to radial modes 2, 3, 4, and 5.
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There was good agreement between the measured and predicted results indicating that
the numerical model represents a good tool for predicting basic vibration behavior. See
Figure 4.18.
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Figure 4.18 Correlation of predicted versus measured frequencies for radial vibration

Vibrations of Full-Scale Wheel Structure

The numerical model was adapted to carry out a modal analysis of the full-scale version
of the stator wheel structure. The analysis solution did not predict any torsional vibration
modes; however, it did identify radial vibration modes 2, 3, 4, and 5 at 111, 129, 150,
and 177 Hz, respectively. Figure 4.19 illustrates the radial modes. The critical radial
excitation frequency for this wheel structure is 22 Hz, so the minimum radial modal
frequency should be greater than 27.5 Hz. There seems to be a substantial margin of
safety.

The modal analyses revealed that most of the low-frequency vibration modes are axial.
The layered sheet-steel element construction of the proposed wheel structure concept
increases damping in the axial direction. Although there is theoretically no axial excitation,
further work should be carried out to postulate any possible deleterious effects of the
axial vibration frequencies and identify possible solutions.
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Radial Mode 2
Freq: 110.91 Hz

Radial Mode 3
Freq: 128.60 Hz

Radial Mode 4
Freq: 15 0.14 Hz

Radial Mode 5
Freq: 176.87 Hz

Figure 4.19 Radial vibration modes 2 through 5 and their respective frequencies (111, 129,
150, and 177 Hz) predicted for the full-scale stator wheel

4.5 Thermal Design and Analysis of the Concept (Pub 6)

Publication 6 examines the steady-state thermal behaviors of the proposed 8 MW LC
DD-PMSG concept using three different analytical methods: finite element, computational
fluid dynamics, and lumped parameter thermal network. Predictions are made using each
of the thermals models and the results are compared. The influence of passive air cooling
of the rotor surface magnets can be seen from the CFD thermal analysis results.

Introduction

For very high Maxwell stress permanent-magnet generator architectures, traditional air-
cooling methods are not adequate, because forced-air cooling cannot cope with the higher
levels of internal heating that develop at the higher stresses due to inherent generator
inefficiencies. Without a more effective cooling method, rotor magnet temperatures can
quickly exceed safe operating levels. One very effective thermal management method is
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to liquid cool the stator windings. The much cooler windings make active cooling of the
rotor’s surface magnets unnecessary.

This publication examines the thermal behaviors of an 8 MW example of the proposed
LC DD-PMSG architecture via both analytical and finite element method simulations.
Thermal models are developed and analyses are carried out based on FE, CFD, and LPTN
methods.

Generator Cooling System

The subject LC DD-PMSG is an 8 MW low-speed three-phase synchronous generator
with an internal rotor and external stator comprising double-layer, duplex-helical, con-
centrated tooth-coil windings and laminated electrical steel. The rotor has permanent
magnets on the outer diameter surface. Rated speed, torque, and line-to-line voltage
are 11.8 rpm, 6.5 MNm, and 787 V, respectively. Based on a 12/10 slot/pole winding
configuration, the generator has 144 slots and 60 magnetic pole pairs. It uses 144 tooth
coils.

In operation, the main internal heat sources are the copper and electrical steel losses.
Copper losses dominate, because of the high electrical winding currents used to develop
the required tangential stresses.

Table 4.6 summarizes the key geometries and the applied heat sources for the analyzed
LC DD-PMSG configuration.

Table 4.6 Key Parameters of Subject LC DD-PMSG

Geometry (mm) Heat Sources (kW)

Stator OD 7600 Stator Windings 425
Air Gap Diameter 5900 Stator Steel 14.5

Air Gap 7 Permanent Magnets 25
Stator Length 1700 Rotor Steel 1.5
Magnet Size 133 × 30 Additional 40

Slot Size 63 × 122

The tooth-coil design features a solid copper conductor with a 15× 15 mm cross section
that surrounds an internal coaxial liquid cooling conduit with a 5.2 mm flow diameter.
The 144 individual tooth coils that comprise the generator windings are integrated into
the primary liquid cooling loop as 144 parallel cooling circuits of 45 m total length. The
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coolant assumed for the analyses is deionized water with an cold temperature of 40◦C
and a 1 m/s volumetric flowrate. Cooling of the rotor magnets is passive.

FE Thermal Analysis

A steady-state finite element thermal analysis was carried out using CEDRAT Flux 3D.
Because the LC DD-PMSG generator geometry is cyclically symmetric, only a 2.5° slice
(1/144) of the generator was modeled. The FE model slice includes the stator frame,
stator yoke, stator teeth, slot wedge, active windings, end windings, insulation, rotor yoke,
rotor magnets, and air gap. The mesh used to determine the numerical solution consisted
of 57,300 nodes, 122,000 surface elements, and 303,000 volume elements.

Both uniform and non-uniform thermal conductivities were used to model the solid
materials. The laminated yoke, for example, was modeled using non-uniform conductivity.
The stator slot comprised 24 insulated conductors with internal coaxial stainless steel
conduits filled with deionized water. The thermal conductivity of the winding conductors
was estimated using Maxwell’s formula for a two-phase solid-to-solid mixture. The air
gap was defined as solid air with exaggerated thermal conductivity, a technique based on
Ball’s experimental results to account for added heat flow due to convection.

Because the rotor spins, accounting for convection at the rotor and stator ends was more
complicated. Empirical formulations proposed by Gerlando and by Kylander were used to
define forced convection at the end surfaces. Natural convection to ambient was assumed
outside the motor frame.

The stator copper temperature of 80◦C and the convection coefficients on the rotor and
stator end surfaces were defined as boundary conditions. Figure 4.20 illustrates the FE
analysis predicted temperature field for the LC DD-PMSG.

CFD Thermal Analysis

A computational fluid dynamics analysis of the LC DD-PMSG design was carried out
using COMSOL Multiphysics®. A CFD analysis can determine internal fluid flows. This
makes it possible to predict temperature distributions without empirical equations to
define the convection heat transfer coefficients. The CFD model of the LC DD-PMSG
represented a 20° slice (1/18) comprising the stator yoke, stator windings, slot wedge, air
gap, rotor electrical steel, rotor magnets, support structure, and rotor shaft. All generator
components were modeled as hollow cylinders. The mesh consisted of 61,899 boundary
elements and 203,745 tetrahedral elements.
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Figure 4.20 Radial and axial temperature distribution of LC DD-PMSG from FE analysis

Heating was introduced in the stator yoke, stator windings, air gap, permanent magnets,
and rotor electrical steel. The laminated electrical steels of the stator and rotor were
modeled using non-uniform thermal conductivities. The thermal conductivities of the
insulated stator-winding conductors and embedded stainless steel conduits were also
non-uniform. Convection at the axial ends of the rotor and stator was handled as in the
previous FE analysis. Natural convection to ambient was assumed outside the motor
frame.

Figure 4.21 illustrates the CFD predicted temperature field for the subject LC DD-PMSG.
The stator copper temperature was set to 80◦C, and the rotor speed was set to 11.8 rpm.
The COMSOL conduction and convection modes were used to carry out the analysis.

LPTN Analysis

A lumped-parameter thermal network analysis of the LC DD-PMSG design was carried
out using a PTC Mathcad® engine. LPTN analysis is based on dividing the system into
discrete (lumped) components represented by nodes arranged in a series/parallel network
of conduction and convection resistances.
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Figure 4.21 Temperature distribution of LC DD-PMSG from the CFD Analysis

For this analysis, the stator frame, stator yoke, stator teeth, stator windings, air gap,
rotor yoke, rotor magnets, shaft, support structure, structural air cavities, and end-cap
air volumes were modeled as lumped parameters. The hybrid tooth-coil windings were
broken down into active windings, end windings, and coolant.

All nodes were assumed isothermal and thermally symmetric in the radial direction.
Heat propagation was assumed to be in the radial and axial directions. Heating was
defined with a vector combining all losses. Cooling was defined with a cooling matrix of
coolant-to-node thermal resistances.

Figure 4.22 shows the equivalent network model developed for the subject architecture.
Table 4.7 lists and describes each of the included LPTN resistances.

Comparison of Analysis Results

Table 4.8 summarizes the maximum predicted temperatures of the major components
of the subject LC DD-PMSG system. These results demonstrate the efficiency of the
LC DD-PMSG cooling method. Predicted magnet temperatures are below 70◦C, and
stator windings temperatures are approximately 80◦C. With direct liquid cooling of the
stator windings, peak torque production is no longer thermally limited.
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Table 4.7 LPTN Thermal resistances

R1 from rotor yoke to ambient (radial)
R2 rotor yoke interconnections

R3, R4 between rotor magnets and rotor yoke (radial)
R5 rotor magnet interconnections

R6, R7 between rotor yoke and air gap (radial)
R8, R9 between rotor magnets and air gap (radial)

R10, R11 between tooth and air gap (radial)
R12, R13 between coils and air gap (radial)
R14, R15 between tooth and coils (radial)

R16 stator tooth interconnections
R17, R18 between coils and coolant
R19, R20 between coils and stator yoke (radial)
R21, R22 between tooth and yoke (radial)

R23 stator yoke interconnections
R24, R25 between stator yoke and air in structure (radial)
R26, R27 between shaft and air in structure (radial)
R1a, R2a between rotor yoke and end-windings air (axial)
R3a, R4a between tooth and end-windings air (axial)

R5a between coils and end windings air (axial)
R7a, R8a between end windings air and coolant (axial)

R9a, R10a, R11a between end-windings air and end windings (axial)
R12a, R13a between stator yoke and end-windings air (axial)
R14a, R15a between stator yoke air and shaft (axial)
R16a, R17a between rotor yoke air and shaft (axial)

For Cooling Matrix (not shown in figure)

Rflow fluid flow
Rgap air flow in air gap
Rstr air flow in structure

Table 4.8 Maximum temperatures predicted via thermal models

FE (◦C) CFD (◦C) LPTN (◦C)

Stator Steel 70 65 60
Stator Teeth 75 - 68

Stator Windings 82 80 78
Air Gap - - 77

Rotor Magnets 68 60 66
Rotor Steel 62 55 63

Support Structure 57 50 60
Liquid Coolant - 40 41
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Figure 4.22 Lumped-parameter thermal network model for subject LC DD-PMSG

The LPTN analysis method is excellent for making preliminary determinations of
temperature distribution in the LC DD-PMSG architecture. The FE and CFD thermal
analysis approaches should be considered to examine critical areas in more detail.
Moreover, CFD thermal analysis makes it possible to define cooling system parameters.
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4.6 Thermal Behavior of the LC DD-PMSG (Pub 7)

Publication 7 continues the examination of thermal behaviors for the proposed LC
DD-PMSG design. A more detailed LPTN model is developed that includes details of the
stator slot and coolant flow configuration to account for the uneven heating distribution
in those areas. LC DD-PMSG temperatures predicted by the model are compared to
those seen in existing liquid-cooled generators and against two-dimensional FE analysis
results. Next, a transient thermal analytical model is prepared to predict time-dependent
temperature distributions. Transient calculations are carried out to predict the changing
windings temperatures for overcurrent and loss-of-coolant event scenarios and for a real-
world duty cycle. Both of the analytical thermal models are validated with measurements
taken from an instrumented prototype comprising two LC DD-PMSG duplex-helical
tooth-coil windings embedded in a lamination stack and integrated within a liquid coolant
loop.

Introduction

Cooling behaviors of the proposed LC DD-PMSG design are examined using analytical
models to predict both steady state and transient temperature distributions. The three
approaches typically applied to predict the thermal performance of electrical machinery
are 1) measuring the relevant temperatures of prototype machine analogs, 2) applying
numerical methods, and 3) making calculations using a simplified mathematical represen-
tation.

However, prototyping large electrical machinery is prohibitive in terms of both cost
and time. So determining temperatures experimentally is becoming a less attractive
option. The CFD numerical approach is useful, and a number of CFD models of electrical
machines have been developed. However, CFD analysis is computationally intensive, and
the approach becomes less feasible when modeling more complex electrical machinery.

Another useful mathematical approach is LPTN modeling. The LPTN modeling approach
can be executed efficiently and cost effectively, and an LPTN model can predict approx-
imate thermal behaviors of even the most complex systems. Publication 6 presented
a basic LPTN model of the LC DD-PMSG architecture that used equivalent thermal
conductivity to simplify the stator windings representation.

Here, a more exact LPTN model is developed and implemented in MATLAB®. The
new LPTN model adds stator slot detail and a better definition of liquid coolant flow
geometries. It rapidly predicts steady-state temperatures, enabling the rapid preliminary
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assessment of temperature behaviors needed to quickly establish basic geometries early
on in an LC DD-PMSG design process. The LPTN model is suitable for integration with
the optimization algorithm presented previously in Publication 4.

Another purely mathematical approach can be used to evaluate time-dependent tem-
perature distributions. For example, safe and reliable generator design requires an
understanding of how stator temperatures change in response to changes in wind speed
and wind turbine power output. Based on the theoretical temperature transient calculation
introduced by Kazovskij, a transient thermal analytical model is developed and imple-
mented in MATLAB® to address this need.

Analytical results obtained from both the LPTN and transient thermal models are
compared to the thermal behaviors of real-world systems and existing code requirements
to better understand how LC DD-PMSG thermal behaviors compare. Both analytical
models are validated with measurements taken from an instrumented prototype comprising
two LC DD-PMSG duplex-helical tooth-coil windings embedded in a lamination stack
and integrated within a liquid coolant loop.

Coolant Temperature Limits

The most generous recommended temperature range for the incoming coolant of a water-
cooled electrical machine is 33-50◦C. Temperatures below 33◦C can induce thermal
shock, which can shorten insulation life. Temperatures above 50◦C can result in higher
stator temperatures, which can also shorten insulation life. According to the international
standard for rotating electrical machinery, outgoing water temperature cannot exceed
90◦C. It is usually held below 80◦C. The maximum acceptable temperature rise of the
primary water coolant as it flows through the thermal system is 30◦C assuming an average
ambient air temperature of 35◦C.

LC DD-PMSG Design and Cooling

Stainless steel liquid coolant conduits embedded coaxially within the extruded copper
conductors of helical tooth-coil stator windings is the basis for thermal management of the
LC DD-PMSG. Copper windings temperatures are maintained via forced liquid cooling.
The surface permanent magnets of the rotor are cooled passively via convection with
ambient air. The generator modeled here comprises 144 tooth coils and 120 magnetic
poles. Table 4.9 summarizes the key characteristics of each coil.
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Table 4.9 Tooth Coil Characteristics

Number of turns in tooth-coil 10
Cu Conductor length 1.4 m
Cu Conductor size (width × height) 18 × 15 mm
Cooling hole diameter 5.5 mm
Weight per tooth coil 58 kg
Number of cooling circuit per tooth-coil 1

Lumped-Parameter Thermal Model

In the LC DD-PMSG, stator conductor temperature is a function of coolant tempera-
ture. Therefore, coolant temperature must be known to predict temperature distribution
within the conductor. Coolant outlet temperature can be calculated based on a pair of
straightforward formulations describing heat transfer in single-phase steady-state flow.
Combining the coolant temperature rise formulations leads to an expression balancing
the heat transfers of coolant and conductor. This expression was used to build the LPTN
model.

Some heat flows from the stator teeth, through the insulation materials, through the
conductor copper, and into the coolant. Stator tooth heat also flows into the air gap and
into the stator yoke. A portion of the heat generated in the permanent magnets flows
into the rotor steel, and a portion flows across the air gap and into the stator. Both stator
and rotor laminations are bound tightly together and exposed on both the inner and outer
diameter surfaces. This unique construction improves convective cooling.

The new LPTN model ignores axial temperature variation. The heat transfer paths
between LC DD-PMSG elements were represented using thermal resistances at constant
temperature. Figure 4.23 illustrates the resulting equivalent steady-state LPTN model of
the proposed LC DD-PMSG design architecture.

In LPTN analysis, typically, the complex heterogeneous structure of the stator windings
is represented with a single homogeneous material. To ensure accurate prediction of
temperatures for the liquid-cooled windings, this new LPTN model assigns an equivalent
convective thermal branch for each conductor. In the model, the inlet coolant temperature
for each downstream conductor pass is set equal to the outlet coolant temperature of the
upstream conductor pass. Heat transfer at the end windings is not modeled. Instead,
coolant conduit length is exaggerated to account for end winding thermal effects.
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Figure 4.23 Steady-state lumped parameter thermal network for the LC DD-PMSG

Steady-State LPTN Analysis Results

A steady-state LPTN analysis was carried out to predict the temperature distributions for
an example 8 MW LC DD-PMSG design. Heat losses predicted for the various regions
were input to the model as heat sources. Because the losses in the electrical steels are
negligible for the LC DD-PMSG architecture, steady-state temperature rise in the stator
windings depends mainly on copper losses. Table 4.10 lists the electromagnetic and
mechanical losses.

Water was selected as the coolant, and conductor dimensions appropriate for the 8 MW
LC DD-PMSG example were set. Table 4.11 summarizes the results of the analytical
calculation.
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Table 4.10 Electromagnetic and mechanical losses for the 8 MW LC DD-PMSG

Power loss component Value (kW)

Copper winding loss, Pcu 550
Stator tooth iron loss, Ps,t 5
Stator yoke iron loss, Ps,y 3.7

Eddy losses magnets, Ppm 30
Rotor yoke iron, Pr,y 1

Air gap friction loss, Pgap 1.5

Table 4.11 Steady-state temperatures at rated load for 8 MW LC DD-PMSG

Conductor Copper (Coolant) Conductor Copper (Coolant)
(Cu losses) Temperature (◦C) (Cu losses) Temperature (◦C)

01 (150 W) 42.6 (42.0) 11 (250 W) 63.7 (63.1)
02 (150 W) 44.5 (43.9) 12 (250 W) 66.3 (65.7)
03 (160 W) 46.3 (45.8) 13 (215 W) 66.3 (65.7)
04 (160 W) 48.1 (47.6) 14 (182 W) 68.4 (68.0)
05 (184 W) 50.1 (49.6) 15 (182 W) 70.7 (70.3)
06 (184 W) 51.9 (51.4) 16 (160 W) 72.6 (72.2)
07 (222 W) 54.1 (53.5) 17 (160 W) 73.2 (72.9)
08 (222 W) 56.1 (55.6) 18 (160 W) 74.5 (74.1)
09 (283 W) 58.7 (58.1) 19 (147 W) 79.5 (79.2)
10 (283 W) 61.1 (60.5) 20 (147 W) 81.1 (80.8)

Region Temperature (◦C)

Stator Teeth 52.7
Stator Yoke 51.5
Magnets 67.7
Air Gap 67.3
Rotor Yoke 57.0

According to the table, for the proposed 8 MW LC DD-PMSG design, the coolant average
temperature at the tooth-coil conduit outlet is 81◦C. With a flow velocity of 1 m/s, the
mean temperature rise is approximately 40◦C, which is an average 0.9 W/cm2 heat
removal.

Transient Thermal Analytical Model

Short term generator current overloading may increase the temperature of the stator
windings to dangerous levels, so it is important to understand how temperatures respond
to changes in power level. Temperature does not change immediately. Its time variation
follows an exponential law, where the steepness of the curve decreases with time.
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According to existing industry requirements, hydropower generators with liquid-cooled
stator windings must continue to run safely through short periods of abnormal operation.
For example, they must continue to operate undamaged for set durations in the event of
a stator overcurrent scenario. Liquid-cooled generators must also be able to shut down
safely following a loss of coolant to the stator windings because of pump failure or a
break in the coolant lines.

To better understand the time-dependent temperature behaviors of the proposed LC
DD-PMSG, a transient thermal analytical model was prepared and implemented in
MATLAB® based on theoretical temperature transient calculations introduced by
Kazovskij.

Transient Thermal Analyses Results

Analyses were carried out using the transient thermal model to predict the responses of
the 8 MW LC DD-PMSG design to both the overcurrent and loss of coolant scenarios. In
addition, an analysis was carried out to determine how windings temperature responds to
the changing power levels associated with a typical wind turbine duty cycle.

The first analysis set determined the time evolution of stator winding temperature for
two overcurrent situations. Current levels were controlled for the calculations via a
current density increase coefficient kJ. A maximum limit of 90◦C was set for stator
temperature. The thermal time constant was 236 s. Initial total copper loss was 550 kW,
and the coolant velocity was set to 1 m/s. Figure 4.24 shows the predicted conductor
temperature distributions with coolant velocity 1 m/s for current density increase factors
kJ = 1.1 and kJ = 2

In the first case, the generator never reaches the 90◦C temperature limit, meaning it can
operate continuously with 10% overcurrent. With a 100% increase in windings current
(kJ = 2), stator conductor temperatures reach the limit within 20 s.

LC DD-PMSG cooling is quite effective. The generator can operate at substantially
higher than rated power levels without overheating. The power rating of the architecture
is defined by its economic optimum rather than by thermal limits.

The second analysis targeted a loss of coolant scenario. The results show that at 50%
power with no coolant flow, both windings and coolant temperatures increase linearly at
a rate of approximately 0.05◦C/s. At that rate, the generator is capable of operating for
60 s at half power before reaching the 90◦C temperature limit.
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Figure 4.24 Conductor temperature distribution with coolant velocity 1 m/s for current
density increase factor kJ = 1.1 and kJ = 2

The third analysis looked at windings temperature in response to the changing power
levels associated with actual wind turbine operation. To represent actual operation, an
example duty cycle was approximated by applying constant power levels of varying
duration over an extended period. As expected, stator windings temperatures exhibited a
delayed response to the changes in power level. Figure 4.25 is a graph of the duty cycle
representation overlaid with the calculated temperature response of the windings.
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Figure 4.25 Predicted windings temperature response during representative duty cycle for
an 8 MW LC DD-PMSG
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Tooth Coils Prototype and Validation

To validate the simulation results and to demonstrate the liquid-cooling technology with
its applications in a stator implementation, a small prototype comprising a pair of helical,
double-layer, non-overlapping, hybrid liquid-cooling tooth-coil windings was integrated
with an instrumented closed-loop dry cooling system. The instrumented loop provided
thermal performance data to clarify the dependence and distribution of temperatures
within the coils as well as to make a comparison between theoretical and practical results.
This prototype was introduced and described previously in Subsection 4.2, and Figure 4.4
in that subsection is a photograph of the experimental setup. PAO heat transfer fluid was
used for the primary loop coolant.

Figure 4.5, also presented previously in Subsection 4.2, showed the thermal behaviors of
the system over a period of 5 hours. Coolant flow rate through each coil was constant at
2.0 l/min for the first 4 hours shown on the graph. Inlet pressure was 2.5 Pa. Then, the
pump was switched off resulting in a rapid increase in copper temperatures and a drop in
coolant temperature. After 45 minutes, the pump was turned back on and temperatures
quickly returned to the steady-state normal.

Table 4.12 lists the steady state temperatures recorded during the experiment and those
calculated using the analytical model.

Table 4.12 Comparison between measured and calculated temperatures

Average Measured Average Predicted
Measurement Location Temperatures (◦C) Temperatures (◦C)

Inlet oil temperature 41.3 40.0
Outlet oil temperature 43.0 43.0
Copper temperature (coil 1 & 2 inlet) 40.3 39.3 41.2
Copper temperature (mid-coil 1 & 2) 42.5 41.9 43.7
Copper temperature (coil 1 & 2 outlet) 41.9 41.8 43.7

As the table reveals, there are no significant differences between the measured and
calculated values. The predictions of the analytical thermal model are suitably precise.
Moreover, the test results clearly demonstrate the effectiveness of the LC DD-PMSG
cooling approach. When the pump was switched off and coolant flow stopped, copper
temperatures began rising rapidly at a rate of 0.015◦C/s. The temperature ramp predicted
by the transient thermal model was 0.02◦C, which agrees well with the measured value.
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Concluding Remarks and Recommendations

Projects and Funding

The research and development work reported by this dissertation began in 2010 as a pure
research project funded by the Academy of Finland targeting efficiency improvements
in wind energy. A multidisciplinary team of post-graduate students, post-doctoral
researchers, and professor mentors was assembled to address the Academy project
objectives. Research into the state-of-the-art in wind power technologies and wind energy
industry planning combined with several targeted analytical investigations led the project
team to the LC DD-PMSG idea.

A follow-on project funded by Tekes, the Finnish funding agency for innovation, con-
tinued the work into 2013. For the Tekes project, the core team of researchers from
the Academy project continued researching the relevant electromagnetic, thermal, and
mechanical behaviors and began to develop the LC DD-PMSG architecture. The proposed
conceptual designs were realized during this period, and the manufacturability of the
architecture’s keystone element; the helical, double-layer, tooth-coil winding, was
demonstrated.

Most recently, research and development work continued with financial assistance from
the European Regional Development Fund of the European Commission. The researchers
that were active in the Tekes project remained active throughout the European Regional
Development Fund project, which concluded at the end of 2014. This third project
continued exploration of the relevant electromagnetic, thermal, and mechanical behaviors
associated with the direct liquid cooling of generator windings. Coolant conduit embedded
Litz-wire conductors were evaluated for use in a liquid-cooled electrical machine and an
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in-depth evaluation was carried out to explore the dynamic behaviors of the lightweight
machine wheel structures introduced for the LC DD-PMSG.

Achievements and Outcomes

The three aforementioned projects yielded several significant analytical accomplishments
including three master’s degree theses, four doctoral dissertations, and thirteen pub-
lications. Moreover, there have been a number of concrete outcomes associated with
low-speed, high-torque, liquid-cooled, wind turbine generators including several IP claims.
Beginning with only a basic understanding of wind turbine drivetrains, enough in-depth
understanding of the LC DD-PMSG technologies and existing wind energy challenges
and opportunities was developed to effectively address and advise both industry and
academia on the relevance of the LC DD-PMSG architecture for future applications.

Major concrete outcomes included:

X Intellectual Property (IP) for direct liquid cooling of stator windings via an em-
bedded coaxial coolant conduit, IP for a lightweight wheel structure for low-
speed, high-torque electrical machinery, and IP for numerous other details of
LC DD-PMSG design

X Analytical demonstrations of the equivalent reliability of the LC DD-PMSG;
validated electromagnetic, thermal, structural, and dynamic prediction models;
and an analytical demonstration of the superior partial load efficiency and annual
energy output of an LC DD-PMSG design

X A set of LC DD-PMSG design guidelines and an analytical tool to quickly and
early establish optimal geometries

X Proposed 8 MW LC DD-PMSG concepts for both inner and outer rotor configura-
tions

Future Research

In the future, building a full-scale generator prototype to further validate and refine
the developed analytical models would be ideal. Prototype verification and validation
would bring fruition to the ideas, help to complete and further validate the analytical
and numerical toolsets, and demonstrate the practical realities of the LC DD-PMSG
architecture.
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Future electromagnetic research and development could target further improvements to
direct-liquid-cooling electrical machine efficiencies. In particular, it would be interesting
to evaluate the tradeoffs between using solid copper or stranded copper Litz wire in
combination with the internal coolant conduits for the tooth coils. Further, more could be
learned about the influence of tooth-coil configuration on electromagnetic performance
and machine efficiency.

The work carried out thus far has focused on large low-speed wind turbine generators.
The liquid-cooling technology is not limited, however, to low-speed applications. It also
promises benefits in higher speed electromotive applications. Electric motors used to
propel vehicles are notoriously difficult to cool. One industry solution is to immerse the
rotor and stator in coolant oil; however, friction between the rotor and oil can degrade
efficiency at higher rotor speeds. It would be interesting to explore the application of the
liquid-cooling technologies to higher speed drive systems.

Future research and development into the thermal management of liquid-cooled electrical
machinery could target development and refinement of a full CFD model. The results
of predictions made by the CFD model would assist in further refinement of the LPTN
models used for design development.

Future research and development into the structural and dynamic behaviors of large
LC DD-PMSG stators and rotors could target further optimization of the structure for
improved load-bearing and dynamic response. It would be quite helpful to develop an
optimization tool to establish basic wheel structure geometries as a function of electrical
machine customer requirements.

The layered sheet-steel element construction technology used for the LC DD-PMSG
stator and rotor wheel structures has potential for a wide range of dynamic structure
applications. Further research and development of the technology would be interesting
and could have a substantial impact in a number of industrial market areas.

Economic realities are fundamental in all electrical machine applications, and man-
ufacturing and operating costs are key. The cost optimization methodology developed
as part of this work could be further improved or a more sophisticated optimization
methodology could be developed encompassing a wider range of applications that would
further improve the economics of hybrid liquid-cooling-based solutions.
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Abstract: Wind turbines are getting larger. Their rated power capacities are moving from the 3 MW range to 6 MW and beyond.
As a result, their size and mass, which grow rapidly with power capacity, is becoming a problem in terms of capital cost, logistics
and assembly. Moreover, there is a move to offshore installations. Offshore wind turbines demand higher reliability, encouraging
wind turbine manufacturers to integrate into their new designs inherently more reliable direct-drive permanent magnet
synchronous generators. However, today’s high-power direct-drive generators are massive units that will need to become
smaller to minimise costs. Here, the authors review the technological and economic benefits and limitations of direct-drive
permanent magnet synchronous generators (DD-PMSGs). The authors examine the benefits and the physical and economic
limitations of DD-PMSGs and consider their appropriateness as a key piece in the overall wind turbine system design. The
authors look at why these generators are so big and propose a change that can lead to a more compact, more economical
wind turbine nacelle.

1 Introduction

The rapid growth of wind power technology and its increasingly
important role in energy planning for Europe, the United States
and Asia is remarkable. In 2007, the EU endorsed the European
Strategic Energy Technology Plan to accelerate the
development of renewable energy technologies. Included in
the plan are initiatives to increase wind energy’s share of
overall EU energy production to 20% by the year 2020 [1]. In
2009, more wind power was installed in the EU than any
other electricity generating technology. Of a total 26 GW new
capacity, 39% was wind [2]. To reach the year 2020 goal an
additional 100–200 GW will be needed [3].

The United States has embarked on a strategy aimed at
providing 20% of the nation’s electricity via wind power by
the year 2030. Reaching this goal will require installing
about 300 GW of new wind generating capacity [4]. In
China, starting from nearly zero total capacity in 2004,
wind power accounted for nearly 23 GW by 2008. By
2020, their projected capacity will reach about 100 GW [5].
Japan and South Korea also are engaged in aggressive
developments of additional wind power capacity.
Elsewhere, significant potential markets include Latin
America, the former Soviet Union and Africa. These
markets are experiencing rapid growth in the demand for
electricity, and their demand for wind power could surpass
both Europe and the United States by the year 2020 [3].

Today, most wind turbines are land based. In the future,
more wind farms will move offshore to utilise stronger

winds and higher turbine speeds with less concern about
noise production [6, 7]. To manage cost, there will be a
strong demand for higher reliability with an absolute
minimum requirement for onsite maintenance [8–11].

A typical large electrical power generating wind turbine
uses a horizontal axis configuration with the generator
mounted in a nacelle that sits at the top of a large tubular
tower. Upwind of the generator a three-bladed turbine rotor
that may be as large as 140 m in diameter spins at between 5
and 25 rpm. Variable-speed operation with pitch control
seems to be the current standard [8]. However, there is still
no clear consensus on transmission and electricity generation
technologies. In the major wind turbine manufacturers’
catalogues, one will see systems using doubly fed or squirrel
cage induction generators and electrically excited or
permanent magnet synchronous generators. To couple the
slow spinning turbine rotor to the generator, there are high-
speed multiple stage gearboxes (1:100), medium-speed
single-stage gearboxes (1:10) and direct-driven generators
that do without the gearbox altogether.

The newest designs are based on the permanent magnet
synchronous generator (PMSG). For example Vestas, GE
Wind, Goldwind, Siemens and Gamesa have all introduced
large systems intended for offshore use that feature PMSGs.
Permanent magnet generators have some advantages
including lower weight, improved thermal performance and
higher efficiency and energy yield [12–14].

The more problematic choice is the transmission. Most
turbines today use high-speed multiple stage gearboxes,
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which have proven to be less reliable as they should be,
needing replacement well before their design life of 20
years [15, 16]. A serious matter for land-based wind
turbines, improved reliability and longevity becomes critical
for offshore installations. More and more major
manufacturers as well as many of the newer manufacturers
of large wind turbines (such as Avantis, Clipper Wind,
Leitwind, Vensys, Harakosan, Darwind and Mitsubishi
[11]) are introducing offshore units based on direct-drive
(DD) PMSGs.

Direct-drive promises lower maintenance cost and
complexity; improving reliability and longevity by
eliminating the bearings and gears that make up transmission
gearboxes [8]. However, direct-drive generators also present
some challenges that must be understood and resolved; their
increased size and mass are primary examples.

The rotor of a direct-drive generator spins at the speed of
the turbine rotor (5–25 rpm), not at the much faster speed of
gearbox generators (�1500 rpm). To obtain the same
amount of power with this lower rotational speed, generator
torque must increase. Pyrhönen et al. [17] offer a
comparison of typical tangential stress values for 3 MW
synchronous generators designed for 1500 and 14 rpm;
stan ¼ 43 kPa and stan ¼ 60.0 kPa, respectively. According
to [18], typical length/diameter ratios x can be calculated
by applying the equation x ≃ (p/4p) p1/2, where p is the
number of pole pairs. Applying normal pole pair values (i.e.
p ¼ 3 and p ¼ 60), the typical ratios for the 1500 and 14 rpm
cases are x1500 ¼ 0.45 and x14 ¼ 0.1. The equation for torque
as a function of power and angular speed is T ¼ P/V, yielding
necessary torque values for these two 3 MW generators of
about T1500 ¼ 19 kNm and T14 ¼ 2046 kNm. Now, using the
above values for tangential stress stan, the length/diameter
ratios x and these torques; values for generator gap diameter
Ds can be calculated as Ds,1500 ¼ 0.85 m and Ds,14 ¼ 5.98 m.
Therefore the rotor diameter of a low-speed, direct-drive
synchronous generator will be about 7 times that of a
conventional high-speed generator.

A review follows of the technological and economic benefits
and limitations of DD-PMSGs. We examine the benefits and the
physical and economic limitations of these DD-PMSGs and
consider their appropriateness as a key piece in overall wind
turbine system design. Further, we explain why these
generators are so big and propose a change that should result
in a more compact, more economical wind turbine nacelle.

2 Benefits of DD-PMSG generators for
higher powers

Wind turbines should be constructed of the most reliable
components. Downtime resulting from premature service or
maintenance needs results in lost revenue and financial
penalties. Economics also controls the logistics and
installation of wind turbine components. Component size
and weight must be kept compatible with readily available
transportation and construction techniques. For example,
without making special arrangements, 8 m is the largest
generator diameter that can be hauled by a truck.

As wind turbine capacities continue to increase (.3 MW)
and rotational speeds simultaneously become lower,
gearboxes become more complex and more massive. DD-
PMSGs, lacking the gearbox, promise to be more reliable,
provide longer life and require lower maintenance.
Furthermore, by eliminating gearbox losses, the DD-PMSG
also produces an overall higher-energy yield [12].

2.1 Better reliability, longer life and improved
performance

Multistage gearboxes are responsible for most of the losses in
a high-speed generator. The rule of thumb is that 1% of the
power applied at the input shaft is lost for each stage. Many
of the larger wind turbines today use three-stage gearboxes,
so only about 97% of the input power is transmitted
through to the output shaft. According to Polinder et al.
[19], the three-stage gearbox of a 3 MW wind turbine
accounts for 65% of the total energy lost. Without the
gearbox, the direct-drive generator offers improved
efficiency. As a result, even although the direct-drive
generator itself is not as efficient as high-speed generators,
this deficiency is compensated for by the increased overall
system efficiency, about 30% less losses overall [12].
Newer, larger power capacity wind turbines will begin
using four-stage gearboxes, which will increase gearbox
losses further.

Comprehensive data on the longevity of modern wind
turbines are not readily available. Large wind turbines have
been designed for 20 years of operation, but have not been
in operation that long. Good end-of-life ‘wear out’ failure
information is not available. Most failures have been a
mixture of early ‘infant mortality’ and constant ‘random
failures’ that occur in the beginning years of operation [8].
Gearboxes are not lasting 20 years, and both wind turbine
manufacturers and owners or operators are building into
their contract’s financial contingencies to cover the warranty
costs associated with premature gearbox failure [15]. In
contrast, the DD-PMSG will be inherently more reliable
and long-lived once designs become standard.

From an investment point of view, efficiency, capital cost
and profitability are the drivers. The DD-PMSG offers
excellent overall efficiency [12, 13]. Capital cost for the
PMSG is high. This increased cost is offset by eliminating
the cost of the gearbox. If further design refinement results
in significant size and weight reduction, capital cost can be
reduced even further, making the DD-PMSG-based wind
turbine very competitive.

2.2 Lower capital cost of the nacelle

Table 1 lists nacelle components and gives a percentage value
for each to represent its share of total nacelle cost for a typical
6 MW wind turbine with and without gearbox. The table

Table 1 Cost breakdown comparison for the nacelle

components of a 6 MW wind turbine

Component % share of total cost

Direct-drive, % Gearbox, %

nacelle 30–35 28–32

rotor 8–10 7–9

blades 5–6 5–6

pitch mechanisms and bearings 1.5 1.5

drivetrain 22–25 18–22

bearings 1 1

gearbox – 4–5

generator 10–12 5–7

variable-speed electronics 4 4

yaw drive and bearings 1 1

main frame 1 1

electronic connections 2 2
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values were calculated based on the model presented by
Fingersh et al. [20] The nacelle accounts for about 28–35%
of the total wind turbine cost. For this sample case, the
gearbox-based wind turbine nacelle shows a slight cost
advantage. At current pricing levels, a 6 MW direct-drive
generator should cost about 1.1 million Euro. For the same
power rating, a high-speed generator plus gearbox would be
about 1.0 million.

2.3 Lower weight of the nacelle

For the nacelle, the primary component families are the
turbine rotor and the drivetrain. Table 2 compares masses
for the main components of a wind turbine nacelle with a
6 MW DD-PMSG to those for a gearbox-based higher-
speed generator (calculated based on [20]). The nacelle
comprises about 35–36% of the total wind turbine mass for
both cases. The turbine rotor hub and blades account for
11%. The generator combined with gearbox results in the
greatest mass percentage of the total, 15–16%. The high-
power, low-speed DD-PMSG can be relatively less massive
depending on power rating, an advantage that grows with
power. For the 6 MW power rating case, both the direct-
drive permanent magnet synchronous generator and the
gearbox plus high-speed generator combination should mass
a little over 100 t.

2.4 DD-PMSG wind turbine operation and
maintenance

The operation and maintenance (O&M) costs for wind
turbines are low when compared to other power generating
systems as no fuel is needed, and no emissions are present.
One main disadvantage is wind variability. The annual peak
hours are normally about 2500–3000 in good sites.
Another disadvantage; for its energy yield, the initial capital
investment for a wind turbine is relatively large. In the
future, the wind variability problem will be solved with
improved electric energy storage technologies such as the
magnesium–sodium sulphate-antimony battery, a solution
that should significantly improve the applicability and
acceptance of wind power [21].

Typical maintenance cost of a modern wind turbine is
about 1.5 eurocents per kilowatt-hour. For an offshore
station, O&M cost is 20% higher. This higher cost is offset
by the absence of land rental expense, which can amount to
10–18% of the total O&M costs depending on the site [22].

Many current multistage gearboxes combine a planetary
stage and two high-speed stages. For wind turbines
designed for greater than 3 MW, a fourth stage is required
[9]. The complexity, associated reduction in reliability, and
increased maintenance and service needs for these
gearboxes makes them increasingly costly and problematic.
Furthermore, gearbox drivetrains require lubricants, making
it more difficult to obtain necessary environmental permits.
All this combines to make the DD-PMSG a more attractive
economic choice.

2.5 Return on investment: lifetime cost

The return on investment for a single wind turbine is about
8–12 years depending on type, location and the prevailing
market price of electricity. About 25% of the total cost of a
single wind turbine installation is the infrastructure cost.
Spreading this cost out over multiple units means that
return on investment is significantly shorter for a wind farm
of 30–40 units.

The DD-PMSG can offer higher-energy yield [12], which
positively affects income; and higher reliability, which
reduces O&M costs. According to the Nordpool Spot
market, electricity prices are about 50–55E/MWh [23].
This cost increase makes improving energy yield an
increasingly important factor for wind turbine owner/
operators. Future renunciation of nuclear power in countries
such as Germany will inevitably lead to increasing prices
for electricity in Europe.

3 Limiting factors for DD-PMSG generators
for higher powers

3.1 Practical logistics limitations

Currently, the highest design capacity comes from a wind
turbine with a direct-drive electrically excited synchronous
generator having an external diameter of about 12 m
(Enercon E-126 7.5 MW, 126 m blade diameter). However,
because of logistics and construction technology limitations,
currently it is not generally practical to market wind turbine
generators having an external diameter larger than 8 m.
Furthermore, currently available cranes used in wind turbine
construction are limited to lifting a maximum of 100 t to a
height of just over 100 m. For example a Liebherr 750-
tonne crane can lift 100 t up to 120 m. Therefore reasonable
design constraints for any new direct-drive generator would
include a maximum total weight of less than 100 t and a
maximum external diameter of 8 m.

3.2 Electromagnetic limitations

According to Maxwell’s stress tensor theory, the magnetic
field strength H between objects in air creates a stress sF on
the object surfaces. Dividing H into its normal and
tangential components, Hn and Htan, and introducing the
magnetic permeability in a vacuum m0, the stress sF can be
expressed as follows

sF = 1

2
m0H2, sFn = 1

2
m0(H2

n − H2
tan) and

sF tan = m0HnHtan (1)

In terms of torque production, the tangential component sF tan

is of interest. The tangential magnetic field strength Htan must

Table 2 Comparison of mass distributions for the nacelle

components of a 6 MW wind turbine

Component % share of total mass

Direct-drive, % Gearbox, %

nacelle 36 35

rotor 11 11

blades 8 8

hub 3 3

drivetrain 24 23

low-speed shaft 2.5 2.5

gearbox – 10

generator 16 5

main frame 2.5 2.5

yaw drive and bearings 2 2

nacelle cover 1 1
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be present to produce any tangential stress. Linear current
density A produces the necessary tangential field strength in
an electrical machine. The tangential component of the
magnetic field strength Htan ¼ A, and the tangential
component of air gap flux density Btan ¼ m0A. According to
(1), in terms of the normal component of gap flux density
Bn, the tangential stress becomes

sF tan = m0HnHtan = m0HnA = BnA (2)

Equation (2) results in a local time-dependent value for the
tangential stress. If the flux density and linear current
density vary sinusoidally in the air gap, and there is a phase
shift caused by the machine power factor, the average
tangential stress as a function of the power factor cos w and
the peak values for normal gap flux density B̂n and linear
current density Â will be

�sF tan = 0.5B̂nÂ cosw (3)

In terms of rotor diameter Dr and effective magnetic length lr
′,

the active rotor surface area Sr can be expressed

Sr = pDrl
′
r (4)

Now we can write an expression for machine torque T as a
function of the lever arm length r that can be written also as
a function of the power factor.

T = pDrl
′
r�sF tanr = p

D2
r

4
l′rB̂nÂ cosw (5)

In practice, stator current is supplied to the windings mounted
in the slots of a machine. If zQ is the number of conductors
per slot, the slot current Iu can be replaced with sufficient
accuracy by the slot’s local linear current density Au over
the width of the slot opening b. Everywhere else, the linear
current density is zero (i.e. A ¼ 0).

Au =
zQIu

b
(6)

Fig. 1 illustrates the behaviour of the linear current density in
the air gap of a machine when the number of slots per pole
and phase q is equal to 2.

Equation (6) indicates that we could increase the linear
current density by increasing either the slot current or the
number of conductors in a slot. Increasing the number of
conductors, however, increases the height of the slot, which
leads to an excessively large slot leakage inductance.

Another possible approach is to improve cooling.
According to Table 3 [18], water cooling more than doubles
the maximum allowable linear current density when
compared with air cooling.

In air-cooled industrial electrical machines, the tangential
stresses typically vary between 10 and 250 kPa depending
on machine construction, electromagnetic operating principle
and effectiveness of the cooling system. Low-speed direct-
drive permanent magnet generators with very efficient open-
circuit air cooling typically see values of 50–60 kPa. This
corresponds to linear current densities of 83–100 kA/m with
an air gap fundamental peak flux density of 1.2 T. This high
fundamental flux density value results from Fourier analysis
of the air gap trapezoidal flux density. In practice, the
maximum value of the trapezoid is in the range of 1 T.

Although this increase does enable some generator size
(and weight) reduction, it is not enough to completely
resolve the DD-PMSG size problem for wind turbine
applications. According to (5), a 4.4 MW direct-drive
generator rotating at 14 rpm produces a torque of about
3 MNm. To achieve this torque with 60 kPa tangential
stress would require, for example a 1.2 m-long rotor with a
5.2 m outer diameter. A generator of this size falls below
the 100 t weight and 8 m diameter maximums. Other ways
of increasing torque production capability must be found
for generators rated at higher-power capacities.

Two factors limit increasing air gap flux density in a
permanent magnet generator. First, the remanent flux
densities of present-day magnets can achieve, in practice,
average flux densities in the air gap in the range of 1 T.
Assuming the trapezoidal flux density waveform, the
fundamental flux density can reach about 1.2 T. Second, the
saturation flux density of iron – limited to about 2 T –
precludes increasing the air gap flux fundamental value
much larger than 1.2 T.

Linear current density A does not have a theoretical upper
limit. Its value will increase indefinitely with increasing
electrical current levels. However, in practice, there are two
factors working against simply increasing current levels to
increase torque. One, increasing current level dramatically
increases Joule heating losses, so there is a practical thermal
limitation. Two, increasing the current, and correspondingly
the linear current density, increases the armature reaction-
induced reactive voltage drop of the machine. As a result,
there is a voltage-based practical limit.

In principle, terminal voltage could also be increased
indefinitely to increase linear current density and torque.
But in practice, both the voltage supply and the insulation
system limit substantial voltage increases. A machine’s
reactive voltage drop limits the maximum torque at a given
stator terminal phase voltage U. Torque in a permanent
magnet generator can be expressed as a function of load
angle d as follows.

T = m

Vs

UEPM

vsLd

sin d+ U2 Ld − Lq

2vsLdLq

sin 2d

( )
(7)

The variable m is the number of phases, Vs is the mechanical
synchronous angular velocity, EPM is the permanent magnet-
induced electromotive force, vs is the electrical angular
frequency and Ld and Lq are the direct and quadrature axes
synchronous inductances of the generator.

Table 3 Linear current densities of synchronous machines as

a function of the cooling method

Air cooling H2 cooling Direct water cooling

A (kA/m) 30 ... 80 90 ... 110 150 ... 200

Fig. 1 Linear current density A(a), its fundamental A1(a) and the
stator current linkage integral Q(a)
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Introducing ĉPM, the peak value of permanent magnet flux
linkage, PM-induced electromotive force can be expressed

EPM = 1��
2

√ vsĉPM (8)

In a non-salient pole machine, Ld ¼ Lq. Therefore the torque
becomes

T = m��
2

√ p

vs

U ĉPM

Ld

sin d (9)

Equation (9) indicates that it should be possible to increase
the torque by increasing ĉPM. However in practice, a larger
machine results from increasing the magnitude of flux
linkage, because for an iron-based magnetic circuit there is
a maximum flux density limit. Using tp for pole pitch and
ls
′ for the stator effective length, ĉPM can be expressed as

follows

ĉPM ≃ 2

p
B̂ntpl′s = B̂n

Ds

p
l′s (10)

Utilising this relation in the torque equation gives the
following

T = m��
2

√ UB̂nDsl
′
s

vsLd

sin d (11)

Equation (11) infers that maximum machine torque can be
increased by minimising synchronous inductance.
Synchronous inductance Ld consists of magnetising
inductance Lm and stator leakage inductance Ls so that

Ld = Lm + Ls (12)

Introducing variables for effective air gap length def, stator
fundamental winding factor kws1, and the number of turns
in series per stator winding Ns, magnetising inductance can
be expressed as follows.

Lm = mDs

pp2def

m0l′s(kws1Ns)
2 (13)

The only variables from (13) that can be affected to minimise
magnetising inductance are the effective air gap and the
number of pole pairs so this approach is difficult.

However, examining total stator leakage inductance Ls

may offer another approach. It can be broken up into four
logical components. Introducing subscripts d, u, d and w to
identify, respectively, the air gap, the slot, the tooth tip and
the end windings; the four components of stator leakage
inductance are Lsd, Lsu, Lsd and Lsw. The air gap
component Lsd can be written in terms of magnetising
inductance, the stator harmonic n, and the stator harmonic
winding factor kwsn leading to an expression in terms of the
leakage factor of the air gap inductance sd [18].

Lsd =
∑n=+1

n=−1
n=1

kwsn

nkws1

( )2

Lm = sdLm (14)

If Qs is the number of stator slots, and lu and ld are the slot
and tooth permeance coefficients; the following expressions

can be written for stator leakage inductance in the slot and
tooth tip (depending on machine geometries).

Lsu = 4m

Qs

m0l′sN
2
s lu (15)

Lsd = 4m

Qs

m0l′sN
2
s ld (16)

Stator leakage inductance in the end winding can be
expressed in terms of the number of slots per pole per
phase, vacuum permeability, the end winding length lw and
the permeance coefficient for the end windings lw as follows

Lsw = 4m

Qs

m0qN2
s lwlw = 2

p
m0N2

s lwlw (17)

Air gap leakage Lsd is directly proportional to magnetising
inductance; therefore it is inversely proportional to p2

according to (13). Leakage inductances for the slot, tooth
tip and end windings are proportional to the square of the
number of winding turns in series per stator winding N2

s .
Total stator leakage inductance resolves as follows

Ls = sdLm + 4m

Qs

m0N 2
s (l′slu + l′sld + qlwlw) (18)

A common application of Faraday’s Law of induction leads to
the following equation for the number of turns in series per
phase winding needed for a specific induced electromotive
force Ns.

Ns =
EPM

��
2

√

vskws1F̂m

= EPM

��
2

√

vskws1aiB̂ntpl′s
= EPM2

��
2

√
p

vskws1aiB̂npDsl
′
s

(19)

where ai is a coefficient showing the arithmetical average of
the flux density in the x-direction.

Recognising from (19) that Ns is proportional to p, (15) and
(16) for slot and tooth tip leakage inductance show them to be
proportional to p2. The proportionality of the end windings
leakage inductance Lsw to (1/p) N2

s revealed in (17) shows
that it is proportional to p. As a result, despite the moderating
effects of Qs from (18) and Ds from (19), the leakage
inductance tends to increase in high pole pair machines.
According to experimental data, leakage inductance
dominates in low-speed high torque wind generators, so
Ls ≃ Lm. Therefore the torque equation can be expressed
as follows.

T ≃ m��
2

√ UB̂nDsl
′
s

vs2 + Lm

sin d = m

2
��
2

√ UB̂npp2def

vsmm0(kws1Ns)
2 sin d (20)

Equation (20) is valid for constant voltage and reveals that
there is a machine inductance-based limiting factor for torque
production. Previously, (5) defined torque independent of
voltage showing that larger values of peak linear current
density Â result in larger values for torque. Together, the
equations reveal that although torque grows with linear
current density, the peak torque defined by (20) cannot be
exceeded. Removing excess heat with direct liquid cooling
(LC) should make it possible to achieve notably higher values
of linear current density, increasing average tangential stress
�sF tan until the machine-inductance-based limit set by (20) is
reached.
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Copper losses will inevitably be high in situations where
direct LC is most needed. Fig. 2 illustrates how the
efficiency h of a 3 MW machine with 95% rated efficiency
behaves as machine power is increased to 6 MW. Joule
heating losses increase from 150 to 600 kW, and most of
these losses are in the copper stator coils. Total efficiency
drops from 0.95 to 0.9.

Given equal cooling performance, rated torque is
approximately proportional to rotor volume, which
according to (5) is roughly proportional to the generator
size. If generator cooling can be sufficiently improved to
run at higher linear current densities, and if a slight drop in
efficiency (e.g. 1–2% at the maximum power rating point)
can be tolerated; a cost-effective, more compact, DD-PMSG
(6 MW, ,8 m OD, ,100 t) could be developed.

3.3 Thermal limitations

Most generators used in wind turbines today are air cooled. As
the air coolant passes through the rotor and stator internals,
convection is the dominant heat transfer mechanism to
remove heat. This convection is supported by continual
conductive heat flow through the generator materials.

Traditional DD-PMSGs are already reaching their practical
size limits with rated power capacities of around 3–4 MW.
Further increases in power capacity are best realised by
increasing power density, which we have suggested is best
accomplished by increasing linear current density in the
stator coils.

Higher linear current density inevitably translates into
higher current density and higher losses, which equals
increased heat generation. To remove heat in the range of
temperatures typical for an electrical generator, convection
and conduction are the relevant heat transfer modes. For
convective heat flux, the general Newtonian law of
convective cooling heat flux density [W/m2] F′′

conv states that

F′′
conv = h(Ts − Tm,f ) (21)

where h is the convective heat transfer coefficient [W/(m2K)],
Ts is the temperature of the surface being cooled and Tm,f is
the mean temperature of the fluid. For conduction, heat flux
is defined by Fourier’s law.

F
′′
cond = −k∇T (22)

The variable k is the heat conductivity [W/(Km)] of the
material and ∇T is the temperature gradient [K/m].

To maintain constant temperature in a generator system,
total cooling power needs to exceed electrical losses. As

rated power capacity of the generator increases, the
electrical losses increase. Total cooling power Pcool is
controlled by (21) and (22), and the cooling surface area
Scool, which consists of all the surfaces of the machine that
transmit heat flux. F′′ is the total cooling heat flux density.

Pcool = F′′Scool (23)

Since Scool consists of all the sub-stack channel wetted
surfaces, and since the air gap and stator yoke outer surface
areas are about 70 m2, for example, a 5.2 m-diameter
machine with 24 50-mm sub stacks; the heat flux density is
in the range of 2 2 3 kW/m2. Increasing the conduction
surface area can only be done by reducing the sub-stack
length, which results in a larger and subsequently heavier
generator. Therefore to increase convective heat flux, other
avenues must be explored.

For example, many grades of neodymium iron boron
magnets used in the rotor of a PMSG must be kept below
1008C, preferably under 808C to survive possible fault
conditions. The mean coolant temperature is also subject
to practical limits. In an air-to-liquid or air-to-air heat
exchanger system, the temperature of the secondary coolant
will remain above the mean temperature of its primary
coolant. Consequently, the only way to increase convective
heat flux is to increase the magnitude of the heat transfer
coefficient.

The heat transfer coefficient for convection is proportional
to the Nusselt number Nu.

h = Nu
kair

DH

(24)

where kair is the thermal conductivity of air, and DH is the
hydraulic diameter. The Nusselt number for convection
problems is generally of the following form

Nu = CReaPrb (25)

The values for the coefficient C and the exponents a and b
depend on the flow surface geometry and the flow regime.
Pr is the Prandtl number of the coolant and Re is the
Reynolds number, which for flow through a channel or duct
can be expressed as follows. The variable w is the
magnitude of flow velocity and n is the kinematic viscosity.

Re = wDH

n
(26)

The bulk of generator losses are in the stator copper windings.
These power losses Ploss are closely associated with rated
power capacity and the losses increase at a rate proportional
to the square of electrical current I.

Ploss / I2 (27)

On the other hand, we know that the nominal power of the
generator Pn is proportional to current.

Pn / I (28)

Combining (27) and (28) leads to the following relationship

Ploss / P2
n (29)

Fig. 2 Generator electrical efficiency as power doubles from
3 MW (same size and speed, ignoring fan power)
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As mentioned previously, total cooling power must match
electrical losses to maintain constant temperature. Therefore

Ploss ≤ Pcool (30)

For air as the coolant, the power required for circulation Pfan is
proportional to the cube of its velocity wair. There are two
reasons for this. First, cooling flow increases linearly with
air velocity. Second, circulation pressure differential dp
increases with the resulting increased friction, which is
proportional to the square of the air velocity. For a given
Acool cooling flow area

Pfan ≃ wairAcooldp/ w3
air (31)

Cooling power is also coupled with velocity through (21),
(23)–(25). For forced convection, setting the coefficient
a ¼ 4/5 leads to the following proportionality between
cooling power and velocity

Pcool / w4/5
air (32)

Therefore cooling power can be related to fan power.

Pfan / P15/4
cool (33)

Finally, if all other variables remain constant, fan power is
proportional to rated power as follows

Pfan / P15/2
n (34)

For example a typical value for fan power is about 50 kW at
4 MW. Applying (34) and setting fan power to 50 kW at
4 MW, fan power as a function of machine power level was
plotted in Fig. 3.

Up to 3 MW power, fan losses are insignificant, but at
6 MW the increase in fan power consumption causes total
efficiency to drop dramatically (i.e. to 79%).

To summarise, increasing generator rated power capacity
necessitates designing stator coils with higher linear current
density, which in practice produces more heat. Examining
heat transfer first principles and the heat transfer mechanisms
of convection and conduction, the parameters that can be
adjusted to improve heat removal are the flowrate of the
convective coolant and the properties of the coolant. There
are practical limitations which prohibit continued increases of
flowrate when using air as the coolant, so the most available
means of improving heat removal must be to select a coolant
type with better heat removal properties; a liquid such as water.

4 LC of stator for DD-PMSG generators for
higher powers

In a DD-PMSG, the stator copper accounts for most losses.
The number of pole pairs is typically high so the pole pitch
remains small, and as a result, so do the stator and rotor
yoke dimensions. Despite the large number of pole pairs,
the slowly spinning rotor results in a low electrical
frequency so iron losses remain low. The stator copper
Joule heating losses in a modern 4 MW DD-PMSG can
easily be four to seven times the iron losses.

Unfortunately, stator windings are thermally insulated. The
winding conductor is copper, which has high thermal
conductivity (�400 W/Km). The thermal conductivity of
winding insulation ranges from 0.3 to 0.5 W/Km. As a
result, the thermal resistance differs considerably in the
axial and radial directions for stator windings. Along the
copper conductor, heat flows freely. However, out of
the conductor and through the insulation, heat flow is
substantially less. It follows that heat removal would be
best effected by cooling the copper directly.

As generator power capacities continue to grow, a heat-
removal system using a liquid coolant flowing inside the
stator winding copper conductor seems to offer an excellent
heat-removal solution for DD-PMSGs. The best way to
accomplish this is to manufacture the conductor with a
hollow cross section. The hollow construction will permit
the cooling liquid (e.g. deionised, oxygen-free water) to
flow directly through the copper conductor making
available a substantial convection coefficient. The
convection coefficient from copper to water, depending on
flowrate, can be as high as 5000 W/m2K. Direct LC is not
unprecedented. Methods have been widely utilised in larger
modern turbogenerators with power ratings of several
thousand megavolt ampere (MVA). An example has been
reported by Gray et al. [24].

Preliminary analyses suggest that total rotor losses for a DD-
PMSG, designed with direct water cooling of the stator coils,
are about 7% of total stator losses and copper losses make
up about 92% of the total stator losses. Therefore mixing

Fig. 3 Fan power as a function of generator power (MW) when the
fan power needed at 4 MW is 50 kW

Fig. 4 Conceptual schematic of method for direct LC of 6 MW
DD-PMSG stator segment [25]
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direct LC of the copper stator coils with indirect air cooling of
the stator laminations and rotor should be an effective cooling
method that will enable significant increases in linear current
density without increasing generator size. In fact, the
analyses reveal a 6 MW LC DD-PMSG that is about 60%
the diameter and mass of a matching air-cooled direct-drive
permanent magnet generator. Fig. 4 illustrates one approach
to direct LC for a direct-drive generator stator.

5 Conclusions

The primary benefits associated with the DD-PMSG for
large-scale wind turbine applications are improved
reliability, lower maintenance, longer life and improved
overall output. The limitations are primarily excessive size
and weight. These reach critical proportions and negatively
affect the economic viability of a wind turbine as generator
capacities climb above the 3–4 MW level. Developing DD-
PMSGs with higher power capacities whereas keeping them
below 8 m in diameter and 100 t in weight would be an
important advantage for the wind power industry.

One approach to achieving this goal is to run the generator
at higher linear current densities. This results in smaller
generators with higher-power capacities. The penalty for
the higher current densities is a drop in efficiency and
resulting higher stator and rotor temperatures. Replacing
the currently typical air cooling of the generator rotor
and stator with direct LC will keep the active materials
sufficiently cool.

Therefore LC DD-PMSGs can be developed with higher-
power capacities, whereas remaining below the 8 m and
100 t limits. In fact, it is possible to build a 6 MW LC DD-
PMSG that is the same frame size as an air-cooled 3 MW
generator. The balance is between the benefits of the DD-
PMSG (i.e. improved reliability, lower O&M costs and
longer life) and the slight decrease in generator efficiency,
which is to a degree offset by an overall efficiency
improvement as gearbox losses are eliminated. Because LC
DD-PMSGs potentially offer the desired combination of
inherently high reliability and longevity coupled with
accompanying low O&M costs whereas still providing high
overall electrical efficiency, they must be considered as
wind turbine nameplate capacities continue to increase and
as more offshore wind farms are planned.
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Abstract – The minimum mass of the active materials needed to 
build an 8 MW liquid-cooled direct-drive permanent-magnet 
synchronous generator (LC DD-PMSG) is sought. Proper set of 
generator dimensions is defined based on a constrained steepest 
descent method with variable step size. The design variables 
have been defined in terms of two quantities: stator length and 
the ratio of induced voltage to rated voltage (EMF factor). 
 

Index Terms – generator, optimization, wind turbine. 

I.   INTRODUCTION 
IND energy resources may make up a significant share 
of future electricity generation capacity requirements. 

The European Wind Energy Association predicts that in 
2020 there will be 230 GW of wind power installed in the 
EU with 580 TWh annual electricity generation capacity [1]. 
To reach this target, it will be necessary to build new wind 
farms e.g., in offshore areas. Offshore wind speeds tend to 
be higher and the winds less turbulent and steadier compared 
to corresponding inland figures and offer, therefore 
possibilities for high power generator parks. 

Despite the fact that offshore wind has the potential to 
provide substantial amounts of energy there are many 
challenges to be overcome as environmental stresses are 
high and installation and maintenance are difficult and costly 
in offshore areas. Therefore, the properties of new offshore 
technology must be extremely competitive. One of the most 
important challenges is the issue of developing the next 
generation of offshore wind turbines, including exploring 
concepts of very large scale turbines in the 10–20 MW range 
[2]. 

For a direct-drive (DD) generator, two critical factors are 
crucial: outer diameter and mass. Both of these are indirectly 
affected by the cooling method of the generator. Although, 
in cases of traditional air cooling, the rationale for increasing 
the generator diameter is clear, the logistics of transporting 
such oversized generator over long distances becomes 
problematic. To limit the physical dimensions of the DD 
generator, cooling must be intensified. Direct liquid cooling 
is the most efficient phase before entering superconducting 
machines. One obvious benefit of the direct liquid cooling in 
this case is that no stator sub-stacks are needed and the 
whole stator stack can be made uniform which greatly helps 
in intensifying the tangential stress σtan that produces the 
torque T of the machine as T = σtanrS with the rotor radius r 
and rotor active surface S. Just leaving away the cooling 
ducts which are needed for air cooling increases effective S 
and, therefore, the apparent tangential stress value by 10 – 
20 % [3]. 

However, arriving at the proper initial design for an 
electrical machine with a direct liquid-cooled stator winding 
is complicated due to a) the large number of unknowns, b) 
the nonlinear relationship between electrical machine 
parameters, and c) the presence of certain discrete variables, 
such as available sizes of hollow-copper conductors. In 
addition, the objective function, which represents the sum of 
the masses of the permanent magnets, copper, and steel of 
the generator is also nonlinear and causes great difficulty in 
the optimization of the generator design. Ultimately, the 
solution depends largely on the experience of the engineer 
who performs the optimization. 

In this paper, the steepest descent method that allows 
variable step size [4] is applied to find such a combination of 
stator air gap diameter, stator length and number of 
conductors per slot of an 8 MW liquid-cooled direct-drive 
permanent-magnet synchronous generator that minimizes 
total generator masses under manufacturability, thermal and 
electrical constraints. It should be noted that optimization 
used in this paper should be treated as a variation of the 
input data and a following computation. The results of each 
computation guide adjustments of the decision variables 
while the predetermined criteria are fulfilled. 

II.   BASIC DESIGN CONCEPT 
It is well known that a liquid cooling typically performs 

significantly more efficiently than air-cooling, and at the 
same time it is much quieter. But with liquid cooling, there 
is always the possibility of leaks that can be costly, and 
liquid cooling is more expensive and more difficult to install. 
However, when a high-power electrical generator is 
constructed using liquid cooling, compromises can be made 
to keep the cooling arrangements simple. Using concentrated 
non-overlapping windings (tooth coil windings) [5], very 
low operating frequency limiting conductor skin effect, and 
permanent magnets offers simplicity that can be utilized in 
direct liquid-cooled applications without the complicated 
systems familiar in liquid-cooled turbo-generators. 

The stator cores of conventional radial flux machines of 
large diameter usually comprise of the stator lamination 
segments joined to each other in order to obtain the full 
circumference. The original idea of this PMSG design is to 
use a tooth coil multiple phase segmented construction. 
Tooth coil base machines offer multiple choices but the one 
with 12 stator slots and 10 rotor poles, resulting in 0.4 slots 
per pole and phase q = 0.4 for three phase winding and q = 
0.2 for six phase winding, is one of the convenient solutions 
with its nice overall properties. In case of a large diameter 
relatively low power machine the mass and the price of the 

Defining Proper Initial Geometry of an 
8 MW Liquid-Cooled Direct-Drive Permanent 

Magnet Synchronous Generator for Wind 
Turbine Applications Based on Minimizing Mass 

 Y. Alexandrova, S. Semken, M. Polikarpova, J. Pyrhönen 
 

W 

978-1-4673-0142-8/12/$26.00 ©2012 IEEE 1250



  

construction are key issues. As simple a construction as 
possible reduces both the mass and the cost. 

The winding of the studied PMSG is designed of hollow 
copper conductors through which cooling liquid such as 
distilled water can be circulated. The cooling water removes 
heat by forced convection. Such a coil is illustrated 
schematically by Fig. 1. 

 

 
Fig. 1. Liquid-cooled tooth coil. 

  
The tooth coil sets several boundary conditions for the 

machine design as e.g. clearly there is a minimum practical 
bending radius for the conductor. Therefore the minimum 
tooth width at the same time results, in practice, also in a 
certain arc length for the basic 12-10 machine. 

Recent trends in medium-voltage wind turbine generator 
and converter combinations have shown potential for 
reliability and efficiency improvement. Table I shows the 
chosen specification data to initialize the iterative process. 

 
TABLE I 

STARTING POINT FOR THE DESIGN 

Parameter Value 

Rated power 8 MW 
Rated speed 11 rpm 
Rated torque 6.95 MNm 
Rated line-to-line voltage 3.3 kV 
Number of segments 12 
Number of poles 120 
Rated frequency 11 Hz 
Number of slots 144 

 
The key component of a directly water cooled tooth coil 

generator is the coil itself. The selection of the dimensions 
for a copper cross section suitable for the tooth coil is highly 
dependent on the minimum bending radius to which a 
hollow conductor can be bent without deformation and on 
the fact that the combination of conductor maximum width 
and minimum height for a certain hole radius probably 
allows a decrease in the synchronous inductance of the 
generator, and therefore an increase in the maximum 
overload generator torque capacity. Minimum bending 
radius also establishes the minimum tooth width, whose flux 
density conditions should be checked then. Therefore, by 
taking into account both these arguments, the following 
conductor cross sections have been used in this case study: 
15 mm height × 18 mm width with 2.25 mm hole radius. 

The material masses needed for a generator are calculated 
from the analytical model of the generator. In order to design 
the PMSG, the methodology proposed in [6] is used for the 
electromagnetic design, while the thermal performance is 
estimated using the procedure given in [7]. 

III.   DESIGN PROCEDURE 

A.   Algorithm Description 
The flowchart of the algorithm is shown in Figure 2. 1: 

The two variables to be used as design variables are the 
EMF factor kE and the stator length ls. For each iteration (r) 
only one of the two design variables is permitted to change 
while the other one remains fixed. n = [1, 2] is used to 
indicate the order number of the design variable γ  = [kE, ls] 
permitted to change: n(1) = 1 means that the EMF ratio kE is 
permitted to change, while the stator length ls is fixed; n(2) = 
2 means that the stator length ls is permitted to change, while 
the EMF ratio kE is fixed. Before the iteration, the EMF ratio 
and the stator length have to have starting values (γ init = [kE 

init, ls init]). Δ  = [ΔkE, Δls] defines the discretization step size 
for each design variable. α ∈ [ε, 1] is a scaling factor for kE 
or ls with ε which is the minimum value of α used to stop the 
algorithm. 2: The objective function is the total active mass 
of the generator materials (permanent magnets mPM, steel mFe 
and copper mCu). The value of Δ(n) at each iteration is 
determined by scaling its previous values using a scaling 
factor α, i.e. Δ(n)new = Δ(n)old × α. The first iteration begins 
with α = 1. For each iteration round (r) the objective 
function is calculated at three different points ξ(i = 1, 2, 3). 
The second point ξ(2) refers to the current value ξ(2) = γ(n) 
for the design variable, while the first ξ(1) and the third 
points ξ(3) are respectively equal to the  ξ(1) = γ(n) – Δ(n) 
and ξ(3) = γ(n) + Δ(n) of the current design variable which 
are permitted to change. 3: Based on the analytical model of 
a PMSG the geometrical dimensions (stator slots, magnet 
height, etc.), the electromagnetic parameters (inductances, 
resistances, current components, flux densities, losses, 
efficiency, maximum torque, power factor angle, etc.), 
water-cooling parameters (outlet water temperatures, water 
pressure, water flow) are calculated as well as the objective 
function is evaluated for three values of design variable ξ. 
The following PMSG parameters are chosen to be constant: 
- the conductor cross section (width × height × hole radius), 
the slot wedge height, the number of basic 12-10 machines, 
the inlet coolant water temperature, the allowable flux 
densities in the yokes; the insulation thickness; 
- the initial airgap diameter Dso is defined as a function of 
conductor width as 385 × b0. The value 385 just happens to 
give an appropriate starting point for the iteration and does 
not represent any higher intelligence; 
- the air gap length is kept at its minimum  value limited by 
mechanical considerations to 0.125 % of the stator bore 
diameter; 
- the effective permanent magnet width is kept as a constant 
fraction of the pole pitch bPM = 0.8 × τp; 
- the number of conductors per slot width is kept constant 
and equals four enabling two coils having two adjacent 
conductors. 

4: Obtained results are checked to be under the given set 
of constraints. The maximum water outlet temperature Θoutlet, 
maximum water pressure p, the minimum efficiency η, the 
minimum power factor cosϕ and the minimum value of 
generator torque overload ability under constant speed are 
used as constraints in the algorithm. The overload multiple is 
ratio between maximum output torque and rated output 
torque (Tmax/Trated). If any of the constraints is not satisfied, 
this iteration is removed from further consideration 6. 5: 
Throughout the iteration r, we select whichever value of the 
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design variable ξ(i) gives a minimum value for the objective 
function m*

r under the given set of constraints 4. 7: In case 
when the objective function value m*

r in the current iteration 
r is bigger than the value of the objective function in the 
previous iteration m*

r-1 and there have been two successive 
iterations for both design variables (γ = [kE, ls], EMF ratio 
and stator length) with the same value of the scaling factor α 
(i.e. n = n(2)), there is no change in the value of the objective 
function 8. Then the scaling factor is gradually changed by α 
= 0.99 × α. The decision to emphasize the "search in depth" 
instead of "search in breadth" is due to the fact that it is not 
possible to specify exactly which minimum value of Δ(n) 
must be set for a certain design variable, and therefore, it is 
set in terms of what a reasonable maximum step size could 
be. If α ≥ ε 9, we start another iteration (r = r + 1) 10 with 
the same starting value for the design variables (γ = [kE, ls] 
EMF and stator length ratio) as in the previous iteration (γ = 
γr-1) but with reduced variation step Δ(1) for the first design 
variable n = n(1) 8. 7→11→12: If the objective function 
changes its value m* = m*r the next iteration starts with 
scaling factor α = 1 and the initial discretization step size Δ  
= Δ init. The starting values for the EMF ratio and stator 
length for the next iteration in this case are the final values 
of the PMSG designed in the current iteration (γ = γr). 
7→11→13: This step takes place when there is no change in 
the value of the objective function (i.e. m* = m*r-1) and 
therefore the next iteration starts with the previous scaling 
factor value α = α and the n = n(2) design variable (i.e. 
stator length) will be permitted to change during the next 
iteration. The starting values for the design variables (EMF 
ratio and stator length) are the same as in the previous 
iteration (γ = γr-1). 14: The algorithm stops when there 
cannot be found any better combination of stator length and 
EMF factor, even with the smallest variation step Δ(n). 
Simulation results have shown that Δ(n) drops by a factor of 
α = 0.01 when the  objective function will no more be 
corrected, and therefore the value of ε = 0.01 to stop the 
iteration is appropriate. 

B.   Set of constraints 
First, we limited the temperature at the outlet of the 

cooling channels and the total pressure drop along the 
cooling circuit, which both are critical from the machine 
reliability point of view. To maintain the outlet coolant 
temperature below a certain limit e.g. 80 °C, we placed a 
restriction on the pressure drop along the cooling circuit (< 2 
bar) to limit the pumping power required. 

Second, because computation results showed that the 
generator efficiency drops continuously with increasing 
tangential stress, we placed a lower limit of η ≥ 92 % on the 
generator efficiency. 

Third, again for reasons of reliability, we required that 
the resulting generator design must be capable of 
withstanding at least the 130 % of its rated torque. 

Finally, to limit the converter overhead to a sensible 
level, it was necessary to limit the power factor no lower 
than cosϕ = 0.7 (ϕ = 45°). 

C.   Objective function 
The objective function minimizes the total mass of the 

copper mCu, permanent magnets mPM, and steel mFe materials. 
It can be written in the form: 

 
minFePMCu →++= mmmm ,       (1) 

CuCuQsCuCu ρSzQlm = ,           (2) 
 

Fig. 2. Flow chart of the iteration process to find  
an proper dimension set of the LC DD-PMSG 
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( ) 35.1Cuactive FeFe ×+= mmm ,          (5) 
where Dro – outer diameter of the rotor, Dri – inner diameter 
of the rotor, Dso – outer diameter of the stator, hys – stator 
yoke height,  hPM – height of magnet, hts – tooth height, zQ – 
number of conductors in slot, kFe – space factor for steel, lCu – 
average conductor length, lr – rotor core length, lPM – 
permanent magnet length, mFe active – active mass of steel 
lamination,  p – number of pole pairs, Qs – number of stator 
slots, SCu – conductor cross-sectional area, wPM – permanent 
magnet width, wds – tooth width, ρCu – copper resistivity, ρFe 
– steel resistivity, ρPM – permanent magnet resistivity. 
Inactive material consisting mainly of steel, which provides 
structural support to maintain the airgap between the stator 
and the rotor was estimated as 35 % of the active material of 
steel lamination and copper mass. 

IV.   CASE STUDY AND RESULTS 
The method is then applied to the LC DD-PMSG, which 

consist of twelve basic 12-10 machines, 6-phase stator 
windings and conductor cross section dimensions of 15 mm 
in height by 18 mm in width and with a 2.25 mm hole 
radius. The initial discretization step size Δ  is: ΔkE = 0.1 and 
Δls = 0.1 m for EMF factor and stator length respectively. 
Table 2 lists the proper design dimensions for this study 
case. 

 
TABLE II 

PROPER DESIGN DIMENSIONS 

Parameter Value 

Stator airgap diameter 6.93 m 
Stator length 1.1 m 
EMF factor 0.8 
Copper mass 9.2 t 
Steel mass 31 t 
Magnet mass 3.6 t 
Total mass 43.8 t 
Efficiency 92 % 
Tangential stress 93 kPa 
Linear current density 150 kA/m 
Peak torque p.u. 1.3 
Voltage per segment 275 V 
Number of phases 6 
Number of conductors per slot 24 
Copper losses 580 kW 
Total losses 690 kW 
Outlet water temperature 80 ºC 
Total pressure drop 1.1 bar 
Flow rate 3.5 kg/s 
Coolant velocity 1.02 m/s 
Run time of the computations 7 min 

 
Fig. 3 depicts the generator total mass and tangential 

stress evolutions with increasing the number of iteration 
steps. In a cylindrical electrical machine the tangential stress 
is defined by 

! tan !
T

2V"

! AB"
,               (6) 

where T is air gap torque, Vδ is the air gap volume, A is 

the linear current density, Bδ is the air gap flux density. 
High tangential stress results in a decrease in size and 

weight of the generator at the same torque level. According 
to Eq. 6 the tangential stress is directly related to the linear 
current density. In traditionally air-cooled electrical 
machines the linear current density is mostly limited by the 
maximum allowable winding temperature rise. For 8 MW 
LC DD-PMSG according to Table II the linear current 
density is 150 A/m at 93 kPa tangential stress level. 
Therefore, applied direct liquid cooling of the stator 
windings becomes justified [6] since it guarantees that the 
winding temperature is kept being adjusted around the 80 ºC. 

The calculations show that after 9132 iterations a desired 
solution is found. The requirements of the generator and the 
cooling system are precisely met. The total computational 
time is about 7 minutes. Using this approach the proper 
design dimensions for a complex system, such as a direct-
water cooled PMSG, can be determined in a robust manner. 
While this approach gives the specification of feasible 
direct-water cooled PMSG, in practice, customer 
requirements would finally define the generator's main 
dimensions. 

 

 
Fig. 3. Mass and tangential stress evolution during the iteration. 

Computational results. 
 
The results of the analytical calculations have been 

verified by numerical simulation in commercial finite 
element software Flux 2D (Cedrat). Main dimensions given 
in Table II have been used. Induced voltage, rated torque and 
copper loss have been determined in order to check the 
analytical results. 

 

 
Fig. 5. No-load EMF at 11 rpm. 2D FEA results. 
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Fig.4. Magnetic flux density distribute 

on at rated load. 2D FEA results 
 

 
Fig. 6. Rated torque. 2D FEA results. 

 

 
Fig. 7. Current density distribution in slots  

(RMS stator phase current is 920 A).  
2D FEA results. 

 

 
Fig. 8. Temperature distribution inside the slot conductors. 

2D FEA results. 
 

2D FEA calculated total copper losses are 620 kW at 
rated point. RMS value of induced voltage at no-load is 1500 
V which results in EMF factor equals 0.79. Temperature 
inside the conductors does not exceed 80 ºC. 

Obtained results are quite close to the analytical ones 
given in Table II. The difference in the results is due to the 
simplifications used in the analytical model in order to keep 
computation times low, while the FEM simulations describe 
the real situation more detailed. However, we believe the 
results of the analytical optimization are only preliminary, 
and significant improvements of the design are still possible 
by further FEM iteration process. 

V.   CONCLUSION 
With the constrained steepest descent method with a 

variable step size the proper specification of LC DD-PMSG 
with minimum mass has been determined. Within this 
approach only the stator length and EMF factor are 
considered variables, while the number of 10-poles/12-slots 
segments and conductor cross-section dimensions are 
imposed by the user. Using this approach, the mass of the 
generator is minimized, while the tangential stress becomes 
higher during the iterative process. This method is not too 
complicated and can provide useful information for the 
analysis, such as the tendency of generator parameters 
obtained from the continuous monitoring. 
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ABSTRACT 
A concept has been developed for a novel lightweight 
wheel structure intended for rotor and stator use in direct-
drive wind turbine generators. It uses a slanted spoke and 
rim architecture to provide maximum static structural 
performance with minimum weight. A unique attribute of 
the structure is its use of layered sheet steel elements to 
form the spokes and rim. Friction between layers 
establishes structural integrity. The interaction between 
layers and the resulting increase in damping normal to the 
stack offers improved dynamic performance. A static 
structural analysis of a full-scale stator wheel structure 
for an 8 MW permanent magnet machine demonstrates 
structural effectiveness of the architecture. To understand 
vibration characteristics of the lightweight wheel 
structure, a quarter-scale prototype was built and an 
experimental modal analysis was carried out to measure 
actual radial vibration responses. This data was used to 
verify a numerical model, and there was good agreement 
between measured and predicted behaviors. Finally, a 
modal analysis was carried out for the full-scale stator 
wheel structure. The dynamic performance of the wheel 
is  acceptable  for  the  stator  of  the  8  MW  DD-PMSG  
embodiment. 

1 Introduction 
The primary benefits associated with today’s Direct-
Drive Permanent Magnet Synchronous Generators 
(DD-PMSGs) for large-scale wind turbine applications 
are improved reliability, lower maintenance, longer life, 
and improved overall output [01, 02]. However, a key 
limitation is excessive size and the corresponding greater 
weight and material costs. At and above the 5 MW level, 
DD-PMSGs based on traditional cooling concepts 
become too large to be economically viable [03]. The 
direct-drive annular generator used in the 7.6 MW 
Enercon E-126 wind turbine, for example, is 12 m in 
diameter with a stator diameter of more than 10 m [04]. 
The large rotor and stator wheel structures needed to 

support its electromagnetic forces are massive, and the 
E-126 is approximately 220 tonne [05, 06, 07, 08]. 
Floating, offshore wind turbines are especially 
susceptible to problems associated with generator mass, 
because movement of the floating platform can result in 
excitation of the generator that affects the air gap between 
stator and rotor. The mass of the generator for a floating 
wind turbine must be kept as small as possible [09]. To 
continue improving the economic performance of wind 
turbines for electric power transmission, generator 
diameters should be kept below 8 m, and generator 
masses should be below 100 tonne. 

Combining permanent magnet (PM) excitation with an 
optimal PMSG topology is the first step in reducing 
generator mass and cost [10, 11]. However, several 
clever mechanical design approaches that promise further 
weight reductions have also been investigated for large 
low-speed direct drive machines. Spooner et al. and 
Mueller and McDonald proposed an ironless stator 
generator based on a spoked wheel structure [12, 13]. 
Without stator steel, the strong radial forces between the 
stator and rotor are eliminated and the wheel structures 
can be more lightweight. However, stator and rotor 
diameters must be made larger in the ironless concepts, 
which offsets the weight reduction advantage of their less 
robust wheel structures. Other designs propose 
positioning large-diameter multi-row roller bearings 
between stator and PM rotor to manage the resulting 
large radial magnetic forces [14]. Bearing reliability 
coupled with impractical stiffness requirements for the 
bearing supporting rings make this approach less feasible 
and expensive for large diameter PMSGs.  

Engstrom and Lindgren introduced a generator design in 
which supporting steel rollers placed adjacent to the air 
gap eliminate the structural effects of magnetic radial 
loading. Mechanical spherical roller bearings provide 
support for the steel rollers. With a 9 m air-gap diameter, 
the prototype 4 MW NewGen weighs in just under 37 
tonne [15]. The downside to this approach is an increase 
in complexity and a subsequent reduction in reliability. 
The steel wheels, which roll in large multiples of the 
generator’s 19 rpm design speed, will be subject to 
accelerated fatigue stress [16, 17]. Furthermore, the 
complex bearing system will excite numerous harmonic 
vibrations. 

The first approach taken to minimize weight for the DD-
PMSG described in this work was to minimize its 
diameter. Since power is proportional to rotating speed 
and torque, and since the rotating speed of a large direct-
drive wind turbine generator is essentially fixed (10-15 
rpm), the developed torque of the machine determines 
power level. Developed torque is the product of air-gap 
radius, active length, and tangential stress. For a PMSG, 
the electromagnetic interaction between the magnetic 



fields provided by the magnet poles and the electrical 
current flowing through the windings determines the 
level of tangential stress. As reported by Semken et al. 
[18], taking advantage of the dramatically more effective 
heat removal made possible by direct liquid cooling of 
the copper conductors, a DD-PMSG can be designed 
with substantially higher linear current density in the 
windings, which results in substantially higher levels of 
tangential stress.  

Developing higher tangential stress levels by increasing 
linear current density makes it possible to reduce air gap 
diameter resulting in a significantly smaller generator. 
Because the saturation properties of most core steels are 
similar, magnetic loading does not vary substantially 
from one machine to another. Therefore, it is possible to 
achieve equivalent air gap flux density using less magnet 
material with a smaller air gap diameter. This is 
particularly important for a PM generator, which is 
subject to the pricing volatility of the magnetic material 
[19]. 

On the other hand, electrical machines are subject to wide 
variations in electrical loading, and greater applied 
electrical loading leads to greater tangential stress levels. 
At higher levels of tangential stress, less copper material 
can be used in a smaller diameter machine at the cost of 
slightly reduced efficiency; a penalty offset by an 
improvement in partial load efficiency characteristics. As 
a result, for smaller air gap diameters and increased levels 
of tangential stress, the weight, and therefore the cost, of 
both the passive and active materials that make up the 
generator can be dramatically cut [20]. 

Once diameter has been minimized, the design of the 
wheel structure for its stator and rotor has the next biggest 
influence on generator mass. In a PMSG, the stator and 
rotor structures must work together to resist the large 
attraction forces that pull together the facing surfaces of 
the rotor and stator. Since air gap length must be kept 
small to optimize efficiency, the structures must hold 
radial deformations to an absolute minimum. The 
structures must also resist the large tangential 
electromotive forces produced by the generator. 
Furthermore, understanding dynamic performance is 
important. The dynamic behaviours of both the stator and 
rotor wheel structures must be determined and evaluated 
with respect to possible excitations. Particularly, as 
generator diameter becomes larger, dynamic response 
becomes more of an issue. For the structural designer, 
managing static structural deformation and dynamic 
performance while keeping internal stresses within safe 
limits are primary objectives. 

Presented here is a novel concept for a lightweight rotor 
and stator wheel structure. It uses a spoked-wheel 
architecture; however, the spokes do not radiate outward 
normal to the hub. Instead, they are slanted and come out 

from the hub tangentially. This orientation enables the 
wheel structures to provide maximum static structural 
performance with minimum weight when the wheel rim 
is subjected to both tangential and radial forces. 

To verify the static mechanical performance of the 
proposed concept, a static structural analysis of the stator 
structure was carried out using magnetic and torsion 
forces predicted via electromagnetic analysis. To 
determine vibration characteristics, a numerical model 
for modal analysis was developed and experimentally 
verified. 

The actual size of the proposed structure prohibited 
building a full-scale prototype. Therefore, a quarter-scale 
prototype was designed and built. Next, a numerical 
model of the prototype was developed and a modal 
analysis was carried out to evaluate dynamic responses. 
Comparing the measured vibration characteristics of the 
prototype against the predicted modal responses served 
to verify the numerical model and the modelling 
approach. 

Finally, a similar modal analysis was carried out for a 
full-scale stator structure. The agreement seen between 
the predicted and measured responses for the quarter-
scale prototype gives credence to the predicted vibration 
characteristics of the full-scale structure. 

2 Conceptual Design of Lightweight Stator 
Structure 

The subject 8 MW liquid-cooled (LC) DD-PMSG has a 
6.5 m air gap diameter and an active length of 1.1 m. 
Overall, it is 7 m in diameter and approximately 85 tonne. 

The novel slanted-spoke structural wheel architecture is 
applied for both the stator and rotor. The spokes of the 
inner stator slant in the direction of the tangential forces 
acting on the outer diameter surfaces. Applying radial 
magnetic forces causes the outer rim of the wheel 
structure to deform outward. Applying tangential forces 
pulls the rim back into position. Figure 1 illustrates. In 
the same way, slanting the spokes of the outer rotor away 
from the tangential forces pulls its outer diameter 
outward in opposition to the inward pull of the magnetic 
forces, which again results in less overall radial 
deformation. 

Another unique and important attribute of the slanted-
spoke structural wheel architecture is its use of layered 
sheet-steel elements to form the spokes and rim of the 
wheel faces. When appropriately bound, friction between 
the layered sheet-steel elements establishes structural 
integrity with a substantial increase in structural damping 
perpendicular to the stack. In addition, with the stacked 
sheet-metal approach, substantial spoke-and-rim wheel 
structures can be built up without welding together overly 
thick steel elements. Eliminating deep structural welds 



reduces manufacturing cost and eliminates problems 
associated with fatigue cracking and failure of welded 
connections. Fatigue cracking is a serious problem for a 
large structure with a 30-year design life that is subjected 
to continual flexing and extreme temperatures [21]. 

 
Figure 1 Spoke deformations due to radial and tangential 
forces combine to yield a resultant with minimal radial 
displacement. 

The electromagnetic machine is based on the use of 
duplex-helical, double-layer, non-overlapping tooth-coil 
windings. 144 tooth-coil windings are arrayed around the 
outer perimeter of the stator wheel in 12 segments. 
Cooling  liquid  is  fed  into  each  coil  via  the  array  of  12  
cooling manifolds, which also receive the return flow. 
Bearings  are  positioned on each side  of  a  fixed  hollow 
stator support axle to accommodate the outer rotor (not 
shown).  The  12  segments  of  the  stator  are  fixed  to  the  
stator  wheel  via  crossing  tubes  that  pass  through  the  
electrical steel laminations. 

Figure  2  shows  the  bare  stator  wheel  structure.  The  
layered sheet-steel elements are arranged and stacked to 
form a wheel face with slanted spokes and a rim. For the 
full-scale 8 MW LC DD-PMSG, a single sheet element is 

mm  thick.  A  wheel  face  bolts  onto  each  side  of  two  
inner hub plates resulting in a pair of wheel structure 
sides. Spacers sit between the wheel faces in line with the 
spokes to maintain the spacing established by the hub. 
For this embodiment, a polymer material is envisioned 
for the spacers (e.g., high density polyethylene) to 
introduce structural damping in the axial direction. Next, 
a circular array of crossing tubes connects the two wheel 

sides to form the complete lightweight wheel structure, 
which is stiffened axially with internal cross bracing. 

3 Radial Forces, Tangential Forces, and 
Excitation Frequency 

The dominant forces acting upon the stator and rotor of a 
large PMSG are the electromagnetic forces, which act 
tangentially and radially across the air gap. The stator and 
rotor structures must resist the greater magnetic attraction 
forces and the lesser tangential forces. The PM flux of the 
rotor acting on the different relative permeabilities of the 
air gap and the stator electrical steel laminations produces 
the radial forces. The tangential stress is mainly the 
Lorentz force resulting from the interaction between the 
PM flux and the current passing through the stator 
conductors. 

= ( + × ) (1)

In Equation (1), force F develops as a particle charge q 
moves with velocity v in an electric field E and a 
magnetic field B. 

An electromagnetic Finite Element Analysis (FEA) was 
carried out using CEDRAT Flux 2D to determine the 
electromagnetic forces for a 30° segment of an 8 MW 
LC DD-PMSG. Table 1 shows the input parameters used 
in the electromagnetic analysis. 

Table 1  Input parameters for LC DD-PMSG analysis 

Parameter   Parameter  
Power  [MW] 8  Air gap diameter  [m] 6.9 
Speed  [rpm] 11  Number of stator slots 144 
Line-to-line voltage  [kV] 3.3  Number of rotor poles 120 
Stator current  [A] 1060  Conductors per slot 20 
Number of phases 6  Electrical efficiency  [%] 93 
Stator length  [m] 1.15    

The outputs of the FEA analysis were the resultant radial 
and tangential components of flux density under rated 
load in the air gap as a function of rotor position.  

Applying the Maxwell stress method described by 
Pyrhönen et al. [22], the local distribution of radial ( r) 
and tangential ( t) force densities (N/m2) in the air gap 
can be expressed as shown by Equations (4) and (5). In 
the equations, Br and B t are the radial and tangential 
components of force density in the air gap, and 0 is the 
permeability of air. 

=
1

2
( ) (2)

=
1

 (3)

Applying the Maxwell stress method described by 
Pyrhönen et al. [22], the local distribution of radial ( r) 
and tangential ( t) force densities (N/m2) in the air gap  

 



 

Figure 2  Lightweight stator structure comprising hub plates, wheel faces made up of layered arrays of sheet steel 
elements, wheel face spacers, crossing tubes, and bracing straps 

can be expressed as shown by Equations (4) and (5). In 
the equations, Br and B t are the radial and tangential 
components of force density in the air gap, and 0 is the 
permeability of air. 

=
1

2
( ) (4)

=
1

 (5)

Figure 3 illustrates the radial and tangential force density 
distribution  along  the  air  gap  as  calculated  by  the  
equations. The force density distribution repeats itself 
every 5th pole or every 15° corresponding to the rotational 
symmetry associated with the machine’s 144 slot and 120 
pole configuration. There is significant variation in the 
force density distribution. This variation is a product of 
the slotted geometry of the stator electrical steel 
laminations and the discrete positioning of the winding 
conductors. The peak values calculated for both the radial 
and tangential force density components are roughly 
equal. 

Assuming that both components of force density are 
distributed across the ten magnetic poles of the segment, 
the actual two-dimensional electromagnetic force can be 
obtained  as  a  line  integral  along  the  air  gap.  Using  the  
radius at the middle of the air gap (r ) for the integration  

 
Figure 3  Radial and tangential force density distribution 
generated by the rotor permanent magnets and by the 
current flowing in the stator windings at the 8 MW rated load 

path, tangential and radial force as a function of angular 
position is defined by Equations (6) and (7). 

( ) = d  (6)

( ) = d (7)

In the equations, F r and F t are the radial and tangential 
components of force, l s is the effective stator stack 



length,  is the angle in the cylindrical coordinate system, 
and r is rotor position. 

The radial and tangential electromagnetic forces at rated 
load calculated from these equations using the Maxwell 
stress method for the radial and tangential forces 
averaged over a single 30° segment are F r 492.5 kN 
and F t 169.3 kN, respectively. 

Static loadings during phase-to-neutral and phase-to-
phase short-circuit fault conditions were also investigated 
for the subject LC DD-PMSG. Electromagnetic forces 
were calculated using the Maxwell stress method. 
Respectively, the corresponding maximum radial forces 
per segment are F max 396 kN and F max 437 kN. The 
maximum tangential forces per segment are F
max 57.2 kN and F max 161 kN. For the LC DD-PMSG 
design, the maximum values of these force components 
are below those calculated for rated load. 

There is circumferential variation in both the radial and 
tangential forces. These circumferential variations are 
excitations that can induce vibration during operation. To 
ensure that vibration does not become a problem, the 
natural radial and torsional vibration frequencies of the 
generator wheel structures need to be about 25% higher 
than any existing radial or torsional excitation 
frequencies. 

If the rotor speed of a synchronous machine is nm , and 
the rotor has the number of poles P , then the fundamental 
frequency of the machine in hertz f e  can be expressed as 
follows [23]. 

= 120
(5)

The rotor of the proposed LC DD-PMSG has 120 
magnetic poles and the rated rotor speed is 11 rpm, so the 
fundamental electrical frequency is 11 Hz. 

There are two frequencies of excitation relevant to the 
vibration responses of the LC DD-PMSG wheel 
structures. One of these is the mechanical result of the 
120 magnetic poles of the rotor pulling radially on the 
stator teeth as they pass by 11 times per minute. This 
radial excitation frequency is 22 Hz (120 · 11 60). The 
second excitation is torsional. Torque cogging is 
produced at the sixth harmonic of the fundamental 
machine frequency, so the torsional excitation frequency 
is 66 Hz (11 · 6) [24]. 

Therefore, for optimum dynamic performance, the 
natural radial vibration frequencies of the full-scale 
generator wheel structures should be greater than 
27.5 Hz, which is 25% above 22 Hz, and the natural 
torsional vibration frequencies should be greater than 
82.5 Hz or 25% above 66 Hz. 

4 Static Structural Analysis of Full-Scale 
Lightweight Stator Structure 

To verify the structural performance of the proposed 
wheel, a static structural analysis was carried out using 
ANSYS® Workbench™ v15.0. The model was 
constructed in SolidWorks® 2013 SP4.0, and then 
imported into ANSYS®. A fixed constraint was applied 
to the inner surfaces of the axle, and the predicted radial 
and tangential forces were applied. The geometry of the 
wheel structure was simplified for computational 
efficiency. 

The 12 circumferentially arrayed bodies penetrated by 
crossing tubes represent idealized stator segments 
(electrical steel laminations and tooth coils). The 
magnetic attraction force of 492.5 kN per segment was 
applied as a 0.254 MPa pressure to the outer diameter 
surface of each body. The tangential force of 169.3 kN 
was applied as 50.01 N/mm line pressure to each of the 
outer circumferential edges. With respect to the figure, 
the magnetic force pulls outward on the outer diameter 
surface, and the tangential forces pull in the clockwise 
direction. 

The FEA-model of the wheel structure was meshed with 
solid tetrahedral elements using program-controlled 
course meshing. Convergence was ensured by repeating 
the analysis with finer mesh sizes. The specific solid 
elements included SOLID186 and SOLID187. Surface-
to-surface contact between elements was defined using 
CONTA174 and TARGE170. There were 494,039 
elements with 3,024,795 degrees of freedom. 

Material properties were assumed linearly elastic. Table 
2 summarizes the relevant material properties used for 
the model components. 

Table 2  Material properties for static structural analysis of 
full-scale stator wheel 

 Young’s modulus 
(MPa) 

Density 
(kg/m3) 

Poisson’s 
Ratio 

structural steel 200000 7850 0.3 
polyethylene 1100 950 0.42 

As mentioned previously, the key aim for the structure in 
terms of static mechanical performance is to keep radial 
deformation to an absolute minimum. Figure 4 illustrates 
the radial and circumferential deformations predicted for 
the lightweight stator structure when subjected to the 
outward magnetic forces and the clockwise tangential 
forces. 

The design principle depends on the slanted spokes 
pulling the rim inwards in response to the tangential 
forces to counteract the radial deformation outward 
caused by the magnetic forces. As the FEA results 
illustrate, the structure is performing as expected. In the  



 
Figure 4  Radial deformation (left) and circumferential deformation (right) of lightweight stator structure subjected 
to peak electromagnetic forces showing maximums of 0.04 mm radial and 2.6 mm circumferential at the outer 
diameter surface

left image, the 2.4 mm deformation (orange) of the spoke 
region near the rim corresponds to the spokes moving 
inward by about 0.2 mm. Although the cross tubes are not 
shown, they are deforming outwards by about 0.2 mm in 
response to the pull of the magnetic forces. As a result, 
the maximum outward radial deformation, which occurs 
on  the  outer  diameter  of  the  stator  segment  body,  is  
shown to be a negligible 0.04 mm. 

The outer diameter of the stator moves 2.6 mm 
circumferentially in the clockwise direction (image on 
the right in the figure). This movement produces the 
inward deformation of the rim. The relative values of 
radial and circumferential deformation can be adjusted 
(by design) by varying spoke, rim, and cross tube 
geometries, which makes it possible to tune the structure 
to achieve the desired deformation performance. 

 

Figure 5 illustrates the equivalent stress (Von Mises 
stress) fields determined for the stator wheel structure. 
The maximum predicted stress of 99.6 MPa occurs in the 
fillet where the axle and wheel flanges meet as shown in 
the image on the right in the figure. This stress could be 
reduced further by increasing the fillet radius. Elsewhere 
in the structure, the stresses are relatively low. 

The lightweight stator wheel structure is designed to 
accommodate the application of radial and tangential also 
carried out with the direction of the tangential forces 
reversed. The maximum deformations predicted were 
0.34 mm outward radial and 3.1 mm clockwise 
circumferential. The predicted maximum equivalent 
stress (also at the flange axle interface) was 100 MPa. 

While not ideal for continuous operation, these values 
indicate that no damage will occur if the generator is run 
in reverse. 

5 Vibration Characteristics of 1/4-Scale 
Wheel Structure: Predicted vs Measured 

A  first  step  towards  understanding  the  dynamic  
performance of the proposed lightweight stator wheel 
structure is to determine the normal modes and natural 
frequencies that define its vibration characteristics. A 
simplified numerical model is needed that can accurately 
predict these patterns of motion, because the complex 
nature of the nonlinear interaction between layers in the 
structure cannot be readily modelled. However, before 
this kind of numerical model can be applied with 
confidence, it must be verified, and a good way to do this 
is to compare predicted with measured results. 

For this purpose, a quarter-scale layered-sheet-steel 
wheel structure was designed, fabricated, and assembled. 
Its radial vibration characteristics were measured using a 
Polytec Scanning Laser Doppler Vibrometer (SLDV). 
Next, a simplified numerical model of the quarter-scale 
structure was developed, and a modal analysis was 
carried out using ANSYS® Workbench™ v15.0. 

Quarter-Scale Wheel-Structure Prototype 

The wheel-structure prototype comprises an axle with 
wheel hub flanges on either end, two wheel-face pairs 
bolted to either side of the two hub flanges, and a circular 
array of 144 threaded rods to simulate the structure’s 
crossing tubes and connect the rims of the near and far 



side wheel-face pairs. Each of the four wheel-faces 
consists of five layers of 12 laser cut sheet-steel elements  

 
Figure 5  Equivalent stress in lightweight stator structure subjected to peak electromagnetic forces showing 100 
MPa maximum, which occurs at the interface between the axle and wheel flange 

laid out in a circular array. Two of the sheet-steel 
elements are shown in the middle photo of the figure. 
There are 60 total elements in each wheel face (240 total 
for 4 faces), and each is 6.2 mm total thickness. Every 
layer of arrayed sheet-steel elements is oriented 15° from 
the previous, so the seams between elements are 
staggered (right-side photo). 

The spoke layers and spacers are bound together using 
nylon cable ties. There are also metal spacers (not shown) 
on the crossing threaded rods to maintain spacing of the 
wheel-face pair at the rim. Interior braces cross 
diagonally from the near to far sides of the wheel 
structure for axial rigidity. Each pair of braces is 
tensioned by a Sorbothane® elastomeric damper inserted 
between and at the intersection of the pair. The elastomer 
also serves effectively to dampen brace vibrations. The 
completed quarter-scale wheel structure measured 
1564 mm in diameter by 442 mm wide. Total weight was 
375 kg. 

Experimental Modal Analysis 

Experimental Modal Analysis (EMA) can determine the 
actual vibration characteristics of a linear and time 
invariant structure. The output of EMA is a modal model 
comprising natural frequencies, modal damping ratios, 
and mode shapes. From the experimentally derived 
modal model, constituents such as mass, damping, and 
stiffness can be extracted. A typical EMA setup 
comprises four main components: 1) the structure being 
evaluated, 2) an excitation system to provide a 

measurable input force function, 3) a transducer to 
transform mechanical motion into an electrical signal, 
and 4) an analyser to carry out the measurement and 
signal processing tasks. Figure 6 is a photo image of the 
setup used to make the radial SLDV measurements. 

On the left in the figure, a Bruel & Kjaer 4814 modal 
exciter connects to a bar that is clamped to a pair of the 
wheel structure’s crossing rods. The relatively stiff clamp 
bar helps to direct excitation away from the threaded rods 
and into the wheel sides. Mounted on a tripod at the far 
right of the photo is the transducer, a Polytec PSV-500 
scanning vibrometer. The analyser, a Polytec OFV-5000 
vibrometer controller, sits in the rack behind the 
transducer along with the system’s processing unit. 

The EMA system was configured to measure the 
vibrational velocity and displacement of a vertical array 
of programmed target points covering an arc section of 
the near and far side rims. Both the exciter and the wheel 
structure are hung from above to simulate a free-free 
constraint. A pair of ropes attached to the bottom of the 
wheel (one is visible at the bottom right in the figure) 
were added to keep the structure from swinging and 
rotating. 

With the PSV-500 positioned as shown in the figure, it  
was not possible to target the full circumference of the 
wheel structure. The twin vertical arrays of target points 
covered only the 110° arc section visible to the 
vibrometer. Without measuring target motion for the full 
circumference, the SLDV system cannot determine the 



global mode shapes of the wheel structure. However, 
measuring the movement of the target points across the 

Figure 6  EMA radial measurement setup used to develop modal model for prototype wheel structure 

visible 110° arc yields the frequency response data 
needed to carry out the necessary comparison between 
predicted and measured motions to verify the numerical 
model. 

The modal exciter pulsed the wheel structure with a 
pseudo-random signal, within the excitation frequency 
range of 0-to-800 Hz. Ninety-five scanning points were 
measured using a complex average of three, and the 
sampling rate for the measurement was 2 kHz with 
1600 fast Fourier transfer lines. 

EMA Results for Prototype 

The SLDV measurement procedure and 
subsequent data processing produced a 

Frequency Response Function (FRF) plot relating 
velocity magnitude to frequency. By comparing the 
plot with the numerically predicted modal results, 

modal shapes can be associated with the peaks of 
the FRF plot.  

Figure 7 shows the relevant range of frequencies of the 
FRF plot for the radial SLDV measurements. The first 
five radial vibration mode peaks have been tagged in the 
plot. They occur at 270, 291, 304, 318, and 332 Hz, 
respectively. 

Numerical Model of Prototype and Predicted Modal 
Results 

A simplified model of the prototype wheel structure was 
developed to carry out a modal analysis and predict the 
vibration characteristics of the quarter-scale layered 
sheet-metal wheel structure. 

The two layered wheel-face pairs, comprising the slanted 
spokes and wheel rims, were meshed as SHELL181 

elements. All other structural components were meshed 
with SOLID186 and SOLID187 elements. The FE model 
consists of 211,181 total elements with 2,336,571 
degrees of freedom. To facilitate the connection of these 
element types and varying degrees of freedom, a bonded 
contact with a Multi-Point Constraint (MPC) formulation 
is used. The MPC formulation helps to couple 
translational DOF from the solid surfaces to the rotational 
DOF of the shell edges. A free-free boundary constraint 
and surface-to-surface contact elements, were 
implemented on the solid element interface [25]. 

In a modal analysis, material and geometric 
nonlinearities are difficult to model, so nonlinear effects 
resulting from, for example, fastening methods were 
ignored. In addition, the elastomeric dampers used to 
tension and dampen the cross bracing were not modelled. 
Finally,  linear  elastic  behaviour  was  assumed  for  the  
wheel structure materials. 

The  analysis  options  were  set  to  discover  up  to  600  
modes between 20 and 500 Hz with the solver type 
controlled by the program. The same linearly elastic 
material properties that were used previously in the static 
structural analysis were used here. Refer to Table 2. The 
modal analysis solution revealed four distinct radial 
vibration modes at 301, 310, 320, and 333 Hz, 
respectively. Their shapes correspond to radial modes 2, 
3, 4, and 5 [25]. 

Predicted versus Measured Modal Results 

Table 3 compares the numerically predicted frequencies 
for radial modes 2 through 5 with the frequencies 
identified for the same modes in the FRF plot. As the 

 



 
Figure 7  Measured radial vibration of the structure presented as an FRF plot showing the first five modes 

numbers show, the agreement between the predicted and 
measured values is good. 

Table 3  Summary of modal frequency results comparing 
predicted versus measured values 

Mode Predicted 
Frequency (Hz) 

Measured 
Frequency (Hz) 

Difference 
(%) 

2 301 291 3.3 
3 310 304 1.7 
4 320 318 0.3 
5 333 332 0.3 

The similarity between the predicted and measured 
modal analysis results for the quarter-scale prototype 
serves to verify the numerical model and suggests that 
predictions based on a similar numerical model for the 
full-scale structure should yield accurate predictions. 

6 Modes and Frequencies Predicted for 
Full-Scale Stator Wheel 

To examine the vibration characteristics of the full-scale 
stator wheel, the FEA model previously developed for 
static structural analysis was simplified to eliminate the 
nonlinear geometric features not readily accounted for in 
modal analysis. The FE model of the full scale wheel 
structure was meshed using solid tetrahedral elements 
with 1,008,265 nodal degrees of freedom. Contact 
between elements was handled as in the quarter-scale 
modal analysis. The analysis options were set to discover 
up to 450 modes between 5 and 5000 Hz with the solver 
type controlled by the program. The same linearly elastic 
material properties that were in the previous analyses 
were used here. Refer to Table 2. 

The modal analysis solution did not predict any torsional 
vibration modes for the full-scale stator wheel. However, 
it did identify radial vibration modes 2, 3, 4, and 5 at 111, 
129, 150, and 177 Hz, respectively. Figure 8 shows the 
graphical presentation of these radial modes. As 
previously discussed, with a radial excitation frequency 
of 22 Hz, the minimum radial modal frequency should be 
greater than 27.5 Hz. Although the solution did not 
identify the first radial mode, based on mode 2, which 

occurs at 111 Hz, there seems to be a substantial margin 
of safety. 

7 Conclusions 
A novel concept was introduced for a lightweight wheel 
structure intended for the rotor and stator of a large DD-
PMSG. The concept is a variation on the traditional 
spoked-wheel architecture that uses slanted-spokes to 
control radial deformation as the rim is subjected to 
combined radial and tangential forces. The sides of the 
wheel structure comprise layered sheet-steel elements. 
Each layer consists of identical elements arranged in a 
circular array to form the spokes and rim. Steel cross 
tubes span the gap between wheel sides and provide 
attachment and support for the active electromagnetic 
materials.  

The geometry of the wheel structure results in an 
exceptionally low mass. The layering of the sheet-steel 
elements introduces additional damping to the structure, 
especially in the axial direction. Moreover, the deep 
structural welds that would normally be needed to build 
up a wheel structure of this size are not required with the 
layered sheet-steel architecture. As a result, issues with 
fatigue  cracking  and  failure  at  the  welds  over  the  life  
expectancy of the structure are eliminated. 

A detailed conceptual model for a large 8 MW LC DD-
PMSG was introduced to illustrate one possible 
embodiment of the new lightweight wheel structure 
concept. The 8 MW machine has an air gap diameter of 
6.5 m and an active length of 1.1 m. Overall, the 
generator embodiment is 7 m in diameter and 
approximately 85 tonne. Electromagnetic analysis 
determined the approximate radial and tangential 
electromagnetic forces that develop in the air gap. The 
total radial force predicted was 5910 kN. The total 
predicted tangential force was 2032 kN. 

The rotor of the proposed LC DD-PMSG has 120 
magnetic poles, and the rated rotor speed is 11 rpm. This 
results in a radial excitation frequency of 22 Hz as the 120 
magnetic poles of the rotor pull radially on the stator teeth

  



 
Figure 8  Radial vibration modes 2 through 5 and their respective frequencies (111, 129, 150, and 177 Hz) predicted 
for the full-scale stator wheel

 each time they pass by at a rate of 11 times per minute. 
Therefore, for the full-scale machine, the natural radial 
vibration frequencies of the generator wheel structures 
should be greater than 27.5 Hz to give sufficient margin 
of safety. 

A static structural analysis was carried out on a simplified 
structural model representing the proposed conceptual 
embodiment of the stator. The predicted radial and 
tangential forces were applied as loads to the FEA model. 
According  to  the  analysis,  the  structure  performs  as  
expected. Total maximum outward radial deformation 
was shown to be a negligible 0.04 mm. Maximum 
torsional deformation was 2.6 mm, and maximum 
predicted equivalent stress was 99.6 MPa. 

A quarter-scale wheel structure was built so its vibration 
characteristics could be measured and compared against 
characteristics predicted by an ANSYS numerical modal 
analysis. The vibration characteristics of the prototype 
were measured via experimental modal analysis using a 
scanning laser Doppler vibrometer. Radial vibration 
modes 2 through 5 were observed. Modal analysis of the 
numerical model also identified radial vibration modes 2 
through 5. There was excellent agreement between the 
measured and predicted frequencies for these vibration 
modes, suggesting that the numerical approach yields a 
good approximation of actual dynamic behaviour. 

Finally, a modal analysis was carried out on a similar 
numerical model of a full-scale stator wheel structure. 
The same four radial vibration modes (2-5) were 
predicted at frequencies of 111, 129, 150, and 177 Hz, 
respectively. Since the target minimum radial vibration 
frequency is 27.5 Hz and the predicted second modal 
frequency is 111 Hz, resonant vibration will be avoided. 
Dynamic performance seems to be acceptable for the 
stator of the 8 MW LC DD-PMSG embodiment based on 
the introduced lightweight, layered, wheel structure. 

The modal analyses carried out here revealed that most 
of the low frequency vibration modes are axial. The 
increased damping due to the layered sheet-steel 
architecture also is in this direction. Although there is 
theoretically no axial excitation, further work should be 
carried out to postulate any possible deleterious effects of 
the axial vibration frequencies and identify possible 
solutions. In addition, it would be interesting to 
experimentally verify the results of the static structural 
analysis. 
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ΦAbstract -- The power of wind turbine is steadily 
increasing and nowadays machine powers up to 10-20 MW 
and their possible realizations are discussed.  At the moment 
wind turbines are available up to 8 MW powers. The biggest 
generators are planned to be installed in offshore applications. 
More powerful and reliable generators must be designed to be 
used together with them. Therefore, direct drives are 
considered. The development of compact high-power direct 
drive wind turbine generators necessitates design of more 
effective cooling system to ensure their safe operation. The 
focus of this paper is in the steady-state thermal analysis of 8 
MW DD PMS generator with direct water cooling of the stator 
winding based on Lumped-Parameter Network (LPN) and 
Finite Element Analysis (FEA). Thermal design of the 
generator based Computational Fluid Dynamics (CFD) is also 
presented here to evaluate the influence of passive air cooling 
on the rotor. 
Index Terms-- electrical machines, wind turbine generator, 
direct water cooling system, thermal analysis. 
 

I.   INTRODUCTION 
ind farms have become ordinary sources of electric 
energy. However, the rated powers of up-to-date 
wind generators seldom exceed 4 MW. Turbine 

producers are searching ways to maximize the power 
density to reduce the energy cost. The modern inventions in 
this direction include gearless drive trains and utilization of 
permanent magnets to achieve high reliability, efficiency 
and simple rotor construction [1]. Even high temperature 
superconductors (HTS) are suggested to lessen the 
generator weight and increase efficiency. HTS based 
electro magnets are, however, expensive because of their 
very low operation temperature (20-55K), which is related 
with difficulties in the cooling system [2,3]. Direct drive 
permanent magnet synchronous generators (DD PMSG) for 
wind farms with the rated power slightly more than 4 MW 
are available on the market, but these machines are heavy 
and enormous to compete with installations based on 
conventional generators and gearboxes. As the torque, and 
in this case power, production in a machine is direcltly 
proportional to the air gap Maxwell stress i.e. proportional 
to the product of the flux density and the linear current 
density, then an obvious way to reduce the weight of PMSG 
is to increase the linear current density by increasing the 
current density in the stator winding. This causes high heat 
losses in the winding, which can be dangerous for both the 

                                                           
 

stator coil insulation and for the rotor surface permanent 
magnets with temperature sensitive properties. 

Traditional air cooling system is no more applicable in 
cases of high Maxwell stress generators as it does not allow 
removing the generated heat losses and ensuring proper 
operation of the rotor mounted permanent magnets. Hence 
in case of high current density (5-10 A/mm2) direct water 
cooling system of the stator winding becomes useful 
solution, as it can provide an adequate temperature of the 
winding and the permanent magnets. The operating magnet 
temperature must in all cases be lower 120-150 ºC for 
NdFeB. In practice, if the generator rotor must tolerate also 
the possible short circuit and therefore the magnet 
temperature must be normally, depending on the material 
selection, be even less then 100˚C. In an offshore site, 
closed water cooling systems can help the internal 
components of the wind turbine nacelle to avoid the 
maritime air moisture and corrosion atmosphere inside the 
generator. However the direct water cooling system 
complicates the generator design and therefore its design 
requires special attention. The main failure causes of the 
cooling system are leaks in the clip-to-strand connections 
due to the crevice-corrosion mechanism, loose seal and 
copper erosion [4]. 

The main interest of this work consists of the analysis of 
the DD PMSG thermal behavior with internal cooling 
system of the stator copper winding. The description and 
evaluation of the direct water cooling system is based on 
analytical and FEM simulations. The thermal designs of the 
studied generator are simulated based on lumped parameter 
network, 3D FEM and CFD. The LPN is the most used 
method, as it does not consume much time and 
computational resources [19]. The finite–element softwares 
are used to give a detailed temperature distribution within 
the studied generator. 

II.   DESCRIPTION OF GENERATOR COOLING SYSTEM 

A.   A Studied Generator  
The machine is a low-speed, concentrated non-

overlapping tooth coil winding, three-phase synchronous 
generator with rated power 8 MW. The construction of the 
rotor is relatively simple, as permanent magnets are located 
on the surface of its outer diameter. Onshore and offshore 
wind farms are applications of such direct-drive generator. 
The rated speed, torque and line-to-line voltage are 11.8 
rpm, 6.478 MNm, and 787 V respectively. The rated 
operated frequency is 12 Hz, and therefore copper losses in 
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the stator winding are the dominating ones. The studied 
generator consists of the machine segments having 10 poles 
and 12 slots each. In total the generator has 144 stator slots, 
60 pole pairs. Table 1 provides the geometrical data of the 
studied generator. 

 
TABLE I 

GEOMETRICAL DATA OF THE GENERATOR STUDIED 

Parameter Quantity 

Stator Outer Diameter 7600 mm 
Air Gap Diameter 5900 mm 
Length of Air Gap 7 mm 
Length of Stator 1700 mm 

Magnet Width x Height 133 × 30 mm2

Slot Width x Height 63 × 122 mm2 
 

The low torque and high rated power of the studied 
generator implies impressive dimensions, as the produced 
torque is proportional to the square of the air gap diameter. 
To reduce the weight of the generator, the high current 
density (7 A/mm2) is considered. In terms of such current 
density, the stator bore diameter is 7.6 m and the stator 
length is 1.7 m. The total copper losses of the studied 
generator are 415 kW. It is too high to be removed by the 
cooling air because of its low heat capacity.  

B.   Heat Sources 
In the studied generator the main heat sources are copper 

losses and iron losses. The copper losses are the biggest one 
as high electric currents are generated in the copper 
winding. Because of the eddy currents and the hysteresis, 
the iron losses appeare in the machine. The heat generation 
distributes unevenly among the conductors in the stator slot 
and despite the low frequency some skin-effect exists in 
copper. Table 2 lists the heat sources in the studied 
generator. 

TABLE II 
HEAT SOURCES OF THE GENERATOR  

Heat Source Position   

Stator Copper Windings 425 kW 
Stator Core 14.5 kW 
Rotor Core 1.5 kW 

Permanent Magnets 25 kW 
Additional 40 kW 

 

C.   Cooling System Introduction 
The above mentioned problem of high ohmic losses is 

solved through the direct water cooling of the stator 
winding and passive air cooling of rotor. The stator winding 
is designed as hollow rectangles copper conductors 15×15 
mm with extruded tubes 6 x 0.4 mm inside them. Use of 
tube inside the copper conductor allows improving the 
cooling system performance and reliability, as higher 
velocity of water flow can be adopted and simplier clip-to-
strand connections are used. 

Direct-water cooling system are designed to remove the 
heat losses of the stator copper winding and steel frame. 
The cooling system consists of 144 parallel cooling circuits 
which ensure uniform temperature along the copper 
conductor surface.  Each cooling circuit contains 24 tubes 
connected in series. Fig. 1 presents the temperature increase 
and pressure losses in a coil of 45 meters total length 

having deminaralised water  flowing along the cooling 
circuit. 

The inlet temperature of demineralized water is 40˚C 
and the flow rate is 1 m/s. The outlet temprature of 
demineralized water is up to 80-90˚C to prevent the 
corrossion of tube [5]. Such parameters of cooling system 
allow to keep the temperature of the stator winding lower 
than 90˚C and permanent magnets even in less than 60 ˚C.  
The outlet temperature of the cooling deminalized water is 
determined by the inlet temperature of the demineralized 
water and the cross-section of the copper conductor in the 
conditions of the constant heat rate [6].  
 

dwdwholepdw
dw0dw USc

Q
TT

⋅⋅⋅
+=

ρ
                    (1)                 

 
where Tdw , Tdw0 are the temperatures of inlet and outlet 
deminaralized water flows, Q is the heat rate, cpdw is the 
heat capacity of the deminaralized water, ρdw is the density 
of the demineralized water, Udw is the velocity of the 
demineralized water, Shole is the cross-section area of the 
conductore hole. 

Temperature to which the copper conductor can be cooled 
is mainly determined by the convective heat transfer 
coefficient and the heat exchange rate.  
 

dw/ccholeπdws hlD

Q
TT

⋅⋅⋅
+=                                (2)   

      
where Ts is the temperature of the internal conductor 
surface, Dhole is the inner diameter of the extruded tube, lc is 
the conductor length, hdw/c is the convective heat transfer 
coefficient between the demineralized water and the tube 
extruded in the conductor.  

The convection heat transfer is assumed from the 
definition of the Nusselt number by Gnielinski correlation 
[6].         
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where Nu is the Nusselt number, kdw  is the thermal 
conductance of the demineralized water, ε is the friction 
factor, Re is the Reynolds number, Pr is the Prandl number, 
κ is the absolute value of average tube surface roughness. 

The total pressure losses are detrmined by the pressure 
losses along the conductors’  length and in the fittings 
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(bends, inlet and outlet of the conductors’ junction / cooling 
circuit) [6]. 
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where Σk is the sum of pressure losses coefficients in the 
fittings (bends, inlet and outlet). 

 
 

Fig. 1.  Temperature of the inner conductor surface and pressure losses 
along one cooling circuit (analytical calculation). 
 

For simulation of the outer conductors temperature in the 
stator slot the 3D model of the copper conductor is created 
by the FEM software (Fig.2). The volumetric copper losses 
are assumed within the copper conductor. The inlet velocity 
and the temperature of the demineralized water are assumed 
1 m/s and 40˚C as boundary conditions. As can be seen 
from the above figure, the outer temperature of the 
conductor differs from the demineralized water temperature 
lower than 1˚C. 

 
 

Fig. 2.  Temperature distribution in the copper conductor. 
 

D.   Coolant for Internal Cooling System 
Water is the best coolant in many energy conversion 

applications, but limitations can arise, when it is used as a 
coolant in the cooling system of a wind turbine generator. 
At temperatures below 0ºC water freezes and expands that 
can result in failure in the cooling system. The freezing 
problem is solved through the mixing of the cooling water 
with antifreeze additives (chemical treatment). Fig. 2 
present the comparison of Ethylene Glycol 50% Vol., 
Glykosol N 50% Vol.,  Pekasol N 50% Vol. and water as 

coolants for the direct cooling system of the stator copper 
winding. The values of density, thermal conductivity, 
dynamic viscosity, heat capacity and Prandl number were 
taken from Products Technical Data of these fluids [7-9]. 

 

 

 
 
Fig. 3.  Temperature of inner conductor surface (above figure) and 
pressure losses of the coolant (bottom picture) along one cooling circuit 
for Ethylene Glycol, Glykosol N, Pekasol N and Demineralized Water 
(analytical calculation). 
 

III.   DESCRIPTION OF THE SIMULATED GENERATOR 
THERMAL MODEL BASED ON FEM 

The FEM thermal analysis is achieved using the 
commercial FEM software the thermal Analysis TM – 3D 
Flux [10]. The simplified 3D – model of the generator (Fig. 
1) represents only 1/288 part of the machine because of the 
machine symmetry. A small slice is selected to be able to 
generate the most dense mesh and therefore to achieve the 
most reliable results. The generator model comprises the 
stator frame, the stator yoke, the stator tooth, the slot 
wedge, the copper winding, the copper end-winding, the 
insulation, the rotor iron, the rotor mounted magnet and the 
air gap.  

For the simulation purposes mesh with 57300 nodes, 
122000 surface elements and 303000 volume elements was 
created with the generator model. 

A.   Thermal Conductivities 
The thermal conductivities of the materials constituting 
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the different parts of the generator are simulated with 
uniform or non-uniform conduction in case of rotor iron, 
stator copper winding, stator tooth and yoke. Table 3 lists 
the thermal conductivities of the used materials in different 
directions [11,12]. 

The non-uniform conduction is associated with the 
composite structure of some parts. The stator tooth and 
yoke are split up into many laminations to reduce magnetic 
flux alternation caused eddy current losses in the magnetic 
circuit. The laminations are connected to each other by the 
lamination insulation surfaces and possible air in the middle 
whose thermal conductivities are quite low, which results in 
a poor thermal conductivity in the axial direction. The 
number of conductors in a slot is 24. Each conductor has 
extruded stainless steel tube with the demineralized water 
inside and it is impregnated by insulation whose thermal 
conductivity is only 0.26 W/Km. These design properties 
cause very poor conduction inside the slot both in the radial 
and the tangential directions. 

 
TABLE III 

THERMAL CONDUCTIVITIES OF MATERIALS USED IN GENERATOR 

Material of Model 
Component 

Thermal Conductivities, W/Km, 
Direction, cylinder coordinates 

r(radial) θ(tangential) z(axial) 

 Iron 39 39 4.43 
Air in Air Gap (60˚C) 0.2 0.2 0.2 
Stator Copper Winding  1.1 1.1 386 
Stator Copper End-
Winding 

1.1 386 1.1

Aluminum 237 237 237 
Permanent Magnets 9 9 9 
Glass Fiber 0.3 0.3 0.3 
Epoxy Resin 0.26 0.26 0.26 

 
For prediction of the winding thermal conductivity the 

analytical calculation of two-phase solid-to-solid mixture of 
Maxwell can be used [14,15]. 
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where keq  is the equivalent thermal conductivity of the 
winding, kcu - the thermal conductivity of copper, kins - the 
thermal conductivity of insulation, Ad - the conductive 
surface area, kd - the winding packing ratio, N – the number 
of conductors in the slot, Ac - the cross-section of the 
conductor, Asl - the cross-section of the slot. 
 
 

B.   Convection 
An accurate thermal model of the studied machine is 

simulated based on the empirical formulations of the 
convection coefficients. The air gap is defined as solid with 
higher thermal conductivity, than ordinary air has. The 
surfaces in the air gap can be considered smooth 
cylindrical. Then experimental results of Ball, Farouk and 

Dixit [13] are used to determine the effective thermal 
conductivity of air in the air gap. This parameter is defined 
as the thermal conductivity that the stationary air should 
have in order to transfer the same amount of heat as the 
moving air [11]. 
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where kag  is the effective thermal conductivity of air in the 
air gap, Rer - the Reynolds number, routr - the rotor outer 
radius, rinst - the stator inner radius, lag - the length of air 
gap, n - the synchronous speed of rotor, νair - the air 
kinematic viscosity. 

The convection between the end parts and air is slightly 
intensified by the rotor rotation. The most complex task is 
the calculation of the convection coefficients in the end cap 
regions. The following empirical equations introduced by 
[16, 17] were used to define the forced convection on the 
side surfaces of stator, rotor. 
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where hrotor/air is the convective heat transfer coefficient 
between the rotor end surfaces and air, hstator/air  - the 
convective heat transfer coefficient between the stator end 
surfaces and air, Uend air– velocity of air in the endcap region 
Ur – velocity of the outer rotor surface, Ua– air velocity in 
the axial direction of the air gap. 

The convection outside the motor frame was defined as 
natural convection for air/frame interaction. 

st

ambairf
fr/amb l

Nukk
h

⋅⋅
=                                       (15)                    

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛+

⋅
+=

27
8

16
9

Pr

599.0
1

6
1

387.0
6.0

amb
Ra

Nu
              (16)                   

1491



 

( )
αν

β

⋅

−⋅⋅⋅
=

air

ambsoutst TTDg
Ra          

 
where kair is the thermal conductivity of a
coefficient, Nuamb - the Nusselt number, 
stator frame, Ra - the Rayleigh number
number, g - the gravitation constant, β - 
thermal expansion [1/K ], Doutst – the stat
α – the thermal diffusivity [m2/s], Ts and 
and ambient temperatures. 

Fig.4 shows the temperature field 
resulting from the FEM modeling in t
temperature of the stator copper windin
convection coefficients on the end surface
boundary conditions. The heat losses pre
are imposed as heat sources of the sim
parts. 

 
Fig.4 Temperature Distribution Inside the Simula
(FEM Based Analysis). 
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The CFD thermal design allows obtaining the 

temperature distribution within the rotor, as it is impossible 
to implement by the FEM analysis.  

V.   THERMAL ANALYSIS BASED ON LPN 
The thermal analysis using LPN is based on dividing the 

studied generator into several components – the frame, the 
stator yoke, the stator tooth, the stator copper coils, the air 
gap, the rotor yoke, the rotor embedded magnets, the 
support structure, the air in hollow support structure, the 
end-cap air and the shaft. The stator copper coil is divided 
into three regions – copper winding in slot, copper end-
winding and coolant. All of the machine components are 
represented by isothermal nodes and assumed thermally 
symmetrical in the radial directions [16] to reduce their 
number. Each node is coupled with the neighbours by 
means of conduction and convection resistances. The heat 
flows propagate in the radial and axial directions. Fig. 7 
shows an equivalent network of thermal resistances for the 
studied motor. 

 

 
 
     Fig. 7 Lumped-parameter model of the studied generator 
 
The convection and conduction resistances of the 

components are defined by the following equations [18] 
and presented in Table 4. The convection resistances are 
mainly between fluid and solid regions. 

kSlR ⋅= /
cond

                                                               (18)                       

hAR ⋅= /1
conv

                                                               (19) 

where l  is the length of the body in the heat flow direction, k 
- the thermal conductivity, S - the cross-sectional area, A - 
the surface area and h - the convection coefficient [11]. In 
Table III the used thermal resistances are explained. 

The heat losses generated in the different parts of the 
generator are defined by the power loss vector that contains 
copper losses, iron losses, permanent magnet losses, 
friction and additional losses separating between the 
generator components. The cooling of the machine 
components is presented by the cooling matrix with the 
thermal resistances of the cooling fluid flow passing the 
nodes [18]. 

The temperature rises at each node are calculated by 
solving the following equation. 

[ ] [ ] [ ]( ) [ ]QRRT ⋅−+= 1
cfΔ                                      (20)  

where [R] is the square connection matrix containing the 
thermal resistances of the motor components, [C] - the 
cooling matrix with the thermal resistances of the cooling 
fluid flow passing the nodes, [P] - the power loss vector 
containing the losses at the generator components and [ΔT] 
- the temperature rise of the components compared with the 
initial surface temperature. The specific developed code in 
program Mathcad was used to compute the temperature 
rise. 

TABLE IV 
DEFINITION OF THERMAL RESISTANCES 

Rarameter Meaning of Thermal Resistance 

R1 Radial Resistance from Frame to Ambient 
R2, R3 Radial Resistance between Frame and Yoke 
R5, R6 Radial Resistance between Coils and Yoke 
R7, R8 Radial Resistance between Tooth and Yoke 
R10, R11 Radial Resistance between Tooth and Coils 
R12, R13 Radial Resistance between Tooth and Air Gap 
R14, R15 Resistance between Coils and Coolant 
R16, R17 Radial Resistance between Coils and Air Gap 
R18, R19 Radial Resistance between Magnets and Air Gap 
R21, R22 Radial Resistance between Rotor Iron and Air Gap 
R24, R25 Radial Resistance between Magnets and Rotor Iron 
R26, R27 Radial Resistance between Rotor Iron and Support 

Structure 
R29, R30 Radial Resistance between Air and Rotor Iron 
R31, R32 Radial Resistance between Shaft and Support Structure 
R34, R35 Radial Resistance between Air and Shaft 
R4, R9, R20, 
R23, R28, R33

Interconnecting Resistances between Yoke, Tooth, 
Magnets, Rotor Iron, Support Structure and Shaft 

R1a Axial Resistance between Frame and End-Cap Air 
R2a, R3a Axial Resistance between Yoke and End-Cap Air 
R4a, R5a Axial Resistance between Tooth and End-Cap Air 
R6a, R7a Axial Resistance between Coils and End-Winding 
R8a, R9a Resistance between Coolant and End-Winding 
R10a,R11a, 
R12a 

Axial Resistance between End-Cap Air and End-Winding 

R13a, R14a Axial Resistance between Magnets and End-Cap Air 
R15a, R16a Radial Resistance between Rotor Iron and End-Cap Air 
R17a, R18a Axial Resistance between Support Structure and End-Cap 

Air 
R19a, R20a Radial Resistance between Support Structure and Air 
R21a Axial Resistance from Shaft to Frame through Bearings 
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VI.   CONCLUSIONS 
DD PMSG is the most reliable among the high power 

generators presented on the market. The using of the 
internal cooling system of the stator winding allows solving 
the main problem of this generator type – its tremendous 
dimensions. 

This paper presents description and analysis of the direct 
water cooling system of the stator copper winding. It 
removes heat losses of the stator winding (425 kW) and 
therefore ensures the adequate temperature of the copper 
conductors and safe operation of the rotor mounted 
permanent magnets.  

The thermal models of the studied PMSG are 
implemented by LPN, 3D FEM and CFD. The obtained 
temperature distribution with the machine parts are 
presented in Table 5.  

 
 
 
 

TABLE V 
TEMPERATURES OF THE STUDIED PMSG 

Model Components 

Maximum 
Calculated 

Temperature 
(LPN), ˚C 

Maximum 
Calculated 

Temperature 
(FEM), ˚C 

Maximum 
Calculated 

Temperature 
(CFD), ˚C 

Stator Yoke 60 70 65 
Stator Tooth 68 75 - 

Stator Winding 78 82 80 
Coolant 77 - - 
Air Gap 66 68 60 

Rotor Mounted 
Magnets 

63 62 55 

Rotor Iron 60 57 50 
Support Structure 41 - 40 
 
As can be seen from the above table the direct water 

cooling system of the stator copper winding is a very 
efficient cooling method, as the temperature of the 
permanent magnets is limited to only 63ºC and the highest 
temperature in the winding is limited to 80ºC. Such a 
temperature can be regarded as an advantage as the stator 
copper loss is the dominating one and such a low operating 
temperature guarantees a significantly lower stator 
resistance for the machine compared to machines operating 
e.g. in 130ºC. Because of the highly efficient cooling the 
machine is not thermally limited but its peak torque is 
limited by the synchronous inductance. Therefore the 
machine operates in a lower temperature than normally but 
is still remarkably lighter than an air-cooled counterpart. 

The presented thermal analysis methods can be used for 
electrical machine thermal design with direct liquid cooling 
system. The LPN method is the best for preliminary 
analysis of temperature distribution within the studied 
machine. In the last stages of the machine design the FEM 
and CFD analyses should be considered to define the hot 
spots in the machine parts. The CFD thermal analysis is 
also necessary for definition of cooling system parameters. 
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