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Executive Summary

The National Renewable Energy Laboratory (NREL) Wind Partnerships for Advanced
Component Technologies (WindPACT) project seeks to advance wind turbine technology by
exploring innovative concepts in drivetrain design. A team led by Northern Power Systems
(Northern) of Waitsfield, Vermont, was chosen to perform this work. Conducted under
subcontract YCX-1-30209-02, project objectives are to identify, design, and test a megawatt
(MW)-scale drivetrain with the lowest overall life cycle cost. The project entails three phases:

= Preliminary study of alternative drivetrain designs (Phase I)

= Detailed design development (Phase II)

= Proof of concept fabrication and test (Phase III).
This report summarizes the results of the preliminary design study (Phase I).
Approach

In Phase I, the Northern team assessed current technology, studied proposed drivetrain designs,
and evaluated trade-offs among proposed designs to identify a megawatt-scale drivetrain for
development and testing in subsequent phases of the project. The preliminary study evaluated
each design to determine size, weight, and probable cost of energy over a range of sizes. The
study considered all major components of drivetrain design. The proposed designs considered
all loading conditions identified by NREL in the statement of work (SOW). Manufacturing,
tooling, and transportation costs were also considered.

We began by selecting the rotor size, after which we calculated turbine loads. After developing
conceptual designs for each drivetrain type, we designed the gearing and generators. Next we
completed the structural design of the main load-carrying members. Lastly, we determined
costing for each configuration, including the balance of turbine.

The original NREL subcontract stipulated examining drivetrain configurations over a range of
sizes from 1 MW to 10 MW. NREL modified the range to focus on drivetrains at the 1.5-MW
and 3-MW levels. The Northern team used a similar approach for both the 1.5-MW and 3-MW
levels. Scaling laws were not used in the course of the analysis. We believe that the use of
scaling laws is prone to large errors, and with efficient design and analysis techniques, more
accurate costing can be achieved.

Estimates for component and manufacturing costs were supported by detailed rationale or vendor
data. Manufacturing costs were based on the production of 200 MW of capacity per year on an
ongoing basis. The designs were optimized for variable speed operation, characterized by high
efficiencies at a wide range of rotational speeds and power levels.

The analysis methodology began with establishing criteria for evaluating drivetrain options. Sets
of primary and secondary criteria were developed. The primary evaluation metrics included first
cost and cost of energy (COE). Our secondary evaluation metrics included part count, weight,
size (envelope), and operations and maintenance (O&M) costs.



Table 1. List of Participants in WindPACT Program

Company

Location

Role

Northern Power Systems

General Dynamics Electric Boat

TIAX (formerly Arthur D. Little, Inc.)

Gear Consulting Services of Cincinnati
(formerly Cincinnati Gear Company)

Adept Engineering
Catamount Engineering

Comprehensive Power

Windward Engineering

Waitsfield, Vermont

Groton, Connecticut

Cambridge,
Massachusetts

Cincinnati, Ohio
Glen Cove, New York
Waitsfield, Vermont

Shrewsbury,
Massachusetts

Salt Lake City, Utah

Prime contractor, project
management, turbine systems
design, power electronics design,
modeling and integration

Generator design and costing

O&M analysis and modeling

Gearing design and costing

System layout and structural design
System layout and structural design

Generator costing model

Turbine loads modeling

Participants

The WindPACT project is conducted under directive from NREL, with active participation from
personnel at the National Wind Technology Center (NWTC) at Boulder, Colorado. Northern, the
prime subcontractor, assembled a highly qualified team for Phase I of the WindPACT project.
Table 1 identifies team members (in bold) and contributing consultants, along with their major

roles.

Drivetrain Configurations

The WindPACT SOW describes a number of alternative drivetrain configurations for
consideration in Phase I. With input from NREL, the Northern team divided the SOW system

design alternatives into four subsets for in-depth evaluation.

Baseline Multiple-Stage, Gear-Driven, High-Speed, Wound-Rotor Induction

Generator (Baseline)

The baseline drivetrain, so-called because of its widespread commercial installed base, employs
a Cincinnati Gear multiple-stage hybrid gear speed increaser with a planetary low-speed front-
end followed by two helical parallel shaft stages to achieve a nominal output speed suitable for a
six-pole (1200-rpm) wound rotor induction generator (WRIG). The baseline drivetrain uses an
industry-standard power electronics package.

The arrangement of the complete drivetrain is shown in Figure 1. The rotor hub drives the
gearbox through a main shaft-bearing arrangement. The main bearing is a pillow block-mounted,
double-row spherical bearing. The gearbox drives the generator through a flexible coupling,



Figure 1. A 1.5-MW baseline drivetrain.

which has an integral brake disk, mechanical fuse, and provides electrical isolation. The
generator package includes the rotor slip rings and heat exchanger. Provisions are made for a slip
ring, which feeds the blade pitch system.

Because the baseline drivetrain was the benchmark for evaluating alternative designs, the
Northern team strove to make the drivetrain design reflect the latest component technology in a
well-established industry configuration with a documented record of performance.

Direct-Drive, Low-Speed, Permanent Magnet Generator (PMDD)

Direct-drive generators offer significant potential because they eliminate the gear-speed
increaser, which is susceptible to significant accumulated fatigue torque loading, related
reliability issues, and maintenance costs. Employing a synchronous field permanent magnet
generator, the PMDD configuration is gaining strong interest because it offers simplicity and
potential reduction in size, weight, and cost compared with a drivetrain incorporating a wound-
field generator rotor.

Figure 2 shows the arrangement of the complete PMDD drivetrain and associated tower-top
structure. The figure shows an integrated single-bearing design composed of a low-speed PM
generator, turret with yaw drives, and nacelle housing. The generator assembly is composed of
the main bearing, stator and rotor electromagnetics, spindle, stator ring and frame, brake system,
water jacket, and associated hardware.

The rotor hub and generator rotor are connected directly to the outer race of the main bearing.
The inner race of the main bearing is pressed onto the spindle. The stator frame is connected to
the base of the spindle, and the stator ring is bolted to the outside diameter (OD) of the arms. The
spindle is bolted to the turret, which provides the structural path to the tower top. A slip ring
(which feeds the blade pitch system) and a rotor lock are provided.

Gear-Driven, Medium-Speed, Single-Output Generator (MS-1)

Wind turbines using a single-stage gearbox coupled with a low- to medium-speed generator
combine the benefits of both gearing and specialty generators. Single-stage gearing, which
decreases the size of the generator, can use either a wound rotor synchronous generator or a



Figure 2. A 1.5-MW PMDD drivetrain.

permanent magnet generator. For our drivetrain study, the Northern team chose the PM generator
for its performance advantages and relative simplicity when compared with the wound rotor
generator.

The integrated drivetrain, which we refer to as MS-1 (Figure 3), is composed of a 13.89:1
compound planetary helical box with a medium-speed PM generator. (In Figure 3, the nacelle
and rotor hub are removed for clarity.) The drivetrain is composed of the compound planetary
helical gearbox, medium-speed generator, turret, brake system, and yaw system. The rotor hub is
connected directly to the inner race of the main bearing. The inner race of the main bearing is
mounted to the gearbox carrier, and its outer race is mounted to the gearbox casing. The
generator is mounted to the gear case using flanges on the gearbox and generator housings. The
turret design brings the moment loading of the turbine rotor directly from the main bearing into
the turret structure, with minimal impact on the gear alignments. Located on the back of the
generator, the parking brake system is composed of a brake disk, calipers, and hydraulic system.
A slip ring, which feeds the blade pitch system, is provided.

Figure 3. A 1.5-MW MS-1 drivetrain.



Figure 4. A 1.5-MW MS-6 drivetrain.

Gear-Driven, Medium-Speed, Six-Output Generator (MS-6)

The MS-6 configuration is an integrated drive composed of a large-diameter bull gear driving six
pinions, which interface with six, medium-speed PM generators. This configuration, shown in
Figure 4, is favored by some because of the possibility of using smaller, conventional (and
perhaps less expensive) generators for power production. The drive unit is composed of the main
bearing, bull gear, pinions, spindle, generators, brake system, and associated hardware. The rotor
hub and bull gear are connected directly to the outer race of the main bearing.

The inner race of the main bearing is pressed onto the spindle, which is composed of the central
tube (providing the main load path) and the disk, which provides the mounting frame for the
generators. The six generator housings are directly connected to the disk and interface the bull
gear though the pinions. The pinions are cantilevered off the generator bearings. The spindle is
bolted to the turret, which provides the structural path to the tower top. A parking brake system
composed of disks and calipers is used. A slip ring, which feeds the blade pitch system, and a
rotor lock, which interfaces with the bull gear, are provided.

Results and Recommendations

The results of the Phase I drivetrain study show commercial potential for two configurations: the
medium-speed/single-output (MS-1) design and the permanent magnet direct-drive (PMDD)
design. Both configurations appear competitive at the 1.5-MW and 3-MW power levels with the
industry state-of-the-art baseline turbine.

Inherent design characteristics of the PMDD drivetrain make its performance more favorable as
the generator diameter increases. The main limitation on maximum diameter is shipping
constraints in the target markets. As our report describes, two diameters—5.3 m and 4 m—are
appealing for the United States and European markets, respectively. As part of Phase I, we
considered machine designs at both diameters.
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Figure 5. Cost of energy: 1.5-MW configurations.

Our analysis in Phase I predicted a reduction in COE for both the 4-m-diameter PMDD (1.5%
reduction) and the MS-1 (2.2% reduction) configurations compared with the 1.5-MW baseline
turbine. The 5.3-m-diameter 1.5-MW PMDD shows the lowest COE of all configurations—2.3%
below the baseline turbine. Economies of scale favored all turbines at increased power levels. All
3-MW designs show a downward trend in COE compared with the 1.5-MW designs.

In selecting a drivetrain configuration for further development, the Northern team also
considered factors unaccounted for in the COE calculations, such as technology and industry
trends that impact future competitiveness and market acceptance. Of major importance is the
maturity level of the intrinsic technology—evolving technologies have inherently greater
potential for improvement. With this in mind, it is far more likely that technological
improvements will reduce costs for new PMDD designs than for mature baseline/gearbox
designs. Magnet and power electronics costs, major factors in the capital cost of the PMDD
configuration, continue to decline steadily. The same cannot be said of the steel, copper, and
gearbox costs that dominate the gear-based drivetrains.

Industry and market trends also support the selection of the PMDD configuration. The team
identified strong industry interest in an integrated turbine with a PM generator. The commercial
wind turbine market is dominated by large, megawatt-scale machines. Direct-drive systems, both
with and without PM generators, are becoming popular in this size range. At least six wind
industry players are exploring and implementing direct-drive configurations at various levels.

Therefore, the Northern Power Systems team recommends the PM generator applied in a direct-
drive configuration for detailed design, manufacturing, and testing in Phases II and III of the
WindPACT project.

vi



Acronyms and Abbreviations

A ampere

AC alternating current

AEP annual energy production

AGMA American Gear Manufacturers Association
ANSI American National Standards Institute
AOE annual operating expenses

AOM annual operation and maintenance
AWEA American Wind Energy Association
BOM bill of materials

BOS balance of station

C Centigrade

COE cost of energy

Cp coefficient of performance

DB dynamic brake

DC direct current

DD direct drive

DF doubly fed

DFIG doubly fed induction generator

DLC design loads case

DOE U.S. Department of Energy

DSP digital signal processing

EBGD Electric Boat General Dynamics

EM electromagnetic

EMF electromotive force

EMI electromagnetic interference

EPRI Electric Power Research Institute
FAST fatigue, aerodynamics, structures, turbulence
FCR fixed-charge rate

FEA finite element analysis

FOB free on board

FOC field-oriented control

G&A general and administrative

GCB Generator Cost Builder

GCSC Gear Consulting Services of Cincinnati
GDEB General Dynamics Electric Boat

GL Germanischer Lloyd

GTO Gate Turnoff Thyristor

HS high speed

Hz Hertz

In. inch

/O input/output

ICC initial capital cost

IEC International Electrotechnical Commission
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IEEE
IEGT
IGBT
IGCT
ISO

khz
kNm

kV
kVA
kW
kWh
Ib
LCC
LCL
L/D
LS
LSS

m/s
MMF
mps
ms
MS-1
MS-6
MS/MO
MTA
MTBF
MTTR
MVA
MW
NdFeB
NEMA
NREL
NTM
O&M
OD

PE
PEBB
PI
PLC
PM
PMG
PMDD
PMSG
PMSM

Institute of Electrical and Electronics Engineers
injection-enhanced gate transistor

insulated gate bipolar transistor

integrated gate commutated thyristor
International Organization for Standardization
Kilogram

kilohertz

kilo Newton meters

kilovolt

kilovolt ampere

kilowatt

kilowatt hour

pound

life cycle cost

inductor capacitor inductor topology
length-to-diameter

low speed

low-speed shaft

meter

meters per second

magnetomotive force

meters per second

millisecond

medium speed/single output

medium speed/six output

multiple stage/multiple output
maximum torque per ampere

mean time between failures

mean time to repair

megavolt ampere

megawatt

neodymium iron boron

National Electrical Manufacturers Association
National Renewable Energy Laboratory
normal turbulence model

operations and maintenance

outside diameter

power electronics

power electronics building block
proportional integral

programmable logic controller
permanent magnet

PM generator

permanent magnet direct drive
permanent magnet synchronous generator
permanent magnet synchronous machines

viii



pu
PMG
PWM
QA
R&D
RCL

rpm
SCR
SOW
SPP
SS/MO
SS/SO
SVC
TDD
THD
TVC

Ul
UL

Vi
VA
VAR
VS
WR
wrt
WRIG
WTGS

per unit

permanent magnet generator
pulse width modulation

quality assurance

research and development

resistor capacitor inductor topology
root mean square

rotations per minute
semiconductor-controlled rectifier
statement of work

slots per pole per phase

single stage/multiple output
single stage/single output

static VAR compensator

total demand distortion

total harmonic distortion

terminal voltage control

ultimate

utility inverter

Underwriters Laboratories Incorporated
volt

volts per microsecond

volt ampere

volt ampere, reactive

variable speed

wound rotor

with respect to

wound rotor induction generator
Wind Turbine Generator System
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1 Introduction

The National Renewable Energy Laboratory (NREL) Wind Partnerships for Advanced
Component Technologies (WindPACT) project seeks to advance wind turbine technology by
exploring innovative concepts in drivetrain design. A team led by Northern Power Systems
(Northern) of Waitsfield, Vermont, was chosen to perform this work. Conducted under
subcontract YCX-1-30209-02, project objectives are to identify, design, and test a megawatt-
scale drivetrain with the lowest overall life cycle cost. The project comprises three phases:

= Preliminary study of alternative drivetrain designs (Phase I)
= Detailed design development (Phase II)
= Proof of concept fabrication and test (Phase III).

This report summarizes the results of the preliminary design study (Phase I).
1.1 Project Team

The project team is composed of Northern (prime subcontractor), subcontractors, and
consultants. The following sections identify the principal participants and their major roles.

= Prime subcontractor and major subcontractors:

Northern Power Systems, Waitsfield, Vermont

Tasks: Project management; subcontract administration, turbine systems design;
power electronics design; modeling and integration

Principal contributors: Northern’s team is led by Mr. Jonathan Lynch, principle
investigator. Mr. Lynch has responsibility for technical performance under the
contract. The lead engineer is Mr. Garrett Bywaters. Project management under Phase
I was provided by Mr. Gary Norton and Mr. Peter Mattila. Other contributors include
Dr. Dan Costin, Mr. Chris Bevington, Mr. Bill Danforth, Mr. Steve Hoskins, Dr.
Vinod John, Mr. Jeff Petter, Mr. Rob Rolland, and Mr. Jesse Stowell.

TIAX (formerly Arthur D. Little, Inc.), Cambridge, Massachusetts
Tasks: O&M analysis and modeling, technology assessment, market analysis

Principal contributors: Mr. David Hablanian, Dr. Allan Chertok, Mr. Michael Morris,
and Ms. Lisa Frantzis

General Dynamics Electric Boat, Groton, Connecticut

Tasks: Generator design and costing, modeling and integration, power electronics
support

Principal contributors: Mr. Scott Forney, Mr. Jack Kelley, Mr. Spyro Pappas, Mr.
Mike Salata, Mr. Greg Kudrick, Mr. Jack Chapman, and Mr. Al Franco
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Gear Consulting Services of Cincinnati (formerly Cincinnati Gear), Cincinnati, Ohio
Tasks: Gearing design and costing

Principal contributors: Mr. Octave Labath and Mr. Dennis Richter

Phase-I consultants:

Adept Engineering, Glen Cove, New York
Tasks: System layout and structural design

Principal contributor: Mr. Matthew Hayduk

Catamount Engineering, Waitsfield, Vermont
Tasks: System layout and structural design

Principal contributor: Mr. Timothy Cosentino

Comprehensive Power, Shrewsbury, Massachusetts
Tasks: Generator cost modeling

Principal contributor: Dr. Frank Jones

Windward Engineering, Salt Lake City, Utah
Tasks: Turbine loads modeling

Principal contributor: Dr. Craig Hansen

The Timken Company, FAG Bearings, LM GlasFiber, EUROS GmbH, and other vendors
supplied component quotes for costing.

1.2 Drivetrain Configurations

For the drivetrain configuration study, we classified the proposed design alternatives as follows:

Baseline configuration. The baseline drivetrain, so-called because of its widespread
commercial installed base, employs a multiple-stage hybrid gear speed increaser with a
planetary low-speed front-end followed by two helical parallel shaft stages to achieve a
nominal output speed suitable for a six-pole (1200-rpm) wound rotor induction generator.
The baseline configuration uses a partial rating power converter on the generator rotor
circuit to allow variable speed operation.

Direct-drive configuration. Direct-drive generators offer significant potential because
they eliminate the gear-speed increaser, a well-known source of maintenance cost and
significant accumulated fatigue torque loading. The permanent magnet (PM) synchronous
direct-drive configuration employs PM field poles in a radial field internal configuration.
The PM design is preferred because it offers simplicity and potential reduction in size,
weight, and cost compared with a wound-field design. The direct-drive configuration
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1.3

requires a full rating power converter on the generator output to allow variable speed
operation.

Gear-driven, low-speed configuration. A single-stage gearbox coupled with a low- to
moderate-speed generator combines the benefits of both gearing and specialty generators.
Single-stage gearing decreases the size of the generator and can use either a wound rotor
synchronous generator or a permanent magnet generator. For our drivetrain study, we
chose the single-stage PM generator for its performance advantages and relative
simplicity compared with the wound rotor generator. The gear-driven, low speed
configuration requires a full rating power converter on the generator output to allow
variable speed operation.

Multiple-path configuration. Multiple-path drivetrain configurations can range from
multiple, low-speed paths where multiple generators are driven off a single-stage gear
path, to multiple higher-speed generators driven by multiple, separate gear paths. The
number of generators can range from two to twelve. After evaluating many options, we
found that a gear-driven, medium-speed, six-generator configuration using PM generators
was the most promising of the multiple-path design alternatives. The multiple-path
configuration requires a full rating power converter on the generator output to allow
variable speed operation.

Turbine Sizes

The original NREL subcontract required examining the drivetrain configurations described in the
preceding section over sizes ranging from 1 MW to 10 MW. NREL subsequently modified this
requirement to focus on drivetrains at the 1.5-MW and 3.0-MW levels.

1.4

Project Approach

To identify an optimized megawatt-scale drivetrain configuration for development in Phases I1
and III, the Northern project team performed the following tasks:

1.

AN A

Evaluated drivetrain options identified in the statement of work (SOW).
Assessed drivetrain technology and trends.

Wrote drivetrain design specifications.

Developed preliminary drivetrain designs.

Conducted Operation and Maintenance (O&M) analysis on the drivetrain designs

Compared cost of energy (COE) among the drivetrain designs.

During Phase I, we developed engineering tools and models for loads processing and scaling;
structural analysis; baseline costing; PM generator design and costing; O&M and COE to
accomplish our tasks. On the basis of our evaluation, the Northern project team recommended a
drivetrain design for development and testing in Phases II and III.
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2 WindPACT Drivetrain Study Parameters

To guide drivetrain analysis and design, NREL defined design requirements and prospective
wind turbine site criteria to establish the system design, the loading envelope accommodated by
the drivetrain, and a common basis for estimating the cost of energy.

21

Drivetrain Design Criteria

Following are the design criteria established by NREL:

System specifications:

O

(@)

(@)

(@)

(@)

Variable speed operation with maximum coefficient of power (Cp) = 0.5
Maximum tip speed = 85 m/s

Turbine hub height = 1.3 x rotor diameter

Rated wind speed = 1.5 x hub height (annual average)

Cut-out wind speed = 3.5 x hub height (annual average).

Design wind class:

(@)

Wind Turbine Generator System (WTGS) Class I1.

Performance wind definition for evaluating the design:

(@)

(@)

O

(@)

Air density = 1.225 kg/m’ (sea level)

10-m wind speed = 5.8 m/s (annual average)
Rayleigh distribution

Power law = 0.143.

In addition, the following system design criteria were considered:

Market relevance

Simplicity of design

Ease of assembly

Reliability

Serviceability

Shipping.

2.2 Drivetrain Matrix

For the drivetrain configuration study, we divided the proposed design alternatives into four
subsets (Table 2-1). Each configuration was brought to the preliminary design stage and
evaluated according to the metrics and methodology described below. Section 3 describes our
evaluation methodology in detail.
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Table 2-1. Drivetrain Configuration Matrix

Concept Definition Geartrain Generator configuration Characteristics

1 Baseline Multiple stage | Multiple stage
planetary/helical or helical

2 Direct drive None li(a) and II(b) No gearbox; very slow
generator

3 Low speed Single stage lli(a) and IlI(b) Planetary gear speed
increaser

4(a) Multiple path Multiple stage | Multiple options—two or
more generators

4(b) Multiple path Single stage Ili(a) and lli(b) Multiple options—two or
more generators

Generator Definition Speed Type and options Characteristics

| Baseline 1200 rpm Wound rotor induction Off the shelf

li(a) Low speed 20 rpm Wound rotor synchronous New design

11(b) Low speed 20 rpm PM synchronous New design

li(a) Medium speed 100 rpm Wound rotor synchronous New design

Ii(b) Medium speed 100 rpm PM synchronous New design

Abbreviations: PM = permanent magnet; rpm = rotations per minute

We assessed drivetrain configurations as point designs at the 1.5- and 3-MW power levels. Our
team carefully examined the point designs and drew conclusions about the relative merits of each
component-system configuration.

2.2.1 Concept 1: Baseline Configuration

So-called because it has been the dominant solution installed by wind-turbine manufacturers
worldwide, the baseline generator employs a multiple-stage gear speed increaser with a planetary
low-speed front end followed by one or two helical parallel shaft stages to achieve a nominal
output speed suitable for a six-pole (1200-rpm) wound rotor induction generator. Variable-
frequency, variable-voltage rotor power is converted to utility frequency and voltage by a
converter unit at the base of the tower.

2.2.2 Concept 2: Direct-Drive Configuration

Direct-drive configurations offer significant potential for the wind industry because they
eliminate the gearbox. The direct-drive configuration is already establishing a presence in the
marketplace (Enercon, Lagerwey, and Northern). The two types of direct-drive generators are the
(1) wound rotor synchronous generator and (2) PM rotor synchronous generator. Early in our
evaluation of drivetrain configurations, both Northern and General Dynamics Electric Boat
(GDEB) performed comparative studies of the two direct-drive generator options. In both cases,
the permanent magnet topology was superior. Therefore, we considered only the PM
synchronous direct-drive design.

The PM synchronous direct-drive configuration selected by the project team employs PM field
poles in a radial field internal configuration. Only radial field designs were analyzed in detail
because they are superior to axial field designs in terms of voltage induction and are commonly
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used in electrical machinery. We analyzed a number of PM direct-drive tower-top configurations
(described later in this report).

2.2.3 Concept 3: Gear-Driven, Medium-Speed Configuration

The concept of a single-stage gearbox coupled with a low- to moderate-speed generator has
gained attention because it combines the benefits of a higher (than direct drive) generator speed
and a lower number of gear parts. The single-stage gearbox configuration can use either a wound
rotor synchronous generator or a PM generator. For our drivetrain study, we chose the single-
stage PM generator for its cost and performance advantages and relative simplicity compared
with the wound rotor configuration.

2.2.4 Concept 4: Multiple-Path Configuration

The options for multiple-path drivetrain configurations are many, ranging from multiple, low-
speed paths where multiple generators are driven off a single-stage gear path, to multiple higher-
speed generators driven by separate, multiple gear paths. The number of generators could range
from two to possibly as many as twelve. We evaluated many of these options. Initially we
considered both specially made wound rotor and PM-synchronous generators. However, the
most promising multiple-path drivetrain configuration proved to be a gear-driven, medium-
speed, six-generator configuration using PM generators.

The arrangement allows a number of pinion meshes with a common bull gear to share the total
gear load, much like a planetary speed increaser. However, this advantage comes at the expense
of more parts and the associated reliability and maintenance concerns. We considered these
factors when evaluating this concept.
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3 Approach

The goal in Phase I of the WindPACT project was to identify an optimized megawatt-scale
drivetrain configuration for development in Phases II and III. This section describes our
approach.

Upon establishing drivetrain configuration options based on the SOW, the Northern team
conducted a comprehensive assessment of drivetrain technology (Section 4). On the basis of our
assessment, we narrowed our configuration options and selected the most promising component
technologies for each option. To find the best configuration, we integrated the component
technologies into our drivetrain designs and optimized the designs by performing trade-off
studies and sensitivity analyses.

The drive components were then integrated into a complete structural design. Several mechanical
layouts were developed for each drivetrain type. Structural analyses were performed using finite
element analysis (FEA) techniques with loads calculated using dynamic simulation models. After
integrating the balance of turbine components (rotor, yaw drives, tower, controller, etc.), we
determined the cost of each design.

The same approach was employed for the 1.5-MW and 3-MW machines. We did not use scaling
laws to “project” the design to larger sizes; rather, we developed actual designs. We believe this
approach estimates the probable costs of larger machines more accurately than does scaling
smaller designs.

3.1 Design Methodology
3.1.1 Gearbox

The single-output, medium-speed gearing designs were based on compound planetary helical
technology, the multiple-output designs were based on parallel helical technology, and the high-
speed (baseline) gearing was based on compound helical initial stages and a helical parallel
output stage. The rational for choosing these designs is discussed in Section 4.

Gear and bearing life requirements used in this study were based on limits set in the latest draft
of the Standard for Design and Specification of Gearboxes for Wind Turbine Generator Systems
(AGMA/AWEA 2002).

Gearing was designed to a minimum of 175,000 hours of life per American Gear Manufacturers
Association (AGMA) 2001-C95 using duty cycles supplied by Northern. The bearing lives were
calculated using the basic rating life .10, and minimum lives were held to limits set forth in
Table 5-1 of the American Wind Energy Association (AWEA) specification.
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3.1.2 Generator

The generator design is based on GDEB’s embedded permanent magnet technology. GDEB
produced conceptual generator designs for all configurations. Its design process included
defining generator parameters and developing conceptual designs (electrical and magnetic).
Design analysis was performed using GDEB-proprietary and commercial software. Appendix A
describes the conceptual design process in detail.

A parametric generator design and costing tool was developed to determine cost trends and to
select design points for the GDEB effort. Power, speed, and life requirements were set by
Northern.

3.1.3 Power Electronics

Originally, a standard, off-the-shelf motor regenerative drive was targeted as the power converter
for the wind-turbine generator. However, limited control flexibility, which affects the cost of the
PM generator, resulted in a Northern-built power converter because drives and controls are sold
as a package. While the hardware of the Northern power converter is identical to that of a
standard, commercial PM motor drive, its control system has been designed by Northern to
provide greater flexibility.

3.1.4 System and Structural Design
Rotor

The SOW specifies a three-bladed, pitch-controlled, rigid rotor. A standard design was
implemented using currently available blade designs, electrically actuated pitch drives, an
industry-standard pitch-control system, and a spherical cast-iron hub. Windward Engineering
developed and tuned the pitch controller for the 1.5-MW rotor. The same controller kernel was
used for the 3-MW turbine. Northern tuned the control parameters to achieve the desired
operational characteristics.

Tower

The SOW largely dictates the tower design. Tubular steel towers with the specified hub height
were designed for each turbine.

Loads

We used the Fatigue, Aerodynamics, Structures, and Turbulence (FAST) program to calculate
turbine loads under normal turbulence and extreme wind cases. Loads were calculated according
to [EC (1999) and Germanischer Lloyd (1999) standards and processed to yield the loads most
useful for designing each component (bearings, gears, etc.). Windward Engineering developed
the 1.5-MW baseline turbine model, and Northern developed the 3-MW model. Windward also
developed a program to create multidimensional histograms useful for bearing design.

Structural Design and Analysis

An FEA of major load-carrying components was conducted and the components were
dimensioned according to Germanischer Lloyd (1999) standards. Reserve factors were calculated
for both extreme loads and fatigue loads.

3-2



3.1.5 Drivetrain Configurations

For each drivetrain configuration, the Northern team investigated several different gearing
options and many different mechanical layouts—integrated, modular, single-bearing, multiple
bearings—and completed preliminary costing. The best drivetrain configuration in each category
was selected, and preliminary designs were then executed.

Baseline

In September 2001, Northern representatives attended the New Energy exhibit and conference in
Husum, Germany. We reviewed and examined many “off-the-shelf” components for the 1.5-MW
baseline turbine, including gearboxes, generators, pitch drives, yaw drives, and main bearings.
We observed many megawatt-class turbines, which presented different conceptual designs for
baseline-style turbines. One of these was the WinWind 1-MW (this report’s MS-1-style) turbine.
The prudence of “copying” a modern baseline design and costing the whole 1.5-MW turbine to
“reality check” our design and pricing was recognized. Standard components were used
wherever possible, and custom component designs were developed when required. Quotes were
obtained for the majority of the baseline components and compared with industry averages. This
exercise provided a solid foundation from which the various options were priced.

Direct-Drive

The primary design drivers for the direct-drive machine are generator diameter, cooling method,
and structural configuration. To determine the maximum diameter, we investigated
transportation constraints in the United States and Europe. We also conducted studies to compare
cost differences between air-cooled and liquid-cooled designs. Several bearing configurations
were developed, including single-bearing and two-bearing designs. This report refers to the
direct-drive configuration with a PM generator as the permanent-magnet direct-drive design
(PMDD).

Single Stage/Single Output

The Northern team investigated both single-stage epicyclic and compound planetary gearing in
spur gear and helical tooth forms. Both modular and integrated designs were pursued, and for
integrated designs, two different carrier-bearing configurations were investigated. This report
refers to the resulting design as the medium-speed, single-output or MS-1 configuration.

Single Stage/Multiple Output

The study of this generic drive type began with comparing drive costs of 2-, 3-, 4-, 6-, and 12-
output generator designs. We selected reasonable gear ratios, set generator size constraints, and
completed gearing and generator designs and costing of major components. This preliminary
investigation led to the selection of the six-output generator design for further development. To
optimize the six-output design, we developed designs at several gear ratios and compared costs.
A parametric generator model allowed us to quickly determine the best combination of gear ratio
and generator speed and size. The design was optimized in subsequent iterations. This report
refers to the configuration as the medium-speed, six-output or MS-6 design.

Multiple Stage/Multiple Output (MS/MO)

We immediately discarded the MS/MO design for its complexity and high part count, among
other factors.
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3.2 Analysis Methodology

Many metrics are available for determining which drivetrain best meets the project goals. There
are also subjective considerations in the choice of a particular drivetrain. These metrics and
subjective considerations include first cost, COE, energy production, reliability, and
technological appeal. For this study, our primary evaluation metrics were first cost and COE.

Under the WindPACT SOW, the COE calculation attempts to quantify the overall life cycle
costs by applying the design to a 200-MW wind farm based on the chosen technology. Because
some developers buy turbines based on first cost and others based on COE calculations, we
present both.

The development of first cost and COE is described in detail in Section 8. In summary, the
process is as follows:

1.

Develop the capital costs of turbine components. (Costs are based on quotes for both
standard and custom components)

Include the costs associated with transportation and assembly of components

3. Develop a sale price based on an assumed profit margin

Determine the annual energy production based on the mechanical power curve and drive
efficiencies

Determine the annual operation and maintenance costs
Determine the COE as follows:
COE = (FCR x ICC + AOM) / AEP

where

FCR = fixed charge rate

ICC = initial capital cost

AOM = annual operation and maintenance
AEP = annual energy production.



4 Technology Assessment

To ensure the technical success and market relevance of the WindPACT project, we conducted a
comprehensive assessment of drivetrain technology.

The project team:
=  Examined commercial wind turbines

= Reviewed relevant information (including previous drivetrain studies) in technical
journals, trade publications, and reports

* Examined industry trends

» Studied advances in drivetrain component reliability

= Examined drivetrain technology options for gearboxes, generators, and power converters.
4.1 Commercial Wind Turbines

Our technology assessment first focused on standard commercial wind turbines. We studied the
following types of turbine designs:

* Industry-standard, gear-driven, doubly fed induction generator (DFIG)
= Single-stage gearbox with PM generator
= Direct drive with PM and wound rotor generators.

Figure 4-1 shows an example of each drivetrain configuration. The multiple-path drivetrain
configuration is not commercially available.
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Standard gear-driven DFIG (Nordex)

Single stage (MultiBrid)

One of six or
more
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magnet
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Turbine
torque
input

Uptower
rectifier
unit

Downtower
power
converter

Utility
interface

Multiple path (no commercial example)

Direct drive (Enercon)

Figure 4-1. Drivetrain configurations.

Most installed commercial wind turbines are standard, gear-driven, DFIG configurations.
However, a number of nonstandard wind turbine configurations are gaining prevalence in the
industry. The commercial success of German wind turbine supplier Enercon, which captured
15.2% of the world market in 2001 (ranked second worldwide) with direct-drive wind turbine
solutions, proves the commercial viability of nonstandard drivetrain configurations. The success
of Enercon and the choice of direct-drive technology for product development by other industry
players, such as Jeumont, Lagerwey, Mitsubishi and M. Torres, are solid proof that direct-drive
designs can be the basis for megawatt-class turbines that compete successfully with gear-driven
models. Other nonstandard drivetrain configurations, such as WinWind (based on MultiBrid
technology), are also considerations. Table 4-1 shows a selection of nonstandard turbine

drivetrains in use or under development.




According to the WindStats Newsletter (Autumn 2002), “the PMG [permanent magnet generator]
has become a first preference for new manufacturers eager to make a direct drive market entry”
(Table 4-2).

Tables 4-3 and 4-4 show specifications and prices of commercially available wind turbines rated
at 1 MW and larger.

Table 4-1. Drivetrain Configurations of Nonstandard Commercial Turbines

Manufacturer Rated power (kW) Drivetrain type

Lagerwey 750 Direct-drive, wound rotor

Jeumont 750 Direct-drive, permanent magnet, axial flux
Enercon 850; 1500 Direct-drive, wound rotor

Mitsubishi 2000 Direct-drive, permanent magnet

Abbreviations: kW = kilowatt

Table 4-2. “High Potential” Direct-Drive Projects

Model Capacity (MW) Generator type Technology Status
Lagerwey LW58 0.75 External excitation VS/pitch Prototype (2002)
Vensys Energiesysteme 1.2 Permanent magnet VS/pitch NA

M. Torres TWT1500 1.5 Ext. excitation VS/pitch Prototype (2002)
Jeumont J70/J77 1.5 Permanent magnet VS/pitch Prototype (2003)
NPS NW1.5/70 1.5 Permanent magnet VS/pitch NA

Lagerwey LW72 20 Permanent magnet VS/pitch Prototype (2002)
ScanWind 3.0 Permanent magnet VS/pitch NA

Abbreviations: MW = megawatt; NA = not applicable; VS = variable speed
Source: WindStats Newsletter (Autumn 2002)
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Table 4-3. Commercial Wind Turbine Specifications (Rated Power 21 MW)

Rated Rotor Hub Power
Manufacturer Model power (kW) diameter (m) height (m) Drivetrain type regulation
Enercon E-112 4500 112.8 124 Direct drive Pitch
GE Wind 3.2s 3200 104.0 110 Multiple-stage gearbox  Pitch
Vestas V-90 3000 90.0 100 Multiple-stage gearbox  Pitch
Nordex N-80 2500 80.0 60 Multiple-stage gearbox  Pitch
NEG Micon NM2000/72 2000 72.0 64 Multiple-stage gearbox  Pitch
Vestas Vv80/2.0 MW 2000 80.0 60 Multiple-stage gearbox  Pitch
DeWind D8/80-2MW 2000 80.0 80 Multiple-stage gearbox  Pitch
Enercon E-66/ 18.7-3 1800 60.0 65 Direct drive Pitch
Enercon E-66/ 18.7-2 1500 66.0 65 Direct drive Pitch
Enercon E-66/ 18.7-1 1800 70.0 65 Direct drive Pitch
Vestas 1.8MW 1800 80.0 60 Multiple-stage gearbox  Pitch
Vestas 1.65MW 1650 66.0 65 Multiple-stage gearbox  Pitch
NEG Micon NM1500C/72 1500 72.0 64 Multiple-stage gearbox  Active stall
GE Wind 1.5s 1500 70.5 65 Multiple-stage gearbox  Pitch
GE Wind 1.5sL 1500 77.0 80 Multiple-stage gearbox  Pitch
Repower MD 70 1500 70.0 65 Multiple-stage gearbox  Pitch
Repower MD 77 1500 77.0 62 Multiple-stage gearbox  Pitch
Lagerwey LW72/1500 1500 72.0 65 Direct drive Pitch
NEG Micon NM1500C/64 1500 64.0 68 Multiple-stage gearbox  Stall
NEG Micon NM82/1500 1500 82.0 80 Multiple-stage gearbox  Active stall
Nordex N-62 1300 62.0 60 Multiple-stage gearbox  Stall
Bonus Energy 1.3 MW/62 1300 62.0 45 Multiple-stage gearbox  Active stall
DeWind D6/ 62-1.25 MW, Il 1250 62.0 65 Multiple-stage gearbox  Pitch
DeWind D6/64-1.25MW, Il 1250 64.0 65 Multiple-stage gearbox  Pitch
Enercon E-58 1000 58.0 65 Direct drive Pitch
DeWind D6/ 62-1MW, Il 1000 62.0 65 Multiple-stage gearbox  Pitch
WinWind wwD 1000 56.0 56 Single-stage gearbox Pitch

Abbreviations: m = meter; kW = kilowatt; MW = megawatt
Source: Wind Turbine Market 2001 Special Report, Germany (2001)



Table 4-4. Commercial Wind Turbine Prices (Rated Power 21 MW)

Manufacturer Model sg\t::r (kW) Price (US$) Price/kW (US$)
Enercon E-112 4500 NA NA
GE Wind 3.2s 3200 — NA
Vestas V-90 3000 NA NA
Nordex N-80 2500 $1,586,768 $635
NEG Micon NM2000/72 2000 $1,533,876 $767
Vestas V80/2.0 MW 2000 NA NA
DeWind D8/80-2MW 2000 NA NA
Enercon E-66/ 18.7-3 1800 $1,411,708 $784
Enercon E-66/ 18.7-1 1800 $1,411,708 $784
Vestas 1.8MW 1800 $1,476,728 $820
Vestas 1.65MW 1650 NA NA
NEG Micon NM1500C/72 1500 $1,278,229 $852
GE Wind 1.5s 1500 $1,344,345 $896
GE Wind 1.5sL 1500 $1,410,460 $940
Repower MD 70 1500 $1,181,260 $788
Repower MD 77 1500 $1,234,153 $823
Lagerwey LW72/1500 1500 NA NA
Enercon E-66/ 18.7-2 1500 $1,411,708 $941
NEG Micon NM1500C/64 1500 $1,035,807 $691
NEG Micon NM82/1500 1500 NA NA
Nordex N-62 1300 $956,468 $736
Bonus Energy 1.3 MW/62 1300 $1,035,181 $796
DeWind D6/ 62-1.25 MW, I 1250 $999,000 $799
DeWind D6/64-1.25MW, llI 1250 $1,139,304 $911
Enercon E-58 1000 NA NA
DeWind D6/ 62-1MW, llI 1000 $994,560 $995
WinWind WWD 1000 $1,060,000 $1,060

Abbreviations: KW = kilowatt; NA = not available; US = United States
Sources: Wind Turbine Market 2001 Special Report, Germany (2001); Misc. quotes
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Table 4-5 shows weights of commercially available wind turbines 1 MW and larger. We used
these weights to verify that our preliminary designs were comparable to commercially available
turbines.

Table 4-5. Commercial Wind Turbine Weights (Rated Power 21 MW)

Total Nacelle Nacelle
Rated rotor weight weight
power weight excluding including
Manufacturer Model (kW) (kg) rotor (kg) rotor (kg)
Enercon E-112 4500 — — 500000
GE Wind 3.2s 3200 — — —
Vestas V-90 3000 — — —
Nordex N-80 2500 48000 85000 133000
NEG Micon NM2000/72 2000 40000 82000 122000
Vestas Vv80/2.0 MW 2000 37200 61200 98400
DeWind D8/80-2MW 2000 — — —
Enercon E-66/ 18.7-3 1800 31700 101000 132700
Enercon E-66/ 18.7-1 1800 31700 101000 132700
Vestas 1.8MW 1800 — — —
Vestas 1.65MW 1650 — — —
NEG Micon NM1500C/72 1500 31400 44000 75400
GE Wind 1.5s 1500 28000 49000 77000
GE Wind 1.5sL 1500 31000 49000 80000
Repower MD 70 1500 33000 56000 89000
Repower MD 77 1500 35000 56000 91000
Lagerwey LW72/1500 1500 29000 60000 89000
Enercon E-66/ 18.7-2 1500 31700 101000 132700
NEG Micon NM1500C/64 1500 — 43000 —
NEG Micon NM82/1500 1500 — — —
Nordex N-62 1300 21500 51400 72900
Bonus Energy 1.3 MW/62 1300 34400 46500 80900
DeWind D6/ 62-1.25 MW, Il 1250 24500 44000 —
DeWind D6/64-1.25MW, lII 1250 24500 44000 —
Enercon E-58 1000 33000 — 88000
DeWind D6/ 62-1MW, 1lI 1000 24500 44000 68500
WinWind WwWD 1000 17000 34000 51000

Abbreviations: kg = kilogram; kW = kilowatt

Source: Wind Turbine Market 2001 Special Report, Germany (2001)
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Figure 4-2 depicts nacelle weight (including rotor) versus rated power of commercially available
wind turbines.

4.2 Previous Drivetrain Studies

Our investigation of drivetrain options benefited from reports in technical and trade journals. We
reviewed previous and current drivetrain studies and technological advances in drivetrain
materials and components. Following are the major findings from our review of drivetrain

studies:
= Most direct-drive assessments focused on innovative measures to reduce size, weight,
and cost of generator.

= Direct-drive generators must attain a very high torque capacity (mass-specific) to
compete with high-speed squirrel cage or doubly fed wound rotor induction generators.

= Bohmeke and Boldt reported “a clear advantage for the gear-driven configuration” and
concluded that direct-drive configurations can compete economically only if very high
failure rates are assumed for geared drive configurations.

Nacelle Weight vs Rated Power
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Figure 4-2. Nacelle weight (including rotor) versus rated power
of commercial wind turbines.



= QGrauers (1994) analyzed annual average efficiency as a function of wind distribution and
found a small efficiency advantage for direct-drive configurations.

= Assessing bearing overload, Rahlf and colleagues (1998) noted that the trend toward
weight-optimized construction presents the risk of designers sizing structures to
accommodate stresses while paying insufficient attention to providing adequate stiffness.
As a consequence, deflections of structures, such as hubs and gearboxes, may induce
premature failure of bearings and gears.

Previous drivetrain studies are cited in sections throughout this report. Also see the TIAX
technology assessment reports (Appendices E and F).

4.3 Industry Trends

The trend toward alternative drivetrain configurations, and more specifically direct-drive
configurations, is evidenced through predictions in wind industry market reports, research
papers, and trade journals:

“2005 technology: variable speed, direct drive permanent magnet generator . . .” (Renewable
Energy Technology Characterizations, Electric Power Research Institute and U.S.
Department of Energy, 1997)

“While it would appear optimistic to expect large mass or cost savings in large wind turbines
purely by the introduction of a direct drive system, it is likely that in a fully integrated
design...the simplification of design, provision of wide range variable speed and elimination
of gearbox maintenance will all favour the continuing development of direct drive systems”

(Wind Energy—The Facts, Directorate-General of Energy, European Commission and
EWEA, 1998)

“Another trend is the increased focus on direct drive machines, even though it is not yet
reflected in commercial sales other than those from Enercon and Lagerwey” (International
Wind Energy Development: World Market Update 2000; Forecast 2001-2005, BTM
Consult, 2001)

“Magnetic materials will become more popular, especially in direct-drive generator
technology that will replace traditional step-up gearboxes in some larger machines” (Wind
Turbine: Materials and Manufacturing Fact Sheet, Princeton Energy Resources International
for the U.S. Department of Energy, 2001)

“Direct drive has become a well-established concept—established enough that a growing
number of companies are working on systems of their own . . . . Both [ABB and Siemens]
envisage considerable market growth for direct drive systems in the future . . .” (WindStats
Newsletter, Autumn 2002).

Each month, editorials in leading industry trade journals tout the bright future of nonstandard
turbine designs, particularly direct-drive technology. Historic barriers to new technology in the
wind industry are easing as acceptance of wind power grows. The wind industry has blossomed
into a business of more than US$6 billion per year.

Turbine subsystem designs, including controls, yaw drives, blade-pitching systems, gearboxes,
generators, and blades are no longer proprietary. Increasingly, turbine manufacturers are
integrators because they can introduce turbines with innovative drivetrains without “reinventing”
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the balance of the system. Component suppliers can sell drivetrain products without becoming
turbine manufacturers. In short, many turbine components are becoming commodities.

4.3.1 Market Survey

Although our research confirmed the trend toward alternative drivetrain configurations, we
sought further verification by surveying wind farm developers, operators, and major international
turbine suppliers. Conducted for the WindPACT project by TIAX in June 2001, the survey
focused on the following:

» Industry perception of direct-drive versus gear-driven turbines
= Gearbox maintenance requirements and costs

* Primary factors affecting turbine procurement choices.

Following are key findings of the survey:

= Direct variable-speed drive wind turbines likely will see increased market penetration
over the next few years (Figure 4-3).

= To achieve greater market penetration, minor hurdles must be overcome (Figure 4-4).

» Cost, reliability, and a proven track record were the three most important purchasing
criteria among developers and suppliers (Table 4-6).

Gearbox replacement
(every 6 years in some
estimates) is eliminated

igher energy output due
lo increased efficiency

I»
i tput
ower noise outpu Direct-drive
wind turbines

Better grid interaction—no
power spikes with VSD

I ewer consumables

her availability due to

eduction in drivetrain
part count

Reduction in
mechanical load on
rotating parts*

ination of gear failures

*Compared with constant-speed, gear-driven wind turbines.

Figure 4-3. Advantages of direct-drive turbines.
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Figure 4-4. Disadvantages of direct-drive turbines.

Table 4-6. Purchasing Criteria*

Company Wind turbine
financial Field power curve Cheap
Cost  Reliability strength experience relative to site financing
FPL Energy (] -
Sea West [ ] -
enXco [ ] [ ] - @)
RES [ ] -
York General [ ] [
NEG Micron [ ] [ ] O [ ] - -
Nordex [ [ ] -
Bonus Energy (] [ J
ABB { L
Less important O P> @® More important
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*  O&M costs ranged from US$6,500 to US$9,000 per turbine during warranty. After
warranty, costs ranged from US$10,000 to US$20,000 per turbine (Table 4-7).

Developers and suppliers were questioned about wind turbine (O&M) costs. Most commercial
wind turbine manufacturers sell a service plan to cover turbine maintenance for the first 5 years.
According to respondents, after the first 5 years (i.e., post-warranty), O&M costs generally
increase.

4.3.2 Technology Trends
Rare-Earth Magnets

Historically, the high cost and limited availability of high-strength, rare-earth, permanent
magnets inhibited the commercial viability of motors and generators based on PM design
topologies. Over the last decade, the cost of these magnets has dropped significantly, in part
because of their use in motors of computer hard drives and other electronic devices. Rare-earth
magnets, such as Neodymium Iron Boron (NdFeB), now have the combination of high-energy
density and relatively low cost based on the availability of constituent ores. Figure 4-5 depicts
the historical trends of rare-earth magnet production and pricing in Japan, which are indicative of
the worldwide trends. The currency shown is the Japanese yen.

For the WindPACT project, we solicited quotes from magnet vendors that reflect shorter-term
competitive prices, which further supports the use of these materials in commercial
electromagnetic machinery. Because magnets constitute a major cost in a large-scale PM
generator, even minor reductions in magnet costs can impact the overall cost significantly.

Figure 4-6 shows quoted prices from January 2002 for production quantities, and Figure 4-7
shows a further reduction in quoted prices over a 3-month period.

Table 4-7. Estimated O&M Costs for Gear-Driven 650- to 900-kW Turbines

US$/Turbine/Yr US$/Turbine/Yr Cents/kWh Cents/kWh

(during warranty) (after warranty) (during warranty) (after warranty)
Developer P $8,500 NA 0.4 NA
Developer Q $6,500-$8,500 NA NA NA
Manufacturer R $6,500 $11,000-$12,000
Manufacturer S NA NA 0.5 0.75
Manufacturer T $8,000
Consultant U $9,000 $20,000° 0.6 1.0
Vendor V° $8,000 $10,000

a$400,000/MW over 20 years with inflation and crane costs
®75%-80% of costs are associated with gearbox and cooling
Abbreviations: kWh = kilowatt hours; NA = not applicable; Yr = year
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Figure 4-6. Magnet quote comparison.
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Figure 4-7. Short-term magnet cost trends.

Reasons for the significant drop in the price of the magnets in Figure 4-7 include the following:
= Magnet suppliers realize the size of potential opportunity for wind turbine generators.
» The magnet coating material was changed from nickel to epoxy.

= The promise of a blanket purchase order allows cost-effective production planning at the
factory.

PM machines, which once carried a premium price because of the cost of magnets, are now cost-
competitive with conventional wound rotor motors and generators. Also, for very large
machines, such as those considered in this study, magnet vendors will price very aggressively
based on the size of the order. Where these magnets may have cost more than US$100 per pound
10 years ago, a final burdened cost of less than US$20 per pound is possible today.

Appendix G contains additional information about rare-earth permanent magnets, their viability
in commercial motor and generator development, and associated trends.

Semiconductor Technology

Semiconductor technology has improved greatly in terms of cost, size, and power capabilities.
These improvements have a beneficial impact on the cost of wind turbines especially those using
full-rated power converters. Figure 4-8 shows the development of semiconductor controlled
rectifier (SCR), GTO, and insulated gate bipolar transistor (IGBT) technology (Jaecklin 1997).

Figure 4-8 implies it is possible to build megawatt-range power converters with the three types
of semiconductor switches. A mature technology, thyristor’s rate of growth (with respect to
power handling) has stagnated over time. Newer technologies, such as injection-enhanced gate
transistors (IEGT) and integrated gate commutated thyristors (IGCT), can potentially achieve
much higher power-handling capability (Akagi 2002).
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Figure 4-8. Historical development of switching power for
power semiconductor devices: thyristor, GTO, and IGBT.

Component integration is another emerging trend in the field of power semiconductors. Power
switches are available as packaged components that integrate gate circuits, multiple switches for
the power-circuit topology, insulation, voltage current and temperature sensing elements, and
fault protection. Figure 4-9 shows these packaged modules are available in higher voltages and

current ratings (Lorenz 1997).

Packaged modules lend themselves to simple mechanical and thermal design, which leads to
lower system cost. The reduced cost of power semiconductor devices is reflected in the 50% cost
reduction of standard drive units in the 30-hp range between 1990 and 2000 (Figure 4-10)
(Kerkman et al., 1999). Newly emerging power switching and packaging technologies indicate

that the cost reduction trend will continue.
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The cost of power semiconductor devices is decreasing, while the performance of power
semiconductor devices is improving (higher voltage ratings and lower switching losses).
Increased control capability from the latest digital signal processing (DSP) technology enables
complex switching methods and higher bandwidth control. These advances are leading to
decreased cost per kVA for power conversion equipment.

4.4 Drivetrain Component Reliability

In addition to our market survey, we obtained data about the reliability of drivetrain components
from the Allianz Center for Technology, W.A.Vachon and Associates, and Betreiber-Datenbasis.

Since the mid-1990s, the Allianz Center for Technology has analyzed causes of damage to wind
turbine components. A recent article states, “the main center of damage is in the gear train—
teeth, roller bearings, oil—and the generator bearings” (Bauer 2001). The Allianz Center for
Technology provided us cost data for replacement and repair of drivetrain components.

Wind industry consultant W.A.Vachon and Associates predicted a mean time between failures
(MTBF) of 12 to 15 years for well-maintained gearboxes and an MTBF of 10 years for high-
speed generators.

Experienced in wind turbine O&M, both the Allianz Center for Technology and W.A.Vachon
and Associates confirmed that the gearbox is a major contributor to downtime and O&M costs.

To assess the difference in O&M costs between gearbox and direct-drive configurations, we
obtained data from Betreiber-Datenbasis, the source of WindStats Newsletter data for turbines
operating in Germany. We wanted to compare failure rates, downtime, and other characteristics
of direct-drive configurations with baseline configurations over several years.

However, because direct drive is the only alternative to multiple-stage gearbox-based designs
with any operating history, data for alternative configurations other than direct drive did not exist
(Table 4-8). Further, almost all direct-drive configuration data were for Enercon turbines. The
lack of diversity in data for alternative configurations, as well as inconsistently reported data,
made it difficult to quantify O&M costs for alternative drivetrains.

We decided to build a model “from the ground up” to quantify O&M costs for each drivetrain
configuration. The model includes both costs affected by the type of drivetrain configuration and
costs independent of the drivetrain configuration. The details of the O&M analysis appear in
Appendix I of this report.

Table 4-8. Reliability Comparison of Gearbox and Direct-Drive Configurations

Rated power 500-900 kW >999 kW
Drivetrain configuration Gearbox Direct-drive Gearbox Direct-drive
Availability (%) 98.83 98.69 97.07 98.43
Average turbine age (months) 46 36 17.5 22.5

Abbreviations: kW = kilowatt
Source: Betreiber-Datenbasis (1999-2000)
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4.5 Drivetrain Technology Options

4.5.1 Gearboxes

Reviewing current gearbox technology, Gear Consulting Services of Cincinnati (GCSC) found
the following types of gearing applied to wind turbines:

Multistage parallel

Multistage/multipath parallel

Single-stage epicyclic/two-stage parallel
Multiple-stage epicyclic/single-stage parallel
Compound planetary/single-stage parallel

single-stage epicyclic/two-stage parallel.

On the basis of the team’s expertise, we determined that the compound planetary technology is
the most suitable gearbox technology for our study (Figure 4-11).

Figure 4-11. Cincinnati Gear 1.5-MW gear unit.
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Gearbox Reliability

Because of widespread gearbox failures, many steps have been taken to improve wind turbine
gearboxes, including:

= Monitoring gearbox vibrations and condition of gearbox oil. The NEG Micon retrofit
program upsized gearbox bearings and improved bearing lubrication in more than 1200
turbines.

»  Improved oil filtration systems. According to C.C. Jensen, supplier of gearbox oil
filtration systems to Bonus Energy, NEG Micon, Vestas, and Gamesa, “When you
change the filter size from 40 microns to 10 microns, you double the lifetime of the
[gearbox] roller bearings.”

Today wind turbine gearboxes are built to a stricter, more robust AGMA standard. This is
consistent with our market survey, in which some European manufacturers reported customers
increasingly willing to pay a premium for “heavy duty” gearboxes.

Gearbox Costs

Our market survey of wind farm developers, operators, and major international turbine suppliers
revealed that gearbox replacement for a 660- to 900-kW machine is typically between
US$50,000 and US$75,000 per turbine. Repairs range from US$10,000 to US$30,000, but vary
greatly depending on turbine location and crane requirements (Table 4-9).

4.5.2 Generators

Table 4-10 describes the types of generators used for megawatt-scale wind turbines.

Table 4-9. Estimated Gearbox Costs for 650- to 900-kW Turbines

Costs (US$) Comments
Developer X ~$50,000-$60,000 Costs vary greatly depending on turbine
Repair: ~$30,000 minimum placement and crane requirements

~$10,000 minimum to transport crane to site

Manufacturer R Replacement: $50,000-$70,000 High-end costs includes crane
Repair: $10,000-$20,000

Manufacturer W ~$60,000 NA
Consultant U Replacement: $75,000 Additional $35,000 for crane
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Table 4-10. Types of Generators for Megawatt-Scale Turbines

Type of generator

Description

High-speed induction—
fixed speed with no power
electronics

Simple, proven generator design
Current inrush each time the machine is connected to grid
Efficiency is poor

Wound rotor high-speed
induction—variable speed

Proven generator configuration
Slip rings and rotor winding add to rotor complexity

Efficiency slightly better than cage rotor induction machines

Usage of wound rotor avoids need for compromising efficiency (like in cage
machines) because no induced slip current losses in wound rotor machines (induction
between stator/rotor causes slip currents and related losses in cage machines); also
power converter can be connected in series with rotor windings for greater torque
from minimum to maximum speed and reduced current transient overshoot at an
improved power factor in wound rotor machines

Wound field synchronous
machines—direct drive
with power electronics

Proven generator configuration

Requires full-size power converter

Machine is large because of low-speed design

Possible efficiency improvement over the wound field induction machine
Slip rings or separately coupled excitations system necessary

Permanent magnet
synchronous machines
(PMSM)—direct drive with
power electronics

Relatively new generator configuration

Requires full-size power converter

Machine is large because of low-speed design

Efficiency better than synchronous machines because rotor excitation is eliminated

Medium-speed PMSM—
single stage with power
electronics

Requires full-size power converter

All machine design advantages of preceding generator types, plus reduction in size
because of higher speed of operation

Multiple-generator drive

Individual medium-speed generators operate at a fraction of turbine rated power
Components, such as bearings, housing, and terminations, must be duplicated

We performed a comprehensive assessment of generator technology and evaluated candidate
configurations based on the following criteria:

=  Power and torque density

= Efficiency

=  Manufacturability

= Development and life cycle cost

= Reliability

= Heat removal

= Maintainability

= Technical maturity.

TIAX assessed generator technology and presented its findings to the team (see Appendix E). On
the basis of the TIAX assessment and the expertise of the WindPACT team, we determined the
most suitable configurations for our study.
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Direct-Drive Versus Gear-Driven Generators

From our review of the literature, it is clear that the direct-drive generator for large-scale wind
turbines has attracted market attention. System simplicity, quiet operation, and avoidance of
costly gear failures promised by the direct-drive approach are recognized in the market. At the
same time, researchers acknowledge that a viable direct-drive, turbine-speed generator must
attain a very high mass-specific torque capacity to compete with the classic gear-driven, high-
speed squirrel cage or doubly fed WRIG.

Endorsing enthusiasm for the direct-drive solution evident in the literature is the number of large,
direct-drive, wound-field generator units (500 kW tol.5 MW) sold by Enercon since 1994, as
well as those introduced by Lagerwey (750 kW) and Jeaumont. Recently, Enercon erected the E-
112 prototype, a 4.5-MW direct-drive turbine. Mitsubishi also has a 2-MW direct-drive PM
generator prototype turbine under test

Despite the successful commercialization of large-scale, direct-drive wind turbines by Enercon,
other wind turbine manufacturers have not embraced this approach. Gear-driven units represent
more than 85% of installed capacity worldwide.

Reporting “a clear advantage for the gear-driven configuration,” Bohmeke and Boldt believe the
disadvantages of structure-born noise and risk of (oil) leakage can be overcome by
comparatively inexpensive measures and, further, that direct drive can compete economically
only if very high failure rates are assumed for geared drives. Rahlf et al. (1998) note that the
trend to weight-optimized construction presents the risk of sizing structures to accommodate
stresses while providing insufficient attention to adequate stiffness. As a consequence, deflection
of structures, such as hubs and gearboxes, might induce premature bearing failure. Inadequate
gearbox stiffness also might promote gear failure. These reports imply that gearbox failures,
which the direct-drive approach avoids, might be overcome by better gearbox design.

Grauers (1994) compares direct-drive configurations with competing gear-driven, high-speed
induction generators. Analyzing annual average efficiency as a function of site wind-speed
distribution, Grauers found a small efficiency advantage for the direct-drive approach, despite
additional losses resulting from power conversion.

Most direct-drive studies focus more on innovative measures to reduce the size, weight, and cost
of direct-drive generators so they can compete with conventional gear-driven, high-speed
generators. The potential for greater energy productivity of direct-drive designs that operate at
variable speeds is cited often as an economic advantage over fixed-speed, gear-driven units.
Unfortunately, the Kennetech Windpower (formerly U.S. Windpower) patents, now owned by
General Electric (formerly Zond and Enron Wind), may inhibit manufacturing and sales of
variable-speed wind turbines in the United States for approximately 10 years.

Generator Configurations

Generator configurations can be classified as axial, radial, or transversal flux. Table 4-11 lists the
distinguishing features of each class.
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Table 4-11

. Distinguishing Features of Radial, Axial, and Transversal Flux Generators

Class of

Generator Torque Productive Torque Productive

Configuration Armature Current Path Field Flux Path Winding Phases

Radial flux Parallel with respect to Radial with respect Distributed or Typically 3
rotation axis to rotation axis concentrated

Axial flux Radial with respect to Parallel with respect Distributed or Typically 3
rotation axis to rotation axis concentrated

Transversal flux Circumferential with Toroidal with respect Concentrated 2o0r3
respect to rotation axis to current axis

Radial Flux Configuration

The radial flux configuration is the most widely used in electrical machinery in general and wind
turbine generators in particular. The ABB Windformer™ generator is a typical radial flux
configuration (Figure 4-12).

Axial Flux Configuration

Envisioned at the dawn of the electrical age, axial flux configurations have sustained academic
interest; however, until the introduction of Jeumont’s J-48 axial flux direct-drive wind turbine,
commercial units were found only in highly specialized applications, such as computer disk

drives and industrial servomotors (Figures 4-13 and 4-14).

Figure 4-12. ABB Windformer™ generator.
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Figure 4-14. Installation of Jeumont J-48 direct-drive turbine
with PM axial flux generator.
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Analyses by Grauers (1994) and Chertok and Lucas (1994) found the axial flux configuration
deficient; the field at the inner portion of the machine contributes less to voltage induction than
the field at the outermost station. (By contrast, all portions of the field in a radial flux
configuration have an equally effective impact on voltage induction.)

Transversal Flux Configuration

The transversal flux machine is a relatively new and highly innovative concept (Weh et al. 1988;
Weh and May 1988; Weh and Hoffmann 1988). Transversal flux machines are inherently single-
phase, but can be configured for multiple-phase operation. Figure 4-15 depicts a cross-section of
a double-gap, two-phase machine and an isometric detail of the flux-focusing field magnet
structure.

Figure 4-16 shows a simpler, single-gap version of a transversal flux machine configured for
three phases.

——— e e — ———— —

Fig.5: Proposed transverse flux generator concept
..stator core elements

..armature winding

..rotor

..permanent magnets

..nonpagnetic material

.......
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Figure 4-15. Double-gap, two-phase transversal machine
proposed by Weh and colleagues.
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Figure 4-16. Single-sided, three-phase transversal flux machine.

The high torque density potential of the transversal flux machine and its modular, although
complex, construction recommends this concept for a large direct-drive wind turbine generator if
potential shortcomings can be overcome. Unfortunately, because the scale of designs
investigated and tested to date is small (<10 kW), exploiting this concept for generator sizes
envisioned by the WindPACT project entails excessive technical and programmatic risks.

Generator Architectures

A number of generator architectures fall within the broad classification of radial flux and axial
flux configurations. Heffernan et al. (1996) studied the radial flux generator architectures in
Table 4-12.

Table 4-12. Radial Flux Generator Architectures

Generator architectures Variations Notes
Doubly salient PM Single- and three-phase Unconventional concept
Ferrite or NdFeB magnets Magnets located on the armature core
PM field synchronous Surface NdFeB magnets Well-established concept
Buried ferrite or NdFeB GDEB-patented technology
magnets
Wound field synchronous — Well-established concept

Enercon direct-drive generator configuration

Squirrel-cage induction — Classic design for high speed

Doubly fed induction Without power converter Brushless configuration unconventional
(brushless) With power converter

Switched reluctance — Unconventional concept at this size

Abbreviations: GDEB = General Dynamics Electric Boat; NdFeB = neodymium iron boron; PM = permanent magnet
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Direct-Drive Alternatives

Although the most successful direct-drive generator to date is the wound field synchronous
architecture employed by Enercon, the current focus of academic and commercial development
is the PM field synchronous machine. Other candidates have been examined in previous studies,
the most comprehensive being that by Heffernan and colleagues (1996) in which they examined
less promising candidates, including the squirrel-cage machine, the doubly fed brushless
generator (both with and without a converter), the switched reluctance generator, and the doubly
salient PM generator. (Appendix E describes the Heffernan study in detail.)

Heffernan and colleagues favored only two architectures for a direct-drive generator in the power
ratings of interest: wound field synchronous and PM synchronous. Table 4-14 shows weight and
cost estimates of electromagnetic (EM) material for seven PM synchronous generator concepts
they considered, normalized to weight and cost estimates for the proven direct-drive wound
synchronous generator (first row of Table 4-13) exemplified by the Enercon configuration. All
the radial field designs achieved an efficiency of 93% (presumably at their rated power of 500
kW and rated power speed of 50 rpm). Because efficiency is not stated for the transverse flux
designs, weight and cost comparisons may not be valid.

From a cost, size, and weight perspective, Heffernan and colleagues concluded that the
differences between the buried ferrite magnet and wound field synchronous designs were small
and that the buried ferrite magnet design was more suitable. Except for using ferrite instead of
NdFeB magnet material, General Dynamics presented the same embedded design at the
WindPACT project kickoff meeting. The experience of Cantarey Reinosa (a former ABB plant
located in Spain) enabled us to compare the proposed PM configuration to a commercial wound
field machine. Significant cost decreases in recent years have made PM machines more
commercially viable (see Appendix G).

Table 4-13. Normalized Weight and Cost of Materials of Favorable Generators

Material Material
Generator configuration weight (Ib) cost (US$)
144-pole wound field synchronous—baseline for PM-relative weights and costs 6700.00 $3,600.00
144-pole radial flux PM—Dburied ferrite magnet 6499 $3708
144-pole radial flux PM—buried rare-earth (NdFeB) magnet 6432 $9756
144-pole radial flux PM—surface ferrite magnet 8844 $4968
144 pole radial flux PM—surface NdFeB magnet 6566 $9504
48-pole transverse flux PM—ferrite magnet® 5360 $3852
58-pole transverse flux PM—NdFeB magnetb 3752 $6228
96-pole axial flux PM—ferrite magnet® 3350 $2736

2*Weh and May (1988)

°Identified as axial field

Abbreviations: Ib = pound; NdFeB = neodymium iron boron; PM = permanent magnet
Source: Heffernan et al. (1996)
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Although the advantages of the 96-pole axial flux generator were acknowledged, concern was
expressed about the structural integrity of the disk-like PM field structure. Moreover, tools to
analyze its three-dimensional (3D) field and current distributions were unavailable.

Comparing PM with wound field, the following are advantages of PM:
= Higher operating efficiency—from 6% to 8%
— Permanent magnets rather than excited field
— Elimination of field losses
= Smaller, lighter
— Higher torque density
— 50% lower internal heat generation
= Simpler—Iess to manufacture, QA, and assemble
— No slip rings or brushes
— No field coils, wiring, or excitation control
— Substantially smaller thermal dissipation system
= Inherent design features
— Fail-safe and parking brake.

Comparing embedded magnets with surface mount magnets, the following are advantages of
embedded magnets:

» Concentrated and directed flux field

= No eddy currents in magnet face

= Easy to fabricate and install

= Magnets are not subject to mechanical stresses in operation.
4.5.3 Power Converter

The WindPACT statement of work does not include power electronics R&D. We determined the
most suitable, commercially available power converter topology based on the following criteria:

= First cost

= Efficiency

= Reliability

= Development and life cycle cost
» Technical maturity

= Maintainability

= Availability.
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TIAX conducted a survey of the power electronics technology required to support wind turbine
configurations (see Appendix F). On the basis of the TIAX survey and expertise of the Northern
team, we determined the most suitable, commercially available topology for the PM generator.

Following are three commercially available power converter topologies for the wind turbine
drivetrain:

= IGBT rectifier and inverter
= Diode rectifier—IGBT inverter
= Semiconductor controlled rectifier (SCR)-based topology.

The generator cost is approximately 44% higher with a diode rectifier or SCR-based power
converter because of the restricted power factor for a given power, DC link voltage, and current.
Therefore, we selected the IGBT rectifier and inverter for the WindPACT project.

Motor-drive vendors provide IGBT-based power converter hardware in the form of regenerative
drives. Although power-converter hardware is applicable in test systems, lack of control
flexibility can limit optimal operation of a PM generator.

IGBT power-converter hardware is unaffected by generator speed at frequencies for direct-drive
and medium-speed wind turbines. The IGBT rectifier is referred to as an “active rectifier” to
differentiate it from the traditional, diode-bridge rectifier. There is no difference in power
converter cost between the direct-drive and the single-stage, single-output configurations with
gearboxes. However, in the multiple-generator configuration with parallel power paths, each
generator requires an active rectifier. A comparison of air- and water-cooling costs indicates that
water-cooling is less expensive in the 1-MW power range when using switching frequencies
greater than 2 kHz. On the basis of cost, we chose a water-cooled power converter.
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5 Design Specifications and Parameters

The original WindPACT SOW specified turbine and site parameters. While the meteorological
parameters were used, the turbine-specific parameters were altered based on current industry
trends. With NREL’s approval, we chose available blade designs for the turbine rotors; the blade
designs set the remaining rotor design parameters. The rated wind speed, Cp, and turbine loading
were determined by calculations.

Following are the design specifications used for the study:
= System specifications:
o Variable speed operation with Cp through performance calculations
o Rotor tip speeds: 1.5 MW =72 m/s; 3.0 MW =76 m/s
o Turbine hub height = 1.2 x rotor diameter
o Rated wind speed = approximately 12 m/s
o Cut-out wind speed = 25 m/s
= Design wind class:
o WTGS Class 11
= Performance wind definition for evaluating the design:
o Air density = 1.225 kg/m’ (sea level)
o 10-m wind speed = 5.8 m/s (annual average)
o Rayleigh distribution
o Power law = 0.143.
5.1 Selection of Rotor Diameter

Based on the design criteria, a closed-form solution that gives rotor diameter based on electrical
power rating was derived following Griffin (2001):

D = (Pratea/61.1)"4"

where D is the rotor diameter in meters, and Pr,eq is the rated electrical power of the turbine in
watts. This relationship was used to develop the specific rating trend dictated by the SOW and
was compared with current and proposed turbine designs. Figure 5-1 shows the data.
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Figure 5-1. Comparison of specific rating data.

The industry data shows large scatter in the 500- to 2000-kW turbine sizes and somewhat less
scatter for larger turbines. The scatter at the low end is indicative of varying philosophies of
design and of different design wind classes for a given turbine rating. Several turbine designs in
this rating class are offered with multiple rotor sizes. The larger turbines are generally designed
for offshore deployment, with attendant higher wind speeds and lower specific ratings. Although
the WindPACT project specifications give generally higher-than-average specific ratings, which
imply smaller rotors for a given power rating, the trend follows the data well.

As mentioned above, the rotor designs were based on available blade designs. An industry-
standard blade was chosen for the 1.5-MW design. The rotor diameter is 70.5 meters; the specific
rating for the Northern design is shown in Figure 5-1.

On the basis of this data, we chose a target specific rating of 0.45 kW/m? for the 3-MW machine.
“Off-the-shelf” blade choices are few for turbines in the 3-MW class. Although intended for
offshore use, one manufacturer’s design closely matched our specifications. The proprietary
technology allows blade extensions from the root or tip. Northern modified the blade design
within the capabilities of this technology to arrive at the current design.

Plotting all turbine manufacturers’ data shows large scatter in the results (Figure 5-1). Plotting
the specific rating against the design wind speed for one manufacturer’s blade line, it is possible
to extract a “design law” from the data (Figure 5-2).
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Figure 5-2. Specific rating trend for one manufacturer’s blade line.

5.2 Turbine Specifications

Taken from the Northern specifications (Appendix B), the sections that follow describe the
architecture and general specifications for baseline turbines at 1.5 and 3 MW.

5.2.1 Turbine Architecture

The turbine has a three-blade, independently pitch-controlled upwind rotor with a rigid hub. The
coning angle is 0 degrees (although the rotor may be “predeflected” upwind), and the angle of
the low-speed shaft is 5 degrees with respect to horizontal. The rotor/drivetrain operates at
variable speed.

The drivetrain is composed of the rotating equipment and bearings from the hub flange to the
generator, the associated electronics and controls, the bedplate (which supports the rotating
equipment and transmits loads to the tower), and the power converter.

A tubular steel tower is assumed for loads and foundation calculations. The only specific tower
requirement is to maintain a similar height and natural frequency.

The turbine controller oversees all turbine operation and all safety and state transitions, except to
maintenance mode. It allows remote monitoring and supervisory control of the wind turbine, as
well as fault/alarm data storage. The turbine controller is described in more detail below.

5.2.2 Drivetrain Specifications

Table 5-1 shows typical specifications for the 1.5- and 3-MW turbine designs.
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Table 5-1. Turbine Drivetrain Specifications—IEC WTGS Class Il

Electrical power rating® 1.5 MW 3 MW
Low-speed shaft speed
Minimum (n1) 12.0 rpm 8.5 rpm
Rated (nr) 19.7 rpm 15.3 rpm
Maximum operating (n2) 22.2 rpm 17.0 rpm
Overspeed shutdown (1.1*n2) 24.4 rpm 16.8 rpm
Maximum design (1.25 * n2) 27.8 rpm 19.1 rpm
Low-speed shaft power
Mechanical rating (Pr) 1.603 MW 3.206 MW
Maximum operating (Pt = 1.0*Pr) 1.603 MW 3.206 MW
Maximum instantaneous (Pmax = 1.1*Pr) 1.763 MW 3.527 MW
Reference
Cut-in wind speed 3 m/s 3 m/s
Rated wind speed 12 m/s 12 m/s
Cut-out wind speed 25 m/s 25 m/s
Rotor diameter 70.5m 948 m
Hub height 84.0m 1120 m
Design life 20 yr 20 yr

Values for the baseline configurations are derived from turbine simulations and Germanischer Lloyd recommendations.
?Rated electrical power values assume 94% drivetrain efficiency at converter output.

5.2.3 Turbine Safety and Operation
Turbine Safety

Three independently pitching blades compose the turbine safety system. Normal and emergency
shutdowns are achieved by pitching the three blades simultaneously. Redundant safety is
inherent in this design because the turbine can be brought to a safe condition despite the failure
of one pitch drive. In either case, the rotor can be brought to rest by applying the shaft disk brake
after the rotor is slowed by the pitching action of the blades.

Turbine Operation

The controller supervises all turbine operations. Only the transition to the maintenance state is
initiated through human-machine interface. Following are the turbine’s operating states:

= [dling. The blades are pitched to the feathered position, and the rotor can turn freely. The
turbine is “waiting for wind.”

= Startup. The blades are pitched to the startup position when the wind speed approaches
cut-in wind speed.

* Generating. The turbine is producing power. The output power injected into the grid is
controlled as a function of rotor speed. The power command is clamped at the machine
rating, and blade pitch is adjusted to limit the rotor speed at rated output.
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=  Normal shutdown. The blades are pitched slowly to feather.
= Emergency shutdown. The blades are pitched quickly to feather.
=  Parked. The blades are pitched to feather, and the parking brake is applied.

=  Maintenance. The blades are pitched to feather, the parking brake is applied, and the
turbine is locked out.

5.2.4 Power Curves

Figure 5-3 shows the power curve for the 1.5-MW baseline turbine, and Figure 5-4 shows the
power curve for the 3-MW turbine. There will be slight variations in the power curve for
different drivetrain configurations as a result of variations in drive efficiency.
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Figure 5-3. The 1.5-MW baseline power curve.
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Figure 5-4. The 3.0-MW baseline power curve.
5.2.5 Other

The drivetrain design includes the following:
= Parking brake at the rotor shaft
= Rotor lock on the low-speed side
= “Mechanical fuse” in the drive line
= Slip ring
= Speed sensor to trigger a shutdown independent of the main controller
*= Emergency stop buttons within reach of each service location
= Lift points

= Lanyard attachment points.

5.2.6 Structural and Mechanical Design

As required by IEC 61400-1, structural design conforms to General Principles on Reliability for
Structures (ISO 2394:1998). Gear design conforms to Recommended Practices for Design and

Specification of Gearboxes for Wind Turbine Generator Systems (AGMA/AWEA-921-A97) and
Fundamental Rating Factors and Calculation Methods for Involute Spur and Helical Gear Teeth
(ANSI/AGMA 2001-C95). The drivetrain loads in Appendix B were used as a basis for analysis.
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5.2.7 Electrical Design
Power Circuit

Electrical output from the power converter conforms to /EEE Recommended Practices and
Requirements for Harmonic Control in Electrical Power Systems (IEEE Std 519-1992). Voltage
tolerances adhere to Electrical Power Systems and Equipment—Voltage Ratings (60Hz) (ANSI
C84.1-1995). The power converter efficiency (as measured between the AC input from the
generator to the AC output to the grid) is at least 95% when operating from 50% to 100% of
rated power. The power converter minimizes electromagnetic interference (EMI), which could
cause instrumentation, communication, and other electronic equipment to operate poorly. Table
5-2 shows attributes of the power converter.

Protection and Safety

The wind turbine incorporates anti-islanding standards, both meeting UL1741 Sec. 46.3
requirements and protecting from the following:

= QOver and under voltage

= Over and under frequency
= QOver current

= Voltage surge

* Ground fault

= Loss of phase

=  Phase reversal.

Table 5-2. Power Converter Attributes

Attribute Description

Output surge power 120% of rated power for 30 seconds
Frequency 50/60 Hz; programmable

Switching frequency Minimum 5 kHz

Displacement power factor >0.95 from 20% to 100% of rated power
Ambient temperature Operating: from —20°C to 50°C

Storage: from —40°C to 85°C
Abbreviations: C = centigrade; Hz = Hertz; kHz = kilohertz




Table 5-3. Physical Environment of Turbine

Attribute Description

Operating temperature From —20°C to 50°C

Minimum temperature —40°C

Humidity From 0% to 100%, condensing
Airborne contaminants Dust and pollution

Altitude To 1000 m without derating

Abbreviations: C = centigrade; m = meter

5.2.8 Physical Environment

Table 5-3 describes the turbine’s physical environment. The turbine design is adaptable to
coastal/offshore siting, and all turbine components are protected from damage resulting from
lightning.

5.2.9 Maintenance

The turbine tower provides a safety climb system. Attachment points are furnished in the tower
top and nacelle for maintenance personnel. The maintenance interval is 6 months.

5.3 Loads

Based on the Northern loads document (Appendix D), this section describes how we established
loads for the 1.5-MW and 3-MW turbines. The loads specification (Appendix C) contains the
computed loads.

The following loads were calculated for design purposes:
= Shaft torque duration loading
= Bearing load duration histograms
= Shaft-end extreme loads
= Shaft-end fatigue load histograms.

We employed an aeroelastic simulation code to calculate drivetrain loads under various
operational and parked cases. A “typical” turbine of a given size was modeled, including blade
and tower flexibility, variable speed operation, and pitch control. We used an assortment of
programs to produce loads for designing drivetrain components—shafts, bearings, gears, and
bedplates. These loads were then used to dimension the turbine components.

In the sections that follow, the loads apply to the turbine specifications described in Section 5.2.
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5.3.1 Loads Cases

We used a truncated set of design loads cases that we determined were the dimension-driving
cases for the turbines considered in Phase I of the WindPACT project. A more complete set of
loads cases will be used for the detailed design in Phase II to ensure the loads specification
conforms to a main governing body, such as Germanischer Lloyd or Underwriters Laboratories.
The loads given in the specification were calculated in the spirit of IEC (1999) and Germanischer
Lloyd (1999) standards.

Table 5-4 shows the loads cases used as the basis for dimensioning.
5.3.2 Modeling
Turbine and Wind Models

We used the FAST (Buhl and Jonkman 2002) wind turbine dynamics program to calculate loads.
We used the SNWind program (Kelley and Buhl 2001) to generate turbulent wind files and the
IECWind program (Laino 2001) to generate discrete gust events.

Table 5-4. Design Loads Cases

Type of
Design situation DLC Wind condition analysis Comments
6 seeds each at 8, 12, 16, 20,
Power production 1.1 NTM U and 24 mps
6 seeds each at 8, 12, 16, 20,
1.2 NTM F and 24 mps
1.3 ECD_OONR U 1 run at 12 mps
1.3 ECD_O0OPR U 1 run at 12 mps
1.6 EOG 01_ U 2 runs total at 12 and 24 mps
EOG_50_ U 2 runs total at 12 and 24 mps
1.7 EWSHOON U 2 runs total at 12 and 24 mps
EWSHOOP U 2 runs total at 12 and 24 mps
EWSV00 U 2 runs total at 12 and 24 mps
EWSV00p U 2 runs total at 12 and 24 mps
1.8 EDC_50N U 2 runs total at 12 and 24 mps
EDC_50P U 2 runs total at 12 and 24 mps
EDC 01N U 2 runs total at 12 and 24 mps
EDC_01P U 2 runs total at 12 and 24 mps
1.9 ECG_00_R U 1 run at 12 mps
Parked 6.1 NTM, Viean = 42.5 mps U 3 seeds total

Abbreviations: DLC = design loads case; F = fatigue; mps = meters per second; NTM = normal turbulence model; U = ultimate
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Coordinate Systems

Figures 5-5 and 5-6 show the coordinate systems used by the FAST program. The coordinate
systems correspond to those defined by Germanischer Lloyd (1999) Note: Coordinate subscripts
correspond to original labels written in German.

Mzn ‘%3

Figure 5-5. Hub coordinate system.

Figure 5-6. Nacelle coordinate system.
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Table 5-5. Output Loads

Signal name FAST designation Coordinate system Vector
Mechanical power LSShftPwr —

Electrical power GenPwr —

Rotor rpm RotSpeed —

Rotor thrust RotThrust Hub Fx
Hub side force LSShftFys Hub-nr Fy
Hub vertical force LSShftFzs Hub-nr Fz
Shaft torque RotTorq Hub—r Mx
Hub pitch moment LSSGagMys Hub—-nr My
Hub yaw moment LSSGagMzs Hub-nr Mz
Hub-r side force LSShftFya Hub-r Fy
Hub—r vertical force LSShftFza Hub—r Fz
Hub-r pitch moment LSSGagMya Hub—r My
Hub—r yaw moment LSSGagMza Hub—r Mz
Nacelle horizontal force YawBrFxn Nacelle @ Yaw Bearing Fx
Nacelle side force YawBrFyn Nacelle @ Yaw Bearing Fy
Nacelle vertical force YawBrFzn Nacelle @ Yaw Bearing Fz
Nacelle roll moment YawBrMxn Nacelle @ Yaw Bearing Mx
Nacelle pitch moment YawBrMyn Nacelle @ Yaw Bearing My
Nacelle yaw moment YawBrMzn Nacelle @ Yaw Bearing Mz

Abbreviations: FAST = fatigue, aerodynamics, structures, and turbulence

Output Loads

Table 5-5 shows the required program output for the drivetrain design. Loads were output in both
rotating and nonrotating coordinate systems. The coordinate systems were differentiated by
appending “—r” or “—nr” to the coordinate system name.

Data Processing

The following paragraphs describe the programs and formulas used to process data. Appendix C
contains the computed output.

We used Crunch (Buhl 2002) to compute statistics and extreme and fatigue loads, and we used a
spreadsheet created by Windward Engineering to calculate damage-equivalent loads. Working
with Windward, we created a program to develop bearing load histograms.

Run statistics. Statistics for each run file were calculated and used primarily for reference.

Extreme loads. Extreme loads were calculated using Crunch. The loads in Appendix C are
time-coordinated loads taking the maximum of each signal in turn.

Rainflows and damage-equivalent loads. Rainflows were calculated using Crunch and
converted to damage-equivalent loads for the preliminary design.
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Damage-equivalent loads. Damage-equivalent loads were calculated using the formulas that
follow.

The damage-equivalent load Req is

Req=[ (Zn; R{™) / Neq ] “™

where
Neq = number of cycles
m = material exponent
R; = load
n; = number of cycles of load R;
[n; ,Rj] = distribution of range loads.
Part life L is
L =[a(uReq)™] / Neq
where
u = unit stress function (stress/load) for the section/detail in question
a = material dependent coefficient.

Damage at design life D is
D= LD x 1/L

where
Lp = design life.

The fatigue curve slopes in Table 5-6 were used to compute damage-equivalent loads.
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Table 5-6. Material Exponents

Material
Material Loading exponent m
Iron casting Normal stress 8.8
Weldment Normal stress 3.0
Forging Normal stress 12.5
Bolted joint Normal stress 3.0
All Shear 5.0

Torque duration curves. Torque duration curves were computed as 2D histograms with the
time-coordinated torque and speed values binned together.

Bearing loads. For bearing design, multidimensional histograms were calculated at the
location corresponding to the shaft flange. The histogram shows the operating hours at time-
coordinated values of shaft speed, thrust and radial loads, and shaft-end moments. For
bearing design calculations, the moments were converted to radial load based on the given
bearing configuration.

5.3.3 Input Files

We developed input files using information from manufacturers and results from our preliminary
design exercises. Company L provided the blade structural and aerodynamic properties for the
1.5-MW turbine, and Company M provided the blade structural and aerodynamic properties for
the 3-MW turbine. The 3-MW turbine blade was modified slightly to increase tip diameter.

We used the preliminary designs for rotor hub, drivetrain, and tower to create the remaining
structural inputs. Windward Engineering developed the inputs for the pitch controller for the 1.5-
MW turbine; these inputs were tuned by Northern for the 3-MW turbine.

5.3.4 Turbine Design Loads

Appendix C contains the design loads for the 1.5-MW and 3-MW turbines. The specification
covers the extreme loads, cyclic fatigue loads, bearing fatigue loads, and torque duration curves.
Table 5-7 shows the partial loads factors used in our analysis.

5.3.5 Dynamics

The loads in Appendix C are based on component stiffness properties, which lead to the system
dynamics shown in Figures 5-7 and 5-8. Changes in machine configuration (e.g., hub height and
rotor diameter) that affect machine dynamics require reevaluation of the turbine design loads.

Table 5-7. Partial Loads Factors

Applied to Value
Extreme loads 1.35
Fatigue loads 1.00

Source: IEC (1999)
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Frequency, Hz

1st Edgewise

1st Flapwise

1.5 MW Campbell Diagram
Operating Range 12.0 - 22.2 RPM

6 8 10 12 14 16 18 20 22
Rotor RPM

24

Figure 5-7. The 1.5-MW Campbell diagram.

Frequency, Hz

1st Edgewise

1st Flapwise

3.0 MW Campbell Diagram
Operating Range 8.5 - 177 RPM

Operating Range

6 8 10 12 14 16 18
Rotor RPM

20

Figure 5-8. The 3-MW Campbell diagram.
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6 Selected Drivetrain Technologies

This section describes our technology options selected for further evaluation based on the
technology assessment (Section 4) and preliminary design exercises. Each section summarizes
the design methodology used for the given components and subsystems, gives design
considerations gleaned from Section 4, and gives the results of the preliminary design exercises.

6.1 Generator
6.1.1 Design Studies

Based on the results of the technology assessment (Section 4), we concluded that for new
drivetrain configurations, the PM generator design had the potential to decrease the cost of
energy. To summarize, the PM generator has the following advantages over the wound rotor
(WR) machines:

= Higher efficiency

= Higher reliability

= Compactness

= Ease of manufacture.

Also as a result of the review of PM generator technologies, we selected radial flux designs over
axial flux or transverse flux designs and, further, we selected EBGDs embedded magnet design
over more conventional surface-mount designs. The EBGD design has the following advantages
over surface mount designs:

= Concentrated and directed flux field

* No eddy currents in magnet face

= Eagy to fabricate and install

= Magnets are not subject to mechanical stresses in operation.

A potential disadvantage of PM designs in general is higher cost. In order to determine if the PM
generator can compete economically, we performed a study to estimate the cost of a PM redesign
(based on EBGDs topology) of a known direct-drive generator design.

Comparison of 750-kW Wound Field and PM Direct-Drive Generators

To validate our assessment of generator technologies, we compared 750-kW wound field and
PM generators. Cantarey Reinosa, manufacturer of a wound-field direct-drive generator for the
Lagerwey 750-kW turbine, provided specifications, performance, and cost data to the project
team. To analyze the commercial viability of the PM generator for turbine applications, GDEB
conducted a conceptual design study using the same physical envelope. By using permanent
magnets instead of a wound rotor, the external power source for the rotor is eliminated along
with the associated size and weight penalties as well as the electrical and thermal losses. This
increases machine efficiency and torque density, simplifies cooling, and reduces maintenance
and life cycle costs.
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The study concluded the following:

= Cost would be 5% of the wound-field generator, depending on magnet content and
quantity

= Generator efficiency for PM designs could increase up to 96%, and peak output power
could increase up to 150% within the same envelope.

We selected an interior magnet PM synchronous generator designed by GDEB. The magnet
blocks do not require special shaping. Because the magnets are in the interior of the rotor, eddy
current heating of the magnets is eliminated. The interior magnet PM synchronous generator
configuration prevents demagnetization when large short-circuit currents flow in the stator
winding.

6.1.2 Permanent Magnet Generator Design Considerations
GDEB identified the following major PM generator design considerations:
= Magnetic design
= Cooling method
= Additional losses.
Generator design considerations are covered in extensive detail in Appendix A of this report.
Magnetic Design

Pole selection, turns and circuit selection, and flux densities were important factors in the PM
generator design.

Pole selection was a trade-off between the number of poles and the physical size of the
components. Also important was the pole pitch relative to both the cooling method and magnet
size. A large pole pitch has a thicker back iron, which is inefficient to cool by a water jacket.
Magnetic flux leakage and flux density levels are affected by the magnet size.

Turns and circuit selection were affected by drive compatibility and terminal voltage.
Flux densities were established at near saturation to minimize weight and cost.
Cooling Method

Environmental considerations, the available envelope, and trade-offs between performance and
COE were important factors in selecting the cooling method. The cooling method must be both
cost-effective and fit within the available envelope. Air-cooling requires additional volume for

the vents, ducts, and blower, whereas the equipment for liquid cooling can be located in unused
areas. Trade-offs between cost of equipment versus size and weight were evaluated.

Additional Losses

To ensure the performance (efficiency) and thermal stability of the generator, additional losses
must be minimized. Included are losses associated with high frequencies (core losses increase
with the square of frequency) and stray and eddy losses from additional support structures.

6.1.3 Design Methodology

Two separate paths were pursued during the initial generator design scoping exercises. EBGD
created point designs for a matrix of generator designs, including the direct-drive and medium-
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speed designs. The design data was input directly to Northern’s Generator Cost Builder to
estimate generator costs. Comprehensive Power developed a parametric generator-sizing model
that was linked to Northern’s Generator Cost Builder, described below in Section 8. This model
enabled rapid design tradeoffs that were used to refine the system designs.

Using Northern’s initial design requirements, General Dynamics Electric Boat (GDEB) created
preliminary generator designs for the direct-drive, medium-speed/single-output (MS-1), and
medium-speed/multiple-output (MS-X) drivetrain configurations. GDEB created a baseline
design for each configuration, based on a specification of generator outside diameter and speed,
and determined the rough weight and cost of each generator. The designs were revised based on
feedback from the design team after initial gear designs were completed and mechanical layouts
were generated. GDEB modified the generator designs (outside diameters, speeds, etc.) to reflect
the revised design criteria and refined the weight and cost estimates of each generator. GDEB
then refined the voltages, power factors, and cooling methods for the final generator designs. A
complete description of the GDEB design process is described in Appendix A.

Medium-Speed Generators

Using Northern’s initial design requirements, GDEB created preliminary generator designs for
the medium-speed/single-output (MS-1) and medium-speed/multiple-output (MS-X) drivetrain
configurations. Only liquid cooling was considered because generator size is constrained by the
gearing envelope in these designs. GDEB created a baseline design for each configuration, based
on a specification of generator outside diameter and rated speed, and determined the rough
weight and cost of each generator. The designs were then revised based on feedback from the
design team after initial gear designs were completed and mechanical layouts were generated. A
complete description of the GDEB design process is described in Appendix A.

Direct-Drive Generator

EBGD created both air-cooled and water-cooled designs for the direct-drive generator based on
Northern’s specification for outside diameter and rated speed. A complete COE analysis was

completed for these designs to determine the most cost effective design. GDEB then refined the
voltages, power factors, cooling, and magnetic design for the final direct-drive generator design.

6.2 Power Converter

6.2.1 Power Converter Topology

Following are several commercially available power converter topology candidates for wind
turbine drivetrains:

= Insulated gate bipolar transistor (IGBT) rectifier and inverter
* Diode rectifier—IGBT inverter
= Semiconductor controlled rectifier (SCR)—based topology.

Generator cost is about 40% higher with a diode rectifier or SCR-based power converter because
of the restricted power factor for a given power, DC link voltage, and current. Also, diode
rectifiers only support unidirectional power flow, whereas IGBTs support bidirectional flow,
which is required for our baseline variable-speed wind turbine's doubly fed induction machine
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generator. For these reasons, we selected the IGBT rectifier and inverter for the WindPACT
project.

Motor-drive vendors provide IGBT-based power converter hardware in the form of regenerative
drives. Although power converter hardware is applicable in test systems, lack of control
flexibility can limit optimal operation of a PM generator. A control algorithm that helps reduce
the size of the generator at the expense of the power converter is feasible and could lead to a
lower system cost (Section 6.3).

IGBT power-converter hardware is unaffected by generator speed at typical frequencies for
direct-drive and medium-speed wind turbines. The IGBT rectifier is referred to as an “active
rectifier” to differentiate it from the traditional, diode-bridge rectifier. There is no difference in
power-converter cost between the direct-drive and the MS-1 configurations with gearboxes.
However, in the multiple-generator configuration with parallel power paths, each generator
requires an active rectifier. A comparison of air- and water-cooling costs indicates that water-
cooling is less expensive in the 1-MW power range when using switching frequencies greater
than 2 kHz. On the basis of cost, we chose a water-cooled power converter.

Direct-Drive and MS-1 Configurations

Figure 6-5 shows the power converter for the direct-drive and MS-1 configurations.
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Figure 6-1. Power converter topology for direct-drive and MS-1 configuration.
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The IGBT switches in the converter are built using parallel-connected modules. Three parallel
modules are required for both the generator and grid-side converters. The cost of the IGBT
bridge assembly includes gate drive, DC link capacitor, DC bus structure, current sensor, and
water-cooled heatsink costs. Designed to meet IEEE 519 standards, the AC filter includes a
damping network, which prevents resonance between the grid, the pad mount transformer, and
the power converter filter. The power converter is assumed to operate into the grid at unity
power factor. The generator power factor is assumed to be close to 0.9 at full load. A lower
switching frequency for the generator-side power converter compensates for the higher
conduction loss as a result of the poorer power factor, resulting in a symmetric IGBT topology
for the grid-side and machine-side converters.

MS-6 Configuration

The power converter for the multiple-path configuration has a utility-side converter similar to
that of a direct drive. The generator-side power converter is duplicated for each parallel path.
Figure 6-6 shows the power electronics required for a six-path, parallel-drive configuration. Only
the use of IGBTs on both sides was considered. Duplicating the generator-side converter
increases the cost of the power electronics required by the multiple-path configuration.

The power converter cost for the multiple-path configuration increases with the number of
parallel paths (Table 6-1).

Table 6-1. Estimated Power Converter Cost as a Function of
the Number of Parallel Paths (1.5 MW and 3 MW)

Number of parallel paths Cost (US$)

12 $182,600.00

6 $146,600.00

4 $136,900.00

3 $135,800.00

2 $129,800.00

1 (1.5-MW direct-drive, single- $120,800.00
stage)

1 (3-MW direct-drive, single-stage) $179,904.92

Abbreviations: MW = megawatt; US = United States
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From the perspective of the power converter, the single-stage or the direct-drive configuration is
most cost effective. However, modular operation of the generator and power converter in the
multiple-path configuration can offer a minor improvement in reliability: if a fault occurs in one
of the power paths, the wind turbine can continue to operate at a reduced power level. This minor
advantage is a trade-off with the greater number of components in the multiple-path
configuration. The power converter cost per kilowatt is less for the higher power 3-MW system
(assuming the same voltage at the higher power level). A further reduction in cost might occur if
the voltage level is increased at the higher power.

Estimated costs indicate that the direct-drive or single-stage configuration can be cost effective.
Although the multiple-path configuration offers redundancy and modularity, the cost penalty is
significant.

6.2.2 Drivetrain Voltages

The voltage rating for a given kVA power converter can impact system cost significantly. Once
the voltage level is determined, the overall power converter specification can be established
based on turbine power rating and control characteristics. The interface for the grid-side
converter injects clean power into the grid at the unity power factor. Although beyond the scope
of this report, additional grid or Microgrid® support can be specified for the control
requirements on the grid-side converter.

To scale our design to a voltage based on the grid connection for a given wind turbine, we used a
per unit (pu) notation to derive voltage ratings and tolerances for a direct-drive generator with
back-to-back power converters. The per unit notation scales all the variables (voltage, current,
power, impedance, etc.) to 1. When operating at values close to rated conditions, all the
monitored variables are close to 1, making it easy to notice an error in the calculations during the
design process if an answer turns out to be a very different number. In addition, it is easier to
compare machine parameters in per unit notation as the impedances of different machines with
different voltage and power ratings tend to be similar. This process is similar to non-dimensional
numbers in fluid mechanics.

Grid Inverter Voltage

For the utility-side converter, the utility voltage specification is 1 = 0.1 pu. The utility impedance
is assumed to be less than 0.05 pu, which is typical of most grids. The dominant part of
impedance is that of the pad mount transformer; therefore, the specification of the transformer
must be integrated with the turbine design. The inverter filter impedance is less than 0.1 pu. We
adopted this upper limit for filter impedance to limit the reactive power required by the filter.
The maximum power converter continuous VA is 1.15 pu. Maximum reactive power is 0.5 pu,
leading or lagging. At a high line voltage of 1.1 pu, the worst-case current required from the
inverter is 1 / 1.1. At this current, the voltage across the filter and utility impedance is

1/1.1xj0.15=j0.136

where j represents the imaginary component in complex number notation. The inverter output
AC voltage needs to be 1.1 + j0.136. The magnitude of the inverter AC voltage is 1.108 pu worst
case. The minimum DC voltage at full power of the inverter is 1.645 pu (1.108 x 1.414 x 1.05)
of line-to-line voltage. The 1.05 value is 5% duty cycle overhead for dead band limits, voltage
drop in IGBTS, and control headroom. This overhead percentage assumes (1) the AC waveform
is not clipped to obtain minimum harmonic distortion; (2) the inverter has a three-wire
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connection; and (3) either the DC bus or the AC line is floating (not grounded). Neutral point
modulation is required to minimize DC bus voltage.

It is possible to use a lower DC voltage, but waveform quality is affected. Figure 6-7 shows the
trade-off between total harmonic distortion (THD) and sine-wave clipping that results from
limiting DC bus voltage. IEEE 519 and other harmonic power quality specifications specify
THD only at nominal operating voltage. If we allow the minimum DC voltage to drop to that
required for low THD at nominal line voltage and then at high line voltage, the signal is clipped
by 10%, which causes less than 4% THD. A good control loop, which does not wind up during
clipping and recovers nicely after clipping, is required. Allowing 10% clipping at 10% high line
voltage allows the DC voltage to be 1.48 pu (0.9 x 1.645) minimum. This clipping percentage
increases the DC bus operating range, which improves efficiency of the generator and active
rectifier.

The DC overvoltage rating determines the maximum operating range of the DC bus for the
inverter and active rectifier. If the DC bus voltage is very high, the efficiency of the power
converter decreases. IGBTs with a 1700-V rating are required for a nominal utility line-to-line
voltage of 690. We chose 690 V because it is a standard grid voltage in Europe. Above this
voltage level, power circuit components fall into the medium-voltage category and are more
expensive. A power converter below 690 V leads to very large current rating. These IGBTs are
recommended for use at DC bus voltages below 1200 V. In pu, 1200 V is 1.739 pu (1200 / 690).
The minimum operating DC voltage is 1.48 pu; the maximum operating voltage is 1.74 pu. For
690 V line to line, the minimum and maximum operating voltages are 1021 V and 1200 V DC,
respectively.

Total Harmonic Distortion of Clipped Sine Wave

25.0%

20.0%

/

15.0%

10.0% /

THD

5.0%

/

0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%
Clipping Point

0.0%

Figure 6-3. DC bus operating range.
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If we use an active overvoltage clamp (dynamic brake) to limit the DC bus voltage and if this
device is an IGBT 1700 V chopper, it must operate below 1200 V DC (1.74 pu). If we operate
the active DC voltage clamp at 1200 V, we should be able to operate the inverter within 2% of
1200 V without losing much power to the voltage limiter (if it uses the same DC bus voltage
sensing for its control). The voltage would be 1.705 pu (1.74 x 0.98).

Accuracy of the circuits that protect from overvoltage affects the choice of voltage. In the past,
inverters needed to operate about 5% away from the overvoltage trip point to prevent false trips.
Accuracy of the overvoltage setting also affects the choice of voltage. The IGBTs are not overly
sensitive to the exact DC voltage; if the overvoltage trip point is set 6% above the overvoltage
rating (allowing 1% accurate overvoltage tripping), the IGBTs can operate at the maximum
voltage rating without false overvoltage tripping.

When the generator is operating at maximum speed and the inverter trips, the DC bus voltage
rises if there is no other load on the DC bus. It is assumed that the no-load voltage limit of the
IGBTs is 1700 V (2.46 pu). We must ensure that the DC bus voltage never exceeds this voltage.
In the generator design (Eq = 1.0, Xq= 0.8, X = 1.2) at 15% over speed, the open-circuit voltage
is 1.15 (1.0 x 1.15) relative to the nominal generator terminal voltage at rated power and speed.
(Note that Eq = 1.0 implies that at rated speed and at no load the terminal voltage is 100%, so
there are no additional increases in voltage beyond 115% as a result of loss of load, or 15%
overspeed.) This corresponds to the maximum DC bus voltage, so the maximum open-circuit DC
bus voltage is 2.4 pu (1.15 x 1.74). This is just sufficient as long as we ensure that the IGBTs are
never gated on or off when an overvoltage above 1.74 pu exists. In general, this should not
happen if the overvoltage (brake-chopper) circuit limits the voltage.

Active Rectifier Voltage

Because the active rectifier and the inverter share the DC bus, their two voltages need to match.
Using the pu voltage relative to the nominal AC utility voltage, the DC bus voltage for the active
rectifier is between 1.48 and 1.705 pu. This voltage corresponds to an active rectifier AC line-to-
line voltage of V4. / 1.414 / 1.05 for no distortion attributable to voltage limitation. These DC
bus voltage numbers are from 1 pu to 1.148 pu AC generator terminal voltage relative to AC line
voltage. From the perspective of the generator, we set the pu voltage at any point in this range.
For the minimum reactive power and conduction loss (highest efficiency), the rated speed should
be at the top of the range to allow the terminal voltage to drop at the lower speed. Attempting to
use the entire operating range risks missing the optimum operating point because of tolerances in
generator design and manufacture. The selected design uses a terminal voltage of 1.05 pu ([2 +
1.148]/ 3), which is at the center of the range using a weighing factor of 2 for 1 pu. In other
words, the generator rated terminal voltage should be 1.05 x nominal utility AC voltage, or 724.5
V (1.05 x 690).

6.2.3 Power Converter Specifications

After determining system voltage levels, we can establish detailed power converter
specifications. A 10% service factor is included for a dynamometer test drive to ensure the
generator can be tested fully within its power range.

Figure 6-8 is a simplified block diagram of our proposed drivetrain configuration. It provides 1.5
MW at the utility grid, nominally 690 V AC. Two power-conversion bridges, controls, and AC
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Figure 6-4. Block diagram of drivetrain for power converter specification.

filters are specified. Components are the active rectifier, brake chopper, inverter, filter, and
switchgear.

The power converter specification (Tables 6-2 through 6-6) is for testing the generator on the
dynamometer at NREL’s National Wind Technology Center in Boulder, Colorado. The power
converter is sized to operate the generator at 10% over rated power at nominal speed and
terminal voltage.

High-Level Control

The power converter controller receives run/stop signals from the turbine controller (master-
slave system) through dedicated digital input/output (I/O) to the converter. Torque command to
the PM synchronous generator (PMSG) is based on speed measurements with an update rate of
at least 10 ms. A serial link connects the standard industrial programmable logic controller
(PLC) master controller to the converter.

The active rectifier must be able to operate the machine at maximum torque per ampere over the
power curve until the terminal voltage of the machine reaches the limit of the active rectifier,
when it must limit terminal voltage while the machine continues up the power curve

(Figure 6-9). Table 6-2 shows selected points of the power curve.

The inverter provides real power to the grid while regulating the DC voltage. This control is
based on the power curve, which is effectively grid kW versus DC bus voltage or, simply, a DC
voltage control with a proportional gain.

Using the power converter specifications, we looked for a standard power converter from drive
suppliers and requested quotes from component suppliers. Standard drive hardware is available
in the power range described above for the test system. However, standard drive hardware
precludes using optimized control algorithms to reduce the cost of the generator. For the
dynamometer test, our drivetrain configuration will use the conventional six-switch power
converter with control flexibility to utilize optimal algorithms.
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Figure 6-5. Nominal turbine power curve.

Table 6-2. Nominal Wind Power Curve

rpm kw?

8.95 72.3
11.19 141.1
13.34 243.9
15.57 387.6
17.79 578.6
19.18 823.1
19.37 11131
19.57 1430.7
19.65 1550.0
22.60 1550.0

“Voltage at generator terminals

Abbreviations: kW = kilowatt; rpm = rotations per minute
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Table 6-3. Generator

Attribute Description

Type Multiple-pole synchronous
Nominal power 1.550 MW

Nominal apparent power 1700 kVA

Terminal voltage 725V

Excitation Magnet; 56 poles

Rotor speed 19.65 rpm

Number of phases 3

dv/dt limit 6000 V/us, 1500 V peak

Abbreviations: dv/dt = rate of change of voltage with respect to time; kVA = kilovolt ampere;
MW = megawatt; rpm = revolutions per minute; V = volt; V/u = volts per microsecond

Table 6-4. Generator-Side Active Rectifier Bridge

Attribute Description

Cooling Air or water

Ambient temperature 20-50C°

Enclosure NEMA 12

Relative humidity 0%-95% noncondensing
AC terminal voltage at rated 690 V, +10%, —-15% V rms
Rated real power (nominal +10%) 1.705 MW

Rated continuous apparent power (nominal +10%) 2100 kVA

Rated AC current (nominal +10%) 1750 A rms

Minimum frequency at rated current 9 Hz

Abbreviations: A = ampere; C = centigrade; kVA = kilovolt ampere; MW = megawatt; NEMA = National Electrical
Manufacturers Association; rms = root mean square; V = volt
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Table 6-5. Inverter Bridge

Attribute Description
Cooling Air or water
Ambient temperature 20-50C°
Enclosure NEMA 12

Relative humidity

AC terminal voltage at rated
Rated continuous real power
Power factor

Rated AC current

Operating frequency

Harmonic current content (TDD)

Switching harmonic current ripple

0%-95% noncondensing
690V, +10%, -15% V rms
1650 kVA

1.0

1375 Arms

60 Hz

5% maximum

2% maximum

Abbreviations: A = ampere; AC = alternating current; C = centigrade; Hz = Hertz; kVA = kilovolt ampere;
NEMA = National Electrical Manufacturers Association; rms = root mean square; TDD = total demand

distortion; V = volt

Table 6-6. Brake Chopper

Attribute

Description

Cooling

Ambient temperature
Enclosure

Relative humidity
Power for 5 s

Peak current

Still air (no fan)

20-50C°

NEMA 12

0%-95% noncondensing
400 kW

350 A

Note: Brake chopper controls must operate when utility power is off
Abbreviations: A = ampere; C = centigrade; kW = kilowatt; s = second

6.3 Gearbox

Some of the preliminary design tradeoffs and costing information that led us to choose certain
gearbox technologies are described below. In particular, we chose the following technologies for

our designs:

= Helical compound planetary/parallel for the Baseline design

= Helical compound planetary for the MS-1 design

= Helical parallel for the MS-6 design.
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6.3.1 Design Methodology
Multiple Output

This configuration uses helical parallel shaft gearing. We devoted significant effort to
determining the optimum number of generators for the multiple-generator designs. We studied
configurations using 2, 3, 4, 6, and 12 generators. Figure 6-1 lists the steps followed to develop
the multiple-output gearing drives.

Single Output

As Section 4 notes, a number of technologies are available for the single-output configuration.
The rationale for choosing compound planetary helical technology for the baseline and MS-1
designs is described below.

In the technology assessment, GCSC found that all available options for the 1.5-MW class had a
three-planet planetary gear for the low-speed stage and a two-stage, parallel-shaft gear that
composed the total 72/1 ratio. GCSC compared a compound planetary with a single-stage,
parallel shaft gear with a simple planetary with a two-stage parallel-shaft gear.

Assumptions for Generator Spacing

1) The interface for the slip-ring mechanism to control the propeller blades has a 12" diameter.

2) The spacing between adjacent generators must be at least 2".

Steps in Developing a Gearbox Arrangement

1) Using the above assumptions for generator spacing, determine the minimum center distance for the pinion and gear.
2) Using the minimum center distance and ratio, determine the pitch diameter for the pinion and gear.

3) Using the load and a face width equal to the pinion pitch diameter calculate the K-factor and compare it to a typical
allowable K-factor.

4) Selecting standard pitches, determine the options for the numbers of teeth.
5) Check the unit load for the pitch options to select the design pitch.
6) Using typical allowable K-factor and unit load values, select a design face width.

7) Run GearTech AGMAZ218 for the nominal load and a 1.3 application factor to calculate the gear stresses and the gear
lives for the nominal load.

8) Run GearTech AGMA218 for the duty cycle using Miner's Rule to calculate the gear stresses and the lives using a 1.0
application-factor. This assumes that the duty cycle includes any required application factors.

9) Adjust the gear geometry to get the life required.
10) Repeatitems 7 and 8.

11) Complete the bearing design for the pinion.

12) The bearing design for the gear is independent of the generator arrangement for equally spaced multiple generators.

Figure 6-6. Steps in developing multiple-output gearing drives.
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Following are the differences between simple planetary and compound planetary gears:

A simple planetary gear has three meshes that share the load only for the low-speed
mesh. The two-stage parallel shaft gear has one mesh for each stage.

With the compound planetary, two stages with three meshes share the load, and only the
lighter-loaded, high-speed stage is limited to one mesh.

Two planes of gears with three meshes that share the load provide a higher power density
than one stage with three meshes that share the load.

With a simple planetary gear, the planet gear experiences reverse bending, which requires
de-rating the planet gear by 30%.

With a compound planetary gear, neither planet gear sees reverse bending; therefore, no
de-rating is required.

With a compound planetary gear, the carrier is longer, which extends the spacing
between the two bearings on the carrier compared with the spacing in a simple planetary
gear utilizing a two-bearing configuration. This increased spacing allows a more lightly
loaded second bearing, leading to lower cost bearings.

In the Cincinnati Gear’s compound planetary gear, the sun pinion and ring gear float on splines
to ensure the three meshes in each plane share the load equally. The carrier is mounted on
bearings that support the rotor load, part of which is carried by the spherical roller pillow block
on the main shaft (in the case of modular designs). For the single-bearing designs, two different
approaches were considered for supporting the carrier, and are discussed in Section 6.

In the helical version of the compound planetary gear, the helix angles differ so that the thrust
developed by the helix angle at the low-speed planets is equal in magnitude and opposite in
direction of the thrust developed by the helix angle at the high-speed planet.

In general, the gear and bearing dimensioning followed the steps outlined for the multiple-output
designs.
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6.4 Results of Preliminary Drive Investigations

Because we are attempting to minimize the “drive unit” cost, Figure 6-2 shows the combined
costs for gearing, generators, and power electronics. Of the multiple-output designs, the six-
output, 14:1 configuration is the most cost-effective, with the two-output configuration (a
double-helical design) a close second. Note that the 1/8, 1/10 and 1/12 configurations are simple
planetary systems, while the 1/13.89 is a compound planetary (and the Baseline design.)

Of the multiple-output drives, the six-output, 8:1 drive has the smallest envelope (defined as the
smallest circle that will encompass the outside diameter [OD] of the generators), and the three-
output configuration has the lowest weight (Figures 6-3 and 6-4).

Of all configurations, the planetary single-output designs are the least expensive and, of those,
the compound planetary designs are the most advantageous from a cost standpoint. The
compound planetary designs also have the smallest envelopes and lowest weights.

Drive Overall Costs
600,000
550,000

500,000

450,000 — 1 O Generator| |

B Gearing
400,000 - O PE

350,000 + ]

Parallel Shaft | | Epicyclic

300,000 + —

250,000 +
200,000 +
150,000 -

100,000 -
50,000 ~

0 T
6/20 6/14 6/8 4/8 3/8 2/8 1/8 110 112 1/13.89
# Generators/Ratio

Cost, US$

Figure 6-7. Overview of gearbox and associated drive costs.
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Drive Envelope Comparsions
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Figure 6-8. Drive envelope comparison.
Drive Weight Comparsions
50.0
Parallel Shaft Epicyclic

45.0

40.0
@ 350
(<]
* 300
e
2 250
=
> 200
2
5 15.0

10.0

5.0

0.0

6/20

6/14

6/8 4/8 3/8 2/8 1/8 110 112

# Generators/Ratio

1/13.89

Figure 6-9. Drive weight comparison.




7 Drivetrain Designs

Following are the design criteria considered during the development phase of each drivetrain
configuration:

Simplicity of design
Reliability
Serviceability

Ease of manufacture
Ease of assembly
Logistics

Weight.

7.1 Basel