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1 Executive Summary 
Project Objectives 

Boulder Wind Power (“BWP”) has developed proof of concept (“POC”) of the 3MW advanced gearless 
drivetrain.  In this project, BWP collaborated with the National Renewable Energy Laboratory (NREL) in 
Golden, Colorado, to demonstrate the economics of scaling this technology to 6MW (and larger) turbine 
applications.  The project goal was to show that the BWP advanced drivetrain enables a cost of energy 
of less than $0.10/kWH in offshore applications.  The BWP drivetrain achieves this Cost of Energy 
(“COE”) advantage via a 70% greater torque density versus current state-of-the-art drivetrain 
technologies.  In addition, a new dynamically compliant design strategy is required to optimize turbine 
system-level COE.  The BWP generator is uniquely suited for this new design strategy.   

This project developed a concept design for a 6MW drivetrain and culminated in a plan for a system-
level test of this technology at 3MW scale.  The project further demonstrated the advantage of the BWP 
drivetrain with increasing power ratings, with conceptual designs through 10 MW. 

Project Description 

The heart of a BWP machine is an axial gap, air core stator made from a robust printed circuit board 
manufacturing process, which is very mature, highly repeatable, cost effective and ubiquitous. 

Phase I developed an optimized 6MW conceptual 
drivetrain design.  BWP used proprietary modeling 
techniques and commercially available analysis tools 
such as FAST, ANSYS, Vector Fields, Simplorer and 
SIMPACK during the design process.  BWP identified 
high-risk components for testing in Phase II.  In 
addition, BWP updated and refined the COE model 
based upon the design specifications. 

Phase II was intended to test high-risk components through a combination of independent component 
and 3MW system-level tests.  Results from these tests were intended to be used to validate and update 
the performance and COE models and demonstrate the advantages of the BWP advanced drivetrain. 
BWP elected not to pursue a Phase II award for commercial schedule reasons.  

Project Outcomes 

This project demonstrated the BWP drivetrain COE and performance advantages.  The operational and 
economic advantages of the scalable BWP drivetrain will be validated in a 3MW tests with a commercial 
partner.  Further advantages of the BWP drivetrain are enhanced quality from PCB manufacturing 
processes, low-cost logistics and serviceability of a segmented generator design.  Ultimately, the BWP 
drivetrain technology will stimulate growth in the U.S. wind industry, improve U.S. competitiveness and 
create domestic jobs.  
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2 Introduction 
The U.S. Department of Energy has a long history of supporting wind turbine research and development. 
Most research has focused on aerodynamics and system dynamics. This focus was well placed in the 
early years of the wind industry. A basic understanding of aerodynamic performance was needed to 
predict power output under a wide range of operating conditions and high turbulence conditions. A 
keen understanding of the overall coupled dynamics is also crucial for reliable load prediction, essential 
for the design process. But drivetrain reliability and optimization has received less attention even 
though it has dominated reliability concerns to the point of threatening the success of the wind industry. 
Historically, gear driven high-speed generators have been the lowest initial capital cost and lowest 
weight design option. Many designers have searched for a low-cost direct-drive alternative. Hybrid gear 
drives and hydraulic drives have been proposed and tested over the past 35 years, but high-speed 
gearing has been the persistent winner mainly because of its low initial capital cost and lower weight. 
Perhaps the best demonstration of comprehensive drivetrain tradeoffs was done by Bywaters et al. [1] 
and Poore et al. [2]. These studies showed that the comparisons must be done within the context of a 
full system and that there are no clear winners if traditional generators and geared drivetrain solutions 
are the only options. Also, unambiguous reliability data suitable for system design comparisons is very 
difficult to find. Yet, end users have complained for many years that gearbox failures have been one of 
the most—if not the most—costly maintenance expense. NREL and DOE recognized that gearbox design 
for wind turbines was a unique challenge and began support for wind turbine specific gearbox 
standards. Research supported by NREL and DOE helped AGMA develop the first design requirements 
standard [3] that later became the basis for the IEC 61400-4 Design Requirements for Wind Turbine 
Gearboxes [4]. These efforts improved gearbox reliability but highlighted the need for a deep 
investigation into the design challenges facing wind turbine designers. Findings from the NREL/DOE 
Gearbox Reliability Collaborative [5] showed the design process was lacking the detail needed to achieve 
a 20-year design life. Even today most designers acknowledge the life expectancy of wind turbine 
gearboxes is not 20 years. For wind energy to be competitive with conventional fuels it must be far more 
reliable than current technology. To reach the 20-year design requirements and reduce the cost of 
energy, a renaissance in drivetrain design is needed. The simplicity and reliability offered by a direct-
drive generator at lower cost and weight than a geared system would be the holy grail of wind 
drivetrains. Other approaches have been proposed with the same goal. DOE recognized the need for a 
fresh look and launched a two-phase competitive solicitation “Next Generation Drivetrain Development 
Program: Solicitation Number: DE-FOA-0000439”. Boulder Wind Power (BWP) was one of six selected 
under this solicitation. This report describes BWP’s approach to achieving more than 20-year life at a 
cost and weight less than conventional drivetrains and Phase I of this project.  

3 Background 
BWP has developed a world-class wind turbine design team to focus on a game-changing permanent 
magnet direct drive (PMDD) generator technology uniquely suited for large-scale wind turbine 
applications. At the megawatt scale, BWP generators can replace the conventional geared drivetrains at 
lower cost, lower weight, and greater efficiency. The generator is based on a patented axial flux, air 
core, printed circuit board design. This design enables electrical and mechanical segmentation, which 
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facilitates design flexibility, high reliability, and simple assembly. One of the most powerful attributes is 
the drivetrain’s ability to scale across a wide range of wind turbine power ratings. In fact, the weight and 
cost benefits of the BWP drivetrain become more attractive with larger scales. Although the design is 
well suited for onshore turbines, it is even better suited for offshore turbines where weight, reliability, 
and maintainability become a premium.  

A design philosophy originated by European turbine original equipment manufacturers (OEMs) that 
relies on rigid, rather than flexible, structures has been followed since the early 1980s. Designs have 
evolved to lighter weight and greater flexibility through strategic load control, but the industry is 
pressing the limits of this approach. Ever larger rigid rotors transmit greater dynamic loads to the 
support structures and drivetrains. These rotors depend on very rigid housings to maintain gear and 
bearing alignment. Larger scale wind turbines must be designed to exploit much greater blade flexibility 
for passive load relief and greater tolerance for dynamic loads and deflections in the drivetrain. A new 
dynamically compliant design strategy is required to attain lower cost of energy (COE). The BWP 
generator is uniquely suited for this new design strategy. 
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4 BWP Technology Overview 

 
Figure 1 BWP 3.0MW Direct Drive Generator 

 
BWP’s technology enables a direct drive wind turbine that equals or betters the cost and weight 
benchmarks of present best-in-class geared systems, while completely eliminating the performance 
limitations and maintenance requirements that a geared drivetrain imposes.  This means a direct drive 
machine that can operate at higher capacity factors and deliver a 20-year life, while driving operating 
and maintenance costs to levels that can make wind power the lowest cost electric power source 
without government subsidies. 

Background and Basic Description: In 2004, an entirely new method for producing motor and 
generator stators (CORE, Conductor Optimized Rotary Energy) was invented and developed by Core 
Innovation.  US Patent No. 7,109,625 dated September 19, 2006, was issued for the unique connectivity 
needed to form 3-D stator windings using conventional 2-D PCB manufacturing methods.  In 2008, this 
technology was demonstrated in a 750KW prototype designed to meet a demanding application for the 
oil and gas industry.  In 2009, the CORE technology was licensed to BWP for application in the wind 
industry. 

Figure 2, an exploded view of the stator layout from the patent, shows a simplified arrangement of the 
coil geometry for a four-pole, three-phase machine.  This rendering clearly shows the various elements 
of the proprietary BWP stator.  Numbers of poles, phases, and conductor arrangement across the 
working area as well as the inner and outer end turns are unrestricted by the design or manufacturing 
process. 
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Figure 2 Exploded View of Core Motion Stator Showing 4-Pole, 3-Phase, 6-Layer Simple Concept 

 

The BWP drivetrain concept has been validated in commercial applications.  The basic machine layout, 
shown in Figure 3, illustrates the remarkable simplicity of the BWP drivetrain concept.  The basic layout 
is called “rotor-stator-rotor” because the stator is sandwiched between two rotors. 

 
Figure 3 Exploded View of Core Motion Rotor-Stator-Rotor Machine Configuration 

 

BWP Differentiators  

Robust Manufacturability: Multi-megawatt generators are manufactured using low-volume 
production methods. These methods are dependent on highly skilled labor, and they introduce a 
concern that build quality will depend on the skill of the craftsperson performing the task.   The BWP 
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stator, by contrast, is manufactured using mature and repeatable PCB operations.  Perfected by the 
proliferation of computer technology, PCB manufacturing is ubiquitous, robust, and cost effective.  Our 
engineers, using proprietary design tools developed by BWP, prescribe the circuit to be etched on the 
PCB.  This formula is electronically transferred to the PCB manufacturer and the PCBs are etched or 
“printed,” stacked, pressed, drilled, and plated.  This automated manufacturing simplicity is unique to 
BWP for wind turbine applications, and it leverages the low cost, high quality, globally installed PCB 
production base. 

 
Figure 4 3.0MW Stator Segment 

 
 Figure 5 - 3.0MW Stator Segment 

 

Superior Torque Density—Low Mass: The BWP generator will produce the same torque with 
less than half the mass (Nm/kg).  The air-core stator contains no ferromagnetic material and as such 
there is no magnetic attraction between the rotor and the stator.  This enables lightweight, flexible 
stator and rotor support structures.  The lack of steel in the stator also eliminates all slot interaction 
sources of torsional vibration (cogging) and the iron losses associated with flux reversals in the stator.  
Based on internal estimates the superior torque density of the BWP design represents a 50% 
improvement over the best-in-class PMDD turbine.  Note that our calculation of torque density is based 
on torque per kg of weight, versus torque per volume (as articulated in the FOA), as we believe it 
represents a more relevant figure of merit and is ultimately more closely aligned with the cost of the 
drivetrain. 

Unmatched Partial-Load Efficiency: The BWP design eliminates the mechanical losses associated 
with a gearbox, while leveraging the higher efficiencies at lower operating speeds enabled by 
permanent magnet rotor excitation.  In addition to these common advantages, the BWP stator losses 
are limited primarily to conductive losses (I2R).  Eddy current losses are minimized and the hysteretic 
losses associated with all iron-core generators are eliminated.  Figure 6 shows the full system efficiency 
from the hub through the output side of the pad-mount transformer. 
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Figure 6  - Full system efficiency relating to generator architecture alternatives 

 

High Reliability: History has shown that designing robust gear driven systems with a 20-year service 
life is so difficult that it has yet to be achieved in megawatt-scale machines.  NREL’s Gearbox Reliability 
Collaborative has illuminated weaknesses in current design practice and margins that have led to poor 
reliability.  Direct drive generators have many fewer moving parts and thus inherently greater reliability 
potential.  Of the family of wind turbine direct drive generator technologies, permanent magnet 
generators offer the best potential reliability because they have no windings of any kind on the rotor. 
The stator winding insulation is still subject to failure.  Very few conventional generator failures can be 
repaired up-tower.  Conversely, all failure modes of the BWP generator can be repaired in situ.  This 
combination of factors leads to a 48% improvement in COE related to levelized replacement/overhaul 
cost and operations and maintenance costs.  However, the BWP stator is less likely to fail. 

BWP’s stator winding insulation is applied to the conductors as an integral part of the automated stator 
manufacturing process developed for the PCB industry during the last 50-plus years.  As such it is subject 
to very effective manufacturing process controls.  This eliminates the common defects associated with 
conventional motor and generator manufacturing.  The BWP insulation and conductor support system is 
uniform over the entire conductor surface—the end turn areas are encapsulated and supported in the 
exact same manner as the working area conductors.  This is vastly superior to conventional construction, 
in which the end turns are cantilevered and unsupported.  BWP machines are immune to this effect.   

The BWP rotor-to-stator air-gap control system uses a non-contacting design to maintain the requisite 
air gap between the stator and the rotor under all operating conditions.  Tests on the BWP 750KW 
Scaled Generator Test (SGT) have demonstrated the performance of this system under lateral 
acceleration peaks three times greater than anticipated in the turbine application.  This system enables 
a design in which the main bearing is the only moving part subject to wear. 
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Segmentable and Scalable Design: The BWP drivetrain is constructed of multiple, identical 
segments.  This provides favorable logistics and low transportation costs.  Further, assembly of the BWP 
generator is greatly simplified by the lack of magnetic forces between the rotor and the stator.  This 
benefit enables replacement of stator segments in situ—a feature that is further enhanced by the low 
weight and modularity of the BWP segmented stator. 

Low-Mass, Dynamically Compliant Design: All modern multi-megawatt turbine OEMs have 
used a rigid design philosophy (high component stiffness) that began in the early 1980s.  This approach 
is mandated in geared systems to maintain gear shaft alignment and in conventional iron-core, direct-
drive designs to maintain the small mechanical air gap between rotor and stator.  As such, gearbox 
housings and main bearing support structures have become an increasingly significant fraction of tower 
head mass.  Conventional direct drive solutions are typically even heavier than high-speed geared 
drivetrains. Turbine designs have evolved toward lighter weight and greater flexibility through strategic 
load control, but the industry is pressing the limits of this approach.  Rigid rotors transmit greater 
dynamic loads to the support structures and drivetrains.  This rigid design approach is no longer 
economically scalable when the primary objective is to reduce system COE. COE reduction must be 
achieved, in part, through system mass reduction.  System mass reduction is also a key enabler for cost-
effective floating foundation solutions to deep-water resource development.  Drivetrain designs have 
attempted to isolate main shaft bending loads from torque loads but have not been completely 
successful.  The rigid design approach has led to offshore machines with specific mass (rotor nacelle 
weight/swept area) greater than 30 kg/m^2. 

The BWP drivetrain design purposefully moves in the opposite direction.  The system is built recognizing 
the need to allow for greater flexibility to reduce overall system mass and cost. Systems using more 
flexible aerodynamic rotors, towers, and foundation systems may achieve lower cost structure but will 
necessarily be subject to higher tower head motion. The system structural design using the BWP 
drivetrain allows for weight reduction opportunities that are precluded by the conventional solutions.  
Specifically, these opportunities are manifested in less stringent requirements for main-bearing housing 
stiffness compared to geared systems and more flexible generator rotor and stator support structure 
compared to iron-core machines.   The BWP generator uses a novel, patent-pending means to maintain 
the rotor-stator air gap while accommodating higher magnitude tower head accelerations without 
adding additional structural mass. The BWP generator enables this system flexibility as it is not 
constrained by either gear-shaft alignment or iron-core generator air gap stiffness requirements. 

A paradigm shift seeking lightweight, large diameter, dynamically compliant direct drive generators that 
are compatible with more flexible rotors, towers, and floating foundation systems is needed.  This 
strategy will lead to offshore machine development with specific mass of less than 15 kg/m^2.  This 
lightweight flexible strategy is needed to attain lower COE for larger-scale wind turbines.  The BWP 
design is uniquely suited to enable this new design strategy with its robust air-gap control system and 
lightweight, flexible stator support structure. 
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5 Objectives  
BWP’s technology has been proven for smaller scale motors and generators, but it has never been 
optimized for megawatt-scale wind turbines, nor has it been optimized for offshore wind applications. 
As described in the previous section, the basic attributes of BWP’s technology resolve many of the 
barriers to scaling that most competing technologies face. Yet disciplined engineering is required to 
successfully implement any promising technology. BWP’s will be no different. Therefore the goals of this 
project are to develop the design basis, validate design tools, identify critical components, and develop 
risk-reduction strategies that ensure the successful implementation at all scales. DOE has defined this 
project with two coordinated phases. Phase I focuses on conceptual design issues and Phase II will focus 
on risk-reduction tasks.  

6 PHASE I: Concept Design and Identification of High-Risk Components 
Task 1.0 Develop Design Requirements: BWP conducted a survey of turbine OEMs and project 
developers to identify key design requirements for the next generation of offshore machines. In the 
process of conducting this survey, BWP identified target turbine design parameters. The results of this 
task were compiled in a product requirements summary that was used to drive the preliminary design 
process.  

Task 2.0 Preliminary Loads and Power Performance: BWP capitalized on the extensive modeling 
effort conducted by participants of the IEA Offshore Code Comparison Collaborative (OC3-monopile and 
OC4-floating). Public domain models developed under this program were scaled from their 5MW rating 
to the target market rating based on Task 1. Preliminary BWP investigations have shown that 6MW is 
likely to be the target rating for the near-term market, possibly increasing to 10MW in the future. For 
purposes of this project, 6MW was assumed as the target rating. Task 2 produced preliminary design 
load and tower-head acceleration envelopes for 6MW tripod and floating support structures.  

Task 3.0 Advanced Magnet Design: Magnets are a critical component of all PMDD generators. BWP 
partnered with magnet OEMs to investigate low-cost design options and methods of minimizing the use 
of heavy rare earth materials and maximizing generator air-gap flux density. This task investigated 
advanced magnet designs for the BWP drivetrain, as well as our ability to leverage U.S. magnet 
suppliers. This task included generator configuration and efficiency tradeoffs to determine lowest COE 
magnet configurations for various power ratings. 

Task 4.0 Power Converter Concept Design: BWP technology is inherently low inductance. This offers 
the benefits of high efficiency but requires special converter design features to control short circuit 
torque. BWP  investigated advanced converter design topologies to suit the high reliability demands of 
offshore application. The converter design trade study produced a cost trade-off identifying the lowest 
cost, highest reliability approach suitable for the BWP drivetrain concept. We compared our optimized 
design (performance and cost) with conventional converter designs. 

Task 5.0 6MW Generator Electromagnetic (EM) Concept Design: BWP’s technology has an 
unparalleled scalability. Generator diameter, number of stages, pole configuration, magnet 
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configuration, and many more parameters can be simultaneously optimized to achieve the lowest COE 
design. BWP performed preliminary design trade studies for the 6MW, IEC-1A generator configurations 
for both floating and fixed support structure load conditions. These designs met the market design 
requirements determined from Task 1. This effort provided input to the COE model of the BWP 
drivetrain concept at several multi-megawatt turbine power ratings. 

Task 6.0 6MW Generator Structural Concept Design: The dynamic characteristics of the BWP 
drivetrain can be optimized to meet advanced offshore turbine requirements. This task studied concept-
level structural designs for the 6MW generator for fixed and floating support structures based on Task 2 
loads and tower-head accelerations. 

Task 7.0 Identify High-Risk Subcomponents and Test Planning for Phase II: From the previous 
Phase I tasks, critical subcomponents were identified for testing in Phase II. BWP plans to conduct design 
verification tests on high-risk components to verify performance, durability, and suitability to the 
offshore environment. BWP has developed test plans utilizing its 3MW test stand to develop stator 
mounting and heat rejection methods for use in offshore applications. Environmental chamber tests will 
allow BWP to simulate offshore conditions for the stator board configuration intended for this 
application. Magnet configuration, converter design, thermal management systems, and air gap control 
systems may be evaluated on the 3MW test facility. Although this task was intended to focus on Phase II 
test planning BWP decided not to participate in Phase II of this DOE program in order to focus on the 
near term goal of completing the commercialization of the BWP onshore generator.  BWP is fully 
committed to offshore applications of their technology but decided that the onshore market had to be 
the primary imperative.   

Task 8.0 COE Analysis: A primary outcome of this project was a detailed analysis of the relative COE 
impact of the BWP drivetrain (generator and power converter) compared to conventional technology. 
BWP prepared detailed COE analyses. Relative COE metrics demonstrated the merits of BWP technology 
compared to competing technologies. 

7 Product Requirements Summary 
At the onset of this project, BWP set out to establish a set of product requirements that would enable 
BWP to begin designing a market-competitive drivetrain.  The goals for these requirements were as 
follows: 

• Identify the set of market requirements that would enable a turbine incorporating a BWP 
drivetrain to compete favorably in the global offshore wind turbine market 

• Explore the supply chain for critical turbine components that will establish specific limitations for 
a drivetrain design that would be commercialized in the next 3 to 5 years 

• Select a set of performance requirements that would enable BWP to isolate the potential 
benefits of the drivetrain 
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This effort required that BWP conduct in-depth interviews with some of the largest offshore 
owner/operators in the world, several large wind turbine component suppliers, as well as several wind 
turbine manufacturers.  The product requirements listed in the Table 1 are a result of the information 
gathered during these in-depth interviews. 

Table 1 - Turbine System Data 

Item Units  Values 
WTG model  BWP 6-150 
Turbine power MW 6.0 at PCC 
Rated torque MNm 5.333 
Generator power MW 6.4 
Rotor system layout  3 bladed, upwind 
Drivetrain concept  Direct drive, axial flux PM 
Rotor diameter m 150.2 
Hub height m 105 
Generator diameter m 20.0 
Tip speed at rated power m/s 90 
Rated rotor speed rpm 11.46 
Cut-in rotor speed rpm  
Design life years 20 
Service interval months 12 
Design wind speed m/s 10 (IEC class I) 
Turbulence class  IEC class B 
Control strategy  Variable speed and full-span pitch control 
Yaw concept  Active yaw 
Lightning class  IEC61400-24 Class1 (200kA peak current) 

 

Table 2 - Wind Turbine Environmental Conditions 

Ambient air temperature -10°C < T< 40°C 
Extreme air temperature, minimum -30°C 
Extreme air temperature, maximum +50°C 
Seawater temperature range 0°C<T<35°C 
Nacelle air temperature rise in operation +10°C above ambient, maximum 
Air density minimum 0.995 kg/m3 
Air density maximum 1.26 kg/m3 
Relative humidity, minimum 10% 
Relative humidity, maximum 95% average (100% condensing for 10% of 

total life) 
Rain No water shall enter into nacelle cover, IP55 
Snow No snow shall enter into nacelle cover (or as 

water once melted) 
Icing The nacelle-mounted met sensors shall 
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include ice detection 
No active deicing of blades 

Solar radiation 1000 W/m3 
 

Table 3 - Corrosion Protection Classes 

Component location Class (per IEC 61400-3) 
Inside nacelle cover Class C4 
Inside generator cover Class C5 
Outside nacelle Class C5M 

8 Design Requirements 
• IEC 61400-1 Design requirements for wind turbines 
• IEC 61400-3 Design requirements for offshore wind turbines 
• Germanischer Lloyd (2010) Guidelines for certification of wind turbines 
• IEC 60204 Safety of machinery, electrical equipment 
• IEC 61000 Electromagnetic compatibility 
• IEC 60085 Electrical insulation 
• IEC 60364 Earth system protection for offshore wind turbines 
• IEC 60271Classification of groups of environmental protection and their severity 
• IEEE519 Recommended practices and requirements for harmonic control in electrical power 

systems 
• EN 5038 Wind turbines, protective requirements for design, operation, and maintenance 
• ISO 12944-2 Corrosion protection 
• ISO 12944-5 Protection painting systems 

9 Power Performance and Loads 
The design of the BWP generator requires a system-level approach. Strength, frequencies, stiffness, 
displacements, and other design parameters must be considered to ensure adequate design of the 
generator for the selected wind turbine and operating environment. Also, the power performance and 
structural requirements necessary to support the loading should be analyzed to enable accurate 
estimation of component costs and, ultimately, COE. To allow accurate estimation of power 
performance and component costs, extensive simulations were performed to compare a standard 
turbine configuration to that of a turbine utilizing the BWP technology in the offshore environment. The 
NREL simulation code FAST (J. M. Jonkman 2005) was used to produce all loading results. Load 
simulation details are provided in (Damiani 2012). 

Load simulations were performed for four 6MW turbine configurations. This included Baseline and BWP 
turbine configurations utilizing a monopile turbine support structure and Baseline and BWP turbine 
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configurations utilizing a spar-buoy support structure. Representative monopile and spar-buoy 
configurations are shown in Figure 7. 

 

 
Figure 7  - Representative monopile and spar-buoy turbine substructure systems 

 
Load simulations were performed for a representative shallow water site for the monopile support 
structure. The monopile site used is the K-13 shallow site (25 m water depth) (from the Upwind Report 
Fisher [2010]). A representative deep-water site (305 m water depth) was selected for the spar-buoy 
support structure. The wave climatology was taken from the ITI and OC3 Hywind projects (Jonkman and 
Matha [2010]). Site conditions used in the study are given in Table 4. 

Table 4 - Site met-ocean conditions 

Site Parameters  K-13 Shallow Site OC3 Site 
Water depth [m]  25 304.6 
Significant wave height-1yr [m]  6.05 10.8 
Significant wave height-50yr [m] 8.24 13.8 
Wave period range-1yr [s]  8.7–11.23 15.49–19.71 
Wave period range-50yr [s]  10.17–13.11 18.52–19.92 
Current speed [m/s]  1.2 1.2 
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Mean wind Speed [m/s]  10.578 10.578 
Weibull scale-factor [m/s]  11.94 11.94 
Weibull shape-factor  2.04 2.04 

 

Model Development 
NREL and BWP developed the simulation models in a joint effort as follows:  

BWP work performed: 
1. Rotor aerodynamic and structural properties 
2. System efficiencies for Baseline and BWP 
configurations 
3. BWP nacelle component mass, inertia, and 
dimensional properties  
4. Turbine controller and parameter settings 
for all simulations 
 

NREL work performed: 
1. Rotor aerodynamics and performance assessment  
2. Determination of blade modal shapes  
3. Baseline nacelle component mass, inertia, and 
dimensional properties  
4. Preliminary tower and substructure geometrical 
and structural-dynamic characteristics  
5. Simulation of load cases according to IEC 61400-3  
 

The Baseline configuration was developed using scaling rules primarily from UPWIND research (De Vries 
2011 - under revision) and applied to the NREL 5MW reference turbine for offshore system 
development (Jonkman 2009). These nacelle mass and dimensional parameters were scaled to produce 
the 6MW Baseline configuration. For the BWP configuration, nacelle properties were estimated from 
engineering calculations or preliminary solid models. General model dimensions and masses are given in 
Tables 5 & 6. 

Table 5 - Model general properties 
 BWP Baseline 
Rated Power [MW] 6.0 
Hub height [m] 105 
Blade length [m] 73.5 
Rotor diameter [m] 150.2 
Hub radius [m] 1.6 
Tip radius [m] 75.1 
Shaft tilt [deg] -5.0 
Precone [deg] -3.0 
Overhang -5.6 -6.023 
Tower height 102.35 102.12 

 

Table 6 - Model mass properties 

 

BWP Baseline 

Blade mass [MT] 28.9 

Hub mass [MT] 77.0 

Nacelle mass [MT] 178.0 410.0 

Tower-top [MT] 341.8 573.8 

Tower mass [MT] 432.0 496.5 

Transition piece [MT] 167.9 193.0 

Monopile [MT] 702.1 807.0 

Grout [MT] 167.9 193.0 
 

 

The aerodynamic rotor used on the 6MW turbine models was generated by scaling a commercial 3MW 
53.2 m blade to the desired 73.5 m blade length utilizing the UPWIND scaling rules. All of the simulation 
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models utilized the same aerodynamic rotor and hub to maintain consistent aerodynamic performance 
and rotor weight. System efficiencies were calculated for use in the simulation models. The system 
efficiency included mechanical losses (for bearings and Baseline system gearbox), generator electrical 
efficiency, converter efficiency, and hotel losses. The total system efficiency curves are shown in Figure 
8. Controller parameters were adjusted to allow appropriate turbine operation and to obtain rated 
power with the given system efficiency.  

Preliminary tower and support structure designs were developed to meet the natural frequency and/or 
strength needs of the turbine operating environment. Once the models were developed, simulations 
were performed for the shallow-water monopile site conditions and the deep-water spar-buoy site 
conditions. 

 
Figure 8  Efficiency curves for Baseline and BWP 

models 

 
Figure 9  Static power curve and operating 

parameters 

  

Power Performance 

Simulations were performed with WTPerf to determine the optimum pitch angle, optimum tip-speed-
ratio, and maximum rotor Cp. The maximum rotor Cp was found to be 0.488 at a tip-speed-ratio of 9. 
Dedicated simulations using the FAST code with the turbine controller were used to determine the 
steady-state power performance. General operating parameters and power curve are shown in Figure 9. 

Preliminary Loading Results 

In general, the reduced tower-top mass contributed to a reduction of extreme loads on the 
substructure. This load reduction results in potential mass savings of 5 to 15% (for both monopile and 
spar-buoy cases). In particular for the spar, the BWP system draft could potentially be reduced up to 
10% if designed to provide a heel angle equal to that of the Baseline case. The draft reduction will result 
in additional savings in material and cost, but only if a larger heave displacement can be accepted, or if 
mitigated via a new mooring design. 



20 
 

Extreme loads on the rotor and blades are slightly lower for the floating cases compared to the fixed-
bottom cases, perhaps because the platform was less stiff in pitch. The towers, however, have 
significantly higher loading in bending for the floating cases because of the additional gravity effect 
associated with platform heel as compared to the monopile conditions. 

The same towers were utilized for fixed-bottom and floating platforms to assess whether standard 
tower designs could be applied to floating configurations. Utilization ratios greater than 1.0 were noted 
for the Baseline tower sections when installed on the spar-buoy, indicating that the tower would need 
to be reinforced for that application. In contrast, the BWP floating system showed utilization ratios less 
than 1.0. While a refined support structure design was not carried out for the Baseline and BWP floating 
configurations, the scope of this study was to assess the reduction in utilization associated with a PMDD 
generator, lighter nacelle mass; therefore results are more effectively used in terms of ratios between 
the BWP and Baseline versions. 

The floating spars were designed to achieve similar platform performance characteristics, in terms of 
displacement and attitude. If a larger heave can be accepted in the BWP system, this will allow 
substantial draft savings for the platform. Additional design iteration would be necessary to determine 
the actual effect of the larger heave, which is approximately double the heave of the Baseline system. 
Alternatively, the heave could be mitigated by a refined mooring system design, which at this stage was 
not studied in much detail. The reduced utilization ratio for the BWP floating configuration could be 
used to save steel on the tower, with tower mass savings in the 10 to 15% range. The spar platform 
could be made lighter by reducing the draft. For the same maximum design heel of some 10 degrees, 
the spar draft for the lighter tower-top configuration could be reduced by 10%. For fatigue damage-
equivalent-loads, conclusions similar to those for extreme loads can be drawn.  

The design philosophy and main parameters of the four configurations modeled in FAST, and the results 
in terms of extreme, fatigue, and ratios of the loads in the main turbine components across all 
configurations are provided in (Damiani 2012). Tables of design driving loads and plots of load by DLC 
were generated for each of the four configurations.  Sample plots of load by DLC are shown in Figures 10 
and 11.  An estimate of capital and balance-of-station costs associated with the structural design and 
analysis of the various platforms is also provided. 
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Figure 10 - Monopile base moment comparison 

 
Figure 11 - Tower base moment comparison for 

spar-buoy cases 
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10 Technology Readiness Level (TRL) Analysis  
The BWP drivetrain is composed of the systems and subsystems described below. For the purposes of 
this assessment an “operational environment” is hereby defined as the drivetrain subsystems 
functioning as part of an integrated wind turbine system operating in an offshore or near-shore 
environment. The subsystem TRL levels are provided in Table 7. 

Table 7 - Drivetrain subsystem technology readiness 

Drivetrain System Subsystem Technology Readiness Level 

Generator Structural support 6 
Generator Air-gap control System/structural 

dynamics 
5 

Generator Electromagnetics 6 
Generator Stator heat rejection 5 
Generator  Environmental/service enclosure 3 
Generator Electrical interconnect 6 
Mainshaft and main bearing Mainshaft and main bearing 9 (similar size/shape ductile iron 

castings and bearings 
commercially available) 

Power converter Switching modules 9 (commercially available) 
Power converter Filters 9 (commercially available) 
Power converter Cooling system 9 (commercially available) 
Power converter Control system 8 (control system is used in 

commercial applications) 
Power converter Environmental enclosure 9 (commercially available) 
Power converter Switchgear and disconnects 9 (commercially available) 
Power conductors Bus bars and cabling 9 (commercially available) 

11 Magnetics Design 
The departure from the traditional iron-core architecture in favor of the air-core approach adopted by 
BWP provides a number of design advantages that allow the application of novel engineering methods.  
The foundation for this design methodology was the stepwise demonstration of advanced analytical 
methods, innovative engineering solutions, and robust subscale validation.  The implementation of 
these steps has enabled the BWP technology to evolve rapidly into a design space that has previously 
not existed for machines in this power range. 

Regarding the electromagnetic design, the cornerstone of BWP’s analytical approach is the application 
of systematic electromagnetic finite element analysis (EMFEA).  In order to fully capture the related 
design details, we adopted a 3-D analysis from the onset, bypassing the more commonly applied 2-D 
methods that are relatively well-developed for radial flux, iron core machines.  As a starting point, BWP 
used the Opera suite of EMFEA software, originally developed by the Vector Fields group in the United 
Kingdom, which has a strong reputation for its 3-D computational capability.  Broadening this capability, 
BWP has developed proprietary modeling and post-processing methods specific to our air core designs, 
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which allowed the rapid exploration of a wide range of design options with much greater fidelity than is 
typical for industry “fast running” analytical tools for electromagnetic designs. 

The primary purpose of the EMFEA performed by BWP is to optimize the use of permanent magnet and 
soft magnetic materials in order to maximize figures of merit related to performance and cost, such as 
improving torque per ampere per unit cost of magnet material and reducing electrical waveform 
distortion.  By sweeping through a wide range of parameters during this optimization process, we 
discovered that the traditional approach to magnetic circuit design was bound by unnecessary 
limitations, giving rise to BWP’s patent-pending magnetic design, which was reduced to practice in early 
2011.  This approach allows BWP to decrease the use of both permanent magnet and soft magnetic 
material, and it can also be used to simultaneously reduce electrical harmonic distortion that would 
otherwise lead to torque ripple and increased resistive losses, as well as eddy current heating of the 
magnets. 

In order to explore the electromagnetic design space even further, BWP developed an extensive set of 
empirical relationships in order to solve generator designs in the Matlab computational environment.  
This analytical freedom allowed for very rapid solution of design cases and also provided a convenient 
platform for the application of a novel optimization routine.  By tuning the fast-running empirical 
models with various point designs from the EMFEA environment, we were able to use this process to 
iterate through millions of design cases per day, giving a broad view of the air core machine design 
space and its numerous variables. 

12 Generator Diameter Optimization 
The basis for generator design with regard to wind turbine energy production is COE. The other cost 
target of merit is initial capital expenditure (CAPEX). These bases are of critical market importance. For 
any given set of design parameters or bounds, associated valid machine designs will have a bounding 
function that constitutes the limit of viability. The trends of these data are important to understand 
during the design process so that the most capable design will be selected. 

The BWP generator design process is deliberate in its aim to produce the most market-applicable end 
product. Figure 12 shows all valid design options for a given target variable and the threshold curve fit 
that describes the boundary of that design space. Note the asymptotic behavior of the boundary 
function (red). From the perspective of the target variable, the most effective designs are at higher 
outer radii.  
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Figure 12  - Target variable for design selection purposes, each dot represents a generator design. 

 

The machine diameter, being a variable of prime importance, has a very strong bearing on the 
performance of the design. For the current final design, we have determined that being aggressive with 
size was the best approach. Hence, BWP’s use of the design space has pushed the current design to 
large sizes, as shown in Figure 13 below where the performance benefit of generator diameter is 
expressed in relation to COE. Note that several designs extend below the threshold fit at the highest 
diameters. 
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Figure 13 - Target variable for design selection purposes, each dot represents a generator design. 

 

13 Magnet Cost Sensitivity Analysis 
BWP has performed a number of trade-off studies around magnet prices and, by proxy, magnet content. 
The recent volatility of magnet prices has intensified concerns regarding magnet content. This concern 
has directed our efforts to determine the correct design criteria to place around magnet prices during 
the generator design process. It was originally assumed that by adjusting input magnet prices, the 
design process could be directed significantly to design spaces where magnet content (and by extension, 
magnet cost) could be minimized. However, under the constraint of a given machine radius, this is not 
the case. Figure 14 shows this phenomenon. Here, designs of similar size result in very similar magnet 
content. 
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Figure 14 - Trend comparing magnet content for designed to guidelines of $50 and $180 per kg of 

NdFeB for a 3MW generator design 

 

The result is that for a given size machine, the design case should be based on the most likely future 
magnet commodity prices, but the variance resulting from designing to the wrong price is small 
compared to other factors. As may be obvious, the prices of generators with various assumed 
component costs scale with the percentages of those components as a part of the whole generator. 
Figure 14 shows this scaling for a 3MW design space. Note that the minimum CAPEX trends to larger 
diameters as the component cost increases. 

14 Magnetic Materials 
The continuing development of permanent magnet wind turbine generators will undoubtedly require a 
stable raw material resource, and it will benefit greatly from the current research of advanced magnetic 
materials that is currently underway.  Figure 15 is an introduction to the state of the art in permanent 
magnet materials from 1910 to 2010, showing the rapid increase in energy product in recent decades as 
a result of the birth of commercialized rare earth magnets. 
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Figure 15 - Historical progression of permanent magnet technology, 1910–2010 

 

The first commercially viable application of rare earth permanent magnet technology is generally 
credited to Dr. Karl Strnat, who identified the samarium-cobalt (SmCo) system in 1966 while working at 
the U.S. Air Force Materials Laboratory at Wright Patterson Air Force Base [Hoffer & Strnat 1966].  
Following commercialization of the related processes, SmCo magnets were the primary high-
performance permanent magnet material for nearly 20 years.  However, cobalt prices were relatively 
high and unstable because of civil unrest near African mining operations, so researchers continued to 
consider new magnetic alloys for further performance improvements.  These factors led to the 
development of the NdFeB system, developed independently by both General Motors and Sumitomo 
Special Metals (which was later acquired by Hitachi) around 1983. NdFeB magnets quickly surpassed 
SmCo magnets in terms of magnetization and energy product, and they enabled another wave in the 
development of lightweight, compact technology.  One disadvantage of the NdFeB system was the 
relative lack of coercivity compared to the SmCo system, which limited its application in higher 
temperature designs.  For those applications, heavy rare earth substitutions such as dysprosium and 
terbium were introduced as a means to increase coercivity.   

Despite the reduction in magnetization and energy product of the NdFeB system resulting from the 
antiferromagnetic coupling of heavy rare earth additives, the machine design paradigm shifted toward 
the use of these elements to reduce demagnetization risk and provide robustness against thermal and 
electromagnetic analysis uncertainties, particularly during the recent period of relatively inexpensive 
dysprosium.  However, this strategy has been heavily challenged by the recent market conditions driven 
by the regulation of both production and exports in China—which represents a 95 to 97% share of global 
rare earth production—and the introduction non-user speculation in global markets.  According to 
pricing resource Metal-Pages, during the 18 months preceding the market peak in June 2011, 
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neodymium oxide export prices increased more than 12x, and dysprosium oxide export prices increased 
more than 21x.  As market conditions have eased, prices for rare earth materials have fallen, but there 
still appears to be a shortage of dysprosium that may limit how far market prices may drop in the 
medium, with relative pricing for dysprosium oxide compared to neodymium oxide remaining near 
historical highs of 10:1, compared to nearly 3:1 during the period preceding 2008. 

 

 
Figure 16 - Export price trends for neodymium and dysprosium oxide [Metal-Pages] 

 

Anecdotal evidence suggests that as a result of these conditions, electric machine manufacturers are 
undergoing detailed design optimizations in order to reduce reliance on heavy rare earth materials, 
which is expected to provide some easing in the market for dysprosium.  According to Stan Trout, 
Director of Magnet Business for Molycorp, some designs leveraging magnets at high temperatures might 
be able to substitute for samarium cobalt magnets, taking advantage of the favorable thermal 
coefficient of magnetic properties as compared to NdFeB.  However, the higher energy product available 
in the NdFeB system will continue to be very attractive for applications in which size and weight are a 
premium, particularly in high-demand automotive applications, including hybrid drivetrains and the 
myriad smaller motors and actuators throughout modern vehicles.  In those applications, the reduction 
in heavy rare earth constituents may instead rely on improved analytical techniques to reduce 
uncertainties, and perhaps a reduction in safety factors against demagnetization, which may be 
appropriate in certain noncritical applications. 

For wind turbine applications, permanent magnet design is often dictated by thermal considerations, 
and raising machine efficiency has the dual benefit of not only improving electrical output, but also 
reducing the magnet operating temperature.  In the smaller high-speed generators found in geared 
systems, the mass of permanent magnets is often less than those in direct drive generators, but those 
magnets are exposed to stronger mechanisms of eddy current and hysteretic heating and also have a 
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more challenging heat rejection path.  As a result, high speed generator designs generally require the 
increased use of heavy rare earth materials.  In the BWP design, however, the air core architecture 
imposes significantly lower heating upon the magnets because of an essentially DC magnetic circuit. 
Additionally, the large machine size enabled by the isolation of magnetic attractive forces to the rotating 
frame provides a massive surface area for heat rejection.  Because of our thermal management 
approach, the BWP magnetic design can utilize magnets with drastically lower, if not zero heavy rare-
earth constituents.   

The utilization of low-dysprosium magnets is an important distinction in machine technology relating to 
the rare earth market in the foreseeable future, considering both the tightening of supply from China, 
and the characteristics of the near-term resources for increasing global supply.  The primary near-term 
resource coming to the global market is Molycorp’s ‘Project Phoenix’, which is on schedule to add 
approximately 40,000 tons of rare earth oxide to the global market by the end of 2013.  The primary 
Molycorp ore resource at Mountain Pass has a relatively low concentration of heavy rare earths, 
however, and their increased production is not expected to add a significant volume of dysprosium to 
the market.  Although other heavy rare earth resources are being explored, dysprosium prices will likely 
remain high during this period of increasing demand across industrial sectors, and may become a barrier 
for the long-term adoption of traditional permanent magnet generator technology in wind turbine 
applications 

Exchange-Coupled Nanocomposite Magnets 

As the NdFeB magnetic system edges closer to the theoretical maximum energy product with respect to 
commercially viable manufacturing processes (NEOMAX/Hitachi has demonstrated the highest energy 
product of 59.5MGOe compared to the theoretical max of 64MGOe), it is clear that the next leap in 
magnet technology will require a fundamentally new design, which hasn’t been seen since the advent of 
the NdFeB system nearly 30 years ago.  Exchange-coupled nanocomposites are the most promising next-
generation magnetic material, with early results showing promising steps toward commercialization.  
However, there are still significant hurdles to overcome before commercial applications can be realized, 
particularly in the scale of magnets that would be required for a wind turbine generator. 

The theory behind these exchange-coupled magnetic materials is to combine the high saturation 
magnetization of soft magnetic materials with the high coercivity of hard magnetic materials, shown in 
Figures 17 and 18. 
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Figure 17 - Schematic representation of ideal 

exchange-coupled nanocomposite magnet 

interaction 

 
Figure 18  - Two-dimensional representation of 

domain wall thickness in soft phase. [Liu 2012] 

  

Due to the nanoscale exchange length between electronic spins in solid materials, the soft-phase 
constituents must be dispersed in the composite at a critical dimension that is relatively near the 
domain wall thickness in order to reach effective inter-phase exchange coupling, where the domain wall 
represents the distance of transition between adjacent magnetic domains.  If the soft-phase 
constituents are too large compared to this dimension, magnetic flux tends to spread out, and in 
extreme cases would simply circulate within the material. 

The critical dimension of the soft-phase particles is on the order of ten nanometers, so there is a 
significant challenge not only in forming the soft-phase at a suitable dimension, but also ensuring it is 
evenly distributed throughout the nanocomposite matrix.  This also imposes a challenge on the hard-
phase constituents, which not only must be formed in similar scale, but also align themselves to the 
same crystalline direction to form a macroscopic anisotropic magnet.  Furthermore, because these 
materials are inherently very reactive, the handling of these powders is very challenging, considering not 
only the risks of contamination such oxidation, but even the prevention of particles from simply 
recombining prior to the intended solid formation. 

Although the challenges in producing exchange-coupled nanocomposite magnets are significant, the 
potential benefits to the field of permanent magnets are quite dramatic.  Early research by a team led by 
Dr. Ping Liu at the University of Texas at Arlington has shown that, using Sm2Co7 in an isotropic 
nanocomposite with an iron soft phase dispersed at 35%, an enhancement in energy product of nearly 
300% is achieved over a typical isotropic Sm2Co7 magnet.  This improvement, shown in Figure 19 below, 
is remarkable not only because of the increase in magnetic performance, but also because it is achieved 
by substituting relatively expensive rare earth materials with a cheaper material in iron. [Liu 2012] 
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Figure 19 - BH curve comparing typical Sm2Co7 

magnet performance with an isotropic nano-

composite exchange magnet using a Sm2Co7 hard 

phase, demonstrated by Dr. J.P. Liu at the University 

of Texas – Arlington. [Liu 2012] 

 

 

In 1993 Ralph Skomski and J. M. D. Coey analytically proposed a maximum energy product of 137 MGOe 
for exchange-coupled nanocomposite magnets based on the combination of a Sm2Fe17N3 hard phase 
and Fe65Co35 soft phase [Skomski & Coey 1993].  This result is even more compelling when considering 
the proportion of rare earth material, 2% by weight Sm, compared to a conventional NdFeB magnet 
which consists of roughly 27 to 30% rare earth material by weight.  Although the article admits the 
challenge of realizing this in practice, given the need to evenly distribute particles sized at 2.4nm for the 
hard phase, and 9.0nm for the soft phase, the research is indicative of the extraordinary impact that 
advances in nanotechnology can have in the field of magnetics. 

The implications of these extremely high energy products are particularly significant for an air core 
architecture such as that employed by the BWP wind turbine generator, because the design is not 
subject to the saturation limitation of an iron core.  Furthermore, these exchange-coupled magnetic 
materials can be applied in conjunction with the patent-pending magnetic design developed by BWP. 
Using the aforementioned BWP 6MW generator geometry, for instance, a magnetic energy product of 
137MGOe would provide an air gap flux density approaching 2.7 Tesla.   This flux density exceeds the 
saturation point of even the most advanced soft magnetic materials, particularly considering those with 
low hysteresis properties that would be chosen for an iron core machine, which more commonly 
operate in the range of 1.5T across the air gap.  Because of this limitation, iron core machines are 
severely limited in the manner in which they could apply these materials, which would likely be 
restricted to the reduction of magnetic material in a given design for similar performance.   
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In contrast, flux density exceeding 2.7 Tesla could be easily accommodated in the BWP designs by 
adding thickness to the backiron, which being made of ordinary steel or iron, is a relatively insignificant 
incremental expense.  By applying these advanced magnetic materials, air gap flux density could, in fact, 
approach those of superconducting generators, and do so without elaborate cryogenic cooling systems 
and their associated effects on mechanical properties of the torque transmission path materials and 
failure modes of the cryogenic cooling systems themselves.  This level of electromagnetic performance 
would have a profound impact on the scalability of permanent magnet generators in wind turbine 
applications, with direct-drive generator designs exceeding 10MW becoming feasible in a geometry 
similar to the proposed 6MW design.  Alternatively, this magnetic performance could be leveraged to 
dramatically reduce the size and weight of direct-drive designs in order to facilitate transportation and 
assembly logistics.  With these advantages stated, the development of new magnetic materials could 
not only provide dramatic advancement in the state of permanent magnet generator technology, but 
considering the reduction in rare earth material content, could also reduce sensitivity to the raw 
material market. 

15 Power Converter 
Introduction  

The Wind Power Converter Medium Voltage-500 (WPC MV-500) is a 500 kW AC to AC converter for the 
global offshore wind market. It will be designed for operation at MW range of wind power plants. The 
converter will have industry leading efficiency and reliability and advanced features such as active and 
reactive power regulation, fault ride-through capability, etc. A set of hardware and software options will 
allow customers to select the configuration that meets their specific requirements. The standard 
configuration will cover the majority of typical applications. The WPC MV-500 will meet all requirements 
of IEC61400, UL 1741, and will comply with IEEE 1547 or FERC and NERC regulations for utility 
interactive wind converters. The converter’s design will meet all of the requirements of and allow for 
installation per IEC, USA National Electrical Code (NEC) and the Canadian Electrical Code. In addition to 
offering the WPC MV-500 as a standalone product, BWP will offer prepackaged 3MW to 6MW solutions, 
incorporating multiple WPC MV-500 converters and an optional high-voltage transformer and low-
voltage and medium-voltage switchgear. 

16 Structural Design 
In order to generate the 6MW structural design, a 3MW concept design was used as the basis and scaled 
to meet the requirements of the 6MW application. The scaling comprised loading conditions and size 
requirements of mechanical interfaces such as bearings and towers. Once the scaling of the models was 
completed the models were validated by finite element analysis to ensure that bulk stress levels and 
modal responses where representative of the requirements of the design. Bulk stress refers to the 
global stresses within the structure; however, it ignores areas of highly localized stress concentration. 
The local stress in these “hot spot” areas can be reduced by small geometric changes and will not 
significantly affect the mass and stiffness of the structure.  
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Figure 20 - 6MW Generator Structural Design Concept 

 

Conventional (iron-core-stator) direct-drive generators experience very large attractive forces between 
the generator rotor and stator. These attractive forces dominate the structural design and require the 
stator and rotor structures to be very stiff (and heavy) as a means to maintain the generator air gap. The 
BWP patent-pending air-gap control system (AGCS) concept eliminates this stiffness-driven design 
constraint, leveraging the nonmagnetic properties of the air-core stator and enabling flexible supporting 
structures. This enables a significant weight reduction opportunity in the generator support structures 
(“spokes”). In the BWP system the spokes are sized primarily to react torque and system (tower head) 
inertial loads. By comparison, iron-core machines structures are sized by the deflection requirements of 
the (non-torque producing) magnetic attractive forces present in the air gap. 

The BWP AGCS concept has been demonstrated in rigorous subscale bench testing and full-scale testing 
on two machines thus far: a 750kW horizontal shaft motor on a shaker table and a 3MW vertical shaft 
generator where the structure is subject to a 1g acceleration (vs. a peak tower head acceleration of 
typically 0.3g in the turbine application). Our approach provides a solution whereby the stator will track 
any displacements experienced by the generator rotor.  

Main Frame: The scaling of the main frame was mainly driven by the size of the main shaft and yaw 
bearings. For the loading conditions of the Baseline 6MW turbine an estimated 3600mm outside 
diameter main bearing, and an estimated 4560mm outside diameter yaw bearing would be required. 
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The main frame was then scaled to accommodate the previously mentioned bearings while maintaining 
the original structure thickness. Figure 21 shows the bearing dimension used in the models.  

 
Figure 21 - Main frame bearing dimensions 

 

Initial analysis of the main frame rigidly constrained the mainframe bottom flange; loads were applied to 
the interface of the main bearing and the main frame. Extreme design load cases were applied to main 
bearing interface to assess bulk stresses in the structure. Efforts were not made to optimize the local 
wall thickness of the structure resulting in a conservative mass estimate for this design concept.  

Figure 22 shows the results from the negative load condition (negative load refers to the sign 
convention of the load applied to the system). The independent bands are set at 200 MPa (independent 
bands are set to purple on the stress scale); however, the results show that the bulk stress is much 
lower. The areas of higher, local stress are located in the lower section of the main frame and could be 
reduced by local changes to fillets and section thickness without affecting the global design of the 
structure.  
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Figure 22 - Main frame bulk study negative load 

condition [MPa] 
 

 

Figure 23 shows the bulk stress for the positive load condition; the stress was below 200 MPa.  

 
Figure 23 - Main frame bulk stress positive load 

condition [MPa]  

 

The main shaft transfers the torsional loads from the aerodynamic rotor hub to the generator rotor. The 
6MW main shaft was also scaled from a 3MW concept design to interface with the previously described 
main bearing. Figure 24 shows the general dimensions of the main shaft.  
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Figure 24 - Main shaft general dimensions 

The finite element method was used once again to evaluate the bulk stress of the main shaft. In this 
case the stress was quite conservative, mainly because main shaft bending loads travel from the 
aerodynamic rotor hub to the main frame through a very short, stiff load path, leaving the outer 
diameter of the main shaft substantially unaffected. Torsional loads of the generator are reacted by the 
main shaft; however, they are much lower than the bending moments. Figure 25 shows the stress values 
and deformed shape of the main shaft.  
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Figure 25 - Main shaft bulk stress [MPa]  

 

Rotor Spokes: The rotor spokes are constructed of two I-beams with variable cross-section. The 
variable cross-section allows the desired axial stiffness distribution to be achieved while the I-beam 
configuration provides a preferable weight to stiffness ratio. Lightening holes have also been added to 
further reduce weight. Figure 26 shows a graphical representation of the rotor spoke.  

 
Figure 26 - BWP Rotor spoke 

 

Figure 27 shows the bulk stress for the rated torque operation (left) and short circuit torque (right). The 
exaggerated deformation of the generator rotor is also represented in the figure. In the case of the short 
circuit event, an independent band (purple at 200 Mpa) was introduced to the figure to better visualize 
the stress levels.  
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Figure 27 Generator rotor rated torque and short 

circuit load bulk stress [MPa] 
 

 

The modal behavior of the rotor and stator is an important part of the generator design. The generator 
rotor structure is designed to be axially stiffer than the generator stator supporting structure; hence, an 
appreciable separation in frequency should be seen between both. Table 8 shows the frequency values 
as well as a description of the first modes of the generator rotor. 

Table 8 Generator rotor modal response 

Mode Description Frequency [Hz] 

First mode Teeter mode 3.81 
Second mode Teeter mode 3.81 
Third mode Folding mode 3.85 
Fourth mode Axial mode  4.9 

 

Figure 28 and Figure 29 show the deformed state of the modal response for the modes presented in 
Table 8.  

 
Figure 28  Teeter mode (left), folding mode (right)  
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Figure 29 Axial mode 

 
Stator Spoke: The stator spokes are constructed of two I-beams with constant cross-section. The I-
beam configuration provides a preferable weight to stiffness ratio, while its orientation provides a 
torsionally stiff structure that is compliant in the axial direction. Figure 30 shows a graphical 
representation of the stator spoke.  

 
Figure 30 Stator spoke 

Figure 31 shows the bulk stress for the rated torque operation (left) and short circuit torque (right). The 
exaggerated deformation of the generator stator is also represented in the figure.  

 
Figure 31 - Stator rated torque and short circuit 

load bulk stress [MPa] 
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Table 9 shows the frequency values as well as a description of the first modes of the generator stator. 

Table 9: Stator modal behavior 

Mode Description Frequency [Hz] 

First mode Teeter mode 0.60942 
Third mode Folding mode 0.8985 
Fourth mode Axial mode 0.97271 

Figure 32 and Figure 33 show the deformed state of the modal response for the modes presented in 
Table 9.  

 
Figure 32 Stator teeter mode (left), axial mode 

(right)  

 

 

Figure 33 Stator folding mode 

Rotor Segment: Each rotor segment, Figure 34, consists of arc segments. Each segment is assembled 
at the factory with the stator segment where it can then be easily transported.  These finished 
assembled segments are brought together to create the rotor outer ring and are suspended by the rotor 
spokes. BWP’s segmentation approach also allows for a wider range of manufacturing options, resulting 
in cost reduction, and it provides transportation and assembly benefits over conventional direct-drive 
generators. 
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Figure 34 - Rotor segment 

The structural design of the rotor segment is driven by the requirement to support magnets on either 
side of the stator. Although there are no attractive forces between the rotor and stator, the magnets on 
either side of the stator are attracted to each other. Therefore, locally, a cross section of the rotor 
segment is designed to be stiff. Clearance fit structural bushings are used to position the rotor segments 
and transfer the load from the spokes. Under short circuit events they are designed to slip though the 
bushing clearance thus relieving the structural fasteners from having to take this load. 

17 Structure Manufacturability 
The concept design of the 6MW drivetrain envisions the major components, the main frame, and the 
main shaft to be cast ductile iron structures. With this premise in mind, the initial design and modeling 
has strived to maintain a constant wall thickness in the structures. The spokes and rotor segments could 
be manufactured as welded structures; however, the design could be developed to facilitate a cast 
structure. Estimated masses for the major structural components can be seen in Table 10. The 
component masses and stiffnesses were asserted in the dynamic models that were used for developing 
the loads presented in this document.  

Table 10 - Structural components mass estimates 

Description Mass [MT] 
Main frame 39.9 
Main shaft 16.0 
Generator rotor  spokes 12.3 
Generator stator spokes 6.5 
Generator rotor segments 37.1 
Generator stator segments 6.4 
Main bearing 8.9 
Brake disk & calipers 1.8 
Hydraulic and cooling systems 1.5 
Yaw drive, brake and bearing 19.6 
Nacelle cover, platforms and misc. 28.0 
Total 178.0 

Use of Printed Circuit Board Manufacturing Methods for the BWP Stator 

BWP’s novel, patented, generator stator design employs materials and manufacturing methods that 
have evolved over time, driven by the military, space flight, and consumer electronics industries, in an 
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application that was never envisioned by those industries: the stator windings and their support 
structure of a multi-megawatt generator. In this new application the solution developed to use etched 
copper and FR4 insulator/support structure for PCBs is subjected to conditions common to generator or 
motor stators, but not typical for PCBs. These conditions include the periodic oscillation of magnetic 
flux, induced voltages and resulting current flow, heating from eddy currents as well as the generator 
current, and a variety of mechanical loads resulting from conversion of the rotor torque and speed to 
electrical power. To date, the materials and manufacturing processes have proven to work in motor and 
generator stator applications without modification in significantly lower power and typically lower 
voltage applications with a few exceptions. However, there had been little in the way of routine 
mechanical properties, insulation life testing (accelerated or otherwise), that would provide confidence 
that the PCB material could function for long periods of time in the environment typical of a direct-drive 
wind turbine generator.  

BWP set out to remedy this lack of basic material properties knowledge early in the design of the full 
scale test article (FST). Initial testing focused on establishing mechanical properties to be used to design 
the stator support structure interfaces with the PCB segments. In-plane tension tests were conducted 
according to ASTM D3039; flexural properties of the laminate were determined by testing to ASTM 
D790. Because the PCBs are attached to the rest of the assembly using a pinned connection, the bearing 
strength in tension was determined according to ASTM D5961. In addition to the pins, the PCB is 
compressed in the attachment assembly, therefore the through thickness compressive properties were 
determined using ASTM C365. In-plane compression was tested to SACM 1-88, which is similar to ASTM 
compression test standards, but it specifies a fixture that results in less human error in the test setup. 
The final loading mode is shear, and there are two shear directions to consider for the PCB composite: 
inter-laminar and in-plane. These two shear directions were tested according to ASTM D3846 and ASTM 
D5397, respectively.  

Each of these tests was conducted at three different temperatures: -30°C, 40°C, and 120°C. Additionally 
the in-plane properties of a nonsymmetric laminate were determined in two primary directions. The 
tests performed are summarized in Table 11 and result in testing of total test coupons. Testing was 
performed at the National Institute of Standards and Technology (NIST) in Boulder, Colorado, with the 
Materials Reliability Division. 

Table 11 - NIST Coupon Test Matrix 

Test Standard 
Specimens 
per Sample 

Orientations 
(0 and 90 deg) Temperatures 

Total 
Specimens 

D3039 – Tension 5 2 3 30 

D790 – Bending 5 2 3 30 

D5961  Bearing strength 5 1 1 5 
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C365  Flat-wise compression 5 1 3 15 

SACM 1-88 In-plane compression 5 2 3 30 

D3846 Inter-laminar shear 5 2 3 30 

D5379  Losipescu shear 5 1 3 15 

Total specimens    155 

Overall, the results of the mechanical testing preformed at NIST indicate that the PCB material 
properties are significantly better than initially considered for the design of the FST. For example, the 
compression data according to ASTM test C365 showed the clamping and retaining features were 
loading the material at less than 25% of its capacity in the initial design. Additionally, the flexural 
modulus of the PCB in the radial direction, derived from ASTM test D790, showed very little sensitivity 
across the test temperature range. Future designs will exploit more of the mechanical properties, such 
as modulus, compressive strength, pull-out strength, and creep resistance to optimize the placement of 
these interfaces in relation to the clamping structure and the thermal management system.  

A review of IEC and IEEE stator insulation qualification methods for larger rotating machines equated the 
BWP stator design with a typical >1,000 Volt, form wound stator and its insulation system. Insulation 
system design is historically highly dependent on the materials and application methods selected by 
each manufacturer, and therefore the qualification procedures outlined in industry standards are closely 
tied to these aspects as well. For example, each manufacturer must qualify the insulation system 
materials and application processes as they are used by the craftspeople in each facility manufacturing 
electrical rotating machines, for each temperature and voltage rating. The BWP insulation system shares 
only copper in common with the conventional methods, so steps in the typical insulation system testing 
protocols will either apply directly, not apply at all, not apply directly, or may be impossible to employ.  

In order to proceed, BWP required a basic stator configuration to be determined; for example, segment 
size, number of layers, thicknesses of insulating layers, materials of insulating layers, and the specific 
sequence of the manufacturing process for the PCB right down to the final press cycle temperatures, 
mechanical pressures, and vacuum conditions. Additionally a typical step-by-step process for 
conventional machines, along with an understanding of the testing sequence, intent of the tests, and 
the basis for the acceptance criteria was required to assess the applicability of the various conventional 
machine insulation system testing practices, and to adjust them to ensure the intent of the tests was 
met, even if the same exact testing method could not be followed.  

Conventional generator design practices begin recognizing that the available materials for insulating the 
coils in the generator have specific temperature and dielectric ratings/characteristics that must be 
selected to support the machine design objectives (such as torque rating, weight, cost, and so on). 
Insulation system design is the most significant feature in an electric rotating machine affecting life, and 
the most standard approach is to focus on the most severe insulation system performance challenges—
typically also at the system rated temperature. 
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In most instances, the machine voltage rating presents an insulation system performance challenge from 
phase to ground that is the most severe, and in all cases the insulation system materials are weakest at 
the highest allowable operating temperature. As such, the insulation system design, application process, 
and testing protocols address the phase to ground challenge most directly and must arrive at a 
compromise between the electrical insulating properties and the thermal insulating characteristics of 
the materials at the necessary thicknesses. Phase to phase, while presenting a higher voltage difference 
(and therefore a potentially higher electrical stress), is considered, and typically addressed using the 
ground wall insulation applied to each coil, which is a separate part for each phase. Since the phase to 
phase voltage differential is less than twice the phase to ground potential, and each coil presents the full 
ground wall insulation at the interface of two phases in a slot, there is no need to provide further phase 
to phase insulation directly. Coils of different phases inside a slot are separated with an additional 
spacer made of insulating material to ensure the integrity of the coil ground wall insulation between 
phase coils after installation—a sometimes less than gentle process.  

Temperature ratings are selected to support the machine power rating given an inlet air temperature, 
the machine design efficiency rating, and the insulation system temperature rating. The insulation 
system temperature rating is established in accordance with industry standard testing of both the 
materials and the application process, with a reference to a known insulation system in a similar 
application with a known life expectancy. Given the fairly large variations in materials, the hand 
application of the key elements (mica impregnated paper tapes) by various craftsmen, and the stress 
and damage to the tapes that can occur in the installation process, all the typical testing protocols 
require numerous testing samples and statistical evaluations of the results.  

Once the materials and application methods are backed by statistical comparisons with other known 
insulation materials and application methods a qualification test program is initiated for each machine 
type or at least machines of different frame sizes and coil geometries for each manufacturer, and often 
for each manufacturing facility. For example, for a given frame size the end turn configuration for a two-
pole machine is significantly different than that of machines with four or more poles. Thus a separate 
qualification test of a sample coil in a representative segment of the selected frame size must be 
completed for each machine. Similarly, even though two manufacturers may use the same materials 
from the same suppliers and follow identical procedures for applying the insulating materials, each 
manufacturer has its own set of craftspeople who install the coils according to the shop practices, which 
will not be identical even between facilities of a single manufacturer.  

In production a number of in-process steps are examined by tests intended to verify the integrity of the 
coils as they progress through the winding facility and are placed in the stator. These tests are, in many 
cases, proprietary and are used to sort good coils from bad coils before they are permanently installed 
in the stator. Once the coils are installed, removal and replacement of a single bad coil is no longer 
possible. The entire stator must be stripped and the entire complement of coils must be scrapped and 
remade if a defect is discovered after the final bake cycle and the insulation has been cured. Industry 
standard methods and timing for conducting some of these in process tests exist, and reporting of 
results is typically not shared with customers unless by separate agreement.  
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These in-process inspection and sorting tests cannot be applied directly to the BWP stator as the 
manufacturing process does not produce individual coils. Further, by reviewing these steps and their 
intent, which is to verify the semi-automated application of insulating materials as the coils are formed, 
a process that involves bending copper bar after it has had insulating tapes into “race tracks” or simple 
coils, then forming them (again, by bending the simple coils) into “diamond shapes” and finally by 
adjusting the diamond shape coils (another round of bending) to align the flat sides of the straight runs 
of the coils with the included angle of the slots in the stator they will be inserted into, has not produced 
a faulty coil it is clear that many of the steps do not apply to the BWP stator because none of these steps 
are involved in manufacturing a BWP stator.  

A completed conventional stator will undergo a battery of acceptance tests before and after the 
machine is run to verify performance. In some cases the completed assembly is subjected to some of the 
same tests that were performed on the individual coils, and in other instances tests are performed that 
test the final stator insulation system before and then after it has been operated at full temperature.  

Unlike the typical wound coil, the PCB coils are not made by mechanically stressing or yielding the 
copper before or after the insulating materials are applied. The PCB manufacturing process starts with 
electroplated copper sheeting that is bonded to each side of a composite insulating and mechanically 
supporting layer, typically a glass and epoxy material generically described as “FR4”; however, there are 
many options with applications for specific products (aggressive environments, higher temperatures, 
etc.). The coil manufacturing process is relatively stress-free as the unwanted copper is etched away 
using a variety of chemical processes that affect only the copper that is intended to be removed to suit 
the circuit design.  

Once the desired coil geometry is established on each side of the copper sheeting it is stacked with 
uncured FR4 (“prepreg”) material between the copper facing layers. Then, once the desired layer count 
is achieved, the assembly is pressed and heated under vacuum for a specified time to cure the prepreg 
and drive off any gasses that could form bubbles or voids. A series of additional steps are performed to 
drill and plate through layer connections and to apply an outer skin of FR4 or other desired outer layer 
material. After all chemical operations have been completed, the part is machined to its final outer 
dimensions. In this process none of the coils or other traces built into the assembly are touched, other 
than the sockets for the terminals.  

It should be apparent this process requires different inspection and testing methods. Many of the steps 
common to a coil-wound machine do not exist, and the opportunity to run such in process or even 
evaluation tests is not present. Additionally, none of the assembly steps that typically introduce defects 
that lead to failures in conventional insulations systems are applicable. This is not to suggest the PCB 
manufacturing process is without human involvement, or that the process cannot produce parts that are 
unsuitable for service. But, in order to establish appropriate design values for the insulating materials—
from dielectric strength to operating temperatures and mechanical loading that takes into account the 
actual manufacturing process and materials—BWP concluded the performance of the standard 
materials produced using the standard manufacturing procedures had to be tested to establish their 
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performance when subjected to the basic machine operating parameters of voltage, operating 
temperature, and mechanical stress.  

The BWP 3MW design was completed and the first set of stator segments was ordered in early Spring 
2011. From this initial order, specimens for mechanical testing noted above were procured and 
submitted to the Boulder, Colorado, facility of the NIST Material Reliability Division. Later in 2011 
specimens of a modified design were ordered for insulation life testing. These tests were intended to 
provide basic comparison data to assess the BWP insulation system materials, application process, and 
design relative to conventional insulation systems materials, application processes, and mechanical 
supporting feature designs in the BWP generator environment.  

Initial testing consisted of a set of the most relevant stresses that could result in an insulation failure. 
These tests include electrical voltage withstand tests using both DC and AC voltages, mechanical stress 
with a load cell and rainflow cycle calculated damage representative of 20 years of operation, and 
thermal testing spanning -40˚C to 150˚C. The testing facilities at NIST include a load frame, an 
environmental chamber, and a HiPot tester capable of running both DC and AC voltage withstand (DCW 
and ACW) tests. 

The first tests performed applied only electrical stress phase to phase, to get a baseline for failure as the 
BWP stator subjects the phase to phase insulation to the highest voltage stress. Although the results are 
only preliminary and more specimens are needed to provide accurate statistics, initial tests point to a 
strong robustness against electrical breakdown of FR4. DCW tests at 5 kV were run for over a week 
ramping from 0 to 5 kV in 3 s, holding at 5 kV for 5s and ramping back to 0 V in 3 s. All the FR4 coupons 
tested survived these DCW tests without any measurable effect. Submerging the coupons in insulating 
oil allowed us to push the DCW tests to the limit for the HiPot tester at 20 kV. The FR4 insulation 
survived these tests as well, showing no signs of impending failure that might be indicated by a lowering 
of the polarization index. 

In parallel, testing began at NIST applying electrical, mechanical, and thermal stress to the insulation 
system. Initial tests were run in an environmental chamber at 120˚C with a mechanical load with one 
million cycles equivalent to 20 years of damage. The same 5 kV DCW test as described above was run 
while the board was mechanically loaded. After the specimen survived this million-cycle test, the 
amplitude of the mechanical load was doubled to increase the stress. The specimen survived four 
successive doublings of mechanical amplitude, again without any sign of the polarization index changing 
after each set of one million cycles. 

The next test conducted was run at -40˚C, with the same mechanical loading, but with an ACW test in 
place of the DCW test used earlier. ACW are more severe than DCW tests based on the theory that 
rapidly cycling the voltage that is applied to the insulation should stress the insulation, especially near 
any defects that would act analogously to a mechanical stress riser subjected to alternating mechanical 
stresses. In spite of the greater severity of the test, all specimens tested so far have survived these tests 
as well. 
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The only failure mode identified so far is extremely high-voltage ACW tests. Applying between 7 kV and 
8 kV AC at 60 Hz phase to phase will cause insulation breakdown between phases, however, the base 
insulation system operating environment is 480 RMS in a 3 phase AC application. These results are 
preliminary and we are currently building the dataset to analyze this failure mode. 

Future testing will include humidity and salt spray as additional stress factors. Other forms of thermal 
stresses will include thermal transients, internal thermal gradients via high current injection, and other 
thermal tests. Mechanical load capabilities will be extended to include a variety of static and dynamic 
loads. These tests will be statistical in nature and will involve continued testing of small representative 
samples in addition to full scale testing. The final output of this “discovery” phase of testing will be to 
establish design rules for the insulation system design covering material selection, supplier qualification 
and, ultimately, production testing to provide customers the same or better assurance that the BWP 
stator will perform satisfactorily for the design life of the generator. 

18 Cost of Energy Analysis 
Introduction: In a proprietary model, BWP has conducted extensive analysis of the levelized cost of 
energy (LCOE) for our offshore 6MW design (BWP 6.0-150) and two best-in-class offshore wind turbines, 
a gear-driven 6MW design (Baseline Geared 6.0-150), and a state-of-the-art iron-core, PMDD 6MW 
turbine (SOA-PMDD 6.0-150).  Our detailed cost model for the Baseline Geared 6.0-150 design was 
estimated using figures developed by NREL during this project.  Our detailed cost model for the SOA-
PMDD 6.0-150 is based on an estimated bill of materials that was developed internally and modeled 
based on the dimensions of a recently released 6MW PMDD product.   

For all three turbine systems, BWP conducted an LCOE comparison for a fixed-bottom monopile 
foundation consistent with the site characteristics of the so-called K-13 offshore site 25-meter water 
depth and approximately 100 kilometers offshore (from the Upwind Report Fisher [2010]).  In addition, 
BWP conducted an LCOE comparison for a floating spar-buoy foundation at a 305-meter water depth 
and approximately 25 kilometers offshore. 

Fixed Foundation LCOE Analysis: Our analysis focuses on the benefits specifically enabled by the 
BWP drivetrain and indicates that the LCOE for a turbine that incorporates this drivetrain is substantially 
below what is currently considered best-in-class for geared drivetrains.  We have also provided COE data 
for a representative state-of-the-art iron-core PMDD concept. 

Table 12 Summary of LCOE analysis 

Turbine Product 
LCOE 
(undiscounted) 

BWP % 
improvement 

LCOE 
(discounted) 

BWP % 
improvement 

Baseline Geared 6.0-150  $0.0716 15 % $0.1251 11% 
SOA Direct Drive 6.0-150 $0.0689 12 % $0.1232 10% 
BWP 6.0-150 $0.0609  $0.1009  
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BWP’s LCOE per kilowatt hour (“kWh”) advantage stems from three primary components: 

Lower Capital Cost.  The capital cost of the BWP turbine system is 16% less than the Geared 
machine and 20% less than the iron-core SOA-PMDD machine.  The primary cost advantage of the BWP 
turbine system compared to the both the Geared and SOA-PMDD systems is attributed to the dramatic 
reduction in nacelle mass of the BWP design, estimated to be a 57% reduction in nacelle mass relative to 
the Baseline Geared system and a 30% reduction relative to the SOA-PMDD system. 

In addition to the capital cost advantages directly attributed to the BWP drivetrain, BWP and NREL 
completed a preliminary loads analysis to quantify the additional mass reduction and associated cost 
savings in the tower and monopile foundation structure that BWP’s lightweight drivetrain uniquely 
enables.  The conclusion of the preliminary analysis found that a 9% mass reduction in the tower and 
foundation is readily achievable for the BWP system and that a detailed analysis and system 
optimization should yield significantly greater mass and cost reductions in the tower and foundation 
structures. 

BWP and NREL also completed a preliminary loads analysis to quantify the additional mass reduction 
and associated cost savings in the floating spar-buoy foundation structure that BWP’s lightweight 
drivetrain uniquely enables.  The conclusion of the preliminary analysis found that up to a 30% mass 
reduction in the spar-buoy foundation may be achievable for the BWP system.   

Lower Operating and Maintenance Costs.  The BWP machine will have substantially lower 
operating and maintenance costs per kWh: a 36% discount to the Baseline Geared and a 23% discount 
to SOA-PMDD.  The BWP maintenance cost advantage stems from the simple design, the lack of a 
gearbox and supporting infrastructure, and a modular design that enables all generator repairs to be 
made up-tower in situ without the need for a jack-up vessel and crane.  Eliminating the need for these 
expensive service vessels dramatically reduces the unscheduled maintenance costs—a 65% reduction 
relative to geared systems 

 

Higher Annualized Energy Production (AEP).  BWP’s biggest advantage relative to the 
Baseline Geared machine stems from its superior energy output, which is estimated to be 18% higher 
than the Baseline Geared turbine and 3% higher than the SOA-PMDD turbine.  The capacity factor 
advantage relative to the Baseline Geared machine is largely due to the high efficiency generator, the 
lack of gearbox losses, and the increased availability as a result of fewer major unscheduled 
maintenance events.  The capacity factor advantage relative to the iron-core SOA-PMDD machine is due 
to the superior generator and electrical system efficiency. 

This analysis confirms that the novel, patented BWP generator design provides a leap in LCOE reduction 
relative to alternative approaches, and it enables the production of offshore wind-based electricity at 
levels competitive with fossil fuels.  Compared to both traditional geared and iron core direct drive 
systems, BWP’s technology provides a durable competitive advantage for the long term. 
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19 LCOE Calculation Methodology 
BWP’s proprietary model benchmarked three machines: the Boulder Wind Power 6.0-150, a Baseline 
Geared 6.0-150, and the representative next-generation iron-core SOA-PMDD 6.0-150.  The two 
competing machines were selected as best-in-class turbines at the leading edge of performance and 
efficiency for both geared and direct-drive systems. 

The analysis calculated two estimates of LCOE for each machine—an undiscounted value and a 
discounted value—to separate the effects of pure technical performance from the impact of the cost of 
capital, time, and tax benefits.  The undiscounted value is simply calculated by taking estimates of all 
costs over a 20-year period (capital and operating) and dividing by total energy production over the time 
period.  The discounted value spreads the cash flows over 20 years and discounts the cash flows and 
energy production (discount rate of 13.0% after tax weighted average cost of capital).  The cash flows 
include a tax benefit for accelerated depreciation and the tax shield associated with pre-tax operations 
and maintenance expenses.  However, the cash flows do not include any additional tax incentives or 
cash grants such as the production tax credit (PTC) or the investment tax credit (ITC). 

Model Assumptions: The cost models have been developed using a detailed estimated bill of 
material to calculate costs for the BWP design and estimated data for the competing machines.  The 
estimates for the Baseline Geared machine have been assembled based on scaling estimates provided 
by NREL.  The estimates for the SOA-PMDD machine have been assembled in-house by leveraging BWP’s 
extensive PM generator design expertise to complete an aggressive conceptual design for a large 
diameter (~8 meters), liquid-cooled iron-core PMDD machine. The key assumptions for the three 
machines are summarized in Table 13 and Table 14.  The methodology for estimating the three primary 
categories of costs—capital costs, operating and maintenance costs (O&M) and AEP—are as follows: 

Capital Costs.  A bottom-up approach was taken in assessing the capital costs of each wind turbine 
rather than attempting to use actual market data, which varies widely by source and market conditions.  
The BWP costs were based on a detailed bill of materials that is reflective of the current stage of the 
design.  As mentioned previously, the costs for the Baseline Geared turbine were developed based on 
scaling estimates provided by NREL.  The approach for the SOA-PMDD turbine was to estimate the cost 
of the various components based on weight and materials.  Cost models for the foundations, 
installation, and all balance of system components were provided by NREL for a 504MW farm using 
monopile foundations at 25-meter water depths per the so-called K-13 site.  Given identical machine 
ratings, total farm capacity, and site characteristics, the balance of plant estimates were fixed across all 
three machines. 

Table 13 - Turbine subsystem masses 

Component Weights (kg) BWP 6.0-150 
Baseline 
Geared 6.0-150 

SOA-PMDD 
6.0-150 

  Generator, gearbox, main shaft, bearing 87,000 410,000 152,000 
  Balance of nacelle 91,000 100,000 
  Rotor 163,800 163,800 163,800 
    Total Tower Head Mass 341,800 573,800 415,800 
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  Specific Yield (kWh/kg) 78 45 63 
 

Table 14 - Turbine costs by comparison 

Turbine Costs, by Component BWP 6.0-150 
Baseline 
Geared 6.0-150 

SOA-PMDD 
6.0-150 

  Nacelle  $      3,337,000   $      4,191,000   $      4,547,000  
  Rotor  $      2,120,000   $      2,120,000   $      2,120,000  
  Tower  $      1,875,000   $      2,160,000   $      2,160,000  
  Foundation  $      2,544,000   $      2,850,000   $      2,850,000  
  Installation  $      4,350,000   $      4,350,000   $      4,350,000  
  Electrical BOS  $      8,976,000   $      8,976,000   $      8,976,000  
  Other BOS  $         228,000   $         228,000   $         228,000  
  Soft costs  $      4,443,500   $      4,722,000   $      4,722,000  
    Total Capital Cost  $    27,873,500   $    29,597,000   $    29,953,000  
    

Net Annual Energy Production (kWh)        26,741,356         25,662,898         26,069,794 
    

Capex per kW nameplate  $             4,646  $             4,933   $             4,992 
Capex per kWh (annualized)  $           0.0521   $          0.0577   $          0.0574  
BWP % Improvement   11%                  10% 

 

Operating and Maintenance Costs.  Our analysis segregated estimated wind farm fixed costs 
unrelated to operating turbines (including insurance, land rent, administration, grid power, wind 
forecasting and scheduled maintenance) and unscheduled maintenance costs (including repair parts, 
cranes, and labor).  The fixed costs were generally estimated on a per turbine basis.  The variable costs 
were built up on a per unit basis using estimated failure rates and component and repair costs to 
calculate an expected cost per turbine.  The results of this analysis are summarized in table 15. 

Gearbox failures represent a substantial part—64%—of the estimated unscheduled maintenance costs 
for the geared system.  The model anticipates a single (1) gearbox replacement over a twenty-year life 
per turbine, implying a ten-year life per gearbox.  The estimated replacement cost per incident is 
$1,991,400. Major generator failures represent the largest portion—50%—of the estimated 
unscheduled maintenance costs for the SOA-PMDD system.  The model anticipates one major generator 
failure for every two machines over a 20-year period.  This failure rate was estimated based on the 
perceived risk in the liquid-cooling generator thermal management system, which reflects the significant 
heat transfer challenge imposed by an aggressive iron-core PMDD machine designed to minimize cost 
and weight.  The estimated cost per incidence is $2,065,500 after deducting scrap value for the replaced 
generator. 

The BWP turbine is not expected to suffer from these sizeable maintenance expenses because of the 
lack of a gearbox and supporting systems and its modular generator design that enables most generator 
issues to be resolved up-tower or with a more modest size crane.  Although BWP has very high 
confidence that the PCB insulation system and generator heat rejection systems are robust enough to 
last in excess of the 20-year design life, to clearly demonstrate the financial risk mitigation enabled by 
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BWP’s modular stator design, the LCOE model estimates one major generator failure for every machine–
–the cost per incidence is less than $100,000.  

Table 15 - Operations and maintenance costs per turbine 

Per Turbine O&M Costs 
BWP  
6.0-150 

Baseline 
Geared 6.0-150 

SOA-PMDD 
6.0-150 

Annual fixed operating costs (a)  $    179,320 $    200,710  $    194,270 
Total unscheduled maintenance costs  (20 years) $ 1,141,082  $ 3,122,472  $ 2,083,652  
Unscheduled maintenance costs  (annualized) $      57,054  $    156,124  $    104,183  
All-in O&M costs (annualized) $    236,374 $    356,834 $    298,453 
All-in O&M per kWh  $      

0.0088 
 $      
0.0139 

 $      
0.0114 

BWP % Improvement  36.4% 22.8% 
Includes insurance, land rent, administration, surveillance, wind forecasting, and other operating costs 
that are site-specific rather than turbine-specific. 

Annual Energy Production.  The annual energy production estimates are based on design power 
curve information for the BWP machine, publicly available power curve and gross capacity factor 
information for the competing Baseline Geared turbine, and estimates for the SOA-PMDD machine.  All 
machines are assumed to be placed in an identical wind environment per the K-13 site characteristics 
with a 105-meter hub height, and 10.58 m/s mean wind speed at the hub height.  Peak rotor 
aerodynamic efficiency was held constant for all machines at 49% (Cp = 0.49).  Since all three machines 
were modeled to utilize an identical rotor, tip-speed estimates for all three machines were held constant 
at 90.0 meters per second.  Non-drivetrain losses for each machine were held constant at 13% to 
account for grid loss, blade soiling, wake effects, icing, and other environmental effects.  The downtime 
for scheduled and unscheduled maintenance varied based on fleet performance calculations that build 
from a bottom-up component failure analysis.  Production comparisons are highlighted in Table 16. 

Table 16 - Annual energy production estimates 

Annual Energy Production BWP 6.0-150 
Baseline 
Geared 6.0-150 

SOA-PMDD 
6.0-150 

Total installed capacity (MW)  504  504   504  

Gross AEP (MWh/yr)  32,402  31,349 
 31,64
1 

Non-Drivetrain losses (%)  13.0%  13.0% 
 13.0
% 

Availability (%)  97.0%  96.3% 
 96.8
% 

Net AEP (MWh/yr)  26,741  25,663 
 26,07



52 
 

0 

Net capacity factor  50.8%  48.8% 
 49.6
% 

 

LCOE Conclusions for Monopile Foundation 

The BWP turbine provides a levelized COE at a dramatically lower level than that of the Baseline Geared 
or SOA-PMDD wind turbines.  This advantage results from BWP’s radically new design, which is lighter, 
simpler, and more efficient than competing machines.  This design results in superior characteristics 
along three key variables: capital cost, unscheduled maintenance costs, and total energy produced over 
the life of the machine.  The results of BWP’s comprehensive LCOE modeling for a fixed-bottom site 
utilizing monopile foundations at 25-meter water depths and 100-kilometers offshore are summarized 
in Table 17. 

Table 17 - LCOE breakdown, monophile foundation 

Levelized Cost of Energy, by Category BWP 6.0-150 
Baseline 
Geared 6.0-150 

SOA-PMDD 
6.0-150 

Turbine capital cost ($/MWh)  $        13.71        $            16.50  $         16.93 

Foundation ($/MWh)  $          4.76        $              5.55  $           5.47 

Installation ($/MWh)  $          8.13        $              8.48  $           8.34 

Electrical BOS ($/MWh)  $        16.78        $            17.49  $         17.22 

Other BOS & soft costs ($/MWh)  $          8.73        $              9.64  $           9.49 

Operations & scheduled maintenance cost ($/MWh) 
 $          
6.71   $              7.82  $           7.45 

Unscheduled maintenance cost ($/MWh) 
 $          
2.13  $              6.08  $           4.00 

Undiscounted Total System ($/MWh) 
 $        
60.96 

 $            71.57  
  $         
68.90 

Discounted Total System ($/MWh)  $      
110.86  

 $          125.12   $         
123.22 
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Figure 35 Bottom Fixed Cost of Energy Comparison 

LCOE Conclusions for Floating Foundation: In addition to the LCOE analysis for the fixed-
bottom site, BWP conducted a similar analysis for a floating site.  The wind conditions and all turbine 
components remained identical to the fixed-bottom site and therefore energy production and 
operations and maintenance costs are held constant.  However, the site was assumed to be closer to 
shore (25 kilometers vs. 100 kilometers) to keep the total capital expenditures for each turbine 
installation below a limit and to maintain the economic feasibility of the project.  By assuming the 
project is closer to shore, and perhaps more representative of a project off the West Coast of the United 
States, the additional costs of floating foundations are partially offset by reduced electrical balance of 
system costs.  This preliminary conclusion is reflected in the analysis presented in Table 18 for a floating 
site utilizing spar-buoy foundations at 305-meter water depths and 25 kilometers offshore. 

Table 18 - LCOE breakdown, floating foundation 

Levelized Cost of Energy, by Category BWP 6.0-150 
Baseline 
Geared 6.0-150 

SOA-PMDD 
6.0-150 

Turbine capital cost ($/MWh)  $        13.71        $            16.50  $         16.93 

Foundation ($/MWh)  $        14.13        $            21.03  $         20.70 

Installation ($/MWh)  $          5.61        $              5.85  $           5.75 

Electrical BOS ($/MWh)  $          9.17        $              9.55  $           9.40 

Other BOS & soft costs ($/MWh)  $          8.90        $            10.90  $         10.73 
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Operations & scheduled maintenance cost ($/MWh) 
 $          
6.71   $              7.82  $           7.45 

Unscheduled maintenance cost ($/MWh) 
 $          
2.13  $              6.08  $           4.00 

Undiscounted Total System ($/MWh) 
 $        
60.35 

 $            77.73  
  $         
74.96 

Discounted Total System ($/MWh) 
 $      
109.63  

 $          137.60 
 $         
135.51 

 

 

Figure 36 Floating COE Comparison 

20 Conclusions 
BWP has developed a radical new air core, axial flux, direct drive generator based on a robust printed 
circuit board manufacturing technique.  Due to the air core design approach there are no attractive 
forces between the stator and the rotor.  This drastically reduces the need for structural stiffness and 
weight in the stator and rotor support structure while enabling larger diameter generators with higher 
circumferential speeds. These primary features conspire to reduce the nacelle weight by 57% compared 
to the baseline turbine and also enabled at least 15% reduction in support structure weight.  A passive 
air gap control system allows small air gap dimensions between magnet faces and stator surfaces thus 
contributing to outstanding efficiency.  The ironless core eliminates iron losses which also contribute to 
excellent efficiency at low power levels. Low copper losses contribute the final efficiency advantage 
making the BWP generator the highest efficiency drive train available.  Although the BWP large diameter 
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generator introduces a paradigm shift for turbine designers it resolves shipping constraints due to its 
modular construction, easy access to individual stator boards for up-tower maintenance and excellent 
scalability across all product platforms.  A variety of nacelle enclosures can be used including open 
frame.  Large closed nacelles have been used successfully with dramatic performance enhancement.   

The BWP turbine provides a levelized cost of energy at a dramatically lower level than that of the 
Baseline Geared or SOA-PMDD wind turbines.  This advantage results from BWP’s radically new design 
which is lighter, simpler and more efficient than competing machines.  This design results in superior 
characteristics along three key variables—capital cost, unscheduled maintenance costs and total energy 
produced over the life of the machine.  
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