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The Fine Print

* Acknowledgement: This material is based on work supported by the U.S.
Department of Energy under award number DE-EE0008787 (GE) and Contract
No. DE-AC36-08G028308 (NREL) through the Office of Energy Efficiency and
Renewable Energy Wind Energy Technologies Office.

* Disclaimer: This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States Government
nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product, process or
service by trademark, manufacturer or otherwise does not necessarily
constitute or imply endorsement, recommendation or favoring by the United
States Government of any agency thereof. The views and opinions of the
authors expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.
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Design Matrix

Generator technologies
— Interior permanent-magnet direct drive (IPM)
— Low temperature superconducting (LTS)

— Medium-speed geared configuration (gear ratio 120) with surface-mounted
permanent-magnet generator (MS-PMSG)

Ratings of 15/17/20/22/25 megawatts (MW)

Floating and fixed bottom

Design and optimization supported by the Wind-Plant Integrated System Design
and Engineering Model (WISDEM®) and Wind Energy with Integrated Servo
control (WEIS).
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Wind Turbine Configurations

Parameter

Nameplate Power (MW)
Units 15 17 20 22 25

* Specific power International
Energy Agency (IEA) 15 MW 325
W/m?2

* Max blade tip speed of 95 m/s

2023 Drivetrain Reliability Collaborative

Rotor Diameter
Blade Length

Hub Diameter
Rotor Overhang
Rated Rotor Speed
Rated Shaft Torque

m 2422 2579 279.7 293.36 312.7
m 117.2 1247 135.3 141.78 151.2
m 7.9 8.4 9.2 9.8 10.4
m 12.0 13.0 14.0 15.0 16.0
rpm 7.5 7.0 6.5 6.2 5.8
MNm 20,1 243 310 30.8 433

rpm: revolutions per minute

Parameter

Generator architecture
Units DD-LTSG DD-IPMSG MS-PMSG

Rotor-stator config
Gear ratio

Target efficiency
Rated terminal voltage

Inner rotor Quter rotor Inner rotor
1:1 1:1 1:120
% 97 95 96
kV 3.3 3.3 3.3
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Cost Model

it | /kg [Buy oy | ki

* Bill of materials scaled by unit cost of materials and e | e | s 96.2
electricity consumption

o" V) . .
— Includes “buy-to-fly” multipliers ENSSY PP R o

— U.S. average cost of electricity for industry in 2022 = T P T —
$0.078 per kilowatt-hour (kWh)

Steel 1.56 1.21 15.9

NbTi 45.43 1.0 79.0

e Cost and mass of cooling system scales by generator rating Cooling Mass

and diameter Rating (MW) | LTS (t) | IPM (t) | MS-PMSG (1)
15

— Cooling cost multiplier = $124 per kilogram (kg)

10.6 1.3
17 12.0 1.5

e Bureau of Labor Statistics manufacturing estimates final cost 20 14.9 18
is 18.9% capital, 61.9% materials, 19.3% labor, so our - 16.4 By
materials estimate is scaled by 1/0.619 to obtain final cost. e e -
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Source: N REL/PR-5000-85341

Comparison of Generator

Technologies

1.881e+000 : >1.980e+000
1.783e+000 : 1.881e+000
1.684e+000 : 1.783e+000
1.585e+000 : 1.684e+000
1.486e+000 : 1.585e+000
1.388e+000 : 1.486&+000
1.2892+000 : 1.388&+000
1.1902+000 : 1.289&+000
1.0912+000 : 1.190+000
9.927e-001 : 1.091e+000
8.940e-001 : 9.927e-001
7.952e-001 : 8.940e-001
6.965e-001 : 7.952e-001
5.977e-001 : 6.965e-001
4.990e-001 : 5.977e-001
4.003e-001 : 4.990e-001
3.015e-001 : 4.003e-001
2.028e-001 : 3.015e-001
1.040e-001 : 2.028e-001
<5.279e-003 : 1.040e-001

nsity Plot: |B|, Tesla

e Design optimization used finite element method
magnetics (FEMM) models of generator sections;
particularly important for permanent-magnet designs

e Code is publicly available at
https://github.com/WISDEM/GeneratorSE/

NERNRNNRENRERRERERET

* Cost vs. mass minimizations
— We moved ahead with the minimum-cost designs.
— Results are very sensitive to the unit costs of the
materials.

‘_ﬂ . g i
(B
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https://github.com/WISDEM/GeneratorSE/

Source: NREL/PR-5000-85341

Generator Design Optimization

material electromagnetic electromagnetic material material

props props props

User Input

Initialization

props costs

dimensions, masses H dimensions, masses H dimensions, masses

performance torque, stresses

. . L
/ efficiency, voltage — )
(analytical)

- - FEMM
/ torque, magnetic loading — .
va.

Structural

(analytical)

Glossary:
IC: independent component
DV: design variable

deformations sizing

mass, cost
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Source: NREL/PR-5000-85341

LTS Design ey

——— el

| 8C coil
: =

e Optimal design parameters generally avoid extremes tor
* Good cost and consistent efficiency across power
B
- - £ hWS
rotor s UE
Bounds Nameplate Power (MW)

Symbol Description Units Lower Upper Symbol Description Units 15 17 20 22 25
. Ta Stator radius m 4.5 4.5 4.75 4.75 4.75

Ta Stator radius m 3 4.75 h. Winding height mm 148 166 180 220 263
h Winding height mm 50 400 1 Axial length m 1.0 1.0 1.0 1.0 1.0
ls Axial length m 0.75 1.75 hse Field coil height mm 40 30 35 45 73
oo Field coil height i 20 200 }V gieig et A 45115% 5217532 511662$ 50108[2]? 5124125

. . _ se—op ield current . . . . .

ivsc Eletld COllktué?.Sk 1155000 3350%0 hyr Rotor yoke thickness mm 150 150 150 150 150
yr otor yoke ThICKNess mm pp Pole pairs - 38 37 39 39 39
pp Pole pairs - 15 40 Ne Stator turns per coil - 1 1 1 1 1
N, Stator turns per coil - 1 7 dov Field coil width deg 0.740 1316 1258 1.258  1.310
da Wire width deg 0.2 0.6 Tratie  Torque ratio - 102 108 098 102 102
hes Stator support rim thickness mm 25 600 Epratio  Terminal voltage ratio - 0.98 0.80 0.84 0.86 0.82
her Rotor support rim thickness mm 25 500 n Efficiency - 98.4 98.4 98.5 98.4 98.4
iy Rotor disc thickness mm 25 500 Myen Total mass t 1921 1929  207.8 217.3 2286
te Stator disc thickness min 25 500 Cgen Total cost k$ 4944.4  5270.5 6078.9 6631.5 7369.8
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Source: NREL/PR-5000-85341

IPM Design

 Difficulty maintaining efficiency target at high power
* Mass and cost increase with increasing power than LTS

design
Bounds Nameplate Power (MW)
Symbol Description Units Lower Upper Symbol Description Units 15 17 20 22 25
. Ta Stator radius m 4.5 4.5 4.75 4.75 4.75
v %tatﬁr lrla,dllus m 430 4357 g I Axial length m 25 25 25 25 2.5
t 0o 111 €18 }1 mm hy Tooth height mm 107 120 137 149 214
Ls Axial length . m 0.75 2.5 be Tooth width mm 345 326 325 287 335
dimag Vertex to r‘otor inner radius mim 50 250 rmag Vertex to rotor inner radius mim 50 50 50 50 50
[ Magnet thickness mm 5 60 . Magnet thickness mm 16.3 22.0 30.8 48.3 47.3
hyr Rotor yoke thickness mm 20 300 Tyr Rotor yoke thickness mm 30 97 94 4 81
hys Stator yoke thickness mm 20 300 hys Stator yoke thickness mm 61.2 48.0 53.8 62.5 115.2
pp Pole pairs - 50 200 pp Pole pairs - 60 65 60 55 35
N. Turns per coil _ ) 10 N, Turns per coil - 4 4 4 4 4
b, Tooth width mm 20 100 Js Winding current density A/mm? 6 6 6 6 6
Js Winding current density A/mm2 3 6 Tratio Torque ratio - 1.05 1.01 1.05 1.06 1.05
has Stator support rim thickness mm 40 200 Epratio Terminal voltage ratio - 0.81 0.91 0.89 0.82 Bt
hsr Rotor support rim thickness mm 40 200 U Efficiency - 94.7 94.6 94.7 94.9 @
t, Rotor disc thickness mm 50 300 Myen Total mass t 314.0 3829 4459  460.6  507.5
ts Stator disc thickness mm 50 300 Cyen Total cost k$ 6298.5 7516.0 9334.5 10708.2 11819.7
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MS-PMSG Design

* Consistent efficiency across power

e Greater mass and cost increase with
increasing power than LTS design rotor

Source: NREL/PR-5000-85341

Bounds Nameplate Power (MW)
Symbol Description Units Lower Upper Symbol Description Units 15 17 20 22 25
Electric machine design variables rg Air-gap radius m 0.5 0.5 0.5 0.5 0.5
Ty Air-gap radius m 0.5 2.0 1. Axial length m 0.59 0.60 0.66 0.69 0.80
Ly Axial length m 0.5 2.5 hs Slot height mm 25 25 26 26 25
h Slot height mim 25 100 g Air-gap length mm 9 9 9 9 9
g Alr-gap length mm 6 9 B Magnet height mm 12 14 18 28 34
hm Magnet height mm 5 75 pp Pole pairs - 10 10 10 10 10
iy Pole pairs - 4 10 ratio Ratio of pole width to pole pitch - 083 083 085 085 0.8
rafio Ratio of pole widih to pole pitch - 0.7 0.85 N. Stator turns per coil - 2 2 2 2 2
N, Stator turns per coil - 2 12 I Stator current A 6000 6000 6000  6OOO 6000
I, Stator current A 500 G000 By Rotor yoke thickness mm 06 81 44 38 45
hy/hy,  Rotor/Stator yoke thickness mim 10 100 hy Stator yoke thickness mm 2 28 35 41 40
: 1 ys -

Structural design variables i Tratio  Torque ratio - .02 099 100 099 095
he/he,  Rotor/Stator support rim thickness mm 45 250 Epras Terminal voltage ratio ~ 1.09 1.07 1.10 1.10 1.20

n,./n, Number of rotor/stator spokes - b 15 rane Effici _ y . 9 . y .
b, /b, Rotor/Stator circumferential arm dimension m 0.1 1.5 ki cleney 0968 097 0975 0.977  0.977
d, [d, Roto[‘fSt.at.or arm depth m 0.1 1.5 Mygen Total mass t 5116 5382 6.094 6.810 7.715
twr/tws  Rotor/Stator arm thickness mm 1 200 Cyen Total cost kS 3252 366.1 436.8 499.1 575.7
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Source: NREL/PR-5000-85341

Mass and Cost Trends

5001 —— DD-IPMSG —+— DD-IPMSG
_ —o— DD-LTSG 8001 o pD-LTSG
c = MS-PMSG _ = MS-PMSG
8 4001 S oo
Bounds on armature diameter v / g
n
.. @ 300 - n
limit growth of mass, not of cost, s 8 600
'
i 2 B S
and IPMSG design at 25 MW £ 200 g g 2 500
.. o v
does not meet efficiency - L
. Q 400 -
requirement.
1 - -
L s : T s ; 300 L3 . . : ;
15 17 20 22 25 15 17 20 22 25
Nameplate Power Rating (MW) Nameplate Power Rating (MW)
, 22000
197 bo1pmsc 120001 o pp.pmsG —+— DD-IPMSG
—8— DD-LTSG - —o— DD-LTSG 200001 —e— DD-LTSG
£ 1201 = MS-PMSG E 10000 { —m— Ms-PMSG § 18000 ]~ MSPMSG
s
O 1501 < 5000+ 2 16000
& 3 6000 ‘514000—
< 100 = Y 12000
o ] — o
c - 9
‘5 8 4000+ @ 10000 A
= 90 o g g
I & 2000 Z 8000
80 - e i H H H 6000
5 s A A > 15 17 20 22 25 15 17 20 22 25
Nameplate Power Rating (MW) Nameplate Power Rating (MW)

Nameplate Power Rating (MW)
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Fixed Bottom Designs

* Operational expenditure (OpEx)
costs of 110 S/kW/yr.

* LCOE results are very sensitive
to this number, see LTS and MS-
PMSG results for OpEx costs
increased by 10%.

m
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L

----- ® s DD-IPMSG
—o— DD-LTSG
LTS OpEx+10%
MS-PMSG
s = -M- MS-PMSG OpEx+10%

LCOE (USD MWh™1)
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Floating Designs

Similar platform masses and
BOS costs across generator
technologies.

At 25 MW, MS-PMSG and LTS
are closer.

96 —#— DD-IPMSG
—0— DD-LTSG
. —m— MS-PMSG
T 94
=
:
o 921
vl
2
w 90 -
o
]
|
BB 1

T T T T T

15 17 20 22 25
Nameplate Power Rating (MW)
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Summary

Three drivetrain technologies (IPM, MS-PMSG, and LTS) at five ratings (15, 17, 20, 22, and
25 MW), fixed-bottom and floating evaluated in WISDEM and WEIS

IPM efficiency struggles at higher power; could indicate topology limitations.

LTS efficiency suggests no limitation over power; less sensitive to cost and efficiency
change with power.

MS-PMSG shows improving efficiency with power level, but higher rate of cost increase
than LTS.

Results are sensitive to models (material properties, costs, operations and maintenance),
so focus on trends rather than specific numbers.
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Summary

LTS reduces LCOE by 2%—3% compared to IPM, which struggles especially at higher
ratings.

* Despite the lower drivetrain efficiency, MS-PMSG shows the lowest cost of energy.
However, we did not model operations and maintenance costs, which might
increase with a gearbox or new technology, and results are very sensitive to OpEx.

* LCOE decreases with increasing rating for floating. For fixed bottom, it stays flat
from 15-20 MW, and increases at 25 MW.
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