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Fundamentally, what is driving evolution of wind turbine technology?
1) Economies of scale: 5 to 20 MW wind turbines can achieve extremely competitive S/kW-hr
2) Criticality of offshore and remote deployment: NIMBY & wind-resource driven

Manufacturer Country Mechanical Generator Inverter Turbine Power
name of origin transmission rotor type required size (m) output (MW)
1 Vestas Denmark Gear box Induction Part (DF) 52-90 09 -3.0
Gear box? RE magnet Full 112 3.0
2 General Electric USA Gear box Induction Part (DF) 71-83 1.5
Gear box RE magnet Full 100 2.5
Direct drive® RE magnet Full 110 4.0
3 Sinovel China Gear box Induction Part (DF) 60-113 1.5 -3.0
4 Enercon Germany Direct drive Wire-wound Full 33-126 03 -75
5 Goldwind China Direct drive RE magnet Full 70-100 1.5 -25
6 Gamesa Spain Gear box Induction Part (DF) 52-97 09 -3.0
Gear box RE magnet Full 128 4.5
7 Dongfang China Gear box Induction Part (DF) 1.0 -25
8 Suzlon India Gear box® Induction Full 52 -88 0.6 -2.1
9 Siemens Germany Gear box RE magnet Full 82 -107 2.3 -3.6
Direct drive RE magnet Full 101 3.0
10 | Repower Germany Gear box Induction Part (DF) 82-126 2.0 —-6.0

DF: doubly fed induction generator a) hybrid drive b) acquired from Scanwind c) constant-speed

Industry response: Technology down selection is now being driven by:
Power plant “scalability”
Power plant “autonomy” (reliability, service intervals)



Most traditional generator architectures are off the table

Table 1: Pros and cons of different generator architectures in the context of multi-MW wind turbines

drive train | generator type | rotor architecture advantages disadvantages
earbox induction squirrel cage no rare earth magnets gear box failures
g ’ 4 8 no brush/slip-ring maintenance DFIG counterpart cheaper
. . . _— gear box failures
gearbox induction wire-wound no rare earth magnets brush/slip-ring maintenance
gear box failures
gearbox synchronous wire-wound no rare earth magnets brush/slip-ring maintenance
DFIG counterpart cheaper
gearbox synchronous permanent magnet brush/slip-11 int gear box failures
N0 bIuslysiip-Ting MAMIENANCE | rare earth magnets (25 kg Nd /MW)
no gear box failures
direct-drive| induction squirrel cage no rare earth magnets poor power factor
no brush/slip-ring maintenance
direct-drive| induction wire-wound no gear box faitures poor power factor
no rare-carth magnets brush/slip-ring maintenance
direct-drive | synchronous wire-wound no gear box failures brush/slip-ring maintenance
no rare earth magnets
direct-drive | synchronous permanent magnet no gear box failures rare-earth magnets (250 kg Nd /MW)

no brush/slip-ring maintenance

direct-drive

Syn(:hronous -

IDFIG: doubly-fed induction generator; Nd: Neodymium

no gear box failures
no rare earth magnets
no brush/slip-ring maintenance

Direct drive requires some form of high-pole-count synchronous generator




The movement towards direct drive (the 1st technology down select)
¢ Both the “scalability” and “autonomy” requirements have driven the movement towards direct drive

Overview of and Trends in Wind Turbine
Generator Systems

ENERGY MIT Technology Review
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Enercon (1993)
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Early adopters

The importance of eliminating the gear box amounts to common sense.

It’s likely that gear box performance limitations will prove limiting to scalability and reliability.
Why not exhaustively explore options for direct drive?

Later converts

Direct drive technology has been proving itself in the field.

If direct drive succeeds, how we will be positioned among our competitors?

Both the real and perceived problems of gear boxes may amount to a competitive liability.

Hold outs

Gear box technology has yet to fully mature.

We are already heavily invested in gear box technology.

Direct drive introduces some of its own engineering challenges (e.g. mechanical rigidity).




The movement towards RE magnets (the 2nd technology down select)
¢ Driven by the “autonomy” requirement (brushes and slip rings have a limited service lifetime)

e Rare earth magnet rotors chosen over wire-wound rotors despite cost
* Enercon is the lone exception
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Rare earth metal supply crisis Ref: Asian Metals

96% of production in China

Steep price hikes

Wild uncertainty about future prices
Further uncertainty about future availability
Environmental damage of mining operations
Investor uncertainty about ROI

Need for contingency plan



Interestingly, with regard to the rare earth crisis Enercon is once again the exception
e Since its inception in 1993, Enercon’s direct-drive annular generator has been designed around use of wire-wound rotors

Enercon’s wire-wound-rotor direct-drive generator
| has no gear box and requires no rare earth magnets
E but offshore deployment is hindered by the limited

service lifetime of rotary electrical contacts.

Observations about the technology path chosen by Enercon

e Decided very early that gear boxes and permanent magnets were off the table.

e Gradually scaled up and improved their original direct-drive/wire-wound rotor concept.

e Aggressive pursuit of power scaling.

e Enercon is proof positive that the direct-drive/wire-wound-rotor concept is feasible.

e Enercon has defied repeated speculation about weight and mechanical tolerance challenges.
e Reliability and service-lifetime limitations of slip-ring technology is viewed as key weakness.
* Enercon has not penetrated the offshore deployment market.

Given what Enercon has demonstrated, and given the rare earth magnet problem, what would be the
impact on the industry if someone invented a rotary electrical contact technology with ideal properties?



Briefing to Siemens Wind Power Group

(independent validation of the Twistact value proposition)

The purported value proposition of Twistact technology has since been verified directly by
representatives of the wind turbine industry. In April of 2013, with the assistance of Hal Stillman of
the International Copper Association, we engaged the Siemens Wind Power Group to gauge their
level of interest in Twistact technology. The findings from this meeting were as follows:

1) Twistact technology would allow Siemens achieve their longstanding goal of eliminating rare earth magnets in
multi-MW wind turbines, which currently hinders large-scale investment in wind power because of anticipated rare
earth supply disruptions.

2) Twistact technology would allow Siemens achieve their longstanding goal of constructing wind turbines larger than
3 MW, to realize significantly better economies of scale that exist at 10 MW and beyond.

3) Twistact technology would allow Siemens to reduce the weight of their wind turbine nacelle by 50%, thereby
reducing construction costs considerably.



Twistact Technology rotating

A fundamentally new class of rotary

electrical contact device to replace : \
brush/slip-ring hardware _ O

(table top demo unit) Statlonarv

“Rotary electrical contact device and method for providing current to and/or from a rotating member”

e US Patent 8,585,413, inventor: Jeff Koplow (Sandia Labs)
e DESIGN GOALS: current density > 2kA/cm?, 30 yr service lifetime, 80M+ rotations
¢ Rolling contact, current spends minimal time on belt, convectively cooled




Animation of epicyclical motion that provides pure rolling mechanical contact




Twistact overview

planetary sheave

The Twistact eliminates the two physical processes
by which brushes/slip-rings deteriorate: sliding
contact and electrical arcing

current

input
The Twistact consists of two elements:

1) A flexible, durable, electrically conductive belt.
2) A unique epicyclical transmission device to provide a
continuous ultra-low resistance path for current flow

current

Avoids macro-scale sliding (rolling contact) output

No contact bounce means no electrical arcing

Direct metallic contact, negligible voltage drop Self-tensioning

Two parallel current paths Twistact topology

Current flow is principally transverse to belt

Extremely effective thermal management

11



Key principles of operation

Twistact belt carries minimal mechanical load

Time-averaged I°R heating is not localized
(distributed over entire belt circumference)

Twistact may be operated immersed in
dielectric fluid for cooling, lubrication,
and/or segregation from contaminants

* Twistact can easily be scaled up in size to
increase current rating

12



Unlike brushes, heating is distributed and thermal energy
convected, and electrical conduction almost entirely transverse,
so current densities of 1000+ A/cm? become practical

: ) 100 sliding speed limited
graphite/electrographite by brush compliance
( and system instability

liquid metals
(complex and
dangerous
to operate)

5

£ \\
T o 50+ metal-plated
composite :-J_ SAmeR fihar metal fiber brushes
o)) can endure 300+ A/cm?
C ===
T
257
‘_-_-_-_--_-____-__—_—"“"*——_-
—e
0 L
(up to ~95% copper) 0 50 100

current density range (A/cm?)
graph adapted from: Kendall, McNab, and Wilkin, Physics in Technology 6 (1975)
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Ashby Plot: Electrical Conductivity and Fatigue Strength

PERCON 28
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Metals and alloys

Aluminum, commercial purity

aluminum composites _«

Copper, C10500 Copper-24% silver composite (wire)
coppers \ gol

ds

Composites
copper-beryllium (C172)

: A-50%B(f)
aluminu

Maraging steel,

teels

= ' . o
Aluminum-SiC foam (0.07)
1E5 1E6

1E7 1E8 1E9
fatigue strength at 1E7 cycles (Pa)

Included: copper, aluminum, iron, and gold (and their alloys)



Materials Selection: high fatigue strength and hardness are critical for longevity
(both for low wear and bending fatigue life of the belt)

fatigue strength:

cyclic fatigure stress amplitude (MPa)

1,000
800

500
400

data for Cu and Cu-Be (C172) from the
international copper association.
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Lesson from high
current density
fiber brush sliding
contacts: 10x wear
reduction with
material switch
from Cu to Cu-Be
running against
OFHC copper slip
rings

slip ring

sliding
direction

" Cu-Be fiber brush

..hard belt/soft sheaves

Percon 28

Electrical conductivity: 85% IACS
Tensile strength: 85 ksi (550 MPa)
Very high softening temperature







Cold pressure welded
junction cross-section
(Percon 28 wire)




After testing, the tensile
bar appeared to fail away
from the welded region in a
shear failure mode.

550 MPa yield strength at 1.5% strain

thn ' v
PRSP Ry <. by oy Sy g oy v



Stress-strain summary on first round of Percon-28 tensile tests

Percon-28 wire from a

- welded wire, but tested Percon-28 wire, with a hand-
away from the weld, no polished reduced cross- _ _
o reduced section in the gage  ¢action in the gage length Percon-28 wire, as received
i length No reduced section in the

r gage length
OVU.U

Approx. 550 MPa
yield strength
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30.0
20.0
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Strain in/in



Contact resista

For a 12.5 mm radius belt of 2.5 sq. mm. wire:

Rone = p Percon £ = 006 I”I’IQ
winding A Stat|0nary
sheave
R _ £ ~ pPercon ﬂ
asp. cont. =
3 2a 2 F
[ —
Then,
H ~ 1 GPa and
F ~ 100 N (belt tension ~ 50 N):
R = 0.05mQ)

nce analysis

\R?\ planetary sheave

l

rotating sheave
(rotor coupled)
~1/2
= —> /

75,

asp. cont. —

where [ is contact force and H is the
hardness of the softer sheave (work hardened, OFHC).

This corresponds to a resistance for one Twistact of,

R =0.15mQ)

Twistact —

@y
/Rﬁ/ planetary sheave \%\

-1

1 1
RTwisfact - [ﬁ + ﬁ) -
R = ROﬂe + 2Rasp. cont.S
winding

(negligible bulk sheave resistance)



Contact resistance analysis

the belt/sheave contact is modeled as a series of windings for which
one contact point with the sheave occurs per winding,

25mm giving the following resistor network:
diameter

~ 180 mm
diameter

(1 asperity per winding, 70 windings)
Rw I{W RM Rw Rw Rw
MW

Wv W\' _WVAV W\'
o A O

(the sheave is treated as a short)

R, isthe resistance of > R = p£ ~0.06 mQ
a single length of winding 4
R_ isthe contact resistance > R = £ 0.57 mQ

at one asperity (1 per winding)

calculated for a 10 Ib belt tension



Contact resistance analysis

% current remaining on belt

by 4 windings length
< 10% of the current
/ remains on the belt

0 1 2 3 4 5 6 7 8
number of windings from start of sheave contact



Parallel Evaluation/Development Efforts

2 sheave/1 belt design -- 8 sheave/2-belt design --
materials aging tester planetary sheave design
(high speed/accelerated aging) (wind turbine architecture)

‘f"(?

7” diameter sheaves
shown (“full scale”)

Common attributes: 1,800A DC current supplies -- 3,000 RPM capable motors --
scalable sheave/belt geometries (including full scale/wind turbine prototype) --
environment chambers (cover gas, fluid immersion capable)



current delivery
via array of brushes

copper braids provide
current delivery to
moving carriage

drive servo motor

¥

load cell: active
tension monitoring
(not visible here)

*device fits entirely in an environment chamber;
belt tension and RPM variable and continuously measured
autonomously, no breaking environment

automated
belt tensioner
stepper motor

helical endless belt
architecture shown

T

cross-roller bearing
ballscrew driven
linear positioner slide




.. S0 we implemented environmental chambers
(cover gas control AND liquid immersion possible)

23 sheave tester inside environment
~control chamber

o

8x instrumented ports:
- 3x thermocouples
- 6x voltage taps
- motor(s) control/feedback
- force transducer
- 1,000A rated feedthroughs
- liquid and gas input/output




After an water/N2 gas environment (immersion) experiment




Steady-state operation at 200 RPM, 550 A, 10 Ib belt tension
N, cover/water immersion, resistance from sheave to belt ~ 1 —2 milliohms

)

Percon 28
multifiber
= b brushes

this belt has 23M+ cycles at 10 |b tension, and running...



cross-section of sheave after 8M cycles

Worn-in OFHC CU sheave was sectioned, potted,
polished, and acid etched to enhance grain contrast

very coarse grained in bulk



cross-section of sheave after 8M cycles

groove oversized about 5% in radius, so the contact is nearly conformal,
minimizing nominal contact stress, but should occur at the centerline




cross-section of sheave after 8M cycles

belt is undersized about 5% in radius, so the contact is nearly conformal,
minimizing nominal contact stress

T

(5} delamination
&
work hardening evident

< ~15mm >



cross-section of sheave after 8M cycles

50 pm 50 pm

significant cold working delamination
about 20° off center about 20° off center

50 pm

no evidence of contact near centerline
... not undersized groove, so ellipsoidal
belt? What is optimal geometry?




2"d generation tester: 4 sheaves
reduced belt free-length (less Ohmic loss/similar to full-scale)

added 5kW cooling system



Next...

1) Coupon-level experiments to investigate
environment effects on contact resistance

- rolling contact over a 45° arc

- liguid immersion cell — optimal medium?

o propylene glycol
o hydrofluoroether
o water

2) 4-sheave testing platform:

- 1+ kA current, 200 rpm, accelerated fatigue
testing of Percon 29 belts against OFHC Cu
and Cu-Te alloy (corrosion resistant)

- Immersed in water/N, cover gas, immersed in
corrosion preventing cooling liquids

3) Fabrication of 8-sheave testing platform:

- 1+ kA current, 10 rpm capable full-scale (7+”
diameter sheaves) device

- two back-to-back devices, so as to remove
brushes from experiment (stationary to
rotating to stationary frame)

~ 1”




How to apply Hertzian analysis as a design tool
Neglecting surface roughness, the elastic half-space contact
analysis is a useful predictor of long-range stress and
displacement fields:

contact
F force
Body A:
spherically tipped pin
indent
depth d—l
I ’ T Body B:
EB ‘2a = &5 flat countersurface
elastic contact area B =
modulus diameter radius of
curvature
12 142 B
combined modulus: £'= 44 B
L E, E,

-1
combined radius:  R'= L+i} —>R'=R,
RA B

2/3
penetration depth: d:( 3F j

4E'\R'

actual surfaces typical metal
1.0 1 R oxide passivation

= Ui thickness is on the
€ 057 order of this line
= 1 <« width (1-3 nm)
£ 0-
o 1 _
2 054 I widthofa

R, ~110 nm v 500 nm coating
-1.0- | l T l |
0 10 20

X - position (um)

contact diameter (fully elastic): 2a, =v4R'd

contact diameter (fully plastic): 2ap = 4—F

TH

- both penetration depth and elastic contact area
are NOT a function of HARDNESS

- they are a function of ELASTIC MODULUS, which is
higher for most other pure metals of interest
(e.g. for copper E ~ 115 GPa, for nickel E ~ 200 GPa)




For a hard Au plated contact:
in contact with a softer (e.g. pure, coarse grain metal pin)

where, pintipradius: R =1/16" (~1.58 mm)
elasticmoduli: £, =E,=F,, =79GPa

contact
force

F

Body A:
metal pin

indent
depth d

Body B:
hard Au plated

B = o0
elastic contact area dius of softer metal
modulus diameter Tacius o
curvature

- note that the pin may fully yield well before the
hard Au coated substrate

- most importantly: this analysis does not describe
contact at the asperity level! For this we need to
account for roughness...

FOR A PERFECTLY SMOQOTH CONTACT :

approx. contact force, F (N)

0.1 1 10 100
Tmm 1 ==
onset of plastic deformation
H~ 0.5 GPa
'H~ 1.0 GPa
[ |
N H~ 1.5 GPa
@
T
fEU 100
g o HM
C
it}
c
(o]
o
10 um -
10 pm -
©
<
ol
(]
©
S Tum+
©
D
c
[}
Q
100 nm
10 100 1,000 10,000

contact force, F (g)



Index of Plasticity:
ref: Greenwood and Williamson, Proc. Royal Soc., 295-1442 (1966)

'
w_ B[R,
HN r
v is the average radius of

curvature of an asperity
(typically ~ 1 mm)

R, isthe root-mean-square
surface roughness (of the
surface of interest)

H hardness of the surface
of interest

E' combined elastic modulus

index of plasticity

10

0.1

gold plated copper against copper (E ~ 115 GPa)
gold plated copper against steel or nickel (E ~ 200 GPa)

typical of a coarse

surface finish plastic
~ 100 nm) ?
] H~04GPais |
approx. pure Au: olastic
|
typical of a fine ) G
surface finish ~ ails
(Ryms ~ 10 nm) very hard Au
o1 ! 10

surface film hardness (GPa)



Stress fields induced by bending of spring belt:

_ R, G p Cos(@)1
torsion T db ds
= R,G p Cos(@l)
- 4 db ds
: __RGpCos(®)] x,
M s db ds

T

TORSION

BENDING

s =L [25in(0,) Sin(~0,)

b s




Stress fields induced by stretching of spring belt:

F: tension force acting on stretched spring

combined stress induced

T: torsional moment acting on spring wire T= FRb by stretchmg spring belt
J: polar moment of inertia of spring wire 4
) " . ) T R TR
A: cross sectional area of spring wire J= w ;= , | Y
X,: cartesian coordinate inside spring wire 2 x J R,
y,: cartesian coordinate inside spring wire 2
R,: radial coordinate inside spring wire A=mn RW

)

R,: radius of spring wire
Ry: pitch radius spring belt coil

o TR [=m] L
N R A R,

w

torsional stress induced
by stretching spring belt

TR,
Ttarsian = J

= _ Ty,

zx J

_  Tx

zy _7

shearing stress induced
by stretching spring belt




Twistact variations for singly fed and doubly fed
wire-wound-rotor synchronous generators

dc excitation

electrical
insulation

(doubly fed synchronous generators allow 3X reduction in inverter capacity)



Electrical contact micro-morphology

Contact Area F

actual contact area is typically < 1% of apparent area ... hardness is a function of microstructure (grain size)

grain size, d (pm)
0 105 02 0.1 0.05 0.03 0.02

Fn rd I
200 ﬁ K, 20
180 / 18
160+ 1.6
,—g 140 1.4
% 120 r12
=
w1004 1.0
Qv
5 04 H-P relation: H = H, + K d * - 08
2 60 L 0.6
o
. M40 I 0.4
... for metal contacts the real area is a £
function of hardness and contact force 27 02
(Bowden & Tabor, 1939): F 3 50 100 150 200 20

spherical asperity contact Ar = d™ (mm™)
H

Reference: C.C. Lo, J.A. Augis, and M.R. Pinnel, Journal of Applied
Physics, 1979. 50{11): p. 6887 -6801

Surface Roughness
real contact area and electrical constriction

contact force, F=X

. height axis scaling factor is 5x

4
3 lapped surface (R; ~ 50 nm) +
2
f f F==5 9
1 v v AREeA ~100nm

height (um)

0 10 20 30 40 50 60 70 80 90 100 110 120
X - position (pm)

(edD) ssaupiey



The role of the operating environment

The wear rate of a Cu-Be fiber sliding against a copper substrate was insensitive to electrical current density
with the inhibition of oxidation and adequate thermal management.

L volumetric wear rate operating environment current density *
(mm?/N-m) (liquid immersion and cover gas) (A/cm?)
20 — A 2910 ® 3%H.0, labair 0
l b 26x10° ® water, lab air 265
18 ' g 13x10 ® water, lab air 0
g 1.2x10% ® water, lab air 0
~ | 22x10° ® hydrofluoroether, He cover gas 88
16 5:5 1.8x10° B hydroflucroether, He cover gas 0
T Y : c;":': 1.7x10* A hydrofluoroether, He cover gas 442
= L5 : ™ *based on 120 um diameter fiber C.S.
E 12 = ; . *“STGA)'CMJ ~132 Alcm?
'-9 | i .' 0 A/cm?
.3 O~
@ 10 4+— £
= | S
5] 1 & | £ @]
Z 84 B3 N
Q It =
g . _L '___.A-g\oﬂe _|
. normal force ~ 0.45to 0.60 mN
fiber bend radius ~ 3 mm+/-0.05mm
4- 78 ~260 Afcm? i _
| i 0 Afcm fiber diameter ~ 120 um
=]
o sliding speed ~ 10mm/s
2 Z- 1,600 A/cm? .
d: wear track radius ~ 8 mm+/-0.5 mm
"',,;f-"" ~ 2,3(}0 A/cm?
0 T I T I 1 I T I 1 I T I 1 I
0.0 0.1 0.2 03 04 0.5 0.6 0.7 Newton-meters
0 200 400 600 800 1,000 1,200 1,400 meters
0 5.5 11.1 16.7 222 27.8 333 38.9 hours

based on Hamrock-Brewe elliptical contact area approximation, initial density as high as 300,000 A/cm?



Materials challenges & experience from sliding contacts

The principal materials challenges may be broken down to fundamentally correlated atomic and micro scale processes.

- asperity contact _ asperity contact surface accumulation
maximum < < of underlying material
shear stress = _/ ~— __7 +
- : [ 1
compressive \tenstle ) ;g } metal A Dy
S — ... oxide films inhibit current transport Dy
subsurface crack . and exacerbate fatigue wear +
it o0 OO0 o Oof oo O
metalB ~ Vvoids
depth fatigue induced wear oxidation solid diffusion related
(electrochemically enhanced) degradation
STRESS CYCLE  INVACUUM IN AIR Au/Cu film aged 6 months at 250°C

S —— -

. oxide film
e 7 7 20 um Au
—

. [
; /

<~ | Rl cold-worked & aged [[| i 77/— i highly
* - ""'*‘\.\"‘_‘ copper-beryllium 11 A :'E?,\‘J' stressed
H'Q)-“." '\‘ kv ¥

region

(%3]
(=]
(=]
7

8

=
H
e |
g 300 ¥ 1 ST NN
T A S W
%] -t‘\_ | | =[5 el s i .
E 200 "\f.._‘_.-'annealed copper-beryllium Ref: Shen et al., Acta Metallurgica, 14:341 (1966)
% NATTF Cu w0  HO
3 cold worked copper ™ H o dj O
2 o~q4 || @)
€ 100 1 F-.. ! " 0
= 1
%‘ 80 annealed copper‘im ) 58%
28
20 e 105 106 107 108
cycles
NOTE: hardness and fatigue copperions _gamporeenon
strength are positively correlated = & o oz 04 08 08

driving potential is the : ; L
positive | Ay + V_—>| sum of Mott potential relative Ni concentration in a hard Au film aged

bias and external potential at low temperature (electron microprobe/TEM)



linear wear rate (m/m)

Quantitative aspects of contact wear

10

107

107

107

107

]0'1]

1 0'13

10'15

Wear Performance Chart

graphite and

(with humidity)

— =[N oil lubricated sleeve bearing

I Twistact?

pencil lead/paper

[

[

[

aircraft actuator motor brush (dry) IR — '
[

|

|

metal-graphite brush on car alternator I — >
composites aircraft actuator motor I

metal fiber brushes - K}m =

— = boundary lubrication |

chalk/blackboard — o
slip ring

car tire on dry skid

car tire 1% slip ——

<~ Ah

I diesel motors (trains) linear wear rate:

Ah
d

where,

Ah is brush wear (m)
d is sliding distance (m)

a linear wear rate of 110" m/m
is equivalent to 10 nm of loss in
brush length per kilometer

a comparison to specific wear rate,

0.001 0.01 0.1 1 10 in units of mm?/N-m, is achieved by
coefficient of friction dividing the linear wear rate by the
nominal contact pressure:
avoidance of sliding contact K =LKI.
moderate contact pressure Po

excellent thermal management

Adapted from D. Kuhlmann-Wilsdorf and E. Shobert, Sliding Electrical Contacts in
P.G. Slade (Ed.), Electrical Contacts: Principles and Applications, CRC Press, 1999



Oxidation phenomenon

A) Cabrera-Mott oxidation model B) electrochemically enhanced oxidation model
0
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0
O 1.40A
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copper ions transport electrons

electrons

«~ 00—
driving potential is the
l«—— Ay —> |<— AV +V_, —>| sum of Mott potential
Mott’s potential and external potential
activation energy for a metal ion an externally
to jump into the oxide supplied potential
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rate of oxide in the absence of an externally definitions:
formation supplied potential this is the a lattice parameter T' temperature
ratio of the limiting film thickness v jump frequency g unit of electric charge

and the current film thickness TR L



For wind power to displace fossil fuels,
wind turbines must be redesigned to be

cash cows with large and predictable ROI.

The last piece of the puzzle is to eliminate the
need for rare earth magnets in wind turbines.

We must rethink the unsolved brush/slip-ring
problem, starting with a clean sheet of paper.

The long-awaited (190 years) breakthrough
was recently invented at Sandia Livermore.

GOAL: Devise a wind turbine architecture that can be mass produced

(millions of units) cost effectively ($0.04/kW-hr)

AA;» =

25 MW
capacity?

No | Failur i
ailure to achieve
economies of scale

Direct drive

architecture?

~ High-pole-count

No i 1
> Not cost eff_ectwe
(gear box failures)

synchronous
generator?

Yes ‘l

Magnetic
excitation
of rotor?

Electro- - Permanent
magnetic magnet
excitation excitation

N_° Uses brush/slip- Uses rare-earth
ring technology? magnets?
Yes i Yes l
" Rare ea ermanen
Not cost effective 4
X magnets are not
(brush maintenance) - :
economically viable
NO Viable rotar . ,
— ekt oY No viable permanent
electrical contact :
; magnet alternatives
alternatives
Major technology Major technology
breakthrough needed breakthrough needed

No S
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to low shaft rpm
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Expanding the future impact of wind power

Where the winds are: off-shore hydrogen production
(constructed at port, deployed over the horizon, not in my backyard, diurnally averaged)

average wind speed (m/s)
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Mooring Line Stabilized Ballast Stabilized Buoyancy Stabilized
Tension leg platform with Spar buoy with catenary Barge with catenary
suction pile anchors mooring, drag-embedded mooring lines

anchors

LH, productibn

LH, transport LH, distribution



Power Generation (GW)

Addressing the diurnal variability of renewable power
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A Monte Carlo approach to generator portfolio planning and carbon emissions
assessments of systems with large penetrations of variable renewables

Elaine K. Hart", Mark Z. Jacobson



Using Twistact technology to get from $0.04/kW-hr to $0.03/kW-hr

(wire wound synchronous generators enable electrical grid power factor correction)

@
Stator Coil Outputs

Excitation + 120° | 120°

Current 1
B
N\

=

120° |
/T:
—

Volage

Excitation

\@i U /’ /@ Voltzge
\.\‘\\‘- C

3 phase suoply

<

—
Thraa Stator windings 1207 apart

4l
Leading

Lagging
power factor

power factor

Curvature due
to magnetic
saturaton

Iy

V curves for a synchronous motor with variable excitation.

Wasteful lag is reduced to increase energy efficiency.

ﬁoltage / Current . Waste




Using Twistact technology to get from $0.04/kW-hr to $0.03/kW-hr

(the standard ac-dc-ac inverter topology negates the effect power factor correction)

Singly-fed

Stator Coil Qulputs

2-pol .
Roror Excitation V1200 |, 1207 | 1200 synchronized
Currert
1 A B c generator
L, = N\
Wi L B —
i ; /; \\\\h_f:><:H—f// ll
Excitat .
Votage Variable
A 3-phase supply
C . frequency
ac power
In the case of a singly fed synchronous
generator the power factor correction ﬂ

effect gets wiped out!

[ rectifier ]

4

Fiber Optic O

Turbine Control
Unit (TCU)

Figure 1. Wind Turbine Power Generation Block Diagram
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Using Twistact technology to get from $0.04/kW-hr to $0.03/kW-hr

¢ Twistact technology enables the use of doubly-fed synchronous generators
¢ Stator winding produces 60 Hz synchronized ac power directly (no inverter needed)
e This restores the power factor correction advantage

¢ A 4X smaller inverter is required to generate the 3-phase rotor excitation waveform
e 75% of ac-dc-ac inverter cost is eliminated

polyphase rotor of an elementary
doubly-fed synchronous generator

The rotor generates a rotating
magnetic field of its own!

The rotating magnetic field of a polyphase stator




