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Basic theory of generator & wind turbine
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Basic theory of generator
»Speed control and voltage control
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More detail
»Principle of operation

1. From an external source, the field
winding is supplied with a DC
current excitation.

2. Rotor (field) winding is mechanically
turned (rotated) at synchronous
speed. -

3. The rotatihng magnetic field DC flux @
produced by the field current
induces voltages in the outer stator
(armature) winding. The frequency
of these voltages is in synchronism
with the rotor speed.

Wind turbine, Water wheel,
1 Gas turbine, Steam turbine, ...

> Operation concept ;1 application

= The rotor is supplied by DC current I, that |
generates a DC flux ¢ — poles N 120f

= Rotating speed & Rated frequency & Num. of

= The rotor is driven by a turbine with a P
constant speed of M. )
= The rotating field flux induces a voltage in ~ * The rms. value of the induced voltage

the stator winding. k, wN©®
= The frequency of the induced voltage Erms = wTTF 4. 4'4'fN®fkw
depends upon the speed. \/E

= The frequency f & speed relation is P is the

number of 0&%@5 Summer school on HTS Technology for Sustainable Energy an Jransport System, .
P 8t~ 14th of Jun. 2016, Bologna, Italy g/(W—0.§ ~0.95 s the Wlﬂd/ﬂg factor.

Reason that should use HTS technology

»Best way to reduce the weight is to increase the field
The high field of rotor makes small active volume and light generator.
%
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Very basic of blade aerodynamics

»>Bernoulli's equation

Low pressure A common form of the Bernoulli's equation,

High velocity @ o valid at any arbitrary point along a stream
igh veloci Blade
=2 0 0 O C-o > cross-section p V2
— + — + gh =| constant
p 2
pv?
o 00 —_— = =
P+ -Iz-pgh p + q + pgh = constant
- j r — L
Low velocity A=
High pressure The change in the pgh term along the

streamline is so small compared with
the other terms that it can be ignored.
This allows the above equation to be

: the fluid flow speed at a point on a streamline [m/s]

v . . . Lo
g : the value of acceleration due to gravity [m/s?] PresentEd in the foIIowmg S|mpllﬁed
h : the elevation of the point above a reference plan [m] equation_

p : the density of the fluid at all point in the fluid [kg/m?3]

p : the pressure at the chosen point [Pa]

q : the dynamic pressure [Pa] p + q pO

Po: the total pressu%k@é'nn;‘mer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

Power Coefficient Cp

»Wind energy To fully transfer wind energy (100%)
1 from wind energy to kinetic energy, V,
d=mv? should be zero.
de "2 1 ,dm  dm _ It is ideal condition, therefore, V; is
o a2V ¢, o PRV commonly lower than V.

4o(1-0.f is Power Coefficient ™ C,” which is
the ratio of power extracted by the
turbine to the total contained in the wind
resource. (real less than 50%)

E: Kinetic energy (J)

p: Air density (1.225 kg/m3)
m: Air mass (kg)

A: Swept area (m?)

V: Wind speed (m/s)

a: Axial induction factor

V=v,(1- a)

D V1= Vo (1~ 2a)
1dm 1 T e —

P = Vol = Vv, 2 )= = pAVV P - v, %) = pAvo,(4a(1 a)? )

2 dt ESAS Summer school on H% Technology for Sustamab\c Energy aZi Transport dystemr——==—===—=u
8th~14th of Jun. 2016, Bologna, Italy
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Turbine output power, longer blade, better wind quality
> Structure of wind power generation system

Kinetic energy

A
Vv, p Generator Converter
RAA 4
4 "
Kinetic energy of wind Porbine 1 y3
1, Tewrbine = 1TC = 2 pCy o
E, =—mv
“ 2 = EA.D TPRbladev2
dE 1 .
——k=p :—,OAV3 P =C EpAV3 A= Cpiage Rjace

wind ;
turbin
dt ESAS Sémmer school on HTS Tec lnologytgor gustainablgEneBy and Transgort System Vwind
8t~ 14t fof Jun. 2016, Bologna, Ital
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Components of the wind turbine
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Components of the wind turbine (blade)

> Blade
What is a blade?
Blade
D
Hub Nacelle

v Airfoil N L

An airfoil (in American English) or aerofoil (in British English) is the
shape of the blade in cross-section. The shape of an airfoil is such
that wind can pass both above and below it.

|

vTitle of airfoil
*NACA XXXX
>First number:
Maximum mean camber line is X% of the chord line.
->Second and third number:
Maximum mean camber line is XX% from leading edge.
->Fourth number:
Maximum thickness is X% of the chord line.
*NACA 00XX

- _\% R ->Symmetric airfoil:

ll ! ) G K | The symmetry of top and bottom
1

! ->Maximum thickness is XX% of the chord line.
ESAS Sur’r’@er school ofMTS Technolody for Sustainable Energy and Transport System

The generation of turBliert"ftd\iun. 2016, Bologna, Italy

Components of the wind turbine (blade)
> Blade

Thickness Camber Mean camber line Chord line
Angle of attack

[ i
Chord

Wind

Mean camber | A line joining the leading and trailing edges of an airfoil equidistant from the upper and
line lower surfaces.

Chord line A line drawn from the leading edge of the wing to the trailing edge contrail

The chord refers to the imaginary straight line joining the trailing edge and the center of

Ciid curvature of the leading edge of the cross-section of the airfoil.

Camber Camber is the asymmetry between the top and the bottom surfaces of an aerofoil.

Thickness A height difference of top and bottom.

Angle of

attack The angle of attack is the angle at which relative wind meets an airfoil.

ESAS Summer school on HTS Technology for Sustainable Energy and Tran, an' Q,cham

8th~14th of Jun. 2016, Bologna, Italy
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Components of the wind turbine (blade)

> Blade

Leading edge

Skin and web

f'_"

13

The cross sectional of the rotor blade is comprised of skin, spar,
web.

Skin and web are sandwich structure
composed of glass fabric and core material.
Spar : The spar uses glass fabric due to the bending load.

, Trailiniedge

v'Why do wind turbine blades spin?

= Lift force :

= Bernoulli's equation

Speed?

Pressure

Density

Constant

-Increase in speed due to decrease in pressure - Generation of life
= What is the reason that the pressure decrease?
The pressure is occurred outward because airflow is curved.

= Centrifugal force "Décrease JrpressureS Technology for Sustainable Energ'rand Transport System

8th~14th of Jun. 20

16, Bologna, Italy

Components of the wind turbine (blade)

> Blade

v'Material of blade

Lift is the component of aerodynamic force perpendicular to the relative wind. It is due to a
difference in pressure between the top and bottom of an object in flow.

i

"
wa I
m‘"fml Y

Ref. www. emaze. com

M . blade material

Material type TensiI(eG;:';z ot Tensil(eGg;c;dulus Typi(cga/lctrﬁr)lsity Specific strength Specific modulus
Carbon Fiber 4.9 230 1.82 27.5 13.5
Aramid Fiber 3.6 131 1.45 25.5 9.2
Glass Fiber 3.4 74 2.55 13.7 2.9
Aluminium Ally 0.4 69 2.7 1.6 26
Titanium 0.95 110 4.5 3 24
Mild steel 0.45 205 7.8 0.65 26
Stainless steel 0.5 196 8.03 0.7 25

v Mechanical property of each materials

=
[
>

Specific strength

Carbon fiber
(high strength / Ej

,_
)
=

Metallic area
(Titanium, Steel, Alu
% Summer schoal o

Carbon fiber

ninium)
HTS Technalogy fo

---(high-elasticity /-Ep

Sustainable Fnerg

*Weigh of carbon is 25% of
steel or 70% of aluminum. And
strength of carbon is tenfold of

steel.

->Stronger and lighter material

«Specific stiffness of the glass
fiber is similar to the aluminum.
But specific strength of the
glass fiber is 8.5 times higher

arthanthe: aluminum.

Specific n#dulys’ of Jun. 2016, Bolddigh, Italy
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Components of the wind turbine (blade diameter)
> Blade

Rated power (MW)

<Roto

r diameter and Rated power>

Ref. CAPTA

Vestas g (m) 3 (Mw)
PowerWind 90 (m) 2.5 (MW)

ey
LM évc'rv‘?ﬁ 80 (m) 2.5 (MW)
6 | Gamesa ‘()

Vestas. go(m)oLs/ 2 (MW)

NORDEX 80 (m) 2.5 (MW)

SO(m) 2 (MW)

;:l-nokosx 90 (m) 25 (MW)
Gamesa 187/ 90 (m) 2(MW) | __

LM, 86.7/ 88/ 90/ 92.5 (m), 126 (
5/16/225(MW) —A

N LM%’ﬁmml(m) 2(MW
71 ENERCON70 (m) 1.8 (MW)

v
B f\acciona 70 (m) L5 (MW

[38]

deesa L@
58 (m) 0; 85 (MW)

| SIEMENSQ2 (m) 23 (MW), |

AREVA

A\A 135(m)5(MW)
LM W= 126 (m w)

""" 100 () 2.5 (MW)
JMORDEX
100 (m) 2.5 (MW)
LM &S
100 (M) 3 (MW)
:’iaccio’rle
100 (M) 3 (MW)

ERE 92.5(m) 2 (MW)|--
16/25/

SIEMENS
PowerWind 101’(&') 2.3/ 3 (MW)-----

100/ 104 (m)
1.8/3.4 (MW)

100/ 103/ 104 (m)

103/ 104 (MW)

2.75/

i 52 (m)j 055 (VW)

91.3(M) 3 (MW)| T
1

40 ESAS Sumrﬁ@r school on I—ﬁ% Technologyl%} Sustamablé%@lergy and Tlla'%gport Systen]r60
g~ 14 Rooter dianmeten{m)y

Components of the wind turbine(CFRP, GFRP)
> Blade

Single blade weight (ton)

35

30

25

20

15

10 =

<Materials of b

lade (weight comparlson of materials)>
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Ref. CAPTA

A\ Carbon fiber reinforced plastic
Carbon fiber and glass fiber reinforced plastiq
A Glass ﬁber remforced plastic

LM
Vesi

6(t) 1.

(t)

! NORDEX

6.5 (t)
M 2(MW)

vestas 7.5 (1) 1.65 (MW)

ERE

5(MW) 6(t) 2 (MW)
15 Mw) LM 11()

55/5.6/7.5(t)

WIS 105 (1) 25 (MW) |5

w8 8.14710.27 (t)
POWERD] 2.2/ 2.5 (MW)

tas. 9 (t) 3(MW)

SIEMENS

3 Mw) 120 23(MW

1.5/ 2/ 1.65 (MW)

W
LILM

jf{acciona 516(t) 1.5(MW)

45/5 (t) 1.5/ 2 (MW)
ENa 47157 (1) 2 (MW,

[Vesta

Gamesa B
[ @
MW

wiND
POWER

44(r)13(rv|vv)

DeWind 8 t) 2 (MW) é -----

SR 551@)7 Mwy]

y= sssss@%w‘ (1+ x) 7 |

L_mfiwgmzomﬁ(m wy —
pWind 18.8(t) 5 (MW) ;
M5R018(0 SMW] - S—

EOWER 12 ) 243(MW)

AREVA

{ (winwino 175(t
SIEMENS17.2(t) 3.
)

165 (t) 5(MW)
Vestasi165 (1) 4.5(MW)

) 3(MW)
) 36 (MW) |

Av.:.-srasn ®3 (MW)

\F RE

. SIEMENS

85(1) 1.8(MW) 92/103(t)
AVANTIS 2.3/3(MW)

10 23MW) LMUSR,

UpWind
10.5 (t) 3(MW)

Gdnlrw O LM

58/615(1) 6/65()
2(MW) 15/1.6(MW)

100) 25 (MW)

i
ESABummer schoo\ opgAiTS Technologr;{ﬁ‘or Sustainable Er(ﬁngy and Transpor]z@ystem

g~ 1 Bladenengtladimga, 1taly
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Components of the wind turbine (Hub)

> Hub What is a hub?
/ « A hub is directly bolted to the
blades.
/| « It is component of the wind
VAR turbine what receives dynamically

Nacelle

high stress.

*Therefore, it is important that
selects material to prevent ultimate
load_and fatigue load.

« It requires a lifetime of more than
20 years.

= Material of the hub
EN-GJS-400-18U-LT (Ductile Cast Iron or Spheroidal Graphite Cast Iron)
- Excellent mechanical properties, heat, abrasion and mach-inability

»

= Mechanical properties of ductile cast iron

Part Tensile stress | Yield stress Elongation Ui 2SR St EE Hardness Tohfeerlggggius
[Rp N/mm?] | [Rp0.2 N/mm?] | ratio [A%] | Average (3)| Minimum [HB] [N/mm?]
Value 37%SAS Smmer s%%o%l on HTP Tech%c%oqy fol Susta]ir(l)ab\e Ehergy a7nd Tranﬁp]é:r)‘t ,\75 e7m5 165,000
8th~14th of Jun. 2016, Bologna, Italy Standard : DIN EN 1563
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Components of the wind turbine (Hub inside)
> Hub

v" Component of the rotor hub

= Pitch controller
The pitch controller delivers pitch angle and velocity
from the encoder to the motor drive.

Pitch motor

= Encoder
The encoder that is installed at each box delivers signs
of blade pitch and velocity to the pitch controller.

Pitch
= Motor drive cpntroll_er
The motor drive that receives signal runs the pitch A @
motor. )

= Battery box \
The battery box is installed to run the motor when
power outages and emergency stop is occurred.

* Rubber mount and cross beam
The rubber mount and the cross beam protect electric
apparatus of inner.

Pitch bearing
ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14t of Jun. 2016, Bologna, Italy
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Components of the wind turbine (Hub)
> Hub

v’ Pitch bearing

19

The outer race of the blade bearing is fixed to the hub. And
blades are rotated by the inner race that is engaged at the
pinion.
“*What is bearing?
A bearing is a device to allow constrained relative motion between two or more parts,
typically rotation or linear movement. Bearings may be classified broadly according to the
motions they allow and according to their principle of operation as well as by the directions
of applied loads they can handle.
The main role of the bearing is to reduce friction of machine.
*Mechanical advantage according to the decrease of friction
1. Improvement in operational efficiency of machine
2. Position fixing of moving machine parts
3. Transformation prevention due to the frictional heat
*Material : Steel or Ceramic

Bearing type
Floating bearing

Corresponding components
Main shaft (front)

Thrust bearing Main shaft (rear)

. ESAS Summdr school on HTS. Techrplogy for Sustainaple Energy and Transport System
Slewing bearing 8*§I¥§ﬁ'o%u 2016, Bologna, Italy

Ref. Google image
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Components of the wind turbine (Hub weight)

> Hub Ref. CAPTA
<Rated power and Hub weight >
80 - - -
A Hub (incl. installed eqpipment y= 656351804~ GW
vestas. 45 1) : A
(winwinp 43(t)
60 {jacciona 36 ()
3L()
SIEMENS 31 (1)
= :.:NRELZS (t)
to/ SIEMENS 497 (1)
— H 1N
Eﬂ 40 ‘2';'5"25(?'5 / "4me 70(t)
Q
vestas ERE 67 (1)
; () A / 620
= O VENSYS 5
s b X A - LINRELS36 (1)
A A Ewse
N T 1) P LANCO 7 )
Gacciage Gamesa 185 (t)
= (l). eno. z;rs'rg 18.5(t)
‘f‘g“‘t““' A LRE 175(1)
i (K Vestas 175 (t)
0 ! 1 1 E

‘ |
1 ESAS Summer sghoo\ on HTS ‘Rchf}ojlﬁﬂs/ for Sustai 4 Energy and ‘éansport System 6
gt 1M S D OB T Ttaly

2016-06-20
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Components of the wind turbine (Gearbox)

» Gearbox
What is a gearbox?
= Mechanical method of transferring
energy from one device to another
]

//05,', = To increase rotating speed while

- reducing torque

Hub
Nacelle

= Located between main shaft and
generator

s e o

1.0
v How to calculate the gearbox losses? 00
0.8
_ Poweroumfgearbox g 07
- g 0.6 —=— Single stage efficiency
POWEN, ogeox S o Do
z /[
£ 04fs]
_ Power e — 0% 001x Power, ., g ot
- o2} |
Powerlmogearbm( 0.1f[a
*q : stage of gear 00 ) ) ) ) )
"0 200 400 600 800 1000 1200 1400
- . S uymmer schoal on HTS Technology for Sustainable Energy and TraRgyost (8)8bem
Eﬁﬁ,f,;*ufgﬁ'(',’;"f“;"@ﬁ?'#jfg‘fﬁfa &%&%Hﬁr Brvdedn 8t~ 14t of Jun. 20165 Theoretisaligegrbox efficiency estimate for a 1.5MW wind turbine>
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Components of the wind turbine (Gearbox loss)

» Gearbox

v How to calculate the gearbox losses?
Main losses in a gearbox are proportional to the shaft speed

P -p P n Pseam = LOSS in the gearbox at rated power
Gear — "Gearn' N

P, = Rated power of wind turbine
rated

n = Rated wind speed of wind turbine
« Losses percentage at the rated power for 1-stage : 1.5% Newes = Rated d
« Losses percentage at the rated power for 3-stage : 3.0% Rated = Ratted rotor spee

v" Analysis of gearbox losses on manufacturers

Company Rat?slsvgwer Rated (Wn:7g) speed Rotg;/s;eed Gearbox type Stage Loss (kW) Weight (ton)
3.6 12-13 5-13 spur / planetary gear 3 108
SIEMENS 2.3 12-13 6-16 spur / planetary gear 3 69
1 15 15 spur / planetary gear 3 30
3 10.6 12.3 spur / planetary gear 3 90 25,31
Acciona
1.5 10.5 16.7 spur / planetary gear 3 45
2 12.5 13.9-25.9 spur / planetary gear 3 60
Dewind
1.25 12 | 15.7 planetary gear 3 37.5
ESAS-SUmmaear h | on-HITS Tachnol g for-Sustainabl nargvand-Tran B =d Q, tam

8th~14th of Jun. 2016, Bologna, Italy
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Components of the wind turbine (Gearbox weight)
> Gearbox Ref. CAPTA
<Rated power and gearbox weight>
2 (W) y= 260156(LgK) 75
120 _‘ Slngle$tag$ 145(1) 5?35293! - T
‘A wa—stage U(% 2(MW) 20.7 (t) !
I el (i A} wikou
ay Three-siaee.
100 H 2(MW) 23.8(t) 2 (mvyvzjsggﬁé([)
[ H "'l""'l' s
o.%ﬁ%g‘aﬂ) : : [©Hansen® 2 vw)16.8()
—_ L BRE)r(LOth cedeeal 2(MW) 14 () 2w
g 0.66/0.75/0.85 (MW) | g,?c)ls'g)tu'; 15.3/15.4/17 (t) - d :
< 80 H3guaus( Rt e ettt e R IR
= \'}winergy g
= L . _73(I)
=0 06(MW) 4.1 (1) 22(MW)2L () 22/23(MW) ; .
T - : : 17/177m )GG(t) :
-\#m "1 Rexrot
z 60 EeXIOt  \Swinergy mousavIW) §0 |
g .8 (MW) 15 (t) 2.2( )22 (t) 23 (MW) 18 5 (t), m :
S Ro?c)r(ure?ot!: ! ...1.(5('MEW75®E(1-) \.)wmergy LUIHOU
= 40 L. B8MW)1635() | Lb 30awW) 2531 (03 (W) 223257 | 1
o \5), ' A1 brevini of)\) gm Lrevimi |
o) E)winergy ) 35('{;” 3MW) 26.25(t) |
FA3MWY LD -1 -
oHansen| | :
20 OSMWY4() | )wmergy Rexroth
2.5 (MW) 185 (t) Bf’sc'“‘\s/\;‘;“” R
' 19/19.5/21.6/24.7 (t) | :
0 it 252080 e |
0 1 ESAS S&nmer schoé\ on HTS T&hnolo fc?r Sustain. b{é Energy ar?d TransporﬁSystem 9 10
gin141hR @é;@m‘woﬁaM‘ﬂgJy
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Components of the wind turbine (PCS)
» Power converter
What is a power converter? .
= A power electronic converter
enables efficient conversion of the
variable frequency output of an
14 . -
/ induction generator.
| .
Hob |1 = Generator speed is fully
acelle .
controllable over a wide rage even
to very low speeds.
= It can effectively help the
connection between the generator
Ref. Natiohal Institute of Standards and Technology and grld'
Gearbox SCIG Transformer Gearbox WRIG Transformer
Soft-starte =("= {:,;é:.! Soft-starte ==(.’=
TIT T
Capacitor bank Capacitor bank
Partial scale frequency converter Variable resistance

Full scale frequency converter

Gearbox

DFIGESAS Summer schoo-fré‘rqsffﬁ{@?échno\ogy for Sumab\e Eneepsaypirgesport System Transformer
8th~14th of Jun. 2016, Bglogna, Italy

2016-06-20
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Components of the wind turbine (PCS)

> Power converter

SCIG

Transformer

Gearbox Transformer

T
Capacitor bank

T
Capacitor bank

Variable resistance

* Fixed speed wind turbine concept » Limited speed wind turbine concept
= Asynchronous squirrel cage induction * Wound rotor induction generator
generator (SCIG) (WRIG)

Partial scale frequency converter
Gearbox Full scale frequency converter

\Z
Transformer EESG/PMSG

= Variable speed concept with a partial- = Variable speed concept with a full-scale

scale power converter power converter
= Doubly fed induction generator (DFIG) = Electrically excited synchronous
generator (EESG)

Permanent magnet synchronous

L
ESAS Summer school on HTS Technology for Susggﬁ?w emrgé;)ort System

8t~ 14t of Jun. 2016, B
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Components of the wind turbine (PCS)

> Power converter

Concept Generator Feature
Fixed speed = Installation of a capacitor bank for reactive power compensation
wind turbine SCIG = Installation of soft-starter to protect the system from inrush current
concept = Use of the stall control method for power control
Limited speed = Installation of variable rotor resistance for the dynamic speed control
wind turgin e WRIG (typically 0%~10% above synchronous speed)
= Installation of a capacitor bank for reactive power compensation
concept = Installation of soft-starter to protect the system from inrush current
Variable Speed = A wider range of dynamic speed control compared with the limited speed
concept with a wind turbine concept (the variable speed range is +30% around the
partial-scale DFIG synchronous speed)
power = The power converter performs reactive power compensation and smooth
converter grid connection.

= The amplitude and frequency of the voltage can be fully controlled by the
power converter at the generator side. > the generator speed is fully

Variable speed EESG controllable over a wide rage even to very low speeds.

Confalelpt Wl'th a = Connection with generator rotor and exciter (DC current)
ull-scale
power = The amplitude and frequency of the voltage can be fully controlled by the
R PMSG power converter at the generator side. - the generator speed is fully

controllable over a wide rage even to very low speeds.
= No additional power supply for the magnet field excitation

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

2016-06-20
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The large-scale wind turbine using HTS

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy
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One of examples, the large-scale wind turbine

» Specifications of the wind turbine

Items Value
Rated output power Py (MW) 12
Shaft power P; (MW) 12.96
Rated ideal wind velocity Vg; (m/s) 11.4
Tip speed ratio A (Vg) 8.9
Blade length (m) 97.4
Tip speed V1, (m/s) 85.6
Rotation speed wy (rad/s) 0.838
Maximum power coefficient Cpyax 0.48
Mass density of the air p (kg/m3) 1.225

p: Air density, 1.225 kgm-3

C, : Max. power coefficient of rotor

V': Rated ideal wind velocity

Pr: Mechanical power of the rotor shaft

Py : Rated power of wind turbine

P; = (1+€)Py includes a loss factor of
the drive train (~8%)

0l on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy
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The large-scale wind turbine (Blade)

. Ref. KIMS, Development of 12MW FOWT core technology for commercialization
> Blade & Flexible shaft from KIMS

- Design of the shaft/ blade

nopEs

- Scaleup to12 MW

»A_

61.5m

61.5 m 5 MW glass blade

s » i — 95.28 m 12 MW carbon (sparcap) blade
— i T
1246m 12%}55!\1 [
775m L( e E—
i' ;
T,
Based on NREL 5SMW i L/
wind turbine ER /
P
- Time [s] N ’/”
12MW Simulation
wind turbine model (FAST-Fatigue, Aerodynamics, o
(Scale up) Structures & Turbulence) able Energy and Fport Systém ™
ST~ I o7 JUMT. ZUTD, Borogna, Italy
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The large-scale wind turbine (Blade)

» 12 MW class blade
< Blade

61.5 m 5 MW glass/epoxy blade scale up
— 95.28 m 12 MW carbon (sparcap) & glass/epoxy blade

Ref. KIMS, Development of 12MW FOWT core technology for commercialization

Sparcap
(43% of the total weight — 5MW class)

Material | 0° stiffness | Density [ Blade weight Center of
[GPa] [kg/m3] [ton] gravity [m]
42.7
CFRP 130 1572 (carbon sparcap) 31.8
GFRP 41.5 1920 62.6 31.8
N.F. [Hz] | 1%t flapwise | 2" flapwise | 1%t edgewise | 2" edgewise
LMW og 1.63 0.89 3.27
blade

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14t of Jun. 2016, Bologna, Italy
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The large-scale wind turbine (Shaft)

Ref. KIMS, Development of 12MW FOWT core technology for commercialization

» Composite flexible shaft

2,

< Direct drivetrain with a composite flexible shaft

Gearbox Generator

=
'JI'Ot Zeff N ‘]eff/ N2
(=5% N =1 (Direct drivetrain)

0018

Figure shows the configuration of the two-mass model
commonly used to model the dynamics of drivetrains

in FAST. oo
Input parameters. J.,, ks o N, and J/NP

0013

% Nonzero eigenfrequency .. - mertia of the rotor
ko Effective drivetrain torsional stiffness

Dampina factor

1 1 1 (o - Effective drivetrain torsional damping © oo |-
fo= 2_ eff\ 7 +—— N: Drivetrain gear ratio
T Jrot  Jeff) 1:Efrective inertia of the generatorand 005 |
gearbox
c
ESAS Summer school on HTS Technology for Sustainable Ent Midsieel  AI6060 E glass/epoxy Boron/epoxy Catbonzpoxy

8~ 14% of Jun. 2016, Bologna, Italy Material damping + friction damping > 5%

32

The large-scale wind turbine (FAST)

.. Ref. KIMS, Development of 12MW FOWT core technology for commercialization
»FAST-What is it?

“+Structural-dynamic model for horizontal-axis wind turbines:
- Used to stand for Fatigue, Aerodynamics, Structures & Turbulence ‘
- Coupled to AeroDyn, HydroDyn & controlle’f for aero-hydrd-servo-elastic simulation

l

+FAST Simula
- Nonlinear time=domain s

-’/’,:,D'égign situations & conc
- Turbulent & determini
Regular & irregular wi

Earthquake excitation

Power production witl
Start-up & shut-down
Control system faults
So on..

ESAS Summer sc

16



The large-scale wind turbine (NTM) ’

Ref. KIMS, Development of 12MW FOWT core technology for commercialization

> Normal turbulence m0de| *J : 50 m/s (in tropical storms such as hurricanes, cyclones and typhoons)
. . *A: The category for higher turbulence characteristics
< Wind condition : NTM Class IA (from 3 m/s to 25 m/s)
Assumed “no slope of the wind inflow” for preliminary design
| Wind velocity (NTM Class IA 11.2m/s) | —

400,000 kg

Nacelle C.M.

Nacelle MU

12

Hub height wind velocity [m/s]
5

Nentuen
s
6

——
a o |
2 Yaw Axis /
o } Wind

200 400 600 800 1000 1200 ———
Time [s] 1246 m 120.88 m
Analysis results
775m

- Rotor/generator torque
- In-plane and out-of-plane tip deflection
- Shaft bending moment M, and M,

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

The large-scale wind turbine

» Normal turbulence model

% When /,= 2.6
F 16,000

O/
)

~—
Ve
N
T

Rotor to

K
(
3

W N\

g

Rotor speed [rpm] !
[++]

. Torsional vibration of the composite flexible shaft

= 13,000
~,12,500 |
8 12,000
g1
211,500 -
5 M
811,000

& | T
€ 10500 -

Q
O 10,000 T T T T T T 1
100 150 200 250 300 350 400 450 500 550 600

ESAS Summer school on HTS Technology fﬁ'i@ %inab\e Energy and Transport System
Oth £ 7

14th
R ‘elopment of 12MW FOWT core technoloay for commercialization

2016-06-20
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The large-scale wind turbine

» Normal turbulence model
<% When f,=7
E‘IB,OUO

z15000 I \ / \~/ \

. [\ /T T\

Rotor torqu
]
(=]
8

[N
N
=3
o
=3

——RotSpeed
A\ A
7 w ~~/

6
—13,000

*,12,500 }

[
o

©0
I

0

Rotor speed [rpm] |}

]

$ 12,000 -
©.11,500 ‘L
n

£ 11,000 \

Q

210,500

(7]
O 10,000 T 1

1%0sp5 S&ﬁ?mer 5&1 ol on I-hr’g Techr%&%gy uggmaﬁ?g Energ‘%/sgnd Tra nsport Sys%gm 600

LU Better power quality | 1

8tha,14th of Jun.

‘elopment of 12MW FOWT core technoloay for commercialization

The large-scale wind turbine (Min. weight of shaft)

Ref. KIMS, Development of 12MW FOWT core technology for commercialization

» Normal turbulence model
< Optimal stiffness of a composite flexible shaft having minimum weight

430

420 *

ﬂ f,=45
40—

E E N/ ﬁ
T Ir=

390 *

Standard deviation
of the generator power [kW]

380 *

370 T == T T 1

Natural frequency of the main shaft [Hz]

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

2016-06-20
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The large-scale wind turbine (ECD) ’

Ref. KIMS, Development of 12MW FOWT core technology for commercialization

» Extreme coherent gust with direction change
% Wind condition : ECD (from 9.2 m/s to 13.2 m/s)

Wind velocity

(ECD 9.2m/s rotating along the negative direction)
400,000 kg
45
—_ —WindVyi [m/s] 004 5 /—mmm
w40 /- Nacete o
E 35 —WindVxi [m/s] l/‘f
Z <ﬁf
3 30 =t [
g 5 3.04196m 2'1'1—’“1
-} /—
§ 20 /
.'gn 15 /{\
g 10 Wind
o
s " N\ ..
0 | / 1246 m 120.88 m
0 20 40 60 80 100
Time [s] feioim,
Analysis results

- Rotor/generator torque
- In-plane and out-of-plane tip deflection

- Shaft bending moment M, and M,
ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

The large-scale wind turbine (ECD) ’

Ref. KIMS, Development of 12MW FOWT core technology for commercialization

> Extreme coherent gust with direction change
< Horizontal bending moment
At the gust velocity of 15.0 m/s + hub height velocity of 9.2 m/s:
M, = 42.11 MNm (— with safety factor : 56.84 MNm)

50,000
42.11 MNm —Horizontal M
40,000 | -
—Vertical M
30,000

20,000 ﬂ ﬂ!\,\
101000 } \’
IO — ’n Wl n A

Shaft bending moment [kNm]

0 U‘V-'\/\,A\/\/\N\/V\N\vav" [
oo | INAAARAAS
-20,000 T T T T 1
0 20 40 60 80 100
Time [s]

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

2016-06-20
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The large-scale wind turbine (EWS) ’

Ref. KIMS, Development of 12MW FOWT core technology for commercialization

> EXtreme W|nd Sheal‘ *J : 50 m/s (in tropical storms such as hurricanes, cyclones and typhoons)
*A : The category for higher turbulence characteristics
< Wind condition : EWS Class IA (from 3 m/s to 25 m/s) *NWP : Normal Wind Profile model
| Wind velocity (EWS Class IA 25.0 m/s) |
X
2.0
1 —NWpP l / orem\ | 400,000 kg

—EWS [/ \ W 284m / D
1? / / 169,440 kgr \ ‘ ‘ -‘
12 / /
1.0 /y
. /) w8
. // Vaw s
/

wons /TN 108 M ——]

\ hpexot Cone P

of Rolation

Relative height w.r.t. hub height

Wind
——
0.2
1246 m 120.88 m
0.0 T T T T T T 1
0 5 10 15 20 25 30 35 40 —

Wind velocity [m/s]

Analysis results
- Rotor/generator torque
- In-plane and out-of-plane tip deflection
- Shaft bending moment M, and M,

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

The large-scale wind turbine (EWS) ’

Ref. KIMS, Development of 12MW FOWT core technology for commercialization

» Extreme wind shear
< Vertical bending moment
At the wind velocity of 25.0 m/s : My = 39.14 MNm (— with safety factor : 52.85 MNm)

—Vertical M 39.14 MNm
— 40,000

——Horizontal M A

35,000

30,000

25,000

20,000
15,000

10,000

5,000

Shaft bending moment [kNm

0

-5,000 ‘ : | : |
150 170 190 210 230 250

Time [s]

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy
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The large-scale wind turbine (Mechanical braking)

j(IMS, Development of 12MW FOWT core technology for commercialization

» Emergency shut down (mechanical brakir’fegﬁ

< Full torque of a mechanical braking system (from 30 MNm to 150 MNm )
At the wind velocity of 25.0 m/s : My = 39.14 MNm (— with safety factor : 52.85 MNm)

60,000

s Y, NTM Class IA 25.0 m/s v" When 50 MNm is applied — RotTorg (kNm]

50,000
20 \ ——GenTorq [kNm]
i 40,000

zo:ono \ N /\/\ /\v/\ /\v/\ A
2o 10,000 V \/ N v v \)

Hub-height wind velocity [m/s]
8
Torque [kNm]
w
<)
o
8

Time [s] Time [s]

To stop the wind turbine, a full torque larger than 30 MNm is needed.

10

. \__Rotorrpm after applying the full torque 800 v . Required time until the turbine stops
5 % 50.0
a8
E 4 2 2 00
£, § P . 50 MNm —
T £ . -
g ggo0 Required time 35 s
2 2 —Full torque of 30 MNm g = *
;2 4 ‘\Y/ \Y% ——Full torque of 60 MNm & g 0.0 PS
. \\f —Full torque of 50 MNm o_g 10.0
. ——Full torque of 120 MNm s T e o o o o o o
——Full torque of 150 MNm
-10

00 10 120 pEAS gﬂ%ﬂwﬁ"[&‘;}cﬁéﬁl ol TS FechBlogiPPor Sustainablé Energy and Traﬁgﬂotr‘;r%;zgge{&hl:; 30 =0
8t~ 14t of Jun. 2016, Bologna, Italy

42

The large-scale wind turbine (Offshore floater)

Ref. UOU, Development of 12MW FOWT core technology for commercialization

»>Novel offshore floater

- Anti-motion device / Station-keeping device

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14t of Jun. 2016, Bologna, Italy

2016-06-20
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The large-scale wind turbine using the conventional :

Ref. UOU, Development of 12MW FOWT core technology for commercialization

> Tower top mass of a 12 MW wind turbine

[Source: Sandia blade workshop 2014]

¢ M
70 B Vestas
60 + % Enercon
Siemens

* Sandia All-glass Design
| @ NREL 5 MW Baseline
— Crawford Fit (~D*)

-
—
: 3
e =
Blade Mass (Mg)
Bg s

| = Present Fit (~D*) 4
0 ¢ X X x4
Gearbox: 10 X <
o 0 i

0 20 40 60 80 100 120 140 160 180 200 220
Rotor Diameter (m)

shaft:
= 160 ton

1000 . .
20 MW//.;\‘”
‘ o O i
Generator . e e o) s How to significantly reduce
: 325 ton Bla‘de' the‘stvtlfctural mass?
: 5 MW 4
(10 MW) 75ton x 3 5w}
(90 m) g frmoim s
2 MW/ o mow
880 + o ton in o
conventional WT?
[Source: Bang 2010] Torque [kNm]

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~ 14t of Jun. 2016, Bologna, Italy
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The large-scale wind turbine (tower height)
» Hub height

< Nacelle target mass: 400 ton, Hub target mass: 169.4 ton
< Hub height

Rotor radius + Extreme wave height (half) with 50-year occurrence x S.F. of 1.8
»97.6 +30.0/2x1.8-124.6m

Ref. UOU, Development of 12MW FOWT core technology for commercialization

ﬂw offshore wind turbine

Rotor
radius 86 m
M_rgn
111 m

(cf. 86.0 +30.0/2 x1.8 = 113 m)

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14t of Jun. 2016, Bologna, Italy
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The | le wind turbine using HTS i
€ large-scal€e win turbine using ror SO REPORT e 2011
- <Conventional WT> (Criterion: 5SMW)
> Scale-up tower propertles o — —
. " otor ade lade mass
Capacity | Scale ratio (o) | yiameter (m) | length (m) (tons)
A scale factor, a, is defined as the ratio of the |_5MW 1 126 61.5 18
scaled blade length (Z,) to the nominal blade | 10MW 1414 178.2 87.0 50
length (L,): 12 MW 1.549 195.2 95.3 66
13.2 MW 1.625 204.7 99.9 76
Scaled length L, 15 MW 1.732 218.2 106.5 92
“= Nominal length L
2 " A Top tower Nacelle Hub mass
Capaaly || SelaEite (@) mass (tons) mass (tons) (tons)
The total blade mass follows this relationship: | s ww 1 350 240 56.8
3 10 MW 1.414 990 679 161
Myp = X Mplade 12 MW 1.549 1,301 892 211
13.2 MW 1.625 1,501 1030 244
The rotor power:
N 15 MW 1.732 1,819 1250 295
Py =a’P 1400
= SANDIA PMSG
1200 oo +
- 1000 SCSG
Conver}tlonal HTS generator scaling @ 892
scaling ]
S 800
Cap. - . :é, Heavy‘ blade
ade- op 600 |
Top tower Nacell Hub L] GFRP B
FRP | t
(tons)  Jeons)| (ons) | (TR | RS = " Lightblade {400
CFRP 211,69
200
12 MW 1,301 400 169 42.7 697 66 42.7
ESAS Summer school on HTS Technology for Sustaiﬁabte_wand Syst T
Ref. UOU, Development of 12MW FOWT core technology for corfiffiercidization Jun. 2016, Bologna,s'[l‘é'ﬁ blade Hub Nacelle
46

HTS technology can dramatically reduce the weight of generator, but is it possible?

Design process of a large-scale superconducting
generator

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy
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Design process of the superconducting generator

Digit 1

Digit 2 Digit 3

Check the Design Objective

Target of the generator Cost / Weight / Diameter / Efficiency

2D Generator Design
(Modeling in FEM program)

Generator Layout Drawing
for 3D Optimization Design

3D Generator Optimal Design

Detailed Analysis

Redesign of the Structure

Confirm the designed generator

Output power / Output voltage

Rotating speed / Number of poles / HTS field coil
/ Stator coil / etc.

Magnetic distribution / Output power

Lorentz force

Torque
HTS field coil loads

Rotor part
(Rotor body, HTS field coil, Cryostat)

Stator part
(Stator body, Coil, Magnetic shield)

Electromagnetic analysis

Mechanical analysis

Iysis Magnetic flux density / Lorentz force

Torque / Load / Max. stress

Cooling method / Cooling path / Temp.

Verify the analysis results

Drawing the modified model

Analysis of the modified model

Cost / Weight / Diameter / Efficiency

Detailed Rrawingmmer schoo

Drawing
on HTS Technolge

Qthaigth of T

designed Check the assembly process

tainable Energyland Trangppgy Mﬁz@of the generator

16 Ral

Tl
Fr Boegha Ty
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Designs of the large-scale HTS generator
> Specifications of the HTS generator

Item Value
Rated L-L voltage 6.6 kV Air gap Iron cored bobbin
Rated rotating speed 8 RPM )
Rated torque iPX3Y Wl Rotor support
The num. of rotor poles 30
Armature
The num. of DPC layers 4 /winding
f Superconducting
The length of 20
e length of air gap mm field winding
Thickness of vacuum vessel 50 mm
Number of stator coil /phase/pole 2
Current density of copper wire 3 A/mm?
Safety margin of operating current 40% L,x K b inful{t i
e i
Parts Material Density (kg/m?) A
Rotor wire (RE)BCO 11,000 FEM model of the HTS
Rotor body 304 stainless steel 8,190 generator
Vacuum vessel 304 stainless steel 8,190
Stator wire Copper 8,940 .
Stator body=SAS Suminer sci394 stainlEsSsTsteriology for Sustai8At9e Energy gnd ra‘l\wlls?)ggtrgayls%e%f each part

B~ T4 or Jun. Z016, Bologna, Italy

2016-06-20
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Detail design of rotor part

(considering different superconducting wire types)

49

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

Properties comparison of superconducting wires

50

Symbol A[1] B [2] C[3] D [4]
Type (Gd/Y)BCO YBCO (Gd)BCO Bi-2223
Thickness (mm) 0.1 0.2 0.3 0.36
Width (mm) 4 4.8 5 4.5
Min. RT bend diameter (mm) 11 30 - 60
Max. RT rated tensile stress (MPa) 550 150 - 250
Critical current (self field, 77 K) 100 A 100 A 230A 200 A
1200
Operating temperature 20 K - —m— A
1000

< 800

:
\é 600

©

= 400

200

Engineering current density

[1] Supe

[2] Ame

[3] Fujikura Ltd.

[4] Sumitomo Electric Industries

2 4
ESAS Summer school on H%ellggh%%g(_}?

ular magneti

6
¢ fiel

€rgy an

8th~14th of Jun. 2016, Bologna, Italy

' ]
g#aTrgport System

10

2016-06-20
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Comparison of the design parameters

»Specifications of large-scale HTS generators

51

Turns of SC coil

Specifications A B C D
Rated power (MW) 10 10 10 10
Rated output voltage (kV) 6.6 6.6 6.6 6.6
Rated output current (A) 874.77 874.77 874.77 874.77
Rotating speed (rpm) 10 10 10
Axial length (m) 0.5 0.2 0.2
The number of poles 24 24 24
1,300 900 740

Operating current (A) 100 98 217 187
Maximum magnetic field (T) 8.23 4.59 10.9 5.46
Perpendicular magnetic field (T) 6.96 3.6 9.2 4.8
The number of stator slots 144 144 144 144
Turns of copper coil 25

Current density of stator coil (A/mm?2) 7

Air-gap length (m) 20
| Diameter of SCSG 6

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System

8th~14th of Jun. 2016, Bologna, Italy

Comparison results

52

> Total cost of the HTS wire and ratio of the volume to the total length of the HTS wire

otal cost of SC wire —— Ratio of volume to total length —— Cross-section

08

0.6

04

Total cost of SC wire (p.u.)

00

v'The total cost of B is the lowest.

1.02 pau.

Type of SC wires

0.176 m¥/km

D
“A: 40 $/m, B: 20 $/m, C: 91 $/m, D: 44 $/m

v'The ratio of the volume to the total length of A is the smallest.
v'Therefore, the specifications and performance of the HTS wire influence physical

properties Of th@/—&éﬁ@%t&hool on HTS Technology for Sustainable Energy and Transport System

8th~14t of Jun. 2016, Bologna, Italy
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Detail design of stator part
(considering different core materials and winding methods)

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy
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Stator design of the HTS generator

»Magnetic properties of iron-core (Lamination silicon steel)

Ref. K. Yoshizawa, S. Noguchi, H. Igarashi, IEEE Trans. on applied supercond., vol. 21, (2011) p. 2088-2091.

% The iron cores of the SCSGs are exposed to the high magnetic field.

< Iron manufacturers generally provide the magnetic properties under 2T.

% In the range of the significantly high magnetic field over the saturation magnetic
field of iron-core, the magnetic properties of iron-core should be defined.

»B-H curves with low magnetic field »B-H curves with high magnetic field
- —— 6.5
2.4~ —8—Magnetic flux density of iron-core —B— Magnetic flux density of iron-core
Magr{etic flux del?sfl‘] of air-core 8,000 60 Magnetic flux density of air-core
—E— Relative permeability 550

2. =17,000 ~
o g =50 i g
< Joooo B zas 3 =
216 e s L g
z 2 240
§ 5000 2 5 -
3 ¢ T35
g 12 booo 3 Z
2 i R -
5 g 225 : T S
£ 0.8 po00 5 *ﬂgz N Relative permea bility=*
g = B
£ 00 2 Sy
=04 o

{1,000 O
0.5 —
00 N }—E_n m I
0.000 0005 0.010 0,015 0020 0.025 0.

030 000 ——035 19 520 23
MagnefisAfeld intensitsh M AM) TS Technology for Sustainable Enerdpighéo werd %M%ﬁﬁ'ty (MA/m)
8th~14th of Jun. 2016, Bologna, Italy
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Stator design of the HTS generator
»Stator winding diagrams

K3

% SCW: Short pitch Concentrated Winding

K3
"

FOW: Full pitch Concentrated Winding ~~ A*—EB—A_

K3
K3
"o

K3

A : 2 | } |

pa

mmer school on HTS e Transport System
§m 8th~ un. 2016, Bologna, Ital\gb FDW

56
Stator design of the HTS generator
> Electromagnetic torque waveforms
12
< Torque ripples of the fully El s
air-core type generators: §
= SCW: 1.8% §10
= FCW: 1.0% gl ‘
* SDW: 0.4% e Tl o i SV ol s i ik FOW
= FDW: 0.3% 8 100 500 600 700 800
/. V.5 70 Time (ms)
12
“ Torque ripples of the b
partially iron-core type § /‘d N
generators : ;“’y k
= SCW: 19.7% %9 A e :
* FCW: 12.3% e, , AT o e i S Ak Pl e e i POV
= SDW: 7.0% 400 500 Timgog)ms) 700 800
= FDW: 13.4% "
<> Torque ripples of the fully e e .
iron-core type generators : §
= SCW: 19.5% S10F
= FCW: 10.1% g, ot v
= SDW: 13.7% S _—:—_ruﬂymn.cmcgpcm_‘gscwxrumulymn-cmgm_mrcw
: Fully iron-core type with SDW Fully iron-core type with FDW
= FDW: 7.3% §oo 500 6! 700 800

. 600
ESAS Summer school on HTS Technology for Sustainable Engrlg\l/eag%s)rransport System
8th~14th of Jun. 2016, Bologna, Italy

% SDW: Short pitch Distributed Winding < FDW: Full pitch Distributed Winding C orrfrere oC

2016-06-20
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Efficiency of the HTS generator

57

>Iron loss curves of silicon lamination steel Ky 6.13287e-3  +a: 1.30958
- ] *K:8.12391e-5 -4 1.91075
[ ——50Hz
/ — 60 Hz
257 / —— 100 Hz
/ , ——150Hz
— 201 f /. ———200Hz ﬁ
=3 / —— 300 Hz
=5 f a 2 2
= f ——— 400 H: —
7 B ~f oo P th B +Kef B
3 / 1000 Hz
gl —— 1500 Hz
—— 2000 Hz . . .
2= & The efficiencies of the three types
? of generators are similar about
. - = 98%.
0.0 02 0.4 0.6 0.8 1.0 12
Bpr « (D Ref. Infloytica
Type Fully air-core type Partially iron-core type Fully iron-core type
Stator windings SCW | FCW | SDW | FDW | SCW | FCW | SDW | FDW | SCW | FCW | SDW | FDW
Stator coil (kW) 154 | 154 | 154 | 154 | 154 | 154 | 154 | 154 | 154 | 154 | 154 | 154
Stator body (kW) - - - - 9.1 | 675 | 780 | 713 | 821 | 6.71 | 7.74 | 7.19
Vacuum vessel (kW) | 2.88 | 2.21 | 1.02 | 0.92 72 38.4 21 20 42 30 12 12
Rotor body (kW) - - - - - - - - 0.42 | 0.42 | 0.42 | 0.42
Windage loss (kw) | 0.17 | 0.17 | 0.17 | 0.17 | 0.15 | 0.14 | 0.14 | 0.14 | 0.14 | 0.14 | 0.14 | 0.14
Total loss (kW) | 157.1 | 156.4 | 155.2 [155.1 | 235 | 199 | 183 | 181 |204.8|191.3|174.3|173.8
Efficiency (%) | 98.50 | 98-50 | 98,80 | 58.50 | 0770 | S0l 2520 | 96.28 | 98.05 | 98.05 | 98.05 | 98.05

Length of HTS wire & Weight & Volume

53

v} —s— —a—Fully air-core type
] —o— —2—Partially iron-core type
B — _a—Fully iron-core type

Total length of HTS wire (km)

Stator winding method

! 110 450
1107.5t
104.6
445
4100
. <] &
95t s =
) ga J40 2
n 565 km =405
4 =]
90 gh =
418 ki 5 1357
——390 km ©n "o
1508 1 g
b g An @
0.6 M g 130g
o =
| z =
I R
5 1702 s 5
= s
.09 =~
i D)
FDW 60 20

% The volume and total length of the HTS wire in the fully iron-core type generators with SCW and

FCW are the smallest and shortest.

% The weight of the fylly ait:core type ﬂ%%@ipﬁ with FCW.and FDW are the Jightest because the

mass density of the nonmagneticamateriabis lowersthan:theymagnetic material (M-27).

2016-06-20
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Length of HTS wire & Weight & Volume

V74 —a— —A—Fully air-core type
[ ] —o— ——Partially iron-core type

- _—m— —a— Fully iron-core type
110 50

__G107.5¢
800 104.6t
H45
g 4100 = O<
= |\9“5 t ) =
L ga 1402
-5 600 565 ki o
1) 490 © =
& 2 =
o T 1355
418 km — 35 7
S 400 LA 1389km /) ——389km /) ——390km_ [/ /] — —390 km| %)
S 400 e
< 180 %G e
2 8 1308
2 0.6 - = 8
= [=]
E 200 ‘ Jo81 2
5 5 mA 70 =
= g {58,
S 1P
.09 =~
0 o 60 20

Stator winding method

All items considered (torque ripple, efficiency, length of HTS wire, weight, volume), the

fully iron-core SCSG with ERW, is.the good,design for large scale, wind power systems.

8th~ 14t of Jun. 2016, Bologna, Italy
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Modularized 12MW HTS generator

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy
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The proposed idea of modularization.
»Configuration of the module for the 12 MW HTS wind power generator

Permanent
magnet

\

~ HTS stator wire
Excitation

==
EMF

Induced current

Generator
module

Vacuum vessel

The modularization of the generator enables a smaller cryogenic volume, an easier
repair, assembly, and maintenance of the HTS field coil. Modularization will be suitable

for commercial mass production and will increase the operational availability of HTS

generators in thté’\iﬁhfd”ﬁﬁfﬁﬁ?é’” HTS Technology for Sustainable Energy and Transport System
" 8thw14th of Jun. 2016, Bologna, Italy

Conceptual dimensions of the module(tentative)

But, there are two big problems
have to be solved. Heat

exchanger
. C
Heavy_heat Ioad/ H‘I('Suc)oil & T
+ Very high mecha bobbin (Al)

Bobbin siupporter
(Ss)

128 mm Coil ]
supporter -
(G10)

79 mm

EJASISummerehdol on HTS Technology for Sustal%%f?sg;er T
390 mm 8% 14t of Jun. 2016, Bolo§ReyHaly
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Design of the modularized 12MW class HTS generator

» Specification and FEM analysis results

Parts Property Value Parts Property Value
The number of poles 30 The number of slot 180
Effective length 450mm —
- Copper coil winding type Short pitch
Rotation speed 8 rpm (Distributed Winding) ort pitc
Rotor Turns of SC coil/layer/pole 400 Cooling system Water cool
Field current of SC coil 352 A Stator Current density of copper
Length of SC wire per pole 4.35 km coil PP 3 A/mm?
Total length of SC wi 130 km(12
ol engh o wire m(12mm) Turns of copper coil 15
T Diameter 6.7 m
Bl smoothed
e Perpendicular magnetic field 542T
o Maximum magnetic filed 7T
L Active volume 25 m?
) Active weight 107 ton
Total weight
(incl. structure) 180 ton
— , Inductance per pole 4.84 H
For supporting structure space

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Juna2016, Bologna, Italy
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Design of the modularized 12MW class HTS generator

»FEM simulation results-magnetic distributions

< Max. magnetic field % Perp. magnetic field
6.29305 4,46046
566374 357925
269003
:2::: 1.81682
e 3,77503 0935603
Iron 314852 0.0543887
cored \ i 1 251722 -0.626826
bobbin | 18T WGaL -1.70804
1.25861 . -2.58926
0.628305 HT.Sfield 347047

winding 435168
Armature

Ar matur:e

winding\

winding

Maximum m@ﬂ@%iﬁ;ﬂw&oﬁcsﬂ% Technology for wqﬁ%&%ﬂ%?%l@ﬁé%%@};‘&rf‘eld 44T

8th~14t of Jun. 2016, Bologna, Italy
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Efficiency of the 12 MW HTS generator

»Iron loss curves of silicon lamination steel

Loss (W/kg)

»Loss of the generator

2016-06-20
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30 . Ref. Infloytica
A 50 Hz Ohmic loss
/ ——60Hz
25 [ —— 100 Hz Cryostat 0.5 kW
[ -y —— 150 Hz
-l / / ——200Hz | | Stator coil 130 kW
| / ——300Tz
/ ——400 Hz Iron loss
15 - g }/ — 600 Hz
: -/f : 1000 Hz Hysteresis loss | 9.81 kW
10 / 1500 Hz Stator body
: 2000 HZ Eddy current loss | 0.55 kW
5 =
: Windage loss 0.21 kW
. : y
N P o e P = = Total loss 141.07 kW
Bpm M@ Efficiency 98.8%

«K;; 6.13287e-3
«K: 8.12391e-5
«a. 1.30958
3 1.91075

P = K, f*BP+K,f*B?

+ Efficiency of the"12 MW' HTS gengtator with fon; stator body is b6t 99%.

12 MW HTS generator output characteristics

66

»Torque ripple
16
Torque ripple: 14.07% (Rated torque 12.6 MNm)
_
g ! 4 /N /N
S’
2 12
o
(=]
F
10
200 300 400 500 600 700 800
>»E.M.F 200 Time (ms)
Voltage of phase R 230 -
300 F——Voltage of phase S RN XA/3x24.=6.76k V. (1027%)
200 Voltage of phase T v
g 100 125 Py >
5] N\ N
20PN 7
= -100 X
2 t e N X
-200 -/~
00 (Rated L-L voltage 6.6 kV)
-400
400 600 800

0

K3
"

°,
"o

<

200

i Time (ms
Th_e THD_ of_a %é'}l%(ﬂﬁﬁ%‘#&ﬁ&é%"ﬂ‘?s”ﬂé:!ﬁFJR:%J“r’éssEQ%Ha#&nQ&i&I%OP%‘!;EJQ System
% This design is suited to standard. {L-Lwvoltage DHDeiso1:2 %3y

33
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Structural analysis considering high torque

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy
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Force and structural analysis and design technique

» Stress and Strain of the generator according to the force

% Stress/Strain Normal Strain [Null] % Hoop strain/Radial strain
z F,

_AL
e=—

F
¥ Normal Stress [Pa]: volume variation
. F
o, = lim =
8A-0 AA
Shear Stress [Pa]: shape change
F . F
=i _y = —x
T = AIL[I]O AA To A'L'I‘o AA
% Displacement -
- U e e u
X2 =6 Displacement: u(x) B
S
‘ ’ u(x) =% =% =2-1 Hoop Strain
- X U(x,) = X, —%, = 6-3 o = AL _(n+u(r))dd —rdo
=1 X=3 "L r,do
i dx - Normal Strain defined by Displacement u(r) _u(
_OL_ (6-2- (-1 _ (Xa=%) = (X =) =T
L 3-1) - !
G- (% —) Radial Strain
_ (X =%) = (X3 =) _ U(Xp) —u(xy) _ 0u(x) AL __u(r,)-u(r,) _ au,(r)

ESAS Summer wioal ) HTS Techno@@( foxstainab@yEnergy an@JﬁrﬁtﬁrrSys em

8th~ 14t of Jun. 2016, Bologna, Italy rL=n or
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Force and structural analysis and design technique

» Torque characteristics of the superconducting rotating machine

= Capacity vs Torque

P=Tlw

% 36.5 MW superconducting motor (AMSC)

365MW =T [ 27 (L20/60)

Ref : AMSC

P: Rated power
T:Torque
w: Angular velggity, |

_ 365MW
27 (120/60)

er school on HTS Technology for Siistain

=29MNm

< Basic specifications

Item Value
Rated power 36.5 MW
Rated terminal voltage 6 kv
Rated armature current 1.27 kA
Rated rotating speed 120 RPM
The num. of rotor poles 16

7=2.9 MNm Fian=1.26 MN
128.7 tons

radius=2.3

8 tons/pole

ble Energy and Tran

8th~14th of Jun. 2016, Bologna, Italy
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Force and structural analysis and design technique

» Torque characteristics of the superconducting rotating machine

Blade %
o Yaw system

= Capacity vs Torque

P=Tlw

12.3MW =T [27(8/60)

Cooling system/
Monitoring system

< Basic specifications

Item Value
Rated power 12.3 MW
Rated L-L voltage 6.6 kv
Rated armature current 1.07 kA
Rated rotating speed 8 RPM
The num. of rotor poles 30
The num. of DPC layers 6
The length of air gap 90 mm
Thickness of vacuum vessel 20 mm
Number of stator coil /phase/pole 2

7=15 MNm Fi2n,=5.36 MN

547 tons

P: Rated power
T:Torque

_126MW

=——— =15.04MNm
mer schggrgn8é§so echnology for Sustain,

18 tons/pole

ble Energy and Tran

w: Angular v@é&i%‘ﬁ

g~ 14M of Jun. 2016, Bolog

a, Italy

2016-06-20
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Force and structural analysis and design technique

HTS field coil

4

> Design of the structure of the HTS generator

HTS field coil

Cryo-cooler

hnology for Sustainable
of Jun. 2016, Bologna, Liai

- - - 72
Force and structural analysis and design technique
»Comparison with AMSC’s motor
< 36.5 MW superconducting motor (AMSC) < 12.5 MW HTS wind turbine (CNU)

=——. Ref : AMSC

em

365MW 12.6 MW

=———— __ —29MNm = ———— =1504MNm
2 (L20rpm /60) 27 (8rpnV60)
Fiongentia=1.26 MN Fiangentia=5-36 MN

8 tons/pole | 18 tons/pole |

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

2016-06-20
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Force and structural analysis and design technique
> Design of the structure of the HTS generator

= The force of 1 pole Total 540 tons

- 0.18 MN= 18 tons

NH

Module of the HTS generator
(in which HTS one pole is integrated)

20 tons truck
<Rotor part of the 12 MW HTS generator>

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14t of Jun. 2016, Bologna, Italy

Force and structural analysis and design technique

> Design process of the HTS field coils
C Design and structural analysis D

2016-06-20

73

74

7

v L

| Design of thej::asm structure | | Design the detailed analysis model I
|

| Check the force at the coil |

| Solve of the analytical model (Dynamic) |

v I
| Design the coil support structure |<— | Check the stress |
v l

| Define the mesh (Metal/Composite) |

v

| Define the boundary condition |

v

| Solve of the analytical model (Static) |

v

| Check the stress |

Below the 40% of
yield stress No
AS SurrTTer school on HTS Technol

Yes 8ihn14th of J

Considering the safety factor

Safety factor > 8

Yes

Considering the Fatigue load

gy for t

30 % of yield stress

Yes

Complete the structural analysis >—
bla L AT £ Cict No

) P Y

n. 2016, Bologniexiistep: Thermal analysis

No

37
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Force and structural analysis and design technique

> Force analysis results of the HTS field coils

A X-axis: 0.4225 MN
, : Y-axis: 0.0635 MN

g o1 D T a—T IR R Y TR T T R— ) o . §
Time ) ) 002 004 006 008 01 012 014 016 018 02 022 024 026 028 03 032 034
Tine )
Time=0's Surface: Magnetic flux density norm (T) o
Arrow Surface: Magnetic flux density (Material) Time=0s Surface:von Mises stress (MPa) o
A 0.02 2700 A 381x10°
2400 2600
4
2300 2500 0
2200 2400
35 80
2100 2300
2000 3 2200 70
T s 2100 80
2000
1800 50
2 1900
1700
1800 40
1600 s 1700 30
1500 1
1 ) 500 times 0
l400 1500
1300 L) 1400 &
1200 gy for Sustairfable Energy and Transport, System 0
3 0 00 1400 1600 1800 2000 2200 2400 WO
1400 1600 1800 2000 2200 2400 ¢ sos i Haax 2016, Bologniedtaky
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Force and structural analysis and design technique

> Structural analysis results
Max. 142 MPa ,

Aoos

¥ saza0

Time=0s. saface: Total diplacament (mm) Max. 0.53 mm .

Asaxot

ESAS Summer school on HTS Techno\ogyy‘ for Susféinatﬂc Energy and- Trlaﬁsportv System
8thn 14t of JUn. 2016, Bologna;-Italy vo
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Force and structural analysis and design technique
> Structural analysis results (24 poles)
<
0.0 0. 04 Ol(v 08 1.0 1 14 16
Time (s) W s e wo o W Lo wo Lo 1 =
surfac i Mpa) o Surface: Total displacement (mm) o
200 100 o 100 200 A 297x1010 200 100 0 100 200 A L3sx101
250 o
200 -100 0.08
y g 0.07
| 150 0.06
ay.
{ /
| /L /o / “
/ / 7 /——-200
/ / / / 0.01
‘_y; T ESAS Summef-sehodl-omdTS Technolodly for Sustainab y-and-Transpo Mo
8t~ 14t of Juwhe20%6, Bologna, Italy vo !
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Force and structural analysis and design technique

» Mechanical properties of the materials
< Properties of CFRP

= Tensile strength of the carbon fiber in a laminate: 1.6 GPa

High strength (1.6 GPa)

—> —

Force Force

Low strength (<100 MP:

——> Carbon fiber

Epoxy €—

% Properties of GFRP

Mechanical Properties Metric English

Hardness, Rockwell M 110 110
Tensile Strength at Break 262 MPa 38000 psi
310 MPa 45000 psi

Flexural Strength 448 MPa 65000 psi
517 MPa 75000 psi

Flexural Modulus 16.5 GPa 2400 ksi
18.6 GPa 2700 ksi

Compressive Strength 448 MPa 65000 psi
Izod Impact, Notched 6.41 Jiem 12.0 ft-b/in
7.47 Jicm 14.0 ft-Ib/in

Tensile %@&tﬂﬂ@c@oﬁ@@% lec)hano\ogy for Susté!]la(%‘{\cl%l:n)!}%?%rne raﬁsp%zr' %éstl\cllmp a

8th~14th of Jun. 2016, Bologna, Italy

2016-06-20
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Thermal analysis considering supporter shapes

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

- o 80
Heat load characteristics of the module
>Five principal heat sources

QHeat_loss = QExcitation"' QConduction + QRadiation + QEddy currentt QAC loss [W]

0 Excitation— 6 Radiation é QAC loss ™ =
I ) 2 I
= -

@ Conductionf

GM cryocooler power cufve « Gifford-McMahon (1-stage)
10 SRDK-500B

-

-
2,

]
R

@OEddy current

120

80

60

» Operating temperature of
the HTS coils: 20 K

Heat Load(W)

40

v

20 / « Therefore, the total heat
0 loss in the module should
5 10 55AS A9mmeR8chooB8n HT85Technolo 8] ainable Energy an| GWEPETENh

Temperature(K) 8t~ 14th of Jun. 2016, Bologna, Italy beoiwer S0 W.

40
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Heat load characteristics of the module (Excitation heat load)

»Calculation formula of excitation heat load for general current lead
ngen Warm end
TH

>

HTS lead
Qe
Qu
= Heat generation rate
dT
= Fourier's heat conduction( g = —kA d_ ) + Ohm’s heat generation (| 2R )
L
=I?R =12 — “R=p—
Q og)m (vR=p%)
2 2
= -2 kar (- == - 2 ["kaT) ndo=-2"gr
T A T Q
» Optimal dimensions of the metal current lead
TH
QM =12 o0 (r) 0r
+ 2 2)0m [T
i = .[TH k2 [dT for Sustainable Energ :nAJ::[cnnprzﬁ(Th):rlf (T)mr

H§A5@mmer school on HTS Technolog
8th~14th of Jun. 2016, Bologna, Italy

L,
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Heat load characteristics of the module (Excitation heat load)

»Calculation formula of excitation heat load for general current lead
Ty k

Qum=1[2[" Pk, (A R Tk I e

.

PMK(T) =L,T (L, =2.45x10°WQK ?)

[T

Wiedemann-Franz-Lorentz Law

L 1 Kk
QM= L2 -T) (W, Qo =7l gy T

Optimal heat current Optimal dimension of the current lead

v Therefore, tHé EXEItatio REat 1630 6F tie 12 MY Hisddle 16730 Vi (352 A).

2016-06-20

41



83

Heat load characteristics of the module

>Supporter shapes (Conduction and radiation heat loads)

1. Pole type 2. Honeycomb type

3. Zigzag type

» Simple structure
» Normal strength
« Easy connection

» Low heat transfer
 Lower strength

« High strength
« Complex structure

?

What is ’Ehe best?

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8t~ 14th of Jun. 2016, Bologna, Italy
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Heat load characteristics of the module
>G10 thermal conductivity (Conduction and radiation heat loads)

-Log part
G-10 Fiberglass Epoxy (Normal Direction)
Thermal Conductivity y=a-b*In(x+c)

070 a_ [-0.24994
0<K<100[ b [-0.11905

0.60 / c 12.15699
0.50

X
§ ' / -Lineal part
E‘ 0.40 y=A+B*x
: / >100 A [ 0.16329
S 030 B 0.00145
[ &)
g / Qconduction
5 0.20 A (TH
& / =— k(T)dT [W]

010 1 L TL

0.00 A. Conduction area

0 50 100 150 200 250 300 350 Lr COﬂdUCt/Oﬂ /ength

Temperature, K

k(T): Thermal conductivity

) .. ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
Ref. crtogenics.nist.gov 8th~14t of Jun. 2016, Bologna, Italy

2016-06-20
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Heat load characteristics of the module

»Conduction heat load calculation

(Conduction and radiation heat loads)

0.04 <Constraint conditions>
0035 e /"« Conduction length: 0.079 m
less than 0.03 m? « Conduction area: <0.03 m?
0.03 « Material: G10
« Radiation heat load: <5 W (2.54W/m2?,

<0025 / module structures: 0.6 m?)
g’ 0.02
b3 / Qconduction

0.015 / A (TH

0.01 =1 ., k(T)dT [W]

0.005 /

A. Conduction area

0/\ T T

0 0.02 0.04 0.06
Length (m)

»Radiation heat load calculation

Qradiation = % (Tr4 - Tc4) (W]

L. Conduction length
k(T): Thermal conductivity

0.08 0.1

& Effective total thermal emissivity of the material (Al; 0.03)
0 Stefan-Boltzmann constant (5.67x108W/mZ/K#)

N Layer number of multilayer insulations

7. & T, : Enclosure temp. & Thermal shield temp.

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy
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Heat load characteristics of the module

»Casel- pole type
-Full model without cryostat

A 300

250

150

100

V156

(Conduction and radiation heat loads)

-HTS field coils Ao

-Coil supporter 4300

Diameter: 20 mm

ity

Parts Heat loss \
Max. temperature at the HTS coils 19.3K n u u Iu u u .
Conduction heat load 11.4W D u D n D u u 79 mm ::o
Radiation heat load 22W or Sustainable Energy and Transport System
——or—om—2016, Bologna, Italy ¥ 135

2016-06-20
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Heat load characteristics of the module
>Case 2-Honeycomb type (Conduction and radiation heat loads)
-Full model without cryostat -HTS field coils are
A 300

V165
Parts Heat loss
Max. temperature at the HTS coils 19.8K
Conduction heat load 145W
Radiation heat load 2W or Sustainable Energy and Transport System

2016, Bologna, Italy

- - 88
Heat load characteristics of the module
>Case 3-Zigzag type (Conduction and radiation heat loads)
-Full model without cryostat -HTS field coils Aes
A 300

-Coil supporter 4300

V142
Parts Heat loss
Max. temperature at the HTS coils 16.6 K
Conduction heat load 11w
Radiation heat load 2.5wW or Susta%n%g)lengrqgrgy rfd/Transport System

w—2016, Bologna, Italy w152

2016-06-20
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Heat load characteristics of the module

»Simulation model of the module

O S MEVSIN  -Normalized electrical resistivity vs.
Bobbin supporter(SUS)

(Eddy current heat load)

Temperature: Conductive metals and stainless

steel | _ _
0. >~
/
swigl T Thdontingm
7
A
o1 /A
7
0.05 r

p(2A3K)|

Mormaleed Ressstwity [l )
o
2

jormalized zero-field p(T) plots for cona

Cti

Lc
metals ai steel; i 99.99%,
. <26. : = <17
Component Material Electrical resistivity oon it 2 ,‘54‘ 0 T copper (RRRC 20,6 =1
Stainless S (200, p $16.93 nQ m); siver (99.99%
Cryostat 725 nQm (at 293 K) o0e £16.00 02 m). Stainless steel (309L p <725
steel m) represents a "typical” alloy. For each metal,
Stainless AT)is jzed to its zero-field resistivi
Bobbin supporter 508 nQm (at 20K~30 K) 293 K.
steel
0.0001 (IR LIiil
Coil bobbin Aluminum 0.34 nQm (at 20K~30 K) g . 100 ”1;0 :K]-w 20
Heat exchanger ESA%M&Wer S:hoe[%‘ﬂﬁrﬁ ( HWQQU Sustaiga W/?ikgﬂﬁﬂ%\éaa, F@;@é@?ﬁéﬁmud/ng Magnets-second
M - 4

Boecton  fégé\640

Heat load characteristics of the module

2200

(Eddy current heat load)

2000
1800
1600

—
= 1400

v

1200

1000

Eddy current los
2

<Eddy current distribution of the module structures>

Structures Value

SUs 4.6 W
Cu 7.5W
Al 6.4 W

Total eddy .culrre‘nt‘los‘s is 18.5W.

P I N T RIS AN NI NI ST NI SR R N R

0

100 200 300 400 500 600 700 800 900 1000 1100 1200
SAS S hool 3 d S
ESAS Summer school on ;J%%y%;@g%gﬂiﬁggg) and Transport System

89

90

2016-06-20
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Heat load characteristics of the module
(Total current heat load)

| = The surﬁ of the heat losses is 63 W.

17

165

Excitation heat loss

30w <14 W

120
GM cryocaoler power curve
100

80

60

N 74
20 /
NV

5 10

Heat Load(W)

Temperature(K) 8th~ 14t of Jun. 2016, Bologna, Italy

15SASZ0immeb schod0 on H3BS Tecnoly for Sustainable Energy d

Conduction & Radiation heat losses

A199

175
d Tran,
Y14

91

Eddy current heat loss
18.5W

*The cooling capacity of the
GM cryocooler is 53 W at
20 K.

«However, the total heat loss of
the designed module is 63 W.

«To achieve the tem. less than
20 K, we should be reduce the
conduction area of the
%‘i@%‘;ts%mand excitation heat

92

Superconducting generator cost

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System

8th~14th of Jun. 2016, Bologna, Italy

2016-06-20
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Weight of the superconducting generator

»Comparison with conventional generators

Generator Total weight
12 MW PMSG (indl. structure) 362 ton
12 MW SCSG (incl. structure) 180 ton
400 —
% DFIG (3-stage gearbox) x2
A PMSG (1-stage gm""")y ; Generator Diameter Axial length
3501 A PMSG (2-stage gearbos) -7 -
A PMSG (3-stage gearbox) 10 MW PMSG 9m 26m
$£7 PMSG (gearless)
3001 ¢z SCSG (YBCO wire) 12 MW SCSG 52m 1.7m

Generator weight (ton)
=
(=]
T

SCSG: 180t

< person’s height: 1.8 m

10 MW PMSG

12 MW SCSG

o 0 1 2 ESA% Sun“lhﬁt?@ggl mgwo%gy i’g;:u;ﬁgsﬁe IEtgﬁlrgy and Transport System
94
Cost of the generator (current price of HTS wire; 230 §/ka-m)
Material Cost Parts Cost
Copper 20.5 $/kg Stator coil 985 k$
Stainless steel 1.5 $/kg Stator body 206 k$
Silicon steel plate 4.1 $/kg Vacuum vessel 18 k$
HTS wire 23 $/m (100 A @ 77 K) Rotor body 16 k$
Active parts | Weight Material HTS wire 18,616 k$
Stator coil 48 ton Copper Structure 306 k$
Stator body 50 ton Silicon steel plate
Vacuum vessel | 12 ton Stainless steel = Stator coll
Rotor body 11 ton Stainless steel 1 Stator body
Total length of HTS wire
HTS wire | 375 km = Vecuum

Total cost of the 12 MW SCSG
=10,146,509 $
=11,161,160,184 KRW (1$=1,100 KRW)

= Rotor body

= HTS wire

m Structure

Ref. Design of direct-driven peﬁ%@nﬁh&%ﬂé?ﬁeﬁgﬂ%?%)WW@JEQHP@B&E%&SUSta'”ab‘e Energy and Transport System

Ref. SuperPower (4mm HTS wire)

~14% of Jun. 2016, Bologna, Italy

2016-06-20
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HTS wire price-performance for commercialization

Ref. SuperPower

1,000 x=

100 | N

Price ($/kA-m)

——77K, 0T, with R&D
- = 77K, 0T without R&D
——65K, 3T with R&D
- = 65K, 3 T, without R&D
——50K, 3T with R&D
- = 50K, 3T, without R&D

s ~ | commerical marke
< <
RS entry threshold

- |
~
St medium commercial

s market requirement
~e.e==lgrge commercial
~ .

] market requirement

10

2009 2014

2019

2024

v Today's HTS wire price: $225/kA-m
(100 A performance

at 77 K, zero applied magnetic field)

v' Improving wire price-performance is key factor for commercialization
ESAS Summer school on HTS Technology for Sustainable Energy and Transport System

8t~ 14t of Jun. 2016,

Bologna, Italy
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Cost of the generator (ruture price of HTS wire; 50 §/kA-m)

Material Cost Parts Cost
Copper 20.5 $/kg Stator coil 985 k$
Stainless steel 1.5 $/kg Stator body 206 k$
Silicon steel plate 4.1 $/kg Vacuum vessel 18 k$
HTS wire 5¢$/m (100 A @ 77 K) Rotor body 16 k$
Active parts | Weight Material HTS wire 1,873 k$
Stator coil 48 ton Copper Structure 306 k$
Stator body 50 ton Silicon steel plate
Vacuum vessel | 12 ton Stainless steel = Stator coil
Rotor body 11 ton Stainless steel w Stator body
Total length of HTS wire

HTS wire | 375 km = Vecuum

= Rotor body

Total cost of the 12 MW SCSG
mHTS wire

=3,403,709 $
=3,744,080,184 KRW (1$=1,100 KRW)

m Structure

Ref. Design of direct-driven pe%ﬁh&%ﬁggeﬁgé%L‘&WW@/‘JEQ‘H%QQ‘@%&USta'nab‘e Energy and Transport System
14t of Jun. 2016, Bologna, Italy

Ref. SuperPower (4mm HTS wire)

2016-06-20
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Characteristic evaluation for superconducting coil

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy
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Characteristic evaluation device for HTS field coil

» Torque characteristics of the superconducting rotating machine
= 12.5 MW HTS wind power generator (CNU)

= 36.5 MW superconducting motor (AMSC)

Ref : AMSC

| g . ! ] W s, IR
In case of MW class superconducting generator, tons of load affect the
superconducting coils by high torque of the high-capacity and low rotating
speed generator. Characteristics evaluation device for superconducting coils are
needed to check the effect of the high torque of the generator.

["Rdted power 36.5 VW RateT power TZ ST
Rated terminal voltage 6 kV Rated L-L voltage 6.6 kV
Rated armature current 1.27 kA Rated armature current 1.07 kA
Rated rotating speed 120 RPM Rated rotating speed 8 RPM
The num. of rotor poles 16 The num. of rotor poles 30
Rated torque 2.9 MNm Rated torque 15.04 MN'm

= Tangential force per 1 pole = Tangential force per 1 pole

- 0.08 MN (tabo{gbrﬁertgnp))l on HTS Technology for Suﬁin@ﬂi&%hn’ﬁ(@b@u‘bsés ton)

8th~14th of Jun. 2016, Bologna, Italy

2016-06-20
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Characteristic evaluation device for HTS field coil

> Operation principle of the superconducting generator

v Output voltage is generated by time-varying magnetic field of the superconducting field coils (Fleming’s right hand rule)

b ; NS ) 4 -Time(ms)

Cross section of superconducting generator Magc dis’cribon Output voltage
» Operation principle of the evaluation device for superconducting coils
v After fabricating the 1 pole module of the superconducting generator, the module is tested on the same operating conditions

Fabrication of 3 pole modle . Output voltage
Fal of 1 pole stator module

§gssusesenpzsgggs

-Check the output
generator (1 pole coil)

ergyCheck lability of the

il by the high torque

ge of the sup

100

Characteristic evaluation device for HTS field coil

» Design of the superconducting coil and armature module for evaluation device
- Design of the superconducting generator

> Specifications of the superconducting generator

Item Value
Rated armature current 875A
Rated speed 2.5m/s
Turn number of the stator 25
Number of slot 12
Thickness pf magnetic 150 mm
shield
- Superconducting coil and armature module
for evaluation device »Specifications of module coil for evaluation device
\ Item Value
Number of DPC 5
Turn number of coil 1300
Operating current 100 A
Operating temperature 20K

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

2016-06-20
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Characteristic evaluation device for HTS field coil

> Accelerated distance and external force for moving the stator part

* Energy of the stator part
n(=mg) f=pmg

f, =0.001( 3500kg )(9.8m/ s*)=343N
f,=343N F=112805N X 9) )

1 1
ave = mv; ‘EmViz +f.d

%rwfz :% rnvl2 - fxd +Vvo(her

%(SSOOkg )(2.5m/ s) = 0—(343N ) (1m)+W

kg) (2. i
w=(3500ka) (25M/S)” 2135y =1128053

2
F =(11280.5J )/(1m)411280.5N

f.: frictional force[N] t:time[s]
m: massof stator part[kg] ~ d: moving distance[m]
g: gravity (9.8nm/s*) W :energyof stator part[J]

ESAS Summer school on HTS Technmgyffdﬁgwmigi@@ﬁnﬁdlgﬂéml@@m

8th~14t of Jun. 2016, Bologna, Italy
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Characteristic evaluation device for HTS field coil

> Accelerated distance and external force for moving the stator part

n(=mg) « Output power (1 pole)

F=112805N W, = gépm) = 0.4 MW

» Output power of the motor to maintain the 2.5 m/s velocity
P=Fyv,
P=(11280.5N ) (2.5m/ s)=28.2kW

Motor ., = (400kW) - (28.2kW)
- 371.8kW

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14t of Jun. 2016, Bologna, Italy

2016-06-20
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Characteristic evaluation device for HTS field coil
» HTS field coil part

Cryostat

Radiation
shield

Using the flexible cooling pipe & Current
lead connect terminal

Current
lead

Thermal
insulation
pad

8th~14th of Jun. 2016, Bologna, Italy
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Characteristic evaluation device for HTS field coil

» Stator part (with removal equipment)

Stator winding
module

Wheel-1
(for Moving)

——

Apply the wheel of a roller coaster to anti-
Wheel-2 derailing guard rail

(Rail holder)

Stator holder

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

2016-06-20
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Characteristic evaluation device for HTS field coil

» Configuration of the overall system

Load bank

T Aport R BT
system o Armature

module N

transport Cryostat for testing the

system superconducting coil

BERIEERN

Guide rail 7
ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8t~ 14th of Jun. 2016, Bologna, Italy
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Characteristic evaluation device for HTS field coil

53
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Characteristic evaluation device for HTS field coil

» Evaluation items using characteristic evaluation device

Experiment categories using

superconducting magnet module

= Measurement on magnetic flux density of
superconducting magnet

= Measurement on cooling distribution and maximum
cooling temperature of superconducting magnet

= Measurement on cooling load of the magnet

= Measurement on  critical current of  the
superconducting magnet according to temperature

o = Characteristics test about De-lamination of the
| superconducting magnet

= Characteristics test about superconducting magnet
according to the impregnation method

= Characteristics test about superconducting magnet

Experiment categories using according to the winding method

armature module

= Measurement on output characteristic according
to armature winding method

\
1* Characteristics test about superconducting magnet
according to the bobbin structure

= Existence verification of performance degradation of

= Measurement on output characteristic according superconducting magnet

to armature material
= Existence verification of damage of superconducting

= Measurement on armature output characteristic magnet by electromagnetic force

according to air gap
= Existence verification of damage of superconducting

= Measurement on armature output characteristic magnet by armature torque

according to wind speed

= Measurement on armature torque

= Verification for the dggl,gg §5?H#%grf&%rbed'r35%rHT

using output waveforny Technology for Sustainable Energy and Transport System

8ih~{14t of Jun. 2016, Bologna, Italy 107
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Researches trend of superconducting generators
for large-scale wind turbine

ESAS Summer school on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy

2016-06-20
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Researches trend of the superconducting wind turbine (World)
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Ref. AMSC

»>Sea Titan™- American Superconductor (AMSC)
= Generator properties

Rated power 10 MW
Poles 24
Diameter 5m
Length -
Rotation speed 10 rpm
Current density -
Temperature 30-40 K
Maximum field -
Field on stator -
Output voltage 3.3kV
Output current 0.6 kA
Voltage frequency 2 Hz

Technical characteristics

v'HTS superconducting field winding
v'Copper armature winding
v'Generator diameter; 4.5-5 m

v'Weight; 150-180 tons
v Efficiency at Fated'oa4:

g@%on HTS Technology for Sustainable Energy and Transport System
8th~14th of Jun. 2016, Bologna, Italy
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Researches trend of the superconducting wind turbine (World)

»General Electric (GE)

= Generator properties

hnolo

Rated power 10 MW
Poles 36
Diameter 49 m
Length 2.7 m
Rotation speed 10 rpm
Operating current 277 A
Temperature 6.08 K
Maximum field 735T
Field on stator 22T
Output voltage 3.3 kv
Output current 1.75 kA
Total length of SC wire 720 km
Total weight 93 ton
Volume esas smpfer scnad JNEJS Te

Ref. GE company

Direct-Drive
Superconducting
Generator

v'Complete a Hydrogenie superconducting generator
(full rated load is 1.7 MW spinning at 214 rpm and
operating at 43 K.)

v'Start a project with funding from the US DOE to
|n¥(-;_s§|%ate a_10 MV(\:(-T%Q;S{)IOP{I ystd|rect-dr|ve wind

Ut em

of Ju%&%&'@]@ﬂbﬁ&j—[ﬁ’%Cﬁno

2016-06-20
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Researches trend of the superconducting wind turbine (World)

Ref. Superconducting light generator for large offshore wind turbines
»>SUPRAPOWER prOJect; SUPerconducting, Reliable, lightweight, And more POWERful offshore wind turbine

| 20092012 ¢ 2013  j 2014 g 2015 | 2016

>

" « 10 MW generator .

» MgB2 wire F|_rst MgB, fu_II scale design and integration Scale m_ach|ne

« Generator concept N coil construction and . N testing
development and manufacturing testin Cryostat first module « Industrialization

P « Cooling system 9 . testing "

patent by TECNALIA : + 500 kW scale machine . studies

design detailed design + Scale machine « Business plan
construction

Technical characteristics

v'10 MW; 8.1 rpm & 11.8 MNm

v'Field coils constituted by a stack of MgB,
double pancakes

v'Air-gap armature winding

v'11.9 m air-gap diameter

v'0.52 m stack Iength acciona . UNIVERSITY OF d2m Engineering
v'Overall weight including structural mass ~ 200 t @ o G\aw"g“ﬂg Southampton
oo

\/Efﬁciency at ﬂm;/réédnmrs@sq%on HTS Technology for Susta ]umm@ﬂikan - &(IT

8thw 14t of Jun. 2016, Bol reenductors leybold vacuum |dam

The present work describes the
SUPRAPOWER project, and EU FP7
founded research project (€20m), that
started in December 2012 and that it is
expected to finish at the end of 2016.
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Researches trend of the superconducting wind turbine (World)
»Advanced Magnet Lab (AML)

Ref. AML

10 MW GENERATORS
Technical characteristics e

v'10 MW fully superconducting wind
generator

v'Rotating speed is 10 rpm and operating
temperature is 20 K. (Helium gas is used

COPPERWOUND PERMANENT PARTIALLY FULLY
as the coolant) WITH GEARBOX MAGNET SUPERCONDUCTING  SUPERCONDUCTING
500 TONS 320TONS >150 TONS <150 TONS

v'Superconducting field winding
v'Superconducting armature winding

v’ Improvement in MgB, wire is needed.
v'Total length; 5 m & Total diameter; 2 m
vAt 10 MW of power, the generator’s

weight is less than 150 tons compared to
300 tons of PMSC.

v'A double-helix superconducting windings
teChnOk’gy IS é&%@ummm@ﬁ H‘%@%&Aﬁb\ogy for Sustainable Energy and Transport System

loss on the armature coils. 814t of Jun. 2016, Bologna, Italy

2016-06-20
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Researches trend of the superconducting wind turbine (World)
»EcoSwing project (3.6MW real operation)
. m borian2020
= o i il
i =B
Europ
= - ENVISION
i I
=Y
Project reference: 656024 —
Funded under: H2020-EU.3., H2020-EU.3.3.,, H2020-EU.3.3.2., H2020-EU.3.3.2.1,, H2020-EU.3.3.2.2,, H2020-
EU.33.24. JEUMONT
Electric
EcoSwing - Energy Cost Optimization using Superconducting Wind Generators -
World’s First Demonstration of a 3.6 MW Low-Cost Lightweight DD Superconducting
Generator on a Wind Turbine d
From 2015-03-01 to 2019-03-01, ongoing project DELTA ENERGY SYSTEMS
Project details I H WA
Total cost: Topic(s): 0 Sumitomo
EUR 13 846 593,75 * LCE-03-2014 - Demonstration of renewable electricity and g CrImance
EU contribution: heating/cooling technologies
EUR 10 591 733,64 Call for proposal:
Coordinated in: H2020-LCE-2014-2 UN IVEHSITE'T TWENTE
Denmark Funding scheme:
|
1A - Innovation action Tran% Fraun hofer
114

Researches trend of the superconducting wind turbine (Korea)
> Development of the 12 MW Superconducting Synchronous Generator

= 1styear; Optimal design of 12 MW class wind power generation system

= 2 year; Design of cooling system / Fabrication and test of 10 kW SCSG

= 3 year; Detail design of 12 MW class SCSG including the cooling system

v' 12 MW class wind power generation system
Item Value
' > = Rated power (MW) 125
; Operating temperature (K) 20
— .,
N The number of rotor poles 24
Effective length (mm) 1,700
Cooling system/
Monitoring system Rotation speed (rpm) 10
Turns of SC coil 850
The number of DPC layers 4
Field current of SC coil (A) 133
Pitch control The number of slot 144
Turns of copper coil 18
Diameter (m) 5.2
Rated output frequency (Hz) 2
mm § Perpendicular magnetic field (T) 5.1
iy En¢roymakimimsmagneticfiled (T) 7.8
8th~14th of Jun. 2016, Bologna, Ita

2016-06-20
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Large-scale wind power generation System
> Configuration of the 12 MW WPGS considering the superconducting generator

i.li!’iz?sm ................ ; :
Cooling system/

i - A ) i Monitoring system

Pitch control

e

Blade\\ESQ&Jmm

in Changwon nafional university.

2016-06-20
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