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About me TUDelft

Jianning Dong

2016.10-now, Assistant Professor, Electromechanics, TU Delft

2016.01-2016.09, Postdoc, Electric Vehicle, McMaster University, Hamilton, Canada
2010-2015, Ph.D., Electrical Engineering, Southeast University, Nanjing, China

Research

Generators for renewable energy: wind, tidal, waste heat
High speed electrical machines

Acoustic noise and vibration of electrical machines
E-mobility

Contactless charging, induction heating
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Learning objectives TUDelft

After taking the lectures, students should be able to

describe and explain:

* Background and developments in wind/ocean energy

*  Basic aerodynamics/hydrodynamics relations in wind/tidal turbines

* Structure of wind/tidal turbine and requirements on generation system
* Generator system solutions

* Advantages and disadvantages of different choices

do basic calculations on

* Torque, speed, power in renewable generator systems based on electrical machine related
courses

Important concepts will be highlighted in RED BOX!
Keywords will be highlighted in BLUE TEXT, difficult terminology will be given in Chinese.
Questions will be highlighted in RED TEXT!
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Interrupt me if anything are not clear TUDelft

* | often assume something are familiar to you, but it might not be the case.
* Tower of Babel: languages might affect communication.
* Asking questions is a good way to keep focused (and prevent sleeping).

* You may either raise your hand/type in chat or unmute yourself and shout out.
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Contents TUDelft

* Introduction to wind and ocean energy

* Energy conversion system topology and turbine drivetrain structure
* Basic principles: fluid dynamics and electromechanics

* Requirements of renewable generation system

* Overview of generator system solutions

* Comparison of system choices

* Current challenges and issues

o]
TUDelft ;
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Introduction to

wind and ocean energy

o]
TUDelft
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Motivation TUDelft

A green and sustainable future
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* More renewable energy
* More efficient conversion

ooooo

Source: inaugural lecture P. Bauer



Resources: overview
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Polar cell

Mid-latitude cell

Hadley cell

Intertropical
convergence
Zone

Hadley cell

Polar cell

Atmosphere circulation, source: Wikipedia.org

N— Zl
W27
' ' s
ool
o\ W us Ry B o
’ﬁf“{_‘n-—ﬂ \ \ i Cool CUMPES - e
)= A -
e e ¥ e L ee
B N A — ST D35
Wi /7%@@\‘ (O e
;.._*Lij\ ) =2 NN
\__: clllch —— - d
SN\ —E

Ocean circulation, source: nasa.gov

* The earth is covered by the atmosphere;
* QOceans cover 71% of the Earth’s surface;
* Atmosphere and oceans are constantly flowing.

A huge potential for electricity generation

Wind Energy$
Pwny o

B 16.01-2281

—— =

Annual wind energy potential by country
(A: onshore, B: offshore)
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Global wave energy density
Source: Gunn K., Stock-Williams C., Quantifying the global wave
power resource. Renew. Energy vol. 40, no. 0, 2012.

Source: Lu X., McElroy M. B., and Kiviluoma J., Global potential for

wind generated electricity, PNAS, vol. 106, no. 27, 2009.



Resources: wind energy utilisation

Wind energy: an ancient but modern story

Virtual axis
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Vertical axis wind turbine,
Panemone windmill,
700-900 AD
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Wind turbines in Shanghai Tower,

source: skyscraper.org
2018

Small power vertical wind turbine
Early 2000s — now

10



Resources: wind energy utilisation TUDelft

Wind energy: an ancient but modern story

Horizontal axis

Horizontal axis wind turbine
14t century — now

GE Haliade-X 12 MW
wind turbine
2019

First wind turbine for electricity generation
12 kW, source: http://xn--drmstrre-64ad.dk/
1890

11
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Resources: wind energy utilisation TUDelft

Wind energy: an ancient but modern story

e Virtual axis

* Horizontal axis

Ground Station Traction Tether Kite Control Unit Kite

Airborne wind energy, ground based generator

° i =R
Airborne (ﬁ l) Source: Kitepower, a startup of TU Delft, https://kitepower.nl/

 Bladeless

Airborne wind turbine, onboard generators
Source: Makani, https://makanipower.com

12


https://kitepower.nl/
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Resources: wind energy utilisation TUDelft

Wind energy: an ancient but modern story

e Virtual axis

* Horizontal axis

[ Sy AJ

 Airborne (&%)

Bladeless wind turbines
Source: Makani, https://www.theverge.com/

* Bladeless

Bird friendly?

13


https://www.theverge.com/

Resources: wind energy utilisation overview TUDelft

300m 1315MW

REMAP CASE
200m 2010 2018
2030 2050
100m 12MW A 2,*MW : Onsh d offsh ’ y \
t | NG nshore and offshore
1- 12k%. Osﬁv; T ) ;‘_:"‘ | wind generation share (%) 1 '7% 6% 21% 3%
19t C 1990 1995 2006 A201o | 2015 2025

Levelised cost of electricity (LCoE) outlook
Sources: Various; Bioomberg New Energy Finance

Largest wind turbine size

REMAP CASE
2010 2018
2030 2050
Onshore wind (USD/kWh) Il - -> : .O :
0.08 0.03-0.05 0.02-0.03

(average) (clver(:lge) (average range)(average range)
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2389890983988 3333333333233333838888¢88 Global wind generation share outlook (%)

50-60 GW annual installation in last 10 years.
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Resources: ocean energy utilisation TUDelft

Ocean energy: higher mass density enables more possibilities

Tidal energy

Source: Xpodence Research
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Resources: ocean energy utilisation TUDelft

Ocean energy: higher mass density enables more possibilities

Tidal energy (3] %)

©2008 AQUARET

©2008 AQUARET (O 2011 AQUARES

Source: aquaret.com
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Resources: ocean energy utilisation TUDelft

Ocean energy: higher mass density enables more possibilities

Tidal energy

° Source: Tocardo: the Dutch Tidal Power Company, tocardo.com

17



Resources: ocean energy utilisation TUDelft

Ocean energy: higher mass density enables more possibilities

Pelamis, Scotland

Ocean wave energy (##JK)

© 2008 AQUARET

© 2008 AQUARET

Attenuator / Point absorber
Source: aquaret.com
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Resources: ocean energy utilisation TUDelft

Ocean energy: higher mass density enables more possibilities

* QOcean wave energy AN

©2008:AQUARET:

Oscillating wave surge converter / oscillating water column (water to air flow)
Source: aquaret.com
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Resources: ocean energy utilisation TUDelft

Ocean energy: higher mass density enables more possibilities

Ocean wave energy

© 2008 AQUARET

Source: Polinder H., Damen, M. E. C. and Gardner F.,
Linear PM generator system for wave energy
conversion in the AWS, IEEE Trans. Engr. Conv., vol.
19, no. 3, 2004.

© 2008'AQUARET:

Overtopping device (water reservoir) / Submerged pressure differential device
Source: aquaret.com
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Resources: ocean energy utilisation TUDelft

Ocean energy: higher mass density enables more possibilities

Ocean wave energy

© 2012 AQUARET,

© 2012 AQUARET

Bulge wave / Rotating mass
Source: aquaret.com
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Resources: ocean energy utilisation TUDelft

Ocean energy: higher mass density enables more possibilities

* Tidal energy

* (Ocean wave energy

* Ocean thermal energy conversion

* Ocean biomass: biofuel - chemical energy BN

Cold water pumped from the deep ocean
is used to cool the fluid.

through the pipeline.

* Blue energy —salinity gradient: electro-chemi|

Source: planete-energies.com

22
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Resources: ocean energy utilisation TUDelft

Ocean energy: higher mass density enables more possibilities

Ocean biomass: biofuel - chemical energy

Dunaliella salina Algae (¥ [K357%)
Source: Wikipedia.org

23



Resources: ocean energy utilisation TUDelft

Ocean energy: higher mass density enables more possibilities

. TR OUTFALL < SEAWATER /
E \ BRINE
-
° i
L
FORWARD OSMOSIS | |~
MEMBRANE SYSTEM | >
. 4 TURBINE
! GENERATOR
Y O=
* Ocean biomass: biofuel - chemical energy CRESH WATER / TO OUTFALL

SEAWATER % ?

Pressure-retarded osmosis based process
Source: Wikipedia.org

Blue energy — salinity (5 5) gradient: electro-chemistry

24



Resources: ocean energy utilisation overview TUDelft

3000 £ 08 i
S 2700 E ° !
f:: 2500 [ i 2015 Reference
fan ]
£ = 06 1
§ 000 w e — SET-Plan 2025
g = |
- [ ] T e Tidal Sector 2018
2 1500 04
i @ LCOE Estimates
£ 1000
g 0,2
g s00
<
0 0,0 -
2010 2011 2012 2013 2014 2015 2016 2017 2018 I T S ST T O S R - S § S 8 §
mm Furope M Rest of World -0 " = &3 =
. . Cumulative depl t (MW
Annual wave energy installation Europe vs. rest of world mulative deployment (MW)

LCoE reduction target set by The European Strategic Energy Technology (SET) Plan

10000
9400

S 5000 Solid dots: existing projects; hollow dots: new project estimation.
E:' 2000 Source: SETIS magazine, no. 20 - May 2019
é 7000
E 6000 . . .
2 5000 u * More diverse solutions than wind.
£ ZEEE 2250 * Global installation is even far less than a wind farm.
g 2000 * Technology is evolving, but high cost of generated
1000 e e .
= ) . . . i electricity is still an issue.
2010 2011 2012 2013 2014 2015 2016 2017 2018 * Reliability of the generator system is another issue: high
mm Furope m Rest of World L. .

Annual tidal energy installation Europe vs. rest of world salinity water/air, undersea converters/generators.

Source: ocean energy Europe
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Resources: offshore wind and electrochemical energy TUDelft

Sustainable productions of fuels and chemicals: electric refinery (H./%: i)

Process
Industry

Electricity @

H,0 6’

Bulk
chemicals

e was (99 )52
emission
Biomass %;@@/ @
reaction n E°/V?
CO, = CO + 0.50, 2 -133
CO, + H,0 = HCOOH + 0.50, 2 —143
CO, + 2H,0 = CH,0OH + 1.50, 6 —1.21
CO, + 2H,0 = CH, + 20, 8 —1.06
2CO, + 3H,0 = C,H;OH + 30, 12 —-1.14
2C0, + 2H,0 = G,H, + 30, 12 —LI5
3CO, + 4H,0 = C;H,0OH + 4.50, 18 —-1.13

26
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Energy conversion system topology

o]
TUDelft
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Energy conversion system TUDelft

System overview

probability §

v (m/s) B v

Source properties Primary conversion Secondary conversion Power collection Power grid
and transmission

Main

bearing
&oo T T

_ ; .
o frequency ——

T00 R f/— Ejanen_g“:.rr —_

600 | {1
w2000 ] Blad Main \ Generator
8 400 1= . shaft
< 300 | i 13

200 - T i \ Gearbox

100 - B Hub

0 A s ; 0 i
0 5 10 15 20 25 CaStlng

Nacelle bedplate
wind speed (m/s)

150 kV, Offshore wind substation
3-phase submarine cable Source: offshorewindindustry.com
Source: http://www.kentwindenergy.co.uk

28
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Turbine drivetrain structure

o]
TUDelft
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Turbine drive train TUDelft

e

Generator

Drivetrain: an overview

Nacelle

Main
bearlng

Mam Gearbox is removed if direct-drive generator is used
& s  Pitch (222%) and yaw (flifi1) mechanism to utilize
”ace”ebedp'ate wind efficiently and sufficiently

* Brake is essential, why?

* Power converter

* Cooling system

* Other auxiliaries: various sensors, lubricant system,

hydraulic system, lift

Source: http://www.ifm.com

30
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Blades: where the story begins TUDelft

Big metal fan?

Blades are made of composite materials

Priming: Finishing:

OV Goteoa =P A,
\ /

PU Paint
CR3400 Epoxy Gel
SPRINT IPT-
ell:
epres
Infusion
nfusion Core
repreg Core ;

/
4

WHATMUSICDO N\
0U LIKE? 5

METAL FAN

and more non-metal materials will be used...

31
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Gearbox: pros and cons TUDelft

Direct drive vs. geared drivetrain

Gearbox
32
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Basic principles:

fluid dynamics and electromechanical

o]
TUDelft

33



: 7
Energy conversion system TUDelft

System overview

probability §

v (m/s) N .

Source properties Primary conversion Secondary conversion Power collection Power grid
and transmission

34



Lift and drag fuDelrt

Angle of attack

Rotor axis

Net aerodynamic | - AQA, FLIGHT PATH ANGLE, AND PITCH ANGLE

force on blade
ke \
—"
-

Torque

Wind

«—Tower Chord line

_ A Pitch angle
E —
< %»Q, O Flight path angle
E %
ﬁ.\ ] AC (still alr)
Rotation %, Angle
@\, ofattack
Horizon
Blade speed
Sectional view of balde tilted 90° into the paper An airplane analogy

Source: Boeing

« Angle of attack (AoA, 1) changes with pitch angle (111 /)
* Force to rotate the blades can be controlled by pitching (%)
* Large AoA will lead to stall (%5i%) because of turbulence on the back

35



Basic aerodynamic relations TUDelft

Performance coefficient

Available wind power is calculated from change
rate of kinetic energy:

E 1 1
—ob_ldmy :_pﬂm‘dAv3

P=—= v
dt 2 dt 2

Performance coefficient (4 1] Z2%%), or power coefficient, describes the ratio of power extracted:

Ve Rotor tip speed
tilized , _ , ]
C (\f) = — TS is a function of pitch angleand |y =22 =21
total available energy v U
. _ ™ Fluid speed
The extracted power is: Tip SID?Ed ratio
(H29IE k)
1 1
P=—p_ vV ==p_ C \Orrv’ ,
2 P puia"™ y 2 P fuia P( ’ ) Draw some conclusions here?

36
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Power regulation: C, Curves TUDelft

Stall control and pitch control

05 . . Tees ' ' Pitch controlled wind turbine:
%0-4 * C,is actively controllable through pitching
£  Optimal pitch angle at different speeds
g 02 * At very high speed, the rotor is stopped: “cut-out”
£ o wind speed (V] H XUE)
5 0
-01

Tip speed ratio 4

C, curves as functions of pitch angle and tip speed

Cutin Rated/Nominal Cut out
1o wind spe'ed : wind s'!:)eed : wind speed .
! Stall controlled turbine:

T 1 * No pitching mechanism
a08F vaxmumrotor /e |+ nemmapower, Y ne 1 ¢ Fluid dynamically designed blade to stall at high speed
g generation efficiency /7 ! reduced rotor generation . .
2 ooF X i efficiency 1 ° C,isnotoptimal
<04 i Stall |

02F st . : T

< Pitch Conirol
00 5I 1I0 1I5' 2I0 25 30

Wind speed [m/s]
Power curves of pitch controlled and stall controlled wind turbines

37
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Energy conversion system TUDelft

System overview

probability §

v (m/s) N .

Source properties Primary conversion Secondary conversion Power collection Power grid
and transmission

38
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Electromechanics: induced voltage TUDelft

Faraday’s Law

e=(vxB)-1
= v||B|sin(0)a-1 e = Blv
! Delivered electrical power
X X X X X X
X X X XA X X p= ei — Bluvi
X X X X X X
Vi e
X X X X X X
X X X X X X
B
X X X X X X

39
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Electromechanics: force production TUDelft

Lorentz Force

f=1i(lxB)
=|1|| B |sin(f)n

F = Bli

— |
X X X X X
Converted mechanical power
X X X X X
X X X X X .
. p = Fv = Bl
Vm“
X X }( X X
X X X X X
B
X X X X X

40
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Anatomy of electric machines TUDelft

Electrical terminal Magnetic field Mechanical terminal
an @ o e=(vxB)-1 f=1ulxB)
T - Vo

. AC machine

Coils to support/and e : armature
Components to create the field B : field winding
or permanent magnet

. L i

Armature Input/output Rotor AC in coils, DC at brushes
DC Machine
Field Magnetizing Stator DC
Synchronous Armature Input/output Stator AC
machine Field Magnetizing Rotor DC
Induction Input Primary Stator  AC No purely DC machine!
machine Output Secondary Rotor AC

41
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Electrical Generators TUDelft

Main-stream generators for renewable energy

Doubly fed induction machine Permanent Mahet synchronous machine

Why DC generator is not used?

42



Electrical generator: sizing TUDelft

How large the generator should be?

1 1
We know P = 5PﬂuideAvf; = gpﬂmdcp(% O)mrv,.. for blades

How about the generator? //[

o

Flux derpsity B (T)
Current line density !
A (A/m)

Force density in the air-gap (the gap between rotor and stator): | )’
Force density F; (N/m?) jwm (rad/s)

F,=BA F, ~ 30 - 60 kN/m’

L

Rather constant because
* Saturation limits B, P=woT=worF=o0r2rr)LF =20 VF

* Losses limit i

43
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When generator can’t work alone ... TUDelft

Power converters

Generator i T B T Grid
Hl% N %l% ZiN CAKAILA
=U;, =
N AL A NN
PWM Rectifier o Inverter

Back-to-back converter

44



Principle of voltage source inverter TUDelft

Pulse width modulation

Phase leg of Voltage Source Converter (F 557
AR )

Basic building block of modern power electronics

PWM: average output voltage is
a replica of Vg

45
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Requirements of renewable generation system

o]
TUDelft
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An example TUDelft

GE Haliade-X

* Diameter 220 m
e Rotor speed 7.81 rpm
* Tip speed 89.2 m/s

* What lead to such design?
* What are important requirements?

GE Haliade-X 12 MW wind
turbine, Rotterdam Port.

47



Reqwrements: primary conversion TUDelft

probability —
— —
—_— E
A=cm)i-| =
_—
— y a
v (m/s) g

Rated wind speed and power: Weibull distribution (511175 11i)

* Wind and energy probability o Power vs. wind speed
distribution for average wind speeds 1
of 6 and 10 m/s P==p C (1,0)rrv

2

50

40}

01}
= 30}

P (MW

20t
0.05¢

10¢

probability density distribution

0 5 10 15 20 25
(m/s)

wind

48
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Rated wind speed TUDelft

A probability problem A
Power (MW)

:
I
1
I
p=1 =L, )T |
§'Ofluzd p 1Y E'Oﬂuid (A, @) !
:
1
1
>
E / '255 " frequency —— Cut in Rated Cut out Wind speed (m/s)
B ! ENergy — -
600 | i 'qw;-— |
p 5000 \ : Where shall we set the rated wind speed? Why?
2 400 ;. = ~
2 ol ) N \ IE * ~6m/s
200 T : « ~11m/s
100 A < | §
o . . s e ~14m/s -
o 5 10 15 20 25

wind speed (m/fs)

o]
TUDelft
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Rated rotor speed fuDelft

A mechanical problem

probability —
= o
I &
vwm || |7 J$
1
P B EpaiTCp ()\’ 0)7‘-762,03) ‘ })mted X 7"2
Rated speed limited because of noise production by high blade tip speed:
W 60 v 1
— — m trated
n . =60f =60 = X

ted
e 2m 2w 7 P
rated

* The higher the power, the lower the rotor speed;
* Higher speeds possible for offshore wind, why?

50



Requirements: grid side TUDelft

Voltage, frequency, power, fault?

probability 5

v (m/s) B

Grid voltage e.g. 10 kV
Grid frequency e.g. 50 Hz

Collection and transmission

Grid fault ride through requirements

Power factor requirements

Contribution to grid control

51
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Real power and frequency control TUDelft

Frequency regulation

* Real power should not Frequency
in Hz
decrease above the N ﬁ-.buﬂs"'{EbLhE curve
R

red line /
50,0

E T | S ———— —_—— -
499 T first stage of the
* Real power should —+ frequency-

dependent load

increase to recover shedding

power balance -+

0 10 sec 25 sec 60 sec Time

Source: E.ON Netz
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Reactive power and voltage control TUDelft

Voltage regulation

Additional
reactive curmnt
dlgfly Within dead band, e.g.
Reactive power should be generated or const. power factor control
absorbed when voltage deviates from Dead band amund  Voltage fimitaion ——_* activation of voltage control
mferance voltage L i (under-excited mode] by axceeding dead band

nominal value.

i Continuation of voltage
! caontral after retum into dead
zong at least about 500 ms

IE >
-Et{ﬂh | | - ’ /.« E‘.!I'.l-h | Voltage AUM
|
! Voltage support . i
|
! i Reactive _cumantvoltage gain:
I . k=4l /AU = 2.0 pu.
| i o
| ! | Rise ime < 20 ms
| -100%

Maximurn svailable reactiva
curmnt | = |
H
Source: E.ON Netz B
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Grid fault tolerance

]
TUDelft

Low voltage ride through

Generator system should experience fault without disconnection for certain interval.

highest value of the three line-to-line grid voltage

U,
E.ON Netz FRT requirements imitline 1 it ine 2 votage o e
° Region 1: No trlpplng (EJE I‘EEI) 100% - j===
* Region 2: No tripping
= STlallowed <0.3s. e / 7/
* Region 3: STl allowed < 2s. o | ki 2 IR IR
* Region 4: Resynchronisation 7 | .
in 2 s. 15% -+ W s R O
STI: short term interruption 0150 700 ' '

b

time when a fault occurs

Source: E.ON Netz
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Power quality TUDelft

Flickr in wave energy

AdGEIF UMREGISTERED - wiaw, Qif-anirnakor . com

How to solve the problem?

Superposition: from 1 to 64 generators

' j!' ' | “. Il |
il .]L‘I Iy x'nlu. uhn 1 ‘U ' M‘T.Ah..h 1l il “ll‘ ul

A

A Wi
I\FVTVITN VYW ATWAVN Y VT VIV . — . Y T T T .
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Output power of wind generator TUDelft

16 T T T T T
14 E Direct drive i
= . .
E "“ » e 1\‘ ‘ |
- 12 — \"‘J * -
@
@
O
wn .
210 i
= Doubly fed
8 i
Constant speed
1 1 1 1 1
1.2 T T T T T
Direct drive
1 R T oS
M
El ‘
08} Doubly fed .
< Th,
a Q“ |l
< 0.6 | i i
g Constant speed ‘ ‘
O
0.4} -
02 1 1 1 1 1
0 10 20 30 40 50 60

Time [s]
56
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Collection and transmission TUDelft

Power lines/cables

probability §

v (m/s) B v

*  Overhead lines

*  HVAC (standard) three-core cable

*  HVDC (two single-core cables)
— high laying costs
— buried at 1-2 m depth or more (currents, anchors)
— mostly XLPE cables (=‘low cost’)

57
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Examples of electrical infrastructures TUDelft

Three wind farms in the Netherlands

- OWEZ A A
— 10 km, 108 MW ( /
— No offshore substation N N

* Princess Amalia

— 23 km, 120MW |

— Offshore substation J\ J\ (0D |
. - / /

Butendiek A /f e

— 34 km, 288 MW :

— Offshore substation J\ /ﬁ J\ (O m@+

58
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System requirements: a summary TUDelft

> Power level 12 MW

* Speed 7.81 rpm rated, 4-11.5 rpm variable
» Torque 12/(217.81/60) MNm = 14.7 MNm

* Grid voltage e.g. 10 kv

* Grid frequency e.g. 50 Hz

* Grid fault ride through requirements

* Power factor requirements

* Contribution to grid control

* Availability (reliability, reparability, protection)
* Efficiency

* Transportation

* Assembly

* Onshore/offshore

I Other...

59
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Overview of generator system solutions

o]
TUDelft

60



]
TUDelft

Possible system choices

Secondary system

probability

v (m/s)

Mechanical conversion

Electromechanical
conversion — generator

Electrical conversion —
frequency

*Direct drive
*Gearbox (n-stage)
*Hydraulic torque
converter

*Induction

*Synchronous

*Permanent magnet
(Direct current)

eDirect connection
*Voltage source
inverter

61
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Generator systems TUDelft

squirrel cage

induction  compensating
Constant speed stall (CS) O gearbox  generator  capacitors  grid
— Mainly before 2000, low power . /\ : NaY
— Squirrel cage induction generator \/ L L1
9 8 8 i
doubly-fed
Variable speed with gear pitch (DFIG) o induction ~ PE
_ Since 1998 >1 MW O gearbox generator ~ convertor grid

— Doubly-fed induction generator | ) ] @

A

Variable speed direct drive pitch (DD)
— Since 1992 synchronous PE

—  Synchronous generator generator converter grid
;T

U

6

Variable speed with gear pitch (GFC)
— Since 2010, > 2 MW

T

rotor

— Brushless generator (mainly IM or PM) brushless PE
O gearbox generator converter grid
L N

[ F\/

O 62

8
6




Constant speed stall regulated (CS)

]
TUDelft

Constant speed squirrel caged induction generator

rotor

0

squirrel cage
induction  compensating
gearbox generator capacitors grid

O

Blades are aerodynamically designed to stall above
rated wind speed;

Direct online, no PE converter required;

Reactive power provided by capacitor bank;
Operates in generation (over-synchronous) regime;
~90:1 gearbox.
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Variable speed with gear, pitch regulated (DFIG)

]
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Variable speed doubly fed induction generator

rotor

gearbox

doubly-fed
induction PE
generator  convertor

grid

[

AC-DC-AC
Converter

Partial power converter

(25%)
Control rotor frequency to compensate
rotor speed variation
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Variable speed direct drive, pitch regulated (DD) fuDelrt

Variable speed direct drive generator

rotor
synchronous PE

generator converter grid

— O

* Full power converter (100%)
* Regulate stator frequency to meet grid
* Gearless, low speed, large torque
* Permanent magnet generator
or wound rotor generator
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Variable speed with gear, pitch regulated (GFC) fuDelft

Geared generator with full power converter

gearbox  generator converter grid
S
C B

» Full power converter (100%)

« 1/2 stage gear, ~30:1 gear ratio or lower

* Brushless machine:
« Squirrel cage induction machine
 Permanent magnet synchronous machine

C brushless PE

66



]
TUDelft

‘(9T0Z ‘ABIN) WOI BUI[UO-XaPIOU MMM :32IN0S ¢
"XapJoN Asa14nod (9T ‘Ae|\ )OI 1y JBW-AZISUS-PUIM MMM //:SA1Y :924N0S '

v
»

=
o
o
o
o
(9]
S~
N~
—i
—i
zZ

X

Q
S

o

@)
P
O
L
()

67


https://www.wind-energy-market.com/windturbines/nordex-n1173000-iec-2a-4/80/
http://www.nordex-online.com/fileadmin/MEDIA/Praesentation/EN/Nordex_Press_Conference_Delta.pdf
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http://www.enercon.de/en/products/ep-8/e-126/

GFC: MHI Vestas V164-8.0 fuDert

8 MW Permanent Magnet Generator with gearbox
<

Source: http://www.mhivestasoffshore.com (April, 2018)
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http://www.mhivestasoffshore.com/

. . . x
Nova Innovation DD tidal turbine TUDelft

Source: https://www.novainnovation.com/nova-m100
https://www.tipa-h2020.eu/tipa-project-exceeds-expectations/
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https://www.novainnovation.com/nova-m100
https://www.tipa-h2020.eu/tipa-project-exceeds-expectations/

: : . %
Turbines of large manufacturers by installation in 2019 TUDelft

Manufacturer GW Concept Diameter (m) Power (MW)
Vestas (Denmark) 9.6 DFIG 90-120 2-2.2
GFC 105 - 162 3.45-5.6
Siemens Gamesa (Spain) 8.79 DFIG 114 -170 2.1-5.38
DD PM 154 - 222 6—14
Goldwind (China) 8.25 DD PM 121-184 25-8
General Energy (US) 7.37 DFIG 87 — 158 1.7-5.3
DD PM 150-220 6—12
Envision (China) 5.78 DFIG 82-141 1.5-3.6
GFC IM 130-161 42-5.2
Ming Yang (China) 4.5 DFIG 77 -121 1.5-2
GFC 112 — 158 2.5-7.25
Windey (China) 2.06 DFIG 103 - 160 2-45
GFC 130-139 5
Nordex (Germany) 1.96 DFIG 117 — 148 3-5.5
Shanghai Electric (China) 1.71 GFC IM 130 — 155 3-5
DD 154 -172 6—8
CSSC Haizhuang (China) 1.46 DFIG 87 -131 2.5-3.3
DD 151-210 5-10
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Summary and trend TUDelft

Summary

* Alarge variety of generator types;

* DFIGis popular up to 3.5 MW;

* GFCand DD are dominantin 5 MW and higher;

* Rotor diameter varies even with the same power level: geographical reasons;
* Market is dominated by big players;

* 6 of the top 10 are Chinese manufacturers.

Trend

* No fixed speed turbines after 1998;
* 1998 — 2008: rise of DFIG;

* 2005 - now: gearbox + IM/PM + full power converter emerges (5 out of 10);
*  Future: 12+ MW giant wind turbines.
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Comparison of generator system choices

o]
TUDelft
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PM vs electrical excitation
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A material problem
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Advantages of PM excitation Advantages of electrical excitation
* Higher efficiency * Controllable field
* Significant reduction in mass of active — High speed

materials

— Low wind speed

Cost issues: rare earth PM *  No risk of demagnetization
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GFC over DFIG? fuDert

A power problem

Advantages:

* Better grid-fault ride through capabilities

* Simpler control

* Brushless generator

* Suitable for both 50 Hz and 60 Hz

* Cheaper generator if IM or SM with electrical excitation

Disadvantages:

* More expensive converter
* Less efficient converter
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GFCvs. DD '?UDeIft

A size problem

P — a)mT — a)mrF — a)mr(272'r)LFd = 2(0mVIr Fd

* Direct drive machines are HUGE
* Efficiency of DD machines is limited

* low speed - high torque
* limited efficiency
* Induced voltage

E  =BxV=~4V/m
. . N Why efficiency is limited for low speed
* Resistive voltagedrop  E_ = p_,J ~0.1V/m generator?

But,

* Gearbox may fail
* Gearbox reduces efficiency
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Comparison of system choices TUDelft

Cost, size and weight + +/- +/- -
50/60 Hz grid frequency - - + +
Audible noise of blades - + + +
Energy yield Variable speed - + + +
Gearbox - - - +
Generator + + + .
Converter + +/- - -
Reliability and maintenance Brushes + - + -(PM+)
Gearbox - - - +
Mechanical loads - + + +
Complexity + - - +/-
Power Quality Harmonics + - - -
‘Flicker’ - + + +
V&f control - + + +
Grid faults Fault currents + +/- - -
Fault ride through + +/- + +
Restoring voltage - +/- + + 77
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Output power of generator systems TUDelft

16 I I I I I
14 € Direct drive _
. AW VAT
- 12 \ -
g }«k
&
210 i
= Doubly fed
8 -
Constant speed
1 1 1 1 1
Direct drive
1 R T Oy e ATV
RV
z P
% 0.8} Doubly fed -
2 Hmml'm n A Q
- WA MY
é— Constant speed ’ ‘ ‘
S .l ‘Flicker” of 1.5 Hz i
02 1 1 1 1 1
0 10 20 30 40 50 60

Time [s]

Why there are zig-zags around 1.5 Hz on the constant speed waveform?
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Challenges and issues

o]
TUDelft
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Availability TUDelft

Onshore -> offshore -> subsea

Time-based availability = Time availavee (in hours) * Not just an extrapolation of on shore!!

Total time in consideration (in hours)

* Aggressive environment

. o Energy actually produced (in kWh) . . .
Production-based availability = —gn gy potentially expected (in kWh) — Coatings against corrosion

— Enclosed equipment
— Conditioned air
* Focus on availability and maintenance
— Reliability statistics
— Logistics planning
* Condition monitoring

— Condition based maintenance

— Condition based control
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Failure rate and downtime TUDelft

High failure rate # higher downtime

L { | | | 1 I
ectri ]
El ical System OLWK Failure Rate, approx 5800 Turbine Years

Electrical Control @WMEP Failure Rate, approx 15400 Turbine Years

Other ‘—* BLWK Downtime, approx 5800 Turbine Years
Hydraulic System #——' @WMEP Downtime, approx 15400 Turbine Years

Yaw System

Rotor Hub

*—'
Mechanical Brake #
‘—#

1

Rotor Blades

Gearbox |
Generator
Drive Train '
1 0.75 0.5 0.25 0 2 4 6 8 10 12 14
Failure/turbinelyear Downtime per failure (days)

Source: NREL.gov, Report on wind turbine subsystem reliability, 2013.
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Improving reliability TUDelft

« Tradeoff between CAPEX and OPEX
- Fault prevention or avoidance
* Fault detection and mitigation
- Fault forecasting and fault evasion
— Condition monitoring
— Condition based control
— Condition based maintenance

* Fault tolerance? Modularity?

=]

o
0.98
L R * * —* P ——
096 w
3 "
o i
< i
0.94
0.92t ——os
--A=0.125
""" A =0.045
0.9 1 1 1 1 1 1 Il | T
0 10 20 30 40 50 60 70 80 80 100

Modules
Source: Shipurkar et al., Availability of wind turbine converters with extreme modularity, 2018.
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Availability of PM materials

* Rare-earth elements in PM: Neodymium, Samarium, Yttrium, Dysprosium, Terbium
*  Between 1990 and 2005, magnet prices dropped by roughly a factor of 10, because of China entering
the market.
*  The permanent magnet crisis (2010/2011)
— Over 95% of rare earth materials mined in China

— Large demand
* Renewable energy generation
* Electric mobility
— China protects market and environment
* Longterm

— Materials also found at other places 2 ‘
o . ] Pollution caused by rare-earth mining in China
— Mining is being developed Source: BBC

— Superconducting?
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Summary

]
TUDelft
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Contents TUDelft

* Introduction to wind and ocean energy

* Energy conversion system topology and turbine drivetrain structure
* Basic principles: fluid dynamics and electromechanics

* Requirements of renewable generation system

* Overview of generator system solutions

* Comparison of system choices

* Current challenges and issues

o]
TUDelft .
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Summary TUDelft

* Wind and ocean provide abundant renewable energy sources;

* Turbine based rotational electromechanical energy conversion is dominant in wind/ocean energy;

* Design of the turbine drivetrain should consider requirements from both primary source and power grid;
* There are a large variety of generation system choices with their pros/cons;

* Current challenges: improve availability and reduce cost of energy.
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European Wind Energy Master Program fuDelft

A FEW WORDS

From Our Graduates

“The most leading universities in wind energy.”
“Very challenging programme.”

= B :“..-.-.’ e :ﬁ‘(- \'\ “You really learn how to cope with people with different backgrounds,
% ey ’ F 6 lg / different cultures and from different nationalities.”

\ > o
“\\/\@S’E@T

EWEM is looking for the top 2 4
wind engineers of the future:
dedicated wind energy MSC. DEGREES UNIVERSITIES

SHwS students willing to travel. CVRCTEREC

Four tracks by four world Visil
leading universities in

wind energy. Would that be you? windenergy e S

A g A e S forinformation on admission
i SO I EEHICREISIC ariteria, involved industrial

L
ROTOR DESIGN ‘Eb* E
L
ELECTRC POWERSYSTEMS ﬁ. A i partners _aI:O 5
OFFSHORE ENGINEERING Cf or email: 4 4 3

PARTNERS NATIONALITIES

For more details:
https://ewem.tudelft.nl/
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