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Global Wind Power Cumulative Capacity (Data:GWEC)

450 |
423.1

400
369.6

350
318.6

283.1
300

238.1
250 |
198.0
200 |
159.1
150 |
120.7
93.0
100 |
74.0
59.1
0 304 47.6
31.1
17.4 239
1 7.6 102 136 l I

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Year

Cumulative Capacity (Gigawatts)



MNew Installed capacity by country
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in 2014 (MW)=:

China: 23,351 MW (45.4%)
Germany: 52759 MW (10.3%)
United States: 4,854 MW (5.4%)
Brazil 2,472 MW (4.8%)

India: 2,315 MWW (4.5%)

Canada: 1,871 MW (3.6%)

United Kingdom: 1,736 MW (3.4%)
Sweden: 1,050 MW (2.0%)
France: 1,042 MW (2.0%)

Turkey: 804 MW (1.6%)

Res=t of the world: 8 702 MW (13.0%)

Cumulative capacity by country in
2014 (MW)=

China: 114,763 MW (31.1%)

United States: 65,879 MW (17.8%)
Germany: 39,165 MW (10.6%)
Spain: 22,987 MW (6.2%)

India: 22 485 MW (5.1%)

United Kingdom: 12, 440 MW (3.4%)
Canada: 9694 MW (2.6%)

France: 9,285 MW (2.5%)

ftahy: 3,663 MW (2.3%)

Brazil: 5,935 MW (1.6%)

Res=t of the world: 58 275 MW (15.8%)
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e e R 222 ][22 E] [24]

Installed windpower capacity (MW)"’

# MNation 2008 | 2007 2008 2009 2010 2011 2012 2013 2014 | 2015
- | | European Union 48,122 | 56,614 | B£5,255| 74919 | B4278 | 93,957 | 106,454 | 117 384 | 128,752
1 | il China 2,599 5912 12210 | 25104 | 44733 | 62,733 | 75564 | 91412 | 114,763
2 | I= United States 11,603 | 16,819 | 25170 | 35159 | 40,200| 46,919 | 60,007 | 61,110 | 65879
3 | I Germany 20,622 | 22247 | 23903 | 25777 | 27214 | 20060 | 31,332 | 34250 | 39,165
4 | I Spain 11,630 | 15,145 | 16,740 | 19149 | 20676 | 21674 | 22796 | 22959 | 22987
5| e Ndia 6,270 | 7,850 9,587 | 10,825| 13,064 | 16,084 | 18421 | 20150 | 22,465
& | S United Kingdom 1,963 | 2,389 3,288 4,070 5,203 5,540 8445 | 10,711 | 12,440
7 | I+l Canada 1,460 | 1,846 2,369 3,319 4,008 5,265 5,200 7.823 9,694
& § France 1,589 | 2477 3,426 4,410 5,660 5,800 7,196 8,243 0285
a g jnay 2123 | 2726 3,537 4,850 5,797 6,747 8,144 8,558 8,663
10 Brazil 237 247 339 B06 832 1,509 2,508 3,466 5,939
11 | amm Sweden 571 831 1,067 1,560 2,163 2.970 3,745 4,382 5,425
12 | |Ef} Portugal 1,716 | 2,130 2,662 3,535 3,702 4,083 4,525 4,730 4914
13 | gmm Denmark 3140 3129 3,164 3,465 3,752 3,871 4162 4,807 4,845
14 | e PoOland 153 276 472 725 1,107 1,616 2,497 3,390 3,834

15 | 8l Australia®® 651 g24| 1306| 1,712 1,001 2176 | 2584 | 3239| 3806
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15 | &2 Australia™ 651| 824| 1306| 1712 1091 2176 2584| 3230| 3806
16 Turkey 65| 207 433 801| 1,320 1799 | 2312| 2958 3763
17 | § | Romania 2 7 10 14 1 462 982 | 1905| 2600| 2954
18 | == [|etherlands 1671| 1,759| 2237| 2223 2237 2328 2391 2671| 2805
19| @ Japan 1300| 1528 1880| 2056 2304| 2501 2614| 2669| 2789
20 | |-}l Mexico 84 85 85 520 733 873| 1,370 1859 | 2551
21 | @ Ireland 746 805| 1245 1260| 1379 1614 1738| 2040| 2272
22 | m== Austria 965 | 982 995 995| 1011| 1084 1378| 1684 2095
23 | 1= Greece 758 | 873 990 | 1087 1208 1620 1749 1866 | 1080
24 | ] I Belgium 104| 287 384 563 911| 1078| 1375 1651| 1950
25 | [ Chile - - - 20 168 172 205 331 836
26 | = Norway =TI 325| 333 428 431 441 512 704 811 810
27 | il Morocco 64| 125 125 253 286 291 201 487 787
28 | L= Uruguay - - - - - 43 56 50 701
20 | g Bulgaria 36 70 120 177 500 612 674 681 501
30 | |l Taiwan 188 | 280 358 436 519 564 564 514 533
31 | wjum Finland 86| 110 143 147 197 109 288 447 527
32 | @l New Zealand 171| 322 325 497 530 523 523 623 623

33 | e EgQypt 230 310 3080 430 550 550 550 550 510
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32 | Sl MNew Zealand 171 322 325 497 530 52 623 52 623
33 | e Egypt 230 210 380 430 550 550 550 550 610
34 | e South Korea 176 192 2786 348 379 407 483 o061 09
35 | B South Africa - - - - - - - 10 570
36 | W | jkraine 86 &g an a4 87 151 302 371 44985
37 | === Croatia n/a n/a 5O 4 104 152 187 4 2071 302 347
38 | = HUNgary 61 65 127 201 205 3249 3249 3249 3249
30 | == Estonia 31.8 oo 78 142 148 184 2649 260 302
40 | e Czech Republic 57 116 150 182 215 217 260 269 282
41 | g Lithuania ob a0 od a1 163 203 263 279 279
42 Argentina - - - - - 113 167 218 271
43 | g™ Panama - - - - - - - - 270
45 | JEJ Tunisia - - - - - od 104 255 255
46 | mmm Thailand - - - - - 7 112 223 223
47 | 3 Philippines - - - - - - - 66 216
45 | === Costa Rica - - 74 123 119 132 147 148 198
49 | =m= Ethiopia - - - - - 23 81 171 171
40 | == Nicaragua - - - - - 62 102 146 186

51 | === Honduras - - - - - - 102 102 152
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50 | == Nicaragua - - - - - G2 102 146 186
51 | === Honduras - - - - - - 102 102 152
02 | e lran 47 67 02 91 91 91 91 91 na
53 | B SriLanka - - - - - - 63 63 n.a
24 | [ Mongolia - - - - - - - 20 n.a
55 | pmm Venezuela - - - - - - 30 - n.a
o6 | I ape Verde - - - - - 24 24 24 24
Caribbean - - - - - - 191 250 250
Pacific Islands - - - - - 12 12 12 12
Rest of Europe - - - - - 3,815 4,956 9,715 6,543
Rest of Latin America & Caribbean - - - - - 54 54 250 -
Rest of Africa & Middle East - - - - - - 1,165 1,255 1246
Rest of Asia - - - - - 71 a7 - 167

World total capacity (MW) 74,151 | 83,927 | 121,188 | 157,899 | 197,837 228,035 2B2,482 218,598 369,553
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System adequacy System security System operation



System wide
1000 -5000 Km

Regional
100-1000 Km

Local
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Wind integration issues

5 0 2 o

B (6 Selected studies:
1E}:a5':ER':.I.}T]

4 Hydro Québ

i) ? eland (Al

Germany (D

¥ ) B L o
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Types of Wind Generators 1,2, 3,4,5, ¢

Squirrel Cage
Induction

Induction

Direct Drive
Synchronous

Simple and Robust

Less mechanical stress

L ess mechanical stress

Less expensive

Less noisy

Less noisy

Electrically efficient

Aerodynamically efficient

Aerodynamically efficient

Standard generator

Standard generator

No gearbox

Small converter

Aerodynamically less
efficient

Electrically less efficient

Electrically less efficient

Gearbox included

Gearbox included

Large converter

Mechanical stress

Expensive

Expensive

Noisy

Complex, heavy and
large generator

CREDP - Wind Farm Operafion and Grid Integration

Y]
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—FERC(UGA) Ireland Germany
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generator speed (pu)



25
a 2
— 15}
Ty=1pu
1k P ————
05
[:] N N ™ | 1 |
1 1.1 12 j 5 1.4 1.5 1.6

generator speed (pu)



1 41 12 13 14 15 1.6
generator speed (pu)



Sl g il Sl — sl sl ygit 25 10 50k

d ” G ‘ﬁllf.‘y:l;lr Severe Faoli on Tramansmon Syaem

In UCtIOI’] VS DF GE Wind Torbine (Black), Stall Regolated (Rod)
Dynamics . 3 5
 Recovery of induction ¥ ud %l .

e 113 nduction machine
enerators from severe B e would trip on |
aults can involve more to - overspeed

than LVRT : 29
e Post-faultdynamics can § 213 P —
TESUIJ[ in |C_}55 Of . . E o4 — Inadequate post-fault voltage 3
synchronismand tripping & 024 \ recovery causes induction

h ¢ 0o - machine to accelerate and lose
e Wind plants withpower w4 / synchronism
electronicenabled WTGs & .. i//—
can be more stable (than £ :?,//
conventionalsynchronous & /A o SR
generators.) d/ / | Eaaes

// _,."' a -

— L : 2 ) 2 5
LVRT keeps Y N
P machines on
@, during fault
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Transient Stability

DFG wind farms are more stable than
conventional synchronous generators.

o i

/
Voltage recovery of wind
farm is superior.
. - — Gas Turbine
10 eycle gnd faull — Wind Earmn
| R
| / \/
\f Synchronous generator

swings dramatically
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Damping

DFG wind farms don't tend to aggravate system

oscillations
West Area East Area
G1 G3
o | | O
oL e
G Load 1 Load 2 ™
q Conventional Generatorl
G1 G3
o | | 6
" Load 1 Load 2 et

Wind Turbine Generator
Copyright® 2005 IEEE

SOb S99 ) Swoliyd 5 ,Ib

0.68} :
066 j Wind Turb S50MW
Synch Gen \ 250MwW
064} : : : :
0.62; ; :
T | asomw
E. L R R e
058k = ~ I50MW
‘t
056+ 1
1
054+ ¥50MW |
0152 o 1 1 1 1 1 | 1
01 003 Lo HLO7 D06 LO5 H04 D03 002

o [sac'1]
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1 Marcy 345kV Bus Voltage (pu)
Impact of Wind :

Generation on System | with WinclJ

Dynamic Performance S

_'. :\ i
1.0 ;
* Faultat Marcy 345 kV bus R
e Severe contingency for | Without Wind |
overall system stability 09
e Simulationassumesvector- % | Total Eastinterface Flow (MW)
controlled wind turbines | Without Wind |

—

7
Ve

* Windgenerationimproves
post-fault response of

interconnected power grid ~ “% X, : /
| With Wind

0 1 2 3 4

Time (seconds)
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Why Inertial Response: System Needs

» Increasing Dependence on Wind Power
- Large Grids with Significant Penetration of Wind Power

* Modern variable speed wind turbine-generators do not
contribute to system inertia

e System inertia declines as wind generation displaces
synchronous generators (which are de-committed)

e Result is deeper frequency excursions for system disturbances
e Increased risk of
- Under-frequency load shedding (UFLS)
- Cascading outages

Inertial response will increase system securityu_nclf
aid large scale integration of wind power: starting
tobe required in some systems |
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Aﬁ EXGmplei 14GW, mostly hydro system, for trip of a large generator

605
— 000 MW Smchronous Machine
=1 000 MW Wind without WindINERTIA
=1 000 MW Wind with Simple WindINERTIA Model Rated Wind Speed)
60.0
- With WindINERTIA
2’ frequency excursion is
& 595 ~21% better
e
[
g
=
m 590
=
-
2 Reference Case
e
585 s
Without WindINERTIA frequency
___-_'__'__'*‘1 excursion is ~4% worse
580 T T T T T T T T 1 Y T T Y Y Y
0 10 20 30
Time (Seconids)

q Minimum frequency is the critical performance concernfor reliability
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l Power Quality I
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Voltage Frequency J Interruptions

Voltage vanations Flicker Harmonics Transients
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Wind Foses showing the wind direction at StSpsjom.

Wind power
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wWind speed (m/sec)
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generation (MW)

e Dyni@mic Ampacity (A)
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s | ine Current (A)
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Static and Dynamic Ampacities (A) versus the Line Current (A) m 2012,
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