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Nuclear 1950-3400 3.6-5.5 80-96
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Offshore wind 3000 N/A 70 |
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How Wind Power Wo['|s Turbine Aerodynamics
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o = medium
<10 degrees

o = High
Stalll!

o g 25,5 dasl 3 L gl 5 il 5.8 s ((7-1) S
S delu J9U el § Al il e gy sl Gl (2-1) Jeaad o
Y Lo S Al = 5l deUaiy)

busgie G A/ jie (8.1- 7.5) saa zl) Ao die 4 (2-1) Jsaadl e sl
Ay A a s el 5 (500-400) Joled aal sl g el iall daiall e Lo (Saall de Uiy
AA U s duad) LAY (e L 68 (S Al Al (e

Acbu SV Jaddly ol 2l ially Lo s sl ilsanss i (2-1) Jsaadl

Wind Power Classification

Wind Resource Wind Power Wind S|:uszf€'.‘c:la Wind Speeda
Power Potential Densityat 50 m at50m at 50 m
Class Wim 2 m/s mph

1 Poor 0- 200 0.0- 6.0 0.0-134

2  Marginal 200 - 300 6. 6.8 13.4 -15.2

3 Fair 300 - 400 68- 7.5 15.2 - 16.8

4 Good 400 - 500 7.5- 81 16.8 - 18.1

5 Excellent 500 - 600 8.1- 8.6 18.1 - 19.3

6 Outstanding 600 - 800 86- 95 19.3-21.3

7 Superb = 800 =95 =213

FWind speeds are based on a Weibull k of 2.4 at 500 m elevation.
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@j\ gﬁ 58 gial) deUaiay) Gilaa 2-5-1
Power available in the wind
AL sale aad Kinetic energy gl A 81 gisall 48 jall 5 il

E=—-mv? ... (1-1)
M de e vl e Al Adalid) jatis Al o) gel) 39 glan) A M Cua
daangall g Kg.m? /s? (Joule) - 5 _yadl) oda i

(8-1) Jsally
o Ciual 3 A0 ghand 855l o gl ABS &l Canliall (g col sed) (load dally
v Jehll I3 A ghul) sda & ol gell AUS 8 agle g (m/ sec)v Zliy Ay die g or
9 (271) Bl anp ¢ p(ﬁ) =l sl @l el ga S g Hhad ol g6 yie
Al DA Akl a5 Ll ALKH e
........ (1-2ym = p.A.v
r) Jsill oS dgle 5 P AcUaiu) i & g 4l DA s il A E
E=P=Y%p.Av.v? =%p.Av3.. . ... (1-3)
—1) AUl (o il A = T8 P48 5 paall AN Canad 0]} Leandd A A dalisd)
P AL Adiall e g ) (385 e Aadll) Aelain) lua (Say o3lef (3
P =Gl (1-4)
(kg/mPm’m’ /s’ =J/s=watts :AcUaiuN) 3aal
S (MW) &g ladl of (KW) <y L&l Jia ST 5 Al cilaal g delainl) ot WS
. (HP) (lasdl o ¢ (GW) < g laa
oSl s IS o elu &l gl(Watt-second = 1 joule) &ul— <l 5 & 5l <l
(MWH) elw &5 e gle (KWH)
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” Cylinder of air Wind
Turbine
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Aoy ) Adiad) (e 3 gal) dotain) o 3 A5al) Jal gad) 3-5-1
b Glo alblad) pe (A aie Al hd Caal s o g (4-1) A
DAL Lo el oSy AGG el 5a)

AP/P =20r /7 ... (1-5)
oadli g A5 I gan Cogw %l aiey Ll chuar palli a5 o) e 13
%10 ey yhadll Caaisalyy of Laadl ¢ Sl ad Jal g (%2 iy 3 sall Ao Ui
- %44 W aia 5al 3 ga5in %20 3L s%2] st AelUain) 3l ) (550 s
caai o Jliely o hill Cual oUS 3al sl delain) o) 5 sy oLl (9-1) Sl
il are J8Y) ) gaal b Aaial) L

Power in KW
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Al ad A daladll Jad ali (& Gaag ) Adiall (e 5 gal) deUai) o Ly
AeUain) luny Ll g ol 52l A gusadd) Aalisdll (o aal s ao e e Lda] Ll jliely
wind power density 4de 3y Lo Je ellyy Jiass (7Ll de jul le ad i Kad
o gid) de pudl die Aellainl) A Cauas Lle 5 cadsall 3 Ul de U] 4dlS
e sbSIL de pull el @y mia g (12-1) JSaly oz il sama g i) die g 2 )
) e pud A€ dellain) WS any (3-1) Joaadly .l il dellainl) y cdelully
Adalal S A8l 2L Y pan g (lanall) A8l = (e Tedy clelln a5 2Ll Ciaay

I <
X
400 =
| S
2
300 )
- o
200 ¥
150 Pr
100 ¥~
50 W Radius of Turbine
in meter
i A A & A >
5 10 15 20
30000.000
25000.000 » |
E 20000.000 / |
£ /
£ 15000.000
= /
@ 10000.000
g /
£ 5000.000
o
o /
0.000 + T T T T T T 1
0.00 20.000 40.000 60.000 80.000 100.000 120.000 140,000
-5000.000

Wind speed in KMPH

26



[5] gl de el S deUnia) AU ded py ((12-1) 00

[5]4e Uaias) A0S 5 cLghpand g oz Ll sl (i (3-1) Jsaad

Wind Power Classification gl AeUsinl Cayial

Wind Power Class | Resource Potetial |Wind Power Density|Wind Speed m/sec
W/m2
1 a2t 0--200 0059
2 Marginal 200 - 300 59-6.7
P Fair 300 - 400 6.7-74
4 Good 500 — 600 74-79
5 Excellent 500 - 600 79-84
6 Outstanding 600 -800 8.4-93
7 Superb #309 >93

Ay Vi & Inlet wind speed 4diall Jiae & )l de ju o L (4-1) B e
Cania ddan siall e pull Maie ¢V, 4 output wind speed Adiall (pe An JIA ) el Aoy
i [2] sslud average speed  Adiall

V= (Vi+Vo)/2.... (1-8)
AL Maie (€0 5 ddass giall Al AV 5] sl Aol Cilua (Say 4ile

 Jall (4-1)
P=lmY = (o) (vi+ Vo)« (V12 - V0D (19)
IS Aslaal) LS sale) (S Lol g o3lel Al (& (mpeills ¢ x =0 o iaiy
Po= (p/2) (1 +x - x2-x3) ... (1-10)
raad heall g glue Bulall auags x Jsaiall dpilly eo3lef (10) 28D sl
d (Pou)/dx = 0 =(1-2x-3x2) ........ (1-11)

abaall deUaia¥) ol (10—1)A8Dally Al 238 i g2 ¢ X pmaxy =1/3 e Joani dia g
AL Jasd Lale Jpeanl) oKadl

Poumac=( 16/27)P =0.593 P........... (1-12)
b Sl AeUainl) (e la et (Sadll Aiall abiall Aelainl) o G s (53
Jalae Agde (llay alal 138 5 el A0S0 deUia) JelS (e 59.3% sl ¥ ol
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Efficiency (e WS 5 Rotor efficiency _ilall 333 s slcC, cpower coefficient de i)
. Coefficient of performance
(Sl 350l SlaeVL 2aY) Cany diiall e 4l <) delain) e Jsasl)
¢ Sl Jal 293y (o 9 NpASHilSe detainl) Y ol sell Jigad e Al Jadll sa
tol Lo Lot (s sl Jal sall o A00RN a5 erp Sl e U Jal) 350 e g
Oslai Y My Alaill Jlaay) 250 5al Lidasy 138 ng =09, 1.=0.95m «C,=0.45
.38%
d e Jy sa wCapacity factor sJall Jale ade 3lhy « CF Al Jale Laf 5 5
Al D) b laad g OISl S 3 IS 5l e Lo guade 530 gall Adadll 5 )
sy 4y 5300 Adial die el Sapy ol Glua 4 cdgl Jale Jay Lag
oalsa daid b sa Adiall adiall dpewY) dellaiuy) o ddaw il Aol
wind e Lo ol adsall & 2L el iy cmll Aol AUS sl gal Aol
(Y 4 i Gasa) 2Ll g 58 S5 frequency distribution
%30 = abaall dcthiny)/ Ao giall delUain) = L) Jale ajle
JS e s daesll s Adiadl) o ) Ao Ol ale IS Al delanay) s
Aile i laiall Joa €13 Aald g Jaall Jalay 30 all delainy) s LS duly
.128] - %3025 Jslai ¥ led dellaial) Jele Salaty ¥ 3l g cdpuiay a3 S jme
CP Rotor efficiency jilall 253 < 4-5-1
<l 2l o) 59 e Jame ) s CP_HAN 350 30 (b cliuse slane =1y G o Jaf (10
¢ o) ant ) 8 (Y (253 5all Gaidsy Adadl de yull Ala 8 .[28] A o) 50 o
aidly Lad ddadi pal o )sall de ju die g cdie 3N 90 Hsanll ol gedl e S
Tip- el Ales de u Jane Gl 13 Ll 0l G 0 58 ol 5 6 gatil 1500 350 5l
Jaa 0 b WS Gapmy il 93 0 adlig gy 3 &) sacspeed-ratio(TSR)
2N Ao/ < Ad Al Aoy = Al Al de

TSR=ROTOR TIP SPEED/WIND SPEED=n.D.N/60* V..... (1-13)
Ao yu (mY/s)Ve el ilall jlad De(dadall 83 ,53) Al &y e (rpm) N Cus

Z\LJMJ@\I\SJE\J]\ J}JJA(;\;.\AC_;A},J(13_1) Ja (3\::4\3/‘)3.4):\3.\:3\ J;J.o‘?g@)&\
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[4]-4diall Jalal ¢l 5ed) Ne(VorV1)
O S i Gl g oyl e el i o Aiall ) 1A o) sell o smgl Al i
e Ao pu Jond Al Aad llligh 1 eml (e e ST et g Ao pull adas
Gy ) deullO = 2mn Cus ¢ TSR=E AT S Leie wadll (Say i adl)
vy ¢ Radius il lad caal R (i) g 408l & <l jsall asen Al IO bl b
- sadinall < il Ul (14-1) ISl meam oo (80 e )l de
Uazdll Laguzany ) 3% Rotor efficiency _ilall 253 ye g TSR <l jadl) dlgs Aoy Jaza
S sna 3 Aanal) Ja g sl Ao s ¢ ST ol el SO (il il aaal lag oy
CP_ilall 253 5l pallall sl (any Jany olial (15-1) JSal ge( e 5ol ddie ) 58l
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bl Aoy e ) 238 3aaT iy g Adiall 35 8 il el gl o gana o el
Jase o Wi, WS 5.Betz limit a3 39aall 538 e Glal (3lays «Cut —out Speed Lilsl
a3 b A s Jans sial g shail) Comily 2l 2aal S TSR i) Al e
Logec 5 of 8/ Aaill Jaiy La 3 slat ane camy Janall 13g) dpaa 2 pans o5 Gleal) 554l
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TSR
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Ll el Ales de e A La—d
ol sell Ao s <l Rl Al A e G Al & La—e
rcl asll s gueall Aaluall —a
A=rnr* =114 =616m’
- b
P, =0.6V°=0.6x15" =2025W / m’
P adiall sl ) b b d i Aol
P=P .A4=2025x616=1247400W =1247kW

:auall —¢
400kW sl Al delhis/
1247 = 5 dsial DY delhiv/
r el Leanaa 0 5l Jame —d

32% = 0.3208

C=2nr=22nx14m
C=88m
Tip Speed = C xr/min = 88x 48 = 4224 m/ min
=70.4m/sec =253Km/h
te) sl Ao g ) L8N Al Ao o Al — e
70.4  Tip Speed
15 _WindSpeed

i 47 =

Impact of tower height gl 4 ju e 7 il gla ) ,il5 5-5-1

S G mhe e il S Y @l el V) b pe ol A pu o
olial A80all T @lld g o AlSaaY) o 058 Jalray il oy 5l e s ) 55 Jans

%: [:—12130'... (1'14)
= (1-15)

Jalre x (Ho gléi V) ie )l Ao ju voscH gl ¥ die o )l e ju v of Cus
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al Y gl gl calind 35034l o <) Jeles (4-1) Sl

Terrain characteristics Friction coefficient o
Smooth hard ground, calm water 0.10
Tall grass on ground 0.15
High crops and hedges 0.20
Wooded countryside, many trees 0.25
Small town with trees 0.30
Large city with tall buildings 0.40

gl Ao s (b Jan it Gl Ao CaaSe g i Balsall Acllai) o Ly
e Gl G ) danbay T3S 3 ol Ao s el 8 uS 35 ) gon
O Aad ye Al a5 G Andal ol V) 8 A a5 5 (17-1) JSal e cAiial
dAels [dse 5.7 Do Lo o deluf 510 9200585 8 e 100 gli ) e )l de
oa Y Al ¢ dely/ 50322 f deldly dae 20 Y deay (e 460) glis ) aic
gloiy) die e yull il dead o gl Aol oSy dple Gy el dgia
o el mhae o ddle (Y Al Jain e 400 oy L g 28 1300
gl ) die de yull 33 Laadi L ¢ e 308 Joly Lo 238 1000 ¢ lis ) ie el
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el Y il A5 il Jale Jsh (5-1) Jsaadl
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40 gl ) vie mol) Ao o luad (17-1) A8 axaiu Allal o3a 8 :300) 45 k)
:(17-1) 4D Gk ade g ¢ a=1/7=0.142 Jalall (f (i Cogus ¢ i

u@E) (=Y

Uz) \z

a=-1/7=0.142:

0.142
U(40) = 5(%) = 6.09[m/s]

oA A el e anal (V) o (a s Jladl) adad ey ) Ja sale) ol b
ro) Baie aai A5 pdal) Jgha any 63 Jpaall & el salely 5 ¢ Rough Pastures i)
raxi (16-1) A8l @aukiy 44le 5 ¢ Zo = 10mm = 0.01m

U(40)=5——"""""=6[m/s]
In(10/0.01)
vt LS 5 sl Ao i ¢ a=1/7=0.142 A3 gdall Jsh el (Al A5k 8

(3-1) Jslaw Jlia

oY) e 50 gLz o canai ¢ i 30k <l i GO @il day ) ddie
Sl aie ) 85 58 gl AeUain) A aa gl L0 =0.2 D g Jalae 35y sladl
Ay o 858 giall Ao Uaindl Al 3das

Ziow= 50-15=35m
Zhigh=50+15 = 65m

U(Zhigh) =9 {Zhigh Ja -1.13
U(Zlow) Zlow

2(19-1) Al 5 e ) Aoy il Ronsi xS (5 5o Ao UiVl il A

P(Zhigh) L [U(Zhigh)
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3
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(4-1) Jés
vie 5l Aladl 8 (5 sLS 100 A5 Ay Adial o D) il Hhad Jshooaf
O 5Cp =16/27 J sep=1.225 kg/m3 ¢! sl S ) La At/ jie 7.5 Ly A ju

n=1 29 sl
2) P=100[kW }U =7.5[m/s} p =1.225kg /m’ }C =16/27:7 =1
P= % pR*ConlU? = D =2 _ N 28.8[m]
EP”CPUU3

el DU e s i g o) sl 236,235 7-5-1
Density of Air as a Function of Elevation
Aa ) gl baaall s )l 4SS cAplad ol AEES 5 3] gall AcUaiul) (g AL

ijd\_jjm‘ u'aéﬂg}'é‘)\‘)ﬂ\ Q\AJJuas.ﬁu}utm‘)‘y‘ Ala LASS}:*\.\JLJX‘ 63‘)\‘);5\
b s ypiall 038 (s Al ADAY ALS (ay Slaelips po sl

B Lh (IM M
P =pP.(1 —E)R-Lm ......... (1-19)
;L
6.5K
To = 288.15 K, L = Temperature lapse rate equel = T

and h = elevation in kilometer,po = 101,325 Pa,

g = gravitational constant = 9.80665 m/s?2

R = gas constant=287.059(J/ (kg.k)

and Tis temperature in Kalvin ( K=C° +273.15)

& L U AU A8 damy (531 5 (6-1) Jsaall (iS5 oSy o3le (19-1) a8l alaiely
calall o) goll @llag
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Gld elall 50 i o) sll 4y gla )l ddlia) (5ak28.9644g/mole Jalay alall ol sl (59
Gl 1A LY e sl SR ol sl 503 Jlanud o st Caswcd8 ol o34
oadaiin Ll ¢ xS AeUaial) Gl 1A Gilad) o) sell (e ol () oSa cada 1 61 sl

£l S Gl 5 5l 23S (6-1) Jsaall

Jally g &Y Height/m 4ES)) Density ,kg/m3
0 1.22499
5 1.224411
10 1.223824
50 1.21913

100 1.213282
150 1.207456
200 1,201651
250 1.195867
500 1.167268
1000 1.111642
1500 1.058067
2000 1.00649

(5 st (593 Jaiain ie gl Aad i il 5l RS Jang (7-1) A Jpaa
e 153 ) s Aa 0y JSUL 101.325
gl A5l At i o 1 o1 el 380€°(7- 1) e

Relative Humidity, % Density, kg/m?
0 1.225012
10 1.224233
20 1.223454
30 1.222674
40 1.221895
50 1.221116
60 1.220337
70 1.219557
&80 1.218778
a0 1.217999
100 1.217219
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latmosphere (5 s> Jaraa die 3l jall da jal LUS ) sl 8BS aay (8 —1) Jsaadl

latm Lﬁp.ka..a e BJ\)Q\ :\AJJ @us ¢\}@J\ PN (8_1) djdaj\

Density of dry Air at a Pressure of 1 Atmosphere
Temperature Temperature Density Density Ratio
0 CF) (Kg/m?) (K1)
-15 3 1.368 1.12
-10 14 1.342 1.10
-5 23 1.317 1.07
0 32 1.293 1.05
5 41 1.269 1.04
10 50 1.247 1.02
15 59 1.225 1.00
20 68 1.204 0.98
25 i 1.184 0.97
30 86 1.165 0.95
35 95 1.146 0.94
-40 104 1.127 0.92
“The density ratio Kr is the ratio at T to the density at the standard
(boldfaced) 15°C

Wind turbine setting 4 )l ddiall oLiY Cuuliall 28 gall 8-5-1

A Qo sl Lete S8 el s 82 o g Bm 5l Ay Jal) qdige o

dony Ao pall A8 Asbiddl g 1]

AellinY Aaulie Gilefind delliiuly s e Jay )l Ay 52066 kV 4l S 408 55 —2
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Ol Glela caliag aie

(- crmlio s il k) Ay ) ey 3all Jgaa sl 40l 3

Aaaiall &y 5 dge 55 —4

Aibid) 8 5oy el pall ) S5 -5

Aibidl b -l 53,5 -6

Ashidl & Y -7
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3.0 8.74 8.93 10.00 409 436 613 2685
15 15 7.21 13.54 18.90 230 1521 4134 18107
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2.0 14.14 17.72 22.00 1731 3410 6514 28531
25 16.30 17.75 20.66 2652 3423 5399 23648
3.0 17.47 17.86 20.00 3266 3489 4900 21462

P = wind power density in watts per square meter of the blade swept area = 0.5 p V?
where p = 1.225 kg/m’

The last column is the energy potential of the site in kWh per year per m? of the
blade area, assuming the rotor efficiency Cp of 50 percent (i.e., the maximum
power that can be converted into electrical power is 0.25 p V¥).
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System Type A Tvpe B Type C Type D
Variable speed No No Yes Yes
Control active power Limited Limited Yes Yes
Control reactive power No No Yes Yes
Short circuit (fault-active) No No No/yes Yes
Short circuit power Contribute Contribute Contribute Limit
Control bandwidth 1—-10s 100 ms 1 ms 0.5—1 ms
Standby function No No Yes + Yes ++
Flicker {sensitive) Yes Yes No MNo
Soft starter needed Yes Yes No No
Rolling capacity on grid Yes., partly Yes, partly Yes Yes
Reactive compensator (C) Yes Yes No MNo
Island operation No No Yes/no Yes
Investment +-+ +-+ + 0
Maintenance ++ ++ 0 +
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Name of company MW Generation
system
Vestas Vestas 3 PMSG
Denmark
SINOVEL Sinovel 3 DFIG
China
é‘;GOLDWIND Gold _wmd 2.5 PMSG
China
Gamesa :“: Gamesa g DFIG
Spain
E 2 PMSG
v¥a ENERCON gereot SG
P EMERGY FOR THE WORALD German)‘,
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- iy United States
Suzlon 2.1 DFIG
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— China
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Abstract

In this lecture, students will be introduced to basics of wind energy
calculation. In the first example, wind energy using wind speed and air density
will be calculated. Power and tourque of the wind turbine will be calculated in
the second example by using a fixed power coefficient C,. Finally, Students will
use pitch angle  and tip speed ration A to calculate power coefficient C,then

use it to calculate power and tourque.

First example

Wind power equation

Assume:

- Puingpower of wind in [W].

p air density in [Kg/nP].

R pitch diameter.
- Vwind speed in [m/sec]

Thus the power of wind will be calculated using the following equation:

_1 2773
sznd F 2p7TR Vv (1)

And the tourque can be calculated using the following equation:

Pwind

Twm -
W

Where:
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- Woturbine speed in [rad/sec]

- The suitable MATLAB code are:

¥ First example

% Calculate wind turbine Tourgue
5V

g ro

TR

% Cp Power factor

% W Turbine speed [rad/sec]

function [Tmech,Pmech] = calcTIwind(V,R,Cp,W)
roh = 1.225 ;

Pwind = 0.5*roh*pi*R"2%*V"3;

Fmech = Cp*Pwind ;

Tmech = Pmech/W ;

end

Figure 6-1 MATLAB code to calculate P,y

Calculate wind power

We will vary wind speed V'so turbine speed W/ will be change also. Assume
inn this example that power coefficient is constant at C,= 0.52. Plot the
resulting tourque and power generated by the wind. The resulting figures show

that power and tourque are correlated to wind speed with third degree level.

241



apply calcTwind
Cp i= constant
wind speed is wvary from 0 to 15 [m/s]

kS
%
%
% rotorispeed iswary from 1 tp 48 [rpm]
: V [mf=sec]

F = 14; %[m]

2 H [rpm]

cp = 0.52; % power coefficient

% w [rad/sec]

i =1; % index of wind speed wvariable
8= 15¥% indes"of rotor speed variable

ﬁjfar v =i1:1:15
k| for mn = 1:6:48

Vi{i) = v ;
Wiy = 2*pi*n/60;
H{i) = mn ;
[Tmech(i,j),Pmech(i,j)] = calcTwind(V(i),R,cp,W(j)}:
I=3+1:
end
i=i+l;
=1

—end

subplot (1,2,1)

plot (V, Pmech) ;

xlabel ("Wind speed in [m/=zec]')
vliabel ("Pmech in [W]"')

grid en;

subplot {1, 2,2)

plot (V, Tmech) ;

Xlabel ("Wind speed in [m/=ec]')
ylabel {"Tmech in [Hm] '}

arid on:

Figure 6-2 — MATLAB code to calculate ~A,;,,with various speeds

Resulting curves are in figure 3 :
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Prmech in [¥]
Trmech in [MNm]

Wind speed in [misec] Wind speed in [mfsec]

Figure 6-3 A,,,4sWith various speeds
Second example

In the last example power coefficient was determined to be constant, while
in reality this coefficient should be calculated by using the ration between wind
speed and the speed at the end of the pitch. This ratio is called Tip speed ratio
TSR. In the following example we will calculate this ratio then use it to calculate

o,

Power coefficient calculation

There is different ways to calculate this ratio. We will use the following one

CPAB) = CL(C2Ai~ C3B — CA)e-C5Ai+ CoA (3)

1 1 008
A A+0.08 B3 +1(4)
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Write these code and run the example:
% Calculate power coefficient Cp
function [Cp]l] = calcCp(lambda,betta)

el= 0517

o2 = 1167

o3 =
| Bl — S

cONSR

ca = 0.0068;

lambda i = {({lambda+0.008%betta)* (betta”3+1))/ (betta”3+1)-0.035% (lambda+0.008*%betta):
Cp = cl*(c2/lambda i-c3*betta-c4)*exp(-c5/lambda i)+c6*lambda:

end

Figure 6-4 MATLAB code to calculate C,

Verify the code by applying the calculation for different wind speeds and

turbine speeds like:
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xample of calculation of Cp

=
5

oo

ege figure 2 page«228 Prof.Warkazek cours book

o

clear all
T i

bettag— O ;
E = 14;
IS5k =18

sy = 383 15
] for m = 1:6:48

V(i) = v ;
W(j) = 2*pi*n/60;
N(3) =n :

lambda (i,3) = W(j)*R/V(i);
[Cp({i,])] = calecCp(lambda(i,j),betta):
j=j+1:
end
i=i+l;
A=
end

Figure 6-5 — MATLAB code to calculate C,for different speeds
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Powsr cosfficient Gp

I \ f i i \ i i i
I 5 i 5 il 5 1 ¥ L 15
Tutine speed i ram]

Figure 6-6 — C, values for different speeds

Calculate turbine Power and torque

% apply calcTwind

%2 Cp is wvariable

% wind speed i=s wvary from 0 to 15 [m/=]

% rotor speed is vary from 1 tp 48 [rpm]

% % See figure 3 page 229 Prof.Warkozek cours book
clear all

clc

a

V [mf=sec]

= 14: 3[m]

N [rpm]

Cp power coefficient

w [radfsec]

betta pitch angle

etta = 0 ;

1; % index of wind speed wariable
1; % dmdex of rotor speed variable

(S o I

for v = 1:1:15
for m = 1:6:48
VA1) i
W(j) = 2*pi*n/e60;
N({3) = n ;
lambda (1,3} = W(J)}*R/V (i)
Cpii,j) = calcCpilambda(i,j).betta)
[Tmech(i,J),FPmechii,j)] = calcTwind(V(1)},R,Cp(i,3),W(3})~
J=j+1:
end
i=i+lr
4=1:
- end

Figure 6-7 — MATLAB code to calculate P,;,,for variable C,
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subplot (1,2,1)
plot (W, Pmech) ;

xlabel ("Turbine speed in [zpm] ')
viabel ('Pmech in [W] ')
grid omg

subplot {1,2,2)

plot (W, Tmech) ;

xlabel {"Turbine speed in [rpm] ')
viabel ('Tmech in [Hm] '}

grid ong

Figure 6-8 — MATLAB code to plot A,;,,for variable C,

Apply this code to obtain power and tourque curves for different speeds

Frech in [¥]
Trnech in [Mim]

L) | i i i L I i i L 05 I i i L |
IR 05 1 ToWee? 25 3 35 4 45 5 0 05 1 5" 2 @255 W35 4Eds 5

Tuthine speed in [rpm)] Turbine speed in [rpm]

Figure 6-9 — P,sfor variable C,

Homework
1.Introduce impact of air temperature in the calculation of AP,

2.Introduce impact of Tower height in the calculation of P, ..

3.Draw power and torque
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Abstract

In this lecture, students will simulate the generator part of the wind energy
system. A Permanent Magnet Synchronous Machine (PMSM) type will be
considered. In the first part of this lecture, introductory example is presented.
Students will study briefly the PMSM, then in the second example they will

couple the generator to wind turbine example of the last lecture.

Permanent Magnet Synchronous Generator (PMSM)

Assume :

Ly Lydand g axis inductances.

R Resistance of the stator windings.

- Iy lzdand g axis currents.

- Vg Vydand g axis voltages.

w,angular velocity of the rotor [m/sec]

- A amplitude of the flux induced by the permanent magnets of the rotor
in the stator phases. — p pole pairs.

- T.Electromagnetic torque.

Model equations in the rotor reference are :

d. - R="L, *
— g = —Vg — —1 — PW,t
Wiy S Tt W
LV IR 7 O .
ac’ " L, L, L, Ly (2)
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To= 1.50A0;+ (La— Lg)id)] (3)

SIMULINK model of PMSM

These equations are modeled in MATLAB SIMULINK in one block such

presented in:

>Tm

oA

N m>
og
S

oC

Permanent Magnet
Synchronous Machine

Figure 6-10 — MATLAB block for PMSM

Block inputs are :

1. T»mechanical torque (wind turbine torque).
2.A, Band C are three phase stator windings terminals.

Depending on the operation type of this machine (motor or generator) these
terminals can be considered like input voltage in case of motor type, output

voltage in case of generator type.

Machine type can be chosen from the sign of 7,,: in case of motor type 7,

should be positive and negative in case of generator. Block output is:

m measurements port in the machine. It contains all currents, voltages and

mechanical signals in the machine.

To explore measurements, we should use element called Busselector from
SIMULINK element library. The students will try to explore this block using the

following circuit :
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Voltages ABC [V]

Figure 6-11 — SIMULINK model for PMSM test

Run simulation to obtain the following three phase voltage in the stator

terminals:

;—E—'

’ |
: J\! i
H”l (’|| I w

Fl\ | " ’\ ;M \ h um \I”U il 5\511"
it '/ v
‘ \
N w.mk’J\.JML

04
Time luec]

Figure 6-12 — Three phase stator voltages from PMSM test
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Create subsystem from PMSM

From the precedent model, create subsystem to be coupled later with the

mechanical output of the wind turbine. This can be done like follow:

1.Delete the constant block of 7,,,.

2.Delete scope number 3.

3.click on the left bottom of the mouse and chose Createsubsystem from

option list which will appears.

MATLAB will create subsystem from your model, leaving the unconnected
terminals to be used as inputs or outputs of your subsystem. In our case, 7,
will be input port of your subsystem because it is input port of the PMSM. While
the abc port of the tree phase voltages will be output of your subsystem

because it is output in your original model.

T Wabc

Subsystem

Figure 6-13 — PMSM circuit subsystem

Couple the turbine with PMSM

In last lecture, students calculated wind turbine torque in M — file function.
Now they will couple turbine shaft with one of the generator to produce electrical

power.
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In order to overlap compatability errors between AM-file and SIMULINK
model, students will use block of wind turbine from SIMULINK library directly

(in fact, this block use the same equation of the M — file programmed by the

student last Iecture).

Generator speed (pu)
III—» pitch angle (deg)  Tm (pu) ={>—>m vabs—ﬁ
Constant Wind speed (m/s) Gain Scope
Wwind Turbine
Constant1 o|Cenni Outz

Scopel Subsystem

Figure 6-14 — PMSM coupled with wind turbine

Coupling is done directly, but with transformation of 7,,from puin the output

of the wind turbine to N.m in the input of the PMSM.

Homework

e Calculate generator output P and Q for different wind speed.

e Calculate generator output for for different pitch angle .

L9 3n aSaill g g ) Ao s A A o AN 4 23 3-6

) sl g A isi e @l jidd

Abstract

In this lecture, students will study the impact of wind speed variation and

pitch angle on output voltage, electrical power of PMSM.
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First example

This circuit will be created depending on the fourth example. Generator

speed will be obtained directly from wind turbine block (see figure)

"

Constant

Generator speed (pu)

Pitch angle (deg)  Tm (pu) Ttbase

Wind spead (m/s)

Constant1

Wind Turbine Thase

Scopet

BeneratorSpesd —

Subsystem

- 4’|§|

Scope

@.L -

Scope?

GeneratorBaseSpeed

Figure 6-15 — Wind turbine coupled to PMSM

™ |
L
u{1yuf2)
Fen

Scope3

Wind turbine block should be parametrized. As the object is to control PMSM

output voltage and power, the parameter should be changed different times. In

order to make the process more dynamic, we will create M —file containing wind

turbine block parameters. Each time we run the simulation, this A/ —file should

be run also first then run example model.

Initialization M — file is in figure 16:
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L3

variables
2TETETTTITITTETITTTLITITTLIITRLEE:
2 Generator base speed

Wgbase = 3000%2*pis&0 -

% Generator bass torgue
Tgbase — 207

% Generator basse power
Pgbase = Tgbase = Wgbase ;

% turbine base ©

Ttbase — Tgbase

% turbine base speed
Wtbase — Wgbase: % [rad/sec]

% turbine base mechanical power
Prbase = Ttbase*Wtbase ;

% Maximum power at base wind speed cpmax

pmax = 0.8 ;
2 Turbine base speed as pu of generator speed
Wtbase = 1.0:

Figure 6-16 — M — file to initiate wind turbine block

The parameters should be entered just explained in figure 17 :

| Function Block Parameters: Wind Turbine B

The turbine inertia must be added to the generator inertia.

Parameters
Mominal mechanical output power (W):
Pthase|

Base power of the electrical generator (WA):

Pgbase/0.9 —

Base wind speed (m/s):
12 .

Maximum power at base wind speed (pu of nominal mechanical power):

pmax

1

Base rotational speed (p.u. of base generator speed):

Wibase

Pitch angle beta to display wind-turbine power characteristics (beta >=0) (deg):

u]

[] Display wind turbine power characteristics

25 e — al L2

[ OK ][ Cancel ][ Help ] Appl‘,-‘_

Figure 17-6 — initiate wind turbine block
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Soutput [vA]

Results

Applying wind speed of 12 [m/sec] with the parameters value mentioned

above, model results will be as seen in the following figures:

70

%
2 |
|
|
10 |/
6 0,‘2 0!4 O!G O,‘E T|me1[59c] 1,‘2 1.4 1!0 1i8 =2
Figure 18-6 — Generator speed in [rad/sec]
|
|
|
“I
so H |
\
L
\
Iﬁ
‘\\\
S
o 0.2 .4 0.6 nlB IIIIII h P 2 =3 [=3 8 2
Figure 19-6 — Generator output power S [VA]
Homework

1. Calculate generator output P and Q for different wind speed.
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2. Calculate generator output for different pitch angle g.

3. Compare your results with one of the lecture 3.

o) Agall 7 A o arsEl e aladial Aay) ) Ay a0 4-6

Jaad) Ly Ss Ao gl As pw il ) Add jag
Abstract
In this lecture, students will add rectifier to PMSM terminals. Rectified voltage
will applied on a resistive load. The purpose is to observe the rectified voltage

and load currents when wind speed vary.

Diode rectifier

This circuit will be created depending on the previous examples. Generator
speed will be obtained directly from wind turbine block. The rectifier is a three
arm bridge of diodes. This bridge can be obtained from SIMULINK library,
Power Electronics one. We can find it under the name of Universal bridge.
There is different options of power electronics devices to be chosen (Thyristors,

diodes, IGBT and GTO).

For the sake of simplicity diodes will be chosen. The parameters to be entered
is the forward voltage V/zand the device resistance when it is on Ry, (see figure

20).
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| Block Parameters: Universal Bridge |

each switch device. Press Help for suggested snubber values e
when the model is discretized. For most applications the internal
inductance Lon of diodes and thyristors should be set to zero

Parameters |

Mumber of bridge arms: 13 v]

Snubber resistance Rs (Ohms)
le5
Snubber capacitance Cs (F)

inf | |

Power Electronic device [D\odes v] E

Ron (Ohms)

le-3

Lon (H)

0 |
Forward voltage W (V) |
0.3

Measurements [None v]

[ OK ] | Cancel Help ] Apply

Figure 20—-6 — SIMULINK block of the Universal Bridge with suitable

parameters

Inputs of this block is three phase voltages, block outputs is the rectified
voltage. Thus it will be connected directly to PMSM terminals like clarified in

figure 21.

Continuous|
1 » O deal Switch
Scoped powergui
»

<Stator voltage Vs_g (V)=

1 <Stator cument is_g (AR ]
— Y <
N| Sm
e <Stator voltage Vs_d (V)+
5 ™
4 <Stator current is_d (AP Froductt
Permanent Magnet

-

Synchronous Maching “Fiotor speed wm [alsp »2) Scopel
GeneratorSpeed
pl ]

8 Ll
Current Measurement Scoped

h A 4

- dq0

s E_’ i
X . sin_cos Vabe
B Series RLC Load Constant!
dg0_to_abc
L ¢ E Transformation

Universal Brid:l—] Sine Wave

Sine Wavel

Figure 21-6 — PMSM with Diode rectifier
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The rectified current supervising the load is in figure 22 :

Load curent [A]

0.5 [

L L L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time [Sec]

Figure 22 — Load current rectified by the diode bridge

IGBT rectifier

In this example, IGBT devices will be used in place of diodes. To control
these devices a PWM signal generator is used. The following Figure shows the

suitable model:
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0
0
o

<Stator voltage Vs_g (V)>

<Stator current is_q (A)

m “<Btator voltsge V_d (V)
<Btator cument is_d (A} » [
Permanent Magnet
Synchronous Machine “<Rotor spesd wm (ISP Scapel
-
»
Current Measurement Scoped 1 g ks
—w{g sbe—w{ 1)
2 sin_cos Vabe
Series|RLC Load Constant1
dq0_to_abc
- Transformation
L slc
Universal Bridgs Sine Wave
Pulses —
Sine Wavel
PWM Generator
B Mean
Scopeb

Mean Value Figure

23-6 — PMSM with Diode rectifier

The PWM signal generator can be parametrized like following’ :

[ W Source Biock PR - —

FWM Generatar (mask) (link) -

This block generates pulses far carriar-based FWM
(Pulse Width Modulation), self-commutated IGBTs,GTOs
or FETs bridges.

Dapanding on tha number of bridge arms salactad In the
“Genarator Mode" parameter, the biock can be used
either for single-phase or three-phase FWM control.
Farameters
Generatar Made [3-arm_bridge (6 pulses) =
Carrier frequency (Hz):
2000
1] ntarnal generation of madulating signal(s)
Modulatian index (0-<m=1) : I
0.4
Frequency of output voltage (Hz)
50

Fhase of output valtage (degrees) .

oK ] [ cancel ][ __Help

Figure 24-6 — PMSM with Diode rectifier

1. See Power electronic (1) (2) book for more details on these signal
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The rectified current will be like figure 25:

1.4

o
@

Load current [A]

o
@

02 | ‘ I i
A |
Dﬂ 0.2 0:4 0:6 0.‘8 1 1?2 1?4 '\jﬁ 1.‘8 2
Time [Sec]
Figure 6-25 — Rectified current of the PVMSM with IGBT rectifier
012 T T T T T
P I Lt q;-”"'m“""n
\I mh’“"m-...u,‘.-:»-w""‘r m‘:“‘-‘-w..... 9 L Mo L
uw
0.08 ‘L al
ke
i
E 0.06 +
004 —
0.02 —
DD UjZ Uj4 U:G UjB 1 1?2 1?4 1?6 ‘\.‘B 2
Time [sec]

Figure 6-26 — Mean value of rectified current of the PVMSM with IGBT rectifier

In order to obtain readable value, we use mean value block from S/IMULINK

library. It calculates the mean value of its input signal (figure 26)

260



Homework

1. Change system parameters to obtain 380 [V] at the machine terminals.

2. Calculate diode bridge output assuming that the machine line-line

voltage is 380 [V].

3. Variate wind speed and compare load current in each case.
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