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Renewable	  Energy	  Systems	  (12210588	  )	  
Fall	  2014	  

Lecture	  10	  

Wind	  speed	  distribu3ons	  	  

•  Wind	  speed	  distribu3ons	  are	  commonly	  used	  
to	  indicate	  the	  annual	  available	  wind	  energy	  

•  	  These	  distribu3ons	  are	  es3mated	  using	  
measurements,	  wind	  maps	  or	  computer	  
analysis	  	  

•  Tables	  or	  sta3s3cal	  func3ons	  can	  give	  the	  
distribu3on	  	  

•  Good	  wind	  maps	  that	  show	  the	  mean	  wind	  
speed	  exist	  for	  most	  countries	  	  
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Wind	  speed	  distribu3ons	  	  

•  In	  coastal	  areas,	  mean	  wind	  speeds	  of	  6	  m/s	  or	  
more	  can	  be	  reached;	  in	  inland	  areas	  it	  can	  be	  
below	  3	  m/s	  	  

•  Mountainous	  regions	  also	  offer	  good	  wind	  
condi3ons	  	  

•  A	  wind	  speed	  frequency	  distribu3on	  gives	  much	  
beWer	  informa3on	  about	  the	  wind	  condi3ons	  of	  
a	  certain	  site	  than	  the	  mean	  wind	  speed	  	  

•  The	  most	  common	  sta3s3cal	  func3ons	  that	  are	  
used	  for	  wind	  power	  calcula3ons	  are	  the	  
Weibull	  and	  the	  Rayleigh	  distribu3ons	  
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Weibull	  distribu3on	  

5	  

Rayleigh	  distribu3on	  	  
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The	  Rayleigh	  distribu3on	  needs	  only	  the	  average	  wind	  speed	  as	  a	  
parameter	  
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Output	  Power	  of	  Wind	  I	  

9	  

Cp =
Turbine power

Power content of wind
=
PT
Po

When wind speed has a Rayleigh distribution

Cp =
Poutput
Prated

=
Pout
Pr

Cp = 0.087×Vaverage −
Pr

1000D2

Pout = 0.087×Vaverage ×Pr −
Pr

2

1000D2

Output	  Power	  of	  Wind	  II	  

10	  

η =
PT
Pideal

=
PT

1
2
ρAVaverage

3 CP.Betz

=
CP

PP.Betz

Since wind speed has a Rayleigh distribution

η =
Pout
Pwind

=
Pout
Pw

→ Pw =
1
2
ρAVaverage

3 ×
6
π

η =
0.087×Vaverage ×Pr −

Pr
2

1000D2

1
2
ρAVaverage

3 ×
6
π
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Tutorial	  2	  

11	  

Ques3on	  1	  

Suppose	  an	  anemometer	  mounted	  at	  a	  height	  of	  10	  
m	  on	  a	  level	  field	  with	  tall	  grass	  (α=0.15)	  shows	  an	  
average	  wind	  speed	  of	  6	  m/s.	  	  

a)  Assuming	  Rayleigh	  sta3s3cs	  and	  an	  air	  density	  of	  
1.225	  kg/m3	  es3mate	  the	  average	  wind	  power	  (W/
m2)	  at	  a	  height	  of	  80	  m.	  	  

b)  Suppose	  a	  1300	  kW	  wind	  turbine	  with	  60	  m	  rotor	  
diameter	  has	  its	  hub	  located	  at	  a	  height	  of	  80	  m	  in	  
this	  site.	  Es3mate	  the	  annual	  energy	  delivered	  
(kWh/yr)	  if	  the	  turbine	  has	  an	  overall	  efficiency	  of	  
30%.	  	  

c)  What	  would	  the	  turbine’s	  power	  coefficient	  
(capacity	  factor)	  be?	  	  

12	  
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Ques3on	  1	  -‐	  Solu3on	  
a)	  Assuming	  Rayleigh	  sta3s3cs	  and	  an	  air	  density	  of	  1.225	  
kg/m3,	  es3mate	  the	  average	  wind	  power	  (W/m2)	  at	  a	  height	  
of	  80	  m.	  	  

	  

13	  

V80
V10

=
h80
h10

!

"
#

$

%
&

α

→V10 = 6m / s,h10 =10m,&α = 0.15

V80
6
=
80
10
!

"
#

$

%
&
0.15

→V80 = 6× (8)
0.15 = 8.2m / s

Pw =
1
2
ρAVaverage

3 ×
6
π
=
1
2
× (1)×1.225× (8.2)3 × 6

π
Pw = 644.7Watt /m

2

Ques3on	  1	  -‐	  Solu3on	  
b)	  Suppose	  a	  1300	  kW	  wind	  turbine	  with	  60	  m	  rotor	  
diameter	  has	  its	  hub	  located	  at	  a	  height	  of	  80	  m	  in	  
this	  site.	  Es3mate	  the	  annual	  energy	  delivered	  
(kWh/yr)	  if	  the	  turbine	  has	  an	  overall	  efficiency	  of	  
30%.	  	  
	  

	  

14	  

Eannual = Pout ×8760

η =
Pout
Pw

= 0.3→ Pout = 0.3×644.7 =193.4W /m2

Eannual =193.4W /m2 ×8760hr / yr
Eannual =1.69MWhr / yr /m

2
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Ques3on	  1	  -‐	  Solu3on	  

c)	  What	  would	  the	  turbine’s	  power	  coefficient	  (capacity	  
factor)	  be?	  	  
	  

	  

15	  

Cp = 0.087×Vaverage −
Pr

1000D2 → Pr =1300kW

Cp = 0.087×8.2−
1300×103

1000×602
= 0.352

Ques3on	  2	  
The	  wind	  speeds	  at	  a	  certain	  loca3on	  can	  be	  
represented	  by	  Rayleigh	  sta3s3cs.	  Using	  the	  
approximate	  rela3on	  for	  the	  capacity	  factor	  of	  a	  
wind	  turbine,	  derive	  an	  expression	  for	  the	  wind	  
speed	  that	  yields	  to	  the	  highest	  efficiency	  for	  the	  
wind	  turbine	  as	  a	  func3on	  of	  its	  rated	  power	  and	  
blade	  diameter.	  What	  is	  the	  op3mum	  wind	  speed	  
for:	  	  
a)  The	  NEG/Micon1000/60	  wind	  turbine	  	  
b)  The	  NEG/Micon	  1000/54	  wind	  turbine	  	  

16	  
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Ques3on	  2	  -‐	  Solu3on	  

17	  

Since wind speed has a Rayleigh distribution

η =
Pout
Pwind

=
Pout
Pw

→ Pw =
1
2
ρAVaverage

3 ×
6
π

& Pout =CpPr

η =
0.087×Vaverage ×Pr −

Pr
2

1000D2

1
2
ρAVaverage

3 ×
6
π

dη
dVaverage

= 0→Vaverage = 0.017× Pr
D2 →ηmax imum

Ques3on	  2	  -‐	  Solu3on	  

a)	  The	  NEG/Micon	  1000/60	  wind	  turbine	  
	  

	  

18	  

Vaverage = 0.017×
Pr
D2 = 0.017×

1000
602

= 4.77m / s

b)	  The	  NEG/Micon	  1000/54	  wind	  turbine	  
	  

	   Vaverage = 0.017×
Pr
D2 = 0.017×

1000
542

= 5.89m / s
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Ques3on	  3	  
A	  wind	  turbine	  is	  used	  to	  deliver	  90000	  kWh	  in	  a	  30-‐day	  
month	  using	  a	  350	  kW	  three	  phase	  synchronous	  generator.	  
The	  air	  density	  is	  1.225	  kg/m3.	  	  
a)  What	  power	  coefficient	  (capacity	  factor)	  would	  be	  

needed	  for	  the	  machine?	  	  
b)  If	  the	  average	  wind	  speed	  is	  5.25	  m/s,	  and	  Rayleigh	  

sta3s3cs	  apply,	  what	  should	  the	  rotor	  diameter	  be?	  
(Note:	  use	  the	  approximate	  rela3on	  for	  the	  capacity	  
factor)	  	  

c)  If	  at	  a	  certain	  moment	  the	  turbine	  is	  producing	  its	  rated	  
power	  (350	  kW),	  what	  would	  the	  wind	  speed	  be	  if	  the	  
machine	  is	  35%	  efficient	  at	  this	  opera3ng	  point?	  	  

d)  If	  the	  3p-‐speed	  ra3o	  is	  assumed	  to	  be	  4,	  what	  gear	  ra3o	  
would	  be	  needed	  to	  match	  the	  speed	  of	  the	  blades	  to	  
the	  speed	  of	  the	  rotor	  of	  the	  generator	  if	  the	  generator	  
needs	  to	  spin	  at	  1500	  rpm	  to	  deliver	  its	  rated	  power?	  	  19	  

Ques3on	  3	  -‐	  Solu3on	  
a)	  What	  capacity	  factor	  would	  be	  needed	  for	  the	  
machine?	  

	  

20	  

Cp =
Energy delivered per month
Pr ×  No. of hours per month

Cp =
90000×103

(350×103)×  (30×24)
= 0.357

b)	  If	  the	  average	  wind	  speed	  is	  5.25	  m/s,	  and	  Rayleigh	  
sta3s3cs	  apply,	  what	  should	  the	  rotor	  diameter	  be?	  (Note:	  
use	  the	  approximate	  rela3on	  for	  the	  capacity	  factor)	  

	  
Cp = 0.087×Vaverage −

Pr
1000D2

0.357 = 0.087×5.25− 350×10
3

1000×D2 →D = 59.23m
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Ques3on	  3	  -‐	  Solu3on	  
c)	  If	  at	  a	  certain	  moment	  the	  turbine	  is	  producing	  its	  
rated	  power	  (350	  kW),	  what	  would	  the	  wind	  speed	  be	  
if	  the	  machine	  is	  35%	  efficient	  at	  this	  opera3ng	  point?	  	  

	  

21	  

η =
Pout
Pwind

=
Pout

1
2
ρAVaverage

3 ×
6
π

0.35= 350×103

1
2
(1.225)(π

4
59.232 )×V 3 ×

6
π

V = 8.4m / s

Ques3on	  3	  -‐	  Solu3on	  
d)	  If	  the	  3p-‐speed	  ra3o	  is	  assumed	  to	  be	  4,	  what	  gear	  ra3o	  
would	  be	  needed	  to	  match	  the	  speed	  of	  the	  blades	  to	  the	  
speed	  of	  the	  rotor	  of	  the	  generator	  if	  the	  generator	  needs	  
to	  spin	  at	  1500	  rpm	  to	  deliver	  its	  rated	  power?	  	  
	  

	  

22	  

TSR = πD×N
60×V

→ 4 = π (59.23)×N
60×8.4

N =10.8rpm

Gear Ratio = 1500
10.8

=138.44rpm / rpm
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Ques3on	  4	  
A	  31	  m,	  340	  kW	  wind	  turbine	  is	  installed	  at	  a	  site	  that	  a	  
wind	  speed	  sta3s3cs	  represented	  by	  Rayleigh	  PDF	  with	  
an	  average	  wind	  speed	  of	  8	  m/s.	  The	  ideal	  power	  curve	  
of	  the	  turbine	  has	  a	  cut-‐in	  speed	  of	  4	  m/s,	  a	  rated	  speed	  
of	  13	  m/s	  and	  cut-‐out	  speed	  of	  25	  m/s.	  
a)  	  Sketch	  the	  ideal	  wind	  power	  curve	  for	  this	  turbine.	  	  

23	  
V	  

P	  

4	   13	   25	  

340	  

Ques3on	  4	  -‐	  Solu3on	  
b)	  Find	  the	  number	  of	  hours	  per	  year	  at	  which	  the	  wind	  speed	  is	  
less	  than	  or	  equal	  13	  m/s.	  
c)	  Find	  the	  number	  of	  hours	  per	  year	  at	  which	  the	  wind	  speed	  is	  
more	  than	  25m/s.	  	  
	  

24	  

b)	  Prob(V<=13)	  =	  0.87	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  à	  	  	  	  	  #	  of	  hours	  =	  0.87*8760	  =	  7621	  hours	  	  
c)	  Prob(V>25)	  =	  0.000467	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  à	  	  	  	  	  #	  of	  hours	  =	  0.000467*8760	  =	  4	  hours	  	  



9/24/14	  

13	  

Ques3on	  4	  -‐	  Solu3on	  
d)	  Calculate	  the	  annual	  energy	  (kWh/yr)	  that	  the	  wind	  turbine	  
will	  deliver	  when	  the	  wind	  speed	  is	  between	  its	  rated	  value	  the	  
cut-‐out	  speed.	  	  

25	  

Prob(13	  <=	  V	  <=	  25)	  =	  1	  –	  Prob(V<=13)	  –	  Prob(V>25)	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	  1-‐	  0.87	  -‐	  0.000467	  =	  0.125	  
	  
	  	  	  	  	  	  	  	  	  	  	  à	  	  	  	  	  	  #	  of	  hours	  =	  0.125	  *	  8760	  =	  1095	  hr/year	  
	  
E(13	  <=	  V	  <	  25)	  =	  Pr	  *	  1095	  =	  340	  kW	  *	  1095	  hr/year	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	  372.3	  MW.hr/year	  

Ques3on	  4	  -‐	  Solu3on	  
e)	  Using	  the	  approximate	  rela3on	  for	  the	  capacity	  factor,	  es3mate	  
the	  frac3on	  of	  the	  annual	  energy	  delivered	  with	  winds	  that	  are	  
above	  the	  rated	  wind	  speed.	  

26	  

Cp = 0.087×Vaverage −
Pr

1000D2 = 0.342

0.342 = Eannual

Pr ×8760
→ Eannual =1018.6MWh / yr

%=
372.3
1018.6

×100%= 36.5%

f)	  Find	  the	  annual	  energy	  in	  the	  wind	  if	  efficiency	  of	  the	  wind	  turbine	  
rotor	  is	  46%,	  the	  gear	  box	  is	  60%	  &	  the	  generator	  efficiency	  is	  93%.	  	  

η =η1 ×η2 ×η3 = 0.46×0.60×0.93= 0.26
Ew = Eannual /η =1018.6 / 0.26
Ew = 3917.7MWhr / yr
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Homework	  2	  –	  due	  date	  is	  April	  30th	  

A 40 m diameter, 700 kW wind turbine has its hub 
installed at a height of 50 m in a site with wind speeds 
that can be represented by Rayleigh wind statistics 
having an average wind speed of 8 m/s. The cut-in 
speed of the wind turbine is 3 m/s, the rated speed is 
14 m/s and the cut-out speed is 23 m/s. The gear 
ratio of the gear box connecting the shaft of the 
turbine to the shaft of the 4 pole three phase 
synchronous generator of the turbine is 1:45. If the 
overall efficiency of the wind turbine is assumed to be 
constant at all wind speeds and the air density at the 
hub of the turbine is 1.225 kg/m3, find:  

27	  

a)  The rotational speed of the rotor at rated wind speed if 
the tip speed ratio is 5.0.  

b)  The speed of the rotor of the generator. 
c)  Find the number of hours per year at which the wind 

speed is less than or equal 13 m/s. 
d)  The output power of the turbine at a wind speed of 7 

m/s.  
e)  The output power of the turbine at a wind speed of 25 

m/s.  
f)  The rated output power of the turbine if the hub height 

is 65m, given that the friction coefficient is assumed to 
be unchanged.  

g)  The annual output energy that can be generated from 
the wind turbine.  

28	  

Homework	  2	  –	  due	  date	  is	  Lecture	  12	  


