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SUMMARY 

l h i s  r e p o r t  covers t h e  dynamic a n a l y s i s  o f  a h o r i z o n t a l  a x i s  f i x e d  p i t c h  
wind t u r b i n e  genera to r  ( W I G )  t h a t  i s  r a t e d  a t  56 kW. A mechanical Continuous 
V a r i a b l e  l r a n s m i s s i o n  ( C V l )  was i nco rpo ra ted  i n  t h e  d r i v e  t r a i n  t o  p r o v i d e  
v a r i a b l e  speed o p e r a t i o n  c a p a b i l i t y .  One goa l  o f  t h e  dynamic a n a l y s i s  was t o  
de termine i f  v a r i a b l e  speed opera t ion ,  by means o f  a mechanica l  C V T ,  i s  capab 
of c a p t u r i n g  t h e  t r a n s i e n t  power I n  the  WTG/wind env i ronment .  Another goa l  w 
t o  de termine t h e  e x t e n t  o f  power r e g u l a t i o n  p o s s i b l e  w i t h  C V l  o p e r a t i o n .  

Y 

e 
S 

The dynamic s i m u l a t i o n  o f  t h i s  d r i v e  t r a i n  was per formed w i t h  t h e  Advanced 
Continuous S i m u l a t i o n  Language (ACSL) computer program which i s  an improved 
v e r s i o n  o f  t h e  o r i g i n a l  IBM-CSMP program. The lumped parameter method was used 
t o  account  f o r  t h e  i n e r t i a  and s t i f f n e s s  e f f e c t s  o f  t h e  d r i v e  t r a i n  components 
i n  t h e  WTG mathemat ica l  model. A l s o  i n c l u d e d  were t h e  e f f e c t s  o f  aerodynamic 
damping, genera to r  s l i p  and t h e  v a r i a b l e  speed r a t i o  o f  t h e  C V T .  l h e  method o f  
bond graph d e f i n i t i o n  o f  t h e  mathematical model was used t o  genera te  t h e  f i r s t  
o rde r  d i f f e r e n t i a l  equat ions  ( s t a t e  equa t ions ) .  Rotor  t o rque ,  as determined 
f rom a WTG aerodynamic performance computer code (PROPCODL), and r o t o r  speed 
were t h e  i n p u t s  i n  t h e  model. The cor respond ing  power a t  t h e  genera to r  was 
t h e  o u t p u t  parameter. 

The W l G  was sub jec ted  t o  t h r e e  d i f f e r e n t  wind g u s t  p r o f i l e s  and t h e i r  
e f f e c t  on t h e  o u t p u t  power o f  t h e  system was mon i to red .  The f i r s t  p r o f i l e  was 
a s t e p  i n c r e a s e  o f  t h e  wind v e l o c i t y  f rom zero t o  30 mph t o  v a l i d a t e  t h e  d r i v e  
t r a i n  model. The second wind gus t  was a t r i a n g u l a r  p u l s e  o f  s i x  ( 6 )  second 
d u r a t i o n  t o  de termine t h e  e f f e c t i v e n e s s  o f  t h e  C V T  t o  r e g u l a t e  power o u t p u t .  
The t h i r d  wind p r o f i l e  c o n s i s t e d  o f  a s e r i e s  o f  i r r e g u l a r  t r i a n g u l a r  pu lses  t o  
account  f o r  t h e  random c h a r a c t e r i s t i c s  o f  an a c t u a l  wind.  

The a b i l i t y  o f  t h e  C V T  t o  i n f l u e n c e  power g e n e r a t i o n  and r e g u l a t i o n  was 
i n v e s t i g a t e d  by u s i n g  seve ra l  t i m e  spans between success ive  C V 1  ad jus tments .  
These ranged f rom an ins tan taneous change t o  zero  ad jus tment  cor respond ing  t o  a 
f i x e d  speed r a t i o  o f  t h e  C V l .  C u r r e n t l y ,  W l G ' s  ope ra te  i n  t h e  cons tan t  speed 
mode. Thus, t h e  f i x e d  speed r a t i o  s i m u l a t i o n  served as a b a s e l i n e  f o r  t he  
r e s u l t s  i n v o l v e d  i n  v a r i a b l e  speed opera t i on .  The speed o f  t he  genera tor  was 
used as t h e  s i g n a l  f o r  ad justment  o f  t h e  C V 1  r a t i o .  For  example, i f  genera to r  
speed was t o o  h igh ,  t hen  t h e  r a t i o  was decreased t o  s low t h e  genera tor  down. 
S i m i l a r l y ,  i f  t he  speed was too  low, then  t h e  r a t i o  was inc reased t o  maximize 
power o u t p u t  f rom the  system. 

As ide  f rom t h e  v a l i d a t i o n  o f  t h e  model w i t h  a s tep  change i n  wind v e l o c i t y ,  
t h e  r e s u l t s  o f  t h e  t r i a n g u l a r  p u l s e  i n d i c a t e d  t h a t  t he  C V l  i n  t he  speed change 
mode was capable o f  t r a n s i e n t  power r e g u l a t i o n  and cap tu re .  l h i s  c o n c l u s i o n  
p r e v a i l e d  even w i t h  t h e  use o f  t h e  random wind speed i n p u t  p r o f i l e .  F o r  these 
wind g u s t  models, t h e  genera tor  power f l u c t u a t i o n s  were l i m i t e d  t o  w i t h i n  
2 p e r c e n t  o f  t h e  nominal  va lue  f o r  v a r i a b l e  speed o p e r a t i o n ,  whereas o p e r a t i o n  
a t  f i x e d  speed r a t f o  r e s u l t e d  i n  a maximum power f l u c t u a t i o n  o f  about 
8 p e r c e n t .  Also,  t h e  WTG response t ime was c o n s i d e r a b l y  q u i c k e r  f o r  v a r i a b l e  
speed o p e r a t i o n  as opposed t o  the  f i x e d  speed mode. 

Recommendations f o r  f u t u r e  work would i n c l u d e  i n v e s t i g a t i o n s  o f  t h e  t y p e  
o f  c o n t r o l  needed f o r  t h e  C V T  ad justment ,  t h e  e f f e c t  o f  speed changes on W l G  
l i f e  and a c t u a l  t e s t i n g  o f  t he  WTG concept. 
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I I N T R O D U C I  ION 

Wi th  hydrocarbons as energy sources be ing  dep le ted ,  a l t e r n a t e  forms o f  
power p r o d u c t i o n  a r e  be ing  developed and improved t o  meet t h e  i n c r e a s i n g  needs 
o f  t h e  w o r l d  today.  One such source o f  a l t e r n a t e  energy i s  t h e  wind, whose 
energy i s  cap tured  w i t h  machines c a l l e d  Wind Tu rb ine  Generators  ( W l G ' s ) .  There 
i s  a need f o r  research t o  make WTG's c o s t  e f f e c t i v e  by means o f  des ign  s i m p l i -  
f i c a t i o n ,  component improvements and a b e t t e r  unders tand ing  o f  t h e  dynamics 
r e s u l t i n g  i n  more e f f i c i e n t  power p r o d u c t i o n .  One approach cons idered t o  be 
an improvement t o  wind power machines i s  t o  i n c l u d e  a mechanica l  Con t inuous ly  
V a r i a b l e  Transmiss ion (CVT) t o  c o n t r o l  t he  o u t p u t  power o f  t he  system and t o  
i n c r e a s e  t h e  t o t a l  amount o f  power produced. The use o f  C V T ' s  i n  t h e  automo 
t i v e  f i e l d  i s  c u r r e n t l y  under i n v e s t i g a t i o n  where s i z e  and power requ i rements  
(40  - 7 5  kW) p e r m i t  us ing  C V T ' s  c o n s i s t i n g  o f  a system o f  b e l t s  and v a r i a b l e  
sheave p u l l e y s .  

Th is  paper d iscusses t h e  a p p l i c a t i o n  o f  such a C V T  as p a r t  o f  a 56 kW 
( 7 5  hp) wind t u r b i n e  d r i v e  t r a i n .  One o b j e c t i v e  i s  t o  o p t i m i z e  t h e  c o n f l l c t i n g  
requ i rements  o f  energy cap tu re  and system dynamics. Another o b j e c t i v e  i s  t h e  
p o t e n t i a l  use o f  low cos t  and s imp le  c o n t r o l s  r e s u l t i n g  f rom t h e  u t i l i z a t i o n  o f  
a C V T  as compared t o  aerodynamic c o n t r o l s  i n  t h e  r o t o r .  I n  t h e  absence o f  any 
e x t e r n a l  c o n t r o l ,  t h e  o u t p u t  f rom t h e  genera to r  f l u c t u a t e s  w i t h  wind speed. 
H o p e f u l l y ,  t h i s  i n v e s t i g a t i o n  w i l l  show t h a t  t h e  C V 1  w i l l  reduce t h e  degree o f  
power f l u c t u a t i o n  f r o m  t h e  system. 

I t  i s  wor th  n o t i n g  t h a t  t h e  l a r g e r  W T G ' s  r e q u i r e  a C V T  which i s  much more 
complex than t h e  s imple h y d r a u l i c a l l y  c o n t r o l l e d  p u l l e y  t ype .  A s p l i t  power 
C V T  arrangement was used f o r  a 400 kW machine ( 1 ) .  The s p l i t  power t y p e  
i n c l u d e s  a mechanica l  C V T  w i t h i n  a p l a n e t a r y  gear t r a i n  t o  c o n t r o l  t h e  speed 
o f  t h e  p l a n e t a r y  ou te r  gear .  Th i s  p resen t  s tudy  w i l l  de te rmine  i f  a smal l  WTG 
s y s t e m  ( l e s s  than 100 kW) can be c o n t r o l l e d  by a b e l t  t ype  C V T  as compared t o  
t h e  more e l a b o r a t e  designs. 

For t h i s  i n v e s t i g a t i o n ,  a wind t u r b i n e  d r i v e  t r a i n  i n c l u d i n g  a c o n t i n u o u s l y  
v a r i a b l e  t r a n s m i s s i o n  was designed t o  ope ra te  a t  56 kW. A dynamic s i m u l a t i o n  
o f  t h i s  d r i v e  t r a i n  was per formed t o  de termine t h e  o u t p u t  power response u s i n g  
t h e  C V T  as t h e  o n l y  method o f  c o n t r o l .  The methods used f o r  t h e  d r i v e  t r a i n  
component des ign  and s e l e c t i o n  a r e  i n c l u d e d  i n  Appendix A .  Bond graph tech -  
n iques  were used t o  model t h e  system r e q u i r i n g  i n e r t i a ,  s t i f f n e s s  and damping 
c h a r a c t e r i s t i c s  o f  the components. From t h i s  model, f i r s t  o rde r  d i f f e r e n t i a l  
equa t ions  were generated as i n p u t  f o r  t h e  Advanced Continuous S i m u l a t i o n  
Language (ACSL) computer program f o r  t h e  s i m u l a t i o n  on t h e  C leve land S t a t e  
U n i v e r s i t y  IBM-370 mainframe. A l i s t i n g  o f  t h e  ACSL i n p u t  i s  i n c l u d e d  i n  
Appendix B. 

DESIGN CONSIDERATIONS 

The main components i n  t h e  wind t u r b i n e  d r i v e  t r a i n  a r e  t h e  r o t o r ,  speed 
inc rease r ,  C V T  and generator  p r o v i d i n g  system i n p u t ,  ad jus tment  and o u t p u t .  
Tab le  1 p resen ts  t h e  design parameters o f  t h e  system. 
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TABLL 1 

Design Parameters f o r  56 kW WTG D r i v e  T r a i n  

Rotor  
Speed Inc rease r  - Gear R a t i o  o f  1 5 . 1 5 : l  
c V l  - R a t i o  Range From 2 : l  t o  3.33:l 
I n d u c t i o n  Generator - 56 kW, 3% S l i p ,  1800 - 1854 rpm Range 

- Opera t i ng  Range From 36 t o  60 rpm 

The r o t o r  was l i m i t e d  t o  56 kW power p r o d u c t i o n  f o r  t h e  o p e r a t i n g  range o f  
t h e  WTG. A b lade  s i z e  was s e l e c t e d  based on per formance analyses u s i n g  t h e  
NASA PROPCODE computer program. The gear r a t i o  o f  t h e  speed i n c r e a s e r  was 
chosen t o  produce t h e  r e q u i r e d  speed a t  t h e  genera to r  based on t h e  r o t o r  
o p e r a t i n g  range and C V l  r a t i o  range. An i n d u c t i o n  genera to r  was chosen t o  
produce 56 kW a t  1854 rpm based on 3 pe rcen t  s l i p .  T h i s  r e l a t i o n  d i c t a t e s  
t h a t  no power i s  produced a t  zero  s l i p  cor respond ing  t o  a genera to r  speed o f  
1800 rpm. The narrow r a t i o  range o f  t h e  C V 1  r e s u l t s  i n  a sma l le r  and s imp le  
des ign  where o n l y  one p u l l e y  needs t o  be o f  a v a r i a b l e  r a t i o ,  thus r e q u i r i n g  
o n l y  one a c t u a t o r  system i n s t e a d  o f  two. 

The PROPCODE program i s  an aerodynamic per formance code de te rm in ing  r o t o r  
power f o r  a g i v e n  a i r f o i l  des ign,  wind speed, r o t o r  d iameter  and r o t o r  speed. 
Using these r e s u l t s  t h e  r o t o r  speed was de termined f o r  a g i v e n  wind speed t o  
produce t h e  maximum p o s s i b l e  power. The per formance a n a l y s i s  a l s o  i n d i c a t e s  
t h a t  v a r i a b l e  speed o p e r a t i o n  compared t o  c o n s t a n t  speed r e s u l t s  i n  more power 
g e n e r a t i o n  a t  any g i v e n  wind speed. F i g u r e  1 presen ts  t h e  c a l c u l a t e d  power 
l e v e l s  generated by t h i s  WTG a t  var ious  wind speeds f o r  cons tan t  r o t o r  speeds 
o f  36, 40 and 48 rpm and a v a r i a b l e  speed o p e r a t i o n  f rom 36 t o  60 rpm. 

The c o n t r o l  system o f  t he  wind t u r b i n e  l i m i t s  t h e  r o t o r  speed t o  60 rpm. 
However, i f  t h e  c o n t r o l  ma l func t i ons ,  then t h e  d i s k  b rake i s  a p p l i e d  and t h e  
WTG i s  r o t a t e d  o u t  o f  t he  wind.  The purpose o f  t h e  brake i s  t o  assure t h a t  t h e  
r o t o r  speed l i m i t  i s  n o t  exceeded. Us ing  t h e  brake t o  c o n t r o l  power f l u c t u a -  
t i o n  i s  n o t  p r a c t i c a l  because o f  the r e s u l t i n g  h i g h  wear and ove rhea t ing  o f  t h e  
brake.  

Tab le  2 summarizes t h e  r e l a t i o n  between wind,  r o t o r  and genera to r  speed, 
C V T  r a t i o  and power p r o d u c t i o n .  Rotor speeds a r e  chosen f o r  a g i v e n  wind speed 
t o  e x t r a c t  t h e  most power f rom t h e  wind. 1-he r o t o r  speed-power r e l a t i o n  i s  
f rom F i g u r e  1 .  
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TABLE 2 

Drlve Train Parameters During WTG Operation 

Wind 
Speed 
(mph) 

8 
1 0  
1 2  
1 4  
1 6  
1 8  
20 
22 
24 
26 
28 
30 
32 

50 

Rotor cv7 Generator Generator 

(rpm) (rpm) ( p e r c e n t )  
Speed Ratio Speed S l i p  

36.0 
36.0 
40.0 
47 .O 
54.0 
60.0 
60.0 
60.0 
58.0 
53.0 
50.6 
49.4 
48.5 

3.30 
3.31 
2.98 
2.55 
2.23 
2.01 
2.02 
2.03 
2.11 
2.31 
2.42 
2.48 
2.52 

1802 
1805 
1808 
1813 
1820 
1828 
1838 
1847 
1854 
1854 
1854 
1854 
1854 

0.11 
0.27 
0.43 
0.70 
1 .13 
1 .55  
2.09 
2.63 
3.00 
3.00 
3.00 
3.00 
3.00 

48.5 2.52 1854 3.00 

Power 

2 
5 
8 

1 3  
21 
29 
39 
49 
56 
56 
56 
56 
56 

56 
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E 
k 

!% 
k 

3 
d 
s 
k 

k 
8 
k 

ga 
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I D Y N A M I C  MODfiL OF S Y S l E M  

A l a y o u t  o f  t h e  d r i v e  t r a i n  components i s  i l l u s t r a t e d  i n  F i g u r e  2 as d e t e r -  
mined by t h e  methods in Appendix A .  The W l G  system was modeled as a s e r j e s  o f  
t o r s i o n a l  s p r i n g s  and r o t a t i o n a l  i n e r t i a s  as shown i n  F i g u r e  3. The e f f e c t  o f  
t h e  speed r a t i o s  are i n c l u d e d  i n  t h i s  f i g u r e  by m u l t i p l y i n g  each s t i f f n e s s  and 
i n e r t i a  a f t e r  a gear change by t h e  cor respond ing  speed r a t i o  squared. The 
i n e r t i a  ( J )  and s t i f f n e s s  ( K )  va lues  o f  t h e  i n d i v i d u a l  components a r e  lumped 
toge the r  j u d i c i o u s l y  t o  s i m p l i f y  c a l c u l a t i o n s  f o r  t h i s  model as shown i n  
Table 3. The methods used t o  de termine t h e  parameters o f  t h e  i n d i v i d u a l  com- 
ponents a r e  exp la ined i n  Appendix A. The model i s  so lved i n  t h e  n e x t  s e c t l o n  
u s i n g  bond graph techniques t o  r e l a t e  t h e  i n e r t i a ,  s t i f f n e s s  and damping 
c h a r a c t e r i s t i c s  o f  the system a l o n g  w i t h  t h e  gear r a t i o s  and genera to r  s l i p .  

TABLE 3 

Equations f o r  Lumped I n e r t i a  and S t i f f n e s s  Values 

Corresponding t o  F i g u r e  3 

J1 ) 
Low Speed S h a f t  t Brake 

2 = J l (B1ades t HUB t 

K1 = K l (Low Speed Shaf t  t Coup l ing  1) 

K 2  = K2(Average Gear Mesh S t i f f n e s s )  

1 Speed Increaser  
2 53 = J3( 

K3 = K3(Coupl ing 2 t C V T  I n p u t  S h a f t )  

) 
I d l e r s  t B e l t  

2 54 = J4(Coup l ing  2 t C V 1  I n p u t  P u l l e y ,  S h a f t  t 

K 4  = K4(CVl B e l t  t C V T  Output S h a f t )  

I d l e r s  t B e l t  
5 5  = JS(CV1 Output  Pu l ley ,  S h a f t  t 2 -) 

K5 = K5(Coupl ing 3 t Generator S h a f t )  

56 = J6(Generator  R o t o r  t Coup l ing  3)  

K6 = K6(Generator F i e l d )  

1 
57  = J 7 ( E l e c t r i c a l  Gr id )  
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BOND GRAPH MODELING TECHNIQUES 

l h e  d i s k - s h a f t  model o f  F i g u r e  3 was conver ted  t o  t h e  bond graph as i l l u s -  
t r a t e d  i n  F i g u r e  4 (2 ,3 ) .  The i n e r t i a  and damping elements a r e  connected t o  
cons tan t  f l o w  I I 1 "  j u n c t i o n s  and t h e  s t i f f n e s s e s  were a t tached  t o  cons tan t  
e f f o r t  " O ' t  j u n c t i o n s .  The gear r a t i o s  were represented  by t rans fo rmers .  

l h e  genera to r  s l i p  was t r e a t e d  as a l i n e a r  r e l a t i o n s h i p  between to rque  and 
speed, as i l l u s t r a t e d  i n  F i g u r e  5. Acco rd ing l y ,  t h e  genera to r  produces no 
to rque  a t  1800 rpm ( z e r o  s l i p )  and r a t e d  t o r q u e  t o  produce 56 kW a t  1854 rpm 
( f u l l  s l i p )  ( 4 ) .  The e f f e c t i v e  v a r i a b l e  damping c o e f f i c i e n t  o f  t h e  genera to r  
( R 2 )  i s  d e f i n e d  as t h e  r a t i o  between t h e  change i n  to rque  w i t h  change i n  
speed. Equat ion  1 i s  t h e  mathematical r e l a t i o n s h i p  o f  F i g u r e  5 and Equa t ion  2 
i s  t h e  genera to r  damping c o e f f i c i e n t  d e r i v e d  f rom Equat ion  1.  Omega i s  t h e  
genera to r  speed i n  rad ians  per  second. 

Generator  Torque = - 4 5 1  * Omega t 85033 i . n - l b  ( 1 )  

85033 
Omega Generator Damping = ~ - 451 i n -  1 b-sec (2) 

The genera to r  was modeled t o  i n c l u d e  a r e l a t i o n  between t h e  mechanica l  
s h a f t  s t i f f n e s s  and r o t o r  i n e r t i a  and t h e  e l e c t r i c a l  f i e l d  s t i f f n e s s  and g r i d  
i n e r t i a .  The genera to r  cons tan t  ( r )  f o r  t h i s  r e l a t i o n  was ob ta ined  f r o m  
Equat ion  2 w i t h  t h e  genera to r  ope ra t i ng  a t  f u l l  speed t o  produce r a t e d  power. 

The wind i n t r o d u c e s  aerodynamfc dampfng ( R l )  p r o p o r t i o n a l  t o  wind speed. 
The r e s u l t s  f r o m  t h e  PROPCODE program were used t o  d e r i v e  the  aerodynamic 
damping by c o n s i d e r i n g  t h e  change i n  t o r q u e  over  t h e  change i n  r o t o r  speed f o r  
a cons tan t  wind speed, c a l c u l a t e d  f o r  v a r i o u s  wind speeds up t o  50 mph. The 
aerodynamic damping vs.  wind speed r e l a t i o n s h i p  i s  i l l u s t r a t e d  i n  F i g u r e  6.  

The bond graph d e f i n i t i o n  o f  the system d i c t a t e s  12 independent s t a t e  
v a r i a b l e s  were needed t o  d e s c r i b e  the system. These f i r s t  o rde r  d i f f e r e n t i a l ,  
o r  s t a t e  equat ions ,  a r e  g i v e n  i n  Table 4 where d P / d l  i s  an e f f o r t  v a r i a b l e  and 
dQ/dT i s  a f l o w  v a r i a b l e ,  f o l l o w i n g  conven t iona l  bond graph d e f i n i t i o n s .  The 
P and Q v a r i a b l e s  a r e  momentum and d isp lacement  o f  each i n e r t i a  and s t i f f -  
ness, r e s p e c t i v e l y .  The numbering system i s  c o n s i s t e n t  w i t h  t h e  bond graph 
and t h e  i n e r t i a  and s t i f f n e s s  values f r o m  Tab le  3. The i n p u t  t o rque  ( S E )  and 
r o t o r  speed ( S F ) ,  as ob ta ined  f rom F igu re  1,  were a p p l i e d  t o  t h e  f i r s t  i n e r t i a  
(WTG r o t o r ) .  Gear r a t i o s  a r e  represented as M1 f o r  t h e  f i x e d  r a t i o  p l a n e t a r y  
speed i n c r e a s e r  and M2 f o r  t h e  v a r i a b l e  speed r a t i o  C V 1 .  

. 
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TABLF. 4 

S t a t e  Equat ions  f o r  W l G  D r i v e  T r a i n  

P1 dP1 
dT- 51 - SE t R 1  * (SF - -) - K1 * Q 1  

= K 1  * Ql - K2 * Q2 dT 

m2p3 -. 

d7 - 52  5 3  

- -  dP3 - K2 * Q 2  - M1 * K3 * Q3 
dT 

- M1 * P3 P4 - 
dT - 5 3  - 54 

- -  dP4 - K3 * 9 3  - K4 * 94 
dT 

dP5 = K4 * 94 - M2 * K5 * QS dT 

r * P7 R2 * P6 (K5 * Q5 - - - -- 56  *A_- * - -  d P6 
dT - Jb * K6 t r * r  5 7  56  

dP7 r * P6 
dT - 56 
- 

1 3  



I ADVANCLD CONTINUOUS SIMULATION LANGUAGE PROGRAM 

l h e  system s t a t e  equat ions  d e r i v e d  f rom t h e  bond graph were used i n  t h e  
Advanced Continuous S i m u l a t i o n  Language (ACSL) computer program f o r  t h e  dynamic 
s i m u l a t i o n  ( 5 ) .  
g u s t  p r o f i l e s  was determined.  
wind speed b e f o r e  be ing  sub jec ted  t o  a w ind  gus t .  

The system o u t p u t  response over  t i m e  f o r  v a r i o u s  i n p u t  wind 
The WTG i s  assumed t o  be a t  a nominal i n i t i a l  

A wind g u s t  p r o f i l e  was i n p u t  t o  t h e  s i rnu la t i on .  The to rque  and r o t o r  
speed cor respond ing  t o  a p a r t i c u l a r  wind speed were i n p u t  t o  t h e  system. 
t o r q u e  a t  t h e  genera tor  was ob ta ined  f rom t h e  s o l u t i o n  o f  t h e  system equa t ions .  
l h e  genera to r  speed was c a l c u l a t e d  f r o m  t h e  s l i p  r e l a t i o n  presented  i n  F i g u r e  5 
and t h e  r e s u l t i n g  ou tpu t  power was c a l c u l a t e d .  
based on t h e  system o u t p u t  parameters t o  r e g u l a t e  t h e  power f l u c t u a t i o n  f rom 
t h e  system. Var iab le  C V T  ad jus tment  o r  c o n t r o l  t imes between success ive  C V T  
r a t i o  changes were i n t r o d u c e d  t o  s tudy  t h e  system o u t p u t  power c h a r a c t e r i s t i c s .  
A b l o c k  d iagram o f  t h e  program s t r u c t u r e  i s  g i v e n  i n  F i g u r e  7 .  

The 

The C V T  r a t i o  was a d j u s t e d  

SYSTEM SIMUI-A1 ION RESULlS 

The r e s u l t s  o f  t h e  i n v e s t i g a t i o n  i n d i c a t e  t h a t  t h e  use o f  a c o n t i n u o u s l y  
v a r i a b l e  t ransmiss ion  o f  t h e  b e l t - v a r i a b l e  sheave p u l l e y  t y p e  f o r  t h i s  56 kW 
wind t u r b i n e  d r i v e  t r a i n  p rov ides  a p r a c t i c a l  means o f  c o n t r o l l i n g  power o u t p u t  
f l u c t u a t i o n s  and maximiz ing power p r o d u c t i o n .  The reasons f o r  t h i s  c o n c l u s i o n  
a r e  d iscussed i n  d e t a i l  below. 

Three d i f f e r e n t  wind g u s t  p r o f i l e s  were i n v e s t i g a t e d .  7-he f i r s t  p r o f i l e  
was a s t e p  inc rease o f  t h e  wind v e l o c i t y  f rom zero  t o  30 mph t o  v a l i d a t e  t h e  
d r i v e  t r a i n  model. The second wind g u s t  was a t r i a n g u l a r  p u l s e  o f  s i x  ( 6 )  
second d u r a t i o n  t o  determine t h e  e f f e c t i v e n e s s  o f  t h e  C V T  t o  c o n t r o l  power. 
The t h i r d  wind p r o f i l e  c o n s i s t e d  o f  a s e r i e s  o f  uneven t r i a n g u l a r  pu lses  t o  
account  f o r  t h e  random c h a r a c t e r i s t i c s  o f  an a c t u a l  w ind .  The f o l l o w i n g  para-  
graphs p resen t  t h e  s i m u l a t i o n  r e s u l t s  ob ta ined  f o r  each wind g u s t  p r o f i l e .  

Power genera t i on  and c o n t r o l  was i n f l u e n c e d  by t h e  t i m e  d u r a t i o n  between 
success ive  C V l  speed r a t i o  ad jus tments .  The l e n g t h  o f  t i m e  between speed r a t i o  
ad jus tments  was va r ied  f rom very  s h o r t  ( n e a r l y  ins tan taneous C V l  response) t o  
ve ry  l o n g  (cons tan t  speed WTG w i t h o u t  a CV1). The need f o r  ad jus tments  i s  d i c -  
t a t e d  by the  c o n d i t i o n  o f  t h e  wind.  I n  a s teady env i ronment ,  t h e  C V T  speed 
r a t i o  i s  a d j u s t e d  t o  correspond w i t h  optimum aerodynamic performance o f  t h e  
r o t o r .  I n  gus ty  winds, t h e  degree o f  ad jus tment  d u r a t i o n  depends on t h e  i n t e n -  
s i t y  and f requency o f  the  gus ts .  

I n i t i a l l y ,  a wind gus t  s t e p  f u n c t i o n  was i n v e s t i g a t e d  t o  v a l i d a t e  t h e  d r i v e  
t r a i n  model as shown i n  F i g u r e  8. The r e s u l t i n g  mean power l e v e l  should 
s t a b i l i z e  a t  56 kW and remain cons tan t  f o r  t h e  d u r a t i o n  o f  t h e  wind f u n c t i o n  as 
p r e d i c t e d  by t h e  performance a n a l y s i s .  The co r respond ing  power vs.  t i m e  r e l a -  
t i o n  i s  shown i n  F igu re  9 f o r  v a r i a b l e  speed o p e r a t i o n  w i t h  a C V T  speed r a t i o  
ad jus tment  t ime  i n t e r v a l  o f  0.01 seconds. The response o f  t h e  W T G  due t o  t h i s  
s t e p  i n p u t  f o r  f i x e d  speed o p e r a t i o n  i s  a l s o  i l l u s t r a t e d .  A steady o u t p u t  o f  
56 kW i s  reached i n  about  6 seconds when t h e  WTG i s  o p e r a t i n g  i n  t h e  v a r i a b l e  
speed mode. For f i x e d  speed opera t i on ,  t h e  W I G  r e q u i r e s  about  30 seconds t o  
r e s u l t  i n  a cons tan t  power o u t p u t  c o n d i t i o n .  Thus t h i s  v a r i a b l e  speed WTG 
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Figure 8 Step Function Wind Profile 
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responds about  5 t imes q u i c k e r  when compared t o  f i x e d  speed o p e r a t i o n  f o r  t h i s  
wind p r o f i l e .  Both t h e  v a r i a b l e  and f i x e d  speed r e s u l t s  converge t o  56 kW and 
thus  t h e  s i rnu la t i on  model i s  c o r r e c t .  The f l u c t u a t i o n  o f  power a t  t h e  beg in-  
n i n g  o f  t h e  gus t  i s  due t o  t r a n s i e n t s  i n  t h e  system wh ich  a r e  d i s s i p a t e d  a f t e r  
a few seconds. 

The n e x t  p r o f i l e  i n v e s t i g a t e d  was a t r i a n g u l a r  wind g u s t  preceded and 
f o l l o w e d  by cons tan t  w ind  speed c h a r a c t e r i s t i c s ,  as shown i n  F i g u r e  10. The 
cons tan t  p o r t i o n s  o f  t h e  wind p r o f i l e  a r e  be low t h e  r a t e d  wind speed o f  24 mph 
and o u t p u t  i s  co r respond ing ly  below r a t e d  power which i s  expected.  
i l l u s t r a t e s  t h a t  a smal l  t i m e  i n t e r v a l  between C V T  speed r a t i o  changes r e s u l t s  
i n  min ima l  power f l u c t u a t i o n ,  d e s i r a b l e  f r o m  a dynamic s t a n d p o i n t .  A f i x e d  CV1 
r a t i o  r e s u l t s  i n  an i n s i g n i f i c a n t  i nc rease  i n  power which f l u c t u a t e s  f o r  t he  
d u r a t i o n  o f  t h e  wind p r o f i l e  imposing dynamic wear on t h e  system. The speed 
i n c r e a s e r  i s  sub jec ted  t o  a l t e r n a t i n g  loads r e s u l t i n g  f rom t h e  power f l u c t u a -  
t i o n .  The C V T  must mechan ica l l y  a d j u s t  f o r  t h i s  change and the  genera to r  may 
overheat  i f  power p r o d u c t i o n  f r e q u e n t l y  exceeds t h e  r a t e d  va lue .  A system w l t h  
t h e  C V 7  i n a c t i v e  produced more power b u t  t h i s  was n o t  cons tan t  and t h e  ob jec -  
t i v e  was t o  o p t i m i z e  power p roduc t i on  and reduce f l u c t u a t i o n .  The r e s u l t s  
i n d i c a t e  a n o t i c e a b l e  improvement i n  power o u t p u t  w i t h  t h e  C V T  c o n t r o l l i n g  
power as compared t o  a f i x e d  speed WTG. 

F i g u r e  11 

A more complex wind g u s t  was i n p u t  i n t o  t h e  s i m u l a t i o n  by means o f  a s e r i e s  
o f  uneven t r i a n g u l a r  pu lses ,  as shown i n  F i g u r e  12. The p a t t e r n  f o r  t h i s  wind 
g u s t  p r o f i l e  was ob ta ined  f rom ( 6 ) .  The cor respond ing  power vs. t i m e  r e l a t i o n  
i s  shown i n  F i g u r e  13 .  The C V l  m u s t  be a d j u s t e d  f r e q u e n t l y  f o r  min ima l  power 
f l u c t u a t i o n  w h i l e  t h e  W1G i s  subjected t o  drops i n  wind speed below 24 mph. 
A t  these low wind speeds, t h e  WTG i s  n o t  a b l e  t o  produce r a t e d  power o f  56 kW, 
caus ing  power t o  f l u c t u a t e .  

Another n o t i c e a b l e  f l u c t u a t i o n  occurs when wind decreases t o  15 mph around 
t h e  c u t - i n  wind speed o f  t h e  WTG cor respond ing  t o  t h e  speed where power i s  
f i r s t  produced. 
a t  near  ins tan taneous increments a t  t h i s  wind speed, as shown i n  F i g u r e  13 f o r  
a 0.01 second ad jus tment .  I t  i s  t h e r e f o r e  necessary t o  opera te  a t  f i x e d  speed 
around c u t - i n  speed u n t i l  wind speed increases  t o  e l i m i n a t e  p o s s i b l e  dynamic 
f l u c t u a t i o n s  i n  t h e  system. The r e s u l t s  i n d i c a t e  t h a t  v a r i a b l e  speed o p e r a t i o n  
w i l l  r e s u l t  i n  maximum power genera t i on  w i t h  min ima l  f l u c t u a t i o n  f o r  t h e  dura--  
t i o n  o f  t h i s  complex wind gus t  p r o f i l e .  

The system tends t o  become u n s t a b l e  when t h e  C V T  i s  a d j u s t e d  

A s  wind speed d im in i shes ,  power o u t p u t  decreases as was i l l u s t r a t e d  i n  
F i g u r e  1 r e p r e s e n t i n g  power p roduc t i on  f r o m  t h e  aerodynamic a n a l y s i s  on t h e  
WTG r o t o r  w i t h o u t  any dynamic e f f e c t s .  F i g u r e  14 shows a comparison o f  power 
p r e d i c t e d  by t h e  performance ana lys i s  and t h a t  ob ta ined  f rom t h e  s i m u l a t i o n  f o r  
t h e  wind g u s t  p r o f i l e  o f  F i g u r e  12. The s i m u l a t i o n  i n c l u d e s  system dynamics 
r e s u l t i n g  f rom energy s to rage  and r e l e a s e  w i t h i n  t h e  d r i v e  t r a i n  system. Th is  
e f f e c t  i s  most prominent  f rom t h e  h i g h  i n e r t i a  of t h e  r o t o r  r e s u l t i n g  i n  energy 
b e i n g  s t o r e d  and then re leased through t h e  system when o p e r a t i n g  below r a t e d  
wind speed. Th is  energy p rov ides  more power o u t p u t  a t  low wind speeds. Th is  
e x p l a i n s  why, f rom F i g u r e  14, t he  r e s u l t i n g  power was h i g h e r  than  p r e d i c t e d  by 
t h e  per formance a n a l y s i s  when wind speeds were reduced t o  15 and 20 mph f o r  
s h o r t  p e r i o d s  of t ime.  
t h e  d r i v e  t r a i n  components and there i s  a r e d u c t i o n  i n  power g e n e r a t i o n  a t  low 
wind speeds. Thus, decreases i n  ou tpu t  a r e  expected when wind speed i s  n o t  
s u f f i c i e n t  t o  produce r a t e d  power f o r  extended p e r i o d s  o f  t ime.  

Only a r e l a t i v e l y  smal l  amount o f  energy i s  s t o r e d  i n  

17 



Figure 10 Triangular Wind Pulse of Six Second Duration 
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Figure 11 Comparison Between Power Response of a Fixed Speed Ratio 
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Another method o f  c o n t r o l  was i n v e s t i g a t e d  which i n v o l v e d  reduc ing  t h e  CV1 
r a t i o  by a cons tan t  percentage o f  the p resen t  s e t t i n g  i f  power i s  t o o  h i g h  o r  
i n c r e a s i n g  t h e  r a t i o  i f  power i s  low.  Percentage changes r a n g i n g  f rom 0.01 t o  
10 pe rcen t  were i n v e s t i g a t e d  a long  w i t h  t ime  spans f rom 0.01 t o  1 second 
between C V 7  ad jus tments .  The bes t  power o u t p u t  ob ta ined  i s  shown i n  F i g u r e  15 
f o r  t h e  wind gus t  p r o f i l e  o f  F igu re  12 where t h e  C V T  r a t 4 0  was a d j u s t e d  by 0.1 
pe rcen t  a t  1 second i n t e r v a l s .  This method o f  c o n t r o l  i s  s low i n  reduc ing  
power f l u c t u a t i o n ,  as seen f rom F igure  15. For re fe rence ,  t he  0.01 second 
ad jus tment  t ime  i n t e r v a l  cu rve  o f  F igu re  13 i s  repeated on t h i s  f i g u r e .  
Resu l t s  ob ta ined  f rom t h i s  method are s i m i l a r  t o  f i x e d  r a t i o  o p e r a t i o n  o f  t h e  
C V l .  There fore ,  t h i s  t y p e  o f  C V l  c o n t r o l  i s  e f f e c t i v e  i f  wind speed i s  n o t  
changing ve ry  much s i n c e  optimum power p r o d u c t i o n  w i l l  n o t  r e s u l t .  

I n  summary, f o r  a c t u a l  wind p r o f i l e s  w i t h  changing wind speeds, power o u t -  
p u t  i s  op t im ized  w i t h  f r e q u e n t  ad justments o f  t he  C V l  a t  a v a r i a b l e  r a t e  t o  
m in im ize  f l u c t u a t i o n .  The b e l t - v a r i a b l e  p u l l e y  C V l  has t h e  c a p a b i l l t y  o f  
improv ing  power p r o d u c t i o n  f rom t h l s  56 kW W l G  when compared t o  a f i x e d  speed 
r a t i o  des ign .  
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APPLNDIX A - DESIGN M t l H O D S  FOR D R I V E  T R A I N  COMPONENTS 

Data was a v a i l a b l e  f o r  a 50 f o o t  b lade  c o n s i s t i n g  o f  a bar  graph i l l u s -  
t r a t i n g  lumped mass d i s t r i b u t i o n  a t  s p e c i f i e d  b lade  l o c a t i o n s .  An e q u i v a l e n t  
graph f o r  a 26 f o o t  b lade was ob ta ined  by reduc ing  t h e  50 f o o t  b lade  graph by 
a p p r o p r i a t e  s c a l e  f a c t o r s .  The r a d i a l  d i s t a n c e s  were reduced by a l i n e a r  r a t i o  
o f  t h e  b lade  r a d i i  w h i l e  t h e  d i s t r i b u t e d  mass va lues  were reduced by t h e  same 
r a t i o  squared r e s u l t i n g  f rom a c o n s e r v a t i v e  v o l u m e t r i c  r e d u c t i o n .  A d i r e c t  
d e t e r m i n a t i o n  o f  the i n e r t i a  and s t i f f n e s s  va lues f o r  t h e  b lade  would be ve ry  
i n v o l v e d  s i n c e  t h e  type o f  m a t e r i a l s  and method o f  c o n s t r u c t i o n  o f  t h e  b lade  
must be cons idered.  A graph r e p r e s e n t i n g  t h e  lumped mass d i s t r i b u t i o n  vs .  

I r a d i a l  d i s t a n c e  f o r  the  26 f o o t  b lade  i s  shown i n  F i g u r e  17. A s imp le  computer 

A number o f  a p p r o p r i a t e  components had t o  be des igned f o r  e s t a b l i s h i n g  t h e  
system parameters ( i n e r t i a ,  s t i f f n e s s  and f a t i g u e  l i f e ) .  Subsequent s e c t i o n s  
dea l  w i t h  t h e  des ign o r  s e l e c t i o n  o f  t h e  r o t o r ,  low speed s h a f t ,  bea r ings ,  
speed i n c r e a s e r ,  CV1, genera to r  and c o u p l i n g s .  

R O T O R  SEL€Cl I O N  

A wind t u r b i n e  r o t o r  was chosen t o  produce r a t e d  power o f  56 kW w h i l e  
o p e r a t i n g  w i t h i n  a speed range compared t o  t h a t  o f  W T G ' s  c u r r e n t l y  i n  produc-  
t i o n .  
and a cons tan t  o f  275 wh ich  i s  t h e  p roduc t  o f  r o t o r  speed and b lade  l e n g t h .  
Prev ious  h o r i z o n t a l  a x i s  wind t u r b i n e  research  has determined t h a t  optimum 
energy c a p t u r e  i s  achieved when these va lues  a r e  u'sed ( 7 ) .  Equat ion  3 r e l a t e s  
these f a c t o r s  together  and the  r a t e d  wind speed o f  24 mph (34.4 f p s )  i s  d e t e r -  
mined which i s  t h e  minimum wind speed needed t o  produce r a t e d  power. 

The l i m i t i n g  f a c t o r s  used t o  s i z e  a b lade  were a t i p  speed r a t i o  o f  8 

Rotor  Radius * Rotor  Speed 
Wind V e l o c i t y  T i p  Speed R a t i o  = ( 3 )  

l h e s e  parameters a i d  i n  deve lop ing  t h e  i n p u t  t o  t h e  P R O P C O D t  performance 
code necessary f o r  s e l e c t i o n  o f  a b lade  s i z e .  PROPCODE r e q u i r e s ,  as i n p u t ,  
b lade  d a t a  such as a i r f o i l  l i f t  and drag  c o e f f i c i e n t s ,  chord l e n g t h  and b lade  
r a d i u s  cor respond ing  t o  each chord l e n g t h .  l h i s  program was r u n  a t  d i f f e r e n t  
b lade  r a d i i  t o  determine a b lade  t h a t  produces r a t e d  power a t  a wind speed o f  
24 mph. F i g u r e  16 shows t h e  r o t o r  l e n g t h  and chord  va lues  a t  s p e c i f i e d  r a d i a l  
s t a t i o n s  ob ta ined  from t h i s  a n a l y s i s .  

A 26 f o o t  t h r e e  b laded r o t o r  c o n s t r u c t e d  o f  a NACA 23024 a i r f o i l  des ign  was 
used a t  f i x e d  p i t c h .  The WTG was opera ted  i n  t h e  upwind p o s i t i o n  w i t h  a zero 
degree con ing  ang le  s ince  t h i s  r e s u l t s  i n  the  lowest  dynamic l o a d i n g  f o r  t h e  
upwind c o n f i g u r a t i o n  ( 8 ) .  

The o p e r a t i n g  speed range o f  t h e  system was de termined u s i n g  r e s u l t s  
ob ta ined  f rom PROPCUDt .  For a g i v e n  wind speed, r o t o r  speed was determined t o  
e x t r a c t  t h e  maximum p o s s i b l e  power. A s  wind v e l o c i t y  i nc reases ,  r o t o r  speed 
i s  inc reased u n t i l  r a ted  power i s  reached and then t h e  r o t o r  i s  slowed down t o  
" l e v e l  o f f "  power p roduc t i on  and l i m i t  i t  t o  56 kW f o r  any f u r t h e r  i n c r e a s e  i n  
wind speed. l h e  r e s u l t i n g  o p e r a t f n g  range o f  t he  WTG i s  f r om 36 t o  60 rpm. 
The s e l e c t e d  r o t o r  speed f o r  each wind speed and t h e  r e s u l t i n g  power p r o d u c t i o n  
i s  p resented  i n  F igure  1 .  
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program was used t o  de termine t h e  weight  and i n e r t i a  va lues  a t  each r a d i a l  
s t a t i o n  based on the  area and d i s tance  t o  each bar  on t h e  graph. A r e s u l t i n g  
s i n g l e  b lade  we igh t  o f  424 l b s .  and an i n e r t i a  o f  28,300 i n - l b - s e c 2  was 
determined.  

The b a s i c  shape o f  t h e  MOD-0 th ree -b laded  hub was used w i t h  dimensions 
reduced t o  accommodate f o r  t h e  smal le r  des ign .  The hub we igh t  was c a l c u l a t e d  
a l o n g  w i t h  t h e  i n e r t i a  u s i n g  a method done p r e v i o u s l y  f o r  t h e  MOD-0 hub. A 
d e t a i l e d  p r e s e n t a t i o n  o f  t h i s  method a l o n g  w i t h  a breakdown o f  t h e  hub s e c t i o n s  
and t h e  i n e r t i a  and we igh t  equat ions f o r  each p i e c e  i s  g i v e n  i n  ( 9 ) .  The hub 
c o n t r i b u t e s  2500 l b s  t o  t h e  r o t o r  weight  and 2300 i n - l b - s e c 2  t o  t h e  i n e r t i a .  

R O T O R  LOADING ANALYSIS 

A dynamic l o a d i n g  a n a l y s i s  us ing  t h e  MOSlAB computer program was per formed 
on t h e  wind t u r b i n e  r o t o r  so t h a t  a low speed s h a f t ,  connec t ing  t h e  r o t o r  hub 
t o  t h e  f i r s t  coup l i ng ,  c o u l d  be designed. The loads a c t i n g  on t h e  WTG hub, 
wh ich  a r e  r e l a t e d  t o  wind and r o t o r  speed, were a p p l i e d  t o  the  low speed s h a f t  
t o  o b t a i n  the  s i z e  necessary f o r  i n f i n i t e  l i f e .  The MOSlAB a n a l y s i s  determines 
these l o a d i n g  c h a r a c t e r i s t i c s .  The i n e r t i a  and s t i f f n e s s  va lues o f  t h e  low 
speed s h a f t ,  as determined f rom the d imensions,  a r e  needed as i n p u t  t o  t h e  
dynam'ic s i m u l a t i o n .  

D i s t r i b u t e d  mass and r a d i a l  d i s tance  necessary f o r  i n p u t  t o  MOSTAB a r e  
ob ta ined  f r o m  F i g u r e  17 and t h e  chord l e n g t h  comes f r o m  t h e  PROPCOOE i n p u t .  
The f i r s t  f l a p p i n g  mode shape o f  the b l a d e  i s  a l s o  needed f o r  i n p u t  t o  MOSIAB.  
Th is  i n v o l v e d  pe r fo rm ing  a n a t u r a l  f requency a n a l y s i s  u t i l i z i n g  M y k l e s t a d ' s  
method f o r  r o t a t i n g  beams ( 1 0 ) .  The Myk les tad  program r e q u i r e s  i n p u t  a t  each 
r a d j a l  s t a t i o n  c o n s l s t i n g  o f  t h e  lumped mass, l e n g t h  between s t a t i o n s  and a 
b lade  s t i f f n e s s  va lue  sca led  down from 50 f o o t  b lade  da ta .  I h e  n a t u r a l  f r e -  
quency o f  t h e  b lade  as ob ta ined f r o m  t h i s  program f o r  an o p e r a t i n g  range o f  36 
t o  60 rpm v a r i e s  f rom 4 .5  t o  5.0 Hz. 

MOSTAB was r u n  a t  va r ious  r o t o r  speeds and wind v e l o c i t i e s  t o  de termine the  
magni tude o f  t h e  loads on t h e  W l G  hub r e a c t i n g  on t h e  low speed s h a f t  t o  d e t e r -  
mine a s h a f t  s i z e .  The des ign  values were ob ta ined  f o r  a r o t o r  speed o f  80 rpm 
and wind speed o f  50 mph. I t  i s  impor tan t  t h a t  t h e  low speed s h a f t  i s  over 
des igned t o  c a r r y  h i g h  loads t o  prevent  c o s t l y  breakage. S ince  t h e  o p e r a t i n g  
range o f  t h e  WTG should n o t  exceed 60 rpm, a 33 pe rcen t  marg in  o f  s a f e t y  
r e s u l t s  f rom t h j s  des ign  r o t o r  speed. Tab le  5 p resen ts  t h e  dynamic loads a t  
t h e  r o t o r  hub ob ta ined  f rom M O S l A B  and F i g u r e  18 i l l u s t r a t e s  t h e  p o s i t i v e  s i g n  
d i r e c t i o n  and c o o r d i n a t e  system o f  these loads .  I h e  most prominent  l o a d i n g  on 
t h e  WTG hub was t h e  mean f l a t w i s e  moment. F i g u r e  19 i l l u s t r a t e s  t h e  v a r i a t i o n  
o f  t h i s  l oad  vs .  wind and r o t o r  speed. 
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I TABLE 5 

Dynamic Loading a t  Rotor  Hub Obtained f r o m  MOSTAB f o r  a 
Design Rotor  Speed o f  80 rpm and Wind Speed o f  50 mph 

A x i a l  Force i n  X -D i rec t i on :  Mean = - 9700 l b s  

H o r i z o n t a l  Force i n  Y - D i r e c t i o n :  Mean = 390 l b s  

V e r t i c a l  Shear i n  Z - D i r e c t i o n :  Mean = - 1600 l b s  

F l a t w i s e  Moment i n  X - Z  Plane: Mean = - 327000 i n - l b s  
C y c l i c  = 17600 i n - l b s  

Chordwise Moment X - Y  Plane: Mean = - 89000 i n - l b s  
C y c l i c  = 53800 in - -1bs  

T w i s t  Torque i n  Y - Z  Plane: Mean = 940 i n - l b s  
C y c l i c  = 460 i n - l b s  

C y c l i c  = 410 l b s  

C y c l i c  = 410 l b s  

C y c l i c  = 80 l b s  

LOW SPEED SHAFI DESIGN 

A low speed s h a f t  was designed u s i n g  t h e  loads presented i n  Table 5 a l o n g  
w i t h  a des ign  torque o f  264,000 i n - l b s  due t o  a 50 mph wind and 80 rpm r o t o r  
a c t i n g  i n  t h e  Y - Z  p lane as determined by PROPCODE. 
Z - d i r e c t i o n  r e s u l t i n g  f rom t h e  we igh t  o f  t h e  b lades and hub was a l s o  con- 
s i d e r e d .  These fo rces ,  moments and to rques  were conver ted  t o  s t resses  which 
were combined by a d d j t i o n  i f  a c t i n g  i n  t h e  same d i r e c t i o n .  R e s u l t i n g  va lues 
were ob ta ined  f o r  s t resses i n  t h e  same p lane .  As  expected, t h e  moment and 
t o r q u e  va lues dominate and t h e r e f o r e  r e p r e s e n t  t h e  c o n s t r a i n t  f o r  t h e  s h a f t  
s i z e .  
r e s u l t i n g  s t r e s s  r e l a t i o n s  and these f i n a l  va lues a r e  shown i n  Equat ions 4 and 
5 w i t h  d iameter  as a v a r i a b l e .  For a h o l l o w  s h a f t ,  t h e  d iameter  te rm i s  equal  
t o  Equa t ion  6 .  

A f o r c e  o f  4000 l b s  i n  t h e  

An e q u i v a l e n t  mean and a l t e r n a t i n g  s t r e s s  was determined f r o m  t h e  

E q u i v a l e n t  Mean S t r e s s  = 4,200,000 psi 

D i amet e r 3 

581,000 psi Equ iva len t  A l t e r n a t i n g  S t r e s s  = 
D i ame t e r 

i v 3  Outs ide  Diameter4- - I n s i d e  Diameter4 
Ou ts ide  Diameter Diameter3 = 

( 4 )  

( 5 )  

A I S 1  4340 s t e e l  w i t h  a y i e l d  s t r e n g t h  o f  99 k s i  and an u l t i m a t e  t e n s i l e  
s t r e n g t h  o f  111 k s i  was chosen as a m a t e r i a l  f o r  t h e  low speed s h a f t  because 
o f  t h e  h i g h  s t r e n g t h  c h a r a c t e r i s t i c s .  
shear s t r e n g t h s  s ince t o r s j o n a l  s t r e s s  was t h e  l i m i t i n g  f a c t o r  due t o  t h e  h i g h  
t o r q u e  on t h e  s h a f t .  
u l t i m a t e  s t r e n g t h  i s  80 p e r c e n t  of  t h e  normal va lues .  
s t r e n g t h  f o r  i n f i n i t e  l i f e  was taken f r o m  Equa t ion  7 w i t h  a su r face  f a c t o r  (CS) 
o f  0.73, f o r  machining, a l o a d  f a c t o r  (CL) o f  0.58 f o r  t o r s i o n  and a d iamete r  
f a c t o r  ( C D )  o f  0.9. 

A Goodman Diagram was p l o t t e d  based on 

The shear y i e l d  s t r e n g t h  i s  58 p e r c e n t  and t h e  shear 
The 10 m i l l i o n  c y c l e  
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P S  i 
U l t i m a t e  Strength*CS*CL*CD 

2 I n f i n i t e  L i f e  S t r e n g t h  = ( 7 )  

Equat ions 4 through 6 were used t o  determine s t r e s s  va lues f o r  v a r i o u s  
s h a f t  d iamete rs .  The r e s u l t s  were compared on t h e  Goodman Diagram shown i n  
F i g u r e  20 t o  determine t h e  f a c t o r  o f  s a f e t y  and a l s o  t o  check f o r  an i n f i n i t e  
l i f e  expectancy ( 1 1 ) -  Outer dlameters o f  5, 6, 7 and 8 i nches  were i n v e s t i -  
gated corresponding t o  s a f e t y  values o f  1.3, 2.3, 3.6 and 5.4 r e s p e c t i v e l y .  A 
s h a f t  w i t h  o u t s i d e  d iameter  o f  7 inches and i n s i d e  d iameter  o f  3 inches was 
s e l e c t e d  t o  p r o v i d e  a f a c t o r  o f  s a f e t y  o f  3.6. T h i s  va lue  i s  ve ry  conserva- 
t i v e  s i n c e  t h e  s h a f t  was designed f o r  wind and r o t o r  speeds above t h e  o p e r a t i n g  
range o f  t h e  W l G .  

The i n e r t i a  and s t i f f n e s s  o f  the low speed s h a f t  were c a l c u l a t e d  u s i n g  
Equat ions 8 and 9 w i t h  a s h a f t  l e n g t h  o f  65 i nches  where G i s  t h e  t o r s i o n a l  
modulus o f  r i g i d i t y .  I n e r t i a  and s t i f f n e s s  va lues f o r  a l l  t h e  components a r e  
i n c l u d e d  i n  Table 7.  

G * P i p *  
S t i f f n e s s  = 32 * Length ( O D 4  - I D 4 )  i n - l b / r a d  

LOW SPEED S H A F l  BEARINGS 

Bear ings were s e l e c t e d  t o  support  t h e  low speed s h a f t  so  t h a t  a l l  compo 
nen ts  a r e  connected t o  t h e  bedp la te .  Double row tape red  s p h e r i c a l  r o l l e r  
bea r ings  were used because o f  t h e i r  h i g h  load c a r r y i n g  c a p a b i l i t y .  Two 
bear ings  were chosen which i n t r o d u c e  two v a r i a b l e  d i s t a n c e s :  
f r o m  t h e  hub cen te r  t o  t h e  f i r s t  bear ing  and t h e  d i s t a n c e  between b e a r i n g s .  
l h e  f i r s t  was chosen t o  be 32 inches a l l o w i n g  f o r  h a l f  t h e  hub and t h e  low 
speed s h a f t  f l a n g e  which f a s t e n s  t o  t h e  hub. The second was determined based 
on l o a d  and s i z e  r e s t r i c t i o n s .  The r e a r  b e a r i n g  was sub jec ted  t o  b o t h  a r a d i a l  
and t h r u s t  l oad  and t h e  f r o n t  bea r ing  was r e q u i r e d  t o  c a r r y  o n l y  a r a d i a l  l o a d .  
T h i s  arrangement a d j u s t s  m a i n l y  f o r  s h a f t  expansion due t o  temperature changes 
and a l s o  t o  p r o v i d e  an a l lowance f o r  m isa l i gnmen t .  

t h e  measurement 

Moments and shear f o r c e s  a c t i n g  on t h e  s h a f t  i n  b o t h  t h e  r a d i a l  Y and Z 
d i r e c t i o n s  were taken i n t o  account i n  a d d i t i o n  t o  an a x i a l  t h r u s t  f o r c e .  These 
loads were conver ted i n t o  e q u i v a l e n t  d e s i g n  va lues  as g i v e n  i n  Equat ions 10 
th rough  13 w i t h  a B "  r e p r e s e n t i n g  the unknown d i s t a n c e  between bear ings .  

Outboard Bear ing:  

- 76 300 V e r t i c a l  Force = IB 400 l b s  

569'600 t 7600 l b s  H o r i z o n t a l  Force = B 
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I nboard  Bear i ng : 

V e r t i c a l  Force = 2B 76  300 t 30,000 l b s  

569'600 t 30,000 l b s  H o r i z o n t a l  Force = B 

A d i s t a n c e  o f  25 i nches  was chosen f o r  " B "  because t h i s  r o v i d e d  a com- 
promSse between b e a r i n g  loads and s h a f t  l e n g t h .  Bo th  t h e  f r o n t  and r e a r  
bea r ings  a r e  SKF-SDAF 22638 complete p i l l o w  b l o c k  assembl ies.  The f r o n t  
b e a r i n g  w i l l  have p r o v i s i o n s  i n  the p i l l o w  b l o c k  t o  a l l o w  f o r  t he  f l o a t i n g  
c a p a b i l i t y .  

D I S K  BHAKE 

A d i s k  brake i s  connected t o  the low speed s h a f t  t o  i n c l u d e  t h e  i n e r t i a  
e f f e c t s  f r o m  t h e  d i s k  i n  t h e  s i m u l a t i o n .  l h e  brake i s  p laced  b e f o r e  t h e  speed 
i n c r e a s e r  t o  reduce t h e  r e s u l t i n g  r o t a t i o n a l  dynamic e f f e c t s  as an a l t e r n a t i v e  
t o  a d i s k  on t h e  h i g h  speed end. l h e  d isadvantage o f  t h i s  i s  t h a t  a l a r g e r  
b rake  i s  needed t o  overcome t h e  l a r g e  t o r q u e  r e s u l t i n g  f r o m  t h e  wind on t h e  
b lades.  

A W i c h i t a  ATD-130-H a i r  d i s k  brake was chosen wh ich  i s  r a t e d  a t  193,000 i n -  
l b s  o f  t o rque .  T h i s  i s  double the  maximum t o r q u e  t h e  WTG generates w i t h i n  t h e  
normal o p e r a t i n g  range. I t  i s  assumed t h a t  t h e  b rake  i s  engaged i f  r o t o r  speed 
exceeds 60 rpm and thus should t h e o r e t i c a l l y  never be sub jec ted  t o  a to rque  
near t h e  r a t e d  va lue.  Dimensions were ob ta ined  f o r  t h e  b rake  hub and d i s k  f rom 
m a n u f a c t u r e r ' s  l i t e r a t u r e  t o  determine an i n e r t i a  v a l u e .  The h o l l o w  f e a t u r e  o f  
t h e  d i s k  necessary f o r  c o o l i n g  and low i n e r t i a  c h a r a c t e r i s t i c s  was considered 
i n  t h i s  c a l c u l a t i o n  a l s o .  

S P € t D  INOKLASEK 

A gearbox s i z e  was chosen based on t h e  o p e r a t i n g  speed range and to rque  
requi rements.  l h e  r o t o r  operates f rom 36 t o  60 rpm and t h e  C V l  r a t i o  ranges 
f rom 2 : l  t o  3 .33: l .  I n  o r d e r  t o  produce a speed range a t  t h e  genera to r  f rom 
1800 t o  1854 rpm f o r  3 pe rcen t  s l i p ,  t h e  gearbox must supply  a gear r a t i o  o f  
about  1 5 : l .  A des ign  t o r q u e  o f  153,000 i n - l b s  was o b t a i n e d  f r o m  PKOPCODE f o r  
a 60 rpm r o t o r  and 50 mph wind speed. Th is  va lue  was doubled t o  implement a 
l o a d  s a f e t y  f a c t o r  o f  2 f o r  cont inuous o p e r a t i o n .  A C r i c h t o n  24,000 s e r i e s  
speed i n c r e a s e r  capable o f  323,000 i n - l b s  o f  t o r q u e  was s e l e c t e d  w i t h  a 15.15: l  
r a t i o .  The p l a n e t a r y  speed inc rease r  i s  p r e f e r r e d  f o r  t h i s  a p p l i c a t i o n  because 
t h e  d r i v e  t r a i n  c e n t e r l l n e  i s  n o t  a l t e r e d  due t o  o f f  c e n t e r  i n p u t  and o u t p u t  
s h a f t s .  

The i n e r t i a  and s t i f f n e s s  o f  the speed i n c r e a s e r  was determined by a p p r o x i -  
m a t i n g  t h e  dimensions o f  t h e  gears and c a r r i e r s  w i t h i n  t h e  p l a n e t a r y  speed 
i n c r e a s e r .  T h i s  was accomplished by t h e  use o f  t h e  gea.rbox o u t e r  dimensions 
and a p i c t o r i a l  exploded v iew o f  the i n t e r n a l  components. T h i s  was necessary 
s i n c e  d e t a i l e d  i n f o r m a t i o n  was not a v a i l a b l e  f o r  t h i s  component. 
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The gearbox I s  a t w o  s tage d e v i c e  i n c l u d i n g  two separa te  p l a n e t a r y  speed 
inc reases .  The s t i f f n e s s  and i n e r t i a  of t h e  separa te  i n t e r n a l  p ieces  were 
combined i n t o  t h r e e  d i s t i n c t  groups determined by the  magnitude o f  t h e  speed 
i n c r e a s e  each goes through.  These were then combined i n t o  e q u i v a l e n t  s i n g l e  
va lues  f o r  t h e  e n t i r e  speed i n c r e a s e r .  T h i s  f o l l o w s  t h e  methodology f o r  t h e  
gearbox parameters a s  p resented  i n  ( 1 2 ) .  The t o t a l  s t i f f n e s s  f q r  t h e  gearbox 
was reduced by about 25 pe rcen t  t o  a d j u s t  f o r  f l e x i b i l i t y  i n  t h e  gear t e e t h .  

CONllNUOUSLY VARlABL€ 1RANSMISSION 

l h i s  component i s  t h e  most impor tan t  i n  t h e  system because t h e  implementa- 
t i o n  o f  a C V T  i n  a wind t u r b i n e  d r i v e  t r a i n  i s  t h e  purpose o f  t h i s  p r o j e c t .  A 
C V l  w i t h  a s imp le  method o f  r a t i o  c o n t r o l  was used he re  t o  keep c o s t  t o  a m i n i -  
mum. The 7 5  horsepower C V T  manufactured by Kumm I n d u s t r j e s  hijs a speed r a t i o  
v a r i a t i o n  f rom 2:l  t o  3 . 3 3 : l .  The i n p u t  p u l l e y  o f  t h e  t r a n s m i s s i o n  i s  o f  a 
f i x e d  r a d i u s  w h i l e  the o u t p u t  p u l l e y  d iameter  i s  v a r i e d  by means o f  h y d r a u l i c  
c o n t r o l  p roduc ing  a near ins tan taneous ad jus tment  o f  t h e  speed r a t i o .  The C V T  
b e l t  i s  manufactured o f  neoprene and i n c l u d e s  chords c o n s i s t i n g  o f  Kev la r  
r e s u l t i n g  i n  a s t i f f  p l a s t i c - r u b b e r  compos i t ion .  F i g u r e  21 i s  a ske tch  o f  t h e  
i n t e r n a l  p a r t s  o f  the C V l .  

The i n e r t i a  and s t j f f n e s s  o f  t h e  C V 7  was determined i n  a manner s i m i l q r  t o  
t h a t  o f  t h e  speed inc rease r  except  a sca led  b l u e p r i n t  d rawing  and a ske tch  o f  
t h e  i n t e r n a l  p a r t s  o f  t h e  C V T  were a v a i l a b l e .  P u l l e y  and s h a f t  va lues  were 
determined us ing  Equations 8 and 9 - w i t h  dimensions ob ta ined  f rom t h e  drawings .  
The b e l t  i n e r t i a  was represented  as added we igh t  on t h e  p u l l e y s  and t h e  s t i f f -  
ness was determined f rom Young's modulus, t h e  l e n g t h  o f  t h e  b e l t  i n  t e n s i o n  and 
t h e  i n p u t  p u l l e y  rad ius ,  squared. 

I N D U C l  I O N  GENEHAIOR 

The genera tor  chosen f o r  t h i s  a p p l i c a t i o n  i s  a t h r e e  phase Rel iance-XT 
3651s produc ing  an ou tpu t  o f  56 kW ( 7 5  hp) a t  460 v o l t s .  Th i s  genera to r  
i n c l u d e s  a f a n  f o r  c o o l i n g  and a space hea te r  f o r  low tempera ture  o p e r a t i o n .  
Th is  component i s  an extreme heavy d u t y  model s i n c e  i t  i s  sub jec ted  t o  a near 
cons tan t  mode o f  ope ra t i on .  

l h e  genera tor  c o n t r i b u t e s  an i n e r t i a  and s t i f f n e s s  due t o  bo th  t h e  mechan- 
i c a l  and e l e c t r i c a l  aspec ts .  The mechanica l  i n e r t i a  and s t i f f n e s s  o f  t h e  
genera to r  s h a f t  w e r e  ob ta ined  by approx ima t ing  t h e  i n t e r n a l  r o t o r  s i z e  f rom 
e x t e r n a l  d imensions.  The e l e c t r i c a l  c h a r a c t e r i s t i c s  were determined by u s i n g  
an e q u i v a l e n t  f i e l d  s t i f f n e s s  and g r i d  i n e r t i a .  An es t ima ted  va lue  f o r  t h e  
f i e l d  s t i f f n e s s  was ob ta ined  f rom ( 7 2 ) .  l h i s  f i n a l  s t i f f n e s s  va lue  was 
connected t o  an e l e c t r i c a l  g r i d  o f  i n f i n i t e  i n e r t i a  where a l a r g e  f i n i t e  va lue  
was used f o r  computat ional  purposes. 

, 

D R I V E  1-HAIN COUPLINGS 

Three coup l i ngs  a re  necessary t o  connect  t h e  low speed s h a f t ,  speed 
i n c r e a s e r ,  C V l  and generator  t o g e t h e r  i n  s e r i e s .  Double engagement gear 
coup l i ngs  w e r e  se lec ted  f o r  each l o c a t i o n  t o  a d j u s t  f o r  misa l ignment  between 
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components o r  f o r  expansion and c o n t r a c t i o n  o f  s h a f t s  due t o  tempera ture  
changes. 
t h e  amount o f  to rque each can w i t h s t a n d  and t h e  maximum a l l o w a b l e  bore  based 
on c o u p l i n g  s t reng th .  
and t o  assure  a secure at tachment .  I n f o r m a t i o n  on power and s i z e  r e s t r i c t i o n s  
ob ta ined  f rom cata logues a r e  used t o  s e l e c t  these components. 

The des ign c o n s t r a i n t s  necessary t o  de termine a c o u p l i n g  s i z e  a r e  

I n  some cases, a spacer i s  needed t o  f a c i l i t a t e  assembly 

620- 
w a r  

The c o u p l i n g  between t h e  low speed s h a f t  and speed i n c r e a s e r  i s  a Fa lk  
10506 i n c l u d i n g  a 6 i n c h  spacer .  

.box and C V 1 .  Th is  i s  e s s e n t i a l l y  t h e  same as t h e  p r e v i o u s  c o u p l i n g  except  
A F a l k  620-10306 c o u p l i n g  connects  t h e  

i n  a s m a l l e r  ve rs ion  s i n c e  t r a n s m i t t e d  t o r q u e  i s  lower  due t o  t h e  speed 
Inc rease .  
s u p p l i e d  by t h e  manufacturer .  

Approp r ia te  i n e r t i a  and s t i f f n e s s  va lues  were ob ta ined  f r o m  t a b l e s  

The f i n a l  coup l i ng  connect ing  t h e  C V 7  t o  t h e  genera to r  i s  a Zurn F101.5 
w i t h  a 3 i n c h  spacer necessary f o r  assembly. 
s u p p l i e d  by t h e  manufacturer  a r e  shown i n  Tab le  7.  

The i n e r t i a  and s t i f f n e s s  va lues  

l a b l e  
l i s t s  t h e  

6 represents  a summary o f  t h e  d r i v e  t r a i n  components and Tab le  7 
i n e r t i a  and s t i f f n e s s  d a t a  c a l c u l a t e d  f o r  each. 

TABLE 6 

Component S p e c i f i c a t i o n s  i n  56 kW W l G  D r i v e  T r a i n  

Rotor  - 
Three - Bladed w i th  a Blade Length o f  26.3 f e e t ,  Zero Coning, Upwind 
P o s i t  on, NACA 23024 A i r f o i l  

7 i n .  Outs lde ,  3 i n .  I n s i d e  Diameter ,  A I S 1  4340 S t e e l  

SKF SDAF 22638 P i l l o w  B lock  Assembly 

F a l k  620 - 10506 Double Engagement Gear, 6 i n .  Spacer 

C r i c h t o n  24,000 Model Two Stage P lane ta ry ,  15.15: l  O v e r a l l  R a t i o  

Fa lk  620 - 10306 Double Engagement Gear Type 

Kumm I n d u s t r i e s ,  7 5  HP, 2 : l  - 3 .33 : l  Speed R a t i o  

Zurn F101.5 Gear Coupl ing,  3 i n .  Spacer 

Re l iance XT-365TS, 56 kW, 460 V o l t  Output ,  Three Phase, Cool.ing Fan, Space 
Heater  

Low Speed Sha f t  - 

Bear ings - 

Coup l ing  1 - 

Speed Inc rease r  - 

Coup l ing  2 - 

Cont inuous ly  V a r i a b l e  Transmiss ion  - 

Coup l ing  3 - 

Generator - 
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TABL€ 7 

Component I n e r t i a  and S t j f f n e s s  Values 

COMPONENl 

3 Blades 

Hub 

Low Speed S h a f t  

Brake 

Coup l i ng  1 

Gearbox 

C o u p l i n g  2 

C V 1  I n p u t  S h a f t  

C V T  I n p u t  P u l l e y  

C V T  I d l e r s  

C V 1  B e l t  ( o n  i n p u t )  

( o n  o u t p u t )  

C V T  Outpu t  P u l l e y  

C V T  Outpu t  S h a f t  

C o u p l i n g  3 

Genera tor  R o t o r / S h a f t  

Genera tor  F i e l d  

E l e c t r i c a l  G r i d  

R O T A 1  IONAL I N E H T I A  TORSIONAL STIFFNESS 
( i n - l b - s e c 2 )  

4 8.49 x 10  

3 2.30 x 10  

1 1.04 x 10 

4.50 x 10’ 

3.20 x l o 1  
3 1.61 x 10 

3.83 x 10- 1 

7.50 

2.70 

3.90 

1.30 

7.50 

4.80 x 10-1 

2.85 x 10-1 

1 3.10 x 10- 

0 7.80 x 10 

- 

20 1 .0  x 10 

( i n - l b / r a d i a n )  

- 

7 3.9 x 10 

- 

8 

7 

7 

6 

6.1 x 10  

9 .5  x 10  

8.1 x 10 

1.7 x 10 

6 

6 

1.8 x 10  

1 .8  x 10 

- 

6 1 .3  x 10 

6 2.5 x 10 

7.0 x l o 6  

4 1.2 x 10 
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APPENDIX B - ACSL PROGRAM INPUT L I S T I N G  

//VM#R0000 JOB (R0000,000000000,5,3OO),ACSL,CLASS=L 
// EXEC ACSLCLG 
//ACSL.SYSIN DD * 
PROGRAM 5GKW WIND TURBINE DRIVE TRAIN DYNAMIC SIMULATION 

' - - - - - - - - - - - - - - - - - -  DEFINE ALL THE PRESET V A R I A B L , E S - - - - - - - - - - - - - - - '  
INITIAL 

CONSTANT J1 = 87200.0 , 52 = 864.0 I 53 = 804.0 
CONSTANT 54 = .872 , 55 = .296 I J6 =I 8.11 , 57 = l.OE+lS 
CONSTANT K l  = 3.66Ef07 , K2 = 9.54E+07 I K3 = 1.2GE+06 
CONSTANT K4 = 7.48Ei05 , K5 = 5.46E+05 , K 6  = 1.2E+O4 

CONSTANT CVADJ = l o o . ,  WNOT = 30. , SLIP = .03 , TSTP = 43.999 
CINTERVAL CINT = .01 

CONSTANT R = -13.14 , M1 = 15.15 , PI = 3.14155'265 

TI CNT = 0.0 
'--AT THE END OF EACH CINT, GENERATOR T@RQUE AND RPM IS CALCULATED--' 
' - -  AT THE END OF EACH CVADJ, THE CVT RATIO IS ADJUSTED - - '  
' ---- INPUT FUNCTION FOR AERODYNAMIC DAMPING BASED ON PJIND SPEED----' 
R1A = 18417.0-3896.4*WNOT+139.8~"WNOT""2+3.102~~~~~~~@T~~3 
R1B = -0.12048"WNOT~"4+0.24939E-O4*~~NOTx"5+O.l4Z8~~-O4xWNO~*"6 
R 1  = R1A + R1B 

' - - - - - - - - -  SET INITIAL CONDITIONS FOR ROTOR SPEED OI.iEC,.L.--- ' 
TNOTl = -43686. + 12700.*WNOT - 1265.7*WNOT+"Z 
TNOT2 = 65.165*WNOT*"3 - 1.0652*WNOT*"4 
TNOT = TNOTl + TNOT2 
IF (WNOT .GT. 30.) TNOT = 97509. 
IF (WNOT .LE. 6.0) TNOT = 0.0 

' - ---------- CALCULATE ROTOR SPEED FOR INITIAL WIND SPEED------------' 
IF (WNOT .LE. 10.) OMRPM = 36. 
IF (WNOT .GT. 10. .AND. WNOT .LE. 18.) OMRPM = 3.O"WNOT f 6 . 0  
IF (WNOT . C;T. 18. .AND. WNOT . L,E. 22. ) OMRPM = 60. 

IF (WNOT .GT. 30.) OMRPM = 48.5 
OMEGA = OMRPM*PI/30. 

POW = TNOT*OMEGA/8843.6 
GENRAD = ((POW*SLIP/56.) + 1.)+188.49556 
GENRPM = GENRADk30./PI 
M2 = GENRAD/(lS.l5"0MEGA) 

IF (WNOT .GT. 22. .AND. WNOT .LE. 30.) OMRPM = -1.4375"WN@T+91.625 

' ---- CALCULATE VALUES FOR SYSTEM BASED ON INITIAL CONDITIONS--------' 

R2 = -1.O"R 
' - - - - - - - - - - -  CALCULATE INTEGRATION IFIITIAL COFIEITIONS - - - - - -  ' 

OlIC = TNOT/Kl 
42 IC = TNOT/K2 
Q3 IC = TNOT/K3 
Q4IC = TNOT/K4 
Q5IC = TNOT/K5 
PlIC = Jl*OMEGA 
P2 IC: = J2"OMEGli 
P3IC = J3*OMEGA 
P4IC = J4"OMEGA 
PSIC -= ,I.5"OMEGP, 
PGTC = JG+OMEGA 
P7IC = 57 *OMEGA 

END $'OF INITIAL' 
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' - - - - - - - - - - - - - - - - -  INPUT WIND FUNCTION OVER TIME------------------' 
' ---- TRIANGULAR PULSE STARTING AT T=O FOR TNITIAL WIND OF 20 MPH---' 

IF (T .GE. 0.0 .AND. T .LT. 10.0) WIND = 20. 
IF (T .GE. 10.0 .AND. T .LT. 13.0) WIND = 10.O"T - 80. 
IF (T .GE. 13.0 .AND. T . L T .  16.0) WIND = -10.O"T + 180. 
IF (T .GE. 16.0) WIND = 20. 

IF (WIND .LE. 10.) OMRPM = 36. 
IF (WIND .GT. 10. .AND. WIND .LE. 18.) OMRPM = 3.0"WIND + 6.0 
IF (WIND .GT. 18. .AND. WIND .LE. 22.) OMRPM = 6 0 .  

IF (WIND .GT. 30.) OMRPM = 48.5 
OMEGA = OMRPM*PI/30. 

' - - - - - - - CHANGE ROTOR SPEED DUE TO CHANGING WIND--------' 

IF (WIND .GT. 22. .AND. WIND .LE. 30.) OMRPM = -1.4375*WIND+91.625 

- - - - - - - CALCULATE AERODYNAMIC DAMPING EASED QN NEW WIND SPEED------- ' 
R1A = 18417.0-3896.4"WIMD+139.88~WIMD*+2+3.1024xWIND~*3 
R1B = -0.12048*WIND""4+0.24~39E-O4~~~IND~~5+0.14284E-O4*WIND"*6 

' - - - - - - - - CALCULATE TORQUE FROM WIND FOR MAXIMUM POWER EXTRACTION----' 
TORQl = 38456. - 11028.XWIND + 951.78"WIND**2 - 11.554*WIND""3 
TORQZ =-.59013*WIND**4 + .16891E-O1"WI~D"*5 - .12249E-O3*WIND**6 

1 - - _ - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ~ - ~ - - - - - - - - - - - - - - - - - - - - - - - - '  

DERIVATIVE 

' --- MAXT IS THE INTEGRATION TIME INCREMENT - - - - '  
I --- NUMBER OF INTEGRATION STEPS TO NEXT CINT==> NSTP=CINT/MAXT - - - - '  
' - - - - - - - - - - -  STATE EQUATIONS - - - - - - - I  

R1 = R1A + R1j3  

TORQ = T O R Q l  + TOR92 

MAXTERVAL MAXT = .0005 

PDOTl = TORQ + Rl"(0MFGA - Pl/Jl) - K1*Q1 
QDOTl = PljJl - P2/J2 
PDOT2 = I;l*Q1 - K2*Q2 
QDOT2 = P2/J2 - P3/J3 
PDOT3 = K2"Q2 - Ml*K3*Q3 
QDOT3 = (Ml/J3)*P3 - P4/J4 
PDOT4 = K3*Q3 - K4"Q4 
QDOT4 = P4/J4 - P5/J5 
PDOTS = K4"Q4 - M2*KSXQ5 
QrjOT5 = (M2/J5)*P5 - Pb/Jb 
PDOT6 = (J6/(J6 + R"R/K6))"(I;S*Q5 - (R/J7)"F'7 - (R2,,'J6)*PG) 
PDOT7 = (R/J6)"PG 

1 - -  - - - - . - - -  I r~ITEGRATE STATE EQIJAT I ONS -- - - - - - ' 
P1 x INTEG(PDOT1 I PlIC) 
Ql = INTEG(QDOT1 , QlIC) 
P2 = INTEG(PDOT2 , PZIC) 
Q2 = INTEG(QDOT2 , Q2IC) 
P3 = INTEG(PDOT3 , P3IC) 

P4 = INTEG(PpOT4 , P4ICj 
Q4 = INTEG(ODOT4 , Q4IC) 
P5 = INTEG(PDOT5 , P 5 I C )  
95 = JNTEC,(QD[:!T5 , QSIC:)  
Pb = INTEG(PI?OTG , PSIC) 
P7 = INTEG(PDOT7 I P7IC) 

Q3 = INTEG(QDOT3 , QzIC) 

END $ ' O F  DERIVATIVE--' 
' - - - - - - - - - - -  CALCULATE OUTF'UT PARAMETERS AT GENERATOR - - - - - - - - - - '  
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GENRAD = 1 8 8 . 4 9 5 5 6 * ( 1 .  - P D O T 7 x S L I P / 2 5 5 1 . )  
GENRPM = G E N R A D * 3 0 . / P I  

' - - - - - - - A D J U S T  CVT AT I N T E R V A L S  EVERY C V A D J  S E C O N D S - - - - - - - - - - - - - '  
CONSM = T I C N T  + CVADJ - CINT;'2.  
C O N S P  = T I C N T  + CVADJ + C I N T / 2 .  

I F  ( T  . G T .  CONSM . A N D .  T . L T .  C O N S P )  T I C N T  = T 
I F  ( T  . G T .  CONSM . AND. T . L T .  C O N S P )  M 2  = GEP!RkD,/( 1 5 .  15'kOMEGE.) 

' CALCULATE POWER AND UPDATE PARAMETERS FOR I N T E G R A T I O N  - - - - I  

POW = P D O T 7 * G E N R P M , , ' 8 4 4 5 0 .  
PPS = P O W " ( - 1 . 0 )  
R2 = (2551. ,'SLIP) + (1. ,'188. -39556 - 1. /C;EI.JRAD) 

' I - _- - - - - - - - - - - SPEC I FY TERMII \ IATIO~J  C O N D I T I O N - -  - - - -- - - - - ' 
END $'OF DYNAMIC'  
END $'OF PROGRAM' 
/ / G O . S Y S I N  DD * 
SET T I T L E  = 'D'IPIAMIC S I M U L A T I O N  O F  A 5 6 K W  WIND T U R B I N E  D R I V E  T R A I N  ' 
SET DIS=99 $ '  FORCE 3 COL FORMAT FOR O U T P U T  ' 
S E T  NDBUG = 0 
OUTPUT T I  OMRPM, C V A D J ,  Q D O T 2 ,  F 5 ,  . . . 

TERMT ( T . G E  . T S T P  ) 

W I N D ,  R1, P D O T 1 ,  QDOT3, F6, . . .  
TORQ,  E2, P D O T 2 ,  QDOT.2, P 7 ,  . . .  
PI!OT7, M2, P D O T 3 ,  Q D O T 5 ,  Ql, . . . 
GENRPM, M I  , I'DOT4, P 1 ,  Q2, . . .  

T N O T ,  K 6  , PDOTG,  P 3 ,  Q 4 ,  . . .  
POW , R, P D O T 5 ,  P 2 ,  Q 3 ,  . . .  

WNOT, TICNT, Q D O T 1 ,  P 4 ,  os, ' N C I O U T '  = 5 0  
P R E P A R  T I P n O T 7 , G E N R P ~ , P O W , W I N D  

S T P. I i T  
PLQT WIND 
PI ,OT POW 
S T O P  
/ /GO.  FT99FC701 DE S'J'SOIJTI=A 
/* 
/ /  

SET N G X P F ' L = 5 0 ,  ?J I ; I 'PPL=20,  N P X P P L = 1 0 0 ,  N P Y P P L - 1 0 0  
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