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Experiences with the 200 keV GEDSER wind turbine
induction generation scheme

by

C.J. Christensen, Ris#

Talk held at the
meeting on control of LS-WECS and adaption of
wind electr icity to the network
of the
expert committee on the Development of Large-
Scale Wind Energy Conversion Systems.

Copenhagen, April 3rd 1979.
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The full text of this paper was not available.
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GEDSER MILL

3 w i n g s ( s t i f f , s t a l l r e g u l a t e d )

Induc t ion genera tor

S l ip 1% at 200 kW

Tr a n s m i s s i o n : 2 - s t e p c h a i n d r i v e

R o t o r s p e e d 0 . 5 r p s

G e n e r a t o r s p e e d 1 2 . 5 r p s

Automat ic on gr id
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M, = I f + M* r )

COo

/V;-* , r&-/ j . )

60o
= 16 CSr-S3)

A s s u m e : H T = A c * S a

A c C o m p l e x t n c / e p . o fi .

V f yy 4 + _ s. - -AI A^ c ^ X ° < ? £=£

/)s5c/7?e : My = e.

#(<o) =

-cto£
^ = W (co> e '

OP tt

V*c
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S o e q u . i s s o l v e d f o r s i n g l e b y

For RANDOM M^: It can be shown, that
s9=Hto)Mi

5=J-/(uO 5"M,

»60 >U3
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S = H(w) • S imp l ies 2 resonance mech

1) inherent (born) in model H (uo)

2 ) imposed f rom ou ts ide S , ,M

p e a k w i d t h s :

t ype 1 ) de te rm ined by mode l equa t i on
( h e r e b y r * * » i f A r e a i )

A c c

t y p e 2 ) t r a n s f e r e d a s i m p o s e d

A n o t h e r c a t e g o r i z a t i o n :

A 1 ) s t e m m i n g f r o m d i f f e r e n t i a l e q u a t i o n l i k e a b o v e m o d e l

A 2 ) s t e m m i n g f r o m p e r i o d i c d i s t u r b i n g f o r c e

Ty p e A 2 o n l y i n t e r e s t i n g f o r c o n s t a n t s p e e d w i n d t u r b i n e s ,

w h e r e p e a k s w i l l b e s h a r p a n d w e l l d e fi n e d , a n d o f t e n o f

c o n s t a n t s t r e n g t h u n d e r a l l c o n d i t i o n s .

Ty p e A 2 w i l l o f t e n b e t r i g g e r e d b y i m p o s e d r a n d o m d i s t u r b a n c e s ,

l i k e t u r b u l e n c e

Examp le nex t : Power spec t ra
h igh VS. low wind speed
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m/s

15"

1 0 "

5 "

y/yuuh-X^ohi" Fduj/9uu(Ux/coh)Fdi
/<Puu Fdw

//^uu(l-ycoh)Fdu)

/*Puuh -N/coh)Fdu)
v ^ u u F d w

v7^uu(l+Vcoh) Fdw

2vfvPuuFdu)

t o

I

SIMUTANEOUS VALUES OF WIND VELOCITIES
(SHORY TIME AVERAGED)AT TOO POINTS AT

SOME DISTANCE

u
10 15 2.0 m / s ec
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u)S (w)

wS (w)

D = 80m
Y= 2ti
S = 12,5 m/s
T = 1 sec

" ( r a d / c ; p r )

T=50sec

coh~0:(ovTU)2~ WuuFdw
-~ 1: (ovTu)2~2 Wuu(lv£oh)Fd

10
«lra(LJ3 C V

U)
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160

16 m/s
windspeed

P /P• rm' max

5 "

U-

3 -

2 -

.1 -

• A .

' $

I
8 12 16 m/s D

Power curve and efficiency for windspeeds up to- U m/s based on
block averaged data ( I0MIN AV)
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A. JENSEN (Elkraft)

The electrical generation system for

the 630 kW Nibe wind turbines
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H i g h - v o l t a g e d i s t r i b u t i o n s y s t e m

T h e e l e c t r i c a l s y s t e m h a s b e e n d e s i g n e d w i t h t w o g e n e r a t o r -
t r a n s f o r m e r s , o n e f o r e a c h u n i t , a n d a c o m m o n t r a n s f o r m e r
f o r t h e s u p p l y o f a n x i l l i a r y p o w e r f o r t h e t w o p l a n t s . ' T h e

p r i n c i p l e i s s h o w n i n fi g . 1 .

A s c a n b e s e e n f r o m fi g . 1 , t h e r e a r e t h r e e fi e l d s i n u n i t
A , o n e i s u s e d f o r t h e c a b l e c o n n e c t i o n t o t h e 2 0 k V g r i d ,
w i t h s u r g e a r r e s t o r s a n d c u r r e n t - a n d v o l t a g e t r a n s f o r m e r s
f o r k W h - m e t e r s f o r t o t a l p r o d u c t i o n a n d c o n s u m p t i o n . I n t h e
n e x t fi e l d t h e c a b l e t o t h e a n x i l l i a r y t r a n s f o r m e r i s
c o n n e c t e d v i a w i t h d r a w a b l e i s o l a t o r s w i t h f u s e s . I n t h i s
fi e l d t o o , t h e 2 0 k V - c a b l e t o u n i t B i s c o n n e c t e d . T h e t h i r d
fi e l d c o n t a i n s t h e g e n e r a t o r b r e a k e r s , a n d c u r r e n t - a n d

v o l t a g e t r a n s f o r m e r s f o r t h e p r o t e c t i o n s y s t e m . T h e b r e a k e r s
a r e o f t h e S F t y p e .

T h e s e t h r e e fi e l d s , t h e g e n e r a t o r t r a n s f o r m e r a n d t h e a n x i l l i a ' r y
t r a n s f o r m e r a r e s i t u a t e d i n a r o o m s e p a r a t e d b y e x p l o s i o n -

p r o o f c o n c r e t e w a l l s a n d r o o f t o s a f e g u a r d a g a i n s t t h e c o n s e
q u e n c e s o f p o s s i b l e t r a n s f o r m e r f a i l u r e .

T h e l a y - o u t o f t h i s r o o m i s s h o w n o n fi g . 2 ( u n i t A ) a n d

fi g . 3 ( u n i t B ) .

L o w - v o l t a g e d i s t r i b u t i o n s y s t e m

F i g . 4 s h o w s a m o n g o t h e r t h i n g s t h e l o w - v o l t a g e d i s t r i b u t i o n
s y s t e m . T h i s c o n s i s t s o f a t o t a l o f f o u r s u b s y s t e m s , t w o f o r
e a c h u n i t . E a c h u n i t h a s a s u b s y s t e m i n t h e b o t t o m o f t h e
t o w e r ( i . e . 1 s t fl o o r ) a n d a s u b s y s t e m i n t h e n a c e l l e . T h e
s u b s y s t e m i n t h e b o t t o m o f t h e t o w e r s u p p l i e s p o w e r t o t h e
n o r m a l l i g h t i n g s y s t e m a n d v i a a 2 4 b a t t e r y w i t h c h a r g e r
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t o t h e e m e r g e n c y l i g h t i n g s y s t e m . F u r t h e r m o r e a n x i l l i a r y

p o w e r t o t h e r e l a y p r o t e c t i o n , a s w e l l a s p o w e r o u t l e t s f o r
a w e l d i n g t r a n s f o r m e r . F i n a l l y o f c o u r s e p o w e r t o t h e s u b

s y s t e m s i n t h e n a c e l l e i s t a k e n f r o m t h e " b o t t o m " s y s t e m .

T h e l o w - v o l t a g e d i s t r i b u t i o n s y s t e m i n t h e n a c e l l e s u p p l i e s

p o w e r t o t h e e l e c t r i c m o t o r s i n t h e h y d r a u l i c s y s t e m , t h e

^ - p r o c e s s o r b a s e d c o n t r o l s y s t e m , t h e fi r e p r o t e c t i o n s y s t e m ,
t h e h e a t i n g a n d v e n t i l a t i o n s y s t e m , a n d t h e l i g h t i n g s y s t e m .
I n t h e n a c e l l e t o o , t h e r e a r e p o w e r o u t l e t s f o r w e l d i n g
t r a n s f o r m e r s a n d o t h e r t o o l s n e c e s s a r y f o r s e r v i c i n g t h e

e q u i p m e n t i n t h e n a c e l l e .

R e l a y p r o t e c t i o n s y s t e m

T h e g e n e r a t o r a n d t h e g e n e r a t o r t r a n s f o r m e r a r e p r o t e c t e d

a g a i n s t e l e c t r i c a l f a u l t s b y a c o n v e n t i o n a l r e l a y p r o t e c t i o n
s y s t e m . T h e s y s t e m p r o t e c t s a g a i n s t : t h e r m a l o v e r l o a d ,
s h o r t - c i r c u i t s , o v e r - v o l t a g e , u n d e r - v o l t a g e , n e g a t i v e s e q u e n c e
c u r r e n t s , e a r t h - f a u l t s a n d r e v e r s e p o w e r f r o m t h e g r i d .

C o n t r o l s y s t e m

T h e c o n t r o l s y s t e m o f t h e u n i t s a r e y u - p r o c e s s o r b a s e d . I n
e a c h n a c e l l e i s h o u s e d i n a c u b i c l e , t h e c o m p l e t e c o n t r o l

s y s t e m . E a c h c o n t r o l s y s t e m c o n t r o l s a n d o p e r a t e s t h e f o l l o w
i n g s y s t e m s :

1 ) B l a d e - p i t c h a n g l e

2) Yaw-movements

3 ) T h e g e n e r a t o r - b r e a k e r .

I n c a s e o f f a i l u r e , t h e u n i t i s s h u t - d o w n a u t o m a t i c a l l y a n d
a n a l a r m i s g i v e n , b o t h o n a d i s p l a y i n t h e u n i t a n d v i a
t h e r e m o t e g r i d - c o n t r o l s y s t e m .
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Commun ica t ion and te lephone sys tem

T h e u n i t s a r e c o n n e c t e d t o t h e p u b l i c t e l e p h o n e s y s t e m , a n d
t e l e p h o n e s a r e p l a c e d i n b o t h u n i t s i n t h e " b o t t o m " o f t h e
t o w e r a n d i n t h e n a c e l l e . F u r t h e r m o r e a n i n t e r c o m - s y s t e m

p r o v i d e s c o m m u n i c a t i o n b e t w e e n t h e t o w e r a n d t h e n a c e l l e
t o e a s e o p e r a t i o n s d u r i n g s e r v i c e a n d m a i n t e n a n c e .

T h e u n i t s c a n b e c o n t r o l l e d f r o m a c o n t r o l r o o m s i t u a t e d i n
t h e s o u t h e r n p a r t o f A l b o r g , a b o u t 1 5 k i l o m e t e r s a w a y. F r o m
h e r e c o m m a n d s c a n b e g i v e n t o s t a r t a n d s t o p t h e u n i t s i . e .

p u t t h e u - p r o c e s s o r s y s t e m i n o p e r a t i o n m o d e o r v i c e v e r s a .
A l s o t h e g e n e r a t o r b r e a k e r s p o s i t i o n s a r e s h o w n , a n d 4 a l a r m s
a r e d i s p l a y e d i n t h e c o n t r o l r o o m .

Operat ion modes

T h e u n i t a r e d e s i g n e d f o r u n a t t e n d e d o p e r a t i o n s u t i l i s i n g
t h e a u t o m a t i c c o n t r o l s y s t e m . T h e c o n t r o l s y s t e m h a s f o u r

o p e r a t i n g m o d e s :

1 . " C o l d s h u t d o w n "

2. "Hot

3 . O p e r a t i o n m o d e ( a v a i l a b l e f o r p o w e r p r o d u c t i o n )

4 . "Emergency "shu tdown

I n m o d e 1 , a l l s y s t e m s a r e i n o p e r a t i v e .

I n m o d e 2 , t h e y a w s y s t e m i s i n o p e r a t i o n t o k e e p t h e n a c e l l e
i n t h e d i r e c t i o n o f t h e w i n d .

I n m o d e 3 , t h e y a w s y s t e m a s w e l l a s a l l o t h e r s y s t e m s a r e
i n o p e r a t i o n .

D e p e n d i n g o n t h e w i n d v e l o c i t y t h e u n i t w i l l g e n e r a t e p o w e r
o r w i l l s t a n d s t i l l . M o d e 3 i s t h e n o r m a l o p e r a t i o n m o d e .
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I n c a s e o f f a i l u r e i n s o m e s y s t e m t h e o p e r a t i o n m o d e i s

a u t o m a t i c a l l y c h a n g e d t o 4 . H e r e a l l a t t e m p t s t o r e s t a r t
t h e u n i t a r e b l o c k e d , a n d a s i g n a l i s g i v e n t o t h e g r i d -
c o n t r o l c e n t e r i n A l b o r g .

I n c a s e o f f a i l u r e o n t h e y a w s y s t e m , t h e u n i t g o e s i n m o d e
1 .

C o n n e c t i o n o f t o w e r a n d n a c e l l e

T h e e l e c t r i c a l c o n n e c t i o n o f c o m p o n e n t s i n t h e t o w e r w i t h

c o m p o n e n t s i n t h e n a c e l l e i s p r o v i d e d b y c a b l e s , a r r a n g e d s o
t h a t t h e b u n d l e c a n t u r n a p p . + 4 t u r n s f r o m n e u t r a l . T h e
n u m b e r s o f t u r n s i s c o n t r o l l e d b y t h e / i - p r o c e s s o r .
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HIGH -VOLTAGE DISTRIBUTION

UNIT A UNIT B

fig . l
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UNIT A

fig. 2
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UNIT B
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THE ELECTRIC POWER EQUIPMENT

FOR THE WINDMILL IN TVIND.

by
Ulrik Krabbe

Laboratory of Electric Circuits and Machines
1979
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I s h a l l s t a r t t o m e n t i o n t h e D a n i s h l a w s f o r s c h o o l s o f d i f
f e r e n t k i n d s , b u i l t a n d r u n b y n o n p r o fi t o r g a n i z a t i o n s . T h e
l a w s a l l o w a n y o r g a n i z a t i o n t o b u i l d a n d r u n s c h o o l s o f d i f
f e r e n t l e v e l s o f e d u c a t i o n , a n d p r o v i d e d t h a t c e r t a i n f o r m a
l i t i e s a r e f u l fi l l e d , t h e y r e c e i v e l a r g e s t a t e g r a n t s t o w a r d s
t e a c h e r ' s s a l a r i e s a n d r e n t s o f b u i l d i n g s . P r a c t i c a l l y a l l
f o l k h i g h s c h o o l s a n d p r i v a t e s c h o o l s f o r c h i l d r e n a r e s u b

j e c t t o t h e s e l a w s .

T h e s c h o o l s i n T v i n d n e a r U l f b o r g i n J u t l a n d a r e s u c h s c h o o l s .
T h e r e a r e 3 s e c t o r s : A f o l k h i g h s c h o o l , a t e a c h e r ' s t r a i n i n g

c o l l e g e , a n d a s c h o o l f o r c h i l d r e n f r o m t h e 8 t h t o t h e 1 0 t h
s c h o o l y e a r . T h e f o l k h i g h s c h o o l i s s p e c i a l i z e d i n a r r a n g i n g
t r a v e l s i n f o r e i g n c o u n t r i e s w h e r e t h e s t u d e n t s f o r 4 m o n t h s
a r e s t u d y i n g t h e s o c i a l a n d e c o n o m i c c o n d i t i o n s o f t h e c o u n

t r y . A l l s c h o o l s a r e b o a r d i n g s c h o o l s .

T h e s c h o o l s a r e n o t c o n n e c t e d w i t h a n y p o l i t i c a l p a r t y , a n d
h a v e n e v e r i n w r i t t e n f o r m e x p r e s s e d t h e i r p o l i t i c a l i d e o l o

g y , b u t i t i s o b v i o u s t h a t t h e y a r e s t r o n g l y i n fl u e n c e d b y
M a o Ts e Tu n g ' s p h i l o s o p h y.

T h e t e a c h e r s h a v e a j o i n t e c o n o m y, a n d s i n c e t h e y l i v e a v e r y

s i m p l e l i f e , t h e s c h o o l t h e r e f o r e g e t s s u f fi c i e n t c a p i t a l f o r
e x p a n s i o n a n d f o r t h e b u i l d i n g o f t h e w i n d m i l l .

T h e d e c i s i o n t o b u i l d a l a r g e w i n d m i l l ( 5 4 m d i a m e t e r ) s e e m s
t o b e b a s e d o n t h e f o l l o w i n g :
1 ) I t fi t s w i t h t h e p h i l o s o p h y , t h a t t h e o r e t i c a l l e a r n i n g

s h o u l d b e c o m b i n e d w i t h p r a c t i c a l w o r k w i t h t h e h a n d s .
2 ) I t fi t s w i t h t h e p h i l o s o p h y o f d e c e n t r a l i z a t i o n .
3 ) S i n c e t h e y a r e g o o d b u s i n e s s p e o p l e , t h e y f o u n d t h a t a

w i n d m i l l b u i l t b y t h e s t u d e n t s c o u l d b e a g o o d i n v e s t m e n t
d u e t o t h e e x p e c t e d r i s e i n o i l - a n d c o a l - p r i c e s .
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When the project started there was no final design, and it
has turned out, that the price of the mill became considera
bly higher than original ly est imated.

The construction of the large windmill has no doubt been va
luable publ ici ty for the schools, part ly as a result of fre
quent mention in the newspapers and TV-programmes, and also
as a consequence of the thousands of visitors every week.

The project started in the spring of 1975. The first plan was
to convert all the power into heat by water brakes in the bot
tom of the tower. This project was not realistic and was chang
ed into a combination of a generator and eddy-current brakes
at the top of the mill. However, it was found impractical to
transport large quantit ies of water to the top of the mil l,
and therefore the project was finally changed to use of a
synchronous generator connected to the shaft.

A design was made with a direct connected "pancake" generator
with a rotor diameter of 4 m and 48 poles. (It was not planned
for connect ion to the electr ic gr id.)
The project was not quite unrealistic, even if the price was
found somewhat higher than a gear and a 4-pole generator, but
it was seriously evaluated. Before a decision was made for a
direct connected generator, it was found possible to buy a
second-hand gearbox at scrap-price. It was designed for a
mine elevator of an iron-mine in the North of Sweden and was
manufactured in the middle of the 60'es, but it never went
into service. It weighed 18 tons and the price was 54.000 Sw.
crowns. The rating is 1200 kW with good overload capacity.
At the same place was found a synchronous generator 2200 KVA
8 poles which had been working as a synchronous motor in a
Swedish papermill. The price was 55.000 Sw. crowns. This cheap
purchase influenced the future planning.



- 2 7 -

2T h e s c h o o l h a s a b u i l d i n g a r e a o f m o r e t h a n 1 0 . 0 0 0 m , a n d
i n t h e w i n t e r a l l t h e p o w e r f r o m t h e m i l l c o u l d b e u s e d f o r

h e a t i n g i n c o n n e c t i o n w i t h a p l a n n e d 1 6 0 0 m h o t - w a t e r r e s e r
v o i r , b u t i n t h e s u m m e r t h e r e w o u l d b e a s u r p l u s , a n d i t w a s
d e s i r a b l e t o g e t i t c o n n e c t e d t o t h e e l e c t r i c n e t w o r k .

T h e r e a r e 3 r e a s o n s w h y a d i r e c t s y n c h r o n i z a t i o n t o t h e g r i d
i s u n d e s i r a b l e :
1 ) T h e g r i d i s v e r y w e a k . A 2 0 k m 1 0 k v l i n e a n d s m a l l t r a n s

f o r m e r s g i v e a s h o r t c i r c u i t p o w e r o f 5 0 0 0 K VA w h i c h i s c o n
s i d e r e d t o o s m a l l f o r t h e 2 2 0 0 K VA g e n e r a t o r . I t w o u l d b e

e x p e n s i v e b u t p o s s i b l e t o r e i n f o r c e t h e l i n e , b u t

2 ) t h e g e a r r a t i o w a s fi x e d a n d t h e s p e e d w h i c h c o r r e s p o n d s
t o 5 0 c y c l e s o n t h e g e n e r a t o r i s t h e s p e e d t h a t g i v e s t h e

h i g h e s t a e r o d y n a m i c e f fi c i e n c y a t a w i n d s p e e d o f 1 4 m / s .
T h i s w o u l d g i v e t o o l o w a n e f fi c i e n c y a s a y e a r l y a v e r a g e .

3 ) T h e t h i r d r e a s o n i s t h e d e s i g n o f t h e w i n g s . T h e y a r e v e r y
fl e x i b l e a n d i t i s d e s i r a b l e t h a t t h e r e i s a c e r t a i n b a
l a n c e b e t w e e n t h e c e n t r i f u g a l f o r c e s w h i c h b e n d t h e m i n
o n e d i r e c t i o n a n d t h e w i n d p r e s s u r e i n t h e o p p o s i t e d i r e c
t i o n . T h e o p t i m u m n e a r l y c o r r e s p o n d s t o t h e c o n d i t i o n f o r

h i g h e s t a e r o d y n a m i c e f fi c i e n c y, a n d a v a r i a b l e s p e e d i s
t h e b e s t s o l u t i o n .

F o r t h e s e r e a s o n s i t w a s d e c i d e d t o c o n n e c t t h e w i n d m i l l g e
n e r a t o r w i t h t h e g r i d t h r o u g h a f r e q u e n c y c o n v e r t e r . I t w o u l d
b e a n a d v a n t a g e t h a t t h e s p e e d o f t h e w i n d m i l l c o u l d b e v a
r i e d a n d c h o s e n f r e e l y a l s o a w a y f r o m m e c h a n i c a l r e s o n a n c e

f r e q u e n c i e s .

C a l c u l a t i o n s b a s e d o n t h e w i n d s p e e d d i s t r i b u t i o n s h o w e d t h a t
f r o m a c a l c u l a t e d a n n u a l p r o d u c t i o n o f 4 , 4 G W h , 4 0 % c o u l d b e
d e l i v e r e d t o t h e n e t , u s i n g a 4 0 0 k W f r e q u e n c y c o n v e r t e r ,

p r o v i d e d t h a t t h e s u p p l y t o t h e n e t g o t t h e h i g h e s t p r i o r i t y .
B e s i d e s , 4 0 0 k W i s a s u i t a b l e s i z e f o r a f r e q u e n c y c o n v e r t e r
u s i n g 2 x 6 t h y r i s t o r s a t 3 8 0 V o l t .
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I t i s a n a d v a n t a g e t h a t t h e e a s e o f c o n t r o l o f t h e f r e q u e n c y
c o n v e r t e r g i v e s p o s s i b i l i t i e s f o r a fl e x i b l e o v e r a l l c o n t r o l

s y s t e m f o r t h e w i n d m i l l .

T h e o v e r a l l s y s t e m .

T h e f r e q u e n c y c o n v e r t e r i s n o w i n s e r v i c e , b u t t h e r e m a i n i n g
l o a d f o r t h e w i n d m i l l i s n o t r e a d y . F i g . 1 s h o w s t h e p r o j e c t

m a x . 3 , 3 k V v a r . f r e q u e n c yI J T
10 kV 50 HzI 7

T r .
1000KVA

2200 KVA

s w i t c h i n g
t h y r i s t o r s

T r .
400 KVAI

T r .
630 KVA

Conv.
400kW|

400 V

T r .
630 KVA

w a t e r
h e a t i n g
500 kW

400 V

r a d i a t o r s
i n t h e
r o o m s x

max. 600 kW

FIG, 1

T h e s c h o o l b u i l d i n g s h a v e p a r t l y c e n t r a l h e a t i n g w i t h o i l -

b u r n e r s , a n d p a r t l y e l e c t r i c r a d i a t o r s i n t h e r o o m s . F o r t h i s
r e a s o n t h e r e a r e t h r e e g r o u p s o f l o a d s :
1 ) T h e c o n v e r t e r : 4 0 0 k W.
2 ) H e a t i n g e l e m e n t s f o r t h e h o t - w a t e r c e n t r a l h e a t i n g s y s t e m :

500 kW.
3 ) R a d i a t o r s w i t h i n s t a l l e d p o w e r : A p p . 6 0 0 k W.
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Th e price, which the school can obtain for electric power, is
approximately the same as it pays per kW from the oil-burners.
On the other hand, when the school uses more power than the
windmill can produce, it pays 2-2^ times as much per kWh.
Therefore the water heating should get the lowest priority.

The control would be dependent on the wind speed. At low wind
speed, the generator speed will be too low to give sufficient
voltage for the radiators, and only the frequency converter
will be in service. For higher wind power the radiators should
be switched from the net to the generator and variations in
power should be taken up by the frequency converter, and for
even higher power (or in periods with 10 w loads on the ra
diators) the hot-water heating will be the power controll ing
devices. There may be periods when the windmill cannot get
sufficient load, but on the other hand, the average wind speed
is lower in the summer than in the winter. The control of load
for hot water is planned using thyristors, for switching with
zero voltage crossing on with the heating elements split into
a reasonable number of groups.

The frequency converter.

The diagram in Fig. 2 shows the main circuit.

2200 I.VA.1.4-.56HZ 10 kV.SOHz

. . ft. ft.7 . ///

-yQBQBSJlr

630 kVA

f y Z



-30-

In principle the design of the converter and the control me
thod is the same as for high voltage DC transmission, except
that 6-pulse circuits are used instead of 12-pulse circuits.
The voltage from the secondary side can vary from 150 to 400
volt, and the frequency from 19 to 56 Hz.

The voltage is rectified by means of 6 thyristors, passes a
DC reactor (with two windings to reduce the swing of the zero
point in the rectifier side), and is connected to AC in another
thy r i s to r b r idge .

The phase angle control is in principle a current control,
with a current reference dependent on the frequency. Either
the rectifier bridge or the converter bridge has the phase-
angle-control act ive. The rect ifier gets an increased fir ing
angle when the current exceeds the reference and the conver
ter gets a decreased firing angle when the current is below
the reference. This means in practice that the converter con
trol is active when the transformed generator voltage is be
low 340 Volt, and the rectifier control is active when the
transformed generator voltage is above 340 Volt. The control
system is made so that each rectifier bridge has its own cur
rent reference. The rectifier reference corresponds to 50 Amps
DC more than the converter reference to avoid that the two
thyristor bridges are controlled at the same time. This con
trol system is similar to the system used for high voltage
DC transmission and has the advantage that the voltage always
is the highest possible to get lowest possible current losses
and consumption of reactive power. The current reference is
1000 Amps when the frequency is above 36 Hz and falls linear
ly to zero at 19 Hz. This gives a reasonably good adjustment
of the load torque to the torque from the windmill, when it
has the highest aerodynamic efficiency.

Grounding.
From Fig. 2 it appears that the secondary of the generator
transformer is not grounded, because a grounding of both
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t r a n s f o r m e r s w o u l d m e a n t w o 3 - p u l s e s y s t e m s w i t h r e s u l t i n g

h i g h e r h a r m o n i c s .
H o w e v e r , s i n c e t h e g e n e r a t o r v o l t a g e i s 3 , 3 k V, n o g r o u n d i n g
m e a n s t h a t t h e s e c o n d a r y o f t h e g e n e r a t o r t r a n s f o r m e r i s a l s o
c o n s i d e r e d b e i n g a p a r t o f t h e h i g h v o l t a g e s y s t e m .

T h e r e f o r e , t o p r o t e c t t h e e l e c t r o n i c c o n t r o l , t h e i g n i t i o n
t r a n s f o r m e r s h a d t o b e o f a s p e c i a l d e s i g n w i t h a n i n s u l a t i o n
l e v e l c o r r e s p o n d i n g t o t h e 3 , 3 k V.

P r o t e c t i o n .

T h e m o s t i m p o r t a n t t y p e s o f f a u l t s c o n s i d e r e d w h e n d e s i g n i n g
t h e f r e q u e n c y c o n v e r t e r w e r e :

1 ) G r o u n d f a u l t .
2 ) D r o p - o u t o f t h e n e t .

B o t h t y p e s w i l l c a u s e h i g h c u r r e n t s a n d t h e e l e c t r o n i c c o n
t r o l s y s t e m h a s t o b e f a s t a c t i n g .

F a u l t s i g n a l s a r e g i v e n :

1 ) I f t h e t w o c u r r e n t s i g n a l s a r e u n e v e n .
2 ) I f o n e o f t h e t w o s i g n a l s e x c e e d s a r a t e d v a l u e .
3 ) I f t h e l i n e v o l t a g e d e v i a t e s m o r e t h a n a c e r t a i n p e r c e n

t a g e f r o m t h e r a t e d v a l u e .

A l l f a u l t s i g n a l s w i l l s t o p fi r i n g o f t h e r e c t i fi e r t h y r i s t o r s .

I f t h e v o l t a g e o f t h e n e t v a n i s h e s , i t m e a n s i n p r a c t i c e a
s h o r t c i r c u i t a n d t h e D C c u r r e n t w i l l g e t a h i g h r a t e o f r i s e .
T h e d i o d e f u s e s w i l l p r o t e c t t h e t h y r i s t o r s , b u t d i o d e f u s e s
a r e e x p e n s i v e a n d i t i s d e s i r a b l e t o m a k e t h e c o n t r o l s y s t e m
s o t h a t t h e f u s e s a r e a c t i n g o n l y w h e n t h e r e a r e m a t e r i a l
f a u l t s i n t h e s y s t e m .

E v e n w i t h a n i n fi n i t e f a s t e l e c t r o n i c c o n t r o l i t w i l l i n t h e
w o r s t c a s e t a k e a t i m e c o r r e s p o n d i n g t o 1 5 0 t o g e t t h e D C

v o l t a g e t o z e r o a n d l o n g e s t t i m e i s f o u n d a t g e n e r a t o r f r e
q u e n c i e s l o w e r t h a n 5 0 H z .
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Two p recau t ions were made when des ign ing :
1 ) The reac tance o f the DC choke was made la rger than neces

s a r y f o r t h e s m o o t h i n g t o l i m i t t h e r a t e o f r i s e o f t h e
c u r r e n t .

2 ) I n o r d e r t o l i m i t t h e t i m e o f g e t t i n g z e r o D C v o l t a g e , t h e
s m a l l e s t d e l a y a n g l e f o r t h e r e c t i fi e r w a s c h o s e n t o b e
1 5 ° - t h e h i g h e s t a n g l e w a s c h o s e n t o b e 1 2 0 ° , t o g e t n <

g a t i v e v o l t a g e f o r f a s t r e d u c t i o n o f t h e c u r r e n t .

F o r t h e c o n v e r t e r s i d e t h e fi r i n g a n g l e c o u l d v a r y b e t w e e n
9 0 a n d 1 5 0 ° t a k i n g t h e o v e r l a p a n g l e i n t o c o n s i d e r a t i o n .

A c o m p u t e r p r o g r a m m e s h o w e d t h a t w i t h a d r o p - o u t o f t h e n e t
u n d e r w o r s t c o n d i t i o n s i t w a s p o s s i b l e t o l i m i t a n d r e d u c e
t h e c u r r e n t s u f fi c i e n t l y f a s t t o a v o i d f u s i n g . H o w e v e r , n o
tes t has been made .

T h e p h a s e - a n g l e - c o n t r o l .

F i g . 3 s h o w s a b l o c k - d i a g r a m f o r t h e w h o l e s y s t e m .
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A standard phase-angle-control system could not be used for
the rectifier as a consequence of the large variation of vol
tage and frequency. The control system for the two thyristor
bridges were made even and are based on sawtooth generators
and comparators for comparison of sawtooth voltage and con
trol voltage. The firing pulses have a length of 120° and
control a 20 kHz signal which is transformed by small ring-
core transformers (with 3,3 kV insulation level) and recti
fi e d .

The automatic current control gets signals from the current
transformers for each thyristor bridge, and PI control is used.

F i l t e r i n g .
The filter has two purposes: To get rid of harmonics and give
compensation for reactive power. The harmonics are a result
of the rectangular current shape and give harmonics in the
voltage caused by the impedance of the 10 kV line and trans
formers .

The voltage requirements on the 10 kV line were: No harmonics
higher than 3% and a klirr factor of max. 4%. The filter con
sists of (on each phase) two series resonance circuits adjust
ed to the 5th and 7th harmonic. The two circuits together give
a reactive compensation of 200 kVA.
The frequency converter was designed and built by 12 students
during a special course given by The Laboratory of Electric
Circuits and Machines at The Technical University of Denmark.

The price of the materials for the converter including elec
tronic control, chokes, and capacitors was app. 80.000 Kr.
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ELECTRICAL SYSTEMS FOE WIND POWER PLANTS

Hans-Inge Bengtsson
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1. Power grid data and the WECS

NORDEL is the name of an agreement "between the Scandinavian
countries to have a common power grid and to buy and sell
power between the countries. For this grid certain
specifications have been set up:

N o m i n a l f r e q u e n c y : 5 0 H z
Frequency variations:
N o r m a l l y - 0 . 1 H z
At fault conditions
- c o n t i n u o u s l y - 1 H z
- r a t e o f v a r i a t i o n 0 . 5 H z / s
At extreme fault
conditions
- du r i ng l im i ted t ime - 2 .5 Hz
- r a t e o f v a r i a t i o n 1 H z / s

Voltage variations:
N o r m a l l y - 5 r >
A t f a u l t c o n d i t i o n s J - 1 5 ? °

f 10 io

The WECS must be constructed to withstand these variations
without any damage to the machinery (shafts, gearbox etc.).
The WECS must also withstand a short-circuit in the network
and repeated reclosure attempts.

The WECS shall be disconnected from the network according to the
following times:

internal e lectr ical faul t <c 0,2 s
n e t w o r k f a u l t 0 , 2 - 2 s s h o r t - c i r c u i t

^_ 5 s earth-fault

2. Short-circuit power - voltage variation

The voltage variation on a critical busbar due to starting-up-
transients and output-variations from the WECS must be kept
wi th in cer ta in l imi ts .
Figure 1 shows the Swedish norm for what is acceptable voltage
fluctuations in a low-voltage system as a function of
the disturbance frequency. The norm is based on the eyes
sens i t i v i t y t o l i gh t fl i cke r i ng .
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V'ol oage variation

A U *

1,5

0,5

0,3

0,2
0 ,1 0 ,2

Fig. 1
0 , 5 1 2 3 4 6 1 0 1 5 2 0 3 0 ( H z )

Var ia t ions per sec.

The eye is most sensit ive to voltage variat ions at 15-20 Hz.
Here the AU-acceptance-level is as low as 0.3 $.
In the output from a V/ECS you often see variations with
frequencies around 1 Hz depending on tower-shadow, gusty winds
etc . Here the acceptance- leve l i s 0 .8 %. For occas iona l
vol tage fluctuat ions such as star t ing-ups a few t imes a day,
the norm accepts a 2,5 /o voltage fluctuation.

The shor t -c i rcu i t -power that is needed to l imi t vo l tage
fluctuations depends on what kind of generator your WECS have:

A. Synchronous generator creates no problem with swi tching- in
transients, provided that your phasing- in equipment works
al l r ight. In gusty winds you might however get a more
or less ou t -o f -phase sw i tch ing , c rea t ing b ig t rans ien ts
and pulsating moments in the machine. In case you connect
the synchronous generator unexcited to the network
(so ca l led "Russ ian phas ing" ) , you get t rans ients s imi la r
to those of an induction generator. The problem of how
much short-circuit power you need depends on the whole
V/ECS including wind-turbine-dynamics, pov/er-train and
generator and no guiding-value can be given without
a complete study of the system. A very important factor
is also the shape of wind gusts.

B. Induct ion generator. Here the swi tch ing- in phenomena are
eas ie r to p red ic t . F igure 2 shows an osc i l lograph ic
measuring when connecting a 360 kW induction generator
to a network (76 MVA).
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You see the characterist ic inrush current, which is damped
after about 10 periods. Voltage drop is measured with
suppressed zero-point to get a h igher resolut ion.
The last curve shows the lighting from a 60 W glow-lamp
measured with photo-cel l . Maximum change in l ight ing
occurs after 4-5 periods, because of the t ime-constant
in the glow-lamp.
Figure 3 shows a comparison with the lighting change from
a step-vol tage-change.
Comparing the maximum lighting-change when switching-in
the i nduc t i on gene ra to r t o ne t s w i t h d i f f e ren t sho r t - c i r cu i t
power, with what is accepted from a step-voltage tel ls us
that a short-circuit-power of 50 x machine output would
be enough. (See figure 4 below).
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Fig 4. Lighting change versus J (J = rated machine output
network short-circuit power

The voltage-drop acceptance-level is based on subjective
measurement of what you feel as disturbing. Because
the switching-in phenomena last for so short time,
you might tolerate an even less short-circuit-power.
The output-variations will in that case put a limit to
what can be accepted.

3. Single-line diagram for a WECS

In figure 5 below is suggested a single-line diagram for
a V/ECS with induction generator.
Depending on line-voltage, type of generator, short-circuit
power and construction philosphy your scheme can have a little
different appearance.
Some remarks:
- Local power feeding can be arranged either from the line-

voltage or from the generator-voltage. For U >• 24 kV it
seems unpractical to have the feeding from the line-voltage.

- Transformer-breaker can be put on the upper- or lower-voltage
side of the main transformer. This breaker works as a
reserve for the generator-breaker.

- Capacitor battery for reactive power compensation is placed
near the induction generator, but on the outer side of
the generator-breaker.

- A reactor can be installed to limit big inrush current
(if you have a very weak net).
The reactor is then short-circuited after a short interval
(e .g . <1 s ) .

- Surge suppressors to prevent damage to generator and high-
voltage apparatus.

- Help power feeding can eventually be arranged.
If you have a synchronous generator the capacitor battery shall
be deleted. This is also the case with the reactor unless you
use unexcited connection.
Normal protecting devices must of course be installed (not shown
in the figure) .
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Genera l l y the e lec t r i ca l sys tem is qu i te convent iona l fo r
a power production plant, except perhaps if you have a
s l ip r ing t ransmiss ion f rom the genera tor.
I t is "only" the environment that is nev; to the apparatus.
However the environment can come up with many funny surprises
i f you don' t design your system carefu l ly. You must analyse
the consequences of things l ike:

- l i g h t n i n g p r o t e c t i o n
- v ibra t ions and humid i ty in the nace l le
- long t ransmiss ion l ines fo r s igna ls f rom nace l le

to ground.

4. Group stat ion of V/SCS-units

The location of a group station can be divided into two
d i f f e ren t p rob lems :

- landbased
- off shore based

p. group stat ion

Off -shore based stat ion

In figure 6 and 7 the electr ical system of an off-shore based
100 MW group station with induction generators is shown.

1 km 24 kV seacable

Cen t ra l t r ans fo rmers ta t i on

WECS-units
5 MW

145 kV seacables
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A leading thought when designing the system must be to have
very high rel iabi l i ty and redundancy, because i t is somet imes
impossible for weeks to go out on the station to do e.g.
repa i r work .
Th is thought resu l ted in the r ing feed ing sys tem. In th is
suggest ion the stat ion consists of 4 r ings, each v/ i th 5 uni ts
a 5 MW. Normally the system is radially fed with the ring open
somewhere. When something happens with a cable or WECS-unit,
the faul ty part is disconnected and the stat ion can cont inue
to operate. The uni ts are connected to the centra l t ransformer-
stat ion via a 24 kV three-phase seacable. Power is t ransmit ted
to shore via three single-phase 145 kV seacables. One 145 kV
cable is in reserve.
The thy r i s to r con t ro l led capac i to r ba t te ry supp l ies the un i t s
with enough reactive power and stabi l izes the voltage (not
needed for synchronous generators).

If you have very long transmission lines (•>* 50 km) it might
be interesting to have a DC-transmission. This becomes however
more in terest ing i f you have b igger insta l led effect , say around
300 MV/.
The control equipment must be very sophist icated. Remote control
is .assumed.

I f you don' t have too long distances a fibre opt ics t ransmission
seems to be possib le. The fibres are integrated wi th the cables.
You get redundancy by having fibres in two or more of the
145 kV cables, and in the rings you have two separate signal
ways.

A question that can be discussed is how much of control and
operative action that can be done by a computer in the station,
and how much that has to be done via remote control, but it is
more a question of philosophy than of technique.

Landbased station

Also in the landbased version it can sometimes be impossible
to get to the station within some days because of snow storm.
Even in this case the ring feeding system seems attractive
because of redundancy in local power and signal transmission.
A radial ly fed system can hov/ever be sufficient i f the costs
a re cons ide rab ly l ower. I f t he env i ronmenta l and agr i cu l tu ra l
effects are very negative a cabled power transmission may be
requ i red . In tha t case the e lec t r i ca l sys tem w i l l be ve ry
s im i l a r t o t he o f f - sho re ve rs ion .
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Summary of measurements on the wind power plant with rigid

hub in Kalkugnen made during October 1977 - September 1978.

The measurements have been carried out by staff at the Department

of E lect r ica l Machinery, Chalmers Univers i ty o f Technology,

Gothenburg (CTH) and the Department of Electrotechnics, Lunds

Universi ty of Technology, Lund (LTH).

1 . I n t r o d u c t i o n

The wind power plant in Kalkugnen is eauipped with an asynchronous

generator (ASEA, KBK 250 S-d) connected to the 10 kV net by a

transformer. The machine is marked 75 kW, 380/220 V, connection Y.

The generator is 4-poled, the rated speed is 1540 r/min.

The measurements on the generator have been carried out at

s ta t ionary operat ion and in t rans ient condi t ion. The purpose of

these measurements has been to verify those at CTH made calculations

and to c reate a rea l is t i c mode l fo r ca lcu la t ions on un i ts

in the megawatt range.

?. The aim of the measuring program

The wind power plant in Kalkugnen is bui l t wi th the intent ion

to give basic knowledge and experience concerning projecting of

wind power plants in the megawatt range in Sweden. It was therefore

important to shape those measurements, which were to be made in

Kalkugnen, so that the behaviour of the wind power plant under

normal conditions and under a number of unnormal operational cases

w a s p r o p e r l y e l u c i d a t e d .
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Extensive ca lcu lat ions wi th computers concern ing the

dynamic features of the wind power plant have been made at CTH.

These calculat ions inc lude fo l lowing domains:

Calculat ions of the phenomena of voltages, currents, power,

torques and speed during 1, 2, and 3 phase short-circuits.

Calculations of the above mentioned phenomena during sudden

torque-pulses and sudden load changes and during connection

in d i f f e ren t phase pos i t i ons .

- Calculat ions of the phenomena during on and off switching of

compensating capacitances.

The measuring program was planned with the aim of as far as

possib le t ry ing to ver i fy these calculat ions. .Measurements of

short-circuit phenomena could not be made, not wishing to expose

the wind power plant to the strains which are connected to short-

c i r c u i t .

3. The measur ing program, structure and mot ive

The measuring program includes:

3 .1 Measurements a t s ta t ionary opera t ion

3.1 .1 S imul taneous measurements o f rms- va lues o f vo l tage

and current and of active and reactive power together with

measurement of speed and torque and wind speed.

Because o f the random var ia t ion o f the wind i t i s d i fficu l t

to define a stat ionary state of a wind power plant.

I t is therefore necessary to measure dur ing d i f ferent

per iods at d i fferent wind speeds. An almost stat ionary

state of a wind power plant may be considered to exist if

the wind speed in a certain wind direction is almost

constant during a period of several seconds.
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Since the tover shadow might be expected of having a not

ins ign ificant influence on the ou tpu t power i t was a lso

important to t ry to t race the influence of the tower shadow

at the measurements.

3.1.2. Measurement of the instantaneous values of those in 3.1.1

ment ioned quant i t ies .
The moment of inert ia of the vind turbine is several t imes

larger than the moments of inertia of the anemometers

used. Hence fo l lows that a c lear re la t ion cannot be

obtained between instantaneous output power and instan

t a n e o u s v i n d s p e e d . N o t e v e n a t a

constant value of the wind speed can a clear relation be

obtained, since the vind speed varies over the swept surface

o f the w ind tu rb ine . Tn sp i te o f th i s i t i s impor tan t to

measure the instantaneous values of above mentioned quantit ies

s ince i t i s p robab le tha t w i th a la rge enough s ta t i s t i c

material one could obtain an acceptable relat ion between

average values of output power and wind speed.

The d iagram in appendix 1 shows the re la t ionship

between instantaneous output power and wind speed.

The points in the diagram are plotted from several

osc i l lograms taken w i th an UV-recorder.

3 . 1 . 3 . M e a s u r e m e n t o f q u a n t i t i e s i n 3 . 1 . 1 d u r i n g p e r i o d s

of s t rongly vary ing v ind speed.

Measurements of this kind mostly aim towards getting an

opinion of the gradient values of wind speed and torque.

Py ca lcu la t ing the s tab i l i ty o f the system the assumpt ion

was made that the torque was varying either stepwise or
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according to a harmonic funct ion. In order to check

this assumption it would be desirable to measure the

real torque dur ing per iods of s t rongly vary ing wind

sneed. Unfortunally these measurements could not be done

because the torque-meter, del ivered by SAAB, fai led to

work during the measurement periods.

3.1.4. Temperature measurements cn winding, plate unit and

surroundings at stat ionary operat ion and at occasions of

st rong gusts.

By temperature measurements during a longer time an opinion

is formed whether the generator is overdimensioned or under-

d imensioned and i t is poss ib le to ca lcu la te the l i fe o f the

i s o l a t i o n .

We were, hovever, compelled to abandon this measurement

because ve vere not permit ted to dr i l l holes in the

bear ing shie ld. The outnut pover of the generator has

only during very short periods exceeded the rated value,

and this fact seems to indicate that the temperature

of the vindir.g has not reached very high values.

3 . 2 . M e a s u r e m e n t s i n t r a n s i e n t c o n d i t i o n s .

3 .? .1 . Measurement o f_ the_sv i tch ing_ in t rans ien ts_of the genera tor.

At svitching in of an asynchronous generator to the net by

di rect sv i tch ing, current and torque reach very h igh values

accord ing to theore t ica l ca lcu la t ions . The dura t ion o f these

high values increases v i th increasing d i fference between

ult imate speed and svitching in spe ".

.The firs t current peak at sv i tch ing in depend? on the sv i tch ing

in moment, but i t might r ise to 5 to p t imes the rated current,
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which might lead to too large voltage drops on the net. The

toroue during the switching in might reach values of 4 to 5

t imes higher than the rated toroue, which might involve

large st ra ins on the mechanical par ts .

In a wind power plant the generator shaft is connected to

the vind turbine by a mechanic gear. The r ig idi ty of the

system is of great importance for the switching in phenomenon

because the osc i l la t ions in the shaf t might jepard ize the

stabi l i ty of the operat ion and generate exhaust ing phenomena

in the mechanical parts. Measurements of svi tching in currents

and voltage drop makes it possible to verify the assumed

mathematical model of the electr ic system. Since the reactance

ca l cu la t i on i s unce r ta i n a t h i gh cu r ren t s i t i s impo r tan t

to make the measurement.

By measuring the svitching in phenomenon it might be judged

whether the system can be regarded as rigid or weak. It is

therefore important to study the torque and speed phenomena

a f te r t he sw i t ch ing i n t ho rough ly.
The measurements showed clearly that the rotating system

can be considered as a rigid system.

3.2.2 . Measurements_at swi tch ing in_and_off_of load_

A sudden swi tching in of a resist ive load in ser ies wi th

the stator winding of the generator causes an increase of

the electromotor ic force of the generator and consequent ly

also an increase of the maximum toroue. It is conceiveable

to parry gusts instantaneously by cont inuous or stepwise

swi tching in of a sui table res is tance. I f such a method is

applicable in practice the same maximum toroue can be obtained

with a smaller generator as with a larger type, which eventu

a l l y b r i ngs abou t a h ighe r e f fic iency a t pa r t i a l l oad , v ' i t h
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adequate dimensioning of generator and connection resistance

(impedance) the incl ination of the toroue curve can also be

regulated, which means that i t might be possible to

dimension the regulating system of the wind turbine for a

longer t ime constant .

The measurements with in and off switching of resistances

are in ten ted to i l l us t ra te these cond i t ions and to even tua l l y

discover such transients vhich have not been discovered at

t he ca l cu l a t i ons .

In order to reduce the risk of damages at occasional short-

c i rcu i t vhen the res is tance is sw i tched in and o f f i t i s

best to swi tch i t in to the 7ero po int o f the generator.

3.2.3. Measurements_at switching in_and_off_of compensat ing_

capac i t o r s ^

The transient phenomena occurring at svitching in and off

of compensating capacitors to the generator terminals have

been calculated at CTU. The calculations show that over

voltages as well as harmonics can be expected at these

phenomena. I t is probable that the measur ing resul ts shal l

d i f fe r f rom the ca lcu la t ion resu l ts depend ing par t ly on the

character is t ics o f the capac i tor swi tch used, and par t ly on

the impedance charac te r i s t i c o f the ne t . I t i s , however,

valuable to be able to establ ish hov large the deviat ion can
be.

These measurements ought to be carried out also at reduced

shor t - c i r cu i t pove r o f t he ne t . I t was the re fo re p lanned

to connect two more transformers of the same kind in series

w i th the ex is t ing ne t t rans fo rmer.
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These tests vere not carried out during the time when

the unit was equipped with a rigid hub, but they were

made later when the flapping hub hade been installed.

4. .Measuring equipment

There is a detai led descript ion of the measuring equipment

in those reports which have been publ ished previously. In

appendix 8 is a l is t of the instrument used.

The main instrument for recordings of al l measuring signals

was an UV-recorder with 12 channels.

The voltages were recorded by voltage transformers.

The currents were recorded by using ei ther current t ransfor

mers or measuring shunts.

The active and reactive power were measured by using multi

p l iers insta l led by SAAB.

Transformation of the wind speed and the generator speed

to DC-voltages took place in the equipment of SAAB.

The measurements with the UV-recorder and its peripheral

equipment is described in part 6.

5. Summary of measuring results obtained with UV-recorder

Those in this part described measurements were made by staff

at CTT'. The measurements are recorded in monthly reports,

appendixes 2,3 anc* 4.

5.1. Me£sHr£m£nis_iH .§tati.onary_operation_.

The average speed of the wind was about 15 m/s during the

measuring period, the generator speed about 1530 r/rain. The

average values of the current, the electrodynamic toroue,

the active and reactive power were 125 A, 475 Nm, 73 kV and

48 kVAr respect ive ly.
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I t should be not iced that the measured values of the current,

the toroue and the power osc i l la te. The per iod of the osc i l la .

tions is about 0.4 seconds. The result of the measurements

was that the ampl i tude variat ions of the current and the

active power were about 15 per cent and about 8 per cent for

the reactive power. These variations were probably caused by

the tower shadow and part ly by di fferent wind condit ions

above and below the hub of the wind turbine.

The speed of the wind turbine was about 78 r/min during the

measurements, which means that the propeller blade of the

two-bladed propeller passed the tower 156 times per minute,

which gives a period of about d.4 seconds. vo other unnormal

o s c i l l a t i o n s i n t h e u n i t b e s i d e t h e a b o v e m e n t i o n e d

cou ld the no t i ced . Any to rs iona l osc i l l a t i ons i n the sha f t

of the wind turbine could not be detected with the measuring

equipment used.

5.2. Measurements_in transient condi>t<ions_

5.2.1. Measurements_of Fvi>tchi_ng-_in_transj.ents

The current, the voltage drop on the net and the generator

speed have been given part icular at tent ion in connect ion

with switching in phenomenon of the generator. The measuring

results have been compared with the calculat ions. The diffe

rence between the measured and the calculated values of

c u r r e n t a n d v o l t a g e i s ? r e s p e c t i v e l y 8 p e r c e n t . W h e n

applied on the generator speed the difference is somewhat

larger, but the measured and the calculated curves have the

same character. This shows that the adopted calculation model

is accurate enough.
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Osc i l la t ions in the generator speed af ter swi tch ing in were

damped after about 0.2 seconds. This shows that the rotating

system can be regarded as rigid.

5 . 2 . 2 S w i t c h i n g . i n _ o f r e s i s t i v e l o a d _

Swi tch ing in o f res is t ive load g ives a damped osc i l la t ion,

however, of a very mild character. Two measurements were made

the first at the generator speed of about 1513 r/rain (65 A,

25 kW) and the second at 1525 r/min (76 A, 38 kW). In the

first case the generator speed varied with 11 r/min and the

current between 56 and 75 A. In the second case variations

of 16 r/min for the speed were obtained. The current varied

between 63 and 98 A.

In both cases the oscil lat ions were damped after about 0.8

seconds . Sw i tch ing in o f res i s t i ve load does no t a f fec t

the s tab i l i t y o f t he sys tem.

6. Measurements carried out with measuring computer

These measurements were carried out by staff at LTH.

The actual measuring computer at LTH is a MY-16 manufacture.

The computer is equipped with an analogue input which A/D

t rans fo rmer has a reso lu t ion o f ^8 b i t s . Moreover, the re i s

a d ig i t a l ou tpu t o f 8 b i t s and a number o f con t ro l w i res .

A measuring interface constructed at the Department of Electro-

technics, LTH was used at the measurements in Kalkugnen. The

measur ing in ter face wi th i ts present const ruc t ion has the

possibi l i ty of sampling measuring data from nine channels by

a n a l o g u e sw i t ch e s . Th e i n p u t se n s i v i t y i s - 0 . 2 - - 8 V r e sp .

1 0 .2 - - 80 V. One i npu t i s equ ipped w i th a l i nea r rec ieve r

in order to rec ieve pulses f rom the speed rate contro l . The
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maximum sampling frequency is about 3 kuz. The computer has

a m e m o r y o f a b o u t 5 0 0 0 b y t e s . F o r s t o r a g e o f m e a s u r i n g

data minidiscs are used.

The measuring computer is programmed in basic. Assembling

rout ines are ca l led fo r by the measur ing in ter face fo r cont ro l l ing ,

The basic program gives, after measuring is made, a possibi

l i ty o f s tudy ing the d i f ferent measur ing s igna ls on the graphic

screen. If the measuring results are to be preserved then they

are transferred together with the rest of those for the measure

ment actual parameters to minidiscs.

The measuring results from measurements with the measuring

computer are recorded in appendix 5.

7 . D iagrams

Connection diagrams for the electric system of the vind power

plant and for the measuring connections are recorded in appendixes
6 and 7.
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Instantaneous output power versus instantaneous

wind speed

(The values are plotted from recorded UV-osci l lograras)
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Measurements under steady stats conditions
(Selected items from monthly report CTH - 73D3DS)

Steady state condition is considered to prevail when the active power level
is approximately constant. A registration of wind velosity, generator sneed

torque, current, active power, reactive power and voltage is presented on
page 2 of this appendix.
Comments :
The wind velosity during the measurements was about 15 m/s. The generator

speed was 1530 r/min, the average value of the torque V75 !\'m , the phsse
current 125 A™-, . the reactive power U8 kl/Ar and the active power 73 k!J,RMS
It is notable to observe that generator speed, torque, current, reactive and
active power oscillate with a period of approximately 0.U s. This cyclic
variation could be transferred to the moment when one of two blades nasses
behind the tower. The blade will then be in a wind shade and, therefore,
the torque will be reduced.
The wind turbine has two blades and a rated speed of 78 r/min. !Je exnect
a by-pass of 156 times/min.
The period of oscillation : Q.*» s.

T = Q m k

f = 1 / T = 2 . 5
2.5 x 60 = 150 times/min

It seems that there is correlation betueen the events.

The amplitude variation of the oscillations :
Evaluation of the oscillograms gives
- c u r r e n t 1 5 o / o
- act ive power 15 o/o

reactive power 8 o/o •
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Page 2
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Measurements of switching-in phenomena
(Selected items from monthly report CTH - 780306)

When the generator is connected to the network the inrush current will
be of a considerable value. The first peak amplitude depends on the

circuitparameters of the generator and on the instantaneous value of the
network voltage when switching-in. Since the circuit-breaker is rather
simple there is no possibility to control the switching-in moment.
Because of this, comparison between the measurements and the calculations
with digital computer is difficult. However the calculations and the
measurements seem to have rather good correlation.

Comments_ori the measurements^:
On page 2 there is a recording af a phase current and a phase voltage

during switching-in of the generator.
The maximum value of the switching-in current during the first half

period is about 1100 A. The voltage drop is about 20 o/o. The
calculated results are presented on p. 3 and *♦. The calculations under

approximately the sam conditions give : peak value of inrush current :
1100 A, voltage drop : 17 o/o.

On page 5 one can see the phase currents, a phase voltage and the generator

speed. For example : Peakt value of inrush current in phase S is
1050 A. Voltage drop in phase S is 15 o/o. The calculations (p. 6 and 7)

give inrush current 1030 A and voltage drop 15 o/o.
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Report concerning measurements of the performance of
the asynchronous generator in the wind power p lant in
Kalkugnen, Sweden

This repor t concludes the firs t s tage of the measurement
program drawn up for the wind power plant in Kalkugnen
and dea ls w i th connec t ion o f res is to rs in se r ies w i th the
s ta to r c i r cu i t o f t he gene ra to r. The bas i cs o f t he t heo ry
and measurement procedure are described.

Measurement of swi tching t ransients of the generator and
steady-state operat ion are descr ibed in : Report concerning
measurements of the performance of the asynchronous gene
rator in the wind power plant in Kajkugnen, Sweden,
PM-HJ-780306.

.2? I? ImlD§l_Y2l t§g§_22D^I2 l_2f _^ iD^Z^I lY^D^iU^y^t i2n
genera to rs

The prob lems concern ing opera t ion s tab i l i t y o f the w ind-
d r i ven induc t ion genera to rs du r ing the pe r iods o f va ry ing
wind veloci ty and gusts have hi therto been solved by
regu la t ing the ang les o f the tu rb ine b lades. The quest ion
is if inprovments of performance and economy can be obtained
by ex tend ing the con t ro l sys tem to the genera to r. In th is
connect ion the main problem is to prevent overspeeding
which takes place when the prime mover torque exceeds the
breakdown torque of the generator. The torque of an induc
t i on mach ine i s a f unc t i on o f t e rm ina l vo l t age , see fig . 1 .
The figure shows induct ion machine torque - s l ip curves in
both motor and generator reg ions wi th the terminal vo l tage
as a parameter.
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Fig

Temporary rise of breakdown torque of the machine during
gus ts l eads to improvmen t o f ope ra t i on s tab i l i t y. Con t ro l
system on the turbine-side can have longer response t ime
which is espec ia l ly va luab le when Us ing la rge-sca le gene
ra to rs w i th s teep to rque -s l i p cu rves a t t he po in t o f
r a ted ope ra t i on .

Genera l ly speak ing the r ise o f termina l vo l tage has the
fol lowing concequences:

Maximum torque of the machine is increased

When assuming a constant torque at the prime mover,
generator speed and current are decreased.

The r ise of terminal voltage can be achievdd by connect ing
impedances in ser ies w i th the s ta tor c i rcu i t o f the gene
ra tor, see fig . 2 . When th is type o f app l i ca t ion is made
the s l ip at breakdown torque is increased.
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3 \ 1

1 r C
stator windings

Fig. 2.

Connection of resistors in series with the generator, as
shown in fig. 2> has been carried out in the wind power plant
in Kalkugnen. In the following sections the measurement
procedure and results will be described.

3. Pgscript ion_of_the_measuring_circuit_and_the^
guigment.

The external resistors and the shunts for current measurements
have been installed in the neutral point of the generator,
see fig. 3.
The resistors are normally shortcircuited by a contactor,
which can be operated from the measuring room. All signals
of interest are measured as described in PM-HJ-780306.
The UV-recorder which is provided for the registration
is also used as a control device for the switching of the
r e s i s t o r s .
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The s ta r t o f the p rocess can be p re -se t ted w i th a rb i t ra ry
d e l a y i n r e l a t i o n t o t h e s t a r t o f t h e r e g i s t r a t i o n . O n e
o f t he advan tages o f t h i s sys tem i s t he poss ib i l i t y t o
record the s igna ls bo th be fore and a f te r the swi tch ing
o f t h e r e s i s t o r s .

4 . M2§surement_cond i t ions

The weather conditions were rather bad during the measure
ments. The wind velocity was about 5-7 m/s and therefore
the power output of the generator was under the rated
leve l . Ra ted ou tpu t ca l l s fo r w ind ve loc i t y abou t 10 m/s .

5. Comments_on_the_measurement_resuits

The results of the measurements are presented on page 8-9.
The di fference between the cases shown is the

power ou tpu t be fo re sw i t ch ing o f the res is to rs .
The graphs shows one phase Current, the generator speed
and the act ive power. (The torque s ignal was temporar i ly
m iss ing ) . An a r row i nd i ca tes the s ta r t o f t he sw i t ch ing
process.

Comments on page 8 :
Before the swi tch ing o f the res is tors the genera tor speed
was about 1513 r/min, the phase current about 65 A and the
active power output 25 kW.
As the osci l logram shows,the switching resul ts in a damped
osc i l la t ion. The maximum var ia t ion o f the generator speed
is about 11 r /min . The va lue o f the cur rent var ies
between 56 A and 75 A.
The per iod o f the osc i l l a t ion i s about 0 .12 s ( f - 8Hz)
and the durat ion about 0.8 s.
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Comments on page 9
In th is case the act ive power output was s l ight ly
higher, namely 38 kW. The instant before switching,
the generator speed was about 1525 r/min and the machine
current 76 A.
The character of the process is the same as in the
previous case. The max. and min. values of the current
are 63 A and 98 A respectively, maximum change of gene
ra to r speed i s about 16 r /m in . The per iod o f osc i l l a t ion
is about 0.12 s (which gives a frequency of 8 Hz.) and
the du ra t ion i s 0 .8 s .

Consider fig.4 which shows two operat ion points of the
generator when the prime mover torque is assumed to be
cons tan t . Po in t 1 i s the s tab le po in t be fo re sw i t ch ing .
Po in t 2 represents the s tab le opera t ion po in t w i th
res is tors connected to the system.

F ig . 4
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Transitica between these two points does not follow
a straight line. Examination of the torque curve of
the generator (seep. 10-12 ) shows the transient
oscillation which results in swing of geerator speed

It is fa i r ly c lear that switching of resistors does
not affect the system stabi l i ty.
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Results of measurements with measuring computer

(The measurements have been made by the staff of LTH)

The measured quant i t ies are recorded by sui tching the generator

in to the ne twork . The recorded quan t i t i es a re : phasecur ren t ,

torque , wind speed , reactive power and active power.

T h e c a l i b r a t i o n i n y - d i r e c t i o n i s :

c u r r e n t 1 2 . 8 A / d i v

t o r q u e 1 2 5 f \ i . - n / d i v
w i n d s p e e d 2 . 5 6 m / s / d i v

r e a c t i v e p o w e r 6 . * * k l / A r / d i v

a c t i v e p o w e r 1 2 . 8 k U / d i v

The torque-curve has i ts zero- l ine 8 d iv is ion above the x-ax is»

and also the curve of act ive oower.
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C u r r e n t p h a s e S D a t e : 7 8 - 0 1 - 1 9
1 V S 25,6 A

Sv i t ch ing i n
m o m e n t V

*m*+*m*m**..<m++m+m*t"+**+rt4m1* * ***
I ' I I » » ' I I I I I I I » I I I I I I I I I I I I I I I I I I I I I I | I 1 I | | 1 | | % | | |

X i 7 8 M S / D I V Y » . 5 V / D I V

Toraue
1 V s 100 Nm

f ^ M ^ r t ^ ^ m J1*hwh^^

t " i i i i i i i " i ' i i i i — r - i — i — i — r t — i — i — i i f i - i — i — i — i — i — i — i — i — r i — i i i i i i i — r — r

X i 7 8 M S / D I V Y : 1 . 2 5 V / D I V
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Wind speed
1 V s 10,24 m/o

t h t + ^ t l + A J ^ ^ V * * V

r t i i i i i i r f i i i i i i i i i i i — i i i i i i i i " i t i r i f i i i i i i i — i — i i i

X i 7 8 M S / D I V Y : . 2 5 V / D I V

Reactive power
1 V 3 25,6 kVAr

r I . ■ m . .<««.* ■*_,*...%*. K .A.

t M u / * * ^ * 1 " ^ ^



Ac t i ve power
1 V = 25,6 kW
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F i l t e r

^1 LTH computer
w i t h p r i n t e r
and i n te r
face
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10 kV

Va t t e n f a l l1

SAAB

A ) 100 kVA

10/0,6 kV

Locker on the p>'lon

Towcrbase

I N a c e l l i
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LIST OF MEASURING EQUIPMENT

1 . I n t h e u n i t e x i s t i n g e q u i p m e n t .

a ) C u r r e n t t r a n s f o r m e r s 3

600/1 A kl 0,5 10 VA

b ) V o l t a g e t r a n s f o r m e r s 3

/100
?00fj^- V 30 VA

?. From TTTJ/CT!r used equipment.

a ) K e f ? s u r i n g s h u n t s 3

150 A 60 mv for connection in the- zero mint
of the *~enerr tor

h ) C u r r e n t t r a r : f f o r ~ . r r s 3

100/5 /- 30 VA for connection in the rcro noir.t

of the /-enerator

c ) v o l t a r e t r a n s f o r m e r s . 1

f o r m e r. s u r e r r. e r. t o f r e a c t i v e D o v e r v. i * . h v l f c t r . n i :

w a t t m e t e r

d ) An a 1 ogou s i n s t run c n t s.

- a l l - v a t t e e t e r P - r h r c c 1

E l e c t r o n i c v a t t . r . r t e r 1 - p h a s e 1

R V . S t r a n s f o r m e r T

S p e e d r a t e c o n t r o l 1

U V - r c c o r d e r 1 ? c h a n n e l s 1

T e m p e r a t u r e - n r . e t c r , d i g i t a l 1

S l i p - m e t e r 1

e ) K e a s u r i n f : c o m p u t e r v i t h D r i n t e r n r . d i n t e r f a c e .
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f) Peripheral equipment.

O s c i l l o s c o p e + c a m e r a 1

M u l t i m e t e r 2

W a t t m e t e r 5 5 V 5 A k l 0 , 5 3

V o l t m e t e r k l 0 , 5 2

A m p e r e m e t e r 5 A k l 0 , 5 3
U N I G O R - i n s t r u m e n t k l 1 , 5 1

g) External manoeuvring device.

Contactor

Impedances (Resistances)
Condensers

Page 2

MEASURING SIGNALS GIVEN BY SAAB

1. Torque

2. Speed (pulse train respectively analogously)

3. Wind speed

4. Other electr ical quant i t ies i f wished

U ,1 , P, Q and cos <t> ( cos z is calculated)p o w * p o w ' ' '
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Measurements on the wind power plant in Kalkugnen at phase
compensat ion wi th shunt capaci tors . 78-10-25

I n t r o d u c t i o n

The wind power plant in Kalkugnen is equipped with a s .ndard

asynchronous generator. This type of generator demands however,
react ive power for i ts funct ion. The react ive power is taken
from the net to which the generator is connected. This causes

unnecessary losses in the net and voltage drop. I t would there
fore be desireable to be able to produce reactive power in
connect ion to the p lace where i t i s consumed. S ta t i s t i ca l l y i t
i s poss ib le to generate react ive power w i th capac i to r bat ter ies
(see ref. 1) which are connected to the generator terminals.
This is usual ly cal led phase compensation.

In connection with phase compensation of the asynchronous genera
tor in the wind power plant in Kalkugnen a series of measurements
has been ca r r ied ou t . These in tend to i l l us t ra te the cond i t i ons
prevai l ing when the shunt capacitors are connected to the generator.
The measurements show stationary as well as transient phenomena.

Descr ip t ion o f the power c i rcu i t

The asynchronous generator used in Kalkugnen has following
rated data:

type MBK 250 S-4 (ASEA)
ra ted power P2n 3S 75 kW
ra ted cu r ren t Jn = 145 A
ra ted v o l t a g e U„ = 380 V
ra ted speed n i = 1540 r/min

When the measurements were carried out the generator was connected
to a 10 kV-net by three transformers (0,4/10 kV, Sn = 100 kVA)
see fig. 1. The purpose of the two extra transformers was to
sof ten the net , i .e . reduce the shor t -c i rcu i t power, so that the
tendencies at measurements on transient phenomena should be
strengthened.
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II = 10 kVn T l T2 T3 I .G

)
/ Q }

S, = 68 MVAk

—cr c- r s j

n
U. /U- = 10/0.4 kVI n 2 n
S = 1 0 0 k VAn

S I /
d

F ig . 1 The appea rance o f t he power c i r cu i t

A *-■ -connected shunt capacitor battery was placed according
to fig. 1. The bat tery could be swi tched in and off a ided by
a hand manoevered switch (k2).

The capacitor battery was so dimensioned that the generator was
almost ful ly compensated at rated operation. ( v cos q v, 1 at
rated operat ion). I t was bui l t up of 68 / . /F-capaci tors connected
so that i t made a total of 1122 yuF/phase (see fig. 2).

C (1122 uF / fas )

F ig . 2 The p r inc ipa l appearance o f the capac i to r
b a t t e r y
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Descript ion of measuring circuits and measuring equipment

For measuring of stat ionary voltages a digital voltmeter was used i
i t was connected to a connect ion pl inth near the capaci tor switch.
The stat ionary currents were measured by using current transformer
and amperemeter. The current transformers were placed in one and
the same phase according to fig. 3 ( I ) for measur ing af the net

c u r r e n t , ( I I ) t h e g e n e r a t o r c u r r e n t a n d ( I I I ) t h e c a p a c i t o r c u r r e n t .

N

CT

I [] E]
si d-4—4 -4

a£X

CT

CT

VT

<rrc

F ig . 3 The p lac ing o f the measur ing t rans fo rmers
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The secondary circui ts of the current t ransformers were loaded vi th
an amperemeter and a measuring shunt of 0,01 ohm. The voltage
over these shunts was ampl ified and recorded by us ing a mul t i
channel UV-recorder. The generator vol tage was connected to the
UV-recorder by a vol tage transformer.

The above mentioned eouipment made it possible to measure transient
phenomena a t sw i tch ing in and o f f genera to r and capac i to r ba t te ry. '
Upper l imiting freauency of the loops of the UV-recorder was 1 kHz.

Other signals of intererest such as generator speed, wind speed etc.
were obtained from sensors installed by SAAB.

The measuring eouipment was placed in a building beside the vins
power plant, where measuring cables were extended. Since the UV-
recorder must be started before the phenomenon which is to be

recorded, a remote control cable was drawn to the tower foot sr.n
fur ther to the capaci tor swi tch. This way the UV-recorder could
be started some second before the manoeuvring of the capacitor
svi tch.

immrriiui-UJuiiiiiini"m id ra

F i g . 4 S i t u a t i o n p l a n
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Cond i t ions

When the measurements were carried out the wind was rather gusty
and the wind speed osci l lated between 3-10 m/s. During most part
of the measurements the wind speed was about 5 m/s, which caused
a low output power from the wind power plant (5 - 15 kW). The
wind power plant was at these measurements equipped with a new
tu rb ine hub o f no t r i g id cons t ruc t i on .

Stationary measurements

The voltage on the low voltage side of transformer T3 was measured
u n d e r d i f f e r e n t c o n d i t i o n s ( s e e fi g . 1 ) .

I C a p a c i t o r b a t t e r y n o t c o n n e c t e d :
a) Generator not connected U = 389 V
b) Generator connected (?2:~ 10 kW) U = 383 V

I I Capac i t o r ba t t e r y connec ted :
a) Generator not connected U = 413 V
b) Generator connected (P?^ 10 kV) U = 406 V

T 3 T 3

-QD—^V© -GD—"-^-©
l a . l b .

- (Syjys -db-^—-0T I I b . IH a .

Fig. 5
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Capacitor current according to case II a was Ir = 84 A/phase

C o n t r o l c a l c u l a t i o n :

xc = u
JJxc

xc = u
IT w

u = 413 v

X = —C w C ( 1 : 1 )

(1 :2 )

W = 100 Tl

C = 11 2 2 / x F / p h a s e

• / I c = 8 4 . 1 A / p h a s e

There is an osci l logram shoving generator current , capaci tor
current and net current at stat ionary operat ion in appendix 1.

The wind speed was about 10 m/s and the average value of the

generator current was about 130 A at the time of recording. This

means that the generator is c lose to rated operat ion ( i = 145 A).

Moreover, the oscil logram shows that the amplitude of the net and
generator current var ies with the per iod 0,4 s ( f = 2,5 Hz). This
phenomenon has been pointed out earlier in ref. 2 (PM HJ 780306).

The generator current varies between:

W * 14° A Wn ** 120 A
A l G = 2 0 A

V- 7 ,7 % in re la t ion to the average va lue 130 A

The currents are not sinusodial but contain some harmonics, where

the 5 th harmonic is most apparent.
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The oscillogram in appendix 2 shows a transient phenomenon at

swi tch ing in o f the capac i to r ba t te ry, bu t i t a lso shows the
out look o f the s ta t ionary cur rents before and a f te r the swi tch ing
i n .
The capacitor and the net current show most apparently their
contents of the 5 th harmonic. Further i t can be seen that the
net current decreases when the capaci tor battery is switched in
but the amount of harmonics increases. The output power of the

generator (Pp) was at this measurement about 40 A ( the fundamen
ta l wave cons idered) a t swi tch ing in o f the capac i tor bat tery.

Measurements on transient phenomena

These measurements were carried out in order to measure the
switching transients and to compare these with computer calcula
tions. When the wind power plant is switched to and off the net
depending on the wind condit ions, those transients which often
may occur on the net must be considered.

At switching in of the uncompensated generator there was a volt
age drop of about 20 % (see PM HJ 780306). The picture gets
complicated when a capacitor battery is connected to the system.
Three di fferent ways of connect ing a shunt capaci tor bat tery
to the wind power plant can be considered.

A. The capaci tor bat tery permanent ly connected to the net
I .G .

Rk , Xk -A

F i g . 6

The capaci tor battery is here connected to the net al l the t ime
and supplies reactive power to the net when the generator is not
connected. The vol tage in the point to which the capaci tor is
connected wil l r ise. Measurements gave 389 V without capacitor
and 413 V with capacitor.
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B. The genera tor i s fi rs t connected to the ne t and then
the capac i to r ba t te ry is swi tched in

I .G

Fig. 7

With this method the capacitor battery is connected only when
the genera tor i s connected, i .e . i t genera tes on ly reac t ive
power during the time in which the wind power plant is operating
Two connecting transients are also obtained with this method.

C. The capac i to r ba t te ry connected to the genera tor te rmina ls
a t sw i t ch ing i n

F ig . 8

This method may under certain conditions cause overvoltage
on the generator. This phenomenon occurs when the generator
i s on ly l oaded capac i t i ve ly. See fu r the r chap te r "Se l f -exc i ta
t ion of an induct ion generator" in ref. 1 .

The carr ied out measurements i l lustrate the alternatives A and 1
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Comments to the transient measurements

The transient phenomena which occur when the capacitor battery
is connected to the generator, when this is connected to the

net, are shown in appendix 2 and 3. Appendix 2 shows capacitor
cur rent , generator cur rent and the net cur rent . I t shows that
there are t rans ients in a l l th ree cur rents . The h ighest ampl i
tudes are obtained in the capacitor current. The peak value of
the current transients and the frequency of the damped osci l la
t ion which occur are determined by the short-circuit power S,
in the point and the power of the shunt battery Qr. The ampli
tude of the transient also depends on the phase posit ion of the

voltage at the switching in moment.

Since the capacitor battery was switched in by using a hand
manoeuvered switch there was no possibi l i ty of switching in at
a beforehand fixed phase angle so the switching in moment was
comple te ly acc iden ta l .

In order to ver i fy the calcu lat ions the phase angle of the

voltage was read on the osci l logram and then the calculat ion
was made.

Appendix 3 shows a switching in when the phase posit ion of
the voltage was about 200°.

On compar ison wi th corresponding ca lcu lat ions fo l lowing is
obta ined (see appendix 4 , 5 , 6 , 7) .

C u r r e n t 1 p u = / 2 • 1 4 5 A
V o l t a g e 1 p u = 2 * 2 y

(The values g iven below apply for the first t ransient peak
v a l u e . )

Pararaet ers Measurement (pu) Ca lcu la t ion (pu)

UG 1,26 1,22

*C 1,3 1,4
iG 0,70 0,77

h 0,62 0,64
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The accordance concerning transient curve form is good. The
harmonics which occur in the measurements do not exist in the
calculated curves since the computer program only counts with
sinusodial sources without harmonics.

S ince i t i s d i f ficu l t t o es t ima te exac t phase pos i t i on a t the
switching in and since this affects the ampl i tudes, a comparison
w i t h c a l c u l a t i o n s i s o n l y a p p r o x i m a t i v e .

Appendix 8 shows a swi tching off of the capaci tor bat tery.
A number of recordings showed that the switch off occurred in
the zero passage of the capacitor current, why hardly any transi
ents occurred.

Appendix 9 This measurement connects on to case A in the descrip
t ion. The capacitor is connected to the net and the generator
is switched in. The wind speed was low at the measuring occasion
for which reason the generator is near the no- load point af ter
the swi tch ing in .

On comparison wi th corresponding calculat ion for switching in
with the phase angle of the vol tage of about 25 the fol lowing
results are obtained ( see appendix 10, 11, 12 and 13) :

(The g iven va lues apply for the firs t t rans ient peak va lue) .

c u r r e n t 1 p u = 7 2 1 4 5 A
, . . , 4 0 0 „

v o l t a g e 1 p u = - j ^ - V

P a r a m e t e r M e a s u r e m e n t ( p u ) C a l c u l a t i o n ( p u )

u G 0 , 7 2 0 , 6 9
i c 0 , 2 5 0 , 2 0
i G 3 , 9 4 , 2
XN 3 , 5 3 , 9
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The osci l logram shows that al l currents and the vol tage contain
much harmonics during some 15 periods after the switching in.
No t i ce a l so the h igh f requency osc i l l a t i on o f t he vo l tage a t
the switching in which is damped after some period.

Append ix 14 shows a swi tch ing in w i th contac tor s tar t , i .e . the
fi rs t sw i t ch ing i n f a i l ed . Th i s occu r red remarkab l y o f t en du r i ng
the measurements.

Appendix 15 This oscillogram shows the phenomenon at switching
o f f t h e g e n e r a t o r. T h e c u r r e n t i s c u t i n t h e z e r o p a s s a g e
and any grave transients cannot be discovered.

The computer calculat ions enclosed in appendix are carr ied out
by P. Druzynski.

Gothenburg, November 1978

/Hans Johansson/

References:

( 1 ) P. D r u z y n s k i
Shunt-Compensation of Induction Generators
May 1978
Department of Elect r ica l Machinery,
Chalmers Universi ty of Technology
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Appcndix 4

PDQ<' 3 NC m 7Gi 1 ?8 #013

r?.o«;oo o.gogo 0.oi£i? p.c ieo 0.0240 0.033Q e.ossf i
Capaci tor vol tage ur , when switching a shunt capaci tor bank.* • ' T O M
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Appendix 5

FPnril^C' 78117.0 00.1?

0 . '-rt^O 0 . 0060 0. •' 120 0.0180 C . 02'-l0 0 . 0300 0 . Oi-60
Network current i -^when switching a shunt capacitor bank.
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Appcndix ('»

PPQNIworn 73 J 3 28 0^ J 3

0 . 0 2 M 0 0 .0300 O.O3C0

C a p a c i t o r c u r r e n t i r , w h e n w i t c h i n g a s h u n t c a p a c i t o r b a n k .
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Appendix 7

PDDN1 MC'"- 731129 001 3

0 . 0 0 0 0 0 . 0 0 6 0 0 . O 1 2 O 0 . 0 I C O 0.024 0 0 . 0 3 0 0 0 . 0 3 6 0
Generator current i~, when switching a shunt capacitor bank.
< P V = 2 0 0t = 0

1 pu = /2-145 A
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Appendix 10

PDflMINCR 781129 1652

0.00^0 0.0060 0.0120 0.O180 0 . 0 2 4 0 0 . 0 3 0 0 0.0380
Capacitor voltage ur, when switching the generator.
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Control of a Variable Speed Wind Driven Converter Supplying

Power to the Constant Frequency Line*)

W. Kle inkauf , Gesamthochschule Kassel (Par t I )

W. Leonhard , Techn. Univers i ty o f Braunschweig (Par t I I )

A b s t r a c t

The fi r s t pa r t o f t h i s i n ves t i ga t i on desc r i bes t he con t ro l s ys tem
for a large wind energy plant and discusses the operat ional
behav iour a t vary ing wind condi t ions.

The second part is t concerned wi th a deta i led descr ipt ion of
a var iable speed al ternator connected to the constant f requency
1 i ne.

+ ) These inves t iga t ions ca r r i ed ou t fo r and on beha l f o f MAN
were financed by the Bundesministerium fur Forschung und
Technologie
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P A R T I

Control and Operational Behaviour of a Large Wind Power Plant

( 1 ) I n t r o d u c t i o n

For t he conve rs ion o f w ind ene rgy i n to e lec t r i c i t y - i n p ro jec t
GROWIAN - a horizontal axis machine with two rotor blades wil l
be used. The blade pitch angles are variable /1.2/ . The hub
height and rotor diameter measure loo m approximately. The rated
power of 3 MW will be reached at a wind velocity of 12 m/sec.
The generator of th is p lant is des igned to operate in connect ion
wi th a cons tan t f requency l ine .

T h e e x i s t i n g u t i l i t y g r i d c o n s i s t s t o d a y a l m o s t e x c l u s i v e l y o f
thermal power p lants , where i t is poss ib le to cont ro l the power
output by changing the input of pr imary energy.

The pr imary energy of wind converters, however, is determined
by the uncon t ro l l ab le ve loc i t y o f the w ind , wh ich i s sub jec t to
long- and middle- term var ia t ions as wel l as shor t - term wind gusts .
Accord ing ly, ext reme power- and speed-var ia t ions are poss ib le .
To secure unimpaired funct ionning the dynamics of the wind-converters
must be governed by a control-system, so that the propert ies of
the turbine components as well as the demands of the grid are
taken in to account .

(2) Modes of Operat ion

Based on the general speed-power diagrams of a wind turbine for
d i f fe ren t w ind ve loc i t i es w i th op t ima l b lade p i t ch ang les shown
in Fig.1 three modes of operat ion can be dist inguished:

(a) Wind_cont ro21ed_ogera t ion

Here the operat ing character ist ic corresponds to the maximum
power curve P0D4-« The speed must be kept variable (tip speed
ra t io X = cons t ) . Work ing on the fixed f requency g r id the
opt imal condi t ions can only be at ta ined i f the power generated
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The p r inc ipa l cons t ruc t ion o f a p lan t permi t t ing th is mode
of operat ion is shown in Fig. 2. The turbine power is
t ransmi t ted by a fixed ra t io gear to the ro to r o f a doub le -
fed gene ra to r. The s ta to r o f t he gene ra to r i s d i rec t l y
connected to a mains t ransformer. The three-phase rotor is
fed th rough s l i p r i ngs to the ro to r w ind ings . In s teady s ta te ,
the f requency o f th is cur ren t cor responds to the d i f fe rence
of rotor speed and gr id f requency, thereby matching the
mechanical sect ion of the turbine to the demands of the gr id.
In order to keep the t ransmit ted power of the converter
reasonab ly low there shou ld be a res t r ic t ion o f the dev ia t ion
from the synchronous or rated speed (e.g. Anma= ± 15% n^).

The choice of the mode of operation and thus of the components of
the plant can be based on numerous criteria:
t o t a l e f fi c i e n c y o f t h e w i n d c o n v e r t e r, c o s t s , e f f e c t s o n t h e g r i d ,
re l i ab i l i t y, use o f p roved componen ts , e t c .
The par t icu lar character is t ics o f GROWIAN for wind cont ro l led
operat ion require the use of components, which ei ther lead to
s e v e r a l d i f fi c u l t i e s i n c o n n e c t i o n w i t h c o s t - e f f e c t i v e r e a l i s a t i o n
o r have d rawbacks rega rd ing to ta l e f fic iency, ove r load capac i t y,
ha rmon i cs i n j ec ted i n t o t he g r i d , e t c .

frequency converter

wind
velocity

g e a r g e n e r a t o r

T^^KID-Bih^
transformer line grid

turbine

Fig. 2 : Construct ion of the wind power p lant
w i th doub le - fed genera to r



- 11 2 -

I f t he mechan ica l b lade i s su ffic ien t l y fas t so tha t p rob lems
of stabi l i ty can be avoided the s imple version employing a
constant speed synchronous generator is most advantageous.
Apa r t f r om th i s , howeve r, t he pa r t i a l l y w ind con t ro l l ed p lan t
w i th doub le - fed asynchronous genera to r i s o f pa r t i cu la r i n te res t .
With respect to speed dynamics i t const i tutes a good compromise
between wind- and gr id-control led system.
F ig . 3 shows typ ica l reac t ions o f cont ro l led w ind conver ters
(rated power P^ = 3 MW) to a given wind velocity V,(t).
These response plots result from a dynamic simulat ion, which
wi l l be d iscussed in more deta i l la ter on. In the case of the
wind turbine with synchronous generator (dotted curve) the speed
n. ( t ) remains cons tant wh i le the power fed to the gr id P- ( t ) i s
sub jec t to severe fluc tua t ions . The p lan t w i th doub le - fed
asynchronous machine (solid curve) shows very smooth power
output, because energy can be stored in kinet ic form in the
rotor exper ienc ing speed var ia t ions when the ve loc i ty o f the
wind changes. The influence of wind gusts on the power output
may be reduced or completly avoided depending on the control
system employed.

Fig. 3: Dynamic behaviour of wind
conver te r
with synchronous generator
with double-fed asynchronous
genera to r

If a double-fed three phase machine is used the voltage or the
reactive power can be controlled as is the case with a synchronous
generator. The dynamic advantages gained by possible speed variat ion
are be l ieved to war ran t the h igher cos ts invo lved fo r the exc i ta t ion
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by frequency converter and the more complicated control system.
Therefore, the type of plant shown in Fig. 2 was selected.

(3 ) Concep t o f Con t ro l

The main funct ions of the contro l system of the plant are:

( a ) a d j u s t i n g t h e w i n d r o t o r t o t h e d i r e c t i o n o f t h e w i n d
(yaw system)

( b ) s t a r t i n g , n o - l o a d o p e r a t i o n , s h u t t i n g d o w n a n d s a f e t y
measures (superv isory cont ro l )

(c ) ac t i ve-power and speed cont ro l in connec t ion w i th

( d ) g e n e r a t o r c o n t r o l .

Fig. 4 shows a diagram of the proposed control system. Essent ia l ly,
the yaw axis works independently of the other control systems and
there fo re was no t i nco rpora ted in th i s figure . For a shor t desc r ip
t ion o f the concept the fo l low ing w i l l be based a lmost exc lus ive ly
on a discussion of a control of active power and speed.

i v.

WS

BS

(cos f)

i i
I i

P; n

y

'S2

wind veloci ty V1
'opt "1

speed
controller

1

blade
pitch
angle

controller

blade
pitch

variat ion

a.i
1

dr iv ing

torgue

MA rotor

gen.(mechj

1 el

speed
controller

2

"change- . load -
torgue

control ler

"ws^ 'W'V
USL,PBS ■ cos ?

v o l t a g e
(react, p.)
controller

generator

with

excitation

and

gr id

'el

Fig. 4: Block diagram of control for GROWIAN
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The heavy- faced b locks charac ter ize the cont ro l led p lant conta in ing
the phys i ca l p rope r t i es o f t he w ind -conve r te r, i nc l ud ing :

longitudinal behaviour of the blade depending on changes of
the p i t ch ang le inc lud ing d is tu rbances (con t ro l led sys tem
" p i t c h - v a r i a t i o n " )

format ion of the dr iv ing torque M« by the wind (contro l led
sys tem "d r i v ing to rque" )

influence o f the ro ta t ing components ' iner t ia on speed
(cont ro l led sys tem " ro tor, genera tor mech. " ) as we l l as

e lec t r i ca l behav iour o f the genera to r in p roduc ing the load
torque and regula t ing vo l tage and react ive power (cont ro l led
sys tem "genera to r w i th exc i ta t ion and gr id " )

Longitudinal adjustment of the blades was assumed for the purpose
of regu la t ing the dr iv ing to rque and th is a lso makes i t poss ib le
to vary shaft output torque and speed above rated wind veloci ty.
Ma in ta in ing the load to rque a t a g iven re fe rence va lue (cont ro l l ing
the output power for the gr id) and the adjustment of vol tage or
react ive power forms par t o f the generator contro l funct ion. These
quest ions were analysed at the Techn. Universi ty of Braunschweig.
De ta i l ed resu l t s o f t hese i nves t i ga t i ons w i l l be p resen ted i n
par t I I o f th is paper. For decoup l ing the con t ro l o f ac t i ve and
react ive power the method o f fie ld or ien ta t ion was chosen /3 .4 .5 . / .
In the case of sudden gusts of wind the control of the generator
performs speed transients into sub- and oversynchronous operat ion
wi thout chang ing the des i red e lec t r i ca l va lues . The s teady s ta te
ac t i ve power con t ro l p roper i s e f fec ted by b lade p i t ch va r ia t ion .

The main features of active power and speed control can be divided
in to " necessa ry " and "des i r ab l e " cha rac te r i s t i c s .

Necessary features are:

( a ) F o r a l l w i n d v e l o c i t i e s V, . < V. < V, _ p e r m i t t i n g o p e r a t i o nv ' l m i n 1 l m a x r 3 r
of the plant the maximum speed deviation should not exceed
n . = (1 1 o ,15 )n r

(b) I t shou ld be poss ib le to regu la te setpo in t power assuming
s u f fi c i e n t w i n d v e l o c i t i e s .
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Fo r op t im iza t i on o f power ou tpu t t he fo l l ow ing cha rac te r i s t i cs
a re des i rab le .

Des i rab le fea tu res a re :

(a ) W ind con t ro l l ed ope ra t i on (Cp = Cp . , X= cons t . ) shou ld be
poss ib le w i th in the range o f acceptab le speed fluc tua t ions .

( b ) F o r l o w w i n d v e l o c i t y ( V i < V, N ) i t s h o u l d b e p o s s i b l e t o
adjust the blade pi tch angle in such a way that opt imal
values of power output are obtained.

The block diagram of act ive power and speed control (cf . Fig.4)
con ta ins :

(a ) a speed con t ro l loop (speed con t ro l le r 1 in the upper sec t ion
of the diagram, reference value n~, = nN) wi th subordinate
control of the blade pi tch angle. By means of the pi tch angle
( a = p i tch angle , a = 0° = feathered pos i t ion) the dr iv ing
torque and the speed of the turb ine wi l l be influenced;

(b) a contro l loop set t ing the load torque M , , which is determined
by superv isory cont ro l accord ing to the ac t ive power requ i red

^WS = ^WS / nSl^* This consti tutes an active power control
loop ;

( c ) a change -ove r con t ro l sec t i on . A t sw i t ch pos i t i on "b " a
change-over device makes it possible to superimpose a speed
con t ro l c i r cu i t ( speed con t ro l l e r 2 ) on t he t o rque con t ro l
c i r cu i t . Th i s w i l l o ccu r when speed con t ro l l e r 1 i s no l onge r
i n ope ra t i on , e .g . i f t he re fe rence va lue o f t he p i t ch ang le
be low ra ted w ind ve loc i t ies has reached i ts op t ima l l im i t and
remains constant. In a sense this corresponds to a change-over
o f the speed con t ro l c i r cu i t . In o rder to keep the genera to r
wi th in i ts operat ing speed range i t is necessary to abandon
power control in favour of speed control . Load torque and
output power set themselves below the reference values in a
manner al lowing to at ta in reference speed i i - .
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In th i s way a l l t he necessary requ i remen ts a re fu l fi l l ed .

The f o l l ow ing i n te r ven t i ons pe rm i t r ea l i sa t i on o f t he des i r ed
fea tu res :

( a ) P a r t i a l l y w i n d c o n t r o l l e d o p e r a t i o n i s p o s s i b l e i f s p e e d
reference n~2 (c f . F ig .4) is g iven as a funct ion of wind
ve loc i ty p rede termined by the superv isory con t ro l (e .g .
simpl ified nS2 / nN = V. / V,N in the range o.9 to 1.1).

( b ) O p t i m a l o u t p u t b l a d e p i t c h a n g l e s e t t i n g a . d e p e n d i n g
on wind veloc i ty is made possib le by l imi t ing the reference
value ou as shown in Fig. 4 . For this purpose, a function
generator computes the optimal value based on wind velocity;
th is i s used l im i t ing the speed con t ro l le r 1 . Fur thermore ,
t h i s l i m i t p r e v e n t s o v e r c r i t i c a l b l a d e p i t c h a n g l e s ; h e n c e
the b lade con t ro l i s kep t in the co r rec t opera t ing reg ion .
Appropriate safety margins should be observed when sett ing
the blade angle.

In o rde r to secure op t ima l opera t ion o f the p lan t , i t i s
necessary to ob ta in the re levan t w ind ve loc i t y da ta . I f
d i f fi c u l t i e s s h o u l d a r i s e i n m e a s u r i n g w i n d v e l o c i t i e s
opt ima l se t t ings are no t an abso lu te necess i ty ; the cont ro l
concept as such will not be endangered.

In order to gain data on the dynamic behaviour of the wind converter
p lant for d i f ferent wind condi t ions the complete system shown in
F ig . 4 , was s imula ted by d ig i ta l means. Many charac ter is t ics bes ide
the usual electr ical and mechanical responses had to be taken into
account, especial ly those regarding the conversion of wind power
an torque for adjust ing the b lades. The s imulat ion is most accurate
wi th in a region c lose to the rated speed. Superv isory contro l which
would be act ivated i f a fai lure in the system occured was only used
dur ing s imu la t ion fo r p rov id ing re fe rence va lues , bu t was no t used
o t h e r w i s e . T h u s , i t i s p r i n c i p a l l y p o s s i b l e t o r e a c h c r i t i c a l s t a t e s
o f ope ra t i on .
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Several t ransients obta ined by s imulat ion are shown in the
fo l lowing d iagrams. The abbrev ia t ions used are l i s ted a t the
end of the paper. F ig. 5 shows a s imple wind character is t ic ;
the diagram also indicates the t ime of swi tching over f rom wind
to speed contro l so that the funct ion of the contro l can be
eas i ly unders tood f rom these p lo ts .

P iV

/ j . .
v ^ I t '

25 s t
n..ns;
n s 1

StrU
25 s t

25 s t

F ig . 5 :
Dynamic behaviour of the wind
converter based on l imi ted
fl u c t u a t i o n s o f w i n d v e l o c i t y

25 s t

Fig. 6 shows the behaviour of the converter based on heavy
fl u c t u a t i o n s o f w i n d v e l o c i t y.

F i g . 6 :

Dynamic behaviour of the plant
based on heavy fluctuat ions of
w i n d v e l o c i t y

1 0 1 5 2 0 2 5 3 0 3 5 4 C s t
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A ve
Fig.

ry severe transient is caused by the wind gust as seen in
7 .

f a i l u r e
of grid

F ig . 7 :

Dynamic behaviour of the
plant at extreme wind
cond i t ions (gus ts ) and
f a i l u r e o f t h e g r i d -
w i t h o u t i n t e r v e n t i o n o f
superv isory cont ro l -

2 0 2 5 3 0 3 5 < . 0 s t

( 4 ) C o n c l u s i o n s

The invest igat ions discussed in this paper show that a wind
converter with double-fed generator can operate even under
extreme wind condi t ions i f a contro l system s imi lar to the one
descr ibed is used. The var iable wind power plant is able to
at tenuate gusts to a very large extent . The e lectr ica l demands
of the gr id regarding react ive power and waveform of the al ter
nating voltage can be met. Because of i ts good dynamic properties
the p lan t cou ld be used in a var ie ty o f s i tua t ions . Th is i s o f
g rea t impor tance fo r the des ign o f a p i lo t p ro jec t .
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Symboles and rated values

a blade pitch angle (ocN=94°)
X t ip speed rat io
Cp rotor power coefficient
M torque
Mst Operating torque at theblades (M$tN=135 kNm)
n speed (n.. = 18.5 1/min)

power (PN= 3 MW)
P w power at the blades
Ml wind velocity (Vlw=12 m/sec.)IN
Index:
A d r i v e
B r e a c t i v e
i ac tua l va lue
L no-load operation
N nominal, rated
S reference, value
W ac t i ve
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FIELD ORIENTED CONTROL OF A VARIABLE SPEED ALTERNATOR CONNECTED TO THE CONSTANT FREQUENCY LINE

W. Leonhard
Techn. University Braunschweig, Germany

Introduct ion
Electric power is today generated almost exclusively
by synchronous alternators whose speed of rotation is
tied to the frequency of the power grid. Operation at
constant speed yields the best technical and economic
results; for example, only one generator field winding
with its associated power supply is required. However,
there are cases where a certain amount of flexibility
with regard to speed is necessary or desirable, for
example if the machine is used to connect two grids of
different and changing frequencies, for instance the
supply network operated by the railroads in some Euro
pean countries |2| and the public grid. Another possi
ble application is wind energy convertors, such as the
3 HW, 100 m diameter wind power plant presently under
consideration in Germany |A|. For a large mechanical
structure l ike this, a fluctuating speed of rotation
presents a convenient way of alleviating additional
stresses caused by gusts; by allowing the high inertia
rotor to perform limited speed excursions the mechani
cal blade control is given sufficient time to respond
to changing wind conditions. When operating at con
stant speed, all the transient wind power would have
to be absorbed by the generator, possibly endangering
stable synchronous operation.
A wound rotor or squirrel cage induction generator can
provide this desired degree of freedom, unfortunately
at the expense of reactive current and with no means
of controlling the terminal voltage. In order to com
bine the operational advantages of variable speed with
the possibility of reactive power generation, a ma
chine with symmetrical rotor windings - such as a
wound rotor induction motor - and a variable voltage
and frequency power supply for the rotor are required.
Depending on the necessary speed range, a phase con
trolled cycloconvertor or a forced commutated invertor
can be employed to feed slip-proportional power to the
rotor. With suitable control the generator may be op
erated above or below synchronism and with positive or
negative active and reactive power ; naturally , in
steady state the active power is determined by the me
chanical drive. Large machines of this type have been
b u i l t f o r d i f f e r e n t a p p l i c a t i o n s | 3 | p r o v i n g t h e
scheme to be feasible.
In Fig. I and 2 a simplified' schematic of a variable
speed alternator and the available operating range in
the speed-torque plane are shown. For simplicity a two
phase rotor supply feeding two quadrature rotor wind
ings through slip rings is assumed; in practice a
standard three phase rotor design could be used in
stead.

• ^ y / ~

Gene
rator

ZaB.2 Aw

Motor

Fig. 1: Simplified schematic Fig. 2: Operating range
Fig. 3 describes the power flow for sub-synchronous
and oversynchronous operation; with <o < u there is a
reci rculat ing power flow affect ing efficiency. Also
the reactive power and the line-side harmonics of the

convertor need to be taken into account; however,these
effects are not too serious as long as the slip-fre
quency, and hence, the power of the convertor are
small.

Grid Grid

g5V*
mech. Power

- J_ t ^
mech. Power

w>w„

Fig. 3: Power flow
There are various ways of controlling a double-fed
generator of this type; depending on the application,
one or the other could be preferable. For use in a
wind power station a sloped steady state speed-torque
curve, as seen in Fig. 2, could be employed. In order
to utilize the possibilities of influencing the torque
by electrical means, fast response of the generator
control is desirable.
In the following sections a control scheme is de
scribed which was first introduced for the control of
induction motors |S, 6|. Since it is based on the mag
nitude and direction of a flux vector, established by
direct or indirect measurement, i t is cal led field-
oriented control. The magnitude, frequency and phase
of the input currents ( in this case the rotor cur
rents) are generated such as to give the rotor MMF-
vector a prescr ibed or ientat ion in re lat ion to the
main flux vector (which itself is a function of the
rotor currents). The longitudinal component of the ro
tor current vector changes the terminal voltage, hence
the reactive power, and through a substantial lag the
magnitude of the main flux; the quadrature component
of the rotor current vector immediately affects the
torque and active power. This indicates a close analo
gy to the control of a compensated DC machine, which
exhibits an almost ideal decoupled control structure.

Mathematical model of symmetrical double-fed machine
with two-phase rotor

Assuming symmetrical stator and rotor windings with
sinusoidal KMF-distributions, infinite permeability of
the iron core, and neglecting slot and end effects as
well as iron losses, the following vectorial differen
tial equations may be derived to describe the general
behaviour of the symmetrical double fed two pole ma
chine 181.

w i-e ♦"» ♦ V
d!s
d t ♦ " f c <*/■> - ^ ( t ) , (1)

"n i * * LR d t « f e <ise - i e > - u^O, (2)

ef- nm el m +m
1 Mj M lm[is <vje>11 (3)

£-» > W
where l$(t), ln(t) are complex (two dimensional) time-
dependent vectors, composed of the instantaneous phase
currents,

JW3
i s ( t ) 'SI (t) + is2(t) e j 2 " 3 * i s 3 ( 0 ^ (5)
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i^t) - iRa(t) + jiRb(t)
iC(t) (6)

(v_e ) is the conjugate complex value of iRe . In
steady state operation at constant speed, all currents
are sinusoidal, but in nonstationary condition they
may be arbitrary functions of time as long as
ig. + ig2 + iS3 B 0 holds at any instant, which is due
to the isolated neutral of the stator winding. £(t) is
the direction of the rotor current vector in rotor co
ordinates.
There is an analogous definition for the voltages. The
vector

/ > \ - , . ♦ , . J 2 « / 3 A j A i / 3 3 / 7 „ * % * , , ,
V c ) ' " N l * ^ e J + U N 3 e " ~ T U S 0 e ( 7 )
describes the symmetrical three phase line voltages
behind the effective grid impedance LN, R ;these volt
ages are assumed to be sinusoidal and of constant
rated RMS value Ug0 and frequency to . Correspondingly,

V c > D u R a ( t > + * « » < » > ( 8 )
is the vector of the rotor voltage components supplied
by the convertor; in steady state their fundamental
frequency
\ = U ) - u j ■ s ( l ) (9)
is proportional to slip speed. U)(t) is the angular ve
locity, e(t) the angular position of the rotor, m (t),m
m . (t) are the mechanical and electrical torques re
spectively, both counted positive in the direction of
rotation. 0 is the total inertia of the generator set.' Rg, L_, R_, LR constitute the stator and rotor imped
ances per phase, M is the mutual inductance and R„, LN
represent the line impedance per phase.

ily from the line frequency tt .o
Eliminating i frora equ.(11, 3) results in

( l + a ) L , d i „
Rj. ♦ R» dt -ms

(l+a)(l+Os)\-r*M * i„e j e

mel(t) "3 ( l+a)( l+o )s
Im ■WlReV].

(IA)

(15)

Multiplying by e , i. e. referring all quantities to
the field vector and splitting equ. (IA) into real and
imaginary parts yields two equations for magnitude and
phase of the magnetizing current

V^|ims|aT- cUNcos(V-p) * li,] sin <c*5-y>. (17)
w i t h c - ^ | ( 1 + a ) ( l * O s ) / ( R j j ♦ R s ) ,

as well as an equation for the torque
2 H i

mel ■ - 3 (l+a)(l+08) |i-l|i>| Si" <£ * g - V)- (18>
The angular relations depicted in Fig. A indicate that
e + 5 - V *» S corresponds to the load angle;

|1r| cos 8, ji^j sin d
represent the direct and quadrature axes components of
the rotor current vector in relation to the magnetiz
ing current vector i . All transformed quantities are—as
constant in steady state when assuming sinusoidal ro
tor voltages.

Field oriented control
Considerable simplification is possible if the rotor
currents can be regarded as being impressed by the
convertors as a result of fast current control; this
resembles the use of two independent current sources.
Of course, this is only valid if the convertors have a
sufficiently large frequency and voltage range. With
this assumption equation (2) is of no relevance with
regard to generator control as it is dealt with by the
current control. With the stator leakage factor o .the
main inductance L. a M (assuming equal number of turns
in stator and rotor),

LS " (1 + °s) Hi* and Hi " a V (10)
equ. (1) may be written as

<Rs+V±s+Lh it [<1+a><,+Vis+ i» eJe] a Ve>- (u)
where the expression in brackets may be defined as a
modified magnetizing current vector.
This current vector,

i ^ t ) - ( l * . ) ( i * o 8 ) i ^ J € - \ i . _ \ J v M . ( 1 2 )
is a measure of the stator flux rotating with frequen
cy id , whereOS

d t m s (13)
The i -signal may be constructed from the currents
and the rotor position, cj can deviate only temporari e s '

JiRlsin*
imS

Stator
axis

Fig. A: Current vectors
Normalization of equ. (16 - 18) by rated RMS-quanti
t ies,

3 / 2 * T . j pi " — o I - i e J ,- m s 2 S o m s * (l«a)

(18b)

i , e J ( e " ^ - / 2 I s „ ( l + C 8 ) K Q U R d * j i R q ) . ( 1 8 c )-=R

T Hi ♦ L„

■h + R 8

'So'

I + a 1 _
Vrs *< Uo (18d)

(18e)So ' °So ho '
where x. is the per-unit synchronous reactance and K
the per-unit short circuit current, results in the
following per-unit equations

d i _ . r . . _ r . 1

3"o*Rd]' <,9a>
T —^ ♦ i - (|4C )S d t m s s B^*** -«•N 'S
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(19b)

(19c)

The normalized machine equations (19) are graphically
presented in the right hand side of the block diagram,
Fig. 5. The transformation of the rotor currents into
field coordinates is clearly an extension of the usual
d-q transformation with synchronous machines,where the
rotor position serves as the frame of reference.
The inputs to the machine model are the two AC rotor
currents of slip frequency, the line voltages and the
mechanical torque.
The principle of controll ing the generator in field-
coordinates is as follows:
If the rotor currents iR , iR. are sufficiently accu
rate copies of the reference currents i_ R f, iR._ -,
i. e. if the error of the current control loops can be
neglected, it is possible to cancel the machine-inter
nal transformation e-* v by an external inverse co
ordinate transformation with e~J^e~^' and thus gain
immediate access to the direct and quadrature axes
components i_,, i . For this purpose the sin and cos
of the angle (y-e) of the magnetizing current vector
in relation to the rotor must be measured or recon
structed from other quantities such as voltages, cur
rents and rotor position. After this inverse transfor
mation is accomplished, the remaining generator dynam
ics are straight forward as seen from Fig. 5. Since
the magnetizing current i , being a measure of statorms
flux and the utilization of the core,cannot be changed
quickly anyway, it should be maintained at a constant
value, for example through an inner flux control loop.
To this a voltage or reactive power control loop may
be superimposed. At the same time such a scheme
simplifies the remaining control structure because of
the ensuing linearization.
On the other hand, the quadrature component of the ro
tor current vector, which is subject to rapid change,
may be employed to control the torque. For this pur
pose an internal torque- or active power-controller
and a superimposed speed controller may be used to
generate the quadrature 'current reference.
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The main advantage of this control strategy is that
the contro l lers, operat ing " in field coordinates" ,
have to process DC variables in steady state.The con
version to AC is performed by the subsequent coordi
nate transformation which constitutes a modulation
process, generating the AC current reference quanti
t i es .
If the assumption of impressed currents is valid and
the modulation signals are correct, the generator
completely loses its synchronous characteristics and
resembles a compensated DC machine; it can no longer
be pulled out of synchronism, neither does the ma
chine require an additional damping winding as damp
ing is achieved through the control.
While it is apparent that this type of two axes con
trol is likely to have superior dynamic performance
to most other control schemes, it may be argued that
it is of considerable complexity and requires many
control components such as sensors, multipliers etc.
However, with the present development of microelec
tronics these obstacles may be overcome. For example,
it has been shown that the coordinate transformation
with cos (e-y), sin (e-y), and the controller func
tions, leading to the current references, may be car
ried out with one standard microprocessor augmented
by an external arithmetic unit |9|.

Design of the inner current control loops
In the preceding section it has been assumed that the
convertor with current control can be approximated by
an ideal two phase current source; this assumption is
now examined in more detail. When eliminating the
stator current i in equ. (2) by the magnetizing cur-~S
rent i_s. defined in equ. (12), we obtain

a+a LR dk + i .l+a BL dt

where a - 1 -

l _h
I

1 -0 . d . .
^R ' 7+7 LR dt (-±mse

- J ^

(1+0s)(l+aR)
is the total leakage factor of the generator and

q+a R
,+aRR l+a "R lR

(20)

(21)

(22)

is the transient time constant of the generator con
nected to the line; it varies between T.R OT,R'
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.short circuit value at zero line impedance (a ■ o) and
T* ■ TR for open circuit (a » 1).

The expression in the bracket in equ. (20) contains
the rotor terminal voltage u_, supplied by the con
vertor, and a voltage induced in the rotor windings by
the main field of the generator. By developping this
second expression, we obtain

- - l - - ( i e
l+a Tl dt v-=oa

-je

l+a LR
-ms J(y-e)dt + j(w -w)ims —ms .■* ] (23)

If the magnetizing current is maintained at constant
magnitude, this reduces to a voltage proportional to
slip frequency 10 - u. This indicates that the task
of the current controllers may be greatly simplified
by voltage feed-forward, i. e. by cancelling the slip
dependent voltage, as seen from the single-phase dia
gram in Fig. 6. At low power this can of course only
be approximated due to the delay of the convertor. The
derivation of the feed forward signal presents no
additional complication since i is required for the
field oriented control anyway.

Current
Controller

Voltage feed-forward
LRdPimse^

' R r e f N _ _ L ^ - "
Convertor

n { - * - _ _ :

Fig. 6: Current control with voltage feed-forward
The remaining small lag of the current control
may still be reduced by a corresponding lead-lag
ment at the reference input; this is also seen
Fig. 6.

loop
ele-

Digital simulation of the complete system
In order to examine the function of the control scheme
described and to achieve definite design specifica
tions of the components, the whole system, including
the 3 MW generator with the line, the convertor and
the control was simulated on a digital computer |A|
using proven partitioning methods |7|. The open-loop
dynamics of the cyclo-convertor, which determines the
integration step size, was first approximated by a
linear lag element; after the various design param
eters had been established, the convertor model was
replaced by a more realistic one which included the
actual phase controlled switching. Commutation tran
sients were neglected as they do not affect the con
trol. While the computing time increased by a factor
of ten with the detailed convertor model, no change of
the structure nor the parameters of the control was
found necessary.
In Fig. 7 one of the many computed simulation results
is shown. At this stage the control system included a
voltage control loop with reactive current bias and an
electric torque control loop; the superimposed speed
loop was omitted for this test. The output voltages of
the two six-pulse convertors were limited to the val
ues established with the detailed analysis.
The generator is at first operating with synchronous
speed at no load, hence the rotor voltages and cur
rents are zero. At t ■ 0 the mechanical driving torque
and simultaneously the electric torque reference were

2«| 03

0.15 I T < V j \ \ K v I r
! X > - " ° \ N i \ f J s K i

ai £\_
0.1s T 2 t 3 ^ / ' ^ U n 0 l 7 s t

Fig. 7: Simulation results
changed by a step to 1.5 rated torque, which caused
the rotor currents and the electric torque to build up
quickly, having litt le effect on speed and terminal
voltage.
Between t. and t, an unrealistically large increase in
driving torque, simulating an excessive gust, was as
sumed; since the electric torque reference remained
unchanged, the generator speed increased to the max
imum specified, 1.15 rated speed. It is seen that
there is a very rapid control action; the rotor begins
to s l ip w i thout not iceab le e f fec t on the e lec t r ic
torque and the stator voltages or currents.Finally, at
t = t- a 10 X reduction of the line voltages is as
sumed which causes transients of the electric torque
and the terminal voltage; there is a stationary in
crease in the stator currents.
The simulation results with the detailed convertor
model are qui te simi lar, proving that the control
scheme can be expected to handle the required disturb
ances. The design work described is now followed up by
laboratory tests with the aim of incorporating the
higher level control functions into a microprocessor.

Summary
The paper describes the design of a control system for
a variable speed-fixed frequency alternator with a low
frequency rotor supply from a cyclo-convertor. The
pr inc ip le o f fie ld or ienta t ion is descr ibed, which
permits fast decoupled control in direct and quadra
ture axes by providing immediate access to active and
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xeactive stator currents and, hence, to torque and
voltage. The performance of the control is shown by
digital simulation. The low power control functions
can be performed by a microprocessor.
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Power System Operation of a "Growian"

Hugo Mtihlocker, Siemens AG - E 111, Erlangen

1 . I n t r o d u c t i o n

Operation of the Growian is planned for a medium-voltage power
system of constant f requency wi th connect ion to a radia l l ine.
No detailed study has been made of operation in an isolated sys

tem, o f ope ra t i on i n pa ra l l e l w i th ano the r i nd i v idua l genera to r
or of the operat ion of several "Growians" in a power plant park.

The cl imatic condit ions were based on those prevai l ing on the
German North Sea coast.

The short circuit power arising in the medium-voltage system was
taken as 100 MVA for the 10 kV level and as 150 MVA for the 20 kV
l e v e l .
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2 . Sys tem requ i rements

The system requirements to be met by the "Growian" for operation
under the cond i t i ons l i s ted a re as fo l l ows :

1 . Prov is ion o f power supp ly a t cons tan t f requency.

2 . P rov i s i on o f un i f o rm ac t i ve powe r.
Fig. 1 shows for the 100-kW-windmil l StStten that these two
requ i remen ts w i l l b r i ng a l o t o f t asks f o r t he regu la t i ng
equipment.

3. Machine to cover i ts own react ive power requirements.

4. The harmonics generated by the "Growian" must be kept as small
as possible and must under no circumstances interfere with

e x i s t i n g c e n t r a l i z e d r i p p l e c o n t r o l e q u i p m e n t .

5 . I t mus t be poss ib le t o ope ra te t he p lan t au toma t i ca l l y.

6. The short c i rcui t power suppl ied by the "Growian" must be
s u f fi c i e n t t o s a f e l y o p e r a t e p r o t e c t i v e g e a r.

7. The Growian must be capable of operat ing with three-phase
rapid enclosure in the medium-voltage system and under con
d i t ions o f f requent sys tem fa i lu re dur ing s to rmy weather.

3 . O p e r a t i n g m o d e s o f t h e m a c h i n e s e t

On the bas is o f the wind ve loc i ty d is t r ibut ion g iven by meteor

ologists over a period of a year and on the basis of the wind
turbine speed curve to be expected for these wind veloci t ies,
the following operating modes have been laid down for the wind
t u r b i n e :
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1 . S t a n d s t i l l w i t h b l a d e s s t a t i o n a r y.

2 . Sp inn ing w i th t he e lec t r i ca l mach ine sw i t ched o f f .

3. Load operat ion according to wind power avai lable in a range
of + 10 % of the rated speed continuously and + 15 % short
t ime below the curve for the permissible cont inuous output
o f the e lec t r i ca l mach ine .

4. Load operation up to the maximum power output of the machine
set by the system control centre.

5 . Shor t t ime over load operat ion wi th in the speed cont ro l range
according to wind power avai lable.

6 . Over load operat ion above the speed cont ro l l im i t w i th the
e lec t r i ca l mach ine supp ly ing brak ing to rque.

4 . P r o p e r t i e s o f t h e e l e c t r i c a l m a c h i n e

(Fig. 2 speed var iat ion curves, F ig. 3 operat ing d iagram of
the asynchronous machine)

As can be seen from the operating diagram a machine had to be
se lec ted as a genera to r wh ich permi ts speed flex ib i l i t y w i th in
a certain range. After the advantages and disadvantages had been
considered, preference was given to double-fed asynchronous ma
ch ine w i th a f requency conver te r in the ro to r c i rcu i t aga ins t
a synchronous machine with a frequency converter in the stator
c i rcu i t . In operat ion wi th in a g iven speed range, th is machine
can supply a constant f requency at the stator terminals. Hence,
the vector o f the magnet ic flux in the s tator ro tates at a speed
proport ional to the f requency of the power system. By sui table
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contro l o f the conver ter f requency, a condi t ion is produced where
by the sum of the frequency proportional to the mechanical speed
and the frequency of the converter is always equal to the power
sys tem f requency. As a resu l t o f th i s t ype o f exc i ta t i on , the
asynchronous machine behaves in a similar manner to a synchro
nous machine. This enables the requirements regarding constant
system frequency and uniform active power to be met, since inter
mediate storage in the rotat ing masses takes place during speed
v a r i a t i o n s .

Apar t f rom the losses in the conver ter t ransformer, the conver
ter and the rotor winding, the s l ip power in supersynchronous
operation is fed to the power system via the converter and added
to the stator power. In subsynchronous operat ion, the s l ip power
is subt rac ted f rom the s ta tor power. Th is produces the s l ip -pro
por t i ona l l im i t l i nes shown in the opera t ing d iag ram fo r the ac t i ve
power supplied to the system.

B y c o n t r o l l i n g t h e s p e c i fi c c u r r e n t l o a d i n g i n t h e r o t o r c i r c u i t
according to magnitude and phase angle - this is done through
the con t ro l se t t i ng o f t he conve r te r - i t i s poss ib l e t o se t any
requ i red reac t ive cur rent w i th in the opera t ing range independent
ly o f the act ive current in the s ta tor o f the machine. Requi rement
No. 3 i s thus met fu l l y.

To avoid the necessity of having to take the machine off the
system every t ime short sharp wind squal ls occur (over loading
o f t he t hy r i s t o r s i n t he conve r t e r i s no t pe rm i t t ed ) , t he sw i t ch
i n g - i n o f a s h o r t c i r c u i t i n g r e s i s t a n c e i n t h e r o t o r c i r c u i t f o r
asynchronous operation is provided for when the machine exceeds
the maximum operating speed. This has a braking effect on the
machine and thus prevents sudden sharp increases in the speed
which could endanger the whole plant. Fig. 2 shows a computer
run fo r the speed var ia t ion fo l lowing a b ig squa l l w i th and w i th
out braking effect of the generator. When the squal l has died
down, and the speed has returned to within the normal control
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range, the machine can be synchronized with the converter again
ope ra t i ve i n t he r o to r c i r cu i t . Du r i ng t h i s pe r i od o f ove r l oad
operation, however, the power system must supply the magnetiz
ing current for asynchronous operat ion of the machine. In th is
specia l case, the requirements regarding uni form act ive power
and the supply of reactive power cannot be met simultaneously.

5 . A r r a n g e m e n t o f t h e p o w e r c i r c u i t

Fig. 4 shows the basic arrangement of a wind power plant of this
kind. In accordance with German condit ions, i t is assumed that
the p lant is connected to the l ine of a rura l rad ia l system oper
ating at 10 or 20 kV. Where possible, reference should, however,
be given to connection to a r ing-main system in view of the higher
degree of secur i ty afforded. The system side t ransformer is pro
vided to enable the power plant to be designed for a uniform volt
age of 6.3 kV - which is a favourable value for machines of this
size - independent ly of the part icular medium-vol tage system. The
ci rcu i t ar rangement for the ro tor shows a s l ipr ing ro tor whose
starpoint is connected in the machine. The 3-phase terminals are
connected to the conver ter v ia the s l ip r ings. The conver ter t rans
former is connected to the same bus as the stator terminals and
has 3 separate low-voltage windings, each of which supply a three-
phase br idge. As a resul t of th is mult i -phase connect ion and the
two transformers in ser ies, the harmonics are reduced considerably.
Moreover, the d is tor t ion fac tor o f the sys tem vo l tage, which main ly
depends on the rat io of the system short c ircui t power to the
converter power, is kept low owing to the type of machine selected
wi th the re la t i ve ly sma l l conver te r power (s l ip power ) . Requ i re
ment No. 4 is thus met fu l ly. I f the selected upper speed l imi t
i s exceeded, the conver ter i s separa ted f rom the ro tor c i rcu i t
and the ro tor shor t c i rcu i ted across a res is tance.
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The requ i rement re la t ing to the supp ly o f shor t c i rcu i t power
on sys tem shor t c i r cu i t s canno t be met sa t i s fac to r i l y, s ince a
high subtransient machine reactance has to be selected owing to
the gear unit and the machine house design and because the con
ver ter vo l tage is too low to permi t shock exc i ta t ion on the oc
currence of heavy voltage dip on the 6.3 kV bus. Because of this,
provis ion is made for t r ipping by means of undervol tage protec
t ion on the 6.3 kV side.

6 . A r r a n g e m e n t o f t h e a u x i l i a r y s y s t e m

In v iew of proposed operat ion in an area f requent ly affected by
system fai lures, as stated under requirement No. 7, and because
o f cond i t i ons l a i d down by t he au tho r i t i e s , e . g . r ega rd i ng a i r c ra f t
o b s t r u c t i o n l i g h t i n g , s p e c i a l a t t e n t i o n m u s t b e p a i d t o r e l i a b i
l i t y o f t he aux i l i a r y power supp l y. I n add i t i on to t he i ncoming
supply f rom the 6.3 kV bus, i t would therefore desirable to have
an external low voltage feed-in from another branch of the medium-
vol tage system. Furthermore, provis ion is made for a d iesel gener
a t ing se t to cover the cont ingency o f fa i lu re o f the incoming
feeder dur ing per iods when the wind turb ine is a t the s tandst i l l
o r on l y sp inn ing . Fo r p ro tec t i on , con t ro l and mon i t o r i ng , ba t t e r i es
and rect ifiers are prov ided both in the cont ro l s tand of the ma
chine house and in the swi tch house. To ensure the avai labi l i ty
o f a s u p p l y t o e s s e n t i a l l o a d s , e . g . f o r a i r c r a f t o b s t r u c t i o n
l ights for which author i t ies lay down the condi t ion o f 100 % ava i l
a b i l i t y, o n t o t a l f a i l u r e o f t h e a . c . v o l t a g e a n d f a i l u r e o f t h e
d iese l generat ing set , inver ters are prov ided which operate on
these bat ter ies in an instantaneous standby arrangement.
(F ig . 5 s ing le l i ne d iag ram aux i l i a ry supp ly sys tem. )
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7 . C o n t r o l a n d m o n i t o r i n g

In p lanning the contro l and moni tor ing devices, i t is assumed
that the "Growian" opera tes fu l l y au tomat ica l ly in accordance
with requirement No. 5 and is provided only with superordinated
monitoring and emergency shutdown control from a system control
cen t re .

Consequent ly, the system control centre receives only group alarm
s igna ls , pos i t i on ind ica t ions fo r the med ium-vo l tage b reakers
and power and voltage indications for the machine. Apart from
emergency shutdown, only influencing of the act ive power and volt
age by superv isory remote contro l act ing on the local contro l
l e r s i s p o s s i b l e .

In the machine house a control room is provided for commission

ing and supervisory work from which the machine can be started
mechan ica l l y w i thou t i t be ing poss ib le to ca r ry ou t exc i ta t i on
a n d p a r a l l e l i n g .

The actual control room for the "Growian" is located in the swi tch-
house at the foot of the tower which al l monitoring systems are
brought together. From here i t is possible to take the machine
in to any requ i red opera t ing s ta te , e i ther manua l ly o r au tomat ica l
l y. Para l le l i ng , however, i s a l so ca r r ied ou t w i th an au tomat i c
pa ra l l e l i ng un i t i n manua l ope ra t i on .

Both the automat ic contro l and a larm s ignal l ing are subdiv ided
into two separate groups in the control stand of the machine house
and the switch house. The purpose of this is to minimize the num
ber of cores that have to be taken over the pivot points between
the machine house and the tower and, in the event of faults in
these cables, to be able to supply and control the emergency sys
tems in the machine house from the station battery.



-134-

The number of signals involved and the measured values for con
t ro l have no t ye t been fixed in de ta i l . However, i t has a l ready
become obvious that the expenditure involved for a power generat
ing p lant o f th is capac i ty w i l l be qu i te cons iderab le . We must
wait and see to what extent experience with a prototype plant
w i l l make i t poss ib le to s imp l i f y the sys tem.
(F ig . 6 Superv is ion scheme)

8 . C o n c l u s i o n

I t can be seen tha t the fi rs t five o f the seven sys tem requ i re
ments l isted can be met. The last two requirements must be satis
fied by p rov i d i ng spec ia l p ro tec t i ve and aux i l i a r y dev i ces .

9 . S p e c i a l o p e r a t i n g m o d e s a c c o r d i n g t o l o c a t i o n

Where a high number of annual operating hours is involved, the
presence o f sea a i r w i th a h igh sa l t content ca l l s fo r spec ia l
cool ing of the electr ical machine. The cool ing system must be
of the c losed-c i rcu i t type and the cool ing a i r must be cooled
in a secondary c i rcu i t . In the case of "Growian" th is is done
by an a i r /a i r coo ler. Where a genera t ing p lan t i s loca ted in
land, th is a i r /a i r coo ler could be omi t ted and the machine could
be opera ted w i th open-c i rcu i t coo l ing .

A poss ib le in te res t ing app l ica t ion fo r a w ind power p lan t cou ld
be for a local isolated system with a synchronous machine driven
from another primary energy source. Here, the wind power could,
for instance, be used to reduce the fuel consumption of a diesel

generat ing set. One could also consider air storage for a gas
tu rb ine o r a pump p lan t fo r fi l l i ng a s to rage reservo i r i n a
h y d r o e l e c t r i c p l a n t . F o r a p p l i c a t i o n s o f t h i s k i n d , t h e p r e s e n t
"Growian" concept could remain pract ical ly unchanged.
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Pure iso lated operat ion of a "Growian" is not l ike ly to be con
s ide red , a l t hough i t wou ld be poss ib l e t heo re t i ca l l y t o s ta r t
the machine set with the emergency diesel and to obtain the mag
ne t i z ing cu r ren t fo r the exc i ta t ion bu i ld -up p rocess f rom the
d i e s e l g e n e r a t o r.

Where a large number of individual wind power plants of the
"Growian" type are to be connected together to form a so-called
power plant park, a packing density of about 9 plants per square
kilometre could be expected. The spacing of the plants would be
determined by aerodynamic considerat ions.

In regard to the rated current and shor t -c i rcu i t power on the
medium voltage side, a rated current of 3000 A and a short-cir
cuit power of 350 MVA can be calculated at 6.3 kV for the switch-
gear avai lable today. Thus, with a connect ion of the Growians
at this voltage level, i t would be necessary to provide a common
system feed-in via a 30 MVA transformer from the superordinated
high-vol tage system for each group of 9 plants. The so-cal led
system transformers of the typical "Growians" could then be
omi t ted. I f the sys tem t ransformers o f the typ ica l "Growians"
were retained, the medium voltage level could be fixed at 20 kV.
In th is case, the number of "Growians" operat ing in paral le l on
a common medium-voltage bus with a feed-in voltage of 110 kV
would be limited to 25 by the breaking capacity of the 20 kV
breakers . Fo r the sys tem s ide con t r i bu t i on to the sho r t - c i r cu i t
power, a normal 110 kV system with a short-circuit power of
5000 MVA was taken as a basis.

However, this approximation does not take account of economic
considerations or damping elements, nor does it make allowance
for the d i f fe rent outputs ava i lab le f rom the var ious wind power
p l a n t s .
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SUMMARY

Progress in explaining variations of power experienced in the on-line opera
tion of a 100-kW experimental wind turbine-generator is reported. Data are
presented that show the oscillations tend to be characteristic of a wind-driven
synchronous generator because of low torsional damping in the power train,
resonances of its large structure, and excitation by unsteady and nonuniform
wind flow. The report includes a dynamic analysis of the drive-train torsion,
the generator, passive driveline damping, and active pitch control as well as
correlation with experimental recordings. Experimental measurements of the
system transfer function were made by disturbing the blade pitch angle. They
compared well with the model dynamics up through the frequency of the first
mode. Oscillations of power were experienced near the first-mode frequency
and are explained as resulting from the first-mode resonance amplifying distur
bances from, for example, blade asymmetries. Control of power about a set
point used proportional-plus-integral feedback to the pitch actuator, and control
gains were formulated for reducing disturbances up to frequencies less than the
first mode. A fluid coupling installed in the high-speed shaft is one solution
demonstrated for reducing the first-mode resonant amplification.

A predicted second-mode resonance at 3.5 hertz in the power train was not
observed experimentally. A small effect of tower motion within the power train
dynamics (an interaction not modelled) was observed experimentally. Experimen
tally observed variations in power at the two-per-rotor-revolution (2P) frequency
were more than predicted. The larger 2P variation is suspected to be the impact
of local turbulences not modelled. A wind feed-forward control scheme was em
ployed, but failed to attenuate wind-speed-change effects as well as predicted be
cause the anemometer measurement of wind speed used in the control was not well
correlated with the wind speed at the rotor.

INTRODUCTION

A 100-kW experimental wind turbine-generator, designated the Mod-0, is
being used to identify and solve technical problems associated with large wind tur
bines. It is located near Sandusky, Ohio and has been operating since November,
1975 under the federal wind energy program directed by the Department of Energy.
The National Aeronautics and Space Administration, Lewis Research Center, has
provided design and test.

Significant variations of power output are present when the Mod-0 is synchro
nized to a utility network (on-line). Some variations occur because of random
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wind speed fluctuations that are too high in frequency for automatic compensation
through the blade pitch mechanism. Further, blade passage through nonuniform
winds such as wind shear and tower blockage produces high frequency periodic
input diisturbances. Because the generator assumes a torsion spring-like quality
when on-line, a spring-mass resonance in the power tr.ain can result. This reso
nance can be destructive of structure and power quality.

The oscillation of parallel connected synchronous generators is a persistent
problem even in current utilities. As discussed in reference 1, problems range
from power variations of a single generator relative to a utility grid to regional
oscillations for interconnected networks across the United States. Approaches
to oscillations from wind turbine synchronous generators are given in references
2 to 5. The possible implementation of a slip coupling is discussed in reference 2.
A slip coupling adds damping to the power train but at the cost of more complexity
and reduced efficiency. In reference 3, transients accompanying wind gusts, with
a compliant and damped shaft between the turbine sind the generator, are calcu
lated. A compliant shaft smooths the higher frequency power variations and damp
ing prevents resonant oscillations with no steady power loss. However, construc
tion of a suitably soft and damped shaft is not easily achieved. The use of a com-
li.ant shaft to lower the first resonance to below the turbine rotation frequency is
analyzed in reference 4; and a method for increased generator damping through
a variable excitation control is described in reference 5.

This study examines the nature of the power variations and evaluates, through
analysis and test, several passive drive-train coupling elements and active pitch
controls. Only torsional power-train dynamics are considered, and the analysis
utilizes a linearization of the nonlinear system about an operating point. The wind
turbine generator is modelled as one machine on an infinite bus with constant gen
erator field excitation. The report does not include discussion of induction gener
ators, fly wheel inertias, and active damping through variable blade pitch and
generator excitor controls.

SYSTEM DESCRIPTION

An overall view of the Mod-0 wind turbine is shown in figure 1. It is a two-
bladed, horizontal axis machine with a rotor diameter of 38.1 meters (125 ft).
The axis of the downwind rotor is mechanically yawed normal to the wind. The
blades are aluminum NACA 23000 series airfoils with a twist of 34° from root to
tip. The power train components, located inside the nacelle atop the tower, are
shown in figure 2. The hub contains the hydraulic servo and bevel gears for col
lective pitch control. The low speed shaft supports the weight of the rotor through
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For the dynamics study, the blade model was a single mass and torsion
spring. The spring stiffness was sized to give the 2.47 hertz frequency calcu
lated for the blade first inplane mode from structural studies (ref. 7). A nominal
value of one-half of the rigid body moment of inertia was assigned to the blade tip
and the remainder to the hub. The sensitivity of this approximation is discussed
later.

A block diagram of the generator electrical model connected to an infinite
bus is shown in figure 5. The generator model is the voltage-behind-subtransient-
reactance model, E", of reference 8.

Control

An active generator exciter control is not modelled. Field tests showed the
exciter response to be slow; hence a constant voltage is used. An active variable
blade pitch angle control is modelled. The pitch actuator is modelled as a double
lag at 1.5 hertz based on test measurements of the actuator response.

The static performance predicted for the blades is given in figure 6. For a
power-train efficiency of 80 percent, a 125-kW rotor power input produces a 100-
kW electrical power output. The blade pitch gain, the slope of the power-pitch
curve, is shown at two wind speeds. The blade pitch gain of 42 kW/deg at the
higher wind speed is about four times greater than the gain at the lower wind
speed. To be conservative, that blade gain of 42 kW/deg for the higher wind
speed is used in controller gain designs. The disturbance gain for wind speed
changes can also be inferred from figure 6. In the high winds it is 56 kW/m/s
(26 kW/mph). In a wind feed forward control scheme to be discussed later, the
correction in pitch used for a change in wind speed can be obtained from these
gains as (56 kW/m/s)/(42 kW/deg) = 1.34 degrees of pitch change per meter per
second change in wind speed.

Model Equations

A list of the report symbols, detailed mechanical and electrical model equa
tions, and FORTRAN computer program listings are presented in appendixes A,
B, and C, respectively.

The power-train model has two nonlinear elements: the stiffness of the low
speed shaft coupling, .and the electrical generator. However, a linear analysis
was used throughout the study. The low speed shaft was linearized at the oper
ating point power level, and the generator equations became linearized by numer
ically perturbing the state variables (in both directions) around an operating point.
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bearings mounted to the bedplate .and is connected to the gear box through a spring-
type coupling (not shown). The gear box is a triple mesh of gears that increases
the 40 rpm rotational speed of the low speed shaft by a factor of 45. The high
speed shaft transmits the torque through a parallel set of five V belts, nominally
having a 1:1 speed ratio. The generator is a four pole, 125 kVA, 480 volt, syn
chronous generator rated for 100 kW at a 0.8 power factor.

Three high speed shaft configurations were analyzed in the test program: a
stiff steel coupling, a softer spring elastomeric coupling, and a fluid slip coupling.

A block diagram of the power control feedback loop is shown in figure 3. A
transducer measurement of the power is compared with set point power and the
error sign.al sent to a proportional plus integral .structured controller. The con
troller commands a pitch angle through the pitch actuator.

MODEL DESCRIPTION

The primary goal of the power train modelling was to describe the transfer
function of generator power-to-blade disturbances for on-line operation.

Drive Train

A block diagram of the power train mechanical elements represented as
lumped masses connected by torsion springs is shown in figure 4. The values of
stiffness, inertia, internal damping, and external damping used in this model are
listed in table I. The stiffness and inertia values are from a normal modes analy
sis of the Mod-0 wind turbine reported in reference 6. The aerodynamic damping
of blade inplane motion, parameter DI, was estimated from curves of rotor power
at different speeds and is relatively small, especially considering it represents
the inherent damping available from the wind. The external damping values repre
sent viscous losses from friction, windage, etc. which are based on a measured
80 percent power train efficiency. The relatively larger intern^ or material
damping values are estimates based on an assumed 0.05 damping ratio in the
higher modes.

Two sets of values are given for the elastomeric shaft. The parameters la
beled "stiff" are the parameters for the physical elastomeric shaft tested. The
set labeled "soft-damped" are for an assumed shaft with an overly optimistic
damping. Its lower stiffness corresponds to the stiffness obtained from bench
tests rather than the stiffness measured in actual wind turbine test operation.
The shaft was instrumented to enable recording its windup while rotating at 1800
rpm. The higher stiffness recorded is believed to be the result of internal bind
ing of the elastomeric sh^ steel supports.
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The generator linearization was not particularly sensitive to the perturbation size
for even a 20 percent change. System transfer functions and frequency responses
were obtained using the programs of reference 9. In comparisons of experimental
and analytical results, a few percent error may exist because the generator power
and the generator torque were assumed proportional and were used interchange
ably.

MODEL ANALYSIS

The analysis concerned primarily the transfer function of generator power-
to-blade disturbances with different plant element dynamics and pitch control.
Sensitivity studies were made for different blade tip inertias and generator elec
trical conditions.

Plant Dynamics - No Control

Frequency response magnitude plots of the tr.ansfer function of generator
power-to-blade disturbances are shown in figure 7. Phase angle plots convey
mostly redundant information and are not shown. Blade disturbances can result,
for example, from angle of attack changes due either to changes in wind speed or
pitch angle. Responses are shown for three high-speed shaft configurations: a
stiff steel shaft, a soft-damped elastomeric shstft, and a slip coupling set to slip
2.3 percent at 100 kW. The responses are normalized to one at zero frequency
and include no pitch control. The stiff steel shaft displays a large peak in the
response at 0.69 hertz, a frequency very close to the one per rotor revolution
(IP) frequency of 0.67 hertz. This resonance amplifies wind fluctuations and the
periodic power variations due to, for example, any differences between blades.
The peak is less with the slip and elastomeric couplings because of the damping
the couplings provide.

From figure 7 it can be seen that the responses of the different configurations
are about the same at the even multiples of rotor revolution frequency (2P,4P,

.). The largest difference occurs at the 2P frequency where the slip coupling
response is about 50 percent lower than that of the stiff shsift. Thus it would be
expected that the response to disturbances at frequencies above 2P would be nearly
the same for all configurations.

The systems' first and second mode natural frequencies and damping ratios
corresponding to the peaks in the magnitude response plot are listed in table II.
It is seen that the different couplings affect primarily only the first mode damping
ratio. The ratio increases from 0.097 for the stiff elastomeric coupling, to 0.10
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for the stiff steel shaft, to 0.42 for the soft-damped elastomeric coupling, to 0.92
for the 2.3 percent slip coupling. Note that the damping ratio for the stiff elasto
meric shaft is lower than for the stiff steel shaft, showing that a softer coupling
lowers the resonant frequency but without enough damping may increase the reso
nant amplification.

As discussed, the blade tip moment of inertia was set to one-half of the blade1 s
rigid body moment of inertia. System frequency responses with the slip coupling
configuration for three blade tip inertias of 0.1, 0. b, and 1.0 of the rigid body in
ertia are plotted in figure 8. To keep the results comparable, the blade1 s natural
frequency and damping ratio with the hub f.ixed and the total moment of inertia of
the blade tip plus hub were held constant. It is seen that the second mode of the
power train is sensitive to the tip mass. The smaller tip mass results in more
peaking at a lower frequency.

In another sensitivity study, changes in the generator and electrical tie line
conditions were investigated. The sensitivity analysis was for one machine on an
infinite bus with no active exciter control. The conditions were changed one at a
time from the power factor of 0.8 to 1.0, the power level of 100 kW to 10 kW, and
from the external tie line reactance of 0.0103 per unit to 0.3 per unit. Results
are considered for the stiff shaft configuration because of its initially low damping.
The power train's first .and second mode characteristics are listed in table III.
The first mode damping ratio increases for increased power factor and decreases
for decreased power. The sensitivity to all changes, however, is small.

Periodic Response

The periodic disturbances resulting from linear wind shear and tower blockage
of the wind were calculated by the rotor aerodynamics program MOSTAB-WT
(ref. 10). (In the MOSTAB program the blade is divided into 12 segments and al
lowed to move in the flap direction. The program assumes a rigid rotating hub
with no blade torsional dynamics.) The time domain power variations calculated
by MOSTAB for three different wind speeds are plotted in figure 9. In high winds
the rotor power momentarily drops to less than half. The spectral components of
the rotor power curves of figure 9 are plotted in figure 10. The curves have con
tent only at the even multiples of rotor frequency (2P,4P, . . .) which is the case
for periodic disturbances to two symmetric blades.

A MOSTAB forcing function and the resulting responses in power output are
shown in figure 11. The method used to obtain the power responses in the time
domain was:
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(1) Use MOSTAB to calculate the forcing function as a function of time.
(2) Take a Fourier transform of the forcing function.
(3) Multiply by the appropriate drive-4rain transfer function.
(4) Take an inverse Fourier transform of resulting product.

The responses obtained for the three high-speed shaft couplings appear similar.
The output variation displays a 2P and a 4P component nearly equal in amplitude.
The maximum excursion of power is about 7 kW from the mean.

The spectral magnitude components of the output power (from step 3 above)
at the key (2P, 4P, . . .) periodic frequencies are plotted in figure 12 for the slip
coupling configuration with no blade pitch control. These magnitudes are less
than the MOSTAB disturbance given in figure 10 by the attenuation of the power
train. Consistent with the time response description, the 4P components are as
large as the 2P components.

Closed Loop Pitch Control

The proportional plus integral blade pitch controller was described in fig
ure 3. System magnitude responses with closed loop pitch control are shown in
figure 13 for the slip coupling configuration for a family of controller gains each
having the proportional gain equal to one-half of the integral gain. For a given
integral gain, that ratio nearly maximizes the damping ratio of the first mode.
Depending on gain, the control attenuates disturbances to a value between 0.7 and
0.2 of their open loop value at a frequency of 0.1 hertz. At a frequency a decade
lower the closed loop amplitude is about a decade lower because of the integral
control action. All responses peak above the open loop amplitude before reaching
the system first mode frequency. The peaking develops into a closed loop insta
bility with sufficiently high gains at about 0.6 hertz. The effect of the control is
not significant at the (2P,4P,. . .) blade passing frequencies because the control
bandwidth is less than the 2P frequency.

The effect of the controller with the stiff steel shaft is similar to results
shown for the slip coupling if a filter set to notch out frequencies near the system
first mode is used in the control. The notch filter used was a second order zero
with a damping ratio of 0.1 (to cancel the system first mode) over a second order
pole with a damping ratio of 1.0. Of course, the control does not remove the first
mode resonance, which continues to exist, but the control does not excite this reso
nance. Without the notch filter the stiff high-speed shaft coupling is harder to con
trol. For example, for system stability there can be no si.gnifleant proportional
gain and the integral gain must be low.
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Wind Feed Forward Control

A wind feed forward control scheme using the wind speed signal as an open-
loop input into the pitch angle control was investigaged as a means of attenuating
the effect of wind speed changes. A schematic of the wind feed forward control is
shown in figure 14. The anemometer used was insensitive to the wind direction
and was located on the nacelle. It was about 4.6 meters upwind of the rotor and
had about a 4.6-meter of air distance constant. These characteristics are
modelled with an exponential lead and a lag. Figure 15, a cross plot of the data
in figure 14, shows the pitch .angle required to keep constant power for different
wind speeds. The rated and low power curves shown have nearly the same slope,
1.342 deg/(m/s), thus one gain can approximate all power levels. The feed for
ward schedule is cut off for wind speeds below 8 m/s, and the output of the closed
loop power control effectively biases the schedule up and down. A potential flaw
in this scheme is that the wind speed measured by the relatively small anemom
eter may not be representative of the rotor average wind velocity.

The wind speed correction has dynamics because the signal must pass through
the anemometer and pitch actuator dynamics. With an ideal measurement of the
wind speed (one that is truly representative of the instantaneous blade average
wind) and the assumed linear relation between wind speed and power, disturb.ances
due to wind speed changes would be attenuated by the following factor

1 -

distance upwind
x wind speed

distance constant m + A (aotuator constant s + xf
wind speed

The frequency response magnitude of this expression is plotted in figure 16 for
several wind speeds. It can be seen that the feed forward control theoretically
should result in greatly reduced low frequency wind disturbance error and error
reduction up to about 2 hertz.

RESULTS AND DISCUSSION

As part of the search for a better understanding of the Mod-0 power variations
and the means to smooth them, experimental measurements of the power train dy-
n.amics were made and compared with model predictions. Measurements were
made for the three high-speed shaft couplings, a range of controller gains, and
with wind feed forward control. The transfer function of generator power output-
to-rotor disturbance was the key relationship sought.
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Transfer Function Measurement

To obtain data on the response of output power to rotor disturbances, the
blade pitch angle was intentionally disturbed. In figure 17, a schematic block
diagram of the setup used to disturb the blade pitch angle is shown. A signal from
a random noise generator was summed into the pitch command. The resulting
pitch disturbance provided data for transfer function measurements. About
25 minutes of data were recorded to achieve statistically good results for each
test. The taped signals were either analog or sampled adequately to be nearly
analog for frequencies of interest below 10 hertz. The reduction of data to its
spectral content and transfer function relationships was performed using a spec
trum analyzer (ref. 11).

For some tests in days of low winds, the generator was run as a motor driv
ing the blades as a fan. Comparisons showed that whether the generator was run
as a generator or as a motor did not significantly affect the transfer functions
sought.

An exsimple measurement of the transfer function of electric power output to
pitch angle change is shown in figure 18. The data are most reliable near 0.5 and
2.0 hertz.as indicated by the high coherence. That is, the output is attributable to
the input .and not to some other plant noise. Near zero frequency the coherence is
low and the data are not reliable. The magnitude response does not hold a nearly
constant value extending to zero frequency because wind speed changes compete
with the test pitch disturbance. The action of the closed loop control is to sup
press power changes. This occurred primarily at low frequencies where the
wind's content is concentrated (ref. 12), and where the loop gain is highest be
cause of the integral control. The coherence is also low near 0.7 and 1.3 hertz
because of system IP and 2P disturbances not related to the test disturbance.
Beyond about 2.5 cps the coherence is generally near zero, and further results
are reported to only 2.5 hertz.

There was no clear measurement of a system second mode resonance which
the power train dynamic model would predict to be near 3.5 hertz. A second mode
resonance would be indicated by a peak in the magnitude response accompanied by
a phase shift of 180° and high coherence. In the sensitivity study, it was noted
that the second mode peak decreased for increased inertia in the blade tip. How
ever, it may not follow that the experimental nonobservance of a second mode can
be used to increase the tip inertia because the cantilevered and tapered blade was
represented by only a single mass.
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Stiff steel shaft. - A transfer function measured in high winds with the stiff
steel high-speed shaft (no slip coupling) .and the corresponding model predictions
are compared in figure 19. The vertical magnitude axis scale is linear to more
clearly illustrate the large resonance. The resonant frequency, that frequency
where the phase is -90° and the magnitude peaks, is seen to be 0.69 hertz which
is also the calculated value. The experimental resonant peak is lower than that
predicted by the model. The experimental first mode damping ratio is estimated
to be 0.22 which is more damping than the calculated value of 0.10 (table II). In
creased damping could result from slippage in the V belts. About 0.3 percent
slip was found; but it was not very repeatable. A 0.3 percent viscous slip in the
model results in a 0.2 damping ratio but lowers the calculated first mode fre
quency lower than the measured value. Alternative expirations include presum
ing the generator has more damping than calculated. It is more likely, however,
that nonlinearities become important for large swings in power. Nonlinearities
in a system may appear to decrease a resonance because power input at one fre
quency may shift upon output to different frequencies .and thus be missed in the
data reduction.

Stiff elastomeric shaft. - A measured and calculated transfer function with
the stiff elastomeric high-speed shaft is shown in figure 20. A large fir,st mode
resonant peak, similar to the results with the steel sh.aft, is evident in the plot.
The observed resonant frequency is 0.54 hertz which is also the calculated fre
quency. From the transfer function magnitude and phase characteristics, the
first mode damping ratio is estimated to be 0.22, which is more damped than the
calculated value of about 0.1. It is noted that experimentally, both the elasto
meric .and the steel shaft responses give a damping ratio of about 0.22. Slip in
the V belts in the motoring mode where the ela.stomeric sh.aft test was run was
much less than the 0.3 percent slip quoted for the steel shaft. The likely explana
tion for the greater apparent damping again being that, for large swmgs in power,
nonlinearities in the system appear to reduce the resonant peak.

Slip coupling. - The calculated and measured system transfer functions for
the slip coupling set to slip 1.5 and 4.7 percent at 100 kW are compared in fig
ures 21 and 22, respectively. The predicted responses are in good agreement
through the first mode resonance of about 0.5 hertz. Near 2 hertz there exists a
difference of .about 10 dB or a factor of 3. This is discussed next.

Tower interaction. - In previous tr.ansfer function magnitude comparisons the
amplitude responses of the model were lower than the experimental data near
2 hertz. Because measurements of tower motion correlate well with power varia
tions near that frequency it is believed that there is tower interation. Three ac-
celerometers were mounted in perpendicular planes on the rear main bearing
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support of the low speed shaft. Only the horizontal yaw results are reported; the
other two planes were similar. To show the effect of tower motion on the power
train, the path is broken into two parts. First, the response of tower acceleration-
to-pitch is shown in figure 23, .and then the response of power-to-tower accelera
tion is shown in figure 24. Judging from the coherences, this path is important
only near 2 hertz where tower natural frequencies are excited. At 1.85 hertz it is
interesting to note that "acceleration-to-pitch" (0.18 g/deg) times "power-to-
acceleration" (107 kW/g) equals 19 kW/deg. This 19 kW/deg compares well with
the direct value obtained from figure 21 of about 17 kW/deg measured (and 6 kW/
deg calculated). Thus, with good coherence, the tower motion path accounts for
the higher response magnitude. Fortunately, tower motion does not cause a seri
ous problem for the Mod-0 because it occurs at a relatively high and well placed
frequency in comparison with the major excitation forces.

Control gains. - The effect of the controller on the closed loop response of
power-to-pitch command is shown in figures 25 and 26. Figure 25 was run at
normal values of proportional and integral gain while in figure 26 the gains were
increased by a factor of 6. Calculated responses are shown in both cases; it is
noted that the analytical and experimental results agree well. The response with
the high gain controller exhibits better low frequency attenuation but it is more
resonant. The actual system was nearly unstable; it oscillated out of synchronism
moments after completing the test tape. The model with that high gain was un
stable. The phase response calculations are shown to only the frequency of insta
bility. Obviously the control gain needs to be some compromise between attenua
tion at low frequency and amplification near the first mode.

Wind feed forward. - Operational data recordings of the slip coupling configu
ration were made with and without wind feed forward control. Comparisons varied
because of wind differences between runs and it was difficult to isolate the effect of
the feed forward control. A comparison of the coherences of the responses of
"power-to-the measured wind speed" is shown in figure 27. The argument for
wind feed forward is that it should decrease any relation between wind and power.
It is seen that in both cases the coherence is mostly low and the transfer function
data are not reliable. The coherence with feed forward showed a lower relation at
the very low frequencies but a generally higher relation up to 1 hertz. This would
indicate that the feed forward as implemented was increasing rather than decreas
ing power excursions resulting from unsteady wind conditions over a broad fre
quency range. This is attributed to the single, relatively small wind speed sensor
not being a reliable indication of the instantaneous average wind over the circle of
area swept out by the blades.
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Power Time History

Sample time history traces of Mod-0 power variations about a 100-kW set
point are .shown in figures 28(a) and (b). The power dropped below the set point
sometimes because there was not enough wind. In circled areas labeled "over
power", the power peaked to near 150 kW. In the figure 28(a), the case without
wind feed forward, the overshoot was apparently in response to a gust of wind.
It is noted that control action subsequently reduced the power level although the
wind speed remained high. In figure 28(b), the case with wind feed forward, the
power overshoot occurred in response to a drop in the measured wind speed! Ap
parently, the feed forward control over-corrected because the measured drop in
local wind was not representative of the blade average wind speed. Unlike the
model calculations of figure 11, the power exhibits oscillations at a frequency of
2P fading in .and out. The 2P oscillations have at times about a 20-kW zero-to-
peak amplitude for both low and high winds. This 20-kW (maximum) .amplitude
compares poorly to a predicted (mean) amplitude of only 1.2 kW in a 8.9 m/s
wind ftorn, figure 12.

Spectral Analysis of Power

A frequency domain spectral analysis of generator power measurements is
shown in figure 29. The peak at the odd IP multiple exists because, as was found,
the blades were not pitched the same by a difference of 1.7°. The source of the
peaks labeled "X" at 2.56 hertz and at twice that frequency has not as yet been
identified. There are peaks at the even multiples of the blade passing frequencies
(2P, 4P,. . .). The 2P peak differs qualitatively from the others in that it is much
broader. This may suggest that nonlinear or higher order couplings exist. An
other possibility is that the flow field has random local distortions over only part
of the blade area and lasting only a few revolutions so as to modulate the periodic
power around the 2P frequency. The buildup around the 2P peak was observed
"real-time" during the data reduction. It appeared to be random, lending support
to assumed unsteady local wind turbulence.

In figure 30, the frequency content in the peaks of the spectrum of figure 29
are compared with model predictions. The experimental peaks are not a single
frequency as in the analytical case. The effective content of the broad peaks was
calculated as the square root of the sum of the squares of individual analyzer
readings. The analytical points were values from figure 12 divided by the square
root of two to convert zero-to-peak sinusoidal amplitude to root mean square
power. The comparison shows good agreement at the 4P and 6P frequencies, but
there is much more content in the experimental data at 2P and 8P. The 8P content
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was small enough and at a high enough frequency to be insignificant. The average
2P output power content, about 4 kW rms, is about four times that predicted and
is discussed further.

Power oscillation at the 2P frequency has just been shown higher than that
predicted using input from MOSTAB for a fixed hub applied as a schedule to the
power train torsional model. An insight is that the 2P power correlates well with
the blade flatwise bending moment (a nontorsional moment and not in the model).
Transfer function data between power and blade flatwise bending moment, from
experimental data recorded during normal operation are shown in figure 31. Be
cause the coherence is high near the 2P frequency, it can be concluded that the 2P
power variations result probably from a forcing function and not some unknown
torsional resonance. A 2P forcing function not considered in the MOSTAB calcu
lations is nonlinear wind shear. The MOSTAB calculations assumed a linear wind
shear of plus and minus 15 percent of the hub wind speed. This linear shear
causes little net aero-torque variations as blade differences cancel. However, a
quadratic shear with power portional to wind speed would increase the aero-torque
variations. A calculation that does not include inertial effects from flap dynamics
shows quadratic shear could about double the 2P spectrum content (add a 7.5 kW
sinusoid to the 2P rotor input or 1.3 kW rms to the 2P generator output). Another
possible source of 2P power variation not considered in the MOSTAB calculations
are random local turbulences.

CONCLUDING REMARKS

1. Oscillation of electric power near the one-per-rotor-revolution frequency
(IP) was evident during early on-line tests of the Mod-0 with the stiff high-speed
shaft. This was found to result from a torsional power-train resonance near the
IP frequency having only a 0.10 damping ratio. The resonance-amplified IP
noise resulting from nonsymmetric blade-pitch settings. The control system
(when without a first-mode notch filter implemented) further increased the oscilla
tion. The frequency of the first mode depends upon the power-train torsional
spring rate. To shift the resonant frequency away from the IP frequency and to
add damping to the system so as to reduce the amplification, different high-speed
shaft couplings were studied. The calculated damping ratio of the first mode in
creased to 0.42 for a soft-damped elastomeric couplmg .and to 0.92 for a fluid
coupling set to slip 2.3 percent at 100 kW. Experimental measurements of the
system transfer function compared well with linear-model dynamics up through
the frequency of the first mode. In particular, the ability of the slip coupling to
d.amp the first mode in comparison with the stiff sh.aft was demonstrated experi
mentally.
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2. Although the model predicted a significant resonance from the second mode
of the power train, there was no clear measurement proving its existence.

3. A small tower motion was observed experimentally. However, tower mo
tion was not part of the power-train model.

4. The measured power content near the two-per-revolution (2P) frequency
was broadband and had some four-times-greater content than predicted. The
larger 2P pov/er maty result from local turbulences acting over only part of the
blade area.

5. In a sensitivity analysis, dynamics of the power-train model (with constant
generator excitation) were not significantly affected by small variations of the gen
erator and electrical parameters of power level, power factor, and tie-line reac
tance.

6. Closed-loop pitch controller proportional-plus-integral-feedback gains
were formulated that could attenuate low-frequency disturbances but only up to
frequencies less than the system first mode. Excessively high gains drove the
system toward instability at about 0.6 hertz.

7. Analysis of a wind feed-forward control scheme using a wind-speed signal
to command pitch indicated virtual elimination of low-frequency wind effects .and
attenuation to frequencies well beyond the system first mode. But the large advan
tage predicted was not seen, on the average, experimentally because the measured
wind speed did not represent the instantaneous wind speed past the rotor blades.
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APPENDIX A

SYMBOLS

C t o r q u e c o n v e r s i o n , N - m / P. U .

D e x t e r n a l d a m p i n g , N - m / ( r a d / s e c )

d d i r e c t a x i s
d i n t e r n a l d a m p i n g , N - m / ( r a d / s e c )

E r m s E M F , P . U .

E F D fi e l d E M F , P . U .
F t o r q u e , N - m

I r m s c u r r e n t , P . U .
J i n e r t i a , N - m / s e c

j i m a g i n a r y n u m b e r
K,, K2,Kd constats
k s p r i n g r a t e , N - m / r a d
P r o t o r f r e q u e n c y

q q u a d r a t u r e a x i s
R r e s i s t a n c e , P . U .

R g e a r r a t i o6
r r e f e r e n c e a x i s

r a r m a t u r e r e s i s t a n c e , P. U .a.
s L a p l a c e v a r i a b l e , s e c "
T t i m e c o n s t a n t , s e c

T b b l a d e t o r q u e , N - m
T e l e c t r i c a l t o r q u e , N - m

V v o l t a g e , P . U .
v w i n d v e l o c i t y , m / s

X r e a c t a n c e , P . U .
X , c o n s t a t
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x synchronous reactance, P.U.

xad mutual armature damper circuit reactance, P.U.
Y a d m i t t a n c e , P. U .

jS angle between V_ and v. rad
0 pitch .angle, deg
6* angle between quadrature and reference axis, rad
6"' .angle between E,f and reference axis, rad

8 angle between reference axis and I , rad

Xjy stator rms subtransient flux linkage, P.U.
cp angle between I and VoJ rada a
Subscripts:
a a r m a t u r e
d d i r e c t a x i s

e e x t e r n a l
IC ini t ial condit ion

q quadra ture ax is
r r e f e r e n c e a x i s
t t e r m i n a l

x conjugate direction to r axis

0 o p e n c i r c u i t
1 fi r s t b l a d e
2 second b lade

3 hub and low speed shaft

4 gear box and high-speed shaft
5 first pulley .and "V" belts

6 second pulley and generator
» i n f i n i t e b u s

Superscripts:
1 t r a n s i e n t
" s u b t r a n s i e n t
* summed impedance
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APPENDIXB

MODEL

Mechanical Model

The differential equations of the mechanical model of the Mod-0 power train
shown in figure 5 are listed below for a perturbation about an operating point.

-V i - Fi - Vi+Tb

y 2 = f 2 - D i * 2

J3«3 = F3-F1-F2-D3»3

j/4 = EgF4 " F3 " RgD4«4

h65 m F5 " F4 " D565

J666 ~ "F5 -D6e6-[(re- TeyC
where the forces F. between the inertias are

Fl=kl«>3-ei> + dl(<>3-<>l)

F2=k1^3-e2) + d1(»3-«2)

F3 = k3<e4-93) + d3(»4-63)

f4 = k4(e5 - Rge4) + d4(e5 - Rge4)

F5 = k5<96 - fl5> + d5(«6 " 0

Generator Model

The differential equations for the generator model shown in the figure 7 block
diagram are listed next.
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where

Te-ESd+Ejq

TqOEd = "Ed " <xq " «">Iq

TdO*D = "*D + V (Xd " V*d

TdOEq = "Eqd + Kd) + X^ + K^ f EFD

Eq=KlEq + K2*D

Id = Y[-R(Vood - EJJ) + X"(V„q - Eq)]

"-^'(V^-E^ + ficV^-E^I

E = r„ + R„a e

X" = x" + X.

V^d = -V„ sin(2e6 + 6IC)

V„q = V. cos(266 + 6IC)

Y = l (Rf + (X")2]
K1 = (x"-XjJAxj-x^)

*2 = 1 " K-i

Kd = (xd-x'd)(xd-x")/(Xd-^)2

X x d M X d - X ^ X - . X j ^ - X j )

Model electrical parameters are given in table IV. The external tie line re
sistance and reactance values listed are for the Mod-0 Plum Brook Station location.
The following four parameters listed were estimated as follows.
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x" = (jq + xJj)/2

Td0=Td<xa/xd>

Td0 = Td<Vxd>

h = xd " xad

INITIAL CONDITIONS

The assumed known initial variables were not model states but the machine
power, the power factor cos cp, and voltage of the infinite bus V^. An ini
tial condition phase diagram is given in figure 32. The model values derived
are in the direct-quadrature axis which is a rotated mirror image of the refer
ence bus axis.

An estimate of current Ia is

I, s. machine power/^oo cos (p)a

The power into the infinite bus is the machine power minus the transmission line
ohmic loss.

2bus power = machine power - RI

The current I in phase with this power is

I = bus power/V^

The derivation of the I component follows. The coordinates of V from. X . * *

figure 32 (or p. 161 of ref. 8) using complex arithmetic are

va " v„ + VRe + 3Xe>

Va " VM + <Xr + IV<Re + JXe>

Va = (V. + IrRe - IxXe) + j(IxRe + IrXe)

The single p between Va and V is
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P = tan""1(Imag V /Real VJ

-1 V^e + lrXe0 = tan 1 x e r e
V . + ^ e - V ^ e

The power factor angle <p between I .and V„ is the arc cosine of the power
factor.

<p = cos" (power factor)

From figure 32

<p = p-e

where 6 is the angle of Ia with the reference or

9 = tan"1(Ix/Ir)

Thus

tan cp = tan(/3 - 6) - tan ** " tan 6
1 + tan 0 tan 0

which .after substitution for 0 and p can be solved for I .x

^ - V o o *
VJ - 4(-Xe + Re tan ^(-1^ + ij^ + R^tan <p

2(-Xe + Re tan cp)

The sign of the quadratic used was that for the minimum Ix (a negative number).
From figure 32 the F" and E vectors with respect to the reference .axis

are

va = V« + yRe+JXe)

E" = Va + Ia(ra + jx")

Eqa = Va + Ia<ra+Jxq>



-164-

These variables are related to the model d-q axis. The electrical angle 6 be
tween the q and r axes is

6 = tan"1(Imag Eqa/Real Eqa)

The angle 6" of the E" vector to reference is

6" = tan"1(lmag E"/Real E")

From figure 32 geometry

E" = |E"| cos(6- 5")

E^ = - |EM| sin(6- 6")

Id = - |la| sin(6-0)

Iq = |lal cos(6-0)

The other initial conditions can be found by setting the state equations to zero.
The A,} state equation and the E" equation are two equations in two unknowns.

-XD + Eq + (xd-x4)Id = 0

KlE'q + VD " Eq " °
with solutions

or using the definition of K£

E'q = Eq' - (xjj - x")Id

and

AD = Eq+<xd~ V*d
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The E! state equation solved for E™ is

EFD = Eq(1 + Kd> * ^Wd " Kdh)

The set of numerical values for the figure 32 nominal operating point and pa
rameters of table IV are listed below.

M a c h i n e p o w e r , P . U » 0 . 8
P o w e r f a c t o r 0 . 8
V , P . U 1oo

I a ( r , x ) ( 0 . 7 9 5 3 , - 0 . 5 8 9 8 )
V a ( r , x ) ( 1 . 0 0 9 8 , - 0 . 0 0 5 4 )
E q a ( r , x ) ( 1 . 6 5 1 7 , 0 . 8 4 1 1 )
E " ( r , x ) ( 1 . 1 1 8 8 , 0 . 1 2 2 5 )
6 , r a d 0 . 4 7 1 0
6 " , r a d 0 . 1 0 9 0
T , P . U 0 . 8 1 7 6

I r , P . U 0 . 7 9 5 3
T , P . U - 0 . 5 8 9 8

E ^ P . U - 0 . 3 9 8 5
E " , P . U 1 . 0 5 2 5

C r a d 0 . 6 3 8 1

I d , P . U - 0 . 8 8 6 5
I , P . U 0 . 4 4 1 1

E ' , P . U 1 . 0 5 6 5

X p j , P . U 0 . 9 5 4 6

E F D , P . U 2 . 8 6 9 4
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APPENDIX C

COMPUTER SUBROUTINES

Computer subroutines written in FORTRAN generated the initial conditions
.and state derivatives for a linear analysis package. These subroutines are listed
in figures 33 and 34.

The FORTRAN symbols which are unlike the report symbols are defined
below.

Z(l) = *1 Z(11)=06

Z(2) = *1 Z(12)=06

Z(3) = 02 Z(13) = E^

Z(4) = *2 Z(14) = ^

Z(5) = h Z(15) = E'q

Z(6) = h Z(16) = Te (lagged at 10 Hz)

Z(7) = h Z(17) = P

Z(8) = *4 Z(18) = P

Z(9] = *5 Z(19) = controller state

Z(10) - H
CD1 = D 1 , e t c . K l l = k x

DI = d , , e t c . R I = R „1 ' g
DLT = 6 " T M = T ^

IC

The F vector is the derivative of the Z vector. For example, F(1)=01
and F(2) = 0-, • Other constants are
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B = 2/0.112 servo damping

CONVRT (in-lb/P.U.) = torque high speed sh-aft

Gain (in-lb/P. U.) = tr.ansducer gain -=^- V/kW x servo gain (9.4 deg/V)
150

x blade gain (42.5 kW/deg) x convert (5869 in-lb/P, U.)

x speed ratio R (45 rpm/rpm
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TABLE I. - MECHANICAL PARAMETERS

(a) SI units

Station Inertia J, Stiffness k, Internal External
subscript N-m-sec N-m/ rad damping d,

N-m
damping D,

N-m
(rad/sec) (rad/sec)

1 31 930 7 682 968 33 895 3051
3 64 686 a558 477/^kW 2 260 114
Four 2.3 per 2 859 0 131 .113

cent slip
Four steel 1 154 75 474 21 .113
Four elastomeric 1 154 654 366 .113

(soft-d.amped)
Four elastomeric 1 154 3 054 122 .113

(stiff)
Five slip .1.69 20 337 17 .07
Five no slip .86 20 337 17 .07
6 .11 .18

(b) U.S . customary units

Station Inertia J, Stiffness k, Internal External
subscript lbf-.in-sec lbf- in/ rad damping d,

lb f - in
damping D,

lb f - in
(rad/sec)(rad/sec)

1 282 600 68 000 000 300 000 27 000
3 572 520 a4 943 000 A/kW 20 000 1 010
Four 2.3 per 25 300 0 1 160 1.0

cent slip
Four steel 10 210 668 000 186 1.0
Four elastomeric 10 210 5 790 3 240 1.0

(soft-damped)
Four elastomeric 10 210 27 039 1 080 2.0

(stiff)
Five slip 15 180 000 150 .62
Five no slip 7.6 180 000 150 .62
6 24.2 1.6

aLinearized .about steady state. Curve fit to stiffnesses of low speed shaft
plus Falk coupling plus gears.
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TABLE H. - SYSTEM RESONANCES - NO CONTROL

Configuration First mode Second mode

Natural
frequency,

cps

Damping
ratio

Natural
frequency,

cps

Damping
ratio

2.3 Percent slip at
100 kW

Elastomeric (soft-
damped)

Elastomeric (stiff)
Stiff steel

0.430

.516

.582

.689

0.920

.420

.097

.104

3.495

3.533

3.522
3.540

0.063

.058

.056

.056

TABLE IH. - POWER TRAIN (STIFF SHAFT) SENSITIVITY

TO ELECTRICAL FACTORS

Variable First mode Second mode

Natural
frequency,

cps

Damping
ratio

Natural
frequency,

cps

Damping
ratio

Nominal8,
Power factor = 1

Xe = 0.3
Power = 11 kW

(no change in k3)

0.689
.713
.641
.570

0.104
.192
.080
.067

3.54
3.55
3.50
3.49

0.0558
. 0551
.0537
.0684

Nominal conditions are power factor •- 0.8, external reactance^
X_ = 0.0103^ power ■■= 103 kW.
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TABLE IV. - ELECTRICAL PARAMETERS

T £ s e c 0 . 0 0 8 5
T " s e c 0 . 0 6 2

T [ j , s e c 0 . 1 4 5

T j j 0 , s e c 0 . 0 1 1
T j j 0 , s e c 1 . 9 4 2
x ^ , P . U 0 . 1 2 8
x j j , P . U 0 . 1 6 5

x d , P . U 2 . 2 1
x " P . U 0 . 1 9 3

X g , P . U 0 . 0 5
x a d > P U 2 1 6
x M , P . U 0 . 1 6 0 5

K v P . U 0 . 9 6 1

K 2 , P . U 0 . 0 3 9
K d , P . U 0 . 6 9 6

X x d , P . U 1 . 9 6 5
r , P . U 0 . 0 1 8a
R 0 , P . U 0 . 0 0 4 6 6

X 0 , P . U 0 . 0 1 0 3 1
V , P . U 1

oo

B a s e k i l o v o l t - a m p e r e s , k V A 1 2 5
B a s e v o l t a g e , V 4 8 0
Base ohms, ohms per phase wye .... 1.843
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Figure 1. - Mod-0 100-kW wind turbine generator.
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! coupling

Pitch
actuator

Figure 2. - Mod-0 turbine generator schematic of nacelle interior.

Wind, m/s

:56kW/(m/s) wind gain
+

JffO^fHW,
P [_ Pitch

actuator
9.4 deqlv

Proportional
plus integ
controller

Electric power, kW

10/150 v/kW
power transducer

p l u s i n ^ r a , | ( g ) t _ J j r j N ™ -

Figure 3. - Block diagram of closed loop power control.
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8001—

- 1 6 - 1 2 - 8
Blade pitch angle at 3/4 radius, deg

Figure 6. - Rotor .performance map. Operating point tangents show blade gain at two wind speeds.
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10

a

01

Stiff steel
/-Elastomeric

soft-damped

4P 6P 8PtI K , C Y t r u r o r *
I »■ !■ ! I I ■■ I ' l ^ l i l

01 10
Frequency, Hz

Figure 7. - Power train frequency response magnitude comparisons for three high speed
shaft configurations.
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a

a 01 I ■ I ■ I i l i l I i I i I M i l I i I i h l i l
.01 .1 10

Frequency, cps

Figure 8. - Sensitivity study showing second mode variation in system frequency res
ponse magnitude comparisons for three blade tip masses given as fraction of blade
rigid body moment of inertia. Slip coupling in high speed shaft slip rate of Z 3 per
cent at 100 kW.

Wind s,peed
m/s (mph)

0 6 0 1 2 0
Blade angle, deg.

Figure 9. - MOSTAB rotor power versus blade azimuth
for one-half revolution. Tower blockage assumed to
reduce free stream velocity 28 .percent over 30-degree
arc. Blades vertical at 0° and 180°.
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Figure 10. - MOSTAB rotor power zero-to-peak sinusoidal spectral components for three wind
speeds.

100
Rotor angle, deg.

Figure IL - Time response comparisons of power output with three high speed shaft configurations to
MOSTAB rotor power input
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Figure 12. - Calculated s,oectral content of power output (with Z 3 percent slip at
100 kW in slip coupling) in resfwnse to MOSTAB rotor power input for three
wind speeds.
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Figure 13. - Closed-loop frequency response magnitude comparisons for various pitch
controller gains K with controller a 027 KQl/s) + 0.5]. Plant has slip coupling
with slip rate of 2.3 percent at 100 kW.



- 1 8 1 -

Wind, m/s

Blade
pitch Q=42l(W/deg
gain

9.4 deg/v
(112 s —2-®+ i)z Y

Pitch
actuator

ai43v/(m/s)e4-6_s/v
(46s/v+ 1)

P r o p o r t i o n a l ^ l +
plus integral -—Ow**"
controller

Electric power, kW

J— v/kW .power transducer
150

Power reference
setpoint

Wind feed forward control

AnemometerI
I J

Figure 14 - Block diagram of closed loop power control and wind feed forward control.

—
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-20
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Feed forward schedule

1.34deg/(m/sec) (a6deg/mph)

8 1 2 1 6
Windspeed, m/s

20

I I L
12 1 8 2 6 3 4

Winds,peed, mph
42

Figure 15. - Derivation of wind feed forward gain as slope of straight
line approximation to curves of constant power in pitch angle ver
sus wind speed.
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r8 m/s (18 mph)
\

15 m/s (34 mph)
17.8 m/s (40 mph)

I ■ I i I M i l I i I i I M i l I I I I h i l l
10

Frequency, Hz
Figure 16. - Frequency resjHinse magnitude plot of theoretical attenuation of disturban

ces due to wind speed changes with wind feed forward control for three wind speeds.
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Figure 17. - Block diagram of pitch disturbance test for experimental frequency response.
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Figure 18. - Experimental phase, coherence, and magnitude frequency response
plot of electric power-to-blade pitch angle, i 05 percent slip at -70 kW.
0db-5kW/deg.
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Figure 19. - Transfer function of electric power to blade
pitch angle for steel high speed shaft +70 kW.
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Figure 2a - Transfer function of electric power to blade
pitch angle for elastomeric high speed shaft -50 kW.
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Figure 2L - Frequency response of electric power to blade
pitch angle. L 05 percent slip at -70 kW. 0 db ■ 10 kW/deg.
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Figure 22. - Frequency response of electric power to blade
pitch angle. 3.0 percent slip at -70 WV. 0 db ■ 10 kW.
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Figure 23. - Transfer function of horizontal acceleration of
main bearing to pitch change 1 05 oercrnt slip at -70 kW
0 db-. 0533 g/deg.
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Figure 24 - Transfer function of electric power to horizontal
acceleration of main bearing. L 05 .percent slip at -70 WV.
0db-750kW/deg.
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Figure 25. - Transfer function of electric power to blade
pitch angle command with nominal control gains of
proportional - 0.025 v/v and integral = Q. 034 v/v/s.
1.2 percent slip at 50 kW. 0 db - 20 kW/deg.
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Figure 26. - Transfer function of electric power to blade
pitch angle command with high control gains of pro
portional = a 137 v/v and integral * a 186 v/v/s. a 75
percent slip at +50 kW. 0 db - 20 kW/deg.
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Figure 27. - Coherence between generator power and wind speed
without and with feed forward control. Fluid coupling slip of
2.3 percent at 100 kW. Proportional control gain of 0.027 v/v
and integral control gain of 0.027 sec.
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(b) With feed forward control (10-8-77).

Figure 28. - Time history traces of power and measured wind speed with and without
feed forward control. 2.3 percent slip at 100-kW. Proportional control gains of
0.027 v/v and integral control gain of 0.034 sec. Over power and 2P osciNations
noted.
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Figure 29. -12-12-77 Spectra of generator electric power. Z 3
percent at 100-kW. Proportional control gains of 0.027 v/v and
integral control gain of 0.034 sec. No wind feed forward con
trol.
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Figure 3a - Comparison of analytically predicted
and measured frequency content of peaks in
generator power.
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Figure 31. - Transfer function of electric power to blade
flatwise bending moment with free yaw and 300 psi brake
pressure. L 5 percent slip at 100 kW. No induced pitch
noise. 0 db - 75 kW/k ft lbs.
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Referenceaxis, P.U.

Figure 32. - Phase plot of generator initial conditions for power -0.8 P. U., power
factor ■ 0.8, and V^ bus voltage -1.0 P. U. I magi nary number j shown as
used in FORTRAN computer program with complex arithmetic.
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C** MOD-0 INITIAL CONDITIONS
SUBKUUTI NE CNSTSU, POWER)
IMPLICIT REAL(I-L)
COMPLEX IA,VA,EPP,EQA
DIMENSION Z(l)
COMMON/GEN/Kl, K2, KD, XXD, XQXPP, XPDXL, Y, R, X, EFD, TM, K3, DELTA, VI NF
DATA XPPD,XPD,XD, XL/. 128,. 165,2.210, . 05/, XQ, XPPQ/1. 061*, .193/
DATA PF,RA/.R,. 013/, RE, XE,VRUS/.00l*6ol2,. 01030 7,1./

C** GENERATOR CONSTANTS
100 XPP=(XPPD+XPPQ)/2.

XPDXL=XPD-XL
K1=(XPP-XL)/aPDXL
K2=1.-K1
KD=(XD-XPD)*(XPD-aPP)/(XPDXL*XPDXL)
xxd=(xd-xpd)*(x?p-xl)/xpdxl
;;qxpp=xq-xpp
R=RA+RE
X=XPP+XE
Y=1./(R*R+X*X)
V|NF=VBIJS

C** FIND IX AS PER PC lbl OF ANDERSON
TTHEE=TAIJ(ARC03(PF))

2 00 IR=(POWER-RE*((POUER/(VINF*PF))**2))/VINF
oaRrSaRT(VINF**2-4.*(-XE+RE*TTHEL)*(-IR*IR*Xr+(VIMF+PE*IR)*TTHEF*IP))
IXl=(-VINF+SaR)/(2.*(-AE+Rb*TTHEE))
IX2 = (-yiNF-6QR)/(2.*(-XE + nE*TT;iEE))
IX=AMIN1(IX1, 1X2)

C** TERMINAL CONDITIONS
IA=CMPLX(IR,IX)
VA=VINF+IA*CMPLX(UL,XE)
EQA=VA+IA*CMPLX(RA,XQ)
tPP=VA-HA*CMPLX(RA,XFP)
DELTA=ATAN2(AIMAG(EqA),REALUQA))
Dl.T =ATAN2(AIMAG(EPP),REAL(EPP))
LPPD=-cABS(EPr)*SlM(DELTA-uLT)
EPPQ=+CABJ(EPP)*CU3(DELTA-DLT)
THLTA=ATAN2(IX, IR)
IU = -CABS( IA)*SIM(I)El.TA-THETA)
IQ=+CABS(IA)*COS(ULLTA-THETA)

C** GENERATOR STATES
EPQ=EPPQ-(XPD-XPP)*ID
Ll> = EPQ+(XPD-aL)*IU
tFD = EPa*(l. + KD)-XXD*IU-i;0*Lr>
TM=EPPQ*IQ+FPPn*ID
Z(13)=EPPD
Z(1U)=LD
Z(15)=EP0
Z(lfi)=TM

C** LOV/ SPEED SHAFT STIFFNESS
K3 = 0.0U9U3c8*saRT(AiJS(TM*125. ))

300 RETURN

Figure 33. - Subroutine CNSTS Fortran listing.
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u** MOD-0 STATE EQUATIONS
■SUBROUTINE ilfRC(Z,F)
IMPLICIT REAL( I -K)
DIMENSION Z(1 ) ,F ( ] )

DATA Dl, l )3,D<*, lJS/3.E5,2.E^, l luO.,15n./ , ! IZ10/f>2.P3/
DATA Tr>P.in,T.M>D^/TPr,0/.nG2, .011, 1.11*2/

C STIFF !IS.:.: JU=1021 h, KM6.66E5, DU = lCb, J5 = 7 . 57
5 0 F l = K l l * ( Z ( 5 ) - Z n ) ) + L < l * U ( n ) - Z ( . 2 ) )

F2=K11*(Z(5)-Z(3)) + L1*(Z(6)-ZU))
F3=J',3*(Z(/)-Z(5)) + D3*(Z(S)-Z(f!))
FH = KI»*(Z(,J)-Z(7)*Rl) + Ul»*(Z(10)-Z(n)*Rl)
F5 = K5*(Z(ll)-ZO)) + u5*U(12)-Z(10))
F(1)=Z(2)
F(2) = (Fl-C^l*7.(2))/J.1 + uAIM*Z(17)/Jl
F ( 3 ) = Z U )
F(U)=(F2-CD1*Z(U))/J1
F(5)=Z(6)
F(G)»(-Fl-F?. + F3-cn3*7.(B))/J3
F(7)=Z(8)
F(3)«(-F3 + Fl**Pl-cnu*Rl*Z(n))/JU
F(D)=Z(10)
F(lO) = (-F4 + FD-Cr;5*Z(10))/J5
F(11)=Z(12)
DLTA=Z(l l )*2.+i ;ELTA
/INFD=-VI:IF*Si; j(nLTA)
VINFQ=+VIPF*CnS(DLTA)
tPPO = i;i*Z(15) + K2*Z(14)
lb = Y*( -R*(V l i<Fn-Z(13) )+X*(VINFQ-r rJP l ) )
I Q = - Y * ( X * ( V I N F r - Z ( 1 3 ) ) + R * ( V I N F ( i - F P P 0 ) )
r c = E P P a * i ( i + z ( i 3 ) * i u
F (12 ) = ( -F5+ (TM-TE)*CONVF!T-CP6*7. (12 )) / Jf>
F(13) = (-Z(13)-Xn.XPP*lu)/TPP'lO
F( l I»)o(-Z(Ut)+Z( l !5) + XPDXL*ID) / lPPD0
F(15) = (-Z(15)*(l.+KD) + XXD*lu + klJ*Z(ll+) + i.FD)/TPP0
F ( 1 6 ) = i l Z 1 0 * ( T E - Z ( l G ) )
F ( 1 7 ) = Z ( 1 8 )
F(18)=-D*Z( l? . ) -OMEG,AO*(Z(17) - (Z( l i3 ) * i , . l + (T f ' . -Z( lb ) ) *BP))
F(10)=TM-Z(16)

100 RETURN
END

Figure 34 - Subroutine HPRC Fortran listing.
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