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SECTION 1 

TERMS OF REFERENCE AND INTRODUCTION 

In our offer of services there were no formalised 

Terms of Reference given, although the object of our participa- 

tion was:- 

"To assist the ETSU Wave Power Programme by providing 

consultant services to Edinburgh University, the latter 

acting under an Agreement with the Secretary of State for 

Energy". 

By mutual agreement with ETSU and the Edinburgh Wave 

Power Team, the objectives of our investigations were:- 

To examine theoretical electrical concepts. 

To determine whether a.c. or d.c. electrical trans- 

mission is appropriate. 

To determine the specification of electrical genera- 

tion equipment. 

To minimise the cost of generation and transmission 

plant. 

To make recommendations on transmission lines and 

cables. 

To produce an overall scheme for generation and trans- 

mission of electrical power, including an estimate of 

the cost thereof. 



The concept of installing generators, switchgear, 

transformers and cables out in the most exposed area of our 

coast line may be regarded as adventurous and perhaps this is 

the reason why SCOPA have been asked to work with the Edinburgh 

University Wave Energy Team on this project. We are proud that 

we are accepted as part of the team because it is refreshing to 

work with people anxious to overcome problems and reluctant to 

give up a promising concept when faced with apparent difficulty. 

At the same time we have come to respect the tenacious search 

for practical solutions to problems which is one of the main 

characteristics of the members of the team. 

It is with a sense of some surprise that we have found 

ourselves able to present a scheme for the generation and trans- 

mission of electrical energy from the Edinburgh 'Salter Duck' 

devices to the Scottish grid system which uses conventional 

ideas albeit in a manner not hitherto associated with the Wave 

Power Project . 

Of course there are a number of problems with the 

'Duck' scheme, and, on our conventional assessment, it is 

relatively expensive; but we now believe it is possible, and 

promising. 

Certain problems common to wave power devices were 

identified during the investigations described in this report. 

We feel that this report would be incomplete without describing 

such problems, and accordingly have included these in the last 

Section (9) of this report. 

This report is confined to the technical and cost 

aspects of generating electrical power at sea on board the 

ducks, and delivering this power to the Scottish Transmission 

Grid System. 

The optimisation of hydraulic drives within the ducks, 

and the design of coupling arrangements between ducks is still 



proceeding. Arrangement of the electrical system has had to 

proceed on the basis of a specified duck design, which has a 

specific output. 

For reasons explained in the text of our report we 

consider the term "Wave Energy device" more appropriate than 

"Wave Power device". Henceforth the term "Energy" is used in 

preference to the term "Power" to describe the device. 



SECTION 2 

THE REFERENCE DESIGN 

FOR THE EDINBURGH WAVE ENERGY DEVICE 

This section describes the structural and mechanical 

arrangement along with the geographical location of the refer- 

ence duck design. The reference electrical design is based upon 

the information contained in this section. 

2.1 - Structural arrangement (Plate 1) 

The agreed reference design for the duck is a 24 metre 

long duck which oscillates on a spine 9.8 metres in diameter. 

The spine, about which the ducks oscillate, is broken 

up into sections 61 metres in length, and each length of spine 

supports two ducks. Each section of spine is coupled to the 

next by a 'Hookes' joint together with hydraulic rams which 

control the mutual compliance. 

The hydraulic design of the duck string is such that 

the effective length for power generation is equal to the dis- 

tance between centres which is 30 m. A power module is contained 
in the "beak" of each duck. 

2.2 - Geographical arrangement (Plate 2) 

The reference design for the transmission system is 

based on a string of 1000 ducks located 10 km from the west 

coast of South Uist, and follows the 35 m sea depth contour. 

Recent measurements on the available wave energy at 

South Uist indicate that higher energy levels occur 30 - 40 km 
offshore. It is therefore necessary to assess the technical 



performance and c o s t  of  a  wave energy scheme l o c a t e d  40 km 

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

2 . 3  - H v d r a u l i c  d r i v e  u n i t  ( P l a t e  3 )  

A unique  f e a t u r e  of t h e  Edinburgh wave energy d e v i c e  

is t h e  u s e  of  g y r o s  which p r e c e s s  and produce  t o r q u e  from t h e  

o s c i l l a t i n g  motion of t h e  f l o a t i n g  duck. 

I n  a d d i t i o n  t o  c o n v e r t i n g  wave motion i n t o  t o r q u e ,  t h e  

g y r o s  a r e  used  t o  s t o r e  and p r o v i d e  energy by a l l o w i n g  t h e i r  

speed  t o  v a r y .  F a s t  a c t i n g  h y d r a u l i c  a c t u a t o r s ,  a s s o c i a t e d  w i t h  

t h e  h y d r a u l i c  motors  used  f o r  t h e  gyro  d r i v e s ,  e n a b l e  r a p i d  

s t o r a g e  o r  e x t r a c t i o n  of energy from t h e  s p i n n i n g  g y r o s .  

The s e n t  o u t  mean e l e c t r i c a l  power o v e r  t h e  whole y e a r  

h a s  been t a k e n  a s  approx imate ly  14 .0  kW/metre of duck l e n g t h .  

T h i s  f i g u r e  ( i e  14 .0  kW/metre) is  based on a mean wave power 

l e v e l  of 20 kW/metre of  duck l e n g t h .  75 kW/metre s e n t  o u t  

e l e c t r i c a l  power was s e l e c t e d  a s  t h e  nominal maximum e l e c t r i c a l  

o u t p u t  power l e v e l ;  t h i s  b e i n g  a  r e a s o n a b l e  l i m i t  which would 

n o t  a p p r e c i a b l y  reduce  t h e  annua l  energy o u t p u t  of t h e  duck.  A 

t o r q u e  l i m i t  e q u i v a l e n t  t o  375 kW/metre a l l o w s  t h e  e x t r a c t i o n  of 

ene rgy  from waves p o s s e s s i n g  h i g h  power l e v e l s .  Rapid absorb-  

t i o n  and s low r e l e a s e  of energy e x t r a c t e d  from t h e  waves i s  

p o s s i b l e  due t o  t h e  a c t i o n  of  t h e  ene rgy  s t o r e  i n c o r p o r a t e d  i n  

h y d r a u l i c  d r i v e  u n i t  t h u s  g i v i n g  a  h igh  e f f i c i e n c y  of  ene rgy  

convers ion  u s i n g  a  s m a l l  e l e c t r i c a l  g e n e r a t o r  des igned  f o r  

c o n s t a n t  s h a f t  t o r q u e .  

S u f f i c i e n t  ene rgy  is s t o r e d  i n  a l l  t h e  gyros  t o  supp ly  

1 MW f o r  1 h r  p e r  duck by a l l o w i n g  t h e  gyro  speed  t o  f a l l  from 

2000 rpm t o  400 rpm. 

E f f i c i e n c y  of t h e  h y d r a u l i c  d r i v e  u n i t  is  determined 

by f i x e d  and v a r i a b l e  l o s s e s .  S p e c i a l  measures ,  such a s  runn ing  

t h e  g y r o s  i n  a  reduced a tmosphere ,  a r e  n e c e s s a r y  t o  r e d u c e  t h e  



s t a n d i n g ,  o r  f i x e d  l o s s e s .  V a r i a b l e  l o s s e s  a r e  l o a d  dependen t ,  

and t h e  d e s i g n  is such  t h a t  h igh  e f f i c i e n c y  i s  o b t a i n e d  around 

t h e  mean power o u t p u t .  

2 . 4  - E l e c t r i c a l  r a t i n g s  

A nominal power r a t i n g  of 2 GW was chosen f o r  t h e  

scheme f o r  t h e  purpose  of  e s t a b l i s h i n g  t h e  c o s t  of t h e  electr i-  

c a l  g e n e r a t i o n  and t r a n s m i s s i o n  equipment .  Of much more import-  

ance  is  t h e  a s s o c i a t e d  mean annua l  power l e v e l  of  around 425 MW 

o v e r  t h e  y e a r ,  s i n c e  t h e  revenue t o  pay f o r  a wave energy 

scheme must come from t h e  sale of kW h r s  of e l e c t r i c a l  ene rgy .  

The r e f e r e n c e  d e s i g n  employs one e lec t r ica l  g e n e r a t o r  

on e a c h  duck r a t e d  a t  2 . 2 5  MW ( i e  30 metres a t  75 kW/metre 

e l e c t r i c a l  power) .  C o n s i d e r a b l e  economies can  b e  ach ieved  i n  

t h e  cost/kW of g e n e r a t i n g  p l a n t  by an i n c r e a s e  i n  machine s i z e .  

The d e c i s i o n  t o  b a s e  t h e  r e f e r e n c e  d e s i g n  on a  g e n e r a t o r  i n  

each duck was i n f l u e n c e d  by t h e  d i f f i c u l t i e s  which a r e  assumed 

t o  e x i s t  by i n s t a l l i n g  common h y d r a u l i c  o i l  c i r c u i t s  f o r  a  

number of ducks.  

A summary of t h e  main p a r a m e t e r s  f o r  t h e  r e f e r e n c e  

d e s i g n  is  g i v e n  i n  T a b l e  1. 



SPECIFICATION FOR "SALTER DUCK" WAVT: ESERGY SCHE!IE (REFERENCE DESIGN) 

D i m e n s i o n s  o f  S t r u c t u r e s  

............................. S p i n e  D i a m e t e r  ( m e t r e s )  9 .8  

. . . . . . . . . .  !.linimum A c c e s s  D i a m e t e r  a t  J o i n t  ( m e t r e s )  2 

Duck d i a m e t e r  ( m e t r e s )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 0  

D i s t a n c e  b e t w e e n  Duck C e n t r e s  ( m e t r e s )  .............. 3 0  

................................ Duck l e n g t h  ( m e t r e s )  24  

No o f  Ducks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 0 0 0  

G e o g r a p h i c a l  L o c a t i o n  a t  S o u t h  U i s t  

Approx imate  D i s t a n c e  f r o n  S h o r e  (Km) . . . . . . . . . . . . . . . .  1 0  

Approx imate  D i s t a n c e  t o  p o i n t  o f  
I n t e r c o n n e c t i o n  w i t h  S c o t t i s h  G r i d  S y s t e m  (Km) . . . . . .  250  

H y d r a u l i c  D r i v e  ~ n i t * ( A l l  power r a t i n g s  a r e  q u o t e d  as K\Y/metre o f  duck  l e n q t h )  

.................... Speed  o f  G e n e r a t o r  D r i v e  ( r . p . m . )  1500 

Number o f  G y r o s  p e r  Duck 4  

Energy  S t o r e d  i n  e a c h  Gyro a t  2000 r . p . m . ( J o u l e s )  . .  1 . 0 5 ~ 1 0  9 

R e c o v e r a b l e  Energy  p e r  Duck 400 -2000 rpm (?W h r s ) . .  1 . 0  

Mean Annual  i n p u t  power t o  Gyros   metre) * . S . . . . . .  2 0  

Approx imate  \!em Annual s e n t  o u t  E l e c t r i c a l  
Power ( K K / m e t r e ) *  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 4  

.\lasimum S e n t  o u t  E l e c t r i c a l  Power (KW/metre) * .  . . . . . .  7 5  

Scheme E l e c t r i c a l  Ra t  in;;s 

Somina l  Scheme Peak S e n t  o u t  E l e c t r i c a l  Power 
a t  S h o r e  line(,\!\: ') . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2000 

Approx imate  !!em Annual  S e n t  o u t  E l e c t r i c a l  
. . . . . . . . . . . . . . . . . . . . . . . . . .  Power f rom 1000  ducks(YV) 4 2 5  

A v a i l a b i l i t y  f a c t o r  f o r  g e n e r a t i o n  ( C  p e r  annum) . . .  9 0 5  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Sys tem F r e q u e n c y  (IIz) 5 0  

Duck E l e c t r i c a l  R a t i n g s  

. . . . . . . . . . . . . . . . . . . . . . . .  Duck G e n e r a t o r  R a t i n g  (:PIA) 2 . 8 1  

Nominal Duck G e n e r a t o r  Power o u t p u t  . . . . . . . . . . . . . . . .  2 . 2 5  

Pov:er f a c t o r  ( l a g g i n g )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 8  

Power f a c t o r   leadi in^) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 . 8  



SECTION 3 

DESIGN PRINCIPLES 

Wave energy  d e v i c e s  w i l l ,  i n  g e n e r a l ,  b e  l o c a t e d  i n  

remote a r e a s  where a  s tormy c l i m a t e  p r e v a i l s .  C e r t a i n  d e s i g n  

p r i n c i p l e s  need t o  be  d i s c u s s e d  a s  a  b a s i s  f o r  a  d e t a i l e d  s p e c i -  

f i c a t i o n  of t h e  e l e c t r i c a l  g e n e r a t i o n  and t r a n s m i s s i o n  p l a n t .  

3 .1  - Design ph i losophy  

Power g e n e r a t e d  by wave power d e v i c e s  is dependent  on 

weather  c o n d i t i o n s .  P e r i o d s  of calm weather  may occur  a t  any 

t i m e  d u r i n g  t h e  y e a r ,  and s o  a l l  of  t h e  p o t e n t i a l  o u t p u t  of wave 

power g e n e r a t i o n  must be d u p l i c a t e d  by l a n d  based g e n e r a t i o n .  

The pr imary  f u n c t i o n  of a  wave energy  scheme w i l l  most 

p robab ly  b e  t h e  c o n s e r v a t i o n  of f o s s i l  f u e l .  For  most of t h e  

y e a r  t h e  power l e v e l  a t  which t h e  wave power g e n e r a t i o n  and 

t r a n s m i s s i o n  p l a n t s  o p e r a t e  w i l l  b e  less t h a n  50 p e r  c e n t  and 

d u r i n g  t h i s  p e r i o d  a  p l a n t  o u t a g e  w i l l  n o t  c a u s e  undue l o s s  of 

annua l  ene rgy  (kW h r s ) .  Even t h e  l o s s  of t h e  whole of t h e  wave 

energy t r a n s m i s s i o n  sys tem cou ld  b e  a c c e p t e d  f o r  a  day o r  two on 

economic grounds;  t h e r e  i s ,  however, a  l i m i t  t o  t h e  t r a n s i e n t  

d i s t u r b a n c e  which may b e  r e a s o n a b l y  imposed on t h e  mainland g r i d  

sys tem.  I n  our  view sudden l o s s  of 1000 MW w i l l  p robab ly  be  

a c c e p t a b l e  t o  t h e  g r i d  b e a r i n g  i n  mind t h e  ' a d d i t i o n a l  c o n v e n t i o n a l  

g e n e r a t i o n  which w i l l  b e  i n s t a l l e d .  

On t h e s e  grounds  w e  have s e l e c t e d  a f i r m  t r a n s m i s s i o n  

c a p a c i t y  o f  1000 MW f o r  t h e  t r a n s m i s s i o n  sys tem t o  e n s u r e  t h a t  

v e r y  l i t t l e  l o s s  of r evenue  o c c u r s  due t o  a t r a n s m i s s i o n  p l a n t  

o u t a g e .  The t r a n s m i s s i o n  sys tem w i l l  b e  non-firm i n  t h e  t r a n s -  

m i s s i o n  r a n g e  of 1000 t o  2000 MW, t h u s  l i m i t i n g  t h e  d i s t u r b a n c e  



t o  t h e  S c o t t i s h  g r i d  sys tem t o  1000 MW power r e d u c t i o n  s h o u l d  a  

sudden f a i l u r e  o c c u r .  S p a r e  t r a n s m i s s i o n  p l a n t  is no t  j u s t i f i e d  

e x c e p t  where t h e  o u t a g e  of t h e  p l a n t  is pro longed  due t o  d i f f i -  

c u l t i e s  i n  r e p a i r .  

S p a r e  c a p a c i t y  f o r  t r a n s f o r m e r s  and c a b l e s  can b e  

j u s t i f i e d ,  s i n c e  t h e s e  i t e m s  of p l a n t  would t a k e  s e v e r a l  months 

t o  r e p a i r  i f  t h e y  f a i l e d .  Overhead l i n e s  can b e  r e p a i r e d  i n  a  

m a t t e r  of a  day o r  so,  and t h e r e f o r e  s p a r e  l i n e  c a p a c i t y  would 

n o t  be j u s t i f i e d .  

A f e a t u r e  of d e s i g n  f o r  equipment i n  i n a c c e s s i b l e  

l o c a t i o n s  would be  t h e  p r o v i s i o n  of e x t e n s i v e  m o n i t o r i n g  sys tems.  

Such m o n i t o r i n g  sys tems would forewarn  c o n t r o l  room s t a f f  of  an 

impending breakdown and avo id  t h e  need f o r  human i n t e r v e n t i o n .  

3 . 2  - Access and maintenance  

The i n s t a l l a t i o n  of equipment i n  f l o a t i n g  s t r u c t u r e s  

a t  s e a  o b v i o u s l y  r e q u i r e s  c a r e f u l  c o n s i d e r a t i o n  a s  r e g a r d s  

a c c e s s  and maintenance .  

S i n c e  wave power d e v i c e s  w i l l ,  of n e c e s s i t y ,  be 

i n s t a l l e d  i n  a r e a s  which a r e  s u b j e c t  t o  a  h i g h  f requency  of 

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

r e p a i r  and maintenance can b e  c a r r i e d  o u t .  I t  is e s s e n t i a l  

t h e r e f o r e ,  t h a t  t h e  methods of c o n s t r u c t i o n  adopted  shou ld  

e n a b l e  such  maintenance and r e p a i r  work t o  be c a r r i e d  o u t  e a s i l y  

and q u i c k l y ,  o r  a l t e r n a t i v e l y  on s h o r e .  

We u n d e r s t a n d  t h a t  means w i l l  be  developed t o  e n a b l e  

ducks t o  b e  uncoupled from t h e  s t r i n g  and towed i n t o  ha rbour  f o r  

maintenance  and r e p a i r .  The g e n e r a t o r  c a b l i n g  w i l l  be  a f f e c t e d  

by t h i s  r equ i rement  a s  e l e c t r i c a l  c o n n e c t i o n s  w i l l  have t o  be  

broken and reconnec ted  a t  s e a .  

A modular form of c o n s t r u c t i o n  w i l l  e n a b l e  whole 

modules t o  b e  r e p l a c e d ,  r a t h e r  t h a n  a t t e m p t i n g  e x t e n s i v e  main- 

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



3.3 - Reliabilitv 

Breakdown of electrical plant is due to direct elec- 

trical failure; or as a result of mechanical damage. 

Electrical equipment is usually designed to inter- 

nationally agreed standards which give an acceptable level of 

reliability under normal operating conditions. 

Failure rates predicted by the use of statistics for 

plant operating at normal stresses and conditions may produce an 

over-pessimistic estimate for the failure rate of equipment 

designed to specifications which are more exacting than IEC 

requirements. 

There are ways of improving the reliability of elec- 

trical equipment by reducing the electrical stresses within the 

equipment under normal operating conditions; and by providing 

additional mechanical protection. If either, or both, methods 

are used to improve the integrity of electrical equipment then 

a significant increase in reliability can be expected. 

The most obvious way of improving reliability is to 

use the minimum number of components and to eliminate those 

components which are known to require constant maintenance. 

Inevitably there is a tendency to apply past experi- 

ence on the performance and security of equipment, to proposed 

designs which appear to be similar. The application of failure 

rates of submarine cables is one example where pessimism can too 

easily prevail by ignoring the differences between existing 

cable systems and future systems. In this case, the vast 

majority of existing submarine cable systems have inadequate 

mechanical protection. Technical literature is full of informa- 

tion on improvements obtained by applying mechanical protection 

to cables on the seabed. Averaging the performance of all 

existing cable systems cannot indicate the probable performance 

of an adequately mechanically protected submarine cable system. 



F a u l t  r a t e s  quo ted  on t h e  b a s i s  of e x p e r i e n c e  can  t h e r e f o r e  be  

viewed w i t h  some r e s e r v e .  

Equipments which p o s s e s s  moving p a r t s ,  e g  s w i t c h g e a r ,  

s h o u l d  be e l i m i n a t e d  as f a r  as p o s s i b l e ,  and ,  i f  a b s o l u t e l y  

n e c e s s a r y ,  a  c a r e f u l  s e l e c t i o n  made t o  employ o n l y  t y p e s  of 

equipment t h a t  a r e  no ted  f o r  low maintenance  r e q u i r e m e n t s .  

C o n s i d e r a t i o n  of some of t h e  d i f f i c u l t i e s  i n v o l v e d  i n  

e n g i n e e r i n g  a  wave energy  scheme l e d  u s  t o  adopt  c e r t a i n  d e s i g n  

p r i n c i p l e s .  

1. The l e n g t h  of  underwater  c a b l e  r o u t e  s h o u l d  b e  k e p t  t o  

a minimum, because  of c o s t ,  maintenance  and f a u l t  

l o c a t i o n .  

2 .  Submarine c a b l e  sys tem r e l i a b i l i t y  is p r i m a r i l y  

a f f e c t e d  by t h e  i n s t a l l a t i o n  and mechanica l  p r o t e c -  

t i o n ,  and n o t  by o p e r a t i n g  v o l t a g e .  C a r e f u l  r o u t e  

s u r v e y  can a v o i d  t h e  i n s t a l l a t i o n  of  c a b l e s  i n  hazard-  

o u s  a r e a s .  

3 .  The adop t ion  of p a r a l l e l  p a t h s  f o r  s e a  t o  s h o r e  t r a n s -  

m i s s i o n  can be  used t o  r educe  t h e  e f f e c t  of a  c a b l e  

f a u l t  on t h e  o v e r a l l  t r a n s m i s s i o n  c a p a b i l i t y .  

4 .  The amount of underwater  equipment s h o u l d  be  reduced 

t o  a  minimum on t h e  grounds  of a c c e s s ,  maintenance  and 

r e l i a b i l i t y .  

5. No maintenance  on t h e  seabed  s h o u l d  be  a t t e m p t e d  s i n c e  
e~ 

t h i s  would be d i f f i c u l t  and p e r s o n n e l  w i t h  t h e  neces-  

s a r y  d i v i n g  and e l e c t r i c a l  s k i l l s  may n o t  a lways  be  

a v a i l a b l e .  

6 .  The u s e  of  a  s u b s t a t i o n  i n  t h e  s p i n e  improves a c c e s s  

and would e n a b l e  r a p i d  maintenance  u s i n g  s u r f a c e  

v e s s e l s .  



7. The reliability of certain critical components may be 

increased by operating at low electrical stresses, and 

providing mechanical protection. These components can 

be developed outside the normal commercial restraints 

of competitive cost. 

8. The minimum amount of plant should be used at sea. 

Switchgear should not be used unless it is essential, 

or is of a type possessing high availability. 

9. Plant that is employed at sea should be specially 

designed to have low maintenance requirements and be 

subjected to a rigorous quality assurance programme 

during manufacture. 

These design principles influence the nature of the 

electrical systems which we propose for generation and trans- 

mission. 



SECTION 4 

POWER GENERATION 

The duck d e s i g n  u s e d  i n  o u r  s t u d i e s  d i f f e r s  v e r y  

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

now i n c o r p o r a t e s  a l a r g e  e n e r g y  s t o r e .  The e n e r g y  s t o r e d  is  

s u f f i c i e n t  t o  g i v e  a c o n s t a n t  o u t p u t  t o r q u e  f rom t h e  h y d r a u l i c  

power u n i t .  I t  is t h i s  u n i q u e  f e a t u r e  which  s u p p o r t s  t h e  c h o i c e  

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

Each duck w i l l  h ave  a  4 . 7  m d i a m e t e r  s e a l e d  equipment  

c o n t a i n e r  o r  'power  module '  which e x t e n d s  o v e r  t h e  whole  w i d t h  

o f  t h e  duck .  Fou r  g y r o s  and a l l  t h e  m e c h a n i c a l  and  e l ec t r i ca l  

equipment  f o r  power g e n e r a t i o n  and  c o n t r o l  w i l l  be housed  i n  t h e  

power module .  A b l o c k  d i a g r a m  of  t h e  e l ec t r i ca l  equipment  i n  

t h e  power module is shown on P l a t e  4 .  I n  c o n c e p t ,  a  ' g e n e r a t o r  

u n i t '  i n c l u d e s  t h e  s y n c h r o n o u s  g e n e r a t o r ,  duck  t o  s p i n e  connec-  

t i o n s ,  and c a b l i n g  a l o n g  t h e  s p i n e .  

4 . 1  - Synchronous  g e n e r a t o r s  

4 . 1 . 1  - R a t i n g .  Each g e n e r a t o r  w i l l  h ave  a r a t i n g  of  

2 . 2 5  MW 0 . 8  pf  a t  3 . 3  kV; 1000 d u c k s  a r e  c o n s i d e r e d  a s  e q u i v a l e n t  

t o  a nomina l  r a t i n g  of  2000 MW f o r  t h e  c o m p l e t e  scheme. The 

r a t e d  v o l t a g e  of  3 . 3  kV i s  h i g h  enough t o  a v o i d  t h e  need  f o r  

l a r g e  heavy c u r r e n t  c o n n e c t i n g  c a b l e s ,  and  low enough t o  g i v e  an  

economic d e s i g n  fo r  g e n e r a t o r  s t a t o r  i n s u l a t i o n .  The g e n e r a t o r s  

s h o u l d  have  a l e a d i n g  power f a c t o r  r a t i n g  o f  0 . 8  ( r e a c t i v e  power 

a b s o r p t i o n ) ,  s i n c e  i t  may be n e c e s s a r y  t o  s u p p l y  a p p r e c i a b l e  

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

4 . 1 . 2  - E x c i t a t i o n  s y s t e m .  The g e n e r a t o r s  a r e  f i t t e d  

w i t h  b r u s h l e s s  e x c i t a t i o n  s y s t e m s  ( a . c .  e x c i t e r s )  which w i l l  

r e q u i r e  t h e  minimum amount o f  m a i n t e n a n c e .  



4 . 1 . 3  - G e n e r a t o r  c o n s t r u c t i o n .  The h y d r a u l i c  d r i v e  

u n i t  o p e r a t e s  i n  a vacuum chamber w i t h  a reduced atmosphere t o  

r educe  t h e  windage l o s s e s  of t h e  g y r o s  and p r e v e n t  d e t e r i o r a t i o n  

of t h e  h y d r a u l i c  o i l .  Two a l t e r n a t i v e  a r rangements  f o r  mounting 

t h e  g e n e r a t o r  are p o s s i b l e .  

a .  The g e n e r a t o r  can  b e  mounted w i t h i n  a vacuum chamber 

which c o n t a i n s  t h e  g y r o s .  

b .  The g e n e r a t o r  can  b e  mounted o u t s i d e  t h e  vacuum chamber; 

i n  which c a s e  a r o t a t i n g  s e a l  round t h e  d r i v e  s h a f t  of 

t h e  g e n e r a t o r  is r e q u i r e d .  

Vacuum is  a doub le  enemy of e l e c t r i c a l  machines.  I t  

p r e v e n t s  c o n v e c t i o n  c o o l i n g  of t h e  r o t o r  and s t a t o r  and s i g n i f i -  

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

w i t h i n  t h e  machine. Corona may o c c u r  i n  c o n v e n t i o n a l  machine 

d e s i g n s  even a t  t h e  low v o l t a g e  of  3 . 3  kV. 

The breakdown v o l t a g e  and corona  i n c e p t i o n  v o l t a g e  of 

t h e  environment  of t h e  g e n e r a t o r  a r e  dependent  on t h e  p roduc t  of 

i ts  r e l a t i v e  d e n s i t y  ( p  - r e l a t i v e  to  1 mm Hg a t  2 0 ' ~ )  and 

e l e c t r o d e  s e p a r a t i o n  ( d  - i n  cms) .  

For  i n s t a n c e ,  t o  a c h i e v e  a  breakdown v o l t a g e  of g r e a t e r  

t h a n  4 .67  kVp, ( 3 . 3  kV r m s  v o l t a g e ) ,  t h e  p roduc t  ' p d '  needs  t o  

b e  a t  l e a s t  0 .11 .  With v e r y  low s p a c i n g ,  s a y  0 . 1  cm, t h e  a i r  

p r e s s u r e  would need t o  be  above normal a tmospher ic  p r e s s u r e ;  

and,  c o n v e r s e l y  a  c o n s i d e r a b l e  s p a c i n g  of 1 6  c m  would b e  neces-  

s a r y  f o r  t h e  low p r e s s u r e  o f ,  t y p i c a l l y  a  few mm of Hg ( t h e  

proposed p r e s s u r e  w i t h i n  t h e  g y r o  chamber) .  Consequently even 

w i t h  a lower  g e n e r a t o r  o p e r a t i n g  v o l t a g e  t h a n  proposed,  of s a y  

1 .5  t o  2 . 0  kV t h e  i n c r e a s e  i n  t h e  p r e s s u r e  might  w e l l  need t o  b e  

more t h a n  t h a t  which would b e  a c c e p t a b l e  f o r  t h e  s a t i s f a c t o r y  

performance  of t h e  g y r o s .  

An a l t e r n a t i v e  t o  a i r  would be hydrogen g a s ,  because  

of i ts much lower d e n s i t y .  Hydrogen, however,  h a s  about  h a l f  

t h e  e lect r ic  s t r e n g t h  of a i r  s o  t h a t  t h e  p roduc t  ( p d )  would have 



t o  be  a t  least  0 .26  t o  a c h i e v e  t h e  same minimum breakdown v o l t -  

age .  I n  o t h e r  words t h e  a b s o l u t e  p r e s s u r e  of  hydrogen would 

need t o  be even h i g h e r  t h a n  t h a t  of  a i r  ( i e  about  70 mm Hg). 

Direct c o o l i n g  of b o t h  r o t o r  and s t a t o r  wind ings  would 

be  r e q u i r e d  f o r  a l t e r n a t i v e  a .  Cool ing  of a u x i l i a r y  equipment 

a s s o c i a t e d  w i t h  t h e  g e n e r a t o r ,  e g  d i o d e  r e c t i f i e r s ,  would a l s o  

r e q u i r e  c a r e f u l  c o n s i d e r a t i o n .  

A l t e r n a t i v e  arrangement  b . ,  f o r  t h e  g e n e r a t o r  mounting 

would remove t h e  g e n e r a t o r  from t h e  environment  of t h e  g y r o s  and 

t o t a l l y  e n c l o s e  i t  w i t h  a i r  a t  a  normal p r e s s u r e .  For  t h i s  

purpose  dynamic s e a l s  would be n e c e s s a r y  t o  m a i n t a i n  t h e  d i f f e r -  

e n t i a l  p r e s s u r e ;  f u r t h e r  s t u d y  is needed t o  d e t e r m i n e  t h e  t y p e  

and performance of  such  s e a l s .  Adoption of such  an  arrangement  

would o b v i a t e  t h e  need f o r  d i r e c t  l i q u i d  c o o l i n g  of t h e  g e n e r a t o r .  

Comparing t h e  two p r o p o s a l s  f o r  t h e  g e n e r a t o r  mounting 

a r rangements ;  a l t e r n a t i v e  b . ,  a l l o w s  f o r  t h e  u s e  of a  conven- 

t i o n a l  machine,  w h i l e  a l t e r n a t i v e  a . ,  r e s u l t s  i n  an unconven- 

t i o n a l  machine wi thou t  t h e  c o m p l i c a t i o n  of r o t a t i n g  seals .  A t  

t h e  t ime  of w r i t i n g ,  no judgement can y e t  be  made as t o  which 

arrangement  is  s u p e r i o r  u n t i l  more i n f o r m a t i o n  on t h e  re l i -  

a b i l i t y  and maintenance  of s e a l s  is o b t a i n e d .  

4 . 2  - Genera to r  c o n t r o l  equipment ( P l a t e  4) 

4.2.1 - S t a r t i n g  equipment .  From t ime  t o  t i m e  it  may 

be  n e c e s s a r y  t o  run  up t h e  g y r o s  from s t a n d s t i l l :  t h i s  s i t u a t i o n  

can  o c c u r  under  ' b l a c k  s t a r t '  c o n d i t i o n s  when no o t h e r  power 

s o u r c e  is  a v a i l a b l e  i n  t h e  duck. A h y d r a u l i c  'pony'  pump d r i v e n  

by an  i n d u c t i o n  motor can b e  f e d  from t h e  3 . 3  kV a . c .  duck 

b u s b a r .  If a  50 kW motor was employed i t  c o u l d  run  a l l  f o u r  

g y r o s  i n  t u r n  from rest t o  2000 rpm i n  20 h o u r s .  

4 . 2 . 2  - Speed c o n t r o l .  H y d r a u l i c  speed govern ing  

equipment w i l l  be  e s s e n t i a l  a s  t h e  g e n e r a t o r s  a r e  synchronous .  

The n a t u r e  of t h e  c o n t r o l  r e q u i r e d  d u r i n g  g e n e r a t i n g  p e r i o d s  is 



essentially load control within the confines of the Scottish 

grid system frequency. Outside the limits of the national grid 

system frequency, frequency control will be required. 

4.2.3  - Generator switching. Each machine will be 

controlled by a circuit breaker. Vacuum or SF6 circuit breakers 

at most require attention at 10 year intervals and have a target 

life of 25 years. Each circuit breaker will be provided with 

conventional protective circuits and auto synchronising facili- 

ties of high integrity. 

4.2.4 - Electronic control equipment. Monitoring and 

telemetry circuits will be used to control all the equipment in 

the power module. It is essential that high integrity supplies 

are available for the electronic control system, so that control 

may be maintained, even in the event of a complete power failure 

within the power module. 

4 .3  - Spine cable arrangements 

4.3 .1  - Duck to spine connections. Flexible main 

cables and control cables will be required from the 'beak' 

mounted equipment cylinders in the oscillating ducks to the 

stationary spine. Cables which can withstand 108 flexures will 

be required. 

A likely solution appears to be the use of flat multi- 
conductor cables, with special insulation suitable for 3.3 kV 

a.c. operation. Whilst there is some development work required 

to make such cables available, the problems appear likely to be 

resolved and can be verified by tests. 

4 .3 .2  - Connections along the spine. The specially 

flexible cables from the duck will be connected to cables 

possessing normal flexibility running inside the spine. Since 

the spine consists of separate lengths, 61 metres long, the 

cables will be subjected to flexing at each joint. Flexure at 



t h e  j o i n t s  i s  r e s t r i c t e d  by h y d r a u l i c  rams t o  a 12' a n g l e ;  t h e  

c a b l e  w i l l  n o t  be  f l e x e d  s e v e r e l y  a t  t h e  j o i n t s .  

A scheme of e l e c t r i c a l l y  unique  ducks  was env i saged  

i n i t i a l l y  and t h e  c o s t s  i n c l u d e d  i n  t h i s  r e p o r t  are based  upon 

LV c a b l e s  from each duck accumula t ing  i n  number towards  a  power 

c o l l e c t i o n  p o i n t .  Appendix B d i s c u s s e s  an a l t e r n a t i v e  a r r a n g e -  

ment u s i n g  a s t a n d a r d i s e d  g e n e r a t o r  c a b l i n g  arrangement  which 

would a l l o w  a l l  ducks t o  be  f u l l y  i n t e r c h a n g e a b l e .  

The c a b l e  from each duck is  t e r m i n a t e d  i n  a  3 . 3  kV 

power f u s e ,  which i s  connec ted  t o  t h e  3 . 3  kV pr imary  winding of 

a  g e n e r a t o r  o r  ' g r o u p i n g '  t r a n s f o r m e r .  The u s e  of f u s e s  a v o i d s  

t h e  unnecessa ry  u s e  of s w i t c h g e a r ,  which would o t h e r w i s e  have t o  

b e  m a i n t a i n e d .  

I f  a  f a u l t  d e v e l o p s  i n  e i t h e r  t h e  s p i n e  c a b l e s  o r  t h e  

'duck t o  s p i n e '  c a b l e ,  t h e n  it w i l l  b e  c l e a r e d  a u t o m a t i c a l l y  by 

3 . 3  kV power f u s e s .  Fuse  blowing c h a r a c t e r i s t i c s  w i l l  co- 

o r d i n a t e  t o  a l l o w  t h e  g e n e r a t o r  c i r c u i t  b r e a k e r s  t o  o p e r a t e  and 

c l e a r  g e n e r a t o r  f a u l t s ,  w i t h o u t  t h e  f u s e  b lowing.  

The permanent l o s s  of any one g e n e r a t o r  r e p r e s e n t s  

o n l y  0 . 1  p e r  c e n t  power l o s s  s i n c e  t h e r e  a r e  1000 g e n e r a t o r s  

i n  t h e  r e f e r e n c e  scheme. I t  i s ,  however, wor th  n o t i n g  t h a t  

hydro-dynamic s t u d i e s  i n d i c a t e  t h a t  i f  one g e n e r a t o r  o r  one 

duck i n  a  s t r i n g  c e a s e s  t o  f u n c t i o n ,  t h e  o u t p u t  of a d j a c e n t  

ducks  w i l l  i n c r e a s e ;  t h e r e b y  compensat ing i n  p a r t  f o r  t h e  l o s s  

o f  o u t p u t  from t h e  f a u l t y  duck. 



SECTION 5 

SEA TO SHORE TRANSMISSION 

I n  t h e  c o n s u l t a n t s  s e c o n d  r e p o r t  ( i s s u e d  August  1978) 

a  d . c .  t r a n s m i s s i o n  scheme w a s  a d o p t e d  as t h e  bas is  o f  c o s t i n g  

wave e n e r g y  schemes  i n c l u d i n g  t h e  S a l t e r  Duck (SEA) d e v i c e .  

S i n c e  t h e  u n i q u e  e n e r g y  s t o r a g e  c a p a c i t y  o f  t h e  Edin-  

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

a n . a . c .  t r a n s m i s s i o n  scheme c a n  be c o n s i d e r e d  as an  a l t e r n a t i v e  

t o  a d . c .  t r a n s m i s s i o n  scheme. I n  o u r  o p i n i o n  t h e  a d d i t i o n a l  

c o s t  o f  r e c t i f i c a t i o n  and  i n v e r s i o n  would n o t  be j u s t i f i e d  f o r  

t h e  t r a n s m i s s i o n  d i s t a n c e  of  a b o u t  250 k m .  O b j e c t i v e  ( b )  o f  o u r  

terms o f  r e f e r e n c e  ( i e  w h e t h e r  a . c .  o r  d . c .  t r a n s m i s s i o n  is  

a p p r o p r i a t e )  i s ,  t h e r e f o r e ,  r e s o l v e d  by f a c t o r s  o u t s i d e  t h e  

f i e l d  o f  e l e c t r i c a l  d e s i g n  c o n c e p t s .  A c c o r d i n g l y  w e  have  n o t  

a t t e m p t e d  t o  d e s i g n  a  d . c .  t r a n s m i s s i o n  scheme similar  t o  t h a t  

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

5.1 - Submar ine  cables 

The s u b m a r i n e  c a b l e  r o u t e  t o  l a n d  may be d i v i d e d  i n t o  

two s e p a r a t e  s e c t i o n s .  The s e c t i o n  c o n n e c t i n g  t h e  f l o a t i n g  wave 

e n e r g y  d e v i c e  t o  t h e  s e a b e d  r e q u i r e s  a  f l e x i b l e  cable c o n n e c t i o n ,  

w h i l e  t h a t  f rom t h e  s e a b e d  t o  t h e  s h o r e  d o e s  n o t .  

F l e x i b l e  cable l e n g t h s  are r e l a t i v e l y  s h o r t ,  s i n c e  t h e  

wave e n e r g y  d e v i c e  w i l l  n e v e r  be s t a t i o n e d  i n  w a t e r  d e p t h s  

g r e a t e r  t h a n  a b o u t  100 metres. Development o f  f l e x i b l e  cables 

f o r  t h i s  s p e c i a l  p u r p o s e  need  n o t  be c o n s t r a i n e d  by economic 

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

i n s t a n c e ,  much lower  e l ec t r i ca l  stresses t h a n  would be commerci- 

a l l y  a c c e p t a b l e  c o u l d  be employed i n  d e s i g n  f o r  t h e  i n s u l a t i o n .  



A "low stress" c a b l e  would i n h e r e n t l y  be l e s s  s u s c e p t i b l e  t o  
/ 

i n s u l a t i o n  breakdown mechanisms which occur i n  "high stress" /' 
r i - < 

commercial c a b l e s .  I d e a l l y ,  t h e  f l e x i b l e  c a b l e  should a l s o  be Lh' 

, ab le  t o  o p e r a t e  s a t i s f a c t o r i l y  wi th  moist  insu la t ion2*  the reby  
--__I_ -- - __ -X"  I- I - -p-_- -.- -------c - 

not  r e l y i n g  on t h e  complete i n t e g r i t y  of t h e  c a b l e  shea th  t o  

keep t h e  i n s u l a t i o n  d ry .  F l e x i b l e  c a b l e s  would need mechanical 

suppor t ,  p r e f e r a b l y  from a s u i t a b l e  s t r u c t u r e .  

Cable requirements  from seabed t o  sho re  a r e  f o r  "high" 

e l e c t r i c a l  s t r e s s  c a b l e s ,  which can t r a n s f e r  t h e  maximum power 

a t  minimum c o s t .  These c a b l e s  would form s e a  t o  shore  "busbars" 

and, needing less f l e x i b i l i t y ,  could have l a r g e  c r o s s  s e c t i o n a l  

a r e a s .  Seabed t o  sho re  c a b l e s ,  however, would need mechanical 

p r o t e c t i o n  t o  prevent  damage due t o  ab ra s ion  a g a i n s t  rocks .  

A c a b l e  j o i n t  i s  r equ i r ed  between t h e  two s e c t i o n s  of 

submarine cab le ,  where t h e  r e l a t i v e l y  i n f l e x i b l e  "seabed t o  

sho re  cable"  is  j o i n t e d  t o  t h e  f l e x i b l e  "seabed t o  sur face"  

cab le .  

I t  is d e s i r a b l e  t o  j o i n t  s e v e r a l  f l e x i b l e  HV submarine 

c a b l e s  on t o  t h e  end of t h e  seabed t o  shore  c a b l e  because:-  

a .  The f l e x i b l e  c a b l e s  w i l l  have a reduced c r o s s  s e c t i o n a l  

a r e a  thereby i n c r e a s i n g  t h e i r  f l e x i b i l i t y  and hence 

t h e i r  s u i t a b i l i t y  f o r  seabed t o  s u r f a c e  connect ions .  

b .  A m u l t i p l e  take-off  from t h e  duck s t r i n g  a t  HV reduces 

t h e  need f o r  long l e n g t h s  of LV c a b l e s  running pa ra l -  

l e l  t o  t h e  sho re .  

The t ransmiss ion  from s e a  t o  sho re  w i l l  t h e r e f o r e  

c o n s i s t  of power c o l l e c t i o n  on t h e  s u r f a c e  a t  3 . 3  kV; t ransforma-  

t i o n  t o  some h igher  v o l t a g e ;  and an HV submarine cab le  system t o  

t h e  sho re .  

A summary of t h e  i tems of t ransmiss ion  p l a n t  r equ i r ed  

i s : -  



A 3 . 3  kV c a b l e  from each duck f e e d i n g  a  3 . 3  kV "group" 

b u s b a r  th rough  a  f u s e .  

A g roup ing  t r a n s f o r m e r  which c o l l e c t s  power from 

s e v e r a l  incoming 3 . 3  kV c a b l e s  and t r a n s f o r m s  from 

3 . 3  kV t o  a h i g h e r  t r a n s m i s s i o n  v o l t a g e .  

A f l e x i b l e  h i g h  v o l t a g e  submarine c a b l e  from each 

g roup  t r a n s f o r m e r  t o  t h e  seabed .  

A c a b l e  m u l t i - j o i n t  box on t h e  seabed  j o i n i n g  t h e  

f l e x i b l e  c a b l e s  from t h e  s u r f a c e  t o  t h e  main HV seabed  

t o  s h o r e  c a b l e .  

A main seabed t o  s h o r e  HV submar ine  c a b l e .  

Cable  t e r m i n a t i o n s  on t h e  s h o r e  f o r  t h e  incoming HV 

submarine c a b l e s .  

5 . 2  - The optimum s e a  t o  s h o r e  t r a n s m i s s i o n  sys tem 

C o l l e c t i o n  of power a t  s e a  p a r a l l e l  t o  t h e  s h o r e  is a t  

low v o l t a g e ,  w h i l e  t r a n s m i s s i o n  of power from sea t o  s h o r e  is  a t  

h i g h  v o l t a g e .  I n  e f f e c t ,  power c o l l e c t i o n  and t r a n s m i s s i o n  

c i r c u i t s  form a  number of "T1' shaped c a b l e  c i r c u i t s .  

If power " t a k e  o f f s "  from s e a  t o  s h o r e  o c c u r  a t  f r e -  

quen t  i n t e r v a l s  then  t h e  c o s t  of LV power c o l l e c t i o n  c a b l e s  

p a r a l l e l  t o  t h e  s h o r e  w i l l  p redominate .  

The number of  p a r a l l e l  s e a  t o  s h o r e  c i r c u i t s  is  primar-  

i l y  de termined on grounds  of minimum c o s t ,  s o  i t  is t i m e l y  t o  

i n t r o d u c e  a  d i s c u s s i o n  on c o s t  a t  t h i s  p o i n t  i n  our  r e p o r t .  I t  

i s  shown l a t e r ,  however, t h a t  an i n c r e a s e  i n  t h e  number of 

p a r a l l e l  s e a  t o  s h o r e  c i r c u i t s  ( p e r h a p s  r e q u i r e d  f o r  s e c u r i t y  

r e a s o n s )  o n l y  m a r g i n a l l y  i n c r e a s e s  t h e  o v e r a l l  c o s t  of t h e  s e a  

t o  s h o r e  t r a n s m i s s i o n  scheme. 



Notes on the derivation of costs used for cost analysis 

may be found in Appendix B. There are, however, one or two 

points of special interest that should be mentioned. 

We selected 132 kV as being a suitable transmission 

voltage from sea to shore for the purpose of cost studies. As 

discussed in the Section 4.1, 3.3 kV has been selected for the 

generation and power collection system. 

The installed cost per metre of HV submarine cable, 
including laying and mechanical protection is not significantly 

affected by operating voltage; since laying and mechanical 

protection costs are a high proportion of the total installed 

cost. Variation of the sea to shore transmission voltage either 

side of 132 kV (ie 110 kV - 161 kV), or the cable size will not 
significantly affect any costing exercise. 

A sea to shore route length of 15 km has been selected 

for study purposes. A distance of 15 km will include horizontal 
and vertical deviations of the laid cable to a string of ducks 

located 10 km from the shoreline of South Uist. 

Although 15 km sea to shore transmission route is 

considered for the reference design there is no reason why the 

a.c. transmission scheme proposed should not be extended to 

60 km. A case study for 60 km of sea to shore a.c. transmission 

by cable is included in Appendix A. 

All costing studies are for the transmission of 

2000 MW from sea to shore. Costing studies showing the variation 

of total transmission cost with the number "n" of sea to shore 

132 kV transmission circuits have been made. (See Plate 5). 

Each sea to shore transmission circuit will carry 2000/n MW. 

The grouping of generators to each of the grouping 

transformers is another possible variation in the configuration 

of the sea to shore transmission system. Each sea to shore 

transmission circuit includes several flexible 132 kV cable 



circuits which connect the grouping transformers in the duck 

string to the seabed. The costing studies for sea to shore 

transmission costs have been repeated for three different take- 

off configurations. 

Plate 5 shows the variation of total transmission cost 

for 2000 MW with the number (n) of 132 kV sea to shore trans- 

mission circuits. Configuration A is for two grouping trans- 
formers for each 132 kV sea to shore transmission circuit. The 

price per metre of 132 kV 3 phase submarine cable circuits was 

assumed to be £12O/metre. Three curves are given for 3.3 kV 

3 core cable prices of £6, 12 and 24 per metre, respectively. 

Figs (B) and (C) show the effect on total transmission cost of 
increasing the number of grouping transformers in each 132 kV 

sea to shore circuit to 3 and 4 respectively. 

The costing exercise is repeated in Plate 6, but this 

time a cable price of £240/metre of 132 kV submarine 3 phase 

cable circuit has been assumed. 

The results of costing studies shown in Plates 5 and 

6 reveal:- 

a. The cost of 3.3 kV LV cabling is a significant propor- 

tion of the overall transmission cost. 

b. Doubling the price of 3 phase 132 kV cable circuit 

from £120/metre to £240/metre increases the overall 

transmission cost, but not proportionately to the 

increase in the 132 kV cable price. 

Five 132 kV sea to shore transmission circuits have 

been chosen on the basis that the limiting current for 132 kV 
2 

single core cables is about 2000 amps (2000 mm ) .  The output of 

the 2000 MW scheme would only reduce by 20 per cent for a perma- 
nent cable failure. 



The r e f e r e n c e  e l e c t r i c a l  d e s i g n  chosen is  based  on a 

132 kV c a b l e  c i r c u i t  p r i c e  of E240/metre and 3 .3  kV c a b l e  p r i c e  

of  £24 /met re .  The p r i c e  of 3 . 3  kV c a b l e s  i n c l u d e s  r a c k i n g ,  p l u g  

c o n n e c t i o n s  and m u l t i c o r e  c a b l e s  f o r  c o n t r o l .  

With t h e  c a b l e  p r i c e s  used  i n  t h e  s t u d y  t h e r e  is no 

J s i g n i f i c a n t  economic advan tages  i n  i n c r e a s i n g  t h e  number of 

f l e x i b l e  c a b l e  c o n n e c t i o n s  and g roup ing  t r a n s f o r m e r s  t o  beyond 

t h r e e .  

5 .3 - Arrangement of t h e  r e f e r e n c e  e l e c t r i c a l  d e s i g n  

The r e f e r e n c e  e l e c t r i c a l  d e s i g n  shown i n  P l a t e  7 con- 

sists of  5 p a r a l l e l  132 kV s e a  t o  s h o r e  c a b l e  c i r c u i t s  each  

rated a t  450 MVA. Each s e a  t o  s h o r e  c a b l e  c i r c u i t  c o n n e c t s  t o  

3 s e p a r a t e  f l e x i b l e  c a b l e s  which,  i n  t u r n ,  connect  t o  g roup ing  

t r a n s f o r m e r s  a t  t h e  s u r f a c e .  Each g roup ing  t r a n s f o r m e r  c o l l e c t s  

power from 67 o r  68 ducks .  

Grouping t r a n s f o r m e r s  ( s e e  P l a t e  8) a r e  r a t e d  a t  

150 MVA and have two 3 .3  kV pr imary  windings  each  f e d  by 34 

ducks.  A doub le  pr imary  winding is n e c e s s a r y  t o  keep t h e  

c u r r e n t  r a t i n g  of each  winding t o  a  r e a s o n a b l e  l e v e l .  A s i n g l e  

132 kV secondary  HV winding f e e d s  t h e  o u t g o i n g  132 kV f l e x i b l e  

c a b l e .  

5 . 4  - Cable  r e l i a b i l i t y  and s e c u r i t y  

The m a j o r i t y  of f a u l t s  i n  submarine c a b l e  c i r c u i t s  a r e  

mechanica l  i n  o r i g i n ,  r a t h e r  t h a n  t h e  d i r e c t  r e s u l t  of e l e c t r i -  

c a l  f a i l u r e .  

Cons tan t  movement of t h e  c a b l e  on t h e  seabed caused by 

t i d a l  c u r r e n t s  may cause  a b r a s i o n  and f r a c t u r e  of  t h e  c a b l e  

s h e a t h  w i t h  t h e  subsequent  p e n e t r a t i o n  of m o i s t u r e  i n t o  t h e  

c a b l e  i n s u l a t i o n .  A s o l u t i o n  u s u a l l y  adopted  is t h e  u s e  of 

p r e s s u r i s e d  c a b l e  sys tems  which a r e  c a p a b l e  of keep ing  m o i s t u r e  

o u t  of t h e  c a b l e  i n s u l a t i o n  f o r  s m a l l  f r a c t u r e s .  



S e v e r e  c a b l e  damage may r e s u l t  from t h e  movement of 

l a r g e  r o c k s  on t h e  s e a b e d ,  unsuppor ted  c a b l e  l e n g t h s  r e s t i n g  

o v e r  r o c k  l e d g e s ,  o r  s h i p ' s  anchors .  P r e s s u r i s e d  c a b l e  sys tems  

cannot  keep t h e  c a b l e  i n s u l a t i o n  d r y  f o r  s e v e r e  damage t o  t h e  

c a b l e .  C a b l e s  which a r e  c o n s t r u c t e d  u s i n g  s o l i d  i n s u l a t i o n  ( e g  

EPR and XPLE) would be less s u s c e p t a b l e  t o  t h e  i n g r e s s  of wa te r  

f o l l o w i n g  s e v e r e  damage, t h a n  c a b l e s  i n s u l a t e d  w i t h  impregnated 

p a p e r .  

A f i r s t  r equ i rement  f o r  submarine c a b l e  i n s t a l l a t i o n  

is an e x h a u s t i v e  su rvey  of t h e  seabed .  I t  is e s s e n t i a l  t o  avo id  

l a y i n g  t h e  c a b l e  i n  haza rdous  a r e a s  where a b r a s i o n  of t h e  c a b l e  

might  o c c u r .  We can o n l y  a v a i l  o u r s e l v e s  of  such  e x p e r t i s e  as 

e x i s t s  i n  t h e  North of S c o t l a n d  Hydro Board, and t h e  Marine 

I n s t i t u t e  a t  Dunstaf fanage .  P r e l i m i n a r y  s u r v e y s  i n d i c a t e  t h a t  

t h e  seabed is rocky and mechanica l  p r o t e c t i o n  f o r  c a b l e s  may 

w e l l  b e  n e c e s s a r y .  

Mechanical p r o t e c t i o n  of t h e  c a b l e  can t a k e  many 

forms.  A c a b l e  may be  p r o t e c t e d  by c o n c r e t e ,  e i t h e r  l a i d  i n  

s l a b s  over  t h e  c a b l e ,  o r  i n  t h e  form of bags  of s low s e t t i n g  mix 

t i e d  t o  t h e  c a b l e  i t s e l f .  Another form of mechanica l  p r o t e c t i o n  

c o u l d  be  a  s p i r a l  p r o t e c t i o n  wound over  t h e  c a b l e  a s  i t  is l a i d .  

A p p l i c a t i o n  of such p r o t e c t i o n  measures ,  a s  a p p r o p r i a t e ,  w i l l  

i n c r e a s e  t h e  r e l i a b i l i t y  of  any submar ine  c a b l e  c o n s i d e r a b l y .  

There  i s ,  however, much t h a t  can be  done t o  r educe  t h e  

p o s s i b i l i t y  of a l l  t h r e e  phases  of t h e  c a b l e  c i r c u i t  b e i n g  

s e v e r e l y  damaged by s h i p s  anchors  and f i s h i n g  t r a w l s .  I f  t h e  

phase  s p a c i n g  is  200 - 500 metres t h e n  t h e  r i s k  of  s e v e r e  damage 

t o  two p h a s e s  s i m u l t a n e o u s l y  is much reduced .  

A f o u r t h  ( s p a r e )  s i n g l e  c o r e  c a b l e  h a s  been i n s t a l l e d  

on c e r t a i n  c a b l e  i n s t a l l a t i o n s  which a r e  mentioned i n  t e c h n i c a l  

l i t e r a t u r e ,  t o  e n a b l e  a  t h r e e  phase  c a b l e  c i r c u i t  t o  b e  o p e r a t e d  

i n  s p i t e  of  t h e  l o s s  of  one phase .  The  s p a r e  p h a s e ,  however, 

would have t o  b e  a u t o m a t i c a l l y  swi tched  and k e p t  e n e r g i s e d  t o  

a v o i d  d e t e r i o r a t i o n  of t h e  c a b l e .  



We f e e l  t h a t  t h e  c o m p l i c a t i o n  o f  s w i t c h i n g  and  e n e r g i -  

s i n g  t h e  s p a r e  p h a s e  would n o t  b e  w o r t h w h i l e  s i n c e  a t  leas t  f o u r  

o t h e r  p a r a l l e l  sea t o  s h o r e  t r a n s m i s s i o n  c i r c u i t s  w i l l  a lso  

e x i s t .  I f  i t  is f e l t  t h a t  a d d i t i o n a l  s e c u r i t y  of  sea t o  s h o r e  

c a b l e  c i r c u i t s  is  r e q u i r e d  t h e n  more s e a  c i r c u i t s  c o u l d  b e  

p r o v i d e d ,  r e d u c i n g  t h e  permanent  o u t a g e  t o  less t h a n  20 p e r  c e n t  

o f  t h e  nomina l  g e n e r a t i o n  c a p a c i t y  of  2000 MW. 

We e n v i s a g e  t h e  132  kV mult i -way c o n n e c t i o n  b e i n g  made 

i n  t h e  f a s h i o n  of  e x i s t i n g  metal c l a d  SF6 s w i t c h g e a r .  I n  t h i s  

case t h e r e  would be a s i n g l e  p h a s e  m e t a l c l a d  SF6 b u s b a r  w i t h  t h e  

a p p r o p r i a t e  number o f  s o l i d  c a b l e  e n t r i e s .  G a s  l e a k a g e  r a t e s  of  

less t h a n  1 p e r  c e n t  p . a .  c a n  be g u a r a n t e e d  now and t o g e t h e r  

w i t h  f u r t h e r  m a r i n e  p r o t e c t i o n  t h e  p r e s e n t  day  t e c h n i q u e s  w i l l  

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

s e c u r i n g  t h e  c o n n e c t o r  on t h e  s e a b e d  and  f o r  r a i s i n g  it f o r  

r e p a i r s  r e q u i r e  s t u d y .  

5 . 6  - C a b l e  c h a r g i n g  c u r r e n t  

The c h a r g i n g  c u r r e n t  o f  c a b l e s  c a n  b e  compensated by 

t h e  p r o v i s i o n  of  s h u n t  r e a c t o r s .  Shunt  r e a c t i v e  compensa t ion ,  

however ,  d o e s  n o t  r e d u c e  t h e  h e a t i n g  of  t h e  cable due  t o  t h e  

f l o w  o f  cable c h a r g i n g  c u r r e n t .  Where c h a r g i n g  c u r r e n t s  a r e  

drawn by a  c a b l e  s y s t e m  t h e  c a b l e  must b e  compensated a t  i n t e r -  

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

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

I n s t a l l a t i o n  of i n t e r m e d i a t e  compensa t ion  f o r  submar ine  power 

cables p o s e s  d i f f i c u l t ,  b u t  n o t  i n s u p e r a b l e ,  t e c h n i c a l  p rob lems .  

Submarine cables u s i n g  XLPE i n s u l a t i o n  have  been  u s e d  

i n  s e v e r a l  p a r t s  of  t h e  w o r l d .  The most  s i g n i f i c a n t  e l e c t r i c a l  

p a r a m e t e r  o f  XLPE c a b l e s  is t h a t  t h e  c h a r g i n g  c u r r e n t  is o n l y  

1 1 3  t h a t  o f  t h e  e q u i v a l e n t  p a p e r  i n s u l a t e d  o i l  impregna ted  p a p e r  

cable. T h i s  s i g n i f i c a n t  change  i n  e l e c t r i c a l  p a r a m e t e r s  g r e a t l y  

i n c r e a s e s  t h e  l e n g t h  o f  uncompensated a . c .  c a b l e  t h a t  c a n  be 

employed f o r  power t r a n s m i s s i o n .  



The d i s t a n c e  l i m i t  imposed by c h a r g i n g  c u r r e n t  a l o n e  

f o r  a 3 phase  132 kV XLPE c a b l e  c i r c u i t  r a t e d  a t  450 MVA is 

around 100 km ( s e e  Appendix A). Reactance  o f  t h e  c a b l e  c i r c u i t  

becomes more of a l i m i t i n g  f a c t o r  t h a n  t h e  c a b l e  c h a r g i n g  

c u r r e n t ,  due  t o  t h e  much reduced c h a r g i n g  c u r r e n t  of XLPE c a b l e .  

Sea  t o  s h o r e  t r a n s m i s s i o n  d i s t a n c e s  of up t o  60 km 

w i l l  be s a t i s f a c t o r y  f o r  t h e  r e f e r e n c e  e l e c t r i c a l  d e s i g n  proposed.  

Beyond 60 km t h e  a d d i t i o n a l  c i r c u i t  r e a c t a n c e  i n t r o d u c e d ,  o r  

s h e a t h  h e a t i n g  may c a u s e  power t r a n s f e r  t o  be l i m i t e d ;  and these 

a s p e c t s  would need t o  be  examined i n  g r e a t e r  d e t a i l .  

5.6 - Cable  c i r c u i t  r e a c t a n c e  

2 Cab les  i n  e x c e s s  of 400 mm c s a  ( a s  r e q u i r e d  f o r  t h e  

r e f e r e n c e  d e s i g n )  a r e  u s u a l l y  of s i n g l e  c o r e  c o n s t r u c t i o n  a t  

132 kV due t o  t h e  bu lk  of t h e  c a b l e s .  Reactance  of c a b l e  c i r -  

c u i t s  may be reduced by l a y i n g  s i n g l e  c o r e  c a b l e s  i n  t r e f o i l  

f o r m a t i o n ,  b u t  t h i s  may no t  be a c c e p t a b l e  f o r  submarine a p p l i c a -  

t i o n s  because : -  

a .  S e v e r e  mechanica l  damage cou ld  r e s u l t  i n  t h e  l o s s  of 

a l l  t h r e e  phases .  

b .  Cab les  may c h a f e  and damage each o t h e r  i f  s u b j e c t e d  t o  

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

Magnetic f i e l d s  caused by c u r r e n t  f low i n  t h e  c a b l e  

c o r e ,  c a u s e  v o l t a g e s  t o  be induced i n  t h e  c a b l e  s h e a t h .  When 

t h e  c a b l e  s h e a t h s  a r e  s o l i d l y  bonded t h e  f low of c u r r e n t s  i n  t h e  

s h e a t h  c a u s e  power l o s s e s .  Power l o s s e s  i n  t h e  c a b l e  s h e a t h  

r e s u l t  i n  a r e d u c t i o n  of t h e  c u r r e n t  c a r r y i n g  c a p a c i t y  of t h e  

c a b l e .  For  t h i s  r e a s o n  c a b l e s  l a i d  on l a n d  have t h e i r  s h e a t h s  

" c r o s s  bonded", which e l i m i n a t e s  t h e  c u r r e n t  f low i n  t h e  c a b l e  

s h e a t h  w i t h  a subsequen t  i n c r e a s e  i n  t h e  c u r r e n t  c a r r y i n g  capa- 

c i t y  of t h e  c a b l e .  



Obvious ly ,  c r o s s  bonding cannot  be  a p p l i e d  t o  sub- 

mar ine  c a b l e s ,  a s  a  complex sys tem of  s h e a t h  c o n n e c t i o n s  cou ld  

n o t  b e  i n s t a l l e d  under t h e  s e a .  The o n l y  f e a s i b l e  s o l u t i o n  is 

t h e  s o l i d  bonding of c a b l e  s h e a t h s ;  b u t  i n  s p i t e  of i n c r e a s e d  
v# c a b l e  l o s s e s ,  it h a s  b e n e f i t s  a s  w e l l  as d i s a d v a n t a g e s .  

@ The f low of c u r r e n t s  i n  t h e  s h e a t h  and armour ing h a s  

an  i m p o r t a n t  i n f l u e n c e  i n  r e d u c i n g  t h e  t h r e e  phase  c i r c u i t  

r e a c t a n c e  o f  3 - s i n g l e  c o r e  c a b l e s  which a r e  s e p a r a t e d  by l a r g e  

phase  d i s t a n c e s .  

A s i n g l e  c o r e  a . c .  submarine c a b l e  may be  l i k e n e d  t o  

an a i r  c o r e d  t r a n s f o r m e r  w i t h  a  s i n g l e  t u r n  pr imary  ( t h e  c o r e )  

and a s h o r t e d  c i r c u i t e d  secondary  t u r n  ( t h e  s h e a t h  and armour- 

i n g ) .  The f l o w  of  c u r r e n t  i n  t h e  c a b l e  armouring r e d u c e s  t h e  

c a b l e  r e a c t a n c e .  Losses  i n  t h e  armouring a r e  reduced by ensur-  

i n g  t h a t  s h o r t  c i r c u i t e d  "secondary t u r n "  h a s  a  low r e s i s t a n c e .  

For  t h e s e  r e a s o n s ,  low r e s i s t a n c e  aluminium a l l o y  armouring 

would be r e q u i r e d  f o r  t h e  submarine c a b l e s  c o n n e c t i n g  seabed  t o  

s h o r e .  

5 .7  - Summary of  c a b l e  s p e c i f i c a t i o n  

Bear ing  i n  mind t h e  p r e v i o u s  d i s c u s s i o n ,  we have 

adop ted  t h e  f o l l o w i n g  c a b l e  S p e c i f i c a t i o n  g i v e n  i n  Tab le  2 f o r  

s t u d y  purposes  f o r  t h e  seabed  t o  s h o r e  132 kV c a b l e s .  



TABLE 2 

No cores 

Armouring 

Insulation type 

System voltage 

Rating per phase 

Cross-section area 

Reactancelkm at 50 Hz 

AC resistance 85'~ 

Charging current per 
3 phase 

Sea bed thermal 
resistivity 

Land thermal 
resistivity 

single core/copper 

non-magnetic (aluminium 
alloy) 

XLPE/Pressurised 

2000 amps 



SECTION 6 

TRANSMISSION TO THE MAINLAND 

T h i s  s e c t i o n  is concerned w i t h  t h e  c o l l e c t i o n  of t h e  

power from t h e  132 kV submarine c a b l e s ,  t h e n  by l a n d  on South  

U i s t ,  t h rough  t o  t h e  d e l i v e r y  of t h e  power a t  C r a i g r o y s t o n ,  n e a r  

t o  Cruachan.  

The i n j e c t i o n  of 2000 MW power i n t o  t h e  S c o t t i s h  g r i d  

sys tem w i l l  i n e v i t a b l y  r e q u i r e  some r e i n f o r c e m e n t  of t h e  g r i d  

s y s t e m .  Reinforcement  of t h e  S c o t t i s h  g r i d  sys tem is o u t s i d e  

t h e  scope  of o u r  r e p o r t  and w e  assume t h a t  t h e  p o i n t  of  i n t e r -  

c o n n e c t i o n  w i l l  be  r e i n f o r c e d .  

Cruachan and t h e  s u r r o u n d i n g  a r e a  is  s u i t a b l e  f o r  t h e  

development of pumped s t o r a g e  schemes and one a t  C r a i g r o y s t o n  i s  

under  c o n s i d e r a t i o n .  I f  such schemes a r e  deve loped ,  a  400 kV 

g r i d  s y s t e m  connec t ing  t h e  Cruachan a r e a  w i t h  t h e  major l o a d  

c e n t r e  a t  Glasgow w i l l  have t o  b e  c o n s t r u c t e d .  Fur the rmore ,  t h e  

n a t u r e  of a  pumped s t o r a g e  scheme is t h a t  f a c i l i t i e s  e x i s t  f o r  

t h e  g e n e r a t i o n  of r e a c t i v e  power, and t h e  s t o r a g e  of l a r g e  

amounts of energy.  Accord ing ly ,  w e  c o n s i d e r  t h e  Cruachan a r e a  

t o  b e  s u i t a b l e  f o r  t h e  t e r m i n a t i o n  of incoming t r a n s m i s s i o n  

l i n e s  from a  wave energy  scheme. 

The t e c h n i c a l  p a r t i c u l a r s  of t h e  components of  t h i s  

s y s t e m  a r e  shown i n  T a b l e  3.  

6 . 1  - Transmiss ion  r o u t e  (see P l a t e  9 )  

a s t  The incoming 132 kV submarine c a b l e s  on t h e  w e s t  CO 

of South  U i s t  w i l l  f e e d  s i n g l e  c i r c u i t  132 kV overhead l i n e s  

which t e r m i n a t e  i n  a  132/400 kV t r a n s f o r m i n g  s t a t i o n .  A s h o r t  

l e n g t h  of 400 kV overhead l i n e  w i l l  t h e n  run  from t h e  132/400 kV 

t r a n s f o r m i n g  s t a t i o n  t o  a  400 kV c a b l e  t e r m i n a t i o n .  



O/H AC TRANSMISSION LINES 

Al ( Route: 110 km 
( Arrangement: Single Circuit 400kV "' 

A2 ( Conductors: Twin Aluminium Alloy 35mm0/~ per phase 
A3 ( Each Conductor 0.65 sq.in Copper Equivalent 
A4 ( INSULATION LEVEL: 400 kV 

( Current Ratings: Cold: 2500 amps 
( (per circuit 65OC. Normal: 2200 amps 
( Operating Temperature) Hot: 2000 amps 

ROUTE : 20 km 

A5 ( As for lines A1 - A4 
A6 ( except 500kV Insulation for 

( Salt spray conditions 

ROUTE: 10 km 

A7 (Arrangement: Single Circuit 132kV 
A8 (Conductors: Twin, Aluminium Alloy 3 5 p  O/D per. phase 
A9 ( Each Conductor 0.65 sq. ins Copper Equivalent 
AlO(Insu1ation Level: 275 kV* 
All(* For salt spray conditions 

SUBMARINE AC CABLES 

( Route: 30km 
B1 ( Arrangement: 3 single Cores / Circuit + spare phase 

( Type: 400kV XLPE Insulated 
( Current Rating: 1600 amps / Circuit 

B2 ( Charging WAR: 180 h:VAR/Circuit 

B3 ( Route: 15km (10 km Nominal) 
B4 ( Arrangement: 3 Single Cores/Circuit 

( Type: 132kV XLPE Insulated 
B5 ( Current Rating: 2000 amps / Circuit 
B6 ( Charging WAR: 25 MVAR / Circuit 
B7 ( 

TRANSFORMERS 

T1 ( Voltage: 400/132/66kV 
( Group: Star/Star/Delta 

T2 ( Rating: 670MVA Single Phase Banks 
T3 ( Reactance: 12% 
T4 ( Taps On 132kV: -10% + 5% ON LOAD 

T5 ( Voltage: 13213.313.3 
T6 ( Group: Star/Delta/Delta 
T7 ( Rating: 15OMVA 
T8 ( Reactance: 12% 
T9 ( Taps On 132kV: +l% - 5% OFF Load 

SHUNT REACTORS 

R1 ( Voltage: 132kV 
R2 ( Rating: 150 MVAR 
R3 ( 

SERIES CAPACITOR 

C1 ( Insulation: 400kV 
( OMMS/PHASE: 20 (60% Series Line Reactance Compensation) 
( Current Rating: 3400 amps 
( Normal Operating Voltage: 68kV rms 
( CAP S(,tti n ~ :  1 4 0  kVp 
( Total 3 Phase MVAR Ilrrting: 615 MVAR 



Submarine cable c i r c u i t s  w i l l  r u n  u n d e r  t h e  L i t t l e  

Minch f o r  a d i s t a n c e  o f  30 km, t o  t h e  I s le  o f  Skye .  A 400 kV 

o v e r h e a d  l i n e  w i l l  t h e n  r u n  a c r o s s  t h e  I s le  o f  S k y e ,  across t h e  

Kyle  Rhea o n  o v e r h e a d  towers, and  on t o  a  s u b s t a t i o n  a t  F o r t  

Augus tus .  

We have  n o t  c a r r i e d  o u t  a f i e l d  s u r v e y  o f  any of t h e  

l i n e  r o u t e s ,  b u t  on  t h e  b a s i s  o f  l o c a l  knowledge o f  t h e  a r e a ,  

have  selected a w e s t  c o a s t  r o u t e  t o  C r a i g r o y s t o n .  The r o u t e  

f o l l o w s  t h e  r a i l w a y  l i n e  p a s t  Loch Rannoch t o  D a l m a l l y ,  and  

t h e n c e  t o  C r a i g r o y s t o n .  

6 . 2  - 132  kV o v e r h e a d  l i n e s  

From where t h e  132 kV s u b m a r i n e  c a b l e s  l a n d  on t h e  

w e s t  c o a s t  o f  Sou th  U i s t ,  o v e r h e a d  l i n e  c o n n e c t i o n s  w i l l  b e  

r e q u i r e d  t o  t r a n s p o r t  t h e  e n e r g y  t o  a 1321400 kV t r a n s f o r m i n g  

s t a t i o n .  These  o v e r h e a d  l i n e s  w i l l  b e  s u b j e c t e d  t o  e x c e s s i v e  

s a l t  p o l l u t i o n  and  w i l l  t h e r e f o r e  r e q u i r e  e x t e n d e d  c r e e p a g e  

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

e x t e n d e d  c r e e p a g e  d i s t a n c e  is  t o  c o n s t r u c t  t h e  l i n e  a s  a 275 kV 

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

c o n s t r u c t i o n  and t e r m i n a t e  a t  t h e  s w i t c h i n g  s t a t i o n ;  i n  t h i s  way 

t h e  o v e r a l l  r e l i a b i l i t y  o f  t h e s e  c o n n e c t i o n s  w i l l  be a t  l e a s t  a s  

h i g h  as normal  132  kV c o n s t r u c t i o n .  

6 . 3  - 1321400 kV t r a n s f o r m i n g  s t a t i o n  

I n  t h e  s y s t e m  d iag ram shown on P l a t e  10  it c a n  be s e e n  

t h a t  a 1 4  c i r c u i t  b r e a k e r  s u b s t a t i o n  h a s  been  p roposed  f o r  t h e  

132  kV c o n n e c t i o n s  o f  S o u t h  U i s t .  T h i s  w i l l  p r o v i d e  s e c u r i t y  

a g a i n s t  l o s s  o f  power due  t o  a  b u s b a r  f a u l t  and  e n a b l e  c i r c u i t  

b r e a k e r s  t o  b e  m a i n t a i n e d  w i t h o u t  t h e  o u t a g e  o f  t h e  main e q u i p -  

ment .  

Four  o f  t h e  ' d i a m e t e r s '  o f  t h i s  s w i t c h i n g  s t a t i o n  w i l l  

c o n t a i n  a n  incoming  l i n e  and  a  t r a n s f o r m e r  c o n n e c t i o n ,  t h e  f i f t h  



hav ing  an incoming l i n e  and a r e a c t o r .  T h i s  c o n n e c t i o n  a r range-  

ment min imises  t h e  l o s s  of power i n  t h e  e v e n t  of a  f a u l t  on t h e  

c e n t r e  s w i t c h  of t h e  l+ b r e a k e r  ar rangement .  The o t h e r  two 

s h u n t  r e a c t o r s  would be  connected  t o  a  s i x t h  ' d i a m e t e r ' .  

To e n a b l e  t h e  u s e  of c o n v e n t i o n a l  132 kV s w i t c h g e a r ,  

f o u r  132 kV t r a n s f o r m e r  c i r c u i t  b r e a k e r s  of  3150 amp normal 

c u r r e n t  r a t i n g  w i l l  b e  n e c e s s a r y .  T h i s  r e q u i r e m e n t ,  t o g e t h e r  

w i t h  t h e  f o r e s e e n  need t o  res t r ic t  t r a n s p o r t  weight  of t r a n s -  

f o r m e r s  t o  South  U i s t ,  l e a d s  u s  t o  s u g g e s t  t h a t  t h e r e  s h o u l d  be  

f o u r  400/132 kV t r a n s f o r m e r s ,  connected  i n t o  p a i r s .  T h e i r  

c a p a c i t y  would be  670 MVA, e n a b l i n g  t h r e e  o u t  of t h e  f o u r  t r a n s -  

f o r m e r s  t o  t a k e  t h e  f u l l  2000 MW t h r o u g h o u t .  F u r t h e r ,  t h e s e  

t r a n s f o r m e r s  would most p robab ly  have t o  b e  s i n g l e  phase  u n i t s .  

The t e r t i a r y  windings  a s s o c i a t e d  w i t h  these t r a n s -  

f o r m e r s  c o u l d  be  wound 33 kV and j o i n t l y  would be  c a p a b l e  of 

p r o v i d i n g  a l o c a l  f i r m  l o a d  c a p a c i t y  of s e v e r a l  hundred M W .  

The 400 kV s i d e  of t h e s e  t r a n s f o r m e r s  would f e e d  i n t o  

a s t a n d a r d  400 kV f o u r  s w i t c h  mesh e n a b l i n g  any o r  a l l  of 

t h e  t r a n s f o r m e r s  t o  b e  connected  t o  e i t h e r  o r  b o t h  of t h e  

o u t g o i n g  overhead l i n e s .  

6 . 4  - Overhead l i n e s  

Two t r a n s m i s s i o n  c i r c u i t s  each c a p a b l e  of d e l i v e r i n g  

1000 MW t o  t h e  Cruachan a r e a  f u l f i l  t h e  s e c u r i t y  c r i t e r i a  of 

1000 MW f i r m  and 2000 MW non-firm. (see S e c t i o n  3 . 1 ) .  

The r o u t e  l e n g t h  between t h e  I s le  of Skye and t h e  

Cruachan a r e a  would be  about  240 km, u s i n g  a l i n e  r o u t e  f o l l o w i n g  

t h e  c o n t o u r  of t h e  v a l l e y s ,  and t h e  r a i l w a y  l i n e  t o  Rannoch. 

L ine  r o u t i n g  and c o n s t r u c t i o n  w i l l  be mainly  d e t e r -  

mined by env i ronmenta l  c o n s i d e r a t i o n s .  The a r e a  concerned is a 

t o u r i s t  a r e a  and every  a t t e m p t  would have t o  be  made t o  avo id  

u n s i g h t l y  t r a n s m i s s i o n  towers  and l i n e s .  



The visual impact of the transmission towers could be 

reduced by using the minimum number of line conductors and 

minimum tower height. 

A wave power project may take say, ten years to 
construct and commission. In the early stages only a limited 

amount of power will be available for transmission. If economic 

considerations only were involved, then the phased construction 

of two separate single circuits would be favoured to delay the 

capital expenditure for the second circuit. 

Without having inspected the proposed line route, it 

is difficult to give a firm recommendation on line construction. 

It may well be that several types of tower construction, both 

single and double circuit may have to be used to reduce the 

visual impact of the transmission lines. 

Where minimum height is the main consideration two 

single circuits would be preferable. If wayleave is of primary 

importance double circuit towers would be favoured. Special 

double circuit towers, a top arm carrying two conductors and a 

bottom arm carrying four conductors could be used to reduce 

tower height. 

A suitable conductor arrangement would be twin alu- 

minium alloy conductors 35 mm diameter. The conductor arrange- 

ment would meet the minimum radio interference level acceptable 

to the CEGB, and reduce the amount of tower structure required 

to support the lightweight conductors. The circuit rating of 

each circuit would be 2500 amps under winter conditions, which 

corresponds to a thermal limit of 1300 MVA. 

Electrical security against lightning is increased by 

the use of two separate single circuits. Lightning is likely to 

cause an outage of both circuits occasionally if double circuit 

construction is used. 

In desolate locations the mechanical integrity of the 

transmission circuits is important. Wind and ice loading on 



conductors will be severe. Although double circuit construction 

can be designed satisfactorily, the phased construction of the 

second circuit would involve live stringing, and increase the 

overall cost. 

Our view is that the use of two separate single circuit 

lines should be used wherever this is possible. The justification 

is primarily on economic grounds that only one circuit be needed 

for the first five years of a wave energy project. Secondly, 

the mechanical and electrical integrity of two separate single 

circuits is marginally better than for double circuit construc- 

tion. 

6.5  - 400 kV submarine cable circuits 

A submarine crossing is necessary between the Isle of 

Skye and South Uist at a voltage level of 400 kV. 

Two circuits each consisting of three single core 

cables would be required. The circuit rating of each circuit 

would be 1600 amps. To enable a faulty cable to be repaired, 

which could take months to complete, without restricting the 

system throughout to 50 per cent for more than one day, spare 

cable would be laid. Isolators would be provided at each of the 

cable termination stations to enable the faulty cable to be 

isolated and the spare cable selected. 

The choice lies between cables insulated with oil 

impregnated cables or XLPE insulated cables. The principle 

difference in the electrical properties of XLPE and oil impreg- 

nated cables lies in the magnitude of charging current. XLPE 

cables only require one third of the charging current required 

by oil impregnated paper cables as we have stated in Section 5.6. 

For a distance of 30 km the charging current required by an oil 

filled cable will not limit the power transfer capability of the 

cable, but more reactive compensation equipment will be required. 

Oil impregnated paper cables would be satisfactory for a 30 km 

submarine crossing. 



Although XLPE c a b l e s  above  230 kV are n o t  y e t  i n  

cornrnrnercial s e r v i c e  t h r o u g h o u t  t h e  wor ld  i t  is  e x p e c t e d  t h a t  

c a b l e s  up  t o  400 kV w i l l  b e  a v a i l a b l e  by  1985.  Rapid  a d v a n c e s  

i n  t h e  m a n u f a c t u r i n g  p r o c e s s e s  u s e d  f o r  XLPE c a b l e s  a r e  improv ing  

t h e  r e l i a b i l i t y  o f  XLPE c a b l e s .  T r i a l  i n s t a l l a t i o n s  o f  380 kV 

c a b l e  now e x i s t .  

I f  a submar ine  c a b l e  s u f f e r s  minor  damage t h e n  a 

p r e s s u r i s i n g  s y s t e m  c a n  p r e v e n t  t h e  i n g r e s s  o f  w a t e r  i n t o  t h e  

i n s u l a t i o n .  F o r  ma jo r  damage, however ,  t h e  i n g r e s s  of  water 

c a n n o t  be p r e v e n t e d .  Under t h e s e  c i r c u m s t a n c e s  XLPE c a b l e  is 

less l i a b l e  t o  permanent  damage t h a n  an  o i l  f i l l e d  c a b l e ,  s i n c e  

water c a n n o t  p e n e t r a t e  t h e  i n s u l a t i o n  e a s i l y .  

On b a l a n c e ,  o u r  recommendat ion would b e  a 400 kV XLPE 

c a b l e  i f  t h e s e  are a v a i l a b l e  when t h e  p r o j e c t  is c o n s t r u c t e d .  

R e a c t i v e  compensa t ion  is  t h e r e f o r e  b a s e d  on t h e  c h a r g i n g  c u r r e n t  

r e q u i r e d  by XLPE c a b l e .  R e a c t i v e  compensa t ion  of  t h e  cable 

c h a r g i n g  c u r r e n t  is a c h i e v e d  by t h r e e  s w i t c h e d  reactors s i t u a t e d  

a t  t h e  S o u t h  U i s t  end  of t h e  cable c i r c u i t .  

6 . 6  - Shun t  compensa t ion  

The c h a r g i n g  c u r r e n t  of  t h e  400 kV c a b l e  c i r c u i t s  

be tween  Skye and Sou th  U i s t  a r e  compensated by 3 X 150 MVAr 

r e a c t o r s  a t  S o u t h  U i s t  s w i t c h e d  a t  t h e  132  kV b u s b a r .  The 

c a b l e s  a r e  o f  r e l a t i v e l y  low impedance and compensa t ion  a t  one  

end o n l y  is s u f f i c i e n t .  R e a c t o r s  c a n  b e  s w i t c h e d  o u t  d u r i n g  

heavy l o a d  c o n d i t i o n s  on  t h e  t r a n s m i s s i o n  c i r c u i t  t o  improve 

power f a c t o r .  

6 . 7  - S e r i e s  compensa t ion  

Due t o  t h e  c o m p a r a t i v e l y  l o n g  l e n g t h s ,  and  t h e r e f o r e  

h i g h  i n d u c t i v e  r e a c t a n c e  of  t h e  400 kV o v e r h e a d  l i n e s  t h e r e  

would be a n  e x c e s s i v e  change  i n  p h a s e  a n g l e  which would r e d u c e  

t h e  power t r a n s f e r  c a p a b i l i t y  u n l ' e s s  means were u s e d  t o  com- 

p e n s a t e  f o r  t h i s  l i n e  r e a c t a n c e .  The scheme i n c l u d e s  series 



c a p a c i t o r s  t o  p r o v i d e  compensat ion e q u a l  t o  60 p e r  c e n t  of t h e  

l i n e  r e a c t a n c e .  An i n t e r m e d i a t e  s w i t c h i n g  s t a t i o n  a t  F o r t  

Augustus is prov ided  t o  i n c r e a s e  400 kV t r a n s m i s s i o n  c i r c u i t  

s e c u r i t y  i n  t h e  e v e n t  of an overhead l i n e  f a u l t .  A 14 c i r c u i t  

b r e a k e r  s w i t c h i n g  s t a t i o n  h a s  been i n c l u d e d  f o r  t h i s  purpose .  

The series compensat ion w i l l  be swi tched  between t h e  b u s b a r s  of 

t h i s  s t a t i o n  and t h e  s w i t c h i n g  arrangement  w i l l  e n a b l e  t h e  

compensat ion t o  be  removed a t  w i l l .  

6 . 8  - 400 kV r e c e i v i n g  s t a t i o n  

The overhead l i n e s  w i l l  t e r m i n a t e  a t  t h e  400 kV swi tch-  

i n g  s t a t i o n  which i t  is proposed w i l l  be  b u i l t  a d j a c e n t  t o  t h e  

pumped s t o r a g e  scheme a t  C r a i g r o y s t o n .  The r e a c t i v e  compen- 

s a t i o n  f o r  t h e  l o a d  a t  t h i s  end of t h e  sys tem can e i t h e r  be  

p rov ided  by t h e  g e n e r a t o r s  o r  by a d d i t i o n a l  r e a c t i v e  compensators .  

Whichever is  chosen,  a  sum of £ 8  m i l l i o n  h a s  been i n c l u d e d  t o  

cover  t h e  c o s t .  

6 . 9  - S p a r e  c a p a c i t y  

P l a t e  11 shows t h e  s p a r e  c a p a c i t y  a v a i l a b l e  f o r  i t ems  

of p l a n t  i n c o r p o r a t e d  i n  t h e  scheme. No s p a r e  l i n e  c a p a c i t y  is  

i n c l u d e d  s i n c e  a  l i n e  f a u l t  may be  r e p a i r e d  i n  a  day o r  s o .  

S p a r e  c a p a c i t y  is  r e q u i r e d  f o r  items of p l a n t  t h a t  w i l l  t a k e  a  

c o n s i d e r a b l e  t i m e  t o  r e p a i r  such a s  t r a n s f o r m e r s  and c a b l e s .  



SECTION 7 

COST ESTIMATES 

7 . 1  - Scheme c o s t s  

The scheme c o s t e d  i n  t h i s  s e c t i o n  is t h e  r e f e r e n c e  

e l e c t r i c a l  d e s i g n ,  as d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n s  of t h i s  

r e p o r t ,  namely l 0 0 0  d u c k s  s u p p l y i n g  e n e r g y  t o  t h e  S c o t t i s h  g r i d  

s y s t e m  on  t h e  m a i n l a n d .  

C o s t s  i n c l u d e  a l l  s p a r e  c a p a c i t y  i n s t a l l e d  t o  c o v e r  

l o s s  o f  p l a n t  c o n t i n g e n c i e s .  The scheme is n o m i n a l l y  r a t e d  a t  

2000 MW c o v e r i n g  g e n e r a t i o n  o f f s h o r e  on t h e  w e s t  c o a s t  o f  S o u t h  

U i s t  and  t r a n s m i s s i o n  t o  C r a i g r o y s t o n .  

7 . 2  - The b a s i s  o f  c o s t s  

Wherever p o s s i b l e  w e  have  u s e d  FOB ( f r e e  on b o a r d )  

p r i c e s  o f  equ ipmen t ,  b a s e d  on a c t u a l  c o s t s  t e n d e r e d  on p r o j e c t s  

w e  h a v e  e n g i n e e r e d  w i t h i n  t h e  p a s t  f i v e  y e a r s .  These  c o s t s  have  

b e e n  a d j u s t e d  t o  September  1979  c o s t s  i n  a c c o r d a n c e  w i t h  t h e  

c o s t  i n c r e a s e  t r e n d s ,  b a s e d  on BEAMA m a t e r i a l  and  l a b o u r  c o s t  

i n d i c e s  f o r  s w i t c h g e a r  and  t r a n s f o r m e r s .  

Synchronous  machine  c o s t s  i n c l u d e  a l l  t h e  a u x i l i a r y  

equ ipmen t ,  main s w i t c h g e a r ,  AVR and  c o n t r o l  equ ipmen t .  C o s t s  

h a v e  been  b a s e d  on  i n f o r m a t i o n  s u p p l i e d  by a l e a d i n g  B r i t i s h  

m a n u f a c t u r e r ,  and s p o t  c h e c k s  f rom t e n d e r  p r i c e s  have  c o n f i r m e d  

t h e i r  v a l i d i t y .  

An a l l o w a n c e  o f  40 p e r  c e n t  o f  t h e  FOB p r i c e s  h a s  been  

i n c l u d e d  t o  c o v e r  CIF ( c a r r i a g e ,  i n s u r a n c e  and  f r e i g h t )  and 

e r e c t i o n  c h a r g e s  on a l l  c o s t s  e x c e p t  t h e  c a b l e  c o s t s  f o r  which 

i n s t a l l a t i o n  c o s t s  are c o n v e n t i o n a l l y  i n c l u d e d .  F o r  equipment  



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

25 p e r  c e n t  on  FOB p r i c e s  f o r  CIF and  e r e c t i o n  would be more 

a p p r o p r i a t e  t h a n  40 p e r  c e n t .  A g e n e r o u s  a l l o w a n c e  o f  40 p e r  

c e n t  is i n c l u d e d  t o  o f f s e t  t h e  p r o b a b l e  h i g h e r  c o s t  o f  e r e c t i o n  

d u e  t o  t h e  r e m o t e  l o c a t i o n  of  t h e  S o u t h  U i s t  s i t e .  

C o s t  t r e n d  c u r v e s  fo r  v a r i a t i o n  o f  p l a n t  r a t i n g  are 

i n c l u d e d  i n  Appendix B. 

7 . 3  - A . C .  g e n e r a t i o n  and  t r a n s m i s s i o n  c o s t s  

A summary o f  t h e  t r a n s m i s s i o n  and g e n e r a t i o n  c o s t s  are 

g i v e n  i n  T a b l e  4. The t o t a l  scheme c o s t  f o r  t h e  r e f e r e n c e  

e l ec t r i ca l  d e s i g n  i s  E266 m i l l i o n .  The f i g u r e  of  E266 M assumes  

t h a t  a l l  t h e  equipment  is i n s t a l l e d  i n  t h e  f i r s t  y e a r .  A more 

r e a l i s t i c  i n s t a l l a t i o n  would b e  100 d u c k s  e a c h  y e a r  o v e r  a 

10 y e a r  p e r i o d .  A t  a n  i n t e r e s t  ra te  o f  10 p e r  c e n t  p a  t h e  

p r e s e n t  v a l u e  of t h e  scheme on  t h i s  b a s i s  would b e  r e d u c e d  from 

E266 M t o  E203 M .  I t  w i l l  b e  s e e n  f rom t h e  cost e v a l u a t i o n  

shown i n  T a b l e  5 t h a t  t h e  p h a s i n g  o f  t h e  equipment  t o  f a c i l i t a t e  

t h e  i n s t a l l a t i o n  o f  100 d u c k s  p e r  annum is e f f e c t i v e l y  i n s t a l l -  

i n g  a  132 kV submar ine  c a b l e  c i r c u i t  and c o n n e c t i o n s  t o  t h e  

132/400 kV S o u t h  U i s t  s u b s t a t i o n  e v e r y  2 y e a r s  and i n s t a l l i n g  

t h e  s e c o n d  400 kV c i r c u i t  i n  t h e  f i f t h  y e a r .  To a s s i s t  i n  

showing  t h e  e f f e c t  o f  t h e  i n t e r e s t  r a t e  on t h e  p r o p o s e d  p h a s i n g  

o f  t h e  work,  T a b l e  5 i n c l u d e s  t h e  p h a s e d  c o s t s  a t  8 p e r  c e n t ,  

10 p e r  c e n t  and 12 p e r  c e n t  i n t e r e s t .  



- 3 9  - 
TABLE 4  

AC SCHEME COSTS 

1. 2000hflV o f  s y n c h r o n o u s  g e n e r a t o r s  c o m p r i s i n g  
1000 - 2.6hIW g e n s .  i n c l .  a u x .  e q u i p m e n t ,  
c o n t r o l s ,  p r o t e c t i o n  a n d  s w i t c h g e a r  

2 .  T r a n s m i s s i o n  f r o m  d u c k s  t o  S  U i s t  c o m p r i s i n g  
5 - 132kV c a b l e  c i r c u i t s ,  t r a n s f o r m e r s  3.3kV 
c a b l i n g ,  c o n t r o l s  a n d  p r o t e c t i o n  

3 .  C o l l e c t i o n  a n d  t r a n s m i s s i o n  a c r o s s  S  U i s t  
c o m p r i s i n g  132kV c o l l e c t i n g  O/H l i n e s ,  132kV 
1 4  CB s w i t c h i n g  s t a t i o n ,  4  - 6 7 0  MVA g r o u p s  
o f  1p t r a n s f o r m e r s  3  - 1 5 0  MVAR r e a c t o r s ,  
400kV 4 s w i t c h  mesh 2  - 400kV s i n g l e  c i r c u i t s  
O/H l i n e s .  

4 .  2  - s u b m a r i n e  c a b l e s  400kV c i r c u i t s  p l u s  1 
s p a r e  c a b l e  a n d  s e l e c t i n g  s w i t c h g e a r  3 0  km 
r o u t e  l i n g t h  

5 .  C a b l e  t e r m i n a t i o n  s t a t i o n  on s k y e  4  s w i t c h  

6 .  O/H l i n e s  t o  Comer 

7 .  F o r t  A u g u s t u s  S w i t c h g e a r  S t a t i o n  a n d  S e r i e s  
C a p a c i t o r s  

8 .  T e r m i n a l  S w i t c h g e a r  a t  Comer a n d  i n c r e a s e  i n  
m / c  MVAR c a p a c i t y  

TOTAL 

E n g i n e e r i n g  C h a r g e s  5% 

C o n t i n g e n c i e s  10% 

GRAND TOTAL 
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SECTION 8 

OBSERVATIONS AND SUMMARY 

I n  t h i s  s e c t i o n  w e  o f f e r  o u r  o b s e r v a t i o n s  and  g i v e  o u r  

a n s w e r s  t o  t h e  o b j e c t i v e s  ( a  - f )  d e f i n e d  i n  o u r  terms o f  r e f e r -  

e n c e  i n  S e c t i o n  1. 

The t i t l e  o f  t h i s  r e p o r t  is 'Wave Energy  R e p o r t ' .  The 

t i t l e  i s  s i g n i f i c a n t  s i n c e  i t  u n d e r l i n e s  t h a t  t h e  power is  n o t  

o f  p r i m a r y  i m p o r t a n c e .  Power is  of  premium v a l u e  when i t  c a n  b e  

s c h e d u l e d  on  a  f i r m  b a s i s  t o  meet l o a d  demands.  Power o u t p u t  

f rom n a t u r a l  power s o u r c e s  s u c h  as t i d e ,  wind  o r  waves  r a r e l y ,  

i f  e v e r ,  c o i n c i d e  w i t h  power demands c r e a t e d  by human l i v i n g  

p a t t e r n s  and  i n d u s t r i a l  a c t i v i t i e s .  The s t o r a g e  of  e n e r g y  i n  

b o t h  t h e  s h o r t ,  medium and  l o n g  t e r m ,  and  t h e  u t i l i s a t i o n  of  

e n e r g y  t o  s u p p l y  t h e  l o a d  demand o v e r  24 h o u r  p e r i o d s ,  is  a 

m a t t e r  o f  some c o m p l e x i t y .  Any wave e n e r g y  scheme must  b e  

s u p p o r t e d  f rom t h e  s a l e  o f  e l e c t r i c a l  e n e r g y  ( i e  kW h o u r s )  t o  

consumers  which i s  g e n e r a t e d  a t  random power l e v e l s .  

One o f  t h e  f u n d a m e n t a l  d e s i g n  p a r a m e t e r s  o f  wave 

e n e r g y  schemes  is  t h e  r a t i o  o f  peak  power t o  mean power .  

I n c r e a s i n g  peak  power c a p a b i l i t y  y i e l d s  a d i m i n i s h i n g  r e t u r n  o f  

e n e r g y .  The d e s i g n  o f  t h e  duck  and  t h e  e l ec t r i ca l  s y s t e m  p r o c e e d  

i n  p a r a l l e l ,  s o  t h a t  a f i r m  d e c i s i o n  had  t o  b e  r e a c h e d  t o  e n a b l e  

e l e c t r i c a l  d e s i g n  work t o  p r o c e e d .  The power r a t i n g  f o r  t h e  

scheme w a s  f i x e d  a t  2000 MW peak  and  a b o u t  425  MW mean e l e c t r i c a l  

power f o r  t h e  r e f e r e n c e  e l e c t r i c a l  d e s i g n ,  and  t h i s  r e p r e s e n t e d  

t h e  b e s t  compromise t h a t  c o u l d  be made a t  t h e  t i m e .  

The t r a n s m i s s i o n  o f  e n e r g y  d o e s  n o t  r e q u i r e  a f i r m  

t r a n s m i s s i o n  s y s t e m .  Comple te  l o s s  o f  t r a n s m i s s i o n  c a p a b i l i t y  

would r e s u l t  i n  a l a r g e  power l o s s  b u t  l i t t l e  l o s s  o f  e n e r g y ,  

p r o v i d i n g  r e p a i r s  t o  t h e  t r a n s m i s s i o n  s y s t e m  c a n  be e f f e c t e d  



quickly. The cost of a secure transmission system is not 

therefore justified. The loss of 2000 MW peak power input into 

the Scottish grid system would however, produce an unacceptable 

disturbance to the grid system. Our opinion is that, by 1985, 

the generation connected to the National grid system will be so 

reinforced that the sudden loss of 1000 MW of generation would 

be acceptable. If the transmission system is designed to deliver 

1000 MW firm power and deliver power on a non-firm basis between 

1000 and 2000 MW, then the maximum power loss will be limited to 

1000 MW. 

Some component parts required for the implementation 

of wave energy schemes may not be commercially available at the 

present time. It would be unrealistic to use present technology 

as a basis for a scheme that could not be constructed before 

1985 at the earliest. Critical components which must operate 

satisfactorily may be developed outside the constraints of 

commercial competition. For instance, flexible cables of special 

design for seabed to surface connections will be required. 

Another area is the use of electronics for control and monitor- 

ing purposes, which will both be reliable in themselves, and 

improve the reliability of equipment with which they are associated. 

Large spinning gyros provide unique energy storage 

facilities in the Edinburgh wave energy device. The size of the 

energy store enables 1 MW per hour of energy to be stored in 

each duck. The energy converter enables high peak power levels 

to be extracted from waves, and converted into a steady mean 

power level. A constant torque drive can be provided suitable 
for driving a.c. synchronous generators. 

The question of whether a.c. or d.c. transmission is 

appropriate had next to be resolved. The attraction of a.c. 

transmission is that, over short to medium distances, it is 

cheaper than d.c. transmission, due to the high cost of d.c. 

transmission terminal equipment. Furthermore, a.c. transmission 

is very flexible as it can be integrated into existing power 

supply systems for the supply of local loads. Our conclusion is 



t h a t ,  s i n c e  synchronous  a . c .  g e n e r a t o r s  can b e  employed, t h e  u s e  

of  a . c ,  t r a n s m i s s i o n  o f f e r s  advan tages  b o t h  i n  c o s t  and f l e x i -  

b i l i t y .  

E a r l y  s t u d i e s  on g e n e r a t i o n  i n d i c a t e d  t h a t  g e n e r a t i o n  

c o s t s  c o u l d  b e  c o n s i d e r a b l y  reduced by u s i n g  l a r g e  e lec t r ica l  

g e n e r a t o r s .  I t  was f e l t ,  however, by t h e  Edinburgh team t h a t  

t h e  problems of p a r a l l e l i n g  h y d r a u l i c  o i l  s u p p l i e s  outweighed 

t h e  advan tages  to- be  g a i n e d  by t h e  u s e  of l a r g e  g e n e r a t o r s .  A 

u n i t  duck d e s i g n  each w i t h  its own 2 .25 MW g e n e r a t o r  was accor-  

d i n g l y  s e l e c t e d .  Each g e n e r a t o r  c o u l d  be  mounted e i t h e r  i n  t h e  

g y r o  chamber under  vacuum, o r  i n  a  s e p a r a t e  compartment a t  

normal a i r  p r e s s u r e .  

The problems of o p e r a t i n g  an a . c .  g e n e r a t o r  i n  t h e  low 

p r e s s u r e  environment of t h e  gyro  chamber have been examined. 

Problems of  c o o l i n g  and e lec t r ica l  i n s u l a t i o n  a r e  f o r m i d a b l e ,  

b u t  n o t  i n s u p e r a b l e .  No cor respond ing  i n v e s t i g a t i o n  i n t o  

r o t a t i n g  s e a l s ,  n e c e s s a r y  t o  i s o l a t e  t h e  vacuum i n  t h e  gyro  

chamber from a i r  p r e s s u r e ,  have been made. A f i r m  recornrnenda- 

t i o n  on whether  t h e  a.c.  g e n e r a t o r  shou ld  b e  c o n t a i n e d  i n  t h e  

gyro  vacuum chamber o r  mounted e x t e r n a l l y  i n  a i r  cannot  b e  g iven  

a s  w e  do n o t  y e t  have s u f f i c i e n t  i n f o r m a t i o n  t o  a s s e s s  t h e  

r e l i a b i l i t y  of r o t a t i n g  s e a l s .  

Power c o l l e c t i o n  p a r a l l e l  t o  t h e  s h o r e  may b e s t  b e  

ach ieved  by t h e  u s e  of 3 . 3  kV c a b l e s .  A lower v o l t a g e  would 

i n c r e a s e  t h e  c o s t  of c a b l e s  r e q u i r e d  and a h i g h e r  v o l t a g e  would 

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

The number of  p a r a l l e l  s e a  t o  s h o r e  t r a n s m i s s i o n  

c i r c u i t s  is  p r i m a r i l y  de termined by c o n s i d e r a t i o n  of  c o s t .  A 

n e a r  optimum arrangement  is f i v e  p a r a l l e l  132 kV s e a  t o  s h o r e  

c a b l e  c i r c u i t s .  The e s t i m a t e d  t o t a l  s e a  t o  s h o r e  t r a n s m i s s i o n  

c o s t  is  £ 4 2 . 5  M which i n c l u d e s  a l l  t r a n s f o r m e r s ,  c a b l e s  and 

mechanica l  p r o t e c t i o n .  I f  g r e a t e r  s e c u r i t y  is r e q u i r e d ,  t h e n  an 

i n c r e a s e  i n  t h e  number of 132 kV s e a  t o  s h o r e  c a b l e  c i r c u i t s  

o n l y  m a r g i n a l l y  i n c r e a s e s  t h e  o v e r a l l  t r a n s m i s s i o n  c o s t .  The 



cost of additional 132 kV cable circuits is offset by the 

reduction in the 3.3 kV cables required. 

Discussion of generation at sea, and of sea to shore 

transmission must inevitably introduce the questions of relia- 

bility, access and maintenance. Reliability may be improved by 

eliminating all unnecessary switchgear and other plant requiring 

maintenance. The equipment that is employed should be designed 

and selected to have low maintenance requirements. Furthermore, 

electronic monitoring devices can be employed to increase the 

reliability, and reduce the need for direct access to equipment. 

On these grounds we feel it unrealistic to judge the maintenance 

and access requirements to generation plant on conventional land 

based equipment. 

Recent developments in XLPE insulated cables will 

extend both voltage and current ratings. The use of XLPE 

insulated cables is desirable on two counts. Firstly, the 

charging current is only about one third of the equivalent paper 

insulated cable, thereby increasing the permissible transmission 

distances. Secondly, XLPE insulation will inherently absorb 

less water than oil impregnated paper cable following severe 

mechanical damage. 

The use of failure rates to assess the fault incidence 

for submarine cables for wave energy devices can be misleading. 

The majority of cable faults are not due to direct electrical 

failure, but as a result of mechanical damage. Many of the 

existing cables possess inadequate mechanical protection, and 

have not been laid using modern techniques. If existing statis- 

tics are employed to assess cable failure rates, an over pessi- 

mistic estimate will result. An increase in the number of 

parallel sea to shore cables above five, may initially increase 

the security of power transmission, but too many parallel cables 

might result in a loss in overall reliability of the transmission 

system. 

We have selected the point of connection with the 

Scottish transmission grid system to be at Craigroyston. The 



r e a s o n s  f o r  t h i s  a r e  t h a t  a  s u b s t a n t i a l  pumped s t o r a g e  scheme is  

l i k e l y  t o  b e  l o c a t e d  a t  C r a i g r o y s t o n ,  and t h e  400 kV g r i d  system 

w i l l  have t o  b e  ex tended  between C r a i g r o y s t o n  and Glasgow. 

The i n j e c t i o n  of power from a wave energy  scheme i n t o  

a  t r a n s m i s s i o n  sys tem connected  t o  a  pumped s t o r a g e  scheme has  

two p r i n c i p l e  advan tages .  F i r s t l y ,  t h e  a . c .  machines used  f o r  

t h e  pumped s t o r a g e  scheme can p r o v i d e  r e a c t i v e  power, and second ly  

any a d d i t i o n a l  power above t h a t  needed by t h e  sys tem l o a d  may b e  

used  f o r  pumping. 

The t r a n s m i s s i o n  sys tem v o l t a g e  between South  U i s t  and 

C r a i g r o y s t o n  c o u l d  b e  s e l e c t e d  a t  400 kV o r  h i g h e r  i n  view of 

t h e  d i s t a n c e  and peak power t r a n s f e r  c a p a c i t y  of 2000 MW. Power 

t r a n s m i s s i o n  a t  400 kV is  l i m i t e d  by r e a c t i v e  v o l t a g e  d rop  on 

t h e  overhead l i n e s .  Our f i n d i n g  is  t h a t  t h e  l i n e s  may b e  run  

n e a r  t o  t h e i r  the rmal  c a p a b i l i t y  by p r o v i d i n g  series compensa- 

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

h i g h e r  v o l t a g e  t h a n  400 kV, and e n a b l e s  s t a n d a r d  400 kV equipment 

t o  be  used.  Two p a r a l l e l  400 kV overhead l i n e s  s a t i s f y  t h e  

c r i t e r i a  f o r  1000 MW f i r m  2000 MW non-firm power t r a n s m i s s i o n .  

The o v e r a l l  c o s t  f o r  t h e  e l e c t r i c a l  g e n e r a t i o n  (exc lud-  

i n g  primemovers) and t r a n s m i s s i o n  of 2000 MW power from South 

U i s t  t o  C r a i g r o y s t o n  f o r  t h e  r e f e r e n c e  e l e c t r i c a l  d e s i g n  is 

£266 M .  T h i s  c o s t  t a k e s  no account  of s t a g i n g  which,  i f  t h e  

c o n s t r u c t i o n  spanned t e n  y e a r s ,  would g i v e  a  p r e s e n t  v a l u e  of 

around £215 M .  The c o s t  of a  scheme l o c a t e d  40 km o f f s h o r e  from 

South  U i s t  (60  km r o u t e  d i s t a n c e )  would be  E320 M .  

There  is  much more t h a t  cou ld  be  w r i t t e n  about  t h e  

e l e c t r i c a l  a s p e c t s  of wave energy  g e n e r a t i o n  and t r a n s m i s s i o n  

and t h e s e  t o p i c s  a r e  o u t l i n e d  i n  S e c t i o n  9 .  For  t h e  purpose  of 

t h i s  r e p o r t ,  however, w e  have c o n f i n e d  o u r s e l v e s  t o  answer ing a s  

c l e a r l y  and c o n c i s e l y  a s  w e  can t h e  q u e s t i o n s  agreed  i n  o u r  

terms of r e f e r e n c e  w i t h  t h e  Edinburgh team. 



SECTION 9 

FUTURE WORK 

The most significant aspect of our studies is without 

doubt the introduction of an a.c. generating and transmission 

scheme rather than the d.c. scheme previously considered. The 

a.c. scheme has been possible only because of the large store of 

energy inherent in the flywheels of the gyros and the fast 

acting hydraulic drives to the generators. 

Energy storage both at sea and on the mainland could 

have an influence on the application of wave energy schemes. 

The integration of wave energy devices with land based power 

plant, and the operational requirements, will need further 

study. 

Improvements to the a.c. scheme which would result in 

a lowering of the cost are only possible or probable where the 

scheme is unconventional. This is to say, to the generators and 

to the sea to shore transmission part of the scheme. Such 

improvements are only probable by increasing the size of equip- 

ment because of the attendant decrease in cost, which is clear 

from all the pricing information we have included in this report. 

Whilst the scheme presented in this report is based on 

gyros and generators fitted to each duck, it would be worthwhile 

to assess the possibility of obtaining larger hydraulic motors 

driving larger generators. To achieve this, flexible high 

pressure hydraulic pipes may be necessary. Their availability 

should be investigated, if not for this scheme, as a general 

investigation as their use may be applicable to other devices. 

Further investigation into the practical design of 

high voltage submarine cables and their mechanical protection is 

vital to any further consideration of wave power and is necessary. 



G r e a t e r  a t t e n t i o n  t o  XLPE t y p e  c a b l e s  t h a n  h a s  h i t h e r t o  been 

p a i d  is  a d v i s a b l e ,  because  of  t h e i r  p a r t i c u l a r  advan tages  i n  an 

a .  c. scheme. 

The e l i m i n a t i o n ,  t o t a l  or a s  f a r  a s  p o s s i b l e ,  of any 

maintenance  of equipment a t  s e a  r e q u i r e s  i n v e s t i g a t i o n ,  a s  t h e  

b e n e f i t s  which would a c c r u e  are p o t e n t i a l l y  h i g h .  

The i d e a s  which have a l r e a d y  been developed by t h e  

team have had impor tan t  i n f l u e n c e s  on t h e  p o t e n t i a l  h a r n e s s i n g  

of  wave power f o r  commercial u s e .  The p o s s i b i l i t y  of new i d e a s  

of f a r  r e a c h i n g  consequence s h o u l d  n o t  be  over looked .  A t  t h i s  

s t a g e ,  i t  would appear  t o  be  u s e f u l  t o  a l l o w  new i d e a s  t o  b e  

g e n e r a t e d  i n  p a r a l l e l  w i t h  a p p l i e d  r e s e a r c h  i n t o  t h e  development 

of equipment t o  f a c i l i t a t e  t h e  a p p l i c a t i o n  of t h e  p r e s e n t  i d e a s .  

F i n a l l y ,  t h e  q u e s t i o n  of  t h e  advan tages  of a  wave 

energy  scheme o p e r a t i n g  i n  c o n j u n c t i o n  w i t h  c o n v e n t i o n a l  genera-  

t i o n  and pumped s t o r a g e  schemes c o u l d  w e l l  be wor th  t h e  more 

d e t a i l e d  i n v e s t i g a t i o n  n o t  covered  i n  t h i s  r e p o r t .  



SECTION 1 0  

CONCLUSIONS 

The f i r s t  and most impor tan t  c o n c l u s i o n  w e  draw from 

t h e  work w e  have c a r r i e d  o u t  on t h e  electrical a s p e c t s  of  t h e  

Edinburgh U n i v e r s i t y  Team Device is:- 

1. I t  is  an i m p o r t a n t  c o n t r i b u t i o n  t o  f u t u r e  means of  

o b t a i n i n g  energy  w i t h o u t  d e p l e t i o n  of  n a t u r a l  r e s o u r c e s ,  

which can be p u t  i n t o  commercial s e r v i c e  i n  a  decade  

o f  years w i t h  t h e  c o n t i n u i n g  d r i v e  and en thus iasm of 

t h e  team, i f  f a c i l i t i e s  f o r  t h i s  are prov ided .  

F u r t h e r ,  w e  conc lude  t h a t : -  

2 .  A t  a  c a p i t a l  c o s t  of some £250 M ,  a  2000 MW maximum 

(425 MW mean) a r r a y  of g e n e r a t i n g  modules a s s o c i a t e d  

w i t h  an  a . c .  t r a n s m i s s i o n  scheme t o  d e l i v e r  t h i s  power 

t o  C r a i g r o y s t o n  can be p rov ided .  

These c o n c l u s i o n s  a r e  based upon o t h e r  s u p p o r t i n g  

c o n c l u s i o n s  which i n c l u d e : -  

3. An a . c .  t r a n s m i s s i o n  scheme is f e a s i b l e  i n  view of t h e  

energy  s t o r e  p rov ided  by t h e  g y r o s  and t h e  f a s t  res- 

ponse  of  t h e  h y d r a u l i c  d r i v i n g  motors .  

4 .  Research  and development of h i g h  v o l t a g e  submarine 

c a b l e s  and i n  p a r t i c u l a r  c a b l e s  w i t h  enhanced f l e x i -  

b i l i t y  is needed b u t  w i l l  i n  o u r  view r e s u l t  i n  t h e  

p r o v i s i o n  of  s a t i s f a c t o r y  c a b l e  i n s t a l l a t i o n s .  

5 .  Research  and development of g e n e r a t o r s  c a p a b l e  of 

runn ing  i n  vacuum c o n d i t i o n s  is  r e q u i r e d .  Alter- 

n a t i v e l y  i n t o  maintenance  f r e e  r o t a t i n g  s e a l s .  



We are also of the opinion, although this is not a 

conclusion, that the work of the team should be supported at 

least for a further year, allowing the free ranging thinking and 

study to continue before pressure to produce a working design 

places restriction on this productive process. 



PLATE 1 

P l a n  

flexible joints 
9 4 m  diameter 

I ~ #  spine IF # i 

,wave motion 

duck 1 ---- 

cylinder 
in 'beak' 

duck 2  I 

Typical  Cross Section 
of Duck 

----- 2m dia access h e 1  
I 2 i m  i I at joint 

ARRANGEMENT OF 'DUCK' STRING 



PLATE 2 

\ 
alternative 
deep water 
(1Mlm) location 

35 metre 
depth contour 

c "le 
.:. 

\ .:.' \'. Skye 

OCATIOU OF 'DUCK' 
W A V E  ENERGY DEVICE 
REF: ADMIRALTY CHART 2635 

75 .11 .77  
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PLATE 5 

COWf l GURATION A 
n sea to shore cables 
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f lexible seabed 
to  surfoce 
submarine cable 

0 
transformer 

/ W '. 3.31132kV 
I + W I 

10001n ducks 

PLATE 6 

COHF IGURATION C 

% n (no. of 132 k V  sea t o  shore 3 #  c i ra t i ts l  J 

'.e 
Note : 

cost cif 132kV cable = f 210 / m  per 3 H c i r w i t  1) a l l  costs are for ZOOOMW 
r cost of 3.3kV 3core coble =LE, 12 and 21 /m sea to shore transmission 

cost of t r ~ s f o r m e r s  - see appendix B 2) costs include 3.3kV cables. 
132 kV cables and transformers 

SEA TO SHORE TRANSMISSION C O S T  
( 1 3 2  kV 3s CIRCUIT AT L 2 1 O I M E T R E  ) 



PLATE 7 

t- 3 0  km ovemll I 

LOOMW 
nominal 

flexible 
*/low stress design 

special single core 
cables 

xlcore XLPE 132kV 

shore line cable 
terminations 

A 7  

-+ 

=$L 

OOMW 

GENERAL ARRANGEMENT OF 
SEA TO SHORE TRANSMISSION CIRCUITS 

FOR REFERENCE ELECTRICAL DESIGN 



PLATE 8 

1 2m minimum dimeter 
for cables at spine joint 

I flexible cable to sea bed 
I to sea bed 
I 

4 0 0 ~  W 
naninol 

ARRANGEMENTS FOR POWER COLLECTION 
FROM GENERATING GROUP 



PLATE 9 

BEN 

PRELIMINARY OVERLAND TRANSMISSION ROUTE 
FOR A C  TRANSMISSION 



PLATE 10 

GENERAL ARRANGEMENT OF 
ELECTRICAL GENERATION AN D 

TRANSM ISSlON CIRCUITS 



PLATE 11 

spare capacity 

2 X 4OOkV O l h  lines l' 

2 x bOOkV sub cables 

2 X 400kV 'lh lines f 

f lOOkV 
I X 400 1132 kV trans 

132kV 
5 X 132kV lines 

5 X 132 kV sub cable 

132 k V  
15 ~ 1 3 2 1 3 . 3  k V  trans 

3.3 kV 
1000 X 3.3 kV cables 

I 
I 
I 

1000 X generators 

3.3kV 
DUCKS, , - ------------ 

1-1 a' core 

nil 

33 '10 oversize 

25% oversize 

25% oversize 

25% oversize 

25% oversize 

25% oversize 

SPARE CAPACITY FOR INSTALLED PLANT 
FOR REFERENCE ELECTRICAL DESIGN 



APPENDIX A 

SYSTEM STUDIES 

Power l i m i t s  f o r  400 kV overhead t r a n s m i s s i o n  l i n e s  

Power l i m i t s  f o r  t h e  400 kV t r a n s m i s s i o n  l i n e s  a r e  

de termined by t h e  c o n s t r a i n t  t h a t  t h e  400 kV sys tem v o l t a g e  

s h o u l d  be  c o n t r o l l e d  w i t h i n  - +5 p e r  c e n t .  The c o n s t r a i n t  is m e t  

w i t h  1 . 0 5  p e r  u n i t  s e n d i n g  end v o l t a g e  and 0 .95  pu v o l t a g e  a t  

t h e  r e c e i v i n g  end a t  t i m e s  of peak power ( s e e  P l a t e  1 2 e ) .  

P l a t e  12  shows t h e  v o l t a g e  d rop  c h a r a c t e r i s t i c s  f o r  

two p a r a l l e l  400 kV a . c .  t r a n s m i s s i o n  c i r c u i t s  each 240 k m  i n  

l e n g t h .  The l i n e s  a r e  compensated w i t h  s e r i e s  c a p a c i t o r s  t o  

v a r y i n g  d e g r e e s .  

P l a t e  12  ( F i g  ( a ) )  shows t h e  power l i m i t  i s  1000 MW, 

300 MVAr ( 0 . 9 5  pf l a g ) ,  f o r  uncompensated l i n e s .  The power 

l i m i t  is i n c r e a s e d  t o  2000 MW, 600 MVAr  ( 0 . 9 5  pf l a g )  by i n t r o -  

duc ing  60 p e r  c e n t  series compensation f o r  t h e  l i n e  r e a c t a n c e  

( F i g  ( d ) ) .  The power l i m i t  may b e  r a i s e d  t o  2800 MW by compen- 

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

b e  r e q u i r e d .  

The proposed c o n f i g u r a t i o n  f o r  overhead l i n e s  i s  

t h e r e f o r e  w e l l  a b l e  t o  supp ly  2000 MW t o  t h e  S c o t t i s h  g r i d  

sys tem.  The overhead l i n e s  are a l s o  c a p a b l e  of s u p p l y i n g  up t o  

600 MVAr o f  r e a c t i v e  power, w i t h i n  t h e  c o n s t r a i n t s  of c o n t r o l -  

l i n g  t h e  400 kV sys tem v o l t a g e  t o  - +5 p e r  c e n t .  T h i s  a b i l i t y  t o  

supp ly  r e a c t i v e  power w i l l  r e d u c e  t h e  amount of  r e a c t i v e  power 

compensat ion r e q u i r e d  a t  t h e  r e c e i v i n g  end of  t h e  l i n e  c i r c u i t s .  

Power l i m i t s  f o r  132 kV XLPE c a b l e .  P l a t e  1 3  shows a  

c a b l e  c i r c u i t  r a t e d  a t  450 MVA, 132 kV, 100 km long .  F i g  ( a )  



shows c a b l e  e n e r g i s a t i o n  from one end.  The v o l t a g e  rise a t  t h e  

f a r  end is  o n l y  5 p e r  c e n t ,  which is s a t i s f a c t o r y ,  and no r e a c -  

t i v e  compensat ion is  n e c e s s a r y  p rov ided  t h a t  t h e  g e n e r a t o r s  a r e  

c a p a b l e  of s u p p l y i n g  t h e  166 M V A r s  r e q u i r e d  t o  c h a r g e  t h e  c a b l e .  

F i g  ( b )  shows t h a t  t h e  c a b l e  l i n k  is a b l e  t o  supp ly  a 

l o a d  of 400 MW a t  u n i t y  pf w i t h  a more o r  less f l a t  v o l t a g e  

p r o f i l e  a l o n g  t h e  c a b l e .  When s u p p l y i n g  a l o a d  of 400 MW, 

w i t h  f o r  example, 100 MVAr ( 0 . 9 5  pf l a g )  a v o l t a g e  d rop  of 

a lmost  1 0  p e r  c e n t  o c c u r s  a c r o s s  t h e  c a b l e  ( P l a t e  1 2 c ) ;  i n d i c a t -  

i n g  t h a t  

a .  

b .  

C .  

t h e  power f a c t o r  of t h e  l o a d  must b e  t i g h t l y  c o n t r o l l e d .  

The s t u d y  is  i n t e r e s t i n g  i n  t h r e e  r e s p e c t s : -  

I t  shows t h a t  a . c .  t r a n s m i s s i o n  o v e r  100 km of HV XLPE 

i n s u l a t e d  c a b l e  is f e a s i b l e  a t  132 kV. The c h a r g i n g  

c u r r e n t  of t h e  e q u i v a l e n t  paper  i n s u l a t e d  c a b l e  would 

exceed t h e  f u l l  l o a d  c u r r e n t  r a t i n g  of t h e  c a b l e  

c i r c u i t .  

The l i m i t a t i o n  of c a b l e  c i r c u i t  l e n g t h  is  now due t o  

impedance d rop  and l o a d  a n g l e  a c r o s s  t h e  c a b l e  l i n k  

and h e a t  l o s s e s  i n  t h e  armour f o r  s i n g l e  c o r e  c a b l e  

c i r c u i t s .  C i r c u i t  r e a c t a n c e  i n  t h e  c a b l e  c i r c u i t  

c o u l d  n o t  b e  reduced f u r t h e r ,  b u t  s p e c i a l  low r e a c t -  

a n c e  t r a n s f o r m e r s  a t  t h e  ends  of a long  c a b l e  l i n k  

c o u l d  be  used t o  r e d u c e  t h e  o v e r a l l  sys tem r e a c t a n c e .  

The o p e r a t i n g  v o l t a g e  of  t h e  c a b l e  c o u l d  b e  i n c r e a s e d  

t o  161 kV, which would d e c r e a s e  t h e  e f f e c t i v e  c i r c u i t  

r e a c t a n c e ,  b u t  a t  t h e  expense of a s l i g h t  i n c r e a s e  i n  

c h a r g i n g  c u r r e n t .  

The c o n c l u s i o n  w e  r e a c h  is t h a t  a . c .  t r a n s m i s s i o n  from 

s e a  t o  s h o r e  up t o  100 km i s  f e a s i b l e ,  u s i n g  t h e  same 

d e s i g n  c o n c e p t s  which a r e  s a t i s f a c t o r y  f o r  1 5  - 20 km. 

I t  would, however, r e q u i r e  f r e s h  examina t ion  t o  o p t i -  

m i s e  t h e  s e a  t o  s h o r e  t r a n s m i s s i o n  v o l t a g e  f o r  d i s t -  

a n c e s  i n  e x c e s s  of 40 km. 



System s t u d i e s .  A comprehensive set of l o a d  f low and 

s t a b i l i t y  s t u d i e s  a r e  n o t  war ran ted  s i n c e  o n l y  t h e  f e a s i b i l i t y  

of  t h e  proposed scheme needs  t o  b e  proved and w e  have no r e s e r v a -  

t i o n s  about  s t a b i l i t y .  P l a t e  14 shows t h e  sys tem impedances 

used  f o r  t h e  s t u d y  of  some s e l e c t e d  c o n d i t i o n s .  

For  t h e  purposes  of  t r a n s i e n t  s t u d i e s  t h e  f o l l o w i n g  

were r e p r e s e n t e d .  

i. I n d u c t i o n  motor a u x i l i a r y  d r i v e s .  

ii. A . C .  e x c i t e r s  on t h e  g e n e r a t o r s .  

iii. F a s t  a c t i n g  govern ing  sys tem ( 0 . 5  sec t i m e  c o n s t a n t ) .  

i v .  Genera to r  t r i p p i n g  s h o u l d  t h i s  b e  r e q u i r e d  t o  s t a b i l i s e  

t h e  sys tem f o l l o w i n g  a sys tem f a u l t .  

For  s t u d y  purposes  o n l y ,  t h e  power drawn by a u x i l i a r y  

i n d u c t i o n  motor d r i v e s  is assumed t o  be  100 MW f o r  each 920 MW 

b l o c k  of  g e n e r a t i o n .  I t  s h o u l d  b e  s t r e s s e d  t h a t  t h i s  a r t i f i c -  

i a l l y  h i g h  a u x i l i a r y  l o a d  does  n o t  r e p r e s e n t  a c t u a l  a u x i l i a r y  

l o a d s .  The l a r g e  a u x i l i a r y  l o a d s  which a r e  an e x a g g e r a t i o n  of 

p r a c t i c a l  c o n d i t i o n s  are r e p r e s e n t e d  s o  t h a t  t h e  r e c o v e r y  of 

a u x i l i a r y  d r i v e s  a f t e r  a  sys tem f a u l t  may be  c l e a r l y  i l l u s t r a t e d .  

System e n e r g i s a t i o n  ( P l a t e  1 5 )  - 1 5  km sea - shore .  The 

sys tem is e n e r g i s e d  from t h e  C r a i g r o y s t o n  end of  t h e  l i n e ,  w i t h  

t h e  s e r i e s  c a p a c i t o r  s h o r t e d  o u t .  S u f f i c i e n t  compensat ion is 

prov ided  by t h e  3 X 150 MVAr s h u n t  r e a c t o r s  connec ted  a t  South  

U i s t  132 kV busbar  t o  o b t a i n  a  f l a t  v o l t a g e  p r o f i l e .  I f  one of 

t h e  r e a c t o r s  is  o u t  of s e r v i c e  t h i s  would b e  no problem s i n c e  

one l i n e  c o u l d  b e  e n e r g i s e d  a t  a  t i m e .  

Once t h e  132 kV busbar  on t h e  wave power d e v i c e  is 

e n e r g i s e d  s u p p l i e s  a r e  a v a i l a b l e  f o r  s t a r t i n g  pumps and a u x i l i -  

ar ies  and main g e n e r a t o r s .  



S y n c h r o n i s a t i o n  would be  performed a t  s e a  on t h e  wave 

power d e v i c e ,  u s i n g  remote  c o n t r o l  and a u t o m a t i c  s y n c h r o n i s i n g  

equipment.  

Maximum sys tem l o a d  ( P l a t e  1 6 )  - 15 km sea - shore .  

Only one  sys tem l o a d  c o n d i t i o n  was c o n s i d e r e d ,  t h i s  b e i n g  maxi- 

mum l o a d  w i t h  1900 MW and 400 M V A r s  b e i n g  i n j e c t e d  i n t o  t h e  

N a t i o n a l  400 kV g r i d  system. 

The v o l t a g e  d r o p  ' end  t o  end '  of t h e  400 kV sys tem is  

9 p e r  c e n t  and i t  is assumed t h a t  t h e  Cruachan busbar  would be  

a t  0 . 9 5  pu under f u l l  l o a d  c o n d i t i o n s .  The v o l t a g e  of t h e  
C r a i g r o y s t o n  busbar  c o u l d  be  r a i s e d  i f  more r e a c t i v e  power were 

s u p p l i e d  from l o c a l  g e n e r a t i n g  p l a n t ,  o r  from compensat ion a t  

C r a i g r o y s t o n .  

Maximum sys tem l o a d  ( P l a t e  1 7 )  - 60 km s e a - s h o r e .  The 

maximum sys tem l o a d  c a s e  is r e p e a t e d  f o r  a nominal 60 km s e a  t o  

s h o r e  c a b l e  l i n k .  The i n c r e a s e  i n  sys tem l o a d  a n g l e  is  s m a l l  

compared w i t h  t h e  1 5  km s e a  t o  s h o r e  c a s e .  

F a u l t  on a 400 kV c a b l e  c i r c u i t  ( P l a t e  1 8 ) .  P l a t e  A 5  

shows t h e  t r a n s i e n t  performance of t h e  sys tem f o r  a t h r e e  phase  

f a u l t  of  t h e  400 kV submarine c a b l e  between South  U i s t  and Skye,  

c l e a r e d  a f t e r  80 m sec by s w i t c h i n g  o u t  t h e  c a b l e .  

The change i n  o v e r a l l  c i r c u i t  impedance is s m a l l  when 

one  c a b l e  c i r c u i t  is swi tched  o u t .  Consequent ly ,  i t  is n o t  

n e c e s s a r y  t o  t r i p  any g e n e r a t i o n  t o  s t a b i l i s e  t h e  sys tem.  The 

remaining c a b l e  c i r c u i t  cou ld  c a r r y  t h e  o v e r l o a d  f o r  a few 

seconds  w h i l e  power l e v e l s  were reduced by c o n t r o l  commands. 

The i n e r t i a  of t h e  g e n e r a t o r s  was assumed t o  b e  

1 . 5  M J /MVA and proved t o  be adequa te  t o  r e t a i n  s t a b i l i t y  i f  t h e  

f a u l t  was c l e a r e d  i n  80  m sec, which is  a t y p i c a l  f a u l t  c l e a r -  

ance  t i m e .  

The f i n a l  g raph  ( F i g  ( c ) )  shows t h a t  t h e  i n d u c t i o n  

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



F a u l t  on 400 kV F o r t  Augustus - Skye l i n e  ( P l a t e  1 9 ) .  

The most s e v e r e  f a u l t  is a f a u l t  on t h e  l o n g e s t  400 kV t r a n s -  

m i s s i o n  l i n e  s e c t i o n  fo l lowed  by an  o u t a g e  of t h e  l i n e  s e c t i o n .  I n  

o r d e r  t o  s t a b i l i s e  t h e  sys tem i t  was n e c e s s a r y  t o  shed 920 MW of 

g e n e r a t i o n ,  l e a v i n g  1380 MW o f  g e n e r a t i o n  connec ted .  

The sys tem i s  shown t o  b e  s t a b l e  f o r  t h i s  ' w o r s t  

f a u l t  c o n d i t i o n .  

Conc lus ions  on sys tem s t u d i e s .  C o n s i d e r a t i o n  of t h e  

two main t r a n s m i s s i o n  c i r c u i t s  a s s o c i a t e d  w i t h  t h e  wave power 

scheme show t h a t : -  

The u s e  of 60 p e r  c e n t  series compensat ion e n a b l e s  a  

240 km doub le  c i r c u i t  400 kV overhead l i n e  t o  t r a n s f e r  

2000 MW t o  t h e  N a t i o n a l  g r i d  sys tem.  

The overhead 400 kV l i n e  is a l s o  a b l e  t o  d e l i v e r  

600 M V A r s  t o  t h e  l o a d ,  which w i l l  r educe  t h e  r e q u i r e -  

ment f o r  r e a c t i v e  power compensat ion a t  t h e  r e c e i v i n g  

end.  

I t  is f e a s i b l e  t o  t r a n s f e r  f o r  400 MW th rough  100 km 

o f  XLPE i n s u l a t e d  132 kV c a b l e  c i r c u i t .  The t r a n s -  

m i s s i o n  l i m i t  is imposed by series r e a c t i v e  d r o p  and 

armour h e a t i n g  r a t h e r  t h a n  shun t  c h a r g i n g  c u r r e n t .  

The wors t  f a u l t  on t h e  sys tem is an overhead l i n e  

3 phase  f a u l t  on t h e  F o r t  Augustus - Skye s e c t i o n  

f o l l o w e d  by an ou tage .  Three  phase  f a u l t s  a r e  ex t remely  

i n f r e q u e n t .  

The system is  s t a b l e  f o r  a  machine i n e r t i a  of H = 

1 . 5  M J  s e c / M V A  p r o v i d i n g  t h a t :  

i. The F o r t  Augustus - Skye 400 kV l i n e  is c l e a r e d  

w i t h i n  80 m sec. 



ii. The power t r a n s f e r  is immediately reduced t o  

60 pe r  cen t  by t r i p p i n g  two of t h e  incoming 

132 kV f e e d e r s  a t  South U i s t .  The load reduc t ion  

w i l l  have only  a  smal l  d i s t u r b i n g  e f f e c t  on t h e  

Nat iona l  g r i d  system. 

e. A f a u l t  on one of t h e  two 400 kV c a b l e  c i r c u i t s  does 

no t  change t h e  o v e r a l l  system impedance s i g n i f i c a n t l y  

when t h e  f a u l t y  c i r c u i t  is c l e a r e d .  An immediate 

r educ t ion  of t h e  genera t ion  l e v e l  is not necessary  t o  

s t a b i l i s e  t h e  system, and a  slow reduc t ion  by c o n t r o l  

a c t i o n  would be  s u f f i c i e n t  t o  remove over loads .  



PLATE 12 

POWER TRANSIII SS I CN . 

LIMITS FOR 240 km 

DOUBLE CIRCUIT 400kV 
O/H LINE k ITH SERIES 

COMPENSATIONl 

Uncompensated 

0.95 pf Lag. Load 

2% Compensation 

0.95 pf Lag. Load 

( c  1 

40% Compensation 

0.95 pf Lag. Load 
m 

Fort Augustus 
240 km 

Craigroyston (d1 

60% Compensation 

0.95 pf Lag. Load 

(e 1 

6040 Compensation 

unity pf Load ' 

1000 MVA BASE 



PLATE 13 

XLPE CABLE PARAMETERS ON 450MVA BASE 

R = . 0 1 2 / k m  X = .11R/km B = 1 . 6  MVAR/km POWER TRANSMISSION 
THRoUdH lOOkm 132kV 

XLPE INSULATED CABLE 
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d ( C )  Slip of Auxiliary Induction 

llotor Drives 

PLATE 18 

TRANS I ENT GTABI'LLTY OF 

SYSTEM FOR 3 (B FAULT 

ON SKY - SOUTH U I S T  . . 

SUBMARINE CABLE, 

BLOCK BLOCK BLOCK 
A B C 

Timing Sequence 

0 - Start Study 
0.1 sec. 3 $8 Fault on South Uist - 

Skye Submarine Cabl~. 

0.18 sec. Clear Fault Trip on 

Skye - S. Uist Submarine 
Cable 



PLATE 19 
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( C )  J l e c h a n i c n l  O u t p u t  

and  o r c r s p e c d  o f  g e n e r a t o r s  

i n  B l o c k  A .  
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4 1:: 

TRANSrENT STABILITY OF 
SYSTEN FOR 3 $9 FAULT GN 

SKYE AND FORT AUGUSTUS LINE, 
BLOCK ULCCE ZLOCX 

.l I, C  

0 - S t a r r  S t u d y  

0.1 S e c .  30 F a u l r  on S k y e  - f o r t  
A u g u s t u s  O/H L i n e .  

0.1s S e c .  C l e a r  F n a l t  

T r i p  One T o r t  Augusrus - S k y 3  
400kV O/H L i n e  

T r i p  B l o c k  .l of Duck C e n e r c t i o n  



APPENDIX B 

ADDITIONAL INFORMATION ON COSTS 

T h i s  Appendix c o v e r s  t h e  c o s t  t r e n d s  i n  e l e c t r i c a l  

p l a n t ,  and  s u p p o r t s  o u r  c o s t i n g  e x e r c i s e s  g i v e n  i n  t h e  main body 

o f  o u r  r e p o r t .  A l l  cos ts  are b a s e d  on September  1979 p r i c e s .  

Synchronous  g e n e r a t o r  p r i c e s  

P l a t e  20 c o v e r s  t h e  c o s t  t r e n d  f o r  synchronous  elec- 

t r i c a l  g e n e r a t o r s  i n  t h e  r a n g e  1 MW t o  10.00 MW. The 2.25 MW 

r e f e r e n c e  d e s i g n  u s e d  f o r  c o s t i n g  p u r p o s e s  is E30/kW i n  T a b l e  4 .  

Example 

C o s t  o f  2 X 2.25 MW g e n e r a t o r s  = E2 X 30 X 2.25 X 103 = E135 K 

C o s t  o f  1 X 4.5 MW g e n e r a t o r  = E30 X .65 X 4.5 X 103 = £87.75 K 

The above  example i l l u s t r a t e s  t h e  cost r e d u c t i o n  t h a t  

c a n  b e  a c h i e v e d  by u s i n g  a s i n g l e  4.5 MW g e n e r a t o r  i n s t e a d  o f  

two 2.25 MW g e n e r a t o r s .  

3.3 kV c a b l e  c o s t s  

P l a t e  21 shows t h e  c o s t  a s s u m p t i o n s  made f o r  c o s t i n g  

t h e  r e f e r e n c e  e lec t r ica l  d e s i g n .  

I n  o u r  r e p o r t  w e  have  d e s c r i b e d  an  a r r angemen t  o f  

132 kV c a b l e s  t o g e t h e r  w i t h  a  t a p e r i n g  a r r angemen t  of  3.3 kV 

c a b l e s .  T h i s  was chosen  o n l y  t o  f r e e z e  t h e  d e s i g n  f o r  t h e  

p u r p o s e  o f  w r i t i n g  t h e  r e p o r t .  

F u r t h e r  s t u d y  of  t h e  team h a s  i n d i c a t e d  t h e  a d v a n t a g e s  

o f  h a v i n g  t h e  ducks  o f  a s t a n d a r d  d e s i g n  and t o  p r o v i d e  f a c i l i -  

t i e s  t o  e n a b l e  a p a i r  o f  ducks  t o  b e  removed and  a  r e p l a c e m e n t  



p a i r  of  ducks  connected  i n  t o  a  s t r i n g .  For t h i s  a  p l u g  a r range-  

ment between p a i r s  of ducks would b e  r e q u i r e d .  The 3.3 kV 

c a b l i n g  would c o n s i s t  of  a  c a b l e  f o r  each p a i r  of ducks through- 

o u t .  Hence t h e  34 duck arrangement  d e s c r i b e d  i n  t h e  r e p o r t  

would r e q u i r e  34 c a b l e s  i n  each  duck. 

The a d d i t i o n a l  c o s t  of t h e s e  c a b l e s  h a s  been a s s e s s e d  

and a l t e r n a t i v e  combinat ions  of 132 kV c a b l e s ,  t r a n s f o r m e r  and 

33 kV c a b l e s  c o s t e d .  The curve  i n  P l a t e  22 i n d i c a t e s  t h e  optimum 

combinat ion  would be  f i v e  132 kV/3.3 kV t r a n s f o r m e r  p l a t f o r m s  

p e r  main 132 kV c a b l e ,  w i t h  20 ducks i n  series. The c o s t  of t h e  

main 132 kV c a b l e s  was n o t  i n c l u d e d  i n  t h i s  s t u d y  a s  i t  is a 

c o n s t a n t .  

A s  t h e  s p i n e  e x t e n d s  th rough  two ducks ,  each p a i r  of 

ducks would s h a r e  a  t h r e e  phase  group of 1000 mm2 s i n g l e  c o r e  

c a b l e s ,  r e q u i r i n g  t e n  g roups  of  each c a b l e  th roughou t  t h e  s p i n e .  

The t r a n s f o r m e r s  would b e  r a t e d  90 MVA w i t h  twin  45  MVA second- 

a r i e s .  

Submarine c a b l e  c o s t s  

Submarine c a b l e  c o s t s  have been d i f f i c u l t  t o  o b t a i n .  

Such c o s t s  a s  have been a v a i l a b l e  have been a d j u s t e d  on t h e  

b a s i s  of  changing copper  p r i c e s  and l a b o u r  c o s t s .  

Transformer  c o s t s  

P l a t e s  23 and 24 show t h e  cost/kVA t r e n d s  f o r  a u t o  and 

doub le  wound t r a n s f o r m e r s  r e s p e c t i v e l y .  

Shunt r e a c t o r  c o s t s  

P l a t e  25 shows t h e  c o s t  p e r  kVA t r e n d  f o r  shun t  r e a c t o r s .  



PLATE 20 

COST .TRXND FOR 
SYNCHRONOUS GENE RATORS 



PLATE 21  

CALCULATI ON OF LENGTH 
OF 33KV CABLES 

( T a p e r  A r r a n g e m e n t  for 
R e f e r e n c e  E l e c t r i c a l  

D e s i g n )  



PLATE 22 

OPTIMISATION OF DUCK 
STRING LENGTH FOR 

UN1 FORM CABLE ARRANGEMENT 



PLATE 23 

COST TRENDS FOR 
AUTO-TRANSFORMERS 

i l . !  l I ( 

o ~ 3 4 5 6 7 8 9 1 0  



PLATE 24 

COST TFUINDS FOR 
DOUBLE WOUND 
TRANSPOIUiERS 

l 1 . 1  1 i l I , . I  ..A. I . . L . - l  - 1  
l l 

o Z 3 4 5 4 7 8 9 f o  

COST- a KVA 



PLATE 25 

COST T m N D S  FOR 
SHUNT REACTORS 




