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A B S T R A C T  

I 

Th i s  no te  descr ibes  s t u d i e s  made on e l e c t r i c a l  gene ra t i on  

systems which may be s u i t a b l e  f o r  wave power s t a t i o n s .  Two 

complementary systems a r e  descr ibed  and t h e  r e s u l t s  o f  t e s t i n g  

a r e  presented. Computer s i m u l a t i o n s  o f  each system which were 

used b o t h  a t  t h e  des ign  s tage and d u r i n g  t e s t i n g  a r e  a l s o  

descr ibed.  



ELECTRICAL GENERATION SYSTEMS SUITABLE FOR USE I N  

WAVE POWER SCHEMES 

1 . INTRODUCTION 

There a r e  c u r r e n t l y  f i v e  dev ices under s tudy  f o r  e x t r a c t i n g  

power f r om waves, namely t h e  Cockerel1 pontoon, t h e  S a l t e r  duck, t h e  

Masuda be1 l , t h e  Russel l r e c t i f i e r  and t h e  French i n f l a t a b l e  membrane. 

A1 though t h i s  p r o j e c t  has been s p e c i f i c a l  l y  concerned w i t h  t h e  S a l t e r  

duck, t h e  e l e c t r i c  system designed i s  a p p l i c a b l e  t o  a l l  methods o f  

wave power e x t r a c t i o n .  

One ma jo r  problem i n  wave power development i s  t h e  des ign  o f  an 

e l e c t r i c a l  system f o r  e x t r a c t i n g  power f rom a r o t a t i n g  s h a f t  whose 

speed and t o r q u e  i s  determined by  t he  t ime -va ry i ng  energy spectrum o f  

t h e  sea i n  which i n c i d e n t  energy l e v e l s  can range over  a f a c t o r  o f  

r o u g h l y  s i x  t imes.  

Convent ional  synchronous gene ra t i on  i s  u n l i k e l y  t o  be v i a b l e  under 

these  c o n d i t i o n s  and use o f  d.c. machines i s  l i m i t e d  t o  approx imate ly  

1 kV because of t h e  commutator. Such vo l tages  a r e  n o t  a t t r a c t i v e  f o r  

l a r g e  power gene ra t i on .  Asynchronous systems have thus  been cons idered:  

( i )  I n d u c t i o n  genera to rs  f eed ing  a common bus b a r  w i t h  

l o c a l  p r o v i s i o n  o f  magnet i s ing  c u r r e n t .  

( i  i ) Synchronous machines each w i t h  a c o n t r o l  l ed r e c t i f i e r  

f e e d i n g  a common bus b a r .  

2. BACKGROUND 

The S a l t e r  concept c o n s i s t s  o f  a t u b u l a r  backbone some 500 metres 

long,  around which can r o t a t e  a number o f  shaped segments known as 

ducks. The combinat ion o f  ducks and backbone i s  c a l l e d  a s t r i n g .  It 
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wil l  generally l i e  pa ra l l e l  t o  the  c r e s t s  of the  waves. 

The nodding of the  duck about i t s  axis  wi l l  produce useful work. 

I t  wi l l  usually have an angular displacement of l e s s  than half a  

radian. The peripheral ve loc i t i e s  between duck and backbone a r e  too 

slow by two orders of magnitude f o r  conventional e l e c t r i c i t y  generation 

but the re  a r e  commercially ava i l ab le  a r ich  var ie ty  of hydrostat ic 

ro tary  components which a r e  very e f f i c i e n t  as both motors and pumps. 

These can be used t o  d r ive  hydraulic motors a t  conventional speeds 

f o r  e l e c t r i c a l  generation. The bent-axis hydraulic motor combines 

sui  tab1 e var iable  speed and var iable  torque cha rac t e r i s t i c s .  Control 

of the bent-axis angle would allow the generator t o  run a t  an approximately 

constant speed f o r  a var iable  input power from the  duck motion. 

A typical  response of a duck i n  a  simulated pract ica l  sea i s  shown 

in Fig.1. These show the  typical  var ia t ion in height of the  waves and 

the  corresponding angular displacement, torque and instantaneous power 

produced by a duck. I t  can be seen t ha t  the instantaneous power i s  

very e r r a t i c  which makes special  requirements f o r  any e l e c t r i c  generation 

scheme used in conjunction with a duck. 

The power take-off from a duck current ly  visualised i s  shown in 

Fig.2. The angular movement of the duck i s  converted t o  high pressure 

o i l  by a hydraulic pump on the  duck. The o i l  i s  fed in to  a bent-axis 

motor which produces a unidirectional  ro ta t ing sha f t  a t  an angular 

veloci ty  compatible w i t h  an e l e c t r i c  generation system. Feedback 

systems from the high pressure o i l  pump and the rota t ing shaf t  can 

regula te  the  speed-torque cha rac t e r i s t i c s  of the  bent-axis motor. 

3. THEORY 

The two generation systems studied should be considered as  

complementary not competi t i v e .  Each requires a synchronous machine 

and a r e c t i f i e r ,  e i t h e r  controlled o r  uncontrolled. In addi t ion,  the 



asynchronous a.c.  system uses i n d u c t i o n  machines. There i s  g i v e n  

below a  b r i e f  d e s c r i p t i o n  o f  t h e  main f e a t u r e s  o f  these  machines. 

3.1 The I n d u c t i o n  Machine 

The i n d u c t i o n  machine comprises a  s t a t i c  meta l  casing, t h e  s t a t o r . ,  

wh ich  c a r r i e s  a  three-phase w ind ing  and a  c y l  i n d r i c a l  r o t a t i n g  cen t re ,  

t h e  r o t o r  ( F i g u r e  3 ) .  There a r e  two main types o f  r o t o r :  

( i )  t h e  wound r o t o r  

( i  i ) t h e  s q u i r r e l  -cage r o t o r  

The wound r o t o r  has a  three-phase wind ing w i t h  t he  same number o f  

po les  as t h e  s t a t o r .  The ends a r e  b rought  o u t  on to  t h r e e  s l i p  r i n g s  

and may be connected t oge the r  o r  t o  a  v a r i a b l e ,  e x t e r n a l  r e s i s t o r .  The 

advantage o f  t he  wound r o t o r  machine i s  t h a t ,  w i t h  an e x t e r n a l  r e s i s t o r ,  

i t  can g i v e  a  l a r g e  s t a r t i n g  t o rque  t h e  ex te rna l  r e s i s t a n c e  can be 

reduced t o  zero  as the  machine runs  up t o  ope ra t i ng  speed. 

The s q u i r r e l - c a g e  r o t o r  c o n s i s t s  o f  s o l i d  conduct ing copper bars  

i n s e r t e d  i n t o  c losed  s l o t s  i n  a  so1 i d  meta l  c y l i n d e r  and s h o r t - c i r c u i t e d  

by a  heavy metal  r i n g  a t  t h e i r  ends. Th is  forms a  v e r y  r o b u s t  permanent ly 

s h o r t - c i r c u i t e d  wind ing.  The cage r o t o r  i s  cheap b u t  has t he  d isadvantage 

o f  a  low s t a r t i n g  torque.  

1  Draper ( 1  971 ) g ives  an excel  l e n t  t rea tment  o f  i n d u c t i o n  machine 

theory .  The machine may be represen ted  by an equ i va len t  c i r c u i t  w i t h  

a l l  parameters r e f e r r e d  t o  t h e  s t a t o r ,  F ig .4 .  



Induc t ion  blotor S t a t o r  wi th  Double-Layer 
i i inding p a r t l y  wound. 

Wound Rotor f o r  Induc t ion  Motor. 

Figure 3 

Cage type  Rotor i n  p a r t  s e c t i o n  showing 
C a s t  Alu~niniurn Bars  and Rings. 



Approximate Equiva len t  C i r c u i t  f o r  t h e  Induct ion  Machine. 

S impl i f i ed  Equiva len t  C i r c u i t  f o r  t h e  Induct ion  Machine. 

S impl i f i ed  Equiva len t  C i r c u i t  Neglecting the  E f f e c t  of 
S t a t o r  Leakage Res is tance  and S t a t o r  Leakage Inductance. 

Figure 4 



= rotor resistance, 

= number of phases 

- - - -  Ner - effect ive number of rotor turns 
N es effect ive number of s t a to r  turns 

= referred rotor resistance 

= rotor leakage inductance 

= referred rotor inductance 

0 
= synchronous speed of s t a to r  flux pattern 

= w/p  

w = angular speed of supply and 

p = number of p01 e pairs 

r = angular speed of rotor 

= s l i p .  

When the rotor i s  stationary wr = 0 and S = 1 ;  with the rotor a t  

synchronous speed wr = wo and s = 0;  fo r  rotor speeds where w r  . wo,  

s i s  negative. In the l a t t e r  case, an external drive i s  applied to 

the rotor shaft  and the machine operates as a generator. 

3.1 . l  The Circle Diagram f o r  the Induction Machine 

In the simplified equivalent c i r cu i t  of Fig.5, a constant 



Figure 5. Equivalent c i r c u i t  of the induction machine with the  ro tor  
parameters referred t o  the  s t a t o r .  



magnetis ing current ,  Iy,  g i ven  by: 

f l ows  i n .  t h e  f i r s t  branch, w h i l e  a  v a r i a b l e  c u r r e n t  dependent on S, 

and t h e r e f o r e  the  machine speed, f lows i n  t h e  second branch. For  t h i s  

branch, t h e  constant  phasor vo l tage  must be t h e  sum o f  two mu tua l l y  

perpend icu la r  phasor components, see Fig.6.  

( i )  t h a t  due t o  t h e  vo l tage  drop across t h e  v a r i a b l e  r e s i s t o r  

R;/s, and 

( i i )  t h a t  across t h e  impedance wLir. 

By geometry these phasors must f a l l  w i t h i n  the  a rc  o f  a  c i r c l e  w i t h  

V as the  diameter as shown i n  Fig.6. 

The phasor c u r r e n t  I1 i s  p ropo r t i ona l  t o  IlwLir and t h e r e f o r e  

the  locus  o f  c u r r e n t  phasors i s  a  c i r c l e  o f  diameter V /wLir as shown 

i n  F ig.7.  The o v e r a l l  s t a t o r  phasor c u r r e n t  i s  t he  vec to r  sum o f  the  

cu r ren ts  i n  t he  two branches and i s  thus as shown i n  F ig.8.  

F ig .9  shows the  complete c i r c l e  diagram; t h e  upper h a l f  corresponds 

t o  speeds l ess  than synchronous, i . e. S p o s i t i v e  and t h e  machine 

motor ing , whi l e the  lower h a l f  corresponds t o  supersynchronous speeds 

w i t h  S negat ive and t h e  machine generat ing. 

3.1.2 General C h a r a c t e r i s t i c s  o f  t h e  Induc t i on  Generator 

An i n d u c t i o n  generator does no t  d i f f e r  i n  i t s  cons t ruc t i on  from 

an i n d u c t i o n  motor.  Whether an i n d u c t i o n  machine ac ts  as generator  o r  

motor depends s o l e l y  upon i t s  s l i p .  Below synchronous speed, i t  can 

operate on l y  as motor; above synchronous speed, i t  operates as 

genera t o r .  

The power f a c t o r  a t  which an i n d u c t i o n  generator  operates i s  

f i x e d  by i t s  s l i p  and i t s  constants and no t  by the  load.  The quadrature 



Figure  6:  Locus of Voltage Phasors  f o r  Second Branch o f  Ecpiva len t  
C i r c u i t  i n  F igure  5.  

F igure  7: Locus o f  Curren t  Phasors  f o r  Second Eranch of .Ecruivalent  
Branch o f  Equiva len t  C i r c u i t  i n  F igure  5 .  



Figure  8: Complete C i r c l e  Diagram f o r  Induc t ion  Machine. 

F igure  9: C i r c l e  Diagrdrn w i th  S l i p  Scale Included.  



component o f  t h e  c u r r e n t  ou tpu t  i s  near14 cons tan t  f o r  any f i x e d  

te rm ina l  vo l t age  and frequency and leads t h e  v01 tage. The power 

f a c t o r  o f  t h e  i n d u c t i o n  generator  i s  f i x e d  by t h e  machine and n o t  by 

t h e  load, and i t  i s  necessary t h e r e f o r e  t o  operate such genera tors  i n  

p a r a l l e l  w i t h  synchronous machines. These synchronous machines no t  

o n l y  supply  t he  quadrature l agg ing  c u r r e n t  demanded by t h e  l oad  b u t  

a l s o  supply  s u f f i c i e n t  quadrature l agg ing  c u r r e n t  t o  n e u t r a l  i z e  t h e  

quadrature l ead ing  component of  t h e  c u r r e n t  d e l i v e r e d  by t h e  i n d u c t i o n  

generator .  The i n d u c t i o n  generator  depends upon i t s  quadrature 

l ead ing  c u r r e n t  f o r  e x c i t a t i o n  and unless the  combined connected load  

c a l l s  f o r  t h i s  l ead ing  component, t h e  i n d u c t i o n  genera tor  loses  i t s  

e x c i t a t i o n  and vo l tage.  The synchronous machines i n  p a r a l l e l  w i t h  an 

i n d u c t i o n  generator  determine i t s  vo l t age  and frequency. I t s  s l i p  f i x e s  

i t s  ou tpu t .  

3.1.3 C i r c l e  Diagram o f  t h e  I n d u c t i o n  Generator 

The c i r c l e  diagram can be appl i e d  t o  t h e  i n d u c t i o n  genera tor  

merely  by complet ing t h e  c i r c l e .  A l l  cu r ren ts  which l i e  below t h e  base 

l i n e  represent  generator  a c t i o n .  

Changes i n  Power Produced by a  Change i n  S l i p  

The f o l l o w i n g  changes i n  power occur  as t h e  s l i p  o f  an i n d u c t i o n  

machine changes. 

1. A t  synchronous speed t h e  r o t o r  c u r r e n t  i s  zero. The c u r r e n t  i n  

t h e  s t a t o r  comes e n t i r e l y  f rom t h e  synchronous machines and i s  

.the e x c i t i n g  c u r r e n t  ot t h e  i n d u c t i o n  machine. The core  l o s s  i s  

suppl i e d  by the  synchronous rnachi ne. The mechanical power requ i red  

t o  d r i v e  t h e  r o t o r  a t  synchronous speed i s  equal t o  t he  f r i c t i o n  

and windage l o s s .  



Below synchronous speed the re  i s  ro tpr  current .  To balance the  

demagnetizing act ion of t h i s  current  the re  must be an equivalent  

component current  i n  the  s t a t o r  c i r c u i t .  Under t h i s  condition 

only motor power can be developed. 

Above synchronous speed the  current  i n  the  r o to r  reverses in 

d i rec t ion  as does a l so  the  component current  in  the s t a t o r  

required t o  balance the  demagnetizing action of the  ro to r  current .  

A t  a speed above synchronism generator ac t ion occurs, b u t  power i s  

not delivered t o  the  external  c i r c u i t  un t i l  the  current  in  the 

s t a t o r ,  which balances the  demagnetizing e f f e c t  of the  ro to r  

current ,  has a component equal and opposite t o  the  current  required 

t o  supply the core l o s s .  A t  the s l i p  a t  which t h i s  pa r t i cu l a r  

condition occurs, the  generator supplies i t s  own core l o s s .  I t s  

external  output i s  zero. A t  l a rger  s l i p ,  power i s  delivered t o  

t he  load. 

3.1.4 Power Factor of t he  Induction Generator 

The only current  t o  produce generator power in  an induction 

generator i s  t ha t  component of the  primary current  which i s  equal and 

opposite t o  the  ro to r  current .  A 1:1 r a t i o  of transformation between 

the  ro to r  and s t a t o r  i s  assumed. The power f a c t o r  of t h i s  component 

current  with respect  t o  the  primary induced voltage i s  f ixed by the 

ro to r  constants and by the  s l i p .  

2 2 Since the  s l i p  i s  small ( w L I r )  S i s  small compared with R,' and 

the  power fac to r  i s  nearly unity.  The load component of the primary 

current  i s  therefore  nearly in  phase with the primary induced voltage. 

Neglecting t he  magnetizing current  and the  phase displacement of the  



terminal voltage due , t o  the  res is tance an$ reactance drops in  t he  primary 

windings, t he  primary -cur ren t  i s  very nearly in  phase with t he  terminal 
t 

voltage. This i s  the  basis  of the  commQn b u t  incorrect  statement t h a t  

an induction generator can de l iver  power only a t  unity power f ac to r .  
8 

The magnetizing current  i s  not negl igible  and the power fac tor  i n  

consequence of t h i s  may d i f f e r  considerably from unity.  The cor rec t  

statement is t h a t  an induction generator can de l iver  power only a t  leading 

power f ac to r .  The power f ac to r ,  in  l a rge  machines, usually i s  over 

90 per cent  a t  f u l l  load, b u t  a t  no load or  a t  small loads i t  may be 

very low. The quadrature component of the  current ,  mainly magnetizing 

changes l i t t l e  with the  load. 

3.1.5 Phase Relationship Between Rotor Current Referred t o  the  S ta to r  

and t he  Rotor Induced Voltage 

The ro tor  current  i n  an induction machine i s  given by 

v - - V S 
'1 = R ' / S  + j w L i r  R '  + jwLirs 

Rationalising t h i s  gives 

j "Lirs 2 

I 1 = V (  R's 
( R ' ) '  + (,L~,S)'  ( ~ 1 ) ~  + (wL;,s) 

2 

Below synchronous speed, S i s  posi t ive  and t h e  expression f o r  I1 

takes the  form 

I1 = A - j B  

which represents a lagging current  with respect  t o  V .  Above synchronous 

speed, S i s  negative; the  real  par t  of the equation reverses i t s  sign,  

b u t  the  s ign of the  quadrature par t  remains unchanged. 

i . e .  I1 = - A - j B  

t s  a leading current  w u  c t  t o  - V .  This 
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Figure  10 



The c u r r e n t  I1 i n  t h e  r o t o r  cannot a c t u a l l y  l e a d  the  v o l t a g e  i n  

t h e  r o t o r  which causes it, s ince t h e  r o t o r  c i r c u i t  i s  i n d u c t i v e .  I t  

i s  o n l y  when t h i s  c u r r e n t  i s  considered w i t h  respect  t o  t he  s t a t o r  

t h a t  i t  has t h i s  apparent phase r e l a t i o n .  The reason f o r  t he  apparent 

phase r e l a t i o n  i s  t h e  reve rsa l  o f  t h e  r e l a t i v e  d i r e c t i o n  o f  mot ion  o f  

t h e  r e v o l v i n g  magnetic f i e l d  and t h e  r vco r  when t h e  s l i p  changes s ign .  

Th is  can be seen by r e f e r r i n g  t o  F ig.10.  Le t  t he  magnetic f i e l d  move 

t o  t h e  l e f t ,  as shown by the  arrow. Consider t h e  vo l tage  induced i n  

an i n d u c t o r  a  on t h e  r o t o r .  This  vo l tage  has i t s  maximum va lue  when 

t h e  i n d u c t o r  i s  a t  t he  p o i n t  o f  maximum f l u x  dens i t y  o f  t he  s t a t o r  

f i e l d ,  i n  p o s i t i o n  a. 

Below synchronous speed t h e  r o t o r  moves t o  the  r i g h t  r e l a t i v e l y  t o  

t h e  f i e l d ,  and s ince  t h e  r o t o r  c i r c u i t  i s  i nduc t i ve ,  t h e  i n d u c t o r  

moves t o  some p o s i t i o n  such as b be fore  the  c u r r e n t  i n  i t  reaches i t s  

maximum value. Above synchronous speed, t he  r o t o r  moves f a s t e r  than the  

f i e l d  and moves t o  the  l e f t  w i t h  respect  t o  t h e  f i e l d .  I n  t h i s  case 

the  i n d u c t o r  a  moves t o  some such p o s i t i o n  as b '  be fo re  t h e  c u r r e n t  i n  

i t  reaches i t s  maximum value.  I n  bo th  cases the  r o t o r  when considered 

w i t h  respect  t o  t h e  $ , t a t o r  motes i n  t h e  same d i r e c t i o n  as t h e  f i e l d ,  



i . e .  from r i gh t  t o  l e f t .  Therefore i f  the voltage and current  i n  the  

ro to r  a r e  observed frdm any fixed point on the  s t a t o r ,  the  v01 tage  

is  seen t o  pass through i t s  maximum value before the  current  passes 

through i t s  maximum value when the ro to r  i s  below synchronous speed and 

a f t e r  t he  current  passes through i t s  maximum value when the  ro to r  i s  

above synchronous speed, 

3.2 The Synchronous Machine 

A synchronous machine, schematically shown i n  Fig.11, i s  an a . c .  

machine i n  which the ro to r  moves a t  a  speed which bears a constant 

re la t ionsh ip  t o  the  frequency of the supply t o  the armature winding. A s  

a motor, the  sha f t  speed must remain constant ,  i r r espec t ive  of the  load, 

providing t h a t  the supply frequency remains constant .  As a generator,  

the  speed must remain constant i f  the  frequency of the  output i s  not t o  

vary. In the  synchronous machine a d i r e c t  current ,  termed the  f i e l d  

cur ren t , i s  steady. In most cases the  f i e l d  i s  excited by a d i r e c t  

current  obtained from an aux i l i a ry  generator which i s  mechanically 

coupled t o  the  shaf t  of the main machine. 

3.2.1 Construction 

The s t a t o r  of a three  phase synchronous machine i s  not e s s en t i a l l y  

d i f f e r en t  from tha t  of an induction machine ( see  F ig .3 ) .  Connected t o  

a three-phase supply both give an air-gap f i e l d  pat tern  ro ta t ing  a t  

synchronous speed, w / p .  Under s teady-s ta te  conditions the ro to r  ro ta tes  

a t  synchronous speed, i . e .  in synchronism with the s t a t o r  pat tern .  

Consequently, paths within the ro to r  iron l  ink constant magnetic f l ux ,  

the re  a r e  no voltages induced in the  rotor  iron paths o r  ro to r  windings. 

In s teady-s ta te  operation there  a r e  no induced currents  in  the 

ro to r  winding and the in jected d i r ec t  current  produces a sinusoidal 

air-gap f lux  density in  the  absence of s t a t o r  currents .  The ro to r  



FIGURE 11: S i m p l i f i e d  E q u i v a l e n t  C i r c u i t  fo r  the  Synchronous Machine. 

FIGfJRE 12: E q u i v a l e n t  C i r c u i t  f o r  Synchronous Mdchine 

n e g l e c  tiny t h e  r o t o r  branch.  

- -  --- -- -- -- - -----W 

F I G U R E  13: Thevenin E q u i v a l i r l t  C l r c u i t  t o r  the Synchrcjnc~us Mdchine. 



winding therefore resembl es a  one-phase wi ndi ng through which the 

current passes to  produce fixed polar i t ies  on the rotor surface. 

The basic operation of a  synchronous machine does not depend on 

induced currents.  However, i f  there i s  a  t ransient  disturbance to  the 

e1 ectr ical  or  mechanical systems which are coup1 ed to  the machine, 

induced currents must flow in the rotor to  damp out mechanical osci l la t ions 

by induction machine action. In a  sol id, cylindrical rotor machine the 

induction machine action r e l i e s  on induced currents in the solid rotor .  

3.2.2 Simplified Equivalent Circuit  of a  Synchronous Machine 

Discussion i s  limited to  the case of a  three-phase synchronous 

machine which has the s t a to r  three-phase winding connected to  a  large 

constant-v01 tage balanced supply, and also with the rotor maintained a t  

synchronous speed w / p  by a  large constant-speed mechanical system while 

the rotor winding carr ies  an injected d.c. f i e l d  current, I f .  The 

s t a to r  supply gives r i s e  to  three pulsating f i e lds  which taken together 

have a  constant amplitude rotating pattern form. There i s  no induced 

v01 tage in the rotor winding as i t  moves a t  synchronous speed, with s l i p  

S = 0, b u t  there i s  the externally injected rotor d i rec t  current reacting 

in the s t a to r  winding in the same way as the rotor current of an induction 

machine reacts on the s t a to r .  Thus the equivalent c i r cu i t  will resemble 

that  of the induction machine as shown in Fig.4. The turns r a t io ,  n ,  

f o r  rotor induced voltage i s  given by 

Ner n = -  
Nes 

as in the induction machine b u t  as S = 0 the induced voltage i s  zero. 

The r a t io ,  n ' ,  which re la tes  to the s t a to r  balance current per phase, 

I s 1 ,  t o  the rotor current,  I f ,  may be found from comparison of the 

rotating pattern amplitude which would be se t  u p  by these currents in the 

s t a t o r  and rotor respectively. For an r.m.s. current I S 1  in each of 



th ree  s t a t o r  phases the t o t a l  pat tern  amplitude i s  proportional t o :  

2 Nes X 312 X I s 1  

whereas f o r  t he  d i r e c t  current  in  the rota t ing ro to r ,  the  pat tern  

amplitude i s  proportional t o :  

Ner X If 

T h u s  t o  balance these  amp1 i tudes  n '  i s  given by 

l 
S - n ' = --- - Ner 

If  2 (3 /2)  Nes 

The phase of the  s t a t o r  balance cur ren t ,  I s 1 ,  wi l l  depend on the  

posit ion of the  ro to r  c o i l s  r e l a t i v e  t o  the  ro ta t ing  pat tern  as  these  

both r o t a t e  a t  synchronous speed. There wi l l  be maximum torque and 

maximum power t r an s f e r  through the  machine when the  ro to r  co i l  s l i d e s  

l  i e  a t  the  maxima of the  r o t a t  pat tern .  There wi l l  be zero torque 

and power t r an s f e r  when the  ro to r  coi l  s ides  correspond with t he  zeros 

of the ro ta t ing  pat tern .  Maximum torque and power t r a n s f e r  the re fore  

occur when t he  s t a t o r  balance cur ren t ,  I s ' ,  i s  i n  quadrature with the  

s t a t o r  magnetising cur ren t ,  Ips ,  and zero torque and power t r an s f e r  when 

I s '  and Ips a r e  in  phase with one another. 

From Fig.11 t he  equivalent  c i r c u i t  f o r  a synchronous machine can 

be shown simply a s  Fig.12. The c i r c u i t  of Fig.12 can be represented by 

a Thevenin equivalent as  shown in Fig.13. 

3.3 Controlled Rec t i f i e r  Svstem 

Theory 

3.3.1 Controlled Rec t i f i e r  Bridge 

The most common c i r c u i t  arrangement used with t hy r i s t o r s  i s  the  

3-phase t h y r i s t o r  bridge c i r c u i t  as shown i n  Fig.14. If the re  i s  no 

f i r i n g  delay ( i . e .  each t hy r i s t o r  i s  equivalent t o  a d iode) ,  the  



load 

F i g u r e  14: : R e c t i f i e r  B r i d g e  

0 

F i g u r e  15: Voltage Wavc- 'L or~iis 

l I 
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t h y r i s t o r  i n  t h e  t o p  row w i t h  t h e  most p o s i t i v e  anode conducts and 

t h e  t h y r i s t o r  i n  t h e  bot tom row w i t h  t h e  most n e g a t i v e  cathode conducts.  

The v o l t a g e  appearing across t h e  l o a d  i s  t h e r e f o r e  t h e  d i f f e r e n c e  

between t h e  phase vo l t ages  a p p l i e d  t o  t h e  two t h y r i s t o r s .  F i g .15  shows 

t h e  v o l t a g e  waveforms on t h e  two r a i l s  and t h e  r e s u l t i n g  o u t p u t  v01 tage  

waveform. The v o l t a g e  on t h e  d.c.  r a i l s  has a  s ix-phase r i p p l e  f o r  one 

a.c. c y c l e  as shown. 

Each t h y r i s t o r  c a r r i e s  t h e  f u l l  d i r e c t  c u r r e n t  Id, f o r  120' i n  

each c y c l e .  Two t h y r i s t o r s  always conduct s imu l taneous ly  i n  o r d e r  t o  

complete t h e  c i r c u i t ,  b u t  t h e  conduc t ion  pe r i ods  o f  t h y r i s t o r s  i n  t h e  

upper and l owe r  rows do n o t  c o i n c i d e  i n  t ime. The conduc t ion  sequence 

o f  t h e  t h y r i s t o r s  i s  i n d i c a t e d  i n  F ig .15.  

The average d.c. o u t p u t  v o l t a g e  can be c o n t r o l l e d  by de lay ing  t h e  

i n s t a n t  a t  which a  t h y r i s t o r  i s  f i r e d  r e l a t i v e  t o  t h e  a.c. supply .  

The f i r i n g  ang le  a i s  measured i n  e l e c t r i c a l  degrees f rom t h e  

e q u i v a l e n t  d iode  s t a t e .  The average d.c.  v01 t age  f r om a 3-phase 

t h y r i s t o r  b r i d g e  i s  g i v e n  by 

- - - Em 
TT 

cos a v o l t  

where Em i s  t h e  peak l i n e  v o l t a g e  o f  a.c. supply .  

When f i r i n g  pu lses  a r e  removed, t h e  b r i d g e  should cease t o  conduct.  

However, i f  t h e  l o a d  i s  i n d u c t i v e ,  t h e r e  i s  an assoc ia ted  s t o r e d  energy 

2  o f  magnitude $ L1 . To p r o v i d e  a  d ischarge  p a t h  a  " f l y w h e e l "  d i ode  

may be i n c o r p o r a t e d  between t h e  d.c. r a i l s  as shown i n  F i g  . l 4 .  Wi thou t  

t h i s  diode, se r i ous  ove rvo l t ages  c o u l d  occur  which m i g h t  damage t h e  

t h y r i  s t o r s .  



3.3.2 Firing Techniques f o r  Thyristor  Bridges 

Since commercially designed f i r i n g  c i r c u i t s  were read i ly  ava i l ab le  

(Westinghouse Co.),  and were i dea l l y  su i t ed  f o r  t he  present purposes, 

i t  was decided t o  design the  system using these  un i t s .  The c i r c u i t  

chosen gave output t r a i n s  of pulses with a va r iab le  del ay angle in  

synchronism w i t h  an a .c .  supply. The pulses have an amp1 i tude of about 

6 V and a frequency of 2.5 KHz with a marklspace r a t i o  of the order of 

1/10. Thus, the  pulse width i s  very large  compared with the 

turn-on response of a t h y r i s t o r .  The c i r c u i t  chosen gave f u l l  range of 

control f o r  an input va r ia t ion  in  v01 tage of 0 - 3 V .  

Output pulses a r e  delivered via pulse transformers so t h a t  the  

printed c i r c u i t  card i s  not e l e c t r i c a l l y  coupled t o  the  t h y r i s t o r  

bridge. 

4. SYSTEMS DESIGN AND TESTING 

Both systems described i n  the  introduction were designed and 

constructed a t  about 1/200th sca le ,  such ra t ings  being su i t ab l e  f o r  use 

in the  present laboratory.  The bas ic  fea tu res  of each system a r e  described 

below together with the r e su l t s  of t e s t i ng .  

4.1 Induction Generator System 

Both the induction machine and the synchronous machine used in  t h i s  

study were coupled mechanically t o  d .c .  machines forming two motor- 

generator un i t s .  The induction machine wasof four  poles and ra ted a t  

200 v o l t ,  6.4 amp and 1460 rpm. The s t a t o r  was de l t a  connected and the  

wound ro to r  was brought out  via s l i p  r ings to  a s t a r  connected external 

r e s i s t o r .  

The synchronous machine was of four poles and rated a t  200 V, 6 A 

1500 rpm. The s t a t o r  was s t a r  connected and the  rotor  separate ly  excited 

using s l i p  r ings with an external supply. 



4 1  1  I n d u c t i o n  Machine C h a r a c t e r i s t i c s  

Standard l o c k e d - r o t o r  and o p e n - c i r c u i t  t e s t s  c a r r i e d  o u t  on t h e  

i n d u c t i o n  machine y i e l d e d  t h e  c i r c l e  diagram shown i n  f i g u r e  16 and 

t h e  e q u i v a l e n t  c i r c u i t  i n  f i g u r e  17. 

The s t a t o r  o f  t h e  i n d u c t i o n  machine was then  connected t o  t h e  t h ree -  

phase supp ly  and t h e  machine r u n  as a  motor  up t o  a lmost  synchronous 

speed. The d.c.  machine, which was mechan i ca l l y  connected t o  t h e  i n d u c t i o n  

machine, was swi tched on t o  d r i v e  t h e  i n d u c t i o n  machine t o  super- 

synchronous speed and t h e  f o l l o w i n g  read ings  taken: 

D. C. 
Machine 

v I 
V o l t s  Amps 

I n d u c t i o n  
Machine 

v 1  v 1  W 

V o l t s  Amps rpm 

D.C.  
Power I n  

Watts 

TABLE 1 

D.C. Windage power In F r i c t i o n  W g F 

Watts I Watts 

I t  should be no ted  t h a t  under t h e  above cond i t i ons ,  t h e  i n d u c t i o n  

machine was o p e r a t i n g  as a  genera to r .  

From t h e  e q u i v a l e n t  c i r c u i t ,  f i g u r e  17, t h e  i n d u c t i o n  machine 

magnet i s ing  c u r r e n t  from a  50 Hz supp ly  i s  3.8 A. Using t h i s  va lue  and 

t h e  read ings  o f  l i n e  c u r r e n t  i n  t a b l e  1, t h e  i n  phase component o f  t h e  

i n d u c t i o n  machine c u r r e n t ,  IREAL9 may be found 





FIGURE 17 :  The E q u i v a l e n t  C i r c u i t  f o r  t h e  I n d u c t i o n  Machine 

u s e d  i n  t h e  P r o j e c t .  



and t h e  i n d u c t i o n  machine e l e c t r i c a l  power o u t p u t  i s  g i v e n  by  

The r e s u l t s  a r e  t a b u l a t e d  below. 

I 1  

Amps 

3.8 

3.7 

4.0 

4.8 

5.5 

6.3 

7.2 

P 

Watts 

- 
- 

465 

1091 

1482 

1869 

2300 

Power I n  
- Windage 

& F r i c t i o n  

Watts 

235 

238 

TABLE 2 

From t a b l e  2, p a r t  o f  t he  speed-torque curve  f o r  t h e  i n d u c t i o n  

gene ra to r  can be drawn, f i g u r e  18. 

4.1.2 Synchronous Machine C h a r a c t e r i s t i c s  

Standard shor t -and  o p e n - c i r c u i t  t e s t s  were made on t h e  synchronous 

machine and t h e  equ i va len t  c i r c u i t  shown i n  f i g u r e  19 was de r i ved .  

The windage and f r i c t i o n  losses  o f  the  synchronous machine motor-  

genera to r  s e t  were found i n  t h e  same way as those o f  t he  i n d u c t i o n  

machine w i t h  t h e  d.c. machine d r i v i n g  t h e  synchronous machine on open 

c i r c u i t .  The f o l l o w i n g  r e s u l t s  were ob ta ined :  





FIGURE 19: Approximate E q u i v a l e n t  C i r c u i t  fo r  

t h e  Synchronous Machine Used. 



GC ( V o l t s )  
Windage & 
F r i c t i o n  
(Watts) 

24 5 

288 

381 

469 

566 

627 

TABLE 3 

4.1.3 System Tes t ing  

I n d u c t i o n  Machine Coupled t o  Synchronous Machine 

The f o u r  l a b o r a t o r y  machines were connected as shown i n  f i g u r e  20, 

w i t h  t h e  i nduct ion  machi ne coup1 ed e l  e c t r i c a l  l y  t o  t h e  synchronous machine. 

For  i d e n t i f i c a t i o n  t h e  i n d u c t i o n  machine, d.c. machine s e t  i s  l a b e l l e d  I ,  

w h i l e  t h e  synchronous machine, d.c. machine s e t  i s  l a b e l l e d  11. 

The synchronous machine was run  up t o  1500 r.p.m. w i t h  d.c.  machine I 1  

and then t h e  f i e l d  e x c i t a t i o n  was switched on. Th is  r e s u l t s  i n  a th ree-  

phase supp ly  being f e d  t o  t he  i n d u c t i o n  machine which s t a r t s  motor ing,  

reaching a speed o f  approx imate ly  1460 r.p.m. D.C. machine I i s  then 

swi tched on and i t s  f i e l d  ad jus ted  t o  b r i n g  the  speed o f  t h e  i n d u c t i o n  

machine above 1500 r.p.m. The i n d u c t i o n  machine i s  then genera t ing  and 

d.c. machine I1  can be g r a d u a l l y  tu rned o f f  and l e f t  t o  freewheel.  

The system ran  w i t h  no apparent problems. Operat ing i n  t h i s  mode 

t h e  synchronous machine i s  supp ly ing  t h e  quadrature c u r r e n t  f o r  t h e  

i n d u c t i o n  genera tor  w h i l e  t h e  i n d u c t i o n  generator  supp l ies  t h e  windage 

and f r i c t i o n  power r e q u i r e d  by the  synchronous machine. 

The f i e l d  e x c i t a t i o n  o f  d.c. machine I can then be var ied .  This  

speeds up and slows down t h e  i n d u c t i o n  generator  which i n  t u r n  r e s u l t s  i n  





the  synchronous machine speeding up and slowing down i n  sympathy. The 

synchronous machine must always operate a t  a s l i g h t l y  lower speed than does 

the  induction machine t o  maintain the  generation mode. 

4.1.4 Induction Machine, Synchronous Machine Set  Operation with a 

Resis t ive  Load 

A de l t a  connected, three-phase, var iable  r e s i s t i v e  load was 

connected across the  induction machine output as shown i n  f i g u r e  21. 

Increasing the  power drawn by the  load slows both machines down. The 

decrease i n  speed of the  induction machine can be compensated by varying 

the  f i e l d  exc i t a t ion  on d.c. machine I .  The speed of the  synchronous 

machine must drop r e l a t i v e  t o  t he  speed of t he  induction machine t o  increase 

the  f rac t iona l  s l i p  of the  generator.  The operating voltage of the  system 

i s  determined by the  synchronous machine, t h u s  a drop in  synchronous machine 

speed r e s u l t s  i n  a drop i n  operating voltage.  The drop of operating 

voltage can be compensated f o r  by increased f i e l d  exc i t a t ion  of t he  synchronous 

machine. A s e r i e s  of r e su l t s  taken i s  given in  Table 4: 

D.C. m/c S.M. 

change i n  S ,  

3.4 1540 

3.7 1518 

4.0 1500 

. exc i ta t ion  

LOAD 

TABLE 4 





Th i s  exper iment showed t h a t  i t  i s  p o s s i b l e  t o  l o a d  e l e c t r i c a l l y  

t h e  i n d u c t i o n  generator-synchronous motor  s e t .  D e t a i l e d  a n a l y s i s  o f  t h e  

read ings  i n  Tab le  4  i s  n o t  c a r r i e d  o u t  as b o t h  t h e  o p e r a t i n g  v o l t a g e  and 

frequency o f  t h e  system a r e  va ry i ng  s imu l taneous ly .  The speed-torque 

cu rve  o f  an i n d u c t i o n  machine i s  b o t h  v o l t a g e  and f requency s e n s i t i v e  

so t h a t  d e t a i l e d  a n a l y s i s  would be o f  l i t t l e  va lue.  

4.1.5 I n d u c t i o n  Machine, Synchronous Machine s e t  w i t h  Diode Load 

The r e s i s t i v e  l o a d  o f  Sec t i on  4.1.4 was rep laced  by a  d i ode  b r i d g e  

f eed ing  a  d.c. r a i l  as  shown i n  F i g u r e  21. The d.c. r a i l  v o l t a g e  i s  

cons tan t  which imposes a  cons tan t  maximum v a l u e  o f  v o l t a g e  on t h e  a  .c. 

s i d e  o f  t h e  b r i d g e  as soon as t h e  b r i d g e  conducts. Th i s  makes t h e  system 

o p e r a t i o n  e a s i e r  t o  c o n t r o l  and cons ide rab l y  a i d s  t h e  a n a l y s i s  o f  r e s u l t s .  

The v o l t a g e  waveforms a t  d i f f e r e n t  ope ra t i ng  speeds a r e  shown i n  

f i g u r e  23 t o  24. These i l l u s t r a t e  t h e  peak c l i p p i n g  e f f e c t  o f  t h e  d iode  

b r i d g e .  Commutation o v e r l a p  due t o  t h e  d iode  b r i d g e  be ing  f e d  f r om an 

i n d u c t i v e  c i r c u i t  can a l s o  be seen i n  t h e  diagrams. A h i g h e r  f requency  

r i p p l e  due t o  t h e  e f f e c t  o f  t h e  d iode  b r i d g e  i s  seen on t h e  peaks o f  t h e  

waveforms. 

F i g u r e  25 shows t h e  p o s i t i o n  o f  t h e  c u r r e n t  waveform w i t h  r espec t  

t o  t h e  v o l t a g e  waveform. I t  should be noted t h a t  t h e  v o l t a g e  waveform i s  

t h e  l i n e  v o l t a g e  and i s  thus  d i sp laced  by 30' from t h e  phase v01 tage .  

The e f f e c t  o f  commutation o v e r l a p  i s  v e r y  e v i d e n t  i n  t h e  c u r r e n t  waveform. 

The c u r r e n t  and v o l t a g e  waveforms a r e  f a r  f r om s i n u s o i d a l  b u t  t h e  machines 

appeared t o  opera te  s a t i s f a c t o r i l y  w i t h  t h e  d i s t o r t e d  waveforms. 

Resu l ts  taken a t  d i f f e r e n t  speeds a r e  g i v e n  i n  Table 5. 





Figure 23:  Voltage Waveform f o r  Synchronous 

Machine speed of  1000 rpm. 

Figure 24:. Voltage Waveform f o r  Synchronous 

Machine speed of  1250 rpm. 



- Voltage - Cur ren t  

Figure 25: Voltage and Curren t  Waveforms f o r  

Synchronous Machine speed of  1700 rpm. 



D.C. m/c I . G .  S .M. 1 B r i d g e  

TABLE 5 

The power f l o w  th rough  t h e  system i s  t a b u l a t e d  below. 

Power I n  

(Wat ts )  

874 

1840 

2270 

2700 

31 95 

TABLE 6 

Ana l ys i s  o f  c u r r e n t  and power f l o w s  i i  i t h i n  t h e  sys  tall rc-qu f i t s  ii 

separa te  c i r c l e  diagram f o r  t h e  induc t  i o n  i ~ach i l i e  ia i -  edcir r i :L ,~ i  i t d , 

o p e r a t i o n  i s  a t  d i f f e r e n t  f r equenc ies .  Tt,? e l e ~ t r  icd l o1,t.rcil I I, 1 

f requenc ies and i n d u c t i o n  machine n i a g ~ ~ e t i s  ing cut-i- i-r~t L I I ~ L ,  i i t ~ t . i i  

below and c i r c l e  d iagran~s  f o r  each re u l t  ,iere d t - d ~ ~ r i ,  



The real and quadrature currents of the induction machine were found from 

the c i r c l e  diagrams. The current flowing through the diode bridge m u s t  

be rea l .  Thus the real and quadrature currents of the synchronous 

machine can be deduced. The real component of the synchronous machine 

current supplied electr ical  losses plus windage and f r i c t ion .  This allows 

fo r  a second estimate fo r  the real component to be found from 

- - Windage + Friction 
I REAL 

"1 

which gives a check on current deduced from c i r c l e  diagram analysis.  

The current flows are  given in Table 7 .  

TABLE 7 

D.C. machine I must supply the power produced by the induction 

generator, the induction generator losses and the windage and f r i c t ion  

losses of motor generator se t  I .  This i s  shown in Table 8. 



(Watts) (Watts) 

-G+ 

-. 

* 

D.C.  
Power In 

(Watts) 

875 

1840 

2270 

2700 

31 95 

(Watts) 

W & F + P Of 
Induct. Gen. 

(Watts) 

- 

454 

480 

638 

789 

Losses 

TABLE 8 

The induction generator must supply the  power flowing through the  

diode bridge, the  windage and f r i c t i o n  losses  of motor-generator s e t  11, 

and the  e l e c t r i c a l  losses  of the system. This i s  shown i n  Table 9 .  

TABLE 9 

Power of 
Induct. Gen. 

(Watts) 

1185 

1590 

1954 

2263 

Thus  power flows through the  system a r e  shown t o  balance within 

the  expected experimental accuracy of 10%. 

As can be seen from Table 7 the  currents  flowing within the system 

can be accounted f o r  within an accuracy expected using a c i r c l e  diagram. 

I t  should be noted t h a t  the  synchronous machine must supply a1 l the  

quadrature cur ren t  f o r  t h e  induction r i ~ i j ~ h  i ne not j u s t  the magnet i s i  rlg 

1 f i r ren t .  

1.3 & F I1 

(Watts) 

400 

530 

580 

6 50 

Bridge Power 

(Watts) 

120 

1008 

1224 

1368 

Bridge Power 
+ W & F  

(Watts) 

520 

1292 

1804 

201 8 



From Table 5 i t  i s  evident that  the system i s  s table  in steady s t a t e  

over a large range of operating speeds (1500 - 2184 r .p .m. ) .  As the d.c. 

machine i s  driven f a s t e r ,  using f i e l d  control, more power flows into the 

induction generator. The induction generator must ro ta te  a t  the same speed 

as the d.c. machine as they are  coupled together mechanically. This forces 

the speed of the synchronous machine to r i s e  to  a value determined by the 

speed of the induction machine and the fractional s l i p  required to transmi ti 

the incoming power e lec t r ica l ly .  The system frequency i s  determined by the 

speed of the synchronous machine and therefore also increases with incoming 

power. As the frequency increases the magnetising current drawn by the 

induction machine decreases. However, t h i s  reduction in quadrature current 

i s  more than compensated by the increase due to  the new operating points on 

the c i r c l e  diagram. Thus the current flowing from the synchronous machine 

increases. 

As more mechanical power flows into the induction generator, more 

e lec t r ica l  power i s  produced. Most of th i s  power i s  transmitted by the 

diode bridge while the remainder i s  dissipated as windage and f r i c t ion  losses 

in the synchronous machine. Increased power flow through the diode bridge 

i s  d i rec t ly  proportional to  increased current flow through i t  as the vol tages 

a re  fixed a t  both sides of the bridge. 

4.2 Synchronous A1 ternator/Rectif i e r  System 

4.2.1 Suoolv 

Although the most sui table  form of supply would have been a 

synchronous machine driven d i rec t ly  from a variable speed shaft  due t o  

machine unavailabili ty,  a t  t h i s  stage, i t  was necessary t o  use the 3-phase 

mains in conjunction with a 3-phase rheostat to  provide a varying supply. 

This was indeed convenient as i t  provided opportunity to  t e s t  the system 

under worst case conditions, i .e. step changes in v01 tage. 



4.2.2 Controlled Bridge Rec t i f i e r  

The t hy r i s t o r  bridge had an average current  ra t ing  (d.c.  ) of 12 A 

with an r.m.s. ra t ing (a.c.  ) of 18.5 A. For experimental purposes i t  

was decided not t o  exceed the  12 A ra t ing .  

The t hy r i s t o r s  were the  12RCM40 type manufactured by International  

Rec t i f i e r .  The maximum repe t i t i ve  reverse voltage of these  devices was 

400 V .  

Incorporated i n  t he  bridge were three  Westinghouse 3D82LED/321 

dr iver  c i r c u i t s  mounted on p.c. cards.  Two terminals on the  driving 

c i r c u i t  were avai lable  f o r  the  connection of a d .c .  control v o , ~ t y e  in 

the 0 - 3 V range. 

4.2.3 Feedback Control 

Em From equation V d c  = - 
IT 

cos a v o l t ,  the  control parameters fo r  a 

steady d.c. output a r e  t he  a.c.  l i n e  voltage and t he  bridge f i r i n g  

angle. In the  f i r s t  par t  of the  study, no attempt was made t o  control 

t he  a .c .  l i n e  voltage; t h i s  simulated the  condition of a constantly 

excited var iable  speed a l t e rna to r .  The control of the  d.c.  output 

was done by phase angle control only. 

A nominal d.c. level of 100 V and output control over a range of 

two t o  one in a l t e rna to r  speed were decided upon. The closed loop 

system shown i n  f igure  26 was designed and b u i l t .  

The feedback uni t  was bas ica l ly  a d .c .  invert ing amplif ier  

operating on an input range of 0 - 12 V and giving an output compatible 

w i t h  the  t hy r i s t o r  f i r i n g  c i r c u i t s  described above. Provision was 

made i n  t he  divider  c i r c u i t  f o r  changing the  nominal output voltage 

should t h i s  be required. 

4.2.4 System Testing 

Successful operation of the bridge and the control un i t s  on open 

' i  ;>op were ver i f i ed  before c1 osed-l oop t e s t s  were made. 



3-Ph. A.C. 

SUPPLY 

F i g u r e  26: 

-- 

N e g a t i v e  F e e d b a c k  C o n t r o l  S y s  tern 

3-phascl L i n e  V o l t a g e  

F i g u r e  27: C o r l t r o l l e t l  R e c t i f i e r  S y s t e m  I n p u t / O u t p u t  

C h a r a c t e r i s t i c s  



4.2.4.1 Closed-Loop T e s t i n g  

The a.c. l i n e  v o l t a g e  was v a r i e d  f rom 0  t o  200 V r.m.s. and t h e  

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

f i g u r e  27. Cont ro l  can o n l y  be achieved when t h e  i n p u t  v o l t a g e  

reaches a  v a l u e  corresponding t o  100 V o r  g r e a t e r  on  t h e  ou tpu t ,  

i . e .  about  75 V r.m.s. The rea f t e r ,  a  change i n  i n p u t  o f  150% i . e .  

75 - 200 V r e s u l t e d  i n  an o u t p u t  c o n t r o l l e d  t o  w i t h i n  +l% o f  nominal .  

i nc rease  t h e  a.c. i n p u t  f rom 100 t o  200 V i n  0.5 

o s c i l l o s c o p e  was used t o  mon i t o r  t h e  d.c. ou tpu t .  

The e f f e c t  o f  o t h e r  a l t e r n a t o r / b r i d g e  r e c t i f  

i n  p a r a l l e l  was s imu la ted  by smoothing t h e  o u t p u t  

c a p a c i t o r .  

4.2.4.2 Se t t l i ng -T ime  o f  t h e  System 

To t e s t  t h e  e f f e c t  o f  a  s t e p  i n p u t ,  t h e  r h e o s t a t  was used t o  

seconds. A  s to rage  

i e r  systems o p e r a t i n g  

w i t h  a  l a r g e  va lue  

I t  was found t h a t  t h e  t ime  f o r  t h e  system s t a b i l i s a t i o n  a t  100 V 

was s e t  b a s i c a l l y  by t h e  capac i t o r ,  n o t  by t h e  c o n t r o l  e l e c t r o n i c s  and 

was l e s s  t han  0 .8  seconds. 

Th i s  was as expected and suggested t h a t  i n  a  f u l l y  r e a l i s e d  

system where t h e  p a r a l l e l  c a p a c i t y  o f  t h e  o t h e r  u n i t s  would be much 

g r e a t e r  than  t h a t  o f  t h e  c a p a c i t o r  used i n  t h e  p resen t  t e s t s ,  t h e  

e l e c t r o n i c s  would c o n t r o l  s u c c e s s f u l l y  even t h e  most arduous t r a n s i e n t  

c o n d i t i o n s .  

4.2.5 A1 t e r n a t o r  and Diode B r i dge  

Because o f  t h e  r e l a t i v e l y  h i g h  c o s t  o f  t h e  c o n t r o l  l e d  r e c t i f i e r ,  

any system us ing  t h i s  method o f  d.c. vo l t age  s t a b i l  i s a t i o n  would be 

expensive. An a l t e r n a t i v e ,  and p o s s i b l y  cheaper method o f  d.c.  vo l t age  

c o n t r o l  i s  t o  c o n t r o l  t h e  a l t e r n a t o r  e x c i t a t i o n  and r e c t i f y  t h i s  

c o n t r o l l e d  a.c. v01 tage u s i n g  a  d iode  b r i dge .  



Such a  system, shown d iagrammat ica l l y  i n  f i g u r e  28, was b u i l t  and 

t es ted ,  

4.2.5.1 System Design and Tes t i ng  

The 3-phase o u t p u t  f rom t h e  synchronous machine was connected t o  

t h e  3-phase b r i d g e  r e c t i f i e r .  A vo l tme te r  was p laced  between t h e  r e d  

and y e l l o w  phase o f  t h i s  i n p u t  t o  mon i t o r  t h e  r.m.s. l i n e  vo l t age .  

The r e c t i f i e r  was loaded w i t h  a  100 S?, r e s i s t o r .  S u i t a b l e  i n t e r f a c i n g  

e l e c t r o n i c s  was b u i l t  f o r  t h e  feedback loop .  

Having determined t h e  a l t e r n a t o r  ou tpu t  v o l t a g e  c h a r a c t e r i s t i c s  

w i t h  speed and e x c i t a t i o n  and t h e  t r a n s f e r  c h a r a c t e r i s t i c  o f  t h e  c o n t r o l  

c i r c u i t  on open loop,  t h e  system was t e s t e d  on c l osed  loop .  The d.c. 

o u t p u t  v o l t a g e  was s t a b i l i s e d  t o  +1.5% o f  nominal f o r  a  16% change 

i n  a l t e r n a t o r  speed. Th i s  was cons idered unacceptable and was p robab ly  

due t o  t h e  l a r g e  u n c e r t a i n t y  o f  t h e  va lue  o f  h fe  o f  t h e  power t r a n s i s t o r  

ove r  o p e r a t i n g  range. The system was abandoned f o r  t h e  p resen t  and 

p lans  a r e  i n  hand f o r  a  more accura te  power e l e c t r o n i c  c o n t r o l l e r .  

5. DISCUSSION OF RESULTS 

5.1 I n d u c t i o n  Generator Svstem 

Al though success fu l  system ope ra t i on  was achieved us ing  t h e  

r e s i s t i v e l y  loaded system descr ibed  i n  Sec t ion  4.1.4, t h i s  system was 

found t o  have t h e  disadvantage o f  a  va ry i ng  gene ra t i on  vo l t age .  An 

improvement was made us ing  t h e  l a b o r a t o r y  d.c. supp ly  and a  d iode  b r i d g e  

t o  s e t  t h e  a.c .  system vo l t age .  Th i s  scheme,which i s  descr ibed  i n  

Sec t i on  4.1.5,more a c c u r a t e l y  s imu la tes  gene ra t i on  i n t o  a  l a r g e  

n a t i o n a l  g r i d  system. 

The power f l o w  through t h e  d iode  b r i d g e  was deternl ined by t h e  

power generated l e s s  t h e  system losses .  Power f l o w s  through t h e  b r i d g e  
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as soon as the a.c. voltage r i ses  s u f f i c i e n t l y ? ~  allow the bridge to 
$ 

conduct. The voltage a t  which th i s  occurs depends on the d.c. voltage 

which the diode bridge feeds. The synchronous machine speed which 

corresponds to  the threshold voltage of the bridge depends on the f i e ld  

excitation used. A higher f i e ld  excitation resul 

conducting a t  a lower machine speed. 

I t  was shown that  the system was s table  f o r  

operating speeds, 1000 - 2000 r.p.m. The inducti 

t s  in the bridge 

a large range of 

on machine speed was 

determined by the d.c. machine driving i t  and since th i s  was shunt- 

connected, a higher speed meant a correspondingly larger power flow. 

The synchronous machine speed was determined by the induction machine 

speed and the operating s l i p  corresponding to  a given power output. 

5.2 Controlled Rectifier System 

Here, successful system operation was achieved with a t ransfer  

efficiency of about 95%. Voltage control was within + l %  f o r  a large 

range of input voltage (150% change) and transient conditions appear to  

have presented no serious problems. 

5.3 Fie1 d Control of A1 ternator 

This system was considered not to have been successful; control 

S was within k1.5% for  a 16% change in al ternator  speed. I t  was f e l t  

tha t  the shortcomings were not inherent in the idea b u t  in the design 

of the control c i r cu i t .  Construction of tes t ing of a different  power 

el ectroni c control l  e r  i  S being considered. 

6. IMPLICATIONS TO WAVE POWER G E N E R A T I O N  

I t  i s  probably that  each duck will be some 20 m long. Thus the  

average incident power level on the duck will be approximately 1 MW 



based on the  average power dens i t y  o f  50 kW/m. However, t h e  peak 

i n c i d e n t  power l e v e l  w i l l  be around 4  MW, assuming a  to rque cu t -ou t  

a t  200 kW/m. The e l e c t r i c a l  r a t i n g  o f  the  machines w i l l  there fore  be 

very  dependent on how much i n c i d e n t  energy can be s to red  over sho r t  

t ime i n t e r v a l s .  

There a r e  c u r r e n t l y  two possi b l  e  genera t ion  ph i1  osophi es : 

( i )  e l e c t r i c a l  genera t ion  on t h e  duck i t s e l f  

( i i )  separate generat ion pods a t  the  ends o f  each duck s t r i n g  

I n  t h e  former, t h e  generat ion system must f i t  between the  backbone 

and t h e  s h e l l  o f  t h e  duck. This  l i m i t s  t h e  diameter o f  t he  system t o  

2 
approximate ly  1  m . Machines w i t h  r a t i n g s  i n  excess o f  500 KVA a re  

u n l i k e l y  t LS s u i t a b l e  because o f  t h e i r  phys ica l  s ize .  Each duck 

would t h e r e f o r e  con ta in  several  500 KVA i n d u c t i o n  machines; t h e  exact 

number depending on the  i n s t a l  l e d  over capac i ty .  (Over capac i t y  i s  

de f i ned  here t o  mean t h e  i n s t a l l e d  capac i t y  compared w i t h  t h e  average 

power leve;  "xperienced over t he  year ) .  I f  t h e  i n d u c t i o n  generator  

:::tern were ddopted alone, a  synchronous machine f o r  each t h r e e  

i r tduc t ion  generators would probably be requ i red .  The bent -ax is  motor, 

t h e  i n d u c t i o n  generator  and t h e  requ i red  c o n t r o l  systems would probably 

be i n  a  h e r m e t i c a l l y  sealed box w i t h  h igh  pressure o i l  f l o w i n g  i n  a t  one 

end and three-phase e l e c t r i c  power f l ow ing  out  o f  t h e  o ther .  For  

t ransmiss ion  t o  the  sea-bed, genera t ion  vo l tage  would be as h igh  as 

poss ib le .  Th is  cou ld  be 415 V, 3.3 KV o r  poss ib l y  11 KV. I f  t h e  

synchronous machine were i t s e l f  a l s o  d r i v e n  by t h e  duck, i t s  ou tpu t  

cou ld  be f e d  v i a  a  r e c t i f i e r  onto t h e  d.c. r a i l .  

I n  t h e  second genera t ion  system, hyd rau l i c  o i l  would be pumped 

a long the  l e n g t h  o f  a  s t r i n g  o f  ducks t o  genera t ion  pods a t  each end. 

The advantages o f  t h i s  system are:  

(a)  reduced p o s s i b i l i t y  o f  co r ros ion  problems on t h e  duck due t o  

s t r a y  c t i r ren ts  i n  sTc  which i s  i n  contac t  w i t h  sea-water 

(b )  more freedom i n  mat design. 



I n  t h e  gene ra t i on  pod system, t h e  genera to r  s i z e  i s  l i m i t e d  t o  

around 2  MVA by t h e  maximum economic s i z e  o f  ben t -ax is  motors .  Fo r  t h e  

i n d u c t i o n  genera to r  system, t h e  synchronous machine s i z e  w i l l  depend 

on how many i n d u c t i o n  genera to rs  i t  i s  d e s i r a b l e  t o  have connected 

t oge the r .  

A l though f u r t h e r  work i s  r e q u i r e d  on system dynamics when many 

gene ra t i ng  u n i t s  a r e  connected toge ther ,  i t  i s  p o s s i b l e  t o  specu la te  

a t  t h i s  s tage  about  p o s s i b l e  gene ra t i on  c o n f i g u r a t i o n s .  These a r e  

shown i n  f i g u r e s  29 and 30. There are,  o f  course, o t h e r  p o s s i b i l i t i e s .  

7. CONCLUSIONS 

The f o l l o w i n g  conc lus ions  a r e  drawn f rom t h e  work r e p o r t e d  

above. 

( 1 )  An asynchronous a.c. gene ra t i on  system us ing  an i n d u c t  

coup1 ed t o  a  synchronous machine operates s a t i  s f a c t o r i  

s c a l e  f a c t o r  o f  about 1  : 200. 

i o n  machine 

l y  a t  a  

( 2 )  An o v e r a l l  e l e c t r i c a l  gene ra t i on  e f f i c i e n c y  f o r  t h e  i n d u c t i o n  

genera to r  system o f  60% has been achieved i n  t h e  l a b o r a t o r y .  

Th i s  i s  a p e s s i m i s t i c  f i g u r e  s i nce  t h e  l a b o r a t o r y  systems used 

i n e f f i c i e n t  teach ing  machines and a l s o  i n v o l v e d  windage and 

f r i c t i o n  losses  of  two d.c. machines which would n o t  be i nc l uded  

i n  a  p r a c t i c a l  system. A  f a i r  es t imate  o f  e l e c t r i c a l  system 

e f f i c i e n c y  f rom genera to r  i n p u t  t o  t r ansm iss ion  l i n k  i s  p robab ly  

about 85%. 

( 3 )  Fo r  t h e  i n d u c t i o n  genera to r  system machines o f  t h e  same r a t i n g  

one synchronous machine i s  r e q u i r e d  f o r  t h r e e  i n d u c t i o n  machines, 

and speed ranges o f  1000 - 2000 r.p.m. a r e  p o s s i b l e  f o r  s t a b l e  

machine ope ra t i on .  



(4 )  A system using control led  r e c t i f i c a t i o n  of a  var iable  a . c .  input 

operates successful ly  a t  a  sca le  f a c to r  of about 1:200. 

( 5 )  Limited success was achieved w i t h  a . c .  voltage control of an 

a1 ternator ld iode bridge arrangement. 
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APPENDIX I 

C o m ~ u t e r  S imu la t i on  

I n  p a r a l l e l  w i t h  t h e  l a b o r a t o r y  s tud ies  o f  each o f  t h e  gene ra t i on  

systems, computer s i m u l a t i o n s  were undertaken. 

I n d u c t i o n  Generator System 

Here t h e  two-phase e q u i v a l e n t  c i r c u i t  model f o r  i n d u c t i o n  and 

synchronous machines g i v e n  below was requ i red .  These e q u i v a l e n t  

c i r c u i t s  a r e  v a l i d  f o r  bo th  s t a t i c  and dynamic a n a l y s i s .  The two- 

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

F i g u r e  1.1 and t h a t  o f  t h e  synchronous machine i n  F i g u r e  1.2. 

Symbols used a r e  de f ined :  

R = s t a t o r  r e s i s t a n c e  

RR = r o t o r  r e s i s t a n c e  r e f e r r e d  t o  t h e  s t a t o r  

LL = r o t o r  leakage reac tance  r e f e r r e d  t o  t h e  s t a t o r  

VGD = gene ra t i on  vo l t age  i n  t h e  D  phase g i ven  by 
t 

VGD = WM I VSQ - (MM X I R Q  X LL) 
0  

WM = t h e  mechanical speed o f  t h e  machine 

I R Q  = r o t o r  c u r r e n t  i n  Q phase 

VSD = v01 tage  across t h e  r e f e r r e d  r o t o r  c i r c u i t  i n  D  phase 

VSQ = v o l t a g e  across t h e  r e f e r r e d  r o t o r  c i r c u i t  i n  Q phase 

VGQ = gene ra t i on  v o l t a g e  i n  t h e  Q phase g i v e n  by 
t 

VGQ = WM I VSD - (WM X IRD X LL) 
0  

VSDO, VSQO = a p p l i e d  v o l t a g e  t o  D  and Q phase r e s p e c t i v e l y  which 

have a  phase d i f f e r e n c e  o f  90' 

IMD = t h e  magnet is ing c u r r e n t  i n  t h e  D  phase 

I M Q  = t h e  magnet i s ing  c u r r e n t  i n  t h e  Q phase 

Symbols f o r  t h e  synchronous machine a r e  de f i ned  s i m i l a r l y  b u t  w i t h  an 

e x t r a  S  ' to d i f f e r e n t i a t e  between t h e  two machines. 
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FIGURE I . l  Two-phase Equiva len t  C i r c u i t  f o r  an Induc t ion  Machine. 
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FIGURE I .2 T w o - p h a s e  E q u i v a l e n t  C i r c u i t  f o r  a Synchronous Machine. 



C o n t r o l l e d  R e c t i f i e r  System 

Here two programs were w r j t t e n ;  one t o  s imu la te  t he  ope ra t i on  o f  

a c o n t r o l l e d  b r i d g e  r e c t i f i e r  and one t o  s imu la te  t h e  ope ra t i on  o f  a  

r e c t i f i e r  feed ing  onto a  d.c. busbar. 

The f i r s t  program was w r i t t e n  t o  examine t h e  ou tpu t  from a  

r e c t i f i e r  br idge.  W r i t t e n  i n t o  t h i s  program i s  a  r o u t i n e  t o  o u t p u t  

on t h e  g r a p h p l o t t e r  so t h a t  waveforms cou ld  be examined i n  d e t a i l .  

The second program was w r i t t e n  t o  s imu la te  t h e  e f f e c t  o f  a  b r i d g e  

r e c t i f i e r  feeding i n t o  a d.c, busbar. 

I n  bo th  cases so f tware  s tud ies  were made t o  p r e d i c t  system 

performance be fo re  l a b o r a t o r y  t e s t s  were made. I n  a d d i t i o n ,  s imu la t i ons  

cou ld  be made o f  t h e  e f f e c t s  on performance o f  a l t e r i n g  system 

parameters. For  example, t h e  e f f e c t  o f  d i f f e r e n t  r o t o r  i n e r t i a s  was 

s tud ied  i n  the  case o f  t h e  i n d u c t i o n  generator  scheme. F u r t h e r  more 

d e t a i l e d  computing i s  planned. 
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