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ABSTRACT

This th e s i s  d e sc r ib e s  two d i f f e r e n t  techniques f o r  e f f i c i e n t  co n tro l  
o f  s l i p  energy in  a s l i p - r i n g  in d u c tio n  machine. The s t a t i c  Kramer 
system merely recovers  s l i p  power and re tu rn s  i t  to  the  a .c .  supply .
As a r e s u l t  only sub-synchronous motoring o f  super-synchronous g enera ting  
i s  p o s s ib le .  In the  s t a t i c  Scherbius system, however, the  s l i p  power 
can be c o n tro l le d  both in to  and ou t o f  th e  secondary c i r c u i t .  This 
allows the  machine to  opera te  as a motor and g en e ra to r  a t  both sub- and 
super-synchronous speeds.

For wide speed range o p e ra t io n  a c u rren t  source  i n v e r t e r  was 
used as t h i s  can in h e re n t ly  provide  re v e r s a l  o f  power flow. The o p e ra t in g  
requirem ents fo r  the  c u r re n t  source  in v e r t e r  o p e ra t in g  in  the  secondary 
c i r c u i t  o f  an in d u c tio n  machine have been determined. These co n s id e ra t io n s  
show th a t  the  c u rre n t  source i n v e r t e r  c o n tro l  s ig n a l  must be synchronised  
to the  secondary e .m .f .  o f  the  machine. The machine can then o pera te  
in  a s ta b l e  manner over a very wide speed range.

The conventional an a ly s is  o f  the  c u rre n t  source i n v e r t e r  has been 
developed to  inc lude  the  e f f e c t  o f  the  secondary s l i p  e .m .f .  which i s  
shown to  have a major e f f e c t  on the  commutation behav iour o f  the  in v e r t e r .  
The a c t io n  o f  the  commutation c i r c u i t  i s  a f fe c te d  by the  phase angle 
between the  secondary c u rren t  and the  s l i p  e .m .f .  This angle can be 
c o n tro l le d  e l e c t r o n i c a l l y  and the  e f f e c t  o f  th i s  has been p re d ic te d  and 
observed.

A d e t a i l e d  s tudy  o f  the  Kramer system has inc luded  a n a ly s is  o f  the
d .c .  l in k  c u r re n t  waveform in c lu d in g  F o u r ie r  harmonic p r e d ic t io n  in  terms 
o f  the  c i r c u i t  param eters and the  o p e ra t in g  s l i p .

The op e ra t io n  o f  the  Kramer and Scherbius systems has been s tu d ie d  
fo r  both motoring and gen era t in g  modes o f  the  ind u c tio n  machine and t h e i r  
r e l a t i v e  m erits  have been compared. In p a r t i c u l a r  the  novel id e a  o f  
u s ing  th e  Scherbius system fo r  v a r ia b le  speed wind energy recovery  has 
been considered  and re p o r te d  in  a pu b lish ed  paper.

F in a l ly  sugges tions  have been made fo r  f u r th e r  work p a r t i c u l a r l y  
fo r  a p p l ic a t io n  to  wind energy recovery .
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CHAPTER 1 .

V ariab le  Speed S l ip  Power Recovery Schemes

1 .1 . In tro d u c tio n

When opera ted  from a normal co n s tan t  frequency supply , the  induc tion  

motor i s  e s s e n t i a l l y  a cons tan t speed machine. For s l i p - r i n g  machines 

a range o f  a d ju s ta b le  speeds below synchronism i s  ach ievab le  using  

e x te rn a l  sp ed d -reg u la t in g  r e s i s t a n c e s .  I f ,  in s te a d  o f  w asting  the  

’s l i p  energy ’ in  the  e x te rn a l  elem ent, the  power i s  fed  back in to  the  

supply system, then a fundamental improvement in  the  e f f ic ie n c y  o f  the  

d r iv e  a t  reduced speeds i s  ob ta ined . A d i r e c t  connection between 

s l i p - r i n g s  and supply i s  no t p o s s ib le  as the  s l i p - r i n g  v o ltag e  and 

frequency both  vary  w ith  the  speed.

Methods have been suggested  f o r  the  recovery  o f  power from the  

secondary ( ro to r )  as a means o f  c o n t ro l l in g  th e  speed o f a s l i p - r i n g  

in d u c tio n  motor by e i t h e r  e l e c t r i c a l  o r  mechanical means. Early  examples 

o f  s l i p  recovery schemes are ■. the  Kramer and Scherbius systems.

In the  conventional Kramer system the  secondary s l i p  power o f  the  

ind u c tio n  motor i s  m echanically  recovered  v ia  the  s h a f t  o f  a d .c .  motor 

as i l l u s t r a t e d  in  F ig. 1 .1 . However, in  the  conventional Scherbius system, 

the  s l i p  power i s  frequency converted  and e l e c t r i c a l l y  re tu rn e d  to the  

mains supply . Fig . 1 .2 . Both the  systems are  based on use o f  a u x i l i a r y  

machines such as d .c .  and a . c .  commutator motors and synchronoUjmotors.

In modem v a r ia b le  speed vers ions  o f  th e se  equipments, s o l id  s t a t e  

r e c t i f i e r s  and in v e r te r s  can e f f i c i e n t l y  re p la ce  most o f  these  a u x i l i a ry  

machines.

Although the  term ’s l i p  energy ’ i s  g e n e ra l ly  confined  to  schemes 

using  s l i p - r i n g  motors w ith  some form o f  s e p a ra te  e x te rn a l  recovery
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system, i t  should  be noted  t h a t  a . c .  commutator motors when running below 

synchronous speed a lso  feed  s l i p  power back in to  the  supply system. 

Recently  a new Scherbius s l i p  energy recovery  scheme to g e th e r  w ith  a s e l f  

cascaded in d u c t io n  motor has been desc rib ed . The scheme does not c a l l  

f o r  the  use o f  s l i p - r i n g s  o r  a commutator w ith  brushes [1, 2 ] .

1 .2 . Sub-Synchronous S t a t i c  S l ip  Recovery

For sub-synchronous speed c o n t ro l ,  the  d .c .  machine o f  the  Kramer 

d r iv e  i s  re p la c e d  by a s t a t i c  co n v e r te r ,  as shown in  Fig. 1 .3 .  This 

c o n s is ts  o f  a th ree -p h ase  b r id g e  r e c t i f i e r  which o pera tes  a t  s l i p  

frequency and feeds r e c t i f i e d  d l ip  power through the  smoothing in d u c to r  

to  the  t h y r i s t o r  b r id g e  which re tu rn s  the  power to  the  a .c .  supply . The 

r e c t i f i e r  and th e  in v e r t e r  a re  n a tu r a l l y  commutated by the  a l t e r n a t in g

e .m .f .* s  a t  the secondary ou tpu t te rm in a ls  and the  a .c .  supply re s p e c t iv e ly  

Speed v a r i a t i o n  i s  ob ta ined  by c o n t ro l l in g  the  i n v e r t e r  f i r i n g  angle a .

The performance c h a r a c t e r i s t i c s  o f  the  system have been analysed in  

d e t a i l  i n  many papers  [3, 4, 5 ] .  The to rque  developed by th e  sytem i s  

shown to  be p ro p o r t io n a l  to  the  fundamental component o f  the  secondary 

cu rre n t  [4 ] .  The power flow i s  u n id i r e c t io n a l  w ith  the  secondary energy 

o f  the  in d u c t io n  motor being  recovered  to  the  a . c .  supply.

The p r in c ip a l  d isadvantage o f  the  sub-synchronous d r iv e  i s  i t s  low 

fundamental power f a c to r .  Severa l c i r c u i t  m o d if ica tio n s  have been devised 

in  o rd e r  to  improve the  power f a c to r  o f  the  d r iv e .  A s p e c ia l  type o f  

' through p a s s ’ i n v e r t e r  has been developed to  rep la ce  the  phase co n tro l led  

i n v e r t e r .  This i n v e r t e r  c i r c u i t  can be fo rced  commutated and re tu rn s  

s l i p  power to  th e  a .c .  supply w ithout drawing la rg e  amounts o f  r e a c t iv e  

power [6 ] .

The modern s t a t i c  d r iv e  tends to  be used to  co n tro l  v e n t i l a t i o n  fam 

and pumps in  which the  power ou tpu t v a r ie s  in  p ro p o r t io n  to  the  cube of
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the  speed and hence a l im ite d  sub-synchronous speed range i s  adequate.

The system i s  p a r t i c u l a r l y  advantageous a t  high power le v e ls  as i t  

p re se n ts  a very high o v e ra l l  e f f ic ie n c y .

1 .3 . Super-Synchronous S t a t i c  S l ip  Recovery

For super-synchronous speed c o n tro l  o f  in duc tion  m otors, the  .• 

replacement o f  the  r e c t i f i e r  b r id g e  by a s e l f  c o n tro l le d  t h y r i s t o r  

i n v e r t e r ,  see F ig . 1 .4 , enables the  power in  the  secondary o f  the  induc tion  

motor to  flow in  both d i r e c t io n s .  D i f f i c u l t y  i s  experienced  near  

synchronism when the  s l i p  frequency e . m . f . ' s  a re  i n s u f f i c i e n t  fo r  phase 

commutation, hence s p e c ia l  connections o r  forced-commutation methods are  

necessa ry . These commutation c i r c u i t s  must be c o n t ro l le d  in  accordance 

w ith  the  secondary induced e .m .f .  o f  the  motor. One o f  the  methods th a t  

have been developed to  co n tro l  the  t h y r i s t o r  i n v e r t e r  was suggested  by 

Ohno and Akamatasu [7],in  which they developed a co n tro l  s ig n a l  to  tu rn  

on and fo rce  commutate o f f  the  t h y r i s t o r s  in  accordance w ith the  

secondary e .m .f .  by using  a h igh frequency modulated type d i s t r i b u to r .

A more advanced technique was d esc ribed  by Smith [9] where he describes  

an e l e c t r o n i c  s ig n a l  g en e ra to r  w ith  a th ree -p h ase  square wave output 

locked in  phase with the  secondary e .m .f .  o f  the  in d u c tio n  motor.The 

co n stan t  amplitude square waves can be used through a d d i t io n a l  lo g ic  to 

co n tro l  the  p re c is e  f i r i n g  p o in ts  o f  the  in v e r t e r .

The fo rced  commutated i n v e r t e r  type chosen to  be used in  the  in v e r t e r  

b r idge  must be capable o f  b i - d i r e c t i o n a l  power flow [9]. A well known 

ty p e ,  having th i s  p ro p e r ty  and which uses s ix  c ap a c ito rs  and s ix  diodes 

fo r  commutation, i s  shown in  Fig. 1 .5 . The diodes tend  to  i s o l a t e  the 

c ap a c i to rs  from the  load and he lp  to  s to r e  energy fo r  commutation. Ifhen 

a t h y r i s t o r  i s  ga ted  on, the  c u rre n t  through the outgoing t h y r i s t o r  i s  

d iv e r te d  through a p re-charged  c a p a c i to r  thus allowing the  t h y r i s t o r  to
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t u m  o f f .  A f te r  a ga ted  t h y r i s t o r  i s  f u l l y  conducting, the  commutating 

c a p a c i to r  i s  r e v e rse  charged by th e  d i r e c t  cu rren t  from the  cu rre n t  source. 

The b a s ic  advantage o f  us ing  such an arrangement i s  th a t  the  a b i l i t y  to 

commutate i s  e s s e n t i a l l y  independent o f  the  vo ltages  a t  the  a .c .  

t e r m in a ls .

The b a s i c  d isad v an tag e ,  however, i s  a sso c ia te d  w ith the  commutation

mechanism. In o rd e r  f o r  the  t o t a l  commutation time to  be s h o r t  f o r  a

given c u r r e n t ,  th e  c a p a c i to r  must be s u f f i c i e n t l y  small fo r  ra p id  charge

and d isch a rg e .  However, as the  c a p a c i to r  absorbs the  s to re d  energy in
2 2the  machine w indings, i . e .  1/2 Li = 1/2 Cv then a small capac itance

im plies  a la rg e  v o l ta g e  excursion  above the  normal l in e  v o lta g e .  The 

commutation time i s  a lso  a fu n c tio n  o f  the  d .c .  l in k  c u r re n t ,  

t h e re fo re ,  ex cess iv e  commutation angles o r  unusual behav iour may r e s u l t  

under l i g h t  load  c o n d i t io n s ,  see  Chapter 4.

N a tu ra l ly  commutated systems to  d r iv e  the  s l i p - r i n g  machine above 

its ::synchronous’ speed have a lso  been developed. In r e f .  [8, 10] a system

is  de sc r ib ed  in  which a cyc loconverte r  i s  connected between the  _

secondary windings o f  a S l ip  r in g  motor and the  a .c .  mains as in  Fig. 1 .6 . 

The c i r c u i t  pe rm its  a r e v e r s ib le  power flow, and speed c o n t r o l . i s  p o s s ib le  

fo r  sub- and super-synchronous o p e ra t io n  by c o n t ro l l in g - th e  in je c te d  

secondary v o l ta g e .

One o f  the  advantages o f  sub- and super-synchronous schemes i s  th a t  

r a te d  torque i s  p o s s ib le ,  w ithout exceeding r a te d  c u r re n t ,  a t  h ig h e r  than 

synchronous speed so th a t  the  p o w e r f o r  a given frame s iz e  o f  the  

machine can be g r e a t ly  in c reased . The energy recovery equipment needs

to  be r a te d  f o r  a f r a c t i o n  o f  the  t o t a l  power.

The a p p l i c a t io n s  o f  t h i s  type o f  d r ive  to  in d u s try  is p o t e n t i a l l y  

conside rab le  as the  system can;

( i )  develop constan t torque over a wide speed range w ithou t
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exceeding the  r a t e d  cu rren ts  in  the  machine

( i i )  o p era te  in  both  b rak ing  and motoring modes a t  a l l  

sp ee d s .

1 .4 . Power E le c t ro n ic  Apparatus f o r  S l ip  Energy Recovery

Two types o f  equipment have been used f o r  s l i p  energy recovery  and

desc rib ed  by many authors  [8, 9, 10] . These a re :

(a) The cy c lo co n v e r te r

(b) d .c .  l in k  i n v e r t e r  - c u r re n t  source i n v e r t e r

(a) The cyc loconverte r

The cy c lo co n v e r te r  i s  a d i r e c t  a .c .  to  a .c .  frequency changer. The 

s im p le s t  th ree -p h ase  to  th ree -p h ase  cy c lo co n v erte r  re q u ire s  a t  l e a s t  18 

l in e  commutated t h y r i s t o r s  to  g enera te  an ou tpu t frequency lower than 

th a t  o f  the  primary supply . The power c i r c u i t  in  each phase o f  the 

c y c lo co n v e r te r ,  shown in  Fig . 1 .6 ,  c o n s is ts  o f  p o s i t iv e  and nega tive  

groups o f  t h y r i s to r s  which pe rm it b i - d i r e c t i o n a l  flow o f  power both 

out o f ,  and in to ,  the  mains supply .

An o p e ra t in g  d i f f i c u l t y  o f  the  cyc loconverte r  i s  the  p rev en tio n  o f

excess ive  c i r c u l a t i n g  cu rre n ts  between the  p o s i t iv e  and the  nega tive  

t h y r i s t o r  groups. For continuous c u rre n t  o p e ra t io n  a r e a c to r  i s  in s e r t e d  

between th e  groups to  l im i t  the  c i r c u l a t i n g  cu rre n t  [11]. The continous 

c i r c u l a t i n g  cu rren t  o p e ra t io n  has the  advantage o f  reduc ing  the  output 

v o ltag e  harmonics and in c re a s in g  the  ou tpu t frequency range. In  p r a c t i c e ,  

the  c i r c u la t in g  c u rren t  mode would only be used when the  load c u rren t  i s  

low, so t h a t  continuous load c u rre n t  with a b e t t e r  waveform can be 

m ain ta ined  [11]. In r e f .  [12] an i n t e r e s t i n g  system i s  d esc rib ed  in  which 

the  s t a t o r  winding o f  the  machine i s  used as an in te rg ro u p  r e a c to r .  This 

has the  advantage o f  e l im in a t in g  the  need fo r  a s e p a ra te  r e a c to r  b u t le ss  

e f f e c t i v e  use o f  the  copper in  the  machine windings reduces the  output



- 9 -

O  O  a ;

g
c  .2  <_•— oW4—
.9r^  E 
Ü0 .E

E
a;
in, >> in

OJ
>ouQJ

cnt_
QJ
C
OJ

I

To

OJ

OJ
>cowO
w

'- 'I

CJl

O  CL _C OL



-10 -

o£ the  machine to  about 70% o f  normal.

The cy c lo c o n v e r te r  i s  normally opera ted  as a step-down frequency 

chhnger and th e  ou tp u t i s  r e s t r i c t e d  ty p ic a l ly  to  about one t h i r d  o f  

the  supply frequency. The d isadvantage o f  the  system i s  the  need f o r  

a r o to r  s t a r t e r  to  b r in g  the  machine up to  the  speed a t  which the  frequency 

o f  th e  secondary e .m .f .  i s  w ith in  th e  o p e ra t in g  c a p a b i l i ty  o f  the  cy c lo 

co n v er te r  [8]. Moreover, t h i s  system uses a la rg e  number o f  t h y r i s to r s  

and a s s o c ia te d  e l e c t r o n i c  co n tro l  c i r c u i t s .

The c y c lo c o n v e r te r  i s  a t t r a c t i v e  fo r  pumping and v e n t i l a t i n g  

a p p l ic a t io n s  where co nsiderab le  mass flow change can be achieved w ith  a 

l im i te d  speed range above and below synchronous speed. A p o s s ib le  

advantage o f  th e  d r iv e  i s  th a t  re g e n e ra t io n  i s  simple and the  system can 

th e re fo re  be e a s i l y  designed fo r  fo u r-q u ad ran t  o p e ra t io n .

(b) The c u r re n t  source  i n v e r t e r

Conventional v o lta g e  source in v e r t e r s  cannot be used f o r  s l i p  

energy recovery  schemes where sub- and super-synchronous o p e ra t io n  i s  

re q u ire d  w ithou t the  use o f  a second f u l l y - c o n t r o l l e d  r e c t i f i e r  fo r  

energy recovery . Such in v e r t e r s  a re  q u i te  complex p a r t i c u l a r l y  where 

PWM techniques a re  used f o r  improved waveform g en e ra t io n .  The c u rren t  

source  i n v e r t e r  shown in  Fig. 1 .7 ,  n o t  only allows r e v e r s a l  o f  power 

flow b u t i s  a lso  very simple in  concept us ing  conventional non in v e r t e r  

grade t h y r i s t o r s .  This i n v e r t e r  i s  very  r e l i a b l e  as th e  c u r re n t  source 

p reven ts  any la rg e  c u r re n t  surges during  f a u l t  c o n d i t io n s .  The q u a s i 

square wave g enera ted  i s  not a p a r t i c u l a r  d isadvantage  in  s l i p  energy 

recovery schemes as th e  prim ary winding i s  d i r e c t l y  connected to  the  

s in u so id a l  mains and so th e  machine has a s in u so id a l  f lu x  and motor 

cogging i s  no t e v id en t .

In th e  c o n s tan t  v o lta g e  i n v e r t e r ,  the  re v e rse  connected diodes across 

the  t h y r i s t o r s  p rev en t  r e v e r s a l  o f  th e  d .c .  l in k  v o l ta g e ,  so th a t  any
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r e g e n e ra t io n  has to  invo lve  c u rre n t  r e v e r s a l  through an a d d i t io n a l  fully- 

c o n t ro l le d  l in e  commutated in v e r t e r .  In the  cons tan t cu rren t  i n v e r t e r ,  

such problems do n o t e x i s t ,  s in ce  the  d .c .  l in k  v o ltage  i s  allowed to  rev e rse  

w hile  the  c u r re n t  d i r e c t i o n  remains unchanged. With a rev e rsed  v o l ta g e ,  

the  co n v e r te r  can be used to  feed  power in  o r  out o f  the  secondary 

c i r c u i t  o f  the  in d u c t io n  machine. '

By the  design  o f  a s u i t a b l e  sequence o f  co n tro l  the  cu rre n t  source 

i n v e r t e r ,  w ithou t any a d d i t io n a l  power c i r c u i t r y ,  can o p era te  in  any o f  

th e  fou r  qu ad ran ts .

The d r iv e  i s  very  s u i t a b l e  f o r  a p p l ic a t io n s  where v io le n t  changes 

in  s h a f t  to rque  must be avoided, as the  d .c .  l in k  choke p reven ts  sudden 

c u rre n t  changes. Another advantage o f  the  cu rren t  source in v e r t e r  i s  

t h a t  a f a u l t  such as a s h o r t - c i r c u i t  a t  the  motor te rm in a ls  does no t 

damage the  i n v e r t e r ,  as th e  cu rren t  remains under c o n tro l .  In s p i t e  o f  

the  above mentioned m e r i t s ,  the  la rg e  s iz e  o f  the  d .c .  l in k  inductance 

and the  commutation c a p a c i to rs  to g e th e r  w ith  t h e i r  dependence upon the  

machine param eters  a re  major d isadvantages  o f  the  equipment.
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THE KRAMER SYSTEM OF MOTOR CONTROL
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CHAPTER 2.

2 .1 .  The Kramer System o f  Motor Control

The Kramer d r iv e ,  o r  sub-synchronous s t a t i c  cascade i s  one o f  the  

methods o f  reco v er in g  s l i p  power using  s o l id  s t a t e  d ev ices .  Power 

e x t r a c te d  from th e  secondary a t  s l i p  frequency i s  r e c t i f i e d  and then 

in v e r te d  in  phase w ith  system supply frequency. Both the  r e c t i f y in g  and 

in v e r t in g  elements are  s i l i c o n  semiconductor devices in  a th ree -p h ase  

b r id g e  c o n f ig u ra t io n .  Fig. 1.3.

The system i s  p a r t i c u l a r l y  s u i t e d  to  the  c o n tro l  o f  la rg e  machines 

over a l im i te d  speed range s in ce  the  power r a t in g  o f  the  recovery  

equipment i s  p ro p o r t io n a l  to  the  speed range re q u ire d ,  expressed  as a 

percen tage  o f  f u l l  speed. For example, a speed range betu>eer\ Voo/o

f u l l  speed re q u ire s  a recovery system r a te d  a t  10% o f  the  f u l l  load 

r a t i n g  o f  the  machine. A d d i t io n a l ly ,  the  recovery  equipment comprises, 

low power lo ss  elements compared w ith ,  say , an e lec trom echan ica l system.

T h e o re t ic a l ly ,  the  speed range o f  the  d r ive  i s  from s t a n d s t i l l ,  

to  almost ttie synchronous speed. A s u f f i c i e n t  s t a r t i n g  torque  can be 

achieved under c u r re n t  l im i t  c o n t ro l ,  w ithou t any e x t r a  s t a r t i n g  

e lem ents , b u t  t h i s  w i l l  re q u ire  th a t  the  recovery equipment l ie  r a te d  a t  

the  f u l l  power o f  the  d r iv e .  Top speed i s  r e s t r i c t e d  below synchronous 

speed as th e  secondary e .m .f .  w i l l  no t  be s u f f i c i e n t  to  c i r c u l a t e  the  

r e q u ire d  c u rre n t  as the  speed approaches synchronous speed.

The main fa c to r s  which should be considered  when lookingat, such a 

d r iv e  are  the  power f a c to r  and the  r .m .s .  value o f  the  a .c .  c u r re n t .

In the  fo llow ing  s e c t io n  a simple s in g le  phase model o f  the  d r iv e  system 

i s  proposed allow ing fo r  the  p re d ic t io n  o f  the  r .m .s .  secondary cu rren t  

waveform and the  power f a c to r .  The s o lu t io n  fo r  the  s tead y  s t a t e  d .c .  

c u r re n t  from th e  model makes i t  p o s s ib le  to  p r e d ic t  the  t o t a l  and the
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fundamental r .m .s .  secondary c u r re n t .  Thus, the  p re d ic t io n  o f  the 

genera ted  harmonics by the  system i s  e a s i ly  analysed . Furthermore, the 

e f f e c t  o f  choosing the  choke f i l t e r  and i t s  e f f e c t  upon the  performance 

o f  the  system i s  a lso  s tu d ie d .

2 .2 .  A S ing le  Phase Model o f  the  System

A model o f  the  Kramer system is  shown in  Fig. 2 .1 .  The s l i p - r i n g  

machine used in  t h i s  model i s  simply rep re sen ted  by a simple s e r i e s  

e q u iv a len t  c i r c u i t  [24], Appendix A3. The prim ary winding o f  the  machine 

i s  re p re se n te d  by i t s  e q u iv a len t  impedance, n e g le c t in g  i ro n  lo s se s ,  and 

i s  given by

R ' y}
4 s  = C2.1)

^1 ^ ^10

„2 „2

where

R  ̂ = the  prim ary winding re s i s ta n c e

= the  prim ary winding impedance 

X = the  m agnetis ing  branch impedance

^10 =

The prim ary e .m .f .  i s  given by

Eis = |V J  . — ^  (2 .3 )

, ^10
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'-f

%ir

- i  i
Recovery
transformer Fully controlled Diode bridge

converter recti f ier

(a)

% 3 - p h  
supply

Vdo

(b)

Rts Xts

Ï E 'l  ^15

(c) V dr^  1.35

Fig.(2-1 ) Development of the sinqle phase equivalent circuit 
for Kramer d rive
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The t o t a l  impedance o f  the  machine i s  the  sum o f  the  r e f e r r e d  e q u iv a len t  

prim ary impedance and the  secondary impedance

Xg = 6^ + (S x p  = 2ir£ (2 .4)

and Rg = Rj,g 6 + R2  (2.5)

where B i s  the  machine e f f e c t iv e  tu rns  r a t i o  and S i s  the  p .u .  s l i p .

Assuming id e a l  c o n d i t io n s ,  the  r e c t i f i e r  b r idge  connected to  the  

secondary i s  p re se n te d  simply as a v a r ia b le  d .c .  source  dependent

upon the s l i p  v o l ta g e  a t  the  secondary te rm ina ls  and t,is given by

= 1.35 SE2 0  (2.6)

Also the l i n e  v o l ta g e  e^^ connected to  the  c o n t ro l le d  t h y r i s t o r  b r id g e  

i s  assumed to  be s in u s o id a l  and i s  given by

®ac " \  sinCwt + (f>) (2.7)

where,

i s  th e  maximum supply v o ltage  

(p i s  the  t o t a l  de lay  angle (^ = y +  a) .

The f i n a l  form o f  the  e q u iv a len t  c i r c u i t  w ith the  choke inc luded  is  

shown in  F ig . 2 . I . e .

2 .3 .  C a lcu la t io n  o f  the  d .c .  Link Current

The d i f f e r e n t i a l  equation  d esc r ib in g  the  o p e ra t io n  o f  the  system 

from the  s im p l i f i e d  model i s
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dl
e + V, ac d r 2R, 4. (2L, + L J ( t )

d t ( 2 . 8 )

where

2Rç i s  th e  e q u iv a le n t  machine re s i s ta n c e  r e f e r r e d  to  d .c .  s id e

2Lg i s  th e  e q u iv a len t  machine inductance r e f e r r e d  to  d .c .  s id e

L̂ . i s  the  f i l t e r  inductance .

The s o lu t io n  f o r  th e  d .c .  c u r re n t .  Appendix A2 gives

dr
( t )  2R (1

Vm
L C2L^+Lp A (e - cos (wt))

> ( ) s in  (wt)) + e - ° ^ ]  (2 .9)

where

A = w cos (p - o s in  

+ 0^)

2R,
a =

21, 4.

(a = f i r i n g  angle)

2 .4 . T o ta l r .m .s .  and Fundamental r .m .s .  Secondary C urrents

With the  assumption o f  very small commutation overlap  in  the b r id g e ,  

the  secondary l i n e  c u r re n t  i s  a square waveform with a p u lse  width o f  

o f  the  secondary e .m .f .  p e r io d .  This assumes an i n f i n i t e  value o f
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choke inductance  to  provide  a f l a t  topped waveform. The a n a ly s is  o f  

such a waveform us ing  F our ie r  s e r i e s  tak in g  X-X as th e  zero a x is .  

F ig . 2 .2 . ,  shows th a t  the harmonic components are o f  th e  o rder 6K±1 

where K i s  any in te g e r  [26]. For t h i s  waveform the  t o t a l  and 

fundamental r .m .s .  c u rren ts  a re  given by

= /  4  I = 0.816 I = 0.816 I (2.10)2t 3 max '•

/6and = —  I = 0.78 I = 0 .78 I (2.11)2 f TT max ^

(note  1 = 1 f o r  L - = « )max f  '

In genera l  the  c u r re n t  waveform i s  no t f l a t  topped as i t  contains

a r ip p l e  component depending upon the  c i r c u i t  p a ra m e te r s . '  I f  the

in s tan tan eo u s  peak value o f  the  c u r re n t  i s  I then  t o t a l  secondary ^ max
r .m .s .  c u r re n t  i s  given by

^2t ^ f l  ^max (2.12)

and the  fundamental r .m .s .  i s  given by

^2f = '^£2 Imax

where and are  co n s tan ts  depending upon the  choke and machine

ind u c tan ces . A computer programme was w r i t t e n .  Appendix A2 in  which

the  machine param eters  were in c lu d ed  and values o f  and were

determined f o r  d i f f e r e n t  va lues  o f  choke. The values o f  and

f o r  d i f f e r e n t  va lues  o f  choke inductance  Ln , fo r  a s l i p  o f  0 .5 and If  ^ max
o f  3.0A are  ta b u la te d  in  Table (2.1 ) .  The r a t i o  between the  t o t a l  r .m .s .

and fundamental secondary c u rre n ts  a re  a lso  ta b u la te d .
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| X y 1 = I max

Swt

i x

Fiq. ( 2 « 2 )  A.C. l ine s e c o n d a r y c u r r e n t  ( L ^=oq)
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Imax = 3.0A S = .5

(m H)
843 120 47 0

‘' f l .801 .716 .6 .22

‘̂ £2 .765 .68 .53 .077

^2t^^2f 1.048 1.054 1.13 2.88

Table (2.1 )

I t  i s  c le a r  from the  Table t h a t  fo r  la rg e  chokes ,the  r a t i o  

between the  t o t a l  r .m .s .  and the  fundamental i s  n e a r ly  j r / j  . For 

small va lues  o f  choke, fo r  example = 0 , the  r a t i o  i s  n ea r ly  3:1. 

F igs . 2 .3  and 2.4 show the  p re d ic te d  l in k  and secondary cu rren t  wave

forms f o r  d i f f e r e n t  va lues o f  . The secondary c u rren t  waveform 

has been analysed  in to  i t s  fundamental and harmonic components. The 

p r e d ic t io n  was based on the  numerical s o lu t io n  o f  equation  (2.9) to  

c a lc u la te  the  l in k  c u r re n t  as a fu n c tio n  o f  the  s l i p  and f i r i n g  angle 

a . P re d ic t io n  o f  the  magnitude and o rder  o f  the harmonics generated  

i s  a lso  inc luded  in  the  computer programme. Program PI .

The p resence  o f  harmonics in  the l in k  c u r re n t ,  which could be very 

high fo r  sm all choke v a lu e s ,  w i l l  in e v i ta b ly  give r i s e  to  harmonic 

cu rren ts  in  the secondary c i r c u i t .  These w i l l  in c re a se  secondary losses 

and so reduce the  o v e ra l l  system e f f ic ie n c y .  The p resence  o f  harmonics 

can d i s t o r t  the  supply waveforms and cause problems with
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f i r i n g  c i r c u i t s  which r e ly  on the  supply vo ltage  zero p o in ts  as a means o f  

synchron is ing .

The d i s t o r t i o n  r e l a t i n g  to  a p a r t i c u l a r  harmonic con ten t in  a 

waveform can be expressed  as the  r e l a t i v e  magnitude o f  the  t o t a l  

r .m .s .  harmonic c u r re n t  o f  o rder n to  the  r .m .s .  amplitude o f  the  

fundamental. The t o t a l  harmonic d i s t o r t i o n  f a c to r  i s  the  r a t i o  o f  

the  r .m .s .  value o f  a l l  the  harmonic components to g e th e r ,  to  the r .m .s .  

amplitude o f  the  fundamental.

2
2 t 2fT o ta l harmonic d i s t o r t i o n  f a c to r  =     (2.14)

^2f

For an i n f i n i t e l y  la rg e  f i l t e r  choke th i s  r a t i o  i s  ^  

compared w ith  90% f o r  th e  case o f  no choke.

2 .5 .  R e la tionsh ip  Between Developed Torque and the  d .c .  Link Current 

The r e l a t i o n  between the  d .c .  l in k  c u r re n t ,  I , and the  

developed to rque , T^ , has been s tu d ie d  by many authors  [4, 5 ] .  I t  

was found th a t  the  to rque  developed i s  independent o f  the  s l i p  o f  

the  motor and i s  d i r e c t l y  p ro p o r t io n a l  to  the  l in k  c u r re n t .

Now

^  Nm (2.15)
s s

60

p. Æ  sE ,„  I, COS
as P = —  = ---------- —— —---------   (2.16)r

by n e g le c t in g  secondary losses

Pg - d .c .  l in k  power - I - 1.35 sE^g I watts
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hence

P r  =

1.35 sE^g I
w at t s (2 .1 7 )

from 2.15 and 2.17

so

= 1 2 . 8 9  ^ 20 Nm

Nm (2.18)

In F ig . 2 .5  a fam ily o f  curves a re  p lo t t e d  showing the  .

in s tan tan eo u s  max. c u rren t  I ^ ^  vs. the  developed to rque fo r

d i f f e r e n t  va lues  o f  choke.

I f  the  developed torque  i s  to  be m aintained c o n s ta n t ,  then the

fundamental r .m .s .  c u rren t  must a lso  be constan t.  Thus, as the  choke
JL

s iz e  i s  reduced, then the  in s tan tan eo u s  max. cu rren t  w i l l  be in c reased .

As an example, i f ,  a t  an o p e ra t in g  s l i p  o f  0 .5 ,  a torque o f  3 Nm was

re q u ire d  then  f o r  a choke o f  47 mH, I w i l l  be 2 .3  A, and from ^ max

Table 2.1 i s  0 .6  and so the  t o t a l  r .m .s .  cu r re n t  w i l l  be 1.38 A.

Whereas i f  th e  choke i s  843 mH the  maximum cu rre n t  to  achieve the  same 

to rque  w i l l  only be 1.5 A w ith t o t a l  r .m .s .  o f  1.2 A.

A secondary c u rre n t  w ith  a high r ip p le  con ten t w i l l ,  o f  course, 

be a consequent in c re a se  in  the  harmonic c u rren ts  in  the  primary 

winding. These c u r re n t  harmonics w i l l  cause a d d i t io n a l  harmonic 

to rques  and lo s se s  which n e c e s s i t a t e  some de-r a t in g  o f  the  machine 

[25] . The c o s t  o f  d .c .  chokes i s  considerab le  and fo r  economic reasons 

d esigners  would l ik e  to  minimise i t s  va lue . The computer program is  

p a r t i c u l a r l y  u se fu l  f o r  in v e s t ig a t in g  the  e f f e c t  o f  choke value on the 

peak and r .m .s .  cu rren ts  in  the  c i r c u i t  so enab ling  the  designer to 

form ulate  th e  optimum economic s o lu t io n  fo r  the  design o f  the  equipment.
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a.L =843mH

b. = 47 m H
Td (N-ml

12-

10-

— Load

_Fig (2 5 ) Developed torque Vs. maximum 

link current Is=06 )
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2 .6 . Power F ac to r  in  the  Secondary C ir c u i t

The secondary c i r c u i t  o f  the  m ach in e / in v e r te r  i s  shown in  Fig.

2 .1 .b .  I f  the  f i r i n g  angle a i s  defined  as in  Appendix A2, then the  

angle (j)'̂  , which i s  th e  angle between the fundamental secondary 

c u rre n t  and supply v o l t s  was shown by R iss ik  [13] to  be given by

Cos (j)' = Cos a (2 . 20)

The fundamental i n v e r t e r  power t r a n s m it te d  to  the  supply i s

P i f = /3  1^£ Cos

/3  I^£ Cos a

w atts ( 2 . 21)

The a.pparent i n v e r t e r  power is  given by

(2 . 22)

I f  COS (f)£ i s  the  e f f e c t iv e  power f a c to r  o f  the  i n v e r t e r ,  then  in v e r t e r

power t r a n s m i t te d  to  supply  is

P^ = /3  Cos (j)̂ w atts (2.23)

The secondary power P^ i s  given by

‘’s = SE2 0  h f  * 2

w atts

where the angle between the  fundamental secondary cu rre n t  and the

s l ip  e .m .f .

N eglec ting  any secondary lo s se s .
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P i f  = P,  ( 2 .2 5 )

so
sE 20Cos ^—  COS (f)̂  (2.26)

and from eq uation  (2.20)

sE
Cos a = cos = —ÿ—  cos (f)̂  (2.27)

By eq uating  equations  (2.21) and (2 .2 3 ) ,  thus

Cos (f>̂ = • cos (j)̂  = cos a (2.28)

from equations  (2.27) and (2.28)

^^20the e f f e c t iv e  i n v e r t e r  power f a c to r  = ( —  ) cos

(2.29)

I f  the  machine and recovery  tran s fo rm er  tu rns  r a t i o s  can be inc luded , 

then.

Cos (f). = ( —  ) s cos (2.30)
Is

where 3^ i s  the  machine e f f e c t iv e  tu rns  r a t i o

3^ i s  the  recovery  transfo rm er tu rns  r a t i o  

i s  the  prim ary in p u t  vo ltage  

i s  the  i n v e r t e r  supply v o ltage .
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Thus Cos (f)̂  = s cos (2 .31 )

®o'^lwhere K = ( ) d i s t o r t i o n  f a c to r
° ® r i s

To achieve maximum i n v e r t e r  power f a c to r  the  r a t i o  should  be 

u n i ty ,  i . e .  the  open c i r c u i t  secondary vo ltage  i s  matched to  the  

supply . Various techniques  have been suggested to  improve the  

i n v e r t e r  power f a c to r  [15, 16]. The power f a c to r  can be compensated 

by p ro v id ing  a c a p a c i to r  bank across  the  supply te rm in a ls  [14, 15].

Another method  ̂ t h a t  may be used i s  to  reduce the  d u ra t io n  o f  

conduction o f  each t h y r i s t o r  o f  the  c o n tro l le d  b r id g e .  Such o p e ra tion  

can be ob ta ined  by a c i r c u i t  known as a ' th rough-pass i n v e r t e r ' .  The 

output power f a c to r  can be f u r th e r  improved by us ing  fo rced  commutation 

with a modified ' th rough-pass i n v e r t e r '  [6].

In a l l  Kramer systems cos <t>̂ w i l l  be le s s  than u n i ty ,  even i f  

3g/3^ i s  chosen to  be u n i ty .  To achieve a secondary power f a c to r  o f  

u n i ty ,  i t  i s  re q u ire d  t h a t  the  diode b r id g e  be rep la ce d  by a c o n tro l le d  

t h y r i s t o r  b r id g e  in  which the  f i r i n g  co n tro l  to  t h y r i s t o r s  i s  synchronised 

to the  secondary e .m .f .  Such a system i s  d esc r ibed  in  Chapter (4) in  

which a c u rren t  source  i n v e r t e r  i s  used. This system has many advantages 

over the  ' th rough-pass i n v e r t e r '  although both systems re q u ire  complex 

c o n tro l  and fo rced  commutation c i r c u i t s  compared w ith  conventional 

s t a t i c  Kramer equipment.

2 .7 . Experimental R esu lts

The o p e ra t io n a l  c h a r a c t e r i s t i c s  o f  the  system were in v e s t ig a te d  

using the  s im p l i f ie d  model and computer program to  p r e d ic t  the

in s tan taneous  l in k  c u r re n t  f o r  given values o f  f i r i n g  angle a and
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s l i p .

The d .c .  l in k  power i s  given by

Pdc ^d r   ̂ w a tts  (2.32)

where

= 1.35 sE^q -  (overlap  v o ltage  d rop ) .

The v o l ta g e  drop due to  commutation overlap  [26] i s  assumed to  be

3 w Lg
   I v o l t  (2.33)TT

Fig. 2 .6  shows the  d .c .  l in k  v o ltag e  v a r i a t io n  w ith the  s l i p  fo r

a d .c .  c u r re n t  o f  2.0 amps.

In o rd e r  to  in v e s t ig a te  co n s tan t  to rque  o p e ra t io n ,  i . e .  constan t

a i r  gap power, th e  s l i p - r i n g  machine was m echanically  coupled to  a

d .c .  dynamometer. The armature o f  the  d .c .  machine was connected to  a

f u l ly  c o n t ro l le d  t h y r i s t o r  b r id g e  which opera ted  under c losed-loop

cu rre n t  c o n t r o l ,  in  an in v e r t in g  mode, to  p rovide  the  req u ired

brak ing  to rque  a t  any o p e ra t in g  speed.

For a f i l t e r  choke o f  843 mH in  the  l in k ,  the  conçuter program
/

p re d ic ts  the  d .c .  c u r re n t  waveform fo r  the  given s l i p  and f i r i n g  angle 

a and a lso  gives th e  secondary t o t a l  and fundamental r .m .s .  amperes.

The power flow diagram f o r  sub-syn chronous motoring i s  shown in  Fig.

3.5 . a. in  Chapter (3 ) .  The power in  the  prim ary and secondary windings 

can be c a lc u la te d  as fo l lo w s :- 

The in p u t prim ary  power

= /3 1^ cos (|)̂  w atts  (2.34)
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The power c ro ss in g  the  a i r  gap

= P^ - Primary lo sses

= /3 E^q %2 £ cos (f>2 w atts  (2.35)

where cos i s  given by equation  (2.27) 

The mechanical power

P = P (1 - s) w atts  (2.36)m r

The secondary power

P = P s s r

= P^ + secondary lo sses  w atts  (2.37)

The in v e r t e r  power

P^ = /3 I^£ cos (J>£ w atts  (2.38)

and cos (f)̂  i s  given by equation  (2 .3 0 ) .

so

The developed mechanical to rque

“ 6Ô”

For the  t e s t  machine = 1500 rpm

^  Nm (2.40)

The o v e r a l l  percen tage  e f f ic ie n c y

P_ + P.
= -2L-----± 100 (2.41)

1
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The prim ary , mechanical and in v e r t e r  powers f o r  constan t l ink

c u r re n t  I = 2.0 Amp vary as shown in  Fig. 2 .7 . The r e l a t io n s h ip

between fundamental secondary cu rre n t  and I remains e s s e n t i a l l y  

unchanged with s l i p  and so the  curves a lso  r e p re se n t  co n s tan t  torque 

o p e r a t io n . .

Fig. (2 .8) shows th e  comparison between the  p re d ic te d  and the 

experim ental r e s u l t s  f o r  developed torque versus the  in s tan taneous

maximum l in k  c u r re n t  f o r  d i f f e r e n t  values o f  choke a t  an o p e ra t in g  s l i p

o f  0 .5  p .u .

The e f f e c t iv e  i n v e r t e r  power f a c to r  was a lso  exper im en ta lly  

compared w ith  the  va lues  c a lc u la te d  from equation  (2 .3 0 ) .  The 

comparison shows a s a t i s f a c t o r y  agreement d e sp i te  th e  use o f  a 

s im p l i f ie d  model o f  th e  system.

Thus the  computer program w r i t t e n  to so lve  equation  (2 .9) i s  u se fu l  

no t only to  ev a lu a te  the  l in k  and secondary c u rre n t  waveforms b u t a lso  

w i l l  p r e d ic t  the  value o f  the  f i r i n g  angle a fo r  any o p e ra t in g  s l i p .  

Furthermore, i t  i s  p o s s ib le  to  p r e d ic t  the i n v e r t e r  power f a c to r  and the 

o p e ra t in g  c h a r a c t e r i s t i c s  o f  the  machine fo r  any d e s i re d  speed.

F ig. (2 .7) shows q u i te  a good agreement between the  p re d ic te d  and 

experim ental r e s u l t s  a lthough the  e s t im atio n  o f  the  machine lo sses  was 

not accu ra te  and th e r e f o r e  the  output s h a f t  power was found to  be lower 

than p re d ic te d .  The computer program has a lso  n e g lec ted  lo sse s  in  the  

power sem i-conducto rs , l in e  re a c to r s  and the l in k  choke.

I t  can be seen t h a t  the  e f f ic ie n c y  o f the  d r iv e  is  good and would 

be very  good and in  an i n d u s t r i a l  high power system where the  machines 

are  more e f f i c i e n t  and sem i-conductor lo sses  are  in  a sm alle r  

p ro p o r t io n  o f  the  t o t a l  power. The r a t in g  o f  the  i n v e r t e r  f o r  constan t 

load torque i s  p ro p o r t io n a l  to  s l i p .  However, to  take  f u l l  advantage o f  

th i s  fo r  l im ite d  s l i p  o p e ra t io n  re q u ire s  th a t  the  i n v e r t e r  be op tim ally
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mat Che d to  the  supply through a t ran sfo rm er and th a t  o th e r  means be 

prov ided  to  run the  machine up to  the  o p e ra ting  speed.
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CHAPTER 3 .

3 .1 . The Scherbius System o f  Motor Control

In Chapter 1 th e  o p e ra t io n  o f  the  Scherbius system over sub- 

and super-synchronous speeds was d esc r ib ed  using e i t h e r  a cy c loconverte r  

o r  a c u r re n t  source  i n v e r t e r  to  c o n tro l  the  flow o f  secondary power. 

Although the  c y c lo co n v e r te r  has th e  advantages o f  n a tu r a l  commutation 

w ithou t chokes and commutating c a p a c i to r s ,  i t s  l im ite d  ou tpu t to  

in p u t  frequency range r e s t r i c t s  th e  working speed range o f  the  system.

In o rd e r  to  p rov ide  a wide speed range fo r  a thorough in v e s t ig a t io n  o f  

the  system a c u r re n t  source i n v e r t e r  was used fo r  t h i s  resea rch  s tudy .

T h e o re t ic a l ly ,  i t  should  be p o s s ib le  to  opera te  the  induc tion  

machine from s t a n d s t i l l  to  tw ice synchronous speed w ithou t exceeding the 

r a te d  v o ltag e  and c u rre n t  in  the  secondary c i r c u i t .  The motor would 

then develop tw ice i t s  conventional power r a t i n g  and the  s l i p  recovery 

power equipment would be ra te d  a t  50% o f  th a t  power.

3 .2 . The Current Source I n v e r te r

The c u rre n t  source  i n v e r t e r  c o n s is ts  o f  a th ree -phase  n a tu ra l ly  

commutated t h y r i s t o r  c u r re n t  source  coupled v ia  a d .c .  choke to  a th re e -  

phase fo rced  commutated t h y r i s t o r  i n v e r t e r ,  as shown in  Fig.(4.1}.. The 

th ree -p h ase  n a tu r a l ly  commutated b r id g e  c o n v er te r  opera tes  in  conjunction 

with the  d .c .  choke to .p ro v id e  a v a r ia b le  c u rre n t  c o n tro l le d  by a c losed- 

loop servo system. The c o n t ro l le d  c u r r e n t ,  I , i s  fed to  the  forced  

commutated in v e r t e r  and when a p roper  f i r i n g  sequence i s  app lied  to  the  

t h y r i s t o r  g a te ,  the  c o n t ro l le d  cu rre n t  w i l l  generate  a th ree -p h a se -q u a s i-  

square wave in  the  machine w indings.

In the  i n v e r t e r  th e re  are  two d e l ta -co n n ec ted  banks o f  cap ac ito rs  

which se rv e  to  commutate the  p re v io u s ly  conducting t h y r i s t o r  when the
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nex t t h y r i s t o r  in  sequence, connected to  the  same d i r e c t  v o ltag e  r a i l ,  

i s  t r ig g e r e d .  There _are a lso  s e r i e s  diodes in  each arm o f  the  i n v e r t e r  

to  ensure t h a t  the  necessa ry  charge i s  trapped  *n the  c ap a c i to rs  and not 

a f fe c te d  by v a ry ing  load co n d it io n s .

The a p p l ic a t io n  o f  the  cu rren t  source  i n v e r t e r  f o r  c o n t ro l l in g  the  

d i r e c t io n  and magnitude o f  s l i p  power in  the  secondary c i r c u i t  o f  the  

machine w i l l  p rov ide  both sub- and super-synchronous o p e ra t io n  [9].

This r e q u ire s  t h a t  the  f i r i n g  sequence ap p lied  to  t h y r i s t o r  ga tes  o f  

th e  i n v e r t e r  b r id g e  be synchron ised  to  the  secondary e .m .f .  by means o f  

a s p e c ia l ly  designed s ig n a l  g en e ra to r .  This i s  achieved using  the  

e l e c t r o n i c  s ig n a l  g en e ra to r  d esc rib ed  in  Ref. [ 8 ] .

The e l e c t r o n i c  s ig n a l  g en e ra to r  compares the  supply frequency 

re p re se n te d  by a co n s tan t  number o f  p u lses  p e r  cycle w ith  pu lses  

genera ted  from a s l o t t e d  d i s c  mounted on the  machine s h a f t .  A 

d i f f e r e n c e  co u n te r  i s  then  used to  genera te  a th re e -p h a se  constan t 

amplitude square-wave locked in  phase w ith ..the  secondary e .m .f .  This 

can then be used through a d d i t io n a l  lo g ic  to  co n tro l  the  p re c i s e  f i r i n g  

p o in ts  o f  th e  i n v e r t e r .

For th e  machine to  op e ra te  through synchronous speed the  d i r e c t io n  

o f  power must change. Thus th e  d i r e c t io n  o f  secondary c u rren t  fo r  each 

h a l f  cycle  o f  secondary e .m .f .  must be re v e rse d  and the  phase sequence 

o f  the  s ig n a l  g e n e ra to r  ou tpu t must a lso  be rev e rse d .  The ou tpu t o f  the  

s ig n a l  g e n e ra to r  and the  a s s o c ia te d  lo g ic  i s  designed to  achieve th i s  

end [ 8 ] .

To i l l u s t r a t e  how th i s  i s  achieved, co n s id e r  the  machine to  be 

running sub-synch ronously . The co n tro l  o f  power flow can be seen by 

re fe ren ce  to  F ig s . 3.1 and 3 .2 .  I f ,  when the  s l i p  e .m .f .  e^ in  Fig.

3 . 2 . a i s  p o s i t i v e ,  t h y r i s t o r s  T^ and T^ are  f i r e d  then  th e  cu rren t  

i^  and e .m .f .  e^ w i l l  be in  the  same d i r e c t io n ,  so power w i l l  be
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re tu rn e d  through the  re g e n e ra t iv e  naturally-com m utated t h y r i s t o r  

co n v er te r  to  the  a .c .  supply to  produce the d e s ired  d r iv in g  torque.

As th e  machine runs through synchronous speed the  phase r o ta t io n  of 

the  secondary e .m .f .  w i l l  change to  th a t  o f  Fig. 3 .2 .b .  b u t  provided 

th a t  the  t h y r i s to r s  p re v io u s ly  f i r i n g  on a p o s i t iv e  h a l f  cycle  of 

secondary e .m .f .  a re  now f i r e d  on a nega tive  h a l f  cy c le ,  then the 

cu rren t  i^  and s l i p  e .m .f .  e^ w i l l  be in  opposite  d i re c t io n s  i . e .  

the  e .m .f .  source  w i l l  be absorbing power from the  a .c .  mains and a 

d r iv in g  torque can s t i l l  be developed.

The s ig n a l  g e n e ra to r  i s  designed to  in v e r t  the  p o l a r i t y  o f  the 

s ig n a l  v o ltage  f o r  each h a l f  cycle  o f  e .m .f .  as the  machine runs through 

synchronous speed. In a d d i t io n  t h i s  in v e rs io n  can be achieved manually, 

o r even au to m a tica l ly ,  to  rev e rse  th e  d i r e c t io n  o f  power flow a t  any . 

o p e ra t in g  speed so changing the  machine between motoring and brak ing  

modes. This w i l l  then allow th e .o p e r a t in g  modes in  s e c t io n  3 .3 .1 .  to  be 

achieved.

Control o f  the  system i s  b a s i c a l l y  very sim ple , p rov ided  th a t  the  

th ree -p h ase  s ig n a l  ou tpu t i s  synchron ised  to  the  s l i p  e .m .f .  This 

determines the  f i r i n g  p o in ts  fo r  the  cu rre n t  source in v e r t e r .

A conventional cascade servo  system i s  then used in  which the 

am plif ied  speed e r r o r  i s  the  demand s ig n a l  to  a cu r re n t  servo a m p lif ie r .  

The output o f  the  c u rre n t  servo c o n tro ls  the  angle o f  advance o f  the 

n a tu r a l ly  commutated co n v er te r  over the  range -60° to  +1 2 0 ° so th a t  the  

d es ired  cu rren t  le v e l  can be m ain ta ined  when both r e c t i f y in g  and 

reg en e ra t in g .  To ensure th a t  the  c u rren t  never goes to  zero under dynamic 

t r a n s i e n t  conditions  ( t h i s  can cause m alfunction  ' o f  the  in v e r te r )  a 

minimum cu rren t  demand le v e l  i s  provided .

With a b u i l t - i n  c u rre n t  l im i t  f e a tu re  the  machine can be s t a r t e d  with 

any le v e l  o f  demanded speed and w i l l  run up, in  l im i t ,  to  th a t  speed.
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5 .5 . Energy-Conversion P ro p e r t ie s  o f  Induc tion  Machines

E l e c t r i c a l  and mechanical methods have been suggested  f o r  recovery 

o f  power from the  secondary as a means o f  c o n t ro l l in g  the  speed o f  a 

s l i p  r in g  in d u c tio n  machine. Before the  in d u c tio n  machine c o n tro l le d  by 

power e l e c t r o n i c  devices can be ap p lied  to  a range o f  i n d u s t r i a l  

p rocesses  i t  i s  necessa ry  to  f u l l y  unders tand  th e  b a s ic  o p e ra t io n  and 

power flow cond itions  e x i s t in g  in  the  machine.

5 .5 .1 .  Power Flow C onsidera tion

To emphasise the  e lec trom echan ica l energy conversion a s p e c ts ,  the  

in d u c tio n  machine, as shown in  Fig. 5 .5 . , w i l l  be viewed from i t s  th ree  

te rm ina l p o r ts  through which power i s  e i t h e r  d e l iv e re d  o r  rece iv ed  

depending on the  p a r t i c u l a r  mode o f  o p e ra t io n .

I t  i s  o f te n  convenient fo r  num erical c a lc u la t io n  to  express the  

performance o f  an in d u c tio n  machine in  terms o f  an e q u iv a len t  c i r c u i t .

The p a r t i c u l a r  form o f  th e  eq u iv a len t  c i r c u i t  i s  shown in  Fig. 5 .4 .

The p o l a r i t i e s  and d i r e c t io n s  o f  the  v o l ta g e s ,  c u r re n ts  and powers are 

as in d ic a te d  in  Fig. 5 .4 .  E l e c t r i c a l  power w i l l  be taken as p o s i t iv e  < 

when tv -Wn.

The o p e ra t io n a l  c h a r a c t e r i s t i c  o f  the  in d u c t io n  machine in  which 

the  secondary power i s  c o n t ro l la b le  can be c l a s s i f i e d  in to  fo u r  d i f f e r e n t  

modes. These modes are  i l l u s t r a t e d  w ith the  a id  o f  power flow diagram 

in  Fig. 5 .5 .

Mode 1 Conventional d r iv in g :  1 > S > 0, T^ > 0

This i s  the  case o f  the  in d u c tio n  motor o p e ra t in g  below synchronous
• 2

speed. In a d d i t io n  to  supply ing  lo s s e s ,  some o f  the  s l i p

power i s  recovered  and su p p lied  to  the  mains us ing  the  recovery  equipment.
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The power flow diagram fo r  t h i s  mode i s  shown in  Fig. 3 . 5 . a with 

and .are p o s i t i v e  and P^ i s  n e g a t iv e .  ^

Mode 2 Supersynchronous motoring: 5 < 0 ,  > 0

This case corresponds to  th a t  o f  an in d u c tio n  motor o p e ra t in g  above 

synchronous speed. In a d d i t io n  to  the  power su p p lied  to  th e  prim ary, 

s l i p  power i s  fed  to  the  secondary. The power flow diagram fo r  th i s  

mode i s  shown in  F ig . 3 .5 .b .  w ith  P^ , P^ and P^ are  p o s i t i v e .

Mode 3 Sub-synchronous g en era t in g :  1 > S < 0 , T ^ < 0

Here, inpu t power i s  d e l iv e re d  m echanically  to  the  s h a f t  and 

e l e c t r i c a l l y  to  the  secondary c i r c u i t  w hile  the  prim ary su p p lie s  

e l e c t r i c  power. The power flow diagram is  shown in  Fig. 3 . S . C .  with 

P^ , P^ are n eg a tiv e  and P^ i s  p o s i t i v e .

Mode 4 Super-synchronous gen era tin g : S < 0 , T^ < 0

This i s  the  case o f  the  m echanically  d r iven  ind u c tio n  g en e ra to r  

d r iven  above i t s  synchronous speed. E l e c t r i c a l  power is  by the

prim ary and the  recovery equipment. The power flow diagram is  shown in  

Fig. 3 .5 .d .  w ith  P^ , P^ and P^ are  a l l  n eg a t iv e .

3 .3 .2 .  S ing le-phase  Steady S ta te  E quivalen t C i r c u i t  w ith  a Current 

Source in  the  Secondary C i r c u i t .

Fig. 3.6 i s  a schem atic  diagram o f  the  Scherbius system w ith a 

c u r re n t  source connected to  the  secondary c i r c u i t  o f  s l i p - r i n g  machine.

With the  assumption o f  n e g l ig ib le  i n t e r n a l  impedance o f  the a .c .
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supp ly , the  n a tu r a l l y  commutated t h y r i s t o r  co n v er te r  i s  rep laced  by a

d .c .  c o n tro l le d  v o ltag e  source The r e l a t i o n  between the  c o n tro l le d

source  and the  c o n t r o l l in g  f i r i n g  angle a i s

V, = V, cos (a) Voltdo dso

in  which i s  the  maximum d .c .  v o ltag e .

The d .c .  f i l t e r  choke i s  assumed to  be very la rg e , ,  such th a t  the  d .c .  

c u r re n t  con ta ins  n e g l ig ib le  r ip p l e  components. I t  should be noted  th a t  

the  f i r i n g  angle o f  the  f u l l y  c o n t ro l le d  co n v er te r  a u to m a tica l ly  changes 

under c losed  loop co n tro l  to  m ain ta in  cons tan t cu rren t  in  the  

choke as the  speed o f  the  machine v a r ie s  over i t s  o p e ra t in g  range.

The in v e r t e r  b r id g e  i s  assumed to  o p era te  simply as a s e t  o f  c o n tro l le d  

s o l id  s t a t e  sw itches in  which each switch i s  c o n tro l le d  to  conduct fo r  

1 2 0 ° e l e c t r i c a l  degrees .

The in d u c tio n  machine windings are  simply p re sen ted  in  t h i s  model 

by a s e r i e s  r e s i s t a n c e  and inductance  (see Appendix A3)

connected to  the  induced e .m .f .  in  the  secondary windings. The s in g le 

phase s teady  s t a t e  e q u iv a len t  c i r c u i t  f o r  the  system i s  shown in  F ig . 3 .7 . 

Thus the  co n v er te r  w ith  the  s e r i e s  choke w i l l  be considered simply as a 

constan t cu rre n t  source c o n tro l le d  by the  f i r i n g  angle a and p resen ted  

by the  d o t te d  l in e  in  Fig. 3 .7 .

3 .3 .3 .  Power Flow C onsidera tions  f o r  Sub-and Supersynchronous Motoring 

The c losed-loop  co n tro l  system ensures th a t  the  secondary cu rren t  

is  s u f f i c i e n t  to  produce the  necessa ry  torque to  run the  machine a t  any 

d e s ire d  speed. P rov id ing  th a t  tlie secondary e .m .f .  s ig n a l  g en e ra to r  is  

synchronized to  the  open c i r c u i t  e .m .f .  b e fo re  s t a r t - u p ,  (see Appendix Al) 

the  s ig n a l  g e n e ra to r  w i l l  co n tro l  the  synchron ising  angle X between the 

v o ltage  and c u rren t  in  the  secondary c i r c u i t .  The magnitude o f  the  d .c .
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c u rre n t  supp lied  to  the  i n v e r t e r  w i l l  be c o n tro l le d  by the  servo system. 

Thus the  secondary cu rre n t  w i l l  be s e t  in  magnitude and phase by the  

c u rre n t  source i n v e r t e r  r a th e r  than  by the  machine p a ra m ete rs .

From the  power flow diagrams f o r  Modes 1 and 2 shown in  Fig. 3 .5 , 

i t  can be seen th a t  the  e l e c t r i c a l  power c rossing  the  a i r  gap i s

d iv ided  in to  two p a r t s ,  namely, the  mechanical ou tpu t power 

p ro p o r t io n a l  to  ( 1 -S ) ,  arid the  secondary e l e c t r i c a l  power P^ p ro p o r t io n a l  

to  S. Thus the  r a t i o s  between th e  a i r  gap power, secondary power and 

the developed mechanical power a re

P : P : P = 1  : S : (1-S) fo r  0 < S < 1r  s m

= 1 :-S  : (1+S) f o r  S < 0

Also the  primary in p u t  power P^ w i l l  be equal to  the  a i r  gap power 

p lus the  i ro n  arid copper lo sses  in  the  primary c i r c u i t

? 1  = ? r  + (Pel + P c P  w atts  (3.1)

The e l e c t r i c a l  power through the  c u r re n t  source i n v e r t e r  P^ can be

c a lc u la te d  as follows

(a) a t  sub-synchronous speeds , the  power from the  i n v e r t e r  in to  the

supply i s

P^ = |S | ' P^ - P^ 2  w atts  (3.2)

where P^^ i s  the  secondary lo s s .
(b) a t  super-synchronous speeds, the  power in to  the  in v e r t e r  from the  supply

i s
P9  = | s |  • P^ + P^ 2  w atts  (3.2)

3 .3 .4 .  R e la t io n sh ip  Between Torque and Secondary Current

From the s im p l i f ie d  model shown in  Fig. 3 .7  w ith  f u r th e r  assumptions

of:

(a) small copper lo sse s  in  the  machine windings and the  choke.
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(b) n e g l ig ib le  forward vo ltag e -d ro p  in  the  t h y r i s t o r s ,  

the  v o ltages  on the  d .c .  s idds  o f  the  co n v er te r  and the  in v e r t e r  have the

same value i . e .  V, = V,.do dio

But,

= 1.35 • • cos (a) v o l t  (3.3)

= 1.35 • • cos (4^) v o l t  (3.4)

where v'! and V a re  the  e f f e c t i v e  r .m .s .  values o f  the  a .c .  supply and 
1  r

secondary s l i p  v o ltag e  re s p e c t iv e ly .

For any demanded le v e l  o f  secondary c u r re n t ,  which can be s e t  

in  magnitude and d i r e c t io n  by the  c u r re n t  source i n v e r t e r ,  the  r e l a t i o n  

between the  a .c .  i n v e r t e r  power and the  d .c .  l in k  power w i l l  be as follows:

a .c .  i n v e r t e r  power = d .c .  l in k  power

w atts  (3 .5)
' 2  ■ «do I

where I i s  the  constan t d .c .  c u rren t  c o n tro l le d  by the  co n v er te r .

The r e l a t i o n  between the  d .c .  c u r re n t  I and the secondary 

fundamental r .m .s .  c u r re n t  i s  f u l l y  analysed in  Chapter 2. In

p a r t i c u l a r ,  where 1*^ i s  very large , thus g iv ing  the  waveform shown in  

Fig. 2 .2 ,

FT_ p  = / A  = 0.816 (3.6)

In g en e ra l ,  where cu rre n t  r ip p l e  i s  p re sen t  as in  F ig s .2 .3  and 2.4 

I = ^ 2  • I z f  (3-7)
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From equations ( 3 .4 ) ,  (3 .5) and (3 .7) th e  i n v e r t e r  power i s

^ 2  ~ * ^ r  * ^2 f  (4^) w a tts (3.8)

where V = Sr  2 0

and = 1.35 •

From s e c t io n  3 . 3 . 3 . ,

Secondary power P^ = Pg ± secondary lo sses (3.9)

I f  the  secondary lo sse s  can be n e g lec te d .

Ps = = s

= • (S . COS ( + 2)  l 2 f w atts  (3.10)

I f  the  secondary power f a c to r  i s  c o n t ro l le d  to  be u n i ty  by the  

synchronised  a c t io n  o f  the  c u rre n t  so u rc e , th e n

Total a i r  gap power, P^ = E^q l 2 £

^ 2  ^ 2 f

w atts

w atts

(3.11)

(3.12)

The developed mechanical to rque  T^ fo r  Modes 1 and 2 is

Td '  Pr

S  ^ 2 f

Nm

Nm

(3.13)

(3.14)

where =

and
=

and w =

%2 /Ws

S  ^ 2 0

2ïïNs
60
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Equation 3 . ] ^  shows th a t  the  developed to rque in  the  s h a f t  i s  

independent o f  the  s l i p  and i s  d i r e c t l y  p ro p o r t io n a l  to  the  r .m .s .  

fundamental secondary c i r c u i t .

3 . 3 . 5 .  Power Flow C onsidera tions  fo r  Sub and Supersynchronous Generating 

IVhen the  machine a c ts  as a g en e ra to r  o r  b rake , th e  power flow 

diagram i s  as shown in  Fig. 3 . 5 . C . ,  and 3 . 5 . d .  The mechanical inpu t 

power P^ i s  given by

and th e  power o f  the  prim ary i s  given by

Pi = Pr - (Pel '  Pel) (3-lG)

The power through the  c u r re n t  source in v e r t e r  can be c a lc u la te d  as 

follows

(a) a t  sub-synchronous speeds, the  power in to  the  i n v e r t e r  

from th e  supply i s

P^ = I S I Pp + P ^ 2  wattg (3.17)

(b) a t  super-synchronous speeds, the  power from the  in v e r t e r  

in to  the  supply i s

P^ = I S |P^ - P^ 2  watts (3.18)

As an example o f  th e  g en e ra to r  o p e ra t io n  the  machine w i l l  be 

considered  to  form p a r t  o f  a wind energy recovery system. In t h i s  case 

the  t ra n s m it te d  mechanical power a v a i la b le  in  the  wind i s  p ro p o r t io n a l  

to  the  cube o f  wind speed. In the  op e ra t io n  o f  a wind powered g enera to r .
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power in  the  wind i s  converted  to  mechanical power by the

aerodynamic system and t h i s  mechanical power P^ w i l l  be ap p lied  to the

g en e ra to r  s h a f t  through the  mechanical t ran sm iss io n  system.

N eglecting  mechanical lo sse s  the  maximum power a t  the  gen era to r

P = P (3.19)g max w max

At any s h a f t  speed the  g e n e ra to r  s h a f t  power i s

« P « n^
g

(3.20)

= K n^ w

where i s  the  power c o e f f i c i e n t  and n i s  the  k h a f t  speed.

In terms o f  s l i p  P^ = (1-S)^ w a tts  (3.21)

From Fig. 3 . 5 . c ,  the  a i r  gap power c ro ss in g  from the  s h a f t  to  the 

prim ary i s

Pr = P g / ( 1 -S)

= K ( 1 -S ) 2  w a tts  (3.22)

From equation  (3.14)

^2 f  -

But P K
j  = JL  = - L  (i_S)^ , (3.23)

Q W W
S S

l 2 f  = Kgi (1-S)7 (3.24)
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Equation (3.24) shows th a t  the  secondary c u rren t  i s  p ro p o r t io n a l  to 

the  square o f  the  s h a f t  speed.



CHAPTER 4 .

STEADY STATE COMMUTATION ANALYSIS
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CHAPTER 4.

4 .1 .  Steady S ta te  Commutation Analysis

The s teady  s t a t e  o p e ra t io n  o f  an a .c .  d r iv e  using  a cu rren t

source in v e r t e r  and a s q u i r r e l  cage th re e  -phase in d u c t io n  machine has

been analysed by many authors  [17, 18, 19, 20].

A c u r re n t  source in v e r te r -m o to r  system fo r  s l i p  r in g  in d u c tio n  

motors in  which the  machine i s  merely re p re sen ted  by an inductance  in

s e r i e s  w ith  a secondary e .m .f .  has been analysed in  Ref. [9].

In th i s  s e c t io n  a s im p l i f ie d  a n a ly s is  o f  the  c u rre n t  source 

in v e r t e r  and a s l i p - r i n g  machine running below and above i t s  synchronous 

speed i s  p re sen te d .  The follow ing s im p lify in g  assumptions w i l l  be 

made in  the  a n a ly s is :

( i )  the  r e s i s t a n c e  o f  th e  machine winding i s  n eg lec ted

( i i )  the  t h y r i s to r s  and diodes a re  id e a l  sw itches

( i i i )  the  t u r n - o f f  and tu rn -on  times o f  the  t h y r i s t o r s  are 

n e g l ig ib le .

The o p e ra t io n  o f  the  c i r c u i t  during  an i n v e r t e r  p e r io d  can be

d iv ided  in to  th re e  s tag es  A, B, C with the  s u b sc r ip ts  a , b, c used

to  d e f in e  v o ltag es  and c u rre n ts  during  th e se  s ta g e s .

I f  t h y r i s to r s  T^ and T^ in  Fig. 4 .1 . are  conducting, s tag e  A

begins when T^ i s  t r ig g e re d  to tu rn  o f f  T^ . As soon as T^ tu rns

o f f ,  the  d i r e c t  c u rre n t  flows in to  the  c a p a c i to r  bank and s tage  A

continues u n t i l  diode becomes forward b ia sed . At t h i s  i n s t a n t

s tag e  B begins and continues as long as the  d i r e c t  c u r re n t  has an 

in c re a s in g  component in  diode and a decreasing  component in  the

c a p a c i to r  bank and . Stage B ends and s tag e  C begins when the 

c u rren t  in  the  c a p a c i to r  bank reaches zero. During s tag e  C , which

la s t s  u n t i l  T^ i s  t r ig g e re d  to  tu rn  o f f  T^ , the  d i r e c t  c u rren t  is
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c a r r ie d  by T^, D^, the  machine winding, and .

E quivalen t c i r c u i t s  are  developed f o r  the  d i f f e r e n t  s tages  

and are used to  o b ta in  a s e t  o f  simultaneous a lg e b ra ic  equations 

r e l a t i n g  the  time i n t e r v a l  o f  each s tag e  and the  peak vo ltage  o f  

the  commutation c a p a c i to r s .

4 .1 .1 .  Commutation Analysis During Sub-synchronous Motoring

In the  i n v e r t e r  c i r c u i t  shown in  F ig . 4.2 each motor phase i s  

re p re sen ted  by a s in u so id a l  secondary e .m .f .  in  s e r i e s  w ith  the  t o t a l  

leakage inductance  . The c o n d it io n  p r i o r  to the  g a tin g  o f

i s  shown in  F ig . 4 .4 ,  the  in p u t  d .c .  c u r re n t  path  i s  shown and the 

motor phase c u r re n t  i s  assumed to  be:

and

= i 2  = 1/3

= - 21/3

In the  s tead y  s t a t e ,  and a re  conducting, and the s l i p

e . m . f . ' s  shown in  Fig. 4 .3  a t  the  i n s t a n t  i s  t r ig g e re d  are:

e^ = sEgQ s in  (swt) (4.1)

®2 ^ 5 ^ 2 0  s in  (swt - ^  ) (4 .2)

e^ = sE^q s in  (swt + ) (4.3)

(note Ê2 0  = / 2  Egg)

The commutation c ap a c ito rs  v o ltage  waveform has been assumed to 

be as shown in  F ig . 4 .3  with an i n i t i a l  value of:

\ u o  ■ ■ (4 .4)

''cwo = 0  (4 .5)

czo ” ^X (4.6)
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Fig . (4 .2 )  The c u r re n t  source  i n v e r t e r  w ith  and

conducting .
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T] is f i red  
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Fiq.U.3) Upper group capacitors  -  s ynchronizing s eq u e n c e  
and  voltage {sub-synchronous motoring)
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where and are  the  c ap a c i to rs  connecting R-Y, Y-B

and B-R re s p e c t iv e ly .

4 .1 .2 .  Stage A

S t a r t  o f  the  commutation process

At the  i n s t a n t  i s  f i r e d .  F ig. 4 .5  the  vo ltage  across the  d .c .

l in k  w i l l  be reduced by which i s  a n eg a tiv e  v o ltage  and th e re fo re

re v e rse  b ia se s  T. so t h a t  i t  tu rn s  o f f .  The d .c .  cu rre n t  which was 1

flowing through i s  now d iv e r te d  to  and the  c a p a c i to r  bank.

This s tag e  ends a f t e r  a time t^  when the  v o ltag e  across 

i s  equal to  the  e .m .f .  e^ (R-Y) and s t a r t s  to  conduct.

2 1  ^
hence -V^ SC* ^1 ^ ^^20 (swt^) = 0

1 = I t  jÿxand t ,  =

At the end o f  t h i s  s tag e  the  c a p a c i to r  vo ltages  are

''cua =

^cwa = (4.10)

and

^cza = ' ^ c z o ' s E ' h  (4-^4)
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Fig. (4,5 ) S t a r t  of s t a g e  A
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4 .1 .3 .  Stage B 

Diode Commutation

At the  i n s t a n t  s t a r t s  to  conduct, f ig ;  4 .7  i . e .  commutation

between and D^, the  c ap a c i to r  vo ltag e  i s  approximately

equal to  the  s l i p  e .m .f .  e^ . To s im p lify  the  an a ly s is  o f  t h i s  s tag e  

i t  i s  assumed th a t  the  change in  e^ i s  sm all.  The c u r re n t  flowing in  both 

diodes and a f t e r  a time can then be determined.

In the  e q u iv a len t  c i r c u i t  shown in  Fig. 4.6 th ree  c u rre n t  loops 

are  assumed.

Loop 1

1 _
C’ i l  d t  4. i j  d t  = 0 (4.12)

where C  = y  C 

Loop 2

.  d i i  <Ü2  1 <^3
(4.13)

Loop 3

(4.15)

hence '. d i ^ /d t  = 0

and i  2  * d t  = I • t (4.16)

Then from equation  (4.13) and e^ + e^ + = 0

1 /3 -L^ (d i^ /d t )  = L  ̂ ( d i y d t )
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I
f id3

r r m
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Fig. (4 .6 )  E qu iv a len t  commutation c i r c u i t  (S tage  B) 

subsynchronous m otoring .
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and from e q u a t io n  ( 4 .1 2 )

( d i^ /d t )  + 1/C i ^ ' d t  - I - t /C - 3 /2 «e^ = 0 (4.18)

The s o lu t io n  f o r  i^  in  the  above equation  i s

i^  = 1(1 - cos(oo^t) ) + 3/2 • e^w^C s in  (w^t) (4.19)

2  1  

where w = ( )
e

This i s  a lso  the  c u rre n t  flowing in

a t  t  = 0 Xd3  ~ ^ which i s  the  case.

a t  t  = t^  1 ^ 2  = 1(1 - cos(w^t^)] + 3/2 w^e^C s in  (w^t^)

(4.20)

The cu rre n t  flowing in  i s  then equal to  I - which from

(4.20) is

d l I-cos(ü) t )  - TT e^ü) C sin(w t)  o 2  1  o o

f o r  t  = t .

( Y ®l%^ sinCoj^tj) (4.21)

The change o f  the  v o ltag e  across during  s tag e  B i s  given by:

^'^cu 3C ^dl (4.22)
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3 ,C (I cos(w t)  o Y  s i n ( w ^ t )  ) (4 .2 3 )

Thus AVcu 3w C o
I sinCuj^t^) + ( I  C j ^ o j ^ C ( c o s - l)) (4.24)

thus the  f i n a l  v o ltag e  across i s

V ^ = V + AVcub cua cu (4.25)

s im i la r ly  V . = V - 1/2 AV ̂ cwb cwa cu (4.26)

and V , = V - 1/2 AVczb cza cu (4.27)

4 .1 .4 .  Stage C

End o f  the  commutation p rocess

At the  end o f  the  commutation p e r io d .  Fig. 4 .8  , the  cu rre n t  

through and th e  c ap a c i to r  bank i s  zero.

= 0 = I c o s(w ^ tp 2 (4.28)

where i ^  i s  the  cu rre n t  flowing in  the  c a p a c i to r  bank. 

Also the  c a p a c i to r  v o l ta g e s ,  are

V = V , = C cue cub czo (4.29)

V = V ^ = V cwc cwb cuo (4.30)

V  ̂ = V . = V czC czb cwo (4.31)

From equation  (4 .4) to  equation  (4 .3 1 ) ,  the  i n i t i a l  c a p a c i to r
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( S u b s y n c h r o n o u s  motoring)
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v o ltag es  V , V and V can be c a lc u la te d ,  cuo cwo czo

Thus = - l / 2 [ 2 I /3 c  (4.32)

V „ o  = 0 (4.33)

and

^czo = = l / 2 [ 2 I / 3 c t ^  + AV^^] (4.34)

Tlie ty p ic a l  v o ltag e  and cu rre n t  waveforms during the  d i f f e r e n t  

commutation s tag e s  a re  shown in  Fig. (4 .9 ) .  The change in  the  motor 

phase c u r re n t  i s  a lso  shown f o r  subsynchronous motoring.

4 .2 . Commutation a n a ly s is  during  super-synchronous motoring

As the  motor runs above i t s  synchronous speed, the  p o l a r i t y  and 

phase sequence o f  the  synchron izing  e .m .f .  w i l l  change, r e s u l t i n g  in  a 

change in  the f i r i n g  sequence ap p lied  to  the  i n v e r t e r  b r id g e ,  see 

Appendix A.

Thus in s te a d  o f  f i r i n g  T^ , T^ must now be f i r e d  to  s t a r t  the 

commutation p rocess  o f  T^ . However, the  change o f  f i r i n g  sequence 

does no t e n t i r e l y  change the s tep s  req u ire d  to  ev a lu a te  the  cap a c i to r  

v o ltage  and the  c u r re n t  flowing throughout the  d i f f e r e n t  commutation 

s ta g e s .  I t  should  be noted  th a t  as the  phase sequence changes, the  

c a p a c i to r  connected between the  incoming device and the  s e r i e s  diode 

o f  the  outgoing device changes. Thus the  c a p a c i to r  between T^

and i s  during subsynchronous m otoring. Fig. (4 .1 1 ) ,  and fo r

supersynchronous the  c a p a c i to r  between T^ and i s  , Fig.

(4 .1 2 ) .  The cond itions  p r i o r  to  the  t r i g g e r in g  o f  T^ a re  shown in  

Fig. (4 .1 3 ) .  The s l i p  e .m .f .  during  super-synchronous motoring i s  

shown in  Fig. (4.10) to g e th e r  with the  f i r i n g  sequence.
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Fig. [4 .9 ) Waveforms o f  c u r re n ts  and v o l ta g e s  du ring  commutation 

{sub-synchronous m o to r in g )
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W

F ig . (4 .11) Upper group c a p a c i to r s  du ring  S tage A ( sub-synchronous 

motoringJ

I

c .  J - I T

D.

R

Fig . (4 .12) Upper group c a p a c i to r s  during  S tage  A ( super-synchronous 

m otoring  )
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4 . 2 . 1 .  Stage  A

This time s tag e  A w i l l  s t a r t  when i s  t r ig g e re d  and a reverse

v o ltag e  is  ap p lied  to  , Fig . (4 .1 4 ) .  Assuming the i n i t i a l  c a p a c i to r  

vo ltag es  to  be

^cwo = ° (4.36)

^czo = (4.37)

and the  motor phase c u rren ts  are  given by 

i2  = i3  = - 1/3

and
^  (4.38)

then a t  the end o f  t h i s  s tag e  w i l l  conduct when

''czo • 2^/^= 5  0 (4.39)

from which the  exp ress ion  fo r  t^  i s

t^  = 3c/2I(V^ + e p  (4.40)

then the  c a p a c i to r  vo ltages  a t  the  end o f  th i s  s tag e  w i l l  be

''cua = ''cuo * 1/3= h  (4-413

' 'ova = ''cwo * I/3C " l  (4.42)

' 'c za  = ''czo - 2I/3C t ,  (4.43)
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4 . 2 . 2 .  S tage  B

This s tag e  w i l l  s t a r t  when i s  conducting and ends a f t e r  the

c u rre n t  pass ing  through and the  c a p a c i to r  bank becomes zero . Fig.

(4 .1 6 ) .

From Fig . (4 .1 5 ) ,  fo llow ing  the  same s tep s  used to  so lve  f o r  the 

c u r re n t  and sub-synchronously , the  cu rren ts  and

can be found. Thus

:d i
and

:d5

I COS (to t )  + 3/2 e,co c sin(to t)  o 1 o o

1(1 - cos (w^t) ) - 2/3 e^to^c sin(to^t) (4.45)

Also th e  change o f  vo ltag e  across the  c a p a c i to r  during th is

s tage  i s  given by

AVcZ 3C
I d i  d t

2
3c I cos (to t )  + e.to c sin(to t)  o 2 1 0 o dt

3to c o
is in (to^ t) -j e^to^c cos(to^t)

tz

a t  t  = t .

AVcZ 3to C o
isin(to^t^) - Y e^to^c (cos(w^t^) - D (4.46)
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Fig. (4 .15) E q u iv a le n t  commutation c i r c u i t  (S tage B) 

supersynchronous m otoring
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Thus

\ u b  = \ u a  + (4.47)

Vcwb = V ^ a  ^ 1/2AV^z

Vczb = - AV;, (4.49)

4 . 2 . 3 . Stage C

S im ila r ly ,  t h i s  s tag e  w i l l  s t a r t  when i s  re v e rse d  b ia se d ,

i . e .  = 0 and ends a t  the  i n s t a n t  i s  t r ig g e r e d  to  s t a r t  the

nex t commutation. F ig . (4 .1 7 ) .

Throughout t h i s  s tag e  the  c a p a c i to r  v o ltag es  are

Vcuc = V,„b = C4.50)

V = V , = V (4.51)
CWC cw b c z o

V = V ^ = V (4.52)
CZC czb cuo

by s u b s t i t u t i o n  between equation  (4.35) to  equation  (4.52)

Thus

V c u o - i  ( #  ) (4.54)

Vcwo = ° (4.55)

Vczo = l ( i h  "4V^z ) (4-56)

Typical v o ltag e  and c u rre n t  waveforms during  the  d i f f e r e n t  

commutation s tag es  are shown in  Fig. (4 .1 8 ) .  The change in  the  motor 

phase c u rren ts  i s  a lso  shown fo r  supersynchronous m otoring. The 

computer program fo r  the  a n a ly s is  o f  the  commutation c i r c u i t ,  computes
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Fiq. ( 4 1 7 )  S t a r t  of s t a g e C — end of commutat ion  

I S u p e r  sy n c h ro n o u s  motoring)
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the  time f o r  each commutation p e r io d  and the  c a p a c i to r  vo ltages  a t  

the  end o f  each p e r io d  from the  a lg e b ra ic  equations given in  Section

4 .1 .  , and 4 .2 . .  The p re d ic te d  r e s u l t  w i l l  be compared w ith  the  

t e s t  r e s u l t s  in  th e  fo llow ing ch ap te r .

I t  should be no ted  t h a t  only an a ly s is  on the  upper group cap ac ito rs  

was considered  in  t h i s  chap te r  as the  upper and lower groups o f 

commutating c a p a c i to rs  behave sym m etrically .



CHAPTER 5.

ADDITIONAL CHARGING OF THE COMMUTATION CAPACITOR
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CHAPTER 5

The commutation behav iour o f  the  c u r re n t  source in v e r t e r  i s  

a f fe c te d  by the  s l i p  e .m .f .  o f  the  machine which in  tu rn  causes 

d i s t o r t i o n  o f  the  c u rre n t  and v o ltag e  waveforms in  the  commutation 

c i r c u i t  and has a d e tr im e n ta l  a f f e c t  on the  c u r re n t / to rq u e  r e l a t io n s h ip .

5 .1 .  A dd itiona l Charging o f  the  Commutation C apac ito r

I t  i s  p o s s ib le  f o r  the  s e r i e s  diodes in  the  c u r re n t  source i n v e r t e r  

to  tu rn  ON again  s h o r t ly  a f t e r  be ing  tu rned  OFF. • This could happen 

a t  a very low d .c .  l in k  c u rre n t  and a lso  due to  the change in  the  s l i p  

e .m .f .  o f  the  machine.

At the  end o f  s tag e  C, the  s l i p  e . m . f . ' s  a t  the  s t a r t  o f  the 

commutation p rocess  as given by equations  (4 .1 ) ,  (4.2) and (4 .3) are 

now changed to

A
®I " ^^20 sin(so)t^  + 0) (5.1)

®2 ^ ^^20 s in (sw t^  - - ^  + 8) (5.2)

®3 “ ^^20 sin(sü)t^  + - ^  + 8) (5.3)

where 8 i s  given by

0 < 0 < ( —j  - j  wt^)

and t  = t o t a l  commutation time, c
The p re d ic te d  c a p a c i to r  vo ltages  a t  the  end o f  the  commutation 

i n t e r v a l  V , V and V and the  cu rre n t  eq u a tio n s ,  in  sec t io n s
c u e  c w c  CZC

(4 .2  and 4 .1 ) ,  are  only v a l id  i f  the  s e r i e s  diodes remain reversed  

b ia se d  throughout t h e i r  assumed o f f  p e r io d .

Consider, f o r  example, th a t  the  machine i s  motoring super.
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synchronously with the  cu r re n t  pa th  through and as shown

in  Fig. (4 .1 7 ) .  I f  during the  p e r io d  th a t  i s  ON, e i t h e r  diodes

o r  become forward b ia se d  then a new path  fo r  the  d .c .  cu r re n t

through the c a p a c i to r  bank w i l l  be formed. This w i l l  r e s u l t  in  a 

f u r th e r  charging o f  the  cap a c i to rs  and a change in  the  secondary l in e  

c u r r e n t .

To ensure t h a t  the s e r i e s  diodes remain rev e rsed  b ia se d  the  

fo llow ing cond itions  are  to  be s a t i s f i e d .

( i )  Sub-synchronous motoring

From F ig . (4 .8 ) ,  fo r  to  remain rev e rsed  b ia se d  a f t e r  the

process  to  commutate t h y r i s t o r  T^ has ended and th e  d .c .  l in k  cu rre n t  

has been d iv e r te d  to  flow in  T_

* Vcuc ^ °
So from equation  (4 .2 9 ) ,  (4.34) and (5 .1)

sE^gSin((swt^) + 8) + [ Y (2 I /3 c  i  0

(5 .4)

S im ila r ly  f o r  diode to  remain re v e rse  b ia se d .

So from equations  (4 .3 0 ) ,  (4.32) and (5.2)

-[sE^g s in(su)t^  - ^  + 9) - j  (2 I /3 c  + AV^^)] ï  0

(5.5)

I t  i s  c l e a r  from equations (5 .4) and (5.5) th a t  fo r  any value o f  

8° the  r e s u l t  w i l l  be g r e a te r  than zero , th e re fo re  the  diodes w i l l  

no t tu rn  ON again during t h e i r  normal OFF p e r io d  and so the c i r c u i t
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waveforms, in  p a r t i c u l a r  c a p a c i to r  vo ltage  and c u r r e n t ,  a re  as shown in  

Fig. (5 .1 ) .  This i s  the  normal mode o f  o p e ra t io n .

( i i )  Super-synchronous motoring

From Fig. (4 .1 7 ) ,  f o r  to  remain rev e rsed  b ia se d  a f t e r  the

process to  commutate t h y r i s t o r  T^ has ended and the d .c .  l in k  cu rren t  

has been d iv e r te d  to  flow in  T^.

and from equations  (4 .5 2 ) ,  (4.54) and (5 .1)

-[sE^q s in(so)t^  + 6) - Y (2 I /3 c  t^  + AV^^) ] 3  0 (5.6)

and fo r

from equations (4 .5 1 ) ,  (4 .56) and (5.2)

[sE^g sinCsojt^ - ^  + 0) + y ( 2 I /3 c j  0 (5.7)

I t  i s  c le a r  from equations  (5 .6) and (5.7) th a t  or could

be forward b ia se d  during  supersynchronous motoring as E^q become^ 

la rg e .  Typical waveforms o f  the  c a p a c i to r  vo ltage  and cu rre n t  are 

shown in  Fig. (5 .2) in  case o f  no e a r ly  conduction o f  d iodes.

However, i f  one o f  the  above cond itions  i s  not s a t i s f i e d ,  then 

e i t h e r  o r  w i l l  s t a r t  to  conduct 8° a f t e r  the  completion o f

the  commutation i n t e r v a l .  At th i s  i n s t a n t ,  the magnitude o f  the 

c a p a c i to r  v o ltag e  given in  the  previous s e c t io n  w i l l  be a l t e r e d  and the 

c a p a c i to r  bank w i l l  be a d d i t io n a l ly  charged to a new le v e l  as shown in  

Fig. (5 .4 ) .  Fig. (5 .3) shows the c a p a c i to r  vo ltage  fo r  d i f f e r e n t  values 

o f  8 .

I f  o r  D^, during  supersynchronous m otoring, i s  assumed to
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s t a r t  conducting, i . e .  became forward b ia s e d ,  then the  d .c .  cu rren t  

I which was flowing through w i l l  be d iv ided  in to  two components,

one which continues to  flow through and the  second, which is  an

in c re a s in g  component, flows through the  c a p a c i to r  bank and

o r  D3  .

I f  o r  conduct again during  t h e i r  normal o f f  p e r io d ,  then

the  an a ly s is  c a r r ie d  ou t in  s tag e  B,can be used to  f in d  the  values o f  

th e se  two c u rre n t  components. Assuming the  e x t r a  conduction p e r io d  to 

be t ^  then the  constan t d .c .  c u r re n t  I which was flowing through 

, now decreases  and i s  given by

Idr = I cos (o) t )  + 3/2e,w c sin(o) t )  (5.8)5 o 1 o o'^

and the  c u rre n t  which then s t a r t s  to  flow through o r  i s  given

by

Id  o r  Id_ = I (1-cos (to^t) ) - 3/2e,w^c sin(u) t )
1  3 o 1 o o

where Id^ = Id^ = 0 a t  t  = 0 . (5.9)

Hence the  a d d i t io n a l  charge w i l l  be

Vct3 = dVx = 2/3C
^3

(Id^ o r  Id 3 ) d t  (5.10)

As the  c a p a c i to r  v o ltag e  b u i ld s  up, a time w i l l  come when again 

the  diodes or are rev e rsed  b ia se d .  Then, the c u r re n t  in

w i l l  have in c re a se d  again to  the  o r ig in a l  d .c .  cu r re n t  le v e l .  Thus, i f  

f o r  example, a d d i t io n a l  charging o f  the  cap a c i to rs  occu rs ,  a t  super-  

synchronous speed due to  the  conduction o f  , then the  c a p a c i to r  

vo ltag es  a t  angle 0  w i l l  be
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Vcuce = \ u b  '  1/2  (5 .11)

Vcwce = '"cwb '  1 /2  Vct3 ( 5 -12 )

V czce  = I'czb -  V c t3  (5 - 1 3 )

Thus the  c a p a c i to r  c u r re n t ,  v o ltag e  and secondary l in e  cu rre n t  

shown in  Fig. (5 .2) f o r  supersynchronous motoring w i l l  be changed by 

the  conduction o f  to  th a t  shown in  Fig. (5 .4) .

5 .2 .  E lim ina tion  o f  A dd itiona l Charging

The e x t r a  conduction p e rio d s  o f  the  diodes w i l l  occur a t  super-  

synchronous motoring and sub-synchronous g en era t in g  o r  b rak ing  due to  

change in  s l i p  e .m .f .  p o l a r i t y .  The e f f e c t  i s  n o t ic e a b le  under l i g h t  

load cond itions  when I i s  a low value and, th e r e f o r e ,  the  c a p a c i to r  

v o ltages  a re  low. The e x t r a  charge and v o ltag e  on the  cap a c i to rs  i s  

no t s e r io u s  p ro v id in g  th a t  the  v o ltage  remains below the  r a te d  v o ltag e  o f  the 

c ap a c i to rs  and does n o t cause excess ive  vo ltages  on the power diodes 

and t h y r i s t o r s .

At h igh lo ad s ,  the  c a p a c i to r  v o ltag e  w i l l  in c re a se  and the e f f e c t  

w i l l  no t be observed fo r  a given s l i p ,  th e  e f f e c t  i s  more pronounced 

a t  l i g h t  load ,h ig h  s l i p  c o n d it io n s .

For a given c a p a c i to r ,  o p e ra t in g  a t  a p a r t i c u l a r  load and s l i p ,  

the  e f f e c t  can be e l im in a te d  by changing the  synchron iz ing  p o in t  o f  the 

s l i p  e .m .f .  s ig n a l  g en e ra to r .  This can be achieved by phase advancing 

o r r e ta rd in g .  Ref. [9] d e sc r ib e s  e x t r a  co n tro l  in p u ts  to  the  s l i p  e .m .f .  

s ig n a l  g en e ra to r  t h a t  can be used to  phase advance o r  phase r e t a r d  the 

c u rre n t  in  the  machine windings w ith re s p e c t  to  the  secondary e .m .f .

Consider an angle X between the synchron is ing  e .m . f . ,  which i s  

assumed to  be in  phase w ith the  secondary e . m . f . ,  and the  output square
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waves genera ted  from the  s ig n a l  g e n e ra to r .  I f  X was equal to zero 

th en , fo r  example, i s  assumed to  be t r ig g e re d  such th a t  the  d .c .

c u r re n t  p ass ing  through occurs e x a c t ly  a t  the  r i s i n g  o r f a l l i n g

edge o f  the  synchron izing  waveform, depending upon the  s e le c te d  mode 

o f  o p e ra t io n  (see Appendix A l ) . In t h i s  case , the  phase angle between 

the  secondary c u r re n t  and the  s l i p  e .m .f .  i s  assumed to  be equal to  

zero as in  Fig. (5 .5 ) .

To change the  phase ang le , e x t r a  counts can be added to ,  o r  

s u b t ra c te d  from the  up-down counter in  the  s ig n a l  g e n e ra to r .  Each 

e x t r a  count can give e i t h e r  a lead  o r  lag  o f  approxim ately 6° o f  the  

secondary c u r re n t  w ith  r e s p e c t  to  the  secondary e .m .f .  F igs . (5 .5) 

and (5 .6 ) show the  phase angle advance and phase r e t a r d  a c t io n  w ith 

re s p e c t  to  the  corresponding synchron izing  waveform f o r  sub- and super-  

synchronous motoring.

To i l l u s t r a t e  how phase advance o r  r e t a r d  can a f f e c t  the  c a p a c i to r  

v o ltag e  conside r the  gate p u lse  to  t h y r i s t o r  T^ , shown in  Fig. (5.7) 

to  be re ta rd e d  by X , and th a t  the  machine i s  running a t  cons tan t s l i p  

w ith  a cons tan t l in k  c u rre n t  I .  I f  t^(X = 0) i s  the  time taken fo r  

to  s t a r t  to  conduct a t  p o in t  A, th en ,  as the  f i r i n g  o f  T^ i s  

re ta rd e d  th i s  time w i l l  be s h o r t e r  as can be seen from Fig. (5 .7 b ) .

When the  gate  p u lse  i s  f u r th e r  r e ta rd e d ,  th e re  w i l l  be a p o s s i b i l i t y  o f  

e a r ly  conduction o f  be fo re  commutation i s  i n i t i a t e d .  Note th a t

f o r  th e  normal commutation process the  incoming t h y r i s t o r  must be 

t r ig g e re d  b e fo re  th e  conduction o f  the s e r i e s  diode occurs . At the  time 

t h y r i s t o r  T^ i s  t r ig g e re d ,  the  c a p a c i to r  v o ltag e  has reached a very 

low value compared w ith  the value a t  X = 0 as shown in  Fig. (5 .7 c ) .  

Also the  t o t a l  commutation time t ^  w i l l  be very sm all.  Fig. (5.7) 

shows the  e f f e c t  o f  phase r e t a r d  on the  c a p a c i to r  vo ltage  waveform and 

commutation time.
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I f  the  ga te  p u lse  o f  i s  advanced by an angle F ig . (5 .8)

so t h a t  commutation i s  i n i t i a t e d  b e fo re  the  e .m .f .  changes p o l a r i t y  then 

th e  secondary e .m .f .  a re  in  such 'a d i r e c t io n  as to t r y  to  m ain ta in  the  

e x is t in g  c u rre n t  pa th  and delay th e  commutation a c t io n .  Thus the  time 

t^  fo r  diode to  conduct i s  much g r e a te r  than  the  time t^  . when

X = 0, F ig . (5 .8 b ) .  This e f f e c t  prov ides  a l a r g e r  charging time which 

w i l l  r e s u l t  in  an in c re a s e  o f  the  c a p a c i to r  v o l ta g e .  F ig . (5 .8) shows 

the  e f f e c t  o f  phase advance on the  c a p a c i to r  v o ltag e  and commutation 

t im e .

During phase advance o r  r e t a r d ,  the  e .m .f .  a t  X = 0 was given by 

equations (4 .1 , 4 .2  and 4.3) and fo r  X > 0 w i l l  be given by

s
e^ = SE2 Q sin(so)t ± X) (5.14)

~ ^^20 sinYswt - ± X) (5.15)

and e^ = sE^q s in  (soit + ± X) (5.16)

In Table (5 .1) the  e f f e c t  o f  changing th e  capac itance  value on

the  i n i t i a l  v o ltag e  V and commutation time t  f o r  cons tan t c u r re n t
X c

and s l i p  i s  l i s t e d .  As can be seen from the  r e s u l t s  p re d ic te d  from the  

computer program (Program ) the  vo ltag e  fo r  la r g e r  va lues o f  C

w i l l  be small w ith  a long commutation tim e, w hile  a sm a l le r  value w i l l  

r e s u l t  in  h igh and s h o r te r  t^  . The c a p a c i to r  vo ltage  and the

t o t a l  commutation time w i l l  in c re a se  f o r  in c re a s in g  l in k  c u rren t  I 

and speed.
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I = 5 A I = 2. 5 A I = 2.5 A
S = 0. 54 S = 0. 54 S = - '1 3 4

: C V t V t V t
X c X c X c

(yf) (v o l t ) (m sec) (v o lt ) (m sec) (v o lt ) (m sec)

60 38.2 2.10 14.0 1.53 28.0 2.5

45 47.4 1.83 17.2 1.45 31.0 2.19

30 68.0 1.81 27.0 1.41 40.0 1.85

15 103.8 1.26 39.0 .98 49.5 1.13

Table (5.1)

5 .3 . The e f f e c t  o f  synchron is ing  angle X on power flow

The e a r ly  conduction o f  the  s e r i e s  diode w i l l  no t only a f f e c t  the  

c a p a c i to r  v o ltag e  waveform b u t  a lso  the  secondary c u rre n t  waveform as 

shown in  Fig. ( 5 .2 ) .  At the  end o f  any commutation p e r io d  the  secondary 

c u rre n t  i s  equal to  the  d .c .  l in k  c u r re n t  I .  I f  one o f  the  s e r i e s  

diodes conducts during  i t s  normal OFF p e r io d ,  the  secondary c u rre n t  w i l l  

drop to a new le v e l  as exp la ined  in  s e c t io n  (5 .2 ) .  The secondary 

c u rre n t  w i l l  be s e v e re ly  d i s to r t e d  p a r t i c u l a r l y  a t  low d .c .  l in k  

c u rre n t  and n eg a tiv e  s l i p  in  the  motoring mode.

I f  phase advance o r  r e t a r d  o f  the  synchron ising  angle i s  

considered  to be a s o lu t io n  fo r  reg a in in g  the  normal 120° quas i-sq u a re  

cu rre n t  waveform, then  i t  i s  necessa ry  to  know what a f f e c t  the  phase 

s h i f t  w i l l  have on th e  machine performance.

Consider th a t  the  secondary c u rre n t  i s  m aintained co n stan t and
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t h a t  the  synchron is ing  angle i s  a d ju s ted  to  give e i t h e r  phase r e t a r d  

o r  phase advance o f  the  secondary c u rre n t  w ith  r e s p e c t  to  the  

secondary e .m .f .  As the  synchron is ing  angle i s  advanced, the  secondary 

c u rre n t  w i l l  lead  the  s l i p  e .m . f . ,  i . e . ,  a lead ing  power f a c to r  which 

i s  equal to  cos(X), see  Fig. (5 .9 b ) .  On the  o th e r  hand, i f  the  gate  

pu lse  i s  r e ta rd e d  the  secondary c u rre n t  w i l l  be lag g in g , i . e . ,  a lagging 

power f a c to r ,  see F ig . (5 .9 c ) .

A s i m p l i f i e d  phasor diagram may be used to  in v e s t ig a te  the  o v e ra l l  

e f f e c t  o f  vary ing  the  synchron ising  angle X on the  machine behaviour. 

The diagram, as shown in  Fig. (5 .1 0 ) ,  inc ludes  m agnetising  cu rren t  

b u t  n e g lec ts  machine lo s s e s .  I t  was found th a t  i f  th e  secondary cu rren t  

was c o n tro l le d  to  be lead ing  i . e .  in  phase advance o f  the  s l i p  e .m . f . ,  

t h a t  the  n e t t  prim ary c u rren t  was decreased . This can be c l e a r ly  seen 

by comparison o f  F igs . (5.10a) and (5 .10b) . As X i s  f u r th e r  advanced 

the primary in p u t  power and a lso  the  secondary power w i l l  be decreased . 

This o f  course im plies  th a t  the  machine i s  now producing very l i t t l e  

to rque . I f  the  cu rre n t  was c o n t ro l le d  to  be lagg ing , i . e .  phase re ta rd e d  

as in  Fig. (5 .1 0 c ) ,  then the  primary c u rre n t  in c re a s e s ,  w ith  a c o r re s 

ponding decrease  in  the  primary and secondary power as X is  fu r th e r  

r e ta rd e d .  The developed torque i s  again reduced.

In g e n e r a l , th e  prim ary and secondary c u r re n ts ,  and powers can be 

c a lc u la te d  in  both cases from the  fo llow ing v ec to r  equations  based on 

the s in g le  phase eq u iv a len t  c i r c u i t  shown in  Fig. (3 .4)

( i )  fo r  sub-synchronous motoring

= io - ±2 C5.17)

E, = . ij ■ jX^ C5.18)

= sE^g + ±2 • (5.19)

• i 2  cos(X) (from the  secondary to  the  mains) (5.20)
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R - Y

S l ip  e.m.f.Î

sWf

(a). X  = 0

s w t

J

( b ) . X ^ o  , ' a d v a n c e  ( l e a d in g )

i X

- ► s w t

(c). X > 0  r e t a r d  ( l a g g i n g )

Fig. (5 .9 )  Phase  a d v a n c e -p h a se  r e t a r d  of the s e c o n d a r y 
L\ne c u r r e n t
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\
b)> X ^ o -  '  advance • \

(leading power factor) \
/

b

E Ki  X

c). X ^ o  re ta rd
(lagging power factor) j

F i g . l 5 . l 0 )  Phasor diagram sub-synchronous motoring
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( i i )  f o r  supersynchronous motoring

= 1q - ±2 ( 5 .2 1 )

El = E^ + il . jXi (5.22)

^2 " -(sEgg + • jS%2 ) (5.23)

' ± 2  " cos(X) (from the mains to  the  secondary)

(5.24)

and in  both cases the  primary per phase power is

Pj = • i^ -  cos <j)̂  (5.25)

5 .4 . Experimental R esults

5 .4 .1 .  The e f f e c t  o f  synch ron is ing  angle X on c a p a c i to r  v o ltage

For t h i s  t e s t  the  cu rre n t  source i n v e r t e r  was opera ted  a t  a p r e s e t  

c u rre n t  under c lo sed  loop c u rre n t  c o n tro l .  The s l i p - r i n g  machine 

was m echanically  d riven  by a d .c .  machine c o n tro l le d  through a l in e  

commutated i n v e r t e r  to  opera te  a t  a s e t  speed under c losed  loop speed 

c o n tro l .  The d .c .  machine a u to m a tica l ly  provides the  necessary  b rak ing  

torque to m ain ta in  the  s e t  speed as the  a .c .  machine provides a d r iv in g  

to rq u e .  C apacito rs  o f  30 yF a t  450 V were used throughout the  t e s t  

programme. Fig. (5 .11) shows photographs o f the v o ltag e  and c u rre n t  o f  

the  commutation c a p a c i to r  f o r  sub-synchronous motoring and Table (5.2) 

compares the  peak c a p a c i to r  vo ltage  and commutation time fo r  a s l i p  of 

.54 and a d .c .  cu r re n t  o f  2.5 A.

The e f f e c t  o f  phase advancing and phase re ta rd in g  fo r  sub synchronous 

motoring i s  shown in  Fig. (5 .1 1 ) .  As explained  in  the  previous s e c t io n ,  

the  c a p a c i to r  v o ltag e  and t o t a l  commutation time w i l l  be in c reased
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V
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ià), X = 0 (b). X=12 advance

(c). X = 1 2 retard (d). X=o

Vq s c a l e

scale = 

ig scale - 

t i me  scale  ^

3 0  v o l t / c m

2 am p/cm  

2 amp/ cm 

1 0 m s /  cm

Fig.( 5.11 ) S u b - synchronous motoring S = o . 54
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o r decreased  as X i s  advanced or re ta rd e d .  For advanced angles the  

c a p a c i to r  v o l ta g e ,  shown in  Fig. (5.11 b ) , w i l l  be in c re a se d  compared 

w ith  the  vo ltag e  shown in  Fig. ( 5 . 1 ] a). and fo r  phase r e ta rd e d  angles 

the  c a p a c i to r  v o ltage  w i l l  be decreased  as shown in  Fig. (5 .11 c ) . The 

secondary l in e  c u rren t  fo r  t h i s  mode o f  o p e ra t io n  i s  a lso  shown in  

Fig. (5.11 d ) .

Fig. (5.12) a lso  shows the  c a p a c i to r  v o ltage  and c u r re n t  fo r  super- 

synchronous motoring. Fig. (5.12 a) shows the d i s t o r t e d  v o l ta g e  waveform 

due to  the  ea r ly ,co n d u c t io n  o f  the  s e r i e s  d iode. The e x t r a  v o ltag e  on 

the  c ap a c i to r  due to  the  a d d i t io n a l  charge periods  i s  c l e a r ly  seen.

Fig. (5.12 b) shows how changing the  synchron is ing  angle to  be phase 

advanced has improved the  waveform, i . e .  m ain ta in ing  a r e v e rse  b ia se d  

diode. Fig. (5.12 c) shows the  e f f e c t  o f  r e ta rd in g  th e  synch ron is ing  

on the  c a p a c i to r  v o lta g e .  I t  i s  c le a r ly  seen th a t  to  re g a in  the  

normal c a p a c i to r  waveform, the  c a p a c i to r  vo ltage  shown in  Fig . (5 .12 a) 

should be in c reased  to  a new le v e l  enough to  rev e rse  b ia s e  the  s e r i e s  

diode. This w i l l  a lso  improve the  l in e  secondary c u r re n t  as shown in  

Fig. (5.11 e )J  from th a t  shown in  F ig . (5 .1 1 .d ) .

As exp la ined  in  s e c t io n  5 .1 ,  the  charging le v e l  o f  the  c a p a c i to r  

w i l l  in c re a se  o r  decrease  depending upon t h e i f i r i n g  i n s t a n t  and a lso  upon 

the  d .c .  c u r re n t .  From Table (5.2) i t  i s  ev iden t t h a t  no t  only w i l l  the  

peak c a p a c i to r  vo ltage  be in c reased  as the  synch ron is ing  angle i s  advanced, 

bu t the  t o t a l  commutation time t ^  w i l l  a lso  be in c re a se d .  I f  the  

synchron is ing  angle i s  r e ta rd e d ,  the  v o ltag e  and the  commutation time 

w i l l  be decreased . In Table (5.3) a s im i la r  comparison between the  ? 

p re d ic te d  and the  experim ental r e s u l t s  during super-synchronous speed are  

l i s t e d  f o r  the  o p e ra t in g  cond itions  shown in  Fig. (5 .1 2 ) .
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L : L _

( a ). X=o (b). X=1Ï advance

(c ). X = 24 re ta rd

/ V '

u / V '

(d). X = o

X: scale  = 7 5  volt/cm

scale = 2 amp/cm

ig scale = 3 amp/cm

Mme scale = 3 0  m s /c m  

2 cm
' J i

(e). X=tB ■ advance
_F*Q\L5M 2) Super-synchronous motarinq S = . o  ♦ 2
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5 .4 .2 .  The e f f e c t  o f  synchron is ing  angle X on power flow

For t h i s  t e s t  the  cu rre n t  source  i n v e r t e r  was opera ted  a t  a p r e s e t  

speed under c losed  loop speed c o n t ro l .  A d .c .  machine coiq)led to 

the s h a f t  o f  the  machine was opera ted  under c losed  loop c u rre n t  co n tro l  

to provide a co n s tan t  load to rque .

The s im p l i f i e d  c u rre n t  phasor diagram fo r  t h i s  mode o f  o p e ra t io n  

i s  shown in  Fig . (5 .1 3 ) .

During sub-synchronous motoring, see  the  power flow Fig. (3 .5  a ) ,  

the  prim ary in p u t  c u r re n t  and power w i l l  decrease as the  secondary 

cu rre n t  i s  c o n t ro l le d  e l e c t r o n i c a l l y  so as to  le ad  the s l i p  e .m .f .  see 

Fig. (5.13 a ) .  To m aintain  co n s tan t to rq u e ,  the  power c ro ss in g  

the  a i r  gap must be. m ain ta ined  co n stan t and so as the  power f a c to r

i s  decreased the  secondary c u rre n t  w i l l  a u to m a tica l ly  be in c reased

by the  a c t io n  o f  the  speed servo . This w i l l  keep the  secondary 

torque co n stan t b u t  w i l l  r e s u l t  in  l a r g e r  secondary c i r c u i t  lo s se s .

Thus the n e t t  recovered  s l i p  power w i l l  be reduced. The o v e ra l l  

e f f ic ie n c y  i s  given by

% n = outpu t  ^ ^ 0 0

n e t t  inpu t

^0 ^ ^2
=    X 100 (5.22)

1
and

w i l l  in c re a se  as the  synchron is ing  angle i s  f u r th e r  advanced. However, 

i f  the  secondary c u rre n t  i s  c o n t ro l le d  so as to  lag  the  s l i p  e .m . f . ,  

the  in p u t  prim ary c u rre n t  and power w i l l  be in c reased  f o r  a small change 

in  X thus reducing  the  o v e ra l l  e f f i c ie n c y .

There i s  a l im i t a t i o n  as to  how f a r  the  synchron ising  angle can 

be advanced o r  re ta rd ed ,  as t h i s  w i l l  a f f e c t  the  c a p a c i to r  peak vo ltage
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Voltage
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— Current reference
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a). Lending power factor

Voltage
reference

Current
reference

b). Lagging power factor

Fig.(S.13)Sub -synchronous motoring
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V as w ell as the  t o t a l  commutation time t  
X c

I t  should be noted  th a t  when the synchron ising  angle i s  in c reased  

in  the  d i r e c t io n  th a t  does no t p reven t e a r ly  conduction o f the  diodes 

during  supersynchronous o p e ra t io n ,  th a t  the  c a p a c i to r  vo ltag e  and 

commutation time a re  decreased . But when the  phase angle i s  in  a 

d i r e c t io n  such as to  p rev en t  e a r ly  conduction the  c a p a c i to r  vo ltage  and 

commutation time i s  in c re a se d .  This pu ts  a d d i t io n a l  vo ltage  s t r e s s  on 

the  c ap a c ito rs  and power sem i-conductors and the in c reased  commutation 

time gives a reduced power f a c to r  r e s u l t in g  in  the  need fo r  a h ig h e r  

secondary c u rre n t  to  produce the  same to rque .

Even when X i s  s e t  a t  zero as th e  motor runs above i t s  synchronous

speed, see the  power flow diagram Fig. (3.5 b ) , the  commutation time 

t^  given by equation  (4.40) w i l l  be longer than the  time taken fo r  

sub-synchronous o p e ra t io n .  This in c re ase  in  commutation time again 

r e s u l t s  in  a reduced power f a c to r  and th e re fo re ,  the  secondary cu rren ts  

w i l l  be in c re a s in g .  The e f f e c t  o f  phase advance and r e t a r d  on the  

prim ary and d .c .  l in k  c u rre n t  i s  shown in  Fig. (5.14) f o r  constan t 

to rque  o p e ra t io n .  Fig . (5.14) shows the  system powers and e f f ic ie n c y .

The power c ro ss in g  the  a i r  gap w i l l  be constan t fo r  constan t torque and 

speeds, b u t ,  due to  the  in c re a se d  copper losses  as a r e s u l t  o f  the  

considerab ly  in c re a se d  c u r r e n t ,  the  n e t t  recovered  power to  the  supply 

, i s  much reduced. A s im i la r  s e t  o f  r e s u l t s  fo r  supersynchronous 

motoring o p e ra t io n  are  shown in Fig. (5 .1 5 ) .

I t  i s  c l e a r ly  seen from the  above r e s u l t s  th a t  changing the

synchron ising  angle to  improve the  c a p a c i to r  waveform during super- 

synchronous motoring i s  a t  the  expense o f  system performance. For phase 

advance, although th e  prim ary power f a c to r  i s  improved, the  commutation 

c a p a c i to r  v o ltag e  and the  t o t a l  commutation time w i l l  in c re a se  r a p id ly  

which w i l l  cause an in c re a se  in  the  secondary c u r re n t .  I f  phase r e t a r d
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Fig.( 5.14 ) Constant torque— sub-synchronous  motoring
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co n tro l  i s  assumed to  reduce the  commutation time and the  c a p a c i to r  

v o l ta g e ,  then th e  prim ary power w i l l  in c rease  and a t  h igh speeds, i . e .  

n ea r  synchronous speed , the  cu rren t  source in v e r t e r  w i l l  f a i l  to  o p e ra te .

5 .5 .  Experimental R esu lts  fo r  the  Current Source In v e r te r

The 2 kW in d u c t io n  machine under t e s t  was m echanically  coupled to  

a d .c .  dynamometer which in  tu rn  was e l e c t r i c a l l y  connected to  the  a .c .  

supply  through a th ree -p h ase  re g e n e ra t iv e  t h y r i s t o r  c o n v er te r .  The 

loading  equipment was opera ted  under c losed  loop cu rre n t  co n tro l  to 

p rov ide  p r e s e t  co n s tan t  to rque .

The r e s u l t s  o f  load t e s t s  fo r  a co n s tan t  b rak ing  torque are  shown 

in  Fig. (5 .1 6 ) .  This shows the  c u rre n t  in  the  prim ary winding i^  

and in  the  d .c .  l in k  I p lo t t e d  f o r  a constan t output torque as 

fu n c tio n  o f  s l i p .

The r e s u l t s  show th a t  whereas from the  constan t cu rren t  source 

th eo ry ,  the  c u r re n t  should remain co n s tan t throughout the  speed range., 

as the  speed exceeds the  synchronous value the  secondary cu rren t  

(whose fundamental va lue  = .7 8 l f o r  i n f i n i t e  »^«k'cWt^)in f a c t  s t a r t s  to

in c re a s e .  This was found to  occur due t o : -

( i )  The in c re a se  in  the  commutation time during super-synchronous 

speeds. This in c re a se  w i l l  r e s u l t  in  a decrease  in  the  secondary power 

f a c to r  from th e  value  o f  u n i ty  s e t  a t  low speeds hence in  o rder to  

m ain ta in  cons tan t to rque the  secondary c u rren t  must in c re a s e .  This 

in c re a se  in  th e  secondary cu rren t  can be minimised by means o f  the 

phase advance - phase r e t a r d  inpu ts  to  the  e .m .f .  s ig n a l  gen era to r  bu t  

again th i s  could have a d e tr im e n ta l  a f f e c t  on the  behaviour o f  the  

commutation c i r c u i t .

( i i )  The fundamental r .m .s .  value o f  secondary cu rre n t  compared 

w ith  the  t o t a l  r .m .s .  c u r re n t  would be decreased  in  the  case o f  e a r ly
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conduction o f  one o f  the  s e r i e s  diodes in  the  in v e r t e r  and so to  

m ain ta in  constan t to rq u e ,  th e  secondary c u r re n t ,  c o n t ro l le d  by the 

c lo sed  loop se rv o ,  w i l l  th e re fo re  in c re a s e .

( i i i )  The f r i c t i o n  and windage lo sse s  in c rease  as the  s h a f t  speed 

in c rease s  which w i l l  r e s u l t  in  a red u c tio n  in  the  n e t t  mechanical 

power to  the  load.

The prim ary , secondary and s h a f t  power are  - p lo t te d  ag a in s t  

the  p .u .  s l i p  in  Fig. (5 .1 6 ) .  I t  can be seen th a t  a t  h igh SL^er- 

synchronous speeds the  ou tpu t o f  the  machine i s  much g r e a te r  than i t s  

conven tiona lly  r a te d  v a lu e ,w ith o u t  exceeding the  r a te d  cu rre n ts  o f  

the  windings. I t  i s  p a r t i c u l a r l y  i n t e r e s t i n g  to  no te  in  Fig. (5.17) 

th a t  the  o v e ra l l  e f f i c ie n c y  o f  the  d r iv e  i s  m aintained very  n ea r ly  

constan t over a wide range o f  speed. The motor speed was l im ited  

below twice the  synchronous speed due to  the  sharp in c re a se  in  the  

secondary c u rre n t  re q u ire d  to  produce the  cons tan t to rq u e .

The re d u c t io n  in  developed torque  p e r  ampere o f  fundamental 

secondary c u rre n t  during super-synchronous motoring w i l l  a lso  occur 

during  sub-synchronous b rak ing . This i s  due to  the  f a c t  t h a t  the  

o p e ra t io n  o f  the  commutation c i r c u i t s  causing the  poor power f a c to r  

are the  same during  sub-synchronous b rak ing  as they a re  during super- 

synchronous motoring.

I t  i s  n o tic e d  from the  comparison between the  p re d ic te d  and 

experim ental r e s u l t s  t h a t  th e re  i s  not always good agreement. This i s  

due to  the  fo llow ing  f a c to r s .

( i )  The model assumes th a t  the  secondary c u rre n t  has been 

synchronised e f f e c t i v e ly  in  phase with the  supply v o lta g e .  However, 

th i s  i s  no t t ru e  as the  open c i r c u i t  secondary e .m .f .  i s  no t in  phase 

with the  supply v o ltag e  a t  the  moment o f  sy n ch ro n isa t io n .  Furthermore 

the  e l e c t r o n ic  d e te c to r  i t s e l f  in tro d u ces  a small de lay  angle o f  about
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5 degrees.

( i i )  The p re d ic te d  m agnetising cu rren t  appears to  be le ss  than 

th a t  a c tu a l ly  measured.

( i i i )  The i ro n  lo s se s  and mechanical lo sses  were assumed to  be 

co n s tan t which may n o t  be the  case.

( iv )  The conduction lo sse s  in  the  power semiconductors and the  

d .c .  l in k  chokes were n eg lec ted .

I t  i s  im portan t to  note th a t  the  gate  pu lses  ap p lied  to the  fo rced  

commutated i n v e r t e r  b r id g e  during  sub-synchronous motoring are the  same 

as super -  synchronous g en era t in g .  Thus the  e f f e c t  o f  changing the 

synchron is ing  angle A on the  commutation c i r c u i t  behav iour and 

power flow d iscussed  in  the  p rev ious chapters  fo r  sub-synchronous 

motoring w i l l  be the  same fo r  super-synchronous g e n e ra t in g .  Also the  

an a ly s is  f o r  super-synchronous motoring w i l l  be v a l id  f o r  sub- 

synchronfisS.. : g en e ra t in g .



CHAPTER 6 .

WIÎ̂ D ENERGY RECOVERY SCHEMES
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CHAPTER 6.

6 .1 .  Wind Energy Recovery Schemes

According to  atmospheric s c i e n t i s t s ,  the  raw power a v a i la b le  from 

the  wind i s  co n s id e rab le .  The power th a t  could be recovered  from the 

wind i s  a t  l e a s t  ten  times g r e a te r  than the  w o rld 's  a v a i la b le  hydro

e l e c t r i c  power.

Many re c e n t  papers have suggested  the  use o f  wind power on a la rg e  

s c a le  fo r  the  g en e ra t io n  o f  e l e c t r i c i t y  a longside  conventional f o s s i l ,  

n u c lea r  and hyd ro p lan t.  The use o f  wind power f o r  i s o l a t e d  communities 

has a lso  been considered  [29, 30]. The various  schemes f o r  e l e c t r i c a l  

genera tion  fo r  in te rc o n n e c t io n  w ith  a power g r id  o r  fo r  i s o l a t e d  

communities are  c l a s s i f i e d  g e n e ra l ly  in to  th ree  groups as shown in  

Fig. (6 .1 ) .

6 .1 .1 .  V ariab le  Speed V ariab le  Frequency (VSVF) Generation

In th i s  group the  genera ted  ou tpu t power i s  o f  v a r ia b le  v o ltag e  and 

frequency. An a .c .  o r  d .c .  g en e ra to r  d riven  by the windmill could be 

used to  supply frequency in s e n s i t iv e  lo ad s ,  e .g . r e s i d e n t i a l  e l e c t r i c  

h e a t in g  [29], Fig. (6 .2 ) .  The g enera to rs  in  th i s  group do not need 

s o p h is t i c a te d  c o n tro l  equipment.

6 .1 .2 .  Constant Speed Constant Frequency (CSCF) Generation

The usual approach to  provide a cons tan t frequency a l t e r n a t in g  

e l e c t r i c  power i s  to  d r iv e  a g en e ra to r  a t  constan t speed, thus producing 

ou tpu t power a t  co n s tan t frequency. In most constan t speed d r ive  

systems a co n tro l  mechanism i s  n ece ssa ry ,  u su a lly  an h y d ra u l ic a l ly  

opera ted  p i tc h  c o n t r o l l e r  [33], to  a d ju s t  the  p i tc h  o f  the  r o to r  so th a t  

the  in p u t  power i s  h e ld  f a i r l y  constan t during f lu c tu a t io n s  in  the  wind
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cond itions  .

With such a. co n d it io n  i t  i s  p o s s ib le  to use the  synchronous 

g e n e ra to r  o p e ra t in g  in  p a r a l l e l  w ith the  power g r id  o r  an in d uc tion  

machine running above synchronous speed with l im ite d  s l i p .  The choice 

o f  the  type o f  g e n e ra to r ,  synchronous or in d u c tio n  has been reviewed in  

re fe re n c e  [34]. In t h i s  group the  g en era t in g  scheme i s  d iv ided  in to  two 

c a te g o r ie s  as shown in  Fig . (6 .1) depending on whether o r  no t s o l i d  s t a t e  

e le c t r o n ic s  are  involved  in  c o n t ro l l in g  the  g e n e ra to r .  An. example o f  

a power c o n tro l le d  scheme i s  shown in  Fig. (6 .3 ) .

6 .1 .3 .  V ariab le  Speed Constant Frequency (VSCF) Generation

These a re  g en e ra t in g  systems where p i tc h  co n tro l  mechanisms a re  not 

f i t t e d .  A VSCF g e n e ra to r  system i s  de fined  as an assemblage o f  

r o t a t i n g  e l e c t r i c  machines and o th e r  e l e c t r i c a l  equipment t h a t  i s  capable 

o f  ta k in g  mechanical energy d i r e c t l y  from a s h a f t  which r o ta t e s  a t  a 

v a r ia b le  speed and converting  th i s  energy in to  a .c .  e l e c t r i c  energy a t  

a co n s tan t frequency.

I n i t i a l  development o f  VSCF g en era t in g  systems was d i re c te d  

towards a i r c r a f t  power a p p l ic a t io n s  [38, 39, 40, 41, 42]. However, 

th i s  technology can be p r o f i t a b l y  ap p lied  to  the  gen era t io n  o f  e l e c t r i c a l  

energy from wind tu rb in e s .

Severa l systems have been suggested  fo r  connection between the 

v a r ia b le  speed windmill r o to r  and a co n s tan t  frequency mains [35]. The 

schemes can be c l a s s i f i e d  in to  th re e  c a te g o r ie s .

( i )  Conventional a l t e r n a t o r  w ith  e x c i t a t io n  c o n tro l  and a d .c .  

l in k  conver to r  to  the  a .c .  supply [43] . The frequency conversion 

equipment c a r r ie s  the  f u l l  power o f  the  system.

( i i )  S l i p - r i n g  in d u c tio n  g e n e ra to r s ,  o r  a combination o f  two such 

machines to  e l im in a te  the  s l i p - r i n g s ,  can be used w ith  s l i p  energy
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recovery  equipment wliich need no t be r a te d  a t  the  f u l l  power o f  the  

system.

( i i i )  S pec ia l  machines, e .g . a . c .  commutator machines Fig. (6 .4 ) ,  

o r  more conventional machines using  s p e c ia l  co n tro l  techniques such as 

f i e l d  modulation [44], Fig. (6 .6) and permanent magnet type [45], Fig. 

(6 .5 ) .

For o ffsho re  a p p l ic a t io n s ,  in d u c tio n  machines have been suggested 

s in ce  they are  le s s  c o s t ly  and o f  a more robust co n s tru c t io n  than the 

synchronous machine. In ad d i t io n  they re q u ire  le s s  maintenance and 

should have g r e a te r  r e l i a b i l i t y .  Fixed p i tc h  wind tu rb in e s  are no t s e l f  

s t a r t i n g  and an in d u c tio n  machine m echanically  coupled to  the  windmill 

mechanism could o p e ra te  as a motor to  b r in g  the  speed up to  the 

g en era t in g  le v e l ,  when i t  would op e ra te  au to m a tica l ly  as a gen era to r  

feeding  power back in to  the  power g r id .

Improved s o l id  s t a t e  devices and the  development o f  new techniques 

to  r e tu rn  the  r o to r  s l i p  power o f  the  induc tion  machine to the  mains has 

enabled doubly fed  machines to  be s u c c e s s fu l ly  app lied  to  recover power 

from the  wind [46, 47].

This re sea rch  th e s i s  desc r ibes  the  design and o p e ra t io n  o f  a new 

technique f o r  c o n t ro l l in g  the  doubly fed  in d u c tio n  machine as a windmill 

g en e ra to r  [46, 49]. The system i s  s p e c i f i c a l l y  aimed a t  high power 

gen era t io n  in to  the  n a t io n a l  g r id  system.

The resea rch  study  only inc ludes  s im ula ted  windmill opera tion  bu t 

i t  i s  hoped th a t  o n - s i t e  experience w i l l  be gained w ith  th i s  system in  

the  near fu tu re .

6 .2 . .  S l ip  Energy Recovery Techniques fo r  Wind Energy Generators

The two p o s s ib le  techniques f o r  s t a t i c  s l i p  energy recovery are  

shown in  F ig . (6 .7 ) .
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Fig. (6 .7  a) shows the w ell e s ta b l i s h e d  Kramer system in  which 

the  secondary e .m .f .  i s  r e c t i f i e d  and the  energy re tu rn e d  to  the  supply 

v ia  a l in e  commutated c o n v er te r .  With t h i s  system g en era t io n  i s  only 

p o s s ib le  when the  r o to r  i s  be ing  d riven  a t  super-synchronous speeds.

The s t a t i c  Scherbius system shown in  Fig. (6 .7  b),, (6 .7  c) can 

genera te  power a t  both sub and super synchronous speeds. The cycLo- 

conver te r  technique has the  advantage o f  n a tu ra l  commutation b u t  is  

r e s t r i c t e d  to  an o p e ra t in g  range o f  about 30% o f  synchronous speed 

depending upon the  complexity o f  the  cy c loconverte r .  The c u r re n t  source 

i n v e r t e r  provides a wide o p e ra t in g  range b u t re q u ire s  a la rg e  d .c .  

choke and commutation c ap ac ito rs  the  values o f  which are  a fu n c t io n  o f  

machine p a ra m ete rs .

6 .2 .1 .  The S t a t i c  Kramer

In the  s t a t i c  Kramer system the  secondary s l i p  e .m .f .  o f  the  

in d u c tio n  machine i s  r e c t i f i e d  by a diode b rid g e  and the  secondary 

power re tu rn e d  to  the  a . c .  supply through a l in e  commutated t h y r i s t o r  

co nver te r .  The diode b rid g e  only allows power to  flow from the  machine 

to  the  supply and so o p e ra t io n  as a g en e ra to r  i s  only p o s s ib le  a t  super- 

synchronous speeds . Fig. (6 .7  a ) .  Hence the  range o f  o p e ra t io n  o f  the 

system and the gearing  w i l l  have .to be chosen so th a t  the  wind tu rb in e  

speed in  the  range o f  i n t e r e s t  d rives  the  g en era to r  above synchronous 

speed. The minimum speed w i l l  be a t  a nega tive  s l i p  approximately near  

to  the  ra te d  s l i p  o f  the  machine to  ensure a n e t  power flow to  the 

supply.

The top speed a t  which maximum power i s  generated  may be somewhat 

in  excess o f  twice synchronous speed. I t  should be no ted , however, th a t  

the  open c i r c u i t  s t a n d s t i l l  v o ltage  o f  the  g en e ra to r  occurs a t  twice 

synchronous speed and th e re  w i l l  be obvious l im i t s  as to how much th i s  may



- 1 1 6 -

iui'ply

reclilrf
fridge f u l l y  c o n l f o l l f d  

ccTM̂tercnpWe

w i n d m i l l

gecv bo* v iip -n n ç  
inC ucltcn  
yenotor

a ) Krom er system

9 « r  bo*

secondary EMF 
signal gen*fofof control

b ) Current source inverte r Scherbius system

supply

cycloconvTflor 
co n tro l s y s te m

signol

w indm ill

c) Cycloconverter Scherbius system  

Fiqfg.77Slip en ergy recw ery sctiemes for induction generotors



-117-

be exceeded. Mechanical co n s id e ra t io n s  w i l l  a lso  impose a top speed 

l im i t .  The in p u t l in e  v o ltag e  to  the  i n v e r t e r  must be high enough to 

ensure r e l i a b l e  commutation a t  the  h ig h e s t  secondary e .m .f .  This may 

re q u i re  the  use o f  a t ransfo rm er between the  in v e r t e r  and the  a .c .  

supply which in  any case may be necessa ry  to avoid a poor power f a c to r .

Control o f  the  system i s  r e l a t i v e l y  easy as the  s h a f t  to rque  i s  

p ro p o r t io n a l  to  the  secondary c u r re n t ,  see s e c t io n  2.S, which can be 

e l e c t r o n i c a l l y  c o n t ro l le d  as a fu n c tio n  o f  the  s h a f t  speed. The 

in d u c tio n  machine can a lso  opera te  as a motor w ith  c o n t ro l le d  c u rre n t  

to  a c c e le ra te  the  windmill up to  i t s  p ick-up  speed provided  th a t  t h i s  

i s  below synchronous speed o f  the  machine.

Comparison between t h i s  system and a sh o r t  c i r c u i t e d  s l i p - r i n g  

in d u c tio n  g e n e ra to r  i s  d iscussed  in  re fe re n ce  [51]. In re fe re n ce  [33] 

the  system i s  compared w ith a synchronous g e n e r a to r / in v e r te r  system. 

Comparison w ith  the  Scherbius system w i l l  be d iscu ssed  in  s e c t io n  6 .3 .4 .

There a re  a number o f  d isadvantages o f  the  Kramer system. A choke 

i s  necessary  to  ensure continuous c u rre n t  in  the  l in k  which could be 

la rg e  and expensive . As with a l l  l in e  commutated t h y r i s t o r  b r id g e s ,  the 

power f a c to r  w i l l  be a f fe c te d  by the  c o n tro l  angle a . The system power 

f a c to r  w i l l  be q u i te  high a t  top speed b u t  w i l l  f a l l  nea r  synchronous 

speed. In a d d i t io n  commutation problems can occur during  t r a n s i e n t  

. d is tu rb an ce  o f  the  mains supply.

6 .2 .2 .  The Scherbius System.

In the  s t a t i c  Scherbius the  s l i p  energy must be c o n tro l le d  through 

a power co n v er te r  t h a t  w i l l  allow power flow both out o f ,  and in  to ,  

the  secondary winding o f  the g e n e ra to r .  I t  i s  then p o s s ib le  to opera te  

the  machine as a g e n e ra to r  a t  both sub- and super-synchronous speeds. 

There are  two w ell known converters  th a t  may be used, the  cyc loconverte r
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and the  cu rre n t  source in v e r t e r .

( i )  Tlie cyc loconverte r

The use o f  the  cy c loconverte r  to  convert high frequency in p u t  to  a 

lower frequency ou tpu t has been considered  to  be p r a c t i c a l  fo r  g enera ting  

e l e c t r i c a l  power from v a r ia b le  speed prime movers in  a i r c r a f t .

Induction  motor o p e ra t io n  u s ing  the  cyc loconverte r  to co n tro l  s l i p  

energy i s  d esc r ibed  in  re fe re n ce  [8 ] .  The use o f  the  cyc loconverte r  

to  co n tro l  a doubly-fed  g en e ra to r  o p e ra t in g  as a wind energy g en e ra to r  

i s  desc ribed  in  re fe re n c e  [48].

Waveform c o n s id e ra t io n s  r e q u i re  t h a t  a la rg e  number o f  power 

semiconductors must be used and o p e ra t io n  w i l l  be l im i te d  to  about 

± 30% o f  synchronous speed. The system does have the  advantage o f  

n a tu ra l  commutation and th e re  may be f u r th e r  advantages to  be gained in  

equipment cost  and waveform q u a l i ty  by the  use o f  d iv ided  windings in  

the  machine [47]. I t  i s  a n t ic ip a te d  t h a t  f u r th e r  re sea rch  e f f o r t  in  

t h i s  a rea  would be advantageous.

( i i )  The c u rre n t  source in v e r t e r

The c u rre n t  source i n v e r t e r  techn ique  re q u ire s  a fo rced  commutated 

i n v e r t e r  connected to  the  machine secondary. As w ith  the  Kramer system, 

energy i s  recovered  to  the  supply through a d .c .  l in k  choke and a phase 

c o n tro l le d  n a tu r a l ly  commutating co n v e r te r .  The l a t t e r  may be used th i s  

time to  d e l iv e r  power in to  the  machine secondary and so g en e ra to r  

o p e ra t io n  i s  p o s s ib le ,  a t  a c o s t ,  from twice synchronous speed down to  

s t a n d s t i l l .  Advantages over the  use o f  the  cyc loconverte r  are  the 

e l im in a t io n  o f  the  frequency r a t i o  r e s t r i c t i o n  and the  use o f  a sm alle r  

number o f  sem iconductors. I t  i s  p o s s ib le ,  however, t h a t  the  a d d i t io n a l  

requirem ent o f  chokes and cap a c i to rs  w i l l  make the  o v e ra l l  package le ss  

economical.

Several d i f f e r e n t  types o f  i n v e r t e r  arrangements can be considered .
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a l l  having the  major d isadvantage  o f  r e q u ir in g  some form o f  forced  

commutation, in  which th e re  are  d i f f i c u l t  t r a d e - o f f  d ec is io n s  between 

s iz e  and complexity. The process o f  commutation re q u ire s  th a t  energy 

be s to re d  in  commutating c a p a c i to r s ,  p re -charged  w ith the  c o r re c t  

p o l a r i t y ,  and th e se  cap ac ito rs  are  allowed to  d i s s ip a te  the  charge a t  

the  d e s ired  time to  d iv e r t  cu r re n t  from one conducting t h y r i s t o r  fo r  a 

p e r io d  a t  l e a s t  equal to  the tu r n - o f f  time o f the  dev ice .

6 .3 . Wind Power Recovery Using S l ip  Energy Recovery Techniques 

This re sea rch  s tudy  in v e s t ig a te s  the  o p e ra t io n  o f  both the 

Kramer and Scherbius energy recovery  schemes o f  power g en era t io n .  To 

f u l l y  in v e s t ig a te  the  system ^the equipment was designed to  opera te  

from s t a n d s t i l l  to  a speed a t  which maximum ra te d  power was defined  to  

occur. For t h i s  s tudy  the  g en e ra to r  was d riven  by a d .c .  motor ac t in g  

as the  wind tu rb in e .  I t  i s  hoped th a t  f u r th e r  re sea rch  work w i l l  

inc lude  o n - s i t e  o p e ra t io n  on an a c tu a l  wind tu rb in e .

6 .3 .1 .  System Operation

6 .3 .2 .  Scherbius System - Optimum Design

Using th e  secondary e .m .f .  s ig n a l  g en e ra to r  to  c o n tro l  the o p e ra t io n

o f  the  cu rre n t  source i n v e r t e r  enables the  g en e ra to r  to  be opera ted

over a wide range above, below and through synchronous speed in  a

s im i la r  manner to  t h a t  desc ribed  e a r l i e r  f o r  motoring o p e ra t io n .

Consider the  maximum power o f  the  windmill to occur a t  s l i p  S^ .

Let Pg be the  s h a f t  power o f  the  g en e ra to r  (n e g le c t in g  mechanical

lo s se s )  and P = 1.0 p .u .  power o f  the  system. Assuming a cube-g max ^
law power c h a r a c t e r i s t i c  fo r  a windmill o p e ra t in g  w ith th e  power 

c o e f f i c i e n t  remaining a t  i t s  maximum v a lu e ,  the  s h a f t  power a t  any s l i p
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i s

P
g

l - s
l - s . 1

. 1.0 p .u .  (6 .1)

The p .u .  secondary power P^ i s  given by

^2 ( l - s )  ■

2
= s • _ • 1.0 p .u .  (6.3)

Cl-s^)

The p .u .  prim ary ou tpu t power P^ i s  given by

P i = T I I iT  ' Pg C6.4)

=  ̂ • 1.0 p .u .  (6.5)
C l-s . )^

Let T be the  to rque  on the  g en e ra to r  s h a f t  and T = 1.0 p .u .g g max ^
torque o f  the  g e n e ra to r  being  defined  as the  g en e ra to r  torque when the 

gear r a t i o  i s  chosen such th a t  maximum windmill power occurs a t  

synchronous speed. Assuming a square-law  torque c h a r a c t e r i s t i c  fo r  the 

windmill; T^ a t  any s l i p  w i l l  be given by

T = . 1.0 p .u .  (6.6)
® (1 -sp -^

The curves f o r  power and torque as a fu n c tio n  o f  s l i p ,  fo r  a 

range o f  va lues o f  determined by the  gear r a t i o  chosen between

windmill and g e n e ra to r ,  a re  shown in  Fig . (6 .8 ) .  The secondary power 

P^ Fig. (6 .8  c) i s  seen to peak a t  sub-synchronous speeds , and 

d i f f e r e n t i a t i n g  equation  (6.3) and equating  to  zero shows th a t  th i s  

occurs a t  s l i p  S = 0 .33 .
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When the  va lue  o f  i s  chosen so t h a t  the g e n e ra to r  i s

o p e ra t in g  super-synchronously  th e  peak value o f  , a t  S = 0 .33 ,

decreases and the  value o f  P^,  a t  , in c rease s  as i s  increased ,

The value o f  a t  which P^ w i l l  be the same as a t  S = - 0.33 can

be found by equating  equation  (6 .3 ) a t  the  p o in t  S = 0.33 and

S = to  be equa l.  This g ives = - 0.12 and s u b s t i t u t i n g  th i s  

in to  equation (6 .3) g ives P^ -  0 .1  p .u .  Thus, i f  the  gear r a t i o  

i s  chosen such th a t  the  maximum windmill power i s  developed a t  a s l i p  

of - 0 .12 , then  a maximum power o f  0 .1  p .u .  w i l l  flow in  the  secondary 

c i r c u i t  i f  energy i s  recovered  from the  windmill over i t s  e n t i r e  speed 

range. Fig. (6 .8  b) shows th a t  th e  maximum s h a f t  to rque  a t  the 

g en e ra to r  f a l l s  as the  value o f  in c re a se s  n e g a t iv e ly .  This i s  to

be expected as the  windmill power i s  be ing  recovered  a t  a h ig h e r  s h a f t  

speed and so a small frame s iz e  machine can be used.

I f  the  gear r a t i o  i s  chosen to  g ive = - 0.12 r e s u l t i n g  in  the 

maximum power to  be recovered  be ing  only 0.1  p .u .  f o r  o p e ra t io n  down to 

s t a n d s t i l l ,  the  VA r a t in g  o f  the  s l i p  energy recovery  equipment, 

however, w i l l  be s u b s t a n t i a l l y  h ig h e r .  The equipment must be r a te d  to 

ca rry  f u l l  load cu rren t  a t  = - 0 .12  and f u l l  s t a n d s t i l l  v o l t s  a t  

S = 1 .0 . So the  VA ra t in g  o f  the  recovery  equipment w i l l  be the  same 

as the  VA r a t i n g  o f  the  machine re q u ire d  to  genera te  maximum windmill 

power.

I f ,  however, the  o p e ra t in g  range i s  r e s t r i c t e d  to  ± and the 

recovery equipment i s  matched to  the  mains v i a  a t ra n s fo rm er  then the 

VA r a t in g  w i l l  be considerab ly  reduced. I f  th e  va lue  o f  the  secondary 

cu rren t  req u ire d  to  d e l iv e r  maximum windmill power to  the  supply fo r  

= 0 i s  ig (0 )  and i f  i s  th e  s t a n d s t i l l  open c i r c u i t  vo ltage

on the  secondary then the  recovery  equipment VA i s  1 .2 ( 0 ) 2 2  ̂ which 

i s  approxim ately the  r a te d  power o f  the  machine.
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- 1 2 3 -

At any o th e r  s l i p  S , the  secondary cu rren t  req u ired  to

d e l iv e r  the  windmill power a t  th a t  s l i p  based upon a cube law power 

c h a r a c t e r i s t i c  w i l l  be

( 1 - s p ^

I f  the  o p e ra t in g  speed range i s  r e s t r i c t e d  to  ± and the  equipment 

matched v ia  a tran sfo rm er to  the  supply then the maximum v o ltag e  app lied  

to  the  recovery equipment w i l l  be Ê Q . The maximum value o f

w i l l  a lso  occur a t  S = hence

Thus the  VA r a t in g  o f  the  recovery  equipment

^2 ^i^20

( l - s . )  ^2 °̂  ̂ ^20  ̂ 1

S.
g' y * maximum power o f the  windmill (6.8)

O perating the  g en e ra to r  a t  supersynchronous speed w i l l  enable a g re a te r  

power to  be d e l iv e re d  to  the  supply fo r  a given frame s iz e  o f  the  machine 

I f  the  frame s iz e  o f  the  g en e ra to r  i s  assumed to  be 1.0 p .u .  when geared 

to  d e l iv e r  maximum power a t  near to  synchronous speed, i . e .  Su = 0 , 

the  frame s iz e  f o r  h ig h e r  gear ing  w i l l  be given by

Frame s iz e  = y-g— p .u .  (6.9)
i
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Thus th e re  i s  a f in a n c ia l  saving on the  cost o f  the  g en e ra to r  i f  the

system were to  o p e ra te  from high values  o f  .

6 .3 .3 .  Kramer System

From the  p rev ious  s e c t io n  i t  was found th a t  the  optimum op era t io n

fo r  the  Scherbius system i s  to  recover  wind power over a range o f  ± S,

However, in  the  Kramer system the  g en e ra to r  i s  r e s t r i c t e d  to  o pera te

over the  range o f  S ^ ^  (probably about - 0 . 1 )  to  Su = - 1.0 . I f

maximum windmill power occu rring  a t  s l i p  S^ i s  de f ined  as 1.0 p .u .

then the  minimum on l in e  power P , t h a t  can be recovered  i s^ min ■

P .min
l - s min

1 - S. p .u . ( 6 . 10)

This equation  i s  t ru e  fo r  both the  Kramer and Scherbius systems. I t

should  be noted th a t  f o r  optimum o p e ra t io n  o f  the  Scherbius system .

described  e a r l i e r  S , = + S. hence from equation  (6.10)min 1  ^

S . =
1

p 1 / 3  
min - 1

P + 1min
( 6 . 11)

However, f o r  the  Kramer system two o p e ra t in g  schemes are  p o s s ib le  to 

achieve the  re q u ire d  range o f  power recovery .

( i )  Scheme A : o p e ra t io n  from a v a r ia b le  S^ down to  a minimum s l i p

o f  - 0 .1 ,  hence from (6.10)

S. = 1 -
1

1. 1

P .1 /3  min
(6 . 12)

Thus f o r  a s p e c i f i e d  l in e  minimum power recovery requirem ent S^ can be 

determined.
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The equations developed fo r  the  Scherbius system fo r  recovery  VA and 

g en e ra to r  frame s iz e  are  d i r e c t l y  ap p l ic ab le  to  t h i s  case so ,

S.
Secondary VA = - ' maximum power o f  the  windmill (6.13)i - b i

and

Frame s iz e  = j - g p .u .  (6.14)
i

( i i )  Scheme B: o p e ra t io n  from a f ix e d  S^ o f - 1.0 down to  a 

v a r ia b le  minimum s l i p  o f  - 0 .1 ,  hence from (6.10)

Smin = ^

Thus t h i s  time S . can be determined fo r  a given on l in e  minimum min
power requirem ent.

As the value o f  S^ i s  always the  same a t  Su = - 1 .0 , then .

Secondary VA = 0.5 • maximum power o f  the  windmill (6.16)

Frame s i z e  = 0 .5  p .u .  (6.17)

6 .3 .4 .  Comparison o f the  Kramer and Scherbius Schemes

The op e ra t in g  requirem ents o f  the  Scherbius and Kramer systems are 

compared in  Fig. (6 .9 ) .  This shows how the  g en e ra to r  frame s iz e  and the  

VA o f  the  recovery  equipment are a f fe c te d  by the  range o f  o n - l in e  energy 

recovery . I t  can be seen th a t  the  VA o f  the  energy recovery equipment 

i s  a minimum fo r  the  Scherbius system. The l im i t  fo r  the o p e ra t in g  range 

o f  the  Kramer system a t  p o in t  P is  given by Su = - 1.0 fo r  scheme A 

and S = - 0.1 fo r  scheme B .

I t  i s  c l e a r  th a t  the  Scherbius system and Kramer scheme A can opera te  

with energy recovery  equipment, the  power r a t in g  o f  which i s  very much le ss  

than th a t  o f  the  t o t a l  windmill power. Tliis i s  an advantage compared with
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F ig .  ( 6 . 9 )  R e l a t i v e  performance Kramer-Scherbius sy ste m s.
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synchronous g en e ra to r  and in v e r t e r  schemes in  which the  i n v e r t e r  must 

be r a te d  fo r  the  f u l l  power o f  the  w indm ill.

The Kramer scheme has the  advantages o f  s im p l ic i ty  o f power c i r c u i t  

and the  lack o f  s o p h is t i c a te d  c o n tro l  s ig n a ls  compared w ith  the  Scherbius 

scheme. Both schemes can opera te  the  machine as a motor with c o n tro l le d  

cu rren t to  a c c e le r a te  the  windmill up to  i t s  o p e ra t io n a l  speed.

In the  Scherbius scheme the  secondary c u rre n t  i s  c o n tro l le d  to be 

in  phase w ith secondary e .m .f .  by the  e l e c t r o n i c  s l i p  e .m .f .  gen era to r .

I t  should be no ted , however, th a t  f o r  sub-synchronous g enera tion  the  

change in  the  power f a c to r  due to  the  in c re a se  in  commutation tim e, as 

desc ribed  f o r  the  supersynchronous motoring mode, w i l l  r e s u l t  i n  a 

conside rab le  in c re a se  in  secondary c u r re n t .  This e f f e c t  i s  no t too 

pronounced fo r  a l im i te d  o p e ra t in g  range i . e .  say  S = + 0 . 3  p .u .  The 

e f f e c t  can be compensated fo r  by c o n t ro l l in g  the  synchron ising  angle as 

a fu n c tio n  o f  s l i p  which could be achieved au to m a tica l ly .  This could 

be the  s u b je c t  o f  f u r th e r  s tudy .

For the  Kramer system, n e g le c t in g  the  secondary losses , the 

e f f e c t iv e  i n v e r t e r  power f a c to r ,  see s e c t io n  2.6 , i s  given by

cos a " S cos (jig

However, in  the  Scherbius system^as the  secondary cu rre n t  i s  locked 

in -phase  with the  s l i p  e . m . f . , cos cj)  ̂ w i l l  be maximised as cos (j)̂  

i s  a c tu a l ly  c o n t ro l le d  to  be c o n s tan t .

The e f f ic ie n c y  o f  both  systems w i l l  be high p a r t i c u l a r l y  a t  high 

power lev e ls  where the  semiconductor lo sse s  are a sm a l le r  p ro p o r t io n .  

For such la rge  systems the  e f f ic ie n c y  o f  the  machine and s l i p  recovery 

equipment w i l l  each be o f  the  o rd e r  o f  90% so o v e ra l l  e f f ic ie n c y  w i l l  

be good.
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The Kramer system and the  c u rre n t  source Scherbius scheme both 

have the  d isadvantage  o f  a d .c .  choke in  the  l in k  which could be la rge  

and expensive. Commutation f a i l u r e  may occur during t r a n s i e n t  

d is tu rbances  in  th e  mains supply. In a d d i t io n ,  the  c u rre n t  source . 

i n v e r t e r  scheme has a fo rced  commutated in v e r t e r  r e q u i r in g  la rg e  

commutation c a p a c i to r s .  The cy c lo co n v erte r  v e rs io n  o f  the  Scherbius 

scheme, however, does no t have th e se  d isadvantages although many 

semiconductor devices may be n ecessa ry  to  g enera te  a good waveform.

6 .4 .  Experimental R esults

For t e s t  purposes a s l i p - r i n g  in d u c tio n  machine was m echanically  

coupled to  a d .c .  dynamometer which in  tu rn  was c o n tro l le d  in  speed 

from a phase c o n t ro l le d  r e c t i f i e r  b r id g e  to  re p re se n t  the  r o to r  o f  the 

w indm ill. The c u r re n t  le v e l  in  the  d .c .  l in k  o f  the  c u rre n t  source 

in v e r t e r  was s e t ,  manually a t  each t e s t  speed, to  develop the  s h a f t  

torque a p p ro p r ia te  to  a cube law power c h a r a c t e r i s t i c .

In the  Scherbius Scheme the  secondary cu rre n t  was synchronised 

to be in  phase w ith  the  s l i p  e .m .f .  A range o f t e s t s  fo r  d i f f e r e n t  

values o f  S^ were c a r r ie d  ou t.  A ty p ic a l  s e t  o f  r e s u l t s  fo r  which the  

maximum windmill power was s e t  to  occur a t  a s l i p  Su = - 0 .2  are 

shown in  Fig. (6 .1 0 ) .

The power flow diagram f o r  sub- and super-synchronous g en era t io n ,  

mode 3 and mode 4, a re  shown in  Fig. (3 .5 ) .  The p re d ic t io n  o f  the 

prim ary and secondary cu rre n ts  and power in  Fig. (6.10) are  based on the 

s o lu t io n  o f  the  s e r i e s  e q u iv a len t  c i r c u i t  o f  the  in d u c tio n  machine w ith  

a c u r re n t  source i n v e r t e r  connected to  secondary w indings, see program 

P(5a) program . The p r e d ic t io n  a lso  inc luded  the  e f f e c t  o f

the change in  the  power angle cos <p̂ due to  the  behaviour o f  the 

commutation c i r c u i t  as the  g e n e ra to r  runs below synchronous speed. The
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change in  the  d i r e c t io n  o f  the  secondary power flow as the  g en era to r  

runs up through synchronous speed can be c l e a r ly  seen. The i n v e r t e r  i s  

then re tu rn in g  secondary power to the  supply . The in c re a s e  in  th i s  

recovered power as the  speed in c re a se s  w i l l  r e s u l t  i n  a h igh o v e ra l l  

e f f i c ie n c y .  Fig. (6 .1 1 ) ,  which i s  given by

( i )  a t  sub-synchronous g enera ting

Pi
% n =   X 100 (6.18)

Pg ^2

and the n e t t  genera ted  power w a t t s •

( i i )  a t  super-synchronous g en e ra t in g

P + P
%n = — -------—  X 100 (6.19)

P
g

and the  n e t t  genera ted  power P^ = P^ + P^ w atts  .

The n e t t  genera ted  ou tpu t power P^ compared with the  in p u t  s im ula ted  

wind power P^ i s  a lso  shown in  Fig. (6 .1 1 ) .  Reasonable agreement i s  

achieved between the p re d ic te d  and experim ental r e s u l t s .  The d i f fe re n c e  

i s  b e l ie v ed  to  be due to  e r ro rs  in  e s t im a tin g  machine lo sse s  over the  

op e ra t in g  range. F u r th e r  e r ro r s  may be due to  problems o f  cu rren t  and 

power measurement when the  waveforms a re  f a r  from s in u s o id a l .  F urther 

the  system was com plicated by the use o f  a t ran sfo rm er between the mains 

supply and the  prim ary windings o f  the  machine.

Over the  optim al o p e ra t in g  range i . e .  -  which i s  ± 0 . 2  in

Fig. (6.11) the  e f f ic ie n c y  only changes by about 10% . The maximum 

fig u re  i s  lower than would be the  case in  an i n d u s t r i a l  machine.

In the  Kramer scheme the o p e ra t io n a l  speed i s  o f  course l im ited  

to  values above synchronous speed. The maximum gear ing  r a t i o  would be 

l im ited  to  o p era te  the  g en e ra to r  a t  tw ice the  synchronous speed. In
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ord e r  to  compare the  Scherbius scheme performance with the  Kramer scheme 

the  maximum in p u t mechanical power was kept c o n s tan t  a t  a value o f

1800 w a tts .

I t  should be noted  th a t  i f , f o r  the  Kramer scheme,the power were to 

be recovered  a t  twice th e  synchronous speed then the  secondary vo ltage  

w i l l  be equal to  the  open c i r c u i t  v o ltage  a t  s t a n d s t i l l ,  and so normally 

o p e ra t io n  i s  r e s t r i c t e d  to  a value below twice synchronous speed. I f  

tw ice synchronous speed were exceeded then mechanical problems with the  

machine would p re s e n t  them selves; the  windings would a lso  be s t r e s s e d  

by more than t h e i r  normal designed v o l ta g e s .  Due to  t h i s  reason  the  

o p e ra t in g  jspeed range was r e s t r i c t e d  to  a value o f - 0.85 p .u .  down 

to a value n ear  to  the  synchronous speed.

For the  comparison between the  Scherbius and the  Kramer schemes, 

Kramer scheme B was chosen w ith gearing  r a t i o  equal to  - 1.0 and

the  power was , allowed to  be recovered  down to  a value c lo se  to  the  

synchronous speed. The p re d ic t io n  o f  the  system behav iour was based on 

the power flow diagram, mode 4, shown in  Fig. (3 .5 ) .  The p re d ic t io n  

and the experim ental r e s u l t s  fo r  the  Kramer scheme was compared in  Fig. 

(6 .12 ) .  I t  i s  c l e a r ly  seen from the  r e s u l t s  th a t  the  recovered  power 

by the  i n v e r t e r  i s  u n id i r e c t io n a l .  However, the  prim ary power , might 

be re v e rsed , i . e .  e l e c t r i c a l  power d e l iv e red  to  the  machine, a t  values 

near  to  the  synchronous speed. This happens as the  machine t o t a l  lo sses  

are  much g r e a te r  than the  inpu t mechanical power ap p lied  to  the  s h a f t .

Fig. (6.13) shows the  n e t t  generated  power and the  o v e ra l l  

e f f ic ie n c y  o f  the  scheme. The percen tage  e f f ic ie n c y  i s  given by 

equation  (6 .1 9 ) .  A good agreement i s  achieved d e sp i te  th e  use o f  the  

s im p l i f ie d  model and the  in a cc u ra te  e s t im atio n  o f  the  system lo s s e s .

Comparison between the  Scherbius scheme and the  Kramer scheme B 

shows t h a t ,  f o r  the  same range o f  the  in p u t  wind power to  be recovered .
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the  o v e ra l l  e f f ic ie n c y  o f  the  Scherbius schemes i s  h ig h e r  than  the  

Kramer, Fig. (6 .14 ) .

The u n i ty  secondary power f a c to r  achieved using  the  s ig n a l  g en era to r  

and the  a s so c ia te d  lo g ic  in  the  c u rre n t  source i n v e r t e r  made i t  p o s s ib le  

to  genera te  power a t  a s u b s t a n t i a l l y  improved prim ary power f a c to r .

This w i l l  r e s u l t  in  a high value o f  the  system power f a c t o r  cos (f)̂  

which could be found as fo llow s:

The prim ary ou tpu t power = /3 i^  cos <j)̂  w a tts  (6.20)

hence
Pi

h  = 75~ v .~IY

Also the  in v e r t e r  recovered  power = /3 i^  cos cf)̂  w atts  (6.22) 

so

Pz Pi
The t o t a l  r e a c t iv e  power P_, =  —  s in  à. + -------— s in  6,^ R cos 1  cos (p̂  1

( 6 . 2 4 )

The t o t a l  a c t iv e  power P̂  ̂ = P^ + P^ (6.25)

From the  above eq u a tio n s ,  the  system power f a c to r  cos (j)̂  can be found 

as follows

s in  (f). = P„ (6.26)cos (j)̂  t  R

PR
hence tan  ^  (6.27)

T

Fig . (6.15) compares the  system power f a c to r  w ith  the  maximum 

windmill power f o r  both the  Scherbius and the  Kramer schemes. I t  i s  

c l e a r ly  seen th a t  the  Scherbius system power f a c to r  does no t vary  as 

much as the  Kramer scheme over the  e n t i r e  range o f  o p e ra t io n .  I t
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should be noted th a t  the  system power f a c to r  developed in  the  above 

equations i s  low s in ce  the  i n v e r t e r  power i s  assumed s in u s o id a l .

However, fo r  the  comparison between th e  two schemes, the  above 

a n a ly s is  could be considered  s a t i s f a c t o r y .

The s u p e r io r  performance o f  the  Scherbius scheme i s  due to  the  

f a c t  th a t  the  secondary cu rre n t  i s  c o n t ro l le d  in  magnitude and d i r e c t io n  

by the  cu rre n t  source  in v e r t e r  r a th e r  than by the  machine pa ram ete rs .

Although the  co s t  o f  the  semiconductors and the  a sso c ia te d  lo g ic  

c i r c u i t s  used in  the  Scherbius scheme are  very  high compared w ith  the  

Kramer scheme, the  gain  in  the  o v e ra l l  e f f ic ie n c y  and the improved 

power f a c to r  w ith  a sm a l le r  VA o f  the  recovery equipment needed may 

w ell j u s t i f y  the  a d d i t io n a l  cos t  and f in d  a wider a p p l ic a t io n .
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CHAPTER 7 .

7 .1 . Conclusion and F u r th e r  Work

7 .1 .1 .  S l ip  Energy Recovery Motor Control

The replacem ent o f  the  r e c t i f i e r  b r id g e  o f  a conventional Kramer 

system by a s e l f  c o n tro l le d  t h y r i s t o r  in v e r t e r  enables the  power in  the 

secondary c i r c u i t  to  flow in  both d i re c t io n s  to  provide sub- and super- 

synchronous speed co n tro l  o f  in d u c tio n  motors. To achieve t h i s  a 

s p e c ia l ly  designed s ig n a l  g e n e ra to r  o p e ra t in g  with a d d i t io n a l  con tro l  

lo g ic  c i r c u i t s  was used to  i n i t i a t e  the  f i r i n g  in s t a n t s  o f  each 

t h y r i s t o r  in  the  i n v e r t e r  b r id g e .

Forced commutation o f  the  i n v e r t e r  i s  necessary  n ear  the  synchronous 

speed (secondary e .m .f .  = 0 ) .  The choice o f  in v e r t e r  to  be used i s  

sev e re ly  r e s t r i c t e d  by the  requirem ent fo r  r e v e rs a l  o f  power flow fo r  

sub- and super-synchronous o p e ra t io n .  The c u rre n t  source in v e r t e r  

in h e re n t ly  provides power r e v e r s a l  and t h i s ,  to g e th e r  w ith  i t s  s im p l ic i ty  

and high r e l i a b i l i t y , makes i t  an id e a l  choice f o r  t h i s  a p p l ic a t io n .

The commutation behav iour o f  the i n v e r t e r  was found to  be a f fe c te d  

by the  o p e ra t in g  cond itions  o f  load and speed. The commutation time 

was d iv ided  in to  two p e r io d s ,  namely, a l in e a r  charging p e r io d ,S tag e  A 

which i s  a fu n c tio n  o f  load c u r re n t  and secondary e .m . f . ,  and a resonant 

charging o r  overlapp ing  p e r io d .  Stage B . The t o t a l  commutation time 

t^  was found to  in c re a s e  w ith  load c u r re n t .  More p a r t i c u l a r l y  as the  

motor speed exceeds the  synchronous va lue , the  t o t a l  commutation time 

was found to  in c re a s e  sh a rp ly  which r e s u l t e d  in  a ra p id ly  d e te r io r a t in g  

secondary power f a c to r .  As th i s  happens the  constan t to rque  pe r  

secondary ampere c h a r a c t e r i s t i c  i s  l o s t  r e s u l t in g  in  unacceptable  

excessive  cu rre n ts  be ing  req u ire d  to achieve the  necessary  constan t motor
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to rque . The s e r i e s  diodes which a re  inc luded  to  i s o l a t e  the  commutation 

c ap a c ito rs  from the  load were found to  become forward b ia se d  under 

c e r ta in  o p e ra t in g  cond itions  during  t h e i r  normal o f f  p e r io d .  This was 

found to  occur a t  high speeds above the  synchronous value due to  the  

change in  p o l a r i t y  o f  the  secondary e .m .f .  The reconduction  o f  the 

diodes caused d i s t o r t i o n  o f  the  secondary cu rre n t  and caused a d d i t io n a l  

vo ltages  on the  commutation c a p a c i to r s .  These e f f e c t s  could be 

e l im in a ted  by phase s h i f t i n g  the synchron is ing  angle X . The change o f  

angle X was only achieved manually by using  the  phase advance phase 

r e t a r d  in p u ts  o f  the  secondary e .m .f .  s ig n a l  g en e ra to r .  U nfortuna te ly , 

w h i ls t  t h i s  improved the  cu rre n t  and c ap a c i to r  waveforms i t  was found 

to  adverse ly  a f f e c t  the  power and the c u rren t  o f  both  the  primary and 

secondary w indings. However, u s ing  th e  s ig n a l  g en e ra to r  to  co n tro l  the 

f i r i n g  o f  the  t h y r i s to r s  o f  the  i n v e r t e r  to  be opera ted  a t  any in s t a n t  

gave a very smooth c o n tro l  o f  the  motor speed above, below and through 

synchronous speed. Experimental t e s t s  showed the  machine to  be easy to 

co n tro l  and s ta b le  in  o p e ra t io n  from s t a n d s t i l l  to  approaching twice 

the  synchronous speed.

A simple model o f  the  cu rre n t  source in v e r t e r  s l i p  recovery system 

was proposed in  which the  cu rre n t  source in v e r t e r  was p re sen ted  as a 

c o n t ro l le d  c u rre n t  source in  the  secondary c i r c u i t  o f  the  in d u c tio n  

machine. With the  c u r re n t  source i n v e r t e r  c o n t ro l l in g  the  secondary 

cu rre n t  and i t s  phase r e la t io n s h ip  to  the  primary supply v o ltag e  the  

p re d ic t io n  o f  torque from the model, w ith  the  a id  o f  the  power flow 

diagrams, was r e a d i ly  p o s s ib le .

A simple model f o r  the  Kramer s l i p  recovery system was a lso  

proposed allow ing fo r  the  p re d ic t io n  o f  the  ins tan taneous  d .c .  l in k  

c u r re n t .  A computer program was w r i t t e n  based upon the  s o lu t io n  o f  

equation  (2 .9) in  which a complete a n a ly s i s ,  us ing  F our ie r  s e r i e s ,  was
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adopted to  c a lc u la te  the  t o t a l  and fundamental l in e  secondary cu rren ts  

o f  the  motor a t  d i f f e r e n t  values o f  choke, s l i p  and f i r i n g  ang le .

The t e s t  r e s u l t s  f o r  both the  Kramer and Scherbius systems fo r  

co n s tan t  torque o p e ra t io n  over a wide speed range shows a good o v e ra l l  

e f f i c ie n c y .  The advantage o f  running th e  Scherbius system above the 

synchronous speed i s  th a t  n e a r ly  tw ice the  mechanical power can be 

developed fo r  the  same frame s iz e  o f  the  machine.

A complete an a ly s is  o f  the  upper group commutation c ap a c i to rs  

during  sub- and super-synchronous o p e ra t io n  was p re sen ted  w ith  a 

complete p ic tu r e  o f  the  c a p a c i to r  v o ltag e  and cu rre n t  waveforms during 

the  d i f f e r e n t  commutation s ta g e s .  The e f f e c t  o f  the  synchron is ing  angle 

on the  commutation c i r c u i t  behav iour and the  power flow was a lso  

s tu d ie d .

R esults  gave q u i te  a reasonable  agreement between theory  and 

p r a c t i c e .  In F ig . (7 .1) views o f  the  equipment are shown. Fig. (7.2) 

shows a photograph o f  the  u n iv e rs a l  teach ing  machine and the loading 

r i g  used during  the  t e s t s .

7 .1 .2 .  G enerator Operation w ith  S l ip  Energy Recovery

The optimum cond itions  fo r  s l i p  energy recovery techniques app lied  

to  c o n tro l  o f  the  power flow in  the in d u c tio n  g en e ra to r  driven  by a 

windmill were p re se n te d  and d iscussed .

A paper has been p u b lished  [46 ] in  which a cu rre n t  source in v e r t e r  

was used to  c o n tro l  the  power flow o f  the  in d u c tio n  g en e ra to r .  This 

scheme, in  which the  o p e ra t io n a l  speed was considered  over a range of 

sub- and super-synchronous speeds, proves to  have a conside rab le  

advantages over o th e r  g en e ra to r  schemes. The system does not have the 

s t a b i l i t y  problems normally a s s o c ia te d  with doubly fed machines. The 

power flow and VA c o n s id e ra t io n s  o f  the  Scherbius scheme show th a t



141

commutation
capacitors

in v p f tp r

rectifie r

contr rectifier
bridge

filter choke

(b :

.Fia.(7'1 ) Photographs of th e  experim enta l equipm ent
a -  front view 
b -  back  view

Fig(7 2 ) General  view of the  labora to r y t e s t  rig



-142-

th e re  i s  a d e f in i t e  advantage in  working over an equal range o f speed 

above and below synchronous speed. There is. a t r a d e - o f f  between the 

VA r a t i n g  o f  the  secondary c o n t r o l l e r  and the range o f  On-line power 

recovery  from the  windmill to  the  g r id  system.

Comparison between the  Scherbius and the  Kramer gen era t io n  schemes 

fo r  the  same in p u t wind power shows th a t  the  o v e ra l l  e f f ic ie n c y  and 

power f a c to r  o f  the  Scherbius scheme i s  n e a r ly  constan t over the  e n t i r e  

range o f  the  power recovered.

Experimental r e s u l t s  on a la b o ra to ry  machine d riven  by a d .c .  motor 

to  s im u la te  the  wind tu rb in e  agree q u i te  well with theory  and in d ic a te  

th a t  f u r th e r  work w ith more r e a l i s t i c  machines would be j u s t i f i e d .

7 .2 . L im ita tions  and F urther Work

The o p e ra t in g  speed range o f  the  Scherbius system used in  t h i s  

s tudy  was l im ite d  to  below twice the  synchronous speed due to  the  

sharp in c re a se  in  the  secondary c u rre n t  th a t  occurs as the  commutation 

time in c re a se s  because o f  the e f f e c t  o f  the  secondary e .m .f .  This 

e f f e c t  i s  a se r io u s  l im i ta t io n  to  the  u se fu l  o p e ra t in g  range of the  

equipment and a form o f  f a s t  commutating c u rren t  source i n v e r t e r  could 

be considered  fo r  t h i s  a p p l ic a t io n .  IVhatever a l t e r n a t iv e  type o f  

i n v e r t e r  i s  considered  i t  must be capable o f  reg en e ra t io n  [7, 9 , 53].

( i )  To reduce the  commutation time and hence in c re a se  the  o p e ra t in g  

speed i t  i s  necessary  to  have a small value o f  capac itance  w ith  

l im ite d  c a p a c i to r  vo ltage  j u s t  enough to  commutate the  t h y r i s t o r  

a t  the  maximum load c u r re n t .  This means th a t  p a r t  o f  the  

r e a c t iv e  energy normally s to re d  by the  cap ac ito rs  should be 

d i s s ip a te d  by o th e r  means. In re fe ren ce  [52] a system has 

been d esc r ibed  which uses a high frequency cu rren t  source

in v e r t e r  (HFCSI) in  which p a r t  o f  the  r e a c t iv e  energy i s
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re  tu rned  e i t h e r  to  an a u x i l i a r y  d .c .  source o r  to  the  mains. 

Using th i s  technique i t  i s  p o s s ib le  to  reduce the  commutation 

time by reducing the  time o f  the  l i n e a r  charging o f  Stage A.

I t  should be noted th a t  the  need f o r  t h i s  a u x i l i a r y  c i r c u i t  

w i l l  in c re a se  the  cos t  and complexity o f  the  cu rren t  source 

in v e r t e r .

( i i )  I t  i s  p o s s ib le  to  in c re a s e  the  o p e ra t in g  range using  the  p re se n t  

commutated in v e r t e r  by au to m a tica l ly  c o r re c t in g  fo r  the  

in c re a se  in  the  commutation time by using  the  phase advance/ 

r e t a r d  f e a tu re  in to  the  s ig n a l  g en e ra to r .  With the  a id  of

the  s im p l i f ie d  an a ly s is  p re sen ted  in  the  p revious chap ters  

i t  i s  p o s s ib le  to  s e l e c t  the  values o f  the  capac itance  and 

o p e ra t io n a l  maximum v o ltag e  and c u rre n t  which w i l l  g ive a 

smooth o p e ra t io n  over a wider speed range. I t  i s  hoped th a t  

f u r th e r  work on the  p re s e n t  system w i l l  be c a r r ie d  out on a 

r e a l i s t i c  s l i p  r in g  machine.

( i i i )  The use o f  the  cy c lo co n v erte r  fo r  s l i p  energy recovery has been 

suggested  by many authors  [8, 10, 47, 48]. The n a tu ra l  

commutation c h a r a c t e r i s t i c  o f  the  cyc loconverte r  and i t s  

in h e re n t  a b i l i t y  to  re g e n e ra te  i s  a major f a c to r  in  i t s  

a p p l ic a t io n  to  high power c i r c u i t s  compared with the use o f  

cu rren t  source in v e r te r s  and o th e r  forced  commutated c i r c u i t s .  

The main d isadvantage o f  the  cyc loconverte r  i s  the  l im i ta t io n  

of about 3:1 in  the  r a t i o  o f  i t s  in p u t  and outpu t frequency.

I f ,  however, the  cyc loconve rte r  i s  used fo r  wind genera to r  

co n tro l  in  the Scherbius system ,the  l im ited  ± s l i p  opera tion  

w i l l  mean th a t  the  cyc loconverte r  w i l l  be o p e ra t in g  w ith in  the 

3:1 r a t i o .

The cy c loconverte r  can o pera te  in  a continuous c u rren t
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mode using  re a c to r s  to  l im i t  the  c i r c u la t in g  c u r re n t .  R eac tors , 

however, should be avoided a t  high power l e v e l s .  A l te rn a t iv e ly  

e l e c t r o n i c  cu rre n t  b lank ing  can be used to  i n h i b i t  the  f i r i n g  

o f  the  incoming t h y r i s t o r  group u n t i l  the  cu rre n t  in  the 

outgoing group has ceased. This technique i s  l i a b l e  to  

e l e c t r o n ic  m a l- fu n c tio n  w ith  a r e s u l t  o f  fuse  f a i l u r e .  A 

much improved method [12] has been suggested  in  which the  two 

lay e rs  o f  a d iv ided  winding are  e l e c t r i c a l l y  i s o l a t e d  w ith  one 

being  su p p lied  from the  p o s i t iv e  t h y r i s t o r  group. Although 

t h i s  technique does no t make f u l l  use o f  the  machine windings, 

and thereby  the  ou tpu t o f  a given frame s iz e  o f  the  machine i s  

reduced , i t  does have the  major advantage o f  continuous cu rre n t  

o p e ra t io n  w ithou t the  use o f  r e a c to r s .  I t  i s  suggested  th a t  

such a scheme would provide  a very economic s o lu t io n  to the 

co n tro l  o f  high power wind g enera to rs  and a resea rch  

programme to  s tudy  i t s  o p e ra t io n  should be implemented.
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1 0 .1 .  APPENDIX - Al

Control Logic fo r  the  Forced Commutated In v e r te r  Bridge

For c o r re c t  o p e ra t io n  o f  the  machine a t  both  sub- and super- 

synchronous speeds i t  i s  e s s e n t i a l  th a t  the  in v e r t e r  i s  o pe ra ted  in  

a p r e c i s e ly  defined  way. I f  the  machine i s  re q u ire d  to run a t  sub- 

synchronous speed and o pera te  as a motor then power must flow from 

the  secondary to  the  mains. The f i r i n g  sequence fo r  the  t h y r i s to r s  

to  achieve th i s  i s  shown in  Fig. (10,25.) . Torque w i l l  be produced to 

a c c e le ra te  the  motor and as i t  runs through synchronous speed the 

phase sequence o f  secondary e . m . f . ’s w i l l  re v e rse .  In a d d i t io n ,  to 

m ain ta in  motoring to rq u e ,  the  d i r e c t io n  o f  power flow must rev e rse  

such th a t  energy flows from the  mains in to  the  machine secondary.

The f i r i n g  sequence to  achieve th i s  i s  shown in  Fig. (10.2 la).

I f  the  machine i s  re q u ire d  to  o p e ra te  as a brake o r  g e n e ra to r  

then the  d i r e c t io n  o f  power flow a t  any speed must be re v e rsed . Thus 

the  f i r i n g  sequence fo r  b rak ing  a t  sub-synchronous speed i s  ex ac t ly  

as th a t  shown f o r  motoring super-synchronously  in  Fig. (10.2 b ) .

I t  can be seen in  Fig. (10.2) t h a t  each t h y r i s t o r  i s  f i r e d  over 

a 120° p e r io d .  Note, f o r  in s ta n c e ,  t h a t  t h y r i s t o r  T^ f i r e s  f o r  the  

l a s t  120° o f  -(R-Y) in  Fig. (10.2 a ) ,  bu t  fo r  the  f i r s t  120° in  Fig. 

(10.2 b ) . To achieve the  c o r r e c t  f i r i n g  sequence a t  a l l  times sp e c ia l  

co n tro l  lo g ic  was designed to  i n t e r f a c e  between the  p re v io u s ly  designed 

s ig n a l  g en e ra to r  and the  t h y r i s t o r  ga te  a m p l i f ie r s .  A block diagram 

o f  the  lo g ic  i s  shown in  Fig. (10.3) in  which manual s e l e c t io n  of 

motoring o r b rak ing  i s  shown.

The s ig n a l  g en e ra to r  d esc ribed  in  Ref. [8] , p rovides 180° th re e -  

phase square waves which a u to m a tica l ly  change in  phase sequence 

w hile  the  machine runs through synchronous speed. The s ix  waveform
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g en era to r  produced th re e  outputs  t h a t  are  in -phase  and th re e  ou tpu ts  

th a t  are  in  a n ti-p h ase  with the  RYB in p u ts .

A manually opera ted  switch w i l l  in te rchange  the two th ree -p h ase  

groups fo r  motoring and brak ing  o p e ra t io n .  A decoder then produces 

s ix  120° ou tputs  which then t r i g g e r  ga te  a m p lif ie rs  to each t h y r i s t o r .

The re q u ire d  waveforms fo r  the  i n v e r t e r  lo g ic  are shown in  Fig. 

(1 0 .4 ) .  I t  should be noted th a t  to  achieve c o r re c t  o p e ra t io n  the  

s ig n a l  g en e ra to r  has been synchronised  such th a t  i t s  A ou tpu t s t a r t s  

a t  the  beginning  o f  the  - iv e  h a l f  cycle  o f  B-RCe^) . The 120° decoded 

ou tputs  are shown in  Fig. (10.4 b) f o r  b rak ing  and Fig . (10.4 c) fo r  

motoring o p e ra t io n .  As an example the  c u rre n t  in  e^ i s  a lso  shown 

fo r  the  two o p e ra t in g  modes.

Waveform Generator

This g en era to r  must produce two groups o f  th ree  phase o u tp u ts .

One group i s  in -phase  and the  o th e r  group i s  in  a n t i -p h ase  with the 

th re e  phase in p u t .  An a d d i t io n a l  in p u t  i s  provided  to  in te rchange  the 

two ou tpu t groups when a change o f  o p e ra t in g  mode i s  re q u ired .

The c i r c u i t  diagram to achieve t h i s  i s  shown in  Fig. (1 0 .5 ) .

Each inpu t i s  b u ffe re d  to  produce non in v e r te d  and in v e r te d  outputs  

by means o f  a 74367 Hex b u f f e r  and 7407 Hex in v e r t e r .  A 74157 quad 

2 - in p u t  m u lt ip lex e r  i s  added to  enable  remote switch s e le c t io n  o f  the 

op e ra t in g  mode. Thus the  A and Â ou tpu ts  a re  square  waves which 

may be s e le c te d  to  be in -phase  or a n t i -p h ase  w ith  the  in p u ts .  Two o ther  

such c i r c u i t s  a re  p rovided  to  genera te  B, B and C, C o u tp u ts .

Decoder and Gate A m plif ier

The c i r c u i t  o f  th e  decoder and ga te  a m p l i f ie r  i s  shown in  Fig. 

(1 0 .6 ) .  A combination o f  two square-wave forms genera ted  from the
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the  waveform g e n e ra to r ,  a re  connected to  an AND gate  to give the  

d e s ired  120° conduction p e r io d  fo r  the  t h y r i s t o r s .

As the  120° conduction pe riods  e x i s t  fo r  a range o f  time from 

6.667 m sec  to  an i n d e f in i t e  time depending upon how long the machine 

opera tes  a t  synchronous speed. I f  p u lse  transfo rm ers  are  to  be used fo r  

gate  i s o l a t i o n  then a " c a r r i e r "  system must be p rov ided  to  p reven t core 

s a tu r a t i o n .  To achieve th i s  a clock g e n e ra to r  o p e ra t in g  a t  330 KHz 

i s .g a t e d  by the  decoded 120° ou tpu t ( i . e .  A.B ) .

The 120° modulated ou tpu t i s  then  fed to  a VMOS power F.E.T. used 

to switch the  p u lse  transfo rm er. The sw itch ing  speed o f  the  VMOS 

depends upon the  clock frequency " c a r r i e r "  app lied  to  i t s  ga te .  The 

d ra in  ou tpu t o f  the  VMOS i s  then connected to  the  prim ary winding o f 

the  f e r r i t e  cored p u lse  tran s fo rm er  to  o b ta in  e l e c t r i c a l  i s o l a t i o n  

between the f i r i n g  c o n tro l  lo g ic  c i r c u i t  (Decoder) and the t h y r i s t o r  

ga te .

To ensure  t h a t  the  core i s  defluxed during the  VMOS o f f  pe r iod  

a flywheel diode in  s e r i e s  with a zener diode i s  connected across the 

primary winding. By making the  Zener v o ltag e  equal to  the  e le c t ro n ic  

supply v o ltag e  the secondary winding develops b a s i c a l l y  a square-wave 

a . c . ,  which i s  then r e c t i f i e d  by high speed Schottky r e c t i f i e r  to 

provide u n id i r e c t io n a l  gate c u r re n t .  The usual design  techniques are 

used to  determine the  value o f  the  s e r i e s  gate  r e s i s t o r .  Pulse 

transfo rm er design  was extremely simple as only a few tu rns  were 

re q u ired  to  ensure th a t  s a tu r a t i o n  d id  no t occur a t  the  c a r r i e r  

frequency.

Decoder M odification

U nfortunate ly  an o p e ra t io n a l  d i f f i c u l t y  was observed due to  the  

inher: n t  design o f  the  s ig n a l  g e n e ra to r  . Extra  pu lses  were observed
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a t  both  the  lead ing  and t r a i l i n g  edges o f  the  180° ou tpu t s ig n a ls  

as shown in  Fig. (1 0 .7 ) .  The e x t r a  p u lses  occur because the  counter 

accepts couht-up and count-down in p u ts  and the d i r e c t io n  o f  counting 

i s  determined by which count in p u t  i s  pu lsed  when the o th e r  count inpu t 

i s  high [8 ] . Thus the  decoded 120° ou tpu t w i l l  be a f f e c te d  by th i s  

in h e re n t  d isadvantage  which r e s u l t s  in  an overlap  o f  the  consecu tive  

outpu ts  i . e .  T^ , Tg as shown in  Fig. (1 0 .7 ) .  The decoded 120° 

o u tp u t ,  t h e re fo re ,  do no t have e x a c t ly  defined  edges, the  r i s i n g  and 

f a l l i n g  edges occur no t a t  a p o in t  b u t  over a sm all reg io n . This w i l l  

cause a m a l-fu n c tio n  , o f  the in v e r t e r  as the  outgoing t h y r i s t o r  T  ̂

i s  r e - t r i g g e r e d  a f t e r  be in g  commutated by the  in-coming t h y r i s t o r  T^ .

To overcome th i s  d i f f i c u l t y ,  the  decoder lo g ic  c i r c u i t s  have been

m odified . The decoded ou tpu t i s  connected to  a CMOS dual monostable 

m u l t iv ib ra to r  type CD409 8B in  s e r i e s  w ith  an OR gate  as shown in  

Fig. (1 0 .8 ) .

To c o n tro l  p r e c i s e ly  the  decoded 120° outpu t the  two p a r t s  o f  the 

monostable have been used to  prov ide  a delay p e r io d  a t  both the  leading  

and t r a i l i n g  edges o f  th e  decoded o u tp u t .  Fig. (1 0 .9 ) .  As the  monostable 

i s  connected in  a r e - t r i g g e r a b le  mode then the  time delay t ^  w i l l  

occur a f t e r  the  l a s t  r i s i n g  edge a t  the  beginning o f  the  waveform and 

a f t e r  the  l a s t  f a l l i n g  edge a t  the  end o f  the  waveform. The Q output

o f  mono 1 p reven ts  o p e ra t io n  of mono 2 a t  the  beginning  o f  the  120°

p e r io d .  S im ila r ly ,  the  Q ou tpu t o f  mono 2 p reven ts  o p e ra t io n  o f  

mono 1 a t  the  end o f  the  120° p e r io d .  Fig. (10.10) shows the  complete 

lo g ic  c i r c u i t  diagram o f  the  modified decoder.
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APPENDIX A2.

SOLUTION OF THE STEADY STATE D.C. CURRENT IN THE LINK.
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APPENDIX A2.

S o lu tion  o f  the  Steady S ta te  d .c .  Current in  the  Link

From the s im p l i f ie d  model shown in  F i g . 2.1 the  s teady  s t a t e  

equation  i s  in  the  form given by

V, + e = I , ^ ,  2R + (2L + L Jdr ac  ( t )  e e f  d t

 ̂Vt")
^dr + \  sin(wt+ cj)) = % + L (10.1)

where i s  the  maximum rms supply v o ltag e  v o l t s

R = 2R  ̂ = machine s e r i e s  e q u iv a len t  r e s i s t a n c e  r e f e r r e d  to

d .c .  l in k  s id e .  ohm

2L^ = machine s e r i e s  e q u iv a len t  reac tance  r e f e r r e d  to  d .c .

l in k  s id e .  mH

L^ = Choke reac tan ce

(j) = y  + a , a i s  f i r i n g  angle arid i s  de fined  as shown in

Fig. (10 .11) .

V  = 1-35 sEzo Volts

^1 ( t )
hence V, + V (s in  cot cos (p + cos cot s in  (}>) = I , . .  R + L —vr—  dr  m ( t j  a t

( 1 0 . 2)

Using Laplace t ra n s fo rm a tio n  to  so lve  the  above equation

so Vm ^ cos (j) + _ s in  (f) I + —̂  = R i , .  + LP i ,  . - L i

CIO.3)
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V a.c. mains

reef, voltage V

Fig.(10-11 ) Voltage conditions during inversion
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thus

^(P)

V
0 ) cos (|) + p s in  (|) 
(P+R/L)«(P^+ w^)

^dr
PL(P+ (P + I?

(10 .4 )

Let ^ “ T  “ time constan t

re a r ran g in g  equation  (10.4)

V
so 1

Cp)

B P+C

(P+a) (pZ+uf)
dr (o)

PL(P+a) (P+a)
(10.5)

s o lu t io n  f o r  the  constan ts  A , B and C gives

w cos (p - a s in  
(a^ + w^)

B = - A

s in  é + —a
(JL) cos (j) - a s in  

(1 + w^/a^ )

( 1 0 . 6)

= s in  4 + a A

so 1
m

(P)

A P

(P+a) (P^+co^) (P^+o)^)

i (o )
P L (P+a) ' (P+a) (10.7)

by tranform ing  equation  (10 .7  ) to  time domain, the  in s tan tan eo u s  

d .c .  l in k  c u rre n t  w i l l  be given by:

Vdr
( t )  2R

-at^ m 
t 2 L

- a t
(1 - e " " ) ^ oT +L") |_ ^ ® - A. cos (Dt + —  s in  wt

- a t ( 10 . 8)
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where A and C are  as defined  above.

A computer program was w r i t t e n  to  so lve  num erica l ly

equation  (10.8) fo r  d i f f e r e n t  values o f  s l i p  and f i r i n g  ang le . To 

in v e s t ig a te  the  harmonic con ten t o f  the  d .c .  cu rre n t  in  the  l in k  and 

the r .m .s .  secondary c u rre n t  a t  any p a r t i c u l a r  s l i p ,  a F o u r ie r  an a ly s is  

was a lso  c a r r ie d  out u s ing  the  d i f f e r e n t  su b -ro u t in e s  a v a i la b le  from 

the  computer l i b r a r y .  The p re d ic te d  r e s u l t  f o r  d i f f e r e n t  va lues  o f  

choke are  shown in  Chapter 2.



APPENDIX A3.

SERIES EQUIVALENT CIRCUIT OF THE INDUCTION MACHINE,
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APPENDIX A3.

S e r ie s  e q u iv a len t  c i r c u i t  o f  the  in d u c tio n  machine

The development o f  the  complete e q u iv a len t  c i r c u i t  o f  induc tion  

machine follows in  a s im i la r  manner to  the development o f  an eq u iva len t 

c i r c u i t  f o r  a th ree -phase  tran s fo rm er .  The exact e q u iv a len t  c i r c u i t  p e r  

phase o f  a polyphase in d u c tio n  machine a t  s t a n d s t i l l  w ith  the  secondary 

winding impedance r e f e r r e d  to  prim ary is  shown in  Fig. (10 .12).

Applying Thevenin 's  theorem to  prim ary c i r c u i t ,  in c lu d in g  the 

m agnetising  impedance, the  c i r c u i t  can be rep laced  by a s in g le  

e q u iv a len t  v o ltag e  E^g in  s e r i e s  w ith  e q u iv a len t  impedance. Fig. 

(1 0 .13 ) ,  such th a t

'TS
(Ri + j x p  
Rl + j

CIO.9)

C-Xi x^ 4. jR, X„)(R, - j X , JI m' 10 '

Kl+%10

ohm (10.10)

hence TS ohm (1 0 .II )

The eq u iv a len t  v o ltag e  E^^ i s  then

jX
IS V m v o lt ( 1 0 . 12)

In genera l  (X  ̂ + X^) i s  much g r e a te r  than

hence m
'IS v o l t (10.13)
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R? sXo 
M  rY Y l

Fig.(10.12) Equivalent circuit of the induction machine

a) air gap referreci t o  secondary side

Fig.(10-13) Dahvation of The venin equivalent circuit:

a) Usual circuit. .

b)Thevenin equivalent. Xg = sX^ ^

Rg = Ry  ̂ + R^
&

L e = - &
2n:f
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E valuation  o f  the  values  o f  and were found

from the  r e s u l t s  ob ta ined  from the  open and s h o r t  c i r c u i t  t e s t s  c a r r ie d  

out on the  machine. The r e s u l t  o f  the  t e s t s  on the  2Kw U niversal 

Teaching Machine used g ives:

‘' l .1956

h = 0.0975 ÇI

= 2.64 Ü

= 0.0414 n

= 0.0975 n

6 5.5

The e q u iv a len t  s e r i e s  impedance was used in  computer programs in  

p re d ic t io n  o f  the  d i f f e r e n t  powers in  the  machine winding.

Computer Programmes L is t

For the  Kramer system the computer program to  p r e d ic t  the  p e r f 

ormance as a motor under co n s tan t torque i s  l i s t e d  in  program ^(-2 )* 

For the  cu rre n t  source i n v e r t e r  c o n t ro l l in g  the  machine a lso  under co

n s ta n t  torque i s  l i s t e d  in  program

The p re d ic t io n  o f  the  t o t a l  commutation time and the cond itions  

fo r  c o r re c t  o p e ra t io n  o f  the  commutation c i r c u i t  are  l i s t e d  in  program 

. The e f f e c t  o f  the  synchron is ing  angle X on the  c a p a c i to r  

i n i t i a l  vo ltage  and commutation time i s  a lso  inc luded  in  t h i s

program.

The computer programs to  p r e d ic t  the  performance o f  the Kramer and 

c u rre n t  source  i n v e r t e r  f o r  the  a p p l ic a t io n  o f  wind energy s l i p  recovery 

are  l i s t e d  in  program 5a and 5b . In th i s  program the  in p u t 

mechanical power was considered to  vary  w ith the cube o f the  s h a f t  speed,



COMPUTER PROGRAMS LIST



[ Program Rj ]

PROGRAM NEW(INPUT,  OUTPUT,TA PEI , TAPE2 = 0UTPUT)

C " THIS PROGRAM GIVES THE EXCAT SOLUTION OF THE
C D. C.  CURRENT FLOWING IN THE LINK USING THE PROPOSED
C SINGLE PHASE MODEL".
C * FOURRIER ANALYSIS IS ALSO PROVIDED *
C

COMMON / CONS T/ P I , RE, DE, E 2 , V I , DLE, ER, EPS I , ALPAM, SLIP, PHI , ALPA 
COMMON RKl , RK2, RK3 , RKA, U, W, TX, T1 , T2 , T3 , TA  
DIMENSION h ( s à ) , T Î ( 8 0 )
CALL PAPER( l )

C
S S P = 0 . 8 5
SLI P=ABS( SSP)
DO 10 J = 1 , 9  
V l = 2 4 0 . 0 * l . 4 1 4 2
P I = 4 . 0 * A T A N ( 1 . 0 )
W=100 . 0*PI  
R l = 3 0 . 2 5 * 0 . 1 9 5 6  
R2 = 3 0 . 2 5 * 0 . 0 4 1 4  
RE=2 . 0 * ( R1 +R2 )
XI = 0 . 0 9 7 5 * 3 0 . 2 5  
X2 = X1
DE= 2 , 0 * ( ( Xl + X2 ) / W)
DLF=4 7 . 0 E- 0 3
DLE=( DE*SLIP) +DLF
E 2 = 1 9 S . 0
ER=1. 35*SSP*E2
EPS I = AS I N( ER/ 2 4 0 . Q)
ALPAM=2. 0944+( EPSI )
ALPA=1. 8 6  

5 PHI=ALPA+1. 0 4 7
C
C . ♦♦*  NEW SECTION OF PROGRAM ***
C

CALL CURRENT(CMAX , CAV,CRMS, CFUND)
C ♦** END OF NEW SECTION OF PROGRAM *♦*
C **♦  ALL CURRENT VALUES NOW AVAILABLE ***
C

ALAPD=57. 29*ALPA 
THETD=5 7. 29*( ALPAM- ALPA)

CRAT=3. 5
CCDIF=CRAT-CFUND

I F ( C C D I F . L T . 0 . 0 )  GOTO 15 
IF ( C C D I F . GT . 0 . 0 6 )  GOTO 20  
WRITE ( 2 , 3 5 )  PHI, ALAPD. THETD, SLIP 
WRITE ( 2 , 3 0 )  CMAX.CAV,CRMS.CFUND 
WRITE ( 2 . 4 0 )  CAV, CRMS CFUND,CCDIF 
IF ( CFUND. LT. 0 . 0 )  GOTÔ 25

CALL EXCAT(CFUND, CAV, ALAPD, SLIP, J)

S L I P = S L I P - 0 . 2 5  
IF ( S L I P . L T . - l  . 0 )  GOTO 25 

10 CONTINUE

15 ALPA=ALPA+0. G11 
GOTO 5

20  ALPA=ALPA- 0. 0 0 9 6

GOTO 5

25 CALL FRAME 
CALL GREND 
STOP

30 FORMAT ( / / / "  MAXIMUM CURRENT = " . F 7 . 4 / "  AVERAGE CURRENT = " , F 7 . 4 / "  
1 RMS CURRENT = " , F 7 . 4 / "  FUNDAMENTAL CURRENT = " , F 7 . 4 / / / >

35 FORMAT ( 2 0 X, 4HPH1= , F 6 . 4 , 4 X, 6HALAPD=, FI 0 . 5 , 3 X, 6HTHETD=, F l 0 . 5 , 8 X, 5 H3 
1 L I P = , F 6 . 4 , / / )

40 FORMAT ^ 5 X. 6HCURDT=, F l 0 . 4 , 3 X , 6HCRMST=, F l 0 . 4 , 3 X, 6HCRMSF=, F l 0 . 4 , 1  OX, 
i 6HCCDIF—, F i O . 4 , / / )

END
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SUBROUTINE CURRENT( CMAX, CAV, CRMS, CFUND)
DUMMY=0.0
CMAX=CURMAX( DUMMY)
CAV=CURAV(DUMMY)
CRMS=CURRMS( DUMMY)
CFUND=CURFUND( DUMMY)
RETURN
END
FUNCTION CURFUND(DUMMY)
DIMENSION T ( 2 0 4 8 )  , C( 2Q4S)  , AA( 2 0 4 8 )  . BB( 2 0 4 8 )  , IW0RK(2Q)
COMMON RK1, RK2 , RK3 , RK4 , U, W, TX, T1 , T2 , T3 , T4  
LOGICAL I nOe RS

C
C ------- FOURIER ANALYSIS
C

NPTS=512
NMAX=2048
N=NPTS
BBB=0. 0

C
5 DTX=T4 / ( NPTS- 1 )

DO 10 I =1, NPTS  
T ( I ) = ( I - 1 ) * D T X  
C ( I ) = C U R R ( T ( I ) )

10  CONTINUE 
15 N2=NPTS/ 2

DO 20 I = 1 , N2  
A A ( I ) = C ( I )
B B ( I ) = C ( N 2 + I )

20  CONTINUE
M = IFIX CALOGIO(FLOAT(NPTS)) / ALOGl0 ( 2 . 0 ) + 0 . 1 )
M1=M*2 
N1=N2+1  
INVERS=. FALSE.
IF (NPTS. EO. N)  GOTO 25
IF ( A B S ( ( B B B - B B ( 2 ) ) / B B ( 2 ) ) . L T . G . O l )  GOTO 30  

25 BBB=BB(2)
NPTS=NPTS*2
IF (NPTS.LE.NMAX) GOTO 5
NPTS=NPTS/ 2
WRITE ( 2 , 3 5 )

30  CONTINUE
CFRMS=BB( 2 ) / S0 RT( 2 . 0 )
CURFUND=CFRMS
RETURN

35 FORMAT ( / / / "  REQUIRED ACCURACY IN FOURIER ANALYSIS NOT"," OBTAINED 
END

FUNCTION CURMAX(DUMMY)
COMMON RKl , RK2 , RK3 , RK4 , U, W, TX, T1 , T2 , T3 , T4  
COMMON / CONS T/ P I , RE, DE, E i , V I , 5 l E , ER , EP S I ,, ̂ . , . . . . _____. ALPAM, SLIP, PHI , ALPA

C CALCULATE CONSTANTS
C

U=RE/DLE
A= ( W* COS ( PHI ) - U* S I N( PHI ) ) / ( U* * 2 + W* * 2 )
RK1=V1/DLE*A
RK2=V1/ DLE*( SI N( PHI ) +A*U) / W 
RK3=ER/RE

C
TX= P I / ( 3 . 0 * W)
T2=TX/ SLIP
T1 = 2 . 0 * T 2
T3=T1+T2
T4 = T 3 * 2 . 0
C1=EXP( -U*TX)
C 2 = l . 0 - Cl

C
RK4=( RK1*C1-RK1*C0S(W*TX)+RK2*SIN( W*TX) ) / C2+RK3
RI0=RK4

C
C FIND MAXIMUM CURRENT VALUE
C

X l = T 2 / 2 . 0
X2=TX+X1
CMAX=0.0
D X = ( X 2 - X 1 ) / 5 0 0 . 0  
DO 5 1 = 1 , 5 0 0  
XX=X1+FL0AT(I)*DX 
CC=CURR(XX)
IF (CC.GT.CMAX) CMAX=CC 
IF (CMAX. GT. CC+Q. 0 1 )  GOTO 10 

5 CONTINUE 
10 CURMAX=CMAX 

RETURN 
END



'  ^ 3

FUNCTION CURAV(DUMMY)
COMMON RKl , RK2 , RK3 , RK4 , U, W, TX, T1 , T2 , T3 , TA  
EXTERNAL CURR 
T0 = T 2 / 2  . 0  
TXO=TX+TO
CAV=SI MI NT( CURR, T0, TXO, O. O01) / TX
CURAV=CAV
RETURN
END

■ FUNCTION CURRMS(DUMMY)
COMMON R K l , R K 2 . R K 3 , R K 4 , U , W, T X , T 1 , T 2 , T 3 , T 4  
EXTERNAL CÙRRSÔ '
T 0 = T 2 / 2 . 0
CRMS=SQRT( SI MI NT( CURRSQ, TO, T3, O. OD1) / T3)
CURRMS=CRMS
RETURN
END

FUNCTION CURR(TIME)
COMMON R K l , R K 2 , R K 3 , R K 4 , U , W, T X , T 1 , T 2 , T 3 , T 4  
T = T1ME- T2/ 1 ' . 0  .
IF ( T . L T . 0 . 0 )  T=T+T4  
I =1

5 IF ( T . L T . T 3 )  GOTO 10  
T=T- T3  
1 =  1 +  1 
GOTO 5 

10 IF ( T . G T . T l )  GOTO 25  
15 IF ( T. LE. TX)  GOTO 20  

T=T-TX 
GOTO 15  

20 CONTINUE
C1=EXP( - U*T)
C= RK1 * ( C1 - C0 S ( W* T ) ) + RK2 * S I N( W* T) + RK3 * ( 1 . 0 - Cl ) + RK4 * Cl  
IF ( C . L T . 0 . 0 )  GOTO 25  
IF ( ( I / 2 ) * 2 . E Q . I )  C=-C 
GOTO 30  

25 C= 0 . 0  
30 CURR=C 

RETURN 
END

FUNCTION CURRSQ(TIME)
F = CURRt;TIME)
CURRSO=F*F
RETURN
END

FUNCTION SI MI NT( FUN, A, B, ACC)
N — 4 
N02=2
H 2 = ( B - A) / F L 0 AT ( N)
FAB=FUN( A) +FUN( B)
X2=A+H2
X3=X2+H2
X4=X3+H2
EVEN=FUN( X2)+FUN( X4)
0DD=FUN(X3)
S 2 = ( F A B + 4 . * E V E N + 2 . * 0 D D ) * H2 / 3 .

5 H = H2 
H2=H*. 5  
N02=N02+N02  
0DD=EVEN+0DD 
X=A+H2 
EVEN=FUN(X)
DO 10 1 = 1 , N02  
X = X + H
EVEN=EVEN+FUN(X)

1 0  CONTINUE 
S1 =S2
S 2 = ( F A B + 4 . * E V E N + 2 . * 0 D D ) * H2 / 3 .
IF ( A B S ( S 1 / S 2 - 1 ) . GT. ACC)  GOTO 5 
E R R 0 R = ( S 2 - S 1 ) / 1 5 .
SIMINT=S2+ERR0R
RETURN
END
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P r o g r a m

r i  r.E\'S2 Or.' i  S U S )  . rCS : 1 S ' , F T OF F1 S > , F I P T i 1 S > . Cl'PF; i 1 S ' , CuF ; : S i 
: 1,'lEPSlON F i vT t 1 S ) , SE < 1 Û.) , PIE (.1Û . ,FVE'.1Û> , TCE' l O,  , C- E c  0 / 
CALL CTRSI Zi 3)
CALL Cï RSETd. »

C
C
c
C THIS PROGRAM IS TO CALCULATE THE PERFORMANCE OF
C IfrDUCTION MACHINE COfJT ROLLED BY SOLID STATE KRAMER CONN
C ETED TO ROTOR CIRCUIT .
C " THE SYSTEM IS RUN'NING AS A MOTOR " . "SPEED CONTROL".
C FOR THE ANALYSIS SEE THE LATEST NOTE "Al .  A2.  A3.  A4. "
C K. A. NIGIM
C VARIABLES:Q
C SECONDARY' CURRENT (CUR) = CURl + J CUR2

CUR=(CRMSFT/ (SORT( 3 . 0 ) ) )
CURR(J)=CRMSFT
CDPH=(CCS(ALAPD*. 0 1 7 4 5 ) ) / ( S L I P * . 65)
DPH=ACOS(CDPH)* 5 7 . 2 9 * . 7 6  
PH I = 9 0 . 0  
SLI PE=ABS( 3LI P)
SS ( J ) =SLI P  
FACT=Q. 9 0 6 9 7  
PHI 2 =PHI * 0 . 0 1 7 4 5 5  
CUR1=( CUR*C03( PHI 2) )
CUR2=CUR*SIN(PHI2)

C
C
C MACHINE PARAMETERS:
C......................... .......................................................

V I = 3 6 . 0  .
B.ET = S.  5 
R1= 0 . 1 9 5  6 
XI =0. 0975■
R2 = 0 . 0 4 1 4 + ( BET* * 2 )  
X2=X1*( BET**2) *SLI PE  
X0 = 2 . 6 4  
X10=X1*X0

Z e M = R1* *2+ XI 0* * 2
R E = ( R 1 * ( X 0 * * 2 ) ) /ZEM
XE=( XO*( R1* * 2 + ( X I * X 1 0 ) ) ) /ZEM

VTH=V1*( X0/ SORT( ZEM) )
VTHK=VTH*BET 
RK=( RE*( BET**2) ) +R2  
XK=( XE*( BET**2) ) +X2  

C DC VOLTAGE
C

V DRP R= ( CUR1 * RK ) -  ( CU R2* XK )
V D R PI = ( CU R2* RK ) + ( CU R1 * X K )
EKR=VTHK-( VDRPR)
EKI=VORPI
EKM=S0RT(EKR**2+EKI**2)
WRITE ( 2 , 2 5 )  VDRPR, VDRPI, EKI, EKR, EKN

C
c

CURE1=CUR1*BET
CURE2=CUR2*BET

C
EER = VTH-(CURE1*RE)  + (CLIRE2*XE)
EE1 = (CURE1 *XE) + (CURE2*RE)
EE = SORT (EER**2 + EE-1**2)
CURO=EE/XO
CURPi=CURO-CUREl
CURP2=-CURE2
CURPP = SQRT( CURPl **2+CURP2* * 2 )
PHIP = ATAN( CURF2/CURP1 )
THSTT = 60 .  0 - A B S ( PHIP + 5 7 . 2 9 )  
PFP=C03(THSTT)
CURP( J) =CURPP*1. 7 3 2 * 0 . 4

C
c
c ....................................
C DC POWER

CURDC=(CRMSFT/Q. 78)
C0MK=0. 9 5 4 9 * 2 . 0 * XK 

C CO.MK IS THE DROP DUE COMFiUTATION.
VDC= (1 . 35* EKM* SL I PE) -  COMK* CURDC >
DC( J)=CURDC 
VDCP(J)=VDC 
F DC = VDCP( J)  ̂CURDC



PI POf: = -i 20 .  0 
PLU: =3 . 0*CURFP, »1«R1
Pi t.’V£ = 3 . C* cur.^ Eiu ,+ SL I P* C05 (1 . E 7 - PH I 2* 0 . 2 j
P CU2 = 3 . 0 * CUP ; * : ' R2
PEEC = PII>'VS* PCU2
PINv' = -P[.C
PR6=PSEC/ 5L1P
P1NPT=PRG+PIPGN+PCUl
PI NT( J) =PI NPT
P F A Cl = P I r; V /  <: 3 . 0 * C U R » 2  ̂0 . Ü )
alpa = a c o s >:p f a c i  > . 29
PFEEC = PEE<:/ ( 3 . û* CuR; EKN» 5 LI P)
IF ( PF EE C. G T .1 . Û) PF EE C = 0 . 9 9 9  
GAMA = ACC£ (. P F S EC; * E7 . 2 9
WRITE (' 2 , 3 0 )  PF A Cl , ALPA,  PF EEC, GAMA , CLPH , DPH 

P 0 = ( 1 . 0 - S L I P ) ^ P R G
t c p o=<:p r g ) / i e 7.  0
IF <; TORO. LT . 0 . 0 )  GOTO 20 
T[)C( J)  = TORQ

IF I S L I P . L T . 0 . 0 )  GOTO S 
PI VT ( J)  =PlTC-PCU2 
PFACI=COS( PHI2)+FACT 
POEi; J)=PO
PTOP(J)=PO£' ;  J)  + P I v T ( J )
PIPTCJ) =PI NPT  
•oOiC lO 

5 PI VT( J) =PDC- PCU2  
POb<:j) = PO
P I PT ( J ) = F I NPT" AE-S (PIVT ( J ) )
PTOP( J) =POS( J)
PFACI=CO£( PxI 2 ) *FACT

"10 CALL PEPACE( 0 . 2 5 . 0 . 7 , 0 . 5 5 , 0 . 5 )
CALL MAP-O. 0 , 0 . 9 , j . O , i t O O . O ,
CALL AXES 
CALL BORDER
CALL PC'S I T N <: 5 E ( J ) . PI vT ( J j )
CALL TYPENC '03. ,
CALL POSITNI B E ( J ) , P I N T ( J ) )  
call  TVPENC(C'1<

CALL PL0TC5( 0 . 0 5 , 1 5 0 0 . 0 , " !  > INPUT POWER". 1 5 )  
CALL PLOTCS( 0 . 0 5 , 1 3 2 0 . 0 , " 3  > INVERTER POWER",18)

E  ̂C( J ) = ( PTOP( J ) / P1 PT( J ) ) *  i  0 0 . 0  
CALL PS PACE( 0 . 7 . 0 . 9 5 , 0 . 1 , 0 . 4 )
CALL MAP'0 . 0 , 0 . 9 , 0 . 0 , 1 0 0 . 0 )
CALL AXES 
CALL BORDER .
CALL P O S I T N ( S S ( J ) , E F C ( J ) )
CALL TVPENC(03)
CALL PLOTCS( 0 . 4 , 3 0 . 0 , " 3  > EF1 CIENY", 12>

CALL PSPACE( 0 . 4 5 , 0 . 6 5 , 0 . 1 . 0 . 4 )
CALL MAP( 0 . 0 , 0 . 9 , 0 . 0 , 2 6 0 . 0 )
CALL AXES 
CALL BORDER
CALL P O S I T N ( S 5 ( J ) , V D C P ( J ) )
CALL TYPENC(05)
CALL PLOTCS( 0 . 1 5 , 2 4 0 . 0 , " 5  > LINK VOLT. ", 14)

CALL PSPACE( 0 . 1 . 0 . 3 5 , 0 . 1 , 0 . 4 )
CALL MAP( 0 . 0 , 0 . 9 , 0 . 0 , 1 2 . 0 )
CALL AXES 
CALL BORDER
CALL P 0 S I T N ( 5 S ( J )  . TDC( J ) )
CALL TYFENC(30,
CALL P OS I TN( S S ( J )  , CURRCJ))
CALL TYPENC(29)
CALL P OS I TN( S S ( J )  . CURPCJ) )
CALL TYPENC(26,
CALL PLOTCS( 0 . 2 , 1 . 7 , " 3  > TOROE",9)
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DO 1 5 N = 1 . 1 D 
IF CJ . EO. l  ; READ <1 , 6 0 )
CALL PSPACE( D. 2 5 , 0 . 7 , 0 . 5 5 , 0 . 6 )  

.'■'AP ( 0  . 0  . 0  . V , 0  . u  , 1 6 0 0  . u  > 
F 0 S i 7 N ( S E ( N ; , PJ E( N) )  
TYPENC(34>
POSITN(SECrM , PVE(N) ) 
TYPENC(4S)
PSPACE' 0 . 1 . 0 . 3 5 , 0 . 1 , 0  '  
MAP( 0 . 0 , 0 . 9 , 0 . 0 . 5 . 0 )

E ' N ) . P I E i N ) , P V E i N ) , T Q E i N ) , VDE(N)

CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

;

15 CONTINUE

POSITN(SE CN) , TOE( NX) 
TYPENC( 4 5 )
PSPACE( 0 . 4 5 . 0  
MAP'0 . 0 , 0 . 9 , 0  
P OS I TN( £ E( N' , VDE( N) ) 
TYPENC( 4 5 )

6 5 , 0 . 1 . 0  
0 , b6u. u)

A)

20

WRITE WRITE 
W RITE 
WRITE 
WRITE 
RETURN

( 2 , 3 5 )  
( 2 , 4 0 )  
( 2 , 4 5 )
( 2 , 5 0 )
( 2 , b b )

CURPP, V I , P C U l , PFP, PINPT 
PRG, P£EC, PO. TDCi J)
VDCP(J)  , DC( J)  , PÙC, P I V T ( J ) , PFACI 
EFC( J)  '

bU - c
4 0 

4

50
55
60

FORMAT ( 3 0 X . 5 ( F 1 Ü . 5 ) ) 
format  ( £ X , 1 F6 E1 : . 3 . / )
FORMAT i 5 X, 5 HCURP=. F1 0 . 5 , 3 X, 3 MV1  = , F 5 . 2 , 3 X , 5 HP C U 1  = , F 1 0 .  
-  '• 3 X , 5 H P I N F = , F l 2 . 3 , / / ) '  '

( b , sHF RG= , FI 2 . 6 , 2X , 5HPSE C = , FI 2 . 5 , 2X , 3HP0= , Fl  0 .
1 , h 6

FORMAT 
1 , F 1 2 . 6 

FORMAT 
1V=. F l 0

format
t CRMAT 
FORMAT 
END

/  /  J
(5X , 4HVDC = ,F1 0^4 , 3>; ,6HCLIRDC = , Fl  0 .  4 , 3X , 4HPDC= , Fl  
4 , 2 X . <b H h r A I = , P 9 . 6 . / / )
( 5 X , 7 h E F C N C Y = , F 1 2 . 3 , / / )
( 3 5 X , 1 9 ( 1 H + ) 5
( 2 X , F 5 . 2 , 3 X , F f i . 2 , 3 X , F 6 . 2 , 3 X , F 5 . 3 , 3 X , F 5 . 1 )

4 , 3 X ,

4 , 2 X ,

2 . 6 , 2

£HP 

5 HT

F A Cl 

ORQ = 
HP IN
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1 P r o g r a m  ]

PROGRAM CTORT(INPUT,OUT PUT, TA PE2 = 0UTPUT) 
DIMENSION D C ( 1 5 ) . T D C ( 1 5 ) . V D C P ( 1 5 ) , E F C ( 1 5 )
DIMENSION PIPT ( 1 5 )  , P0 S ( 1 5 )  . PTOPd S )  , PTL0 ( 1 5 )
DIMENSION P I V T ( 1 5 ) , S E ( 1 0 ) , P I E ( 1 0 ) , P V E ( 1 0 ) , T Q E ( 1 G )

C
c
C THIS PROGRAM IS TO CALCULATE THE PERFORMANCE OF
C INDUCTION MACHINE CONTROLLED BY CURRENT SOURCE INVERTER CONN
C ETED TO ROTOR CIRCUIT.
C TO USE THE PROGRAM AS KRAMER NOTE PHI2.
C

SLIP = 0 , 6 
DO 25 1=1 ,5 
WRITE ( 2 , 4 5 )
WRITE ( 2 , 5 0 )  I , S L I P  
WRITE ( 2 , 4 5 )
P HI = 9 6 . 0  
DO 20 J = 1 , 3 
WRITE ( 2 , 4 0 )  J . PHI  

C VARIABLES:
C
C s e c o n d a r y ’ CURRENT (CUR) = CURl + J CUR2

CUR=3. 0  
CUR0=13 . 6

C
5 CRMSFT=CUR 

SLI PE=SLI P  
P H1 2 = P HI * 0 . 0 1 7 4 5 5  
DP=1 . 0
IF ( S L I P . L T . 0 . 0 )  PHI 2 = ( PHI + DP) * 0 . 0 1 7 4 5 5  
CURl = ( CUR+COS( P HI 2 ) )
CUR2=CUR*SIN(PHI2)
CURPl=CUR0-CUR1 
CURP2=-CUR2
CURPP=SORT(CURP1**2+CURP2**2)
PHIP=ATAN(CURP2/ CURP1)
THSTT=9G. 0 - A B S ( PHIP+5 7 . 2 9 )
THST=THSTT*0. 0 1 7 4 5 5  
PFST=C0S(TH3T)

C
C
C MACHINE PARAMETERS;

V l = 3 6 . 0  
BET=5. 5  
R l = 0 . 1 9 5 6  
X1=Q. 0 9 7 5
R2 = 0 . 0 8 1 4 * ( B E T * * 2 )
X2=X1*( BET++2) *ABS( SLI PE)
X0 = 2 . 6 4
X10=X1+X0

C
C
C
c ........................................
c

ZEM=R1**2+X10**2  
RE=( R1 * ( X0 * * 2 ) ) / ZEM  
XE= ( XO* ( R1 * * 2 + ( X1 * X1 0 ) ) )/ZEM

C
VTH=V1*( X0/ SQRT( ZEM) ) 
VTHK=VTH*BET 
RK=( RE*( BET**2) ) +R2  
XK= ( XE*( BET**2) ) +X2  

C DC VOLTAGE

VDRPR=(CUR1*RK)- (CUR2*XK)
VDRPI=(CUR2*RK)+(CUR1*XK)
IF ( S L I P . G T . 0 . 0 )  EKR=VTHK-VDRPR 
IF ( S L I P . L T . 0 . 0 )  EKR=VTHK+VDRPR 
EKI=VDRPI
EKM=S0RT(EKR**2+EKI#*2)

CURE1=CUR1+BET 
CURE2=CUR2*BET

EER=VTH-(CURE1*RE)+(CURE2*XE)  
EEI=( CURE1*XE) +( CURE2*RE/  
EE=SORT( EER**2+EEI**2)
EEM=EE
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C
C
Cc ...................................
c DC POWER

CURDC= C(CRMSFT + 1 . 7 3 2 ) / O . 7 8 )
DC(J)=CURDC
VDCC=( 1 . 35+EKM+SLIP)
IF (VDCC. L E . 0 . 0 )  VDC=VDCC+( 5 . 0+CURDC)
IF ( VDCC. GE. 0 . 0 )  VDC=VDCC-(5.Q+CURDC)
VDCP(J)=VDC
PDC=ABS(CURDC*VDC)
P E I = 1 . 5+CRMSFT

C
PER=PEI
PFL=( 0 . 1 7 5 ) * CURDC* * 2
PCU2 = 3 . 0 * ( CRMSFT* # 2 ) *1  . 5 1 2
PSLOS=PEI+PFL
PINV = 3 . 0 * CUR* EKM* S L I P * COS(1 . 5 7 - PH12 + 0 . 2 )  
IF ( S L I P . G T . 0 . 0 )  FSEC=AB3(PINV)+PCU2+PER 
IF ( S L I P . L T . 0 . 0 )  PSEC=ABS(PINV)-PCU2-PER 
IF ( S L I P . G T . 0 . 0 )  PRECT=PINV-PSLOS 
IF ( S L I P . L T . 0 . 0 )  PRECT=PINV+PSLOS

C
PRG=PSEC/ ABS(SLIPE)
P 0 0 = PRG* ( 1 . 0 - S L I P )

C
SPED=(1 . 0 - S L l P ) * 1 5 0 0  . 0
T S H = ( ( P 0 0 - 7 5 . 0 ) * 6 0 . 0 ) / ( 2 . 0 * 3 . 1 4 1 6 * S P E D )  
PO=Q. 1Q472*SPED*T3H

C
TSL=0 2 . 3 9 7 2  
TSG=2 . 5 1 1 4
IF ( T3 H. l t . TSL) GOTO 30  
IF ( TSH. GT. TSG)  GOTO 35

Po s e J ) =PO
TORO=( AB3( P R G ) ) / 1 5 7 . 0  
TDC(J)=TORQ

PCU1=3. 0*CURPP**2*R1
PI R0 N= 1 0 0 . 0

PINPTT=3. 0*CURPP*EEM*C0S(THST)  
PRGP=PINPTT-PIR0N-PCU1  
PINPT=PRG+PIR0N+PCU1  
PFACTl =PI NPT/ ( 3 . 0*CURPP*EEM)  
TRGP=( PRGP/ 157 . 0 )
IF ( T R GP . L E . 0 . 0 )  TRGP=0. 0  
PI VT( J ) =PI NV  
P F A C I = C 0 S ( 1 . 7 5 - P H I 2 + . 2 )
IF ( 3 L I P E . G T . 0 . 0 0 )  GOTO 10
PIPTCJ) =PI NPT+AB3( PI NV)
PTOP( J) =POS( J)  
P TLO( J ) = P I P T ( J ) - P TOP ( J )
GOTO 15 

10 PI PT( J ) =PI NPT
P T 0 P ( J ) = P 0 3 ( J ) + A B S ( P I V T ( J ) )  
P T L O ( J ) = P I P T ( J ) - P T 0 P ( J )

15 EFCNCY=(PTOP ( J ) / P I P T ( J ) ) * 1 0 0 . 0

EFC(J)=EFCNCY

WRITE ( 2 , 8 0 )  
WRITE ( 2 , 8 5 )
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WRITE ( 2 , 5 5 )  CURPl , CURP2, PHIP, THSTT, PFACT1  
WRITE ( 2 , 6 0 )  CURPP. VI , PCUl , PF3T, PINPT, PRGP  
WRITE ( 2 , 6 5 )  PRG. PEEC, P0. TDC( J)  , T3H,TRGP.PRECT 
WRITE ( 2 , 7 0 )  VDCP(J)  ,DC( J)  ,PCU2, -PDC,PEI , R1VT( J)  .PFACI  
WRITE ( 2 . 7 5 )  EFC( J)  , PTLO(J)
P HI = P HI - 8 . 0  

20 CONTINUE

S L I P = S L I P - 0 . 1  
25 CONTINUE 

STOP

30 CUR=CUR+0. 192  
GOTO 5 

35 CUR=CUR-D. 0 9 8 3  
GOTO 5

40  FORMAT ( 1 0 X, I 3 , * ) ) ♦ , 2 X, ♦ PHI2 = * , F 6 . 2 , / )
45 FORMAT ( 3 Q X , 2 2 ( 1 H < ) )
50  FORMAT ( 3 0 X, * ( *  , I 3 , * ) * , 2 X, *SLIP = * , 2 X, F8 . 5 , /  )
55 FORMAT ( 3 X, 1 P5El  4 . 3 . / )
60  FORMAT ( 5 X , 5 HCURP=. F l 0 . 5 , 3 X, 3HVI= , F 5 . 2 , 3 X, 5 HPCUl= , F l 0 . 4 , 3 X, 6HPFACl  

1 = . F 8 . 4 , 3 X . 5 H P I N P = , F 1 2 . 3 , 2 X , * P R G P = * , F 1 2 . 4 , / / )
65 FORMAT ( 5 X, 4HPRG= , F1 2 . 6 , 2 X, 5 HPSEC=, F l 2 . 5 , 2 X , 3HP0=, Fl  0 . 4 , 2 X , 5 HTORQ = 

l . F l l . 6 , 2 X . * T S H = * , F 1 2 . 6 , 2 X , * T R G P = # . 2 ( F 1 2 . 5 ) . / / )
70 For mat  ( 5 X , 4HVDC= , F 1 0 . 4 , 3 X, 6HCURDC=, F10. 4 , z X , 5HPCU2=, F12.  4  , 3X , 4HPD 

1 C = . F 1 2 . 6 , 2 X , 4 H P E I = . F 1 2 . 4 . 2 X , 5 H P I N V = , F 1 0 . 4 . 2 X , 6 H P F A C I = , F 9 . 6 , / / )
75 FORMAT ( 1 5 X, 7HEFCNCY=, F l 2 . 5 , 2 0 X , *TOtAL L0SSES = * , 2 X, F l 2 . 3 , / / )
80 FORMAT (IH )
85 FORMAT ( 1 0 X, 1 4 ( 1 H+) )

END
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PROGRAM MZDKDCINPUT .OUTPUT , T A P E  1 = INFUT, TAPE2 = 0Ui PUT)
C
C WEIGHTED SIMPLEX PROGRAM
C WRITTEN BY W. L. PRICE
C TRANSLATED INiO RORi RAN BY M.D0W30N

C
c 
c 
c
c due  1 0  D I HE COMMUI AT ION FAILER IN THE

THIS PROGRAM HAVE BEe N MODIFIED TO PREDICT THE CHANGE Cl- THE
POWER ANGLE BETWEEN THE SECONDARY C U R R E N T  & PRIMARY VOLTAGE
DUE TO D THE COMMUTATION FAILER IN THE FORCED COMMUTATED INVERTER

C
c MR. KHALED A NIGIM
C LEICESTER UNIVERSITY ENGG. DEPARTMENT
C
c

DIMENSION V ( 3 , 4 ) , U ( 3 . 4 ) , X ( 2 ) i F ( 2 ) . T E T ( l O )  
COMMON / CONS T/ 5 , WO, Ri , C, DL, St O , SWS , C3 2 , RI C3 2  
COMMON / TERMS/ Tl l  , T l 2 , T l 3 , f l 4 , T l 5 , T21 , f 2 2

C
c DIMENSIONS ARE SET AS FOLLOWS

V( N- d , 2N)  , U( N + 1 , N + 2) . XCN)  , F( N)
WHERE N=NO. OF VARIABLES AND FUNCTIONS

Cc
C
C SET I / O STREAMS
C

IN = 1
I0UT=2
C = 3 0 . Ü E - Ü 6
WRITE ( i 0 U T , 1 6 0 )  C
WRITE ( I  OUT. IBS)
WRITE ( I 0 UT, 2 0 G)

C SET N AND STARTING VALUES OF VARIABLES X(N)
C

N = 2
NPl =N+1  
NP2=N+2  
N2=N*2  
DO 5 1 = 1 , N 
X( 1 ) = 1 . ÜE-Û3  

5 CONTINUE
C
C SET ZONE SIZE AND ACCURACY
C

Z = AB S ( X( 1 ) )
ACC=1. OE- 06

C
C S LOOP

R I = 2 . 5
C
C
c
C   AMDATIS THE ANGLE OF PHASE SHIFT ( + IVE FOR
C   RETARD ANGLE i  -  IVE FOR ADVANCE) .
C

S = 0 . 8 1
DO 80 IS = 1 , 13  
WRITE ( I  OUT, 2 2 0 )  S 
WRITE ( I 0 U T , 1 7 0 )

C
C CALCULATE CONSTANTS
C

E G= 3 4 3 . 0
WS = 3 1 4 . 1 6

C
SL=AB3( 3 )
DL = 2 5 . 0 E - 0 3  + ( S L * 6 . 5 8 8 E- 0 3 )
W0 = ( 1 . 0 / ( SQRT( DL*C) ) )

C
SE0=AB3( 3+EO)
SWS=ABS(S*WS)
C5 2 = C* 1 . 5  
RI C3 2 = RI / C3 2

C
C CALCULATE FUNCTION VALUES AND PRINT THEM
C

CALL FUNCT( X. F, N)
WRITE ( 2 , 2 2 5 )
WRITE ( I 0 U T , 2 0 5 )  ( I , X ( I ) , I , F ( I ) , I = 1 , N)

C OUTPUT ZONE SIZE AND ACCURACY REQUIRED
C

WRITE ( I 0 U T , 2 1 0 )  Z,ACC
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c CALL SIMPLEX ROUTINE
C

CALL WS KPLX( X, F , N, V, U, NP1 , NP2 , N2 , Z, ACC)

C OUTPUT SOLUTION VALUES
C
C " POWER FACTOR , THETA, CALCULATIONS "
C NOTE: THE RESULTS IS SHOWN IN TABLÉ( l )  IN CHAPTERlZ) .
C

W00=2. 0 / ( 3 . 0*W0*C)
IF (X ( I ) . LT. 0 . 0 )  X ( 1 ) = 0 . 0
IF i X ( 2 ) . L T . O . O )  X ( 2 ) = 0 . 0
IF ( X d )  . LT. O. O. AND.  X( 2)  . LT. O. G)  GOTO 70  
CALL FUNCTi X, F, N)

C
C

IF ( S . L T . O. Q)  GOTO 10  
VCT2=W0 0 * ( T1 1 +( T1 2 * T1 3 ) )
VCAP = 0 . 5* ( Tl 5 + VCT2) )
WAVE = SE0*3IN( SWS*X d ) )
CHARGE=T15
CHECK=-<VCAP)+T1S+WAVE 
GOTO 15

C
C
C
C
C
C
C
C

10 VCT2 = W00*<: T11- ( T12*T13)  )
VCAP=0. 5 * ( T l 5+VCT2)
WAVE=- SEO*SI N( ( 5US*X( 1 ) ) + 0 . 0 6 7  2)
CHARGE=T15 
CHECK=VCAP-Tl5-WAvE 

15 THET= ( X( l ; +X( 2 ) ) * WS  
THETA=THET 
PFACTR=COS( THETA)
PFACTI =1. 0 / PFACTR 
WRITE ( 1 0 UT , 1 1 0 )

C CALCULATION OF THE CAPACITOR VOLTAGE.
C

IF ( S . L T . 0 . 0 )  GOTO 20  
VC1A=-VCAP+CHARGE 
VC3A=-0, 5*CHARGE 
VC5A=VCAP-( 0 .5+CHARGE)

C
VC1B=VC1A+VCT2 
VC3B=VC3A- ( 0 . 5+VCT2)
VC5B=VC5A-( . 5+VCT2)

C
VC1CK=VC1B-VCAP 
VC3CK=VC3B+VCAP 
VC5CK=VC5B 
GOTO 25

C
C
C
C
C

20 VC1A=-VCAP+( 0 . 5+CHARGE)
VC3A=0. 5+CHARGE 
VC5A=VCAP-CHARGE 
VC1B=VC1A+( 0 . 5+VCT2)
VC3B=VC3A+( 0 . 5+VCT2)
VC5B=VC5A-VCT2 
VClCK=VC1B 
VC3CK=VC3B-VCAP 
VC5CK=VC5B+VCAP

C
25 WRITE ( I 0 U T . 1 0 5 )

I f ( R I . G T . 6 0 0 . 0 )  GOTO 85 
VX0=VCT2
WRITE ( I 0 U T , 1 1 0 )

^WRITE ( I OUT, 1 6 5 )  VCAP,WAVE, CHARGE, CHECK,THETA, PFACTR, PFACTI, RI ,
WRITE ( 2 , 9 0 )  VCl A, VC3A, VC5A 
Whi t e  ( 2 , 9 5 )  v c i b , vc3 b , vcs b  

 ̂ WRITE ( 2 , 1 0 0 )  VCl CK, VC3CK, VC5CK
GAMA=0. 0 
DO 45 IG = 1 , 4  
WS1=SWS*(X( 1 ) + X( 2 )  )
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FS UBl =:.C 0* S 1 N ( W51 ■* GAMA )
FSUBÀ = GEÛ  ̂S 1 N (l-;5 1 -  2 . 09 4 A + GAMA) 
F SLID2 = SF0* £ I N ( WSl *2 . 094 4 * GAMA)

FSUP1=FSLIB3
F5UP;=E5UB2
ESUP3=E5UB1

WRITE ( 2 , 1 1 5 )  E5UB1. ESUP1  
WRITE ( 2 , 1 2 0 )  ESUB2, ESUP2  
WRITE ( 2 , 1 2 5 )  E3UB3, E3UP3

IF ( S . L T . 0 . 0 )  GOTO 35 
DCONl =- ESUBl - VCl E  
0C0N5=E3UB2+VC3B
IF ( DCONl . LT. 0 . 0 . AND. DC0N5. LT. 0 . 0 )  GOTO 30  
WRITE ( 2 , 1 3 0 )  DCONl . DCÛN5 

30 IF ( DCONl . LT. 0 . 0 )  WRITE ( 2 , 1 3 5 )
IF (DCÛN5. LT. 0 . G) WRITE ( 2 , 1 4 0 )
GOTO 40

35 0C0N11=VC5B+ESUB1  
DCONl 3=-VC3B+E3UB2
IF ( D C 0 N 1 1 . G T . 0 . 0 )  WRITE ( 2 , 1 4 5 )  DC0N11,GAMA
IF ( D C 0 N 1 3 . G T . 0 . 0 )  WRITE ( 2 , 1 5 0 )  DC0N13,GAMA
IF ( DC0 N1 1 . LT. O. G)  WRITE (2 1 55 )
IF (DCONl 3 . L T . 0 . 0 )  WRITE ( 2 , 1 6 0 )
IF ( DCONl1 . gT . 0 . 0 . OR. DCONl3 . GT. 0 . 0 ) -  GOTO 50  

40 GAMA=GAMA+0. 5 2 3 6  
45 CONTINUE

WRITE ( I 0 U T , 1 1 0 )
WRITE (I OUT, 2 1 5 )
WRITE ( TOUT, 2 0 5 )  ( I , X ( I ) , I , F ( I ) , I = 1 , N)
TC=X( 1 ) + X ( 2 J 
WRITE ( 2 , 2 5 5 )  TC
WRITE ( I O U T , 2 3 0 )  T l 1 , T l 2 , T l 3 , T l 4 , T l 5 , T21 , T22  
GO I 0 70

50 T3 = 0 . 0  
55 VAD31=RI*W0*T3  

VAD32=SIN( W0*T3)
VAD33=ESUB2
V AD3 4 = C0 S ( W0 * T3 ) - 1 . 0
VC3AD=WOO*(VAD31-VAD32+( VAD33+VAD34) )
VC3D=VC3B-VC3AD
VC5D=VC5B+( 0. 5*VC3AD)
VC1D=VC1B+( 0. 5*VC3AD)

60 S WS 3 = X( 1 ) + X( 2 ) + T3
ESUBl D=SEO*SIN(SWS3+GAMA)
E3UB2D=SE0*31N( 3W33- 2 . 094+GAMA)
DAD3=VC3D-ESUB2D
IF ( 0 AD3 . L E . 0 . Ü G 1 )  GOTO 65

T3 = T3 + 1 . OE- 06  
GOTO 55

65 WRITE ( 2 , 1 7 5 )  T 3 , VC3D, VC5D , VCl D, DAD3

DCONl N=- VCl D+ESUei D
DC0N3N=VC3D-E3UB2D
IF ( DCONI N. LT. O. G)  WRITE ( 2 , 1 5 5 )
IF ( DC0N3N. l t . 0 . 0 )  WRITE ( 2 , 1 6 0 )
IF ( DC0N3N. GT. 0 . 0 )  GAMA=GAMA+0. 5 2 3 6  
IF ( DC0N3N. GT. 0 . 0 )  GOTO 60  
WRITE ( 2 , 1 1 0 )
WRITE ( 2 , 2 1 5 )
WRITE ( 2 , 2 0 5 )  ( I , X ( I ) , I , F ( I ) , I = 1 , N )
TC=X( 1 ) +X( 2 )  -
WRITE ( 2 , 2 3 5 )  TC
WRITE ( 2 , 2 3 0 )  T l 1 , T 1 2 , T l 3 , T l 4 , T l 5 , T 2 1 , T22

70 AMDAT=0. 0 6 6 6 6 7 E - Ü 3  
DO 75 KA=1 , 1 0  
AMDAD=AMDAI* 1 8 . 0E03  
WRITE ( 2 , 2 5 0 )  AMDAD
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Pl =X( l ) +Àri DAT 
P11 = X (.1 )-AMDAT 
P2=X( 2 )
T15P1=RI C3 2*P1 
T15P11=R1C32*P11  
VCAP1=0 . 5* ( T15P1+VCT2)  
V C A P l l = û . 5 * ( T l b P l l + V C T 2 )
WRITE ( 2 , 2 4 0 )  PI , TlS PI , VCAPl  
WRITE ( 2 ,  2 4 5 )  P11 , T1 5 P11 . VCAPI1 
AMDAT=AMDAT+( 0. 066667E- 03)

75 CONTINUE

WRITE ( 2 , 2 5 5 )

5 = 5 - 0 . 1 3 4 4  
80 CONTINUE

85 STOP

90 FORMAT ( 3 4 X , 1 P3E14 . 3 )
95 FORMAT ( 3 4 X , 1 P3E14 . 3 )

1 0 0  FORMAT ( 34X , 1 P 3 E 1 4 . 3 , / )
105  FORMAT ( 5 X , 4 H V C A P , 6 X . 3HEMF .'S X , 1 3H D I CH A RGE R ATE , 5 X , 5HCHECK , 8 X , 5HTHE 

1TA, 5X, 6HPFACTR, 4X, 7HFFACTRI , 4X, 10HDC CURRENT,3 X, 3HVX0. 3X, *W0=*)
1 1 0  FORMAT ( 5 X , 1 1 0 C 1 H = ) )
1 1 5  FORMAT ( 1 0 X , 1 P 2 E 1 5 . 3 )
1 2 0  FORMAT ( 1 0 X , 1 P2E1 5 . 3 )
125  FORMAT ( 1 ÜX , 1 P2E15 . 3 , / )
1 3 0  FORMAT ( 3 4 X , 1 P2E15 . 3 , / )
135  FORMAT ( 3 4 X, * N0  EXTRA CHARGING DUE TO D1 * , / )
1 4 0  FORMAT ( 3 4 X, * N0  EXTRA CHARGING DUE TO D S * , / )
145  FORMAT ( 3 4 X, * DC0 N1 1 = * , 3 X, 1 P1 E 1 2 . 3 , 3 X, * GAMA* , 3 X , F 8 . 4 , / )
1 5 0  FORMAT ( 3 4 X, * DCONl3 = * , 3 X, 1 Pi El  2 . 3 , 3X, *GAMA* 3 X, F 8 . 4 , / )
155  FORMAT ( 3 4 X , *  NO EXTRA CHARGING DUE TO D1 * , / ;
1 6 0  FORMAT (SAX. +NO EXTRA CHARGING DUE TO D 3 * , / )
165  FORMAT ( 2 X , b ( F l 2 . 3 ) , 6 X , F 1 0 . 4 , 5 X , 4 ( F 1 0 . 4 ) , z X , 2 ( F 1 2 . 5 ) , / )
1 7 0  FORMAT ( 1 X , 1 5 ( 1 H  ) )
175 FORMAT ( 5 X , 1 PSE1 2 . 3 , / )
1 8 0  FORMAT ( 2 7 X , * ( *  , 2 X, * CAPACi TOR = ♦ , 2 X, 1 PE1 0 . 3 , *FARAD) *)
185  FORMAT ( 2 9 X, 3 4 ( 1  HOJ)
1 9 0  FORMAT ( 1 2 )
195  FORMAT ( S E 1 0 . 3 )
2 0 0  FORMAT ( 2 5 H1UEIGHTED SIMPLEX PROGRAM//)
2 05  FORMAT (3H X ( , I 2 , 4 H )  = , 1 PE1 0 . 3 , 1 0 X, 2 HF( , I 2 , 4 H) = , 1 P E1 0 . 3 )
2 1 0  FORMAT ( / / 1 3 H  ZONE SIZE = , l P E l u . 5 / z l H  ACCURACY REQUIRED = , IPEIO.
2 1 5  FORMAT ( / / 1 6 H  SOLUTION VALUES/ / 5 X, 9HVARIABLES, 1 9 X, 9HFUNCTIONS/ )
2 2 0  FORMAT ( / / / 5 H  3 = , F 8 . 5 )
225  FORMAT ( / / / 1 6 H  STARTING VALUE5/ / 5X. 9HVARIABLES. 19X, 9HFUNCTI0NS/ )  
2 3 0  FORMAT ( / / "  TERMS IN EQUATION 1 " / 1  P5E15 . 3 /  " TERMS IN EQUATION 2'*/ l  

1P2E15 . 3 )

255  FORMAT ( 2 X , 1 2 ( 1 H  ) , 3 0 X , 1 2 ( 1 H  ) , / )  
END -
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SUbHuU I I Nt  UbnrL A v X , F , N , V ,U , N'Fl , NP2,  N2 , Z , ACC)
C
C WEIGHTED SIMPLEX SUBROUTINE
C WRITTEN BY W.LPRICE
C TRANSLATED INTO FORTRAN BY M.DOWSON
C
C X=ARRAY OF VARIABLES.  ON ENTRY = STARTING VALUES
C ON EXIT = SOLUTION VALUES
C F=ARRAY OF FUNCTION VALUES CORRESPONDING TO X
C N=NUMBER OF FUNCTIONS AND VARIABLES
C V AND U ARE ARRAYS USED BY WSMPLX
C NP1=N+1
C NP2=N+2
C N2=N*2
C Z=ZONE SIZE
C ACC=REOUIRED ACCURACY
C
c

DIMENSION V(NP1 , N2)  , U(NP1 , NP2)  , X(N)  , F( N)
FNP1=FL0AT( NPl )

C
c GENERATE INITIAL SIMPLEX
C

CALL FUNCT( X, F, N)
DO 5 K=1, N
KN=K+N
V ( 1 , K ) = X ( K )
V( 1 , KN) =F( K)

5 CONTINUE 
DO 20 J=1, M 
JP1=J+1  
DO 10 K = 1 . N
X ( K ) = V ( 1 , K ) + Z * ( 0 . 5 - R A N F ( 0 . G ) )

C RANF IS A RANDOM NUMBER GENERATOR WITH DUMMY ARGUMENT
C RETURNING UNIFORMLY DISTRIBUTED VALUES IN RANGE Û. Û TO 1 . 0
C

V ( J P l , K)=X(K)
10 CONTINUE

CALL FUMCT(X, F, N)
DO 15 K=1, N 
KPN=K+N 

■ V( J P1 , KPN) =F( K)
15 CONTINUE 
20 CONTINUE 

ID = 1
C
C COMPUTE WEIGHTED CENTROID X
C

25 CALL WEI GHT( V, U, L, M, N, NP1 , NP2 , N2 )
DO 30 K=1, N 
X( K) =0 . 0  
DO 30 J = 1 , NPl  
X ( K ) = X ( K) + U ( J , N P 2 ) * V ( J , K)

30 CONTINUE
C
C EVALUATE AT X AND TEST FOR CONVERGENCE
C

CALL FUNCT( X, F, N)
DO 35 K = 1 , N
IF ( ABS ( F( K) ) . GT. ACC)  GOTO / 0  

35 CONTINUE
C
C EXIT IF CONVERGED
C

RETURN
C
C CHOOSE DISCARD POINT
C 
C 
C
c

40 IF ( L . NE. I D)  GOTO 45 
L=1 +I NT( FNP1 * RANF( 0 . Q) >

45 ID=L
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CONTINUE
G J i U
END

SUBROU I I N'E Wb ] GH I ( V , Ü , L , M , N , .N'pl , N-p j  , N2 )C
C COMPUTE WEIGHTS AND FIND MOST POSITIVE WEIGHT, M
C and l e as t  POSITIVE WEIGHT, L

DIMENSION V i N P I , N 2 ) , UTNPi , NP2)
C I NI TI ALI SE U ARRAYC

DO 5 K = l , f : P 2  
U (1 . N ) =1 . 0

5 c on t i n ue
DO 10 (v = 2. f jP1  
Ui.K . rjp2)  =0 . 0  

10 CONTINUE
DO 15 J = 1 , N
JP1=J+1
JPiN = J + N
DO 15 K=1, NP1
U( J Pl  , K) = V ( K, JPN)

15 CONTINUE
C
C COMPUTE WEIGHTS

DO 35 1 = 1 , N 
I P1 =I +1  
KKK=NP1+IPI  
DO 25 KK=l P1 , NPi  
K=KKK-KK
IF ( ABS( U( K.  I ) ) . LE. ABSCUIK- l  , I ) ) )  GOTO 25 
DO 20 J = I , N P 2  
B = U(K . J >
U(K,  J; =LKK- 1 , J)
U ( K - 1 , J ) = e  

20 CONTINUE 
25 CONTINUE

DO 30 K= I , N  
KP1=K+1 
DO 30 J = I , NPl  
J Pl =J +1

30

35 CONTINUE
UCNPl , N P 2 ; = U l N P l , N P 2 ; / U ( N P 1 , N P l ) 
L = NP1 
M = NP1
DO 45 KK=1, N 
K=NP1-KK 
B = 0 . 0 
KP1=K+1
DO 40 J=KP1. NP1  
B= B+LUK, J ; * U( J , NP2 )

40 CONTINUE
U CK, NP 2 ) = ( U( K, NP 2 ) - e ) / UCK, K)

C FIND M AND L •
IF C U ( K , N P 2 ) . L T . U ( L , N P 2 ) ) L=K 
IF ( U( K, N P 2 ) . GT . U ( M, N m2 ) ) M=K 

45 CONTINUE 
RETURN 
END

SUBROUTINE F UN CT( X, F , N)
DIMENSION X ( N ) , F ( N
COMMON / CONST/ 5 ,  WO. RI, C, DL, SEO, SWS, C32,  RI C32 
COMMON / TERMS/ Ti l  , 11 2 , T l 3 , T l 4 , T1 5 , Î21 , T22  
T1=X( 1)
T2=X(2>
W0T2=W0#T2 
E l = S E u * S I N ( ( S WS + T l ) )
E l X = S E 0 * S I N ( ( 5 WS * T l ) + 0 . 0 6 7 2 )
IF ( S . L T . 0 . 0 )  E1=E1X 
T11 = R1 *  3 I N ( l-J 0 T 2 >
T 1 2 = ( 1 . 5 * E1 ) * W0 * C  
T 1 3 = i C 0 S ( W 0 T 2 ) - l . 0 )
W0 C= ( 2 . O/ ( 3 . 0 * W0 * C) )
T14=T12
T1 5=R1C32*X( 1)
T21 =R1 * C0 S( WÜT2)
T2 2 = l T1 2 * S I N( W0 T2 ) )
IF ( S . L T . 0 . 0 )  GOTO 5
F ( 1 ) = - 2 . 0 * E 1 - T 1 5 + ( W 0 C * ( T 1 1 + ( T 1 2 * T 1 3 ) ) )
F ( 2 ) = T 2 1 - T 2 2
GOTO 10

5 F ( 1 ) = ( - 2 . 0 * E 1 X ) + T 1 5 - ( U 0 C * ( T 1 1 - ( T 1 2 * T 1 3 ) ) )
F ( 2 ) =T21+T22  

10.  RETURN
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-I 22 ±  ̂ 2 : 0 ■’ . DCb • -2 )

D 1 2 : C.. 1 ) b : -7 ' , V1 ' E ' 7 , •: tl ; 2'
THE FROC- . .1 IS ■'0 CALCULATE TME PC.;Ek "l OU IN Ii;DU(
GbNER ATOP [' R i V 5 :; 5 Y The WIND i  COn I RCbbb L- 2 Y i\r..AMcP.

TME SUL.PO 1 I N0 b ARE KALISF t KALI 3F.

CALL PAPER( 1)
CALL CTREET( 1)
CALL CTRbIZ( 3 ,

S I = - 1  . 0  
PSHI = i â ô b  . 0  
w RI TE ( 3 . 1 5 )
Whi i h ( 3 , 2 0 ;  S i , PSHI 
WRITE ( 3 , 1 5 )
WRi i t  ( b . l b ;
5 l I P = - u . 8 5  
00 5 !i = l . 12  
SLIPW=5LIP

6 5 ( N) =5 L1 P
SP£EO=<: 1 . û - 5 L I P ) * 1 5 0 G . ü  
CO UN ; S = ( 1 . D- b-L 1 P ) * S 2Ü0 . 0

P S H T = P S H I * a ( 1 . Û - S L I P ) / ( 1 . 0 - 5 1 ) ) * * 3 )
PS (  N  =PSH I

CGN=157. ü
T0RT=( P5r i i / CON) *(  ( (1 . 0 - S L I P ) * - 2 ) / t 1 . D - S I )* +3)  
PbEC = A65 î. S b l r  /  M . 0 - b L i P  ) ; * ( PSHT-75 . 0 )
P5C(l ; )  = PbbC

V l = 3 6 . ü  
F; 2 = 1 . 5 1 2  
AA=R2
B B = ( 1 . 1 4 9 2 5 * 1 . 3E+V1+ 5 . 5 * 4 2 5 ( S u I F ) )
CC=-PStC

c X M E1 = S 0 R T ( ( 2 E- * * 2 ) -  ( 4 . 0 i A A * C C ) )
CkMS2=( ( - BB/  + CRM51) / ( 2 . 0 * AA-
CF;Mb.TF=CRfl£2
DCÜR I =CF;Mb i F / ü  . 76
CRM5FW=CRMSTF
DCU(N)=0CÜRT

WRIIE ( 3 , 3 0 )  TORT, PS ( N) , P S C ( N ) , CRMSIF, DCU( N) , £ S ( N ) , SPEED, COUNTS
CALL_K1(SLIPW,CRMSFW,N)  
i-.’RI i h  ( ± . 2 5 ,  
b.LiP = 5LIP + 0 .  1 

5 CONTINUE
DO 10 J = l , 3
READ ( 2 , 3 5 )  5 I E ( J ) , VDCE( J ) , CEX2( J ) , CEXi ( J )

THIb I b i i ic b X F b R I M b N I A L bbbÜLl b A b A b b î b  R A I 0 K .
NOTE THAT PRIMARY CURRENT IS MULT. 6 Y 0 . 4  .

CALL PSPACE'0 . 1 , 0 . 3 5 . 0 . b S . 0 . 9 6 )
CALL MAP( 0 . 0 , - 1 . 0 , 0 . 0 , 2 4 0 . 0 )
CALL POSITN ( 5 I E ( J , VDCE ( J ) ;
CALL TYPENC( 4 5 )
CALL PSPACE( 0 . 4 5 . 0 . 6 5 , 0 . 6 3 . 0 . 9 5 )
CALL MAP( 0 . 0 . - 1 . 0 , 0 . 0 , 1 2 . 0 )
CALL POSI TNv Si b( J ) , CEXl ( J)  )
CALL TYPENC( 4 3 )
CALL P O S I T N ( S i b ( J ) , C E X 2 ( J ; )
CALL TYPENC(45)

10  CONTINUE

CALL FRAME 
CALL GREND 
STOP

15 FORMAT ( 1 9 X , 3 0 ( I H . >)
20  FORMAT ( 2 2 X , 3 HS I = , F 5 . 2 , 4 X, 5HPSHT=, F 7 . 2 , / )
25 FORMAT (4X. SHT0RTW. 7X, 5HPSHi  W, x X , 4HPSEC, 4X, 6HCRMSTF, 5 X, S hDC.RT 

1 4 HS L I P , 5 X, 5HSPEED, 5X, 6HC0UNTS, / )
30  FORMAT ( 4 X , F6 . 4 , 2 X , F9 . 5 , 2 X , F8 . 4 , 2 ( F9 . 4 ) , 2X , FS . 4 , 3 X , F8 . 2 , 2 X . P 5 . 
35 FORMAT ( 2 X, F 4 . 2 , 3 X, F b . 2 , 3 X, F b . 3 | 3 X, F 5 . 2  ; , . . -

Eri D
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SUBROUTINE EXATUI ( TORT, PSES, AI APB, SSS)

THIS PROGRAM IS TO CALCULATE THE PERFORMANCE OF 
INDUCTION MACHINE CONTROLLED BY SOLID STATE KRAMER CONN_ 
ETED TO ROTOR CIRCUIT Y AS CSI GENERATOR SYSTEM *

• THE SYSTEM IS RUNNING AS GENERATOR ' . . . . ' W I N D  ENERGY'  
FOR THE ANALYSIS SEE NOTES "BL. B2.  B3.  BA,  '

IN THE CASE OE KRAMER, ENRGY IS NOT ALLOWED TO CHANGE 
I . E .  VDC IS -  IVE (SUPERSYNC. )  . IN THE CASE OF CSI 
ENERGY IS ALT.OWED TO CHANG I . E .  VDC IS - IVE & FIVE.
THE MAIN PROGRAM IS Al. lOKI (NOTE THE RANGE OF SI . . GEARI NG)

VARIABLES:

SECONDARY CURRENT (CUR) = CURl i  J CUR2 
CUR = 5 . 0  /  (SORT( 3 . 0 )  ) .

NOTE DPH IN CASE OE THE KRAMER DRIVE IS AS GIVEN ABOVE 
BUT IN CASE OF CSI DPH = GAMA(UNITY)

ROCSI = 4 . 0
IF( ROCSI  .EG.  2 . 0 )  GO TO 123
CliPH = (COS( ALAPD*. 0 1 7 4 5 )  ) / ( S S S * . S 5 )
DPHl = ACOS(CDPH) * 5 7 . 2 9  * . 3  
CSPl  = - P S E S / ( 3 . 0 * C L I R * 2 4 0 . 0 )
CSP2 = 1 . 1 7  * ( C S P 1 / S S S )
DPH = AC0S( CSP2)  * 5 7 . 2 9
60 TO 124  

23 DPH = . 0
I F ( S S S . GT . 0 . 0 )  DPH = DPH + ( S S S * 9 0 . 0 )

2 4 PHI = 9 0 . 0  -  ( DP H* . 35 )
SL = SSS
PHI 2 = PHI * 0 . 0 1 7 4 5 5

33 ClIRSl = CUR * COS (PHI 2)
CURS2 = CUR :  SI N( PHI  2)
SLIPE = ABS(SL)

MACHINE p a r a m e t e r s :

BET = 5 . 5
VI = 3 6 . 0
RI = 0 . 1 9 5 6
XI = 0 . 0 9 7 5
R2 = 0 . 0 4 1 4  * BET**2
X2 = XI * BET**2 * SLIPE
XO = 2 . 6  4
XI 0 = XI + XO

ZEM = R l * * 2  + X10 * * 2  
RE = ( R1*X0**2) / ZEM 
XE = (XO * ( R1 * * 2  + ( X1 * X1 0 ) ) ) / ZEM
VTH = VI * ( XO/ SQRT( ZEM))
VTHK = VTH * BET
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FRIhAtVÏ CURRENTS RFFFERD TO SECONDARY.

SECONDARY VOLTAGE:
REG = (RE* BETi *2)  + R2
XES = (XE * BET**2)  + X2
EKDR = (CURSl  * RES) -  (CURS2 * XES)
EKJH = (CURSl  V XES) + (CURS?  ̂ RES)

IF ( SI.
ECKR
ECKT
ECK
E (d R
EG2I
EGG =
CURl)
C-RRi
CRR2
GO TO
ECKR
ECK I
ECK
E C 1. R
EG2I
EGG
CLIRO
CRP]
CEP 2
CRPT
EORiiAT

. GT. 0 . 0 )  GO TO 12 
= (VIHK) -  (EKDR )
= -  E Ml I
= SORT ( ECKR X*?. + ECKI**2)
= ECKR i  (Cl.iRSr.YR2) -  <CURS2*X2)
= ECKI + ( CURSl *X2)  + ( CURS2TR2) 
SQRT(EG1RT*2 E EG2I 322)
= EGG/(XO*BET)
= -CURO -  (CURSl  * BET)'
= -  (CURS2 * BET)
15
= (VTHK) + EKDR 
= Ë K D I
= SORT (ECKR.Y*2 + ECKJTT2)
= ECKR P(CURS1*R2)  - (CURS2YX2)
= ECKI +(CURS1*X2)  +(CURS2YR2)
= SORT( EGIRXT2 + EG2I **2)
= EGG/(XOYBET)
= -CURO E' CURSl t BET)
= CURS2 t  BET
= SORT ( CRP1. **2 + CRP2**2)  * 1 . 7 3 2  
I ZY, 4( F10 . 4 ) , / )

INDUCED E. M. F.

DC POWER
CURDC = ( (CUR * 1 . 7 3 2 ) / 0 . 7 8 i  
COhK = 0 0 . 0
VDC = ( 1 . 3 5  * ECK * SLIPE ) -  (COMK * CURDC)

PI PON = 1 2 0 . 0
P C U l  = 1 . 7  32 * CRPT**? * RI 
PCU2 = 3 . 0  * CUR**2 * R2 
PEE = 5 . 0  * CURDC

DDL Y = 
PI NVS 

DDL. Y 
OR A I. 
NOTE 

I F ( SL . 
IF ( SI. . 
I F ( SL . 
IF(SL . 
IE (SL 
(E ( SI 
VDCl

( DP H* . 35)  * 0 . 0 1 7 4 5  
= 3 . OXCUR/ECKECOS( DDL Y)

IS DELAY ANGLE COULD BT ANY 
FA ' F IRIN G ANGLE' IN KRAMER 
DDl Y IS 'PHI -  90* IN RAD.

ANGI. .E(0.  FOR CSI )

I T . . O )  PSEC = SL .Y PI NVS 
GT. . O)  PSEC = (SI. YPINVS) -  
LT , . 0 )  PDC = PSECFPEE 
GT. . O)  PDC=PSEC-PEE 
. GT.  . 0»  PINV = PDC I- PEE 
. L ' .  . 0 )  -TNV=PDC 1 PEE 
= P: i r / r i i p  DC

+ ( PCU2) 
PCU2
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c

c 
c

PRG = PINVS
PuTG = PRG -  P.TRON -  FCUl  
PO = ( 1 , 0  -  SL) * PRG
TÜRQ = ( P R G ) / 1 5 7 . 0
TSL = TORT -  0 . 0 5
TSG = TORT i  0 . 0 1 6

. IF(TORQ . L T . TSL) GO TO 31 
I F (TORO .GT.  TSG) GO TO 32  

2 1 1 2  FORMAT( 3X, 1P6F13 . 3 , / )

PFIV = P I N V / ( 3 . 0 * C U R * 2 4 0 . 0 )
POTN = POTG + ABS( PINV)
I F( SL . G T . 0 . 0 )  POTN = POTG 
PINT = PO
I F( SL . GT . 0 . 0 ) P J NT  =P0 + ABS(PINV)
EFG = (POTN/ PINT)  * 1 0 0 . 0  
I F( EFC . LT,  0 . 0 )  EFC = 0 . 0  
APPR = TORQ/TORT
WRI TE( 3 , 2 1 1 2 )  VDCP, APPR, CDPH, nPHl , PHI , DPH 
URI TE( 3 , 8 S S )  EGG,CURO,CRPT,CURO 
WRITE(3 . 3 8 9 ) RFS, XES, COMK, ZEM, SLIPE 

83 9  FORMAT( 5X, 1P5E12 . 3 , / )
U R I T E ( 3 , 9 9 1 )  CRPT,  ECK, PCUl , POTG 
U R I T E ( 3 , 9 9 2 )  PRG, PSEC, PO, TORQ
U R I T E ( 3 , 9 9 3 )  VDC, CURBC, PCU2, PDC, POTG, PINV.  PFIV 
WRI TE( 3 , 9 9 4 )  EFC 
U R I T E ( 3 , 1001)
WRITE( 3 , 1 0 0 2 )
RETURN

C
31  CUR = CUR -f 0 . 1 3  

GO TÜ 3 3

60  TQ 33
32 CUR = CUR -  0 . 0 9 ?

GO TO 33
C

991 F 0 RMAT( 5 X, 5 HCURP = , E1 0 . 5 , 3 X, 3 H£ G= , F 3 . 2 , 3 X , 5HPCU1 = , F 1 0 . 4 , 3 X ,
1 6 H P F A C 1 = , 3 X , 5 H P 0 U P = , E 1 2 . 3 , / / )

99 2 F0RMhT ( 5 X , 4 H P R G = , F 1 2 . 6 , 2 X , 5 H P S E C = , F 1 2 . 5 , 2 X , 3 H P 0 = , F 1 0 . 4 , ^ X ,
1 5 H T Ü R 0 = , F 1 2 . 6 , / / )

99 3 forma T ( 5X , 4HVDC = , ES . 4 , 3X , cHCURDC = , F 10 . 4 , 2X , 5HPCl)2 = , E 1 2 . 4 , 3 V 
1 4 HP D C = , F 1 2 . 6 , 2 X , 5 H P 0 T G = , E 1 2 . 4 , 2 X , 5 H P T N V = , E 1 0 . 4 , 2 X .
1 6 H P F A C I = , F 6 . 4 , / / )

994  FORMAT( 15X, 7HEECNCY=, E7. 3 , / / )
100 1 FORMAT CIH )
1 0 0 2  FORMAT(2X, 12( 1 HP) )

EN D



SLIP-ENERGY RECOVERY TECHNIQUES 

FOR CONTROL OF INDUCTION MACHINES

by
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ABSTRACT

This th e s i s  d e sc r ib e s  two d i f f e r e n t  techniques  f o r  e f f i c i e n t  co n tro l  
o f  s l i p  energy in  a s l i p - r i n g  in d u c t io n  machine. The s t a t i c  Kramer 
system merely recovers  s l i p  power and r e tu r n s  i t  to  th e  a . c .  supp ly .
As a r e s u l t  only sub-synchronous m otoring o f  super-synchronous g e n e ra t in g  
i s  p o s s ib le .  In the  s t a t i c  Scherb ius  system, however, th e  s l i p  power 
can be c o n t ro l le d  both  in to  and ou t o f  th e  secondary c i r c u i t .  This 
allows the  machine to  o p e ra te  as a motor and g e n e ra to r  a t  both  sub -  and 
super-synchronous sp e e d s .

For wide speed range o p e ra t io n  a cu rre n t  so u rce  i n v e r t e r  was 
used  as t h i s  can in h e r e n t ly  p rov ide  r e v e r s a l  o f  power flow. The o p e ra t in g  
requ irem en ts  fo r  the  c u r r e n t  sou rce  i n v e r t e r  o p e ra t in g  in  the  secondary —— 
c i r c u i t  o f  an in d u c t io n  machine have been determ ined. These c o n s id e ra t io n s  
show t h a t  the  c u r re n t  source  i n v e r t e r  c o n tro l  s ig n a l  must be synchron ised
to  th e  secondary e .m .f .  o f  the  machine. The machine can then o p e ra te
in  a s t a b l e  manner over a very  wide speed range.

The conventional a n a ly s is  o f  the  c u r r e n t  source  i n v e r t e r  has been
developed to  inc lude  the  e f f e c t  o f  the  secondary s l i p  e .m .f .  which is  
shown to  have a major e f f e c t  on the  coirimutaticn behav iou r  o f  tiie i n v e r t e r .  
The a c t io n  o f  the  commutation c i r c u i t  i s  a f fe c te d  by the  phase angle  
between the secondary c u r re n t  and th e  s l i p  e .m .f .  This angle can be 
c o n t ro l le d  e l e c t r o n i c a l l y  and th e  e f f e c t  o f  th is  has been p re d ic te d  and 
observed .

A d e t a i l e d  s tudy  o f  th e  Kramer system  has inc lu d ed  a n a ly s is  o f  the 
d .c .  l in k  c u r re n t  waveform in c lu d in g  F o u r ie r  harmonic p r e d ic t io n  in - te rm s  
o f  the  c i r c u i t  param eters  and th e  o p e ra t in g  s l i p .

Hie o p e ra t io n  o f  the  Kramer and Scherb ius systems has been s tu d ie d  
f o r  both  motoring and g e n e ra t in g  modes o f  the  in d u c t io n  machine and t h e i r  
r e l a t i v e  m er i ts  have been compared. In p a r t i c u l a r  the  novel id e a  o f  
u s in g  th e  Scherbiuis system fo r  v a r ia b le  speed wind energy recovery  has 
been conside red  and re p o r te d  in  a p u b l is h e d  paper.

F in a l ly  sugges tions  have been made f o r  f u r th e r  work p a r t i c u l a r l y  
f o r  a p p l i c a t io n  to  wind energy recovery .


