
Europaisches  Patentamt 

European  Patent  Office 

Office  europeen  des  brevets 

0  3 4 4   3 7 0  

A 1  
©  Publication  number: 

E U R O P E A N   PATENT  A P P L I C A T I O N  

int.  ci/h  H02P  1/26  ,  H02P  5 / 4 0 8  ©  Application  number:  88304953.8 

©  Date  of  filing:  31.05.88 

©  Applicant:  GENERAL  ELECTRIC  COMPANY 
1,  River  Road 
Schenectady  NY  12345(US) 

©  Inventor:  Weiss,  Herbert  William 
904  Logan  Street 
Salem  Virginia  24153(US) 

©  Date  of  publication  of  application: 
06.12.89  Bulletin  89/49 

©  Designated  Contracting  States: 
CH  DE  LI  NL  SE 

©  Representative:  Kennington,  Eric  Alasdair  et 
al 
London  Patent  Operation  GENERAL 
ELECTRIC  TECHNICAL  SERVICES  CO. 
Burdett  House  15-16  Buckingham  Street 
London  WC2N  6DU(GB) 

Controlling  an  alternating  current  motor  particularly  at  low  speeds. 

©  A  system  for  controlling  a  polyphase  electric 
motor,  particularly  at  low  speeds,  using  a  load  corn- 
mutated  inverter  includes  the  generation  of  half  sine 
wave  signals  within  a  range  of  desired  frequencies 
which  are  subsequently  converted  to  single  phase 
alternating  current  power  for  application  to  selected 
windings  of  the  motor.  In  a  single  channel  polyphase 
embodiment,  motor  starting  is  achieved  using  zero 
current  commutation  and  normal  phase  control.  A 
two  channel  embodiment  results  in  what  amounts  to 
two  phase  operation  of  the  motor. 
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CONTROLLING  AN  ALTERNATING  CURRENT  MOTOR  PARTICULARLY  AT  LOW  SPEEDS 

Background  of  the  Invention 

The  present  invention  relates  generally  to  the 
control  of  a  polyphase  alternating  current  (ac)  mo- 
tor  and  more  particularly  to  the  control  of  the 
torque  and  speed  of  an  ac  motor,  particularly  in  the 
starting  mode  and  low  rotating  speeds. 

A  large  number  of  systems  are  known  for  con- 
trolling  the  operation  of  a  polyphase  (typically, 
three-phase)  electric  motor.  One  commonly  em- 
ployed  system  is  the  so-called  load  commutated 
inverter.  In  its  customary  three-phase  embodiment, 
a  load  commutated  inverter  comprises  a  source 
side  converter  connected  to  a  suitable  source  of 
power  such  as  three-phase  power  lines  and  a  load 
side  converter  connected  to  the  source  side  con- 
verter  by  way  of  a  direct  current  (dc)  link  circuit. 
Each  of  the  converters  is  comprised  of  six  legs  of 
controlled  semiconductor  devices  (e.g.,  thyristors). 
The  source  side  converter  converts  the  ac  power 
into  dc  power  which  is  supplied  via  the  link  circuit 
to  the  load  side  converter  which  changes  the  dc 
power  to  variable  frequency  ac  power  to  be  sup- 
plied  to  the  load,  for  example,  a  motor.  As  is  well 
known  in  the  art,  the  magnitude  of  the  voltage  and 
current  supplied  to  the  motor  is  fundamentally  a 
function  of  phase  controlling  the  source  side  con- 
verter  while  the  frequency  of  the  power  supplied  to 
the  load  is  the  basic  function  of  the  load  side 
converter  -  often  referred  to  as  an  inverter. 

A  prime  advantage  of  the  load  commutated 
inverter  is  its  simplicity.  That  is,  the  load  com- 
mutated  inverter  depends  upon  the  load  to  which  it 
is  connected  to  develop  the  requisite  reactive  volt 
amperes  (VARs)  to  commutate  (turn  off)  the  control 
devices  or  thyristors  of  the  load  side  converter. 
This  is  opposed  to  other  types  of  converters,  gen- 
erally  classified  as  self  commutating  inverters,  such 
as  controlled  current  inverters  or  pulse  width  modu- 
lated  inverters  which  require  some  additional  com- 
mutating  scheme,  such  as  commutating  capacitors 
or  commutating  networks,  to  effect  a  commutation 
of  the  thyristors  of  the  bridge  network. 

It  is  known  that  a  major  problem  in  load  com- 
mutated  inverters  is  to  develop  sufficient  reactive 
volt  amperes  (VARs)  to  commutate  the  thyristors  of 
the  bridge.  This  is  particularly  true  at  low  speed 
operation.  The  load  commutated  inverter  or,  LCI,  as 
it  is  more  commonly  known,  was  first  used  with 
synchronous  ac  machines  and  utilized  the  voltage 
at  the  stator  terminals  of  that  machine  to  com- 
mutate  the  inverter.  At  startup  and  at  low  speeds, 
however,  the  terminal  voltage  of  a  synchronous 
machine  is  not  sufficient  to  commutate  the  thyris- 
tors  of  the  inverter  and  thus  some  other  technique 

is  necessary  to  effect  thyristor  commutation.  The 
most  commonly  used  method  for  startup  and  low 
speed  operation  is  to  force  the  current  in  the  dc 
link  circuit  to  zero  by  controlling  the  action  of  the 

5  source  side  converter  and  to  change  the  gating  of 
the  load  side  converter  prior  to  re-establishing  cur- 
rent  to  the  stator.  Since  the  load  side  inverter  firing 
must  be  changed  every  60  electrical  degrees,  the 
dc  link  current  must  be  brought  to  zero  six  times 

io  for  each  cycle  of  the  load  voltage.  This  current 
pulsing  action  can  create  power  pulsations  which 
result  in  undesirable  shaft  torque  pulsations  in 
many  applications. 

One  example  of  a  LCI  controlling  a  synchro- 
75  nous  type  motor  may  be  found  in  U.  S.  Patent 

4,443,747  "Transitioning  Between  Multiple  Modes 
of  Inverter  Control  in  a  Load  Commutated  Inverter 
Motor  Drive"  by  B.  P.  Chausse  et  al.,  which  patent 
includes,  inter  alia,  a  discussion  of  the  zero  current 

20  mode  of  operation  just  discussed.  Another  example 
of  such  a  load  commutated  inverter  may  be  found 
in  U.  S.  Patent  4,449,087  "Flux  Feedback  Firing 
Control  for  a  Load  Commutated  Inverter"  by  D.  L. 
Lippitt  et  al.  Both  of  these  patents  are  assigned  to 

25  the  assignee  of  the  present  invention  and  specifi- 
cally  incorporated  hereinto  by  reference. 

Subsequent  to  the  development  of  the  use  of 
the  LCI  with  synchronous  motors,  this  same  type  of 
system  was  employed  in  an  alternating  current 

30  induction  motor  drive  by  connecting  capacitors  in 
parallel  with  the  induction  motor  to  supply  the 
lagging  VARS  required  by  that  motor  and  the  load 
side  inverter.  An  example  of  this  type  of  application 
of  the  LCI  may  be  found  in  U.  S.  Patent  4,602,198 

35  "Induction  Motor  Drive  Using  Load  Commutated 
Inverter  Circuit"  by  L.H.Walker  et  al.  which  patent 
is  also  assigned  to  the  assignee  of  the  present 
invention  and  is  specifically  incorporated  herein  by 
reference.  As  in  the  case  of  the  use  of  the  LCI  with 

40  the  synchronous  motor,  the  application  of  the  shunt 
capacitors  to  the  induction  motor  to  supply  the 
lagging  VARs  is  only  practical  at  higher  voltage 
and  frequency  of  the  adjustable  speed  motor  drive 
system  where  the  capacitor  current  is  relatively 

45  high.  Depending  upon  the  system  design  and  pow- 
er  requirements,  the  capacitor  current  is  not  nor- 
mally  capable  of  supplying  the  VAR  requirements 
to  the  system  below  a  certain  speed.  This,  typi- 
cally,  is  approximately  50  percent  of  rated  speed. 

50  As  such,  some  strategy  must  be  used  to  start  and 
accelerate  this  type  of  drive  to  about  this  point. 

A  second  problem  involved  in  the  startup  con- 
trol  strategy  of  the  LCI  induction  type  system  is 
one  of  resonance  between  the  shunt  capacitor  and 
the  motor  leakage  inductance.  One  criterion  in  the 
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low  speeds  an  alternating  current  machine  by  first 
employing  the  method  of  reducing  the  current  in 
the  load  commutated  inverter  to  zero  to  permit 
commutation  of  the  load  side  converter  thyristors 

5  up  to  a  desired  speed  and  subsequently  operating 
the  source  side  inverter  in  a  cycloconverter  mode 
of  operation  to  produce  half  sine  wave  currents 
within  a  desired  range  of  frequencies  while  operat- 
ing  the  load  side  portion  converter  of  the  system  as 

10  a  reversing  switch  to  supply  single  phase  alternat- 
ing  current  electrical  power  to  said  load. 

In  a  further  aspect  the  present  invention  pro- 
vides  an  apparatus  and  method  for  the  control  of 
the  current  and  torque  of  an  alternating  current 

75  polyphase  motor  having  at  least  two  sets  of  three 
phase  windings  by  supplying  the  motor  with  two 
phases  of  electrical  power  by  parallel  load  com- 
mutated  converter  channels  which  provide  output 
currents  phase  displaced  with  respect  to  one  an- 

20  other  90  electrical  degrees  to  operate  said  motor 
as  a  two  phase  motor  at  low  speeds. 

In  an  embodiment  of  the  present  invention,  the 
electrical  power  is  supplied  to  an  alternating  cur- 
rent  motor  from  a  polyphase  alternating  current 

25  source  by  way  of  a  supply  channel  including  a 
controllable  ac  to  dc  source  side  converter  con- 
nected  to  a  dc  to  ac  load  side  converter  by  way  of 
a  dc  link  circuit.  Low  frequency,  low  speed  opera- 
tion  of  the  motor  is  achieved  by  operating  the 

30  source  side  converter  in  a  cycioconverter  type 
mode  to  provide  an  output  of  half  sine  wave  cur- 
rents  at  desired  frequencies  and  operating  the  load 
side  converter  as  a  reversing  switch  to  supply 
single  phase  alternating  current  electrical  power  to 

35  the  motor. 
Preferably,  the  motor  is  operated  as  described 

above  once  it  reaches  a  set  predetermined  speed 
below  which  the  motor  is  operated  by  effecting 
commutation  of  the  load  side  inverter  through  re- 

40  ducing  the  dc  current  to  zero. 
In  an  optional  development,  two  load  com- 

mutated  inverters  are  employed  and  connected, 
respectively,  to  separate  sets  of  phase  displaced 
windings  of  an  ac  motor  to  separately  supply  the 

45  power  to  those  windings.  Because  of  the  phase 
displacement  existing  between  the  windings  and  by 
the  phase  displacement  within  the  channel,  the 
single  phase  ac  power  which  is  selectively  supplied 
to  the  different  motor  winding  sets  results  in  run- 

so  ning  the  motor  at  low  speeds  as  a  two  phase 
motor. 

selection  of  the  capacitors  is  that  the  resonant 
frequency  is  not  within  the  normal  operating  speed 
range  of  the  motor.  With  a  50  percent  operating 
speed  range,  the  resonance  frequency  would  nor- 
mally  be  selected  to  be  approximately  135  Hertz 
which  is  the  fifth  harmonic  of  the  fundamental  mo- 
tor  frequency  at  27  Hertz  corresponding  to  approxi- 
mately  45  percent  speed.  If  the  startup  control  is  a 
six  step  inverter,  which  is  typical  in  a  three  phase 
system,  there  will  be  harmonic  orders  of  5,  7,  11, 
13,  etc.,  of  the  fundamental  which  will  excite  reso- 
nance  at  drive  speeds  of  45,  32,  20,  17,  etc, 
percent.  Since  the  resonance  is  undamped,  it  is  not 
advisable  to  operate  at  these  speeds  with  six  step 
wave  forms. 

A  further  application  of  the  load  commutated 
inverter  is  in  what  is  known  as  a  twelve  pulse  ac 
motor  drive  system.  This  type  of  system  includes 
two  parallel,  substantially  identical  paths  each  in- 
cluding  a  load  commutated  inverter  system.  The 
paths  are,  however,  operated  phase  displaced  with 
respect  to  one  another  and,  additionally,  the  out- 
puts  of  the  inverter  portions  of  the  LCIs  are  con- 
nected  to  separate  sets  of  windings  within  the 
motor  which  are  also  phase  displaced  from  one 
another.  The  result  is  that  the  voltages  and  the 
currents  in  the  respective  sets  of  windings  are 
typically  separated  by  approximately  30  degrees. 
An  example  of  such  a  system  is  found  in  U.  S. 
Patent  4,426,61  1  "Twelve  Pulse  Load  Commutated 
Motor  Drive  System"  by  P.  M.  Espelage  et  al. 
issued  January  17,  1984.  This  patent  is  assigned  to 
the  assignee  of  the  present  invention  and  is  specifi- 
cally  incorporated  hereinto  by  reference.  The 
twelve  pulse  system,  while  generally  providing  a 
smoother  operation  than  available  with  a  standard 
six  pulse  three  phase  motor,  is  still  subject  to  the 
power  pulsations  and  resultant  undesirable  shaft 
torque  pulsations  as  described  above. 

Summary  of  the  Invention 

In  one  aspect,  the  present  invention  provides  a 
method  and  apparatus  for  the  control  and  operation 
of  an  alternating  current  motor  through  the  use  of  a 
load  commutated  inverter  system,  particularly  at 
low  operating  speeds,  by  operating  a  source  side 
converter  of  the  system  in  a  "cycloconverter" 
mode  of  operation  to  produce  an  output  of  half  sine 
wave  currents  within  a  desired  range  of  frequencies 
while  operating  the  load  side  converter  as  a  revers- 
ing  switch  to  thereby  supply  what  amounts  to  sin- 
gle  phase  ac  power  to  a  portion  of  the  windings  of 
the  motor. 

In  another  aspect,  the  present  invention  pro- 
vides  an  apparatus  and  method  of  utilizing  a  load 
commutated  inverter  for  starting  and  operating  at 

Brief  Description  of  the  Drawing 

Embodiments  of  the  present  invention,  given 
by  way  of  non-limiting  example,  will  now  be  de- 
scribed  with  reference  to  the  accompanying  draw- 

55 
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bridge  arrangement  with  the  junctions  of  the  legs  of 
the  bridge  being  connected  to  a  load  42  by  way  of 
lines  40.  Load  42  is  shown  as  an  alternating  current 
motor.  In  the  typical  LCI  configuration,  motor  42 

5  may  be  either  a  synchronous  or  an  induction  motor 
as  earlier  discussed.  If  motor  42  is  a  synchronous 
motor,  the  configuration  thus  far  described  is  suffi- 
cient  for  operation  since,  at  appropriate  speeds,  the 
synchronous  motor  provides  commutation  VARs  for 

w  the  thyristors  of  the  load  side  converter.  As  de- 
scribed  in  U.S.  Patent  No.  4,602,198,  if  motor  42  is 
of  the  induction  type,  then  sufficient  VARs  may  not 
be  available  for  converter  commutation  in  which 
case  a  capacitor  circuit  44  (shown  in  dash-line 

75  phantom)  may  be  necessary  for  proper  operation 
of  the  load  side  inverter.  If  further  description  of  the 
basic  LCI  drive  is  desired,  attention  is  directed  to 
the  aforementioned  and  incorporated  by  reference 
patents. 

20  Reference  is  now  made  to  Fig.  2,  and  its 
associated  wave  form  Fig.  3,  which  demonstrate  an 
elementary  embodiment  of  the  present  invention. 
Again,  there  is  shown  the  basic  LCI  circuit  in  which 
a  source  converter  10  is  connected  to  a  three 

25  phase  power  source  as  presented  by  the  lines  Li, 
l2  and  L3.  Converter  10  is  connected  by  way  of  a 
link  circuit  14  to  the  load  side  converter  or  inverter 
12.  It  is  noted,  however,  in  this  case  that  two  of  the 
thyristors  (32  and  33)  of  inverter  12  are  illustrated 

30  in  phantom  since,  in  an  operating  mode  embodying 
the  invention,  two  legs  of  the  inverter  12  are  not 
used.  The  other  four  legs  of  the  inverter  12,  that  is, 
thyristors  34-35  and  36-37,  have  their  midpoints 
connected  respectively  to  b  and  c  terminals  of  the 

35  three  phase  stator  winding  of  motor  42.  This  wind- 
ing  is  comprised  of  the  windings  bn,  en  and  an. 
Also,  as  is  shown  in  phantom,  the  a  terminal  of  the 
motor  42  is  connected  to  the  midpoint  of  the  in- 
verter  legs  shown  in  phantom  illustrating  that,  while 

40  this  winding  does  not  enter  into  one  operating 
mode,  in  later  operation  when  the  motor  reaches 
appropriate  speed,  the  winding  is  employed,  that 
is,  operation  becomes  standard  in  accordance  with 
the  prior  art.  As  illustrated  by  the  representative 

45  connections  to  thyristors  25  and  37,  all  thyristors  of 
the  LCI  drive  are  under  the  suitable  phase  control 
50  which  will  be  more  fully  understood  as  this 
description  proceeds. 

Embodying  the  present  invention,  the  source 
50  side  converter  10  is  operated  in  a  cycloconverter 

mode  to  provide  an  output  of  half  sine  waves  within 
a  desired  frequency  range.  (This  type  of  operation 
is  explained  in  detail  in  the  text  "Thyristor  Phase- 
Controlled  Converters  and  Cycloconverters"  by  Bri- 

55  an  R.  Pelly,  CopyrighTT971  by  John  Wiley  and 
Sons,  Inc.,  Library  of  Congress  Catalog  Card  Num- 
ber  70-125276,  starting  particularly  at  page  145, 
which  text  is  specifically  incorporated  hereinto  by 

ings,  in  which: 
Fig.  1  is  a  schematic  representation  of  a 

typical  load  commutated  inverter  motor  drive  as  is 
known  in  the  prior  art; 

Fig.  2  is  a  schematic  representation  of  a 
power  circuit  of  a  basic  scheme  embodying  the 
present  invention; 

Fig.  3  shows  wave  forms  useful  in  under- 
standing  the  operation  of  the  embodiment  depicted 
by  Fig.  2; 

Fig.  4  is  a  schematic  diagram  illustrating  one 
form  of  control  and  operation  of  the  embodiment 
shown  in  Fig.  2; 

Fig.  5  is  a  schematic  power  level  diagram  of 
the  two  channel,  twelve  pulse  motor  drive  embodi- 
ment  of  the  present  invention; 

Fig.  6  shows  wave  forms  useful  in  under- 
standing  the  operation  of  the  embodiment  shown  in 
Fig.  5;  and 

Fig.  7  is  a  schematic  diagram  illustrating  one 
form  of  control  for  the  power  scheme  illustrated  in 
Fig.  5. 

Detailed  Description 

Reference  is  now  made  to  Fig.  1  which  shows 
a  typical  three  phase  load  commutated  inverter 
drive  such  as  is  well  known  in  the  prior  art.  The 
load  commutated  inverter  (LCI)  includes  a  source 
side  converter  10  connected  to  a  load  side  con- 
verter  12  (often  referred  to  as  an  inverter)  by  way 
of  a  dc  link  circuit  comprised  of  lines  16  and  18 
and  a  smoothing  inductor  20.  In  the  three  phase 
version  depicted  in  Fig.  1,  the  source  side  con-' 
verter  10  comprises  six  controlled  rectifiers  or 
thyristors  22  to  27  in  a  six  leg  bridge  arrangement. 
The  midpoints  of  each  pair  of  legs  are  connected 
to  a  source  of  electrical  power  indicated  by  lines 
Li  ,  L2  and  L3.  The  source  side  converter  10  con- 
verts  the  alternating  current  power  of  the  source 
into  direct  current  power  for  application  to  the 
inverter  12  via  dc  link  circuit  14.  As  is  known  in  the 
art,  the  magnitude  of  the  current  and  the  effective 
voltage  the  system  can  be  controlled  by  a  phase 
controlling  the  thyristors  of  bridge  10.  As  also  will 
be  demonstrated  and  is  known,  bridge  10  can  be 
operated  in  a  "cycloconverter"  mode  of  operation 
to  provide  half  sine  wave  signals  of  desired  fre- 
quencies.  Normally  these  frequencies  will  not  ex- 
ceed  the  frequency  of  the  ac  source  voltage  at 
lines  Li,  L2  and  L3. 

The  load  side  converter  12  takes  the  dc  power 
from  the  dc  link  circuit  14  and  converts  it  to  al- 
ternating  current  power  at  desired  frequencies. 
Similarly  to  converter  10,  inverter  12  comprises  six 
thyristors  32  to  37  disposed  in  a  three  phase 
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After  reaching  a  predetermined  speed  (for  example 
10  percent  of  rated)  the  operation  is  switched  to 
the  basic  embodiment  mode,  i.e.,  operating  the 
source  side  converter  to  develop  half  sine  wave 

5  power  (cycloconverter  type  action)  and  the  load 
side  inverter  as  a  reversing  switch  to  deliver  single 
phase  power  to  the  load. 

While  a  variety  of  control  systems  could  be 
employed  to  implement  the  methods  of  the  present 

10  invention,  one  such  system  is  illustrated  in  Fig.  4. 
Referencing  now  that  figure,  shown  are  the  source 
side  converter  10  and  the  load  side  converter  12 
connected  by  dc  link  circuit  14.  The  output  of  the 
inverter  is  connected  to  the  stator  windings  of  a 

rs  machine  42  which  also  includes  an  armature  43. 
Armature  43  has  connected  thereto  a  suitable 
tachometer/position  sensor  52,  e.g.,  (a  slotted  disk 
with  index  point  as  known  in  the  art)  which  pro- 
vides  an  output  signal  on  line  54  to  two  units.  The 

20  first  of  these  is  a  position  sensor  56  which  converts 
the  tachometer  index  signal  to  a  position  signal  for 
output  to  a  node  58  as  will  be  further  described.  In 
addition,  the  signal  on  line  54  is  supplied  to  a 
suitable  digital-to-analog  converter  60  the  output  of 

25  which  is  a  signal  (speed  feedback)  representing  the 
actual  speed  of  the  motor.  This  speed  feedback 
signal  serves  as  one  input  to  a  summing  junction 
62  a  second  input  to  which  is  a  signal  (SPD*) 
representing  the  desired  speed.  The  SPD"  signal  is 

30  derived  from  some  suitable  source  such  as  an 
operator  input  63.  Other  sources  such  as  some 
form  of  automated  control,  etc.,  could  also  serve  as 
this  source. 

The  output  of  the  summing  junction  62  is  a 
35  signal  representing  any  error  or  difference  between 

the  actual  speed  and  the  desired  speed.  This  error 
signal  is  applied  to  a  suitable  speed  regulator  (gain 
block)  64  the  output  of  which  is  a  signal  I*  repre- 
senting  the  change  in  current  which  is  required  to 

40  cause  the  motor  to  correct  its  speed.  The  signal  I" 
is  applied  to  a  sine  wave  reference  generator  66. 
An  additional  input  to  the  sine  wave  generator  66  is 
the  signal  from  node  58  which  is  from  the  position 
sensor  56.  This  latter  signal  is  used  in  the  motor 

45  starting  operation  to  adjust  the  phase  of  the  output 
of  sine  wave  generator  66  to  select  proper  phase  of 
that  output  signal  with  respect  to  the  rotor  postion 
and  the  firing  of  the  thyristors  of  the  source  side 
inverter  12.  A  further  input  to  the  generator  66  is  a 

so  signal  (tb0)  proportional  to  the  motor  flux.  This 
signal  can  be  generated  in  a  number  of  ways;  e.g., 
flux  coils  within  the  motor.  In  Fig.  4  the  *bc  signal 
is  shown  as  being  generated  by  integrating  the 
motor  voltage  in  an  integrating  circuit  70.  Signals 

55  representing  the  voltage  applied  to  at  least  two 
windings  of  the  motor,  windings  bn  and  en  are 
applied  to  integrator  70  to  produce  the  *b0  signal. 

The  last  input  to  the  sine  wave  reference  gen- 

reference.)  The  output  of  the  source  side  converter 
10  under  control  50  is  illustrated  (Fig.  3)  in  the 
trace  labeled  "Source".  These  half  sine  waves  are 
at  a  frequency  normally  not  exceeding  the  fre- 
quency  of  the  source  designated  by  Li,  l_2  and  L3. 
For  example,  if  this  source  is  at  60  Hertz,  then  the 
half  wave  outputs  of  the  source  side  converter 
would  vary  from  approximately  zero  to  sixty  half 
cycles  per  second.  The  output  of  the  converter  10 
is  applied  to  the  dc  link  circuit  14.  Since  the 
frequency  of  that  output  is  considerably  lower  than 
that  for  which  the  circuit  is  designed,  the  effect  of 
the  filtering  inductor  20  on  the  half  sine  waves  is 
relatively  small  and  thus  the  half  sine  wave  configu- 
ration  appears  on  the  lines  16  and  18  at  the  input 
to  the  inverter  12.  As  earlier  indicated,  only  four 
legs  of  the  inverter  12  are  utilized  in  this  mode  of 
operation.  In  response  to  gating  signals  from  con- 
trol  50  these  four  legs  of  inverter  12  act  as  a 
reversing  switch  such  that  the  output  of  inverter  1  2 
is  applied  to  the  two  windings  bn  and  en,  which  are 
in  effective  series  connection.  This  output  is  illus- 
trated  in  the  lower  ("Load")  trace  of  Fig.  3  and  is 
an  alternating  current  sine  wave.  Thus,  the  motor 
42  is  operated  as  a  single  phase  motor  and  the 
oscillation  and  torque  pulsations  earlier  described 
are  eliminated.  As  demonstrated  by  Fig.  3,  the  sine 
wave  is  one-half  of  the  frequency  of  the  half  waves 
developed  by  the  source  side  converter  10.  The 
apparatus  and  method  of  this  basic  embodiment  of 
the  invention,  thus,  is  effective  from  the  time  that 
rotor  motion  has  started  and  until  approximately 
one-half  of  the  motor  rated  speed;  that  is,  one-half 
of  the  frequency  of  the  source  (Li  ,  L2,  L3)  at  which 
time  normal  operation  in  accordance  with  the  afore- 
mentioned  patents  will  take  effect. 

It  is  noted  that  the  operation  in  accordance  with 
the  basic  embodiment  was  stated  to  be  after  rota- 
tion  has  begun.  This  is  because  a  three  phase 
motor  will  not  start  under  single  phase  power. 
Thus,  in  an  embodiment  of  an  optional  feature  of 
the  present  invention,  the  motor  is  started  and 
operated  in  accordance  with  known  methods  up  to 
a  predetermined  speed  after  which  operation  in  the 
basic  mode  just  described  is  effected. 

Typically,  this  predetermined  speed  is  at  ap- 
proximately  10  percent  of  rated  speed  or  at  10 
percent  of  the  frequency  of  the  source  voltage. 
Operation  from  zero  to  this  predetermined  speed  is 
preferably  by  control  of  the  inverter  12.  To  ensure 
commutation  of  the  thyristors  of  the  inverter  12  (all 
six  being  used  in  this  case),  converter  10  is  phase 
controlled  to  assure  that  the  current  in  the  dc  link 
circuit  is  discontinuous.  Thus,  this  embodiment  of 
the  invention  calls  for  initial  operation  of  the  source 
side  converter  in  a  phase  control  mode  to  deliver 
discontinuous  current  to  the  load  side  inverter  12  to 
effect  commutation  of  the  thyristors  of  that  inverter. 
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erator  66  is  a  signal  representing  a  desired  angle 
of  current  with  respect  to  the  motor  flux,  specifi- 
cally  the  angle  with  respect  to  the  flux  to  give  a 
phase  relationship  with  respect  to  the  firing  of  the 
thyristors  of  the  two  converters  10  and  12.  The 
signal  is  generated  by  suitable  means  such  as 
operator  input  72. 

The  output  of  the  sine  wave  generator  66  is  a 
signal  in  the  form  of  a  sine  wave  which  has  a 
magnitude  proportional  to  the  I*  signal,  a  frequency 
proportional  to  the  *bc  signal  and  a  phase  relation- 
ship  with  respect  to  the  flux  signal  in  proportion  to 
the  angle  signal  from  element  72.  This  sine  wave 
output  signal  is  applied  to  an  absolute  magnitude 
circuit  74  which  provides  at  its  output  a  signal 
which  is  a  full  wave  rectification  of  the  output  of  the 
generator  66.  This  rectified  signal  is  applied  by 
way  of  a  switch  78  as  one  input  to  a  summing 
junction  76. 

Switch  78  is  shown  as  a  normally  open  switch, 
as  is  switch  80,  while  switches  82  and  84  are 
illustrated  as  normally  closed.  The  four  switches 
are  "ganged"  as  indicated  by  dashed  line  86.  The 
position  of  the  switches  is  a  function  of  a  mode 
relay  88  which  is  under  the  control  of  a  threshhold 
amplifier  90.  Threshhold  amplifier  90  receives  an 
input  signal  from  the  digital-to-analog  converter  60 
such  that  the  mode  relay  88  will  be  operative  to 
change  the  position  of  the  switches  when  motor 
operation  reaches  the  predetermined  speed  earlier 
discussed. 

For  the  purposes  of  beginning  this  discussion, 
it  is  initially  assumed  that  the  motor  is  running  at  a 
speed  sufficient  to  activate  the  mode  relay  and 
thus  switches  78  and  80  are  closed  and  switches 
82  and  84  are  open.  Returning  now  to  the  control 
proper,  the  summing  junction  76  also  receives  an 
input  signal  from  a  current  transformer  92  in  the  dc 
link  circuit  14.  The  signal  from  transformer  92  is  a 
replica  of  the  current  in  circuit  14.  With  these  two 
inputs  the  output  of  the  summing  junction  76  is  a 
current  error  signal  (lerr)representing  any  required 
change  in  the  firing  of  the  rectifiers  of  the  source 
side  inverter  10  to  force  the  current  in  the  dc  link 
circuit  to  correspond  in  phase,  magnitude  and  fre- 
quency  the  output  of  the  function  block  74.  The  lerr 
signal  is  applied  to  a  current  control  94  the  output 
of  which  governs  a  fire  control  96  which  provides 
gating  signals  on  lines  98  to  the  thyristors  of  con- 
verter  10.  This  portion  of  the  control,  in  the  mode 
presently  being  discussed,  causes  the  converter  10 
to  run  in  the  cycloconverter  type  action  to  provide 
on  the  dc  link  circuit  14  the  series  of  half  sine 
waves  all  as  earlier  explained. 

The  output  of  the  sine  wave  reference  gener- 
ator  66  also  is  applied  to  a  high  gain  circuit  100 
which  provides  at  its  output  a  polarity  signal  which 
approximates  a  square  wave  at  the  frequency  of 

the  output  of  the  generator  66.  This  signal  is  ap- 
plied  via  switch  80  (presently  assumed  to  be  in  the 
closed  position)  to  a  fire  control  102  for  the  load 
side  converter  12  which,  in  turn  provides  the  appro- 

5  priate  firing  signals  to  the  associated  thyristor  gate 
terminals  by  way  of  lines  104  to  cause  the  revers- 
ing  switch  to  operate  and  thus  establish  the  polarity 
of  the  power  supplied  to  the  motor  windings.  A 
second  input  to  fire  control  102  is  a  signal  from  a 

10  threshhold  circuit  106  which  is  connected  to  the 
current  transformer  92.  Circuit  106  will  provide  a 
zero  level  signal  when  the  line  circuit  current  is 
zero  to  enable  the  fire  control  102.  Under  these 
conditions,  fire  control  102  will  cause  the  thyristors 

75  of  the  load  side  inverter  to  provide  to  the  windings 
bn  and  en  of  motor  42  a  single  phase  alternating 
current  such  as  is  illustrated  in  the  "Load"  trace  of 
Fig.  3. 

The  remaining  depiction  in  Fig.  4  is  the  control 
20  for  effecting  the  starting  mode  of  the  invention.  In 

essence  this  control  causes  the  LCI  to  provide 
normal  three  phase  power  to  the  load  42  to  bring 
the  motor  from  rest  to  the  designated  speed.  In  this 
regard,  there  is  provided  a  current  and  frequency 

25  reference  generator  110  which  receives  as  its  input 
the  position  sensor  signal  at  node  58  as  well  as  the 
I*,  *bc  and  angle  signals. 

Generator  110  provides  as  its  output  a  series 
of  substantially  square  wave  pulses  which  have  a 

30  magnitude  and  a  frequency  proportional  to  the 
magnitude  and  frequency  desired  as  the  output  of 
the  converter  10.  This  signal  is  applied  by  way  of 
switch  82  which,  below  the  predetermined  speed  is 
closed,  to  the  summing  junction  76  which  also 

35  receives  the  signal  from  the  current  transformer  92. 
The  resulting  error  signal  causes  the  source  side 
converter  10  to  operate  in  a  phase  controlled  mode 
at  a  frequency  corresponding  to  that  of  the  source 
(Li,  L2,  L3)  to  provide  current  of  a  magnitude 

40  proportional  to  the  I*  signal.  The  output  of  the 
generator  1  1  0  is  also  applied  to  a  switch  sequence 
selector  112  the  output  of  which,  via  switch  84, 
serves  as  an  input  to  the  fire  control  to  control  the 
switching  of  the  thyristor  legs  in  load  side  converter 

45  12  and  hence  the  frequency  of  the  power  furnished 
to  the  motor  42  -in  this  case  to  all  three  windings. 
By  virtue  of  the  output  of  threshhold  circuit  106 
switching  of  the  thyristors  of  the  inverter  12  occurs 
only  when  current  in  the  dc  link  circuit  is  zero. 

so  From  the  foregoing  it  is  seen  that  the  motor  is 
brought  from  rest  to  a  predetermined  speed  con- 
dition  by  controlling  the  load  commutated  inverter 
drive  in  the  normal  mode  of  a  three  phase  opera- 
tion  while  assuring  commutation  of  the  thyristors  of 

55  the  inverter  12  at  zero  current.  After  reaching  that 
predetermined  speed  the  LCI  is  controlled  in  the 
cycloconverter-reversing  switch  mode. 

Fig.  5  and  its  accompanying  wave  form  in  Fig. 
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scribe  in  detail  the  operation.  To  facilitate  an  overall 
understanding,  however,  a  sufficient  number  of  the 
components  have  been  designated  by  prime  and 
double  prime  designations  of  similar  components  in 

5  Fig.  4.  Where  like  identical  components  are  used, 
the  same  designations  have  been  employed  for 
orientation  purposes.  Suffice  it  to  say  in  this  case, 
the  one  primary  distinction  is  that  a  sine  wave 
generator  here  designated  66'  receives  flux  signals 

10  from  both  the  winding  sets.  As  indicated,  these 
signals  are  %'c'  and  to"a".  Generator  66'  provides 
two  outputs  for  the  respective  control  of  the  two 
channels.  The  two  sine  wave  reference  signals  are 
phase  displaced  with  respect  to  one  another  by  90 

75  electrical  degreees.  In  all  other  aspects  the  individ- 
ual  operations  of  the  two  channels  are  as  earlier 
described. 

While  the  present  invention  has  been  de- 
scribed  in  its  preferred  embodiments,  modifications 

20  thereto  will  readily  occur  to  those  skilled  in  the  art. 

6  illustrate  an  application  of  the  present  invention  in 
what  is  commonly  referred  to  as  a  twelve  pulse 
load  commutated  inverter  drive  system  of  the  basic 
type  described  in  U.S.  Patents  4,426,611  and 
4,565,953  earlier  referenced.  In  the  twelve  pulse 
system,  the  motor  stator  has  two  sets  of  windings 
which  are  phase  displaced  with  respect  to  each 
other  by  30  electrical  degrees.  These  windings  are 
illustrated  in  Fig.  5  using  a  prime  and  double  prime 
notation  corresponding  to  the  showing  in  Fig.  2. 
Two  LCI  channels  supply  the  two  sets  of  windings. 
Channel  1  is  connected  to  those  having  the  prime 
designation  and  includes  a  souce  side  converter 
10',  a  load  side  inverter  12'  and  a  link  circuit  14  . 
Four  legs  of  the  load  side  converter  12  are  con- 
nected  to  the  b'n'  and  c'n'  windings  of  the  first  set 
of  windings.  In  a  similar  manner,  channel  2  com- 
prises  like  components  designated  by  the  double 
prime  notation.  In  this  case,  however,  the  appro- 
priate  four  legs  of  the  load  side^converter  12  are 
connected  to  the  a"n"  and  c'n  windings  of  the 
second  set. 

The  two  load  commutated  inverter  circuits,  or 
two  channels,  may  be  (although  not  necessarily) 
supplied,  respectively,  by  a  transformer  arrange- 
ment  indicated  generally  at  150  which  includes  a 
delta  connected  primary  152  connected  to  a  power 
supply  Li,  L2,  L3.  A  first  secondary  winding  154  of 
the  transformer  1  52  is  in  a  wyê   configuration  and 
supplies  the  source  converter  10  of  channel  1.  In  a 
similar  manner  a  delta  connected  secondary  156 
supplies  the  source  side  converter  10  of  channel 
2.  Operation  of  the  power  circuit  illustrated  in  Fig.  5 
is  in  accordance  with  the  basic  embodiment  mode 
in  which  each  of  the  source  side  converters  is 
operated  to  produce  half  sine  waves.  Here,  half 
sine  waves  are  phase  displaced  between  the  chan- 
nels  by  90  electrical  degrees  (see  Fig.  6).  The  load 
side  inverters  12'  and  12"  are  operated  as  revers- 
ing  switches  and  thus  their  outputs  are  single 
phase  sine  waves  which  are  90  degrees  phase 
displaced  (Fig.  6).  The  ultimate  result,  in  the  power 
sense,  is  that  the  motor  42'  operates  as  a  two 
phase  motor. 

Since,  the  embodiment  described  with  respect 
to  Figs.  5  and  6,  operates  as  a  two  phase  motor, 
the  starting  problems  associated  with  the  single 
phase  motor  are  not  prevalent.  As  such,  a  suitable 
control  may  be  effected  without  the  necessity  of 
the  starting  requirement  as  described  with  respect 
to  the  embodiment  of  Fig.  4. 

Fig.  7  depicts  one  possible  control  implementa- 
tion  for  the  power  circuit  of  Fig.  6.  It  is  immediately 
apparent  that  this  control  is  essentially  a  dual  ap- 
plication  of  the  top  half  of  the  Fig.  4  control  im- 
plementation;  that  is,  the  control  portion  which  im- 
plements  the  cycloconverter-reversing  switch 
mode.  As  such,  it  is  believed  unnecessary  to  de- 

Claims 

25  1  .  A  method  of  effecting  low  frequency  opera- 
tion  of  an  alternating  current  motor,  said  motor 
being  associated  with  a  system  for  controlling  the 
electrical  power  supplied  to  it  from  a  polyphase 
alternating  current  source  using  a  supply  channel 

30  including  a  controllable  alternating  current  to  direct 
current  source  side  converter  connected  to  a  direct 
current  to  alternating  current  load  side  converter  by 
way  of  a  link  circuit,  the  method  comprising  the 
steps: 

35  a)  operating  said  source  side  converter  to 
provide  an  output  of  half  sine  wave  currents  within 
a  range  of  desired  frequencies; 

b)  operating  said  load  side  converter  as  a 
reversing  switch  to  thereby  convert  said  half  sine 

40  wave  currents  to  single  phase  alternating  current 
electrical  power; 

c)  furnishing  said  single  phase  power  to  said 
motor; 

d)  generating  signals  representing  a  desired 
45  change  in  motor  speed,  actual  motor  flux,  and  a 

desired  angle  with  respect  to  said  motor  flux; 
e)  generating  a  reference  sine  wave  having  a 

magnitude  as  a  function  of  the  desired  change  in 
motor  speed  signal,  a  frequency  as  a  function  of 

50  the  motor  flux  signal  and  a  phase  relationship  with 
respect  to  the  motor  flux  as  a  function  of  said  angle 
signal;  and, 

f)  controlling  said  source  side  converter  as  a 
function  of  said  reference  sine  wave. 

55 
2.  A  method  in  accordance  with  Claim  1 

wherein  said  motor  is  a  polyphase  electric  motor. 
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b)  phase  adjusting  said  reference  sine  wave 
in  time  as  a  function  of  said  position  signal. 

7.  A  method  in  accordance  with  any  one  of 
5  Claims  1  ,  5  and  6  further  including  the  steps: 

a)  generating  a  signal  proportional  to  the 
absolute  magnitude  of  said  reference  sine  wave; 

b)  developing  a  feedback  signal  proportional 
to  the  current  in  said  link  circuit; 

10  c)  combining  said  signal  proportional  to  the 
absolute  value  and  said  feedback  signal  to  yield  a 
control  signal;  and 

d)  controlling  said  source  side  converter  in 
response  to  said  control  signal  to  thereby  cause 

75  said  source  side  converter  to  provide  at  its  output 
said  half  sine  wave  currents. 

8.  A  method  in  accordance  with  any  one  of  the 
preceding  claims  further  including  the  steps  of: 

20  a)  developing  a  zero  level  signal  when  cur- 
rent  in  said  link  circuit  equals  approximately  zero; 

b)  developing  a  polarity  signal;  and 
c)  controlling  said  load  side  converter  as  a 

function  of  said  zero  level  signal  and  said  polarity 
25  signal. 

9.  A  method  in  accordance  with  any  one  of  the 
preceding  claims  wherein  said  motor  is  a  three- 
phase  electric  motor  having  a  winding  for  each 

30  phase  and  wherein  said  single  phase  alternating 
current  electrical  power  from  said  load  side  con- 
verter  is  furnished  to  two  of  said  windings. 

10.  A  method  of  effecting  low  speed  operation 
of  an  alternating  current  motor,  having  first  and 

35  second  sets  of  polyphase  windings  phase  dis- 
placed  with  respect  to  each  other,  said  motor  being 
associated  with  a  system  for  controlling  the  elec- 
trical  power  supplied  to  it,  from  an  alternating  cur- 
rent  source  using  two  similar  supply  channels  con- 

40  nected  in  parallel  between  said  source  and  said 
motor,  each  of  said  channels  including  a  control- 
lable  alternating  current  to  direct  current  source 
side  converter  connected  to  a  direct  current  to 
alternating  current  load  side  converter  by  way  of  a 

45  link  circuit,  said  method  comprising  the  steps: 
a)  operating  the  source  side  converter  of  a 

first  of  said  channels  to  provide  an  output  of  half 
sine  wave  currents  within  a  range  of  desired  fre- 
quencies; 

so  b)  operating  the  source  side  converter  of  a 
second  of  said  channels  to  provide  an  output  of 
half  sine  wave  currents  of  essentially  the  same  low 
frequency  as  the  output  of  said  first  channel  but 
phased  displaced  in  time  by  approximately  90 

55  electrical  degrees  with  respect  to  the  currents  of 
said  first  output;  and 

3.  A  method  for  starting  and  operating  a  poly- 
phase  electric  motor  connected  to  an  alternating 
current  source  of  electrical  power  by  way  of  a  load 
commutated  inverter  circuit  comprising  an  alternat- 
ing  current  to  direct  current  source  side  converter 
connected  to  a  direct  current  to  alternating  current 
load  side  converter  by  way  of  a  link  circuit,  each  of 
said  converters  comprising  a  plurality  of  controlled 
semiconductor  devices,  said  method  comprising 
the  steps: 

a)  controlling  the  power  in  a  first  mode  of 
operation  from  approximately  zero  speed  to  a  pre- 
determined  value  comprising  the  steps: 
1)  operating  said  source  side  converter  in  a  phase 
controlled  mode  to  supply  a  discontinuous  current 
to  said  load  side  converter  via  said  link  circuit, 
2)  sensing  a  zero  current  condition  in  said  link 
circuit,  and 
3)  selectively  changing  the  conductive  states  of  the 
load  side  converter  switches  at  times  of  zero  cur- 
rent  until  reaching  said  predetermined  speed  to 
thereby  furnish  electrical  power  to  said  motor;  and, 

b)  controlling  power  in  a  second  mode  of 
operation  after  motor  speed  has  exceeded  said 
predetermined  value  comprising  the  steps: 
1)  operating  said  source  side  converter  to  provide 
an  output  of  half  sine  wave  currents  within  a  range 
of  desired  frequencies,  and, 
2)  operating  said  load  side  converter  as  a  reversing 
switch  to  thereby  convert  said  half  sine  wave  cur- 
rents  to  single  phase  alternating  electrical  power 
motor;  and 
3)  furnishing  said  single  phase  electrical  power  to 
said  motor. 

4.  A  method  in  accordance  with  Claim  3 
wherein  said  predetermined  value  in  speed  is  ap- 
proximately  ten  percent  of  rated  motor  speed. 

5.  A  method  in  accordance  with  Claim  3  or 
Claim  4  further  including  the  steps  of: 

a)  generating  signals  representing  a  desired 
change  in  motor  speed,  actual  motor  flux,  and  a 
desired  angle  with  respect  to  said  motor  flux; 

b)  generating,  in  response  to  said  signals,  a 
reference  sine  wave,  in  response  to  said  parameter 
signals,  having  a  magnitude  as  a  function  of  the 
desired  change  in  motor  speed  signal,  a  frequency 
as  a  function  of  the  motor  flux  signal  and  a  phase 
relationship  with  respect  to  the  motor  flux  signal  as 
a  function  of  said  angle  signal;  and, 

c)  controlling  said  source  side  converter  as  a 
function  of  said  reference  sine  wave. 

6.  A  method  in  accordance  with  Claim  1  or 
Claim  5  further  including  the  steps  of: 

a)  generating  a  position  signal  indicative  of 
an  extant  position  of  a  rotor  of  said  motor;  and, 
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phase  electrical  power  from  each  said  load  side 
converter  is  furnished  to  two  of  the  windings  of  a 
respective  set  of  windings. 

15.  A  method  in  accordance  with  any  one  of 
the  preceding  claims  wherein  the  range  of  desired 
frequencies  at  which  said  half  sine  wave  currents 
are  provided  does  not  exceed  the  frequency  of 
said  alternating  current  source. 

c)  operating  both  of  said  load  side  convert- 
ers  as  reversing  switches  to  thereby  furnish  single 
phase  electrical  power  to  respective  sets  of  motor 
windings. 

11.  A  method  in  accordance  with  Claim  10 
further  including  the  steps  of: 

a)  generating  a  current  signal  representing  a 
desired  change  in  motor  speed; 

b)  generating  first  and  second  flux  signals 
representing,  respectively,  the  actual  flux  devel- 
oped  by  said  first  and  second  sets  of  windings; 

c)  generating  an  angle  signal  representing  a 
desired  electrical  angle  with  respect  to  said  motor 
flux; 

d)  developing  a  first  reference  sine  wave  for 
a  first  of  said  channels  as  a  function  of  said  current 
signal,  said  first  flux  signal  and  said  angle  signal; 

e)  developing  a  second  reference  sine  wave 
for  a  second  of  said  channels  as  a  function  of  said 
current  signal,  said  second  flux  signal  and  said 
angle  signal;  and 

f)  controlling  the  source  side  converter  of 
said  first  channel  in  response  to  said  first  reference 
sine  wave  and  and  the  source  side  converter  of 
said  second  channel  in  response  to  said  second 
reference  sine  wave. 

12.  A  method  in  accordance  with  Claim  11 
further  including  the  steps,  for  each  of  said  chan- 
nels: 

a)  generating  a  signal  proportional  to  the 
absolute  magnitude  of  the  reference  sine  wave  for 
that  channel; 

b)  developing  a  feedback  signal  proportional 
to  the  current  in  the  link  circuit  of  that  channel; 

c)  combining  said  signal  proportional  to  the 
absolute  value  and  said  feedback  signal  to  yield  a 
control  signal;  and, 

d)  controlling  said  source  side  converter  of 
that  channel  in  response  to  said  control  signal  to 
thereby  cause  that  source  side  converter  to  provide 
at  its  output  said  half  sine  wave  currents. 

13.  A  method  in  accordance  with  any  one  of 
Claims  10  to  12  further  including,  for  each  of  said 
channels,  the  steps  of: 

a)  developing  a  zero  level  signal  when  the 
current  in  the  link  circuit  equals  approximately 
zero; 

b)  developing  a  polarity  signal;  and, 
c)  controlling  the  load  side  converter  of  that 

channel  as  a  function  of  said  zero  level  signal  and 
said  polarity  signal. 

14.  A  method  in  accordance  with  any  one  of 
Claims  10  to  13  wherein  said  sets  of  polyphase 
windings  are  each  three  phase  and  wherein  single 
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