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^   ©  A  converter  whose  output  voltage  can  be  changed  by  a  three-level  PWM  control  smoothly  and  continuously 
flf)  from  zero  to  the  maximum.  The  converter  comprises  multi-pulse  generating  means  for  generating  PWM  control 
^   signals  corresponding  to  bipolar  modulation  mode,  unipolar  modulation  mode,  and  overmodulation  mode;  one- 
1^  pulse  generating  means  for  generating  PWM  control  siganls  corresponding  to  one-pulse  mode;  and  means  for 
G)  controlling  the  transition  between  the  modulation  modes.  The  transition  between  the  unipolar  modulation  mode 
W  and  one-pulse  mode  is  so  made  to  pass  through  the  overmodulation  mode. 
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TECHNICAL  FIELD 

The  present  invention  relates  to  an  improvement  in  an  electric  power  converting  apparatus  for 
converting  DC  into  AC  and  vice  versa.  More  specifically,  the  present  invention  is  related  to  a  control  of  an 

5  output  voltage  from  an  electric  power  converting  apparatus. 

BACKGROUND  ART 

A  3-level  inverter  produces  a  3-level  voltage,  e.g.,  a  high  voltage,  a  medium  voltage,  and  a  lower 
io  voltage  by  subdividing  a  DC  power  voltage  (stringing  voltage)  into  two  DC  voltages  by  way  of  series- 

connected  capacitors,  and  selectively  conducts  these  three  leveled  voltages  to  an  inverter  output  terminal 
by  turning  ON/OFF  the  switching  elements  of  the  major  circuit.  The  3-level  inverter  own  the  following 
features. 

That  is,  since  the  step  number  of  the  output  voltage  pulse  is  increased,  the  virtual  switching  frequency 
75  is  increased  and  then  an  output  with  less  distortion  is  obtained.  Since  the  voltage  applied  to  the  element  is 

reduced  to  approximately  1/2,  as  compared  with  that  of  the  2-level  inverter,  the  switching  elements  with 
relatively  low-withstanding  voltages  may  be  utilized.  Since  the  apply  voltages  to  the  switching  elements  are 
lowered,  loss  occurring  in  the  switching  elements  may  be  reduced. 

As  the  generating/controlling  method  for  the  output  voltage  pulse  of  the  above-described  3-level 
20  inverter,  the  following  methods  have  been  proposed: 

(1)  "NEW  DEVELOPMENTS  OF  3-LEVEL  PWM  STRATEGIES"  (EPE'  89  Record,  1989),  page  412.  In 
figure  1,  there  are  provided  a  so-called  "dipolar  modulation"  (the  output  voltage  is  produced  by 
alternately  outputting  the  positive/negative  pulses  via  the  zero  voltage  within  a  half  period  of  the  output 
voltage),  a  so-termed  "unipolar  modulation"  (the  output  voltage  is  produced  by  outputting  the  pulse  with 

25  a  single  polarity  within  a  half  period  of  the  output  voltage),  and  also  a  method  for  switching  the  above- 
described  dipolar  modulation  and  unipolar  modulation. 
(2)  "PWM  Systems  in  Power  Converters:  AN  Extension  of  the  "Subharmonic"  Method"  (IEEE  Transac- 
tion  on  Industrial  Electronics  and  Control  Instrumentation,  vol.  IECI-28,  No.  4,  November  1981),  page  316. 
In  figure  2(b),  such  a  modulation  method  (will  be  referred  to  "overmodulation")  has  been  proposed.  That 

30  is,  a  half  period  of  the  output  voltage  is  constructed  of  a  plurality  of  pulses  each  having  a  single  polarity, 
and  the  output  voltage  is  produced  by  reducing  the  number  of  pulses  in  such  a  manner  that  slits  among 
the  pulses  are  filled  up  from  the  center  portion  of  this  half  period. 
(3)  STUDY  OF  2  AND  3-LEVEL  PRECALCULATED  MODULATIONS  (EPE'  91  Record,  1991),  page  411. 
In  figure  16,  the  output  voltage  pulse  generating/controlling  method  has  been  proposed  for  covering  the 

35  output  voltage  from  0  to  100%. 

DISCLOSURE  OF  INVENTION 

When  the  3-level  inverter  is  employed  in  such  usage  as  a  railroad  vehicle,  various  demands  are  made. 
40  That  is,  in  order  to  realize  a  speed  control  over  a  wide  range,  a  fundamental  wave  of  an  output  voltage  of  an 

inverter  can  be  continuously  controlled  and  also  a  harmonic  wave  of  an  output  voltage  of  this  inverter  can 
be  smoothly  controlled  from  a  zero  voltage  up  to  a  maximum  voltage  at  which  a  voltage  utilization  factor 
reaches  100%  (namely,  a  voltage  region  where  only  a  single  pulse  is  present  within  a  half  period  of  an 
output  voltage,  which  will  be  referred  to  a  "1  pulse"). 

45  Then,  in  accordance  with  the  above-described  prior  art  (1),  since  a  selection  is  made  of  the  dipolar 
modulation  capable  of  controlling  a  very  small  voltage  containing  a  zero,  the  unipolar  modulation  means  for 
covering  the  medium  speed  region  (medium  voltage),  and  the  so-called  "1  pulse"  for  covering  the 
maximum  voltage,  the  voltages  from  zero  voltage  to  the  maximum  voltage  can  be  outputted.  The  continuity 
of  the  fundamental  wave  can  be  maintained.  The  discontinuity  happens  to  occur  in  the  harmonic  wave  of 

50  the  output  voltage  when  the  unipolar  modulation  is  changed  into  the  "1  pulse".  Thus,  there  is  such  a 
problem  that  noises  are  produced  due  to  sudden  and  great  changes  in  the  frequency. 

In  the  technical  idea  described  in  the  above-described  prior  art  (2),  there  is  another  problem  that  the 
voltages  from  the  zero  voltage  to  the  maximum  voltage  cannot  be  reproduced. 

On  the  other  hand,  in  the  above  explained  prior  art  (1),  the  control  becomes  complex  in  order  to 
55  continuously  control  the  fundamental  wave  of  the  output  voltage,  since  the  pulse  data  corresponding  to  the 

phase  and  the  voltage  of  the  fundamental  wave  are  stored  in  the  memory,  and  the  pulse  series 
corresponding  to  the  respective  modulations  is  outputted  based  upon  the  pulse  data.  Furthermore,  in  the 
unipolar  modulation  according  to  the  above-described  prior  art  (3),  since  this  modulation  corresponds  to 

3 
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such  a  modulation  method  for  changing  the  number  of  pulses  present  in  the  half  period  of  the  fundamental 
wave,  complex  controls  are  required. 

In  addition,  there  is  another  problem  in  the  above-described  prior  art  such  that  when  the  modulation 
methods  and  the  pulse  number  are  changed,  an  unpleasant  discontinuous  sounds  are  produced. 

5  An  object  of  the  present  invention  is  to  realize  a  3-level  pulse  generation  control  in  such  a  manner  that 
an  output  voltage  of  a  3-level  inverter  can  be  controlled  from  zero  to  a  maximum  value,  and  the  output 
voltage  of  the  inverter  can  be  continuously  and  smoothly  controlled. 

Another  object  of  the  present  invention  is  to  simplify  a  control  of  an  inverter. 
Another  object  of  the  present  invention  is  to  prevent  discontinuous  sounds  in  an  electric  vehicle 

io  mounting  an  inverter. 
The  above-described  object  may  be  achieved  by  such  an  electric  power  converting  apparatus  equipped 

with  an  electric  power  converter  for  converting  a  DC  voltage  into  AC  phase  voltages  having  3-leveled 
potentials,  and  a  motor  driven  by  this  electric  power  converter.  The  electric  power  converting  apparatus 
comprises: 

is  a  dipolar  modulation  mode  for  producing  such  a  series  of  output  pulses  that  a  half  period  of  a 
fundamental  wave  of  an  output  phase  voltage  of  this  electric  power  converter  is  represented  by  a  pulse 
series  having  a  zero  potential  between  a  positive  pulse  and  a  negative  pulse; 

a  unipolar  modulation  mode  for  producing  such  a  series  of  output  pulses  that  a  half  period  of  a 
fundamental  wave  of  an  output  phase  voltage  of  said  electric  power  converter  is  represented  by  a  pulse 

20  series  constructed  of  a  plurality  of  single  polarity  pulses; 
an  overmodulation  mode  for  producing  such  a  series  of  output  pulses  that  a  half  period  of  a 

fundamental  wave  of  an  output  phase  voltage  of  the  electric  power  converter  is  represented  by  reducing  the 
number  of  pulses  in  such  a  manner  that  a  slit  between  the  pulses  is  filled  up  from  a  center  of  a  pulse  train 
constructed  of  a  plurality  of  single  polarity  pulses; 

25  a  1  pulse  mode  for  producing  such  an  output  pulse  that  a  half  period  of  a  fundamental  wave  of  an 
output  phase  voltage  of  the  electric  power  converter  is  represented  by  a  single  pulse  having  the  same 
polarity;  and 

a  means  for  changing  the  modulation  mode  among  these  dipolar  modulation  mode,  unipolar  modulation 
mode,  overmodulation  mode  and  1  pulse  mode. 

30  The  above-described  another  object  of  the  present  invention  is  achieved  by  such  an  electric  power 
converting  apparatus  equipped  with  an  electric  power  converter  for  converting  a  DC  voltage  into  AC  phase 
voltages  having  more  than  2  levels  of  potentials,  and  a  motor  driven  by  this  electric  power  converter.  This 
electric  power  converting  apparatus  comprises: 

first  pulse  generating  means  for  generating  pulses  under  an  asynchronous  condition  with  a  fundamental 
35  wave  of  an  output  voltage  from  the  electric  power  converter,  thereby  outputting  a  plurality  of  pulses  at  a  half 

period  of  an  output  phase  voltage;  and 
second  pulse  generating  means  for  generating  at  the  electric  power  converter,  a  single  pulse  having  the 

same  polarity  as  that  of  the  fundamental  wave  of  the  voltage  outputted  from  the  electric  power  converter 
within  a  half  period  of  the  output  phase  voltage  in  synchronism  with  this  fundamental  wave  of  the  output 

40  voltage. 
Furthermore,  the  above-described  another  object  of  the  present  invention  is  achieved  by  a  control 

apparatus  for  an  electric  vehicle  equipped  with  an  inverter  for  outputting  a  variable  AC  voltage  with  a 
variable  frequency,  and  an  induction  motor  driven  by  this  inverter.  This  control  apparatus  comprises: 

control  means  for  continuously  changing  a  switching  frequency  of  the  inverter  within  all  regions  that 
45  there  are  plural  pulses  within  a  half  period  of  the  fundamental  wave  of  an  output  voltage  from  the  inverter. 

In  the  3-level  inverter,  since  the  dipolar  modulation  is  mainly  employed  as  the  low-voltage  control,  the 
unipolar  modulation  is  employed  as  the  medium-voltage  control,  and  the  overmodulation  is  utilized  as  the 
high-voltage  control  for  transferring  the  modulation  between  the  unipolar  modulation  and  the  1  pulse,  the 
output  voltage  is  continuously  changed  from  zero  to  the  maximum  voltage. 

50  Also,  since  the  above-explained  first  modulation  means  can  produce  the  output  pulses  irrelevant  to  the 
frequency  of  the  inverter,  the  structure  of  the  first  modulation  means  for  producing  the  pulses  can  be  made 
simple. 

Furthermore,  since  the  control  means  is  employed  which  continuously  varies  the  switching  frequency  of 
the  inverter,  the  higher  harmonics  of  the  output  voltage  are  substantially  continuously  changed,  so  that  a 

55  discontinuous  change  in  tone  is  reduced. 
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BRIEF  DESCRIPTION  OF  DRAWINGS 

Fig.  1  is  a  schematic  diagram  for  showing  an  arrangement  of  an  electric  power  converting  apparatus 
according  to  a  preferred  embodiment  of  the  present  invention; 

5  Fig.  2  is  an  explanatory  diagram  for  explaining  a  relationship  between  an  output  voltage  characteristic 
and  a  PWM  mode; 
Fig.  3  is  an  explanatory  diagram  for  explaining  modulation  waveforms  used  to  continuously  transfer  the 
PWM  modes  at  a  multiple  pulse  region; 
Fig.  4  schematically  shows  a  detailed  construction  of  the  electric  power  converting  apparatus  shown  in 

io  Fig.  1; 
Fig.  5  schematically  illustrates  an  example  of  dipolar/unipolar  transfer  controlling  means; 
Fig.  6  schematically  shows  an  example  of  pulse  generating  means  in  multiple  pulse  generating  means; 
Fig.  7  is  a  waveform  chart  for  representing  a  relationship  between  widths  of  ON/OFF  pulses; 
Fig.  8  schematically  indicates  a  characteristic  of  the  widths  of  the  ON/OFF  pulses; 

is  Fig.  9  schematically  shows  an  example  of  an  overmodulation  waveform; 
Fig.  10  is  a  flow  chart  of  pulse  timing  setting  means  by  way  of  a  software; 
Fig.  11  schematically  shows  an  example  of  a  construction  of  amplitude  setting  means; 
Fig.  12  schematically  indicates  an  example  of  multi-pulse/1  -pulse  change  controlling  means; 
Fig.  13  schematically  represents  an  example  of  1  -pulse  generating  means; 

20  Fig.  14  schematically  shows  an  example  of  an  arrangement  of  another  preferred  embodiment; 
Fig.  15  schematically  represents  one  example  of  transfer  controlling  means; 
Fig.  16  shows  a  relationship  between  an  output  voltage  characteristic  and  a  PWM  mode  in  case  of 
another  PWM  mode; 
Fig.  17  is  an  explanatory  diagram  of  a  modulation  waveform  of  another  PWM  mode; 

25  Fig.  18  shows  an  arrangement  of  transfer  controlling  means  for  realizing  another  PWM  mode; 
Fig.  19  schematically  shows  one  example  of  transfer  controlling  means; 
Fig.  20  is  an  explanatory  diagram  for  explaining  a  relationship  between  an  inverter  frequency  and  a 
switching  frequency; 
Fig.  21  is  a  flow  chart  of  pulse  width  modulating  means  by  way  of  a  software; 

30  Fig.  22  is  an  explanatory  diagram  for  explaining  an  operation  of  overmodulation/1  -pulse  transfer  control; 
Figs.  23A  to  23F  show  waveforms  appearing  when  the  overmodulation/1  -pulse  transfer  control  is 
performed;  and 
Fig.  24  is  an  explanatory  diagram  for  effectively  explaining  a  basic  operation  of  a  U-phase  switching  unit. 

35  BEST  MODE  FOR  CARRYING  OUT  THE  INVENTION 

After  the  present  invention  is  summarized  with  reference  to  Figs.  1  to  3  and  Fig.  24,  a  preferred 
embodiment  of  this  invention  will  be  explained  with  reference  to  Fig.  1  and  Figs.  4  to  13. 

A  3-level  inverter  (also  referred  to  an  "NPC  inverter")  produces  3  different  levels  of  voltages,  i.e.,  a  high 
40  potential,  a  medium  potential  and  a  low  potential  by  dividing  a  DC  power  source  voltage  (catenary  voltage 

in  case  of  an  electric  vehicle)  into  two  DC  voltages  by  employing  series-connected  capacitors,  and 
selectively  conducts  these  3-level  voltages  to  an  output  terminal  of  the  3-level  inverter  by  turning  ON/OFF 
switching  elements  of  a  main  circuit. 

In  Fig.  1,  there  is  shown  as  an  example  of  this  main  circuit  arrangement,  a  basic  arrangement  (in  case 
45  of  3  phases)  when  this  main  circuit  is  applied  to  an  electric  vehicle  of  a  railroad. 

In  Fig.  1,  reference  numeral  4  indicates  a  DC  catenary  functioning  numeral  50  shows  a  DC  reactor,  and 
reference  numerals  51  and  52  denote  clamp  capacitors  separately  arranged  and  for  producing  an 
intermediate  potential  point  "0"  (will  be  referred  to  a  "neutral  point")  from  a  voltage  of  the  DC  voltage 
source  4.  Furthermore,  reference  numerals  7a,  7b  and  7c  denote  switching  units  arranged  by  a  self- 

50  commutation  switching  element,  and  selectively  outputting  a  voltage  at  a  high  potential  point  (P-point 
voltage),  a  neutral  point  voltage  (0-point  voltage),  and  a  voltage  at  a  low  potential  point  (N-point  voltage)  in 
response  to  a  gate  signal  supplied  to  this  switching  element.  In  this  case,  the  switching  unit  7a  is  arranged 
by  self-commutation  switching  elements  70  to  73  (although  IGBT  is  employed,  GTO,  transistor  and  the  like 
may  be  employed),  flywheel  rectifier  elements  74  to  77,  and  auxiliary  rectifier  elements  78  and  79.  An 

55  induction  motor  6  is  used  as  a  load.  The  remaining  switching  units  7b  and  7c  have  the  same  arrangements 
as  that  of  the  switching  unit  7a. 

First,  for  instance,  a  basic  operation  of  the  U-phase  switching  unit  7a  will  now  be  described  with 
reference  to  Fig.  24. 

5 
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It  should  be  understood  that  voltages  "Vcp"  and  "Vcn"  appearing  at  the  clamp  capacitors  51  and  52 
are  completely-smoothened  DC  voltages  equal  to  such  a  divided  voltage  of  "Ed/2",  and  the  neutral  point  (0- 
point)  is  virtually  grounded.  Also,  an  output  voltage  indicates  a  phase  voltage  outputted  from  the  inverter 
unless  no  specific  indication  is  made. 

5  The  switching  elements  70  to  73  for  constituting  the  switching  unit  7a  are  turned  ON/OFF  in  accordance 
with  3  different  conducting  patterns  as  shown  in  Fig.  24.  In  other  words,  in  such  an  output  mode  P  that  the 
potential  appearing  at  the  point  P  at  the  DC  voltage  side  is  outputted,  the  switching  elements  70  and  71  are 
turned  ON  and  the  switching  elements  72  and  73  are  turned  OFF  so  that  an  output  voltage  becomes  Ed/2. 
In  an  output  mode  0  that  the  potential  appearing  at  the  neutral  point  is  outputted,  the  switching  elements  71 

io  and  72  are  turned  ON,  and  the  switching  elements  70  and  73  are  turned  OFF,  so  that  a  zero  potential  is 
outputted  as  the  output  voltage.  In  an  output  mode  N  that  the  potential  appearing  at  the  point  N  is 
outputted,  the  switching  elements  70  and  71  are  turned  OFF,  and  the  switching  elements  72  and  73  are 
turned  ON,  so  that  the  output  voltage  becomes-Ed/2. 

In  Fig.  24,  there  are  shown  equivalent  circuits  of  single-phase  main  circuits  (switching  unit  and  clamp 
is  capacitor)  for  the  respective  output  modes.  Assuming  now  that  switching  functions  Sp  and  Sn  for 

representing  the  conducting  states  of  the  switching  elements  by  two  values  of  "1  "  and  "0"  are  employed, 
in  case  of  the  output  mode  P,  it  may  be  expressed  as  Sp  =  1  and  Sn  =  0; 
in  case  of  the  output  mode  0,  it  may  be  expressed  as  Sp  =  0  and  Sn  =  0;  and 
in  case  of  the  output  mode  N,  it  may  be  expressed  as  Sp  =  0  and  Sn  =  1.  At  this  time,  a  relationship 

20  between  the  switching  functions  Sp,  Sn  and  the  gate  signals  Gpu,  Gpx,  Gnx,  Gnu  (it  is  assumed  that  an 
OFF  signal  is  0  and  an  ON  signal  is  1)  supplied  to  the  switching  elements  70,  71,  72,  73,  may  be  expressed 
by  the  following  formula: 

25 

30 

G p u  

G p x  

G n x  

G n u  

=  S p u  

=  S n u  

S p u  

S n u  

Eg.  1 

35  As  a  consequence,  the  conducting  states  of  the  switching  elements  may  be  determined  by  preparing 
two  switching  functions  Sp  and  Sn  for  the  respective  phases.  These  switching  functions  Sp  and  Sn  are 
determined  in  such  a  manner  that  the  output  voltage  "eu"  becomes  a  sinusoidal  form  by  the  pulse  width 
modulation  (PWM)  control. 

It  should  be  noted  that  the  main  circuits  of  the  3-level  inverter  are  described  more  in  detail  in  JP-A-51- 
40  47848  and  JP-A-56-74088. 

On  the  other  hand,  when  a  speed  control  is  performed  over  a  wide  range  from  a  variable  volt- 
age/frequency  (VWF)  range  to  a  constant  voltage/variable  frequency  (CWF)  range  under  such  a  limited 
power  source  voltage  as  an  electric  car,  an  output  voltage  characteristic  as  shown  by  a  solid  line  of  Fig.  2  is 
demanded.  That  is  to  say,  a  high-speed  drive  is  realized  in  such  a  manner  that  in  a  low-speed  region,  since 

45  the  output  voltage  is  adjusted  substantially  proportional  to  the  inverter  frequency  (this  region  will  be  referred 
to  as  "VWF  control  region"),  magnetic  flux  within  the  motor  is  maintained  substantially  constant,  and 
predetermined  torque  is  maintained,  whereas  in  a  high-speed  region,  since  the  inverter  frequency  is 
continuously  increased  while  the  maximum  output  voltage  of  the  inverter  is  maintained  (this  region  will  be 
referred  to  as  "CWF  control  region"),  the  voltage  utilization  factor  is  made  maximum  under  the  limited 

50  voltage. 
However,  in  accordance  with  the  conventionally  known  unipolar  modulation  method,  in  such  a  region 

(located  near  the  starting  point  of  the  VWF  control  region)  that  the  inverter  frequency  becomes  low  and  the 
control  of  the  very  small  output  voltage  is  demanded,  a  voltage  pulse  smaller  than  the  minimum  output 
pulse  width  which  is  determined  by  the  minimum  ON-time  of  the  switching  element  cannot  be  realized,  but 

55  as  indicated  by  a  dot  line  of  Fig.  2,  a  voltage  larger  than  the  commanded  voltage  is  outputted. 
For  instance,  considering  now  that  all  of  voltage  pulses  outputted  from  the  inverter  have  minimum  pulse 

widths  determined  by  the  minimum  ON-time  "Ton"  of  the  switching  element,  a  root-mean-square  value  "E" 
of  the  output  voltage  at  this  time  is  given  as  follows: 

6 
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E  =  2FcTonEmax  Eq.  2 

where  Fc  is  carrier  frequency. 
5  Then,  any  voltages  smaller  than  this  output  voltage  cannot  be  controlled.  It  should  be  noted  that  symbol 

"Emax"  indicates  a  root-mean-square  value  of  a  rectangular  voltage  with  the-conducting  angle  of  180°. 
This  root-mean-square  value  "Emax"  is  given  by  the  following  equation  (3): 

Emax  =  (V2/77)Ed  Eq.  3 
10 

Also,  the  maximum  output  voltage  of  the  3-level  inverter  is  substantially  coincident  with  this  value  "Emax". 
In  accordance  with  the  above-described  equation  (2),  when  Fc  =  500Hz,  Ton  =  100  microseconds,  E  =  0.1 

E  max.  In  this  case,  it  should  be  understood  that  no  control  is  made  to  such  a  voltage  equal  to,  or  lower 
than  10%  of  the  maximum  output  voltage  Emax.  As  a  result,  there  is  such  a  problem  that  the  lower  limit 

is  value  of  the  controllable  output  voltage  only  by  the  unipolar  modulation  is  limited,  and  thus  it  is  difficult  to 
continuously  control  the  voltage. 

To  solve  this  problem,  although  the  dipolar  modulation  (dipolar  mode)  is  effective,  a  specific  care 
should  be  taken  in  the  prior  art  when  the  modulation  mode  is  transferred  from  this  dipolar  modulation  to  the 
unipolar  modulation  (unipolar  mode). 

20  On  the  other  hand,  the  maximum  voltage  "E"  which  can  be  produced  in  the  unipolar  modulation,  is 
expressed  at  a  limit  point  (modulation  factor  A  =  1)  of  an  ideal  sinusoidal  modulation: 

E  =  (W4)Emax  =  0.785  Emax  Eq.  4 

25  Considering  the  minimum  OFF-time  Toff  of  the  switching  element,  this  maximum  voltage  "E"  is  expressed 
as  follows: 

E  =  (W4)(1  -  FcToff)Emax  Eq.  5 

30  where  Fc  is  a  carrier  frequency. 
For  instance,  if  Fc  =  500Hz  and  Toff  =  200  microseconds,  then  E  =  0.707  Emax.  In  this  case,  it  implies  that 
approximately  only  70%  of  the  maximum  output  voltage  Emax  cannot  be  covered.  At  the  time,  assuming 
now  that  the  pulse  width  of  the  1  -pulse  mode  cannot  be  adjusted,  the  fundamental  wave  becomes 
discontinuous.  On  the  other  hand,  assuming  now  that  the  pulse  width  of  the  1  -pulse  mode  can  be  adjusted, 

35  since  continuity  is  maintained  by  reducing  the  pulse  width,  continuity  of  the  higher  harmonics  is  deterio- 
rated. 

Various  modulation  methods  for  covering  this  voltage  range  may  be  considered.  The  overmodulation 
(overmodulation  mode)  is  the  most  effective  modulation  method  in  view  of  easy  control  for  pulse  generation, 
matching  (conformability)  characteristic  with  the  unipolar  modulation,  continuity  of  high  harmonics  contained 

40  in  output  voltage,  and  the  like.  In  accordance  with  the  overmodulation  region,  the  slits  with  narrow  widths 
among  the  pulses  at  the  center  portion  of  the  voltage  pulse  train  (around  a  peak  value  of  an  instantaneous 
value  for  a  fundamental  wave)  within  a  half  period  of  an  output  voltage,  are  gradually  filled,  so  that  the 
output  voltage  may  be  enlarged  near  the  1  pulse. 

In  such  a  region  that  a  modulation  factor  becomes  extremely  large,  namely  the  overmodulation  control 
45  is  limited,  the  modulation  mode  is  transferred  to  a  so-called  "1  -pulse  mode"  where  only  1  pulse  is  present 

at  a  half  period  of  an  output  voltage,  and  an  output  voltage  at  this  time  reaches  substantially  "Emax". 
However,  under  such  a  circumstance,  since  the  transfer  timing  from  the  overmodulation  to  the  1  -pulse,  or 
from  the  1  -pulse  to  the  overmodulation,  depends  upon  the  modulation  factor  and  the  carrier  frequency,  this 
transfer  timing  cannot  be  arbitrarily  set.  If  a  hysteresis  is  provided  among  them,  then  the  continuity  of  the 

50  fundamental  voltage  wave  would  be  deteriorated. 
Thus,  the  control  mode  is  transferred  from  the  overmodulation  control  to  the  1  -pulse  control  capable  of 

controlling  the  voltage  by  the  pulse  width  control,  which  is  not  an  extension  of  the  overmodulation  control 
(namely,  production  of  1  -pulse  mode  where  the  modulation  factor  is  not  made  infinitive).  As  a  result,  the 
mode  transfer  operation  is  possible  at  a  preselected  timing  between  the  overmodulation  control  and  the  1- 

55  pulse  control,  and  thus  the  continuous  transfer  of  the  fundamental  wave  wave  can  be  realized. 
A  series  of  these  transfer  controls  (dipolar  modulation,  unipolar  modulation,  overmodulation,  1  -pulse)  are 

continuously  performed,  so  that  the  output  voltages  from  a  zero  voltage  to  the  maximum  voltage  can  be 
obtained  under  stable  condition  and  high  precision,  while  selecting  the  pulse  mode  (modulation  mode) 
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corresponding  to  the  required  output  voltage. 
That  is  to  say,  as  represented  in  Fig.  2,  when  the  induction  motor  6  is  controlled  under  such  a  condition 

that  V/F  =  constant,  the  dipolar  modulation  is  employed  from  the  initiating  stage  up  to  the  inverter 
frequency  of  F1.  Then,  this  dipolar  modulation  is  changed  into  the  unipolar  modulation  range  when  the 

5  inverter  frequency  reaches  F1  .  When  the  inverter  frequency  reaches  F2,  the  operation  mode  is  transferred 
to  the  overmodulation  range.  Furthermore,  when  the  inverter  frequency  reaches  F3,  the  operation  mode  is 
transferred  to  the  1  -pulse  region. 

One  example  of  a  modulation  wave  capable  of  realizing  the  above-described  idea  based  upon  the 
unified  voltage  command  is  represented  in  Fig.  3. 

io  A  fundamental  modulation  wave  "a"  which  is  proportional  to  a  fundamental  wave  component  of  an 
output  voltage,  will  be  produced  based  upon  both  of  an  inverter  frequency  command  FP  derived  from  the 
current  controlling  means  at  the  host  side  and  also  an  output  voltage  command  E*  derived  therefrom; 

a  =  Asine  Eq.  6 
15 

where  A:  modulation  factor,  t:  time,  6  =  phase 
Here,  the  modulation  factor  "A"  (0   ̂ A   ̂ 1)  in  the  sinusoidal  modulation  region  is  given  by  the  following 

equation: 

20  A  =  2V2  E*Emax/Ed  Eq.  7 

25 

This  fundamental  modulation  wave  "a"  is  identical  to  that  of  the  dipolar  modulation  and  of  the  unipolar 
modulation,  and  similarly  that  of  the  overmodulation  except  for  the  calculation  method  of  the  modulation 
factor  "A"  (will  be  explained  later). 

To  make  it  possible  to  continuously  transfer  the  modulation  mode  between  the  dipolar  modulation  and 
the  dipolar  modulation,  a  positive  bias  modulation  wave  "a  bp"  and  a  negative  bias  modulation  wave  "a 
bn",  which  are  expressed  by  the  following  equations,  are  provided  in  this  case: 

30 a  bp  =  a / 2 + B  

..  Eq.  8 

35 
bn  =  a / 2 - B  

Under  the  dipolar  modulation  control,  the  above-described  positive/negative  bias  modulation  waves  "a 
bp"  and  "a  bn"  directly  become  a  positive-side  modulation  wave  "ap"  and  a  negative-side  modulation  wave 

40  "an". 

45 

a  p  =  a  b p  

a  n  =  -a  b n  
Eq.  9 

It  should  be  noted  in  this  case  that  both  of  the  positive  side  modulation  "a  p"  and  the  negative  side 
50  modulation  "a  n"  are  set  to  be  positive  in  order  to  simplify  the  formation  of  the  switching  functions  Sp  and 

Sn.  Eventually  the  pulse  width  of  the  output  voltage  is  set  in  such  a  manner  that  this  pulse  width  is  directly 
proportional  to  the  amplitudes  of  the  positive-side/negative-side  modulation  waves  "a  p"  and  "a  n".  In  case 
of  the  dipolar  modulation,  the  control  operation  is  carried  out  by  shifting  the  positive  pulse  and  the  negative 
pulse  by  approximately  180°,  respectively. 

55  In  the  above-described  equation  (8),  when  B  =  o,  it  becomes  the  unipolar  modulation.  At  this  time,  the 
positive  bias  modulation  wave  "a  bp"  is  overlapped  with  the  negative  bias  modulation  wave  "abn",  as 
illustrated  in  Fig.  3  (ii).  Thus,  the  produced  positive/negative  modulation  waves  "a  p"  and  "a  n"  are  given  as 
follows: 

8 
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10 

15 

J  a  bp  +  a  bn  =  A s i n e   (a  >  0 )  
a  p  =  <  . . .   Eq.  10  

0  (a  g  0 )  

a  n  = 
0  (a  ^  0 )  

- ( a   bp  =  a  bn)   =  - A s i n G   (a  <  0 )  

.  Eq.  11  

In  case  that  the  minimum  OFF  time  of  the  switching  element  is  negligibly  short,  when  the  instantaneous 
value  of  the  negative  modulation  wave  "a  n"  is  greater  than,  or  equal  to  1,  the  maximum  pulse  is  outputted 

20  (overmodulation  will  be  described). 
It  is  unstandable  that  the  setting  of  bias  "B"  is  very  important  in  the  transfer  control.  Based  on  the  value 

of  B,  the  transfer  control  between  the  dipolar  modulation  region  and  the  unipolar  modulation  region  may  be 
realized; 

(a)  when  A/2   ̂ B  <  0.5,  it  becomes  the  dipolar  modulation. 
25  (b)  when  B  =  0,  it  becomes  the  unipolar  modulation. 

For  example,  under  B  =  0.5,  two  elements  of  the  upper  arm  are  switched  at  the  same  time,  and  two 
elements  of  the  lower  arm  are  switched  at  the  same  time,  which  will  become  so-called  "2-level  inverter  (no 
period  during  which  the  potential  at  the  neutral  point  is  outputted)".  Also,  under  B  >  0.5,  such  a  period  is 
present,  during  which  all  of  series-connected  4  elements  are  turned  ON.  Since  this  period  may  cause  the 

30  power  source  to  be  shortcircuited,  this  period  must  be  prohibited. 
On  the  other  hand,  in  accordance  with  the  overmodulation  control,  the  modulation  factor  A  is  increased 

up  to  1  or  more  than  1  ,  and  the  slits  (namely,  zero  voltage  output  period)  among  the  pulses  of  the  output 
voltage  around  the  center  portion  of  a  half  period  of  this  output  voltage  are  suppressed,  so  that  the  output 
voltage  is  improved. 

35  In  the  case  where  the  voltage  command  is  further  raised,  the  overmodulation  mode  gives  way  to  the  1 
pulse  mode.  Such  operation  will  be  explained  in  the  following  embodiment. 

As  described  above,  the  dipolar  modulation,  unipolar  modulation  and  overmodulation  can  be  realized 
based  on  the  unified  voltage  command,  and  thus  the  continuous  transfer  control  can  be  achieved  until  the  1 
pulse  modulation  control  being  the  maximum  output. 

40  An  arrangement  of  an  electric  power  converting  apparatus  according  to  a  preferred  embodiment  of  the 
invention,  which  can  realize  the  above-described  idea,  will  now  be  explained. 

Fig.  1  schematically  shows  an  example  of  a  pulse  width  modulating  apparatus  for  controlling  the  above- 
explained  switching  unit  to  output  AC  voltages  having  3-level  potentials. 

In  Fig.  1,  reference  numeral  1  denotes  a  multi-pulse  generating  means  for  outputting  a  dipolar 
45  modulation  waveform,  a  unipolar  modulation  waveform,  or  an  overmodulation  waveform  in  accordance  with 

output  voltage  relation  information  and  transfer  control  information;  reference  numeral  2  shows  a  1  -pulse 
generating  means  for  outputting  a  1  -pulse  waveform  in  accordance  with  the  output  voltage  relation 
information  (1  -pulse  mode);  and  reference  numeral  3  indicates  a  transfer  controlling  means  for  continuously 
transferring  the  respective  PWM  modes.  A  gate  signal  corresponding  to  the  output  of  the  transfer  controlling 

50  means  3  is  supplied  via  a  gate  amplifier  (not  shown)  to  the  switching  elements  in  the  switching  unit  for  the 
respective  phases,  so  that  ON/OFF  controls  are  performed.  The  pulse  width  modulating  means  constructed 
of  these  multi-pulse  generating  means  1  ,  1  pulse  generating  means  2  and  transfer  controlling  means  3  is  a 
characterizing  part  of  the  present  invention. 

It  should  be  noted  in  this  example  that  the  voltage  relation  information  fetched  by  the  pulse  width 
55  modulating  means  is  given  from  a  host-side  current  controlling  means  8.  This  current  controlling  means  8 

produces  a  slip  frequency  command  Fs*  (produced  by  deviation  between  the  current  instruction  value  and 
the  real  motor  current)  of  the  induction  motor  6  by  current  adjusting  means.  Furthermore,  the  current 
controlling  means  8  produces  an  inverter  frequency  command  FP  by  adding  the  above-described  slip 
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frequency  command  Fs*  to  a  rotation  frequency  Fr  of  the  induction  motor  detected  by  a  rotation  frequency 
detecting  means  61  mounted  on  the  induction  motor  6. 

In  addition,  based  upon  both  of  this  inverter  frequency  command  FP  and  the  DC  voltage  Ed  (i.e., 
voltage  across  P  and  N,  corresponding  to  a  summation  "Vcp  +  Vcn"  of  voltages  across  the  clamp 

5  capacitors)  of  the  3-level  inverter,  an  output  voltage  setting  means  82  produces  an  output  voltage  command 
E*. 

The  output  voltage  setting  means  82  sets  that  an  inclination  is  increased  when  the  DC  voltage  Ed  is  low 
(Ed  =  Ed1),  and  sets  that  an  inclination  is  decreased  when  the  DC  voltage  Ed  is  high  (Ed  =  Ed3),  so  that 
the  output  voltage  can  continuously  satisfy  the  demands.  As  a  result,  the  output  voltage  characteristic  as 

io  shown  in  Fig.  2  is  realized.  These  current  controlling  means  may  output  instantaneous  values  of  the  output 
voltage. 

Referring  now  to  Figs.  4  to  1  1  ,  an  arrangement  and  an  operation  of  the  above-described  pulse  width 
modulating  means  will  be  described  more  in  detail. 

In  Fig.  4,  there  is  shown  an  example  of  an  overall  arrangement  of  the  pulse  width  modulating  means.  In 
is  this  drawing,  the  multi-pulse  generating  means  1  is  constructed  of  a  fundamental  modulation  wave 

generating  means  11,  a  bias  superimposing  means  12,  a  positive/negative  distributing  means  13,  a 
reference  signal  generating  means  14  and  a  pulse  generating  means  15. 

The  fundamental  modulation  wave  generating  means  11  calculates  a  phase  "0"  by  temporal-integrating 
the  inverter  frequency  command  FP  received  as  the  output  voltage  relation  information  by  a  phase 

20  calculating  means  112,  thereby  obtaining  a  sinusoidal  value  "sin  0"  at  this  phase  0.  On  the  other  hand, 
amplitude  "A"  (modulation  factor  A  =  Ah  E*)  of  the  fundamental  modulation  wave  is  calculated  by  an 
amplitude  setting  means  111  from  the  voltage  command  E*  corresponding  to  one  of  the  output  voltage 
relation  information.  After  the  resultant  amplitude  "A"  is  divided  by  1/2,  the  divided  amplitude  is  multiplied 
by  sin  0  to  produce  an  instantaneous  fundamental  modulation  wave  a/2  having  a  half  of  the  amplitude  "A", 

25  which  will  then  be  outputted.  The  bias  superimposing  means  12  adds  and  subtracts  a  bias  "B"  derived  from 
the  multi-pulse  transfer  controlling  means  31  of  the  transfer  controlling  means  3  to/from  this  a/2,  so  that  two 
sets  of  positive/negative  bias  modulation  waves  "a  bp"  and  "a  bn"  are  produced  and  outputted. 

It  should  be  noted  that  the  continuous  transfer  operation  between  the  dipolar  modulation  and  the 
unipolar  modulation  is  performed  by  setting  the  bias  "B".  In  Fig.  5,  there  is  shown  an  example  of  an 

30  arrangement  of  dipolar/unipolar  transfer  controlling  means  31  1  for  performing  the  transfer  control  by  setting 
this  bias  "B".  The  dipolar/unipolar  transfer  controlling  means  311  converts  the  output  voltage  command  E* 
into  the  modulation  factor  A  by  multiplying  it  by  Ah  at  311a.  The  bias  "B"  corresponding  to  this  modulation 
factor  A  is  determined  at  a  bias  generating  means  31  1  b.  That  is  to  say,  B  =  Bo  (note:  Bo  k  A/2)  is  set  under 
such  a  condition  that  the  modulation  factor  A  is  small,  and  a  very  small  output  voltage  is  required.  When  the 

35  amplitude  A  reaches  A1  ,  the  bias  B  is  equal  to  0.  If  this  value  "A1  "  is  so  determined  that  the  output  voltage 
in  case  of  A  =  A1  becomes  larger  than  the  voltage  shown  in  the  equation  (2),  then  the  voltage  control  can  be 
achieved  from  such  a  very  small  voltage  containing  0. 

Furthermore,  the  above-described  positive/negative  bias  modulation  waves  "a  bp"  and  "a  bn"  are 
distributed  and  combined  with  each  other  by  a  positive/negative  distributing  means  13  in  such  a  manner 

40  that  the  positive  portion  among  these  bias  modulation  waves  "a  bp"  and  "a  bn"  is  distributed  to  "ap",  and 
the  negative  portion  among  them  is  distributed  to  "an",  so  that  positive/negative  modulation  waves  "ap"  and 
"an"  with  maintaining  continuity  of  the  fundamental  wave  from  the  dipolar  modulation  to  the  unipolar 
modulation,  are  produced. 

In  other  words,  only  the  negative  bias  modulation  wave  "a  bn"  is  inverted  into  a  negative-side 
45  modulation  wave  "an"  in  the  dipolar  modulation.  In  the  unipolar  modulation,  both  of  the  positive-side  bias 

modulation  waves  among  the  positive/negative  bias  modulation  waves  are  added  to  each  other,  and  both  of 
the  negative  side  bias  modulation  waves  thereof  are  added  to  each  other,  whereby  these  added  waves 
become  the  positive-side  modulation  wave  "ap"  and  the  negative-side  modulation  wave  "an". 

Based  on  the  positive/negative  modulation  waves  "ap"  and  "an",  the  pulse  generating  means  15 
50  generates  switching  functions  "Sp"  and  "Sn"  whose  pulse  generation  periods  become  2To.  In  accordance 

with  the  switching  frequency  command  Fsw*,  the  reference  signal  generating  means  14  determines  the 
pulse  generation  period  To.  Here,  a  relationship  between  the  switching  frequency  command  Fsw*  and  the 
pulse  generation  period  To  is  expressed  by  the  following  equation: 

55  To  =  1/(2Fsw*)  Eq.  12 

A  pulse  generating  operation  by  the  pulse  generating  means  15  will  now  be  explained  with  reference  to 
Fig.  6. 
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In  Fig.  6,  a  pulse  timing  setting  means  151  calculates  a  rise  timing  "T  pup"  of  the  switching  function 
Sp,  and  a  fall  timing  "T  ndn"  of  the  switching  function  Sn  based  upon  "a  p",  "a  n",  "a  off"  and  "To"  (will 
be  described  later)  in  accordance  with  the  following  equations  (process  1): 

10 

To  

Tpup  =  <  ( 1  

(a  p  <  a  o n )  

a p ) T o   (a  on  g  a  p  <L  a  o f f )  

(a  p  >  a  o f f )  

Eq.  13  

15 

20 

0 

Tndn  = _  J <  a  n  T o  

To 

(a  n  <  a  o n )  

(a  on  g  a  n  g  a  o f f )  

(a  n  >  a  o f f )  

Eq.  14  

At  the  next  period,  both  of  a  fall  timing  "Tpdn"  of  the  switching  function  Sp  and  a  rise  timing  "Tnup"  of 
25  the  switching  function  Sn  are  obtained  in  a  similar  manner  to  the  above-described  process  1  (process  2): 

30 T p d n  

0  (a  p  <  a  o n )  

J  a  p  To  (a  on  g  a  p  g  a  o f f )  

To  (a  p  >  a  o f f )  

Eq.  15  

35 

40 

Tnup  = J  

To  (a  n  <  a  o n )  

<  (1  -  a  n )To   (a  on£  a  n  g  a  o f f )  

0  (a  n  >  a  o f f )  

.  Eq.  16  

The  above-described  process  1  and  process  2  are  alternately  performed  to  produce  the  switching 
45  functions  Sp  and  Sn. 

Here,  "a  on"  and  "a  off"  are  such  values  determined  by  the  minimum  ON-time  Ton  and  the  minimum 
OFF-time  Toff  of  the  switching  elements,  and  are  given  as  follows: 

50 a  on  =  Ton /   (2  T o )  

a  o f f   =  1  -  T o f f / ( 2   T o )  
Eq.  17  

55 
In  other  words,  as  represented  in  Fig.  7  (example  of  switching  function  "Sp"),  an  ON-pulse  width  "Twon" 
and  an  OFF-pulse  width  "Twoff"  are  defined  as: 

11 
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Twon  =  To  -  (Tpup   -  T p d n )  
. . .   Eq  .  18  

T w o f f   =  To  +  (Tpup   -  T p d n )  

These  ON-pulse  width  and  OFF-pulse  width  own  such  characteristics  indicated  by  a  dotted  line  of  Fig.  8.  It 
should  be  noted  that  the  characteristics  should  be  modified  as  indicated  by  a  solid  line  of  Fig.  8  in  order 

io  that  the  ON-pulse  width  Twon  becomes  shorter  than,  or  equal  to  the  minimum  ON-time  Ton  determined  by 
the  switching  elements,  and  also  in  order  that  the  OFF-pulse  width  Twoff  becomes  shorter  than,  or  equal  to 
the  minimum  OFF-time  Toff  determined  by  the  switching  elements.  To  realize  this  modification,  the  function 
of  the  pulse  timing  setting  means  151  shown  in  Fig.  6  has  been  added.  As  a  result,  since  the  discontinuity 
of  the  fundamental  wave  component  of  the  output  voltage  produced  by  this  function  is  very  small,  this 

is  discontinuity  may  be  negligible. 
It  should  be  noted  that  "a  off"  is  variable  within  such  a  range  that  the  discontinuity  of  the  fundamental 

wave  component  of  the  output  voltage  is  negligible,  and  is  supplied  from  a  unipolar/overmodulation  transfer 
controlling  means  312  as  the  transfer  timing  from  the  unipolar  modulation  to  the  overmodulation.  If  "a  off"  is 
set  to  a  constant,  the  pulse  generation  may  be  simplified. 

20  The  switching  function  generating  means  152  generates  a  reference  signal  having  a  period  "To",  and 
sets  the  switching  functions  Sp  and  Sn  in  synchronism  with  this  generation  of  the  reference  signal  based 
upon  the  above-explained  Tpup,  Tndn,  or  Tpdn,  Tnup. 

An  example  of  the  switching  function  during  the  overmodulation  is  shown  in  Fig.  9.  When  an 
instantaneous  value  exceeds  "a  off",  a  slit  (namely,  a  hatched  portion  of  Fig.  9c)  between  the  pulses  of  the 

25  switching  function  Sp  is  filled.  This  filled  slit  width  is  smaller  than  the  minimum  OFF-time  Toff  of  the 
switching  element,  and  since  the  number  of  the  slits  gradually  decreases  by  1  to  2,  substantially  no  adverse 
influence  is  given  to  the  fundamental  wave  of  the  output  voltage. 

In  Fig.  10,  there  is  shown  a  flow  chart  in  case  that  the  pulse  timing  setting  means  151  is  realized  by 
way  of  a  software. 

30  In  the  overmodulation  control,  the  slit  between  the  pulses  located  at  the  central  portion  of  the  half  period 
of  the  output  voltage  is  filled  to  maintain  the  maximum  voltage  state,  and  the  PWM  control  is  carried  out 
only  for  the  position  adjacent  to  the  zero-cross  point  of  the  modulation  waveform.  As  a  result,  the 
modulation  factor  A  and  the  actually  derived  output  voltage  becomes  nonlinear  in  this  region.  Even  when 
the  modulation  factor  A  is  increased  in  linear  form,  the  output  voltage  is  not  increased  in  a  linear  form  in 

35  following  to  the  linear  increase. 
Accordingly,  the  modulation  factor  A  is  set  in  a  nonlinear  form  in  order  to  linearize  the  output  voltage 

during  the  overmodulation.  That  is  to  say,  assuming  now  that  the  switching  frequency  at  the  PWM  control 
portion  is  sufficiently  high,  a  relationship  between  a  root-mean-square  value  E  of  the  fundamental  wave  of 
the  output  voltage  and  the  modulation  factor  A  is  expressed  by  the  following  equation: 

40 
E  =  2  {  Asin-1  i  +  V1  -  A"2  }  Emax  Eq.  19 

As  a  consequence,  a  relationship  between  E*  and  A  is  previously  calculated  from  the  above-described 
equation  (19),  an  amplitude  setting  means  111  shown  in  Fig.  11  is  arranged,  so  that  the  output  voltage  may 

45  be  adjusted  in  a  linear  manner  with  respect  to  E*.  As  a  result,  especially,  the  voltage  controlling 
characteristic  at  the  high  voltage  region  near  the  1  -pulse  mode  can  be  improved. 

When  the  voltage  command  is  furthermore  increased,  the  operation  mode  is  transferred  from  the 
overmodulation  mode  to  the  1  -pulse  mode  by  means  of  the  selecting  switch  32  of  the  transfer  controlling 
means  3.  The  selecting  switch  32  is  operated  under  the  following  conditions: 

50  when  SPM  =  0,  which  corresponds  to  one  of  outputs  from  the  multi-pulse  transfer  controlling  means  31, 
this  selecting  switch  32  is  switched  to  the  multi-pulse  mode  side;  and 

when  SPM  =  1,  the  selecting  switch  32  is  switched  to  the  1  -pulse  mode  side.  In  Fig.  12,  there  is  shown 
an  example  of  the  1  -pulse/multi-pulse  change  controlling  means  313.  In  this  example,  hysteresis  is  provided 
in  such  a  manner  that  when  the  voltage  command  E*  exceeds  E1  p,  the  operation  mode  is  transferred  from 

55  the  multi-pulse  mode  to  the  1  -pulse  mode,  whereas  when  the  voltage  command  E*  becomes  smaller  than 
EMP,  the  operation  mode  is  transferred  from  the  1  -pulse  mode  to  the  multi-pulse  mode.  As  a  result,  an 
inadvertent  PWM  mode  transfer  is  suppressed  and  a  stable  output  voltage  having  a  less  transition  variation 
can  be  produced. 

12 
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In  this  preferred  embodiment,  the  mode  transfer  from  the  overmodulation  mode  to  the  1  -pulse  mode 
corresponds  to  the  overmodulation  mode,  and  the  modulation  factor  is  not  increased  until  the  pulse  number 
becomes  1  pulse. 

As  described  above,  when  the  operation  mode  is  transferred  to  the  1  -pulse  mode,  the  sideband 
5  component  makes  interference  with  the  fundamental  wave,  so  that  the  continuity  of  the  output  current  is  lost 

and  a  torque  variation  is  induced. 
Therefore,  in  accordance  with  this  preferred  embodiment,  in  the  overmodulation  mode,  the  operation 

mode  is  forcibly  transferred  to  the  1  -pulse  mode  even  at  a  stage  that  a  plurality  of  pulses  contained  in  the 
half  cycle  of  the  fundamental  wave  are  present  (will  be  discussed  in  detail). 

io  The  1  -pulse  generating  means  2  is  constructed  of  a  phase  calculating  means  21  and  a  pulse  generating 
means  22.  The  operation  of  the  phase  calculating  means  21  is  the  completely  same  as  that  of  the 
amplitude  setting  means  111.  The  output  of  this  amplitude  setting  means  1  1  1  may  be  utilized  by  omitting 
the  phase  calculating  means  21  . 

An  example  of  a  structure  of  the  pulse  generating  means  22  is  represented  in  Fig.  13.  In  the  3-level 
75  PWM  control  mode,  the  output  voltage  may  be  adjusted  under  the  1  -pulse  control  by  controlling  the  pulse 

width,  which  is  different  from  the  2-level  PWM  control  mode.  Accordingly,  a  rise-timing  phase  "a"  and  a 
fall-timing  pulse  "/3"  for  a  pulse  are  obtained  from  the  voltage  command  E*  as  follows: 

a  =  cos   E* 
. . .   Eq.  2 0  

£  =  Tt  -  c o s - 1 E *  

25 
These  timing  phases  "a"  and  "/3"  are  set  under  the  phase  "0"  being  a  reference,  and  the  switching 
functions  Sp  and  Sn  are  produced  and  outputted,  so  that  the  1  -pulse  waveform  is  realized. 

As  described  above,  the  dipolar  modulation,  unipolar  modulation  and  overmodulation  are  realized  based 
upon  the  united  voltage  command,  and  the  continuous  transfer  control  can  be  achieved  up  to  1  pulse  as  the 

30  maximum  output. 
There  are  advantages  in  this  preferred  embodiment  that  the  output  voltage  can  be  continuously  and 

smoothly  adjusted  from  the  zero  voltage  to  the  maximum  voltage,  and  furthermore  the  stable  output  voltage 
with  high  precision  can  be  supplied. 

In  this  connection,  note  that,  in  the  first  preferred  embodiment  shown  in  Fig.  4,  the  output  pulse  train  of 
35  the  above-described  multiple  pulse  generating  means  is  produced  in  an  asynchronous  condition  with  the 

frequency  of  the  inverter,  and  the  output  pulse  of  the  1  -pulse  generating  means  is  so  controlled  as  to  be 
synchronized  with  the  frequency  of  the  inverter. 

The  reason  is  to  prevent  the  various  problems  of  prior  art.  That  is  to  say,  according  to  the  above- 
described  prior  art  for  employing  the  synchronization  method  in  the  multiple  pulse  region,  as  the  first 

40  problem,  a  complex  control  is  required  to  supervise  the  phase.  As  the  second  problem,  when  the  output 
voltage  command  must  be  distorted  from  the  sine  wave  in  reply  to  a  certain  control  demand  (In  Fig.  1,  the 
inverter  frequency  FP  and  the  output  voltage  command  E*  have  been  adjusted  in  response  to  the  demand 
for  controlling  the  electric  car),  the  output  voltage  instruction  cannot  be  correctly  reproduced. 

That  is  to  say,  as  the  first  problem,  in  accordance  with  the  synchronization  type  electric  power 
45  converting  system,  since  the  pulses  having  the  frequency  higher  than  the  frequency  of  the  inverter  by 

integer  times,  the  table  having  the  relationship  between  the  phase  and  the  generated  pulse  every  pulse 
mode  is  employed  from  which  the  pulse  generation  phase  is  read  out  based  upon  the  pulse  mode  and  the 
inverter  frequency.  To  achieve  such  a  phase  management,  a  large  number  of  memories  for  each  pulse 
mode  and  a  large  amount  of  compilation  are  required,  which  would  induce  complex  controls. 

50  As  the  second  problem,  the  conventional  synchronization  type  electric  power  converting  system  own 
the  pulse  data  for  90  °  .  However,  since  these  data  have  been  formed  in  such  a  manner  that  the  output 
voltage  becomes  a  sine  wave,  the  output  voltage  cannot  be  correctly  expressed  in  accordance  with  the 
instruction. 

Therefore,  in  accordance  with  the  present  embodiment,  these  conventional  problems  could  be  solved 
55  by  generating  the  pulse  under  asynchronous  state  with  the  inverter  frequency  in  the  multi-pulse  mode. 

In  other  words,  with  regard  to  the  above-described  first  problem,  the  pulses  can  be  independently 
generated  without  any  restrictions  by  the  inverter  frequency  in  order  to  generate  the  pulses.  That  is  to  say, 
in  Fig.  4,  the  switching  frequency  command  Fsw*  canbe  independently  set  with  respect  to  the  inverter 
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frequency  command  FP  (in  Fig.  4,  a  reference  generation  14  is  independent  from  the  inverter  frequency). 
As  a  result,  the  control  can  be  simplified  without  requiring  the  complex  control  procedure  to  generate  the 
pulses. 

As  to  the  second  conventional  problem,  if  the  electric  power  converting  system  is  of  the  asynchronous 
5  type,  no  longer  data  are  stored  for  each  phase.  Since  the  pulses  corresponding  to  the  instantaneous  voltage 

command  can  be  outputted,  even  such  a  distorted  sine  wave  can  be  correctly  represented.  As  previously 
stated,  since  the  controls  related  to  the  phase  calculations  and  the  like  can  be  simplified,  it  is  possible  to 
perform  such  a  calculation  for  outputting  the  pulses  corresponding  to  the  voltage  command  one  by  one. 
Since  the  calculation  period  can  be  shortened,  fidelity  can  be  increased. 

io  Also,  if  the  asynchronous  type  electric  power  switching  system  is  employed,  since  the  switching 
frequency  does  not  depend  on  the  inverter  frequency,  variations  in  the  switching  frequency  can  be 
minimized.  Thus,  there  is  another  merit  that  the  tone  variations  (noises,  unpleasant  sounds)  occurring 
before/after  the  pulse  mode  change,  which  exists  in  the  conventional  synchronization  type  electric  power 
converting  system,  can  be  minimized. 

is  Also,  although  the  3-level  inverter  has  been  described  as  the  above-described  preferred  embodiment, 
such  is  also  the  case  with  a  2-level  inverter,  or  multi-level  inverter  higher  than  the  3-level  inverter. 

In  the  mean  time,  in  case  of  such  a  switching  element  as  a  GTO  thyristor  which  is  switched  at  relatively 
low  frequencies,  interference  between  a  side-band  component  of  an  output  voltage  high  harmonic  wave, 
which  is  produced  in  accordance  with  the  switching  frequency,  and  a  fundamental  wave  component  of  the 

20  inverter  frequency,  may  happen  to  occur.  To  avoid  such  an  interference,  the  dipolar  modulation  mode  and 
the  unipolar  modulation  mode  are  performed  under  asynchronous  condition  with  regard  to  the  inverter 
frequency  among  the  PWM  modes  of  the  multi-pulse  generating  means,  whereas  the  overmodulation  mode 
and  the  1  -pulse  mode  are  performed  in  synchronization  with  the  inverter  frequency  (Fig.  14). 

With  such  an  arrangement,  more  stable  voltage  can  be  supplied  even  in  the  overmodulation  mode. 
25  In  Fig.  15,  there  is  shown  a  multi-pulse  transfer  control  according  to  another  preferred  embodiment  of 

the  present  invention.  It  should  be  noted  that  only  a  multi-pulse  transfer  controlling  means  31  is 
represented.  This  preferred  embodiment  is  to  transfer  4  sorts  of  PWM  mode  in  accordance  with  both  of  the 
inverter  frequency  command  FP  and  the  voltage  command  E*.  In  other  words,  when  such  a  condition  is 
satisfied  that  FP<F1  and  E*<E1,  the  dipolar  modulation  mode  is  employed.  When  such  a  condition  is 

30  satisfied  that  FPSF1  and  E1^E*<E2,  the  unipolar  modulation  mode  is  employed.  When  such  a  condition  is 
satisfied  that  E2^E*<E3,  the  overmodulation  mode  is  employed.  When  such  a  condition  is  satisfied  that 
E*SE3,  then  the  1  -pulse  mode  is  employed.  As  a  consequence,  even  when  the  output  voltage  is  soft-started 
at  a  highspeed  range  where  the  frequency  is  high,  such  as  a  regenerative  initiation  and  repowering,  such  a 
transfer  condition  as  the  dipolar  modulation,  the  unipolar  modulation,  the  overmodulation,  and  the  1  -pulse 

35  modulation  mode  in  this  order  can  be  satisfied,  and  the  stable  voltage  rising  operation  is  available.  Also, 
since  the  dipolar  modulation  control  is  continuously  carried  out  in  the  lower  frequency  region,  it  is  possible 
to  avoid  current  concentration  into  a  specific  switching  element  as  in  case  of  the  unipolar  modulation  mode. 

A  description  will  now  be  made  of  an  electric  power  converting  system  according  to  a  second  preferred 
embodiment  of  the  present  invention. 

40  As  represented  in  Fig.  16,  by  extending  the  idea  of  the  first  preferred  embodiment,  if  a  partial  dipolar 
modulation  where  both  of  the  dipolar  modulation  waveform  and  the  unipolar  modulation  waveform  are  mixed 
is  introduced  between  this  dipolar  modulation  mode  and  the  unipolar  modulation  mode,  more  smoothing 
operations  of  the  output  voltage  and  the  switching  frequency  can  be  emphasized. 

An  example  of  output  voltage  instruction  waveform  is  shown  in  Fig.  17.  In  Fig.  17,  the  modulation 
45  modes  other  than  (ii)  partial  modulation  mode  are  identical  to  those  of  Fig.  3.  As  to  this  partial  dipolar 

modulation,  a  description  will  now  be  made  as  follows. 
Due  to  effects  of  the  bias  superimposition  and  the  positive/negative  distribution,  even  when  the  bias  "B" 

is  set  to  such  a  range  (0<B<A/2)  which  is  neither  the  dipolar  modulation,  nor  the  unipolar  modulation,  the 
voltages  fitted  to  the  demands  of  the  fundamental  modulation  wave  can  be  reproduced  without  any 

50  shortage/surplus.  In  this  case,  the  partial  dipolar  modulation  is  comprised  of  the  unipolar  modulation  mode 
employed  for  around  the  peak  portion  of  the  output  voltage  and  the  dipolar  modulation  employed  for  the 
lower  portion  of  the  output  voltage.  At  this  time,  a  positive-side  modulation  wave  "a  p"  and  a  negative-side 
modulation  wave  "an"  are  expressed  by: 

55 
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a  bp  (a  bp  >  0,  a  bn  <  0 )  

a p =   /  a  bp  +  a  bn  (a  bp  >  0,  a  bn  >  0 )  

0  (a  bp  |   0 )  

Eq.  21  

10 

15 

-a   bn  (a  bp  >  0,  a  bn  <  0 )  

a n =   \  - ( a b p + a b n )   (a  bp  <  0,  a  bn  <  0  ) 

0  (a  bn  |   0 )  

Eq.  2 2  

20  As  easily  seen  from  the  foregoing  description,  (ap-an)  is  continuously  coincident  with  the  fundamental 
modulation  wave  "a",  and  the  continuity  of  the  instantaneous  value  of  the  output  voltage  fundamental  wave 
can  be  maintained. 

If  the  bias  B  is  gradually  decreased  in  response  to  an  increase  of  the  modulation  factor  A  by  utilizing 
the  above-described  features,  the  modulation  mode  may  be  continuously  transferred  from  the  dipolar 

25  modulation  via  the  partial  dipolar  modulation  to  the  unipolar  modulation.  It  is  of  course  possible  to  perform 
another  modulation  transfer  opposite  to  the  above-described  modulation  transfer. 

In  Fig.  18,  there  is  shown  an  example  of  a  dipolar/unipolar  transfer  controlling  means.  As  indicated  by  a 
solid  line  of  Fig.  18,  if  the  bias  B  is  set,  than  the  dipolar  modulation  is  performed  within  a  range  of  0^MA1, 
the  partial  dipolar  modulation  is  executed  within  a  range  of  AKA<A2,  and  the  unipolar  modulation  is  carried 

30  out  within  a  range  of  A^A2.  In  this  case,  since  no  noise  is  produced  from  the  motor  when  the  switching 
operation  is  performed  between  the  dipolar  modulation  and  the  unipolar  modulation,  the  electric  power 
converting  apparatus  can  be  driven  under  low  noise  conditions. 

If  the  modulation  transfer  control  idea  of  Fig.  18  is  utilized,  then  the  PWM  modes  may  be  supervised  for 
each  region  as  shown  in  Fig.  19.  Fig.  19  shows  only  a  multi-pulse  transfer  controlling  means  31.  This 

35  transfer  controlling  means  is  to  transfer  5  sorts  of  PWM  modes,  depending  upon  both  of  the  inverter 
frequency  command  FP  and  the  voltage  command  E*.  That  is  to  say,  when  such  a  condition  is  satisfied  that 
FP<Fo  and  E*<Eo,  the  dipolar  modulation  mode  is  employed.  When  such  a  condition  is  satisfied  that 
Fo^FP<F1  and  Eo^E*<E1,  the  partial  dipolar  modulation  is  employed.  When  such  a  condition  is  satisfied 
that  Fi*>F1  and  E1^E*<E2,  the  unipolar  modulation  is  employed.  Also  when  such  a  condition  is  satisfied  that 

40  E2^E*<E3,  the  overmodulation  is  used,  and  when  E*SE3  is  satisfied,  the  1  -pulse  modulation  is  employed. 
As  a  result,  even  in  case  that  the  output  voltage  is  soft-started  at  a  high-speed  region  with  a  high  frequency 
during,  for  instance,  regenerative  initiation  and  repowering,  such  a  transfer  condition  as  the  dipolar 
modulation,  the  partial  dipolar  modulation,  the  unipolar  modulation,  the  overmodulation,  and  the  1  -pulse 
modulation  mode  in  this  order,  can  be  satisfied,  and  thus  a  stable  voltage  rising  operation  is  available.  Even 

45  during  readhesion  control,  a  similar  effect  to  that  of  the  regenerative  initiation  can  be  obtained.  Furthermore, 
there  is  another  advantage  that  an  occurrence  of  noise  from  the  motor  when  the  pulse  mode  is  changed 
can  be  minimized  even  under  any  operation  conditions. 

In  the  mean  time,  in  an  inverter  employed  in  an  electric  vehicle  control  apparatus  for  a  rail-road  vehicle, 
a  variable  range  of  the  inverter  frequency  FP  is  selected  to  be  on  the  order  of  0  to  300  Hz.  The  inverter 

50  frequency  Fcv  at  which  the  output  voltage  becomes  maximum,  is  equal  to  1/5  to  1/3  upper  limit  frequency 
of  the  variable  inverter  frequency,  and  the  upper  limit  frequency  of  the  inverter  frequency  Fcv  is 
approximately  100Hz.  To  avoid  variations  in  the  output  current  caused  by  interference  between  the  high 
harmonic  waves  generated  near  the  switching  frequency  and  the  fundamental  wave  having  the  inverter 
frequency  when  the  pulses  are  produced  under  asynchronous  condition,  the  switching  frequency  is  required 

55  to  be  a  value  obtained  by  multiplying  the  inverter  frequency  Fcv  by  about  10,  namely  higher  than  1  KHz. 
Furthermore,  to  suppress  the  above-described  noises,  it  is  effective  to  minimize  the  variations  in  the 

switching  frequency.  The  variations  in  the  switching  frequency  in  the  multi-pulse  region  may  be  suppressed 
within  1  to  2  Fi  by  introducing  the  overmodulation  mode. 
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Fig.  20  is  a  comparison  diagram  of  variations  in  the  switching  frequencies  when  the  multi-pulse  region 
is  under  the  asynchronous  condition,  and  the  asynchronous  condition,  and  also  under  the  synchronous 
condition.  When  the  multi-pulse  region  is  under  the  synchronous  condition,  the  switching  frequency  is 
changed  in  a  discontinuous  mode,  whereas  when  the  multi-pulse  region  is  under  the  asynchronous 

5  condition,  the  switching  frequency  is  varied  in  a  continuous  mode.  As  a  result,  a  change  in  tone  become 
low. 

Referring  now  to  Figs.  4,  12,  22  and  23,  a  transfer  control  between  an  overmodulation  mode  and  a  1- 
pulse  mode  will  now  be  explained. 

In  Fig.  4,  the  1  -pulse/multi-pulse  switching  control  means  (1P/MP  switching  control)  313  determines  a 
io  signal  SPM  for  changing  either  the  overmodulation  mode  into  the  1  -pulse  mode,  or  the  1  -pulse  mode  into 

the  overmodulation  mode  by  inputting  the  voltage  command  E*  corresponding  to  the  transfer  control 
information  and  the  phase  0  of  the  output  voltage. 

In  Fig.  12,  there  is  shown  an  example  of  a  structure  of  the  1  -pulse/multi-pulse  switching  control  means 
313.  A  switching  voltage  detector  313a  inputs  therein  the  output  voltage  command  E*,  and  outputs  the 

is  signal  SPM'  =  1  when  the  output  voltage  command  E*  reaches  the  reference  value  E1  P,  and  also  outputs 
the  signal  SPM'  =  0  when  the  output  voltage  command  E*  is  lowered  to  the  reference  value  EMP. 

On  one  hand,  the  switching  timing  generator  313b  outputs  1  under  such  a  condition  that  the  phase  0 
corresponding  to  the  output  of  the  phase  calculating  means  21  becomes  the  PWM  mode  transfer  phases 
ac,  ac  +  60  °  ,  ac  +  1  20  °  ,  ac  +  1  80  °  ,  ac  +  240  °  ,  and  ac  +  300  °  ,  and  outputs  0  when  this  phase  becomes  any 

20  phases  other  than  the  above-described  phases. 
Furthermore,  the  latch  means  313c  latches  the  content  of  the  output  signal  SPM'  of  the  switching 

voltage  detector  313a  at  the  output  timing  of  the  switching  timing  generator  313b. 
With  reference  to  Fig.  22,  an  operation  of  this  1  -pulse/multi-pulse  switching  control  means  will  now  be 

explained. 
25  In  Fig.  22(a),  there  is  shown  the  voltage  command  E*.  When  E*^E1P,  this  switching  control  means 

outputs  the  signal  SPM'  =  1  as  shown  in  Fig.  22(b).  Fig.  22(c)  represents  the  phase  as  the  reference  of  the 
output  voltage.  Fig.  22(d)  shows  an  output  from  the  switching  timing  generator  313b,  which  becomes  1 
under  0  =  ac  and  at  the  phase  with  60  "-interval.  Fig.  22(e)  shows  an  output  of  the  latch  means  313c.  At 
the  time  when  1  is  outputted  from  the  switching  timing  generator  313b  after  the  switching  voltage  detector 

30  313a  produces  the  output,  the  latch  means  outputs  the  actual  switching  timing  signal  SPM. 
To  smoothly  transfer  the  PWM  mode,  the  transfer  voltages  E1P,  EMP,  and  the  PWM  mode  transfer 

phases  ac,  ac  +  60  °  ,  ac  +  1  20  °  ,  ac  +  1  80  °  ,  ac  +  240  °  ,  ac  +  300  °  constitute  important  factors. 
It  was  confirmed  by  experiments  that  if  the  PWM  mode  was  switched  while  even  1  phase  among  3 

phases  of  the  inverter  output  a  neutral-point  voltage,  the  fundamental  wave  and  the  current  became 
35  discontinuous  and  induced  a  torque  pulsation.  Therefore,  in  the  over-modulation  mode,  no  PWM  mode 

switching  operation  is  carried  out  until  such  an  output  voltage  command  can  become  by  which  a  phase 
region  is  established  such  that  the  modulation  stop  periods  are  overlapped  with  each  other  in  all  of  these 
phases.  This  modulation  stop  period  implies  such  a  period  during  which  a  pulse  with  a  wide  width  is 
outputted  near  the  peak  of  the  fundamental  wave.  Furthermore,  the  PWM  mode  is  switched  at  this 

40  overlapped  phase. 
Since  the  output  voltage  command  E*  where  the  modulation  stop  periods  are  overlapped  with  each 

other  in  all  phases,  corresponds  to  such  a  voltage  at  which  the  start  phase  a1  of  the  modulation  stop  period 
is  below  than  30°,  when  the  voltage  instruction  is  calculated  at  this  time,  E*  =  0.957.  As  a  consequence,  this 
value  is  determined  as  a  lower  limit  value  for  the  reference  values  E1P,  EMP  (k  0.957,  namely  A  =  2  in 

45  equation  19)  of  the  transfer  voltage. 
Also,  an  upper  limit  value  is  such  a  value  determined  by  the  switching  frequency.  The  PWM  mode  must 

be  changed  into  the  1  -pulse  mode  at  least  under  such  a  condition  that  there  are  plural  pulses  contained  in  a 
half  cycle  of  the  fundamental  wave.  This  is  because,  as  previously  stated,  when  the  PWM  mode  is  switched 
from  the  1  -pulse  mode  not  controllable  by  the  PWM  mode  (i.e.,  1  -pulse  mode  obtained  by  increasing  the 

50  modulation  factor  in  the  overmodulation  mode)  into  the  1  -pulse  mode  controllable  by  the  PWM  mode,  no 
continuity  of  the  fundamental  wave  can  be  achieved. 

Next,  even  when  there  exists  such  a  period  that  the  modulation  stop  periods  are  overlapped  with  each 
other  in  all  phases,  the  PWM  mode  must  be  switched  under  such  an  overlapping  condition. 

Therefore,  the  switching  phases  are  supervised.  In  Figs.  22  (f),  (g),  (h),  there  are  shown  voltages  in  the 
55  respective  phases,  from  which  it  will  be  understood  that,  with  0  being  set  0  as  a  reference,  the  modulation 

stop  periods  of  all  phases  are  overlapped  at  0  =  a1  (not  shown,  but  phase  below  than  the  above  30°),  and 
thereafter  there  are  overlapped  points  every  70  °  . 
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The  switching  phase  ac  is  set  to: 

a1  <  aC  <  60°  -  a1. 

5  As  a  consequence,  continuity  of  the  fundamental  wave  can  be  maintained. 
Figs.  23A  -  23F  shows  an  example  of  simulation  waveforms  appearing  after  the  PWM  mode  has  been 

changed  from  the  1  -pulse  mode  into  the  overmodulation  mode  in  case  that  an  induction  motor  is  employed 
as  the  load.  Figs.  23A  -  23C  show  such  a  case  that  no  case  is  taken  into  the  switching  voltage  and  the 
phase.  Figs.  23D  -  23F  indicate  such  a  case  that  the  present  embodiment  is  applied. 

io  If  the  present  embodiment  would  not  be  applied,  the  output  current  peak  value  would  jump  and  the 
produced  torque  would  be  changed  when  the  PWM  mode  is  transferred.  However,  it  can  be  seen  that  these 
variations  are  sufficiently  lowered  when  this  preferred  embodiment  would  be  applied. 

When  a  microprocessor  is  employed,  either  a  portion,  or  all  portions  of  the  above-described  pulse  width 
modulation  means  may  be  programmed  and  be  realized  in  a  software  manner.  In  Fig.  21,  there  is  shown  an 

is  example  of  a  flow  chart  for  explaining  that  the  rising/falling  timings  are  calculated  in  the  pulse  width 
modulation  means  shown  in  Fig.  4  under  control  of  the  software. 

Although  all  of  the  above-described  preferred  embodiments  employ  the  induction  motor,  the  present 
invention  is  not  limited  thereto,  but  may  be  similarly  applied  to  other  AC  motors  with  realizing  similar  merits. 
Also,  all  of  the  above  descriptions  have  been  made  of  the  inverters.  The  output  terminals  of  these  inverters 

20  are  connected  via  a  reactance  element  to  an  AC  power  supply,  which  may  be  operated  as  a  self-exciting 
converter  for  converting  AC  into  DC.  Also  in  this  case,  a  similar  effect  to  that  of  the  inverter  can  be 
achieved. 

It  should  be  noted  that  although  the  above  descriptions  were  made  of  the  3-level  inverter,  the  inventive 
idea  of  this  invention  may  be  similarly  applied  to  multi-level  inverters  other  than  the  3-level  inverter. 

25  In  accordance  with  the  present  invention,  the  output  voltage  of  the  inverter  may  be  smoothly  and 
continuously  adjusted  from  zero  voltage  to  the  maximum  voltage.  Moreover,  the  pulse  generation  controlling 
system  can  be  simplified. 

In  addition,  when  this  inventive  idea  is  applied  to  an  electric  vehicle,  such  an  electric  vehicle  with  low 
noise  may  be  provided. 

30 
Claims 

1.  In  an  electric  power  converter  for  converting  a  DC  voltage  into  AC  phase  voltages  having  3-leveled 
potentials,  and  a  motor  driven  by  this  electric  power  converter,  said  electric  power  converting  apparatus 

35  comprising: 
a  dipolar  modulation  mode  for  producing  at  a  phase  of  the  electric  power  converter,  such  a  series 

of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  this  electric 
power  converter  is  represented  by  a  pulse  series  having  a  zero  potential  between  a  positive  pulse  and 
a  negative  pulse; 

40  a  unipolar  modulation  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  a 
series  of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  said 
electric  power  converter  is  represented  by  a  pulse  series  constructed  of  a  plurality  of  single  polarity 
pulses; 

an  overmodulation  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  a  series 
45  of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  the  electric 

power  converter  is  represented  by  reducing  the  pulses  is  filled  up  from  a  center  of  pulse  train 
constructed  of  a  plurality  of  single  polarity  pulses; 

a  1  -pulse  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  an  output  pulse 
that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  the  electric  power  converter  is 

50  represented  by  a  single  pulse  having  the  same  polarity;  and 
a  means  for  changing  the  modulation  mode  among  these  dipolar  modulation  mode,  unipolar 

modulation  mode,  overmodulation  mode  and  1  -pulse  mode. 

2.  An  electric  power  converting  apparatus  as  claimed  in  claim  1,  wherein  the  transfer  operations  among 
55  said  modes  are  reversibly  performed  from  the  dipolar  modulation  mode,  the  unipolar  modulation  mode, 

the  overmodulation  mode,  and  the  1  -pulse  mode  in  this  order. 

17 



EP  0  597  132  A1 

3.  An  electric  power  converting  apparatus  as  claimed  in  claim  2,  wherein  the  transfer  operation  between 
the  dipolar  modulation  mode  and  the  unipolar  modulation  mode  is  carried  out  by  controlling  a  DC 
component  contained  in  a  positive-side  pulse  series  and  a  negative-side  pulse  series  of  an  output 
phase  voltage  of  said  electric  power  converter,  and  the  transfer  operation  between  the  unipolar 

5  modulation  mode  and  the  overmodulation  mode  is  performed  in  accordance  with  a  magnitude  of  an  AC 
component  of  the  fundamental  wave  contained  in  the  positive-side  pulse  series  and  the  negative-side 
pulse  series  of  the  output  phase  voltage  from  said  electric  power  converter. 

4.  An  electric  power  converting  apparatus  equipped  with  an  electric  power  converter  for  converting  a  DC 
io  voltage  into  AC  phase  voltages  having  more  than  2  levels  of  potentials,  and  a  motor  driven  by  this 

electric  power  converter,  comprising: 
first  pulse  generating  means  for  generating  pulses  under  an  asynchronous  condition  with  a 

fundamental  wave  of  an  output  voltage  from  the  electric  power  converter,  thereby  outputting  a  plurality 
of  pulses  at  a  half  period  of  an  output  phase  voltage;  and 

is  second  pulse  generating  means  for  generating  at  the  electric  power  converter,  a  single  pulse 
having  the  same  polarity  as  that  of  the  fundamental  wave  of  the  voltage  outputted  from  the  electric 
power  converter  within  a  half  period  of  the  output  phase  voltage  in  synchronism  with  this  fundamental 
wave  of  the  output  voltage. 

20  5.  An  electric  power  converting  apparatus  as  claimed  in  claim  4,  wherein  said  first  pulse  generating 
means  generates  a  pulse  series  having  a  switching  frequency  independent  from  a  frequency  of  the 
inverter. 

6.  An  electric  power  converting  apparatus  as  claimed  in  claim  4,  wherein  said  first  pulse  generating 
25  means  includes: 

a  dipolar  modulation  mode  for  producing  at  a  phase  of  the  electric  power  converter,  such  a  series 
of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  this  electric 
power  converter  is  represented  by  a  pulse  series  having  a  zero  potential  between  a  positive  pulse  and 
a  negative  pulse;  and 

30  a  unipolar  modulation  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  a 
series  of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  said 
electric  power  converter  is  represented  by  a  pulse  series  constructed  of  a  plurality  of  single  polarity 
pulses,  said  first  pulse  generating  means  outputting  to  a  phase  of  said  inverter,  a  pulse  of  said 
overmodulation  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  a  series  of 

35  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  the  electric  power 
converter  is  represented  by  reducing  the  number  of  pulses  in  such  a  manner  that  a  slit  between  the 
pulses  is  filled  up  from  a  center  of  a  pulse  train  constructed  of  a  plurality  of  single  polarity  pulses. 

7.  In  an  electric  power  converter  for  converting  a  DC  voltage  into  AC  phase  voltages  having  3-leveled 
40  potentials,  and  a  motor  driven  by  this  electric  power  converter,  said  electric  power  converting  apparatus 

comprising: 
first  modulation  means  for  outputting  to  the  phase  of  said  electric  power  converter,  pulse  series  of 

at  least  two  modes  among  a  first  mode  for  producing  at  a  phase  of  the  electric  power  converter,  such  a 
series  of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  this 

45  electric  power  converter  is  represented  by  a  pulse  series  having  a  zero  potential  between  a  positive 
pulse  and  a  negative  pulse;  a  second  mode  for  producing  at  the  phase  of  the  electric  power  converter, 
such  a  series  of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of 
said  electric  power  converter  is  represented  by  a  pulse  series  constructed  of  a  plurality  of  single 
polarity  pulses;  and  a  third  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  a 

50  series  of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  the 
electric  power  converter  is  represented  by  reducing  the  number  of  pulses  in  such  a  manner  that  a  slit 
between  the  pulses  is  filled  up  from  a  center  of  a  pulse  train  constructed  of  a  plurality  of  single  polarity 
pulses;  and  also 

second  modulation  means  for  producing  to  the  phase  of  said  electric  power  converter,  an  output 
55  pulse  represented  by  such  an  output  pulse  that  a  half  period  of  a  fundamental  wave  of  an  output  phase 

voltage  of  the  electric  power  converter  is  represented  by  a  single  pulse  having  the  same  polarity. 
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8.  In  an  electric  power  converter  for  converting  a  DC  voltage  into  AC  phase  voltages  having  3-leveled 
potentials,  and  a  motor  driven  by  this  electric  power  converter,  said  electric  power  converting  apparatus 
comprising: 

a  first  mode  for  producing  at  a  phase  of  the  electric  power  converter,  under  asynchronous  condition 
5  with  a  fundamental  wave  of  a  voltage  outputted  from  said  electric  power  converter,  such  a  series  of 

output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  this  electric  power 
converter  is  represented  by  a  pulse  series  having  a  zero  potential  between  a  positive  pulse  and  a 
negative  pulse; 

a  second  mode  for  producing  at  the  phase  of  the  electric  power  converter  under  asynchronous 
io  condition  with  a  fundamental  wave  of  a  voltage  outputted  from  said  electric  power  converter,  such  a 

series  of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  said 
electric  power  converter  is  represented  by  a  pulse  series  constructed  of  a  plurality  of  single  polarity 
pulses; 

a  third  mode  for  producing  at  the  phase  of  the  electric  power  converter  under  asynchronous 
is  condition  with  a  fundamental  wave  of  a  voltage  outputted  from  said  electric  power  converter,  such  a 

series  of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  the 
electric  power  converter  is  represented  by  reducing  the  number  of  pulses  in  such  a  manner  that  a  slit 
between  the  pulses  is  filled  up  from  a  center  of  a  pulse  train  constructed  of  a  plurality  of  single  polarity 
pulses; 

20  a  fourth  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  an  output  pulse  that 
a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  the  electric  power  converter  is 
represented  by  a  single  pulse  having  the  same  polarity;  and 

a  means  for  transferring  the  mode  among  these  first  to  fourth  mode. 

25  9.  In  an  electric  power  converter  for  converting  a  DC  voltage  into  AC  phase  voltages  having  3-leveled 
potentials,  and  a  motor  driven  by  this  electric  power  converter,  said  electric  power  converting  apparatus 
comprising: 

a  first  mode  for  producing  at  a  phase  of  the  electric  power  converter,  such  a  series  of  output  pulses 
that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  this  electric  power  converter  is 

30  represented  by  a  pulse  series  having  a  zero  potential  between  a  positive  pulse  and  a  negative  pulse; 
a  second  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  a  series  of  output 

pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  said  electric  power 
converter  is  represented  by  a  pulse  series  constructed  of  a  plurality  of  single  polarity  pulses: 

a  third  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  a  series  of  output 
35  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  the  electric  power 

converter  is  represented  by  reducing  the  number  of  pulses  in  such  a  manner  that  a  slit  between  the 
pulses  is  filled  up  from  a  center  of  a  pulse  train  constructed  of  a  plurality  of  single  polarity  pulses: 

a  fourth  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  an  output  pulse  that 
a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  the  electric  power  converter  is 

40  represented  by  a  single  pulse  having  the  same  polarity;  and 
a  transfer  control  means  for  transferring  the  mode  between  said  first  mode  and  said  second  mode 

in  response  to  the  output  frequency  and  the  output  voltage,  and  between  said  second  mode  and  said 
third  mode  in  response  to  the  output  voltage. 

45  10.  In  a  control  apparatus  for  an  electric  vehicle  equipped  with  an  inverter  for  outputting  a  variable  AC 
voltage  with  a  variable  frequency,  and  an  induction  motor  driven  by  this  inverter,  said  control  apparatus 
comprising: 

control  means  for  continuously  changing  a  switching  frequency  of  the  inverter  within  all  regions  that 
there  are  plural  pulses  within  a  half  period  of  a  fundamental  wave  of  an  output  voltage  from  the  inverter. 

50 
11.  A  control  apparatus  for  an  electric  vehicle  as  claimed  in  claim  8,  wherein  said  switching  frequency  is 

selected  to  be  more  than,  or  equal  to  1  KHz,  the  variation  width  thereof  is  selected  to  be  a  value  within 
two  times  higher  than  the  output  frequency  of  the  inverter. 

55  12.  In  an  electric  power  converter  for  converting  a  DC  voltage  into  AC  phase  voltages  having  3-leveled 
potentials,  and  a  motor  driven  by  this  electric  power  converter,  said  electric  power  converting  apparatus 
comprising: 

a  dipolar  modulation  mode  for  producing  at  a  phase  of  the  electric  power  converter,  such  a  series 
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of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  this  electric 
power  converter  is  represented  by  a  pulse  series  having  a  zero  potential  between  a  positive  pulse  and 
a  negative  pulse; 

a  unipolar  modulation  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  a 
5  series  of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  said 

electric  power  converter  is  represented  by  a  pulse  series  constructed  of  a  plurality  of  single  polarity 
pulses; 

an  overmodulation  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  a  series 
of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  the  electric 

io  power  converter  is  represented  by  reducing  the  number  of  pulses  in  such  a  manner  that  a  slit  between 
the  pulses  is  filled  up  from  a  center  of  a  pulse  train  constructed  of  a  plurality  of  single  polarity  pulses; 

a  1  -pulse  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  an  output  phase 
voltage  of  the  electric  power  converter  is  represented  by  a  single  pulse  having  the  same  polarity;  and 

a  transfer  means  for  transferring  the  modulation  mode  among  these  dipolar  modulation  mode, 
is  unipolar  modulation  mode,  overmodulation  mode  and  1  -pulse  mode,  said  transfer  means  having  an 

overmodulation/1  -pulse  transfer  means  for  reversibly  transferring  such  a  mode  that  there  are  plural 
pulses  contained  in  the  half  period  of  said  fundamental  wave  into  the  1  -pulse  mode. 

13.  An  electric  power  converting  apparatus  as  claimed  in  claim  1,  wherein  the  transfer  operations  among 
20  said  modes  are  reversibly  performed  from  the  dipolar  modulation  mode,  the  unipolar  modulation  mode, 

the  overmodulation  mode,  and  the  1  -pulse  mode  in  this  order. 

14.  An  electric  power  converting  apparatus  as  claimed  in  claim  1,  wherein  the  transfer  operation  between 
the  dipolar  modulation  mode  and  the  unipolar  modulation  mode  is  carried  out  by  controlling  a  DC 

25  component  contained  in  a  positive-side  pulse  series  and  a  negative-side  pulse  series  of  an  output 
phase  voltage  of  said  electric  power  converter,  and  the  transfer  operation  between  the  unipolar 
modulation  mode  and  the  overmodulation  mode  is  performed  in  accordance  with  a  magnitude  of  an  AC 
component  of  the  fundamental  wave  contained  in  the  positive-side  pulse  series  and  the  negative-side 
pulse  series  of  the  output  phase  voltage  from  said  electric  power  converter. 

30 
15.  In  an  electric  power  converter  for  converting  a  DC  voltage  into  AC  phase  voltages  having  3-leveled 

potentials,  and  a  motor  driven  by  this  electric  power  converter,  said  electric  power  converting  apparatus 
comprising: 

a  dipolar  modulation  mode  for  producing  at  a  phase  of  the  electric  power  converter,  such  a  series 
35  of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  this  electric 

power  converter  is  represented  by  a  pulse  series  having  a  zero  potential  between  a  positive  pulse  and 
a  negative  pulse; 

a  unipolar  modulation  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  a 
series  of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  said 

40  electric  power  converter  is  represented  by  a  pulse  series  constructed  of  a  plurality  of  single  polarity 
pulses; 

an  overmodulation  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  a  series 
of  output  pulses  that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  the  electric 
power  converter  is  represented  by  reducing  the  number  of  pulses  in  such  a  manner  that  a  slit  between 

45  the  pulses  is  filled  up  from  a  center  of  a  pulse  train  constructed  of  a  plurality  of  single  polarity  pulses; 
a  1  -pulse  mode  for  producing  at  the  phase  of  the  electric  power  converter,  such  an  output  pulse 

that  a  half  period  of  a  fundamental  wave  of  an  output  phase  voltage  of  the  electric  power  converter  is 
represented  by  a  single  pulse  having  the  same  polarity;  and 

transfer  means  for  transferring  the  mode  among  these  dipolar  modulation  mode,  unipolar  modula- 
50  tion  mode,  overmodulation  mode  and  1  -pulse  mode,  said  transfer  means  having  a  means  for  perform- 

ing  the  mode  transfer  operation  between  said  overmodulation  mode  and  said  1  -pulse  mode  under 
condition  that  an  output  voltage  instruction  to  said  electric  power  converter  is  higher  than,  or  equal  to 
0.95. 

55  16.  An  electric  power  converting  apparatus  as  claimed  in  claim  15,  wherein  the  transfer  operations  among 
said  modes  are  reversibly  performed  from  the  dipolar  modulation  mode,  the  unipolar  modulation  mode, 
the  overmodulation  mode,  and  the  1  -pulse  mode  in  this  order. 

20 
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17.  An  electric  power  converting  apparatus  as  claimed  in  claim  16,  wherein  the  transfer  operation  between 
the  dipolar  modulation  mode  and  the  unipolar  modulation  mode  is  carried  out  by  controlling  a  DC 
component  contained  in  a  positive-side  pulse  series  and  a  negative-side  pulse  series  of  an  output 
phase  voltage  of  said  electric  power  converter,  and  the  transfer  operation  between  the  unipolar 
modulation  mode  and  the  overmodulation  mode  is  performed  in  accordance  with  a  magnitude  of  an  AC 
component  of  the  fundamental  wave  contained  in  the  positive-side  pulse  series  and  the  negative-side 
pulse  series  of  the  output  phase  voltage  from  said  electric  power  converter. 

18.  An  electric  power  converting  apparatus  as  claimed  in  claim  15,  wherein  the  transfer  operation  between 
said  overmodulation  mode  and  said  1  -pulse  mode  is  carried  out  at  such  a  phase  that  all  of  phases  of 
said  electric  power  converter  outputs  any  voltages  other  than  zero  potential. 

21 
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