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Method  for  stopping  an  electric  motor. 

©  An  electric  motor  (10)  is  braked  by  sensing  the 
polarity  of  voltage  (Vab)  of  the  alternating  electricity 
for  powering  the  motor  and  sensing  the  polarity  of 
the  voltage  (Va>  Vb,  Vc)  induced  in  the  motor  by  the 
back  electromotive  force.  When  these  polarities  are 
opposite  the  electricity  is  applied  to  the  motor  (10)  to 
generate  a  braking  torque.  The  application  of  the 
electricity  is  stopped  a  given  interval  after  it  begins 
to  be  applied  during  consecutive  voltage  cycles. 
This  interval  is  derived  from  the  time  period  between 

iwhen  braking  commenced  to  when  the  electricity 
^was  applied  during  consecutive  cycle. 
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METHOD  FOR  STOPPING  AN  ELECTRIC  MOTOR 

The  present  invention  relates  to  the  braking  of 
electric  motors,  and  particularly  methods  for  de- 
tecting  when  the  motor  has  stopped. 

order  to  electrically  brake  an  alternating  current 
motor,  it  is  necessary  to  generate  a  torque  in  the 
direction  opposite  to  the  direction  of  the  rotation  of 
its  rotor.  In  the  direct  current  braking  method  of  the 

5  prior  art,  the  torque  is  produced  by  the  rotor  at- 
tempting  to  rotate  in  the  presence  of  a  steady 
magnetic  field  produced  by  the  direct  current  ap- 
plied  through  the  stator  windings.  The  rotating  di- 
rection  of  the  rotor's  magnetization  leads  the  direc- 

10  tion  of  the  magnetic  field  produced  by  the  direct 
current  through  stator  winding.  The  tendency  of  the 
rotor  magnetization  to  align  itself  with  the  stator's 
magnetic  field  creates  an  alignment  torque  which 
produces  a  braking  effect  on  the  rotor.  As  is  well- 

75  known,  this  torque  is  equal  to  the  product  of  the 
stator  magnetic  field  strength  and  the  rotor  mag- 
netization  together  with  the  sine  of  the  angle  be- 
tween  the  two. 

Another  method  of  braking  the  motor  involves 
20  switching  the  alternating  current  to  the  motor  at  the 

proper  times  to  create  a  magnetic  field  within  the 
motor  which  tends  to  slow  the  rotor.  This  technique 
is  described  in  U.S.  Patent  Application  Serial  No. 
103,729  filed  on  October  2,  1987  and  assigned  to 

25  the  same  assignee  as  the  present  invention. 
One  of  the  problems  inherent  in  any  braking 

technique  that  applies  electricity  to  the  motor,  is 
determining  when  the  motor  has  stopped  so  that 
the  application  of  the  braking  electricity  can  be 

30  discontinued.  Not  only  is  the  continued  application 
of  the  braking  electricity  inefficient  from  an  energy 
conservation  standpoint,  but  it  may  also  have  ad- 
verse  effects  on  the  motor. 

Heretofore,  a  timer  was  often  employed  for 
35  such  braking  methods  with  the  braking  electricity 

applied  for  a  long  enough  interval  to  insure  that  the 
motor  was  stopped.  This  interval  had  to  be  empiri- 
cally  set  by  the  operator  for  each  specific  braking 
application.  If  the  load  on  the  motor  varies,  thereby 

40  affecting  the  braking  time,  the  interval  would  have 
to  be  set  for  the  worst  case,  or  longest  braking 
interval.  This  too  would  be  inefficient  when  the  load 
inertia  was  small  and  the  motor  stopped  in  a  frac- 
tion  of  the  worst  case  interval. 

Background  of  the  Invention 

When  an  electric  motor  is  started,  the  electric 
current  drawn  by  the  motor  can  be  six  times  the 
steady  state  current  once  it  reaches  full  speed. 
Manufacturing  equipment  and  assembly  lines  often 
have  a  number  of  relatively  large  three-phase  elec- 
tric  motors  which  start  simultaneously  thereby  plac- 
ing  very  large  current  demands  on  the  electrical 
distribution  system  feeding  the  equipment  or  as- 
sembly  line. 

In  order  to  reduce  this  start-up  current  con- 
sumption,  large  alternating  current  electric  motors 
are  often  operated  by  a  controller.  When  the  motor 
is  to  be  started,  the  equipment  operator  applies  a 
starting  signal  to  the  motor  controller.  As  is  well- 
known,  the  motor  controller  then  gradually  in- 
creases  the  amount  of  current  applied  to  the  motor 
by  regulating  the  duty  cycles  of  thyristors  coupling 
each  phase  of  electricity  to  the  motor.  In  doing  so, 
the  controller  turns  on  the  thyristors  initially  for  only 
a  brief  portion  of  each  half-cycle  of  the  A.C.  voltage 
for  the  corresponding  electricity  phase.  The  con- 
troller  then  gradually  increases  the  half-cycle  on 
time  of  the  thyristors  until  they  are  constantly 
turned  on  at  which  time  the  motor  is  at  substan- 
tially  fuli  speed.  This  technique  reduces  the  current 
consumption  and  torque  of  the  motor  during  start- 
up  as  compared  to  a  hard  switching  of  the  full 
supply  line  voltage  across  the  motor. 

Previous  motor  controllers  often  did  not  provide 
a  mechanism  for  braking  the  motor  when  it  was 
stopped.  In  response  to  an  operator  input  to  stop 
the  motor,  the  basic  controller  simply  turns  off  the 
thyristors  allowing  the  motor  to  coast  to  a  stop, 
slowed  only  by  friction.  If  the  motor  is  coupled  to  a 
mechanical  load  with  considerable  inertia,  the  mo- 
tor  and  the  load  will  continue  to  move  for  some 
time  after  the  power  is  shut  off.  In  many  industrial 
applications  of  motors,  it  is  important  for  conve- 
nience  and  efficient  use  of  the  driven  equipment  to 
stop  this  continued  movement  as  fast  as  possible. 
Merely  allowing  the  motor  to  coast  to  a  stop  often 
is  unsatisfactory.  Heretofore,  a  mechanical  brake 
frequently  was  coupled  to  the  equipment  and  en- 
gaged  when  the  power  was  turned  off. 

As  an  alternative,  a  direct  current  was  some- 
times  applied  to  the  stator  windings  of  an  alternat- 
ing  current  motor  to  provide  a  braking  action.  In 

45 

Summary  of  the  Invention 

so  An  alternating  current  electric  motor  is  stopped 
by  disconnecting  the  normal  electricity  supply  to 
the  motor.  Electricity  is  then  reapplied  to  the  motor 
in  a  manner  which  creates  a  magnetic  field  within 
the  motor  which  tends  to  slow  the  rotation  of  the 
rotor.  In  the  preferred  embodiment,  the  electricity  is 
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and  C.  The  switch  module  14  has  three  pairs  of 
SCR's  16,  17,  and  18.  The  two  SCR's  in  each  pair 
are  connected  in  anti-parallel  and  couple  one  of  the 
supply  lines  A,  B,  or  C  to  one  of  the  three  stator 

5  windings  11,  12,  or  13,  respectively. 
The  SCR  pairs  16-18  are  triggered,  or  fired,  by 

a  control  circuit  that  includes  a  microprocessor  21  , 
differential  amplifier  50,  zero  voltage  crossing  de- 
tector  60,  and  a  plurality  of  voltage  comparators  22, 

10  23,  24,  and  25.  The  microprocessor  21  may  be  a 
6801  type  manufactured  by  Hitachi  America,  Ltd., 
which  also  contains  a  timer  circuit,  a  read  only 
memory,  and  a  random  access  memory  in  the 
same  integrated  circuit  package.  The  program  for 

;5  controlling  the  operation  of  the  motor  controller  20 
is  stored  in  the  read  only  memory.  This  program  is 
similar  to  those  used  with  conventional  motor  con- 
trollers  insofar  as  the  functions  of  starting  and 
operating  the  motor  at  its  normal  running  speed.  As 

20  will  be  explained  in  detail,  the  program  contains  a 
novel  routine  for  braking  the  motor  10  to  a  stop. 

The  microprocessor  21  generates  properly 
timed  thyristor  trigger  signals  on  three  lines  26,  27, 
and  28  of  a  parallel  output  port.  The  first  output  line 

25  26  is  coupled  by  a  first  conventional  isolation  trans- 
former  31  to  the  gate  terminals  of  the  first  pair  of 
SCR's  16  for  electricity  supply  line  A.  The  other 
trigger  output  lines  27  and  28  are  coupled  by 
isolation  transformers  32  and  33  to  the  gate  termi- 

30  nals  of  second  and  third  SCR  pair  17  and  18, 
respectively,  for  electricity  supply  lines  B  and  C. 

The  terminals  41,  42,  and  43  of  each  of  the 
three  motor  stator  windings  11-13  are  coupled  to 
separate,  equal  value  resistors  34-36  in  a  Y  con- 

35  nection  with  the  neutral  node  37  of  the  Y  con- 
nected  to  the  ground  of  the  braking  circuit.  The 
voltage  across  each  of  the  resistors  34,  35,  and  36 
equals  the  voltage  Va,  Vb  and  Vc  across  each  of 
the  three  stator  windings  11,  12,  and  13,  respec- 

40  tively.  The  polarity  of  the  voltage  across  each  of 
the  stator  windings  11-13  is  sensed  by  three  of  the 
voltage  comparators  22,  23,  and  24.  The  non- 
inverting  input  of  each  of  these  voltage  compara- 
tors  22,  23,  and  24  is  coupled  by  a  voltage  drop- 

45  ping  resistor  44,  45,  or  46  to  one  of  the  stator 
winding  terminals  41  ,  42,  or  43.  Each  of  the  non- 
inverting  inputs  is  also  coupled  to  the  circuit 
ground  by  a  resistor  38,  39,  or  40,  thereby  forming 
voltage  dividers  with  resistors  44,  45  and  46  to 

so  reduce  the  motor  stator  winding  voltages  to  levels 
compatible  with  the  comparators  22,  23  and  24. 
The  inverting  input  of  each  of  these  three  voltage 
comparators  is  coupled  by  a  resistor  47,  48,  and 
49  to  the  circuit  ground.  The  outputs  of  the  three 

55  comparators  22,  23,  and  24  are  connected  to  three 
lines  of  a  parallel  input  port  of  the  microprocessor 
21. 

The  A  and  B  supply  lines  are  separately  coup- 

reapplied  whenever  the  polarity  of  its  voltage  is 
opposite  to  the  polarity  of  the  voltage  induced  in 
the  motor  by  the  back  electromotive  force.  The 
reapplication  of  the  electricity  becomes  more  fre- 
quent  as  the  motor  slows  in  speed.  Eventually,  the 
electricity  is  applied  to  the  motor  during  every  one 
of  its  cycles.  This  reapplication  of  electricity  contin- 
ues  until  the  rotor  has  substantially  stopped. 

The  stoppage  of  the  motor  is  detected  by 
measuring  the  interval  of  time  that  it  takes  to  slow 
to  the  point  where  the  electricity  is  applied  during 
every  cycle  to  brake  the  motor.  This  interval  is  then 
employed  to  derive  another  interval  at  the  expira- 
tion  of  which  the  motor  is  sure  to  have  stopped. 

The  primary  object  of  the  present  invention  is 
to  determine  when  an  electric  motor  has  stopped. 

An  object  of  the  present  invention  is  to  provide 
a  motor  stoppage  detection  method  which  com- 
pensates  for  varying  inertia  of  a  load  connected  to 
the  motor. 

Another  object  to  detect  when  an  electric  motor 
has  stopped  by  detecting  a  predetermined  pattern 
in  the  back  emf  voltage  across  the  motor  winding. 

Yet  another  object  of  the  present  invention  is  to 
brake  an  electric  motor  by  applying  electricity  to  it 
to  create  a  magnetic  field  which  slows  the  rotor. 
Such  electricity  being  applied  until  the  motor  sub- 
stantially  stops. 

Brief  Description  of  the  Drawings 

Figure  1  is  a  schematic  diagram  illustrating 
an  electric  motor  and  a  motor  controller  for  practic- 
ing  the  present  invention; 

Figures  2a,  b,  and  c  are  a  flow  chart  of  the 
braking  technique  program  according  to  the 
present  invention; 

Figure  3  is  a  flow  chart  of  the  voltage  zero 
crossing  interrupt  routine  for  the  motor  controller; 
and 

Figure  4  is  a  conceptual  illustration  of  the 
waveforms  of  the  voltage  of  one  phase  of  the  AC 
power  and  the  current  applied  to  brake  the  motor 
at  three  speeds  as  the  motor  slows. 

Detailed  Description  of  the  Present  Invention 

With  initial  reference  to  Figure  1  ,  a  three-phase 
motor  10  has  three  stator  windings  11-13.  The 
application  of  electricity  to  the  motor  10  is  con- 
trolled  by  a  motor  controller  20.  The  stator  win- 
dings  11-13  are  connected  to  a  source  of  three- 
phase  alternating  electricity  by  a  thyristor  switch 
module  14  and  three  supply  lines  designated  A,  B, 
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motor's  rotor.  It  has  been  determined  that  this  can 
be  achieved  by  applying  the  alternating  electricity 
when  the  polarity  of  its  instantaneous  voltage  is 
opposite  to  the  polarity  of  the  back  electro-motive 

5  force  (emf)  induced  voltage  of  the  motor  (i.e.  one 
of  these  voltages  is  positive  and  the  other  is  nega- 
tive).  The  back  emf  inducded  voltage  results  from 
the  decaying  magnetism  of  the  rotor  which  pro- 
duces  a  rotating  magnetic  field  as  the  rotor  slows. 

w  Specifically  referring  to  Figure  1,  the  back  emf 
induced  voltage  Vc  across  the  third  stator  coil  13  is 
sensed  by  the  third  voltage  comparator  24.  The 
output  of  the  third  voltage  comparator  represents 
the  polarity  of  the  sensed  back  emf  induced  volt- 

75  age.  The  polarity  of  the  alternating  supply  voltage 
Vab  across  lines  A  and  B  is  sensed  by  the  fourth 
voltage  comparator  25.  After  each  zero  voltage 
crossing  of  the  A-B  supply  voltage,  the  micropro- 
cessor  21  examines  the  polarity  of  the  two  sampled 

20  voltages,  if  the  polarities  are  opposite,  the  pairs  of 
SCR's  16  and  17  for  the  A  and  B  supply  lines  are 
fired  by  a  short  pulse  applied  to  the  SCR  gate 
electrode  after  a  fixed  delay  from  the  occurrence  of 
the  zero  crossing.  The  delay  can  be  up  to  one  half 

25  the  period  of  the  supply  voltage.  The  shorter  the 
delay  the  greater  the  braking  effect.  The  fixed 
SCR's  16  and  17  apply  current  to  the  motor  until 
the  alternating  current  passes  through  zero  amps, 
at  which  point  the  SCR's  turn  off. 

30  As  the  motor  10  slows  down,  the  phalse  rela- 
tionship  between  the  back  emf  voltage  Vc  and  the 
supply  line  voltage  Vab  changes.  As  a  result,  the 
pairs  of  SCR's  16  and  17  are  triggered  more  and 
more  frequently  thereby  increasing  the  braking 

35  force.  This  is  conceptually  illustrated  in  Figure  4. 
Waveforms  I,  II  and  III  of  Figure  4  represent  the 
current  lab  that  flows  through  the  first  and  second 
stator  windings  11  and  12  at  three  progressively 
slower  speeds  during  the  braking.  In  waveform  I, 

40  the  first  and  second  pairs  of  SCR's  16  and  17  are 
triggered  only  during  an  occasional  positive  half- 
cycle  of  the  supply  line  voltage  Vab.  As  the  motor 
slows,  additional  triggering  occurs  during  occasion- 
al  negative  half-cycles  between  the  positive  half- 

45  cycle  triggering  as  shown  by  waveform  II.  It  should 
be  understood  that  the  number  of  cycles  of  the 
supply  line  voltage  Vab  between  the  SCR  trigger- 
ing  depicted  in  waveforms  I  and  II  is  significantly 
greater  than  that  illustrated.  Continued  slowing  of 

so  the  motor  results  in  the  SCR's  being  triggered 
during  every  cycle  of  the  line  voltage  Vab  as 
illustrated  by  waveform  III.  The  triggering  of  the 
SCR's  during  every  cycle  provides  an  indication 
that  the  motor  has  slowed  to  approximately  thirty 

55  percent  of  its  full  normal  running  speed  prior  to 
braking.  The  triggering  can  occur  during  each  posi- 
tive  or  negative  half-cycle.  Additional  SCR  trigger 
patterns  occur  between  those  illustrated  in  Figure 

led  by  resistors  51  and  52,  respectively,  to  the  non- 
inverting  and  inverting  inputs  of  a  differential  am- 
plifier  50.  The  non-inverting  input  is  also  coupled  to 
the  circuit  ground  by  resistor  53.  A  feedback  resis- 
tor  54  is  connected  between  the  output  of  the 
differential  amplifier  50  and  its  inverting  input.  The 
output  of  the  differential  amplifier  50  also  is  con- 
nected  to  the  non-inverting  input  of  the  fourth  volt- 
age  comparator  25  whose  inverting  input  is  coup- 
led  to  ground  by  resistor  55.  The  output  of  the 
fourth  voltage  comparator  25  is  connected  to  an- 
other  line  of  the  microprocessor  parallel  input  port. 
The  level  of  this  input  indicates  the  polarity  of  the 
voltage  Vab  across  the  A  and  B  supply  lines.  The 
output  of  the  differential  amplifier  50  is  further 
connected  to  a  zero  crossing  detector  60  which 
senses  when  the  voltage  output  of  the  differential 
amplifier,  and  hence  the  voltage  Vab  across  supply 
lines  A  and  B,  goes  through  zero  volts.  The  output 
signal  from  the  zero  crossing  detector  60  is  con- 
nected  to  an  interrupt  input  (IRQ)  of  the  micropro- 
cessor  21  . 

Additional  input  port  lines  of  the  microproces- 
sor  21  are  connected  to  manual  pushbutton  switch- 
es  56,  57,  and  58.  These  additional  input  port  lines 
are  also  coupled  by  three  pull  up  resistors  61-63  to 
the  positive  voltage  supply  for  the  motor  controller 
20.  Activation  of  these  switches  56-58  pulls  the 
corresponding  microprocessor  input  line  to  ground. 
The  first  switch  56  is  activated  to  start  the  motor 
10.  The  second  switch  57  initiates  the  braking 
function  while  the  third  switch  58  causes  the  elec- 
tricity  to  the  motor  10  to  be  disconnected. 

The  microprocessor  21  executes  a  conven- 
tional  program  for  starting  and  controlling  the  nor- 
mal  running  of  the  motor  10.  However,  the  im- 
proved  motor  controller  20  offers  the  operator  two 
methods  for  stopping  the  motor.  By  pressing  push- 
button  switch  58,  the  motor  controller  discontinues 
applying  trigger  pulses  to  gates  of  the  SCR's  in  the 
switch  module  14.  As  a  result,  electricity  is  no 
longer  applied  to  the  motor  and  it  coasts  to  a  stop. 

However,  merely  allowing  the  motor  10  to 
coast  to  a  stop  may  be  unsatisfactory  when  the 
motor  is  coupled  to  a  load  with  large  inertia.  In  this 
situation,  it  may  take  several  minutes  for  friction  to 
stop  the  motor.  In  order  to  stop  the  motor  quicker, 
the  operator  depresses  pushbutton  switch  57  which 
initiates  the  braking  function  of  the  motor  controller 
20.  The  activation  of  the  brake  pushbutton  switch 
57  pulls  the  corresponding  input  of  the  micropro- 
cessor  21  to  ground.  In  response  thereto,  the 
microprocessor  begins  executing  a  software  routine 
which  brakes  the  motor  faster  than  simply  dis- 
connecting  the  electricity. 

The  braking  technique  involves  applying  cur- 
rent  pulses  to  the  motor  10  at  times  which  will 
generate  an  electro-magnetic  field  that  slows  the 
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when  the  interrupt  occurred. 
Referring  again  to  Figure  2a,  when  the  setting 

of  the  interrupt  flag  is  sensed  at  step  72,  the  flag  is 
reset  at  process  block  73  and  the  program  execu- 

5  tion  advances  to  step  74.  A  delay  interval  constant 
is  added  to  the  stored  zero  crossing  time  Tvo  to 
determine  the  time  (TRre)  at  which  fire  the  SCR's 
for  motor  braking.  The  delay  interval  constant  is 
preset  and  determines  the  magnitude  of  the  brak- 

w  ing.  The  shorter  the  delay  the  stronger  the  braking 
force.  The  current  value  of  the  microprocessor  tim- 
er  then  is  compared  to  the  firing  time  TFire  at  step 
75.  If  it  is  not  time  to  fire,  the  program  loops  until  it 
is  the  proper  time. 

75  At  that  proper  time,  the  program  exits  the  loop 
and  determines  whether  the  operation  mode  indica- 
tor  variable  designates  the  discontinuous  firing 
mode  (Mode  =  0).  In  this  mode  of  operation,  the 
first  and  second  pairs  of  SCR's  16  and  17  are  not 

20  as  yet  being  fired  during  every  cycle  of  the  voltage 
Vab  across  the  A  and  B  supply  lines.  As  noted 
previously,  when  the  braking  begins,  the  SCR  pairs 
16  and  17  are  fired  only  once  every  several  cycles 
of  the  supply  voltage.  Therefore,  initially  the  brak- 

25  ing  system  will  be  in  the  discontinuous  firing  mode. 
During  this  mode  of  operation,  the  program 

advances  to  step  77  where  the  microprocessor  21 
examines  the  input  level  from  the  third  voltage 
comparator  24  representing  the  polarity  of  the  back 

30  emf  voltage  Vc  induced  across  the  third  stator  coil 
13.  At  step  78,  the  microprocessor  21  compares 
the  polarity  of  the  sensed  back  emf  voltage  Vc  to 
the  polarity  of  the  voltage  Vab  across  supply  lines 
A  and  B.  If  these  polarities  are  the  same,  that  is  the 

35  voltages  are  both  in  their  positive  or  negative  half 
cycles,  a  counter  which  tabulates  the  half  cycles  of 
the  supply  voltage  Vab  between  SCR  firings  is 
incremented  at  step  79.  Then,  the  program  execu- 
tion  returns  to  step  72  to  wait  for  another  zero 

40  crossing. 
As  explained  above,  the  first  and  second  SCR 

pairs  16  and  17  are  fired  to  generate  a  braking 
force  only  when  the  back  emf  induced  voltage  Vc 
and  the  supply  line  voltage  Vab  are  opposite  in 

45  polarity.  When  this  condition  is  detected  by  the 
microprocessor  21  at  step  78,  a  determination  is 
made  at  step  80  of  whether  these  pairs  of  SCR's 
are  being  fired  during  every  cycle  of  the  supply 
line  voltage.  The  first  and  second  SCR  pairs  16 

so  and  17  are  being  fired  every  cycle  when  only  one 
half  cycle  of  the  supply  voltage  occurs  between 
SCR  firings.  This  is  indicated  by  the  half  cycle 
counter  having  the  value  of  one  when  it  is  read  at 
step  80.  When  the  SCR  pairs  are  firing  every 

55  cycle,  the  program  should  enter  the  continuous 
firing  mode.  The  mode  change  is  designated  by 
incrementing  the  mode  indicator  at  step  81.  Next, 
the  polarity  of  the  supply  voltage  Vab  is  stored  in 

4. 
The  present  invention  is  an  improvement  to 

this  braking  technique  and  provides  a  method  for 
detecting  when  the  motor  has  stopped  so  that  the 
triggering  of  the  SCR's  can  be  discontinued.  The 
method  initially  senses  when  the  SCR's  are  being 
fired  during  every  cycle  of  the  alternating  supply 
voltage.  At  this  time,  the  motor  10  has  slowed  to 
approximately  thirty  percent  of  its  named  running 
speed  prior  to  braking.  When  this  occurs,  the  back 
emf  voltage  across  each  of  the  stator  coils  11-13  is 
sampled  every  cycle  just  prior  to  firing  the  SCR 
pairs  16  and  17.  Thereafter,  the  pattern  of  back 
emf  samples  will  remain  unchanged  until  just  be- 
fore  the  motor  stops.  Therefore,  when  a  change  in 
this  pattern  is  detected,  the  triggering  of  the  SCR's 
for  braking  can  cease  allowing  the  motor  to  coast 
to  a  stop,  or  preferably  continued  for  an  additional 
fixed  interval  (e.g.  one  second). 

A  safeguard  is  provided  to  prevent  the  SCR 
triggering  from  continuing  in  the  event  the  motor 
stops  before  the  predetermined  number  of  con- 
secutive  back  emf  voltage  polarity  patterns  occurs. 
This  is  accomplished  by  measuring  the  time  that  it 
takes  for  the  motor  to  slow  to  the  point  at  which  the 
SCR's  are  being  triggered  during  every  cycle  of 
the  supply  voltage.  Thereafter,  if  the  application  of 
the  braking  current  does  not  terminate  as  de- 
scribed  above  within  another  equal  period  of  time, 
it  is  assumed  that  the  motor  has  stopped  and  the 
SCR  triggering  ceases. 

The  present  invention  is  implemented  in  a 
microprocessor  based  motor  controller  20,  such  as 
illustrated  in  Figure  1.  The  software  routine  for 
braking  the  motor  begins  at  step  70  on  Figure  2a 
by  the  microprocessor  21  initializing  the  addresses 
in  its  memory  that  contain  the  values  of  the  vari- 
ables  and  counters  used  in  the  routine.  The  value 
of  the  microprocessor  timer  when  the  braking  is 
commenced  is  saved  as  time  To  at  step  71.  Once 
the  initialization  is  complete,  the  microprocessor  21 
checks  an  interrupt  flag  at  step  72.  If  this  flag  is  not 
set,  the  programs  loops  continually  checking  the 
flag. 

The  flag  is  set  by  an  interrupt  routine  illustrated 
in  Figure  3.  The  interrupt  routine  is  executed  when- 
ever  the  zero  crossing  detector  60  senses  a  zero 
crossing  of  the  voltage  Vab  across  the  A  and  B 
supply  lines.  Whenever  this  occurs,  the  micropro- 
cessor  21  is  interrupted  and,  at  step  66,  loads  the 
value  of  its  timer  in  a  memory  location  designated 
to  store  the  time  of  the  zero  crossing  Tvo.  The 
interrupt  flag  is  set  at  step  67  and  the  new  polarity 
of  the  voltage  across  the  A  and  B  supply  lines  as 
sensed  by  the  fourth  comparator  25  is  stored  in  the 
microprocessor  memory  at  step  68.  The  interrupt 
routine  then  ends  by  returning  to  the  step  of  the 
flow  chart  in  Figures  2a-c  that  was  being  executed 
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continuous  mode.  As  a  consequence,  the  execution 
will  advance  to  sample  the  polarity  of  the  back  emf 
voltages  Va,  Vb  and  Vc  induced  across  each  of  the 
three  stator  coils  11-13  at  step  90.  In  doing  this  the 

5  microprocessor  21  examines  the  input  bits  from  the 
first  three  voltage  comparators  22,  23,  and  24.  The 
pattern  of  the  three  back  emf  voltage  polarities  is 
then  compared  at  step  91  to  a  pattern  stored  in  the 
microprocessor  memory.  Normally  the  stored  pat- 

10  tern  is  the  one  sampled  during  a  previous  cycle. 
However,  the  first  time  through  this  program 
branch,  the  sampled  pattern  is  compared  to  a 
default  pattern  stored  during  program  initialization. 

If  the  two  compared  patterns  are  not  equal,  a 
rs  sample  pattern  counter  in  microprocessor  memory 

is  reset  at  step  92.  The  sample  pattern  counter 
keeps  track  of  during  how  many  consecutive  cy- 
cles  of  the  supply  line  voltage,  the  same  pattern  of 
back  emf  voltage  polarities  occurs.  After  this  coun- 

20  ter  has  been  reset,  the  three  polarity  samples  are 
stored  at  step  93  and  the  program  advances  to 
step  98  where  the  two  SCR  pairs  16  and  17  are 
fired. 

If  at  step  91  the  comparison  of  the  two  sets  of 
25  back  emf  induced  voltage  polarities  indicates  iden- 

tical  patterns,  the  sample  pattern  counter  is  incre- 
mented  at  step  94.  Then  the  microprocessor  21 
checks  the  new  value  of  the  sample  pattern  coun- 
ter  to  detect  if  the  same  back  emf  voltage  polarity 

30  patterns  have  occurred  for  five  consecutive  supply 
voltage  cycles.  However,  the  present  invention  may 
be  implemented  by  detecting  the  occurrence  of  the 
same  pattern  for  a  greater  or  lesser  number  of 
cycles.  If  the  same  pattern  of  three  polarity  sam- 

35  pies  is  found  for  five  consecutive  supply  voltage 
cycles,  the  first  counter  will  equal  five  and  the 
mode  indicator  will  be  incremented  at  step  97  to 
designate  that  the  shutoff  mode  should  be  entered. 
If  the  sample  pattern  counter  value  is  less  than  five 

40  the  program  will  jump  around  the  mode  incremen- 
tation  step  97  and  fire  the  pairs  of  SCR's  16  and  27 
for  supply  lines  A  and  B.  Once  the  SCR's  have 
been  fired,  the  program  execution  returns  to  step 
72  to  await  another  zero  voltage  crossing. 

45  The  program  execution  continues  to  loop 
through  the  continuous  mode  branch  until  five  con- 
secutive  identical  back  emf  voltage  polarity  pat- 
terns  are  found.  Once  five  consecutive  patterns  are 
found,  the  next  time  through  the  branch,  the  mode 

so  indicator  will  have  the  value  two  and  the  program 
will  advance  from  decision  block  89  to  the  first  step 
99  of  the  shutoff  mode  branch.  At  this  juncture,  the 
time  Ti  at  which  the  SCR  pairs  16  and  17  began  to 
be  fired  during  every  cycle  of  the  supply  line 

55  voltage  Vab  is  subtracted  from  the  current  timer 
value  and  the  result  is  compared  to  interval  Tstop.  If 
the  computed  interval  exceeds  Tstop,  the  braking 
process  terminates.  It  takes  the  motor  less  time  to 

memory  at  step  82.  Then  the  current  value  of  the 
microprocessor  timer  is  saved  as  time  Ti  at  step 
83.  The  time  interval,  designated  Tstopi  between  the 
starting  of  the  braking  and  when  the  motor  slowed 
to  approximately  thirty  percent  of  its  full  speed  is 
calculated  by  subtracting  To  from  Ti  at  step  84. 
The  program  then  advances  to  step  86  where  the 
pairs  of  SCR's  16  and  17  for  the  A  and  B  supply 
lines  are  fired. 

If  the  two  pairs  of  SCR's  are  not  being  fired 
during  every  voltage  cycle,  the  half  cycle  counter 
is  reset  at  step  85  before  advancing  to  step  86.  At 
step  86  trigger  pulses  are  sent  on  output  lines  26 
and  27  of  the  microprocessor  21  to  trigger  the 
gates  of  the  first  and  second  pairs  of  SCR's  16  add 
17  connected  to  the  A  and  B  supply  lines.  The 
triggering  of  these  SCR  pairs  16  and  17  sends  a 
current  lab  through  the  first  and  second  stator  coils 
11  and  12.  This  current  generates  an  electromag- 
netic  field  that  interacts  with  the  magnetism  of  the 
rotor  to  siow  the  rotor.  Once  the  SCR's  have  been 
triggered  by  a  short  pulse,  the  program  execution 
returns  to  step  72  to  await  another  zero  crossing  of 
the  voltage  across  supply  lines  A  and  B. 

Eventually  the  motor  will  slow  down  to  approxi- 
mately  thirty  percent  of  its  normal  running  speed 
prior  to  the  initiation  of  the  braking.  At  this  point  the 
SCR's  begin  to  fire  during  every  cycle  of  the 
supply  line  voltage,  either  during  every  positive  or 
negative  half  cycle.  This  event  is  detected  at  step 
80  and  the  mode  indicator  is  incremented 
(Mode  =  i)  to  designate  that  the  continuous  firing 
mode  has  been  entered. 

Thereafter  the  program  execution  branches  ev- 
ery  time  from  decision  block  76  to  the  first  step  88 
of  the  continuous  firing  mode  branch  on  Figure  2b. 
This  branch  fires  the  first  and  second  SCR  pairs  1  6 
and  17  during  every  cycle  of  the  supply  line  volt- 
age  Vab  and  detects  when  identical  patterns  of 
back  emf  induced  voltage  polarity  samples  occur 
for  five  consecutive  cycles.  At  the  beginning  of  this 
branch  of  the  motor  braking  routine,  the  voltage 
Vab  across  the  A  and  B  supply  lines  is  checked  to 
determine  if  it  is  the  proper  half  cycle  in  which  to 
fire  the  SCR  pairs  16  and  17.  This  is  accomplished 
by  comparing  the  polarity  of  the  present  supply 
line  voltage  to  the  polarity  of  the  supply  line  volt- 
age  that  was  stored  at  step  82  when  the  system 
began  firing  the  SCR's  during  every  voltage  cycle. 
If  it  is  not  the  proper  half  cycle,  i.e.  the  two  polarit- 
ies  are  not  identical,  the  program  returns  to  step  72 
to  wait  for  the  next  zero  voltage  crossing. 

Upon  the  occurrence  of  the  next  zero  crossing, 
the  program  will  advance  from  step  76  to  step  88 
at  which  time  the  current  supply  voltage  polarity 
should  equal  the  stored  polarity.  The  mode  indica- 
tor  is  then  checked  at  step  89  and  the  first  time 
through  this  branch  it  will  equal  one  indicating  the 
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go  from  thirty  percent  full  speed  at  time  Ti  to  a 
stop  than  it  took  to  slow  to  thirty  percent  full  speed. 
Therefore,  if  the  test  at  step  99  is  positive,  the 
motor  stopped  before  five  consecutive  identical  po- 
larity  patterns  occurred.  This  time  interval  check 
provides  a  safeguard  against  the  braking  process 
continuing  indefinitely.  Alternatively,  a  similar  safe- 
guard  can  be  provided  by  discontinuing  the  braking 
a  fixed  interval  after  time  Ti  .  This'  can  be  imple- 
mented  by  subtracting  time  T̂   from  the  current 
time  and  comparing  the  result  to  a  constant  value 
at  step  99. 

Next  at  step  100,  the  mode  is  checked  again 
and  if  it  equals  2  the  execution  advances  to  detect 
a  change  in  the  back  emf  voltage  polarity  pattern. 
Initially  the  program  will  advance  to  step  101  where 
the  back  emf  voltage  polarities  from  the  first  three 
voltage  comparators  22-24  are  sampled.  These 
new  samples  are  compared  at  step  102  to  the 
samples  previously  stored  in  memory  at  step  93. 
The  comparison  is  to  detect  when  the  sample 
pattern  changes,  and  when  it  does,  the  mode  in- 
dicator  is  incremented  at  step  103.  At  this  time,  the 
motor  10  has  slowed  to  less  than  thirty  percent  of 
the  speed  prior  to  braking.  The  pattern  of  the  back 
emf  voltage  polarities  samples  for  the  three  stator 
coils  11-13  now  will  remain  the  same  until  just 
before  the  motor  is  to  stop.  At  which  point  one  or 
more  of  the  polarities  will  change.  Therefore,  the 
program  execution  continues  to  loop  through  the 
shutoff  mode  branch,  steps  100-104,  until  a  polarity 
change  is  detected  at  decision  block  102.  When 
this  occurs,  the  mode  indicator  is  incremented  at 
step  103  to  the  value  three  before  firing  the  SCR's 
at  step  1  04. 

The  next  time  that  the  SCR's  are  to  be  fired, 
the  program  execution  branches  from  step  100  to 
the  delay  mode  at  step  107.  This  phase  of  the 
braking  routine  continues  to  fire  the  first  and  sec- 
ond  SCR  pairs  16  and  17  for  the  A  and  B  elec- 
tricity  supply  lines  every  cycle  for  a  predetermined 
interval.  In  the  preferred  embodiment,  this  interval 
is  one  second,  or  sixty  cycles  of  the  60Hz  AC 
electricity.  Although  this  one  second  interval  ap- 
pears  to  be  satisfactory  to  bring  the  motor  to  a  full 
stop,  it  can  be  varied  within  the  context  of  the 
present  invention. 

The  delay  mode  branch  begins  at  step  107 
where  a  shutoff  counter  memory  location  is  incre- 
mented.  The  shutoff  counter  value  is  then  exam- 
ined  at  step  108  to  determine  if  the  delay  mode 
branch  has  been  executed  for  60  cycles  of  the 
supply  electricity.  If  the  shutoff  counter  is  less  than 
60,  the  first  and  second  shutoff  SCR  pairs  16  and 
17  are  again  fired  at  step  109.  When  the  shutoff 
counter  reaches  60,  the  program  ends  and  the 
SCR  firing  ceases. 

Claims 

1  .  A  method  for  braking  an  electric  motor  com- 
prising  the  steps  of: 

5  sensing  the  polarity  of  the  voltage  from  a  source  of 
alternating  electricity; 
sensing  the  polarity  of  the  back  emf  voltage  from 
the  motor; 
applying  electricity  from  the  source  to  the  motor  in 

io  response  to  the  voltage  from  the  source  and  the 
back  emf  voltage  being  of  opposite  polarities; 
stopping  the  application  of  the  electricity  to  the 
motor  a  given  interval  after  the  electricity  is  applied 
to  the  motor  during  consecutive  cycles  of  the 

rs  source  voltage. 
2.  The  method  as  in  claim  1  further  comprising: 

measuring  the  time  interval  between  when  the 
braking  method  starts  and  when  the  electricity  is 
applied  to  the  motor  during  consecutive  cycles  of 

20  the  alternating  voltage;  and 
deriving  the  given  interval  from  the  measured  inter- 
val. 

3.  The  method  as  recited  in  claim  1  wherein 
the  given  interval  is  a  fixed  amount  of  time. 

25  4.  The  method  as  recited  in  claim  1  further 
comprising  deriving  the  given  interval  from  the 
period  between  a  first  point  in  time  determined 
from  when  the  braking  commenced  until  a  second 
point  in  time  determined  from  when  the  electricity 

30  was  applied  during  every  cycle. 
5.  A  method  for  braking  an  electric  motor  com- 

prising  the  steps  of: 
sensing  the  polarity  of  the  voltage  from  a  source  of 
alternating  electricity; 

35  sensing  the  polarity  of  the  back  emf  voltage  from 
the  motor; 
applying  electricity  to  the  motor  in  response  to  the 
voltage  from  the  source  of  alternating  electricity 
and  the  back  emf  voltage  being  of  opposite  polarit- 

40  ies; 
determining  when  the  motor  reaches  a  given 
speed;  and 
stopping  the  application  of  electricity  to  the  motor 
after  a  period  of  time  from  when  the  motor  reached 

45  the  given  speed. 
6.  The  method  as  recited  in  claim  5  wherein 

said  given  speed  is  in  the  range  of  0  to  50  percent 
of  the  normal  running  speed  of  the  motor. 

7.  The  method  as  recited  in  claim  5  further 
so  comprising  measuring  the  time  interval  from  when 

the  braking  was  commenced  until  the  motor 
reaches  the  given  speed;  and  wherein  the  period  of 
time  is  derived  from  the  measured  time  interval. 

8.  The  method  as  recited  in  claim  7  wherein 
55  the  period  of  time  is  substantially  equal  to  the 

measured  time  interval. 
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9.  The  method  as  recited  in  claim  5  further 
comprising  determining  when  the  motor  reaches 
the  given  speed  using  the  sensed  polarity  of  the 
back  emf  voltage. 

10.  A  method  for  braking  an  alternating  current  5 
electric  motor  comprising  the  steps  of: 
sensing  the  polarity  of  the  voltage  from  a  source  of 
alternating  electricity; 
sensing  the  polarity  of  the  back  emf  voltage  from 
the  motor;  10 
applying  electricity  to  the  motor  in  response  to  the 
voltage  from  the  source  and  the  back  emf  voltage 
being  of  opposite  polarities; 
detecting  when  the  electricity  is  applied  to  the 
motor  during  consecutive  cycles  of  the  electricity  75 
from  the  source;  and 
stopping  the  step  of  applying  electricity  to  the 
motor  a  given  interval  from  when  electricity  is  ap- 
plied  to  the  motor  during  consecutive  cycles. 

11.  The  method  as  recited  in  claim  10  wherein  20 
said  given  interval  is  derived  from  the  period  of 
time  between  when  the  braking  commenced  to 
substantially  when  the  electricity  was  applied  dur- 
ing  consecutive  cycles. 

12.  The  method  as  recited  in  claim  10  wherein  25 
said  given  interval  is  derived  from  the  period  be- 
tween  a  first  point  in  time  determined  from  when 
the  braking  commenced  until  a  second  point  in 
time  determined  from  when  the  electricity  was  ap- 
plied  during  consecutive  cycles.  30 
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