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©  Method  and  system  for  controlling  brake  pressure  under  "low  Mu  braking  surface"  (surface  with  a 
low  coefficient  of  friction)  conditions  in  a  vehicular  ABS. 
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©  Method  and  system  for  reducing  the  brake  pres- 
sure  rise  rate  under  low  Mu  braking  surface  con- 
ditions  by  utilizing  a  vehicle  reference  speed  and  a 
fixed  bleed  rate  to  determine  if  the  wheels  are  being 
over-braked.  When  over-braking  occurs,  the  pres- 
sure  rise  rate  is  restricted  by  not  allowing  an  ABS 
valve  (10)  to  go  into  an  Apply  state  (approximately 
100  psi/sec),  regardless  of  wheel  acceleration  lev- 
els.  A  Ramp  state  is  used  in  place  of  the  Apply  state 
and  the  pressure  rise  is  therefore  limited  to  approxi- 
mately  30  psi/sec.  to  improve  wheel  control.  The 
Ramp  duty  cycle  is  also  modified  to  provide  the 
smallest  pressure  steps  possible  with  the  current 
valve  hardware. 
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Technical  Field 

This  invention  relates  to  a  control  method  and 
system  for  use  in  a  vehicular  ABS  which  com- 
pensates  for  low  Mu  braking  surfaces. 

Background  Art 

Because  truck  brakes  are  designed  to  have  the 
capacity  of  stopping  a  vehicle  loaded  to  20,000  lbs. 
per  axle,  they  are  extremely  over-braked  while  op- 
erating  empty  on  slippery  roads.  Even  with  ABS 
operation  under  these  conditions  small  changes  in 
brake  pressure  can  have  a  large  effect  on  wheel 
deceleration  and  may  cause  the  wheels  to  be  over- 
braked. 

The  wheel  speed  shown  in  FIGURE  1  indicates 
the  effect  of  this  over-braking.  Wheel  speed  control 
to  the  reference  speed  is  very  poor,  producing 
vehicle  stability  problems  and  long  stopping  dis- 
tances. 

The  Y-axis  is  a  multiple  scale  axis  which  repre- 
sents  speed  in  MPH,  acceleration  in  units  of  g's  (X 
10),  and  numeric  value  of  the  ABS  logic  state.  As 
the  logic  state  on  the  Y-axis  increases,  the  brake 
pressure  rise  rate  increases.  The  X-axis  is  real  time 
shown  in  milliseconds,  usually  ranging  from  0  to  6. 
The  acquisition  of  data  is  automatically  started  by 
the  occurrence  of  a  wheel  deceleration  rate  which 
exceeds  the  allowable  limit,  based  on  vehicle  refer- 
ence  speed.  The  plot  contains  0.25  seconds  of 
data  prior  to  the  start  of  the  ABS  event. 

There  are  four  types  of  data  plotted:  wheel 
speed,  wheel  acceleration,  vehicle  reference  speed 
and  the  ABS  logic  state.  The  wheel  speed  data  can 
be  identified  by  its  typical  cyclic  behavior  modulat- 
ing  between  the  actual  vehicle  speed  and  the  ve- 
hicle  reference  speed.  Wheel  accelerations  cor- 
respond  to  the  changes  in  wheel  speed.  The  refer- 
ence  speed  is  calculated  by  subtracting  4  mph 
from  the  highest  wheel  speed  and  then  taking  80% 
of  the  result.  The  reference  speed  is  then  de- 
creased  at  a  rate  of  -0.8  g's  until  it  is  recalculated 
by  a  higher  wheel  speed,  when  data  is  received. 
The  behavior  of  the  reference  speed  is  typically 
much  less  cyclic  than  the  wheel  speeds  as  noted 
in  the  plot.  The  logic  states  are  plotted  using  trian- 
gular  markers  placed  at  the  Y-axis  position  cor- 
responding  to  the  numeric  value  logic  state. 

Under  ideal  conditions  the  wheel  speeds 
should  be  controlled  to  the  reference  speed.  When 
the  wheel  speeds  drop  below  the  reference  speed, 
vehicle  stability  is  decreased.  On  the  other  hand,  if 
the  wheels  remain  above  the  reference  speed,  the 
stopping  distance  may  increase.  It  is  important  to 
maintain  an  accurate  reference  speed  so  the  prop- 
er  decisions  can  be  made  in  controlling  the  wheel 
speeds.  This  becomes  a  tradeoff  of  stopping  dis- 

tance  because  the  wheel  is  free-rolling  in  order  to 
establish  the  true  vehicle  speed. 

The  root  of  the  control  problem  is  typically  in 
the  control  logic.  Typical  control  logic  can  be  found 

5  in  the  U.S.  Patent  to  McNisch,  Jr.,  5,071,200.  The 
data  of  FIGURE  1  indicates  that  the  ABS  logic 
recognizes  that  the  wheel  is  decelerating  and  sig- 
nals  the  ABS  valve  to  release  brake  pressure. 
Because  of  the  response  time  of  the  brake  system, 

io  the  wheel  is  over-braked.  During  the  Release  state, 
brake  torque  or  pressure  is  reduced  until  the  wheel 
starts  to  accelerate.  The  control  logic  then  calls  for 
a  Hold  state  on  brake  pressure  until  the  wheel 
speed  reaches  the  vehicle  reference  speed.  The 

75  wheel  acceleration,  at  the  time  the  wheel  pressure 
exceeds  the  reference  speed,  determines  how  fast 
brake  pressure  will  be  reapplied. 

The  data  further  indicates  high  acceleration  lev- 
els,  up  to  6  G's,  which,  according  to  the  logic,  calls 

20  for  fast  pressure  application  rates.  The  wheel  is 
again  over-braked  and  the  process  is  repeated, 
creating  an  unstable  system. 

On  a  high  Mu  surface  this  would  have  been  the 
proper  logic  for  optimum  stability  and  minimum 

25  stopping  distances,  but  it  does  not  work  here. 
There  are  many  variables  which  affect  the  wheel 
acceleration  and,  therefore,  it  can  be  misleading 
when  used  as  the  determining  factor  for  brake 
pressure  application  rates. 

30  This  is  a  relatively  complex  problem  because  it 
has  to  be  resolved  without  affecting  the  perfor- 
mance  of  the  system  on  high  Mu  surfaces. 

Summary  of  the  Invention 
35 

An  object  of  the  present  invention  is  to  provide 
a  method  and  system  for  improving  ABS  perfor- 
mance  by  increasing  vehicle  stability  and  reducing 
stopping  distances  on  very  low  Mu  surfaces  such 

40  as  ice,  without  affecting  performance  on  high  Mu 
surfaces. 

In  carrying  out  the  above  object  and  other 
objects  of  the  present  invention,  a  method  is  pro- 
vided  for  controlling  brake  pressure  rise  rate  under 

45  low  Mu  braking  surface  conditions  in  a  vehicular 
ABS.  The  vehicular  ABS  includes  an  ABS  valve 
having  variable  pressure  rise  rates,  the  method 
includes  the  steps  of  monitoring  the  speed  of  the 
vehicle  wheels  and  generating  a  vehicle  reference 

50  speed  based  on  the  highest  wheel  speed  of  the 
vehicle.  The  method  also  includes  the  steps  of 
decreasing  the  value  of  the  vehicle  reference 
speed  over  time  and  determining  when  the  speed 
of  one  of  the  wheels  is  greater  than  the  vehicle 

55  reference  speed  after  the  step  of  decreasing.  The 
method  further  includes  the  steps  of  correcting  the 
vehicle  reference  speed  when  the  speed  of  the  one 
of  the  wheels  is  greater  than  the  vehicle  reference 
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speed  and  limiting  the  pressure  rise  rate  when  the 
speed  of  the  one  of  the  wheels  is  greater  than  the 
vehicle  reference  speed. 

Preferably,  the  wheel  is  a  front  wheel  of  the 
vehicle.  Also,  preferably,  the  bleed  rate  is  fixed. 

Further  in  carrying  out  the  above  object  and 
other  objects  of  the  present  invention,  a  system  is 
provided  for  carrying  out  each  of  the  above  method 
steps. 

The  object  objects,  features  and  advantages 
are  readily  apparent  from  the  following  detailed 
description  of  the  present  invention  when  taken  in 
connection  with  the  accompanying  drawings. 

Brief  Description  of  the  Drawing  Figures 

FIGURE  1  is  a  graph  of  wheel  speed  data  which 
indicates  the  effects  of  over-braking; 
FIGURE  2  is  a  block  diagram  schematic  view  of 
a  vehicular  ABS,  generally  of  the  type  to  which 
the  method  and  system  of  the  present  invention 
apply; 
FIGURE  3  is  a  graph  of  a  typical  Mu  slip  curve; 
FIGURE  4  is  a  block  diagram  flow  chart  illustrat- 
ing  the  method  and  system  of  the  present  in- 
vention; 
FIGURE  5  is  a  graph  of  front  wheel  speed  data 
for  a  vehicular  ABS  utilizing  the  method  and 
system  of  the  present  invention;  and 
FIGURE  6  is  a  graph  of  right  rear  wheel  speed 
data  for  a  vehicular  ABS  also  utilizing  the  meth- 
od  and  system  of  the  present  invention. 

Best  Mode  for  Carrying  out  the  Invention 

Referring  to  FIGURE  2  there  is  illustrated  a 
vehicular  ABS  of  the  type  including  an  ABS  valve 
10  connected  in  series  between  a  treadle  valve  12 
and  at  least  one  fluid  pressure  operated  vehicle 
brake  actuator  for  applying  and  releasing  vehicular 
brakes  14.  The  ABS  valve  10  is  controlled  by  an 
electronic  control  unit  (E.C.U.)  16  which  receives  a 
rotational  speed  signal  along  line  18  from  an  ABS 
wheel  speed  sensor  20  associated  with  each  ve- 
hicular  brake  14.  The  sensor  20  may  be  generally 
of  the  type  illustrated  in  U.S.  Patent  No.  4,862,025 
in  the  name  of  Dierker  et  al. 

As  illustrated  in  the  above-noted  U.S.  Patent 
No.  5,071,200,  the  control  unit  16  determines  a 
control  parameter  indicative  of  rotational  accelera- 
tion  of  at  least  one  vehicle  wheel.  The  control  unit 
16  includes  predetermined  logic  rules  for  process- 
ing  the  rotational  speed  signal  and  the  acceleration 
control  parameter  and  for  issuing  command  output 
signals  to  the  ABS  valve. 

The  ABS  valve  10  has  a  relatively  fast  fill 
position  wherein  substantially  all  pressurized  fluid 
from  treadle  valve  12  is  passed  to  the  brake  ac- 

tuators  14.  The  ABS  valve  20  also  has  a  relatively 
slow  fill  position  wherein  a  reduced  modulated 
amount  of  pressurized  fluid  is  passed  to  the  brake 
actuators  14.  Finally,  the  ABS  valve  10  has  an 

5  exhaust  position  wherein  fluid  pressure  acting  on 
the  brake  actuators  14  is  exhausted  to  cause  re- 
lease  of  the  vehicular  brakes  14.  The  control  unit 
16  is  effective  upon  sensing  conditions  indicative  of 
an  actual  or  incipient  wheel-lock  condition  to  cause 

io  the  ABS  valve  10  to  assume  the  exhaust  position. 
In  general,  the  ABS  control  logic  within  the 

control  unit  16  is  based  on  monitoring  the  wheel 
speeds,  if  a  wheel  is  decelerating  beyond  a  pre- 
determined  threshold  reduce  brake  pressure,  and 

is  increase  brake  pressure  if  the  acceleration  or 
speed  is  above  predetermined  threshold.  Wheel 
speed  information  is  obtained  every  10  ms  and 
wheel  accelerations  are  then  calculated.  The  logic 
then  determines  which  of  the  four  states  of  brake 

20  control,  (APPLY,  RAMP,  HOLD,  RELEASE)  should 
be  implemented  and  the  corresponding  duty  cycle 
is  output  to  the  ABS  valve  10. 

The  key  to  determining  if  an  ABS  system  will 
be  effective  in  maintaining  vehicle  stability  is  to 

25  insure  that  under  conditions  which  induce  the  most 
extreme  wheel  deceleration  rates,  the  ABS  system 
is  capable  of  controlling  wheel  speeds  to  the  opti- 
mum  level.  This  optimum  level  is  called  the  refer- 
ence  speed  and  is  generally  agreed  upon  to  be 

30  approximately  80%  of  the  true  vehicle  speed. 
Shown  in  FIGURE  3  is  a  typical  tx-slip  curve  for 

a  rubber  tire.  It  describes  graphically  the  interface 
between  the  tires  of  a  vehicle  and  the  road.  The 
lateral  and  longitudinal  forces  are  given  by  M.N 

35  where  N  is  the  normal  (vertical)  force  applied  at 
each  wheel.  The  purpose  of  ABS  operation  is  to 
control  wheel  slip  so  as  to  keep  the  wheels  at  a 
desired  operation  point  on  the  tx-slip  curve.  Mini- 
mum  stopping  distance  can  be  achieved  by  hold- 

40  ing  a  value  of  wheel  slip  which  corresponds  to  the 
peak  of  the  tx-slip  curve.  In  most  cases  the  stop- 
ping  distances  achieved  will  be  shorter  than  if  the 
wheels  were  allowed  to  lock.  In  the  case  of  gravel 
and  snow,  stopping  distances  may  be  shorter  when 

45  the  wheels  lock  because  the  loose  material  "piles 
up"  in  front  of  the  tires. 

When  wheel  slip  increases  above  zero,  lateral 
stability  is  reduced  and  it  would  appear  difficult  to 
make  the  trade-offs  between  lateral  and  longitudinal 

50  stability.  In  practice  when  an  ABS  system  holds 
wheel  slip  somewhere  in  the  area  of  15  to  20%, 
significant  lateral  stability  can  be  retained. 

As  previously  mentioned,  an  important  aspect 
of  the  ABS  control  logic  is  the  determination  of  the 

55  reference  speed.  If  the  reference  speed  is  incor- 
rectly  determined,  the  wheels  will  be  improperly 
braked,  resulting  in  reduced  vehicle  stability  or 
extending  stopping  distances.  Since  there  are  no 

3 
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additional  vehicle  speed  inputs  to  the  ABS  ECU  16 
other  than  the  speed  of  the  wheels  being  braked, 
the  reference  speed  has  to  be  determined  by  re- 
leasing  the  brakes  18  and  allowing  the  wheels  to 
roll  back  to  the  true  vehicle  speed. 

The  principle  of  operation  of  the  logic  of  the 
present  method  and  system  of  the  invention  is 
illustrated  in  FIGURE  4.  The  method  and  system 
use  the  front  wheel  reference  speed  to  recognize 
that  the  vehicle  is  being  over-braked  on  a  low  Mu 
surface.  The  front  wheel  speeds  are  used  as  the 
reference  speed  for  a  number  of  reasons.  First, 
they  are  always  loaded  from  the  normal  forces  of 
the  engine  and  cab.  Secondly,  because  of  the 
reduced  mass  and  lower  inertia  when  compared  to 
drive  axle  speeds,  they  roll  back  to  true  vehicle 
speed  faster  than  drive  axle  wheels  if  they  are 
over-braking. 

During  ABS  operation  wheel  speed  information 
is  received  every  10  ms.  The  vehicle  reference 
speed  is  predicted  from  the  highest  known  wheel 
speed  or  the  value  of  the  previously  known  highest 
wheel  speed  which  is  continuously  being  reduced 
at  a  rate  of  -0.8  g's  until  an  actual  wheel  speed  is 
measured  above  this  value. 

During  braking  on  a  low  Mu  surface  the  wheel 
decelerates  faster  than  -0.8  g's,  but  the  true  vehicle 
speed  does  not.  Therefore,  when  the  brakes  are 
released  and  the  wheel  rolls  back  up  to  the  true 
vehicle  speed,  the  predicted  vehicle  speed  based 
on  the  fixed  bleed  rate  is  found  to  be  in  error,  a 
correction  is  made  which  causes  the  vehicle  refer- 
ence  speed  to  be  stepped  up  by  x  amount.  The 
amount  x  is  equal  to  the  error  between  the  vehicle 
speed  calculated  from  the  actual  wheel  speed  and 
the  predicted  vehicle  speed  from  the  fixed  bleed 
rate. 

When  x  exceeds  some  predetermined  value 
(i.e.  typically  2  or  3  mph)  the  brake  pressure  rise 
rate  is  restricted  which  reduces  the  over-braking 
and  improves  the  ABS  control.  The  brake  pressure 
rise  rate  is  a  factor  of  many  variables  including  the 
amount  of  treadle  pressure  the  driver  is  supplying. 
The  logic  of  the  present  invention  compensates  for 
this  because  it  uses  the  actual  wheel  speed  behav- 
ior  to  determine  over-braking.  This  logic  does  not 
affect  operation  on  high  Mu  braking  surfaces  be- 
cause  the  predicted  and  actual  vehicle  reference 
speeds  do  not  differ  by  more  than  the  x  amount. 

Referring  now  to  FIGURES  5  and  6  (which  are 
similar  in  form  to  FIGURE  1)  there  is  graphically 
illustrated  wheel  speed  data  which  indicate  ex- 
cellent  wheel  speed  control  through  the  use  of  the 
present  invention.  From  the  data  it  is  evident  that 
after  the  first  wheel  speed  dip  the  Apply  state  limits 
brake  pressure  rise  rates  to  obtain  this  type  of 
wheel  behavior. 

While  a  preferred  embodiment  of  the  subject 
invention  has  been  shown  and  described  in  detail, 
those  skilled  in  this  art  will  recognize  various  alter- 
native  designs  and  embodiments  for  practicing  the 

5  present  invention  as  defined  by  the  following 
claims. 

Claims 

io  1.  In  a  vehicle,  a  method  for  controlling  brake 
pressure  rise  rate  under  low  Mu  braking  sur- 
face  conditions  in  a  vehicular  ABS,  including 
an  ABS  valve  (10)  having  variable  pressure 
rise  rates,  the  method  comprising  the  steps  of: 

is  monitoring  the  speed  of  the  vehicle 
wheels; 

generating  a  vehicle  reference  speed 
based  on  the  highest  wheel  speed  of  the  ve- 
hicle; 

20  decreasing  the  value  of  the  vehicle  refer- 
ence  speed  over  time; 

determining  when  the  speed  of  one  of  the 
wheels  is  greater  than  the  vehicle  reference 
speed  after  the  step  of  decreasing; 

25  correcting  the  vehicle  reference  speed 
when  the  speed  of  the  one  of  the  wheels  is 
greater  than  the  vehicle  reference  speed;  and 

limiting  the  pressure  rise  rate  when  the 
speed  of  the  one  of  the  wheels  is  greater  than 

30  the  vehicle  reference  speed  by  a  predeter- 
mined  amount. 

2.  The  method  as  claimed  in  claim  1  wherein  the 
wheels  of  the  vehicle  include  a  front  wheel  of 

35  the  vehicle. 

3.  The  method  as  claimed  in  claim  1  wherein  the 
value  of  the  vehicle  reference  signal  is  de- 
creased  at  a  relatively  constant  rate. 

40 
4.  The  method  as  claimed  in  claim  3  wherein  the 

rate  is  approximately  .8  g  per  second. 

5.  A  system  for  controlling  the  pressure  rise  rate 
45  under  low  Mu  braking  surface  conditions  in  a 

vehicular  ABS  including  an  ABS  valve  (10) 
having  variable  pressure  rise  rates,  the  system, 
comprising: 

means  (20)  for  monitoring  the  speed  of  the 
50  vehicle's  wheels; 

means  (16)  for  generating  a  vehicle  refer- 
ence  speed  based  on  the  highest  wheel  speed 
of  the  vehicle; 

means  (16)  for  decreasing  the  value  of  the 
55  vehicle  reference  speed  over  time; 

means  (16,  20)  for  determining  when  the 
speed  of  one  of  the  wheels  is  greater  than  the 
reference  speed  after  the  value  of  the  vehicle 

4 
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reference  speed  has  been  decreased; 
means  (16)  for  correcting  the  vehicle  refer- 

ence  speed  when  the  speed  of  the  one  of  the 
wheels  is  greater  than  the  vehicle  reference 
speed;  and 

means  (16,  10)  for  limiting  the  pressure 
rise  rate  when  the  speed  of  the  one  of  the 
wheels  is  greater  than  the  vehicle  reference 
speed  by  a  predetermined  amount. 

The  system  as  claimed  in  claim  5  wherein  the 
wheels  of  the  vehicle  include  a  front  wheel  of 
the  vehicle. 

7.  The  system  as  claimed  in  claim  5  wherein  the  w 
value  of  the  vehicle  reference  speed  is  de- 
creased  at  a  relatively  constant  rate. 

8.  The  system  as  claimed  in  claim  7  wherein  the 
relatively  constant  rate  is  approximately  .8  g  20 
per  second. 

9.  The  system  as  claimed  in  claim  6  wherein  the 
value  of  the  vehicle  reference  speed  is  de- 
creased  at  a  relatively  constant  rate.  25 

10.  The  system  as  claimed  in  claim  9  wherein  the 
relatively  constant  rate  is  approximately  .8  g 
per  second. 

30 
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