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©  A  self-tuning  deadtime  controller  for  adaptively 
adjusting  one  or  several  controller  parameters  during 
process  control  activities.  The  controller  tunes,  for 
example,  the  controller  deadtime  and  the  propor- 
tional  band  to  optimize  deadtime  controller  perfor- 

mance.  The  high  performance  of  a  deadtime  control- 
ler  is  maintained  even  though  the  controller  is  in- 
correctly  pretuned  or  if  the  process  is  subject  to 
loads  which  change  its  characteristics. 
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Authorization 

An  Appendix  forming  part  of  the  disclosure  of 
this  patent  application  is  filed  as  a  separate  docu- 
ment  at  the  European  Patent  Office  with  this  ap- 
plication.  The  Appendix  contains  material  which  is 
subject  to  copyright  protection.  The  copyright  own- 
er  has  no  objection  to  facsimile  reproduction  by 
anyone  of  the  patent  application  or  the  Appendix, 
as  it  appears  in  the  European  Patent  Office  patent 
file  or  records,  but  otherwise  reserves  all  rights 
whatsoever. 

Reference  To  Related  Applications 

This  application  is  related  to  the  following  co- 
pending,  commonly  assigned  applications,  as- 
signed  to  the  assignee  hereof  and  all  published  on 
1st  December  1993. 

EP-A-0,572,245  for  Method  and  Apparatus  for 
Analyzing  Process  Characteristics; 

EP-A-0,572,244  for  Method  and  Apparatus  for 
Tuning  Process  Control  Equipment;  and 

EP-A-0,572,242  for  Improved  Method  and  Ap- 
paratus  for  Adaptive  Deadtime  Process  Control 

The  teachings  of  the  above-cited  applications 
are  incorporated  herein  by  reference. 

Background  Of  The  Invention 

The  invention  relates  generally  to  process  con- 
trol  and,  more  particularly,  to  a  improved  apparatus 
for  tuning  process  control  equipment  according  to 
the  characteristics  of  the  process  itself. 

"Process  control"  refers  to  the  control  of  the 
operational  parameters  of  a  process  by  monitoring 
one  or  more  of  its  characteristics  over  time.  It  is 
used  to  ensure  that  the  quality  and  efficiency  of  a 
process  do  not  vary  substantially  during  a  single 
run  or  over  the  course  of  several  runs.  Process 
control  has  application  in  both  the  manufacturing 
and  service  sectors.  It  has  particular  importance  in 
the  process  control  loop  affecting  product  quality 
and  the  protection  of  personnel. 

A  process  control  unit,  or  "controller",  typically 
operates  by  monitoring  and  comparing  a  process 
characteristic,  the  controlled  variable,  with  a  de- 
sired  setpoint  level  to  determine  whether  the  pro- 
cess  is  operating  within  acceptable  bounds.  As  the 
controlled  variable  begins  to  deviate  from  the  set- 
point,  the  controller  manipulates  one  of  the  process 
input  signals,  the  manipulated  variable,  to  bring  the 
process  back  to  the  desired  level  of  activity. 

Among  the  controllers  develop  by  the  art  to 
minimize  deviations  in  the  controlled  variable  are 
the  so-called  proportional-integral-derivative  (PID) 
controllers.  These  controllers  generate  the  manipu- 
lated  variable  signal  as  a  predetermined  mathemat- 

ical  function  of  the  controlled  variable  signal. 
The  output  of  a  PID  controller  can  be  ex- 

pressed  by  the  mathematical  relation: 

5 

10  In  this  equation,  m  represents  the  controller- 
generated  manipulated  variable,  which  is  input  to 
the  process  itself  to  "manipulate"  the  process  to- 
wards  its  desired  setpoint  range.  The  difference 
between  the  controlled  variable  c  and  the  setpoint  r 

is  is  the  error  e.  The  variable  P  refers  to  the  propor- 
tional  band,  usually  expressed  in  percent,  which 
establishes  the  range  whereby  a  process  deviation 
can  occur  without  saturation.  The  time-rate  deriva- 
tive  component,  dc/dt,  operates  on  the  controlled 

20  variable  with  a  time  constant  D.  It  is  afterwards 
integrated  by  positively  feeding  back  the  controller 
output  through  a  lag  with  a  time  constant  /. 

The  serial  action  of  the  derivative  component 
and  feedback  integration  characterizes  a  PID  con- 

25  trailer.  Quick  process  changes  are,  it  is  said,  pre- 
dicted  by  such  controllers  through  the  derivative 
time-rate  component,  dc/dt,  inducing  initial  and 
large  controller  actions  even  though  the  actual  de- 
viation  is  small. 

30  Another  controller  developed  by  the  art  is  the 
proportional-integral  (PI)  controller.  It  is  very  similar 
the  PID  controller  but  does  not  have  the  derivative 
component,  i.e.,  the  D  parameter  representing  the 
derivative  time  constant.  Without  this  derivative  pa- 

35  rameter  D,  the  PI  controller  simply  integrates  pro- 
cess  deviations  over  time  and  induces  controller 
changes  when  the  variation  deviates  in  magnitude 
from  the  setpoint  r. 

Both  the  PID  and  PI  controllers  have  acute 
40  limitations  that  depend  upon  the  processes  under 

control.  For  example,  a  PI  controller  is  ineffective  in 
controlling  processes  dominated  by  "lag".  Lag  is 
the  time  between  an  initial  change  in  the  controlled 
variable  c  due  to  change  by  the  controller  manipu- 

45  lated  variable  m  and  the  time  when  the  controlled 
variable  c  reaches  63.2  percent  of  its  final  value. 

PID  controllers  fare  better  with  lag-dominant 
processes  because  of  the  derivative-rate  action,  but 
its  derivative-rate  capability  is  useless  if  the  pro- 

50  cess  is  predominantly  "deadtime".  Deadtime  is  the 
time  it  takes  a  change  in  the  manipulated  variable 
m  applied  to  a  process  to  be  reflected  by  any 
change  in  the  controlled  variable  c  generated  by 
that  process. 

55  For  these  reasons,  the  art  developed  deadtime 
controllers,  which  are  constructed  by  adding  a 
"deadtime"  element,  i.e.,  a  time  delay  rd  into  the 
integral  feedback  loop  of  a  typical  PID  or  PI  con- 
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trailer.  This  time  delay,  called  the  controller  dead- 
time  rd,  improves  a  deadtime  controller's  perfor- 
mance  over  both  the  PI  and  PID  controllers  by 
reducing  the  size,  area,  and  response  time  of  a 
deviation  caused  by  a  load  change. 

But  this  improved  performance  comes  at  a 
price.  The  process  control  loop  can  go  unstable, 
even  permanently,  if  the  deadtime  controller  pa- 
rameters,  e.g.,  P,  /,  D,  and  especially  rd  are  set,  or 
"tuned",  incorrectly.  The  success  of  a  deadtime 
controller,  therefore,  hinges  even  more  critically  on 
how  well  it  can  be  tuned. 

Deadtime  controllers  can  be  pretuned,  accord- 
ing  to  prior  art  teachings,  by  modifying  the  control- 
ler  parameters  before  operating  with  a  process. 
But,  ensuring  that  the  process  remains  stable 
thereafter  is  difficult,  especially  if  the  controller  is 
slightly  mis-tuned.  Deadtime  controllers  are  particu- 
larly  susceptible  to  a  phase  mismatch  between  the 
controller  and  process  deadtimes. 

It  is,  accordingly,  an  object  of  the  present  in- 
vention  to  provide  improved  systems  for  tuning 
deadtime  process  controllers  during  process  con- 
trol  activities. 

More  particularly,  an  object  is  to  provide  im- 
proved  methods  and  apparatus  for  tuning  process 
control  equipment. 

Still  another  object  is  to  provide  improved 
deadtime  process  control  systems  that  better  main- 
tain  tuning  with  the  processes  they  control. 

These  and  other  objects  are  evident  in  the 
description  within. 

Summary  of  the  Invention 

The  invention  attains  the  aforementioned  objec- 
tives  by  providing  methods  and  apparatus  for  self- 
tuning  deadtime  process  controllers,  and,  more 
particularly  for  the  closed-loop  deadtime  control  of 
active  processes. 

Thus  in  one  aspect,  the  invention  provides  im- 
provements  to  deadtime  controllers  of  the  type 
which  respond  to  a  controlled  variable  signal,  re- 
presenting  a  process  characteristic,  and  which  gen- 
erate  a  manipulated  variable  signal  in  accord  with 
values  of  the  controlled  variable  signal  and  one  or 
more  internal  controller  parameters,  e.g.,  P,  /,  D, 
and  rd. 

In  one  aspect,  the  improvement  comprises  a 
self-tuning  section  which  modifies  one  or  more  of 
the  internal  controller  parameters  according  to  the 
characteristics  of  the  manipulated  variable  signal 
and,  thereby,  optimizes  deadtime  controller  perfor- 
mance. 

Similarly,  in  another  aspect,  the  improvement 
comprises  a  self-tuning  section  which  modifies  one 
or  more  of  the  internal  controller  parameters  ac- 
cording  to  the  characteristics  of  the  deviation  error 

signal  -  which  is  the  difference  between  the  con- 
trolled  variable  signal  and  a  desired  setpoint  level  - 
and,  thereby,  optimizes  deadtime  controller  perfor- 
mance. 

5  In  yet  another  aspect,  the  improvement  com- 
prises  a  self-tuning  section  which  adaptively 
changes  the  controller  deadtime,  rd,  according  to 
the  period  of  manipulated  variable  signal/output. 
The  self-tuning  section  preferably  measures  the 

io  periodicity  of  the  manipulated  variable  signal  and 
biases  the  controller  deadtime,  rd,  to  a  region 
where  the  period-to-deadtime  ratio  is  between  1.7 
and  2.2.  If  the  period-to-deadtime  ratio  is  outside 
this  region,  the  self-tuning  deadtime  controller 

is  iteratively  adjusts  the  controller  deadtime  until  it  is 
inside  the  region.  The  self-tuning  section  monitors 
the  controller  manipulated  variable  signal  automati- 
cally  and  thereby  tunes  the  controller  deadtime 
parameter,  rd,  during  process  activities. 

20  In  still  other  aspects,  the  improvements  com- 
prise  a  self-tuning  section  which  determines  certain 
controller  characteristics  that  are  functionally  de- 
pendent  upon  the  process  under  control,  such  as 
the  decay  ratio  S,  controller  overshoot  0,  and  recov- 

25  ery  time  6.  The  self-tuning  deadtime  controller  then 
modifies  one  or  more  of  the  internal  controller 
parameters  e.g.,  rd  and  P,  according  to  the  above 
mentioned  characteristics  by  comparing  them 
against  stored  target  values  Stgt,  etgt  and  Qtgt-  The 

30  self-tuning  section  then  selects  one  or  more  rules 
based  upon  this  comparison,  if  needed,  to  iterative- 
ly  modify  the  internal  controller  parameters  to  im- 
prove  process  control  performance.  Additionally, 
particular  rules  are  used  for  processes  of  different 

35  types,  and  if  the  controller  has  derivative  action  or 
not,  and  if  the  overshoot  and  recovery  time  are 
near  target. 

In  yet  another  aspect,  the  self-tuning  deadtime 
controller  can  be  utilized  to  pre-tune  one  or  more 

40  controller  parameters  prior  to  process  control  ac- 
tivities.  For  instance,  the  derivative  time  D,  the 
deadtime  rd  and  integral  time  /  can  be  adjusted 
prior  to  operation  according  to  references  cited 
herein  by  a  user  of  the  self-tuning  deadtime  con- 

45  trailer.  In  a  preferred  aspect,  the  controller  param- 
eters  /  and  D,  representing  the  integral  time  param- 
eter  and  derivative  time  parameters,  respectively, 
are  "locked"  after  the  controller  is  pretuned  ac- 
cording  to  their  relative  ratio  to  rd.  During  process 

50  control,  those  parameters  are  automatically  ad- 
justed  to  maintain  that  ratio  while  rd  is  modified 
according  to  specific  tuning  rules. 

In  another  aspect,  a  method  is  provided  for 
tuning  deadtime  controllers  of  the  type  which  gen- 

55  erate  a  manipulated  variable  signal  and  a  deviation 
error  signal,  which  is  a  function  of  a  controlled 
variable  signal  and  a  preselected  target  value.  The 
improvement  comprises  the  steps  of  analyzing 
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these  signals  and  then  modifying  if  required,  one  or 
more  parameters  of  the  controller  during  process 
control  activities,  to  optimize  controller  perfor- 
mance. 

In  another  aspect,  the  method  includes  the  her 
step  of  measuring  the  periodicity  of  the  manipu- 
lated  variable  signal  and  comparing  the  periodicity 
to  the  controller  deadtime.  If  the  ratio  of  the  period- 
icity  over  deadtime  is  outside  the  range  1  .7  to  2.2, 
the  invention  provides,  in  other  aspects,  rules  to 
iteratively  adjust  the  controller  deadtime  so  that  the 
ratio  is  maintained  within  this  range  during  process 
control  activities. 

In  still  other  aspects,  the  invention  provides 
methods  for  analyzing  certain  process  control  char- 
acteristics,  like  the  recovery  time  6  and  overshoot 
0  of  the  controlled  variable  signal,  and  the  decay 
ratio  S  of  the  manipulated  variable  signal.  The  self- 
tuning  deadtime  controller  then  adjusts  one  or 
more  parameters  of  the  controller  according  to 
these  measured  characteristics  to  improve  the  per- 
formance  of  the  deadtime  controller  during  process 
control  activities. 

The  advantages  of  such  a  controller  are  many. 
It  is  flexible  and  can  adapt  to  the  many  variables 
which  insert  loads  to  the  process  under  control. 
The  controller  adapts  one  or  many  controller  pa- 
rameters  based  upon  the  real-time  analysis  of  the 
controlled  and  manipulated  variable  signals  to 
maintain  the  high  performance  capability  of  the 
deadtime  controller.  The  self-tuning  section,  which 
is  used  in  conjunction  with  a  deadtime  controller, 
further  allows  the  storage  of  tuning  rules  that  can 
be  expanded  or  changed  by  standard  programming 
techniques.  Finally,  the  self-tuning  deadtime  con- 
troller  can  be  efficiently  used  to  adjust  controller 
parameters  prior  to  operational  use.  A  user  can, 
therefore,  pretune  any  controller  parameter  to  initial 
optimum  settings,  and  freeze  one  or  more  of  these 
parameters  if  desired. 

These  and  other  advantages  and  aspects  of 
the  invention  are  evident  in  the  description  which 
follows  and  in  the  accompanying  drawings. 

Brief  Description  Of  The  Drawings 

FIGURE  1  depicts  a  preferred  self-tuning  dead- 
time  controller  constructed  in  accordance  with  the 
invention. 

FIGURE  1A  illustrates  a  preferred  self-tuning 
portion  of  the  controller  shown  in  FIGURE  1. 

FIGURE  2  illustrates  an  unfiltered  gain  and 
phase  relationship  for  a  traditional  PI  controller  and 
a  related  deadtime  controller. 

FIGURE  3  illustrates  a  preferred  primary  self- 
tuning  rule  methodology  according  to  the  invention, 
where  a  controller  deadtime  is  adjusted  according 
to  a  cycling  period  of  the  manipulated  variable 

signal. 
FIGURE  4  graphically  illustrates  process  and 

control  data  taken  when  a  self-tuning  deadtime 
controller  according  to  the  invention  adapts  a  con- 

5  trailer  deadtime  on  the  basis  of  expanding  fast 
cycles  in  an  output  waveform. 

FIGURE  4A  represents  preferred  tuning  rules 
used  in  FIGURE  4  in  a  graphical  illustration  of 
decay  ratio  vs  deadtime. 

70  FIGURE  5  graphically  illustrates  a  preferred 
method  of  determining  overshoot  and  recovery 
time  following  a  step  change  in  load  input  to  a 
process. 

FIGURE  6  graphically  illustrates  a  preferred 
75  method  for  selecting  tuning  rules  based  upon  er- 

rors  in  overshoot  and  recovery  time. 
FIGURE  7  graphically  illustrates  process  and 

control  data  taken  when  a  self-tuning  deadtime 
controller  according  to  the  invention  adapts  a  con- 

20  trailer  deadtime  on  the  basis  of  too  little  and  too 
much  overshoot  in  a  controlled  variable  signal. 

FIGURE  8  graphically  illustrates  process  and 
control  data  taken  when  a  self-tuning  deadtime 
controller  according  to  the  invention  adapts  a  con- 

25  trailer  proportional  band  to  acquire  a  target  decay 
ratio  in  an  output  waveform. 

FIGURE  9  graphically  illustrates  process  and 
control  data  taken  when  a  self-tuning  deadtime 
controller  according  to  the  invention  adapts  a  con- 

30  trailer  proportional  band  to  correct  an  for  overshoot 
in  the  controlled  variable  signal  in  a  deadtime 
dominant  process. 

FIGURE  10  graphically  illustrates  process  and 
control  data  taken  when  a  self-tuning  deadtime 

35  controller  according  to  the  invention  adapts  a  con- 
troller  proportional  band  to  correct  for  an  overshoot 
in  the  controlled  variable  signal  in  a  lag-dominant 
process. 

FIGURE  11  graphically  illustrates  process  and 
40  control  data  taken  when  a  self-tuning  deadtime 

controller  according  to  the  invention  adapts  a  con- 
troller  proportional  band  to  correct  for  an  excessive 
recovery  time  in  a  process  consisting  of  20  equal 
interacting  lags. 

45 
Detailed  Description  of  the  Illustrated  Embodiments 

FIGURE  1  illustrates  a  preferred  self-timing 
deadtime  controller  10  constructed  in  accordance 

50  with  the  invention.  The  controller  10  includes  a 
proportional-derivativesection  12,  an  integral-dead- 
time  feedback  section  14,  and  a  self-tuning  section 
16.  The  controller  10  accepts  as  input  the  con- 
trolled  variable  signal  c  and  a  desired  setpoint 

55  signal  r,  and  generates  a  manipulated  variable  sig- 
nal  m  for  input  to  the  process  under  control.  The 
controlled  variable,  signal  c  can  be  generated  in  a 
manner  conventional  to  the  art,  for  example,  by 
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measuring  equipment  coupled  with  the  process 
itself.  The  setpoint  level  r  can  also  be  generated  in 
a  conventional  manner,  e.g.,  via  a  operator  and 
console  (not  shown),  or  via  the  method  and  appara- 
tus  described  in  US.  Patent  5,239,456  Method  And 
Apparatus  For  Process  Control  With  Optimum  Set- 
point  Determination  (EP-A-0,496,771). 

The  proportional-derivative  section  12  gener- 
ates  a  PD  signal  for  output  to  the  integral-deadtime 
feedback  section  14  representing  an  error  in  the 
controlled  variable  signal  c  particularly  as  a  func- 
tion  of  a  time-rate  of  change  of  the  controlled 
variable  c  and  a  difference  between  it  and  the 
setpoint  r.  The  PD  signal  is  then  transformed  by 
the  integral-deadtime  feedback  section  14  to  gen- 
erate  a  signal,  ID,  representing  a  time-lagged  and 
time-delayed  form  of  the  manipulated  variable  m. 
Time-lag  is  determined  by  the  integral  time-lag  /; 
and  time-delay  is  determined  by  the  controller 
deadtime  rd.  The  manipulated  variable  m  is  output 
from  the  controller  10  and  input  to  the  process 
under  control.  A  correct  change  in  the  manipulated 
variable  signal  m  will  bias  the  controlled  variable  c 
toward  the  desired  setpoint  r. 

With  particular  regard  to  the  proportional-de- 
rivative  section  12,  the  derivative  block  18  acts  on 
the  time-rate  of  change  of  the  controlled  variable  c 
with  a  time  constant  D.  The  proportional  band  block 
20  acts  to  determine  an  operational  range  -  estab- 
lished  by  a  percentage  P  -  for  unsaturated  control- 
ler  actions.  Thus  the  proportional-derivative  section 
12  also  controls  the  system  gain,  which  is  usually 
defined  as  the  ratio  of  the  change  in  controller  10 
output  in  response  to  the  error  change  or  deviation 
of  the  controlled  variable  c. 

The  PD  signal  generated  from  the  proportional- 
derivative  section  12  and  input  to  the  integral- 
deadtime  feedback  section  14  is  integrated  with  an 
integral  time  /  at  the  integral  block  22.  It  is  time- 
delayed  by  a  deadtime  rd  at  the  delay  block  24. 
High  frequency  waveform  components  within  the 
integral-deadtime  feedback  section  14  are  prefer- 
ably  attenuated  -  according  to  a  preferred  embodi- 
ment  -  by  a  filter  26.  The  waveform  is  also  prefer- 
ably  limited  -  by  high  and  low  amplitude  limits  -  to 
reduce  integral  windup  by  a  high/low  amplitude 
limiter  28. 

Illustrated  deadtime  control  section  11  can  be 
constructed  in  accord  with  conventional  deadtime 
controller  principles  and,  preferably  in  accord  with 
the  teachings  of  the  above  cited  related  patent 
applications,  as  modified  to  accommodate  self-tun- 
ing  section  16  in  accord  with  the  teachings  below. 

The  self-tuning  deadtime  controller  10  monitors 
the  manipulated  variable  signal  m  waveform  and 
the  deviation  error  signal  e  by  sending  these  sig- 
nals  via  signal  lines  36  and  30,  respectively,  to  the 
self-timing  section  16.  That  section  16  monitors 

each  waveform  and  interprets  specific  waveform 
characteristics,  and  selectively  applies  one  or  more 
adapting  rules  to  iteratively  tune  one  or  more  con- 
troller  parameters,  e.g.,  P  and  rd.  Section  16  tunes 

5  the  proportion  band  P  of  the  proportional  band 
block  20  via  a  P-control  line  32.  With  reference  to 
the  integral-deadtime  section  14,  the  self-tuning 
section  16  tunes  the  controller  deadtime  td  of  the 
delay  block  24  via  a  /^-control  line  34. 

io  The  self-tuning  section  16  of  the  deadtime  con- 
troller  10  operates  to  adjust  controller  parameters 
to  thereby  minimize  the  integrated  absolute  error 
(IAE)  between  the  controlled  variable  signal  c  and 
the  setpoint  r  for  step  load  process  changes  intro- 

15  duced  at  the  output  of  the  controller  10.  This  tech- 
nique  makes  the  controller  more  responsive  for 
most  types  of  disturbances  and  at  most  points  of 
entry  into  the  closed  loop. 

The  IAE  cannot  be  minimized  on  an  integrative 
20  basis,  however,  because  that  would  require  re- 

peated  disturbances  of  known  size  into  the  loop. 
The  self-tuning  deadtime  controller  10  is  designed 
to  operate  using  the  information  from  naturally  oc- 
curring  and,  therefore,  unknown  disturbances.  Con- 

25  sequently,  measurements  of  certain  features  re- 
lated  to  IAE  for  both  the  deviation  error  signal  e 
and  the  manipulated  variable  signal  m  are  used. 
These  features  and  related  calculations  are  dis- 
cussed  in  detail  below,  and  include  the  overshoot  0 

30  and  recovery  time  0  of  the  deviation  error  signal  e, 
and  the  waveform  period  t0  and  decay  ratio  S  of 
the  manipulated  variable  signal  m. 

To  function  properly,  the  controller  10  of  FIG- 
URE  1  is  first  "pretuned"  prior  to  actual  use,  for 

35  example,  in  accordance  with  EP-A-0,572,245  for 
Method  and  Apparatus  for  Analyzing  Process  Char- 
acteristics,  through  which  operation  the  process 
gain,  deadtime,  and  primary  and  secondary  time 
constants  n  and  t2  are  estimated,  and  the  initial 

40  settings  P,  I,  D  and  rd  are  determined.  Further- 
more,  "target"  values  of  0,  0,  and  S  are  established 
which  represent  load-response  curves  having  mini- 
mum  IAE  deviations.  These  particularly  desirable 
values  are  assigned  as  a  function  of  process  type 

45  in  a  procedure  called  "characterization".  The  self- 
tuning  deadtime  controller  10  then  monitors  and 
calculates  the  actual  values  of  0,  0,  and  S  during 
process  control  activities  and  compares  them  to 
their  target  values  Qtgt,  6tgt,  and  Stgt.  It  thereafter 

50  decides  whether  to  adapt  one  or  more  controller 
parameters,  e.g.,  rd  and  P,  in  accordance  with  an 
appropriate  "tune  rule"  associated  with  the  self- 
tuning  section  16  to  correct  the  error. 

During  the  process  of  pretuning,  the  self-tuning 
55  section  16  can  be  used  to  set  the  initial  control 

parameters.  As  FIGURE  1  shows,  the  D-control  line 
31  and  the  /-control  line  35,  together  with  the  t^- 
control  line  34  and  the  P-control  line  32,  allow  a 

5 
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user  to  adjust  any  associated  controller  parameter 
via  the  self-timing  section  16  prior  to  operation.  D 
and  /  are  generally  determined  satisfactorily  during 
pre-tuning,  whereas  rd  may  require  self-tuning  to 
be  set  accurately.  Once  rd  is  satisfactorily  self- 
tuned,  the  self-tuning  section  16  automatically  ad- 
justs  D  and  /  in  their  existing  ratio  relative  rd.  In 
other  words,  D  and  /  are  locked  in  their  ratio  to  rd 
once  rd  is  set  correctly,  and  then  adjusted  wher- 
ever  rd  adjusted  in  accordance  with  the  several 
tuning  rules  described  below. 

FIGURE  1A  shows  further  features  of  the  self- 
tuning  section  16  illustrated  in  FIGURE  1.  The 
manipulated  variable  signal  m,  output  from  the  con- 
troller  10,  and  the  deviation  error  signal  e,  are  input 
to  the  self-tuning  section  16  signal  via  lines  36  and 
30,  respectively.  The  time  waveforms  of  these  sig- 
nals  are  analyzed  by  the  waveform  analysis  block 
38  to  determine  certain  characteristic  features,  e.g., 
period  t0,  decay  ratio  S,  recovery  time  0,  and 
overshoot  0.  A  summary  signal  representative  of 
these  characteristics  is  then  sent  to  the  sub-selec- 
tion  block  40  via  control  line  42.  This  signal  is 
interpreted  by  sub-selection  block  40  to  select  a 
rule-holding  block  44  or  46,  via  a  corresponding 
rule  control  line  52  or  54.  Rule  holding  blocks  44 
and  46  contain  tuning  rules  for  use  within  the  self- 
tuning  deadtime  controller  10.  These  tuning  rules 
are  classified  into  two  categories,  the  Cycle  tuning 
rules  and  the  Peak-2  tuning  rules,  and  are  de- 
scribed  in  more  detail  below. 

In  operation,  for  example,  sub-selection  block 
40  can  interpret  the  summary  signal  from  the 
waveform  analysis  block  38  as  an  indication  of 
unacceptable  oscillatory  behavior  in  the  manipu- 
lated  variable  signal  m  and  thereby  invoke  rule- 
holding  block  44,  which  contains  rules  which  modi- 
fy  the  deadtime  parameter  rd.  Rule-holding  block 
44  then  activates  one  of  many  rule  actuators  44(1), 
44(2),  44(3),  44(4),  44(5)...44(n),  to  iteratively  modi- 
fy  the  controller  deadtime  rd  according  to  the  rule 
associated  with  each  actuator  44(1)  -  44(n).  t^- 
control  line  34  communicates  with  the  time-delay 
block  24  of  FIGURE  1  to  alter  the  rd  parameter  of 
the  integral-deadtime  section  14.  Similarly,  the  sub- 
selection  block  40  can  interpret  the  summary  sig- 
nal  from  the  waveform  analysis  block  38  as  an 
indication  of  unacceptable  overshoot  or  recovery  of 
the  deviation  error  signal  e  and  thereby  invoke 
rule-holding  block  46,  which  contains  rules  which 
modify  the  proportional  band  P.  Rule-holding  block 
46  then  communicates  with  sub-selection  block  40 
to  activate  one  of  its  several  rules  (1)  -  (n), 
whenafter  the  self-tuning  section  16  modifies  the 
proportional  band  P  associated  with  the  PID  block 
11  of  the  controller  10  (FIGURE  1)  via  the  P-control 
line  32.  Typically,  one  iteration  of  either  rd  or  P  is 
required  to  achieve  nearly  optimum  performance, 

but  more  iterations  of  a  single  tuning  rule  or  mul- 
tiple  rules  are  possible. 

With  respect  to  blocks  48  and  50,  it  is  gen- 
erally  not  required  to  tune  /  and  D  during  process 

5  control  activities.  However,  these  blocks  are  used 
in  the  self-tuning  section  16  to  automatically  adjust 
/  and  D  according  to  their  initial  pre-tuning,  and 
later  in  ratio  relative  to  rd.  Furthermore,  the  blocks 
contain  storage  memory  to  house  separate  tuning 

io  rules  should  particular  processes  demand  it  in  the 
future. 

It  should  be  understood  that  the  self-tuning 
section  16  of  FIGURES  1  and  1A  are  illustrative. 
The  purpose  of  the  invention  is  conveyed  by  refer- 

15  ence  to  the  FIGURES  1  and  1A,  and  modifications 
are  easily  made  without  departing  from  the  scope 
of  the  invention.  As  for  example,  individual  tuning 
rules,  as  associated  with  rule-holding  blocks  44  and 
46,  and  as  thoroughly  described  below  in  FIGURES 

20  2-1  1  ,  can  be  amended  in  accord  with  the  teachings 
herein  without  departing  from  the  scope  of  the 
invention. 

FIGURE  2  illustrates  differences  in  gain  and 
phase  between  a  standard  PI  controller  and  one 

25  with  deadtime,  denoted  by  PI  and  Prd  respectively. 
It  shows  the  frequency  response  of  the  controller 
integration  network  and  illustrates  the  benefits  of 
deadtime  controllers.  The  x  axis  of  FIGURE  2  is  a 
frequency  axis,  relative  to  the  deadtime  controller 

30  time  constant  rd.The  upper  graph  shows  controller 
gain  characteristics,  and  the  lower  graph  illustrates 
phase  angle,  which  relates  to  the  input  and  output 
waveform  of  the  controller. 

A  deadtime  controller  is  in  many  aspects  better 
35  than  the  conventional  PID  controller.  At  the  point  of 

minimum  gain,  in  the  upper  graph,  the  gain  of  the 
Prd  controller  is  only  0.5.  This  occurs  at  a  fre- 
quency  of  .5rd  (i.e.,  the  period  of  the  wave  is  2rd), 
where  most  processes  are  expected  to  cycle.  A 

40  user  can,  therefore,  double  the  proportional  control- 
ler  gain,  as  compared  to  a  PI  controller  gain,  which 
always  exceeds  1.0.  The  higher  the  proportional 
gain,  the  smaller  the  peak  deviation  between  the 
setpoint  level  r  and  the  controlled  variable  signal  c 

45  following  a  process  load  disturbance.  In  addition, 
referring  to  the  lower  graph  at  .5rd,the  Prd 
controller  has  zero  phase-lag  to  reduce  the  overall 
period  of  control  loop.  Phase  lead  is  preferable  to 
negative  phase,  which  the  PI  controller  always  ex- 

50  hibits,  gradually  approaching  zero. 
While  these  Prd  features  are  preferable,  the 

performance  of  a  PI  controller  exceeds  its  Prd 
counterpart  when  operating  outside  the  minimum 
gain  region.  A  PI  controller  uses  a  ramp-type  con- 

55  trol  response  whereas  a  deadtime  controller  uses  a 
staircase-type  control  response.  Thus,  in  a  PI  con- 
troller,  the  gain  at  low  frequencies  is  very  high  and 
as  frequency  goes  up,  the  gain  asymptotically 

6 
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reaches  one.  This  is  not  true  in  a  deadtime  control- 
ler,  where  the  gain  rises  steeply  on  each  side  of 
the  minimum  and  as  frequency  increases,  the  Prd 
controller  gain  oscillates  unacceptably.  At  the  high 
frequencies,  therefore,  attenuation  filtering  is  need- 
ed  during  operation.  The  raw  data  presented  in 
FIGURE  2  has  no  filter,  to  illustratively  show  this 
deadtime  controller  behavior. 

Therefore,  FIGURE  2  shows  that  if  the  ratio  of 
period-to-deadtime  in  a  Prd  controller  is  not  close 
to  2,  the  loop  gain  can  easily  cause  undamped  or 
expanding  oscillations,  which  are  undesirable.  The 
best  performance  is  achieved  when  the  ratio  of 
period-to-deadtime  falls  between  1  .7  and  2.2,  which 
is  between  0.5  and  0.6  on  the  frequency  scale  of 
FIGURE  2.  First  order  and  multi-order  lag-dominant 
processes  were  controlled  experimentally,  to  make 
this  determination. 

Accordingly,  the  illustrated  self-tuning  deadtime 
controller  10  of  FIGURE  1,  and,  in  particular,  the 
self-tuning  section  16,  are  capable  of  maintaining, 
or  "tuning"  the  controller  deadtime  rd  to  the  .5-.6 
frequency  range  of  FIGURE  2.  Section  16  achieves 
this  by  modifying  the  controller  deadtime  rd  on  the 
basis  of  the  measured  manipulated  variable  signal 
waveform  period  t0  particularly  in  accord  with  the 
mathematical  relation  shown  in  the  Cycle  Rules 
"t1.7"  and  "t2.5"  below: 

RULE  "t1.7" 

If  t0  <  1  .7  (Td),  then 

RULE  "t2.5" 

If  t0  >2(Td),  then 

where 

if  c>  2.5,  else  c  =  2.5 
A  deadtime  controller  operating  in  accord  with 

Cycle  Rules  "t1.7"  and  "t2.5"  maintains  the  output 
oscillatory  wave  period  t0  of  the  manipulated  vari- 
able  signal  m  in  the  minimum  gain  region  of  FIG- 

URE  2,  i.e.,  the  region  on  the  Prd  curve  between 
the  frequencies  0.5   ̂ frd   ̂ 0.6.  If  the  deadtime 
controller  operates  outside  the  this  region,  gain 
increases  and  cycling  can  start,  reducing  the  con- 

5  trailer  10  robustness.  Cycle  Rules  "t1.7"  and 
"t2.5"  therefore  present  the  strongest  self-tune 
methodology  according  to  a  preferred  embodiment 
of  the  invention.  It  is  initially  related  to  data  shown 
in  FIGURE  2,  and  its  parameters  can  change;  but, 

io  in  general,  Rules  "t1.7"  and  "t2.5"  assure  that  if 
the  process  operates  outside  the  minimum  gain 
region,  the  controller  deadtime  rd  is  modified  ac- 
cording  to  these  rules  to  optimize  the  high  perfor- 
mance  capability  of  the  deadtime  controller.  If  t0 

is  lies  outside  the  desired  region  and  the  period  is 
low,  rd  is  adjusted  to  Tq/1.7  according  to  Rule 
"t1.7".  Similarly,  if  the  period  is  high,  rd  is  ad- 
justed  according  to  Rule  "t2.5". 

FIGURE  3  more  particularly  illustrates  the  col- 
20  lective  operation  of  these  primary  Cycle  Rules 

"t1.7"  and  "t2.5"  in  which  the  self-tuning  section 
16  adapts  rd  in  a  controlled,  simulated  process 
consisting  of  20  interacting  lags.  FIGURE  3  dis- 
plays  test  results  of  the  self-tuning  deadtime  con- 

25  trailer  forcing  the  controller  waveform  into  the  mini- 
mum  gain  region  of  FIGURE  2.  At  the  beginning  of 
the  test,  all  controller  settings  were  optimum  ex- 
cept  for  rd,  which  was  intentionally  set  at  10,  as 
compared  to  the  optimum  value  of  16.  upon  a  step 

30  load  disturbance,  denoted  by  the  variable  q,  an 
expanding  oscillation  began  in  the  manipulated 
variable  signal  m  (lower  trace).  At  the  end  of  one 
measured  period,  i.e.,  at  the  second  downward 
peak,  rd  was  corrected  to  16  according  to  Cycle 

35  Rule  "t2.5",  and  stability  was  restored. 
Then  rd  was  manually  reset  to  20  and  another 

load  disturbance  was  inserted  to  the  process.  An 
expanding  cycle  again  started,  but  one  with  a  shor- 
ter  waveform  time  period  such  that  the  Cycle  Rule 

40  "t1.7"  was  invoked.  After  one  full  period,  the  dead- 
time  was  reset  to  17,  restoring  stability.  Following 
another  period,  the  controller  was  reset  to  the  opti- 
mum  deadtime  of  16.  The  last  test  was  performed 
with  the  deadtime  rd  left  its  optimal  value  at  16.  No 

45  deadtime  adjustment  was  thereafter  necessary  be- 
cause  the  period  fell  within  the  mathematical  limits 
of  the  Cycle  Rules. 

Referring  again  to  FIGURE  3,  the  variable  "r" 
denotes  the  desired  setpoint  level  of  the  process. 

50  The  variables  "c"  and  "m"  represent,  respectively, 
the  controlled  variable  and  manipulated  variable 
signals.  The  variable  "q"  represents  the  diagnostic 
load  disturbance  added  to  the  process  under  test. 
Collectively,  "q"  represents  a  disturbance  to  the 

55  process  which  forces  the  controlled  variable  away 
from  set  point  "/"',  and  in  turn  causes  the  manipu- 
lated  variable  signal  "m"  to  change  so  that  the 
controlled  variable  "c"  converges  to  the  setpoint 

7 
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level  "r". 
The  tuning  processes  illustrated  in  FIGURE  3 

are  done  automatically.  In  the  automatic  mode,  the 
manipulated  variable  signal  is  always  monitored 
and  interpreted  for  possible  deadtime  rd  modifica- 
tions.  If  required,  rd  is  tuned  at  intervals  of  2Vd  to 
allow  for  an  interpretation  and  response  time.  Sta- 
bility  is  achieved  by  modifying  rd  towards  the  opti- 
mum  minimum  gain  region  of  FIGURE  2.  In  gen- 
eral,  there  are  no  such  regions  in  the  gain  and 
phase-to-  frequency  relationships  unless  a  process 
controller  has  deadtime  in  it.  When  the  self-tuning 
block  16  (FIGURES  1  and  1A)  interprets  that  the 
output  waveform  period  of  oscillation  is  outside  the 
limits  defined  in  Cycle  Rules  "t1.7",  and  "t2.5", 
the  controller  deadtime  rd  is  accordingly  adapted. 
Then,  the  self-tune  section  16  measures  another 
waveform  period  and  changes  rd  again,  if  required. 

Two  more  Cycle  Rules,  "tBV  and  "tH",  are 
often  required  whenever  a  deadtime  controller  is 
used  in  conjunction  with  first-order  processes.  Be- 
cause  there  is  insufficient  natural  filtering,  such  a 
combination  may  produce  unwanted  high  frequen- 
cy  cycling  in  the  manipulated  variable  signal  m.  If 
the  cycling  is  decaying,  then  re-tuning  may  not  be 
required.  But  if  the  cycling  is  expanding,  the  con- 
troller  must  be  re-tuned.  Cycle  Rules  "tSV  and 
"tH"  are: 

RULE  "tSI" 

"  [(1  +  0.67  (5  - 0 . 8 ) ]  

RULE  "tSV 

T  =  L/ 
[1  -  0.83  (5  -  0.95)] 

where  6  =  
peak  (3)  "  Peak  <2> 
peak  (1)  -  peak  (2) 

More  particularly,  if  t0   ̂ rd,  then  the  cycling  is 
caused  by  a  deadtime  mismatch  between  the  pro- 
cess  and  the  controller,  and  the  process  under 
control  is  deadtime-dominant.  Under  such  condi- 
tions,  the  direction  of  the  mismatch  is  not  discern- 
ible  from  the  response  and  two  possible  solutions 
exist:  the  controller  deadtime  could  be  lower  or 
higher  than  the  process  deadtime.  The  degree  of 
mismatch  can  be  estimated,  however,  because  the 
decay  S  is  a  linear  function  of  the  ratio  of  rd  to  its 

optimum  value  for  either  case.  Cycle  Rule  "/Si" 
initially  changes  rd  according  to  one  linear  function, 
and  if  S  decreases,  but  is  still  too  high,  additional 
correction  is  made  according  to  the  same  relation- 

5  ship  (although  the  first  correction  should  be  suffi- 
cient).  If  the  mismatch  occurs  in  the  opposite  direc- 
tion,  S  will  increase,  in  which  case  rd  is  then 
recalculated  according  to  the  other  Cycle  Rule 
"tSV.  These  two  actions  should  reduce  the  decay 

io  S  to  an  acceptable  level,  although  additional  adjust- 
ments  may  be  made  if  the  decay  is  not  small 
enough. 

The  use  of  Cycle  Rules  "tH"  and  "tBV  to  tune 
a  deadtime  controller  having  a  high  frequency  cy- 

15  cle  in  the  manipulated  variable  signal  m  is  partially 
illustrated  in  FIGURE  4.  The  cycle  is  induced  by 
intentionally  setting  rd  to  a  low  value.  The  first 
application  of  the  Rule  "/Si"  decreased  rd  causing 
S  to  rise;  and  a  second  adjustment  was  made  in  the 

20  opposite  direction,  according  to  Rule  "tSV,  thereby 
produced  the  optimum  setting. 

Specifically,  the  deadtime  controller  of  FIGURE 
4  was  tuned  optimally  except  for  its  deadtime  rd, 
which  was  set  at  16.  Following  a  small  step  load 

25  input  to  the  process,  shown  by  the  q  trace,  an 
expanding  oscillation  resulted  with  a  period  less 
than  the  deadtime.  By  adapting  the  controller  dead- 
time  according  to  Rule  "/Si",  the  self-tuning  sec- 
tion  16  moved  rd  downward  as  a  function  of  the 

30  decay  ratio  S.  However,  decreasing  rd  from  16  to 
14  based  on  Rule  "/Si"  turned  out  to  be  incorrect 
which  in  turn  caused  S  to  increase.  Deadtime  ad- 
aptation  was  then  repeated  using  Rule  "tSV,  there- 
by  readjusting  rd  to  20,  its  optimum  value,  and 

35  abating  the  cycle. 
FIGURE  4A  shoes  the  too  linear  relationships 

for  the  decay  ratio  S  as  utilized  in  the  Cycle  Rules 
"tH"  and  "tSV  of  FIGURE  4.  S  is  graphed  as  a 
function  of  rd,  either  increasing  or  decreasing  with 

40  Cycle  Rules  "tH"  or  "tBV  respectively.  An  as- 
sumption  is  made,  as  in  FIGURE  4,  that  the  dead- 
time  rd  is  too  high.  The  optimum  value  of  rd  is  then 
calculated  as  a  function  of  S  and  the  line  on  the 
right  side  of  Figure  4A  is  invoked,  i.e.,  Cycle  Rule 

45  "/Si".  If  the  assumption  is  correct,  the  cycling  of 
the  manipulated  variable  signal  cycle  should  decay. 
If  incorrect,  however,  S  will  increase  further.  After 
the  control  loop  has  had  time  to  respond,  the 
resulting  S  is  compared  against  the  previous  value. 

50  If  S  has  increased,  then  Rule  "tSV,  as  represented 
by  the  line  on  the  left  side  of  FIGURE  4A,  is 
invoked,  adjusting  rd  in  the  opposite  direction. 

Generally,  if  an  oscillation  develops  in  the  con- 
trol  loop  because  of  mistuning,  it  will  appear  first  in 

55  the  controller  output  manipulated  variable  signal  m. 
Therefore,  the  signal  m  is  continuously  monitored 
by  the  self-tuning  section  16  for  the  presence  of 
oscillation.  Cycled  variations  in  m  above  a  mini- 

8 
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mum  threshold  are  stored  as  maximum  and  mini- 
mum  (peak)  values  for  purposes  of  estimating  the 
period  t0  and  decay  ratio  S.  These  values  are 
screened  for  their  information  content  as  a  function 
of  the  number  of  peaks  observed,  their  amplitude 
and  decay  ratio,  and  their  regularity.  A  cycle  can 
be  recognized  after  only  two  peaks,  if  it  is  both 
expanding  and  of  sufficient  amplitude.  The  period 
t0  is  estimated  as  2.07  multiplied  by  the  time 
between  the  peaks,  and  S  is  estimated  as  0.8  times 
the  ratio  of  the  difference  between  successive 
peaks,  i.e.,  Peak  2  and  Peak  1,  to  the  difference 
between  the  initial  value  of  m  and  Peak  1.  Other- 
wise  three  peaks  are  used  in  the  estimates  of  t0 
and  8:  t0  is  estimated  as  the  difference  in  time 
between  Peaks  1  and  3;  and  S  is  estimated  as  the 
ratio  of  the  difference  between  Peaks  1  and  2  as 
compared  to  the  difference  between  Peaks  3  and 
2.  If  the  decay  ratio  S  exceeds  the  limit  allowed  for 
that  loop,  the  information  is  interpreted  by  the  self- 
tuning  section  16  to  induce  the  Cycle  class  of 
tuning  rules:  "t2.5",  "t1.7",  "tSV  and  "tH". 

As  mentioned  earlier,  the  other  class  of  tuning 
rules  includes  the  Peak-2  Rules,  which  correspond 
to  measurements  in  the  deviation  error  signal  e. 
FIGURE  5,  for  example,  illustrates  the  measure- 
ments  of  0  and  0  from  an  analysis  of  the  controlled 
variable  signal  response  due  to  a  step  change  in 
load.  After  the  deviation  error  signal  e  exceeds  a 
threshold  value,  a  search  is  conducted  for  the  first 
waveform  peak,  ei  ,  whose  amplitude  and  time  are 
noted.  After  an  elapsed  time  of  rd  following  the 
measurement  of  ei  ,  a  second  waveform  Peak  e2  is 
measured  and  thereafter  used  to  estimate  the 
dimensionless  recovery  time  0.  The  recovery  time 
is  the  time  expected  for  the  deviation  to  return  to 
zero,  divided  by  rd.  The  time  is  estimated  by 
projecting  a  straight  line  from  a  point  0.6ei  through 
the  point  et  to  the  zero  axis.  Mathematically,  0  is 
calculated  as: 

(l  -  e,  /0.6e,) 

As  shown  in  FIGURE  5,  for  example,  et  is  approxi- 
mately  zero,  so  0  is  approximately  1.0,  which  is 
ideal  for  many  processes. 

The  calculation  of  recovery  0  is  useful  in  deter- 
mining  whether  an  overshoot  is  caused  by  an  im- 
properly  tuned  proportional  band  P,  or  the  dead- 
time  rd.  More  particularly,  excessive  values  of  the 
proportional  band  P  induce  excessive  values  of  0, 
while  insufficient  values  induce  low  insufficient  val- 
ues  of  0  in  addition  to  overshoot.  As  a  quantity, 
overshoot  0  is  calculated  as  the  ratio  of  the  first 
two  peaks  once  the  second  peak  is  isolated  i.e., 

e\ 

5  After  the  quantities  0  and  0  are  determined,  the 
Peak-2  Rules  are  applied,  if  required,  as  described 
in  FIGURES  6,  7  and  9-11. 

FIGURE  6  divides  up  the  error  domain  for  0 
and  0  in  the  application  of  different  Peak-2  tuning 

io  rules.  The  wedge  area  above  zero  0  error  and 
between  the  lines  dQ  =  -  2de  and  dQ  =  de 
identifies  a  region  of  excessive  overshoot  that  is 
caused  by  an  insufficient  controller  deadtime  rd.  If 
the  measured  characteristics  of  the  deviation  error 

is  signal  e  fall  within  this  region,  a  rd  correction  is 
applied  as  a  function  of  0  in  the  "tO"  Rule  given 
below.  For  negative  error  values  of  0  with  values  of 
0  less  than  0.1,  the  same  rule  applies.  Peak-2  Rule 
"tO"  is  operatively  illustrated  in  FIGURE  7. 

20  The  remaining  regions  shown  in  Figure  6  are 
functions  of  other  0  and  0  errors.  For  example,  to 
the  left  of  the  "tO"  Rule  wedge  area  characterizes 
a  region  of  excessive  overshoot  due  to  insufficient 
values  of  the  proportional  band  P.  Thus,  in  this 

25  area,  P  is  adjusted  upwards  as  a  function  of  0 
using  the  Peak-2  Rule  "P01".  Similarly,  to  the  right 
of  the  "tO"  Rule  wedge  area,  correction  to  P  is 
made  as  a  function  of  0  using  the  Peak-2  Rule 
"P0",  which  is  illustrated  in  FIGURE  11.  For  the 

30  last  region  on  the  far  right  side  of  FIGURE  6,  that 
area  shows  both  an  excessive  overshoot  and  a  0 
error  beyond  2.5,  and  is  corrected  as  a  function  of 
0  using  the  Peak-2  Rule  "P02",  which  reduces 
excessive  values  of  P. 

35  FIGURE  7  graphically  illustrates  process  and 
control  data  taken  when  a  self-tuning  deadtime 
controller  adapts  rd  first  when  it  is  intentionally  set 
too  high,  and  then  when  it  is  intentionally  set  too 
low,  by  adapting  rd  on  the  basis  of  the  Peak-2 

40  Rule'VO": 

RULE  "tO": 

Td  =  Td[i  +  /c,(n  -  Qtgt)] 
45 

where  k,  =  0.6  if  D  >  0,  else  k,  =  1 
The  deadtime  controller  was  optimally  tuned  ex- 
cept  for  deadtime  rd  set  at  24,  which  caused  an 
undershoot  0  of  -0.14.  Rule  "tO"  increased  rd  to 

50  the  optimum  value  of  21.  Deadtime  rd  was  then 
reset  manually  to  18  in  the  middle  of  the  graph, 
which  caused  a  subsequent  and  excessive  over- 
shoot.  Rule  "tO"  thereafter  reset  rd  to  21,  which  in 
the  last  part  of  FIGURE  7  produced  an  overshoot  of 

55  0.06,  which  is  on  target. 
FIGURE  8  shows  an  oscillation  caused  by  a 

misadjustment  of  the  proportional  band  P  from  the 
correct  value  of  54%  to  35%.  The  decay  ratio  S  of 

9 
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the  output  was  measured  for  the  first  full  cycle  and 
then  compared  with  the  desired  or  target  decay 
ratio  for  that  process.  The  target  decay  ratio  for 
non-self-regulating  processes  (such  as  shown  in 
FIGURE  8)  and  lag-dominant  processes  is  approxi- 
mately  0.45.  If  the  observed  decay  is  outside  the 
limits  0.3  to  0.6,  the  proportional  band  P  is  adjusted 
by  the  self-tuning  section  16  according  to  Rule 

RULE  "PB" 

the  next  load  response  to  0.05  and  raising  0  to 
1  .20,  both  closer  to  target. 

To  the  right  of  the  "tO"  wedge  area  in  FIGURE 
6,  correction  to  the  proportional  band  is  made  as  a 

5  function  of  0  using  the  Peak-2  Rule  "P0": 

RULE  "P0" 

[i  +  *,(e  -  ew  >"  ] 

p  = 
P{\  +  5) 

By  operation  of  Rule  "PB"  as  illustrated  in 
FIGURE  8,  the  proportional  band  P  is  adjusted  to 
the  Peak-2  correct  value  of  54%.  No  deadtime 
rules  in  FIGURE  8  were  invoked  because  the  cycle 
period  fell  within  the  desired  periodic  band,  i.e.,  the 
optimum  minimum  gain  region  of  FIGURE  2. 

In  FIGURE  9,  a  properly  tuned  deadtime  con- 
troller  monitors  a  process  that  is  almost  entirely 
deadtime,  with  a  resulting  97%  proportional  band 
P.  A  step  load  change  introduced  to  the  process 
shows  that  the  controller  was  tuned  correctly.  The 
proportional  band  was  then  manually  reduced  to 
65%,  causing  an  overshoot  at  the  next  load 
change.  By  observing  this  overshoot,  the  propor- 
tional  band  was  adapted  back  to  98%  by  the  self- 
tuning  section  16  according  to  the  following  Rule 
"POO": 

RULE  "POO" 

P  =  P  (1  + 0 )  

As  discussed  with  respect  to  FIGURE  6,  exces- 
sive  overshoot  to  the  left  of  the  "tO"  wedge  area  is 
caused  by  an  insufficient  value  of  proportional  band 
P.  Thus  in  this  region,  P  is  adjusted  as  a  function 
of  0  using  the  Peak-2  Rule  "PQ1".  FIGURE  10 
illustrates  the  application  of  Rule  "PQ1": 

75 

20 
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where  k2  =  0.5 

T  =  

(  \  
kl  -  T)  a n d  

Rule  "P0"  takes  into  account  the  fact  that  the 
relationship  between  P  and  0  is  nonlinear  and  var- 
ies  with  the  relative  amount  of  deadtime  rd  in  the 
process  response.  The  factor  T  is  the  deadtime  rd 
divided  by  the  sum  of  the  process  deadtime  and 
lag.  FIGURE  11  illustrates  the  application  of  Peak-2 
Rule  "P0"  in  a  situation  where  improper  pretuning 
resulted  in  an  excessive  P  value  and  a  0  value  of 
1.52,  as  compared  to  a  target  of  1.20.  Using  the 
"P0"  Rule,  it  was  retuned,  bringing  the  next  cal- 
culation  of  0  to  1  .18. 

With  respect  to  the  last  region  on  the  far  right 
of  FIGURE  6,  the  domain  of  Peak-2  Rule  "Pn2"  is 
shown: 

RULE  "Pn2" 

P  = 
(1  +  6Q)  

RULE  "PQ1" 

P  =  P(1  +  Q  -  Qtgt) 

Initially,  with  reference  to  the  graph  in  FIGURE 
10,  the  controller  was  tuned  optimally  except  that  P 
was  too  low  at  55%,  causing  an  overshoot  0  of 
0.19  that  exceeded  the  target  mark  of  0.04.  Recov- 
ery  0  was  0.96  below  the  target  of  1  .23  and  there- 
fore  coincided  with  the  "PQ1"  Rule  domain  of 
FIGURE  6.  The  rule  reset  P  to  63%,  reducing  0  for 

The  rule  is  invoked  when  excessive  overshoot  de- 
50  velops  beyond  a  0  error  of  2.5,  as  caused  by 

excessive  values  of  P,  and  which  are  corrected  by 
adapting  P  as  a  function  of  0  using  the  "P02" 
Rule.  The  rule  only  applies  if  the  derivative  param- 
eter  D  is  greater  than  zero. 

55  The  foregoing  describes  methods  and  appara- 
tus  for  tuning  a  deadtime  controller  during  process 
control  activities,  such  as  retuning  the  deadtime  rd 
and  proportional  band  P  according  to  characteris- 
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tics  of  the  manipulated  variable  signal  m  and  the 
deviation  error  signal  e.  These  methods  and  ap- 
paratus  provide  the  simplicity,  accuracy  and  effec- 
tiveness  demanded  by  the  art. 

A  further  understanding  of  the  construction  and 
operation  of  the  self-tuning  deadtime  controller  de- 
scribed  above  may  be  attained  by  reference  to  the 
Appendix,  which  provides  a  software  listing  of  pre- 
ferred  subroutines  to  monitor  and  analyze  certain 
of  the  signals  utilized  by  a  controller  constructed 
according  to  the  invention.  In  reviewing  that  soft- 
ware  listing,  it  will  be  appreciated  that  it  applies  to 
a  simulated  controller  and  process.  As  such,  the 
variable  "t"  is  not  real-time  but,  rather,  is  the  num- 
ber  of  iterations  since  the  start  of  the  run. 

Those  skilled  in  the  art  will  appreciate  that  the 
illustrated  embodiment  is  exemplary,  and  that  other 
embodiments  incorporating  additions  and  modifica- 
tions  to  that  described  above  fall  within  the  scope 
of  the  invention.  For  example,  tuning  rules  can  vary 
or  expand  to  meet  the  needs  of  particular  pro- 
cesses  under  control.  Furthermore,  the  self-tuning 
deadtime  controller  can  easily  be  adapted  to  addi- 
tionally  adjust  the  controller's  integral  parameter  / 
and  the  derivative  parameter  D,  similar  to  the  way 
in  which  P  and  rd  were  adapted  during  the  process 
control  examples  above.  Alternatively,  the  self-tun- 
ing  section  16  of  FIGURE  1  can  be  connected  to 
control  and  adapt  every  parameter  in  the  deadtime 
controller,  e.g.,  /,  P,  rd  and  D,  either  in  a  real-time 
fashion,  or  in  pretuning  the  controller.  If  used  in 
pretuning,  for  example,  one  or  more  of  these  pa- 
rameters  can  also  be  "locked",  e.g.,  /  and  D,  prior 
to  operational  process  control  activities, 
whereinafter  the  self-tuning  section  16  adapts  only 
the  parameters  P  and  rd  as  described  above. 

Claims 

1.  In  a  deadtime  process  controller  of  the  type 
having  a  process  control  section  that  responds 
to  a  controlled  variable  signal  representative  of  a 
first  characteristic  of  a  process,  and  that  generates 
a  manipulated  variable  signal  for  application  to  said 
process  to  manipulate  said  first  characteristic  to- 
ward  a  preselected  value, 

wherein  said  process  control  includes  means 
for  storing  one  or  more  control  parameters  and  for 
generating  said  manipulated  signal  as  a  function  of 
said  one  or  more  control  parameters  and  said 
controlled  variable  signal,  and  comprising 

self-tuning  means  responsive  to  any  of  said 
one  or  more  control  parameters,  said  controlled 
variable  signal  and  said  manipulated  variable  signal 
for  iteratively  modifying  and  storing  in  said  process 
control  section  at  least  one  of  said  control  param- 
eters  to  improve  control  of  said  process  by  said 
process  control  section. 

2.  The  deadtime  controller  of  claim  1  for  use  with  a 
multi-order  and  lag-dominant  process,  wherein  said 
process  control  section  generates  said  manipulated 
variable  signal  as  a  function  of  a  deadtime  param- 

5  eter  rd  representative  of  the  controller  deadtime 
and  a  integration  parameter  /  representative  of  the 
controller  integration  time,  the  improvement 
wherein  said  self-tuning  means  further  comprises: 

(i)  period  measurement  means  for  determining 
io  the  periodicity  t0  of  the  time  waveform  of  said 

manipulated  variable  signal, 
(ii)  first  determination  means  for  responding  to 
said  periodicity  t0  being  less  than  1  .7V  d  and  for 
generating  a  modified  controller  deadtime  rd 

is  having  a  value  of  Tq/1  .7,  and 
(iii)  a  second  determination  means  for  respond- 
ing  to  said  periodicity  t0  being  greater  than  2Vd 
and  for  generating  a  modified  controller  dead- 
time  rd  having  a  value  of  to  tJC,  where  C 

20  equals  3  -  l/rd,  with  an  upper  limit  of  2.5. 
3.  The  deadtime  controller  of  claim  1  for  use  with  a 
first-order  process  with  high  frequency  cycling  in 
the  time  waveform  of  said  manipulated  variable 
signal,  wherein  said  process  control  section  gen- 

25  erates  said  manipulated  variable  signal  as  a  func- 
tion  of  a  deadtime  parameter  rd  representative  of 
the  controller  deadtime,  wherein  said  self-tuning 
means  further  comprises: 

(i)  period  measurement  means  for  determining 
30  the  period  t0  of  said  time  waveform  of  said 

manipulated  variable  signal, 
(ii)  first  determination  means  for  responding  to 
said  period  t0  being  less  than  said  controller 
deadtime  rd,  and 

35  (iii)  decay  ratio  means  for  determining  whether 
the  decay  ratio  Sbetween  two  successive  wave 
amplitudes  in  said  time  waveform  of  said  ma- 
nipulated  variable  signal  is  greater  than  one, 

wherein  said  self-tuning  means  initiates  a  first  activ- 
40  ity  when  t0  is  less  than  rd  and  when  S  is  greater 

than  one,  said  first  activity  decreasing  said  control- 
ler  deadtime  rd  as  a  function  of  increasing  decay 
ratio. 
4.  The  deadtime  controller  of  claim  3  wherein  said 

45  self-tuning  means  initiates  a  second  activity  in  re- 
sponse  to  said  first  activity  when  S  is  greater  than 
one,  said  second  activity  increases  said  controller 
deadtime  rd  as  a  function  of  increasing  decay  ratio. 
5.  The  deadtime  controller  of  claim  1  for  use  with 

50  non-self-regulating  and  lag-dominant  processes, 
wherein  said  process  control  section  generates 
said  manipulated  variable  signal  as  a  function  of  a 
proportional  band  parameter  P  representative  of  the 
controller  proportional  band  percentage,  wherein 

55  said  self-tuning  means  further  comprises: 
(i)  storage  means  for  selecting  and  storing  a 
target  decay  ratio  Stgt,  and 
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(ii)  decay  ratio  means  for  determining  the  decay 
ratio  S  of  said  manipulated  variable  signal  and 
determining  whether  S  is  between  .3  and  .6, 

wherein  said  self-tuning  means  generates  a  modi- 
fied  proportional  band  parameter  P  having  a  value 
of  P  (1  +  5)/(1  +  Stgt)  when  S  is  outside  the  range 
.3  and  .6. 
6.  deadtime  controller  of  claim  1  for  use  with  a 
process  which  is  predominantly  deadtime,  wherein 
said  process  control  section  generates  said  ma- 
nipulated  variable  signal  as  a  function  of  a  propor- 
tional  band  parameter  P  representative  of  the  con- 
troller  proportional  band  percentage,  wherein  said 
self-tuning  means  further  comprises: 

(i)  overshoot  determination  means  for  determin- 
ing  the  overshoot  0  of  the  deviation  error  signal 
waveform  by  measuring  the  amplitude  of  a  first 
peak,  ei  ,  of  said  waveform,  and  measuring  a 
second  peak,  e2,  of  said  waveform,  and  calculat- 
ing  the  overshoot  0  by  setting  0  equal  to  -e2/ei  , 
said  deviation  error  signal  representing  the  dif- 
ference  between  said  controlled  variable  signal 
and  said  preselected  value, 

wherein  said  self-tuning  means  generates  a  modi- 
fied  proportional  band  parameter  P  having  a  value 
of  P  (1  +  0). 
7.  The  deadtime  controller  of  claim  1  ,  wherein  said 
process  control  section  generates  said  manipulated 
variable  signal  as  a  function  of  a  proportional  band 
parameter  P  representative  of  the  controller  propor- 
tional  band  percentage,  wherein  said  self-tuning 
means  further  comprises: 

(i)  storage  means  for  selecting  and  storing  a 
target  overshoot  Qtgt,  and 
(ii)  overshoot  determination  means  for  determin- 
ing  the  overshoot  0  of  the  deviation  error  signal 
waveform  by  measuring  the  amplitude  of  a  first 
peak,  ei  ,  of  said  waveform,  and  measuring  a 
second  peak,  e2,  of  said  waveform,  and  calculat- 
ing  the  overshoot  0  by  setting  0  equal  to  -e2/ei  , 
said  deviation  error  signal  representing  the  dif- 
ference  between  said  controlled  variable  signal 
and  said  preselected  value, 

wherein  said  self-tuning  means  generates  a  modi- 
fied  proportional  band  parameter  P  having  a  value 
of  P  (1  +  Q  -Qtgt). 
8.  The  deadtime  controller  of  claim  1  ,  wherein  said 
process  control  section  generates  said  manipulated 
variable  signal  as  a  function  of  a  deadtime  param- 
eter  rd  and  a  proportional  parameter  P  representa- 
tive  of  a  controller  proportional  band  percentage, 
wherein  said  self-tuning  means  further  comprises: 

(i)  storage  means  for  selecting  and  storing  a 
target  recovery  time  6tgt,  and  primary  and  sec- 
ondary  time  constants  n  and  t2,  and 
(ii)  recovery  determination  means  for  determin- 
ing  the  recovery  time  6  of  the  deviation  error 
signal  waveform  by  measuring  the  amplitude  of 

a  first  peak,  ei  ,  of  said  waveform,  and  measur- 
ing  after  an  elapsed  time  rd  a  second  value  of 
said  waveform,  et,  and  calculating  the  recovery 
6  by  setting  6  equal  to  1/(1  -  e/(0.6ei)),  said 

5  deviation  error  signal  representing  the  difference 
between  said  controlled  variable  signal  and  said 
preselected  value, 
wherein  said  self-tuning  means  generates  a 

modified  proportional  band  parameter  P  having  a 
w  value  of  P/(1  +  k2  (e  -  0W)15),  where  k2  =  0.5(1  + 

T2/Td)(1-7)  and  T  =  Tdl{Td+  ti  +  t2). 
9.  The  deadtime  controller  of  claim  1,  wherein 
either: 

A)  said  process  control  section  generates  said 
is  manipulated  variable  signal  as  a  function  of  a 

proportional  band  parameter  P  representative  of 
the  controller  proportional  band  percentage,  and 
wherein  said  self-tuning  means  further  com- 
prises: 

20  (i)  overshoot  determination  means  for  deter- 
mining  the  overshoot  0  of  the  deviation  error 
signal  waveform  by  measuring  the  amplitude 
of  a  first  peak,  ei  ,  of  said  waveform,  and 
measuring  the  second  peak,  e2,  of  said 

25  waveform,  and  calculating  the  overshoot  0  by 
setting  0  equal  to  -e2/ei  ,  said  deviation  error 
signal  representing  the  difference  between 
said  controlled  variable  signal  and  said 
preselected  value, 

30  wherein  said  self-tuning  means  generates  a  modi- 
fied  proportional  band  parameter  P  having  a  value 
of  P/(1  +  60),  or 

B)  wherein  said  self-tuning  means  further  com- 
prises: 

35  (i)  overshoot  determination  means  for  deter- 
mining  the  overshoot  0  of  the  deviation  error 
signal  by  measuring  the  amplitude  of  a  first 
peak,  ei  ,  of  said  waveform,  and  measuring  a 
second  peak,  e2,  of  said  waveform,  and  cal- 

40  culating  the  overshoot  0  by  setting  0  to 
-e2/ei  ,  said  deviation  error  signal  represent- 
ing  the  difference  between  said  controlled 
variable  signal  and  said  preselected  value, 
(ii)  recovery  determination  means  for  deter- 

45  mining  the  recovery  time  6  of  said  deviation 
error  signal  waveform,  said  recovery  time 
measured  as  the  time  between  when  said 
controlled  variable  signal  reaches  a  peak  de- 
viation  from  said  preselected  value  of  said 

50  process  due  to  a  load  disturbance  insert  to 
said  process,  and  when  said  controlled  vari- 
able  signal  is  expected  to  return  to  said 
preselected  value,  and 
(iii)  storage  means  for  selecting  and  storing  a 

55  target  recovery  values^  and  a  target  over- 
shoot  value  Qtgt,  said  target  recovery  and  said 
target  overshoot  values  representing  desired 
operational  target  values  to  achieve  a  mini- 
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mum  integrated  absolute  error  in  the  step- 
load  response  of  said  deviation  error  signal, 

said  self-tuning  section  16  comparing  0  and  0 
with  respective  target  values  6tgt  and  Qtgt,  said 
self-tuning  means  modifying  at  least  one  of  said  5 
control  parameters  on  the  basis  of  said  compari- 
sons  ;  in  which  case,  optionally,  said  self-tuning 
means  further  comprises: 

(i)  overshoot-recovery  rule  selection  means 
for  storing  a  two-dimensional  matrix  of  mea-  10 
surable  values  of  0  and  0,  said  measurable 
values  corresponding  to  one  or  more  tuning 
rules  to  adjust  one  or  more  of  said  controller 
parameters, 

wherein  said  self-tuning  section  measures  0  and  is 
0  selects  the  corresponding  tuning  rule  to  adap- 
tively  adjust  said  controller  parameters.  ;  or  said 
process  control  section  generates  said  manipu- 
lated  variable  signal  as  a  function  of  a  controller 
deadtime  parameter  rd,  an  integral  time  param-  20 
eter  /,  and  a  derivative  time  parameter  D,  and 
wherein  said  self-tuning  means  further  com- 
prises  pretuning  means  for  selectively  modifying 
each  of  said  controller  parameters  prior  to  con- 
trol  of  said  process  ;  in  which  case,  optionally,  25 
wherein  said  self-tuning  means  further  com- 
prises: 

(i)  /-ratio  means  for  storing  the  /-ratio,  l/rd, 
prior  to  the  control  of  said  process  and  for 
automatically  adjusting  said  /  parameter  dur-  30 
ing  process  control  activities  to  maintain  said 
/-ratio,  and 
(ii)  D-ratio  means  for  storing  the  D-ratio,  D/rd, 
prior  to  the  control  of  said  process  and  for 
automatically  adjusting  said  D  parameter  dur-  35 
ing  process  control  activities  to  maintain  said 
D-ratio. 

14.  A  method  for  tuning  a  deadtime  process  con- 
troller,  said  controller  of  the  type  which  responds  to 
a  controlled  variable  signal  representative  of  a  first  40 
characteristic  of  a  process,  and  that  generates  a 
manipulated  variable  signal  for  application  to  said 
process  to  manipulate  said  first  characteristic  to- 
wards  a  preselected  value,  said  manipulated  vari- 
able  signal  generated  as  a  function  of  one  or  more  45 
control  parameters  stored  within  said  controller  and 
as  a  function  of  said  controlled  variable  signal,  and 
comprising  the  step  of  modifying  at  least  one  of 
said  control  parameters  during  process  control  ac- 
tivities  to  improve  control  of  said  process  according  so 
to  the  behavior  of  said  manipulated  variable  signal 
and  said  controlled  variable  signal  ,  and  optionally, 
either: 

A)  wherein  said  deadtime  controller  is  of  the 
type  that  generates  said  manipulated  variable  55 
signal  as  a  function  of  a  deadtime  parameter  rd 
representative  of  the  controller  deadtime,  and 
comprising  the  further  steps  of: 

A.  measuring  the  periodicity  t0  of  the  ma- 
nipulated  variable  signal  output  waveform, 
B.  determining  whether  said  periodicity  is 
less  than  1  .7V  d,  and 
C.  modifying  said  controller  deadtime  rd  to 
Tq/1  .7  if  t0  is  less  than  1  7rd  ;  or 

B)  wherein  said  deadtime  controller  is  of  the 
type  that  generates  said  manipulated  variable 
signal  as  a  function  of  a  deadtime  parameter  rd 
representative  of  the  controller  deadtime,  and 
comprising  the  further  steps  of: 

A.  measuring  the  periodicity  t0  of  the  ma- 
nipulated  variable  signal  output  waveform, 
B.  determining  whether  said  periodicity  is 
more  than  2.0V  d,  and 
C.  modifying  said  controller  deadtime  rd  to 
Tq/C  if  t0  exceeds  2.0V  d,  where  C  equals  3  - 
l/rd  with  an  upper  limit  of  2.5  ;  or 

C)  comprising  the  further  steps  of: 
A.  analyzing  the  successive  wave  amplitudes 
in  the  time  waveform  of  said  manipulated 
variable  signal  to  determine  a  decay  ratio, 
and 
B.  modifying  at  least  one  of  said  parameters 
according  to  said  decay  ratio.;  or 

D)  comprising  the  further  steps  of: 
A.  analyzing  the  deviation  error  signal  during 
process  control  disturbances  to  determine  an 
overshoot  value,  said  deviation  error  signal 
representing  the  difference  between  said  con- 
trolled  variable  signal  and  said  preselected 
value,  and 
B.  modifying  at  least  one  of  said  parameters 
according  to  said  overshoot  value.;  or 

E)  comprising  the  further  steps  of: 
A.  analyzing  the  deviation  error  signal  during 
process  control  activities  to  determine  the 
recovery  time,  said  deviation  error  signal  re- 
presenting  the  difference  between  said  con- 
trolled  variable  signal  and  said  preselected 
value,  and 
B.  modifying  at  least  one  of  said  parameters 
according  to  said  recovery  time;  or 

F)  wherein  said  deadtime  controller  is  of  the 
type  that  generates  said  manipulated  variable 
signal  as  a  function  of  a  deadtime  parameter 
Td,and  comprising  the  steps  of: 

A.  determining  whether  the  oscillations  in 
said  manipulated  variable  signal  are  expand- 
ing  or  contracting, 
B.  modifying  said  the  parameter  rd  in  first 
direction  if  said  oscillations  are  expanding, 
C.  determining  the  decay  ratio  of  the  time 
waveform  of  said  manipulated  variable  signal 
by  analyzing  and  measuring  the  peak  wave 
amplitudes  of  said  time  waveform,  and 
D.  modifying  said  parameter  rd  in  a  direction 
opposite  to  said  first  direction  if  said  oscilla- 
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tions  are  expanding. 
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