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ABSTRACT

A self-tuning PID-controller based on pole placement has
been implemented on an LSI-11. The controller and the
operator communication are written in Pascal. The program
works with the controller as a foreground job and the
operator communication as a background jJjob. The operator
communication is command driven with nine different
commands.

The program is tested on systems simulated on analog
computers and on some laboratory processes.
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1. INTRODUCTION

Tie aim of the work has been to implement a self-tuning
PID~controller based on pole placement on an LSI-11
conputer. The control algorithm is described in Wittenmark
1979 and Wittenmark—-8str m (1980).

The control algorithm is based on estimation of the
paranaters of a second order process model. Pased on the
model the parameters in the PlD—-controller are chosen such
that the closed 1loop system will have its poles at desired
locations.

The parameters of the controller are obtained by solving the
polynomial identitys:

- -1 - - -1 - -1
acg Yrig - +q teig Vsg™ = peg™h

where B/A is a second order process models D the desired
rcharacteristic polynomials and

Rig Yy = 1erixng
-1, -1 -2
Glg ) = s0+slq +52#q

are defining the regulator. The controller can be written as

K —_ -1
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whevre us y and y are the control signals the reference
“\

value and the process output respectively. The four

parameter values ris s0y s1 and s2 are natural to use

internally in the computer.

A conventional PlID-controller has four parameters also:
gains Ks reset times TI» derivation times TDs and a filter
constant for derivations ALFA. This parametrization is
natural for wmanual tuning. The transformation between the
conventional PlD-controller and the controller (€13 is
described in Wittenmark (1979).

In the self-tuning PID-controller the operator choses the
closed loop system parameters and some parameters in  the
estimation routine:

TS&MP - the sampling interval

OM - the natural frequency of the desired closed
loop system

DaMP - the damping of the desired closed loop system

LAaM - the forgetting factor in the estimation
routine

P = the initial covariance in the estimation routine



)

TH1-TH4 ~ the initial values of the parameters in the
second order process model.

It is possible tao introduce an automatic choice of the
sampling times see Astrém (1979)

The program is written in Pascal and a listing is given in
the Appendix.

e P e S P bt e i e o ey e Sy e e S P P Tamm

The controller contains some parameters that the operator
might want to change on line. Especially during the
evaluation phase it is also desirable to be able to on line
start and stop the estimation and controller parts and to
change to an operator tuned PID-controller. Such operator
communication is done using an alfanumeric display and a
tastature (Reehive B100).

To obtain convenience for the operator when changing
paraneters and operating mode it was decided that the
comwunication should be command driven. Our decision is
based mainly on the wmodularity in the implementation of
command driven communication and on the greater flexihility
far the user. The alternative would be to use block mode
communication like in Andersson—Ast rdim (1978 with
prewritten forms on the display and windows for the
parameters to be changed.

The scheduling of the controller is done using a foreground
background scheduler described in Mattsson (1978). The
computer and the process communicates via D/A and A/D
routines.

#. THE CONTROLLER

The foreground procedure Fg is given in Appendix. The
procedure contains the following routines:

Regulator
Adin (external)
Qutput
Ushape
Daout (external)
Update
LS (external)
Pardet
Stateset
Pardet
Trigosc
Loguy



In the following a brief description of the different
routines will be givan.

This procedure reads the process output and the reference
value from wuser specified A/D channels. The input to the
process is then computed by calling Output. The process
input is then sent to the process via a D/A converter using
Daout. The process parameter estimates are finally updated
and the regulator parameters are recalculated and are used
at the next sampling time.

The controller given in Section 1 is implemented using the
following state space representation

y i 1-r1 1 =S(1)(r1-1) 1 s1-s0(r1-1)
i U rl 0 s S(1)rl L s2+s0r]

u(t) = (1 0)x(t) + S(1)y,(t) -sOy(t)

The output udt) is nrow calculated and limited to the
interval (lolimyhilim) wusing VUshape. Moticre that the state
variable x[1] is recalculated to correspond to the limited
value. This is daone in order to eliminate reset windup.

The wmain computations are made within Updates where the
process and regulator parameters are updated using LS and
Pardet.

The process parameters of a second order model are estimated
in L8 using differences of the input and the output of the
process. When new process parameters are obtained the
regulator parameters are updated in Pardet. The state of the

-

regulator is then updated using equation (2).

LS

The parasmeter estimstes are obtained using & recursive least
squares method implemented according to Bierwman (1977). The

covariance matyrix is updated in square root form.
Essentially a one dimensional information update is used for
the diagonal in order to minimize the risk for non

positiveness inherent in a covariance update. An exponential
forgetting factor is also included.

Pardet
In this procedure the regulator parameters are computed from
the process parameters (theta’ and the desired

characteristic polynomial (dpol).



Some tests are done in order to prevent numerical
difficulties. First the coefficients in the B-polynomial
{thetal3] and thetal41) should not both be equal to zero. If
the absolute values of both are less than thwmin (thmin=1E~4)
then the largest one is put equal to thmin. Further there is
a test for pole-zero cancellation between the polynomials
tg—12ACg) and B(g). If this is the case the common factor is
cancelled. The cowmputation of the regulator parameters
(rpols spol and tpol) is done differently depending on the
tests.

Stateset

The procedure Stateset changes the regulator state when the
operator has changed parameters. This is indicated with the
switch newpar. The state is not changed using Stateset when
the estimator changes the estimated process parameters. New
regulator parameters are computeds and the stationary value
of the state corresponding to the regulator parameters and
the current values of the inputs output and reference value

is computed.

e e S el e T

On the D/A channel trich a signal is generated which is 0.5
or -0.% depending on the sign of the reference value. This
signal can be used to trig an oscilloscope.

Loguy

A backlog of the contrel variables the process output and
the reference value is stored in a cyelic file. The file
will eontain tmax values (tmax=20). This file is displayed
using the command LOG.

3. THE OQPERATOR COMMUNICATION

The operator communication works in the backgrounds and it
is interrupted each sampling instant by the controller
foreground routine. When the program is 1loaded from the
diskette storager the available command menue is written on
the display (Fig 1.)s and a ready sighi»s indicates that the
machine is ready to accept a command. Any of the nine
commands can be given at any time.

The command list in Fig 1. will be displayed by the command
HELP. A command EXIT is included to terminate the execution
of the whole program. Twe commandss RUM and 8TOPy are used
to start and stop the controller in the foregrounds while
FIX controls the update of the controller parameters from
the identified process parameters. A log of the 20 wmost
recent values of the inputs outputs and reference signal is
displayed by the command LOG.



SELF-TUNING PID-CONTROLLER
The commands have the following form:®
Command Argument Value
The following commands are implemented:

COMMAND  ARGUMENT

HELP

RUN CONTsPIDs» No argument

8ToP

DISP

FIX ONs OFF

INIT TH1 s THZs TH3sTH4 s PO+ DEF

PAR OMs DAMP sy TSAMP s LAMsKa T TDs ALFA s
HILIMsLOLIMsYRCHsYCHsUCHsTRICHDEF

L.OG

EXIT

Fig 1% The command list in STUPID displayed by the command
HEI.P.

The commands PAR and INIT are used to change the parameters
af the controllers and DISP gives a display of the databases
i.@. the current parameters: the identified model and the
controller polynomials (see Fig 2.

The Pascal program is structured such that the decoding of
the command line starts in the main part of the operator
comminication procedure Comcoms and depending on the command
code a call is generated to the procedure for that command
tor to the error message procedure). It was thus easy to
implement the commands one by ones replacing the error
message "Command not implemented'". The commands RUN and FIX
may have one argument on the same command lines and INIT and
PAR may have twaos i.e. an argument mname and a value (see
Fig 1. The argument decoding is done in the respective
command prpoceduress so error messages are easily produced.
The argument values of the command lines are checked for
consistency with the argument names» i.e. sign ete.

The communication between the background and the foreground
program may be critical. The display command DISP is reading
from the databases and if the foreground controller changes
some  values during the readout the display will be
evrroneouss but this is not considered to be dangerous.



*DISP

TSAMP= 3.000 LOLIM = -1.000 HILIM = 1.000
YRCH = 0 YCH = 1 UCH = o
TRICH= 1

INITIAL VALUES

PO = 100.0 LAM = 0.280

TH = =1.500 3.700 0.100 0.000

CURRENT ESTIMATION

PO = 14 .45 104.1 104.1 104.1

™ = ~0.205 0.700 0.100 0.000

STUPID PARAMETERS

oM = 1.000 pAMP = 0.700

DROL. = 1.000 0.132 0.015

PID PARAMETERS

K = 1.000 TI = 200.0 TD = 0.000
ALFA = 0.300

REGULATOR POLYNOMIALS

TROL = 11.47 0.000 0.000

GPOL = 13.37 -8.898 7.000

RPOL = 1.000 =1.000 0.000

Fig 2% The database displayed by the command DISP.

The changes from the background of the foreground parameters
are done in a safer way. Two sets of parameters are used:
one for the background and one for the foreground. When for
instance a command line like "PAR DAMP 0.7" is givens a new
desired D-polynomial is calculateds and the change is
indicated by setting the flag newpar equal to true. The
foreground Regulator senses newpar at the next sampling
instants and performs the transfer to its own D—-polynomial
at the end of its execution. The controller state is also
modified for bumpless transfer.

In order to inhibit the foreground update during unfinished
calculations of for instance the D-polynomials newpar is
made false during the background update. In case of slow
sampling it might otherwise happens that newpar is still
true in response to the previous parameter changes when a
new change is interrupted by the foreground procedure.

Bome of the parameters (YRCHsYCHsUCH and TRICH)? are possible
to ahange only when no Regulator is active. "PAR DEF" gives
default values to all the parameters except these channel
pumbers.,

The initial values (TH1+TH2sTH3:TH4s and PO) to the
estimation routine are changed by the command INIT» and the
gstimation is reinitializeds when the command RUN (without



arguments) is given. INIT DEF gives the default wvalues
(~1.520.710.1+0-1000.

The command RUN signals to the Schedulers by setting the
parameter period »*0 ¢+ that sampling and control should be
performed in the foreground. The flag newpar is made trues
ag  wells updating the foreground parameters and the
controller state. The argument CONT indicates that the old
estimation state should be useds so that no initialization
of the estimation is performed. The argument PID means that
the conventional PID-regulator should be useds which is
sigralled to the foreground using the flag ipid. Similarly
FIX ON is flagged by ifixs indicating no controller
parameter update due to the process parameter changes. When
the log readout (L0OG) is going on a flag logpar prohibits
the foreground update of the log vectors.

4. MEMORY AND TIME REQUIREMENTS

The written code is ahout 14 pages. The amount of work to
get  the program working has been about 3-4 manweeks:
including the documentation. The wmemory requirements to run
the program is totally 19.6 bytes. The following table gives
a feel for how large the different parts aret

Foreground program 5.4 KB
Operator communication 7.3 kB
Supporting runtime routines 2.7 kB

It is totable that the main part is the operator
comournication.

He have not been able to measure the execution time for the
foveground program. The smallest available sampling time 1
tick = 20 ms is on the edge of the capacity of the computer.
This is noticed for instance if the command LOG is given
when TSAMP=0.0Z2 s.



5. EXPERIMENTS

The program is available as an execute file STUPID.SAV. The
program will be started by giving the command

RUM DX1:STUPID.SAV.

The parameter in the controller will be given default values
and the available commands will be shown on the display.

The controller has been tested against processes simulated
on an analog computer and against some laboratory processes.
One example will be given here. More examples are given in
Wittenmark—Astrdm (1980) .,

Example
This is an example showing how the controller can adapts to
changing process dyhnamics. The process is changed abruptly

a8
-

-~
1/(5+11° —= 1/(s(s+12) — 1/8°

These are very drastic changes. Also the changes are done
such that the new system each time is wmore difficult to
control than the previous. Fig 3 shows the output and the
control sigmal. The controller is started with default
values on the different parameters except that TSAMP=0.5:
OM=1.5 and LAM=0.95. It can be seen that the controller very
quirkly adapts to the new dynamic of the process.

Ta make the simulation the following commands were given:
*PAR TSAMP 0.5
*PAR OM 1.5
*PAR LLAM 0.95
*RUN

&, CONCLUSIONS

The project shows that Pascal has been a very useful tool to
implement the self-tuning PlD-controller and to get a very
flexible operator comnmunication. The time for development
was reasonable small. This was to a large extent due to the
extcistence of the schedulers the input and output routines
antd most of all that a good editing system PAGED: see Egardt
and Elmgvist (1979). was available.

The authors want to express their thanks to lLeif Andersson
and Sven Erik Mattsson for their valuable assistance during
the whole project.
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APPENDIX: LISTING OF PROGRAMS

Program stupid}
{SEL.F-TUNING PID-CONTROLLER
Authars PH BW 1G 1979-11-13 Revised BW 1980~05-27 ph 800612
The program implements a self-tuning PID-controller based on
pole-placement. The algorithm is described in
Wittenmark: Self-tuning PID-controllers based on pole-placment,
TFRT-717%
Wittenmark-Astrom: Simple self-tuning controllerss TFRT-7191.
The program is divided into the files:
GLORAL-global data declarations
LS ~least sguares estimator
FG —foreground program
STUPID-operator communication and main program}

{GLORAL DATA DECLARATIONS?

const tmax=Z03 {length of logl}
eps=0.0137 {test guantity for pole-zern cancellation}
thmin=1.E-4% {min absolute value of thetal3] and thetal41)
nlog=33 {number of variables stored in the log?
Type estpartyp= record
thetatarrayll..4]1 of reals
fitarrayll..41 of reals
diagtarrayl1l..4] of reals
offdiagfarrayll..61 of real
end}’
regpartyp= record
tpoltarrayl(d..2) of reals
spolitarrayl0..2] of realj
rpoliarrayl0..2] of reals
end?’
pidtyp=record
ksytistdyalfFatvreal
end §
var
{To be changed from background only when period=0%
yrchsychsuchstrichiintegers
yiyoldsyrsusuoldslolimshilimslambdas? real s
Xtarrayll..21 of reals
eststatetestpartyp’
actregpar®regpartyps’
dpol: arrayld..2]1 of reals’

{to be changed from background only when newpar=falsel
newlolimsnewhiliminewlambdastsamp! reals
newdpoliarrayl0..2] of reall
pidpar:pidtyp}

{to be changed from foreground only when logpar=falsel}
backlog:tarrayl[0..tmaxs1..nlogl of real;
tlogtintegers

{flags etcl}
ifixsipidinewparslogparibooleans



periodtintegers

{EXTERNAL PROCEDURE DECLARATIONSY

Function Rform(rireali sizefinteger)iintegeriexternals

Function Adin(chan:integer)ireallexternals;

Procedure Daout(chaniintegerivaluelreal?iexternals

Procedure Schedule(procedure foreivar period:integer)iexternals
Procedure Clksaviexternals

Procedure Clkrestorejiexternal}

{(End of Globall}
{Stupid Author PH BW IG 1979-11-13s Revised BW 1980-05-27 ph 800612}
Procedure Fgiexternali

Procedure Comcoms

{Declarations for Comcom}
label 9993

const tsampdef=1.jondef=1.5dampdef=0.75lanbdadef=0.985hilimdef=1.3
lolimdef=-1.ikdef=1.itidef=9999.tddef=0.3al fadef=0.33
pOdef=100.F thidef=-1.5ith2def=0.75th3def=0.1ith4def=0.}
dyrch=0§ dych=13% duch=03 dtrich=13

type errors=(illcomsfewargsmanyargsillargsillvalsrunact)s
names=arvrayll..61 of chars
opindex=(xhe1psxrun:xstopaxdispaxFiXaxinitaxparsxlogsxexits
xlastop)i
fixargindex=(xonsxoffrlastindex);
runargindex=(xpidixcontslastx)}
parargindex=(xtsamprxomsxdampsxlamsxkixtisxtdixalfasxhilims
xlolimsxpdefsxyrchyxychsxuchsxtrichsparlast)s
initargindex=(xpOsxthlsxthZyxthIixth4ésxidefsinitlast)s

var optarraylopindex] of names:
opxtopindex;
fixarg:array[fixargindexl of namess’
fixargx:fixargindexs}
runargfarraylrunargindex] of namess
runargxirunargindexs
parargiarraylparargindex] of namess
parargxiparargindex?
initargfarraylinitargindex] of namess
initargxtinitargindexs
commandstext inames?’
exitpari:booleans
valueireali
omsdamp i real ’
estinitiestpartyps



{period must be 03}

begin
eststatet=estinit?
yold:=0.3
uolde=0.:

end’ {of Initest)}
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L e e e e Initreg)
Procedure Initregs
{Initializes the regulator?
{period must be 03}
var niintegers$
begin
yi=0.5uz=0,5yr=0,3
with actregpar do
begin
for ni=1 to 2 do
begin
tpollnl:t=0.5rpolln t=0.%spollnl:=0.3
xCnle=0.3
dpollnl:=newdpollnl
endi
tpoll0l:=0.3 spoll0l:=0.
ends
ends {of Initreg}
A e e e e e e e Setdpol}
Procedure Setdpols
{Computes new d-polynomialy
{newpar must be false?
var resrlireals
begin
if damp<1i. then
begin
réi=exp(—damp*on*tsamp) ;
r1==om*tsamp*sqrt(1.—damp*damp);
newdpol [1]:=-2,#%r#%cos(ri1)}
newdpol [Z] t=r#p
end
else
begin
ri==—(damp+sqrtCdamp*damp—i.))*omi
ri=~(damp-sqrt (damp*damp-1.))%om}
newdpol[i]==—exp(r1*tsamp)-exp(r*tsamp)i
newdpnl[ZJ==exp(—2.*damp*nm*tsamp)
end
endi {of Setdpol}
L o e e e Pardefaultl}

Procedure Pardefault;
{Sets default values for the Parameters)
{hewpar must be false}

begin
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{The procedures are used in the following way:

Initialize
Estdefault
Initest
Pardefault

Setdpol
Initreg
Help

Help

Run
Initest
Initreg
Error

Stop
Daout (external)

Disp
WX X

Rform (external)

Fix
Error

Init
Estdefault
Error

Par
Pardefault

Setdpol
Setdpol
Error

Log

Rform (extermnal) ¥

e Error}

Procedure ErrorterriErrors);
{Produces error messages?

begin
case err of
illcomse write(’'illegal command ')}
fewarg: write('too few arguments ’
manyarg: write(’'too many arguments
illargs write(’'illegal argument *)
illval: write(’illegal value ‘)3
runact: write(’'run is active’ s

endi{of case err?}
writelns
goto 9993

end: {of Error}

)3
R
§

Procedure Initests
{Initializes the estimatory}

e e et b e e et St i St s S B it v St

Initest?
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pidpar.ks=kdef’
pidpar.tiz=tidefi
pidpar.td:=tddef?
pidpar.alfat=alfadefs’
newlambda:=lambdadefi
newhilimi=hilimdefi
newlolimi=lolimdef’
tsampi=tsampdefi
om? =omndef;
dampt=dampdef}
Setdpolsi

endi {of Pardefault)

e e e e e e e e e e e Estdefaultl

Procedure Estdefaults
{Gives default values to estimatorl}

var niinteger’
begin
with estinit do
begin
thetal1li=thildefi
thetal2]l:=th2defs
thetaf3]:=th3def}
thetal4]:=th4def?
for ni=1 to 4 do
begin
diagfnl i=pOdefs
offdiaglnl::=0.3
fFilnl:=0.
end §
offdiagl51:=0.5affdiaglél=
end}
end’ {of Estdefault’

Procedure Helpi
{Writes information and list of commands?

var ifintegers

begin
for it=1 to & do writelns’
writeln(’ SELF-TUNING PID-CONTROLLER' Jiwritelns’

writeln(’'The commands have the following formz’);
writelnsi

writelwn(’ ’':5s’ Command Argument Value '35

writelnsi

writeln('The following commands are inplementeds’)s
writelns

writeln(’ COMMAND  ARGUMENT® ) 3§

writeln(' ’'25,’HELP’')3

writeln(’ ’:5:’RUN’s’ ’324:’CONTIPIDs No argument’)s
writeln(' *’':534'8STOP’')}§

‘writeln(’ ':5y’DISP')}

writeln(’ ':5+'FIX's’ 244 ONsQOFF* )3

writeln(’ 254 INIT’'s* 23+’ TH1sTHZsTH3sTH4yPOSDEF’ 23
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writeln(’ *:i5,’PAR’,’ '=4;‘OM;DAMP;TSAMP;LAM;K;TIaTDuALFAs’)i
writelnd '’ ‘=12s'HILIM;LOLIMsYRCHsYCH;UCH:TRICH;DEF‘)E
writeln(’ 1S54/ L06G%)13

writeln(’' ':5,2'EXIT')}

writeln

end’ {of Help}
e e e Initialize}

begin

oplxhelpl:='HELP
oplxrunli= ’RUN g
oplxstopl:='8TOP ¢
oplxdispl:=’'pIgSPp
oplxfixla= 'FIX !
opfxinitls=’INIT
oplxparli= ’'PAR :
oplxloglsi= 'LOG !
oplxexitl:='EXIT '3
runarglxcontl]s= ’ CONT
runargCxpidl:= *PID

fixarglxonl:= U\

fixargIxoffli= 'OFF

parargCxoml =’ QM '
pararglxdampl =’ DAMP

pararglxtsampl =’ TSAMP
parargixlamls=’LAM 'S
parargixkli='K 'y

B RS AEE S8 B0 AN AN &3 a8

]
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parargxtile="TI
pararglxtdl:=’TD
pararglxalfali=’ALFA
pararglxhiliml:="HILIM
pararglxloliml:=’LOLIM
pararglxyrchle=’YRCH '
pararglxychl:=’'YCH '
pararglxuchl s=’ UCH '3
pararglxtrichle=’TRICH
pavargixpdefl] i=’'DEF !
initargixth1l:=’TH1 !
initargCxth2l =’ THZ !
initargCxth3l:='TH3 !

L

&3 >* = s
NS

initargixth4l:=’'TH4
initargCxp0l:=’pPO
initargCxidefl:=*DEF '
tlog:=0;

logpari=true’
exitpari=falses’
ifixst=falsge;

ipides=false’
actregpar.rpoll0le=1.}
dpoll0l:=1.3
newdpol[D]z=1,3
yrchi=dyrchs

ychi=dyehs

uchi=duch?
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trichi=dtrichi
lambdai=lambdadef}
hilimi=hilimdef}
lolimz=lolimdef}
EstdefaultilnitestiPardefaultilnitreginewpar:i=truel
Help

endi {of Initializel}

Procedure Disp}
{Displays current parameter valueslk

var iskiintegers;
r freals

Procedure wxx(rireal)i

begin
t=Rform(rsbliwrite(ri10tk)

end?

begin
writelns
write(' TSAMP=’)3jwxx(tsamp) iwrite(’ LOLIM =')iwxxinewlolim)}
write(’ HILIM = *)iwxx(newhilim?)iwriteln?
writeln(’'YRCH ='syrchibs’ YCH =! gychibs’ UCH = 'y
uchibgs! TRICH=' strichié&liwriteln?

writelnd(’ INITIAL VALUES’ )3
with estinit do

begin

write(’ PO =’23wxx(diaglC112}

write¢’ LaM = *Jriwxx(newlambdal iwritelni

write(’'TH =!35for i2=1 to & do wxx(thetalfil) jwriteln
endi{withs

writeln¢’ CURRENT ESTIMATION’ )3

with eststate do

begin
write(’PO =’)5ifor if=1 to 4 do wxx{diaglil)iwritelns’
write(’' TH ='2ifor iz=1 to 4 do wxx(thetalil)iwriteln

endi{with?
writeln¢’'STUPID PARAMETERS’ )3
write(’'oOM =’ ) iwxxlomii write(’ DAMP = ') iwxx(damp?iwritelns’

write('DPOL =’)ifor it=0 to 2 do wxx(newdpollil)3 writelnsi
writeln(’'PID PARAMETRS' )j
with pidpar do

begin
write(’'K =3 iwxx({k)i write(’ TI = "25wxx(Ctids
write¢’ TD = ?)iwxx(td)}
write(’ ALFA ='Jiwxx(alfaliwritelns’

endi{with’}

writelns

writeln{’' REGULATOR POLLYNOMIALS' )3

with actregpar do

begin
write('TPOL =’)ifor i:=0 to 2 do wxx(tpollil)iwritelns
write(’SPOL =’)ifor ii=0 to 2 do wxx(spollil)iwritelni



write(’ RPOL
end{with?
endi {of DispZ
.c -— VP
Procedure Inits
{Changes initial values

=’)ifor

in the estimatorl
var hiinteger)
begin
if eoln then Error(fewargli
read(text)}
initarglinitlastli=text}
initargx i=xp03
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while initarglinitargxl<{>text do initargxi=succlinitargx’i

if initargx=initlast then Error(illargls
if initargx=xidef then Estdefault else
begin

if eoln then Evrror(fewargl}

read{valuel}j

with estinit do

begin

case initargx of
xp0

xthi
xthz

tthetalll s=values

tthetalzli=values
Xth3 tthetal3li=values’
Xth4d tthetal4li=values’

endi{of casel}
ends{if initarg=}
end?’
endi{of Init}>

Procedure Parj
{Changes parameter valuesy

begin
if eoln then Errori{fewarg)s
read(text)}
pararglparlast] i=text}
parargxi=xtsampi

tif value<O0. then Error(illval) else
begin for ni=1 to 4 do diaglnl:i=value

end?’

while pararglparargxl<{>text do parargxi=succiparargx?s

if parargx=parlast then Error(illarg)}
if parargx=xpdef then

begin newpari=falseiPardefaultinewpari=true end else

begin

if eoln then Error(fewargli
read(valuel

case parargx of

then Error{(illval) else

xtgsamp 1if (valued0.? or (valuexé600.)
begin newpari=false}
tsampi=roundi{value/0.02)*0.02i8etdpol inewpari=true endj
xom 1if value<D. then Error(illval) else

begin omi=valueinewpari=falseiSetdpol inewpari=true end’



xdamp

Xlam

xk

®ti

xtd

xalfa

xhilim

Xlolim

xyrch

xyech

xuch

Xxtrich

ends:
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tif value£0. then Error(illval) else
begin dampi=valueinewpari=falseiSetdpol inewpari=true
ends
Pif (value €=0.2 or (value>l.) then Error(illval) else
begin newpari:=false}
newlambdat=valueinewpari=true end}
tif value{0. then Error(illvall else
begin newpari=false}’
pidpar.ki=valuei newpari=true end}
!if value<=0. then Error(illval) else
begin newpari=false}’
pidpar.tii=value’ newpari=true endsj
2if value<O. then Error(illval) else
begin newpar:i=false}
pidpar.tdi=value’ newpari=true endj
tif value<=0. then Error(illval) else
begin newpar:=false’
pidpar.alfai=valuei newpari=true endj
tif abs{valuel<{=1. then begin newpar:=false}
newhilimi=valueinewpari=true end else Errorfillval):
iif abs(valuel{=1. then begin newpari=falsej
newlolimi=valueinewpari=true end else Error(illval)}
tif {value<€.? or (valuek*7.) then Error(illval)
else if period®*0 then Error(runact)
else yrchi=trunci(value);
2if (value<0.) or (value>7.) then Ervor(illval)
else if period®*0 then Error(runact)
else ychi=truncivalue)}
tif (value<£0.) or (valueX7.) then Ervor(illval)
else if period>*0 then Error(runact?
else uchi=trunci(value)}
2if ¢(valued0.) or (value*7.) then Errariillval)
else if period>d then Error{runact)
else trichi=trunc{ valueli

endi{if parargx=%}
ends {of Parl}

Procedure Log?

{Writes log

of past values of inputssoutputs and reference values?

var isjskiintegers;

var rireals’
begin

logpari=false’

writeln(’
Jei=—tmax}

Time' s! 720U’ s’ TE9ayrt s’ T iBy'y’ )3

for it=tlog+l to tmax do

begin

write():

S5.' '3

for ki=1 to nlog do

begin

ri=backlogliskliwrite(’ ’'f4sribiRFfOrmir.bl)

ends’



b
o

writelni j:=g+1

end $
for ii= 0 to tlog do
begin
write(js5.,’ ')}
for k=1 to nlog do
begin
ri=backlogliskliwrite(’ ’t4sribiRformirabld)
ends’
writelnige=3+1
end]

logpari=true
endi {of Log?

Procedure Stop}
{Stops the control and puts the control signal equal to zero

or within the limits?}

begin

period:=03

if lolinm>0. then vi=lolim else

begin if hilim€0. then vi=hilim else ui=0. end}

Daout (uchsul
end$ {of Stop}
{ - - e e e e e e e e e e et o e e o e e e e Fix}
Procedure Fix}
{Fixes or unfixes the regulator parameters.

The estimator is not influenced}

begin
if eoln then Errori{fewarg)s
read(text)
fixargllastindexli=texts
fFixargxi=xoni
while fixarg[fixargxl<{>text do fixargxt=succifixargxldi
case fixargx of
Ron ¢ ifixi=true?
Xxoff : ifixi=falses’
lastindex: Error(illarg)}
endi{of casel}
endi {of Fix}

Procedure Runj

begin
if eoln then
begin
period:=03
ipidi=falses’
Initest)
Initreg’
end
else
begin



read(text)’
runargllastx]:=text}
runargxi=xpids;
while runarglrunargxl{*text do runargxi:=succ(runargx)}
case runargx of
Xpid ¢ bhegin periodi=03ipidi=trueilnitreg end}
xecont® ipidi=false?
lastx: Errorcillargli
endi{of case runargx}
endi{of else?
newpari=true’
periodi=round(tsamp/0.02)3
end? {of Run’}

{ - - —— ettt Code of Comcoml

begin{Comcom’
Initializes
repeat
write(’>»’)3
read (command? 3
oplxlastopl t=command}
opxt=xhelpi
while oplopxl{>commnand do opx!=succ(opx)}
case opx of
xhelp tHelp}
Xxrun tRunsj
xstop t5tops
xdisp tDispsi

XFfix fFixs
xinit tInits
Xxpar tPars
xlog tLogs
xexit texitpari=truej

xlastop :Error(illcom)}i
endi{of case opx}
{test if more on the line in each procedurel
?9?: readln
until exitpars’
end’ {of Comcom)

{ R R N N N R S N S N N s s S e s S s TSSO S RSN aE ST S s smms o =MA TN ¥
{CODE MAIN PROGRAMZ
begin
period:=03
Clksavi
Schedule(FgIperiod);
Comcom i
Clkrestore
end. {of Stupid}




22

Program Foreground}

{SELF-TUNING PID-CONTROLLER

Authors PH BW IG 1979-11-13 Revised BW 1980-05-27 ph 800612

The program implements a self-tuning PID-controller based on

pole-placement. The algorithm is described in

Wittenmark: Self-tuning PID-controllers based on pole-placment:
TFRT-7179

Witternmark—Astrom?: Simple self~tuning controllerss TFRT-7191.

The program is divided into the files:
GLOBAL—-global data declarations
LS —-least squares estimator
FG —-foreground program
STUPID~operator communication and main program?}

{GLOBAL. DATA DECLARATIONSY

const tmax=20F {length of log}
eps=0.013 {test quantity for pole-zero cancellation?
thmin=1.E-43§ {min absolute value of thetal3l and thetal41)}
nlog=3j {number of variables stored in the log?
Type estpartyp= record
thetatarrayll1..4] of realj
fizarraylil..4] of real:?
diagiarrayl1..4] of reals’
offdiagtarrayll..6] of real
end
regpartyp= record
tpoltarraylD..2]1 of reals
spoltarrayl[0..2] of real}
rpolitarraylD..2] of reals
ends’
pidtyp=record
kstistdsalfatreal
end’
var
{To be changed from background only when period=0}
yrchsychsuchstrichtintegenrs
yryoldsyrsusuoldslolimshilimslambdatrealsi
xtarrayll..2]1 of reals
eststatetestpartyps’
actregpar?regpartyp’
dpel: arrayl0..2] of reals

{to be changed from background only when newpar=falsel
newlolimsnewhilimsnewlambdastsamp: reals
newdpol tarrayl[0..2]1 of reals’
pidparipidtyp?

{to be changed from foreground only when logpar=false?}
backlogiarraylD..tmaxs1l..nlogl of real}
tlogtintegers

{flags etc?
ifixsipidsnewparslogparibooleans



periodfinteger’

{EXTERNAL PROCEDURE DECLARATIONSY

Function Rfaorm(rireali sizetinteger):integeriexternals

Function Adin(chantinteger)irealiexternals

Procedure Daout(chaniintegerivalue:real)iexternal}

Procedure Schedule(procedure foreivar periodiinteger)s’externals
Procedure Clksaviexternals

Procedure Clkrestorejexternalj’

{End of Globall}
{Fg Author PH BW 1G 1979-11-13s Revised BW 1980-05-27 ph 800612}

Procedure LS(delusdelyirealivar eststatetestpartyp?iexternals’

Procedure Fg?

{The procedures are used in the following way
Regulator
Adin{external)
Qutput
Ushape
Daout (external)
Update
LS{external)
Pardet
Stateset
Pardet
Trigose
Loguy?

e e e e e e e Pardet?}
Procedure Pardet(estatetestpartypivar rpartregpartyp)s

{Determines polynomial representation of regulator from

estimated parameters and desired characteristic polyhnomial?

var nsrsmaxsblsbZsbesalsaZsrlireals
testibooleans
begin
with estate do
begin
{Guarantee that not both thetal3l and thetal4]l are almost zerol
if (abs(thetal3l)<thmind and (absi(thetal4l)<thmin) then

begin
if absi{thetal3l)»abs(thetals4])
then
if thetal31»0. then thetal3Ji=thmin else thetal3li=—-thmin
else

if thetal4l»0. then thetal4li:i=thmin else thetals4l:i=—thmin
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ends’
{Test if cancellation of pole and zero in (g—124A(q) and B{(g>?}
ni=thetal4l*thetal4]l—~thetalll*thetal3l*thetal4]}
ni=n+thetalllxthetal3l*#thetal3];
ri=thetal4l*thetal4]s
maxi=thetal3l#*thetal3l}
if max<r then maxi=r}
ri=thetal3]l+thetal4ls
if C(abs(n)<eps*max) or (r*r{eps*nax)
then testi=true else testi=false}’
if test then {Common factorl}
begin
bl:=thetal3]}
b2:=0.01%
if rerd{eps*#max then
begin {al1l and a2 define the polynomnial Al(g)}
alsi=thetall1ls
aZi=thetal2l}’
end
else
begin {al and aZ define the polynomial (g—-1)#(g-a)l
ali=thetall1l-thetal4l/thetal3l-1.}3

azi=—al-1,.
ends
end
else {No common factor}
begin

bii=thetal33}
bz:=thetal41;
ali=thetal1l}
azZt=thetalZ]
ends
endi {with estate dol
with rpar do
{Determine the polynomial representation of the regulatorl}
begin
if abs(b1)<thmin then {solve as if bi1=0}
begin
rls=dpol[1]-ai+1.}
spol[0]l:=(dpol[Z1+al-aZ-ri*(ad-1.2)/b2}
spoll1]l:=(ak2-ri¥iaZ-al))/b2}
spolliZ]:=aZ#*rl/b2}
end
else
if test then {common factor?
begin
ri:=0.4%
spoll0li=(dpoll1l~-al1)/bl}
spoll1l:=(dpoll[2]1-aZ)/bil}
spol[2]1:=0.
end
else {no common factor and bl large snoughl
begin
be:=bZ/b1l}



ri=—aZ-be#(azZ-al-be#l(al-1.-bel))}

{r=0 only if test=truel}
rii=—be*(aZ-be#(dpol[2]l-al+al-be*(dpoll[1l-al+1.32)/r}
spoll0l:=(dpol[1l-al+l.-r1)/b1l3}
spol[1l:=(dpol[2]-aZ+al-(al-1.)#r1-bl#spoll0])/bl}
spollZl:=(aZ-(aZ-all)*rl-bZ*¥spol[11)/b1l}

ends

tpoll0]li=spol [0l+spol[1l+spol[2]}
tpoll11:=0.3

tpoll(21:=0.5

rpoll1li=ri-1.3

rpol[2] i=~ril}
end: {with rpar dol}
endi {of Pardet}

o e e e e e e e e e e i i e Regulator)}
Procedure Regulators’
{Calculates and limits control signal and updates regulator states?

R Ushape?l
Function Ushape(uslolimshilimireal)reals
{Limits the control signall

begin
ushapeti=us;
if u€lolim then ushapei=lolim}
if urhilim then ushape:=hilim3
endi {of Ushapel

{————— e ———— e e === mme Output?)
Procedure Output)
{Computes control signal from measurements and states)

var wireall
begin
with actregpar do
begin
wi=x[11+tpol l03#*yr—spol [0 %*y})
ui=Ushape(wslolimshilim)}
x[1la=u—w+xL115
end?’
endi {of Outputl

e e e e e e e e e e e e e e e e e e e Updatel
Procedure Update}l
{Updates process parameters and regulatorl

var delusdely:real}
nextxtarrayl1..2]1 of reals
begin
delui=u—uold:?
delyi=y~-yold}
LS{(delusdelyseststatel’
uoldi=uj
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yoldi=y3}

if (not ipid) and (not ifix) then Pardet(eststatesactregpard;

with actregpar do

{Update the state of the regulator’}

begin
nextx[11:=-rpol[11#%x[11+x[21+(tpol[1]1~-tpol [0 *rpol [1] ) *yr)
nextx[1li=nextx[1]1-(spoll[1l-spol [0l#rpal [1])*y3
nextx[2)i=—rpol [21#x[11+(tpol [2]-tpol LOI*rpol [2])*yri
nextx[2)i=nextx[21~-(spol[2]~spol LO1*rpol [2] )%y}

end’

x[1ls=nextx[1l]}

®x[2Ys=nextx[2]}

end’ {of Updatel

e e Code Regulator}
{Code Regulatorl}
begin
yi=Adin(ychd
yri=Adin(yrchlj
Outputs
Daout {uchsul
Updates’
end’ {of Regulatorl}

o e i 8 et o e S e Stateset?
Procedure Stateset}
{Change regulator state after parameter changel

var alilsbesgaireals’

begin
if ipid then
begin
with actregparspidpar do
begin
if ti<1000. then all:=k*(tsamp/ti-1.) else alli=—ki
if tsamp<0.01 then bei=k/alfa else begin if td>0. then
bei=k*td*(1.-exp(—~tsamp/alfa/td))/tsamp else bei=0. endj
if td>»D. then gai=—exp(—tsamp/(alfa*td)) else gai=d.?
tpol[0) =k}
tpolli1ls=ali+k*gal
tpoll2li=alixgal
spol[0]:=tpol [01+be}
spol[1]:=tpol[1]1-2.#be}’
spoll2li=tpol[2]+be}
rpolli1l:=ga-1.3
rpol[2]:=-ga3}
ends
end
else
begin

dpolt=newdpol i
if (not ifix) then Pardet(eststatesactregpards
end $
{note that it is not possible to change the controller
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by changing the D-polynomial during FIX ONJX

with actregpar do

begin
Xx[13i=u—-tpol [01*yr+spol [O0I*y3
x[2)i=(l.+rpol[1]1)#x[1]1-C(tpol[1]1-tpol [(DI*rpollil)xyrs;
®[2):=x[2]1+(spol[1]1-spol [OQl*rpolL1])+*y

end?}

endi {of Stateset?}

= S e R S e = i e S — St R e T e S T Trigosc}
Procedure Trigosci

{Generates signal to trig oscilloscopel

var rireals

begin
if yr20. then r:i=0.5 else ri=-0.53%
Dacout (trichsry

end: {of Trigoscl}

Procedure Loguy?i

{Store control variables us outputs ys» and reference values yrs in a
cyclic file called backlogfisjl. Current time is at i=tlog previous
sampling at i=tlog-1%}

var itintegers’

begin
tlogi=(tlog+1) mod C(tmax+1)}
backlogLtlogs1li=uj
backlogltlogs 2]l i=yri
backlogltlog:3]1:=y}
if nlogd»é then for ifi=1 to 4 do
backlogltlogs:3+il:i=eststate.thetalil;
if nlog>*10 then for it:=1 to 4 do
backlogltlogs7+ili=eststate.diaglil
endi {of Loguy?’

e e e e e e e e e e e s e e Code FGY
{CODE FG}

begin
Regulators
Trigoscs
if newpar then begin
periodi=round(tsamp/0.02) 3%
lambdas=newlambdas’
hilimi=newhilims}
lolimi=newlolim’
Statesets
newpari=false
end ;s
if logpar then Loguy}
end’ {of Fgl
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Frogram LSS

{SELF-TUNING PID-CONTROLLER

Authors PH BW 16 1979-11-13 Revised BW 1780-05-27 ph 80061%

The program implements a self-tuning PID-controller based on

pole-placement. The algorithm is described in

Wittenmark: Self-tuning PIlD-controllers based on pole—-placment
TFRT-717%

Wittenmark-Astrom: Simple self-tuning controllerss TFRT-7191.

The program is divided into the files:
GLOBAL-global data declarations
-8 ~-least sguares estimator
FG —foreground program
STUPID-operator communication and main program}

{GL.OBAL DATA DECLARATIONSY

const tmax=Z03% {length of log}
eps=0.01F {test quantity for pole-zero cancellation}
thimin=1.E-45 {min absolute value of thetal3] and thetalsal}
nlog=3§ {number of variables stored in the log?
Type estpartyp= record
thetatarrayl1..431 of reals
fitarray[1..4]1 of reals
diagftarrayll1..4] of realy
offdiagtarrayll..6]1 of real
end’
regpartyp= record
tpolrarrayl0..2] of reals
spoliarrayf0..2]1 of reals
rpaltarrayl0..2] of reals
ends’
pidtyp=record
kstistdsalfaireal
end )
var
{To be changed from background only when period=0%
yrchaychsuchstrich:integers
ysyoldsyrsusuoldslolimshilimslambdatreals
#tarrayll..2] of reals’
eststatetestpartyps’
actregpar:regpartyp’
dpol: arrayl[0..2]1 of reals

{to be changed from background only when newpar=false}
newlolimsnewhilimsnewlambdastsamp: reals
newdpolfarrayl0..2] of real:
pidparipidtyp?

{to be changed from foreground only when logpar=falsel
backlogfarraylO..tmaxr1..mnlog) of reals
tlogtinteger:

{flags etc}
ifixvipidsnewparslogparibooleans



periodiinteger)

{EXTERNAL PROCEDURE DECLARATIONSY

Function Rform(rireal’ sizetinteger)tintegeriexternali

Function Adin(chantintegerlirealiexternal?

Procedure Daocuti{chant:integerivalueireal)iexternal’

Procedure Schedule(procedure foreivar period:integer)iexternal’
Procedure Clksaviexternall

Procedure Clkrestoreiexternals

{End of Global}

Procedure LS(delusdelytrealivar eststateiestpartypls

{Computes the least squares estimate of the parameters of a second
order system using the U/D method after Bierman and Thornton.
Author IG 1979-11-13%

const n=43

var kfskusisjiintegers
perryfjsvysalphajiagjlastipjswireal s
ktarrayli1..41 of reals

begin
perri=dely}’
with eststate do
begin :
for it=1 to n do perri=perr—thetalil®*filil}
Fye=Ffil133
vis=diagl1l*f33
kL1l:=v)3
alphaji=1.0+vj*f33
diagl1l:=diaglil/alphaj/lambdaj’
if n>»1 then
begin
kf:=03
ku:=03
for J3i=2 to n do
begin
fai=Ffilj13
for i:=1 to jJ-1 do
begin
kfi=kf+13}
Fli=fi+filil*offdiaglkfl
endsd {iJ
vyi=Ffaxdiaglyl}
kCjJli=vy}
ajlasti=alphajs
alphajt=agjlast+vi*f3si
diaglglt=diagljl*ajlast/alphaj/lambdai
pyi=—f)/ajlast?i
for ii=1 to 3-1 do



begin
kus=ku+13
wi=offdiaglkul+kLil#pj}
k[file=k[il+offdiaglkul#*vis
offdiagCkul :=w
ends {i}
endid {32
endi {if n>1 thenlk
for if=1 to n do thetalili=thetalil+perr#klil/alphaj}

{Updating of fi-vector. Must be changed if n is changedl}
fFil4lz=Fil315%

fFif3l)i=delus’
FiLlz)e=FilC115%
fFil1l:i=—dely
end {with eststate dol}
end’d {LS¥
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