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1. INTRODUCTION

The program described in this paper was developed for three
main reasons

o Need for a flexible system to allow students
hands on experience with digital control for
courses in sampled data and stochastic control.

o Need for a flexible system for digital process
control experiments.

o Need for examples of process control software for
courses on software for computer control.

The hardware facilities consist of four LSI-11 systems. Each system
has a process interface, a simple alphanumeric display, and a dual
diskette unit for program storage and program development. A
detailed description of the hardware and software is given in [1].

Both for educational and industrial uses it is highly desirable to
have a system which is easy to learn and use. It is also highly
desirable to have a system which hides unnecessary and trivial
details. This strongly points to an interactive system based on

the use of an alphanumeric video display terminal with forms
capability. The display is organized so that it is more or less
self-explanatory. The configuration of the system and the parameters
can also be changed easily using the display. When the regulator is
running the terminal can be connected or disconnected without in-
fluencing the system.



During the development of the system there have been substantial
discussions concerning suitable programming languages. Possible
candidates that have been discussed are FORTRAN, PASCAL and

BASIC. In connection with this work both PASCAL and FORTRAN were
investigated. The control algorithms were coded in both lan-
guages. The programs and the compiled code were investigated. It
was found that there were considerable advantages by using PASCAL.
The compiled code was shorter. The PASCAL program was also easier
to read mainly due to the availability of data structures. The ad-
vantages with PASCAL were even more pronounced when it came to
operator communication. The features which were implemented would
undoubtedly have required a much larger programming effort if they
had been written in FORTRAN.



2. THE MISO REGULATOR

The MISO regqulator and the associated algorithms will be de-
scribadin this section. The equations are first described and

a realization is then given. Various practical issues like re-
set windup, initialization and parameter changes are then dis-
cussed. A logging facility is also included in the regulator.
This is also briefly discussed. Some features which were desir-
able for the special teaching situation are discussed together
with some additional features that would be desirable to include.

REGULATOR ALGORITHM
The MISO regulator is charaterized by the following equations
u(t) + r]u(t—1) + ...+ rnu(t—n) =

tOyr(t) + t1yr(t-1) + ...+ tnyr(t-n)

- s]0y1(t) - s]1y](t-1) - .. - s]ny1(t-n)

(M
- szoyz(t) - 321y2(t-1) - ee. - sznyz(t-n)
- smoym(t) - sm]ym(t-l) - . = smnym(t—n)

where u is the control signal, i.e. the input signal to the pro-
cess, Yy, is the reference or the command signal, Y is the con-
trolled process output, Yps Y35 «ee ¥, are auxiliary measured pro-
cess signals. The signals Yos «ee 5 Y, are typically measured
disturbances used for feedforward. The regulator (1) can be written
in the following shorthand notation

Ru = Tyr - S]y]— 52y2 - el - Snyn (2)



where Ry 31, 52, . Sm and T are polynomials in the backward

shift operator.

The algorithm (1) can of course also represent a state feedback.
In that case R, S], vee s Sm and T are simply constants.
A MINIMAL STATE REPRESENTATION

The control algorithm (1) can of course be coded according to the
formula (7). This means implicitly that the state variables are
chosen as past values of inputs and outputs. This is not a mini-
mal state. It is of course not necessary to use a minimal reali-
zation of the dynamical system. It is, however, useful for peda-
gogical purposes to exhibit the regulator state explicitly and
then we might just as well use a minimal state. The following ob-
servable canonical form is chosen

10 11 Tm
= 0 s il P20 P2 bom
x(t+1) = | x(t) + | y(t)
. 0 0. bn—10 bn-21' bn-2m
e, 00 0 | Png by b | )
u(t) = xq(t) + dgy,(t) + dyyq(t) + +d oy (t) (4)
where
a_i=}"1 i=1, . N
big =t = tery T =1, > M
i3St 1= >Ny J=1, s M (5)
dy = g
d. = -s i=1, s M



It is desirable to reduce the computational delays as much as
possible. Using the realization (3) and (4) it follows that to
determine the control signal u(t) at time t, the state x](t) can
be precomputed based on measurements available at time t - 1. If
this is done it is only necessary to do the scalar product in (4)
when the measurements yo(t), y](t), 2 EE 3 ym(t) are obtained. The
calculation of the control signal u(t) from measurements yo(t),
y1(t), cee s ym(t) and the state x](t) is done in the procedure
output. Updating the state according to (3) is carried out by the
procedure update.

LIMITING OF REGULATOR OUTPUT

The control law given by (3) and (4) is a linear dynamical system.
It has been found empirically that it is often useful to add some
nonlinear functions. Typical examples are limits on the control
signal and its rate of change. An actuator typically has both a
limited range and a Timited speed. Another feature is to intro-
duce a dead zoneso that small changes in the computed control will
not generate any changes in the actuators. It was judged useful for
pedagogical purposes to include some of these features. Only the
saturation was included. The control signal is thus computed as

u(t) = sat [x](t) + dy(t)]
where

Tow if x < Tow
sat x = { X if Tow < x < high
high if x > high

RESET WINDUP

In process control there is often a need to run a process under man-
ual control. This means that the actual control variable may assume
values that are different from those generated by the control algo-
rithm. Since the regulator is a dynamical system care must be taken



to determine the state of the regulator which is compatible with
the past sequence of inputs and outputs. The regulator is described

by

-a; 1 0... 0] [ by ]
-3, 0 1 0 b2
x(t+1) = : x(t) + ; y(t)
-a, 40 0... 1 b, _1
-a, 0 0... 0 b,

u(t) = x](t) + dy(t)
A simple dead-beat observer is obtained as follows

xq(t) = u(t) - dy(t)
, -anx1(t-1) + bny(t-])

Xn-l(t) = -an_1x](t—1) + xn(t—1) + bn_]y(t—1)

>
S
—
=
~
1

x
Ny
—_
-+
~—
1}

-a2x1(t—1) + x3(t-1) + bn_zy(t-l)

It is clearly required to use past values of the input and output
to determine x(t).

The observer problem is simpified a Tittle if it is assumed that
the process is in steady state. Let the measured variable be yo
and the control variable u®. The state is then given by

x? = u°- dyo
o _ 0 0.0
X = (1+a])x] - b]y
0 _ 0 0 _ 0,0
X3 = Xy + X, b2y
0 _ 0 o _,0 .0
Xo = 3-1%7 T X421 bn-ly



to avoid that the state of the regulator drifts away. If this is
not done Targe excursions may occur when the regulator is switched
from manual to automatic mode. A similar situation may occur if
the actuator saturates. The phenomena are called seset windup in
the process control Titerature. Reset windup due to actuator sa-
turation can be avoided if the requlator output is limited to
bounds tighter than the actuator saturation and if the regulator
state is reset when the regulator saturates.

If the control variable computed by the regulator is outside the
interval (Tow, high) the state is reset to a value such that

x?(t) + dy(t) = high or Tow

This is equivalent to the following input-output description of the
regulator

u(t) = sat[Tyr TSy T e S Sy T (R-T)ul
Notice that this is different from
u(t) = sat (Tyr - s1y] - e - Smym)/R

This way of avoiding reset windup is easily coded. The code is given
in the procedure output. Notice that the simplicity of the code de-
pends on the chosen realization of the regulator.

If the state is reset in the way described it is also very easy to
obtain a bumpless transfer between manual and automatic control.

BUMPLESS PARAMETER CHANGES

It is desirable to be able to change the parameters of the regulator
when it is running. If the regulator parameters are changed without
changing the state of the regulator there may be unnecessary changes
in the process. When the parameters are changed it is therefore use-
ful to reset the regulator state. This is an observer problem i.e.



If the

If the state is reset in this way it is easy to see that the control
signal will remain constant after a parameter change. The code for
resetting the state is given in the procedure init.

LOGGING AND ANALYSIS

It is useful when testing the system to have a running log of in-
puts and outputs. A simple algorithm which stores the 20 past values
of inputs and outputs has therefore been included.

For educational applications it is useful to include performance
analysis. There is therefore a simple algorithm to compute overshoot,
rise time and settling time.

SPECIAL FEATURES

In an educational application it is very instructive to show regu-
lator input and output on an oscilloscope. To obtain nice displays

a trig signal is provided. The trig signal is synchronized to the
sampling instants. It has the same sign as the reference signal.

It is useful to be able to take the inputs from other sources than
the standard A/D converter. The following convention has therefore
been adopted: Input channel numbers < = 15 correspond to analog input.
Channel numbers > 15 correspond to digital input channel (number -16).

DESIRED ADDITIONAL FEATURES

It would be desirable to include a panel for manual control with
corresponding changes in the software. It could also be useful to
include a rate limitation of the control signal and a control bias.
If a sufficiently long sampling period is used it would also be use-
ful to have a logging mode which writes the measurements and the
calculated control signal continuously.



3, OPERATOR COMMUNICATION

It was highly desirable to have a flexible operator communication.
The system should be easy to learn and easy to use. There should
be good facilities to connect the system to a process, to change
the connections, the structure and the parameters of the regulator.

The alphanumeric display has function keys and the features "block
send" and "protected areas". A form which contains all relevant
information about the requlator is displayed in protected mode.
This means that the form can neither be erased nor changed during
the operation. The parameters of the regulator are displayed on

the form in non-protected mode. The form is shown in Fig 1 with the

changeable parameters underlined.

BISCRETE MULTI-IHFUT~5INGLE~OUTFUT REBULATOR
RCas k u t= Tiad) % wo ~ Sliad ¥ wl ~ S2(a) % w2 ..,

BTRUCTURE ARG CONMECT IONS

Mumber of measurements ny = _2
Desres 0f polvnomials < = _1
Yariable/channel w8 wrs B wlS 1 wdS 2
SAMPLING PERIOD TG = 1. 808
FaRAaMETERS
lolim = ~1. @004
hilim = _1, 986
Regulator transfer functiond
Coefficient 5 1
polvnomial
RCad 1.8 a. 158
Tial 3,758 @, 8o
Slia) 2. 9E9 —-@, 158
520 al 1. 35@ -8, 278

RLIM

Fig 1 - The operator communication form.
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To change a number on the screen the operator simply places the
cursor in the appropriate position and overwrites the old value.

The new values are entered into the regulator algorithm by pushing
a function key labeled ENTER (-parameters).

The other keys have the following functions:

SHOW (parameters)
The parameter values are written on the display
RUN/STOP

LOG
The last 20 values of measurement and control variables

are written on the display
Show the last 20 values of inputs and outputs

ANALYSIS
Show risetime, overshoot, and settling time

EXIT
Leave the MISO Program

These functions are listed on a removable label which is placed
around the function keys. The layout of the label is shown in
Fig 2.

PARAMETERS|RUN
ENTER| SHOWSTOP

F1||F2||F3|[F 4| |F5||F 6| [F7[[F 8

LOG EXIT

Fig 2 - Label for the function keys.
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4, PROGRAMMING DETAILS

Some details of the program are given in this section. An overview

is first given. The major programs are then desribed. The storage
requirements are then given.

OVERVIEW

Most of the programs are written in PASCAL. A few procedures such as
analog input, analog output, and the real-time scheduler are written
in assembler. Some of the standard DEC software is also used.

The program is divided into two main tasks, a foreground process
which contains the regulator functions, and a background process
which allows operator communication.

PROCESS SCHEDULING

The scheduler is a simple “run-to-completion monitor" which allows

the background program to be interrupted at the sampling instants.
Once the foreground program is entered it runs to completion. This
means that the two processes can operate on a common stack, which
greatly simplifies context switching. The scheduler accepts the
sampling period as a parameter, and by convention the foreground
program is not run at all when the period is zero. The sampling period
may, however, be changed any time, and then the foreground program is
started immediately. The scheduler is described in [2].

MAIN PROGRAM

The main program looks as follows

begin
period: = 0;
tlog: = 0;
logpar: = true;

schedule (foreground, period);

Opcom;
end
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The variables period, tlog and logpar are initialized. When the sche-
duler is called with period = 0 it transfers control to Opcom, where
the sampling period and the parameters are entered via the display.
Once period is positive the scheduler interrupts the background pro-
gram Opcom and runs foreground at times specified by period.

FOREGROUND PROGRAM

The Foreground program does analog input, calculates the control variable,
transfers regulator parameters from the Opcom data area, and logs the
inputs and outputs. A synopsis of the program is given below.

Procedure Foreground

Procedure Requlate;
Function Adin (chan: integer): real;
{reads analog input}

Procedure Daout (chan: integer; value: real);
{sets analog output}

Function Ushape
{limits the control variable}

Procedure Output;
{computes the control variable from measurement and state}

Procedure Update;
{updates the regulator state}

begin {Regulate}
for i: = 1 to ny do y[i]: = Adin (i);
Qutput;
Daout (outch, u);
Update
end {Regulate};

Procedure Trigosc;
{generates a signal to trig the oscilloscope}

Procedure Parset;

{changes parameters and initializes regulator state}

Procedure Loguy;

{stores the control variable and the measurements in a cyclic file}
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Procedure Parchange;

{Transforms the parameters from the polynomial representation
to the state space form used in the regulator}

Procedure Wlog;
{Writes a back-log of the 20 past input and output values}

Function Readfunc: integer;

{Waits for the operator to push a function key and returns
its number}

begin {Opcom}

Default; Writeform; Fillform;
repeat

case Readfunc of

1:begin Readscreen; Parchange; Fillform end;
2:Fillform;

3:{Change the run/hold status of the regulator}

4:begin
repeat Writelog until Readfunc <>4;
Writeform; Fillform
end;

5:begin
analysisrequest: = true
repeat until analysisdone
{write the result}
end;
8:exit;
forever

end {Opcom};
THE DISPLAY DRIVER

The display is a Beehive B100-3 VDU terminal. Apart from sending
and receiving text in a simple fashion it has some additional
features (see [3]):

0 Protected fields, i.e. parts of the screen may be set in a
mode where they cannot be changed or erased from the keyboard.
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Procedure Analyse;
{compute risetime, overshoot, and solution time}

begin {Foreground}
Regulate;
Trigosc;
if newpar then begin Parset; newpar: = false end;
if logpar then Loguy
if analysis request then Analyse;
end {Foreground}

This is largely self-explanatory. The variables newpar and logpar
are Boolean variables which are set true by Opcom if new para-
meters are available or of a log is desired.

The regulator is run, the trig signal to the oscilloscope is set,
parameters are changed if newpar is true and the logged data is
displayed if logpar is true.

BACKGROUND PROGRAM OPCOM

The operator communication program, Opcom, runs in the background.
It is thus always ready to accept the operator's commands. The
program consists essentially of an initialization part which

gives default values to all the variables, and a repeated case-
statement which decodes the function keys and takes the appro-
priate action. A synopsis of the program is given below.

Procedure Opcom;

Procedure Writeform;

{Writes the protected areas on the screen. The form itself
is contained in this procedure}

Procedure Fillform;

{Writes the actual parameters in the unprotected fields
on the screen}

Procedure Readscreen;

{Reads the unprotected fields, i.e. the parameters from the
screen and also performs some tests. A1l parameters are
read whether they are changed or not}
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o Block send, i.e. the terminal reads the unprotected fields
off the screen and sends them. The block may be the entire
screen or just one line.

o Cursor control, i.e. the computer may but the cursor in any
position on the screen by sending a special code containing
the desired position.

o Function keys. When one of these is pushed a special character
sequence containing the number of the key is sent to the com-
puter. The function keys send even if the the terminal is in
block mode, where the keyboard normally works in a local mode.

These features are controlled with special character sequences con-
taining the ASCII control characters ESC (ESCape), STX (Start of
TeXt) and ETX (End of TeXt).

There exists no standard software to drive this terminal from a
PDP-11, and after considering different alternatives it was decided
to write a complete terminal driver.

The receiver part of this driver has two operating modes, "function
keys" and "text".

In the function key mode the driver waits for the function key
sequence, and decodes its key number. This number may be requested
by a calling program. Any sequence which is not exactly a function
key sequence is ignored by the driver. This means that if the opera-
tor pushes the SEND-key of the terminal the text will be sent by

the terminal but it will never reach the program.

Text mode is entered with a special procedure call and the driver
then gives the SEND command to the terminal. The receiver accepts
the text coming in, and when the final ETX character is received the
calling program is notified that text is available, and the driver
reenters function key mode.

A set of procedures is available to control the terminal from a Pascal
program. These procedures include facilities to return a function

key number, to position the cursor, to clear the screen, to put the
driver in text mode etc.
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DATA STRUCTURES AND SHARED VARIABLES

The global data in the MISO program is declared as follows:

nxmax=%; fmax number of reculator state variables?
nwmax=4; {max number of measurad wvariables?
tmax=2A; {lansth of loal

dmaxs=d} {nxmax+13

wyeactor=array L@, . nvmaxl of real:

wyector=array L1, nxmaxd of real)

matrix=arraw L1..nxmax, @, .nwmaxl of real;

Ristorw=array LH., tmax, 1..dmax] of real;

structure=reconrd
! inteser; € number of resulator state variables?
nw! inteser: {number of measured variableszl

outch: inteser: {outeut channell
inch: arraw L@A..nwmax] of inteser {input channels?
ernd;

parametar=reisord
fParameters of realization of reaulator on observable canonical

hilim: lolim: real;
at ®wvector!

b matrdix;

di wvestor:

end;
=1, 527 =tructursal
rl: P2 parametar:
hi hisztory;
X2V oxvector;
Y PVeCtor;
Ut real;

rerind, tloG! dntecer:
neWwrar. losrar: boolean:

The operator communication program has the following internal data

structures:
fivechar = arravy L1..33 of chari
oppar = record
{Imasge of parametsTrs ON OPETALOT Ccommunication screen
1= ~sampling period
hlim: Llolim —-bound=s on resulator output
T lw ~goefficients of polvnomial R
tzpoly ~epefficients of polvnomials T,51,52,83 and 543

Ttz reall

hdldim, lolim: real:

TRPOlY XVeCotor)

tapoly! array CB. . nymax: 8., nxmax] of real!
and:

name: array LB, . nvmax] of fivechar:
rrame’ fTivechar:
opl:opZinppar;

orzl,0oes2! structure!

1.0 dnteger:

ETTMEZZ: NaWwstrucs: boolean

v
x
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In both cases the variables containing structure and parameters
(the variables of type structure, parameter, and oppar) have been
doubled. This has been done so that the parameters may be double-
buffered. In the cases of Opcom the structure and the parameters
are read off the screan into opsl and opl. If all these numbers are
within their Tegal ranges they are transferred to ops2 op2. They
are then written on the screen. The old values are retained if an
error occurs. When ops2 and op2 have been updated, the following
statement sequence is performed:

newpar:=false;
S1:=0ps2
P1:=0p2
newpar:=true

The boolean variable newpar serves as a flag to notify the foreground
that new parameters are available. S1 and P1 are then transferred to
s2 and p2 by the foreground. s2 and p2 are the variables actually
used by the regulator.

This arrangement solves the problem of shared variables. The fore-
ground has strictly higher priority than the background. This means
that the assignment statements s2:=p1, and p2:=p1 in the foreground
program cannot be interrupted. The statements will on the other hand
not be performed until the background has finished transferring its
variables into s1 and p1.

The statement newpar:=false is necessary to protect against a
situation where newpar has been set true at an earlier occasion, and
the sampling interval is so long that the foreground has not yet
transferred the new variables. In this case it would be possible for
the foreground to access the variables s1 and p1 at the same time

as the background.
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STORAGE REQUIREMENT AND MANPOWER

The total storage requirements of the MISO package, including

TTY handlers etc is 7370 words. The regulator proper takes only
770 words including the assembler-written routines for A/D and

D/A conversion. The Pascal written part of the operator's communi-
cation compiles to 2400 words, and the support package for the
operator's communication takes 2900 words. The part which may be
labeled administration, which is shared between background and
foreground is 300 words.

The maximum number of measured variables and the maximum number of
states in the regulator are dete'mined by the number of parameters
which may be displayed on the screen, with 24 x 80 characters. At
present these Timits are set to four measurements and five states.
They may, however, be changed by just changing one constant de-
claration in the program. The total data storage requirement of the
program is about 600 words, where the Tog file takes 240 words.

The conclusion which may be drawn from these figures is that in a
situation where memory is the limiting factor, it is probably the
communication with humans rather than with the process which will
suffer.

The total manpower to develop these programs is estimated at two
man-months. Some parts of this work was on library routines, which
may be utilised in the future.
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APPENDIX - PROGRAM LISTINGS

Frogram MIS0O:

CMulti Input Sincle Dutput reculator for laboratory
experiments in sameled data and stochastic control,

Authors Karl Johan Asztrom. Leif Anderszon 1978-16-057
{bLOBAL DATA DECLARATIONSD

Conzt nxmax=%3; {max number of resulator state variablez)
nw@max=4: {max number of measured variables>
tmax=28; lensth of losl
dmax=&; {nxmax+1l3

Twre wwector=array [@. ., nwvmax] of real;

xvector=array L1..nxmaxl of real;

matrix=arrayvy L1.. nxmax.@..nvymax] of real!

history=arrav [B..tmax, 1..dmax] of real;

structuresrecard
n<: dnteser: {number of reculator ztate variables?
ny: inteser! {number of mesasured variables2
outch: inteser; {output channell
inch! arraw [@. . nwmwaxl of inteser {input channels?

e
parametar=racord
CFarameters of realization of resulator on chservable canonical form

Rilim: lolim: Teal:
a: Hvector;

by matrix
dr wveector:
end;
Var =z1,32! structure!
rL, 2t parameter;
ht history;
KD Kveotor:
v owvestor:
u: real;
perdiod: tlos dnteser)
newrar: logpar! bhoolean:
L STve et 4000 00e maas Sinn mve FeEE Se0e P44 S0ME Mans aNER Biwm mrw SEES ASS AS4s 4004 aBan vEwa TRAP 300 SRES S0ws abta Arad Abmk ress vEvE [RpE——, 4005 m0e 0eas meev hasn meve mas seas sees mors mbe Soon maak

{EXTERNAL FROCEDURE DECLARATIONS

Frocedure Formond external!

Frocedure Formoff: external:

procedurs Frotect! externals

Frocedure Unerotect: externall

Frocedurs Home! sxtsevnals

Frocedure Cursor horiz, vert! intecer ) axternal:
Frocedurs Clear: external:

Function Readfunct intesaer: externall

Frocedure Betzoresn: externald
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Function Screenok! boolean; external:
Function Rformi rireal! size!intsger ® integer: external;

§wessieme s v werw e s was e Head bt bt

Frocedure Opcom: 197816093

{Dperator’ 5 communication for the MISH packase
SubproGram structure:
Opcom
Writeform
Spaces
Field
Fillform
Rwrite
Delaw
Setsztruc
freadzocresn
Icet
REet
Fartrans
Writelos
Wlogl
and all the external procedures lizted abowve.
3
Tepe fTivechsr = arvawy L1..53 of char:
ORREar = record
CImace of parameters on operator COmMmMUNLCAtion sSCreen

S —zampling period
hlim:, Iolim ~bounds on resulator output
oly ~coefficients of polvynomial R
tspoly —cogfficients of polvrnomisalszs T.51. %252 and 5437
tz! real:

hilim,: lolim! ra2al:

TRoly: xvector;

tzeoly! arravy (O, nvmax, @, resmax ] of real:
end:

Var name! arravy L@, nwmax]l of fivechar:
rname! fivechar:

L X1

opl,orZioppar;

orsl:ops2: structure’

i» it dinteGger:

ETTME3IS, newstruc! boolsaan

Frocedure Writeform;
Var 4. d,mny! intecer;

Frocedure Spaces( it inteser )
besin

it 48 then WTitel ™ 714
end;



Frocedure Field{ i intecer 1!
begin

Uneprotect! Spaces(id Protect
end;

besin {WritseformZ
Formoff: Clear: Frotect:

A3

writel  DISCRETE MULTI-INFUT-SINGLE-OUTFUT REGULATOR 3 Spacesz( 38 )i

Spaces( 88 3

writel’ “1E, R ¥ 0 = T{a) ¥ vr ~ Si(at ¥ vl -~ S22 g) %

Srpaces( 241 Spaces( B0 3
Writel STRUCTURE AND CONNECTIONS 1@ Spaces({ 55 i
N =0ps2, nxd el =oRs2, nyl
writel’ 715, “number of measurements nv = ) Fisldd 1
write(’ ‘!5, “Desrze of rolvnomials nx = 7 1 Fieldll
writels 15, “Usariabledchannel us 73 Fieldll
Wrdtel WS S M Field(2n
for iv=1 to ny do besgin
Writel WA, T Fieldl 20
end; SmaceﬂiQS - PEmw N

i

13
1

)

writa{ hFLlNh FERIOD T = 7 3 Fieldld): Spacesi 52
qnaf&s(&@t;

Writel " FARAMETERSS 1 Spaces{ 7R 1

Wrdtel’ 7357 lolim = 7 3 Fisldi&) Spaces té1)=

writel “15, T hildm = 7 3 Fisld{s3 Spac
Wwritel 7iFf -’F&uu}san tranzfer function:’  Spaces( 47 1
Writel T h, Coefficient” i

for Ji=@ ta e do wrdite 8.7 o
18%m= )
annlwnﬁmial’ﬁiﬁp
ROy 7 iR, 1
nx do beadin
Fisldl A

LA Lo

el

L ff

B
R

o,
Jao4 e
T

cez{ 54 —~ 18%m- 1
=3l o nw do bao
writel T TS namael 40 chrd 1AE X, 7 { ol iy
for ii=0 to nx do besin
2045 Fieldi &

and:

Spacez{ D4 - 10%nx)
and!
Spacez! BAK S—nw 3 3
Spaces( 75 1
Fdeldldn

end ChWriteforml:

Frocedure Fillform;
Mar i, i) dintecer:

Frocedurse Rwrite{ rirezal
beGgin

& e
o X}

:-( "4"' .].-

es(ﬂbﬁ'



Riformir.&23

write( ri&!
13

‘&
end CRKwrite
Frocedure Delaw;
besin

write( chr{ 1778 che{ 177E 1 chr( 177E 1)
end:

begin f{Fillform2
Delav; Home: Delav;
with ops2, op2 do besin
write{ ny! 1, nxt 1, outch: 1)
for ii=8 to nv do writel inchL il: 2
Rwritel t3); Rwritel 10lim)! Fwrite! hilim )
Delaw:
for it=1 1o nx do Rwrite( reolwl il
for ii=B to nv do
for i1=8 to nx do Rwrite tspolel i, J 1
end {with oprs2, op2 dol:
Delavi:
if period?d then writel( RUN ¢ 3 else write(’ STORY )
end:

Frocedure Setstruci ny, nx! inteser 1}
war i, J' inteser;
besin
perind: =8 newstruc!=tru
orsl, nx!=nx! opsl, ny!=nv
with orl do beain
for it=1l to nx do rrolwljd:=@, 8;
for 1= to ny do
for Jii=0 to nx do tspolvli.ili=0,. 0
end {with opl do3l
end;

&

Frocedure Readscreen:

lLabel 999;

Const lo=-9999. @8 hi=9%%%,0;
Var 4i,J! integer:

Frocedure Iseti{var iiinteser) imin, imax! intecer) txt! fivechar ¥
var Jiintecer:
bhegin
readlnl J 3
if zcreenok then besin
if (J2=dimin» and ( i{=imax? then i:=]j
else besin
Formoff: Clear:
writel( ValUE OF 7, txt, DUT OF RANBE, 7 3
writel dmini 3,7 {= 7, txt,’ (=", imax: I I
ETTMESS! =TT Ue;
coto 9¥7
end end
else aGoto 99%
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end {Igetl;

Frocedure Rget{wvar rireal; rmin, rmaxireal: txt! fivechar
var s:real;
becin
readln{ =);
if Screenok then besin
it (=r=rmin? and ( s{=rmax?) then ri=3
else besin
Formoff: Clear;
write( " VALUE OF 7, txt,” QLT OF RANGE. M H
write{ rmin! & RFform rmin: &) ‘{= 7, txt,’ {= s rmaxi & RTform{ rmax. 431
ETTMESS! =tTue!
soto 99¢
end end
eglse soto 999
end {Rsetl:

besin {Readscreen
with orsl.orl do besin
Betscreen:
Icet{ i, 1,; nwmax, NTY 2 Iget( i,8, nemax,”’ HX ° x
if (i ny) or (J{>nx) then Setztruci i, i 7
2lse beaain
Iget(outch, @, 1, QUTCH );
for i'=6 to nv do Iget{ inchl i1, @, 28,7 INCH »
Reet( t=z, 8,82, 458.8,7 TS5 7 ¥
it =round( L3560, 8 ):
13i=4i/568, 8}
Reet( lolim, 1o, hi, " LOLIM 2
Raet{ hilim, 1o, hd. " HILIM 3}
for ii=1 to nx do begin
rnamelC S ] =chr{ &80E+]7 )}
Reet{ rrolvl il: 1o, hi: rname
end;
for i!=@ to ny do becin
for ji=8 to nx do beain
namal 1 LS5 1 =chr{ J+68E 3!
Reet! tspolvl i, i1, 1o, hi; namel i1
end
end
end
end Cwith opsl,orl dol:
A A
ifT errmess or not Screenok then besin
errmess: =true;
ii=Readfunc;
Writetorm
end
end {Readzcreeaend;

procedure Fartrans:
var i, j, s ny! dntecer:
rt real:



besin

N =Opsd, Nx! nv:=ops2. nw!

with pl,op2 do besin
for Jt=1 to nx do aljili=rpolvlil:
r=tspolvlB.87:
dfL 81 =pr;
for ji=1 to nx do bLji. @i =tzpolvl8, jI-rkal il
for ii=1 to nv do begin

ri=tzpolwl i, @3]

dl il =1
for ji=1 1o nx do bli,ili=—tspolwvl i, jl+rkalil:
endi

end fwith epl.,op2 doi:
Ppl, lolim! =op2, lolim:
pl.hilim!=op2. hilim:
51 =0ps2

end {Fartransd;

Frocedure Writelos:
var i, ns Ny dntecer;

Frocedure Wlogi(k, 1! intecer 3;
var 4i,Jidintecer: r!real:
becin
for ii=k to 1 do besin
write(niS, " ‘< 3
for ji=1 to nv+2 do LDesin
vi=hli, i
writel” 34, rmi&Rformir, &30
and;
wWwriteln:
nt=nt+i
end
end €Wlogl 3

besin {Writelos?
ny': =32, ny;
writel’ Time u Wy
for it=1 to ny do writel” vy drl o
writeln! writeln:
n:=—tmax;
Wiocld tlos+l, tmax X
Wlogl(B, t1loag);
end {Writeloe:

besin L{0OFCOMZ
Setstruci{ 3,8 );
rname! =’ S
namel @1 =7 T 73
for it=1 to nwmax do besin
namel 4] = 5 73
nawmel 1047 =chr( i+&0E )
end;
for ii=8 to nwvmax do opsl, inchi ili=4i:

A6



opsl.outch! =8;

with opl do beain
tzi=1.8;
hilim:=1,6;
lolim:=—1.8;

2nd {with opl dol;

opdi=opl;

opsdi=opsl;

Fartrans;

Clear! writeln( Set zwitch in block mode

it =Readfunc:
Writeform: Fillform:
repzat
caze Readfunc of
1! besin
errmessi=tTalse;
newstruci=false;
Readscreen:

U

it not srrmess then becin

ops2i=opsl;
op2 =opl:
Fartrans;

Nnewpar: =true!

DT

if period @ then period!=roundor,

e2lze beain
r2i=pl; =
newpar: =%
end;

=z
1=

2
a

m i

it newstruc then writeform

end;
Fillform;
end;
20 Fillform:
! begin
Cursor( 23,76 0
if period=8 then becin

for it=1 to 32.nx do =x204id:=0.0;

periodi =round{ op2. t3/9.

Wwrite( RUN 7 ) 2nd
¢lze beain
pariodg: =
write(’ﬁTUP*
end
end
becin
Tepeat
logpari=fal
Formoff: LC1
Writelog!
logpar:i=trya;
until Readfunc (> 4;
Writeform:; Filltormi
end}
8 exdt)

e

8.
eanr;

B2

and striks

A7

a function kevy’ 3
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i
it

1

Twpe wwactor=array L&, . nvmaxl of real:
1

Var

]
]

¥ [}
[ R

NEt nEmax=D;

number of measured variablesl
erigth of logk
Ayl

1
i ax=d; m
: ]

"'l T o B !

wwyector=array L1, . nx<maxd of rsaa
matrixz=arrav LL..n«<max @, . nvmaxd of real:l
fidstory=array L@, ., tmax. 1L, ., dwax] of real
Ftrusture=vacord
=t dnteasr! 4
i Anteger
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the Tollowines

at
£
[}
W

.
Fﬁvegruund
RMesiilate
gdin { extarnal
Dateut
tzhars
Daout { external:
Update
Trigosc
Farsst
Init
Loguw
Opcom { externall 3

procedure Forearound;

procedure Regulatel var = xvector: var vivvector: plparameler;
ststructurelvar uireal i
Lhaloculate and limit control zienal and update recsulator stateld

var . didnte

14

[

i
=

™ot Tea

fTunctionn Ushapel u, Todldim, dlimt real s
bagin

“-
h1)

L L d then ushare!=l1laolim:
if u } hilim theaen wuzsharai =hilim:

Y wl:u:
besin
With =3 oo

brgEin
i1

=i dl 4 1#"( i1
2 then wWiomel 3 Jewd
arel w loldme bdLam 3
i thern =L L1 =yl

o
enc) THOteut Y

hﬁﬁiﬁ

=

=1 =w i
With v,z do
becin
Foor 2=l To e oo



ATl

begin
Wi gl 4 d#H el
Tor 1= to

Ny o

Wi ol e 3 90D 10
it din= then =L 4idi=wenli+1] =
e}
2rils
gnd: dlpdatel

wi 4 =i

."’_Hﬁjﬂij?

i )

amugt! ot ah. u 3

it nx @ then Uodsted
and:
znch CRegulatae’

procsdore FPar
fChangs Tegulz

T
Tor parameters and inditializse regulator statel

ﬂ.- 1]

i
-
u,r

procedure Indtiu reallvivyweotori e
initialize vesulator state under assumption that » and u have
conztant
Var Wireall dsdtintecer!
hesdin
Wwith =, 3 do
DeEin
Wl 3 el B
for ii=1 to ny do
(NHECREE [N E L N
ot N RN
for =2 to nx do
eain
wiomsiD i1 38
Tfor Jdi=1 to iy o
ta&gizln
NI« THIE R AP I - L M H
w43 =t al 41 TR0 L 3

AeTET 3 StrUotuTal war = sV eotar
&




end
end
end
endi{Inditd:

beginiFarsets
s2t =51}
p2i=pl;
Inditl usw, P2y s, =28
newpari=talzse;
end: {Farset

prrocedure Locuw!
£5tore control vardiable U and measurements v 4in
currant time is at i=tloe eprevious samelins at
wvar il dinteser!
besin
tlost=( tloa+l » mod { teaxt+l 3}
B tlos. 13 =u:
for i:=8 to 2. .nv do
he tloG: i+2 3 =wii i 1}
end! {Loguwy 3

A2

cyclic Tile called b4, 313

i=tlos—-17

{:. o

{CODE FORERROUND 2

besin
Reculatel ¥, w, P2, s, u M}
Tricosc!
it newpar then Farset)
it logpar then Losuy:

end; {Foregroundl

{COGE mMAalN PROGRARMZ
beain
reriod: =@;
tloa: =8;
lograr! =trueg;
Schedulel forearound, period);
Opcom:
end, CMIS0O

SO



