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i. INTRODUCTION

A block diagram of a self-tuning regulator is showh in
Fig.1. The regulator can be thought of as composed of two
loops. An ovrdinary control loop with a process and a
regulator. A tuning loop composed of a parameter estimation
and a contvrol design.

In the particular implementation describaed in this paper the
control design is based on spectral factorization and
solution of a linear palynamial esquation. A useful property
af the LOG self-tuner is that the only parameters which have
to be axternally adjusted are the waeighting between autput
and control earror and the sampling period. Thera are also
passibilities to datarmine the sampling period
adtomatically.

Tha general principles of these types of salf-tunaers are
discussed in Astram (i980a). An LGG self-tuner for a special
case whichh adwmits analytical solution of the spectral
factorization prablem is given in Astvom (1950b). Other
implementations of the LGG self-tunayr based on solution of
the Riccati equation are given in Astrvom (1974 and
Gustavsson (19303,

The veport is ovganized as follows. A review of the LAG
design for systems with known parameters avre given in
section 2. A brief summary of the recursive parametar
estimation used is given in section 3. Section 4 deals with
practical problem related to implementation and coding.

Design Estimator [

Regulator 1 Process y

Fig_1. A block diagram of a self-tuner



Results of some experiments performed with the self-tuner
are given in section 5. Conclusions are given in section &.

This repart is the last in a series of three reports on
LEG self-tuners for SISO processes. The other two are listed
in the references, see Zhou and Astrom (1251a3 and (1781b3.

The authors would like to thank Rolf Braun who provided
us with photographs for this report.



2. THE LG DESIGN

Consider a single-input single—-output system whose
dynamics is described by

acz Lyycty = Bz DHucey + ez Hectd (2.1)
Let the criterion be ta minimize
. i m 2 2 -
E lim ——— L y“(k) + o u (k) 1 (z.2)
toe t k=1
The optimal feedback law can be expressed as follows
Rz Dyucty = cez Hu o) - sz hiyer (2.3)

c
The polynomials R and S are determined by a two step

procedure. The characteristic polynomial of the optimal
closed loop system is first gbtained as a solution to the
spectral factorization problem.
- - -1

P{z3P(z »V = o A{zZ}A(= uu + B(ziB(z (2.4)
where p is the weighting factor in the criterion (2.2). The
palynomials R and S are then obtained from the solution of
the linear polynomial equation.

|H - — - -— -—

Az IR(z Hu + B(=z Humnu wv = P(=z uunﬁm »u 2.5

The equation (2.5) has many solutions. The particular

solution with

deg S deg A - 1

deg R deg B - 1
is chosen if the degree condition
deg ( P+ C ) { =deg A + deg B - 1

holds. See Astram (17792) and Zhou and Astrom (1931bH).

The spectral factorization problem is solved iteratively
using the recursion

P = IWI CP + X 1
J+1 2 J J (2.7)
where X is given by
J
-1 . -1 -1 . -1
P (23X (z ) + X (2)P (z ) = ¢ A(z)A(z 3 + B(z3B(z

J J J J (2.8)



If the iteration is started with a stable polynomial the

sequence { P } will converge to the desirved solution. In
J

practice only a few iterations are requied. One to three

iterations are used in the program. The polynamial P from

the previous step is wused as a starting point for the

iteration.

Equation (2.3) is solved using the cowmplex integrals

1 eACz)A(z 1) + B(z)B(z 1y dz
IC) = - % e (2.9
2ni -1 e+1
P (2P (z -4
J J
Introducing
X =1 xo. an? xr uﬂ
3 s
p
D13 Hu
P 2p
~ 1, (83
B = J J
h =
p 2p .e 2
| ks k—1.3 _UO-..._ |
and T
I = C ICO¥y .. 9 T(kY 1
the solution can be written as
X= P 1 (2.10)

J
Formula I{(L) has two versionss ohe is accurate and another

is a reduced version. See Zhou and Astram (1981a).

The diaophantine equation (2.5) has a general solution:

-1 -1 -1 -1 -1 -1
R{z 3 E(z P(z 3C(z 3 + G(z 2Viz

-1 -1 -1 -1 -1 -1
mnww ﬂnNuvnNunva+IANu<me

where Ey Fy G and H come from a linear transfarmation

EF A1lO0O 1 EF
- (2.12)
G H B O1 O GH

with the relationships

(2.11)
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-1 -1 -1 -1
Az JYE(z ) + B(z 1z 3 =1
(2.13)
-1 -1 -1 -1
Az G6(z ) + B{(z JMH(z 3 =0
which is solved by an Euclidean algorithm. See Kucera(l979>.
-1 -1 -1
If a common factor exists in Az ) and B(z )» say moaN PR}
the linear transformation gives
E F AB 1 0O B E F
i 1 10 o 1 1
G H BB O 1 O G H .
1 1 10 i 1

mﬁ. ﬂn. mp msn IH mHmDm:wnﬁnqﬂ:mmeﬁms »w msa mﬁ mﬁﬁmﬂ

cancelling the common factar from original system.

The minimum degree solution of (1.4) is given by

-1 -1 -1 -1 -1
Ri{z 3 = ECz P(z )JYC(z ) div G(z 1
(2.14>
-1 -1 -1 -1 -1
S(z » = F{z P(z JC<z 3 div H(z 3
If the degrees condition
deg P { = deg A + deg B - 1 (2.15)

holds: then R(z '3 and Stz 13 are unique. If ¢2.15) does nat

holds the minimum degree solution for maulpu is chasen.

Pole_ Placement

It is clear from the description of the design algorithm
that a pole placement self-tuner is obtained as a
by-product, simply by specifying the polynimial P instead of
determining it from spectral factorization.



3. PARAMETER ESTIMATION

The estimation is based on the mode (2.13 by means of an
extended Ileast squares algorithms Panuska (19693. To
describe the algorithm introduce the notations

A T
B =f a v..%@a 1B v..1H 1€ .. 1
i n 1 m 1 3

@lE? = £ —yit=1)s. . v—ylt-ndrult-1dr.. ult-md>»

g(t—13r..rs(t-2> uﬂ

whare (t+1) = y(t+1) - Gan+uw4mnﬁw.

The extended RLS algorithm is given by

A A
BCt+1) = BLEY + K(t+1) e(t+1) 3
Pty plt+1)
K(e+1) = - —
1 + @it+1) P(E) @t+1)
T

PCEY @(t+1) @(t+1) P()
Plt+1) = £ Pt - - Y /A

1 + @Ct+1) PCEY @lt+1) ]

(3.1)

whare the factor A is introduced to discount past data when
parforming the estimation.

Ta avoid the problem of levels the estimation can also be
based on ditferences aof the parameter aof the model

acz 1y gycer = Bez™h wucey + ezl vectd (3.2
whare ¥ is a difference operator.

Int roduce
ity = £ -Vy{t-1dr..9=Vy(t—nd »Wu(t—13y..9vVult—m3>»

Ve(t—131..99=(t—-2> uﬁ
then (3.13 also holds.
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4. IMPLEMENTATION

All programs required for the self-tuner are written in
Pascal for DEC LSI 11/03. A simple real time schedulers
Mattsson (1278 which allows the use of a foreground
program for on—-line control and a background program for
operator communications was used. The program listings are
given in an Appendix to this report. A brief description of
the program is given here.

The foreground program pervforms the recursive parameter
estimation and the regulator design.

The background program initializes the algorithm. It also
allows for aperator communication using a simple command
driven interaction.

The following commands are available:s

HELP lists available commandsy parameters and
input—output channels.

DISP displays the curraent values of experimental
parameters on screen.

PAR changes the parameters.
RUN starts the self-tuner.
STOP stops the self-tuner.

STORE stores the references control and output signals in
a file.

RESULT stores the estimated parameters and regulator
parameters in another file.

The source code is about 1400 lines of Pascals including
comments and declarations. Some details are given in Table
1. The total program size is about 40 kbytes. Examples of
computing times which executaes threse iterations of spectral
factorization are given in Table 2.

In the coding flexihility and readability has been
emphasized rather than compactness and speed. It is of
interest to compare this implementation of the LOG
self-tuner with others. An implementation based on the
solution of Riccati equatian was given in Astrom (1774). In
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this implementation there was no operator communication. The
pure forsground code compiled into about &8 kbytes on the
PDP-15. The program was transfarred to PDP 11/03 by
Gustavsson (1980). Operator communication was alsa added in
this implementation. The source code for the program was
about 1400 linesy half of them are comments. The compiled
caode vegquired about 40 kbytes. OFf these about B kbytes was
required for the pure foreground.

It thus appears that implementations basad on Ricecati
equations and polynomial manipulations require about the
same amaount of code. The mininum size of a dedicated
implementation with no operator communication is about 2
kbytes.

Table 1 —— Size of sourcae code including comments and
declarations.
Program Number of lines
Foraground T73
Estimation 37
Spectral factorization i44
Linear polynomial equation 275
Background &048
Table 2 —— Executian time.
deg A = deg B = deg C = n
n t (sec.?’
1 0.18
2 0.2
3 2.35G
a4 0.20
5 .22
& 1.78
7 2.50
8 2.38
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S. EXPERIMENTS

tested extensively by cantrolling

The LG0G self—-tuner was
A selection of the results are

several laboratory processes.
given in this section.

Concentration_Control

A simple laboratory process for concentration control is

shown in Fig.2.

The process consist of a tank with wmixing and pipes. The
dynamics of the process can be approximated by time delay
and first aorder dynamics. The time constant is only slightly

larger than the tiwme delay: see Fig.3.

gain of the process also varies with the
A static characteristic of the process

value of the gain will also
the

The static
operating conditions.
is shown in Fig.4. The absolute
vary with the concentration of the salt solution in

storage tank and the flow of fresh water.

To control a process with the dynhamics of the salt process

I
}
III

I

I
il
1l

|

|
]

i

|

Fig 2. Laboratory process for concentration control with the

DEC LSI 11/03 computer.
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60 120

Fig 3. Step rasponse of the process.

Fig 4. Static characteristic af the process.

13



i4

it is necessary to have integral action. This is forced into
the LGEG self-tuner by changing the ordinary diophantine
equation by

AVR+BS=PT

1
where ¥V is the difference operator
v=1-2"!
Because air bubbles in the pipe cause a measurement
disturbances a filter is used:
0.2
Fis? = o763
The experimental parameters were chosen as follows: h =10 s,
g = Sy and A = 0.946. The estimated mathematic model and the
corresponding regulator parameters obtained at state
condition are given below.
ACz) i -0.4195
B(z) 0 -0.0435% 0.0714 0.1709
PCz) 2.2649 -1.1824 —-0.000%
C(z) i
vV R(z) 2.2554 -0.2064 -0.7812 -1.46746
S(z) ?.9852 -4.1107

The zeros of polynomial P(z) are 0.522%2 and -0.0008. Typical
experimental results are shown in Fig.5. The experiment

shows responses to changes in the command signalss to load
disturbances and to flow disturbances.

v 2y 3 C D m r
51t
N.m._ e
0
. 3 A W
u L 120 240
m -
|
2.5 ..T
—
z L W
0 1290 240

Fig_S. Experiment results of concentration control.
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At A the closed loop systemnm starts from zero initial
values. At B the reference value is changed from ©0.2835 to
0.37 and at C from ©0.37 to ©0.27. The curves show clearly
that the system designed by LGEG responds well to step
conmmands. At D a load disturbance is generated by injecting
a high concentration salt solution for 2 seconds. The
response to flow changes is shown in E and F. At E the flaw
is increased by 30Z and at F it is again reduced to the
nominal value.

The curves in Fig.5. show clearly that the regulator
works very satisfactoy in all cases.

Process_Simulation_on_Analog_ Computer

The concentration control problem is by no means the most
natural application of LBG theory. After all the LGG control
attempts to minimize a lossfunction for a linear system in a
noisy enviroment. To allow a flexible way of testing the
algorithm under a large variety of circumstances several
experiments were performed by simulating a process on an
analog computer. The experimental set up is shown in Fig.é6.

The process with the transfer functian

mﬂ V - nl
= S(s+17 Soeig

which may represent a motor drive or simple ship steering

Fig__4. Experimental set up for simulation of process
dynamics on an analog computer
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dynamics is easy to control. A proportichal regulator with
unit gain gives e.g. a good response. Now consider the
process with the transfer function

2

-~

"]

G(s) = = 5 (3.2)
s(s+1) (s +2Lus+w )

This can be regarded as the system (5.1) with additional

high frequency dynamics added. If the system with the
transfer function (5.2) is cantrolled with unit gain
feedback: the following criterion is obtained with the
Routh-hurwitz criterion.
2
(2w - w)w — 13 > O

Far w > § we thus get

£ ) e

2w
The LGG self-tuner works very well even for £ ( INWI B
‘le
A simulation with parameters h = 0.4 s. w = S5y £ = 0.01»
g = 0.01y and A = 0.98 is made. The simulation results is

shaown in Fig.7. The step respanse of the closed loop system
for process (5.23 when p= 0.05 is given in Fig.8.

() y M AN P TN AN TS N A P AN NN AN Aoy N A N

Logid g L1 ke s | 85 Bt £
g, W B ea S at ¢ e s 2y Jaadiny ks big Y Al ek
L m_:..-ﬂﬂﬂlqnm.wu.ﬂw-m. et S i b SR e = ..m,.wu.w.mn P S nm-.n...!mtwwuw%.w.w,l =3 ,rt wuur\wn_mm. ey

A X Pt .
v ViAot A, o L M A N AL N, A
(B) ¥ f L b T s Y £;a§$3#%?1§)2.J?}K%Jﬁéﬁ?.gﬁiiﬁiiJ}

0 10 20
Fig_7. Simulation results.

T A. Output and control signals of Process (5.1).
B. Output and control signals of process (5.2).

30
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u ! _ _ ]
20 0| f _~ | |
P * _ _
0 i wrlw ﬂ| j mﬁmw1|Wtaw14 80 °
| | |

Fig 2. Closed loop response of process (J.2).

Ship steering is a good candidate for LOG cantrol. The
ship dynamicsy Astrom (1981)s is given by a state equation.

a a (8] b
4 v 11 iz v 1
== v = a a 0 " + b &
dt 21 22 2
v 0 i (o] v O
The transfer function from rudder & to heading ¢ is given by
Blosh w= === NSHON___
s(s+al (s+cl
= =g - -82B (5.3
s(s+a) s+C
where the constants ks a» b and © used in the simulation are
chosen as: k =1y a = 0.37s b 1.4y and e = 2.34. The

simulation is performed with h = 0.3 s+ as in Fig.9.

0.2
where F(s) = =% [OF
D(s?» =1
e(t) —— white noise.
w(t} —— triangular wave.

Output and control signals from some of the experiments are



w
e }
- F(s) pP—=0
H 4
— Di{s) —=@—= G(s) —
Fig_%. Process G(s) in simulatian.
(2) 7 RPN s e gt

R L .L
u »._._,ﬁhwr ﬂmj.wjfﬁ

(b)

Fig_10. Simulation
A. Na=2Z,
B. Na=Z,
C. Na=2,
a. White
b. White

L] -~
g shstihaall

c___q..,__. u,_‘ﬁg_.u_.-_._._»_h ___, q___,__. _ﬂ..¢

E T e
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;

results of ship steering dynamics.

Nb=2sy Nec=0,s p=0.14.
Nb=3s Nc=0, p=0.14.
Nb=3s MNc=0, p=0.01.
noise disturbance only.
noise + sea wave.
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shown in Fig.10. These results include simulation without
(a) and with wave disturbances (b}. Results using different
model structures and different control weighting are also
shown. The sinmulated wave distuvrbance had a period of 12 s.
An attenuation of the wave distuvbance by a factor of 3-S5
was observed. The sampling pevriod used was 0.3 s. A
camparison of Fig.10A and Fig.10B shows that there is an
incentive in increasing Nb form 2 to 3. The reasaon for this
is that Nb = 3 corresponds to a time—-delay which adwits an
approximation of higher order dytnamics. The benifits desired
from increasing Nb  from 2 to 3 are smaller if the sampling
period is increased. Fig.10C finally shows that tighter
control is easily obtained by reducing the control weighting
¢- Notice that the inccrease of control action is very
marginal.

If there is an integral action in the regulator the
simulation results in the case of long period sea wave is
very satisfactory. Fig.1ll shows the results with different
periods of sea wave. The experimental paramsters were:
h = 0.5 s p =0.14y Na = 2 and Nb = 3.

=
Nl

12 s. = = i
w S Hi 30 s. HSlHoo S. white noise only

Fig _11. Simulation results of ship steering by LE&G
self-tuner with an integral action.
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Experiments on deterministic processes: Two processes
with the transfer functions

G, (s) = Sw===g

and

G_(s) =
b 2 _

s +ZLws+w
are tested. The effect of different weighting factors ¢ for
the processes are shown in Fig.12 and Fig.13. An intervesting
behaviour of the self-tuner appears when the parameters of
tested processes vary. Fig.14 shows that the tuning is very

b

satisfactory when the process 1 changes to -—-———-—- and then

The process Z with zouu is tuned even more success-

fully when changing the damping factor § with wvalues from
0.2 to 0.0 and then finally to -0.2. See Fig.15.

= b

to ml




21

v r=25 _ r=2.5 _ r=0.25

1 1 1

—— -

v (s+1) % _ - s(s+l) _ 52

o N S A VY W R O s
|4* | r||¢ﬂ»oo,r||g /Y dgo J r1||g

S —

|tM!rrﬂlllﬁr||ﬁ1|u/»oox A w\l@»g %Woor. ﬁ,

Fig__14. LGG self-tuner working on the process 1 when

parameters vary.



==0.2

Fig _15. LEG self-tuner working on the process 2 with

different L.

Experiments on Stochastic Processes: The disturbance in
processes simulated is a econtinuous white noise. These
examples are

2

G, (s> = (s+1) and D,(s) = 1.
G (s) = (s+1) 2 and D (s} = 10%¢s+105 .2
and ~1 3
G_(s) =5 (s+1? and D_(s)» = 1.
3 3
See Fig.?.

Fig.1l6 shows the effect of changing weighting p. The
estimation is based on model (2.1) with Na = 2y Nb = 2,
Ne = 1 and h = 0.32 s.

Fig.17 shows how the system in example Z beshaves without
and under control. The parameters are Na =2+ Nb =3y p = 0.01
and h = 0.4 s.

Fig.12 shows a simulation of adaptive cantrol of the

process 04. The following parameters were used: Na = 2y
D

Nb = 4y p = 0.01 and h = 0.4 s.



(A) 7 AN WM s A A

a 525?;?{11;

o it pobi bk L
u _\mw., il ,_.ucm. qw.,*._hm_n_r .T;m.m._, f;m,_%

A. ¢ = 1, C. ¢ = 0.01.

g A N M AN

(a)

(B)

Fig_17. Simulation results of example 2.
A. Without controls B. ¢ = 0.01.

23



Fig 1&2. Simulation results of example 3.

24
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4. CONCLUSIONS

The experiments derived from this implementation shows
that the LOG design is a fruitful approach to self-tuning
contral. The polynomial approach is very convenisnt since it
admits simultaneous implementation of pole—placement and LQG
control. It is elear that there may be numervical problems.
Selfguardes must be introduced to obtain a robust algorithm.
Examples of such safe—-guards have been given. Whan programed
in ONSI Pascal on DEC LSI 11/03 the code is about 40 kbytes.
This includes an interactive operator communication which is
about 20 kbytes. It is thus a reasonable balance between the
oparator communication and the control algorithm. A stripped
varsion af the pure foreground algorithm can probably be
squezed into 10 kbytes. Execution time admits a sampling
rate of 3 Hz for a second order model. For an eigths order
wmodel the sampling period wmust reduced to ©.3 Hz. No
attempts have been made to speed up the caode but there are
some margins for improvement. The experiments performed show
that it was esasy to put the algarithm in operation.
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APPENDIX

PROGRAM LISTING

PROGRAM SELFTUNERS

{ Authaor Zhou Z.Y.
Bata May. 1981.
Raferances
Zhou Z.Y¥.{(19203: A Microcomputer Implementation of
Datalogging and Recursive Least Sgquavres Estimation.
Zhaou Z.Y. and Astrom K.J.(1921): Polynomial Factorization
Using Recursive Formulas for Complex Intagral.
Zhou Z.Y. and Astrom K.J.(1931>: Regulator Synthesis
Based onh Polynomial Manipulation.
Mattsson S.E. (197832 A Simple Real-time Schadurer.
Kycera V.{(127%>: Discrete Linear Control. Academia
Prague.

The program performs on—-line recursive least squares

{RLS> or square root (SR} estimation, spactral
factorization (SF} and regulator design (RD} for SISO
system. All results can be stovraed in files

if respective logging command is given. The control
algorithm 1is based on pole-placement or linear
quadratic control.

The program consists of these files:

FG -— foreground program.
OPCOM —- operator communication and main program.
RD -— vregulatoyr design which cantains

£S - estimator
SF - speectral factaorizations and
RC - radulator calculation. >

{ GLOBAL DATA DECLARATIONS )}

canst n=103%
m= 5%
1=30%

type specificationtype=record
tsampylambda:porpyrepsrlorlolimvhilimraasabibasbby
pzrpaspbrporpdspetreall
narnbyndrniynpinsintintarntbryrchanyychansuchany
outchandelayb: integer’
logwminrsinitarinitbrinitprbooleans
and?j
palytype=record
z:arrayflo..nl of reals
d:integersi
ands’
vay specificomparispecificationtype’
asbrorprrysrtipolytype’
w'u.r.33¢3mu‘n.£.nm1wna.w<1.mc20qam1uw3ﬁmmm1«
yryywurfizarrayvio..nl of reals .
logarlogbrloguyrlogtslogrylaogsiarrayfO..mv1..11 of real}
ppiarrayio..n10..nl of vreals
glsaysireals
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newparsbooleans’
delutarvrayli..100] of real’

{ EXTERNAL PROCEDURE DECLARATION >

Function adin{chaniinteger):irealiextarnals

Function rform(rireal’ size:integariiintegeriexternall
Procedure daout(chansintegeri value:rsalliextarnalsj

Procedure schedule{praocedure FGJ var perviod:integer)iexternals
Procedure clksaveiexternalj

Procedure clhrastovejexternalsl

i END OF GLOBAL



Procedure estimation{y:reali var arbi:polytypalriextarnall
Procedure spectac{a b:polytype’ var pipolytypeliexternall

Procedure regdesign(a:bipolytype’d var visipolytypelisxternals’
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{ == =FOREGROUND }

Procedure foreground})

{ The procedure FG is organized as follows:

Adin inputs yri{t) and v(t3:i

Contral compute cantrol signal ud(t) from measurements
and regulator parameters of given processi

Daout outputs ultl)si

Estimation estimates the parameters of the processi

Spefac performs a spectral factorizations

Regdesign calculates the regulator parameters 3

Pisplay display parameters of estimation and reglator
on screen’

Logdata prepares data for store in files after runningji

delayuy delays the output of control signalj

Updata updates input and output for next step.

{

Procedure cantrols
{ computes control sighals u(t? from measurements ( yr

and y )3 regulator parameters T(z) s R(z)> and S(z). 7}

var tOsps+bsiveal?t
begin
with specif do begin
ulz=03%
bs =03} for i:=1 to b.d do bssi=bs+b.z[il}s
psSi=0% tor i:=0 to p.d do psi=ps+p.z[il}
t0:=ps/bs}
for i2=0 to t.d do wuili=ul+t.zCil*yrfils
ulz=tO*ulj
for i:=0 to s.d do uli=ul-s.zCil*#y[il}§
for i:=1 to vr.d do uls=ul-r.2zfil*ulil}
uli=ul/vr.zLO13
ul0li=uls
if ui{lolim then ufOl:=lolims’
if uldhilim then ulOl:i=hilim?
ends?
ends £ of control 2>

{

control}

Procedure displayi
{ displays parameters of the process and the regulator
on screen ¥
begin
with specif do begin
it g=ns then begin
writeln(’point? sk>5j
write(®' ACz) 733§
for i:=1 to a.d do begin
write(’ TS write(a.zfil:5:4)3%
ends’
writelns
write(' B(z) "33
for i:=1 to b.d do begin
write(” PR write(b.=z[il:8:4)3%
ands’

display’



writelns
write(™ P(z) "33
for i:=0 to p.d do
write(’ DR |
ands’
writelns
write(® T(z) "33
for i:=0 to t.d do
write(’ TYS
ends’
writelns
write(”™ R{(z) "33
for i:=0 to r.d do
write(’ T)s3
ends’
writelnsi
write(' S(z) "33
for i:=0 to s.d do
write(’ DR
ends’
writelns
write('™ ul u "33
write(’ T)§
write(” T)E
writelns’
q:=0
ends’
q:=q+13
end?’
end’ £ of display 2>

begin
writel(p.=zfil:8:4)3

begin
write(t.z{ili8:43%

begin
write(r.zfil:8:43%

begin
write(s.z[il:ig:4>%§

writecul:5:4)5
write(ul0l:8:435%
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£ i logdatal
Procedure logdatajd
{ prepares data and parameters from k=nta to k=ntb for
store in files after running %
bagin
with specif do begin
far i:=1 to a.d do logaliwwl:i=a.zf{il}
far i:=1 to b.d do logbfiywl:=b.zfil}
loguyfOswlz=yrL[01}% loguyflswli=yvi0l5%
loguyifZ2swlai=uls loguyf3swls=ufl}
for i:=0 to t.d do logtliswli=t.zEil}
for i:=0 to vr.d do logrliswls=r.zf£il}
for i:=0 to s.d do lagsliywlsi=s.zfil}
wi=w+1
end
end; £ of logdata >
{ updatal

Procedure updatas

{ updates input and output preparing for next step }

var bl-b2ybssnxm:reals
begin
with specif do begin

for i:=t.d dawnto 1 do
for is=a.d downto 1 do
for i:=b.d downto 1 do
far i!=sumorder downto
fFillle=yi2)-y£115%
fila.d+1l:=ul1l-ul21%
fifnab+11l:=eyj

yrfile=yvrEfi-135§
yfils=y[i-113
ufils=uli-1133

2 do FiLile:=FfiCi-11%



end
end? { of update X

{=
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Procedure delayu?l
{ delays output u for record. }
begin
with specif do begin
far ii=nd downto 2 do
delufils=delulfi-115§
delulfll:=ul0ls
daout (Osdelulndl)si
ends
ends

{

delayu’

{ CODE FOREGROUND X

begin
with specif do begin

yri0ls=adin(yrchanlsj

y[0l:= adin(ychan’}

estimation(ylO]l-yEl1l-asb35§

if initp=false specfac(abypli

regdesign{asbsysrisi i

cantrols

daout (outchan»ufol);

displays

if log then
if (k¥=ntal3 and (k{=ntb) then

delayus

updatasl

ki=k+13

if newpar then begin
specifi=compars’
period:=trunc (S0*tsamp’i
newpar:=false

end

end
endj { of foreground ?}

logdatas

CODE OF FOREGROUNDX
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PROGRAM SELFTUNERS

£ Author Ihou Z.Y.
Bata May. 1981.
References
Zhou Z.Y.(192303: A Microcomputey Implementation of
Batalogging and Recursive Least Squares Estimation.
Zhou Z.Y. and Astvrom K.J.(192813: Polynomial Factorization
Using Recursive Formulas for Complex Integral.
Zhou Z.Y. and Astrom K.J.(12213: Regulator Synthesis
Based on Polynomial Manipulation.
Mattsson S.E.(197533: A Simple Real-time Schedurer.
Kucara V.(197%3: Discrate Linear Control. Acadeaia
Prague.

The program performs on—line racursive least sgquares
{RLS> or squara roat (SR> estimations spactral
factarization (SF} and regulator design (RD)> for SISO
systam. All vresults can be stored in files
it¥ respective logging command is given. The cantrol
algorithm is based on pole-placement or linesar
quadratic contvrol.

The program consists of these files:

FG —=— ¥foreground program.
OPCOM —- operator communication and main program.
RD —— ragulator design which cantains

ES - estimator,
SF - spectral factorization, and
RC - vredulator calculation. )

£ GLOBAL DATA DECLARATIONS Y

canst n=10%
m= 53
1=303%

type specificationtype=racord
tsamprlambdarporpyrepsvlorlolimshilimraarabrbarbby
pziparpbrporpdripesreal §
nasnbyndinisnpinsyntintarntbryrchanyychansuchan,
odtchanrdelayb: integer’
lagyminvrinitarinitbsinitprbooleans
endsj
polytype=vrecord
z:arrayfO..nl of reals
d:integer?’
ends;
vay specifrcomparispecificationtypes’
arbrorprresitipolytypes’
irgrkytmynabygowrperiodriyrisumorder: integers
yryyrwursfizarrayfo..nl of reals
loga+logbsloguyslogtslogrslogssarvayiO..mi1..13 of reals
pprarvayfO..ny0..nl of reals
ulraytreals
nawpar:bogleans’
deluzarrayll1..100]1 of reals

{ EXTERNAL PROCEDURE DECLARATION >

Function adin(chaniintegarl:realiextarnalj



Functian rform(rireal; sizesintegerisintegeriaxternals’
Procedure daout(chan:iintegeri value:rsalliexternals

Procedure schedule({procedure FG8§ var period:integer)iexternals
Procedure clksaveiexternals

Procedure clhkrestorejexternals’

£ END OF GLOBAL. }
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{

== oPCOMY}

Procedure Opcom)

{

The procedure OPCOM is organized as follows:
Inilialize recaoghizes identifiers and initializes:
initestpar initializes estimated parameters)
initregpar initializes regulator parametersi
inituy initializes input and outputs’
initspecif gives specifications)
Help lists available commands.
Par modifies parameters:
getiden reads the identifiers)
get reads parameter if it is a reals’
take reads parameter if it is a integers
askboolean reads command if it is a booleani
initabps
arror gives a sensible orrvor message if in ervor.
Run runs the selftuner.
Stop stops the selftuner.
Disp display the current parameters.
Store laogs inputs and output.
error
Resultp logs estimated parameters.
ervor
Resultu laogs reglator parameters.
error
Exit stops the whole program and exits it into
computer. X

{ DECLARATIONS OF OPCOM X

label 7993
canst idlength=83

type

vav

blank=* "3

identifiertype=arvrayfl..idlengthl of charji

opindex={(xhelprxparixrunixstop:xdispyxstoresxrasultp,
xresultusxexitixlastopl i

asindex=(stsamprslorslambdassposspyrsepssslolimishilim.
shdyshnirsnsisntarssntbrslogrsminrisinitassinitb,
sinitpysnprspzrsparspbispersspdrspersnarsaasrsabs
shbyshassbbyssntisdelaybssyrchanysychansyssuchan,
soutchansslastas) s

errovrs={fewargismanyargnhanamespriervrrillfileinologlj

identifiersidentifiertypes’

operation: arraylopindex]l of identifiertypes’

assignwment:arvaylasindexl of identifiertypejd

xopiopindexs

sas:asindexs’

ch: charjy

logdataslogthetaslogreg:booleans

{4 PROCEDURE FOR OPCOM Y}

{

helpl

Procedure helps

{ lists available commands and information on screen »
begin

for i:=1 to 5 do writelns’

writeln(’ SIS0 Self-tuner’ )i

writelns
writeln(’The available cowmands avre as follows:’)3
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writelnsy

write(” ":4:’DISP’ 35 writeln(” *:12,'STORE’}}§
write(” *:4-"PAR’ )3 writeln(’® *313,"RESULTP');
write(® ?:i4-"RUN’)3 writeln(’ *:13,7RESULTU" )3;
write(’ 7":4,7STOP’ )3 writeln(’ 7312:"EXIT" 33
writelns

writeln(’ The parameters can be changed:’);

writelns

writeln¢’ ":4,’ TSAMP,»LO+LAMBDA+POsPY EPSINDINIINSsNT»
NTANTBsLOLIMHILIM 33

writelny

writeln(’The initial values can be assigned:’)3
writelns’

writeln(’ ?:4,’NA'AAABINBDELAYB1BAYEBINPPZsPAPBPCHPD-PE” )3
writelns

writeln(’The boolean variables are:’)}

writelns

writeln(? 7:4,°LOGMINRYINITAsINITBsINITP® )3
writelns

writeln{('The channels can be chasen:’ )}
writelns

writeln¢® 7:4,7 YRCHAN: YCHANUCHANOQUTCHAN’ 3§ writeln
end’ £ of help %

£ ervord
Procedure error(errierrors)i
{ gives a sensible error message ?}
begin
case erv of
fawarg: writeln(’too few arguments’}j
manyarg:writeln(’ too many arguments’)}
prierr: writeln(identifiers’iillegal value’)}
noname: writeln(identifiers’:illegal argument’)s’
nolog: writeln(identifiers’:log do not be reguived’’i
illfileswriteln(identifier,’5ill file’)
ends
goto 799
ends £ of ervor }

£ initspecifl}
Procedure initspecifs’
{ assigns specification ¥

begin
with compar do begin

tsamp:=13 loz=1%
na::=2z3 nbs=23
delayb:=13 nps==<3
nt =03 nis=33
nNs =507 ndi=104%
lambda:=0.9853 po:=1003
epsi=0.01% py:=13
lolim:=-13% hilim:=13
ntas=13 ntb:=303
yrchan:=03 ychan:=135
uchans=23 outchan:i=1}§
log:=falsej minr:=trues’
inita:=falses’ initb:=falses’
initp:=falses; aa:=0.001%
ab:=0.0013% ba:=0.0013%
bb:=0.0013% pz:=13

pa:=0.0013 pbs=0.0013%
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pc:=0.0011% pd:=0.0015%
pe:=0.001%
end}’
end; { of initspecif 2>

£ initestpar}
Procedure initestpars)
£ initializes ths i and p %}
begin
with compar do begin
for i:=0 to n do begin
a.z[i3:2=0.001%
b.zfils=0.001%§
p.zLil==0.001%
Fifil:=0.03%
for J:=1 to n do
if i=3 then pplisjli=po else ppLiyjl:=0.0j

end?
a.d:i=nasj a.zf{ol:=15%
b.di=nb3: b.z{21:=13
p.di=np?’ u.unou.uuu
if nanb then mmi=na else nimi=nbj
sumorder:=43% nab:=43
k:i=13% qQqi=13}
wi=13
ends’
ends’
£ initabp?
Procedure initabpsj
begin

with compar do begin
if na‘nb then nmi=na else nmi=nb}
if nmi{np then nmi=nps
a.di=naj
if inita then begin

a.zfi1l:=aaj a.zf2l:i=abs’
for ii=na+l to nwm do a.zLil:=03%
ends’
b.d:i=nb} b.zfb.dl:=13

if initb then begin
for i:=0 to delayb-1 do b.z[il:=03
b.zldelaybl:=baj b.zfdelayb+11:=bb3
for ii=nb+l to nm do b.zl[il:=

ends

p.d:=np3

if initp then begin

p.z{0l:i=pzi p.zf1l:=pas

p.zlf2l:2=pb} p.zE31s5=pci

p.2E4]1:=pdJ3 p.2L5]1:=peaj

for i:=np+1 to nn do p.zL{il:z=03%
ends’

t.di=nts
sumorder:=na+nb+nts
nabi:=na+nbji
ks=13 gq:=13
wi=13
ends’
ands { of initestpar >

{ e inituyl



Procedure inituys

{£ initializes input and output ?}

begin
with compar do begin

for i:=0 to n do beg
yrfil:=0.03
y£il:=0.03%
ufil::=0.03%

end’

in

for it=1 to nd do delulil:=0.03

daout(0:0.0)% daout

endj’

end: € of inituy >

(1+0.0)

{
Procedure initregparsi
{ initializes reglator parameters
begin
for i:=1 to n do begin
t.z0i3:=0.0%
r.zfil:z=0.0%
5.2£i1:=0.0%
ends’
t.d:=03% t.zEf01:=15
r.dz=03 r.zlDl:=13
s.d2=0% 5.z2[01:=03
end’
£
Procedure initializes
{ recognizes identifiers and initializes »
begin
aperationixhelpl:= *HELP '5
operationixdispl:= "DISP 73
operationlxparl:= ’ PAR T3
aperationixrunl:= ? RUN T3
operationixstopl:= 'STOP 'S
operationfixexitl:= TEXIT '
operationfixstorel:= ?STORE '3
operationixresultpl:= "RESULTP 7’5
operationixresultul:= *RESULTUD 73
assignment [stsampl:= 7’ TSAMP TS
assighmentfslol:= 'LO 'S
assignmentslambdal:= LAMBDA '3
assighment [spol:= PO TS
assignment{spyl:= '’ PY 73
assighmant [sepsl:= ’EPS ]
assignmmentfsloliml:= ’LOLIM TS
assignmentishiliml:= *HILIM TS
assignmentfsndl:= "ND TS
assignmentisnil:= "NI T
assighmentfsnsl:= NS M
assighmentisntl:= TNT '
assignment Lsntal:= "NTA MR
assignmnent Lsntbl:= "NTB '3
assignmentslogl:= *LOG 'S
assighment Lsminrls= "MINR T
assignmentfsinital:= 7 INITA T
assignmentfsinitbl:= 7 INITB T
assignmentfsinitplsi= ’ INITP T3
assignment Lsyrchanl:i= YRCHAN '3

37

initvregpar?

initialize}
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assighment [sychanl:= *YCHAN ’

9

assignment fsuchanl:= 7'UCHAN T
assignment Lsoutchanl =" QUTCHAN * §
assignmentEsnal:= ' NA '3
assighmentisaal:= ' AA T3
assighment [sabl:= "AB i
assighmentfsnbl:= ’NB T
assighment {sdelaybl:= "DELAYB '3
assignment [sbals= ’BA ]
assignment[shbl:= ’BB Ty
assignmentEsnpl:= NP T
assignmentispzl:= 'pZ T
assighment {spal:= ’PA T
assignment [spbl:= ' PB T3
assignmentispcls= *PC b
assignmentispdl:= ’PD TS
assignmentspel:= ’ PE '3
with compar do begin

initspeci¥fs;

initestpars

initregpars

inituys

specifi=compar}i
newpari:=truye
ends;
end; £ of initialize %

£ - skipblank}
Procedure skipblanks
begin
repeat read(ch? until (ch{)blank) or eoln
end’ { of skipblank

£ =i —getident?}
Procedure getident$
{ reads a identifievr from the terminal
begin
for i:=1 to idlength do identifierfil:=blank}
skipblanks
ii=13
while (ch)="A") and (ch{="2") and (i{?> and not eoln do
begin identifierfili=ch’
is=i+15
read(ch)
ends’
if (ch)="A"3 and (ch{(="2") then identifierfil:=ch
end’ { of getident

£ -takel

Procedure takef(var rnirealls
{ reads a number if it is a real >

begin

if ch=blank then read(rnlj}
if (rn{-1000) or (rn)>10003 then error(prierr) else read(ch)j;
if ch{}7+’ then read(ch}

end’ { of take ¥

£ get’
Procedure get(var inniinteger:s
{ reads a nhumber if it is a integer 2}
begin




if ch=blank then read(innd}
if inn<0 then error{prierv) else read(chl}
if ch{}?+’ then readich)

ends € of get

{

{
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ashkboolean’
Procedure askboolean(var command:booleani}
{ reads a command if it is a boolean }
var comname:arvayll..idlengthl of charj
begin
comnames=identifiers’
if ch=blank then getident?
if identifier="TRUE ' then command:=true
else command:=falsej
identifieri=comtname
end; { of askboolean »}
pary

Procedure pari
{ updates parameters
var pcispecificationtypes’
begin
if eoln then errvor(fewarg)}
pci=compars’
repeat getident}
assignment[slastasl:i=identifiers’
sasi=stsamp’
while assignmentisasl{)identifier do sas:i=gucc{sas)}
case sas of
stsamp: take(pc.tsampl’
slambda: take(pc.lambdals

spO: take(pc.pali
spy: take(pc.py3 )
sepst take(pc.eps)i
slo: take(pc.lols

slolim: take(pc.lolimlsi
shilim: take(pc.hiliml}i

saa: take(pc.aals
sab: take(pc.ab)s
sba: take(pc.bad)i
sbb: take(pc.bb3s
spz: take(pc.pz?s
spas take(pc.pals
spb: take(pc.pb}i
spc:t take(pec.pc)s
spd: take(pc.pdl’
spe: take(pc.pell
sha: get(pc.nals’
snb? get{(pc.nb’}’
sdelayb: get(pc.delayblsj
shps get(pc.npls
shd: geti(pc.ndls
sni: get(pc.niisi
snNs: get(pc.ns?s
snt: get(pc.ntis
snta: get(pc.ntals
sntb: get(pc.ntbls

syrchan: get(pc.yrchanli
sychan: get(pc.ychanls
suchan: get(pc.uchanjsi
soutchani:get (pc.outchand i
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slog: askboolean(pc.lag?i
sminrs: askboolean(pc.minr)sj
sinita: askboolean(pc.inita’’
sinitb: askboolean(pc.initb’s
sinitp: askboolean{(pc.initp)}
slastas: errvor{noname)
end s’
writeln(identifiers’ has been read’)
until eolny
newpar:=falsej’
compar:=pcH
with compar do begin
initabps’
end?
newpar:=true
ends { of par 2

£ ~—disp?}
Procedure disps

i displays current parameters 3
var rrireals

Procedure dataform(rri:real)?’
{ farmats a real number 2}
var wiintegers
begin
wi=rform(rribli write(rriiosw)
end’ { of dataform >

begin € disp )}
with compar do begin

writeln(’ The current parameters aret’)j
write(’tsamp= '35 dataform(tsamp)’ write(’ 35
write(’lo= ¥y dataform(la)s writelns
write(’ ns= 37 write(ns:b)s write(® ":73%
write(’ ni= ’37 writeln(niz:é&l s

write(’ nd= 737 write(nd:é&)s write(’ ":733%
write(’lambhda= *3§ dataform(lambda)} writelns
write(’ po= )5 dataform{pa’’ write(’ 35
write(’ py= ')§ dataform(py?s writelns
write(’eps= ’33 dataformieps)’ write(’ ¥
write(’hilim= ’337 dataform(hilim?s writelns
write(’lolim= 733 dataform(lolim)} write(’ R
write{(’ nta= 737 writelni(nta:z:éds

write(’nth= 737 writeintb:é&33 write(’® 71733
write(’yrchan= "J§ writeln(yrchanz2é);

write('ychan= 7’37 write(ychan:&}s write(® 7:73%
write(Tuchan= ’3§ writeln(uchan:éls
write(?outchan="33 writel{outchan:é)s write(® ":3733
write(’ log= *3IF writeln(’ ’:14.log)}i

write(’minr= 37 write(’ T:dsminrds write(® ":3)35
write(inita= 73§ writeln(’ *:dsinitars
write('initb= 73§ write(® ":14yinith)’ write(’ ":33}
write(’initp= 73§ writeln(’ *:dyinitp3;

write(” na= ’IF write(na::és)ds write(’ 731733
write(’ aa= >3y datafavrm(aals’ writelns
write(’ahb= )5 dataformab)s write(’ 38
write(’ nb= 37 write(nb:sé&)s writelns
write(’delayb= *)§ write(delayb:&)} write(’ *:735%
write(’ ba= 733 dataform(balsj writelns



write(’ bb=

writ
writ
writ
writ

write(’ pc=
write(’ pd=
write(’ pe=
write(’ nt=

end
ends’

f ==

-
W W W W W AW W W W

b 4R SR b

e(’ np=
a(’ pz=
a(’ pa=
e(’ pb=

o m - o w
Wa N B8 b s

{ of disp }

dataform(bbi}
writel(np:é23
dataform(pz}§
datafarm{pajri
dataform(pb?s
dataform(pc) i
dataform(pdis;
dataform(pel’

writeln(ntséls

write(’
writelns
write(’
writelns’
write(’
writelns
write(’
writelns
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Procedure buildfiles

{ stores data of input-—output,

estimated parawmeters

regulator parameters in files respectively
var outfile:file of chars)
filenama:arvrayfl..143 of charsi

len:
begin

integers

with specif do

if log=false then error(nolog} else begin
len:=-13%

read(filenamel?’

rewrite{outfilesfilename+’DAT' 7vlen) s

if len=-1 then error{(illfilel;
for wi=1 to (ntb-ntal) do begin

if logdata then

for i:=0 to

begin

writeln(outfile)

end’

if logtheta then begin
for i2=1 to a.d do write({ogutfileslogalfiwl:z8:4)5
for i*=1 to b.d do write(outfileslogbfiwlz8:4)33
writeln(outfile)

and?’

if logreg then
for i:=0 to
for i:=0 to
for i:=0 to

ends

ends’

cl
and
end?s

{

ose(outfile’

{ of buildfile 2

begin

buildfilel

and

2 do write(outfilerloguyliwl:zg:433

t.d do write(outfileslogtfiwl:8:id)}y
r.d do write(outfileslogrfiiswl:8:433j
s.d do write{outfileslogsfiswl:8:435
writeln(outfile)

Procedure stopsi

begin
period
end}

:=03

writeln(k:
{ of stop ¥

&y’

{

{ CODE OPCOM 1}

begin
initia
repeat
writ
geti

lizes

e(’>’3%
dents

operationixlastopli=identifier)

stopl

data points have been collected.’?’

-CODE OF OPCOMX



xopi=xhelpi
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while operationixopl (identifier do xopi=succi{xop)}

case xop of

xhelp: helps
xwdisp: disps
xpar: pars
Xxrun: with specif do
periodi=trunc(SO*tsamp)}
xstop»
xexit: stop’
xstore: begin logdatai=true’
logtheta:=false?’ logreg:=false}l
buildfile
ends;
xresultpibegin logtheta:=true}j
logdata:=falsej logreg:=false}’
buildfile
end?’
xresultuzbegin logregi=true}’
logdata:=false}’ logthetas=falses’
buildfile
ends;

xlastop:
ends’
?9?: readln
until xop=xexit
end’s { of opcom

errar{nonamea)

nﬂ _—

CODE OF MAIN PROGRAMY

{ CODE MAIN PROGRAM 1}
Procedure foregroundjiexternals

begin
period:=03
clksaves

schedule(foregraundsperiod)

opcoms
clkrestores’

end. { of main program »



PROGRAM SELFTUNERS

{ Authar Zhou Z.Y.
Data May. 1981.
Raferances
Zhou Z.Y.(19803: A Microcomputer Implementation of
Datalagging and Recursive Lsast Sgquares Estimation.
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Zhou Z.Y. and Astrom K.J.(19313: Polynomial Factarization

Using Recursive Formulas for Complex Integral.
Zhou Z.Y. and Astrom K.J.(19313: Regulator Synthesis
Basaed on Paolynomial Manipulation.
Mattsson S.E. (127533 A Simple Real-time Schedurar.
Kucevra V.(19773: Discrete Linear Control. Academia
Prague.

The program gerforms on-line recursive least squares

{RLS* or square root (SR} estimation: spectral
factorization (SF) and regulator design (RD3 for SISO
systam. All results can be storad in files

if respective logging command is given. The control
algorithm is based on pole-placement or lin=ar
gquadratic control.

The program consists of these filas:

FG —— toreground program.
OPCOM —-— aoperator communication and main program.
RD —-— vegulator design which cantains

ES - estimatar.
SF - spectral factaorvization, and
RC —- vedulator calculation. >

{ GLOBAL DATA DECLARATIONS 2

canst n=103%
m= 53
1=30%

type specificationtype=record
tsampy lambdasporpyrepsrlorlolimibhilimraarabibarbby
gzrpaspbyperpdapet reals
nasnbindysnisnprnsintintasntbryrchansychansuchans
autchanrdelaybsintegers
logwminrsinitarinitbsinitpsbaoleans
endsj
polytype=vecard
z:arvayfoO..nl af reals’
d:integers’
endy
var specifircomparispecificationtypesd
arbrorsprresrtipolytypes
isgeskstmrnabrgrwrperiodriyrisumorder:intagersi
yraywsusfizarrayfd..nl of reals

laogaslogbsloguyslogtylogrylogsiarrayfO..myi.. 13 of reals

ppiarrayf..ny0..nl of reals
ulraysiraalsl

newpar:booleans
deluzarrayli..100]1 of real’

{ EXTERNAL PROCEDURE DECLARATION )}

Function adinichaniinteger)irealiexternalj
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Function rforad(rireali sizelintegerl:integeriexternall
Procedure daout{chani:integer’ value:realliextarnalld

Procedure schedule(procedure FGI var pariod:integerliexternall
Procedure clksaveiexternals

Procedure clhrastorejexternals

{ END OF GLOBAL }
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{=============== === estimation’
Procedure estimation(defy:reali var abipolytype’s
{ The procedure ERLS computes a Extended Recursive Least
Squares estimation for different numbers of parameters.
var rrireal’
filtarrayfl..nl of reals
kgainfarrayll..nl of real}
bagin
with specif do begin
rri=13%
eyi=defy]’
for is=1 to sumorder do begin
fil[il:=03
for ji=1 to na do fFilfils=FilCil+ppli»JI*¥fil313
for ji=na+delayb to sumorder do fillil:=FfilLil+pplisJIxfiljls
rri=prr+Filil*xfilTils
ends’
for ii=1 to a.d do eyi=ey—-fililxa.z[il}
for ii=delayb to b.d do ey:=ey-fila.d+il*b.zfil}
for i:=1 to t.d do eyi=ey—-filhab+il*t.z[Cil}
for i:=1 to sumorder do
kgainfils=Fiilfil/rr}
for i:=1 to a.d do
a.zlil:=a.zLil+kgainlil*eys
for i:=delayb to b.d do
b.zlil:=b.z[il+kgainla.d+ilxey}
for i:=1 to t.d do
t.zlil:=t.zlil+kgainlnab+ilxey;’
for i:=1 to sumorder do
for 3ji=i to sumorder do begin
ppfisJlei=pplisjl-kgainfilxfilfjls
ppLysili=pplisjls
if i=3 then ppfiisjli=pplis+3l/lambdas
end s
end}
endi { of estimation 7}
{======== == = ==== SF>
nﬂuanC1mmumnﬁmnam.uuuuw%n%nmn<mﬂunnow<ﬂ<umwﬂ

{ The procedure uses Newton’s iteration method and recursive
fowulae aof complex integral I (1) to perform the spectral
factorization.

-1 -1 -1
P{(zI*P(z ) = lo*A(z3*A(z I + B{zix*B(z ). ¥

label 103

vayr aorbos:cscricorcolsxipolytypes
gasgbsintiarvraylO..nl of real}
rasrbsarrayf0..ns0..nl] of reals’
frasfrbzarraylO..nl of realj
lassisstabsresultiintegers’
fFasfbrfoireals
it:integers

{ i - ——— Polydivision}
Procedure Polydivision}

begin
with specif do begin
gqafol:i=ac.zl0l/c.zf0l}
gbfnli=bo.z[0l/c.zL01}
for i:=1 to nm do begin
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rafQyili=ag.zfil-qalf0l#c.z2fil}
rbfQsili=bo.z2Eil—qgblOl*#c.=zLil}
end}
intL[0l::=03
if 1a»0 then
for sii=1 to la do begin
qafsili=ralsi—-1+11/c.20013
gblfsili=rblsi-1+11/c.2L0]3
rafsi—-1ynm+11:=03
rblsi-1ynm+1l =03
for i:=1 to nwm do begin
rafsisils=vralsi-1si+1]l-qalsil*c.zlil}
rblsis.ils=vrblsi-1:i+1]1-gbfsil*c.z[il}
end?’
ralsi01:=03
rbEsis01:=03
intlsili=lo*gqalsil*30.zE(01+gbisil*bo.zE01§
ends’
end?
endi{ aof polydivision %

{-m—m—————— - = N ——Itevationl}
Praocedure Iterations’

var intlil:reals
begin
with specif do begin
for i:=0 to nm do begin
a.zlil:=ao.=z[il}
b.zCil:=bo.=[Cil}
ends’
for 3:=0 to nm—-1 do begin
intls=lo*¥a.zfhm—3l¥a.zinm—jl+b.zlnm-33*¥b.=zlnm—313
intf0l:=int[0I+intl/c.2LO13
if 1a’0 then for sii=1 to la do begin
inti:=lao*a.zlom—-3l*ralsisnm—31+b.zEnm—3I%rbisisnim—7315
intfsili=intisil+intl/c.zf013
ends)
for i:=0 to nwm—3) do cr.zlil:i=c.zlrm—-3-il1}
foi=c.zlnm—31/c.zL013
fas=a.zlnm—31/c.=zL0]
fbi=b.zltm—31/c.zL0]13
if 1la)Q then for sii=1 to la do begin
frafsili=rafsisnm—31/c.zL[013
frblsil:=rblsisnm—31/c.2L0]3
ends’
for i:=0 to nm—)—1 do begin
c.2lili=c.zlil-foc*cr.2Lil}
a.zlil:=a.zCil-fax*ecr.2Cils
b.zfil:=b.z[il-fb¥cr.zlils3
if 1a>0 then for sii=1 to la do begin
ralsisili=ralsisil-fralsil*cr.zfil}
rbfsisils=vrblsisil-¥frblsil¥cr.zlilj
ends
ends’

if c.zE014{0 then stabsi:=stab-1i3
if Jg=tm—1 then begin
intl:=lo*a.zlnmn—J—1l*¥a.zCrm—J—-11+b.zfrmm—J—-11%b.zCnm—3—-113
intf0l:=intE0l+intli/c.2zL0]5
if 1aY0 then for si:=1 to la do begin
intli:=lo*a.zfnm—3—1I*ralsisnm—3J-11+b.zlrm—3—-11*rblsiynm—3-113%
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intf{sili=intlsil+intl/c.zL015
ends
ends’
ends

if 1la{O0 then laai=0 else laa:i=laj’
for si:=0 to laa do begin
intfsil:=intfsil/co.zI{0]1}%
X.2[sili=co.zE5i1*#intf0l}§
if (la>0? and (si)Q) then
for ii=1 to si do x.zfsili=x.zlsil+2¥co.zlsi-il*intlil}s
ends’
K.zl z=(2¥(lo*ag.zE0l*ao.zlmml+bo.zI01*bo.z2inml >
—co.zEnml*x.zE01)/co.zE015
if nndl then begin
Xozlni—1J:=2%(lo*{(ao.zf0)*ag.zlnm—11+ao.zE1J*ao.zlnml 2
+bo.zf0l*bo.zinm—11+bo.zE11*bo.zEmml )3
if and2 then
Kezlown—1li=(x.zlnm—1]l-co.zEinm—1l#¥x.z00)-co.zlanml*x.=z[11
—co.zf1]*¥x.z0ml Y /co.=z£01
glse x.zfll:=(x.2lnm—1)-co.zf13x*x.=2L0]
—co0.2E1)1%x.2lmml )/ {co.2i0)+co.z02]) %
ends’
ends
ends { of iteration ¥

{ ¥
begin
with specif do begin
lat=rm-23%
stab:=035
it:=0%
for i:=0 to nm do begin
ag.zfilt=a.zfils
bo.zfil:=h.zCil}$
co.zflili=p.2zLil}%
col.zfil:=p.zEil}§
c.zlil:=p.zLil}
end3}’
repeat
polydivisioni
iterations’
for i:=0 to nm do c.zlil:=(co.zEil+x.20il)>»/2}%
if stab{0 then begin
for it=0 to mm do p.zfili=col.zEil}
goto 103
ends’
for iz2=0 to nm do begin
col.z2lil:=co.zfil}
co.zfili=c.zfil}
end?
iti=it+13%
until it=ni?l
for i:=0 to nn do p.zlilsi=c.zCil}s
ends’
10:
ends { of specfac 2
{ = ============ Regdesign}
Procedure Regdesign(asbipolytype’ var ris:polytypel’

{ The procedure solves the diophantine equation



AR + BS = C
The general solution is given by
R =PE + GV
S = PF + HV
where V is an arbitrary palynamial.
If deg p (= deg A + deg B -1
then R and S are found uniguely » else there
minimun degree solution for R and one for S.

canst epsi=0.00013
var comieysfigih:a0sb0sal«blpolytypesd
rlsr2sslysZivisv2yepyfpipolytypesd

kisvrdtintegers’

{

are one
by
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Procedure Inipolys’
{ Set the initial values for polynomials. }
begin
a0.d:=a.dj
bO.d:=b.d}
al.d:=a.dj
bl.d:=b.d3
for i:=0 to a.d do begin
ao.zfils=a.zfils
al.zfilz=a.zfils
ends’
for i:=0 to b.d do begin
bO.zfil:=b.=z£il3j
bl1.zfils=b.=zCil}§

ends’

e.ds=b.ds

g.d:=b.d§

f.di=a.dsj

h.di=a.d}

for i:=0 to n do begin
e.zfil =0}
fF.20iJ =03
g.zLils=03
hozLil:i=03

ends’

e.z[0li=1%

h.zL0l:=13%

ends

{

Inipoiy’}

Procedure exchange(hishjipolytypei var hkshl:polytype’s

{ Exchange polynomials Hi and Hj. }
begin

hl.dz=hi.d}

hk.di=hy.d}

for ii=0 to hi.d do hl.zfil:=hi.z[il}

for i:=0 to hj.d do hk.zfil:i=hg.zL[il}
end’

{

Exchangel}

Procedure norm{hi:polytypel’s

{ Calculate the Euclidean norm of a polynomial Hi. 2}

var disreals
begin
if hi.d)=0 then begin
d1:=0.03

Novrm}>
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for i:=0 to hi.d do di:=di+hi.z[il*hi.zlil§
with specif do dl:=eps*¥sgrt(dli;
rdi=vound{(di>’;
end}$
endj

{ Reducel}
Procedure reduce(var hi:polytypels
{ Reduce Ni of Hi(z) if its leading coefficient is smaller
in modulus than an external variable.
label 2,45
bagin
if hi.d{® then goto 43§
23:if abs(hi.zfhi.dl) {=rd then begin
hi.d:i=hi.d-15%
if hi.d<{O then goto 43
goto 23
ends’
4:
ends’

{ Transformatiaonl
Pracedure Transformationj
{ performs the Euclidean transformation to find a general

solution for the diophantine eguation. %

label 103:20+:30+403%
var qabtreal?
bb:integers
begin
if a.d{b.d then goto 20 else goto 303
10: while a.d)>=b.d do begin
kii=a.d-b.ds
gabt=a.zfa.di/b.z[b.dl}
a.d:=a.d-13
if ki{=a.d then
for i:=ki to a.d do a.zlilt=a.zlil—-gab¥b.z[i-kils
for ii=ki to nm do begin
e.zfilt=e.zfil-gqab*g.zl[i-kil}
f.2zflils=fF.zlil—gab®*h.zLi-kil}§
ends
reduce(a’’
if a.d{b.d then goto 203
ends

exchange(asbi:asby 3
exchange(esgsesgl i
exchange(fihifihdj
if (b.d=0) and (abs(b.z[0l3}(epsl} then gaoto 403
if b.d)=0 then begin
norm(b;
goto 103§
end’
40: if abs(a.zi0l)<{(epsl then gqabi=1 eslse gab:=a.z[01}
for i:=0 to nm do begin
e.zlil:=e.zlil/qgab?’
f.2zLil:=f.zlil/qab}
a.zlil:=a.z[il/qabs
ends$
norm(als
reduce(e)’

W
<o
ne
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narm(Fl 3

reduce(f);

g.di=g.d-a.d;}

h.di=h.d—-a.d}
ends

{ Polymul >
Procedure Polymul (pref:polytypei var efpipolytypels;
{ Polynomial multiplication efp=p%*ef 2}
begin

efp.d:=p.d+ef.d}

for i:=0 to efp.d do efp.zlil:1=03

for i:=0 to p.d do

for 3:=0 to ef.d do
efp.zLi+jli=efp.zli+jl+p.zlil*ef.z[j15

ends

£ ——Polydivy
Procedure Polydiv(efpi:ghipolytypei var rsyvvipolytvpels
{ Polynomial division rs=efp mod gh.
vv=—(efp div ghl. ¥
var efpl:ghlsisrslisvvizarrayfO..nl of reals
gg:integers’
begin
vv.d:=efp.d—-gh.dj
rs.di=gh.d-13
for i:=0 to efp.d do efpllili=efp.zlefp.d—-il}
for i2=0 to gh.d do ghlilili=gh.zfgh.d-1i1}%
for ii=gh.d+1 to efp.d do ghilil:=0}§
vv1E0l:=efplinl/ghli[0];
for it=1 to efp.d do
rslfils=efplfil-vwilNlxghlCils
for it=1 to vv.d do begin
vvilili=vsiL[11/ghlLO1}
rsifefp.d+131:=03%
for 3j:=1 to efp.d do
rsifjli=rsiCy+11-vviEil*ghli (3]}

ends
for i?=1 to rs.d+1 do rs.zli-1li=rsiirs.d+z2-il}
fovr i:=0 to vv.d do vv.zlili==vviivv.d-il}$

end?’

{ Polyadd?}
Procedure Polyadd(efpsghv:ipolytype’ var rs:polytype)’
{ Polynomial addition rs=efp+ghv.
var diff:integers’
begin
diff:=efp.d-ghv.d;
if diff>0 then begin
rs.di=efp.dj
for i:=0 to efp.d do vrs.zlili=efp.zLil}
far i:=0 to ghv.d do
rs.zlili=rs.zfil+ghv.z[il}§
end
else begin
rs.di=ghv.d}
for ii=0 to ghv.d do rs.zlili=ghv.z€il}
for i:=0 to efp.d do
rs.zlili=vrs.zlil+efp.zCil}
ends’
ends



{

Procedure Regulator)
{ computes coefficients of V1i+V2sR1yR2:+851
var rsizpolytypes’

begin
with specif do begin
polymul (piesepl i
polymul (pesfsfpls
if minv then begin
polydiv(epigsrisvil}i
polymul (vishsrsids
polvadd(fpirslisiig
norm(six}
reduce(sli}
end
else begin
polydiv(fpshsis2yvZ);i
polymul (vZygsrsl)}
polyadd(eprrsir2l5;
norm(rz2s 3
reduce(r2) )
ends’
end}$
end}

and R2.}

{
Procedure Divisioni
{ Cancell the commom factor from A(z) and
begin
a.d:=a0.d-com.d?
b.d:=b0O.d—com.d?’
for i!=0 to a0.d do a.zfilJ:=a0.z[il}$
for i:=0 to b0O.d do b.2fil:=b0.z£il}
for 3i=0 to a.d do begin
a.2f31:=a.zfjl/com.zL01}
for iz=3+1 to com.d+3 do

B(zy. ¥

a.zlili=a.zlil-com.zEi—-31%a.=2[31}%

ends’

for 3:=0 to b.d do begin
b.2zCyle=b.z{jl/com.zL01}
for iz=j+1 to com.d+) do

b.zlil:i=b.zlil-com.zli-JI*b.=zL31}

ends

«d do at.2Cil:=a.zCil}
.u

a
ob do bl.z2fil:=b.z[il}
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Regulatory

Division?

begin

inipolys

transformation?

if a.d}0 then begin
com.di=a.d?
for i:=0 to a.d do com.z[il:i=a.z[il}
divisions?’

endj’

regulators



with specif do
if minr then begin
r.déi=rl.dj3 for i:i=0 to r.d do v.20ils=rl1.2zLil}5
s.d:=s1.dj for i:=0 to s.d do s.zlili=s1.z£il}
if (p.d{a.d+b.d? and (s.da.d-1) then s.d:i=a.d-1}
end
else begin
r.d:=r2.d3 for i:=0 to r.d do r.zlLil:=r2.2z£i1}
s.ds=s2.dy for i:=0 to s.d do s.zLil:i=s2.2Cil}
if (p.d{a.d+b.d> and (r.d>b.d-1) then r.di=b.d-1%
end’
ends

52



