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A SELF-TUNING REGULATOR FOR NONMINIMUM PHASE SYSTEMS

by
K. Jd. Astrsdm

Abstract '

This report describes an algorithm for a self-tuning regu-
lator for a linear system with one input and one outputl It
is well known that the minimum variance regulator is very
sensitive to parameter variations if the system is nonmini-
mum phase. For such systems a suboptimal strategy with the
property that all the poles of the closed loop system are
ingide a circle with radius T is therefore computed. The
algorithm can thus be used for systems with unknown time
delays and for nonminimum phase systems. To use the algo-
rithm it is not necessary to know the order of the system
or the timedelay exactly. TFewer parameters are, however,
obtained if these quantities are known. If the algorithm
converges, it will converge to a stable minimum variance
regulator at least in the case of uncorrelated residuals.
The properties of the algorithm when the vesiduals are cop-
related are not yet known.
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1. INTRODUCTION

This algorithm is an extension of the one discussed in [1].
It permits the system to be controlled to be nenminimum
phase. The algorithm is based on the model

y(t) + aqy(t—1).+ oo 4 a y{t-n) = bpult-k=1) + ... +
+ bmu(t~k~m) + v{t=k-m) (1.1)

The purpose of the algorithm is to obtain a control stra- _
tegy. for a linear system described by (1.1) with correlated

disturbances, The criterion is taken as
. 2 2 )
min E[y~(t) + q,u"(%}] (1.2)

and the admissible control strategies are assumed to be
such that the control signal at time t can be a function
of the past control signals and the process outputs ob-
gerved up to time t - 1, The algorithm is called self-
tuning because it combines the steps of identification
“and control. To use the algorithm it is necessary to .give

the parameters

n = NA number of parameters a, in the model (1.1)
m = NB number of parameters bi in the model (1.71)
k- number of delays in the model.

It is alsc necessary to provide initial estimates of the
parameter values, as well as an estimate of the uncertainty

of the parameters i.e.

@ - parameter estimates

P - covariance of parameter estimates,




The algorithm contains some parameters which influence the

convergence
T, - weighting factor in least squares pavameter esti-
mation

r - bound on poles of closed loop system

NLOP - maximum number of iterations when solving the ricca-

tiequation

EPS '~ test gquantity to terminate the iteration of the

riccatiequation.
The computing time required in each step can be reduced
significantly if an initial estimate to the solution of
the riccatiequation is provided in each step. This is a

typical example of the trade off between computing time
and storage.

The algorithm consists of the following steps:
o) Identification

o petermination of a state model

© Determination of the state vector

o - Prediction

o} Computation of the control law

o Computation of the control signal

These different steps are discussed in more detail in the

following sections.
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2. IDENTIFICATION

The parameters of the model (1) are determined uéiﬁé straight-
forward least squares i.e, the equations

-y (t=1) -~y (t-2) ... =-y{t-n) ut-k=1),... ut-k-m)) 51_ ()
MY<t“2) _Y('t“‘g) LI ‘"y(t“'n"j) u(t"‘-k"“Z),:u .,U(‘t‘-k“m'—*’i ag y(t‘_1)
“n
bi =
by
i Pt l
| (2.1

are solved in each step using straightforward least squares.
To forget past data an exponential weighting is also intro-
duced. The criterion is chosen as

t

¥ y(g) ef8 (2.2)
Pl U . -

3. A STATE MODEL

The control law which minimizes the criterion (1.2) for the
system (1.1) can be determined by direct polynomial manipu-
lations. The calculation of the control strategy can, how-
ever, be simplified if a state space representation is used.
A state model can be introduced in many different ways. One
possibility is given on the next page.




‘.;-ati 1 O + o 0“ 0 0
~a, g 1 ... 0 0
x(t41) = |8 v T x(e) + byl ute) P v
—~d P
0 4 & 4
. | 0
_D O 0 [ D‘* ubm_ bm

y(t) = [+ 0 0 ... 0}lx(®) {3.1)
For simplicity we have given the state model for case
n < m+k only, The appearance of the state model in general

is shown in the following code and test examples.

The state model obtained is represented as

_a.] 1 8 . 21
~a, 0 v b,
- x(t+1) = : x(t) + u(t)
47 At
‘-a?{_“ . v 1 bn‘_1
-ay y 5
3 a_n ¢ |  Yn
y(t) = [1 0 6 ... 0]x(%)

where
n = max{n, m+k)

and gi and %i denote the transformed elements. Notice that
» Y . . .

gome elements of a and b are zero. For simplicity we will

leave out ~ in the following. To see which elements are

zero we will give some examples.




Example 3.1

NA = 1, NB = 2, K = 0
TH = (1,2,3)

As = (1,0), BS

1)

(2,3)
Example 3.2

,NA =1, NB = 2, K = 1

TH = (1,2,3)

AS = (1,0,0), BS = (0,2,3)

Example 3.3

NA = 1, NB = 2, K = 7

TH = (1,2,3)

AS = (1,0,0,0), BS = (0,0,2,3) o
Example 3,4

NA = 4, NB = 2, K = 0

TH = (1,2,3,4,5,6)

AS = (1,2,3,4), BS = f5,a,0,o$

Example 3.5

NA:L"’NB:Z,K:‘]
™ = (1,2,3,4,5,6)
AS = (1,2,3,4), BS = (0,6,6,0)




Example 3.6

NA = 4, NB = 2, K = 2
TH = (1,2,3,4,5,6)
AS = (1,2,3,4), BS = (0,0,5,6)

Example 3.7

NA = 4, NB = 2, K = 3

TH

H

- {1,2,3,4,5,86)

AS = (1,2,3,4,0), BS = (0,0,0,5,8)

i1

Example 3.8

NA

b, NB = 2, K = K
TH = (1,2,3,4,5,6)

AS

1%

(1,2,3,4,0,0), BS = (0,0,0,0,5,6)

The code which generates the state model (3.15 from the

parameters ajy, ..., &, Dys +es b is given in List 1.

m
The printout shown in List 2 shows that the program
gives the correct results for the test examples given

above.




'waiS£ 1. PROGRAM FOR TESTING GENERATION AND SCALING OF STATE MODEL

. 1IN STURE. 7.
o TSTU2L \

O THIS PROGRAM TESTS PART 0OF STURE?®
E THMENSTON TH{12),AS(12),88(12)
DO 12 t=3,12

N o

i THOTY=FLOAT{ I}
C
: t1=1
GO TO (2,3,4:5,6,7:8.9,10),11
Fl=2
Np=1
NB=2
K=(
GO TO 50
3 11=3
K=1
GO TO RO
4 f1=4
K=p
GG T0 5n
5 ti=5H
. Nazd
K=0
60 TO 59
6 lizé
K=1,
’ _ G0 TO B0
7 1i=7
. K=2
G0 TO 50
& 11=8
K=3
GU TO RO
9 fi=9
K=4
TG0 TO 8]
10 STOP
50 CONTINUE
. N=MAXT{NA,NB+K ).
Mg =h-1
R=.1

CHRITE (6:100) MASNB,K,N,RQ
140 FORMAT (4H NA=,15,44 NB=, |5,3H K=,15,3H =, |5,
14H RO=,(12,4)

.C .
¥ COMPUTE AND SET SCALED SYSTEM PARAMETERS
C . .
CALEL MOVE (TH{1),488{1),NA+NA)
o F (M-da-1) 20,21,292
22 AS{NA*1Y=0.,0
C NS=N~-NA-1 -
CALL MOVE (AS(NA+1),ASINA+2I,NS+NS)
GO TO 20
21 AS{NA+1)=0.0 .
20 - IF (K-1) 24,25,26
26 BS{(1)=0.0
NS=K-1
CALL MOVE {88(1):88(2):NS+MS)
. GO TO 24
25 RS¢{1)=0.0 .
24 . CaLL MOVE (TH{MA+1),RS{K+1).NB+NR)
NizNE+K+1 :

FF (N=-N1) 28,29,30




30

29
28

110

1ol

C

BS(NL)Y=0.0

MNSeN-N1 . ;
CALL MOVE(RS{NL),BS(N1+1) ,NS+NS)
G0 TC 28

BS(NI}=0.0

" CONT I NUE

WRITE (6,1102
FORMAT {184 VECTORS AS aM} BS)

WRITE (6,101 (ASCI),imt,n)
NRITE (6,101) (BS(IY,1=1,N)
FORMAT (10F12.4)

SF=1.

N0 32 1=1,nM81

SF=SF#PRg

Mieon-|

ASINI Y=AS (N )=5F

RE(N1I=RBS{N1)+SF

WRITE (6,141}

FORMAT (25H SCALED VEGTORS AS AND

THRITE (6,101) (AS(EY, [=1,N)
HURITE (6,101) (BS(1).1=1,8)
GO TO 1

Fap

H48) )




Iist 2. PRINTOUT OF TEST OF GENERATION AND SCALING OF PARAMETERS R

STATE MODEL.

NA= 1 =

VECTORS a8 AMNMD BS
g.ioangE+a1 G.00n0NE+Q0
0.2000E+01 DL.300DE=0]

SCALFD VFCTORS AS AND RS

g.2000E+00  0.3000E+01
- NA= i NR= 2 Kz i

VECTORS AS AND BS
B.1000E+01 U.0n0NnE+GN
G.00008+00  O0.,2000E+01

SCALEND VECTORS AS AND 8BS
0.1040E-01  J9.0000E+00
g.OnaoE+00 0.2009E+0N

M= i WR= 2 K=z .2

SVEGCTORS AS AND #S

0,.1000RE«0L 0.0000E+00
g.0000E+00 0,0000E+00
SCALED VECTORS AR AMD B8
0.1000E-02 0,0000E+00
J.0000E+00  0.0000E+00
NA= 4. NRz 7 K= {1
VECTORS AS AND 8S
0.,1000E+01  0,2000E+01
0.5000E+01 0.6000E+03
SCALED VECTORS AS AND BS

0.1000E-07 0.2000E-01
0.5000E-02 0.6000E-01
NA= 4 NEg= 2o K= 1

VECTORS A4S AND 8%
0.2000E+01 0.2000E+02
SCALED VECTORS AS AND BS

0.1000E-02 0.2800E~01
0.0000E+00  0.5N0DE-01
WA= 4 NR= 2 K= 2

VECTORS AS AND RS
J.1000FE+01  0.2000E+01
D.OBDOE<UB B, O0NAGE+QD

SCALED VECTORS AS AND 8BS
G.10006-02 0.2000E~01
N.ON00E+0D  0.0000E+DD

Npz 4 Niy= a9 K= 3
VECTORS -25 AND BS
.1000E+01 O, 2000E+G1

0.0D0QCE+00  0.0000E+(0D
SCALED VECTORS AS AND BS

g.AngoE-03  0.2000E-02

G,0000E+00 G.O0GCOEOD
NA= 4 MBR= 2 K= 4
VEUTORS AS ANMD BS

g.1000E+01  0.2000E+02

0.0000E+00  0.0U0RE+Q0
SCALED VECTORS AS AND BS

0.1000E-04 0.Z2008E~D3

0.0000FE+00  4.0000E+QD

P KW=z 0

M= - 2 Ras

I

0,0000E+00
N.3n08k+01

0.000DE+00
1,300NE+01

Al 4 RQ=

H.0000E+QN
D.2000E+01

G.0000E+00
3.,2000E+00

A
N= Z RO

0.1600E+00 Example 3.
= . 1NnNE+QR Example

oA

01{.3_

G.10dneE+gp Example

g,n0p0F+pn ok
0.3000F+01 ol

g.0000F+00
. 3000F+01

N= 4 R0= 0.1000E+0D Example
0.3000E+01 0.40006+01 o
0.0R00E+00  0,0000E+00 ok
ND.3000E+00 0,4000FE+01
G.ON00E+ON 0,0N00E+00

Bz 4 Rg=  0,1000E+00 Example
0.300NE+01  0.4000FE+01 ot
0.6000E+01 0,0000E+0n 24
G.3000E+00 0,4000E+01
0.6000E+00 0,0D00E+D0

@ﬁ 4 Ri= g.10006C+80 Ekamﬂe
0,3000E+04  0.4000E+01 oA
N.5000E+01 0,6000E+01 #An,
0,3000FE+00 0,4000E+01
D.S000E+00  0,.60ANFE+01 '

Mz 5 ROz  D.1000E+0D Example
D0 300DE+01  0,40008E+01  0,0G00E+00
D.O0NONE+GT  N.S5NONE+0]

g.300n0E-01
0.0600E+0D

N= 6 RO=

0.53000E+01

0.3N00E-02
0.0N00E+0D

B.4000E+00
.50008+00
¢.10n0E+80

0.0000E+00D

-Example

0.0000E+00
0.5000E+01

0.4000E+01
1,00008+00

0.0000E+00
0.5000E+00

0.4000E-01
f.00000+00

B.6000E+01

0.6000E+01

3.2

(%]
@)

3.4

3.5

3.6

3.7

i
oty

3.8

B.0000E+0H
0,6000F+0:

0.0000E+01
0.6000R+0!




4. THE STATE VECTOR
In order to use the state model given in section 3 it is

necessary to compute the state variables from the inputs
and outputs. This can be done as follows:

vi{t)

n

xT(t)

xn(t)

]

“a %, {(t=1) + b pu{t=1) = ~a_y(t-1) + bu(t=13

Xq(E) = *an_?y(t~?) *ox (t-1) ¢ b, qult-1) "

X,(t) = —a,y{t-1) + Xa(t=1) + bgu(t—j} _ (4.1)

Notice that some care must be exercised in the coding since
some coefficients of a and b are zero and since, the u:s and .
the yis of the corresponding terms are not storeé. It is
thus necessary to distinguish three cases

1) NA < NB + K

2) -NA = NB + K
3) NA > NB + X

The details are most conveniently expressed using a program-

.ing language. The FORTRAN code is given in the test program

in List 3. The program is written in such a way that erro-
neous values in the vectors AS.and BS outside the range de-
fined by NA, NB and K will not give wrong results. For ex-
ample, for NA = 2 the value AS(3) = 1000 will not cause any
difficulties, |




List 3.

Ny -k

43

44

41

TESTPROGRAM FOR THE GENERATION OF STATE VARTARLES

AND PREDICTION,

Tstyey _
TS PROSRAH TESTS COMPUTATION OF STATE VARTABLES 1IN STURE?D

'l(l »

Ay sENE 0N hSii?):65(12};Y(12)»U(1?)9X(12)

Nz k

fl=1

£0 T {(2,3,4,5%, 11
fi=2

MAnp

3= d

=0

Yei1l=0.
Y{P)==2a,
Y{31=3.

{1 r=an00,
uiey=i.
U{3r=-1,
AS{1)=1.
AS{2)=2,
AS{3)Y=50n4.
A5(13=3,
BE(2)=2,
RE(Er=1,

g9 10O 50

P13
MA=Z

MRz

K=0

Y(1)y=-1,

YA2)=-4,

Y(3)1=3,

AS(&)y=%,

BRS(3)=1000,

GO TO 50

124

S (3)=1

NE=3

Y{1)=0,

GO T 50

SToP

COMT I NUE

N=MAY.Q(NA, NB+K)

NAPL=NA+1

URITE (6,110

FORMAT (18H VECTORS AS AND BS)
BRITE (6,100) (AS(1), 1=1,N)
WRITE (6,100 (BSCI),l=1,N)
FORMAT (10F12.4)

WRITE (6&,111)

FORMAT (i6H VECTORS U AND Y)
WRITE (6,100) (UCEY, 1=1,N)
WRITE (6,100) (Y(i),i=1,N)
X{1r=Y {1}

IF(NA=4R-K) 40,41,42

DO 43 1=2,N4

NS=NA-[+1

NSRzN~[+1
X{1y=~SC0APROCASCI),1,Y(2),1,NS)+SCAPRO(BS(I),1,UC25,1,NSH)
NG 44 1=HAPL,N

NS =N~ |1 :
X{HY=STAPRO(BS({),1,U{2),1,NS)
GO TD 49 '

DG 45 [=2,N




45 -

42

44

12.

NS:Nu[+1
X(i):~SCAP90(AS(I),1,Yf2),i.NS}+SC&PRO(BS(f),i,U{Z),i,M3>
GO TO 49

NisNfrep

0 46 =9,

NEAZN-f+1

NE=NT-]+1q ’ ‘
X(I):—SGAPRU(AS(%),1,Y£2};i,NSﬁ)+SCAPRD(BS(E),j,UCE)yi.NS)
Ni=Ni+1

DO 47 i=Ni,N

NS=N-NT+1q

X(i}:wSCAPRD(AS(i),le(2>,i,NSﬁ

CONTINUE

WRITE (6,112

HRITE (6,100) (XC1y, d=t,0)

FORMAT (13H THE STATE 18y

PREDICT STATE VARIABLES

RS=X{1}

M maf~

PG 68 Fzi,NMe
X(I32-A8f1)*RS+X(I*1)+BS(!)*U(1)
X(N}t"AS(N}*RS+BS(N}#U(i) .

HRITE (6,113)

FORMAT (16H PRED|CTED STATE)
HRITE (6,1n0) (XCE) =1 ,0)
G0 To 4

END




13.

To test the generation of state variables some examples
will be computed by hand and compared with the results
of the program given in List 3.

Example 4.1
-1 1 0 3
x(t+1) = {~2 0 Tix(t) + 21 ult)
0 0 0

y(t) = [1 ¢ olx(t)

Assume

u{g) = 1
u{1)y = -1
u{2) = 1
u{3) = 6000

and x(0) = colip 0 0]

Then

#(1) = coli3 2 1]
x{(2) = col[-u -7 -1}
%€3) = collo g 11

The program receives the input-output variables and the
model parameters and computes the state x(3). As seen
by the results in List 4, the result is correct. ' Notice
that the erroneous value of AS(3) 1000 instead of zero
does not influence the results.




[

“1 410

®

sy

o+

e

—

S

|
pm——

Y

o

v(t) = {1 0 0=t

Agsume

a{0) = 1
u{l1) = -1
uf.2)y = 1

u(3) = 6000

and

x(0) = colil0 0 0]
Then

x(1) = eoll3 2 o]

x(2) = coll-u -8 ~91]
%{3) = coll-1 1 121

1 x(t) +1|2

Th .

The program printout in List 4 shows that the calcula-

+ion of x(3) is correct.

cause NB = 2.

The erroneous value of BS(3)
1000 instead of zero does not influence the result be-




15,

Example 4.3

-1 1 0
x{t+1) = -2 0 10 x(tY + |21 u(t)
-3 0 g 1

y(t) = [1 0 D3x(t)

Assume
uf(0) = 1
u(1) = -1
u(?) = 1
and

x(0) = coll0 0 0]
Then
x{(1) = coli3 2 1]

x(2} = coll~-u ~7 ~10]
®x{3) = collD 0 131

The printout of the results shown in List 4 shows that
the calculation of x(3) is corvect.




List k. PRINTOUT OF RESULTS OF PROGRAM TSTU2?.

VELTORS AS AND RS
H.1000E+01 0200068401

,3000E+01 3.2000E+01.

VYECTORS U ANBR Y
b,4000FE+04 J.1000B+01
L ADONE+AND ~0.4000E+01

THE STATFE IS
G.0000E+00  0.9000E<01

PREDICTED STATE
G.L8036405  0.1200E+05

VECTORS AS AND BS
0.I000E+01  0.2000F+01
U.3000FE+01 §,2000F+01

VECTORS U AND Y
D.6000E+04  0,1000E+01

=8,1na0E4+01 ~0.4000E401%

THE STATE IS

-3 ARR0EAGT 0.1000E+01

PREDICTED STATE
D.LAQOBE+GS  0,1201E+05

VECTORS AS AND BS
B.1000E+01 O.2000E+02
G.3000E+01 D.2000E+01

VECTORS U ANDY Y
0.6000E+04 0.3000F+81
H.0000E+00 ~-0.4000E+061

THE STATE 5§
0.0N00E+00  0.0000F+00

PREDICTED STATE
0.1800E+05 0.1201E+D5

N.1800NE+D4
0.1000E+01

~0.31000F+D4
J,3000E+01

f.1000E+01
B.6000E+04

B.1006GE+04

~0.1080E+01
0.3000E+01

8.1200E+02
0.6000E+07

0.3000£+01

0. IN00E+01

-0.1000E+01
8.3000E+01

J.1300E+02

0.6000E+04

16.

Example 4.1

o

Example 4.2

st

Example 4.3

osde




17.

5. PREDICTION

The state variable x(t) given by (#.1) is a function of
the data obtained up to time t. When it is postulated
that the control signal to be applied at time t + 1
should be a function of data observed up to time t only,
it is necessary to predict the state i.e. compute
Q(t+1it) and use the feedback law

u(t+1) = =L x(t+1]t)

The prediction is easily obtained using the state space
representation; we have

XCE+T]E) = 0 x(£) + T u(t) (5.1)

The corresponding code is already given in List 5. The
program TSTU23 only differs from TSTU22 in the sense
that the data supplied is somewhat different. .If it is
desired to have a control law in.such a way that u(t)
is a function of data obtained up to time t i.e. y(t),
y(t~1),...; the only modification of the program that

is necessary is to delete the prediction step,” The pre-
diction step is tested by the test examples 4.1, 4.2
and 4.3. The predicted states should be




List 5.

310

100

141

40
43

44
41
45
42

PROGRAM FOR TESTING GENERATION OF STATE
VARTIABLES AND PREDICTION

TSTURS

TS PROGRAM TESTS COMPUTATION OF %TA1& VAREAR{EQ
DIMEMSTON ASC12) 838012, Y122, 0012), %12y 7
) 3

fa=1 .

BOTH {(2,3:4,5),11

fi1=2

Na=p

NB=3

K=

Y{1}lz~4a,

YE2r=3.

Y{3¥=4.

U{ir=1.

UiPr==1,

U(3r=1.

AS{iY=1.

AS{P)=P.

AS(3)=n.

BSe11=3.

BS(Zi=ap,

B5(3)=1,

GO TO 50

18.

1IN STURE?

1=3

NA=3

NB=2

K=(

AS(3)=3.

]S(3y=0,

GO TD S0

f1=4

RS(3Z)=1,

NB=3

G0 TO 50

STOP

COMT | NUE

N=MAXOG(NANB+K)

NAPL=NA+1

WRITE (&6,110)

FORMAT (484 VECTORS AS AND BS)
WRITE (6,100 (AS(i),[=1.N)
HRITE £6,100) (BSC1),t=1,N)
FORMAT (10F12.4)

WRITE (6,111)

FORMAT (16H VECTORS U AND Y)
WRITE (6,100) (U])Y,i=4,N).
WRITE (6,100) (Y(])Y,i=1,N)
X{1r=Y(1)
JF(NA=MB=K)
00 43 i=2,NA
NSoNA~|+1
NSB=N-|+94
X{E):—%CAPQQ(AS(I)sjaY(E}»l.NS)+SCAPRO(B§(l);1.0(27,1 NSR)
D0 44 |=NAPL,N

NSzN-t+1

X{t)= SrApRo<BS(i),1 U(2),1,N8)

GO TO 49

DO 45 j=2,N

NS=N~{+] :

X{1Y=~SCAPROCAS(I)4.,Y(2), 1:MS)+SCAPRG{8€(5)ai»U{23,1;NS)
GO TO 49

MNi=NB+K

40,41,42




46

&1

113

19.
DO 46 tzp, Mt
MSA=M~1+1
MEBaNi-t+t
K1Y e=BC0APROCASCT} » 15 Y(2) 41, NSAY+SCAPRO(ES(1Y,1,U(2),4,NS)
Ni=Nis+d ‘
PO 47 i=Ni.N
NS=N-N1+q
X1 y=~80APROCAS (I ) vl Y {2} ,1,N)

-CONT INUE

WRITE (6,112)
MRITE (6,300) (XU, 1=1,N)
FOGRMAT (413H THE STATE 1S}

PREDICT STATE VARIABLES

RS=X{41)

MMt =hN-1

DU 60 l=1,nM1

YO y2=ASCI ) eRS+X (1«13 +BS8 {1 y2Ul1)
YIN)=-AS{N)I#RS+BS{N)Y = (1)

WRITE (6,113)

FORMAT (d6H PREDICTED STATE)
WRITE (66,1000 (X{1),1=1.,)
GO T0 1

ENT
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To test the program the systems used in the previous
section are exploited. The calculated state agrees
with x(2) and the predicted state is equal to x(3)
since there are no measurement errors. The printout

of the test program is given in List 6.

List 6. PRINTOUT OF TESTPROGRAM TSTU23 FOR TESTING
PREDICTION OF STATES.

VELTORS A5 AMD BR Example 4,1
FLA000E«dT 8.2000E+01 0. 0000F+00

3.3000E+31  0.2000F+04  0.1000E+01

VECTORS U AND Y

D.A000F+01 -0.1000E+81  0.1900E+01

- 4DD0E+01 (.300NE+01  (.0000E+q0N

THE STATE (S

~.4000E+01 ~0.7000E+01 ~0.1000E+01 6%

PREDICTED STATE
D.O000E+00 0.9000F+01  0.1000E+01 OW

VECTNRS AS AND BS

LELAD00E+0Y - §.20060E+01 9.3000F+01 Example 4.2
G.SN00E+01  0.2000E+01  0.0000F+00 .
YENTORS U AND Y

. Y.1000E+01 ~0.3000E+01 0,100BE+D1

=0 4000E+01  0.3000E+01  0.0000E+00

THE STATE IS

-0.4A00E+01 ~0.8000E+01 -0,9900E+01 0K

PRFDICTED STATE

~0.1000E+01  0.1000E+01 0.1200E+02 ¥

VECTORS AS AMD 8BS .

9.1000E+01  0.2000E401 0.3000E+041 Example 4.3
0.3000F+02 0.2000E+401 D.1000E+0%

VECTORS U AND Y

3.,1000E+01 ~0.1000E+0%  0.1000E+0L

~0.4000E+01  0.,3000E+01 0.0000E+00

THE STATE I8

~0.4000E+01 ~0.7000E+01 =0.1000E+02 =} A

PREDICTED STATE

0.0000E+00 0.000NE+G0 - 0.1300E+0P O¥
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6.” THE CONTROL LAW

The control law will now be determined. We will then
assume. complete separation of identification and control
i.e. we will determine a control law based on the assump-
tion that the estimated parameters are correct. The para-
meter uncertainties will thus be neglected., The systen
model is given by

"'8.1 1 D % O b_t
x(t+1) = | o x(t) + |+ 4 ut
-8 __1 O P 1 bn_-j
~a D (] O b
y(t) = {1 0 O ... 0 x(t)] ' (6.1) -

The criterion is chosen as
Ny 2

T [yTl) + g ut ()] (6.2)
t=1

The control strategy, which minimizes (6.2), is given by

u(t) = ~L(tIx(t) {(6.3)
where

: T T

L(t) = B S(t)A/(g+B " S(+)B) : (6.4)

and S is the solution of the viccatiequation
$(t=1) = ATSCE)(A-BL(1)) + Q, (6.5)
with the initial condition

S(N) .= O (6.6)
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The matrices A, B, and Q are given by

-y pros —
P

"‘a,] 1 0 = 4 g b
-a, 6 1 ... 0 b,
A = s B =
"1 . n~1
u_'an LR EEY 0.-.1 Bl VR
Q1 = diag[-EgO, LI I RN 0} (8&?) -

The computations are organized ag follows

BTs » g1

BYSB + Q2 = sIB + Q, + $3
BISA/R3 = STA/R3 » L
A - BL » $1

SA + 872

s = 52781 + o1

The algorithm is given in a speoial‘subrcutine CORIG
See List 7. Notice that the riccatiequation may have
several solutions. To obtain the solution so that
all poles of the closed loop system are inside the
unit cirecle, it is necessary to start the iteration
with a positive definite matrix,




List 7. SUBROUTINE FOR STEADY STATE SOLUTION OF
RICCATI EQUATION

SUBROUT INE CORI{AVB, 02,5, AL, N:R3,18)

THIS SUBRGUTINE [TERATES THE RICCATI EQUATION
SEATHE# (A-B%L ) +Q1 (=)
LeBT#S#A/(Q2+B8T=88R)  {#x)

IN THE SPEQIAL CASE WHEWN
A I8 A COMPANION KATRIY
O1=DTAGCL 0. ce.00)

B IS & VECTODR

AUTHOR K, J. ASTROHM 72~01-~03
A~ VECTOR CONTAINING THE FIRST COLUMN

OF THE MATRIX A IN (%3 | B+ ACI Ldz=AC1)
B~ VECTOR B I[N (#) AND (%%}

Q2 = SCALAR G2 N (#8)

8 = BOLUTION OF RICCATI EQUATION

AL - VECTOR AL IN (##}

N = ACTUAL ORDER OF SYSTEM .

14 ~- DIMENSION PARAMETER OF MATRIX S
Ry =

DENODMINATOR (Q2+BT*5#8)
USES DUM7 AND DUME OF COMMON/SLASK/

DIMENSTON A1) B(1Y,AL(L)8¢1.1) :
COMMON /SLASK/DUM(384),51(8,8),52(8,8)

r
BO 10 i=i,N
i0 BLOI 2 )=SCAPRO(B(L) + 2803 132100}
R%sSﬁAPRQCBii?;i;Siil:l),1.N}*G2
o : . .
C B3 NOW CONTAINS BTSSR+
C
ALLL ) s=8CAPRO(S1{1,2) 50 A¢1), 1, N} /RS
30 14 1=2,N :
it=irg
i4 ALCII=B1CI1 1) 7R3 ,
C .
C CONMPUTATION OF L=BT#S5*A/(Q2+BT*558) COMPLETE
C RESULT STORED INVECTOR AL
b .
RsAL (1)
DO 20 l=zi.N
20 Salis1)Y==4C010~B(])%R
B0 22 J=m2.N
ReAlL ()
DO 22 I=1,N
Ri=f.
IF (i+1=J) 22,233,292
23 Rie=i.

29 S101,J)=R1~B(])I*R




ey

38

24,

51 NOW CONTAINS A-Bel

DD 24 i=1,N ,

S2(1 .4 25~SCAPROCACLY 11501 1), 18, M)
MHiahN=1

DO 26 J=i,NML

CaLl, MOVE(S(1,J),82¢(1,J+1) Nanl}

8

[x]

NOH CONTAINS Ssa
DO 30 l=i,.N
DO 30 J=L,N

PROCS2T(L,13,1,8008,0),1, 1)
R E S

e
it
o
-~
Lol =

To test the subroutine CORI a special conversational

program has been written which enables the user to
enter system and loss function from teletype. This
program is given in List 8. The program will be
tested against analytical solutions.




C

100

101

160
C

206

208

List 8. CONVERSATIONAL PROGRAM FOR USTING CORI

THIS 15 A PROGRAM FOR uUSING CORI. THE PROGRAM REGQUESTS
DATA FROM TTY. CALLS CORt AND PRINTS THE RESULTS oM DEY 6
DIMENSTON AC(LA)Y,B(16AL{16),5016,:186)

DATHE AY/3HYES/

Mi=1

CARLL ATTLPA(R)

WRITE (6:100)

FORMAT (114 TYPE ORDFR)

ICNTRL=1

We=RTTFF{IONTRL)

WRITE (68,1012

FORMAT (19H TYPE BELEMENTS OF a)

CNTRL=T .

ACH)=RTTFFCICNTRL)

WRITE (6,102

FORMATL19H TYPE ELEMENTS OF R)
ICNTRL =1

no 12 i=1,N

BCI}=RTTFFOICNTRL)

HRITE (6,104)

FORMAT (8H TYPE 02)

FENTRL=1

QZeRTTIFFLICNTRL)

WRITE (6,186) .
FORMAT (26H TYPE NUMBER OF 1TERATIONS)
FONTRL =1

Ne=RTTFFLICNTRL)

S INITIALIZE S .

no 20 I=1,N

PO 20 J=1,N

S(i,dY=0.0° -

DO 24 I=1,N" .-

S(l,1083.0

MAIN LOOP SR

DO 30 IT=Ni,N2 .,

CALL CORICA,B,Q2,S)ALIN, RS?

HRiTE (6,2003

FORMAT (9H S-MATRIX)

DO 40 i=1.,N :

WRITRE (6,300) (S(},J),.d=1,N)
FORMAT (6E12:4) -

WRITE (6:202)

FORMAT {(9H L-VECTOR) A
WRITE (6,300) (ALI!},{ginN)

WRITE (6 204) .
FORMAT (24H DO-YOU WISH TO cGNTiNUE!~
READ (8,206) ANb o
FORMAT (AB)Y . - '

IF (ANS.NE.AY) GO TO 1

Ni=N2 I

. WRITE (6,208}

FORMAT (37H TYPE NUMBER .OF -ADDITIOMAL ITERATIONS) = -




Example 6.1

-Consider the system

}
*{t+1) = x(t) + ] ult)

with the criterion defined by

41

]
o)

Qt = 1, Q2

To find the steady state solution to the riccatiequa-
tion and the control law it is necessary to separate
twe cases.

Case 1. |b] < 1

In this case the Riccati equation has one steady state
solution .

1 0
S
The corresponding optimal control law is given by
L = {-a 11
Case 2. b} > 1

In this case the riccatiequation has two non~negative
solutions. The one previously given and
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where

(b-2)2 + al(p?-1)
(a~b)?

_ a(b2~1)
(awb)2

12}
3

b - g

(a-b)?

133

53

The corresponding control law is given by

_ 1 = ab .
me[a - 11

The program CORI will now be tested using some specific
numerical values

The analytical solution gives

B/3  -2/3

[¥2]
it}

~2/3 /3

L = [0 0}

The results obtained when using UCORI conversational are
given -next
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LOADER U9 A
B GORT W\, COR T

TYPE ORUb:

Y

TYPE DLERINTS o7 A

#05 E’z

IWPE SLEMERTS 3 B

#l. 2.

TYPE 22

7 .

TYFPE BUMDER OF JTERATICLE

e

=

s
S-MATARL R

JRR A R,
Ao dpaal+n] -3, 3714500

3

L ECTO
~Z T ASE~a) . 1425 o+t
W OYCU WISH 0 CORTI

Y ES N )
Y PR OMURDLE OF ADDITInasL IT&IaTIouns
# D
Sl1ATAI X
By 13352+ 41 ~9,688TE+82
2 BEGTEFTE 2,1 35IE+B1
L-VECTOR
-3, 2235E-87 Z,4475E-87
0 YOU WISH 10 CONTIHUE
]

The program will thus give the correct results after
10 iterations.

Example 6.2

Consider the system

x(t+1) = x{(t) + uft)
0.7 3] 0.9

with the ecriterion Q2 = 0. It is straightforward to
show that




L= [-1.5

The results obtained by CORI are given below.

TYFE OR DLk

-
#el

1]

TYPE ELEBENYS OF A

#1 .5 =7

TYPE SLEMEWTS OF £

#I 5 ,S‘
WFE Q2
#E .

TYPE RUMEER
#19

S MATRIX
BL.127T3E+G L
-@, 31 8T 8- 751
L-VECTOR

-3 15495+ )
DO YOU WISH
YES

TYPE HUMNBER
#1982 '
S-ATRIX

G, VEOBEHE]
B.OCGIE-ET
L~VECTGOR
=4, | 5285+ 8]
0o YOoU WisH
TC .

A
e
-t
—3
o

Tt
=
—

_—
-
]
¥

~G LA 18 TE-3
&, 1353 E~21

PR 6 IR
0 CGHTIWUE

OF ADDITIDHAL ITERATIONS

Ay B30 E-21
~E IS 1E-ET

Goi@ag sl

0 CORTIRUE

29.




7. SCALING

v(t) + a,ylt=1) + ..., + s y(t-n) = boult-k~1) + ., 4

b oult-k-m) + v(t-k-m) - : (7.1)
Now this equation can be rewritten as

YO + Cayfr e y(t-1)1 + ... « (a /o) Irly(t-n)] =

= (bjfro)Irou(t—kni)} A (bm/rg){rgu(t—k“m)] + v(t-k-m)
(7.2)

The models (7.1) and (7.2) are obviously identical. The
polynomial

4 _ _m~1 m-7 2 . o,
B(z) = gz (bqfro) + z bzirO Foa.. + bm/ro

has zeros outside the unit cirele if the polynomial B has
zeros outside the circle }zi o’ Solving the riccati-
equation assoclated with A and B it is then insured that
the zeros of B outside fz] = r, are reflected inside the
cirele. An example illustrates the point.

Example 7,1

Consider the system
vty + a y(t-1) = b ult-1)
The strategy which minimized & yz(t) is

a?

u{t) = 5 Y(t-1) + a u(t-1)

If the variables are transformed we get




YOEY + & $(t-1) = B Yr-1)
where

y(t-1) = r_ V(t=1), u(t) = roﬁ(t—1)‘

Hence
"y ng\; n, Ny a2
ult) = = y(t-1) + & d(t-1) = T y(t) + a ult-1)
I . o

The code for the scaling is given previously.

8. THE COMPLETE ALGORITHM

A FORTRAN program for the complete algorithm is given in
the Appendix. A test program TSTU2 was written in order

to test the algorithm. A listing of this program is found in
List 8. In the test program the parameters a;, by and b,
are read from the teletype. The program then computes the
steady state solution to the riccatiequation and the feed-
back gains. A sequence of inputs and outputs are then
generated and fed into the algorithm. The control actions
computed by STURE, as well as intermediate results, are
then printed.




List 9. TESTPROGRAM FOR STURE? 32.

787Uz
THIS |5 A TEST PROGRAM FOR STUREZ

Cru ey

GIKMENSION UCL0) Y {i0y,uniL0)y YRCADY,UC{A0), THLAR) ,PLT7,73:5(6+¢
1:50(48:5)

DIMENSION AC1G8Y.BLL0}

DIMENSION UCCLi0Y

COMMON #SLASK/ DUMI272),AS(8),BS{8),US(BY,YSIB),X{B),AL(8}
1,8(8:,8),pUM78(128)

Ma=l
NEg=2
Keg
Neg
NP=3
ip=7
[5%6
RL%1
A=l
NPT=O
LLOP=sG
Aliy=.7
Bi{ir=i,
B({2=,8
9 HRITE (6:250)
250 FORMAT (1HL)

WEITE (9,.300) .

3060 FORMAT {(23H TYPE RO, B(1) AND B(Z2})
|CNTRL=1
ROsRTTFFLICNTRL Y
B(LY=RTTFFCICNTRLY
B(2)=RTTFF(ICNTRL
AL=ACLY /RO
Bi=B{1 /RO
RzwB(2)/(RO=%2)

IF (B1~B2) 1:1;2

1 5{2,21= (82**2”81**3)/((#1*81 B2 eal)
S(4,2)aALuS8(2,2)
- S(2,1885(1,8)
S{L1:0)m1 +AURERE(2,2)
) Gy TO 3
a S{i:1351-
S(i,21=20.
S(2,31%0,
S{Z:2)=0,

3 RSES(1+1)#B1#B1+2, ssti,23*91*32+5(2,2:*32~82
RS7(S(1,1)8B1+5(1,2)#52) /RS
ALT1)=rALuRS’
AL(2)=RS

WRITE (6.200) RO

200 FORMAT (15HOTEST OF STUREZ,4H ROz,FB.4)
WRITE (6,201)

201, FORMAT (25H TRUE VALUE OF PARAMETERS)
WRITE (6,202}

202  FORMAT (16H & AND B VECTORS)

MRITE (6,100) (ACE),1=4,NA)

WRITE (6,100) (BCI), =4 ,NB)

WRITE (6,203)




n64

065

66
067
nes
069
g70
071
672
073
074
075
076
077
0ve
079
480
fa1

pez- -

683
084
085
686
087
088
pae
090
091
092
093
094
095
Dee
097
098
R Y
1a0

101,

162
103
1G4
165
106
107
108
109
110

111,

112
113
114
115
116
117

118 -
119

120
121
122
123
124
125
126
127

203
20

204

51

33,

FORMAT (9M S=MATR|X)

DO 16 1=i.N |

HEETE (6.300) (S{2d),Ju1,N)
HRITE (6,204

FORMAT (9H L~VECTOR)

HRITE (6,000 (ALCIY,In1.N)
GENERATE [NPUTS AND QUTPUTS
Ufﬁ(i).’awi,

UMi2l= 1,

UmM{3= 1.

UMi4)e 1,

UM(5)z-1,

UM{bai=z 1.

UM{7)r=-1,

UM{S}shln

UHigis 1.

UM(10=1,

YM{1}s0.

YM(2¥=0,

uci1i=yg,

Uuci{zi=n,

RO 20 [22,NPT
¥H(I+i)““é(i)*¥ﬂ(i§+B(i}*UH€|I*B{ai*UH(i”li
INTTHALTZE

Y{1r=YM{3)

Y{2ysYH{2)

D{1y=UN{3)

U{2y=uM(2)

UG3)=UM (1)

D0 30 i=1.np
DO 30 J=i.,NP
POl JYsa,

DO 31 I=z4,nP

THE*)gil

PCiylind, E5

MAIN LOOP

po. %0 L=d,LLOP

BO 51 bag.N

DO 51 Jsi,N

Sﬂt!rJ)ﬁS(l:J)‘

10F =0

CALL TIMERO(IM, ISEG, 1520, 10F)

CALL STURB2(Y, U, THsP,S0sRLyRO.NALNB, K, 1P, (S)

1OF =3

UC (LY =U (1)
UlL=UuM(L)
Y{lisYM(L)

WRITE (6,210)
FQRHAT£23HBPARAHETES ESTIMATES TH)
HRITE (6,5100) (THCI ), i=1,0P)
HRITE (6s211)

FORMAT (18H COVARIANCE MATRIX)
DO 40 I=1;NP .

WRITE (551000 (PC1,4),J21,NP).
HRITE (6,212)

FORMAT (184 VECTORS AS AND BS)
WRITE (6,100} (ASCI), 121, M)
WRITE €¢6,100) (BS(%);I“l N)
WRITE {6,213)

FORMAT (13H STATE VECTOR)
WRITE (6,100) (X(i),lvi;N)
WRITE (6,240) -




128
1?9
150
131
-152
133
134
135
136
%13?
138
‘139‘

146 -
141" .

142
1,43
144
145
146
447
148
149
150
151
pEE
123
154
355
156

158
159
160
161
162

163
f

65
%éa

67
168
164
{70
174

L73
174
175
.76
n?

240

42

205

206

. 5o

267

208

209
100

214

7%

72

230

70

74

34,

FORMAT (25H SCALED VECYORS YS AND us)
HRITE (68,4000 (YS{1).isiiNAY
HRITE (6,500) (US(L),tut.NB}
HRITE (6,283 :

DO 42 I=1N

HRITE (6,500) {S0¢):Jd)sdal.N)
HRITE (6,204)

WRITE (6,300 C(ALCI)  1=4.N}
HRITE {6,205}

FORMAT (419H CONTROL VARIABLE )
HREITE (6,400 UGy, 154,33}
HRITE {6.2082

FORMAT (1%H PROCESS BUTPUTY
[S1=609 My SED

Tid= FLQAE(iai?*;iﬁpLOAT(igiGE
HRITE (60100 (Y(i2,124,2}
WRITE 1(6,214) TIH

SONT INUE

HRITE (6.287) )

FORMAT (48H PROCESS INPUTS UM
WRITE (6,100} (UML) iz21:NPT)
HRITE (6.208)

FORMAY (4194 PROCESS OQUTPUTS Yﬁ?

CHRITE (6,1000 CYHCT Y Fed,NPT)

HRITE (4,209}

FORMAT (30H .COMPUTED CONTROL. VARIABLES UG)
HRITE (6,400 (UCCIY, IslsNPT)

FORMAT (B£42.4)

FORMAT (15H COMPUTING TIMESFS,1,4H SEC)

COMPUTE CORRECT VALUES OF ys
IF{BL-B2) 76.71,71

D078 1=4,NPT
SLASE (A(i)#%iSiiB(i}I*UHi!wE)

UEC1 s {ALL I 2R/B(1) )Y |~ i}*<812}*ﬁ£1j&8{1}%/Eil?ﬁgﬁtE?i}+$LA

HRITE {(6,230)

FORMAT (36H CORRECT VALUES OF CONTROL VAR|ABLES)
HRITE (6,1060) (UGC!!>a1=1.MPT)

o 70 9o

BET=B{i}/B¢2)

FisBET-4{1)

FErAl1)® (A0} ~BET) /(1 . =AL{L)#RET)

Gor=A{1)aFD

B0 74 IedNPT

UGC(i}ﬂﬂﬁﬂfaﬁa)%Yﬁiimii Fl*Uﬁ(i*i)”FE*UHi{vE)
HRATE. (6,230}

WRITE (644000 (UBCCIY, bal,NPT)

GO TO 99

END




‘Example 8.1

The following example was used as a test examﬁie?fi
y(t) + a y(t=1) = bju(t—q) + bzu(t”EE

The control strategy is

7 b2 - abq ab2
uf{t) = %ﬂ y(t-13) - P u{t=-1) + g?m ul{t-2)
1

3

1

The numerical values used are
a = 0.7, b1 = 1 and b2 = 0.8

They give the control law
= - -1) = - . t~2
u, (t) = 0.48y, (=13 0.4y (t=1) + O 56u )

Introducing the following values for y. and u.

t ym(t) um(ﬁ)
iy 1

5 6.6380 -1 o
3 00,6466 1

7 0.65286 -1

8 0.6568 -4

we get

uc(B) = 0.3874

UC(T) = “0;3"[’32

-uc(8) = 0.3502

UC(Q) = ~0,1382

As 1s shown in the enclosed prlntout, List 10, the parame-
ter estimates are correct after 6 steps and the computed
actions are also coprrect, It is also shown -that the re=-

o]
so small that the polynomial B has a zero outside [z] r

See List 11.

sults are invariant with respeci to r_ unless rs is chosen

o




Ligt 10.  PRINTOUT FROM TSTUZ FOR RO = 1, p(1y o
B(2) = 0.8 '

TEST OF STUREZ RO2  1.0000
TRUE VALUE DF PARAMETERS
4 AND B VECTORS

0.7060E+00

D.4000E+Q0L  0,8000E+00
S~MATRIX

0,10006E+01 0.0000B+00
J.0000E+00 0.0000E%GD
L=-VECTOR
=0, 7000E«00  0.1000F+071

FARAMETES ESTIMATES TH
0.3000E+01 0,1100E+01. 0,90008+08
COVARIANCE MATRIY
0.10006+06 0.0000E+00 0.0000E+048
O 0000BE+00 0.H5000B+05  0,5000E+05
0.0000E«+0D 0.5000E+05 0.5000E405
VECTORS &S aND 8S
G.3000E+01 - 0.0000E<p0
STATE VECTOR
0,1800E+0% 0.9000F«00
SCALED VBCTORS YS AND US
02080800
0.3000E208 0.1000E+01
SeMATR X
U.1000E+01 0.3328E~08
0.3325E-08 -«0,33258=08
L=VEETOR:
=0, 00016200 0.9001E+00
CONTROL VARJABLE: U
0.L000E+01 0,10008+01 0,1000E201
PROCESE OUTPUT
.1660E204 0.2000E+80
COMPUTING TIHE 0,2 SEC

PARAMETES ESTIMATES TH.
0.40014E+0L 0. .1035E+01 0.8314E+00
COVARTANGE MATRIX
0, 9604E+05- D.9804E+04 0,08048504
008046404 0.,98096+03 0,9604E+08
0.9804E%04 0.,9804E+03 0,0809E+0%
VEGTORS AS AND BS
0eiDLAE201 0,0000E00
0.1031E+01 0,8314E=00
STATE VELTOR :
6,1800E+00 0.8314E+G0
SCALED VECTORS Y$S AND US
.1660E+03 )
D.3000E+01 D,1000B%03%
S=-MATRIX .
0. 50006401 0.1432E-07
0t15515“0?-ﬁﬂ,1éi2§%0?
L=YECTOR :
~0.9829E+00 0.9698FE400
CONTROL VARIABLE U
0. J000E201 0.1000E«01 0,1000E+01
PROCESS QUTRUT :
0,6380E«00 0.1660F«01
COMPUTING TIME 0.2 SEC

PARAMETES ESTIMATES TH
(2. o 1B,




G§.7000E+00 0.1000EB+01
DOVARTANCE HATRIX
$.9384E+00 0.,4364E200
04364800 0,.5780E+00
0.4364E+08 0.7799B~01
VECTORS AS AND 8%
8,7000E+00 (.0000E+00
0.1000E+01  0,80068+00
STATE VEGCTOR
~0,6466E+00 ~0.8000FE+0D
SCALED VECTORS YS AND US
0.6380E+00
=0.1000E+01 0.10006+01
S=HATRIX
0,31000k+03 ~0.755PF~08
~0.1352E-07 (.1079E~07
L=VECTODR
=Q.7800E+00 G.40600E+01
CONTROL VYARITABLE U
0.L000E+04 ~Q,1000E+01
PROCESS qUTRUTY
=0, 8466E+00 0.,6580B00
COMPUTING TIHE 0.2 SEC

PARAHETES ESTIMATES TH
8. 70606400 U-i050§¢ﬂi
COVARTANCE MATRIX
D.7879E+00  0.2408E+p0
0.2408E+00 0.3236E«00
0.4921LE400 0.1504E%60
VECTORS AS AND BS
D.7080E+020 0.8000E<00
0.1000E=01 0.8000E¢00
STATE VECTOR
0.6526E+00 0.8000E+00
SCALED VECTORS. YS AND US
~0 6A66ER00
0, L000E201 ~0.,1080E+01
S=HATRIX :
0.10008401 ~0.7552E-08
=0, 1352607 0.1079E=07
L-VECTOR .
“0.7000E+00 0.1000F+01
CONTROL VARIABLE U
~0,1000E+01 0+16008%01
PROCESS OUTPUT ,
0.6526E+00 =0 64665400
COMPUTING TIME 0,2 SgD

PARAMETES ESTIMATES TH
0.7000E+00 (0.1000E+01
COVARITANCE MATRIX
0.7459E+00 (Q.1872E+00
0.1872E+00 (.,2552E+00
- 0.5066E+00 0.1688E+00
VECTORS AS: AND HS ’
0.7000E+00 0,0000E+00
0.100DE+014 (.8000E*00
STATE VECTOR:

~0,6568E200 ~0,8000E+00

SCALED VECTORS YS AND US
G 6526E+(D

~0.1000E+01  0,31000E+01
S=HATRIX i

Gg&@ﬂﬁE%GG
0.4364E400

0.7799E~01
0.3780E+00

B,1000E+01

0.8000&¢00

0 4921E+00
§.1504E=00
aa§§?4E+EG

“0.,1000E201

U.8060E+0D

£.,5066E+00
0.41688E+00
§.5524E+00

59,




6.1000E+01  0.0000E+00

D.0000E+00 0,0000E+00
L=YECTOR _
-0, 700000 ,1000E+01
CONTROL YARIABLE U
=0 1000E+01 ~0.,1000E+01
PROCESS OUTPUT
~0.6568E+00 0.6526E00
COMPUTING TIME 0.1 SEC

PARAMETES EST|MATES TH
0, 7000E400 0,1000E+04.
COVARTARCE MATRIX
0.7255E400 0. 4617E+00
0.1617E400 §.2286E400
0,5131E400 0.1769E+00
VECTORS AS AND BS
0.7000E+00  0.0000E<60
0.4000E+05  0.8000E«00
STATE VECTOR
9, 4340401 =0, 80G0E+00
SCALED VECTORS YS AND US
~0 6568500
~0.1000E+0L ~0.10006401
S=MATRX
G.iDOOE#0L  0,3758E~08
0.6726E~08 ~0,53685~08.
L=VECTOR
0. 7000E«00  0,1000E+01
CONTROL VARIABLE U
0,1000E401 ~0. L000E+01
PROGESS OUTPUT
~G,4340E+0L 0. 6568E+00
COMPUTING TIME 0.2 SEC
PROCESS INPUTS UM
~0,1000E+01° 0.40008+04

0.1000E+01

0.,8000E+00

B.5131E+00
O0:i769E+00
0.58504E+00

=0, 100001

G.1000E=01

0.10BGE+G1 ~0,1000E+01 ~0,3iB00F%01

PROGESS OUTPUTS YHM
0.00G60E200 0,0000E+00
0. 6456E+00 0.6526E400

G,2000E+50

~0,656BE+00

COMPUTED CONTROL VARIABLES UG

0.0000E+00 0.0000B4+00.
B,3474E400 -~0, 34325400

CORRECT VALUES OF CONTROL VARIABLES

0.0000E%00 0.06000E%60
0,3474E+00 ~0:3432E+00

0,0000E+00:

9,3%02E+00 -
‘G,00080FE+00

0434026400

0,10006+04 -

0.1000E201
0,1660E+01

=, 35408404

0,81826%00

0,3620E+00
=031582E%00

"'38;.

~0,1000E+01"

0, 63BOE+G0

w0, 62928400

D 3534E+00

oK,




List 11. PRINTOUT FROM TSTU2 FOR RO = 0.8, B(1)
BC2) = 0.8.

TEST OF STUREZ RO=  0.9000
TRUE VALUE OF PARAMETERS
A AND B VECTORS

070006200

040006401 0,8000E+00
SeHATRIX

G L000E«0L  0.0000E+00
0.0000E$00  0.0000E#00
L=VEQTOR
~0.7000E+60 0.9000E200

PARAMETES ESTIMATES TH
9.1000E501 0.3500E+0% 0.9000E+50
COVARTANGE HATRIX
0. 3000E+06 D.6000E+00 0,0000E400
0.0000E+00 0.5000E<05 0,5000E405
0.G000E~00  §.5000E+05 0,5000E405
VECTORS AS AND BS
0.1121E+0L  0.00008+00
B.42R2E40% 0.111%E+01
5TATE VECTDR
0,18006+01 0.1000E<D)
SCALED VECTORS YS AND US
0.18G0E+00
0.90006200 0,8L00E+00
§=MATR|X
B.4000E+61 D.6631E~08
0¢4584E~07 -~0,5968ER(8
L=VECTOR
20.9091E400 0.8L82E+00
CONMTROL VARIABLE U :
0.4000E+01  0.1000E«0% 0.1000B+01
PROCESS QUTRUT
0,1660E401 0,2000E+00
GOMPUTING TINE- 0,2 SEC

PARAMETES ESTIHATES TH -
0.1044E+01L 0.1031E201 08,58314E200
COVARIANCE. MATRIX
0.9804E+05 0.9804B+04 0Q,9B04E+046
0.90804E+84 0,9B09E+03 '0.9804E+03
0.9804E464  0.,9804E4+03 0§.9809E203
VECTORS AS AND BS
0.5126E=01 0.0000E+00
0.1146E+01 (.1026E+01
STATE VECTOR
0.1800E+00 (,9237E+00
SCALED VECTORS YS AND US
8.1494E+401
0.9000B«00 0.B8L00E+00
B=MATRIX . ,
0.1000E+0% 0.4202E~07
§:8944E=07 ~0.5730E~07"
L-YEQOTOR ‘
~0,9829E200 0.8726E+00
CONTROL VARIABLE U
~0.1000E+01 0:1000E+0% 0,100DE+D4
PROGESS DUTPUT
‘D.63B0E+00 0.,1660E+01
COMPUTING TIME 0.2 SEC

PARAMETES ESTIMATES TR

s 39,




0.7000E+00 010008401
COVARIANGE MATRIX ‘
U.9BB4E0D  ,4364E400
§.4364E+00  0.5780E+00
0,4364E400  §.7799E~01
VECTORS AS AND BS
0.77788+00 §,0000E+00
0.4113E+0%  0.9877E«00
STATE VECTOR
~0.6466E+00 ~0,B8B8B9E+00
SCALED VECTORS YS AND U§
55742800
~0.5000E+00 0. 8100800
SmMATR{X
0.1000E+0] ~0,3236E-07
~0.A4285E8«07 0.4161E-D7
L-VECTOR
~6.7N00ES00  0.9000E+00
CONTROL VARJABLE U
0,1600E«01 ~0,2000E+0%
PROCESS OUTRUT
=0 6AGEELON (., 6380E+00
COMPUTING TIME 0,2 SEC

PARAMETES ESTIMATES TH
B.7000E+00 0.54800E+01
COVAR)ANCE MATRIX
0. 7879E+00 0.2408E+00
Q.2408E+00 0,3236E+00
D,A921E+00 0.1504E+00
VECTORS AS AND BS
0,777BE+80 D.0000E+00
L0 1L11E#0% 0.9877E+Q0
STATE VEGTOR.
D.6526E+00 0.8889E+00
SCALED VECTORS. YS AND US
~0.5B19E+00
0.9000E+00 ~0.8100E+00
S=MATRIX )
0.1000E=01 0.1215E~07
9-13615“0?'*6-15525ﬁ67
L=VECTOR

0.8800E+00
B,4364E+00

B, 7799E~01
G.B7B0E+QD

G,1000E<01

0,8000E«00

0.4921E+080
$.1504E400
§,8574E+00

~0.7000E+00 0.0000E+00

CONTROL VARIABLE U
~0,1000E+01 §.,10008+01
PROCESS OUTPUT
0.6526E400 ~0,6466E400
COMPUTING TIME 0.2 SEC

PARAMETES ‘ESTIMATES TH
0.7000E«00 0,1000E+01
COVARIANGE MATRIX
0.7459E+00 0.1872E+400
0.1872E%006  0.2B53E+00
0.5066E+00 D.1L6BBE+QD.
VECTORE AS. AND BS
0.777BE+00 G.Q000E+00
G:.1141E+01 0.9877E+00
STATE VECTOR
“ﬁ.éﬁéﬂE*Gﬁ'”G;SﬂB?E*ﬂﬂ
SCALED VECTORS YS AND US
0.B874E+00
“0.9000E+00 0.,8100E+00
S"MATRIX . '

~0,100DE+01

0.8000E+00

0.5066E+00
0,1688E+00
QtﬁSEﬂE&ﬁﬂ

ko.




0,1000E+01 ~01,2054E~07
~U.25108~07 0.2636E-07.
L=VECTOR
~0.7000E+08 0.9000E+00
CONTROL VARIABLE U '
~0.1000E+01 -0 .1000E+01 D.1000E+01
PROCESS QUTRUT
~0.656BE+00  0.6526E400
COMPUTING TIME 9.2 SEC

PARAMETES ESTIMAYES TH
0.7000E400 0.10008+04 0,8000E+g0
COVARTANCE MATRIX
0.7255E+00  0.2617E+00 0.51316400
U.1617E+00  0.2236E+00 0. 1760E+00
0.BABIE+D0  0,1769E+00  0,.5504E00
VECTORS AS AND BS
G.7778E+00  0.0000E+00
Ueli11E+04  0,9877E+00 ;
STATE VECTOR f
=0.,1340E401 ~0,8889E+00
SCALED VECTORS ¥S AND US o
~0.5942E400 '
~0.9000E+Q0 -~0,8100E+00 N
SeMATRIX I
0.1000E+0L 0.27¢3E-07 i
0.2299E«(7 ~0,3475BE~Q7
L-VECTOR ' ' i
~0,7B00E+00  0.9000E+00 , i
CONTROL VARIABLE U i
0,1000E%01 ~0,1000E+04 ~0,1000E4p1 i
PROCESS GUTPUT i
~0. 13406401 -0, 6568E+00 q
COMPUTING TIME 6,2 sgc |
PROCESS [NPUTS UM . |
~0.1000E%01  0.1000E+01 0,1000E+01 0.1000E+04 ~0,1000E+01 i
ot L0000 ~0,1000E401 ~0, 10006408 0.10006401 ]
PROTESS QUTPUTS YH _ i
0-0DOOE+00  0.0000E+00 0.20005+00 0,1660E404 0.638DE+00 i
~0.6486E400 0,6526E+00 ~0,4568E400 ~0,1340E+04 |
COMPUTED CONTROL. VAR ABLES U _ ‘
0.0000E«00  0.,0000E+00° 6,0000E+00 0.8182E+G0  «0,6292E+00
0,5474E400 ~0, 3432400  0,3402E400 ~g.13826400
CORRECT VALUES. OF CONTROL. VARIABLES
0.0000E~00- 0.0000E+00 0,0000E+00 0,3620E+00 ~0.85348400
0.3474E+00 ~0.3432E+00 0,3402E400 ~0,1382E+00




List 12.

TEST OF

STUREZ Ro=
TRUE VALUE 0OF PARAMETERS

0.8,

A AND B VECTORS

U.7000E+00

0.3000E+01 (.20060E+0}
S=MATRIX

0.1870E+01 ~0,1243E+014
“0,12438E+01  0.1775&+01
L~VECTOR

0.3077E+00 «0.1538E+00

PARAMETES ESTIMATES TH

Ni000E+01

0,50060E+00

COVARIANGE MATRIX

0,1000E€+06 0,0000E+80
G.0600E+00 0.5000E+05
0.,0000E+00  0,5000E+05

VECTORS AS AND BS

0.1000E+61 0,0000E+00

0. 5000E+00 {.15008+01
STATE VECTOR '

0.3000E+01 0,1500E+01

SCALED VECTORS Y3 AND US

~0.1600E+41

0.1008E+04 G.,1000E+01
F-MATRIX

0.3000E+04- ~0.2000E401
~0.20060E+01  0.2000E+014
L~VECTOR

0, 6667E+30 ~0,6667E+00

CONTROL VARIABLE U

0,3000E+01

8.1000E+01

PROCESS QUTPUT
0.3700E+01 ~0.,1000E+01
COMPUTING TIME 0.2 SEC

PARAMETES ESTIMATES TH
S 0.1233E40%  0.7333E+00
COVARIANCE HMATRIX
0.666TEQ5 »0,3333E+05
0. 3333E405 0,1667E405
-0, 3333E+05  (.1667E+05
VECTORS AS AND 8%
0.12336+01 0.0000E+00

0,7333E+00  0.1733E+01 -
STATE VECTOR
~Q.2097E+01 0.1733E+03

SCALED VECTORS YS AND US
G.3700E+04%

. 0.1000E+01 0.1000E+01
S=MATRIX
D.6461E+01 ~0.4428E+01
~0.4428E+01 0.3B90E+01
L-VECTOR '

0.1206E+04 ~0,9775E+00
CONTROL VARIABLE U

~0.,1000E+01 0.1000E+01
PROCESS QUTPUT '
D.-4100E+00 §.3700E+014

COMPUTING TIME 0.2 SEC

PARAMETES ESTIHATES TH

PRINTOUT FROM TSTU2 FOR RO = 1, B(1)
B(2) =

1.0000

0.1500E+01
6. 00008400

0,5000E+05
G.5000E+0%

6.1000E+01

0,1735E+04
-0+ 33336405

Gi16é7E+Q5
B+1667E+5

0.,100DE+01




0.7000&+00

0.1000E201

COVARIAMNCE MATRIX

0.8985E-014
G.6098E~017
0.6098E~03

0.6098E-01
0.4154E+00
0 B455E~07

VECTORS AS AND BS

0.7000E+00
0.1000E+01

0.0000E+00Q
0. 2000E+01

STATE VEQTOR
0.713BE+00 ~0.20008+p%
SCALED VECTORS YS AND US

0.2000E01

0,6098E~01
‘“ﬁeﬁqﬁﬁE”ﬁi
0.4154F+00

3.4100E=00

=0 1000E+01  0.1000E+0;
S~MATR X

0. 187UE+01 ~0.1243E+01
0, 1245E08  0.47758404
L=VECTOR

0,L077E+00

0 1538E+0g

CONTROL VARIABLE U

0.1000E+q3

'”QslgogE*gi

PROGESS QUTPUT

B.7130E+00

0.4100E+00

COMPUTING TIME 9,2 SEC

PARAMETES ESTIMATES. TH

STATE VECTOR

0.2049E+01

”6-20055*93

G.4000E+p1

0.700DE+00 0,1000E+01 6.,20008401
COVARITANCE MATRIX -
0.8917E~01 0,5138E-g1 G.6966E~01
0.5438E-01 0,2787E+g0 0,3920E-01
0.6966E~01 0.39206=01 0.3035E+0(
VECTORS AS .AND BS
0.7000E+00 0,0000E+00
0,1000E401 0.2000E+0%
STATE VECTOR
~0.1499E401  0.2000E+01
SCALED VECTORS: YS AND US
0.7430E+p0
0.1000E+01 ~0.2000E+01
S~MATRIX :
0.1870E+01 ~0.1243E+(1
“0.1243E+04 0.1775E#+01
L=VECTOR
0.1077E+00 ~0+1538E+00
CONTROL VARIABLE U
~0.1000E+D1 0+1000E+01 ~0,1000E+04
PROCESS OQUTPUT _
0. 1499E+01  0.7130E+00
COMPUTING TIME 0,2 SEC
PARAMETES ‘FSTIMATES TH
0.7000E+00 0.1000E+01% 0,2000B%01
COVARIANCE MATRIX _

. '9:84925*31 6161925”01 'U¢5335E“ﬂ1'
0.6192E-~04 0.2525E%0p 0.7963Empy
0.5335E~01 0.7963E-01 0.,2409E+00

VECTORS AS AND BS. '
0,7000E+400 0,0000E+00
0+.1000E+01 0,2000E+0Y

SCALED VEGTORS YS AND US

~0,1499E+04
S=MATR | X

0.1000E+03

43.




0,1870E¢01 ~0.1243E+0]
~0.1245E401  0,.177BE+01
LeVEGTOR '
0.10776+00 -0.1538E+00
CONTROL VARIABLE U
-0 . 10008401 -0 10006403 0.1000E+0L
PROCESS OUTPUT
'6529495é03 *ﬁ.ié?@ﬁ*ﬂl
COMPUTING TIME 0,1 SEC

PARAMETES ESTIMATES TH ,
0,7000E+00 ©§,1000E+01 0.2000E+01
COVARIANCE MATRIX
D.75526-01 0,6826E-05 0.3424E-01
0.6826E~01 0.2483E+00  0,9251E~0%
§.342AE~01 0,9251E~01 0.20218:00
VECTORS AS. AND BS
0,7000E+400 ©0,0000E+00
0. 1000E+G1  0.2000E%03
STAHTE VECTOR
w0, 4435E401 -0 2000E+04
SCALED VECTORS YS AND US
0.2049E+01
-0, 100DE+02 =0, 1000E+D1
S~MATR Y
0,1870E+01 ~0,1243E+01
~0.1243E401  0,1775E+01
L-VECTOR
6,1077E+00 0. 1538E+00
CONTROL VARIABLE U :
0.1000E401 =0+1000E+0L ~0,1000E+01
PROCESS DUTPUT
~0.4435E+0%, 0,2049E+01
COMPUTING TIME 0.2 SEC
PROGESS INPUTS UM :
5.i000E401 0,1000E+04 0.1000E+0%L 0.1000E%0% =0, 1000EXDT
0.1000E+01 -0,1000E+03 ~0,10006+02 0,1000E+01. ‘
PROGESS. OUTPUTS YM
. 5. 0000E+00 0.0000E+D0 ~0.1000E+0y 0,3700E+01 0, 4100E+00
0.7130E+00 ~0.1499E+01 0,2049E+01 ~0,44356+01
* GOMPUTED .CONTROL- VAR{ABLES UG
5. 0000E+GD -0,0060E+00. 0,0000E¢00 ~0,1000E+04 0,4222E401
0. 38456400 ©0,4691E+00 ~0,5284E+00 08,1699Ex00
CORRECT VALUES OF CONTROL VARIABLES
0.0000E+00  0,0000E+00 0,0000E+00 ~0.9077E-01 0,2635E+00
~D.3B4BE+00 - 0.4691E400 ~0,5284E+00 0.1699E+0D
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APPENDIX

-SU%RQUTINE.STUQEQiY:U»TH;?rS;RL;RB;NA:NB:K.lPsFE?

SELFTUNING: REGULATOR BASED ON LEAST SQUARES |DENTIFICAT|DN
AND MINIMUM VARIANCE CONTROL _
THE ALGORITHM S BASED..ON THE MODEL-

YATI+ALLIBY T 0 )%, o2 ACNAD BY (T=NA ) &
BOIYKUSTKed 34,1 <4 BINB) #U{T~K~NE) (%)

AT EACH STEP- THE LEAST SQUARES ESTIMATES OF THE HODEL
PARAMETERS ARE COMPUTED, THE PROCESS. INPUT U(T+4) TO gE
APPLIED TO THE PROGESS AT TIME T+1 |8 THEN COMPUTED

FROM THE SOLUTION OF THE RICCAT! EOUATION WHICH MINIMIZES
SUM Y(T)#+z UNDER THE CONSTRAIRT THAT ALL POLES oOF

THE CLOSED LOOP SYSTEM ARE WITHIN THE UNIT CIRCLE

HHEN APPLY NG THE ALGORITH THE PROCESS OUTRUT IS THUS READ

AT TIHE T, THE PROCESS INPUT U(T+1) T0 BE APPLIED AT TIME Tes

IS THEN COMPUTED AT THE TIME [NTERVAL (T,T+4)
AUTHOR KJ ASTROM 72-08=31

Y-VECTOR OF SCALED PROCESS INPUTS OF DIHENSION NAei
AND ORGANIZED A% FOLLOWS

Y{i3sY(T) :

Y(2)2Y(T-1) RETURNED AS: Y(T)

Y (MA®L) BY (T=NA) | RETURNED AS' Y(T=NA¥1)-

(U-VECTOR OF PROCESS GUTPUTS OF. DINENS|ON NB+Keq
ORGANIZED AS: FOLLOWS:
UCLI=U(T) : RETURNED. AS U(T+1) .
U2 el(Teg) RETURNED AS U(T)
UCNBHKS1) 20 ¢ F-NB=K) RETURNED AS U(T=NB~K+1)
TH-VECTOR OF ESTIMATED PARAMERS OF:.D|NENSION. NASNG

ORGANIZED AS FOLLOWS . |

THUL) BAE(1)

THZ)ZAE(2)

THINAYSAE(NA)

TH(NA+1) *BE(1)

THINA+NB) BE (N@)

FoCOVARTANCE: MATRIX OF THE: PARAMETER ESTIMATES OF
ORDER (NA+NB)»(NA+NB)

S-SOLUTION TO° THE RICCATI EQUATION WHICH GIVES THE
CONTROL .LAW, THE INITIAL VALUE OF THE MATRIX SET
N THE. MAIN PROGRAM MUST -BE POS|TIVE. DEFiNITE
THE MATRIX S. |S OF ORDER N#N (NaMAX(NA,NB+K))

RL-THE BASE OF THE EXPONENTIAL WE{GHT |NG-FUNCT|ON

NA-NUMBER OF A~PARAMETERS SEE (#) MAX{NA) =8

NB-NUMBER QF B~PARAMETERS -SEE. (#) MAX(NB+K )38

K-NUMBER OF TIMEDELAYS.  -SEE. (%)  MAX(NB+K)z8

|P~DIMENS | ONPARAMETER OF: THE- MATRIX P, MAX&32

IS~ DIMENSION PARAHETER OF MATRIX S, MAX5S

UBES DUMS-DUMB ‘OF GOMMON /SLASK/
SUBROUTINES REQUIRED

RTLS D
SCAPRD.




La-i o Moo B

oo

20y

21
20
26

25
24

30

ORGANIZE DATA FOR (DENTIFICATION ROUT I NE

'CALL:RTLS1E(TH,P¢FIfY!NJ§F;!PsRLjﬁﬁggﬂENOM}

CALL MOVE (TH(1),AS(1),NA+NA)

b4o.

MOVE
CORT
NORM

DIMENS | ON Uii);Yfi?:TH(iF;P(iaiJaniil?

CDHHOﬁfSLASK/Dﬂﬁﬁg?S};AS(S);ES(E):US(S?;YSiB):X€8§;AL(8)
1oRUB:8Y,FI{64) ,DUMBLGS)

NeMAXO{NA,NEB+K )
NMi=b~1
NAMIi=NA-1
NAPLsNA+]
NBML=NB=1
NPf=fey
NP=NA+NR

SET FIXED PARAMETERS

g2=0.

NL.OP=10
IR=8

YiMaey {4}

DO 10 I=d,8A

FillYa=Y{1{s1}

FFANB)Y 12:12.,14

NS=2#NEB

CALL MOVECULK+2),F | (NA+1),NS)

SET PARAMETERS. oF STATE MODDEL

FF (N-NA~1) 20,24,22
AS{NA+1)=0,0 ’

NSaN~NA-1
CALL:HGVE'(AS(NA*i),AS(NA+2)sNS+N$)
GO To 20 .
AS{NA+1)=0,0

IF (K=1} 24,25,28

85(1¥=0,0

NS=K~1 -

CALL HOVE (BS(1):BS(2),NS+NS)

GO TO 24 :
BS{11=0.,0

CALL MOVE {THINA+1) ,BS(K+1) , NB+NE)
NisnNB+K+d :

IF (N=N1) 28.29,30

BS{N1)=0,0

NSEN=N1

CALL MOVE(BSIN1),BS(NL1+1),NS¢NS)

GO TO 2g

BSINL)=0.0

SCALE SYSTEM PARAMETERS

SF=1,
DO- 32 i=1:N
SF=8F#*Rg.

ASUI)=AS( 1) /SF.




34

44
74

43

70

44

41
45
42

45

Fo - R R

B0

<y O Y

&0

47,

BSE112BS (1) /SF
SCALE U AND Y

SFwi,

BO 34 i1=4i,NA
SFeSFeRp

YS{ =Y ) yuSF
SFaY.
NBEKaNB+K

BO 36 i=1,N8K
SF=8F%R(
US{H=U{YssF

COMPUTE STATE VARI|ABLES

X{13=Y8(1)

IF (NA=NB=K} 46,41,49
FF (NA=ZY 70474371

DO 43 J=Bl,NA .
MEaNA~I+1

NEBuN={+1

Kil}ﬂPSCﬁPRQ§ﬁ$§E};1:Y5i2):i%ﬂS)*SCé?RQ(HSfEiri:USCE)aerSQF

DO- 44 |=NAPL (N

NSBN« |+ _
XCHY=SCAPRO(BST(),4,US(2), 4, N8)
GO TO 49

DO 45 [82,N

NG apw | 44

X(l)#"SCAPRG{AS{i)pi:YSi?E;i;NS}+SSAPRO€88(!}-1;US€2%s1

GO TO 49

MisNB+K

DO 46 1=2,N1

NEAm=N=f+]

NBeNL={+1 .
X(l)EFSCAPRQ(RS<i)pi:?ﬁ(??:1:N5A)*SGAPRD(ES€{}:1LU3t2):
NisNi+d.

DO 47 1sNi, W

NSsN~Ni+1 '
KOLYu-SCAPROCAS(1),1,Y8(2),4:NS)

PREDICT BTATE VECTOR

RS&X (1)
NMLEN=1

DO 50 I=1yNMi .
KCE)e=AS{{)RRS+X(1+4)+BS () eUS(e}
XN =~AS (NI #RS+BS (N} #US (1)

COMPUTE CONTROL (AW

NLOOP=D
NLOOP=NLOOPs1
DO 62 i=1sN
DO &2 Jsmi,N
RCisJyeb(i,J

CALL ﬂGRi{ASeBS:QE:SaALstR3;IS)
DO 64 j2i,N

DO 64 Jsi.N

ROLLISRUE, I8 1,0)

TEST (F ITERATION WAS CONVERGED

AN}

1rNS)




g 48,
i
!
Lo G
X CALL NORM(R: N+ IR, RNDRMY
194 CALL NORM(S,N.1S,ANDRM)
(95 IF (RNORM~EPS&SNORMY 66.,66,65
OB 66 [ND==NLOOP
[197 GO TO 68
198 65 IF (NLDOP=NLOPY 60:67,67
199, 67 iNDe1
200 68 CONTINUE
204 C
202 C
1203 & REQRGANIZE DATA FOR NEXY STEP
204 €
208 Nor2aNA
206 CALL MOVECY(41):Y(2),«NS)
207 N85z (NB+K)
08 CALL: MOVECU(L) ,U{R),»NE}
209 ¢
210 o COMPUTE CONTROL SIGNAL
211 ¢ ) )
212 UL s~8CAPROCAL (L) s 1, 001251 0N)
213 c .
714 ¢ THE CELL YS(1) 18 NOW READY 1O RECE|VE: THE: NEXT SGALED -
215 ¢ PROCESS OUTPUT Y(T*+13 AND THE. CELL: U(1) NOW CONTAINS THE
Q;g . g CONTROL SIGNAL UCT#1) TO BE USED AT TIME: T+i.
i ,
218 RETURN
219 "END
B




