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:* An indirect adaptive control algorithm has been studied
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;* to control physical systems with parameter uncertainties.
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'I I. INTRODUCTION BN ¢
L] - '{' ‘
: One of the most challenging, interesting and active fields & 3
N 3N
2 of Automatic Control is Adaptive Control. To implement high- : \ﬁ
A
i performance control systems when the plant dynamics are poorly g
Y At
S
N known or when large and unpredictable variations occur, the :b@:
b F._:_-_’.
h Yo
3 control engineers prefer to use an important class of control :g¢;
LA A
l systems called Adaptive Control systems. Adaptive Control &
; S
y '~-"‘-*..
v comes from a desire and need for improving performance of DAY
) NN
CI A
g complex engineering systems with large uncertainties. It is &ﬁ;ﬂ
aNan
] especially important in systems with many unknown parameters

that are changing with time. Also, it can be defined as a

special type of nonlinear feedback control, as a nonlinear,

i nonautonomous dynamic system. ?_:;L
; An adaptive controller can change its behavior in response ;%:.i'-;
3 to changes in the dynamics of the plant and the disturbances. Eh%;
‘ SASAS
! The term adaptive control has been used at least from the ;;;}
E beginning of the 1950's. With recent advances in microproc- ig;é
é essor technology, it has become feasible to implement adaptive ;ﬁ?é
E algorithms efficiently in real time at a reasonable cost. oy
E There are three schemes for parameter adaptive control:

g gain scheduling, model reference control and self-tuning

: regulators. The starting point is an ordinary feedback con-

; trol loop with a process and regulator with adjustable

parameters. But the main problem is to find a convenient way

A4 AWENS-e 8 A 2 F V¥ Smm NS




of changing the regulator parameters in response to changes

in process and disturbance dynamics. The following schemes
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differ only in the way the parameters of the regulator are
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A. GAIN SCHEDULING

Gain scheduling depends on finding auxiliary process
variables correlated with the changes in plant dynamics. 1In E"
this way it is possible to reduce the effects of parameter
variations by changing the parameters of the regulator as
functions of the auxiliary variables.

The block diagram of this scheme is given in Figure 1.1.

Regulator ' o
parame?g:s_ Gain Auxiliary A
Schedule measurement A
P L
AR Y
ot
ey
PESASAN

X

v':.

Control "

signal ;

Qutput _—

Regulator Process -

Figure 1.1. Block Diagram of Gain-Scheduling System
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3 B. MODEL-REFERENCE ADAPTIVE SYSTEMS

In this type of adaptive system, a reference model speci-

Ze

fies the desired performance, and tells how the process output

'
>

should respond to the command signal. A block diagram of

model reference system is given in Figure 1.2. As seen, from

A
R

this figure, the reference model is part of the control system.
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e
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p Figure 1.2. Block Diagram of the Model Reference
> Adaptive System
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This adaptive system has two loops: the lower loop con-

tains Regulator and Process. The upper loop adjusts the

parameters of the requlator, in such a way that the error :fpz
between the model output and the process output tends to zero. ‘gggi
In this type of control system, the main problem is to deter- -EEE-
~ mine the adjustment mechanism so that a stable system results, E}git
s which brings the tracking error to zero. ;?%3
5 Model reference adaptive systems can be further subdivided Ei;g:

into two categories: direct and indirect. 1In indirect con-

3 trol the plant parameters are estimated and the control param-

N eters are adjusted based on these estimates so that the overall

§ plant transfer function matches that of the reference model. :t}i?

a In direct control no effort is made to identify the plant EEES

. RO

- parameters but the control parameters are directly adjusted to fﬁiﬁ

S, minimize the error between plant and model outputs. 5§%;

' It turns out that the model reference approach is applica- g&is

M ble only to plants with stable zeroes. 1In fact the only way gsg;f

‘. the closed loop transfer function (Plant & Regulator) can EEE&,

f match the one of the model in its poles and zeroes, is by re- €§§§

- moving the plant zeroes by cancellation with closed loop poles. é&i;‘
This operation leads to the presence of uncontrollable or h?i;

- anobservable modes in the closed loop systems, which can be ;

s accepted only if they are stable (i.e., their effect decays

r to zero with time), and this constitutes the major limitation

2 for model reference adaptive systems.

;
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:: C. SELF~TUNING REGULATORS AND POLE PLACEMENT

.-

A third approach to the adaptive problem is the self- - -
n tuning regulator:. A block diagram of this type control system —
is given in Figure 1.3.

o

s

J Desired performance

& L

- Regulator Plant Parameter

- design parameters estimation

.

-

N

o Control

si 1 Output

o Regulator Plant ->

o Control

> signal

0

-

~

W Figure 1.3. Block Diagram of a Self-Tuning Regulator

- The reference model of the previous approach is replaced

A by some more general desired performances; such as error R
3 C e . ; r
o minimization or desired closed loop poles. P
>y <5
x There are two loops in the system configuration. The 2
\‘ -\.l
" lower loop contains the plant and linear feedback regulator. QL

A

:. 19
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.
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o The upper loop consists of a recursive parameter estimator ?_::-}‘I
o e
and a design calculation adjusts the parameters of the e
s
{ “ .\'J
v : regulator. o
WS . ) ) o
‘ Also it is possible to classify this adaptive control E’:'G
Ay
[} . . . P
scheme as direct and indirect. This classification depends ?f
< ol
: on the complexity of the design calculation block that is T
.
" seen in Figure 1.4.
» .
- 7l System >
({
w4
p: L——)‘ Parameter
. estimator
) Design
> Calculation
o
b
Q3
\ .
L TS
’ N
- Control :p
- law A
] BRI
' PN
L}
[}
' Figure 1.4. General Block Diagram of an Adaptive :
Control System 2
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The first method is to parameterize the system directly

N
?3 in terms of compensator parameters.
| This research project will concentrate on the last method,
i that is, pole placement and indirect adaptive control. The
: evaluation of the control law is indirectly determined on
) the basis of parameter estimates. This method is also called
5 explicit, since the design is based on an explicit estimation
§ : of the process model., The parameters of the controller are
% updated indirectly via estimation of the process parameters.
§ Several algorithms to estimate the parameters of a linear
§ model are available in the literature. 1In this thesis two
f well-known estimation algorithms will be investigated: Recur-
;i sive Least Squares and Projection. They represent a tradeoff
E between complexity of computation and performances, in the
~ sense that best performances (with relatively high complexity
;3 are obtained by using Recursive Least Squares. Also, Block-
'§ processing is investigated to determine the period of the
. adaptation of the control parameters. Finite time persistency
:E of excitation is also studied and simulated for indirect
§ adaptive control.
i. The main reason of choice of indirect adaptive control
§ for this research comes from the fact that it is applicable
: to nonminimum-phase systems, and there are no limitations on
zeroes of the plant. Therefore, it is more general than model
:E reference adaptive control.
3& Because of the effects of the zeroes of sampled data
~ systems on adaptive control theory, we start investigating e
% 3
‘5 12 :i;.
2 O
A ‘
28 i
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II. ZEROES OF SAMPLED DATA SYSTEMS st
Ca Tl
P ‘ ?{y
P Many control strategies are based on the assumption that ,jﬂTQ
< 4 \'\I
) -3 :
Py the zeroes of the plant are on a stable region of the com- ) 4
plex plane so that they can be cancelled by precompensation Iy
i~ or closed loop poles. One example is the model reference _;:i
. AT
- adaptive control mentioned in the Introduction. However it ;f:@
A turns out that in sampled data systems with Zero Order Hold o
- M SES
'.' . . . -b\'-\l
: (the most popular mean of Digital to Analog conversion) some M
WESAS
\4 v..’h. “n
v zeroes of the resulting discrete time plant are often in the .hjt
e unstable region. In this chapter we analyze the position of LSS
« : \:.:“":
. the zeroes of sampled data systems, in relation with the con- :ji
. ":J-__'.‘
» tinuous time plant dynamics and sampling frequency. The }25
: o e T
P structure, the number of zeroes outside the unit disc and the e
. AN
. .. ‘ . A
e low frequency characteristic of the pulse transfer function ;;?ﬁ
A e
o are examined from the transfer function for an important set ::;Q
! of continuous time processes. N
A
N . : N
b, Finally, it is investigated that zeroes of the sampled ;§;¢
. ALY
.. . . el
L, data systems are sensitive to high frequency poles present gaf
- in continuous time transfer function. o
b N
” A. TIME DOMAIN ANALYSIS OF THE ZEROES OF SAMPLED DATA =
b TRANSFER FUNCTIONS ‘e
F Poles and zeroes are important parameters of linear time- §§§
X L.
? invariant systems. The zeroes describe the way the internal Gﬁﬁ
", te e
- . : )
variables are coupled to the inputs and the outputs. As 3;5
®iT- ‘
LA
" f,,:d'::
-f,..r\
4 14 :?:}
o A e
- 4
A
‘t‘ -4.
‘. s
. D
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described in [Ref. 6], the unstable zerces limit the perfor-

K
-
s T )

"
~

mance of control systems, since many design techniques are

[

i

based on the cancellation of the process zeroes. This can be - .
done provided the system's zeroes are stable. 1,0
The transformation of poles in the continuous time domain DA

to the corresponding discrete time is given as: o as

Sy e
Py

PR .
.'"n'.a')'.'

]
P

CIRAE -

P.. - ei (2.1)

R

=
‘L" .

iy
3

]

PR XA

~ where T is the sampling period. This transformation maps

.
.

r%% %%
"/-‘
)

%

a
I"I 4

the left-half part of the s-plane onto the unit disc, so that

.

v,
P
.

stability is preserved. But there is no simple transformation

15 for zeroes from continuous to discrete time domain. The type i‘
s

N N,

tj of hold circuit affects the position of the zeroes. Most ,Saﬁ

;\ .‘A:L

o digital control systems use a zero-order hold, and for this mﬂé

ol . LA

‘E type of hold circuit, the effects are considered. ; )

\ In the following discussion, the main results are limit ﬁ'\
"

anc theorems, which give the zero locations for small and large -

£ sampling periods.

. If the continuous time transfer function G(S) is rational

¥ it follows from Equation (2.2) that H(z) is also a rational

1)

193

> function
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H(z) = (-2 1) J((eFiT)/(z-eFiT))Res, G(s) /s (2.2)

' i

)

B 4

N where:

N
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ReS,; = Lim G(s)/s(s-P;) ;:i--':

s->P1 0 4

q

AN
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P and P, are the poles of G(s)/s. ?qu

&) M n':‘df\.

; The function H(z) has generically n-1 zeroes. For particu- ?}j&f

o

lar values of the sampling period some zeroes may, however, LY

[ e

,§ go to infinity, or they may be cancelled by poles, i.e., %;2&

L 0

‘§ hidden modes. Hidden modes should not be considered as zeroes an

. N

E ‘s Wat” 1

of H(z). In fact, there are in general no simple closed form L"i

expressions for the zeroes of H. The limiting cases for small :ﬁ;ﬁ

_.-:\1"-

or large sampling periods can be characterized. That is ex- }ﬁ;g

NN

> plained in the following theorem. The major steps in the NN

. proof are given by [Ref. 9]. fxﬁé

\.: -~ LY

:'. Theorem 1: N&-’
) S

. Let G(s) be a rational function ';iv:"

. S~

--: ok

N (s-2;) (s-2,) ... (s-2) s

o = 2. ~ \':'.

N Gls) K (s=p;) (s=p,) ... (s=-p,) (2.3) ﬂ&fﬁ

}ﬁiﬁ

and H(z) the corresponding pulse transfer function. Assume

ey

that m < n. Then as the sampling period T - 0, m zeroes of
H(z) go to 1 as exp(z;T) and the remaining n-m-1 zeroes of
H(z) go to the zeroes of Bn_m(z) where Bn(z) is the polynomial

defined as

CuVY

L4

B (z) = b;n + b,n + ... +Db (2.4)
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k-1,n n+¢

(-1) L (k—l) P k=1,...,n (2.5)

o
e~ w

The following results can be observed from the previous
theorem:

1. The limiting zeroes of a pulse transfer function depend
critically on the pole excess of the corresponding
continuous time system.

2. A continuous tiime system with a pole excess larger
than two will always give a pulse transfer function
with zeroes outside the unit disc provided that the
sampling period is sufficiently short. This may
happen for quite reasonable sampling periods, and
sampled data systems with unstable inverses are thus
quite common.

An example is given to illustrate the.above discussion.

Example 2.1:

Consider a system with transfer function

_ 1

G(s) = —
(s+l1)

The corresponding pulse transfer function can be computed as

2
_ blz + bzz + b3
H(z) =
=T 3
(z-e 7)
where:
b, = 1~ (1+T +72/2)e7 T
b, = (-2 +T +72/2ye”T & (2 47 -72/2)e7 2T
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kY by = (L-T+1%/2)e 2T - 73T N
« WAt
by A
£y ATSY
H(z) has a zero outside the unit disc if 0 < T < 1.8399. A
‘ A
A The result of Theorem 1 can be understood by studying the t&:ﬁ
’ _
e behavior of the continuous time transfer function G(s) = s » NI
v and its pulse transfer function. The reason why Theorem 1 T
o PR
o holds is because for a sampling period T small every system NN
, _ :-_‘_-
L behaves like G(s) = 175n ™ with the number of poles n and vl
o number of zeroes m. 2,
% At
- The pulse transfer function corresponding to G(s) = s " :;',-f:;
% A5,
e is given by Ired
¢
o
" 'T n e
A T Bn(z) A
Y H(z) = —— (2.6) PSRN
> nt (z-1)
8 T
~ = &
g where Bn(z) is given in Equation (2.4). ::‘-_:_';:
5 ' RS
1% The polynomials B, are found for some values of n using ::::.:
L™ i
e the program given in Appendix A. N,
a ;-:"-..‘”
~. _.i"-c..
'-. ."‘. ‘r
. B,(z) = 1 N
‘. F:.’;;J‘
™ f‘-'.‘-'
P~ By(z) = z+1 S
o8 A
- :_\:_*.
rAT
e , a0
v B3 (z) = 2z +4z +1 ARSI
.
- 3 2 NN
B, (z) = 27 +11z° +11z +1 o
- NG
"J ;‘:-'.\
hl
- FY
X B.(z) = 2% +262° +662% +262 +1
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The polynomials Bn have zeroes outside or on the unit

circle for n > 2. The unstable zeroes are given in Table 2.1.

TABLE 2.1 °

UNSTABLE ZEROES OF Bn(z)

Al AAARY Y Y NN RREL  SALLILS WA

n Unstable Zerces of B (z)
2 ) -1

3 -3.732

4 -1, -9.899

5 -2.322, -23.20

. Therefore, it can be noticed that there are continuous
time systems with stable zeroes such that the corresponding
pulse transfer function has unstable zeroes.

It is possible to give a complete characterization of the

7g . SPUECLVEARREMN ) )

zeroes of the pulse transfer function for small sampling

Y

periods. A similar result for large sampling periods is

Cd

"
s
a

given by Theorem 2.

Theorem 2:

hY

S

s
Fl

Let G(s) be a strictly proper rational transfer function

El Al

with G(0) # 0 and ReP, < 0. Then all zeroes of the pulse

transfer function go to zero as the sampling period T goes

L.

LY

~

‘vt s i W

to infinity.
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A lower limit on T for stable zeroes was obtained in

[Ref. 14], here stated only for simple poles.

2n[2A(n+1)]

1 e ¥ e

AWy w S ¥ 5 mmeam -

max|A;/G(0) |
i

“aTaTa"a At
1

it follows from Equation (2.10);

G(oyz ! + (1-2"

]

(2.7)

(2.8)

(2.9)

(2.10)

The corresponding pulse transfer function has one zero at

"aTeTeTA EENE % TN v Y VENNRE YR

The behavior of the rest of the zeroes may be more

complex as is shown by Example 2.2.

Example 2.2:

Let continuous time transfer function be

[(s+1)2 +1] (s+2)

Then the corresponding pulse transfer function is
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e_T(z-l){(e-T+ sinT -cos T)z +e'T[1-e_T(sin T+ cosT)):

H(z) =
2z (z-e 2T)(z2 -2ze T cosT +e-2T)

The zeroes are z, 1 and

- e-zT(sin T+ cosT) -e
2 e T +sin T- cos T

-T

For control system design in discrete time domain it is
important to know whether the zeroes of pulse transfer function
are inside the unit disc or not. When all zeroes are inside
the unit disc the sampled system has a stable inverse and all
its zeroes can be cancelled. It is therefore of interest to
find sufficient conditions which guarantee that all zeroes of
a sampled transfer function are inside the unit disc. The
criteria are given in Theorem 3 by [Ref. 6].

Theorem 3:

If G(s) is a strictly proper, rational transfer function

with
(1) ReP, < 0
(ii) G(s) = 0
(iii) -7 < arg G(iw) < 0, for O < w < =

Then all the zeroes of the corresponding pulse transfer
function H(z) are stable, so that criteria for no unstable
zeroes are given both in terms of G(s) and in terms of condi-

tions on the Nyquist curve G(iw).
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B. FREQUENCY DOMAIN ANALYSIS OF THE ZEROES OF SAMPLED
DATA SYSTEM

In this section, the number of zeroes outside the unit
disc and the low frequency characteristic of the pulse trans-
fer function are analyzed from the transfer function of a
set of continuous time processes.

The discrete frequency response of a continuous process
G* (w) can be derived from Egquation (2.11) by substituting

z = exp(jwT):

(Z-Ol) e e (2-—0n_1)

(i-p£7 ... (2-p.) (2.11)

G(z) = K

or it can be expressed by the holding device transfer function

H(w) and process transfer function G(w). Then it becomes:

[o -}

Y H(w+kQ) G(w+kQ) (2.12)

k==

| L

G*(w) =

where k is an integer and Q = 27/T. G(w) is the frequency
response of the continuous time system G(s).
For zero-order hold, the holding device frequency
response is
- T
_ 1l -e Jw

H(w+k) = o FR0) (2.13)

Substituting Equation (2.13) into Equation (2.12) and taking

into account that G{(-w) = G(w), where G is the conjugated
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value of G, we obtain

1 _e—ij
G* (w) = T G(w) [1 -f(w) +e(w)] (2.14)
where:
flo) = o Glou) (2.15)

€ (w) @ g (Glzlrw) GUrrl)f —w)y g (5 16
r=1

Gl(w) rQ +w (r+1HQ -w

and r is an integer.
The number of the zeroes outside the unit disc are given
by Theorem 4 [Ref. 10].
Theorem 4:
If a continuous process satisfies Equation (2.16) and the

condition

‘Qé%5§l‘ < 1 (2.17)

the number of poles of G(z) outside the unit disc is zero and
the phase angle ¢(Q/2) = arc G(Q/2) is between 0 and -7 then
its pulse transfer function possesses no zeroes outside the

unit disc. If the value of phase angle is between -1 and -2rn

one of the zeroes lies outside the unit disc, etc.
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G*{(z) = K*

Thus, inverse stable continuous processes frequently
possess inverse unstable pulse transfer functions. For
instance if in a transfer function satisfying the conditions
given by Equations (2.16) and (2.17), Ty T and T; > T are
real and positive for every i and the orders of its denominator
and numerator differ by more than two, then usually the pulse
transfer function is inversely unstable.

Also, from Theorem 4, the phase of the continuous frequency
response at the Nyquist frequency /2 is directly related to
the number of unstable discrete time zeroes. High frequency
dynamics (where high frequency is intended as above the Nyguist
frequency) influence the phase at the Nyquist frequency, so
that it can cause the number of unstable discrete time zeroes
to increase. This high frequency pole may come from the struc-
ture of the measuring devices, actuators or other hardware parts
of the physical realization. Usually, we neglect these terms
in the transfer function. The following example can give an
idea about this problem.

Example 2.3:

Let the transfer function of the plant be

which has a pulse transfer function given by
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.54308z + .54307

2% -3.08616z +1

]
LI

Ny
,

H(z)

v
0

L

with one zero at z = -0.998. *'@h

By adding the extra dynamics D(s) as o,

w 2 i L

n P‘\!}_.'..

2 2 o
+2ZwW_ + AL

S SWn wn TN

D{(s) =

the zeroes of the pulse transfer function of the entire sys-
tem for ¢ = 0.9 and some W values are given in Table 2.2

and plotted in Figure 2.1.

TABLE 2.2

ZEROES LOCATIONS FOR DIFFERENT L VALUES

Wn Zeroes

7 -3.162004 -0.01349725 -0.1775817 iﬁ;
.-::r::a
8 -2.866706 -0.009074569 -0.1386477 s
SN
9 -2.633762 -0.005823303 -0.1097788 V‘/}
10 -2.447441 -0.003552481 -0.08844686 ;giﬁ
11 -2.296317  -0.002030142 -0.07263207 RN
12 -2.172057 -0.001109288 -0.06071956 LA
._' -‘: “‘-‘

13 -2.068539 -0.0004927621 -0.05170227 S
14 -1.981240  -0.0002742233 -0.04454243 }{ig
O A

.‘.-\.h

-1. -0. 2 -0.03895098 -

15 1.906793 0.00009020962 0.0 g
16 -1.842641 -0.00006002390 -0.03435726 AN
-.':\::\

. 17 -1.786843 -0.00004560289 -0.03068041 ;ﬁ;g
ﬁrih

18 -1.737905 -0.00003143626 -0.02745582 feﬁi
19 -1.694647 -0.00005455861 -0.02487628 ;;&ﬁ
I_'.,. _-:

20 -1.656146 -0.0001198984 -0.02266212 N
L N
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We notice that as Wy decreases, the unstable zero gets GQ?J

more and more unstable. - iy
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III. INDIRECT ADAPTIVE CONTROL FOR DISCRETE TIME SYSTEMS

As mentioned in the Introduction, the main advantage of SRR
indirect adaptive control systems comes from the fact that it ) e
is applicable to discrete time systems with unstable zeroes. e

e

It is assumed that the system is as given in Figure 3.1,

PLANT
u(t) y(t)

H(z)

4y
s
cCa st d

Figure 3.1. Single Input--Single Output Plant System =

APPSO
[RENEN
;'J Pl

)
wa®af

The pulse transfer function is given by

R,
. e *
AR AN f 5

LA

H(z) = 5{3} (3.1)
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AN SN AP |

‘el
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r(z) and p(z) being polynomials given by: -

p(z) n n-1 (3.2) ‘.-:

L}
N
+
o)
[
N
+
+
Kol
3

r(z) n-1 n-2 (3.3) DA
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The degree of the denominator polynomial p(z) determines.the

system order n. Also, if we assume the plant to be causal,

the polynomial r(z) has degree at most n-l. The seguences

u(t) and y(t) denote the system input and output, respectively.
4 ) An alternative way of describing the plant is by its differ-

ence equation written in operator form, as

X p(D)y(t) = r(D)u(t) (3.4)

v
where: :\_,:_‘,'-.:
'.."'."?.
Sitn
n DA
p(D) = 1 + PyD + ... + an (3.5) il
' LI
ol
n :.r:'r::.r'
r(D) = ryD+ ... + D (3.6) 2
e
_ P
\ -1 . . . : P
. and D = g is the backward-shift operator, defined as 5*?;
'!‘?'-l'}
Dy(t) = y(t-1). fi\"-ff
..\:_\‘_
In the adaptive control problem the parameters in p(D) and :5;35

)
X r(D) are assumed to be unknown. Only the system order n is e
. e
assumed to be known to the designer. Hence, two problems ;}ﬁfﬁ
L
appear at this point: RV

1. Parameter estimation; and
2. Compensator structure.
1 The general block diagram of the indirect adaptive control
problem is given in Figure 3.2. Estimation 'f the parameters
; of the plant is mentioned in Chapter III.C. The compensator

h ' structure is derived from the pole placement problem for
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Control

General Block Diagram of Indirect Adaptive-

linear systems; and it is computed on the basis of the esti-

mated plant parameters.

In the next section, we discuss the pole-placement

problem which will be the basis for the determination of a

suitable controller structure.

A. POLE PLACEMENT DESIGN BASED ON INPUT-OUTPUT MODELS

The purpose of pole-placement by state-feedback is to

determine a feedback controller so that all poles of the

closed-loop system assume prescribed values.

This can be

easily achieved if all state variables of the plant are
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measured. In general, the states may not be directly avail-
able. However, under certain observability conditions the
state can be observed on the basis of input-output measure-
ments. For this reason observers are used to estimate the
state of any observable realization. Along these lines, the
controller can be considered as composed of an observer and

a gain matrix.

Consider a state-space representation of the plant assumed

to be controllable and observable:

x(t+l) = o¢x(t) + Tu(t) (3.7)

y(t) = Cx(t) (3.8)

with ¢, ', C matrices of dimensions n xn, n x1 and 1 xn,
respectively.

The block diagram of the controlled system combined with
the observer~-controller is given in Figure 3.3. V(t) is an
external input which will be discussed in Chapter IV. If
we restrict ourselves to the class of linear control inputs

we can write:

u(t) = =Lx(t) + v(t) (3.9)

as discussed in [Ref. 3], where L is a constant matrix as
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and x(t) indicates the estimated values of the actual states
of the plant. It is a well-known result in systems theory

[Ref. 3] that we may define the observer dynamics as
x(t+l) = ox(t) + Tu(t) + Kly(t) -Cx(t)] (3.10)

where K is a matrix such that

and 9¢-KC is a matrix with eigenvalues inside the unit circle.

Rearranging Egquation (3.10) we obtain the state-space
dynamical equations of the controller as a two input--one

output linear system.

x(t+1) = [0=KCIx(£) + Tu(t) + Ky(t) (3.11)
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0 ult) = - Lx(t) + v(t) (3.12) A3
KNS
{35’
) e
To convert the state-space representation of the pole- , g?.‘
DS
p placement problem to a transfer function (using polynomials) _;a%&
s A
x form, taking the z transform of Equations (3.11) and (3.12) §Lﬁ\
' [
i we obtain o
:, "\.'::'-.
2 . L X
- X(z) = (zI-Q) "'rutz) + (z1-0) "tky(2) (3.13) i
P, - .j'.':\
:: _ - l - 1 :'. -' 3
Q U(z) = =L(z2I-Q) "TU(z) -L(zI-Q) “KY(z) +V(z) (3.14) L
. .
2 -
f o
r. ._;
? where we define the matrix Q = ¢-KC. Also we can define the
- rational functions :
- -1 L adj (zI-Q)T e
A - - = !
5 L(zI-Q) T Aot (21-0) e
- _ k(z) T
: k1t (3:1%) P
"._ Tadad
y T
:: and N
o ": ':\ |
P R
2

?
‘Y

,'.
Y
’ ’ . V'

=L adj (2zI-Q)K
det (zI-Q)

~L(zI-9) 'k

=2
—_
N

(3.16)

O AR POV
Q
N

where g(z), the observer polynomial, is an arbitrary stable

polynomial. Arbitrariness of g(z) is guaranteed by the

assumption of the plant being observable, while h(z) and
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k{(z), the controller polynomials, have to be computed, on the
basis of the plant dynamics and g(z).
Thus, the structure of the control input u can be described

as: T

s T 3 s

_  k(z2) h(z)
Ul(z) = (_I_(E U(z) + q(z) Y(z) + V{(z) (3.17)

or it may be expressed in a difference operator form as

TiTe A EEEN " T, .

a(D)u(t) = K(D)u(t) + h(D)y(t) + q(D)v(t) (3.18) bR

To make the notation more attractive, let us write

R

hl

Equation (3.18) as

k(D)
q (D)

h (D)

gDy y(t) + v(t) (3.19)

u(t) +

The block diagram of the above controlled system is in Figure

3.4. Hence, the closed-loop system defined from external

MY an B Ao 2 B b W Bh ¢ S L SO

N e
»

g input v(t) to the output y(t) has transfer function gf:i
. .
Y
] (D) r (D)
) - ql 2 e
: yit) = gm@o-km I —romm Y (3.20)
A In the pole-placement problem, the goal is to determine PR
. the compensator parameters (k,h,q) so that the closed-loop g
poles are as we desire,
3 _ r(D) L
. y(t) 5* (D) v(t) (3.21) ?{j~
\ 34 7
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Figure 3.4. Transfer Function Form of the Closed-
Loop System

p*(D) being an arbitrary stable polynomial in the difference
operator D. Roots of p*(D) are the new assigned poles of the

closed-loop system.
By equating Equations (3.20) and (3.21), we obtain that

k, h, g have to satisfy the polynomial equation

p(D) [g(D) -k(D)] - r(D)h(D) = gq(D)p*(D) (3.22)

which can be written as

k(D)p(D) + h(D)r(D) = FI(D) (3.23)

where:
F(D) = qgq(D)[p(D) - p*(D)].
35
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Therefore, the problem of determining a suitable compen-

sator for pole-placement is equivalent to solving the poly-
nomial equation (3.23) which is known by the name of
Diophantine equation. The conditions by which this equation
can be solved, together with the method of solution itself,

are given in the following section.

B. DIOPHANTINE EQUATION
The general form of the Diophantine equation in the

unknown polynomials K(z) and H(z) is given by:

F(z) = k(z)P(z) + h(z)R(2) (3.24)

with:

k(z) = k, + kjz+ ...+ kmzm, k # 0 (3.25)

h(z) = hj +hjz+ ...+ hmzm (3.26)

P(z) = Py + pyz + ...+ pnzn (3.27)

R(z) = r  +1rjz+ ...+r 21 (3.28)
and

F(z) = f_+ £z + f222 L S n+m (3.29)
where:
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In the general pole placerernt st .22, the polvnomials
p(z), r(z}), F(z) are giver, wn..: £, %2 are unknown.

In the rest of this sect:crn, we Jdetermine the conditions
by which the Diophantine eguatic.. can be solved and the method

of solution.

By substituting Equations (3.25)-(3.29) into (3.24), we

4

[ Ny

. ]
obtain: VT
[

P
8 'y %y

n+m n)

fO +flz_+... +fn+mz (pO +PyZ +... +p2 (kg +klz + ... e

o
CANY

D]
.

PR

]

m n
+ k 2z + (r_ +r,z2+... +r_2z +
m ) ( o n )(hO

1

..
s s
et

LA A

P I

hyz + ... h_z™) (3.30)
m

1

M .
NS
A.l'k

issm
.

and equating the coefficients of the same power of z yields

the linear relation:

c's = [f fl f2 ... £ ] (3.31)

where the vector C is defined as:

(3.32)

.

RO
s % 4 5

PN A
h 'SP
; ['J

%

> e .
A4

and the matrix Sm as:

[4

-
7,

1:'1‘

VAL
. 1
1]

KA
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r, ry...r._, I, 0 o ... 0
0 Pg***Ph.p Pp.1 Pp 0 ... ©
Sy = 0 rge..r,, r,, r, 0 ... 0 (3.33)
- . .
‘.
- . :

*,
)

o
(=}
.
.
L]
o
.
.
.
.
'O

g Po Py n
:ﬁ 0 0...0 r r{ ... r
% — 0 1 In]
:;.,

Mg
2]

N Equation (3.31) is a linear algebraic equation in the unknown
;E vector C. The matrix Sm consists of m+l block rows; each
v block row has two rows and can be obtained by shifting its

o previous block row to the right by one column. It is a o
o SRS
I 2(m+l) x (n+m+l) matrix. U
N s
” In order for a solution to exist, the matrix S has to ;}f
?f be full column rank [Ref. 5]. This can be satisfied if .-
L4
..F:'
- 2(m+l) > n+m+l, or m > n-1.
N When Sm is a square matrix (m = n-1}, it is called the
E: Sylvester matrix of P and R, which has nonzero determinant
N
o~ provided polynomials P and R are mutually coprime, i.e., they
o
f‘.
oY do not have common factors [Ref. 6].
D
EJ We can summarize the steps to find h and k, mentioned
-
N
:X above, as:
7
o 1. Let n be the order of the system.
e
- 2. Choose g(z) to be an arbitrary polynomial of degree n.
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: AFF
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. 4
S 3. Form the matrix S using P(z) and R(z). NN
. A
~ . I::v’_:.‘
N 4. Set up the polynomial F(z) as: ;<\f
3 AN
s F(z) = qf(z)lp(z) - p*(2)]. .
< . f
2 i
9 S. Solve for parameters of h(z) and k(z). i{}a
g 6. Set up the polynomials h(z) and k(z), or h(D) and
3 k(D) using the relation D =z7l,
'.: C. PARAMETER ESTIMATION
' As mentioned above, in indirect adaptive control, we
) have to estimate the parameters of the plant, where the
.: parameters are the coefficients of the transfer function
[ H(z) = ZI{2) (3.34)
> p(2) .
Ld
. We can compute the controller parameters h(D) and k(D) el
:Z from the Diophantine equation on the basis of the estimated e .
g plant (say r,p). el
A A large number of different identification methods are lp;{
L ‘:a::.- ::
: available. 1In the literature, one broad distinction is gi{f
a \‘:‘:e_:
; between on~line methods and off-line methods. 1In the off- }ift
line case, it is presumed that all data are availabkle prior R
. to analysis. Consequently, the data may be treated as a :i;f
. N
: complete block of information, with no strict time limit on NI
the process of analysis. 1In contrast to the off-line case, EZ:g
the on-line case deals with sequential data, which requires S
the paraemter estimates to be recursively updated within the :ié;:
.
time limit imposed by the sampling periocd. T
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. As mentioned, on-line estimation schemes produce an -7
Y .
- At
updated parameter estimate within the time span between }J“J
: d“-’"
successive samples. R
° Wl
: . . . e,
e Also, the on-line methods are the only alternative if -
[ n'\-"\l
. . . . . . RN
15 the estimation is going to be used in an adaptive controller ?3;
18 .‘\:"-
: or if the process is time-varying. 1In this thesis, we con- A
L4
N
5; sider two classes of estimation algorithms:
)
N 1. projection; R |
2. recursive least-squares. e
o AN
-<_- ) . . . -..’ .._.1
N Before proceeding, it can be said that input-output N
. ADA
A :-','\.‘h,'\
o characteristics of a wide-class of linear and nonlinear .giﬁ
(- N
~ LI
deterministic dynamical systems can be described by a model N
™ S
oy expressed in the following form: in;
: RS
g AR
a2, -
2 P
~ y(t) = o(t-1)Te (3.35) a
e o \-':-.':N.1
o AN
o \::\ ’:\
b -
~1 where y(t) denotes the system output at time t, ¢ (t-1) 5\1:
-
. denotes a vector given as: -
¥ ) .':' :-._.
L o ‘.-' S
-l PR
- T e
~ d(t-1) = [y(t-1) y(t-2) ... y{(t-n) u(t-1) ... u(t-n)] rlel
B, 1\"._'-
), (3.36) e
- R
oS -":"j
- and 6 denotes the parameters of the plant, described as: A
o i
| oy |
o _ T "'_:2"\—‘
:;l' % = (=Ppr=PysecesPpiryiryseee iyl (3.37) i
& N
N . . . AT
' The following example illustrates the representation of o
¥ the plant as given in Equation (3.35). fig
:-; i
p "¢ B
,:.o i
n 40 Ry
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N R = e
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Suppose the pulse transfer function is "-l":,;
Ity
>
: H(z) = —2*i e
y z® +2z +3 -
Lol ." X
" It is also expressed in the following form:
"
i‘
< -1, . z-'l +z'2
z H(z ) = =1 =3
1l +22 +3z
- <
-, \", .
b -1 -1l N
£ H (q ) = q _lq ) " ‘-'.}
o 1 +29 © +3¢g ot
X JALw
o, NASAY
) I
ﬁj Hence, the difference equation becomes :-;:}"
. Aty
f\-‘.
o ;‘_Lg',-;
. T d
N y(t) = =2y(t-1) - 3y(t-2) + u(t-1) + u(t-2) e
~ Sk
2 s
N o N,
which can be expressed as: e
¢ RN
J RN
: —— u."-.‘:;
- B Sava
‘» -2 AN
', vy
'( -3 r:.-_:.a
y(t) = [y(t-1) y(t-2) u(t-1) u(t-2)] ~—t
. l *'.:«‘.'
: :_‘:-.
1 e
7 - s
A NS}
[N R
w . . . . . P\,-" i
. The rest of this section illustrates the estimation LA
<8 f..l‘\d
R~ LA
: methods. The projection algorithm and the recursive least-squares :-.j,'::;
: oo,
: algorithm are analyzed sequentially. ‘4.':*;‘
3 oy
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9 (I) Projection Algorithm NS
o 'f_:a
" By the Projection Algorithm, the sequence of estimates f._‘-
CACH
14 ~ b'\
6(t) is recursively computed as: ==
S A
' s
o
2 o(t) = 6(t-1) + ag(t-1) [y(t)=6(t-1)T8(t-1)]  (3.38) PR
A c +o(t-1) ¢ (t-1) S
¥ . . ~ A
3, . with arbitrary initial estimate 6(0) and ¢ > 0; 0 < a < 2. NN
‘ N
N
' The detailed derivation steps are given by [Ref. 2]. g
,-u' :“n)\
This algorithm is also known as the normalized least-mean- T
oo :.'.\._
'.'-j: squares (NLMS) algorithm. The algorithm results from the :"':‘
H‘\ ~ o“(‘.
E‘,‘ following optimization problem: Given §(t-1) and y(t0, ._‘,,_\‘\-_
B N N
9 determine 8(t) so that &'
~ AN
¢ 2 S
S 1 ~ ~ P‘.’\.
: J = =z[[e(t) -e(t-1)]] (3.39) AN
R
p - py .
-7
2 . . KN
o is minimized subject to e
-.: \.(‘:‘
N :\ .
- Y
’ T Uy
o y(t) = ¢(t-1)76(t) (3.40)
v, N
w AT
-, CoaN
o S
; The main properties of the projection algorithm are the :;-f'_f-
N2 N
- following: toe
‘v', A~ :'\:‘
N 1. Estimation of 6 at time t, 8(t) is always closer to N
g the actual value of 6§ than the preceding estimated ::.\::
- value §(t-1). R
“ O
a ety =6 11 < [lete-1) =8 ] < []eco) =8 }{]; (3.41) :'_'.f:::j
.‘: _-'.’:‘
“ ,-_‘ln.
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% 2. When the time goes to infinity, the error between the R
3 actual output of the system and its predicted value e
e will converge to zero. Nt
[ W BV )
y Ao
t LN
: i elt) - R
lim 5 77 = O (3.42) e
3 tre [c +0(t-1)To (t-1)] R
- where: @;f;
o WA
| :: '.. _F:. ’:.
o T TN
. e(t) = y(t) - &(t-1) 0(t-1) oA
P Sl
2 ~ ~ I'_:J__'_:
. 3. lim ||8(t) -8(t-k)|| = 0 for any finite k (3.43) oo
5 tro I
- P
'f_..’.:‘
The adaptation rate converges to zero as t » o, 7 'J
P IS,
: R0

Ca .'\' o,
& (II) Recursive Least Squares Algorithm rﬁ&#
) O\
. ; 4
According to Gauss the principle on which the least square ;ﬂ?:

- estimates are based is that the unknown parameters of the

C s

[ process should be chosen in such a way that the sum of the

i

' squares of the differences between the actually observed and

L computed values multiplied by numbers that measure the degree

E of precision is a minimum. '
«
L4 The recursive least squares algorithm is given by the REREY
L ‘et I\:
; following equation in [Ref. 2]. AN

3 AN
' e
' ° " - 1) [y(t) -0 (t-1)T6 (t-1)] 23
4 8(t) = e(t-1) 4 BlEz2)0(E=l)ly (3.44) cnis

1 +0(t=1) p(t-2)0(t-1) 2.
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] for t > 1 and
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P(t=2)0(t-1)0 (t-1) TP (£-2)

T (3.45)
1 +0(t-1) " P(t=-2)0(t-1)

Ny

| O 4
-"t

P(t~-1l) = P(t-2)

'
LN

4
x
")
LA N

r
o,

5

with 6(0) given and P(-1l) is any positive definite matrix

']
"

P_. T
o “QQ

The algorithm results from the minimization of the 7 Y

following quadratic cost function: T

. iy

N
~ T - A
g.(e) = % tgl{y(t)-¢(t-l)T9}2 + 2(6-6(0)" p_"1(8-8(0)) e

!

(3.46)

Ly

PR
A A & L b A b

We can observe that the cost function represents the sum of

e

irs
i,'-,
v

squares of the output prediction error e(t).

D4
/:I" )

s s

e(t) = y(t) - o(e-1)T6 (3.47)

[ 4 l. l‘
else s

Y R
S
.

1o,
.

N

The second term of the right-hand side of the cost function

L

accounts for the initial parameter estimates weighted by the

£.0, 7

LR 6

TYI T2 Y W

matrix Po. In this way, we can consider PO (the initial con-

[Ny
4

dition of P(t) in Equation (3.45)) as the "confidence" on

rerl e

s

&

the initial conditions 6(0).

rd ;.I_ PR

£

The least squares algorithm, as can be seen from the

A

Y

‘s

simulation results, has much faster convergence than the

L‘.o.’ \."'.'.'."'

projection algorithm.

TN

A

D. PERSISTENCY OF EXCITATION

"a
f.'v'f
- e

In order to guarantee global stability of indirect adap-

£

tive control algorithms, the input to the plant has to be

[AA
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-
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persistently exciting, which in turn implies global conver-

gence of the plant parameters to the corresponding actual
values [Ref. 3]. To obtain consistent estimates of the plant
parameters, it is necessary that the input signal to the plant
be sufficiently rich in frequencies, and excites all modes
of the plant.

In a closed loop set-up, the control input is the sum of
an external input signal v(t) and a feedback signal from
the adaptive controller.

The feedback signal may in principle cancel any excitation
contained in the external input signal. This problem and
the potential for unbounded growth of the control and output
signals have made the guarantee of persistent excitation a
difficult problem. Recently, Elliot {[Ref. 8] gave sufficient
conditions which guarantee persistency of excitation. The
following theorems summarize these conditions.

Theorem 4.1:

Let w be the number of parameters estimated. 1In order to
guarantee global convergence of the plant parameters to their
true values, the following conditions have to be satisfied:

1. The external input v(t) should consist of a sum of 2w
sinusoids.

2. The compensator parameters should be updated each N
samples, with N > 10n.

Therefore, in this thesis report, block processing is
used in the sense that N data samples are taken, and N iter-
ations of the recursive least-squares algorithm are performed

between control parameters (h,k) updates. To avoid time
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e, variation of the plant dynamics during the spanning process,

257

the control parameters are held constant during spanning
blocks (of length N) and are changed only between them. :

As we can see from Theorem 4.1, these two conditions e
are sufficient to guarantee parameter convergence for any

initial conditions as:

+
ey
&

lim 6, -= 6*
k> k

A~

ek being the estimate of 8* at time tre
In the next section, we will examine finite time persis-

tency of excitation.

YA SN
[
[

o
X
E. FINITE TIME PERSISTENCY OF EXCITATION \E
It is clear that the persistency of excitation condition i;&
on the external input v(t) is the main limitation about this iiﬁ;
adaptive control algorithm. Recently, in a report by Cristi ;éi%
[Ref. 15], a possible solution to this problem has been given, Lb?
by stopping parameter adaptation when the performances are
close to the desired ones. More precisely, the model output
error between desired output of the closed-loop system and
controlled plant's output is the measure of how far the system
is from the desired performance (i.e., pole placement) and
adaptation is stopped whenever the error falls below an arbi-
trary, preassigned threshold. The configuration of the system
is given in Figure 3.5.
.
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Figure 3.5. 1Indirect Adaptive Control Scheme with
Added Finite Time P.E. o

3 o
’ o
i The model output error can be defined as -
3 ) e
2 Z, (D) e
~ = - O
- u(t) y(t) E;,—(Er v(t) (3.48) _.:\:-
:' ;'_:'_'
-." . . . . . . : et
o« The finite time persistency of excitation algorithm can ~‘;:
> RINR
o be given as follows: -:.;-""‘-
.“-: :_..- :
“ 1. t = t+l. -
. P .
,-;; 2. Compute u(t) from Equation (3.48). o
’ R
l\ - -
:-: 3. If fu(t)| > &, compute compensator parameters as in
:;s Chapter III.
e, 4. If |u(t)] < e go to L.
v
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A major difficulty with this algorithm is to be able to
guarantee global stability of the whole system. Therefore
we have to prove that the signals in the loop are bounded,
provided the external input v(t) is bounded. Global stability o
of the closed-loop system is proved below. I

When time goes to infinity and persistency of excitation
is present, parameters of the estimates of the plant poly-

nomials r_ and P_ converge to the actual values r and p.

t t

t
(4

Therefore, the difference between measured output and desired 2{3}
‘ A

output tends to zero, and also H(t) tends to zero. Thus, by o
.r".-_: o

definition of limit, there exists an instant t, such that oy
' -

s
lu(e)| < € ::;{f

SO

WA

R IR}
L]

for all t > ts and for any given ¢ > 0. Rearranging Eguation

‘l
LA

XA
e
-

(3.48) yields

"
AR

A7
‘
X

R
al,

y(t) = gé%%T v(t) + u(t) (3.49)

.

- l"l':;
;i??¥
o .} x

X,

which can be expressed on a block diagram form as in Figure 3.6.

A,
L

ult)
~ . +
vit) r (D)
— p* (D) | ——>
+ y(t)

Figure 3.6. Block Diagram Representation of Equation
(3.49)
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It can be interpreted as a single input single output
linear stable process with bounded input v(t) and bounded
disturbance n(t). From the fact that stable linear systems
with a bounded input produce a bounded output, the global
stability results follow easily. So that with finite time
persistency excitation, the closed-loop system is eventually
equivalent to a system with poles as desired, bounded zeroes
with a bounded output. disturbance u(t).

We can generate the external input v(t) as

v(t) = ve(t) + vc(t) (3.50)

with vc(t) the external desired command and ve(t) an added
persistency excitation signal. When the adaptation is con-
tinuing, the external input is composed of vc(t) and ve(t),
but after stopping the adaptation persistency of excitation
is not needed, it will be identical to the longer, so that
vc(t) can decay to zero.

In this way, the adaptive algorithm is activated only
when the performance index u(t) is larger than a minimum
threshold. 1In the next chapter, simulation studies will show

their efficiency via some examples.
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IV. SIMULATION STUDIES

This research report includes three computer programs.
The program named CONDIS, given in Appendix B, is used to
investigate the behavior of the zero in sampled data systems.
This program computes the parameters of the discrete time
transfer function from the parameters of its continuous time,
and the sampling rate. This program has been used to inves-
tigate the perturbations of the zeroes for different values
of the sampling interval.

The other two programs given in Appendix C and D simulate
the indirect adaptive control using recursive least squares
and projection algorithms. Entering order and numerator,
denominator parameters of the plant, observer polyromial and
desired closed-loop characteristic polynomial, the program
simulates the entire system in an interactive fashion. Also
it is capable of graphical and tabulation results.

The adaptive controller presented above has been simulated
for several different plant dynamics.

Example 4.1:

Let the discrete time transfer function of the plant be:

z + 2 zZ + 2

H(z) = = —
z2 —22 +0.75 (z -1.5)(z -0.5)

The plant has one unstable zero, z = -2, and two poles

P, = 1.5 and Py, = 0.5.
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4 T
: s
| The polynomials g(z) and p*(z) are chosen to be stable RO
. et
M polynomials with degree n. :;:;
! In particular, let AN
l) -:.\‘. d
: R
) .') )
g 2 I
. q(z) = 2° - 0.3z - 0.28 = (z-0.7)(z +0.4) e
. s
“ R
N A
N and :2;?
s D
I: < s:".:’
) _p*(z) = z? - 1.1z + 0.3 = (z-0.5) (z -0.6) !
- S «‘_
.
. both having stable roots, i.e., inside the unit disc in the
} z-plane. Before going into simulation study, the problem is o
solved analytically by comparing their responses. By writing l-;
the plant dynamics in shift-operator form, E“'
-1 - e
oL, g~ +2q 9
H(q = _ _ S
1 -2q71 +0.75q72 S0
2

we can derive the difference equation of the given system as

e AP AT R AP N LY - AU R AR < AR R

y(t) = 2y(t-1) - 0.75y(t-2) + u(t-1) + 2u(t-2)
vt
T : :.?,:.
Y(t) = ¢ (t-l) e* 4'._-'.‘~
'j'.'.‘.'
e
ALY,
! where .
0 RGN
: \.: _\'
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. » L
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v RS
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o (t-1) =
u(t-~1) e
RN
u(t-2) BRONCSA
LY
1 .jj\
and L
-2
0.75 Sl
* =
o 1
2 ]

8* being the vector of the actual parameters of the plant.

Generally, it can be partitioned as:

)
S
L)

e 20 0 e T IRt

g*

ll
’

l; LN
SRIOCONNY

YAy
P

IR

p and r being vectors of parameters of the denominator and

et

numerator of the plant, respectively.
From Equation (3.23), considering k(z) and h(z) as

controller polynomials, we can write

k(z)p(z) + h(z)r(z) = ql(z)[p(2) -p*(z}]

In this example we have chosen:

22 - 2z + 0.75%

p(z)
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r{(z) = z + 2
2

g(z) = 2 - 0.3z - 0.28
2

p*(z) = 2z - 1.1z + 0.3

By the constraints on the polynomials for solvability of

the Diophantine equation, we choose k and h to be first order

polynomials as:

k(z)

klz + ko

h(z)

hlz + ho

Substituting these polynomials into the Diophantine

equation in matrix form yields:

) . . - .
K, T 0.75 -2 1 0 -0.126|T
h, 2 1 0 0 0.117
K, 0 0.75 -2 1 0.72

h, 0 2 1 0 -0.9

- L. - - —
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Since the plan does not have any pole-zero cancellation,
the determinant of the matrix Sm is not equal to zero. Hence,
it is solvable. Solving the above matrix equation, we compute
the control parameters kl = -.899, ko = -0.688, hl = -0.3900

and ho = 0.195. The corresponding polynomials of the con-

troller are:

k(z) =" -.899z - 0.688

h(z) = 0.392 + 0.195

This corresponds to the optimal choice of compensator
parameters for the desired pole placement. Therefore the

compensator given by the difference equation

k{D)u(t) + h(D)y(t)
g (D)

u(t) + v(t)

yields closed-loop transfer function

Y(z)
V(z)

H{(z)

= gl(z)r(z) R
p(z) [g(z) -k(z)] -r(z)h(2) “
N &N
.;‘;x
. ROON
which becomes: o
A
DA SRS
.:_-.‘__-.".
+ Ty
Hz) = Pt 2
2" -1.1z +0.3 .}}{
;ﬁ-.': -
~
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The step response of this system is given in Figure 4.1.
The next approach to the problem is simulation of the system
using a computer program. It is observed that from the simu-
lations, after the 1l0n iterations, the estimated parameter

will be closer to 6* and 8 will tend to zero, where

6 = ||e* -6]]

~

This means that 5 and r are converging to the actual param-
eters, and ﬂ and ﬁ converge to the actual values for the
desired pole-placement. The desired output and controlled
system's output are given in Figure 4.2. Also, parameter
error and output prediction error are given in Figures 4.3
and 4.4, respectively. After convergence of the prediction
error to zero, the persistency of excitation added to the
external command is turned off. In this example, we have
chosen the step as external command. External input and plant
input are in Figqures 4.5 and 4.6, respectively.

If we compare Figures 4.1 and 4.2, analytical and simu-
lated system's results are almost the same.

In the next example, it is considered that one of the
plant parameter is changed after some period of time. It 1is
investigated how the system behavior will change in this
condition.

Example 4.2:

Let the plant be the same as the one in the previous

example. After two blocks length, the zero of the plant is

58

» -‘. '0..~.'..-’ -'_ .f:f '.'_‘.‘.‘."'J :d".‘q' .‘.4.'_‘-'.“- . - '(‘:.‘\’I‘:I.:f‘--"'-;.;-' ':.‘f".'\..-.(:

ITSENTAIS,

‘~5ﬂ_,
YA XA
’h’ 5

iy
/
o
-t

Ty e
PR

LloSAD
e
1

. 7
AN
A

,
‘.
.
e
P

EVLIRIN IS )

Vs Lol A At el gty o .-.'.""ZY."‘"I"'L'"I"'."-'.".'.'J}'-‘,Q

«
(AL
St

’ v
e
) ")'l
P L-k“h

P

/’

oS
N

8 ¢
/

[}
]
5% 4 N

.'f_*{ *
";';'.' Pard

[4
J‘l

PO GRS




te¥ite 0,0y LU

rJ..... :..ri.r.. ..-1\1..\ 4...#4444-..|!<q1.-.- ..:‘4
A B R ey B A o o A ARRL /s B LTI SR AR R 2 o ' -
e I ] \ G‘A‘ :- ¥ Q-hlu a & Q\-
-vm w.'.. ....--ﬁuﬂhcﬁ.v' _f.v)\m-nﬂfﬂﬂ-tru N*l.lﬂ.!l \ww _ /, .\-\.\. -r.a. I).-‘-rﬂ ,-...I\ ..-. 2 4.-..- ﬁﬁ\!l/ \f\-\-\ .-\;..\JJ

» -I.LW lw

1
3 3
’ \ - .n-.q.l..-.-..\ s s .‘.c---. PR AR N S A A N a ey I 4

-

-

A P

(1 otduexy) woisag dooj-poso() ayl Jo Hsuodsog dols Sty Hanot

2

“ 3t

3 6200 0200 s100 0100 S00°0 0
3 T T T T T T T T T T

r,

A

v

v;‘- -

T

-

al

0 = e 3

g

v~

PN

IANLTdAY LNdGLNO

RSl SR g S b it b4 s

poni

NTPE R R

P O WYY IR TI




u\.}-ﬁ’\\‘fu N -n\-u.r...n.. .Iwnun‘-- .|-- /‘ qdﬂ-l\ﬂft’fﬂ -“ ‘.-...... ‘.... .. - -w.- l“
I- \ \ ‘.l .l‘ l , r ‘. ..- -« -- v ‘l. c
~.\..c“ . m.-.-?.. PR .--«\J . hf KR .....,I... o PRY A A AT S SR T gh

| DORTGGOR (TN
Figsansshes

LAy

(1 orduexg) oty *sa sand o jopo | pue qJue g crenoanh

s

RGO

JNIL
0°0y S/ O0°'SE SU 00K S 062 ST 002 G4l 08t &t 001 S°¢ 0% §Z 00
1 1 4 i 2 ra 1 1 1

A A

l-\

L

e i}
RGN .

ac

S1NdLiN0 1300W ONY INUTd

WA AP AN .-:r.._ﬂ SN o J.J\i--\.\-.\, AN vy \ﬂ% a ......\ s .,  pow

) 1
.v!n ’ A A4 3



GO

"

A
"8,

o, &

I

ni -1 =,

(1 opdwexy)

DU,

\--\\-\.\
<\ N
RIS ‘n.«.-. -

*SA JOAIF ADIOWPAU]

.\.-\ \'.1.‘. ’ YoYYTYTY Y
A .maafdﬁ

st XXX
_\x\xxss\

Ve

BRI

\\\‘.\1'.

N 4,

aanbt,

-

$L

-

0N ¥ILMuANYL

30

L. ©

zc

.-.

]

M
)

(RN

Dy

NN

Tyt S

N e

» \.-
AL
\\\\.

A
YORK ‘\"’:&

. .-
[P,

At
At e

-
Lo

Te n
\‘,-‘_.

A,

Y
>~

n

‘.'.:..

>



71...-‘%- .-.-- l.,q\ .n)-n \-qp LA i , \J\A- -‘A- \.( .-J. \.‘ - f.(\-n-._-(.f.*. [ .n -o- A .J..-.n.. <~. -.Lf\! ‘1. .-\.. .-. ;..J, _‘
A A A A AP B s S eI T .. Ay .f - PR LS SRR N rvlelelele
R AA vy, \\\\.. r e .f....-.. A IRy I AR o A .r....
DRI B A PLLISF L) ...u.n L . AR AR AANA ......4- .. PO LRSI AL PL i L0 20 B T
) ‘ ' )

X
| (1 :_._:_17.“.: OUILL TSA A0aS) uOoT YD P pnel jng et po oAby

. HIL

00 S/ OSK S 00 €/ ON $T 00T §¢4I 0§t S 001 €« 00

* | A | L L A A 'y 'l I - | ' 1. -4 b o
; o
._ w

a
. f'ﬂl
. . o
. - o
. o

TR
<< __

YO¥N3 NOLLIDIONd INJLNO

% 2 \fw.?\-\-wf- & qdu lL ,.-. -- -..-.-.I K P f{-ﬁl.d\dﬂ! ..-\-\f-qux-c ’fﬁ “\f\f\ N-.N.Ju s - .-.I Ihn. , P \.s V4 \._ b % ‘ﬁ.fxv-f‘f\f A} ,

= - AN ! - g



TP CAVNY

(1 orduey)

3 P
. LRI R S
A-.--.-

N

.
ar

I ] ...\.-.“

owilg Csa

T Gy ...\- 2o
%A
T\f\----‘-\ P

NANSA SN
il peuIox;

S

Ty oouanbiug

o.mw! O.Kn o.mn

s ok s’
=

i 5

INdNT WUNN3ILXT

g1t

F\fhd\

ety id oy e,

Aty Ay Ly 7- P

a Yty e S

e ey

S NN A

PR A \-ﬂ

e

S AR T

i

[

S

O

PO,

s -
ANt

I- V -l. .'

Lu

DRI
Y]

.o

o0

~
o

PN

‘



DA W e SN A

\-.rn.- I.vvhihlh ) ...

b it e e e ) NS
PP LRI LRSS A 4y o o e e Ty RS | ¥4 A Y 4

r.. SR ERE _.-. Sele B A \f.. .... LA .-.#..-.\.s.. A ..fk ....... ...I.-.(\ur.- ., ._v.v.. ...{\I..I..fan\. Wt

3 o _

' Am nu_l_._ﬂuvmm_v OUTE, T SA u:l:_ S ey d NS I 7 3,______.._

L}

v

L

14

0°S¢- 0°00t- 0°<Z19°0S1-

—
0°3S-

T
0°s2-

JWIL
0°0F S4£ O0°SE S, 00K S°LZ OKR SW 002 S4 0§l S 001 SL O
1 1 ] I 1 A | S | - .

¢

INUTd 3HL OL LINJNI

’

L

v [ N L) YL %" T . AL AR,
Wn’\fﬁ*rg a’s -v.\'-h - hlnqknn l-\*\-‘- \A\iJMf\”-\- -f- -.~ \4.\-1- aun!q.- & .-‘.

a0 o _- A e TS Al

SN
Y\ MG RA)




perturbed from z = -2 to z = -3. To compute the parameters

P R P A S N T WY

.

' associated to the perturbed plant with pulse transfer function S

| 0
z + 3 :?3

: H(z) = > SN

: z"- -2z + 0.75 At

| pns

E write its difference equation as fjﬁé

> o

i y(t) = 2y(t-1) - 0.75y‘t-1) + u(t-1) + 3u(t-2) S

~

)

Pl

N and immediately

E;

]

X r N _

= -2.0 203

- o

. J“-

5 0.75 25

<. g* = . _:;

ﬁ 1.0 £

N -

:.: B 3 - 0 ) P:\::E:'

. AN

gt ',‘ o>

z N

i By using the same observer and desired polynomials g(z), ﬁaﬁ

g p*(z) and following the same steps as in Example 4.1, the %f&

0%

o controller parameters become k, = -0.894, kg = -0.778, QZS-

., r.'.‘\.

o h, = -0.305 and h_ = 0.152. RO

k 1 o - )

h Then, the polynomials k(z) and h(z) are:

2

2

™ k(z) = =-.894z - 0.778

)

\: h(z) = =-0.305z + 0.152

¥

~,

y The closed loop transfer function becomes:

2

2
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z + 3

H(z) 5
2 - 1.1z + 0.3
. The step response of this transfer function is given in
Figure 4.7. Also, the other graphical results are in Figures
4,8-4.12,
In the next example, we investigate how the disturbance
at the output will affect the behavior of the controlled

system.

Example 4.3:

Consider a plant with pulse transfer function as:

z + 2

H(z) = )
z- -2z 4+ 0.75

and assume an output disturbance exists. Let the disturbance
be sinusoidal with frequency 5n/2 rad/sec. In this case, it

is observed that the estimated parameters of the plant don't
converge to the actual parameters. Corresponding plots are
given in Figure 4.13 through 4.17. However, if the disturbance
is small, the parameters converge close to the actual values
and we can still obtain satisfactory performances.

Comparison of Different Estimation Techniques: RLS and P.A.

In the above examples we used a recursive least-squares
algorithm for estimating the plant parameters. In this sec-
tion, we compare the behavior of the indirect adaptive control,
when the projection algorithm is used.

The projection algorithm has the advantage of requiring

less computations. Approximately, the number of computations

KR AT S )
13
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grows as n2 in the recursive least-squares algorithm. But
in the projection algorithm, it grows as n. As noted before,
the projection algorithm can be described as -

6(t) = 0(t-1) + ad (t-1) [y(t) - (e-1)T8 (£-1)]

‘ c +6(t-1) 75 (£-1)

. with ¢ > 0 and 0 < a < 2. The value of the parameter a is

crucial. The behavior os the algorithm greatly depends on

its value.

» 0

.}'\

In the next example, the projection algorithm is used :’:E_é
I'd

3 for estimation procedure on the previous process. 5;5;;

4 Example 4.4: é;;;

Using the same pulse transfer function and controller ::ﬁa

4

polynomials as in Example 4.3 and choosing the constants

-
P4

a=1and ¢c =1 in the above equation, results can be observed

) AL
Z from Figure 4.18 through 4.22. s
KACe s
Actually, using this algorithm, several systems have ig,‘::fk
been simulated. This result is the most reasonable one. 3;:3
XSO
: Considering the above results, indirect adaptive control .:E:\
: is a very effective control technique when the parameters of ajgx
- the plant are unknown and large and unpredictable variations -

occur in the plant dynamics. Also, it is applicable to
nonminimum-phase systems. This can be considered as a big

advantage of the method.
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APPENDIX A iz

DESCRIPTION OF COMPUTER PROGRAMS {:

eﬁ

N

Computer programs are written using WATFIV and FORTRAN ;:

'I

programming languages. All of them are prepared as an .

interactive program. The following explanation is about how ij

-

one can use these programs. li

-

The program named CONDIS given in Appendix B finds the —

pulse transfer function from the continuous time transfer ”;

function. The program asks for the sampling interval, orders -

and coefficients of the continuous time transfer function -

polynomials. The continuous time system is described in state :ﬁ

N

variable form as -

X = AX + Bu :d

S

N

and the corresponding discrete time system as o

';l

o~

x(k+l) = ox(k) + Tu(k) 3

2

This program gives the ¢ and ' matrices corresponding to A 2:

N

and B. jb

h

There is no limitation about the order of the system in "

Ly

" all programs. For higher order systems, the dimensions of o
LSy .
2 the declared matrices should be increased. {:
" ..
Al : . : . v
.: The program named RCIOP given in Appendix D simulates gj
’ an indirect adaptive control system using the projection =
9 .
~ _.
o :
- 81 -

'-l

. . . te . . e * .. N B « T T L TN Tl et et et
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fe e e -
oyt N
AT
| o e
! ‘y %0 v
»

RN
oy v,
algorithm. The program asks some questions to the user in S&Qﬁf
S
the following order: RO
1. The order of a plant (N); i E&Rf
'_h_ v
2. The constants a and ¢ that are given in Equation (3.38); ° » _;g%gﬁ.
N e
3. Coefficients of the numerator polynomial of the plant 73£$:
(in ascending order of z); ;‘*
]
4. Coefficients of the denominator polynial of the Ekjc'
plant (in ascending order of z); DO
el
Rt
5. Coefficients of the controller polynomials g(z) and ﬁ:§§~

p*(z).

The external input is defined inside the program. It

e e vy
480N
PP
S

can be changed when it is necessary.
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.

gl

The last program RCIOR given in Appendix C is the most Ex.:i
important one. Least-squares algorithms are used for parameter g:?é
estimation. This program asks the same guestions about system, ;E:ﬁ?
except question #2. %é;&

Computer programs RCIOR and RCIOP give the graphical %ﬁga
and tabulated results. Graphical ocutputs are obtained using %ﬁéi
DISSPLA. ;‘:‘f:'::'j
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COMPUTER PROGRAM CONDIS Y
o
__:‘\
$JOB WATFIV ONUK,XREF,EXT =
o] DEFINITION OF VAﬁIABLEs
INTEGER N,M,R,I,K,L,L1,L2,11,J,1I3,M1,M2,N3 by
integer M3 £L3:16 ° .
REAL “AA( 2 21 é éz & ID( 2 10,10 R
REAL FI(10,16),6T 61 io 0),C2( 10,10 D
real c3(10,10),c8 10,1 'd4(10.10)/49( 10,10 el
REAL C4(10,10),C5(10,10)/C6(10:10§/C7¢10 10 RO
REAL C1 &16 10§, C 1810 05 2810 6% 3810 0) e
REAL DS& o.io& 56&1 161 7010,16),08(10,16) 55
real c14(10,10§,c19(10,16),c20(10,40 ,e4glo 10& S¥a
REAL D10(10,10).,D11(10,10).C12{10,10).C13(16,1 3 o
REAL C15(10.10):C16(10,10):C17¢(10,10):C18( 10,10 w2
REAL Cl1 816 1 i Wwi(1,640)/406%0. /7, ID1(40,10) -
REAL CC(10),tT(16 Dglo RR&Z,Z& PP(2,2) -
REAL Di(10,4i0),E1(10,10),E2(10.1 ,E io 1o <
REAL E5(10;10).E6(10,10):C9( 10,10 ss 2 ~
REAL FF(2,1),66(1,1) AL ﬁA& o& co io% ALP TAR o
REAL TC,TAC TR1,TR2,XR3 TR, TRO(TRS,
PRINT, lil'rﬁIs PAOGRAM FINDA THB' Zo %OMAIN PULSE _TRANSFER' PN

PRINT, | FUNCTION WHEN GIVEN THE S-DOMAIN TRANSFER FUNC.

PRINT,
PRINT, ' THETHEQOMQIN TRANSFER FUNCTION SHOULD BE e

C b
C H( S)=NUM( S S s
C (8) igg)éD g lN-1+ ......... +T£2;S+T{1; e
C PRINDEN S +D(N)S**N-1+ 2)s+D({1 FoA
oo,
PRINT, 'ENTER THE NUMERATOR POLYNOMIAL DEGREE' 20
SR
I FRNN
gg&gTﬁ'ENTER THE DENOMINATOR POLYNOMIAL DEGREE' ;3&
: M2=Mi+1 wa
N DO 2_I1=1 M2
o PRINT T&' I1,')=2"'
" READ, fT(11}
T 2 INUE
= M3sM1+2
o =
g IF (M1.LT.N3) THEN
o
o
N
)
-2 o
4 LA
N A
'- -
~ | o
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DO 82 Il‘)‘Mg
82 CONTI&UE

ggnlz 11=
PRINT }b& 11, ')=2?"'
READ §
12 CONT
DO gz 11=1,N3

AR

22 CONT

e DO 32 J=2,N
e Do 102'11=1,N3
<) 13 I}+%Q 13) THEN
',
P AX(Il,J 1 -
A ELSE - e
AA&II,J) =0.0 o
. 102 CONTINUE T
. 32 CONTINUE N
- DOAZZ JE B NDD(J) :‘_,-_{,
29 72 CONTINGE et
> DO 52 I1=1,N3 R

J=1
BB(11,J)=0.0

[
o
N
Q
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CALL RESULT(N M, Tk ,&A) -
CALL REsgLT N'R (F1.%3,BB) S
R
CALL RESULT R)N, I, K c) i
DO 1 .

ALY
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.p.
i
{19
w
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Z

S 5

D—F
n=

fun

o] 1, TEEN e

ELSE- R
ID%I,J)=0.0 A
END I .
CONTINUE L
CONTINUE e
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" R Sud
N - RNy
N ¥
N CALL FAMILYiN,M,'ID'}
X s8 CAﬁEIRESULT N'M.1,J,1D)
X DO 28°288 551, N i
Q‘ = ,
3 RR(I,JV=ID(I,J
b 286 conrinpg’ )P i
3 5 cqanuy
s SAMMAZRMAK Ni?w{ If?‘?vvml 2)4"10263) "3 )
* wl(1,5),wl ,sg, 1(4,7),w1(4,8),wi(1,3),wi(1,10
b’ Tcgl/GAMMA( )
- PRINT, TC
THI1=TR1/2
PRINT, TH1
0 TH2=TR1/4
e PRINT, TH2
KV
¥ THASIRI IS S
- 1F (TRI.LE.TC) THEN L
- TR2=TR1/ O
e TR3=TR1/3 A
L~ TRecTRI/S et
l: TR%ETRI/G ool &
- %%ségﬁ%ﬂ S
X TR9=TR1/9 e
> TR10=TR{/10 R
TR11=TR1/11 s
a CALL SCALAR(N,N,I.K.IR1.ID.C1) wfs
~ CALL SCALAR({N,N,I,K,TR2,AA;D2 Cha
CALL CALCUL{N'N'N'TI/K,K,C2,C1,D2)
’ CALL SCALAR}N,N,I,K,TﬁB,AA,Dﬂ S
o CALL CALCUL{N/N/N.I.K,K,C3,C2,D3) el
’ CALL SCALAR(N,N;,I,K,TR4;AA,D4) St
- CALL CALCUL(N,N;N,I,K K,C4,C3 D4) "l
o CALL SCALAR(N.N,I,K,TR5,AA, D5 e
CALL CALCUL{N'N/N,I.K,K,C5,C4,D5) N
> CALL SCALAR(N.N.I.K.TR6,AA,D6) N
.- CALL CALCUL(N.N.N.T1.K,K,C6,C5,D6) .
- CALL SCALAR?N,N,I,K,Tﬁ?,AA,Dﬂ =N
- CALL CALCUL(N.N/N.I.K,K,C7.,C6,D7) N
gy CALL SCALAR({N.N.I.K.TRk8,AA,D8)
N CALL CALCUL{N.N/N,I.K,6K,C8,C7,D8)
-3 CALL SCALAR(N'N'I'K,TR9,AA,D9) ot
% CALL CALCUL(N.N/N.I,K,K,C9,C8,D9) i
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CALL CALCUL D;I,M,N,I K,GG,CC, FF
PR&N%,? (, ’

PRIN
PRINT, 'NUMERATO$ COEFF. S OF THE PULSE TRANSFER
PRINT, !

PRINT' 'NUMCOEF', CO(N)
DO 14’7ELAI]i N

; END IF
: CALL CALCUL&N,M,N,I, K,FE,RR,GT
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147 CONTINUE

150 CONTINvE‘

PRINT, ' '
PRINT, 'DEN8MINA$OR COEFF.S OF THE PULSE TRANSFER

{. S
PR

PRINT, ' A
DO 15} L=],N RS
PRINT, 'DENUMCO' , ALPHA( L) el
151 CONTINUE g
STOP RO
REMOTE BLOCK AR A
TAR=0, 0 rdel
~ CALL CALCUL(N N,N,I,K,K,PP,FI,RR) e
) DO 148 =1 TRA
88145753y, R
IF&I E% l SN
» eNSARETARYPR(I, J) e
N A
- 149 CONTINUE i
. 148 CONTINUE O
. END BLOCK el
~ C ***THIS SUBROUTINE READS THE MATRICES FROM THE DATA oV
N E L BROUTINE ENTER(J D,E.F,G) LGN
~ INTEGER J , D , E','F RO
N REAL G(J,D)’ SR
¥ .‘.\ e
[’
~ ; _:.
E oW o
Ny iy
N B
N -
v A
. o
3 RGN
A o -~
1 =53
- N
e, .é\';\
A, NN
Ca LI .
P
% 88 RN
‘, LA ‘!.4 ]
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DO 60 E=
READ so 8GgE ,F),F=1,D)
50 FORMAT(i
60 CONTINUE
RETURN

END
c ***%HIS SUBROUTINE PRINTS THE ARRAYS AS AN MATRIX

SUBROUTINE COPY(H 0,P,S,G1,K1)
INTEGER H
REAL G1£H oé kl(H 0)

O é%%PéE) =K1(P,S)

CONTINUE
CONTINUE
RETURN

END

SUBROUTINE RESULT(H 0,pP,S,T)
INTEGE p JD -
REAL g H 0

PRINT 70, (T(P s=1,0
70 RMAT(QO( é 6k,1o(3&,F12.5))
80 CONTIN

RETURN

END

C ***%%és S¥E§OEEINE CALCULATES THE MULTIPLICATION OF
SUBROUTINE CALCUL(U v,Y,2,X,2X,2T,W,Q)
INTEGER

i
ww
N

REAL w 0 ? Y,V
REAL ZT(U S (6,9),9(Y,v)
DO %2zx§}
8 a1 z§; ZT(z X)+W( 2, 2X)*Q( 2X, X)
+

91 CONT&
92 CONT INUE
93 CONT INUE

REEURN
C ***THIS SUBROUTINE WRITES THE MATRIX NAME AND ROW,

COLUMN NUMBERS.

SUBROUT INE BAMIL, ( ROW, COLUMN, NAME )

INTEGER ROW, COLUMN

CHARACTER*Z NAME,

PRINT MATRIX
94 FORMAT 13 0%, ¢12 A6,T19,1X,T20,A2)

PRINT ROW ‘NUMBER. ¥, ROW
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95
96

Qo

44
43

FORMAT(T1,'0Q' T2,10X T12 All,T23,8X,T31,12)
PRINT 96, 'COLUMN'NUMBER, ' COLUMN
E%%%%E(Ti' 0",T2,10X,T12,AI4,T26,5X,T31,12)

END
*%**THIS SUBROUTINE CALCULATES THE SUMMATION OF THE

absolute values OF THE SAME COLUMN ELEMENTS. ***
SUBROUTINE ALIgIl I12,H1,H2,G1,W2)
INTEGER I11,I12,H1 B2
REAL Wzﬁl,iZ) GliIl 12)
0'41'A2=) 1%
0 42 f1=1,11
w2(1,H2)=W2(1,H2)+ABS(G1(H1,6H2))
CONTINUE
CONTINUE
RETURN

END
***THIS SUBROUTINE MULTIPLIES THE MATRIX BY SCALAR
NUMBER, ***

MBER.
SUBROUTINE SCALAR(K1,K2,G11,G2,P1,G3,G4)
INTEGER K1,K2,G11,G2

REAL G3(§%L§2&2G4(K1,K2),P1

DO 43
DO 44'Gll=1,K1
G4(G11,G2)=63(G11,G2)*P1

CONTINUE

CONTINUE

RETURN

END
***THIS SUBROH;I“INE CALCULATES THE SUM OF THE TWO

MATRICES. *
SUBROUTINE SUM&KS K4, I5,K5,X1,X2,X3)
INTEGER K3,K4,15,K5
REAL x1£K3,K4} X2(K3,K4),X3(K3,K4)

O 45 k5=1,Ka
DO 46°15=1,K3
X3(15,K5)=K1({15,K5)+X2(I5,K5)
CONTINUE
CONTINUE
RETURN
END
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COMPUTER PROGRAM RCIOR .
'l’-l
PN
(] % %o F Kk g % K ok K Kk ok ek kK ke ke ko gk ok sk kR ok ok o ok ok ok ok ok ke R ok ok ek ':.::.:
C * THESIS PROGRAM * -y
C * INDIRECT JADAPTIVE_ CONTROL * PR
C * PARAMETER ESTIMATION * o
C * USING REC. LEAST SQUARE ALGORITHM * -
(c: % o % ok v % o Je A ok ok b ok v ok s ok ok ok ok ok Y v ok ok I ok o b ok ok ok ke o ok ok e ok ok "::::\
LN
8 de de de o Je e Je Je K Fe de % de do K K K de do K v de K de K Fe g K ke de Ko de ke de de K ke ok ek Kk ke ::-::-.
c * DEFINITION OF VARIABLES: * ASOY
Cc khkhhkhkhhkhkhkhkhkhkhkhhkwhhhhbrhhhhdhhhhhhkhhkhhhkhhhik .}J.\-_
INTEGER N1,N,L, K, L1,I,M,L2,J, N3 N2,J1,J2,J3,M1 S
INTEGER N4,N5,N6.CoLuM, 3 M J8 J9.L5,M6,L7 —
INTEGER DEGI,DEGS. DEG3 M3 L4 M9 M8 RN
REAL Vi1(4,1),V2 51 1) vé& % i% g e
: REAL U2( 4,1 ,Yg g i T 2(4,4) 2o
o real v6(1,1 ,B e
. REAL P4(1,1).P5 1 4 48 4 45 S
N REAL TSM,TsP’' TS vgz b) ) i
v REAL A(26 202 H 2 S o 20& A
i REAL D(10),T(20),F 'S 16&, 2( 0) c3 10 L
REAL U 4,1% c5 io gl k&s ) 0404.1) ¢7(100 A
REAL SUMZ2,TEWMP,SIG iG U L%o ) gso it
REAL 81 56 '83 506 ch 10 & Rgzbi (1067, VC(200) W
REAL B1(20)/81(10 1 z 60;,H4§ bo; N
N REAL Ul(4 é P3( 4, 5 (10 »h5( 100 s
N PI=3.141592654 Lo
DO 7777 1=1,2 AN
H1(1)=0.0 .
H2(1)=0.0 P
H3(1}=0.0 o
Ha{ 1)=0.0 -
H5(1)=0.0 e
7777 CONTINU e
DO 20 I =1,200 -
Do 8 J'=1,4
SE(I1,J)=0.0 I
~ 8 CONTINUE vz
> 20  CONTINUE el
'_\f (o} Je e ok e e K de e ok e e ok e ok ok ok ok e ok ok e ok ok e ok ok e ok ok e ke ok o ok e e ok e e e :::-'::-’
X C » THIS PART OF THE PROGRAM ASKS THE SYSTEM * e
N C * ORDER , PLANT AND MODEL NUMERATOR,DENOMI. * Reve
R
Q.‘ I\.~."
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C * POLYNOMIAL COEFFICIENTS. *
C  hkdkdkkdodeok ok ko ke ddedok dod o dkok dokdedk ek e de e de e de ek e e ok

WRITE&6,791) ,
701 FORMAT('1', 'ENTER THE ORDER OF THE SYSTEM')
READ&S,*) N

N1=N+1

N2=2*N

N3=N+2

N6=2*N+1
c M7=10%*N*2

L8=10*N2 ,

. CALL FRTCMS( 'CLRSCRN ')

WRITE&6'ZQO %
2002 FORMAT( NTER PLANT NUMERATOR POLYNOMIAL
COEFFICIENTS')

WRITE&6‘290§} ,
2003 FORMA' & N ASCENDING ORDER OF 2')
DO goo 1={,N

T=1=
WRITE( 6,2004

&q &J7 ] L] 1
2004 ° FORMAY( OEFF. OF 2%*(',12,')=")
READ( 5, *) ¢é5(1)

2001 CONTINUE

CALL FRTCMS( 'CLRSCRN ')
WRITE&é‘ZQO %
2005 FORMAT( NTER PLANT DENOMINATOR POLYNOMIAL
COEEFFICIENTS")
gngE&G,ZQO@

ggITE&g,2967
DO 200 §=1,N

WRITE( 6,2009) J8

FORMAT( ! 09%%oEer. oF Zxx(',12,')=")

2009
READgs,*) ¢6(1)
2008 ggNTINU

2006
2007

N ASCENDING ORDER OF 2')
IGHEST COEFF. SHOULD BE 1. ")

112 CONTINUE

243 CONTINU

124 CONT INUE
Y8N1&=0.0
DO 2010 I1=1,N
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Ll A
DY
Y(N1)=Y(N1)=C6( I)*Y(1)+C5(I)*U(1I RN
BN s
=], ‘s 3
J9=N1-1 i .
L5=N6-1 ey
U3(J9,M)=C6( I S
U3(L5,M)=C5{ I SN
CONTINUE R,
DO 113 I=1,N RNy
L1=N+1I s
%%=¥1ﬁ1 0.0 coned
E1£Li,&)=VP(L2) I,
CONTINUE i
DO 121 I=1,N2 oy
DO 122 k=1, N
IF(1,BQ K} THEN ,
P2( ¥,K)=30.0 ¢
E5CT K)=0.0
EN£ iF
CONTINUE

CONTINUE
CALL FAMILY N2,N2,'P2'%
CALL RESULT{N2,N2.I,K 2)
CALL COPYM(N2,HN2,f,f, AB,P2)
DO 123 I=1,N2

U1(IEM)=O.O

EALL TRANS(N2 M, 1K F FT) -
CATL FRICMS( FELRSERK }S -
WRITE( 6 702 : , Rt
FORMAT( ' ', 'ENTER Q(2) IN DESCENDING ORDER OF 2') BASS
FORMA&&' Q,)HIGHEST COEFF. MUST BE 1.') sty
WRITE( 6, 704) , N
FORMAT( | ", *REMARK: (2) SHOULD BE STABLE POLYNOMIAL') ooe @
WRITE( 5705 )N-1 Ly
FORMA COEFE. OF 2**(',I2,')=") PRRY
coNTINOE " ) €3(1) oy
RRA
CALL_FRTCMS( ' CLRSCRN ') IRV
WRITE( 6706 Lo
FORMA (OF z'ENTER PSTAR(Z) IN ASCENDING ORDER ,;\tf
R
WRITE(6 707) RGN
FORMA HIGHEST COEFF. MUST BE 1.') O
WRITE( (708) N
FORMAT(' ', ' *REMARK-1: PSTAR(Z) IS THE DENOMINATOR RN
e
RSN
ﬁkg}
e
RO A
N
e
S
RAAREN
. \‘
.'- . '.'.\
ANENEN
RN
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158

241
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DO

WRITE 6P9LYNOMIAL )
FORMA& QO OF MODEL')

WRITE& 7
MA$K -2: PSTAR(Z) SHOULD BE STABLE
POLYNOMI
DO 158 I=1,
WRITE&6 711)
FORMA
READ%S *) Ea(l
CONTI

COEFF OF 2Z**(',12,')=")

éigLJagééUL N2 M N2 T .LKYE2FEL)
CALL CALCUL M M, 02,1, Lk, V2, FT, V1)

TSP=1. +V2(-M, M)

CALL CALC r M, N2,I,L,K,V4,FT,Ul)
TSF-YgJ) v4 M)

TSN=T

CALL SCALAR(NZ 1K, TSN v1 V5)
CALL SUME f k 0
CALL CALCUL Né i P2,F1)

CALL CALCUL{M, M, N i L k P 3FT £3)
TSM=1, /( 1+P4&( M, M

CALL CALCUL(M,N2 ,L,K,PS,FT, pz
CALL CALCUL(N2,N2,M'I!L'K.P6.F1;
CALL CALCUL(N2, N2 N2 i L K, P7 Pé P
CALL SCALAR(N2' t.,tsh, b7, p8)
CALL SUB&NZ N2/ 1 L p2.58,$9)
INITIALI

- IF(J.EQ. 10

CALL COPYM(N2,N2,I,L,P2,P9)
Z THEN'
CALL c PYM(N2Z,N2,1,L,P2,AB)
CALL C &YM 8 5 THEN

g 2 1 L P2 AB)
CALL C gymggz N% IﬁL P2 AB)
CALL C %Ymggz I L P2,AB)
CALL %Ymggz I L P2 AB)
CALL C gYM( 2, % I, L P2 AB)
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211
q 212
7011

4001

7007

6503

Ve O P N N R N A

W . -

EREE CObYin( Rz N3, 1T P2, 2B)

E IF
IF J.LE.M7) GO TO 9591
C5(1)=3.

U
CONT
CALL COPYM&N M I L U} U2)
CALL FAMIL
CAL% RESU%T N2 N2 I K 2)

L +1
B(I)=U1l(L4,M
CONT&N&E ( )
DO 7011 I=1,N
M9=N-I+1

DEG2
Sngzo 0).OR. (( I-K).GT.DEG1))

. R. (K. CT. 1&% GO TO_6503
)=R(I 1)+Q (K-1)*Q2(I-(K-1))
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A
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A
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g =

+1+J£)—B(

s

CONTINUE
CONTINUE
DO 1OOCOLUM‘1 ,N&

DO 70 J4=COLUM

8 ?ND (K.LT.M1)) THEN

SK.LT.MI)) THEN

SUM 2-SUM2+(A(J4 COLUM) ) **2

CONTINUE
SIGMA=S T& }
ASIG BS(SIG
IFw ?SIGMA LT. O.

FO RMX

END IF
DO 804J4600LUM N&

G(J
cogOLUM)—SIGMA
Stz=0.

DO 90 J4=COLUM

L 1) GO TO 6666
(7 #) J'MATRIX A IS SINGULAR')

SUM2= sumz+(A(J4 COLUM)=G( J4))**2

CONT INUE
DO 100 J4=COLUM, N4
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DO 110 K—COL UM, N4
S(oumé) LT. 0. 00001) THEN

ELSTEMP -2*&ASJ4 COLUM)~-G( J4))*( A(K,COLUM)

M2

IF J4 E K% THEN
MP— EM

§%J4 K)—TEMP

CONTI

CONTINUE

DO 131 J4=COLUM N4
130 KBCOLUM

TEMP=
DO 140 L=COLUM, N4
TEMP+H(J4,L)*A(L,K)

NTINU
C&J4 K)=TEMP
CONT INU :

CONTINUE
DO éSO 84 =COLUM, N4

MP=

DO 160 L=COLUM
TEMP—TEMP+H(J4 L)*F(L)

CONTINUE

T J43-TEMP

co
DO 170 J4=COLUM, N4
DO 180 K=COLUM,N4

GUNG) SE(N4) /A( N4, N4)
I=N4-1 ’

SUM2=0.

M2=T+1

DO 30 J4=M2
sumz-sum2+A(1 J4)*X(J4)

K1) ; %Fi {35) 45! d60b1) TrEN

END lF
IE( 1,0 1) GO TO 812
HI{ J)=X{1
97
G gt R R g G L G R D S

RV,
. ﬁ’&, ?“N .‘1‘.
LA

"

£
L

[Ny W
a®s

N Il (. ‘-

T
!

; ~.'~."'.'.'. t.. .,- ."‘. .

‘.;’..y
';':"_q VN

"""
I A

o,
o a's

Y s
N [
A

P AL

PSS
;'.:'.-".:

-
v
Cond

;V;'
Ve Yo

P N

oA Arere
17

‘‘‘‘‘‘‘‘‘‘‘‘



...............

o
e
. RSN
:::(_'-;-‘
‘\" '
f:-.fé
e
H2( J)=X(2 "
H3(J)=X{3 o
H4( J)=X( 4 e

Bo' 1417420 w1 R
S2(1)=X(T) }fﬁ
141 )
DO 142_I=N3,N4 N
SI(N5)=X(1 Bﬁ@

142 contiiua) A T)

UP(J = .0 f.f.l
Do' 5001 I=1,N o0
UP(J)=UP5J%+&SZSL7;-C3(I))*U(J-I)+Sl(I)*Y(J-I) =3
R +C3(I)*V(J-1 DAN
>001 GCT)=(UB( 3)+V(J) ) /(1-52( 1)) DA
G2254Y Lt
¥(I2)59.'0 —
DO 3003 I=1,N e
Y(JI5)=Y(J5)-C6( I)*Y(J5-M6)+C5( I)*U(JIS-M6 s
3003 CONFLNDE L\ oo)meeT) yrestiyEut ) 2N
DO 189 I=1,N1 el
¥YM(1)=0.0 e

189 CONTI -
M(J8)=0. 0 i
Do' 2508 1=1,N A
B1(1)=C5(Ma) BR%
2508  CONPINUE O
DO 3004 _I=1,N s
YM&%5)=Yﬁ(JS)-C4(I)*YM(JS-I)+Bl(I)*V(JS-I) RS
3004 CONTINUE Ron
MK(J21=-Y(J5) L
DO 3R 35§3ﬁk(J5)+B(I)*V(J5 1)~C4(I)*Y(J5-1) oo
3005 CONTI&UE . RN
MU( 35, =ABS£MK&J5&; =
TE{MU(J5) LT, 20.0) THEN NS
£ JCI5)=VE(J5) R
V(' J5)=VC(J5)+VP(JI5
end(J8)=VC(J5) +VE(J5) N

DO 120 _I=1,N2
)=0.0

FI1(I.M
120 conrx&ut
DO 118 i?l,N
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1025
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&NZ M, I K $1 FT)
CALL FAMIL 5.4, 'ul
CALL RESULT N2.M,1,K,01)
DO 3001 N2’
-6
CALL sus&Nz ,N2,1,L,U3,U1,U4)
C7(J)=0

DO 3002 I=1
07&0%—07(J)+U4(I M)*U4(1,M)

CONTI
CB&T}—SgRT(C7(J))
DO 8888 Igl,Nl

(o]

C8(1I)

6
SY% OUTPUT', 'MOD. OUTPUT'
6X,All)

’
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%
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—0 -~

IO~ O
b0 ¢ O -N ~Q

[STSTSTNTNTY ]
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-
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Y
6? X, élsisz

]
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-
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FO§¥AT 10X, Flg 6)
DO 1025 I=1,L8

SE(1 %i = {98
KD(I)=

NTI
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C ¥ THIS PART PLOTS THE NECESSARY DATA  *
C * THAT PROGRAM CALCULATES *
Cc ***********************************T*T**** ,
CALL VPLOT(KD, SE,L8,2, 'TIME s
CALL V1PLOT(KD,C8,L8,1, T'rnvm: e ? BN
CALL V2PLOT}KD,MU L8,1,'TIME ', , DN
CALL V3PLOT(KD,V,f8, i, !TIME !,! , SUPLN
CALL V4PLOT(KD,U;L8,1,'TIME ' ', OO
o CALL V4PLOT(KD,Hi,L8.1,T 'l , ety
¢ CALL V4PLOT(KD,H2,L8,1,! . ! OGS
¢ CALL V4PLOT({KD,H3,L8,1,' L !
¢ CALL V4PLOT(KD,H4,L8,1,! L , :
¢ CALL V4PLOT(KD,HS,L8,1, .
END.
C % % Je Je Je Je de Je e e de Je e de do Je de de e e de e de Ko Je Je Je do J de de Je e de K Je Fe J do K Fe Kk
C * THIS SUBROUTINE PRINTS THE ARRAYS AS AN*
C * MATRIX FORM
C ******************************************

SUBROUTINE RESULT(H,0,P,S,T)
INTEGER H , O, P, S’

- REAL T (‘H', O

- DO 80

RITE(8,70)(T(P S),S=1,0

o PRINT(7¢ (%g (£454:573¢2)
70 FO 6 10(3x F12.6))
80 CONTINUE

RETURN
C ****E*************************************
C * THIS SUB. CALCULATES THE MULTIPLICATION*
C * TWO MATRICES. *
C % de Je Je Je Je de de K e de e ke do de e de de de K ok ek o de de ke de de de de de K K e de Je g de ke K e

SUBROUTINE CALCUL(U V,Y,Z,X,2X,2T,W,Q)

REAL Z3(U v$ KR SRR

Do 93 2%

DO_92 Y
21(7,X X) .0
2T zzﬁglz%(z X)+W(Z, 2X) *Q( 2X, X)

91 CORTLNUE
92 CONTINUE
93 CONT INUE

o
C Fekdhdhkhdkhdkdhkhddhdkhhdhhhhkhhhhdhhdhhhddhddhdhk
C } THIS SUBROUTINE WRITES THE MATRIX NAME *
C * AND ROW, COLUMN NUMBE *
(o ******************************************

- I",: .,‘._.

vy
B

%
I

4

'f ." .I "{
Y

vy

el
.,
Ps

v
ER S
2 e

‘e,

2
LY
PR A
“' "‘l‘
XA

."-1 !
4

SRR RAN

a‘a

e
e

100 RO

. e
2 e

....................

K @ T Te T e T TR
. - ENE RS R SN B T e T T W et T T e T T e et e
-y . . gt N e % . - -, -



OO WO N
wn >

[+

Qaao

NS
[

aaaa

S
(5]

(elelele

SUBROQUTINE FAMILY(ROW COLUMN, NAME)
INTEGER ROW,C UMN

HARACTER*2
WRITE(B 9%&A$ T$IX' NAME

PRINT 94
T2 iox T12 A6

FORMAT T19,1X,T20,A2)

WRITE( $ NUMé$ ROW

FORﬁXTgéi o, T2, 10X, Tigoﬁl T23 8X,T31,12)
wg%gg(éé9$%opé ﬁMNMﬁUM $ } OLUMN’
Fg%%ﬁE(Ti ,T2,10X, T12, A14 Tzé 5X,T31,12)

END
e e e e e e e e e e o v o ok ok e ok e o e e ok e e ok o o e o o e e ke ok e e ok

* THIS SUBROUTINE CALCULATES THE SUMMATION *

* OF THE SAME COLUMN ELEMENTS.

********************************************
%gBROEEINE ALI&II 12,H1,H2,Gl,W2)

REAL W ﬁl f2)ﬁG1£I1 I2)
DO 42 ﬁ 1=1
w2(1, H2)-W2(1 H2)+ABS(G1(H1,H2))
CONTINUE
CONTINUE
RETURN

****E*************************************
* THIS SUBROUTINF MULTIPLIES THE MATRIX *
* BY SCALAR NUMBL *
Yeddededede ok ek de ke deu s ok e ok e e e ke e ok ok ok e ok ok ok ok ok ok ok e ok e ok ok

SUBROUTINE SCALAR(K1,K2,G11,G2,P1,G3,G4)
INTEGER K1,K2,G1l1,G2
RESL G3(K1 §2£264(K1 K2),P1

DO 431°'Gl1
G4(G11, G2)—¢3(G11 G2)*P1
CONTINUE
CONTINUE
RETURN

END
Je e e e o e ok e e e de de e e e ok e e e v o e de e ok ok ok o o e e e e e e e e e e e ke ok

* THIS SUBROUTINE CALCULATES THE SUM OF *
* THE TWO MATRICES. *
kdehdedhhhkhkhhdhhkhkhkhhhhhdhhdhkbhhdhhhhhkhkhhhhhds
SUBROUTINE sum&xs K4,15,K5,X1,X2,X3)
INTEGER K3,K4
X1£K3 K4gsxé(xs K4),X3(K3,K4)
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DO 46 15=1,K3
X3(I5,K5)=X1(15,K5)+X2(I5,K5)

CONTINUE
CONTINUE
RETURN
******************************************
* THIS SUBROUTINE COPPIES THE MATR *
******************************************
SUBROUTINE COPYM(K3 K4,15,K5,X1,X2)
INTEGER K3,
REAL x1£K x4&sxé(x3 K4)
DO 46
X1(15, K5)—k2(15 K5)
CONTINUE
CONTINUE
RETURN .

END
dedkdedh Rk hkhdhhhhhdkhkhkhkhkhhhhhhkhdkhhkhk

* THIS SUBROUTINE FINDS THE TRANSPOSE ¥*
* E MATR *

******************************************

SUBROUTINE TRANS(K3 K4,15,K5,X1,X2)

INTEGE§£§3 K4é X2(K4 K3)
§=1
46
xz(xs 15)-X1(15 K5)
CONTINUE
CONTINUE
RETURN

END
% v de Je de Jo K e K de do do de ek de Je de Je Je e de de de Je Je e K K K de Fe K K Fe K de do ke K K Kk Kk ok ek

: THIS SUBR%U%IN% CALCULATES THE SUBTRACTION :

E
**********************************************

SUBROUTINE SUB K3,K4,15,K5,X1,X2,X3)

INTECER K3, 5
REAL 1£x3 x4ésx2(xs K4),X3(K3,K4)

DO 46’ I15=1

X3(15, KS)—Xl(IS K5)=-X2( I5,K5)
CONTINUE
CONTINUE
RETURN

END
e s e e e ok e e e e e o o e e e v e e e ok e o o e ok e o o ok e o o e e e e ek ok

* THIS SUB. PLOTS THE ARRAYS USING *
* THE DISSPLA PROGRAM. *
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' oo
N UBROUTINE VPLOT(T,U,M,N, LABELX, LABELY) el
C**********
REAL U a 0,4 00),Y(800),YX YN( 4
c INTEGE& )f’M&N ) LABEI)..X,L}\B%I‘..Y (4) ;‘:f-_.;;
‘ CALL AMAX(T,M,TMAX,PMAX BNy
‘ CALL AMIN(T,M,TMIN, PMIN oA
. DO 20 J = ,N S
' DO 10 I =1 ) EN 00y
| & =U( I,J) S
b 10 CONT rr
ALL AMAX Y, M, YMAX, PMAX) R
; alte
A
( £L AMIN&Y M, YMIN, PMIN) RNy
YN % =YMIN AN
{ WR 11 (6 11) YMAX, YMIN A
¢ 20 ~
| WRI'I'E i I
WRITE YN RS
CALL AMIN{ YMIN PMIN N
WRITE(S 11) TN OMAX M R
. CALL f< 6 etal
: CALL BLOWUPSI 2) RS
: CALL PAG%I NN
) c CALL NOB o
CALL AREA2D£9. 6. )
CALL XNAME ABth 6 O
CALL YNAME LA$E , Ty
gggg ggégélv LANT AND MODEL OUTPUTS $',100,1.,1) Bt
- CALL GRAF(TMIN, 'SCALE', TMAX, YMIN, 'SCALE', YMAX) AT
: CALL SPLINE RASA
| DO 40 J =1, - =
DO e ;
-U( I,J) R
30 Ty
f, E8 g CALL CHNDOT RSN
40 L CURV '_::_:}:.
' SRLL ENDPL](_.O) RO
| c CALL DONEP ¢
y 11 FORMAT(' ',10X,2Gl2. /; e
- 13 FORMAT 10X, 4G12.57 N
~ RETURN R
c P e
o .\ n
SUBROUTINE V1PLOT(T,U,M,N,LABELX, LABELY) SN
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c*************
REAL U(800, 4 800),Y( 800 4),YN(4
c INTEGE& )ém& ) £ &k XB%L (4)
CALL AMAX(T,M,TMAX, PMAX;
] ‘CALL AMIN T'M, TMIN, PMIN
‘ DO 20 ,ﬁ
J DO 10 I & ( T3
f 10 CONT&N&E
| CALL AMAngFM YMAX, PMAX)
L LJ) .' L S q\
] CALL AMIN&E M, YMIN, PMIN) RSN
) 20 wa&rﬁ(s 11) YMAX, YMIN RO
v AN
. ITE s 13 I L
‘ WRITE 6 13 ey
CALL AMIN YMIN PMIN
. WRITE& 1 ?MAx
- CALL Ek 618
: CALL BLOWUP S )
N CALL PAGE&I ' 8. 5)
N c CALL NOB
\ CALL AREA2D£
; Sﬁ%ﬁ XNAME ABELX Gl
. CALL HEADIN ($PARAM TER ERROR $',100,1.,1)
X CALL CROSS
3 EQEE GRAF&TMIN 'SCALE', TMAX, YMIN, ' SCALE', YMAX)
\ DO 40 J =1,
N DO
) -U(I J)
30 c
N £ 8 CALL CHNDOT
Y CA L CORVE (T,Y,M,0)
X 40 CONTINUE
\ CALL ENDPL£O)
)\ c CALL DONEP
y 11 FEORMAT() ',10X,2G12 5/;
' 13 FORMAT{' ',10X,4G12.5/
| RETURN o
- Cc END :\";\"_
o SUBROUTINE V2PLOT(T,U,M,N, LABELX, LABELY) RO
1 =
M G, REAL U 800 4),T(800),Y(800),YX(4),YN(4 Soo
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CALL AMIN
DO 20 J =
DO 10 1

T
CONT E
CALL AMAX Y, M, YMAX, PMAX)

YN£L AMIN&g M, YMIN, PMIN)
WR&T%(G 11) YMAX, YMIN
WRITE Yxi 1
WRITE
YMIN PMIN
§1 YMAX
Ek 618
BLOWUP&I 2)
PAGE( 1
§3EA2
YNAME £ABELX ei
HEADI iOUTPU PREDICTION ERROR §$',100,1.,1)

CRO
ggAF(TMIN 'SCALE', TMAX, YMIN, 'SCALE', YMAX)

CALL AMAX{

y P
Ay

I fU(DI'I J)
E I

CONT
IF(J.EQ.2) CALL CHNDOT
CA L CORVE (T,Y,M,0)

CON

EALL ENDPL{O)

CALL DONEP
FORMAT( |

FORMAT

RETURN

END

SUBROUY INE V3PLOT(T,U,M,N, LABELX, LABELY)
Chddkdehdhhddd

SRR U008 LR LRBRLCTART

CALL AMAX T M, TMAX, PMAX
CALL AMIN(T,M,"“MIN,PMIN
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o DO 20 J =1,N 2
= DO 10 1 P3s
& -U(I J) L
o 10 CONT
b GALL AMAX Y, M, YMAX, PMAX) o
b o
- Catt) AMIN&§ ,M, YMIN, PMIN) R
e O
b WR&T%(G 11) YMAX,YMIN PO
i 20 :\:;\
! Py

WRITE
WRITEg s éiYN 551 MAi o

v CALL AMIN YN'N!YMIN' PMIN
Y

L WRITE(S 11) QMAx, tN e
1. CALL Bk & -
o CALL BLOWUE(1.2 ls
o CALL PAGE(1 .,8.5) N
c CALL NOB e

CALL AREAZD(9 -

CALL XNAMEs ABéLx e

N CALL YNAME( LABEL i
v CALL HEADIN ( EXTERUAL INPUT $',100,1. 1) ROCA
- -\ --
o~ CALL GRAE(TMIN, 'SCALE', TMAX, YMIN, 'SCALE', YMAX) e
& 56"40° -1 N - oS
po %OI -U(I J) W

30 CONT e e

LE(J. EQ. % CALL CHNDOT R

CALL CORV M,0) T
40  CONT e

SALL ENDPL{O) N

c CALL DONEP <+

11 FORMAT{' , 10X, 2612.5/;

13 FORMAT({' ',10X,4G12.5/ o

RETURN o

END RN

UBROUTINE V4PLOT(T,U,M,N, LABELX, LABELY) N

C********** f{_:

REAL U( 800, 4 00),Y(800),YX(4), YN(4 a2

c INTEGE& MAR) BHINON) Y LABBLK, LABRLY ¢ ) Al

CALL AMAX(T,M, TMAX, MAX; Ak

CALL AMIN({T,M,IMIN,PMIN RN

DO 20 J = R

Do 3012 ¥ 4 R

10 contiNUE N
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A ot
0 CALL AMAX(Y M, YMAX, PMAX) N
" YX(J Ak NN
: CALL AMINH:'J M, YMIN, PMIN) e
- WR&T}):(e 11) YMAX, YMIN
> 20 B [
.- WRITE 1 1 s
o WRITE
Y , A
7, CALL AMIN{ YN YMIN PMIN g
= WRITE(6, 11) &'MAx Y 2
CALL Ek 6ls .
- CALL BLOWU 31 :
) CALL PAG%I 8. 5)
o CALL NOB
: CALL AREAZD(9
y CALL XNAMES ABELX 63
) CALL YNAME ,
S CALL HEADIN ( INP(JT TO THE PLANT $',100,1.,1) -
“ CALL GRAE(TMIN, 'SCALE',TMAX, YMIN, ' SCALE' YMAX) e
R -
~ DO 40 J =1,N
X bo %OII fU(I;I J) :
S 30 CONT&NI)J ’ S
- £ EQ. % CALL CHNDOT ¥
CORV
40  CONT N
b GALLT ENDPL](_'O) =
. c CALL DONE];’ A
11 FORMATi 1ox 2G /; AN
- 13 FORMAT ;10X 5/ S
o RETURN L
r END L
c
< SUBROUTINE AMAX(Y,N,YMAX, PMAX) )
-~ 8 ddededekkddedddhdkhkhhdekhhdhddkkdkhdhhkhhhkkdhkhhkhkdhkk :::-:
A C * SUBROUTINE TO COMPUTE THE LARGE ELELEMENT o
& c * IN A GIVEN ROW OR COLUMN IN ARRAY o
' C ******************************************** H“;.
* C N
" o *%% VARIABLE DECLARATION *** .
- c REAL AMAX oA
' INTEGER PMAX N
c DIMENSION Y(N) o
o MAX=¥(1) Lol
DO 5100 1=2,N 2%
& =
-~ W
7 . e
z i
* R
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iy " IF(Y(1).LE.YMAX) GO TO 5000 WS
2 - k(T THAK) 2
PMAX=1
» 5000 CONTINUE L
o 5100 CONTINUE ) ;
k c RE T%%XNROW=POS A _-.*-.
Pl END X
w c :
| SUBROUTINE AMIN(Y,N,YMIN,PMIN) X
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. c * SUBROUTINE TO COMPUTE THE SMALL ELEMENT e
o c * IN A GIVEN ROW OR COLUMN IN ARRAY 'A'. >
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o -C (YL
/ c *%% YARIABLE DECLARATION *%% A
p c REAL AMIN sl
INTEGER PMIN i
- c DIMENSION ¥(N) 0w
- YMIN=Y( 1 f el
. DO 6100 1I=2,N DY
7s IF%&I). GE. YMIN) GO TO 6000 v
3 N=¥(1) oL,
; PMIN=I e
6000 CONTINUE R
N 6100 CONTINUE >
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APPENDIX D

COMPUTER PROGRAM RCIOP
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THESIS PROGRAM *
INDIRECT ADAPTIVE CONTROL *
PARAMETER ESTIMATION *
USING PROJECTION ALGORITHM *

******************************************

DEFINITION OF VARIABLE

R A e T R R
égTE V1 T or ? 1 1 3 4 1 4 imev
REAL U2 11 : éo 5 %i 4 1 %T 1(4 4 4)
REAL AB P 1(2 S 5
REAL TS T TS 800) . MU ob 80 )
REAL A(20,20) B(2 6 ,C(20 20
REAL D{10),T 20 S1(10) 2 o c3 10
REAL a 1y,cs5(4 1 800),04(4,1).C7(800)
REAL VC({800) KD eo c 8 6) a1 (50)°
REAL SUM2, TEMP, by UP(800),02(50)
REAL CON1;CON2., s ,v6(1,i),q1(5 )
PI=3. 141592654’
DO 20 I =1,200

Do 8 J'=1,4

SE(I,J)=0.0

CONTINUE

CONTINUE

M=1
WRITE(S,]01)

ENTER THE ORDER OF THE SYSTEM')
e

WRITE

6,230
FORMAT( ! \ }%NTER CONSTANT C ( PROJECTION ALGORITM)')

WRIT%;

é 3 0
FORMA ? gﬁuwzn CONSTANT A ( PROJECTION ALGORITHM)')

WRIT %
FORMA 9 zéNTER PLANT NUMERATOR POLYNOMIAL
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2003

2004

2001
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2006
2007

2009
2008

112

243

124

2010

2011

113

COEFFICIENTS')
wnlrz&e,zgo;% ,
FORMA N ASCENDING ORDER OF Z')
DO 2001 I=i,N

J7=I-1

WRITE( 6,2004) J7

EORMA&(' PORoitr. oF Z2¥x(',12,')=")
READ(5,*) ¢5(1)

CONT
WRITE&6.290$%
FORMAT( '1 NTER PLANT DENOMINATOR POLYNOMIAL
COEEFFICIENTS")
WRITE&G,ZQO@
FORMA
WRITE( (2007
FORMA'
DO 2008 I=i,N
WRITEL6.2009) J8
FORMA& 29 ?&OEFF. OF Z**(',12,')=")
READ&S,*) ¢6(I)

N ASCENDING ORDER OF 2')
IGHEST COEFF. SHOULD BE 1. ")

CONTINU
DO 112 L=1,200
VP(L)=SIN(L*PI/3)+SIN(L*PI/4)+SIN(L*PI/5
+ +sin{ l*pi/6)+sin(1*pi/7)+SIN(L*PI1/2
CONTINUE

DO 243 L=1,200

co VC(L)=160.0

NT
Y(N1)=0.0 .
D % ﬁ? I?%ﬁ?) C6(I)*Y(I)+C5(I)*U(I)
- -
cour&uu%
DO 2011 I1=1,N
JO9=N1-1
L5=N6-1
U3 ,
U3
CON
DO

J9,M'=C6 13
LS. M)=C5( I

I=1,N
N+1
N1~1
I M&=0.0
Li,m)=vp(L2)
CONTINUE

DO 121 I=1,N2
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123

702
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705
157
706

707
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709
710

CONTINUE
CALL FAMILYSNZ N2 'PZ'%

CALL RESULT

N2'N2/1,K

2
CALL COPYM(Nz,ﬁz,i,L,AB,%Z)
DO 123 1=1,N2

Ul&éﬁM)QO.O

CONT1
CALL TRANS(N2,M,I,K,F1,FET)

LR Vo
LD 700
WRITE&g‘794)
FORMA

ENTER Q(Z) IN DESCENDING ORDER OF 2')
HIGHEST COEFF. MUST BE 1.')

DO 157 f=1,
WRITE&6,7QS)N-I ,
FORMAT( COEFF. OF Z**(',12,')=")
Rsﬁggs,*) €3(1)

WRITE&6,796)

FORMA! (OF 2'ENTER PSTAR(Z) IN ASCENDING ORDER
WRITE( 6, 707
S & 1 797)

RMA' g HIGHEST COEFF. MUST BE 1.')

WRITE& . 708)

FORMAT( *REMARK~1: PSTAR(2) IS THE DENOMINATOR
POLYNOMIAL')

WRITE&6'7Q9) ,

FORMA OF MODEL')

WRITE( . 7310)

FORMAT( *REMARK~2: PSTAR(Z) SHOULD BE STABLE
POLYNOMIAL')

DO 158 I=1,N
WRITE(6,711)N=-1
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158 CONTINDE NN
< DO 241 I=1,20 bono
V&I =vP( 1) VAR
241 CONT : BN
Do 114 J=N1,L8 AR
CALL CALEUL(N2 M, N2 I L K V1 P2 Fl) P
CALL CALCUL(M,# N2, 1, L &k, 2 6T, V1) W
TSP=CON1+V2(M, M} v
CALL CALCUL(M,M,N2,I,L,K,V4,6FT,6Ul) *
TSF=y(J)=V4(M, M} bopa
TSN=TSF /TSP g
CALL CALCUL(N2,M,N2,1,L,K,P4,6F1,P3) i
CALL SCALAR(N2 M, I, K, tSN, P4,¥5) e
CALL SUM(N2,M,§,k,01/V5,02) D
DO 111%211=1’§20 AR
=0. L
117 Sgﬁlgg%m N2,M,I,L,U1,U2) f-"-x
CALL SAMILY( N2 2. Peat S
CALL RESULT({NZ,N2,I,K,P2) AN
DO 64? 1‘7(11) A
= SRS
148 CONT&N&E A
DO 211 I=1 .(:_\.
D bIrel=U1(1,r«1) ROORN
211 CONTINUE b
DO 212 I=1,N R
B T)=U1( L4, M) e
212 CONT&N‘?JE !
DO 7011 I=1,N -
I 1)=Ca(M9) =
7011 cou%r % v 4
1(N1)=1.0
2(N1)=0.0 R
° 42 % 1;(1 ilil c4(1) 0
= - PO,
4001 CON%I{\IU% NI
DO 7007 I=1,N PN
Dol 1) =03 (M8) R
7007 co»:%mm’s RS
DEG1=N+1 T
DEG2=2*N
DEG3=DEG2+2 e
DO 6001 I=1,DEG3 S
R(1)=0.0
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90
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(o]
(e]e]

SUM2=0.
DO 90 J4=COLUM
sumz SUM2+(A(J4 COLUM)-G( J4) ) **2
CONTINUE
DO 100 J4=COLUM N4
DO 110 K=COLUM,N
IF & S(sumé) LT. 0. 00001) THEN

LSTEMP=-2*&ASJ4 COLUM)~-G(J4) ) *(A(K,COLUM)

END M2
IF &gﬁng K%ETHEN
IF
CONTIN&J4 ,K)=TEMP
CONT

Do 131 J4-c0LUM N4
DO 130 KBCOLUﬁ N4

TEMP
DO 140 L=COLUM,N
TEMPETEMP+H(J4 L)*A(L,K)

CONTINU

&J4 K)=TEMP
CONT

CONTINUE

DO 150 J4=COLUM, N4

TEMP=0.
DO 160 L=COLUM,N
TEMP—TEMP+H(J4 L)*F(L)
CON& N&
DO 170 J4=COLUM, N4
DO 180 K=COLUM, N4
A J4,K)=C(J4,K)

COF&JN&=T(J4)

TINUE
X(N4)=F N4)/A(N4,N4
I=N4-1 ( )
SUM2=O
M2=T+1
D6 30" 74=M2
UMZ SUM2+A( I,J4)*X(J4)

xg ZAgFf 21§?M% /A(Ibo51) THEN

114

XXX
e
2

%

2
\)
&

Y

A

[4

..
.
L™

el )

‘:.ﬁﬁ
LA
A A\ S
I&J‘}"l ‘

e
4, &
Y
L4

.

S

.“‘-f‘.“‘ g

..',d
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141

142

5001

3003

189

2508

3004
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120

)=Hgg?i;&§%sgzg-c3(I))*U(J-I)+Sl(I)*Y(J-I)

GCI)=(UB(3) +v(3)) /(1-52(1
(L3RI +V(I))/( (1))
¥(J51=0.0
DO 3003 I=1,N
Y(J5)=¥(J5)-C6( I)*Y(JI5-M6)+C5( I)*U(JI5-M6
CONT NU% (J5)=-C6(1)*Y( )+C5( 1) *U( )
DO 189 I=1,N1
¥M(1)=0.0

Z
fwr

T )=cd(me
BI( T)=C5(Ma)

ggNégogsIf%ﬁNJs C4( I)*YM(J5-1)+B1(I)*V(J5-1I
CONTI&UE)- (J3) (I)*YM(JS5-I) (I)*V(J5-1)
Do 3305 353>
CON¥¥&83)=MK(J5)+B(I)*V(JS-I)-C4(I)*Y(J5-I)
MU J5§=ABS£¥K£85

IE{MULIS).
)=VC(J3)

8} THEN
37 ;

V(J5)=VC(J5)+VP(J5)
END IF

120 I=1,N2

F1(I,M)=0.
CONTINUE
DO 118 I=1,N

L1=N+1
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. J2=J+1
; FI(I,M)=-Y(J2
FL{ LI, my=0(J2
118 CONTINUE' -
DO 119 I=1,N2
FT&% 1)=0.0
119 CONTI
CALL TRANS&NZ M I.K F1,ET)
3 CALL FAMIL f, U1
CALL RESULT N2 ‘M. I,K,01)
| DO 3001 I=1
' U4( 1 M)-b o
" 3001 ONTINUE
. CALL SUB(NZ N2,1,L,U3,Ul,U4)
N 6 J=N
; DO 3052 1=1
- C7(L6)=C7(L6)+U4(I M)*U4(I,M)
3002 ONT INUE
114 CB(LS&GSQRT(C7(L6))
g WRITE& 2255 PARAMETER ERROR'
) 2255 FORMA gi XA
L]
g WRITE&S ésssl c8(1I)
. 8883 FORMA' 2.
, 8882 CONTINU
~ WRITE(8,1111)'SYS. OUTPUT',
. 1111 FORMA (éx All,6X, All)
“ DO 976 I=1 106
N c WRITE 6,8602
- WRITE (88002
: 8002 FORMAT{ 9%, F10. 6 tlo 6
i 976 CONTI
DO 1025 I=1,L8
. SE(I,1 =¥&x}
y SE{I.2)=YM(1I)
- KD{I}=
N 1025 CONTI
. C8( 36)=0. 65827
- C8(37)=0. 65827
i C8(38)=0. 65827
. C8(39)=0. 65827
\ CALL VPLOT(RB. SE,L8,2, 'TIME ',
N
X EALL ViBroT Kb,Cé,Lé,i,?TIME b
\ CALL V2PLOT(KD,MU L8;1,'TIME ',
N CALL V3PLOT(KD.V,f8,4i,'TIME ',
. CALL V4PLOT{KD,U.L8.1.'TIME '.'
‘
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o
C *THIS SUBROUTINE PRINTS THE ARRAYS AS AN MATRIX FORM. * Fass
SUBROUTINE RESULT(H,O, ,S,T e
INTEGER H , O , 'S i
REAL T ( H, O A
Dowg?'rs(e 70){T(E s), =1 0) S
= ",
c PRINT 7 i St
70 %‘ 2{ 10 éx F12.6)) RN
80 con'rx o
RE%'URN EONS
LAY
C ***THIS SUBROUTINE CALCULATES THE MULTIPLICATION OF il
TWO MATRICES. S
SUBROUTINE CALCUL(U v,Y,2,X,2X,2T,W,Q) L
INTEGER U,V Z Oy
‘ ggAg ZT(U v5 W((J 9) Y, V) riele
| DO 92 x—1,v e
gz X)'= 0.0 pERTN
2 Zﬁ?—ér(z X)+W( 2, 2X) *Q( 2X, X) RS
91 CONT&NfJE A
92 CONTINUE N
93 CONTINUE e
RE%URN ,
C ***THIS SUBROUTINE WRITES THE MATRIX NAME AND ROW, Ty
COLUMN NUMBER
SUBROUTINE E‘AMIL ROW, COLUMN, NAME )
| INTEGER ROW,C um{v
| CHARACTER*2
| WRITE( 8, 99,&“ MA'I'.‘.!IX' NAME
o PRIN'I‘ 94
94 T2 iox 'r12 A6,T19,1X,T20,A2) e
o WRITE( 3 s9$ % 1;: w ROW s
95 Ti o' 'rz 1ox Ti2 A1 'rzs 8X,T31,12 RO
WRITE(g 96),, COLOMN NUMB$ bR o ) A
o PRINT 96, "COLUMN NUMBER e
96 FORMA'I'( Ti{,70",T2,10X, T12, A14 T26,5X,T31,12) AL
RETU
c ***'rms SUBROUTINE CALCULATES THE SUMMATION OF THE N
Cc absolute values OF THE SAME COLUMN ELEMENTS. *** RN
SUBROUTINE ALI 11 12,H1,H2,G1,W2) RGO
REAEL. W2 ui2) Gi(11,12) RY8
A2= S A
2T
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A
f:‘f\f
A%
:4.’\ "o
RO
12:-‘.;::
20!
.:.'v..‘v
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: DO 42 H1=1,1I1 [N
) W2(1,H2)=W2(1,H2)+ABS(G1(H1,H2)) NN
a2 CONTINUE -
a1 CONT INUE -
| RETURN )
X C  ***THIS SUBROUTINE MULTIPLIES THE MATRIX BY SCALAR f{ﬁg
! SUBROUTINE SCALAR(K1,K2,G11,G2,P1,G3,G4) Ay
. INTEGER KI, xz G11,G e
| REAL G3(K l G4(K1,K2),P1 at
' 4300 44’ % i
; G4(G11, cz)-és(cll G2)*P1 SR
- 44 CONTINUE e
5 a3 CONTINUE e
: RETURN =
| c ***gﬁ%ﬁlgggROUTINE CALCULATES THE SUM OF THE TWO S
; SR%ESEEIQE SUM(K3 k4, 15,K5,X1,X2,X3) el
. REAL X K4ésX2(K3 K4),X3(K3,K4) :
‘ 0 46°15 e
’ x3(15 x5)-21(15 K5)+X2(15,K5) Ny
46 CONTINUE e
5 as CONT INUE .
; RETURN R0
LY
‘ C  *#*THIS SUBROUTINE COPPIES THE MATRICES. ** Y
'
' SUBROUTINE COPYM(K3,K4,I5,KS,X1,X2) oAtk
. INTEGER K3, K5 RN
. REAL X1(K3} x4ésx2(xs K4) : NG
i DO 46’ I5=1 R
; X1(15, K5)-k2(15 K5) IO
¢ 46 CONT INUE RSN
? 45 CONTINUE NN
: o 2
- )
! C *THIS SUBROUTINE FINDS THE TRANSPOSE OF THE MATRIX. * EION
‘ SUBROUTINE TRANS(K3,K4,15,KS,X1,X2) o lu
' INTEGER K3,K4,15,K5 e
] REAL X1(K3, K4 % Sxé( K4,K3) AN
{ *po°26 ALK
) X2(K5, 15)—X1(15 K5) oS
¢ 46 CONTINUE ST
‘ a5 CONTINUE NN
1 A
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N RETURN
u END
*%*THIS SUBROUTINE CALCULATES THE SUB. OF THE
TWO MATRICE
SUBROUTINE SUB K3 K4,15,K5,X1,X2,X3)
td INTEGER K3,K4,15,KS
N REAL X1(K3, K4ésx2(x3 K4),X3(K3,K4)
DO 456
X3(15, K5)-kl(15 K5)=-X2(I5,K5)

46 CONTINUE

45 CONTINUE
: RETURN
%: c ****E?JE***********************************
B C * THIS SUB. PLOTS THE ARRAYS USING *
N C * THE DISSPLA PROG *
,}‘. cc: ******************************************
R SUBROUTINE VPLOT(T,U,M,N, LABELX, LABELY)
N C*****QEXE*G 800 4) 800), ¥(800), YX(4), YN( 4)
- c INTEGE& PM&N M. K, £AB ﬁX,LXB%LY
~ CALL AMAX(T ;
- CALL AMIN T'M TMIN PMIN
? DO zo ﬁ
i =0(1,J
E 10 CONT&N&E ( )
v CALL AMAX(Y M, YMAX, PMAX)
< ¥X(J) = Y&Ak
x CALL AMIN&Y M, YMIN, PMIN)
" wn&rﬁ(s 11) YMAX, YMIN

20  CONTINU
M WRITE Yxs I
7 WRITE
" CALL AMIN *YMIN' PMIN
& WRITE&S 1 QMAx
e CALL Ek 6 8
3 CALL B &
] CALL BAGE(11.8)s)
4 c CALL NOBRDR
o CALL AREA2D £A
e CALL XNAMEi BELx 6}
L CALL YNAME LA$ELY
: CALL HE T AND MODEL OUTPUTS $',100,1.,1)
> CALL CR ss
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CALL GRAF( TMIN 'SCALE', TMAX, YMIN, 'SCALE', YMAX)
CALL SPLI

DO 40 J -1 N
DO 30 U(I 7
30 CONT&N&
IF(J.EQ.2) CALL CHNDOT
CALL CORVE (T,Y,M,0)
40 CONTINUE
CALL ENDPL£O)
o CALL Dong
11 FORMAT ,10X,2G12.5/
13 FORMAT '10X/4G12. 57
RETURN
c END
SUBROUTINE V1PLOT(T,U,M,N, LABELX, LABELY)
c*********
REAL U 8 0 4) T 800) Y(800),YX YN( 4
c INTEGE& LABE&X L&B&L (4)
CALL AMAX(T,M, TMAX, PMAX
CALL AMIN{ T M,TMIN,PMIN
DO 20 J = ,ﬁ
Do 10 I'=
Y&I =U(1,J)
10 CONTINUE
CALL AMAX(Y M,YMAX,PMAX)
YXLJ Y&Ak
CALL AMIN&§ ,M, YMIN, PMIN)
20 wa&rﬁ(s 11) YMAX, YMIN
WRITE 13 YXi
WRITE Ax
CALL AMIN N/ ¥YMIN, PMIN
WRITE&G 1 ?MAx YMEN
CALL TEK 618
CALL BLOWUB( 1. 2)
CALL PAGE£1 8.5)
c CALL N
CALL AREA2D£
CALL XNAME ABELx 6
CALL YNAME(LABELY
SQEE HEADIN ( ARAM TER ERROR $',100,1.,1)
CALL GRAF(TMIN 'SCALE', TMAX, YMIN, 'SCALE', YMAX)
CALL SPLIN
DO 40 J -1 N
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AP AW
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30

-
TRy

LA AN

conTinte =U(3,9)

CA L C8RV% CALL CHNDOT-

CONTIN
CALL ENDPLLO)

CALL Domsy
3 /19%.2612. 5/)

FORMAT{ 10X, 4G12.5/
RETURN
END

SUBROUTINE V2PLOT(T,U,M,N, LABELX, LABELY)

C e de de e ke ke de ke ke Ko K

c

~ o V-~"/‘:-"‘.-"-:,.

10

20

30

R B0 BLSOR) P LRERL AL ©

CALL AMAX(T,M, TMAX, PMAX
CALL AMIN T,M, TMIN, PMIN
DO 20 J ,N

DO 10 T

cont e =0CE
CALL AMAXEY;M , YMAX, PMAX)

£L AMIN&Y M, YMIN, PMIN)
YN YMIN
WR T (s 11) YMAX,YMIN
WRITE 13 YX 1 1
WRITE
8%%% AMINg YMIN PMIN
WRITE&S 1 1 ?MAx
ALL 8
CALL BLOWUP&I.Z)
CALL PAGESI )
NOB
CALL AREA2D

CALL XNAME £ABELX 6
CALL YNAME LAgE
HEADIN

CALL GRAF(TMIN 'SCALE', TMAX, YMIN, 'SCALE', YMAX)
CALL SPL

=1,M
CONT&§&E=U(I'J)
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8RV% CALL CHNDOT

CONT
CALL ENDPL£O)

CALL Dong

FORMA .10X,2G12.5/
FORMAT( ' ' 10%,4G13. 3/
L

ROUTINE V3PLOT(T,U,M,N, LABELX, LABELY)

1)
O dedededededede e doke e

c

SRR 00 00 LSBT

CALL AMAX(T,M,TMAX,P
CALL AMIN(T.,M,TMIN, PMIN
DO 20 J = ,ﬁ
DO 10 I
Y(I =U(I J)
SREE AMAX(Y,M, YMAX, PMAX)
L ) = Y&Ak
CALL AMIN&Y ,M, YMIN, PMIN)

WR&T&(G 11? YMAX, YMIN

AEnE
WD & gl 9MA§MIN PMIN
PAGE 1& 8 5)

YNAME . ‘
HEADI EXTE AL INPUT $',100,1.,1)
CROSS

GRAF&TMIN 'SCALE', TMAX, YMIN, 'SCALE', YMAX)
SPLINE

LABEL

NOBRDR
AREA2D
XNAME ££ABELX

-U(I J)

£ CALL CHNDOT
L C RV (T,Y,M,0)
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Y ALY
5 w3
0 N
2 CALL ENDPL(0) 00
v 11 FORWAT( VT 10%,2612.5/ X
13 FORMAT ,1ox:4c1215/} T
” %ﬁ%URN HASAY
1 . .* g
X crxnnnSUERQUTINE V4PLOT(T,U,M, N, LABELX, LABELY) .;E’..’-S
X A S
s REAL U(800,4),T(800),Y(800), YX(4), 6 YN(4 KN
A c TNTEGER PMAR EMIN M), LASSLK . LABBLY ( +) N N
ALL AMAX , TMAX, e
: CALL Ammg'r M, TMIN, Pmmg AN
! DO 20 ﬁ ey
: 20 3013 =Y. 9 w2
o+ 10 CONTINUE. e
& CALL AMAxSYiM , YMAX, PMAX) RN
, EALE) AMIN(Y,M, YMIN, PMIN) S
= N ~ N
N 20 wa&rﬁ(s 11) YMAX, YMIN e
» PR
N WRITE( 6o i 1= o
N gﬁ%‘TE o
Y .\‘ ‘
: CALL AMINg : EYMIN EMIN) RN
~ l . il
"-,' 8 ,‘u'\}.
1 CALL B & A
o CALL PAGESI ) 5) oo
o ¢ EALL A% AREAZD o
CALL XN hatn.x £'6) i
o CALL Hzégé “PINEOR 'To THE PLANT $',100,1.,1) .
CALL GRAF&TMIN 'SCALE', TMAX, YMIN, 'SCALE' , YMAX) N
: CALL SPLINE i
N Do 40°J =1,N, N
< 30 CONTINOE VL et
, IF(J.EQ.2) CALL CHNDOT <
N CALL' CORVE (T,Y,M,0 AN
< 40  CONTINUE RN
-3 CALL ENDPLLO) B
9 CALL NE? YA
23 11 FORMA ,10X,2G12.5/ o)
ot 13 EORMAT{' ' , 10X, 4G12. 5/; R
X TRl
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RETURN s
e END

. c SUBROUTINE AMAX(Y,N,YMAX, PMAX) N
k) - \ -
~, ¢ e de e e e e e e e e ok e ok e e e e o e e e e e e e e e e e e e e ok ek e e R
o c * SUBROUTINE TO COMPUTE THE LARGE EL$L$MENT TS
v ¢ * IN A GIVEN ROW OR COLUMN IN ARRAY N
o ¢ PR 30 T2 4420 ISR R L IR o S SR S
- C o

Cc *%*% VARIABLE DECLARATION #**%* i
| ¢ REAL AMAX e
. INTEGER PMAX i
c DIMENSION Y(N) ;'.:,
_ Do E100 }=2 e
‘h Eg 5 ) LE YMAX) GO TO 5000 R
NAD
y 5000 CONTINUE RO
. 5100 CONTINUE DA
Y C MAXROW=POS R
v RETURN e
< P
s o AN
f c .
‘ c SUBROUTINE AMIN(Y,N, YMIN, PMIN) YRS
¢ e ok e e e e e e ok e e ok ok o e e ko ok e ek ko e e ok ok e ok ko e ek ek AN
Cc * SUBROUTINE TO COMPUTE THE SMALL EL$M$NT e
N Cc * IN A GIVEN ROW OR COLUMN IN ARRA A
- ¢ A 3 R2 34 R R L 2 LA A 50 S SO e
™ c s
s #*%% VARIABLE DECLARATION *#* T
¢ REAL AMIN SN
INTEGER PMIN W
Lo o DIMENSION Y(N) -_‘::,:
N YMIN=Y(1) o
j DO 610 =2,N RSN
(SRS

IF(Y(I).GE.YMIN) GO TO 6000
&M&N;Y(I) )

PMIN=1
6000 CONTINUE
6100 CONTINUE
RETURN
END
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