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1.1

I. INTRODUCTION

Very little conclusive insigl:t is currently available for predicting
the behavior of reduced-order adaptive controllers (ROAC), i.e. an
adaptive controller based un a plant model of lower dimension than that
of the actual plant. In [1] the ROAC problem is seen to be an un-
avoldable consequence of the application of any finite-dimensional,
lumped-parameter system (LPS) adaptive control strategy tu an infinite
dimensional, digtr’buted-parameter system (DPS). In [2] and [3] the relative
orders of the plauc, model, and controller are noted to be critical. In
[4] the problem of adaptive parameterization of a C order controller for
a M order model of a N order system {» addressed when N = M > C, However,
ar noted In [2] and [3], the practical, poorly understood case i8 when
N ~>M>C, This condition, i.e. the system order exceeds that of the plant
mode]l used for adaptive controller parameterization, will be considered to
constitute the ROAC problem in this report.

Though numerous strategies have been espoused {5] for extracting a
low order model from a too complex system description, nene currently seem
fully applicable to the real-time, recursive requirements of on-line
adaptive control algorithms, These reduced-order modeling techniques seem
to fall into two broad categories: (1) Extract thuse "modes" (or component-
subsystems) from the tull system description that are most influentisl in
the performance of the model in its subsequent use. This strategy is
followed, for example, in [6] and [7]. (ii) Parameterize the reduced-
order structure to provide the best prediction of the desired output.
This latter strategy will produce a model the '"modes" of which need not
correspons to any of those of the full svstem as noted in [3]. This latter
strategy includes the model reference approach prominent in adaptive

systems [8], Two methods of interpreting the misbehavior of ROAC, one
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based on system input-output description [3] [9] and one on state-
variable description [1] [1V], have emerged recently from attempts to
develop adaptive controllers for flexible spacecraft.

Consider the implementation of the proper, single-input, single-

output (SIS0), autoregressive, moving-average (ARMA) system
N
y(k) = J [a, y(k-1) + b, u(k-i)] (N even), {1-1)
i=]1

where u is the system input and y the output, in parallel, i.e. partial

fraction expanded, form as

\i

Yo = T layy v (k1) + By u(k=1)] (1-2)
i=1
N/2

vk) = ) oy, (K, (1-3)
=1

where y, is the output of the t-th mode. As interpreted in [3] the first
strategy in the preceding paragraph when used for identification would lead

to approximation of (1-3) as

M/2 of [1,N/2]
yg(k) = ] y o (K) (1-4)
L

with (1-2) describing the dynamics of each y (k). The M/2 modes chosen in
(1-4) may bu selected as those M/2 from the N/2 in (1-3) that provide the
"best" fit of Y, to y. Note that the order M of (1-4) refers to the order
of the underlying reduced-order ARMA model. If the dimension of (1-4) (and
(1-1)) were based on the number of quadratic "modes" then M (and N) would
be replaced by M = % (and N = g). This quadratic "modal" designation of
order is common in the flexible spacecraft literature [3]. As noted In

[1], [3], and [11] the extraction of the y, chosen in (1-4) from the y in
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1.3

(1-3) remains an open question., Huwever, these Yy would be required
for identification of the appropriate (1-2) parameters a5, and Bit'

Alternatively, the second strategy would approximate (1-3) with

/
9(k) = ] ¥ (k) (1-5)
4

in, e.g., a least-squares sense by selection of the 91(k). These estimated
"moual" outputs need not match the corresponding values in (1-2) and,

therefore, need not lead to identification of the corresponding Ay and Bil

in (1-2) as noted In [3]. The successive §Lchosen to fit (1-5) to (1-3)
may not even obey a time-invariant difference equation of the form of (1-2)
with Ye replaced by ﬁq. The problem with closing the adaptive control loop
via a simultancous {dentification and control strategy could be intensified
by feediny back the 9: instead ot the unavailable y, to meet a modal
control objective.

The alternate interpretation of the ill-effects of ROAC, derived from
the flexible spacecraft control problem [1] [10], begins with the separation
of a SISO, state-space model for, e.g., (1-1) into the reduced-order and

unmodeled (or residual) segments as

3
X, (k+1) (k) b

ety | Tay g XNLNM
XR(k+1) ARN AR XR(R{J bR

- -

(1-6)

xN(k)

y(k) = [e¢ ¢, ] . (1-7)
N R xR(k)

As outlined in [1] the derivation of (1-6) - (1-7) can be vivwed as a
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projection operation on the full system. rfrom (1-7) the "spillover"

of the residual modes into the vbservation of y(k) via g xR(k) and from

(1-6) the "spillover” of thre control designed for the reduced model into

the residual modes xR(k+1) via bR u(k) are clearly displayed. Also the
pussible coupling uf reduced model modes and residual modes via ANR and ARN is
immediately apparent. Shown in [1] and [10} is the predictable fact that

if ANR = 0 and ¢, = 0 then, assuming the residual modes remaiua stable,

R
any full-order (N), stable adaptive controller identifying AN' bN‘ and N
explicitly or implicitly from y and u alone would retain its stability.

1f ANR = 0 but ¢, and bp are nonzero then the degradation of ROAC has two

R
sources, Unmodeled components in y via R will generate an error that
is indigtinguishable irom parameter errvor thereby causing adaption. The

application of control u to the residual states x, via bR will contribute

R
further to this unmodeled component of y. Not only will the parameter
estimates be incorrect from use of y and u to identify ounly AN, bN‘ and
N but also the state estimites provided by an adaptive observer will be
incorrect, which if fed back could lead to an unpredictable "controlled"
response,
These two problems of inappropriate parameter and state estimation arc
the same ones noted in the first interpretation with y approximation of
y in (1-5). The ability to extract the Yy and obtain Yg corresponds to
an effective zeroing of Cpe This report will, in part, attempt to imple-
ment, compare, and contrast these two strategies embodied in (1-4) and (1-5).
The next section details the specific objectives of this study.

Section IIl presents the example autoregressive, moving-average plants

that are to be used in the simulations. Section 1V presents the adaptive
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control algorithms to be used and their sources in the literature.
Section V outlines the formats for the simulated tests inciuding the |
description of numerical figures of merit to be tabulated in Section VI.
Section VII offers interpretations of the test results and Section VIII
diraws conclusionsg relevant to the ROAC problem. The last sections of
this report include the referenced literature and the appendices

including computer program listings,




B |

B ahagll

- R D R S v—g aas S gl ol

Illl
1. OBJECTLVES

The principal objective of this study is to test the usefulness of
the folklore of reduced-~order model!ling with respect to adaptive control.
In particular four "facts" will be tested:

(i) Heavily damped modes may be neglected relative to more 1lightly

damped modes in reduced-order-model derivation.

(11) Finite bandwidth actuators limit the number of modes necessary to be

modeled,

(111) An Yoptimal" reduced-urder controller neglects the modes contribut-
ing the least degradation in the control system performance measure.

(iv) Indirect and direct adaptive control are essentially equivalent and
interchangeable,

The implication to the RUAC problem of each of these statements will be
developed in the following paragraphs. The simulations of che following
sections will be chosen tuv test the veracity oy these implications. The
conclusion of this report will summarize the useful "facts" that either
escape unscathed or emerge from these tests.

Since each of these facts has been accepted into the reduced-order
and/or adaptive control folklore it is difficult to pinpoint particular
references succinctly stating these points. However, several classical
control texts contain the source of point (1) in the concept of dominant
roots or poles. For example: 'The complex conjugate roots rear the
origin of the s-plane relative to the other roots of the closed-loop
system are labeled the dominant roots of the system since they represent
or dominate the transient response. The relative dominance of the roots

is determined by the ratio of the real parts of the complex roots and
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will result in reasonable dominance for ratios exceeding five. ...
Dominance .. also depends upon the relative magnitudes ... of the

residues evaluated at the complex roots, [which] depend upon the loca-
tion of the zeros in the s-plane'" [12]. Or: "The relative dominance

of closed-loop poles is determined by the ratio of the real parts of

the closed-loop poles, as well as by the relative magnitudes of the
residues evaluated at the closed-loop poles. The magnitudes of the
residues depend upon both the closed-loop poles and zeros. If the ratios
of the real parts exceed five, and there are no zeros nearby, then the
cloged~loop pules nedarest the jw axis will dominate in the transient-
regponse behavior because these poles correspond to transient-response terms
which decay sTowhv'" 113, po 251)0 This separation coneept has been forma-
lized via singular perturbation theory [14]. Despite the concomitant
warning in both [12] and [13] for caution in the use of this rule and the
explication of {ts application to the closed-loop system, point (i) is
commonly (though admittedly inappropriately) used for model reduction

prior to contrel design. The (mia)implication for discrete systems is

that if the open-loop singularities are separable into a group in the
z-plane outside a radius of r (<1) and the other group inside the radius r5

RE{S}T, where T is the sample period) then the first group

(since |z|=e
alone provides a highly accurate input-output model of the entire system
and therefore provides a useful dimension and parameterization for reduced-
order controller design., One objective of this study is to test the useful-
ness of this guideline for ROAC. Predictably, such a rule will be valid

only when the clesed-loop system retains its open-loop singularity

separability.
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A frequently voiced (througli unwritten) criticism of the pre-
occupation with the effects of spillover is based on the assertion that
the frequency content of the input to a plant has a strong effect on
the most suitable reduced-order model, 3ince actuators do not have
infinite bandwidth and are commonly modeled as essentially l?y pass
filters [15] the higher frequency modes of the system will receive such
inrignificant excitation that they are ignorable as noted in point (it).
This again extrapolates a reasonable open-loop response mechanism to a
closed-loop situation. Again, if the requirement that plant open-loop
singularities were shifted only slightly by the feedback were included
then this proposition would be strengthened. As such it narrows the
more classical concept by utilizing the shape of the input spectrum in
addition to the plant singularity conatellation. One problem with the
use of this idea in the RUAC problem is the nonlinear, time-varying
character of the feedback, which does not fit the linear system
character of this puideline. That {s, during adaption a large,

"high frequency" control effort could imbalance the roll-off provided
by the low pass actuators. Another problem is the unmodeled phase shift
induced by the actuators unless the actuator outputs are available as
the identifier inputs. Due to the prevalence of this seemingly untested
proposition, construction of a meaningful example for its examination
represents another report objective. The influence of input frequency
content on reduced-order controller selection will also be tested for

various reference signal frequency content distributions.
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Points (i) and (ii) rely on the near-equivalence of the two reduced-
order modeling strategles interpreted in .'e introduction: modal melectiun
and full-behavior approximution, The suggestion In point ({if) recognizes
the diztinction between these two strategies and represzents the
sensible result of pursuit of the first strategy embodied in (1-4). Also,
clearly the modes of the plant may not be . s separated as required in the
digcussion of point (i), either in the opan-loop or cloged-loop system,
which requires a selection mechanism., As shown in [7] for lightly damped
systems forced by infinite bandwidth inputs the modal costs are pro-
portional to the product of the modal time constant, observability norm,
and disturbability (or controllability) norm. Since for a partial fraction
expansion the obse. . 'bitity and disturbability norms are related to the
modal residual, thig sugge:xtion can be viewed as a more sophisticated
version of point (i), However, as demonstrated by example fn [7] the low
frequency modes need not always provide the best open~loon reduced-order
model. Again this modal selection proccedure is principally intended for
an open-loop fit. For reduced-order control application the truncated modes can
be viewed as the desired degrees of freedom omitted from the controller. However,
a misinterpretation of this procedure would suggest that a reduced-order
controller composed of a prespecified number of well-selected modal controllers
would be optimal, This would suggest (falsely) that the second ROAC strategy cof
full approximation in the introduction, as represented by (1-5), could
never prove better than the first of selective extraction, as represented
by (1-4). The third objective of this study will be to test this impli-
cation by comparing single-mode controllers chosen to control single-mode
reduced-models of a two mode system and a single-mode controller chosen

to control the full system to '"match” a single-mode objective. Such a
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comparison will clearly rely on the example chosen and is expected, as
with the first two objectiver, to yield initially ambiguous resuits.
Consider for example a second-order system controlled by a constant
output feedback ganin to meet a first order response maiching the dominant
pole of the root locus. The appropriate gain need not be provided by
either scparate modal controller but a close fit to the objective does
exist for some reduced-order controller parameterization.

In the special case of full-order model following, indirect and direct
adaptive control have recently been shown to be equivalent [16] [17].
Indirect adaptive control uses the current plant parameter (and state)
estimates to solve for the controller parameters (and feedback signal).
Direct adaptive control updates the controller parameters such that the
control system response matches that of a prescribed model. Discovery of
this equivalence has led to highly touted clalms of the interchangeability

of the aigorithms resulting from these two approaches. The implication 1s

that the two approachesg are also equivalent for ROAC. Comparison of the

indirect self-tuning scheme with the initial plant MA gain known, the direct

input matching scheme, and the approximate direct output error identification

interpretation with q - f, in [17], all of which could be based on an equa-

i
tion error parameter cstimator, does not dispute this claim for the specific
model~following problem and equilibrating choilce of adaptive gains. If

the initial plant MA gain 1s 4lso estimated then indirect and direct schemes
can be expected to behave differently. Only recently has a simple provable

direct ad;ptive control scheme, based on outpul error parameter estimation,

been developed [18]. Like the approximate strategy in [19] a particular

choice of designer selected constants reduces this strategy to the common
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equation error based scheme in [17]. The complcx generation of an additional
reference model input required in [20] is avoided in [18],

As an aside, note that even though the reduction of a gradient based
solution [21] and a stability theory based solution [22] to the equation
error formulation of ARMA process identification prove identical this does
not suggest the equivalence of gradient based [23] and stability theory based
{24] solutions to the output error identification problem. At least currently,
they are seen as special cases of a general, possible solution [25]. These
two forms of adaptive parameter estimation underly the various prov »le
adaptive control schemes suggesting differences for ROAC. Furthermore
the distinction of equivalent convergence points versus convergence
paths must be made., For full-order adaptive identification the asymp-
totic results may be similar though the transient behaviors are quite
distinct. This transient disparity is amplified in reduced-order
identification where the convergence points also become distinctly
different [<0]. Therefore, it would appear that the parameter estimation
formulation and the explicit or implicit adaptive control strategy both
lead tu different ROAC behaviors. The fourth oljective is to test the
equivalence (or disparity) of indirect and direct adaptive controllers
based on gradient and stability theory formulated equation and output

error parameter estimators.

Achievement of the preceding objectives may provide suggestions for
improving the presently available full-order adaptive controllers for

ROAC use. Fulfillment of this hope is the ultimate objective of this

report.

e T s (AR
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111, TEST EXAMPLES

Six test examples will be used to meet the objectives stated in the

preceding section. They represent the following six categories:

(1)

(11)

(111)

{iv)

v)

(vi)

Open-loop and closed-loop (in near satisfaction of desired model-
following objective) system singularities are separable on a time
basis due to significant damping differences.

Open~loop system singularities are time separable but closed-loop
gingularities are only marginally separnble,

Neither open-loop nor closed-~loop singularities are time separable
but a near fit to desired behavior exists due to a lightly damped
near-cancellat fon,

Neither open-loop nor closed-loop gingularities are time separable
and no reduced~order controller gain closely gatisfive the desired
control objective.

Two nearly oscillatory open-loop modes of dictinct frequency, which
are only moderately shifted in the closed-loop, are preceded by an
infinite bandwidth actuator.

Tw.. nearly oscillatory open-loop modes of the same distinct frequencies
as in (v) are preceded by a low pass actuator providing at least
~12 db (75%) attenuation at the resonant frequency of the second

mode relative to the resonant frequency of the first.

Categories (i)-(iv) will test points (1) and (iii) of the preceding sect’on.

Categories (v) and (vi) will test point (ii). All of the categories will

test point (iv).

Consider, for the first four categories, controlling a stable second

1 A ——
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111.2

order plant with transfer function

(bteyz ~ (bn2+eal)

..Y.(.z_). = b 4 L2

~ T e —~ (3-1)
Uz)  z-a; * z-a, (z alf(z n23
and therefore difference equation description
y(k) = (a,+a,)y(k-1) - (a,a,)y(k-2)
+ (b+e)u(k-1) - (ba2+ca1)u(k—2) (3-2)
and D.C., gain
Y(z) | b 3
e = ":"" + ":"—‘" (3"3)
U(z) =1 1 a, 1 a,

under the assumption of a first order model for (3-1)with the objective of

following a first order model

8(k) = cr(k-1) + ds(k~-1) . (3-4)

Using the projection technique of {(1-6)-(1-7), (3~1) can be rewritten as

xl(k+1f hl O“I[XI(kf bl u(k)
b + (3"'5)
X, (k+1) ? a sz(k)_ &
y(k) = [1 1] xl(ki
x, (k) | (3-6)

where, from (1-6)-(1-7), AN = a, AR = a,, ANR = ARN = 0, bNCN = b, and
bRcR = g¢. Note that any proportion of ¢ could be distributed to bR and
Cpe Therefore increased ¢ corresponds to increased spillover. Clearly
when ¢ = bRCR = (0, a first order model of (3-1) wculd be exact. In such

a case, as noted earlier, any stable adaptive control scheme would be
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successful. Also, equally apparent is the degradation of the reduced-
order control system, adaptive or not, as ¢ becomes nonxero and the
residual mode Xy contribut 8 significantly to y.

1f € were zero, then control of (3-~1) via

u(k-1) = gr(k-1) + fy(k-1) (3-7)
where
¢
g = 5 (3~-8)
d~a1
f m e (3~-9)

would convert the plant output to

y(k) = aly(k-l) + bu(k-1) = c¢r(k-1) + dy(k-1) . (3-10)
Therefore the model-tollowing error

s(k) - y(k) = d[s(k-1) - y(k-1)] (3-11)

would decay tc zero if (3-4) were stable, If ¢ were not zero, use of
(3-7) would convert (3-1) to

(b+c)z - (ba2+cal)
ifks = g{leal)(z—az) - f{(b+e)z - (baz+€§131.}

. &bte) (z=h) -
¢ ..p1'§<,,,-p2> ' (3-12)

the roots of the characteristic equation of which, i.e. Pq and Py could

be determined via a root locus., Note that f has a limited effect on the

poles of (3-12) while g can be chosen to select the D.C. gain.
Alternatively the control of (3-1) (or (3-2)) could be chosen for

(3-5)-(3-6) as
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u(k) = gr(k) + (xl(k) ’ (3-13)

if the reduced-ovder model state is assumed available. This assumption is
equivalent to asauming the possibility of measuring y,(k) in (1-4) in the
first reduced-order model strategy in the introduction. The control of
(3-13) can be vitwed as p . 1] state feedback (impractically requiring

state availabilicy)

utk) = gr(k) + [f 0] [x, (k)
x, (k) | (3-14)

From (3=~5), (3-6), and (3-14), (3-13) converts (3~1) to

: ) hllf o0])-1 [b
‘i:{.z) . 11 {
R - & 01 {ZI P }
. ’2 | o l‘
_— ,(.b.+ t..)-.z. :‘._(.b.a.zf.{.l.lj - B(bte) (2-1) (3-15)
(z~al~bf)(z—u2) (z-ql)(:-qz)

Note that relative to (3-12) only one pole is arbitrarily shifted, since qp = 8y,
rather than both being shifted under the root locus constraint. Note that i
either case, (3-12) or (3-15), c can be chosen in constructing the test
examples for a particular open-loop (and closed-loop, due to pole-shifting

only by the controllers) zero location h
h = o= - =P ¢ *walT - (3-16)

Example 1: a, = 0.95, b = 0,065, a, = 0.2, ¢ = 0.01, h=0.3, ¢ = 0.4,

d = 0.8

Recall that from (3-1) a, and a, are the open-loop plant poles, from (3-4)

d is the desired closed-loop pole, from (3-12) and (3-15) Pyr Py and qq0
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q, are the closed~loop system poles due to output and partial state feed-

back, respectively, and from (3-16) h is the open- and closed-loop system
zero. The closed-loop migration due to various f in (3-7) and (3-13) ap-

pear in Fig. 3-1 and 3-2, respectively. Note that, since as * 0,77 > h > a

1 2

and uging (3-7) with f = =2.4 >pi - (0.8)5 * 0,33 > h > Py = 0.17 and using
f > (0.8)° * 0.33 > h > q, = 0.2, this example falls

in category (i). Note the near equivalence of the f's from (3-7) or (3-13)

(3-13) with f * =2.3 'q

for the same objective. (Refer to Appendix A for the program listings and

tabular output of these and the foilowing root locus plots.)

Example 2: a, = 0.9, b= 0,1, a, = 0.1, ¢ = -G.01, h = 0.011, ¢ = 0.7,

d = 0.65

The c¢losed-loop root migration due to various f in (3-7) and (3-13) appear
in Fig. 3-3 and 3-4, respectively. Note that a? > 0.59 > a, ~ h and

d5 = 0.12 » a, > h, i.e. the dominant open-loup pole and its desired
location both dominate the other open-lovp singularities, but for f - -2.4
in (3-7) the second closed-loop pole Py * 0.13 is crossing the dominance
threshold with respect to Py = 0.65 as shown in Fig. 3-3, thereby putting

this example in category (1i). To retain the open-loop dominance the

partial state feedback of (3~14) in Fig. 3-4 must be used.

Example 3: a; = 0.9, b = 0.08, a, = 0.8, ¢ = 0.02, h=20,82, ¢ =1,

d = 0.5

The closed-loop root migration due to various output feedback f in (3-7)
is plotted in Fig. 3-5. Figure 3-6 shows the closed~loop roots for various

partial state feedback gains in (3-13). Reversing the designation of the

o 4 Bt A S
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Closed-loop Root Migration due to Partial State Feedback
for cxample 3,




T

111.12

important mode for partial state feedback by either swapping the elements
of the state feedback gain vector in (3~14) or swapping the designation of
‘1’ b and 8, € results In the closed-loop roots shown in PFig. 3-7., MNote

in Fig. 3~9 for f ¥ -1.8 the near-cancellation of the slower mode while

the faster wode matches that desired., The degree of closeness of this near

cancellation {8 not matched in efther Fig, 3-6 or 3-7. Note that in Fig.
36 if f is chosen as -5 to cause q, = 0.5, use of the same f in Fig, 3-5
would result in overcompensation., Neither in the open~loop plant nor for
any f placing one pole near the desired location of d = 0.5 are the

singu.arities separable as in category (i14).

Example &: ag = 0.9, b = 0.5, a, = 0.7, ¢ » =0,3, h= 0.4, ¢ = 0.8,

d = 0.6

The pole migration duce to the output feedback f from (3-7) digplays in
Fig. 3-8 the oscillatory vharacter of the second-order poles in the
region of desired pole radius, Even partial state feedback proves un-
successful as shown in Fig, 3~9 due to the retention of one of the poles
at its nearer unity value than the desired pole. Therefore, this example
falls into category (iv).

Consider, for the last two example categories, digitally controlling
a stable fourth~-order discrete equivalent of a continuous plant composed

of two gquadratic, all-pole, modes

@  Purt P fart (317)
U(Z) 22 a Z~-0Q zz-a Z - '
11 12 21 22

where the a and B are derived from the zero~order-hold equivalent
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[ ! Fig. 3-7: Closed-loop Root Migration due to Partial Stat. Feedback
! for Example 3.
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Fig. 3-8: Closed-loop Pole Migration due to Output Feedback for

Example 4.
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Fig. 3-9: Closed~loop Pole Migration due to Partial State Feedback
for Example 4.
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Bi1% * By
4 -a“z-u
with [27]
-L,w,T -
1 2
LI 2 e cos[miT/{.~ C;} (3-19)
-27 . w,T
i1
a, = -e (3-20)
A §,w,T ~
8“' i{l-—e ii[;:os(w'l‘/.c)"‘({/'/l-
[0}
i

sin(uiT/é—ci) } (3-21)
A - w, T cm'r —— —%
812 - {e i1 ]:e 11 cos(w Tf;i) + (z; /»/1 ~Ty )

Bin(wiTVé-Li)l} . (3-22)

The reduced-order, model-following nbjective is to track the output of

=

-~ !u‘

s L %00 (3-23)

— o -

R(z) = 2 Y,

where Y1 and Y, can represent the discrete equivalent of desired s-plane

pole locations in terms of f and w and translated via conversions similar

to (3-19) and (3-20). For 321'=622==0 this objective can only be achieved if
the numerator of (3-17) is cancelled and replaced by that of (3-23). There-
fore assume that the numerator zero of (3-23) matches that of (3-17) with
821"822’=0 and only the poles require shifting. This converts the objective
model in (3-23) to

s(z) _ SBpyz * 8

R(z)

12)
2_ -
z Y12-Y,

(3-24)

The control effort




where [28]

.

e o A
+

u(k) = ér
r - ]’_‘_
N
ﬂz 4]
\)1 = Q
V2] |

converts (3-17), with 321-822-0 to (3-24).

I11.17

() + nyulke1) + nju(k-2) + vy Ck=1) + vy (k=2) ,
(3-25)

1 0 0 o 17 11"

n v By 0 %97y

12 %1 8 7By 0 320

0 2P 0 -81% ] 0 ]

An algebraic, sequentially cal-

culated solution of (3-26) avoiding the matrix inversion is [3]][9]

My T Y T %y (3-27)
[Mog, + (”1“11 - Ay Fypdlagy -0y /8y, ]

v == : (3-28)
[F11%11 * B2 = 1 11/312]

Ny = 81M * Y 7 By T 9 (3-29)

v, = nzalz/B12 (3~30)

82, # 0 and (3-25) is used on (3-17) then

622

- nzz LLJ;fZ)/U({:L

l/(l - z
(v z "+ v )/(l -n -n z-zi][?&)/U(25]
7 2% 17 2 g _

. 2 2 -
[_(611"““312)(z —0p 0py) + (By 248y, (2 -y 2wy ) |

o

z"=n,z-n )(z -a

2
o) y27ay,) (270, 2may,)

‘ 2 _ 2_ _ -
- (vlz+u2)[?8112+812)(z —azlz a22) + e(8212+822)(z ullz alZZJ
b xs + b 24 + b 23 + b 22 + b,z + Db
5 4 3 2 1 0
=% 5 7 3 ) (3-31)
a6z + asz + 842 + a3z + azz + a]z + ao

}
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where

a

II11.18

§(Byy * 5yy)

§(=Byy3p) * Byp = By gy * Byp)
$0=B11%22 = B1%21 T B21%12 T Bag™iy)
6(=B15095 = Byp%py)

by = 0

T T T M

TUgy h a0y oyt e,

a11%p2 t @a%p T My, T Mmaggay, F

V1811921 T ViB1o v ViBa1%1 T ViBaa TV,

G1ofg0 T M@y %y = Ny&yolgy + Noay, -

V111922 F ViBya®ap ViR, V4B,

VaB11%21 T VaPByg F VaBgi®yq T VoByy

TN 2% T Ma® sy T Molyaty, VB
VoBy1%aa t VaBigta t uBaays tV,y8)
= TNUy90ny H VB g0gy F VoBssa,

"M%~

Ny

“Vifn T

(3-32)
(3-33)
(3~34)
(3-35)
(3-36)
(3-37)

(3-38)

viBag
(3-39)

Ni%12 + Nalpy + N0y

8

11~

2%11

12%22

211

LIS

+ v]R

(3-40)

Np%y1%g1 + M%)

(3-41)

22412

(3-42)

(3-43)
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ar L2 L ' Ha : Y(z)
; Note that R(z) has the same numerator as U(z)" (See Appendix B for the

supporting algebra and simulated check for (3-31)-(3-43) for the fol-

lowing example.)

T

_!‘3_)‘:_:"{:111).1.0._.‘).: T - ()-5, Al - 1) Az - l‘ ('1 - ()vz. u'l - ”.5’ ('2 = 0.02,

Lg "0.7410

wy = 5 & = 0.5, Y, - 1.687, Y,
The plant in (3-17) resulting from this parameterization has the pole-

zeroe pattern shown In Fig. 3-10. Note ciwiT = 0.05, {.e. both modes

have the same settling time and are therefore not separable on a time
basis. However, they are clearly separable on a frequency basis. The

Ci‘ Wi and T were chosen to avoeld aliasing, retain frequency separability,

and model the lightly damped situatfon of flexible spacecraft [3]1[10].

Further, note that the low trequency mode has a DC gain which is 100 times

that of the high frequency mode. Attempting to increase the damping ratio by a
factor of three to 0.6 for the low frequency mode (and therefore third the sett-—

ling time with w, unchanged) leads to the stated objective, which from (3-26)

1

or (3=27)-(3-30) yields the tollowing controller parameterization for

(3=25): & = (.5, n o= ~-0.1%9, n, = -0.0715, v, = -0.475, and v, = 0.556.

1

Faciorization of (3-31), where bS = (0,952, bh = 1,188, b, = 1.128,

3

b, = 0.83, b, =b =0, a =1, ag = -0.164, a, = -0.891, a4 = -0.466,

2 1 0 6

a, = 0.676, a, = 00,0625, and a

, 1 = ~0.0338 from (3-32)-(3-43), yields the

0
pole-zero constellation in Flg. 35-11. {See Appendix C for the factoriza-
tion and plotting routines used.) Note the closed-loop retention of

frequency separability. Simply changing Az to 10, thereby reducing the

DC gain ratio from 100:1 to 10:1, leaves the plant poles of 0.923 + j0.231

7

R - e e e e [Oap— ...i
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Figure 3-10: Plant Pole-zero Plot of Example 5
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and -0,762 + J0.570 unnltered but changes the zeros from -0,960 and ~0.144
+ 10,942 to -0.959 and 0.675 + j0.671. Since A, does not affect the cal-
culation of %14 or Blj in (3-19)-(3-22), the ny and v, selected in (3-27)-
(3-30) will be the same., However, this control law results in an unstable
system., (See Appendix C.,) Therefore observation spillover can be seen to
destabilize an otherwisc stable system If neglected in reduced-order con-
troller design.,

The addition of a low-pass actuator in controlling (3-17) would occur
in the feedback loop after the dynamic output feedback element of (3-23)
(with & » 1), if the reference signal were considered an unmeasurable
disturbance. However the scaling of r In (3-25) suggests a command signal
designatfon of r. Therefore the actuator would precede the plant in the
forwird path. A remaining question centers on the avallability of the
dctuator vutput for control and i{dentification. The three meaningful
possibilities are diagrammed in Fig. 3-12a-c, where the identifier feueds
back the parameterization of the plant for adaptive cuntroller parameteriza-
tion. Retention of the controller dynamics from (3-23%) sugyests usage
of a or ¢, The frequency limited identification concept of "fact" (if)
in the preceding section implicit in example category (vi) prompts usage
of b or ¢. Therefore ¢, if physically feasible, appears to be the prime
candidate., However a is the moat reasonable 1f the actuator models a
physical limitation rather than a control logic device.

For the simple low-pass actuator model in [15] the zero-order-hold

equivalent is [29]

H(z) = (1-z"1) 2 1—] =i} = 1=t (3-44)
z = 118} | s+ -aT

Therefore
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Figure 3-12: Actuator Inclusion Possibilities
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Tay + 0 - u (%), (3-45)

N}

ulk+l) = e
where {rom (3-25) tor Fig, 3-12a and ¢

uv(k) = 4r(k) +n uv(k—l) + ﬂ,uc(k—l) + v ytk=1) + v y(k-2)

1 1

(3-46)

and for Fig. 3-12b

uc?k) = &r(k) + nlu(k~l) + nzu(k-Z) + vly(k—l) + vzy(k~2)_
(3-47)

Applying {3-45)=(3-46) to (3~1/) with the controller parameterization

arising from e¢,g. (3~27)=-(3-30), {.e. the reduced-order controller ignoring

the actuator inclusion, vields the tfollowing overall transfer function

(18 shown In Appendix )

4 N )
Yiz) qsz) + q&z' + q‘z‘ +q,2" + a2 * 4,
‘h“ IS' iq‘ ;5 p:“ ll In
whore
"'JT
= & - Y . -
qq (1 - ¢ e+ ﬁ:l) (3-49)
ol
= & - b - - kS -
A = S = e TR e Ry = Byag ) B y) (3-30)

ay = $00 = T8y jayy = Fpay) = Byagy - Ryyay) (GS5D)

-~

-7
A = 8~ e ") (-Biaa,, - Byyapy) (3-32)
ql - qo = 0 (3-53)
~-oT .
p6 -g - all - all - "1 (3-54)
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-oT
Py = €l tapy tmy) sy bagny t et ey

+ “l“ll - "2 (3-55)
P, - -u-OT(-a + a,.a - Q + n,n + n.a -n,) +a,,a
4 22 11721 12 1721 1711 2 11722
+ + na,,.+ na,. + n.a

31291 MOyt Moyt eyt e, may,

-9T
- vl(Bll + le)(l - e ) (3-56)

Py ™ =€ (ay gy F a8y ¥ N0 ) T M8y Ay N8y, F N8y Fnyay,y

% T MM %22 T M%7 %1% Y %2

~0T
S vyt By By - Byya U= e )

-

- \,(E’.“ + 0, 0 (1 - t"”T) {(1-57)

L ~l

Co1 - -sT _ '
PR P Ea b e ) = v Ry R By By
= Byyay ) (1 = ey (3-58)

-3T
Py =@ T{npagag, 0y a5+ nady 005, ) = Nhayaag,

. - -aT
(B0, ¥ B0t Bygap T Bpay )l e )

s -aT
TV R0, F B0l - e ) (3-59)

"OT "OT -
= - p ) -
S N T A A P LTI PPLIPS (3-60

Similarly the overall transfer function resulting from application of

(3~45) and (3-47) to (3-17) is

)

o ) SO S BN




S

where the

5 4 3 2
Y(z) qsz + q*z + q3: + qzx + qlz + qo
RS * T e Ty g e (061
2o pgz ok per’ 4+ Pz 4 pirt 4 px’ 4+ piztpy
q, are as fn (3-49)-(3-53) and
-oT
Pe ™ "1 T ¥y 7 ¢ (3-62)
-oT -aT
Po = agp Fappayp m gt lag bag) -l - e )
(3-63)
--HT + )
R T P P UL Sl P PIR AR L T UL Y,
-aT -0T “"'\TT .
+ '»l(l - @ )(a21+n“)—nz(l-e )"\«1(1-c )(8114-321) (3-64)
- T =37
Py apptan = v (@, bap ) =l - e ) (mayy +oaga,
- -1 | - .""I)(_ - ) - (i - _-\‘I'_(__..
R PCARERLUAL I Ty Ty movpUb e R ey
b= ) = vl = e Ty # L) (3-65)
IR T SR | 2 1 "

p

| 2%

Py
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-uT
ptar T M e ey e pay)

"‘\YT -aT
=y = e ey, b oaan, s ag,) F vl - e (B ga,),

-aT
. - ) e
FBaay) F R, ) - v - e TR e
By HBpam Rypegy) (3-66)

-

-aT -aT
= - e ey, m mllme a8y, appayy)
+ v, - °-c]“&11“22 * Byoaay ¥ Ry T Bpyagy)

+v (1 - e‘UT\(&lzu + Baayy) (3-67)

4

Ve = TN ey )

(3-68)

1 -

1
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Example 6: T = 0.5, ‘- I, A, =1, T 0.2, w <" 0.5, ¢, = 0.02,
wy =5 o=1, 8= 0.9, YI - 1,687, 12 - -0,741
Note that
X O i
H(s) | e e e e = 0,89[-26,57° (3-69)
a5y 0000 F 1.12]26.57 |=26.57
and
1 -
H(n) ooy - ,)‘.'1'(7};':}:9:. - O.ZUL]X’..()-‘). . (3-70)

Theretore, since [30, p. 387} wp " wnv] - 20 = w, for o < 0.2, the

7 p

. 0.20) .
actuator provides 20 log h‘ﬁbj * =13 db magnitude attenuation of the

‘ 3

frequency response at the resonance of the high frequency mode versus

the resonance of the low frequency mode in Example 5. Therefore Example 6

falls into category (vi). Note that z = T 20,61 - oOMIT

e 2029T L (95,5 5 0,78, However, the pule-shifting desired Is to a
radius of 0.861., Therefore the closed-loop transient effect of the
actvator on the low frequency mode is expected to be appreciable but
possibly tulerable. Despite the unity DC gain of H(z), its etfect on
the pole-ghifting will also alter the step response tracking accuracy.
Thege effoecty are quantitied in Table 3~1. Note that, for cach actuator
configuration, as \2 increases the controlled system exhibits instability
as one or more of the closed-loop poles moves outside the unit circle; but the
range of ts retaining stability {8 increased by vcach actuator configuration
relative to (3-61). (The factorization scheme used {s the same as that in
Appendix C. See Appendix E for details.)

Table 3-2 summarizes the six examples that will be used to meet the

objestives of the preceding section. The next sectfon presents the adaptive

control algorithms to be applied.
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Ex# plant plant actuator jactuator  desired desired
pvles zero(s) DC gain pole* | DC gain pole(s)* DC gain
1 0.95,0.2 0.3 1.31 - - 0.8 2
2 0.9,0.1 0.011 0.99 - - 0.65 2
3 0.9,0.8 0.32 0.9 - - 0.5 2
0.9,0.7 0.4 4,0 - - 0.6 2
, | 0r923130.231 4 -0.960 4.04 - - | 0.844430.171| 2.21
~0.762+10,570 |~0.,144+§0,942
. 0.923#j0.231 | -0.960 0.844+10.171 2.21
-(.762+j0.570 {~0,144+30.942] 4.04 0.607 1

* All singularities are z-plane equivalents

TABLE 3-2:

Examples Summary.
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IV. ADAPTIVE CONTROL ALGORITHMS

Presently, adaptive control schemes can be categorized by the
following characteristics: (i) basis for parameter update scheme via
gradient (G) secarch procedures or stability (8) theory analysis,

(ii) formulation of parameter estimate error as equation (F) or output
(0) error, and (iii) designation of parumeters to be identified as plant
parameters for indirect (I) adaptive control or as controller paramcters
for direct (D) adaptive control. Of the eight combinations only seven
are presently available with GOD not yet developed. Of the remaining
seven, two pairs are pairwise identical, GEI/SEI and GED/SED, due to the
resulting equivalence of gradient and stability based equation error
parameter estimation., The remaining five distinct classes providing
adaptive solution to the model following problems of the pre¢ ding
section are detailed below with appropriate source reference. The
designer selected variables of each are listed following each algorithm
statement.

A reduced-order adaptive model-following problem requires specifi-
cation of a time-varying feedback control law causing the output of the

plant

m n
v = T by ulked) + T Ay y(k-d) (4-1)
j=1 =1

to asymptotically "follow" that of the stable reference model
n
s(k) = er(k=1) + } 4 s(k-1) (4-2)
im]

without a priori knowledge of the plant parameters Ei and b, or plant

h|
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dimensions m and n under the assumption that the plant is described

by

m n
y(k) = J b, u(k-3) + ] a, y(k-1), (4-3)
i=1 J =1 !

wherem >m and n>n. Only if i;n-m, n=n, l_aj-bj,and Si =a, are the fol-
lowing solutions expected to cause y 8. 1f, as in examples 5and 6 of the
preceding section, the model of (4-2) includes zeros, which are restricted
te match those of (4=3), this converts the problem to one of adaptive pole-
shifting. Since these zeros are identified in indirect adaptive control
the pole-shifting objective presents no apparent difficulty, though no
globally convergent, even nonreduced-order, indirect adaptive pole-
shifting scheme has been proven due to sufficient excitation requirements
[30] or matrix polvnomial solution singularity problems [31]. Direct
adaptive controllers must assume the availability of the plant numerator
coefficlients, i.e. the plant zeros, [32] or the stability of the plant
[33] to achieve plobally stable pole-shifting (or replacement). Therefore
such direct adaptive control schemes (or those requiring numerator
cancellation [17]) are not presented for examples 5 and 6. These restric-
tions on direct adaptive control support the statement that presently
indirect adaptive control appears more suited to the ROAC problem
requiring pole~shifting,

The algorithms, specialized for the examples of the preceding
section and written in implementation sequence, are:

For Examples l-4:
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GEI/SEL ([17], [21], [22]), [34] - [36]:

......

e(k-1) = y(k-1) - a(k-1)y(k-2) - b(k=1)u(k=-2) (4~4) ;
a(k) = a(k-1) + ( — -t === | v(k-2)e(k-1) (4-5)
L htuy” (k=2) Hu” (k-2) :
b(K) = b(k=1) + | cmmmdie | (kD) e (k- 1) (4=0)
h+uy" (k=2)4pu’ (k-2)
plk=1 = == (4-7)
b(k)
f(k=1) « 47800 (4-8)
b(k)

Designer-selected varifable requirements:

>0 (4-9)
w0 (4~10)
0« h«2 (4-11)

h is nominally chosen as one unless such a value would cause b(k) * 0,
+

Then h is chosen within the range in (4-11) such that |b(k)| ~ € = 0

.

GOI [23], [25], I35] :

v(k=1) = atk=1)y(k=2) + b(k-1)u(k-2) (4-12)
V(k=1) = y(k=2) + a(k-=1)\(k-2) (4=13)
v (k=1) = u(k-2) + a(k-1)y(k=2) (4-14) ?
e(k-1) = y(k-1) = y(k~1) (4-15)
a(k) = a(k-1) + [ 5 i 5 ] A(k-1)e(k-1) (4-16)
hti A" (k= 1) 4y (k=1)

. 5 - y(k=1)e(k-1) (4-17)
Wl (k-1)4py (k—llJ

b(k) = b(k-=1) +

e
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C

b(k)

g(k-1) =

f(k-l) = Q;ﬂi&l
b(k)
Designer-selected variable restrictions:
b > 0 and small
p - 0 and small

0« h<2

h i8 nominally chosen as one unless such a value would cause B(k)=

Then h 13 chosen within the range in (4-22) such that ]B(k)l > g ®

sol: [8], [24], [35]:

y(k=1) = a(k-1)z(k=2) + b(k-1)u(k=2)

v (ke1) = 2R = y(k=1) + qly(k=2) - z(k-2)]
2 2
h + uz"(k-2) + pu”(k-2)

a(k) = a(k-1) + pz(k-2)v(k-1)
B(k) = b(k-1) + pu(k-2)v(k-1)
z(k-1) = a(k)z(k-2) + b(k)u(k-2)

gk-1) = —
B(k)

f(k-1) = 9;2&51
b (k)
Designer—selected variable restrictions:
k>0

p >0

(4-18)

(4-19)

(4-20)
(4-21)
(4-22)

Ol

ot.

(4-23)

(4-24)

(4-25)
(4-26)
(4=27)

(4-28)

(4-29)

(4-30)

(4-31)

e
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-1
Re iiﬂi-f >0 Vi]z|= 1 (4-32)

1—alz-

q can be chosen as zero for any stable a and (4-32) will be satisfied.
1<h<2 (4-33)

h is nominally chosen as one unless such a value would cause G(R) = 0.

Then h is chosen within the range in (4-33) such that ]G(k)l > € = 0+u

GED/SED [17]([37]:

v(k-1) = cr(k-2) + d y(k-2) - y(k-1) (4-34)

or(k=2)v(k=1)

g(k-1) = g(k-2) + 3 3 (4-35)
h[14+uy” (k=2)+pu” (k-2) ]
B(k-1) = F(ic-2) + —2pe2veol)
h[1+uy” (k-2) +ou” (k-2) ] (4-36)
Designer-selected variable restrictions
u>0 (4-37)
p>0 (4-38)
|n| > |2| and sgn(h = sgn(b) (4-39)
soD [17]-[20]:
B(k-1) = (12 (k-2) + uy’(k-2) 4=40)
y(k-1) = (d+q)hB(k-2)v(k-2) + dy(k-2) (4-41)
v(k=1) = (1+h8(k-1)J s (k-1)~y (k-1)+q[s(k-2)-y(k-2) ]~y (k-1) }
(4=42)
g(k-1) = g(k-2) + pr(k-2)v(k-1) (4-43)
f(k-1) = F(k-2) + ny(k=-2)v(k-1) (4-44)
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Designer-selected variable restrictions:

uw>0 (4~45)
p >0 (4-46)
(] > l;l-and sgn(h) = sgn(b) (4-47)
-1
Re {921} > 0 vl]z| =1 (4-48)
1-fz

This last condition is easily satisfied by q = -d, which should equate SOD

to CED/SED [18].

Each of the precedine schemes (4~4) - (4-48) provides é(k—l) and E(k-l)

for -
u(k-1) = g(k-1)r(k-1) + f(k-1)y(k-1) (4-49)

for application to (3-2) and generation of y(k). Then these recursions

are repeated,
For Examples 5 and 6:
GEI/SEI:

- ———m

e(k=1) = y(k-1) - Sl(k—l)v(k—Z) - &Z(R-Z)y(k—B)

- 8, (k-1)u(k-2) —»éék—Z)u(k—S) (4-50)

V(1) = e(k-1)/[nhuyy(k-2) + uy?(e-3) + o u?(e2) + ¢ u(k-3)]
(4-51)
Gy (k) = 0y (k=1) + pv(k-1)y(k-2) (4-52)
Ay (k) = ay(k=1) + h,v(k-1)y(k-3) (4=53)
By(k) = By (k-1) + p v(k-1)u(k-2) (4-54)
By(k) = B,y(k-1) + 2,v(k-1)u(k-3) (4-55)
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Designer-selected variable restrictions:

u >0 (4-56)
oy > 0 (4-57)
Py 0 (4-58)
py > 0 (4-59)
0<h«<2 (4~60)

h is nominally chosen as one unless such a value would cause éz(k) *0 or
él(k)&l(k) + éz(k) - az(k)éﬁ_(k)/éz(k) * 0. Then h is chosen within the

range in (4-60) such that the absolute value of both terms > ¢ = 0+.

GOl:

y(k=1) = &) (k=1)7(k=1) + a,(k=1)§(k=2) + B, (k=1)u(k=2) + B,(k-1)u(k-3)

(4-61)
A (k=1) = y(k=2) + &, (k-1)), (k-2) + &z(k-1)xl(k—3> (4-62)
hyCk=1) = y(k=3) + &1(k-1)x2(k-2) + &Z(k-l)xz(k—3) (4-63)
rptk=1) = u(k=2) + a; (k=1)v; (k=2) + a,(k-1)y, (k=3) (4-64)
Yo (k=1) = u(k-3) + a,(k=1)7,(k-2) + 1,(k=1)v,(k-3) (4-65)
v(k=1) = [y(k=1) = yCk=1)1/[h + upr ) (k=1) + upd 7 (k1)
gy Gel) + ooy 2 (k1) ] (4-66)
a (k) = a, (k=1) + wyv(k=1)A, (k=1) (4-67)
a,y (k) = a,(k-1) + M,V (k=1) 4, (k=1) (4-68)
B1(k) = Ry (k-1) + 0 v(k=1)y, (k-1) (4-69)
By(k) = B,y(k=1) + p,v(k=1)y,(k-1) (4-70)
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Designer-selected variable restrictions:
My 0 and small
By > 0 and swall
01>0 and small

P, > 0 and small

0 <h<2

(4-71)
(4-72)
(4-73)
h=14)

(4-175)

h is nominally chosen as one unless such a value would cause éz(k)’ 0 or

él(k)&l(k) + Rz(k) - &z(k)éf (k)/éz(k): 0. Then h is chogen within the

-

range of (4-75) such that the absolute value of both terms > ¢ *

so1:

y(k-1) = al(k-l)z(k—z) + Gy (k-1)z(k-3) + él(k-1)u(k-2) + éz(k-l)u(k~3)

y (k=1)=v (k=1)+q, [y (k=2)-2 (k=2) J+a, [y (k=3) -2 (k=3) ] }

ot.

(4-76)

V(k-l) - ) ) 2 2
(h+u1z"(k—2)+u22“(k~3)+ﬂlu (k—2)+020 (k-3) }

&l(k) - &l(k-l) + 1, v(k=1)z (k=2)

j=!
38
~
=
~r
N

&z(k-l) + 1,yv(k-1)z(k-3)

o]
—
—~
Ll
b
|

8,(k=1) + p v(k-1)u(k=2)
é2<k) = §2(k-1) + 0, vk-1)1:(k=3)
z(k-1) =&l(k)z(k-2)-fdz(k)z(k—B)~+ﬁl(k)u(k~2)-+éz(k)u(k-3)

Designer-selected variable restrictions:

My > 0

(4-77)

(4-78)

(4-79)

(4-80)

(4-81)

(4-82)

(4-83)
(4-84)
(4-85)

(4-86)
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1 + q1:"1 + qzz‘z
Re = 1”0 viz| =1 (4-87)

e

l - ull: - alzz

q could be chosen as -0,98 and q. as zero for the rapidly sampled

exampler 5 and 6 and (4-87) would be satisfied.

T« he (4~-88)

h 18 nominally chosen as one unless such a value would cauvse éz(k) 0 or
- s a N . 2 -

ﬂl(k)ul(k) + ﬁz(k) - u,(k)ﬁl (k)/s5,(k) * 0, Then h is chosen within the
range uf (4-88) such that the absolute value of both terms - ( : O+.

Each of the last three algerithms in (4-50)-(4-88) provides &l(k),

ﬂq(k), él(k)’ ﬁz(k) for use in (refer to (3-27)-(3-30)),

&l(k—l) = - &l(k) (4-89)

[y (k= (R0 (he1) 3 G =, (R4 ) Gy (Ry=ay (K) By (K) /8, (K)) ]

Ql(k—l) = - : - 2 2 3
Lty Gy (Y8, () =y (KD B (KD /8, () ]

(4=-90)
n,(k-1) = }l(k)ﬂl(k-l) - é1<k)61(k-1) = 1K) (4-91)
vylk=1) = n, (k=1 (KD /8 (k) (4-92)
for parameterization of
ulk=1) = ar(k=1) + ) (k=Du(k=2) + n,(k-1)u(k-3)
+ 9y (k=Y (k=2) + ¥, (k=1)y(k-3) (4-9 3)

tor application to the difference equation representation ot (3-17)
y(k) = (421 + all)y(k—l) + (122 = %y + ulz)y(k—Z)
- (ulluzz + lelll)y(k—3) - ulzmzzy(k—é)
By F By ulk-D) = (Bypan) = B+ By = 8y, )u(k-2)
= (fq0gp + Byp0p) F Baguyp F Fpgedulked)

-~

- (Flzwzz + rzznlz)u(k—é) (4-94)
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generating y(k). Note that all of the preceding schemes in (4-4)~(4-93)
use the current information as efficiently as possible and therefore
result in causal rather than strictly causal adaptive controllars [17].

(See Appendix F for programs of each of these controllers.)
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V. TEST FORMATS

Having specified the non-adaptive and adaptive control strategies
and objectives the remaining items to be selected for the testing of the
guidelines in the second section are the reference inputs, adaption step-
size constants, parameter estimate initializations, and performance
measures,

Selection of the reference signal is important for two reasons:
richness and magnitude, The magnitude of the reference signal is important
due to the nonlinearity of the adaptive control system and therefore the
anticipated transient (at least) differences due to different signal
levels. The richness is ‘mportant because it is well-recognized [38)
that a sufficient "input" richness i8 necessary to perturb all of the
modes of the system for their "identification." This "input" differs for
the indirect and direct approaches and the equation and output error
formulations. For the equation error Indirect appreoach the plant input
and output must be sufticiently rich. Since the plant is linear this
translates to a sufficient frequency content of the plant input (or control)
signal, of which the reference is only one component. The difficulty of
agsuming adaptive control input richness based on reference signal rich-
ness is addressed in [30]. For the output error indirect approach the
plant input and identifier output must he sufficiently rich. In an open-
loop output error identification task the Identifier output richness can
be translated [39] solely to input richness nercessity under the assumption
that the identifier output asymptotically converges to the plant output,
which requires sufficient identifier order absent from ROAC. For direct

adaptive control the control parameter identification problem must be
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recast as an open-loop identification task as in [19] and [37]. In the
equation error case the richness requirements are converted principally

to conditions on the model output to be tracked or, if generated by a
linear, time-invariant model, to the forcing or reference sigxnal [39].
Once again this assumes sufficient controller order, The requiremants

for vutput error based direct adaptive control, though as yet unspecified,
are assumed to be similar.

All of the preceding richness requirements are for complete identifi-
cation and assume non-reduced adaptive model order. As is well-recognized
[22] [34) [37],for a control vbjective complete identification may not be
necessary, CUnnsider the control of any order system with a single constant
output feedback gain and a reference signal gain, To achieve asymptotic
convergence to a particular DC level set-point any feedback gain stabiliz-
ing the system in conjunction with the appropriate reference gain will be
adequate, This applles readily to examples 1-4 in scction three, As
noted in [40] for open~loop vutput error (and by implication equation
error) identification the richness of the input signal for stable reduced-
order identification is dependent on the reduced-order model dimension,
not that of the higher order plant. From a frequency response point of
view, the viewpoint promoted in [41] for reduced-order modelling, the
minimum number of sinusoids providing this richness matches the number of
points at which the controller can specify the steady-state frequency
response, Therefore, if this reduced-order controller stabilizes the
system, asymptotically convergent steady-state control seems possible up
to the richness level of the reduced-order model. When the signal to be
tracked (or cquivalently the reference signal) has 8 higher frequency content,

reduced-order tracking will onlv be approximate at best. The refervnce
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signal should be chosen to test this boundary condition, with the
principal case of interest being reference signal over-richness.
Therefore the following refercnce signals (all zero prior to k = 0)
will be considered:

INPUT 1 (unit step input):

INPUT 2 (single low-frequency sinusaid):

r,(k) = 2 =in(ke,T) (5-2)

Nete that the sample period T is assumed to be ome second for examples 1-4,
The frequency e, is chosen as 207 below the desired cutoff frequency for
examples 1-4, {.e. 0.17851, 0.344563, 0,554%2, and 0,40866 radlans per second,
respectively, and 20% below the dominant natural freqeency for examples

5 and 6, {.¢. 0,40 radians per second, with T = 0,5 seconds,

INPUT 3 (single high-frequency sinusoid):

r3(k) s 2 sin(ku31) (5-3)

Again the sample period is assumed to be one second for examples 1-4, The
frequency 3y fs double the desired cutoff for examples 1-4, {.e. respective-
ly 0,440629, 0,86157, 1,38629, and 1.02170, and double the dominant natural
frequency for examples 5 and 6, i.e. 1.00, with T = 0,5 seconds,
INPUT 4 (non-zero mean, uniform, white noise):
r, (k) ¢ [~0.5,1.5] (5-4)

This is clearly the over-rich input of most interest.

Since the rate of convergence and parameter estimate variance near
convergence are commonly acknowledged as being affected by the adaptive

step-size (SS) coeff{icients Hy and pj, two cases will be considered.
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SS1 = 1:
532 = 0,1:
uy = pj = 0,1, (5-6)

Given the approximate nature of the gradient formulas for GOl embodied in the
required y and p smallness noted in (4~20)-(4-21) and (4-71)-(4-74) the p and p
of (5-5) may lead to unstable behavior for GOI while (5-6) should prove more

satisfacvory. (Note that h in the normalizing term of all of the algorithms
is selected as unity),

For output error type algorithms such as SOI and SOD the error
smoothing coefficlents q in (4-24), (4-4?), and (4-77) are to be selected
in satisfaction of (4-32), (4-48), and (4-87), respectively. As noted in
[42] selection of these q to make (4-32), (4-48), and (4~87) equal unity
does not offer the most rapid convergence. Furthermore, in a reduced-
order application these g can inf{luence the mean convergerce point. Such
factors may be used to advantage in (4-48) where f is known a priori, but
in (4-32) and (4-87) the strictly positive real (SPR) condition is dependent
on unknown plant parameters. Therefore several values will be tested. They
are summarized in Table 5-1.

Since only local convergence is currently anticipated three settings
of the initial plant (and therefore controller) parameter estimates (EST)
will be considered corresponding to the nominal values from control design
based on neglecting the second mode (i.e. € = 0 for examples 1-4 and AZ = 0
for examples 5 and 6) and * 20% of these values. These values are summar-
ized in Table 5-2. The controller parameter initializations for the direct

schemes are based on the corresponding plant parameter initializations and
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TABLE 5-2:

v'b
Example Parameter EST = +20% EST = 0 EST = - 207
b (O 0.078 0.065 0.052
1
ap(0) 1.14 0.95 0.76
) b(0) 0.12 0.1 0.08
a, (0) 1.08 0.9 0.72
3 b(0) 0.096 0.08 0.064
a1(0) 1.08 0.9 0.72
i b(0) 0.6 0.5 0.4
ay(0) 1.08 0.9 0.72
éll(o) 0,144 0.120 0. 096
éxz‘”) 0.139 0.116 0.093
Y&6
&11(0) 2,215 1.846 1.477
410 (0) -1.086 ~0.905% ~0.724
U DU S S S

Parameter Estimate Initializations.

e e - s N
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(3-8) and (3-9) for examples 1-4 and (3-27)-(3-30) for examples 5 and 6.
Nnte the instability of the EST = + 20X initializations.

Since the control objective of all of the examples in section 3 is
model-following, the tracking error is the principal performance measure.
For the expectation of asymptotic tracking, the figures of merit should
be divisible into short and long term quantities. The mean and variance
of the tracking errors should be normalized and tabulated for comparison
among the examples and between the fixed and adaptive contro’ schemes.
Similarly the input cost and controller (and plant, for indirect schemes)
parameter estimates should be observed. Therefore the following quantities
will be tabulated at ki =1, 2, 5, 10, 20, 50, 100, 200, 500, and 1000
fterat fons.

Instantancous desired output:

Io(k) = s(k) (5-7)
Instantancous controlled output:

1I0(k) = y(k) (5-8)

Normalized instantaneous tracking error:

NITE(k) = (3(§%k; y(k)) (5-9)

Normalized average segmented tracking error:

k
i
NASTE = [—1-(——}—1(-"“—) ): NITE(]) (5-10)
i i-1 fj=ki_l+l

Normalized segmented tracking error variance

k., k
1 W 2 i 2
NSTEV = [m] {n ) NITE®(j) - [: z NITE(j)“ }
j=ki—1+1 j=ki_1+1 -

(5-11)

v e e




VIB

(Note that n is k, - ki—l minus the number of times s(k) < 10"3. which

are excluded due to (5-9). If NSTEV i negative due to round-off, it

{g printed as zero,)

Segmented average squared {nput

ky
. 2]
SAS] = [k_i~] ) ut (1) (5-12)
£ e ek

Sepmented average controller parameter estimate for

Ky
SACPE F . {k’ _“(‘] ) £ (k) (5-13)
SR

(Similarly for g, a, b, a, t', v, and n.)

Segmentaed controller parameter estimate variance for g

i
Ja21 8 Y= ..-,,_.l._._._,.._,-.._.v-._...-,‘.-.. B - X ‘?
SCPEV G {“%_k " 'kQVJ)}{“i ki ) YW

g1 g =y ekl
k
i
-1y f(j)lz}
ek, 41

(5~14)
(Similarly tor g, a, b, v, 8, v, and n.)

These quantities are tabulated for each of the combinations of example,
adaptive control algorithm, reference input, step-size weights, error
smoothing coefficients (it necessary), and parameter estimate initiali-
zation. (See Appendix F for listings of the programs compiling these
figures of merit.) Table 5-3 summarizes all the various combinations

that were simulated.
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1 Par. Est Ste Error Actuator-*T_-—
Example | Control Alg. Inputs L BE IOREP ) cpooth Conf ig- Total
Init. Size .
4Loeff. | uration
nonadapt {ve all 4 |EST = O zero - - 4
GEI/SEI (1) [all &4 j{all 3 both - - 24
Gor (2) all 4 |all 3 both - - 24
1 sal (1) all 4 |alt 3 bhoth all 3 - 72
GED/SED (4) |all 4 |all 3 both - - 24
sop (5) all 4 Jall 3 both all 3 - 72
nonadaptive all 4 |EST =0 zero - - 4
GEI/SEl (1) |all 4 |EST = 0 |ss, - - 4
GOI (2) all 4 |EST =0 S84 - - 4
2 SoI (3) all 4 |EST = 0 |85, $CO - 4
GED/SED (4) |all 4 [EST = 0O 58, - - 4
Sob (5) all 4 |FEST = 0 83 5C0 - 4
B nonadaptive all 4 JEST = 0 rero - - 4
GEI/SE1 (1) all 4 EST = O SSI - - 4
Gol (2) all & [EST = 0 §Sq - - 4
3 S0l () all & EST = 0 8§ sC0 - 4
GED/SED () [all 4 [EST =0 88 - - 4
sS0D (5) call 4 EST = 0 SSI SCo - 4
- - ——— —— s e o e seathie e e LR SRR P—-‘ . e = e e emenes o e -
nonadaptive all 4 EST = Q Zero - - 4
GE1/SED (1) all 4 all 3 both - - 24
GOl (2) all 4 |all 3 both - - 24
4 S0l (3) all 4 Jall 3 both all 3 - 72
GED/SED (4) |all & lall 3 both - - 24
sup (5) all 4 [all 3 both all 3 - 72
i nonadaptive all 4 jall 3 zero T - 12
GEI/SET (1) |all 4 }all 3 both - - 24
5 GOl (2) all 4 all 3 both - - 24
S0I (3) all 4 !all 3 both all 3 - 72
nonadapt ive all 4 |all 3 Zero - Fig.l2as&bh 24
GEI/SE1l (1) lall 4 |all 3 both - all 3 72
b GOL (2) all 4 |all 3 both - all 3 72
501 (3) all 4 |[all 3 both all 3 all 3 216
1008

TABLE 5-3:

Tested Combinations.
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VI.__ RESULTS

Due to the number (1008) of printouts for the examples shown in
Table 5-3 the tabulated results are under separate cover. (See Appendix F

for pertinent program iistings.) The next section provides an evaluatfon

of these numerical results,
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Vil, TEST RESULTS INTERPRETATIONS

Refer to section 2 for the statement of the objectives of this
study. The four questions raised in that section will be addressed
in this section with respect to the simulations of Section 6.

QUESTION (i):

Are heavily damped open=~loop modes neglectable relative to more
lightly damped modes? In particular:

a) Are the accepted criteria for neglecting modes, based on
relative damping, realistic for the examples considered here
in a fixed (nun-adaptive) reduced=-order controller?

b) For these examples, how de the various adaptive control
gehemes tare under the reduced order modeling "rules”
voncerning relative damping? More specific queations might
be: Do the reduced-uvrder adaptive control systems remain
stable? Can the adaptive mechanism compensate for mis-
modeling to yield improved performance over non-adaptive
(modal) controllers of the same order?

In example 1, the open loop and closed loop modes are separable
biased vn the accepted criteria for relative damping, so the good closed-
loop (non-adapcive) reduced-order performance was to he expected
(despite the fact that in this example and all the others the reduced-order
modal model was based strictly on the partial fraction expansion term
without DC gain correction). Example 2 represents a marginally separable
system in closed loop, yet the (non-adaptive) reduced-order centroller
tracking errorsare only slightly worse than in example 1. This Indicates

that, for these examples, this boundary between separable and inseparable
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modes is reasonable but fuzzy (as expected).

Example 3 possesses neither closed loop nor open loop separability,
but a pole-zero nedar-cancellation should leave one mode dominating the
system bahavior. As shown {n the simulation, the reduced-order
modeling causes sipnificant errors. This is presumably due to the relative
closencss of the "cancelled" pole to the unit circle compared to the
"dominant" pole. Smill errors in cancellation in this case may have
large effects on svstem behavior and the performance of reduced-order
vontrol,

The approximation of a pair of complex pules by a simple real
axis pole i studied in evxample 4, Here, no first order model can be found
tu ¢loselv represent thisg second order svstem, and conslderable degrad-
ation {n pertormaace by reduced order coptrol should be expected. The
glmulat fons show this to be truey the steady state tracking errors are
gipnificant,

Ot the five adaptive vontrol alporithms, all but the scceond one,
the gradient-output-error-indirect (Gol) scheme, were stableo  In example one,
which has the most accurate reduced order model, a larger number of test
combinatfons of {nputs, step sizea, and Initial parameter estimatos
produce stable responses than the other examples. Even so, the only

congistent results were for zero initial parameter error (with respect to the

extracted modal model) and the step and random inputs. In these cases, the
step response is improved over the non-adaptive case to essentially zero
steady state error, while the random input causes a stable yet more widely
ranging response. The other four adaptive algorithms produced essentially
equivalent responses for most inputs, step sizes and smoothing coefficients.

Parameter convergence occurred between 50 and 500 iterations for

e et M 44 b 7
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most runs, the random input case bheing consistently faster., Also, tle
error between the desired and actual outputs alwiys resulted in im-
provement over the non-adaptive output error, Some minor differences
in reasponses were:
® Example 3 usually responded fauter, due to the dominant pole
being more highly damped.
® Algorithm 5 (stabiiity-output-e.;or-direct, S0D) prod red
consistently amaller steady sta‘e output tracking errors.
® Smaller step sizes improved the ateady state tracking error
variance, but lengthened convergence times.
® The smoothing co~fficient SC- in algorithm 3 produced more
dccurate steady state tracking than the other smoothing
coefficients,
® The adaptive paramecter estimates have higher variances for
example 2 than example 1 indicating more active searching due
to the marginal dominance of the desired reduced-order
objective In the problem setup.
Except for the GOI algorithm (#2), all adaptive schemes provided
improved output tracking of desired models over non-adaptive control
in examples l-4. This is the result of the adaptive algorithms in~
clination to selecl some controller parameterization to "better fit"
some control objective. In the indirect algorithms, the identified
plant often has parameters that do not match either those of the actual
plant or those of the assumed reduced order (modal) model. These effects
are explored further in the discussion of the third question, on choosing

the "best" reduced ovrder model.
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QUESTION (ii):

1f actuator dynamics are included in the system such that the
residual modes have frequencies within the stop band of the actuator
frequency respuonse, does improved reduced-order control result?

txamples 5 and 6 were used to test the effects of actuator in-
clusion. Example 5 included no actuator dvnamics and was secvn to be
unstable for a large number of runa, particularly those with initial
parameter estimate errors relative to the dominant mode, Exampie 6
included the three actuator configurations shown in Figure 3-12, where
actuater configuration 2 in the simulatfons corresponded tv .actuator
(a) in the figure, 3 to (M), and 4 to ().

In the non-adaptive simulations, inclusion of an actuator provided
improved tracking for those runs of example 5 that were 4table based on the
reduced-order moaal model.  For the fixed (initial) redaced order model
parameter estimates that resulted in an unstable control system, actuator
fnclusion generally did not provide stability., Actuator configurations
2 and 4 provided up to an order of magnitude improvement in tracking
compared to 3 and 1 (no actuator), which were similar in response.

Under adaption, the most improvement was obtained, conversely,
by including an actuator as in configuration 3. This arrangement
produced stable simulations for all but a few runs, where the output
was apparently unstable but still bounded within the 1000 iterations
tested., For the stable adaptive usage of actuator configuration 3,
nearly all cases provided between 1 and 3 orders of magnitude {mprovement
in tracking error over the other three actuator configuratfons.

Actuator arrangements 2 and 4 behaved almost identically during

adaption under all conditilons, They were scen to improve the response
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over that without actuator dynamics ifor most runs, but occasionally their
inclusion worsened the output tracking. The only consistent improvement
over contiguration 3 was tor input 3, the high {requency gsinusoid, where
an order of magnitude difference was sometimes seen.

Amony the three algorithms used on examples 5 and 6, the [irst
(GED/SED) and third (GE!) behaved essentially the same, giving the
responses discussed above. Algorithm 2 (GOl) caused unstable responses
for all combinations of inputs, step sizes, initial parameter estimates,
and actuator configurations,

For these examples, inclusion of a finite bandwidth aciuator
generally improved the performance of the reduced-order control. However,
there were some combinat fons of inputs, fnftial parameter estimates, and
adaptive step sizes that caused poorer behavior with an actuator than
without., The actuator arrangement that asllowed both the plant identifier
and controller to gample the actuator output was clearly the best choice
for the majority of vases here. This structure effectively includes
the actuator as part of the controller. As noted in section 3, this is
not the most phvsically teasible configuration gince the actuator outputs
can be inaccessible.

QUESTION (i1i):

Doee an "optimal"” reduced order controller result from retaining
the dominant modes uf the plant for the reduced-order plant model, or
by chouvsing a model (or controller) parameterization that does not cor-
respond to plant modes but i3 based on matching (in some sense) a reduced
order control uvbjective?

As phrased, the latter alternative intuitively seems "better".
This question can be answered for these examples by comparing the "zero

initial parameter estimate error' parameters with the steady state parametcers

o
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in the adaptive runs. If the difference in parameters {s slight, then the
selection of the dominant plant wode tor the control model would scem to be a
reasonable choice with respect to the adaptive parameter estimator update
criterion. If the parameter difference is considerable and the adaptive responses
are deemed better than the non-adaptive ones » then a reduced order model

based on those parameters selected by the "bebhavior approximating” adaptive
algorithms would seem the better cholce,

As would be expected, the adaptive runs showing the greatest improvement
over the fixed controller runs were those with the largest differcnces in init-
fal and steady state parameters, The implication is that choosing dominant
modes ovut of the sct of plant modes for the reduced order model {5 often not as

"optimil" as choosing model "modes” baxed on some performance criterion.

QUESTION (§v):

Are indirect and direct adaptive controllers equivalent and
futerchangeable in reduced-order application?

The abgurdity of such an expectiation is underscored by a comparison
of the algorithms I{n section IV, Note that indirect schemes involve
division by estimited quantities a8 in, e.g., (4~7) and (4-8), but that
direct schemes do not. Clearlv, if the eatimated quantities ever
dapproach zero the resulting quotient is quite large. A similar mechan{sm
does not seem to appear in the direct algorithms. The claims of
equivialence seem to reat on the (linear?) transformability between the
indirect and direct approaches in simple cases, such as inverse
or medel-following control., If the algorithms are not identical then,
as clearly demonstrated by this study, the transie . differences in the
full order case translate into steady-state differences in the reduced-
order case. Unfortunately neither indirect or direct adaptive control seems

congsistently superior to the other in all situations,
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VITl. CONCLUSION

The bulk of the data generated from the 1008 simulations attests
to the difffculty of drawing definitive conclusions from such simulation
studies, This is further complicated for studies of adaptive controllers
by the number of variables, e.g. plant parameters, control objective,
inftial parameter estimates, step-size welghts, error smoothing cvef-
ficients and i{nput richness, effecting overall performance, Conclusively
examining all possibilitices is clearly unfeasible. Even a focuscd study,
such as thisg one with respect to the four objectives commented on in
the preceding section, can only be expevted to provide heavily qualified
remarksd, At best, such a studv can only be used to test and aupment
the "folklore", as particular effects are fsolated without contradiction
further simulation studies are In order to test seeming generalizations,
The ones that survive closer scrutiny provide guldeposts tor restricted
amalvtical studies, that could prove equally fruitless 1f vot initially
wel 1= 1ocused,

The data penerated by this study may provide a database for
judging eventual conclugions of future studies. A different format,

.y, praphical, for even the tests run here mipht facilitate evaluation
vf different conclusions. The one geneval (tautological® conclusion that
seems well documented by this report is that all present adaptive control
schemer will fail in gsome reduced-order application. Though most of the
(stable) adaptive controllers tested seem to better the performance of
fixed modal controllers this does not present a conclusive argument for

unsupervised adaptive control, It is trite but true that further study

is necesrsaryv.
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Appendix A:

A-1:

A-12:

A-13:

Root Locus Program Listings and Tabular Outputs

Program determining Py and P, in (3-12) for Examples 1-4

Pys Pos h, and f for Example 1 (Fig. 3-1)

Pys Pyo h, and f for Example 2 (Fig. 3-3)

Pys Pys h, and f for Example 3 (Fig. 3-5)

Py» Pyo h, and f for Example 4 (Fig. 3-8)

Program determining 9, and qzin (3-15)
for Examples 1-4

Ay 9y h, and f for Example 1 (Fig.

9y 99 h, and f for Example 2 (Fig.
4y dy» h, and f for Example 3 (Fig.
s 9o n, and f for Example 4 (Fig.
Program determining 9y = 8ys 9y = a2+
f.e.[0 f] in (3-14), for Example 3

Ays 9ps h, and f for Example 3 (Fig.

Sample Plot Program (Fig.

3-2)

3-4)
3-6)
3-9)

ef,

3-7)

3-1)
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Appendix B: Supporting Alebra for (3-31) - (3-43) and Simulated
Check

Contents: p. B-1-3: Supporting algebra

B=4~5: Step response test progras

B-6 : Step response match




R T T - e e e

p ' From (3-31)

Y—

. Y(z) 6:2[(Buz+812) (22 - ay% -a22) + (an +822) (z2 -a,z- 012)]

R(z) | 2 2 — 2
{fz - nz- nz)(z - a,% - ulz)(z - a7 - 022)

2 2
| = vz + v) (8,2 + 8 )(2" - ay,z - ayy) + (Byyz + B,,)(2" = a2 - 012)]:]

b 25 +b z“ + b z3 +b 22 +bz+b
5 4 3 2 1 0 - N(z)

zb +a 5 4 3 2 D(z) ° (B-1)

6 Sz +a42 +a3z +azz +alz+ao

a

Evaluating the numerator

3.4 2 _ 4 v 2% - g
= B T PryMae? T Bia® T Byo%g)®

N(z) = 622 [an

-~

. _ y 2
Byggy ¥ BypZ = Bypay 2 = By,0y92

, + “22‘2 = Byp81% T Bygup,!
. 5 . 4
| = 1808+ By lz" + IS(Ryjag) + 8, = Byyay) + Byptiz
, (=B 109y = 8199y = By - “22“11)123
H6(=Byyuyy = Bypay )] 2 (B-2)

yields (3-32) - (3-36). Define the denominator as

D(z) = D (2) - D,(2) (8-3)
where
D(z)-(zz—nz—n)(zz-u z-a)(zz-a zZ - Qa,.) (B-4)
1 1 2 11 12 21 22
and

! ! N(z)

§ ! Dz(z) = (\.»1 z + \)2) éz: . (B-5)
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Expanding Dl(z) yields

2 4 3 2 3 2
Dl(z) = (27 - nlz - nz)(z - u21z - 0222 - allz + “11“212

2

2
+ 19902 = alzz + u12“2lz + 012022)

2

2 3
= -z =)z, = (e +ag)zT = (ayy = ajyan, 4w ))z

+(a Yz + a

11%2 1 M2 12%22!

b 4 3
2= lagp + oy = gy = oy Fuppdzt 4 (agay, +oag g, )2

4 3
12%9% = n,z + nl(u21 + all)z + nl(u22 - a4 + ulz)z

2 4 3
= Ny (aypagy P ayay)et = njaa00z = a2t 4oy (ay, + g )z

2
+nplagy = apyagy 4 a)y)2T = e a0, +agaayy)z = nyag 0.,

6 5 4
=z + (-uzl e - nl)z + (-a22 + @11%;p = 9yp ¥ Ny%y + "%y nz)z

3
Hagyagy + 0)aay) F nyayn nag g bniag, Fnpay,t nya) )z

2
T390 = Nj9y 00 T MU0y F Nptan T Npdy dyy + Nyay,)z

N ap ey T Npd) Uan T NyB 50002 = Ny Ly, (8-6)

- o

Expanding Dz(z) aiven (B-2) vields

N 2
Dy(z) = (vyz + v)[(By) + By 2" + (=8 10y, + B8y = Byjay) + By,)z

(= Byagp T Bla®y) T Byyags = Rppuyy)e

= Blpagy = Bgpaya)l]

e TSR TR R e e R e o e T TR IR A Ty e o T
R - —rw—— :ggguunu-llii




|

4
= (vyB8)) + vy Byl + 2V 10y + ViB1y = V) Byyayy + V) By
3
*VoBiy vy Bpp)ET F (ovBy 050 = ViBiatyy = vy Boyy)

2
= V) Bap®yy T VaBi9p1 t VaBp T Vg By 8y t v,y Bpo)2

+ (=v;B)9899 = V) Byplyp = VpBy any = VpBya04,

vy Bap®yp T Vg Byp®)z t (=vpBiaap, = vy Byoagnle (8-7)

sithtracting (B=7) form (B-6) as in (B-3) yields (3-37) - (3-43).
i For example 5 the unit step response from zero initial conditions of
%%f% in (B-1l) with the parameter definitions of (3-72) - (3-43) was compared
with that of (3-17) using the control law of (3-25). The program listing

| and outputs for this comparison complete this appendix. Note that the

outputs are identical, which verifies (3-32) - (3-43).
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} Appendix C: Factorization of % for Example 5 ?
4 i
% Contents: p. C-1-2: Factorization program |
3 C-3-7: IMSL routine - ZRPOLY
E E C-8: Destabilizing Az effect
) |
! C-9: I'Yot routine for Fig. 3-10
C-10: Plot routine for Fig. 3-11
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Appendix D:  Overall Transfer Functions for Example 6

Contents: p,. D=1-2:
D=3=4:

D=5=6;

Supporting algebra
Simulated step response check for (3-48)

Simulated step response check for (3-61)

Note: a's and b's in printout correspond to p's and q's in (3-48)

and (3-61)
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Consider the control configuration in Fig, 3=12 a (or ¢) with a convergent

identifier, i.e. the time-invaviant, asymptotic case, For the plant in (3-17)

with the controller in (3-46) and the actuator of (3-45) with

8 8 ot (b-1)

then, since

5 R(z) + (v, z-li-vz znz)Y(z)
U (z) = -
¢ (= ot - ny 2 2 (»-2)
and
Y(z) . U(z) Y(2)
UGz} T U_() MO (D-3)
Y(2) a- ”1?‘“1 - "22-2) Y(z)
U.(2) R(z) + (\)1‘1"1 + vzz-z) Y(2)
. [:ﬁ}lz MY , Pa?t By ' 1-g
2 2 z - g .
207 %1% 7 T2 L S D I B (D-4)

Cross~multiplying in (U'=4) and rearranging ylelds

2 , 2 2 , :] J
Y(z) ) i {BBXLJ + 5])(.4 (),21& “22) + (B“z + 812)(5 - ‘lll."" ...(;12) a(1 - 8),

2
: 7
" {(z - B (P ay 2 - ) (% - ayyz - ay) @ - ngz - 0y

2 2 N
S 400 - ) LBz + B ) (27 = ag - 0y )4 (B 2B, ,) (2 '“11”"“123'}

L2 4 3 2
(1 -g) N (2) Ag 27+ quz + 427 +q,20 + g,z +q

- =Ty 6 5 A 3 2
(z - g) D(2) = (1~ 8) Py(2) [p,z’ + pgz + Pz + P2 + pyz’ + py2

+pz + ol (D-5)

where N(z), Dl(z), and Dz(z) are frowm (B-2), (B-4), and (B-5), respectively,

|




p-2

Note that the q, of (D~5) are equal to the (1=p) b of (3=32) - (3-36) as
shown in (3=49) -~ (3~53), From (B=6) and (P~7) the Py of (W5) - (3=60)
are readily formed.

Similarly for the control configuration of Fig, 3J=12b after identifler

convergence, from moving the pickoff point across the actuator

U () = 8 RG) + (35 270, (358 ) 7%y ()

Lo

vy 2 e, 27 v(e) (1-6)
and
Y(2) 1-¢ ) Y(x)
U @) N zeg l U(z) .
Therefore
lz3; el - 1 UB) 2 =y (=p)) Yo - [Byy2 + 8y, . (islz + By, ]
2”8 R(z) + [vla + vzl Y(z) {wz =g T a7 -y z - A, )

(D-7)

Again cross-multiplying and rearvanging vields

o) 9 3
‘ 2" § (l—g)l(ﬁllz + 8 ) (2" - My # = uQQ) + (ale + qu)(z a5z - "1”)] }

yiz) 12
R(z) = (3 3 ¥ 2
([z - 82 - (I=p)z - Hg(l“&)](& - agE - nlz)(z -0y e - “22)
2 2
-[vlz + v2](1~g)18 z + bl,)( = 0% = ) b By ¥ By, ) (27 - 4% - “12)

. (=) NQ?)
((&J - az = ny (1=8) 2 -n,(1-g) ] (2"

#

(N-8)
where N(z) and Dq(z) are from (B=2) and (B-7), respectively. Expansion

vields (3-62) - (3-68).

7 ,
- a8 - ula)(z -y, = “22) -(1-g)02(z)]i
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Appendix E: Factorization of (3-48) and (3-61) for various Az as in

Table 3~1

Contents: p.E~1-2; Sample program for (3-48) for Az -]

I

E~3-4: Coefficients of (3-49)-(3-60) and singularities
of (3-48) for Az =1, 10, 20, and 50

E-5-6: Sample program for (3-61) for A, = 1

2
E-7-8: Coefficients of (3-62)~(3-68) and singuiarities

of (3-61) for A2 = 1, 10, 20, and 50

¥
Note: a's and b's correspond to p's and q's in (3-48) and (3-61). é‘
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Appendix F: Sample Programs for the Five Adaptive Controllers

in Section 4 and the Run Statistics in Section 5.




ST TR N

F-1

BLOCK DATA
IMPLICIT REAL®H (A-h,0-2)

REALSSH 1DO (10) ,10 (1) ,NITE (10) ,SASI(10), SAFPEA (10) ,
® SAPPEB (10) ,SPPEVA(10) , SPFLVE (10) ,SACPEP (10) , SACPEG (10) ,
» SCPRVF (10) ,SCPEVG (10) , NASTE (10) ,NSTEV ( 10)

INTEGER KD (12)

COMMON /STATS/1D0,10,NITE, SAST ,SAPFEA, SAPIEE,
® SIDEVA,SPPEVH,SACPEF, SACPEG, SCPEVF, SCPEVG, NASTE, NSTEV,
e SIE,SSPEFA,SSPIB,SSCPP, SSCPG, N, KD

DATA KD/0,1,2,%,10,20,50,100,200,500, 1000,2000/

END

INPLICIT REAL®H (A=H,0-2)

EXTERRAL OVPL

REALSB A1(5) ,A2(5) 4B (5) ,5(5) o ANP (4) , W (4, 5)

KEAL®Y C(5) ,D (%) ,AHAT (4) ,BEAT(4) , PHAT (4) ,GHAT (4)

REAL YMIN(4),YMAX (4)

KEAL®8 IDO (10) ,10(10),NI1TE (10) ,SASI (10), SAPPEA (10) ,
&  SAPPRB(10) ,SPPEVA(10) ,SFIEVE (10) ,SACPEF(10) ,SACPEG (10) ,
¢  SCPEVF(10) ,SCPEVG(10) , NASTE (10) ,NSTEV(10)

KEAL®B ESTMUL (3)

INPEGEK PCTL,PTENI ,IXCHG,EETSTE (3)

INTEGER KD (12)

CONRON /8STATE/Z1D0,10,NITE, YAS1 ,SAPPEA,SAVPED,

*  SPPEVA,SPPEVH,SACEEF,SACENG, SCPEVE, SCPEVG,NASTE,NSTEY,
*  STE,SSPPA,SS5PPB,SSCEFP,55CP6G, B, KD

COMMON /LUN/LP
COMMON /CONTKL/F,G,AHAT,BHAT,FHAT,GHAT
DATHL K/ 4/

DATA AV/0.9500,0.900,0.9D0,0.900,0,83D0/

DATA A2,/0.200,0.1D0,0.8D0,0.700, 0,300/

DATA “/0 .00500 '0 . 1“0 'O ‘0 #hU 'OQbDU'-U . ‘93 UQ/

DATA PI/O.U'H)O,"U.U11)0,0.0&1)0,-().3[)0,0.?U(!DO/’

DATA Cr0.4D0,0.7D0,1.000,0.0D0,0.600/

DATA D/0.8DO,0.065D0,0.5D0,0,6D0,0.700/

DATA YMIN/=T1.0,=4.0,-4.0,~1.0/

D“Ti‘ YHAX/J-O,“.U,“.U,&.U/

DATA MAX ,NSEED/1000, 13579/

DATA AMF/1.0D0,2.0D0,2.0D0,2.0D0/

DAPA W(V1,1),W(1,2),0(1,3),W(Y,4),4(1,5)/
¢ 0,17851D0,0.344063D0,0.55452D0,0.40866D0,0.28534D0,
DATA U(Z,1),H(2,2),H(2,3),H(2,“),8(2,5)/
¢ 0.44629D0,0.606157D0, 1.38629D0, 1.02V7D0,0.71335D0/
DrTA H(3,1),H(J,2).H(3,3),W(3,“),H(3,5)/

* 0 17451D0,0.346403D0,0.55452D0,0.408066D0,0.268536D0/

DATA W(4,7),W(4,2) ,0(4,3),W(4,0),1(4,5)/

* J.U44629D0,0.86157D0,1.38029D0,1.0217D0,0.7133500/

DATA ESTHMUL/0.800,1.000, V.2D0/

DATA PCTL,PTEMP/Y 18,000y
DATA ESTSTR/'=-20%%,% O 9, 9420%0/

LP = b
CALL EKRSET(207,1000,-1,1, 0VFL,0)
WKI™E (6, 10)

10 FOKEAT(* PHKINTOUT INTERVAL = ¥)




READ (5,%) INTV

WRITE(6,20)
20 FORMAT(® STARTING AND ENDING EXAMPLES = )
: KEAD (5,%) NEXST ,NEXEND
WRITE (6,30)
30 PORBAT(® S ARTING AND ENDING ALGORITHMS = 9)
READ (5,*) NALGST,NALGED
NSC = 2
PO 1000 NEX=NEXST,NEXEND
DO 100 NALG=NALGST . NALGED
DO 100 BEST=1,3
po 100 1NP=1,4
AHAT (K) = AV(NEX)®LSTMUL (NEST)
AHAT (K=1) = AMAT (K)
YIAT(K) = B (NEX)SESTMUL (NEST)
UHAY (K=1) = BHAT (K)
GHAT (K=1) = C(NEX) /B (NEX)
GHAT (K=1; = GHAT(K-1)
GUAT (K=2) = GHAT (K-1)
G = GHAT(K=-1)
FHAT (K=1) = (D(NEX)=AV(NEX)) /B (NEX)
FHAT (K=1) = FHATIX-1)
PUAT (K=2) = FHAT(K-1)
P = FUAT(K=1)
WRITE (10,50) FCTL,NEX ,INP ,ESTSTR (NEST) ,
50 FORMAT (A1, 15X, *EXAMPLE?,12,? INPUTS, 12, NON=-ADAPTIVES,
* ¢ EST = %,AlUy)
WRITE (6,50) PCTL,NEX,INP,ESTSTR (NEST)
PXCHG = PCTL
YCTL = PTEMP
PTEMP = PXCHG
CALL SIMUL (AV(NEX) ,A2 (REX) ,l(NEX) ,FE (NEX) ,AMP (INP) ,4 (INP,NEX),
* NSEED,INP,NALG,NEX,NSC,C (NEX),D(NEX) ,YMIN (INP) ,YHAX (1NP),
*  INTV,MAX)

" 100 CONTINUDE
000 CONTINUVE

ENDFILE 10
STOP

END

SUBKOUTINE OVFL
LOGICAL OVFLOW

COMMON /BOMB/OVFLOW
WRITE (6, 10)

10 FORMAT (/% #%% OVERFLOW s#81,)
OVFLOW = .TRUE.
RETURN
END
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BLOCK DATA

IMPLICIT REAL®8 (A=H,0-2)

REAL®*8 1DO (10) ,10 (%) ,NITE (10) ,SAS1(10), SAPPEA (10) ,
® SAPPEB (10) ,5iPEVA(10) ,SPPEVE (10) ,SACPEF (10) , SACPEG (10) ,
» SCPEVP(10) ,SCPEVG(10),NASTE(10),NSTEV (10)

INTEGER KD (12)

COBMON /STATS/1DO,10,NITE,SASL,SAPPEA, SAPPED,

» SEPEVA,SPPEVB,SACPEF,SACPEG, SCPEVF, SCPEVG,NASTE, NSTEV,
* STE,SSPPA,SSPPB,SSCPF,S$S5CPG, M, KD

DATA KD/0,1,2,5,10,20,%0,100,200,500, 1000,2000/

END

INMPLICIT REAL®L (A-H,0-2)

EXTERNAL OVPL

LEAL®8 A1(5) ,A2(5) ,B(5) ,E(Y) ,AMP (4) ,W (4, 5)

KEAL®8 C(5),D45) ,AHAT (4) ,BHAT (4) ,PHAT (4) ,GHAT (4)

REAL YMIN (4),YMAX (4)

REAL®8 IDO (10) ,10(10),NITE (10) ,SASI (10), SAPPEA (10) ,
*  SAPPEB (10) ,SPVEVA (10) , SPPEVB (10) ,SACPEF (10) , SACPEG (10) ,
% SCPEVF (10) ,SCPEVG(10) , NASTE ( 10) ,NSTEV ( 10}

REAL®8 ESTMUL (3)

INTEGER PCTL,PTENMP,PXCHG,ESTSTR(3) ,SCSTR (3)

INTEGER KL (12)

COMMON /STATS/1DO,10,NITE,SASI ,SAPPEA,SAPPEB,

* SFPEVA,SPPEVH,SACPEF,SACPEG, SCPEVF, SCPEVG,NASTE,NSTEV,
®» STE,SSPPA,S5PPh,SSCPF,SSCPG, M, KD

COMMON /LUN/LP

COMMON /CONTRL/F,G,AHAT,BHAT,FHAT,GHAT

DATA K/4/

DATA A1/0.95D0,0.9D0,0.9D0,0.900,0.83D0/

DATA A2/002DO‘0.100'00500.'0.700000300/

DATA B/0.0bbDO,U."X),O .08D0!005D00-00193DO/

DATA E/0.01D0,-0.000,0,02D0,-0.300,0.208D0/

DATA C,0.4D0,0.700,1.000,0.800,0.6D0/

DATA D/0,8D0,0.6500,0.5D0,0.6D0,0.7D0/

DATA YMIN/=1.0,-8.0,-4,0,-1.0/

DATA YMAX/2.0,4.0,4,0,2.0/

DALA MAX,NSEED/1000, 13574/

DATA ANP/1.0D0,2.000,2.000,2.0D0/

DATA W(1,7),W(1,2),W(1,3),W(Y,4),n(1,5)/

*» 0,1785%W0,0,.344063D00,0.55452D0,0.40866D0,0.28534D0/

DATA W(2,1),W(2,2),W(2,3),9(2,4),W(Z,5)/

* 0.4462900,0.86157D0, 1.38629D0, 1.0217D0,0.71335D0/

DATA W(3,1) ,W(3,2) /0 (3,3) ,H(3,4) ,0(3,5)/

* 0.1785100,0.34463D0,0.55452Dp0,0.40806D0,0.28534D0/

DATA W (4,1) 0 (4,2) 0 (4,3),4(4,u4),H,5)/

* 0.4462900,0.8615700,1.38629D0,1.0217D0,0.71335D0/

DATA ESTMUL/0.8D0,1.0D0, 1.2D0/

DATA PCTL, PTEMP/*1%,10%/

DATA ESTSTR/*-20%%,* O *,%420%%/

DATA SCSTR/'SC- ¥,95C0 *,%5C+ ¢/

LP = 6
CALL ERRSET(207,1000,-1,1,0VFL,0)
WRITE (6, 10)

e b R TALUATN . BRIt
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F-4

10 FORMAT(® PRINTOUT INTERVAL = ¢)
" KEAD (5,%) INTV

; WRITE (6,20)
. 20 PORMAT (* STARTING AND ENDING EXAMPLES = V)
READ (5, %) NEXST ,NEX END
WRITE (6,30)
30 PORMAT(® STARTING AND ENDING ALGORITHHS = ¢)
READ (5,%) NALGST, NALGED
| WRITE (6,40)
40 PORMAT(®* SMOOTHING COEFPICIENT = )
: KHEAD (5, %) NSC
DO 1000 NEX=NEXST,NEXEND
DO 100 NALG=NALGST,NALGED
DO 100 NEST=1, 3
DO 100 INP=1,4
AHAT(K) = AV(NEX)*ESTMUL (NEST)
AHAT (K=1) = AHAT (K)
BHAT (K) = B(NEX)SESTMUL (NEST)
BHAT (K-1) = BHAT (K)
GHAT (K=1) = C(NEX) /B (NEX)
GHAT (K=1) = GHAT (K~-1)
GHAT (K=2) = GHAT (K-1)
G = GHAT (K=1)
FHAT (K=1) = (D (NEX)=A1(NEX)) /B (NEX)
FHAT (K=1) = PHAT (K-1)
FHAT (K=2) = FHAT (K-1)
F = FHAT (K=1)
WKITE (10,50) PCTL,NEX,INP,NALG, ESTSTR (NEST) , SCSTE (NSC)
50 FOKMAT (A1, 15X, YEXAMPLE®,12,*  INPUTY,12,* ALGORITHMY,12,
$ ¢ EST = ,A4,' SS2 *,Aly)
WKITE(&,50) PCTL,NEX, INP, NALG, ESTSTR (NEST) ,SCSTR (NSC)
PXCHG = PCTL
PCTL = PTEMP
PTEMP = PXCHG
CALL SIMUL (A1(NEX) ,A2(NEX) ,B(NEX),B(NEX) ,AHMP (INP) ,W {INP,NEX),
» NSEED,INP,NALG,NEX,NSC,C (NEX),D(NEX) ,YMIN (INP} ,YNAX (INP),
* INTV,MAX)
100 CONTINUE
1000 CONTINUE
ENDFILE 10
STOP
END
SUBROUTINE OVFPL
LOGICAL OVFLOW
COMBON /BOMB/OVFLOW
WRITE (6, 10)
10 FORMAT (/% %%% OVERFLOW *%%1))
OVFLOW = .TRUE.
RETURN
END

T |

K
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SUBROUTINE SIMUL(A1,A2,B,E,ANMP,W , NSEED,

* HODE,NALG,NEX,NSC,C,D,YMIN,YMAX,INTV,NAX)

INPLICIT REAL®8 (A-H,0-2)

KEAL®*8 NMU,U(4) ,Y (4),R(4),5 )

REAL®8 AHAT(4) ,BHAT(4) ,FPHAT (4) ,GHAT (4)

REAL SIG (4) ,TIME

INTEGER SYNMDOL (4)

KEAL®8 1DO(10) ,I0(10) ,NITE (10) ,SASI(10), SAPFEA (10) ,
* SAPPEB (10) ,SPPEVA (10) ,SPPEVB (10) ,SACPEF (10) , SACPEG (10) ,
* SCPEVF (10) ,SCPEVG(10) , NASTE (10) ,NSTEV ( 10)

REAL®8 T1(4),T2(4),T3(4) ,74(4) ,TS5(4),T0(4) ,T7(4),

* TH(4),T9 (4)

REAL®8 SC(4,3,2)

INTEGER KD (12)

LOGICAL OVPLOW

COMMON /STATS/1D0,10,NITFE,SASI ,SAPPEA, SAPPEB,

* SPPEVA,SPPEVEF,SACPEP,SACPEG, SCPEVF, SCPEVG,NASTE,NSTEV,
¢ STE,SSPPA,SSPPB,SSCPF,S8CPG, M,KD

COMMON /LUN/LP

COMMON /BOMB/OVFLOMW

COMMON /SIGNAL/R,U,Y,S

COMMON /CONTRL/F,G,AHAT,BHAT,FHAT,GHAT

COMMON /MISC1/T1,72,T3

COMMON /HISC2/T4,T5,T6

COMMON /M1SC3/17,T8,T9

DATA K4/

DATA SC(1,1,1) ,SC(1,2,1) ,5C(1, 3,1 /=0.9,-0.95,-0.97/

DATA SC(‘, 1'2’ 'SC(1'2'2) ’SC(A" 3,2)/"007,‘0.8"0-9/

DATA SC(2,1,1) ,5C(2,2,1) 4SC(2,3,1)/-0.9,-0.9,~0.9/

DATR SC(2,1,2) ,SC(2,2,2) 4SC(243,2) /=0.65,~0.65,-0.65/

DATA SC(3,1,1),8C(3,2,1),5C(3,3,)/-0.9,~0.9,-0.9/

DATA SC(B,‘,Z) .SC‘J,Z,Z) ,SC(:" 3'2)/"005"005,"005/

DATA SC(Q,"." 'SC(“,'Z.,)QSC(“' 3, 1)/’0.8"‘009"0.95/

DATA SC(4,1,2) ,SC(4,2,2) ,5C(4,3,2)/-0.4,-0.6,-0.8/

DATA SYMBOL/U®,0RY, 050 0y,

DO 100 I=1,4

V(1) = 0.0D0
Y(I) = 0.0D0
R(I) = 0.0D0
S(I) = 0.0D0
T1(1) = 0.0D0
T2(I) = 0.0D0
T3(I) = 0.0D0
Tu(I) = 0.0D0
T5(1) = 0.0D0
To (I) = 0.0DO
T7(1) = 0.0D0
TH(I) = 0.0D0
T9(1) = 0.0D0
CONTINUE

NSD = NSEED
n=1

T T T
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is

200

210
220
230

240

DO 200 I=1,10
IDO(I) = 0.0D0
I0(I) = 0.0D0
SASI(I) = 0.0D0
NASTE(I) = 0.0DU
NSTEV(I) = 0.0D0
NITE(I) = 0.0D0
SAPPEA(I) = 0.0D0

SAPPEB(I) = 0.0D0
SACPEF (I) = 0.0D0
SACPEG (1) = 0,0DO
SPPEVA (I) = 0,0D0
SPPEVB (1) = 0.0D0
SCPEVP (I) = 0.0D0
SCPEVG (1) = 0.0DO
CONTINUE

KOUNT = ¢

STE = 0.0D0

SSPPA = 0.0D0
SSCPP = 0.0D0
SSCPG = 0,000

CYV = ATeA2

CY2 = «=pA1%A2

CUY = B<E

CU2 = ~Rep2-E*Al
IPRT = 0

INIT = 1

MU = 1,00

H = 1.0D0

IF(NALG.EQ.3) Q = SC(NEX,NSC,1)
1F (NALG.EQ.5) © = SC (NEX,NSC,2)

DO 5000 N=1,MAX
IP (OVFLOW) GOTO 6000

Y(K) = CYTV®Y (K=1) ¢CY2*Y (K=2) +CUT*U (K= 1) ¢ CUL2U (K~2)
S(K) = C*R(K=1)+D*5(K-1)

COMMENT OUT THIS COMPUTED GOTO AND ALSO THE
FOLLOWING CALL'S POR THE RON-ADAPTIVE CASE

GOTO (210,220,230,240,250) ,NALG
CALL ADAPTI(C,D,MU,RHO )

GOTO 300

CALL ADAPT2(C,D,MU,RHO,H)

GOT0O 300

CALL ADAPT3(C,D,MU,RHO,H,Q)
GOTO 300

CALL ADAPTH(C,D,MU,RHO,H)

GOTO 300




250
300

000

5000

000

6500
7000
7010
7020
7030
7040
9050

CALL ADAPTS (C,D,MU,RHO,H,Q)
CONTINUE

CALL INP (MODE,N,AMP, W ,NSD,k(K))
U(K) = G®R (K) ¢FP*Y (K)
TINE = FLOAT (N)

CALL STAT(N,KOUNT)

IP ((N/INTV) *INTV.NE.N) GOTO 1000

SIG(1) = SNGL(U(K))

S1G(2) = SNGL(R(K))

SIG(3) = SNGL (S (K))

SIG(4) = SNGL(Y (K))

CALL T¥PLOT (TIME,SIG,4,SYNBOL,YNIN,YHAX,IPRT,INIT)

CONTINUE

R(K-2) = K(K=1)
R(K-1) = R(K)
U(K=2) = U(K=1)
V(K=1) = U(K)

Y (K-2) = Y (K-1)
Y(K-1) = ¥Y(K)
S(K-2) = S (K=1)
S(K=1) = S(K)
CONTINUE

GOT0 6500
CONTINUL

IDO(M) = 0.0DO
10(M) = 0.,0D0

#HE BN

Sp5I(M) = 0.0DO
NASTE (M) = 0.0DO
NSTEV (M) = 0.0DO
NITE(M) = 0.0D0
SAPPEA (M) = 0.0DO
SAPPEB (M) = 0.0DO
SACPEF (M) = 0.0DO
SACPEG (M) = 0.0DO
SPPEVA (M) = 0.0DO
SPPEVB (M) = 0.0DO
SCPEVF (M) = 0.0DO
SCPEVG (M) = 0.0DO
CONTINUE

WRITE(10,7000) (KD (1) ,I=2,6)

PORMAT (11X,* K*,6X,5 (2X,15,4X) /)
WKITE(10,7010) (IvO(1),I=1,5)
FORMAT (11X,° IDOS,4X,5(1PD11.3))
WRITE (10,7020) (I0(1) ,1=1,5)

FORMAT (11X,°* 10°,5X,5(1PD11.3))
WRITE(10,7030) (NITE(I) ,1=1,5)
FORMAT (11X,% NITE®,3X,5(1PD11.3))
WRITE (10,7040) (NASTE (I) ,I=1,5)
FORMAT (11X, NASTE®,2X,5 (1PD11.3))
WRITE (10,7050) (NSTEV (I) ,1=1,5)
FORMAT (11X, NSTEVY,2X,5(1PD11.3))

S
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WKITE(10,7060) (SASI(L) ,1I=1,5)
160 FORMAT (11X, SASI®,3X,5(1PD11.3))

COMMENT OUT THESE WRITE®S FOR THE NON=-ADAPTIVE
CASE BECAUSYE THE FARAMETERS DO NOT CHANGE

RRITE(10,7070) (SACPEF (1) ,1=1,5)
)70 FORMAT (11X,* SACPE F*,5(1PD11.3))
WRITE(10,7080) (SACPEG(I) ,1=1,5)
180 FORMAT (VX ,* SACPE G',5(1PD'1.3))
WKITE(10,7090) (SCPEVE (X) ,1=1,5)
190 FOKMAT (11X,* SCPEV F',5(1PD11.3))
WRITE(10,7100) (SCPEVG(I),1=1,5)
100 FOKMAT (11X,* SCEEV G*,5(1PD11,3))
IF(NALG.GT.3) GOTO 750V
WRITE(10,7110) (SAPPEA(I) ,1=1,5)
110 FORMAT (11X,' SAPEE AY,5(1PD11.3))
! WRITE(10,7120) {SAPPER(I) ,1=1,5)
§ 120 FORMAT (11X, SAFLFE B*,5(1WD11.3))
WRITE(10,7130) (SFIEVA(I) ,1=1,5)
130 FORMAT (V11X,* SPEFEV A*,5(1PD11,.3))
| WHITE(10,7140) (SPPEVB(T) ,1=1,5)
WO FORMAT (Y1X,' SPHEV BY,5(1PD11.3) ) :
GOTO 7800 |

| 00 conrinug
WH1TE(10,7750) |
‘50 FORMAT (////) |

00 CONTINUE

. WEITE (10,7000) (KD (1) ,1=7,11)
WhITE(10,7010) (1DO(1),I=b, W)
WRITE(10,7020) (10 (1) ,1=6,10)
WRITE(10,7030) (NITE(I),1=6,10) 4

: WEITE(10,7040) (NASTE (1) ,1=6, 10)

i WKITE(10,7050) (NSTEV (1) ,1=b, 10)

WHKITE (10,70060) (SASI(I),1=6,10)

COMMENT OUT THLESE WRITE STATEMENTS FOR THE
NON=-ADAPTIVE CASE, SINCE F,G,A,l DO NOT VARY

WRITE(Y0,7070) (SACPEF (1) ,1=0,10)
WIITE(10,7080) (SACPEG (1) ,I=0b,10) :
WRITE(10,7090) (SCPEVF(1),1=0,10)
WRITE (10,7100) (SCPEVG(I),I=0,10) *
1F(NALG.GT.3) GOTO 800G
WRITE(10,7110) (SAPPEA(I) ,1=0,10)
g WEITE(Y0,7120) (SAPYEB (1) ,1=06,10)
§ WhITE(10,7130) (SPPEVA(I) ,1=06,10)
WEITE(10,7140) (SPPEVB(I) ;126,10)

5 R ETURN

§>ou CONTINUE
WEITE (V0,7750)
KETURN

} END




100

200
300

400

000

SUBROUTINE INP (MODE,K,ABP,W,NSEED, )
INPLICIT REAL®8 (A-H,0-2)
REAL RANNO

IP(K.LT.0) GOTO 1000

GOTO (100,200, 300,400) , HODE
U = AMP

RETURN

CONTINUE

U = AMPSDSIN (WSFLOAT (K))
RETURN

CALL RANDU (NSELED,M,KANNO)
NSEED = M

U = AMP® (RANNO-0.25)
RETURN

U = 0,000

RETURN

END




100
200

300

1000

L
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SUBROUTINE STAT(N,KOUNT)

INPLICIT REAL®S (A-H,0-1)

REAL®G R (4),U(4),Y (4),S(4)

REAL®8 IDO(10),10(10),NITE (10) ,SASL(10),SAPPEA (10),

*  SCPEVF (10) ,SCPEVG (10) . NASTE ( 10) ,NSTEV ( 10)

.
]

KEAL®S AHAT (4) ,BHAT(U4) ,FHAT (4) ,GHAT (4)
INTEGER KD (12)
COMMON /STATS/ID0,10,NITE, SAS1 ,SAPPEA, SAPPEN,

SPYEVA,SPPEVE,SACPEF ,SACFEG, SCPEVY, SCPEVG ,NASTE, NSTEV,

STE,SSPPA,SSPPB, SSCPF, S5CPG, M, KD
COMMON /CONTRL/F,G,AHAT,BUAT,FHAT,GHAT
COMMON /SIGNAL/R,U,Y,S
DATA K/4/

TE = (S(K) =¥ (K))/S (K)

GOTO 200

TE = 0.0

KOUNT = KOUNT+ Y

NASTE (M) = NASTE(M)eTE®«)

STE = STE+TE

SAST (M) = SASI (M) +U (K) e»2
SAPPEA(M) = SAPEER (M) *AHAT (K-1)
SAPPEB(M) = SAPFEB (M) +BHAT (K-1)
SACPEF (M) = SACREF (M) +F

SACPEG (M) = SACPEG (M) +G

SSPPA = SSPPRASAHAT (K-1) ey
SSPIPB = SSPPE4LHAT (K=1)%»2
SSCPF = SSCPFepes
SHCPG = SSCPGAGE*2

TIME = FLOAT(N)

1F(N.LT.KD (M+1)) RETURN

IDO (M) = S(K)

10(H) = Y (K)

RANGE = PLOAT (KD (M+ 1) =KD (M))

DIV = (RANGE-FLOAT (KOUNT)) * (RANGE-FLOAT (KOUNT) - 1)
RNG = RANGE-FLOAT (KOUNT)

NSTEV(M) = 0.0

IF(DIV.GT.0.0) NSTEV (M) = (KNG®NASTE (M)=-STE®%2)/DIV
IF (NSTEV (M) .LT.0.0D0) NSTEV(M) = 0.0D0

NITE(M) = TE

DIVSOR = KANGE® (RANGE-1)

I1F (DIVSOR.LE.0.0) GOTO 1000

SPPEVA (M) = (RANGE®*SSPPA-SAPPEA (M)**2) /DIVSOR

1P (SPPEVA (M) .LT.0.0D0) SPPEVA(M) = 0.0D0

SPPEVE(®) = (RANGE®SSPPB-SAPPER(M)*%2) /DIVSOR

1P (SPPEVE (M) .LT.0.0D0) SPPEVB(M) = 0.0D0

SCPEVF (M) = (RANGE®SSCPF-SACPEF (M)®*#2) /DIVSOR

1F (SCPEVF (M) .LT.0.0D0) SCPEVF(M) = 0.0DO

SCPEVG (M) = (KANGE®*SSCPG-SACPEG (M)*%2) /DIVSOR

IF (SCPEVG (M) .LT.0.0D0) SCPEVG (M) = 0.0DO

GOTO 2000
SPPEVA (M)
SPPEVE (M)

0.0D0
0.0D0

"ou

SAPPEB (10) ,SPPEVA(10) ,SPYEVB (10) ,SACPEF (10) , SACPEG (10) ,
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SCPEVF(M) = 0.9D0

SCPEVG (M) = 0.0D0

CONTINUE

SASI(M) = SASI (M) /KANGE
SAPPEA(M) = SAPPEA (M) /RANGE
SAPPEB (M) = SAPPED (M) /RANGE
SACPEP (M) = SACPEF (M) /RANGE
SACPEG (M) = SACPEG (M) /RANGE
NASTE (M) = NASTE (M) /JRANGE
KOUNT = 0

STE = 0.0D0

SSPPA = 0.,0D0

SSPPB = 0.0DO

SSCPF = 0.0D0

SSCPG = 0.0D0

Moo= Med

KETURN

END

"

L
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GE1/SEI ALGORITHM
EQUATIONS (4-4) - (4-8)

SUBROUTINE ADAPTI(C,D,HU,KHO,HI)

IMPLICIT REAL®*8 (A-H,0-2)

KEAL®B MU, R (4) ,0(4),Y(4),S (4),AHAT (4) , BHAT (4) ,E (4)
REAL®8 PHAT (4) ,GHAT(Y4)

{ COMMON /SIGNAL/R,U,Y,5S

| COMMON /CONTKL/P,G,AHAT,EHAT,PHAT,GHAT

DATA K/4/

AHAT (K=2) AHAT {i=1)

| 1]

AHAT (K=1) = AHAf (K)
BHAT (K=2) = BHAT (K=1)
% BHAT (K=1) = BHAT (K)

. E(K=2) = E(K-1)
E(K=1) = E(K)

i PHAT (K=2) = PHAT (K=-1)
. FHAT (K=1) = FHAT (K)

GHAT (K=2) = GHAT (K-1)
, GHAT (K=1) = GHAT (K)

E(K=1) = Y(K=1)=AhHAT (K=1)*Y (K~2) =BHAT (K= 1) U0 (K-2)
DENOM = H+MUSY (K=2) **24RHO®U (K=2) *2

AHAT (K) = AHAT (K=1)+MUSY (K-2)*E(K~-1) /DENON

o BHAT (K) = BHAT (K=1) #RHO®U (K~2) *E (K=1) /DENON

; : GHAT (K=1) = C/BHAT (K)

| Lo FHAT (K=1) = (D-AHAT(K))/BHAT (K)

F = FHAT (K-1)

G = GHAT(K-1)

e

i RETURN
‘ END
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GOY ALGORITHM
EQUATIONS (4=12) = (4-19)

SUBKUUTIRE ADAPTZ (C,D,MU,RHO,H)

IMPLICIT REAL®B (A=H,0-2)

KEAL®® MU,R(4) ,U(4),Y (4),S (4) , YHAT (4) ,AHAT (4) , DHAT (4)
KEAL®8 E(4),FHAT (4),GHAT (4)

REAL®S LAMBDA (4) ,GAMMA (4)

COMMON /SIGNAL/R,U,Y,S

COMMON /CONTHL/P,GC,AHAT,BHAT,PHAT ,GHAT

COMMON /MISC1/GAMMA, LAMBDA,YHAT

DATA K/U/

LARDDA (K=2) LAMEDA (K=1)

LAMEDA (K=1) = LAMBDA (K)
GAMBA (K=2) = GAMMA(K-1)
GAMNA (K=1) = GAMMA(K)
AHAT (K=2) = AHAT (K-1)
AMAT (K=1) = AHAT (h)

BHAT (K=2) = BHAT (K=1)
BHAT (K=1) = BHAT (K)

YHAT (K=2) = YHAT (K-1)
YHAT (K=1) = YHAT (K)

E(K=2) = E(K=1)
E(K-1) = E(K)

FHAT (K=2) = FHAT (K=1)

FUNT (K=1) = FHAT(K)

GHAT (K=2) = GHAT (K=1)

GHAT (K=1) = GHAT (K)

YHAT (K=1) = AHAT(K=1) *YHAT (K=2) ¢+BHAT (Kk=1)*U (K~-2)

LANBDA (K=1) = YHAT (K-2) 4AHAT (K~-1) *LAMBDA (K-2)
GAMMA (K=1) = U(K=2) +AHAT (K=-1) *GAMMA (K-2)
E(K=1) = ¥ (K=1) =YHAT (K-1)

DENOM = H4MUSLAMBDA (K-1) ##24RKHO®GAMNA (K-1) s¢2
AHAT (K) = AHAT (K=1)¢MUSLAMBDA (K-1) *E (K~1) /DENON
FHAT (K) = BHAT (K=1) +RHO®GAMMA (K-1) *E (K-1) /DENON
GHAT (K-1) = C/BHAT (K)

FHAT (K=1) = (D=AHAT(K))/BHAT(K)

F = FHAT (K=1)
G = GHAT (K-1)
RETURN

END
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S0I ALGORITHM

EQUATIONS (U4=23) - (4~-29)

SOBROUTINE ADAPTI(C,D,MU,RHO,H,0)
INPLICIT REAL®8 (A-H,0-2)

REAL®E MU, KR (U4) ,U(U),Y(4) ,S (W) ,YHAT(4) ,AHAT (4) , BHAT (4)

KFAL®B V (4),2(4), PLAT (4) ,GHAT (4)
COMMON /SIGNAL/K,U,Y,S

COMMON /CONTKL/P,G,AHAT, BHAT, PHAT,GHAT
COMMOR /MISC2/YNAT,Z,V

DATA K/4/

% (K=2) = 2 (K-1)
Z(K=1) = 2 (K)

ANAT (K=2)
AHAT (K=1)
BHAT (K=2)
BHAT (K=1)
YHAT (K=2)
YHAT (K= 1)

= AHAT (K-1)
AHAT (K)
BHAT (K~1)
BHAT (K)
YHAT (K=1)
= YHAT (K)

N

i

V(Kk-2) = V(K-1)
V(K=1) = V(K)

FHAT (K-2)
FHAT (K=1)
GHAT (K=2)
GHAL (K=1)

YHAT (K= 1)
DENOM
V(K-1) =

L

PHAT (K-1)
FHAT (K)
GHAT (K=1)
GHAT (K)

u

= ARAT(K=1)%Z (K=-2) ¢+BHAT (K~ 1) *U (K=2)

= HOMURZ (K=2) #22+RHOSY (K=2) #%2
(Y(K=D) =YHAT (K= 1) ¢Q® (Y(K=2) ~Z (K=2)) ) /DENOM

AHAT (K) = AHAT (K-1)+MUSZ (K=2) *V(K-1)
BHAT (K) = BHAT (K=1) ¢ RHO®U (K=2) *V (K-1)
Z(K=1) = AHAT (K)*Z (K-2) ¢BHAT (K)*U (K=2)

GHAT (K=1)
FHAT (K=1)

= C/BHAT (X)
= (D-AHAT(K))/BHAT (K)

F = FPHAT(K-1)
G = GHAT(K-1)

RETURN
END
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GED/SED ALGORITHN
EQUATIONS (4-34) - (4-36)

SUBROUTLINE ADAKTY (C,D,MU,RHO,H)
INPLICIT RLAL®8 (A-H,0-2)

REAL®S MU,R(4) ,1(8),Y(U4),S (4),V(4),PHAT(Y4) ,GHAT (4)

REAL®8 AHAT (4) ,BUAT(4)

COMMON /SIGNAL/K,U,Y,S

COMBON “CONTKL/F,G ,AHAT,BUAT ,PHAT,GHAT
DATA K/4/

L]

GHAT (K=2) = GHAT (K=1)
GHAT(K=1) = GHAT (K)
FHAT (K=2) = FHAT (K-1)
FHAT (K=1) = FHAT (K)
V(K=2) = V(K=1)
V(K=1) & V(K)

V(K=1 = COK(K=2)+D®Y (K=2) =Y (K=1)

DENON = [% (1, 0eMUY (K=2) 8 2¢KHOSU (K-2)%*2)
GHAT (K=1) = GHAT (K=2) *RHO®R (K=2) ®*V (K~-1) /DENOM
FUAT (K=1) = PHAT (K-2) ¢+HUSY (K-2) %V (K=1) /DENOM
G = GHAT(K-1)

F = FHAT (K-1)

RETURN
END
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ECCCCCCCECECCCCCCECCCCECE CCCCCCCECE CCCECCCEOCCCCECCCCeeLece
SOD ALGORITHM
EQUATIONS (4=00) = (4-uu)

SUBKOUTINE ADARTS (C,D,MU,RHO,H,Q)

INPLICIT KEAL®H (A-H,0-2)

KEAL®B BU, K (4) ,U(4),Y(4),S(4),V(4),FHAT(4) ,GHAT (4)
KEAL®8 GAMMA (U) ,BETA (4), AHAT (4) , BHAT (4)

COMMON /SIGNAL/R,U,Y,S

COMMON /COMTRL/F,G ,AHAT,BHAT,FHAT,GHAT

CONMON /MISC3/BETA,GAMMA,V

DATA K/4/ ;
GHAT (K=2) = GHAT (K-1) |
GHAT (K=1) = GHAT(K) é
FHAT (K=2) = PHAT (K-1)

FHAT (K=1) = PHAT (K) |
BETA (K=2) = BETA (K-1) g
EETA (K=1) = BETA(K) ?

GAMMA (K=2) = GAMMA (K-1)
GAMMA (K=1) = GAMMA (K) }
V(K=2) = V(K~-1)
V(K=1) = V (K)

BETA (K=1) = HHO®R (K=2) 824 HUeY (K=2)$92

GAMMA (K=1) = (D+Q) *H®BETA (K=2) *V (K=2) ¢+D*GAMMA (K=2)

DENOM = 1.0+4H®BETA (K-1)

V(K=1) = (S(K=1)=Y (K=1) Q% (S (K~=2) =Y (K=2) ) ~GAMMA (K= 1) ) /DENOM
GHAT (K=1) = GHAT (K=2) *RHO®K (K=2) #V (K~ 1)

FHAT (K=1) = FHAT (K=2) +MU®Y (K=2)®V (K= 1)

Wik e et 2t e .

G = GHAT (K-1)
F = PHAT (K=1)
KETURN

END
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