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Preface

When this thesis topic was initially proposed, it was to be a
study of a complete Model Algorithmic Control (MAC) computer program,
designated IDCOM (Identification and Command) applied to an aircraft
dynamics problem. However, the IDCOM program was not available
because of proprietary rights. Captain J. G. Reid, my thesis advisor,
helped me develop a simplified version of the concept to study the
performance of the algorithm for a lightly damped system. He was
instrumental in guiding my research into this new control philosophy
and provided me with insights I could not have attained unaided. For
his efforts in my behalf, I wish to thank him.

Finally, I wish to thank my wife, Mary Ann, who besides being
patient, understanding, and devoted during this AFIT tour, contri-
buted her typing skills to produce both drafts and the final product.
This thesis is dedicated to her.

Howard J. Colson, Jr.
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AFIT/GE/EE/78-21
Abstract

A new digital control technique, called Model Algorithmic Control
(MAC), was applied to a single-input single-output model containing
complex eigenvalues. The MAC algorithm developed was a simplified
version of the algorithm used by ADERSA/GERBIOS Corporation (France)
in a complete computer program designated IDCOM (Identification and
Command). A second-order model based on the dominant eigenvalues
of the B-52E Fiutter Mode was selected as the hypothetical system to
be controlled. Data were obtained for various selections of control
parameters in the implementing program; i.e., sampling times, control
input limiter values, number of discrete impulse response storage
locations, and time-constants for the first-order model to be followed.
Once an optimum set of parameters was found, a study was made of the
controlling program's "robustness” to eigenvalue changes. The second-
order model was subsequently expanded to a third-order, then a fourth-

order while maintaining the previously found "optimum" control para-

meters. Results obtained indicated that the '"robustness" exhibited
in the MAC concept as implemented in IDCOM is not attributed to the
impulse respouse prediction technique, but rather must be attributed !

‘

to the particular control algorithm used in IDCOM. !

vii
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APPLICATION OF MODEL ALGORITHMIC CONTROL

TO A

LIGHTLY DAMPED SINGLE INPUT SINGLE OUTPUT SYSTEM

I Introduction

Background

Over the last two decades several approaches.have been used in
the design of digital, multivariable control systems. Essentially,
these methods may be broadly categorized into Frequency Domain and
State Space techniques. Besides differing in computational design
techniques, the above approaches generally differ in terms of model
representation and basic control design philosophy. (Ref 1:1-2)

The basis for this thesis is the Model Algorithmic Control (MAC)
technique, which differs significantly from each of the above two
methods in that MAC is a time domain technique. MAC relies on three
principles:

1. The system to be controlled is represented by an internal
model composed of impulse responses. This model is used to predict
the behavior of the system, with its inputs and outputs being déter-
mined by the observed behavior of the system.

2. The desired,system response is characterized by means of
a reference trajectory (generally, a first-order model), which is
updated on-line using the actual system output at the initial point.

3. Controls are computed iteratively so that when they are
applied to the internal model they produce outputs as close as possi-

ble to the desired reference trajectory.




The MAC technique has been successfully applied to design and

operation of industrial processes (Ref 2), design of an aircraft
engine control system, and design of an aircraft flight control system
(Ref 3) using a complete computer program called IDCOM (Identification
and Command). When research for this thesis was begun, there had been
no flight control applications of the MAC concept; in fact, only Ref 1
and Ref 2 were available. However, as the final draft was being pre-
pared, Ref 3 emerged with a description qf the MAC concept, as imple-
mented in IDCOM, applied to the Mirage III'(French fighter).

The MAC concept appeared to be a good candidate for flight con-
trol applications because of its "robustness' property; i.e., its lack
of sensitivity to system changes in eigenvalues and gains. This
characteristic would be a desirable trait in aircraft control system
design because the aircraft dynamics change dramatically with flight
conditions (altitude and airspeed).

As indicated above, when this thesis was begun, there had been no
applications of MAC to flight control problems; therefore, no data had
been collected for systems characterized by lightly damped, complex
eigenvalues (typical of aircraft dynamics). It was initially proposed ':
that this thesis be a study of IDCOM applied to the B-52E Control ]
Configured Vehicle (CCV) Flutter Mode Control Problem. However, the i1
complete IDCOM program was not made available to the writer; so, a
very simplified form of the MAC algorithm was developed to analyze the ﬁ

basic properties of the concept. As a consequence of this simplifica-

tion, the conclusions of this study should not be construed as reflec-

tions upon the ADERSA/GERBIOS (Ref 2) algorithm.
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Objectives

The prime motivation for this thesis was to provide a basis for
possible future flight control applications of MAC (specifically, MAC 4
applied to the B-52E Control Configured Vehicle Flutter Mode Control
Problem); therefore, the following objectives were directed toward
that goal:

1. Develop a computer program to implement a simplified form of
the MAC algorithm. .

2. Apply the algorithm to a reduced-order, complex eigenvalue
(lightly damped), single-input single-output model.

3. Evaluate the results.

Approach

To accomplish the above objectives, the following approach was
used: An appropriate reduced-order, complex eigenvalue (lightly
damped), single-input single-output model was selected based on B-52E
dynamics; specifically, the model simulated the dominant eigenvalues
of the flutter mode (Ref 4:20). The model was then discretized using
a deconvolution technique (Ref 5:72-79). A computer program was
created to accomplish the deconvolution/discretization and subse-
quent application to the MAC algorithm.

After the computer program was created, parameters within MAC
were varied in an attempt to arrive at "optimum'" values. The para-
meters investigated included the sampling time, control input limiter
values, number of discrete impulse response values stored, and tra-
jectory time constants. Once these values were determined, a mis-
match between the theoretical system model and the "actual" simulation

was introduced to observe the system's robustness to eigenvalue change.




After the results of the second-order model MAC study were obtained,
a third and then a fourth-order model were developed. Parameters
determined in the second-order model study were used in both of the
enlarged models in order to determine if the results were still
applicable.

At this point, due to the results obtained with the higher-order
models (i.e., an extremely high sensitivity to parameter variation),
it was hypothesized that more '"robust" performance could be obtained
with further refinement to the very simplified MAC algorithm as
implemented in this thesis. 1In fact, an approach which was actually
much closer to the IDCOM control algorithm was attempted. These
refinements were incorporated as major revisions to the initial MAC

implementing program and are still being tested.
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IT Theory

This section describes the hypothetical model following con-
: troller used in this thesis. As such, it is the basis for this MAC
study for a special application: that of MAC applied to a Single-
Input, Single-Output (SISO), lightly damped system. It is assumed
that the reader is familiar with the theory associated with the
impulse response function and the superposition/convolution‘integral.
Additionally, two techniques (''deconvolution" and model following),
as described in Ref 4, are used.

Basically, the idea behind the MAC concept is that of using an
impulse response representation of a system, along with the recorded

past input history, to predict and apply the future inputs required

to follow a specified trajectory. The block diagram in Figure 1
illustrates the basic elements of such a controller. The System
Model block of Figure 1 represents the mathematical model of a physi-
cal system. In this diagram, it is realized by a discrete-time
solution y(p) of a differential equation based on piecewise constant

inputs (u ). The solution of this differential equation is

future

then used in two succeeding blocks as follows: In the Calculate

4 Discrete Impulse Response (CDIR) block it is used in conjunction

with applied step inputs, through a process called '"deconvolution",

to generate specific values of the system's impulse response. Addi-

tionally, the solution y(p) is used as the initial point of a first-

order trajectory in the Calculate Future Desired Output (CFDO) block

to produce the vector ¥4 (future desired outputs).
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Block Diagram of Hypothetical Model Following Controller

Figure 1.




The values of the discrete impulse response generated in the CDIR

block (Hpast) are used with the past history of applied inputs (upast)

in the Calculate Zero Input Response (CZIR) block to produce Fo0 the

system's future response if no future inputs were applied. A new vec-
tor z is then generated by taking the difference of the future desired
oufputs obtained in the CFDO block and the zero input response obtained
in the CZIR block. This vector z is then used with the information
generated in the CDIR block to produce the vector of future inputs

required, as indicated in the Calculate Future Required Input (CFRI)

block. The resulting value (u ) is then applied to the system

future
model and the process is repeated. The following sub-sections describe
the mechanics of each block in the diagram and how they were imple-

mented on a digital computer.

The System Model

To show the applicability of the MAC concept to a lightly damped
SISO system, practically any second-order system with a small damping
coefficient could have been used as the system model; however, since
the impetus of this thesis initially evolved from the desire to
investigate the possibility of using the MAC approach on the B-52E
Control Configured Vehicle (CCV) Flutter Mode Control Problem, it was
felt that-the model selected should exhibit some of the characteris-
tics of that aircraft. In line with this reasoning, this subsection
contains a short synopsis of the B-52E CCV Flutter Mode Control
Problem, the method used to reduce it to a SISO second-order model,
and then the technique used to discretize the model and provide the

model's solution.
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Essentially, the primary purpose of a flutter mode control

system is to lessen the aeroelastic flutter instabilities on the
wings without adding structural stiffness and mass or restricting
the speed of the airplane. For the B-52 CCV, the flutter mode con-
trol system consists of an outboard flaperon and an outboard aileron
driven by two vertical accelerometers. To determine which elastic
modes were sensitive to changes in airspeed, the root locus of Figure
2 was used (Ref 4:2-20). According to this figuré, the flutter mode
is identified as the fifth mode and, as such, was chosen as the basis
for the dominant eigenvalues for the second-order model used in this
thesis.

Since only a SISO hypothetical model following controller was

developed, the model's defining equation became
¥(t) + 0.5 y(t) + 237.2225 y(t) = u(t) (1)

where y(t) was taken to be some arbitrary output, u(t) was taken to

be some arbitrary input, and the eigenvalues of interest were

A} 5 =0 % ju=-0.254+3 15.4 (2)
: 2 t

which were obtained from Figure 2.

After developing equation (1), the next step was to develop a
solution to the equation so that it could be used in the "System
Model" block of Figure 1.

Since equation (1) could readily be put into the form

% = Ax + bu (3)
y=11 0]x | )
8
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the state transition matrix method was used for the solution. The

solution has the form

e 1) =8 m) * Pull) ()
where
d = exp(Ad) : (6)
r = A exp(aa) - I] B %)

and A = discrete-time interval.

A FORTRAN subprogram was coded using this approach (See Appendix
A) so that when A, 0, and w were specified, the values for ¢ and T
were computed. Another subprogram was coded that in turn used these
values to solve equation (5), and thus provided a specific output for
a given input.

Forming the Discrete Impulse Response

The next major step in setting up the model following controller
was that of arriving at a discrete impulse response representation of
the system model described in the preceding section. Since ultimately
a semi-adaptive controller could be an extended design goal of the
MAC approach, the means for adding this capability later was provided
by the choice, at the outset, of the method used to determine the
discrete impulse response of the system. The method chosen was the
"deconvolution" technique, which is developed/described in Ref. 4.

Basically, this method just uses a system's output combined with the

10
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knowledge of past system inputs to create a vector of discrete impulse L

response values. This is expressed mathematically as '

b = 0y ' (®

where

h (N) = vector of discrete impulse

response at N time intervals (4)
U = 1lower triangular matrix of inputs

[ (0) 0 0 e ks o

u(a) u(0) 0 (o0 RS 0

u(24) u(a) u(0) OF Fevee: 0

[ u((-D)  w(@-2)8) ... u(0) '
N = number of discrete time intervals stored

This matrix/vector problem may be solved recursively via the algorithm

n-1
- u(n-i)h(i)] " (9)

p ! (n)
i u(0) [Y_E_ i=1

where

O ———

1 h(n) = value of discrete impulse response at
time n.

n = gpecific time increment being considered

11




These relationships were coded and incorporated into a FORTRAN

subprogram (Appendix A) which produced a vector of discrete impulse
values, given a system's outputs and inputs, the number of values to
be stored (N), and the sampling rate A.

This deconvolution technique was used only to set up the discrete
impulse response values for a specified model, not to produce an
"adaptive" impulse response for slowly changing system characteristics.

Calculating the Required Future Input

Once a discrete impulse response representation was available,
the next step in constructing the model following controller was to
select a suitable model for the controller to follow and then to set
up a means of calculating the inputs required to follow that model.
The method used in this thesis was to choose a first-order model so
that the desired discrete output followed a first-order trajectory of

the form
g +m) =y + [y - y JexpCRD) (10)

wheren = 1,2, . . . Q

and ¥,(p + n) = desired system output at time (p + n).

“d

= designated set point

y(p) = system output

T = time constant of first order trajectory

P present time increment

The next objective was to compute the present control input, u(p),
such that the next actual output value, y(p + 1), equals the next

desired output, yd(p +1).

12
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Since

yip +1) = yzi(p + 1) + h(1)u(p) (11)

where

system's zero-input response at time
(p + 1)A

yzi(p + 1)

u(p) = required input at time p-A

h(l) = discrete impulse response value for
time 1°-A
y(p + 1) = systems output at time (p + 1)A
P = present time increment

then the control required is given by

up) = [y;(p+ 1) -y, (p+ 1]/ h) (12)
or
u(p) = z(p + 1) / h(1) (13)
where
zp+1) =y, p+1 -y, (p+1

These relationships were coded and put into a FORTRAN program
(Appendix A), which combined the elements of the subsections discussed
above, to arrive at the complete control algorithm. Other features
incorporated into the control algorithm were provisions to specify

changes in set points and the maximum allowable input value.

13
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Additionally, the simulated system's output was sampled at A/5 seconds,
although the discrete impulse response and the control inputs were
based on a A second sample time. The reason for sampling the system's
output at the faster rate was to insure that the system's performance

between control input applications was observed.

14




IITI Investigation

The investigation into the characteristics of the MAC approach
was begun after a FORTRAN program to implement the algorithm was
coded and debugged (Appendices A and B). A search was made for the
maximum value of sampling time (DT = A) and the minimum number of
stored values of impulse response information (N) to provide accepta-
ble results. An arbitrary maximum value of N = 300 was assigned to
simulate the finite storage capability of a hypothetical on-line
computer. After a satisfactory combination of N and DT were deter-
mined, other parameters within the algorithm were varied to illustrate
their effects on the algorithm's performance. Among the parameters
varied were the first-order model time constant (TOW), the set points
(YS), and the control limiter value (ULIM). After these variations i
were studied, a mis-match between the system model and the system
simulation eigenvalues was introduced and the performance of the algo-
rithm evaluated. Upon concluding the second-order study, the system
model was next expanded to a third, and then a fourth-order model to
see if the results obtained in the second-order case were applicable
to higher order SISO systems.

Hypothetical Problem Statement

At the outset, the following specific problem was posed: A hypo-
thetical system governed by the differential equation (12) was to be

controlled such that the system achieved the following set points

100 8
ys YS { 4

0<t
20 8 <t

|AalA

o (14)
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with a system response time constant of Tt = TOW = 0.5 seconds. The
discrete time interval used in the deconvolution technique was A = DT
seconds and the number of values stored for the discrete impulse
response was N; therefore, the effective time interval of impulse
response information was CONTIME = N * DT seconds. A nominal value
of 5 was initially selected for IQ, the number of future intervals
predicted by the control algorithm.

Initial Assumptions

The following initial assumptions were made to establish the
hypothetical problem statement.

1. The maximum value of N allowed was 300 - due to memory
storage limitations.

2, No limit was posed for the computed control inputs.

3. Influence of the system dynamics would not extend signifi-
cantly beyond 24 seconds, since at that value of time the expoential
part of the impulse response time function would have decayed to a
value of approximately .0025 (compared to 1.0 at t = 0).

4., The differential equation defining the impulse response and
the one defining the system simulation matched exactly.

5. No noise was introduced or accounted for.

6. Output sampling at intervals of D = DT/5 would be sufficient
to detect undesirable responses; i.e., comply with the Shannon
Sampling rate.

7. Control inputs would be applied at intervals no smaller than

DT seconds.

16




Data Collection

Once the initial problem statement/assumptions were specified,
numerous program runs were made in an attempt to find the best
combination of N and DT commensurate with the storage limitations
imposed on N. To facilitate the data runs, a plotting preview routine,
CCPREV, was used. After the ‘plots of each run were previewed, the
most significant ones were routed to the Calcomp Plotter for hard
copies (appearing in Section IV, Results and Discussion). Also
appearing in Section IV are figures indicating the sample runs and
their respective parameter values.

Revised Assumptions

After the best combination of N and DT was determined, two of the
initial assumptions were modified. Specifically, a control input
limiter was imposed on the system (Assumption #2) and a model/simula-
tion mismatch was introduced (Assumption #4). Again data was collect-
ed, as described in the preceding section, for each situation.

Model Changes

Following the second-order SISO system study, equation (1) was
changed to a third-order equation by adding a real eigenvalue 13 = -1.

The resulting differential equation became
Y(£) + 1.5y(t) + 237.7225y(t) + 237.2225y(t) = u(t)  (15)

To facilitate the discretization and differential equation solution,
the controller program of Appendix A was modified to accept higher-
order differential equations through the use of a computer library

routine called ODE. This modified program is shown in Appendix B.




After the above-mentioned program modification was made, third-

order data was collected using the "optimum' values obtained in the
P

second-order study. The results were then compared.
The original defining differential equation (1) was then changed

to a fourth-order equation using the roots of Mode 1 of Figure 2.

These eigenvalues were A3,4 = -.55 + j6.0, which resulted in the

following differential equation.

(16)

V() + 1.6y(t) + 274.075y(t) + 279.096y(t) + 8611.769806y(t) = u(t)

Again data was collected, first for the optimum DT based on the

previous second-order results and then for a DT based on the new fre-

quency w, = 6.0 rad/sec.

18
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IV Results and Discussion

This section contains samples of the computer products obtained
in the simulations run on the hypothetical MAC control problem,
beginning with the results obtained in the initial search for the
optimum DT and continuing on through the various parameter variations
mentioned in Section III. A narrative throughout describes the
salient features noted in the Calcomp plots and line printer output.

Searching for the Optimum Value of DT

In attempting to arrive at the optimum value of DT, over 150
computer simulations were run. In these simulations, the relationship
CONTIME = N*DT was held constant at a value of 24 seconds (based on
assumption number 3) while DT was varied. The results of each run
were displayed in two formats: Calcomp plots and line printer output,
both of which were evaluated qualitatively for satisfactory output
(based on first-order model characteristics and control inputs required
to follow the model).

Intuitively, it was felt that the best place to start in the
search for an optimﬁm value of DT was with the smallest value of DT
that would be consistent with the constraints that N was limited to

a value of 300. Since it was assumed that 24 seconds of impulse

response information was to be stored, this gave DT = EQE%I&E =
%%6 = 0.08 seconds as the minimum DT allowed in the problem statement.

Thus 0.08 seconds was the beginning point in the trial and error search
for the best DT for this particular problem. The results of this
selection and a representative sample of other selections leading up

to the "best" DT selection are shown in Figures 3 through 17.
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From the first selection of DT = 0.08, it can be seen that the
impulse response function (Figure 3) is not contained within a pure
decaying exponential envelope. In fact, between two and six seconds
a slight "bulge'" of the envelope appears. At 24 seconds there still
appears to be some slight influence of the impulse response function
remaining.

The control inputs, as shown in Figure 4, are oscillatory with
a frequency approaching two and one-half times the natural system
frequency indicated in Figure 3.

The system output (Figure 5) tracks the desired first-order
trajectory "on-the-average', but has an oscillatory nature correspond-
ing to the oscillatory inputs (approximately 2.7 times the natural

system frequency).
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The results indicated in Figures 6 through 8 indicate the effect
of an increase in sample time to DT = 0.10. These results are similar
to the preceding case where DT = 0.08; however, the impulse response
function (Figure 6) has become more deformed.

Thé control inputs are still oscillatory, with roughly the same
increase in frequency over the system's natural frequency as in the
DT = 0.08 case; however, the magnitude of control inputs has decreased.
The system output is still oscillatory with the frequency decreasing
slightly to just over 2.2 times the natural system frequency; however,

the magnitude changes are slightly larger than in the preceding case.
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Figures 9 through 11 illustrate an interesting result. The
impulse response function of Figure 9 illustrates the effect of
"folding" at DT = 0.195, as the Shannon Sampling Frequency (Ref 6:
I1I-18) is approached; however, the control inputs become almost
stairstep in nature (Figure 10).

Corresponding to the eliminated oscillatory nature of the con-
trol inputs, the system output has become less o;cillatory (in both
frequency and magnitude). In fact, the output frequency is very near

the natural frequency of the system.
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Perhaps the most interesting results of all are indicated in
Figures 12 through 14. In that case DT was chosen as m/w, which
was the same as that of the Shannon sampling rate (Ref 6: III-18).

"clean" exponentially

Here, the impulse response function exhibited a
decaying envelope (Figure 12). The control inputs became more stair-
step in nature and the system output was devoid of any oscillation.

This resulted in DT = 7/w being chosen as' the "optimum sampling time".
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Increasing the sampling time beyond DT = w/w resulted in the

effects shown in Figures 15 through 17 for the case with DT = 0.3.

The degradation of the impulse response function is apparent in that
the natural system frequency is no longer portrayed. Instead, a
frequency of approximately half that of the preceding impulse response
répresentations results. The control inputs have become less oscil-
latory, as shown in Figure 16, and the system output (Figure 17) now

displays larger magnitude changes than any of the preceding cases.
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Although only the plots for five selected values of DT are pre-
sented here, the progression was fairly consistent, with better
results being obtained the closer DT came to n/w. In fact, DT = n/w
gave the best results of all; however, exceeding this value produced
oscillatory outputs (see Figures 15 through 17). Any deviation
(greater than + 1%) from that value degraded the output response
significantly; i.e., oscillations in the output response occurred.
These results were unexpected, since the value of DT = n/w is iden-
tically the period of the Shannon sampling rate (Ref 6: III-18).

It is also noteworthy that this value of DT yields a value of N =
%% = 118, which implies that more impulse response information than
initially assumed can be stored if so desired.

Figures 18 and 19 illustrate the performance of the controller
out to 40 seconds. As can be seen from these figures, a slight
deviation from the set point, Y = 20, occurs at approximately 24

seconds.
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Variation of CONTIME

Since the 24 seconds mentioned in the preceding section corres-
ponded to the impulse response information stored (CONTIME), an
increase in CONTIME was made in an attempt to improve the results.
The minimum value of CONTIME that eliminated the > A deviation was
33 seconds. Figures 20 through 22 illustrate the effect of this
change.

For contrast, the effects of shortening CONTIﬁE by one-half
the initially assumed value are shown in Figures 23 through 25.

From these figures it can be seen that the system performed satisfac-
torily for the first 12 seconds; i.e., the first set point ¥y ™ 100
was attained smoothly and so was the second set point e 20.
However, at 12 seconds the system output departed the second set
point and never re-established it. This was the result of disregard-
ing a significant portion of the system dynamics in the computation
of required inputs to follow a specified trajectory; i.e., the impulse
response (see Figure 23) was assumed to be zero after 12 seconds.
Since an error was introduced in any interval shorter than 33 seconds,

this result was not too surprising.
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In the next phase of the investigation, an eigenvalue mismatch

between the mathematical model and the simulated system was introduced.

This was implemented by specifying different eigenvalues for the model
after tﬁe discrete impulse response was calculated and stored. The
object of this change was to see how well the controller attained

and then maintained the specified set points, given an incorrect dis-
crete impulse response function. Figure 12 was still applicable for

the discrete impulse response; however, Figures 26 through 29 illus-

trate the effects of 1.0%Z and 5.0% eigenvalue changes. An inspection

of these figures reveals that the magnitude of the system's deviation
from the specified set points increases as the eigenvalue error
increases.

Table I compares the line printer output for four cases. Ap-
parently, the magnitude of the output error depends also on the value
of the set point, as the percent error was not exactly the same for
the high and low set points associated with a particular percent
eigenvalue error; however, the results are similar. Additionally, the
observed effect was noticed primarily in the steady-state response,
with very little effect introduced in the transient response.

These results were unexpected because of the MAC's robustness
property as demonstrated in IDCOM. In fact, they conflict with the

findings in references 1, 2, and 3.
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. Table I Effects of Eigenvalue Change on Output

Percentage Set Average Average Average
Eigenvalue Point Actual Deviation Per Cent
Change s 8 Output from Steady-State
AX y Set Point Error
(Decrease) Iys— vl %e
100.0 100.6 0.6 0.6%
0.1%
20.0 20.13 0.13 0.7%
100.0 103.1 3.1 3.1%
0.5%
20.0 20.7 0.7 3.4%
100.0 106.4 6.4 6.4%
1.0%
20.0 21.3 1.3 6.5%
100.0 141.4 41.4 41.4%
5.0%
20.0 28.6 8.6 43.0%
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Figure 26. Control Inputs with 1.0% Eigenvalue Change
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Introduction of Control Input Limiter

To illustrate the effect of a limiter on the allowable input
values, an arbitrary value, less than the steady-state value indicated
in previous runs, was specified. As expected in the case where
DT = w/m.(and control inputs never exceeded the steady-state value
in the first place), the effect was that the system did not reach the
high valued set point (ys = 100), but attained and maintained a value
corresponding to the steady-state value of the control applied. This
is illustrated in Figures 30 and 31.

In a regression to the case where DT = 0.08 (oscillatory inputs
and outputs as previously shown in Figures 4 énd 5), applving an input
limiter had the effect of actually improving the output response at
the - 100 set point. This is shown in Figures 32 and 33. However,

there was no apparent effect on the output at the T = 20 point.
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Figure 32. Control Inputs Limited to 25,000 (DT = 0.08)
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Variation of the First-Order Trajectory Time Constant

To illustrate the effect of changing the time constant (TOW)
of the first-order model, a new value of TOW = 0.1 was selected.
This had a predictable effect in that the system merely attained its
set points faster. As seen in Figures 34 and 35, there was no
noticeable system response degradation with the faster time constant
specification. With a limiter applied (Figures 36 and 37), as in the
case where TOW = 0.5, the system attained a value lower than the high
set point. This occurred because the system required a steady-state
value of the input to obtain a desired steady-state output, and
since the maximum output input was limited, the output did not reach

the desired output value.

61

A T 7 i Ry AT T i g




o CONTROL INPUT
C: 1 =1
8 ULIM = UNLIMITED
.
o~ SIM(-.26 »16.4 )
o
o
o
-
C\I-wJ/
o
(=)
=
O O
— N
*
o
o
o
0
=
—
-
0o
Z O
. —
\ o
N\ &
N ] -
i (v,
et ’
|_—
=0
Oo
Ogl
o
S L
o
L ]
[ 8
&
o
o
. T T T T
.00 4.00 8.00 12,00 16.00
TIME(SECONDS)
Figure 34. Control Input with TOW = 0.1 and DT = n/w




o SYSTEM OUTPUT
e TOH = 0.1
= Y5100 (0<T<8B)
hity
= Y5=20 (8<T)
o
(en]
o
N
-1
o
o
o
g (
o
e
-k
©
B
D,
(ub]
=8
il
F__ —
U)(D
>-.
w
o
o
L
O A
¢
o
E ¥
L ]
o
o~
o
o
5 T e T T
.00 4.00 8.00 12.00 16.00
TIME (SECONDS)
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Figure 36. Control Input with ULIM = 23,300, T0W = 0.1 and DT = w/w
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Figure 37. System Output with ULIM = 23,300, TOW = 0.1 and DT = =/uw
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The Third-Order Model

Section III describes the change to the system model made by
adding a real eigenvalue. The results of this change are shown in
Figures 38 through 40. In these results, only the optimum value of
DT determined in the preceding second-order study was used. As seen
in these figures, the real root dominated the discrete impulse re-
sponse function. Additionally, a re—intfoduction of system output
f oscillation is noted. No attempts were made to determine an optimum
DT for this case. Instead, the order of the model was increased to

four, and the result of using DT as previously determined was ob-

served.
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Figure 39. Control Input for Third Order Model
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The Fourth-Order Model

The effects of increasing the system model order to four are
shown in Figures 41 through 46. In Figures 41 through 43, the radian
frequency used in the calculation of DT was wl = 15.4 rad/sec, corres-
ponding to the original set of complex eigenvalues. Figures 44
through 46 show the results of using the radian frequency of the other
eigenvalue set, w, = 6.0 rad/sec. In the first case, the discrete
impulse response appears to display more information than the latter
case; however, using the first case inputs (at DT = n/wl intervals)
results in driving the system unstable, whereas using the latter case
imputs (at DT = ﬂ/wz) results in more acceptable performance. Further
attempts at finding an optimum DT interval were attempted but proved to

be unsuccessful.
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V Revised Algorithm

Since the results in Section IV indicated that the MAC algorithm
as implemented is highly sensitive to parameter changes (which contra-
dicted the results obtained by Mehra, et al), it was felt that a modi-
fied algorithm more closely-approximating the IDCOM algorithm (Ref 1,
2, and 3) could alleviate the problem. It was hypothesized that an
algorithm which recomputed the required inputs after several sampling
periods had elapsed could be a plausible solution. In other words,
in the initial realization of the MAC algorithm, the controls computed
were those for which a unique solution existed at discrete points in
time (corresponding to sampling times). In that particular realization,
there was no '"control" over the internal states of the system in-
between those sampling times. (See Figure 47). The oniy‘éonstraint
was that the output equalled the desired output at each discrete
sampling time.

In the revised philosophy, it was hypothesized that more control
over the system could be attained in between sample points, if some
relaxation of the requirement to satisfy the first-order trajectory
exactly was allowed. This would amount to specifying values of out-
puts between sample times, which would no longer produce a linear
problem for which a unique solution exists, but in'fact, an overdeter-
mined system for which only a "best'" fit solution could be obtained
(See Figure 48). The least squares technique was chosen as the method
to produce a solution yielding the best fit of the output values to
the reference trajectory. Additionally, this type of solution would

make it possible to assign a cost function or weighting matrix to specify
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how closely the future trajectory was to be tracked. For example,

Figure 48 shows the envelope of acceptable output values for one
choice of weighting matrix, where tracking of the first-order tra-
jectory was of uniform importance. Figure 49 shows the effect of
specifying a weighting matrix to more closely track the first-order

trajectory nearer the end of the interval of interest than at the

beginning. Figure 50 illustrates a situation where a weighting matrix was
specified so that the first-order trajectory was tracked more closely ’
at the beginning than at the end of the interval of interest. This
approach would also have merit since a smaller sampling time could
be selected to produce a more accurate discrete impulse response, yet
a longer time between control inputs could be chosen so that rapidly

changing inputs could be avoided.
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VI Conclusions and Recommendations

This section contains the resultant conclusions drawn from this
particular study of Model Algorithmic Control (MAC) and some recom-
mendations for further study in this area.

Conclusions

In this implementation of MAC, the selection of the sampling
time (DT) became a critical element in producing satisfactory results.
The selection process for DT tended to be one with conflicting require-
ments: a small DT was desired so that an accurate discrete impulse
response representation could be obtained, but a large DT was desired
to avoid high frequency control inputs (since controls were applied
each DT second). An optimum DT for the second-order model hypothesized
in this thesis was obtained where DT = n/w, or the Shannon Sampling
period. At this point it should be pointed out that the selection of
DT = n/w produced, through the deconvolution process, a '"clean" im-
pulse response representation (See Figure 12) containing the minimum
essential information for applying the control algorithm successfully.
Additionally, this particular value of DT allowed controls to be applied
at a frequency on the order of the natural system frequency. Uﬁfor-
tunately, a change of the system model to a third and then a fourth-
order system produced oscillatory results at that particular selection
of DT. After some preliminary searching for appropriate values for DT
in higher ord:: models, it was found that a simple relationship (such
as that which applied in the second-order model) was not immediately

apparent.
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Another factor in producing satisfactory results was the selec-
tion of enough storage locations (N) for the discrete impulse response
function. This value is directly related to the value chosen for
DT through the relationship CONTIME = N-DT, where CONTIME represents
the time interval over whichAthe impulse response is computed. From
the results of Section IV, it appears that this interval should con-
tain at least enough impulse response information to correspond to the
time it takes for the exponential part of the time function to decay
to approximately 0.1% of its maximum value.

Specification of values for the control input limiter (ULIM) and
the first-order model time constant (TOW) produced predictable results
in the case where the best model following occurred (DT = n/w). In
this situation, the selection of ULIM prevented the system from at-
taining its maximum desired set point. Selecting a faster time con-
stant (TOW) merely produced a faster system response.

Apparently, from the results of Section IV, the ability of the
controller to follow a specified (first-order) trajectory accurately
is very dependent upon an accurate representation of the system model.
In fact, if eigenvalues of the system model and those of the "actual"
system differ by more than 1.07%, the approach yields a steady-state
error greater than 6%. A significant point about these results is
the following:

Meh;a, et al (Ref 1:3) hypothesized that the robustness of IDCOM
and the MAC control philosophy may be attributed to using the impulse
response function for output prediction. They suggest that the non-

minimality of this description may be a key factor which contributes

to the robustness.




However, these results would indicate that the robustness is not

attributed to the impulse response prediction technique, but rather
must be attributed to the control algorithm as they have implemented it.
The preceding section outlined the changes that were begun but not
completeh on the MAC algorithm. Upon successful implementation of
these changes, the modified algorithm would more closely resemble what
they have implemented. It is felt that if these changes were success-
fully implemented, the eigenvalue sensitivity problem would be solved,
at least in part. This hypothesis cannot be tested until the modified
program has been fully checked out. It is, however, apparent that the
robustness property does not evolve from the impulse response function
alone.

Conceptually, the MAC approach is intuitively pleasing in that
once the "ideal" controlling program is developed, it is necessary to
specify certain parameters. Then the model following controller com-
putes and applies the inputs required to cause the system to follow
the specified trajectory and to meet whatever specifications are
inherent in the parameter specification. However, the key word "ideal"
implies a considerable amount of sophistication and futher development
than exists in the implementing program used in this thesis. As indi-
cated in the Introduction, however, the MAC algorithm used in this
study was a simplified form of the MAC algorithm used by IDCOM; there-
fore, it bears re-emphasizing that this study should not be interpreted
as casting unfavorable reflections on the ADERSA/GERBIOS algorithm.

Recommendations for Further Study

Some of the conclusions in the preceding section pdint to areas

in this MAC study which could be expanded further. This sub-section
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covers those areas and also some areas the writer wished to explore
had there been more time.

Essentially, the controlling program used in this thesis demon-
strated only the very basic principles behind the MAC concept and how
they worked in a very specific case: that of a SISO, second-order,
lightly damped system. To fully exploit the MAC concept, the con-
trolling program should be made considerably more sophisticated and
generalized, in line with the IDCOM program's level of sophistication.
Suggested areas for development would be:

1. Continuing the investigation into the feasibility of re-
computing required control inputs after several sampling periods
! have elapsed. As alluded to in the conclusion, this may be the an-

swer to the problem of eigenvalue sensitivity, and perhaps the solution

to the other problem regarding the selection of appropriate values of
DT.

2. Incorporating the on-line identification feature. This
should also help take care of the eigenvalue sensitivity problem
addressed above.

3. Investigating the effects of noise on the model-following
controller.

4, Extending the controlling program to a multiple-input
multiple-Butput capability. '

5. Investigating the possibility of having the sampling rate
determined automatically.

6. Investigating the controller's performance when used on a

non-linear system.
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Appendix A

The FORTRAN source code listed in this appendix is the MAC

implementation for a second-order system model. To run the program,
the user must first specify the variables listed in the initial com-
ments section. The data cards at the beginning of the program are
for Calcomp plot titles only and as a coﬂsequence may be left un-

specified if the user so desires. Once the appropriate variables

are specified, the program may then be compiled and executed.
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COMTIME 33
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ULIM = 1.F¢30

L1 =0

T =0

M = 2

PI=3.14159265 35898

DT = PI /7 OMECA

N = CONTIME 7 OV

IF(N,GE.300) N = 300

0307/50

IN2 = 6 8% 1IN

N2 = SIMTIME 2 6§ 7 DT

IOMAX = SIMYIPE 7 ( PY 2 INn ) ¢+ 5
CALL STMLAM(FEE,DELAM,DT,SIGMA,ONESA)
00 1 J=1,N

Uey) = UI( J ® 07T = 0)

CONTINIE

00 2 J=1,20

X(J) = 0,
CONTINUF

D0 3 J=1,N

TA(J) = 0.0

CONTINUE

00 5 J= (4N

TA()) = J*nT

CONTINUE
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THIS PAGR IS BEST QUALITY PRACTICABLE

e e




102
101

11

10

13

THIS PAGE IS BEST QUALITY PRACTICABLE
FROM COPY FURNISHED TODDC o

PRINT® ,* H <« NECONVOLUTION TIMF =
PRINT® ,» =
FORMAT (2 (5% ,618,.7))
FORMAT (1H1)
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PRINT 101
CALL HGRAPHI(TOH HoIOH,190,51)
RE-INITIALI7E VARIMPLES
T = 0,0 .
L1 =1
00 6 J = 1,N
UP(J)=0,
CONTINUZ
00 9 J = 1,M
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CONTINUE
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PRINT® o= =
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OMEGA = 15,4
PRINT® ,* THE SIKULATION EIGENVALUES MAVE TWE =
PRINT® ,“FCLLOUING REAL ARD IHASINARY PARTS™
PRINTS g
PRIMT® ,“SIGMA = *“,3IGHA,”" OMEGA = ¢JR=",0MEGA
PRINT 10¢%
CALL STHLAMIFEE,NELAN,D,SIGNAOMEGA)
AFPPLY THE COITROL ALGURIYTHH TO FOLLOW SFECIFIE)
FIQST CRCER HODZL
00 99 I0=1,39PAX
IFIT GEe Go) YS=220,
00 10 J=1,30
NJaN=J :
YZI(J)=0.
80 11 I'i,"n‘_
YZIC(J)=Y7I(J) eH(Io)oUP(])
COMTINUE :
VO(J) 3 (EXP(<J°0T/TOM)) & (Y1 - YS) ¢ VS
2(I=YC(I=Y21(J)
CONTINUC
UF(L)=7(1) 7KW1 YD)
IF(ABS (UF (1)) GT,ULIH) UF(1)alLINS(ABS(UF(1)))7UF (D)
N0 12 ~2,10
UF(J)=72())
JisJ-1
00 13 I=1,J1
CF(IIsUT (I eH(J=T04) U (])
CONTINLUE
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ALITY PRA
FROM COFY FURNISHED T0 DDC e

J———
UF (J)=UF (J) /Z7H (1)
IFCAGS (UF(J)) GTULIM) UF(J)=ULIN®(RARS(UF(J)))/UFLD)
CONTINUE
NIN=N-1I9
DO 14 J=1,NT10
XaNel-)
UP(X)=zU2P(K=-1Q)
CONTINUE
DO 15 J=1,102
J2 = (J+* &) 75
Vv = UF (J2)
CALL OUTPU7(V,x,t.o,t|F£E,DELl")
JC=(10-1)°%1I024)
YA(JC) = X(1)
UP(J2) =UF(IQ¢+1-42)
DA(JC) = V
CONTINUE
YL = X(1)
CONTINUE
CALL PLOT(0ep=be9=3) § CALL PLOT(0s90.03,5=3) ‘
00 20 J = L,N?Z
TAD()) = 0,0 1
COMT INUE
00 30 J = 1,N2
TADC(Y) = Y & C
CONTINUE |
CALL VGRAPH(TAND,YA,N2,INY,1,0,1) g
CALL PLOT(0ep=%e9=3) $ "ALL PLOT(Ce90.03,-3) E
CALL VGRAPH(TAD,UAyN2,IDU,1,0,1)
PRINT 101
PRINT® ,* COATEOL INFUT ACTUAL OUTPUT
TINE=
PRINT® o
PRINT 103,(UA(T) ,YA(I),TADCI]) 1384 ,N2)
FORMAT {3(5X,G15.7))
CALL PLOTE(RN)
SToP
END
FUNCTICN UICT)
Ul = 1,
RETURN .
END
SUSRCUTINE OECON (Y,U,H,N,0T )
DIMEMSION Y (302),U(302),M(302)
ML) B YL /7 (CT2U(L) ) 7
00 1 J=2,H
N(J) 8 YN /70T
J1. = J -
DO 2 I=i, 1
NEJ) = HIJ) = H{J=II*U(]+1)
CONTINUE
HEJ) = H(NHY 7V (1)
CONTINUE
RETURN
ENO
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FROM COFY FURNISHED TODDC __

SHUSROQUTINF HMGRAPH(X,Y,N,ID,NONP,NS)

DIMENSTION X(1),Y(1),IB(1) 3 IF(NJD.FN,2) GO TO 30

IF (N2..7.0) €2 10 13

CALL SCALF(X,7.,M,1) 3 CALL SCALE(Y,%e,Ny1)
CALL OLOT(B8 e 3Ney=3) § CALL PLOT(Caypliloeyd)

CALL PLOT (=1.35,1.35,3)

CALL PLOT(=-7.15,1.3%,2) $ CALL ALOT(=74%5,9.,65,2)
IF(IN{1) .FN003) GCC TO 25

CALL PLDT(-?.C'S,Q.')'S.!) ¢ CALL pLOT“,QOb,.’QESQ’)
00 20 131,'92

CALL SYVAOL(TI®%:1-649,7.85 ,,07,10(1)99%.,20)

CALL PLOT(=7.(5,7.5,3) $ CALL P.OT(-B.OS,?.SS,?)
CALL PLOT (=6405,9,5%,2) $ CALL PLIT(=7405594e%5,?)
CALL pLOT('7015'q065,3) ~

CALL PLOT(=1.35,9,b6%,2) $ CALL ALOT(-1,35,1.3%,2)
CALL SYHRNL (=Ce€C91:15,5.1,I0(13)40.550)

CALL AXIS(=1:8552:1,10(C)1=2097 ¢330y X(N+1),X(N®2))
CALL AXIS(=148552¢1910(11)320450918065Y(N*1),Y(Ne¢2))
Y(N+2)==Y(N*2)

C(N+1) =X (N*1)=2,12X(Ne2) § YIN#1)2Y(N+L) ¢1,85%Y (N+2)
CALL LINE(Y ¢XyNyL1yNFyNS) .
X(N$1) =X (NG 1) 22,12 X(N®2) & Y(Ne1)aY(N4L)~1,85%Y (Ne2)
Y(N#2) ==Y (N&2)

RETURN $ END

SUBROUTINE VGRAPH(X,Y9yNgID9NO9NPyNS)

DINENSION X(1),Y(1),ID0¢1) $ IF(NDLEDR.2) GO TO 30

IF (NO.T.0) €EN TO 10

CALL SCALE(X,4,9,Ny1) € CALL SCALE(Y,7.,04N,1)
CALL PLOT(Be54009-3) & CALL PLOT(Ce911.43)

CALL PLOT(=1¢¥5,1.3%,3)

CALL PLOT(=T41591.3502) 8 CALL ROT(=7,15,9.65,2)
CALL PLOT(=1435,9.6342) & IF(ID(1).EN.000) GO TO 2%
CALL PLOT(=1.,05,9.55,3) ¢ CALL PLOT(=3445,9.55,2)
D0 20 I= 1,742

CALL SYMO0L (=3:1549,4=1* ,104,07,I0(1),04920)

CALL PLOT(=3.45,9.5593) ¢ CALL PLOT(=3.,45,8.55,2)
CALL PLOT(=1.65,045552) 3 CALL PLOT(-1.045,9.55,2)
CALL PLOT (=1435,9.05,3)

CALL PLOT(=1,35,1.35,2)

CALL SYYROL ‘-606501.15, .1,!0(13).0..50)

CALL AXIS(-G.*.!.BS.ID(S).-20.6.9.0..!("01).X(NOZH
CALL AXTIS(=€elby14335)I0011)92047:09300yY(N21),Y(N2+2))
XAN+L) =X (Ne1) 4G 4*X(N®2) § YI(NCL1)3Y(N®1)=1,852Y(N®2)
CALL LINE(X oY NyloNPyNS) g

XIN#*L) =X (NS1) =B, 43X (N®2) $ YI(NML)=Y(NCL) 01,85 Y (Ne2)
RETURN $ ENO

SUSROUTINE OUTPUT(Y,X,N,DT,T,FEE, L AM)

DIMENSION Y(21302)¢X(2)oDX(2)¢FEE(252) 3VFLAM(2)
COMMON L1,V

IF(L1.EN.1) GC TO 2

V=1,

CONTINIE

00 1 JU=i,N

T=T¢07
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DX(1)=FFF(1,1)°X(1)¢FEE(1,2)2Y(2) eNFLAN(1)®YV
DX(2)=FFE(291)°X (1) +FEE(2,2)%X(2) sDFLAM(2)®Y
X(L)=Ix(1)
X(2)=0%(2)

Y (I =X (1)

CONTINUE

RETURN

END ’
SUAROUTINF STMLAM(FEE,DFLAM,DT,SIGMA, OMEGA)
OIMENSION FEF (2,2),DNELAM(2)

A?1 = =(SIGMA®*2 s CMEGE**2)

A22 = =2.0.%* AAS(SIGMA) ‘
R12 = -SIMAMA/(CMEGA ;

822 = 1.0/0MECA

ECFL = FYP(SICH4A * DT)

COJEL = CCS(OFEGA * DT)

SINEL = SIN(OFFGA » OT)

ECQOEL = EDFL * CODEL t
ESIOEL = EDEL * SIDEL ?
AL1T = ECODEL ¢ R12 * ESJODEL

A2T = R22 * ECSINEL

FEE(1,1) = AT

FEE(1,2) = A27

FEE(2,1) = A21 * A2T

FEE(2,2) = A1T + A22 & p27

AINVIL = -A22/A21

AINVL2 = 1./A21

EATM1{ = FEE(1,1) = 1.0 i
EATM12 = FEF(1,?) a
EATM21 = FEE(2,1) 5
EATM22 = FEE(2,2) = 1.0

DELAM(1) = ATIANVi1 * EATM12 ¢ AINV12 * EATM22
NELAM(2) = EATM12

PETURN 7

ENO
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Appendix B

The FORTRAN source code listed in this appendix differs from
the one in Appendix A in that an mg—1 -order system model may now
be specified. Besides specifying the variables as presented in the
initial comments section, the user must specify the appropriate
differential equation in the format shown in SUBROUTINE F(T,X,DX)
on page 99. Once these specifications are made, the source code
may be compiled; however, before execution, the library containing

the differential equation solver must be attached.
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FROM COFY FURNISHED

PRIGRAM FONTRCL(ITHPUT,OUTPUT,FLOT)

CCCCCChRCceCanccereceececeracregerercccecccecescecscereccecececceerss

c THIS ORIGRAM COMCITES THE NISCRETE I4PJLSF RESPONSF

(v FUNCTION FQR P S2ECIFIFC SINGLE IN°UT 7 STYNGLE

c OUTPUT (STSO) SYSTEM, THE KRESULT IS T4FN USED

C /Y M0ODESL ALGCRITHYMIC COMTROL (MAC) TI DJETFRHMINE

c THE CONTRCLS REQUIRED TC FOLLCW THE DFSIRED

c OUTPHT, OUTPUT NATA CONSISTS OF BRINTHHTS AND

c PLOTS FOR VALLES OF DISCRETE IMPULSF RESPNNSE

c (H=NECONVZLUTION), COMPUTED CONTROL INPUTS, AND

(v ACTUAL OUTPUT (SAMPLED AT ONE-FIFTH THE NDISCRETE

c TIME INTERVAL YSTD IN DECONVOLUTION). USFR .

c SUFPLIES THE FOLLOWING INFORMATIONI

C TOWH = DFSIRED TIHKE CONSTANT OF

C FIRST ORTER SYSTEM MONEL

(> IN = NUMBEF OF FUTURE CONTR0LS

c TO RE COMFUTED EACH CYZLES

c ¥YS = SET POINTS OF FIRST.NRISR MONEL

C ULTIM = MAXIMUH CONTROL VALUE ALLOHWED

Cc M = CRDER OF SISC SYSTEM

Cc CONTIME = CESIFED OURATION (IN SFCONDS)

Cc OF DISCRETE IMPULSE RESPONSE

Cc SIMT IME = DESIRED-NURATION (IN SECONDS)

Cc OF SIMULATION

C OT = DISCRFTE TIME INCREMENT USEDR

Cc IM DECCHVOLUTION

[of of of ot of o o ol o o of o o0 o o o o o o o o o o o 0% o o o o o o o o o/ o o o o o o o o o o o ot o o o 0% ol
DIMENSION H(2C0) ,YZI(E) ,YD(E) 4Z(5),UF(5),P(200)
DIMENSION X(20),U(200),TA(200),Y(20C) yTAD(1000)
DIMENSION INDU(L7),UA(1000)
OIMENSION IDH(17),IDY(17),Y2(1000)
COMMON L1,V
DATA IOH(1)/72CH IMPULSE RESPONSE
NATA IDH(I)/r20H DT = PI/OMEGA2
DATA IDH(5)/20H CONTIME = 33
DATA INH(7)/72CH FOURTP CROER MNDEL
DATA IOH(9) /2CH TIME(SFCCHDS)
DATA IDH(11)/23IK IVPULSE RESFPONSE 7
DATA IDH(13)/50H

NN N

¥4
DATA IDY(1)/72CH4 SYSTEM OQUTPUT
DATA TIOY(¥)/72CH . TOW = 0.5

DATA IOY(5)/20H YS = 100 (0<T<8)
OATA IOY(7)72CH YS = 20 (8<Y)
DATA IOV (9)/2¢H TIME(SECONDS)
DATA INY(11)/720H SYSTEM OUTOUT /
DATA INY(13)/30MH

N NN NN

1/
DATA I0U(1)/72CH CONTFOL INFUT
DATA IDJ(3)/20CH I0 =1

OATA IMI(5)/728H ULIM = UNLIMITED
DATA IDU(7)72CH

NN N
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2 THLS PAGE 1S BEST QUALI™
' FROM COFY FURNISHED T0DOC  —

DATA INU(9) 7204  TIME(SECONIS) 7/

DATA TOUC11)/20% CONTFOL,INPUT 7

OATA IDU(13)/7%0H

: 17
? CALL PLOT(0u9pbos=3) $ CALL PLOT(0+5093,-3)
c g INITIALYIZE VARIAQLES
7 TOH'.S ‘
OMEGA = .0 ?
CONTIME = 33
SIMTIME = 15
In=1
YS=2109. p
PT23.14159265 35898 :
ULTM=1 JE+30
L1 =0 . .
T=o
M =4

DT = PI 7 OWMEGA
N = CONTIME / OT
D=DT/5 . !
I02 = 5 & IQ ; : ]
= SINTINE ® 5 7 DY
IOMAX = SIMTIPE 7 (DT * 10) & S
00 1 J=1,N
UJ) = UI( J * DT =D ) -
1 CONTINUE
DO 2 J=1,M
X(J)) = 0.
2 CONTINUE
DO 3 J=i,MN
1 TACJ) = 0,0
3 CONTINUZ
DO & J= 1,N
TAC(S) = J*DT
5 CONTINUE
.y c CALL SUBROUTTHES TO CALCULATE TNE DISCRETE
: c IMPULSE RESPONSE
CALL OUTRUT(Y,X,M,Ny0T,T)
CALL DESONIY,UgH NyNT)
PRINT 171 .
PRINT® ,~ THE VARTARLES OF INTEREST FOR THIS RUN ARFt*™ i
PRINT® ,™ N = “,N,* D01 = *,0T," TOd = *“,TOH, |
PRINT®,™ ULIP = -*,ULIP
PRINT 101 B
PRINT® ,® H < NECONVOLUTION - TINE =
PRINT® ,~ *
102 FORMAT (2(5X,615.7))
101  FORMAT (1M1)
00 8 J = 1,N
M(J) = H(J) * OT
8 CONTINUE
PRINT 102,(H(1),TA(I), x-z.n)
PRINT 101
CALL HGQQP"(7.9"’N,10"”’0|1’
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RE-INTTIALI?E VARIABLES MﬂM\NPYEWd[MLMiUDUU i
T = 0.0
L1 = 1
0N 6 J = 1,N
YP(J)=0.
CONTINUE
DO 9 J = 1,M
X(J) = 0.0
CCNTINUE
Y1 = 0.0
APPLY THE CONTROL ALGOPITH% 70 FOLLOW SPECIFIE)
FI2ST ORCER ™OOEL p
D0 99 I0=1,I0FAX
IF(T.GE,8) YS = 20.
N9 10 J=1,1I0 ’
NJi=N-J
YZI(J)=0.
N0 11 I=1,NJ
Y7I(J)=YZ7T(J) ¢H(I¢J)*UP(])
CONTINUE
YO(J) = (EXP(-J®NT/TOW)) * (YL - YS) + YS

TN =YNCI=Y7I(D)

CONTINUE

UF(1)=2Z2C¢1)7H( )
IF(ABS (UF (1)) 6T ULINM) UF{1)=ULIM*(ABS(UF(1)))/7UF (1)
00 12 J22,10

UF(J)=7(J)

JizJ-1

00 13 I=1,J1
UF(I)=21F (J) =N (J=T+1)2UF(T)
CONTINUE

UF (N =U5(J) /1 (1)
IFC(ABS(UF(J)) «GTULIN) UF (J)=ULIM*(RBS(UF (J)))I/UF ()
CONTINIF

NIQ=N-1I2 < »
D0 146 J=1,NIO0

K=Ne¢i-)

UP(K)=UP (X=1IQ)

CONTINUE

00 15 J=1,102

J2 = (J ¢ &) /7 5

vV = UF(32) -

CALL OUTPUT(Y yXyMy1,0,T)
JC=(I0~1)%1IN24J .
YA(JC) = X(1) 3

P (22)2F (100 1-J2)

UA(JUC) = V

CONTINUE

Y1 = X(1)

CONTINUE

CALL PLOT(D0ep=b0e9=3) .8 CALL PLOT(0e90.03,-3)
00 20 J = $14N2

TAD(J) = C,0

CONTINUE
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Do 29 J =1 ’ N? FROM COPY FURNLSHED TO DLC
TA0CS) = J * €
COoMTINUE
CALL VGAPH (TLN,YA,N2,IPY,1,0,1) )
CALL PLOT (D ey=4ey=3) % CALL PLOT(04y0s7%y=-3)
CALL VGRAGCH(TELT,UA,ZN2,IPU,1,0,1)
PRINT 101
PRINT® ,* CONTRGL INFUT
1 TIME™
pRINY‘ "I L 1] -’
PRINT 10, (UA(I) 4YA(I) ,TAD(1) yI=1,N2)
FORMAT (T(5X,615.7))
CALL PLOTE(M)
STQP
END
SUAROUTINF OUTPUT(Y X 3MeNy2T,4T)
EXTERNAL F
DIMENS ION WORX(200),IW0OCK(5),X(20),Y(200)
R = 1,F-10
B = 1,E-110
DO 1 J=1,N
TOUT = T & DT
IFLAG =
CALL ODF(FyMy ¥, T,TOUTHAE,IFLAG,WOR<, T4NRY)
Y(J) = X(1) :
CONTIMYE
RETURN
£ND
SU3RYITINE F(T,X,0X)

UF(T) IS A 'JSFR SUPPLIEN INPUT FuMeTIONM
NIMENSINN X (2(0),N%X(23)
COMM4IN L1,V
IF ( L1.EN.1) GO TO ¢
vV = UI(m
CONTINUS
DX (1) = %(2)
DX(2) = X(3)
DX(3) = X(&)
NX(4)==B8611.7€9206%Y(1)=273,086%X(2)=274,075%X(3)~
11.,6%X(4) +V
RETURN
END
FUNCTION UI(T)
Bl = 1,
RETURMN
FND
SUSROUTIME DECON (Y,U,H,N,0T )
DIMENSION Y (200),U(200),H(20)
H(1) = Y(1)/7(CT2U(1) ) 5
00 1 J=2,4N
M(J) = YD /DY
J1 = J - 1
00 2 I=1,J1
H(J) = H(J) = H(J=I)*U(]1+1)

ACTUAL OQUTPUT
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FROM COPY FURNLSHED T DDC e
CONTINUF
H(J) = H(J)/7U(Y)
CONTINUF
RETURN
END
SUSROUTINE HGRAPH(X,Y ,NysIDyNOsNPyNS)
DIMENSTION X(1),Y(1),I0C(1) $ IF(NO.ED.2) GO TO 30
IF (NO.LT.0) GO TO 10
CALL STALE(X97e9Nyl) S CALL SCALE(Y,SeyHMy1)
CALL PLOT(8.5450.9-3) ¢ CALL PLOT(Ce9pl1.93)
CALL PLOT (-1,.25,1,35,3)
CALL PLOT(=7.15,1,35,2) § CALL A CT(=7.15,9.65,2)
IF(ID(1) sEN.000) GO TG 25
CALL PLOT (=7, CSQQQSF':‘, ¢ CALL PLOT(-?.OE,?.SS,Z)
DO 20 I=1,7,2
CALL SYHSOL(TI®:1-6:997 ¢f% ,.07,1I2(I),93.,420)
CALL PLOT(=7405,7.55,3) $ CALL P.OT(=6.0597:55,?)
CALL PLOT(=6,(5,3¢55,2) $ CALL PLOT(=7.0598e55,2)
CALL PLOT(=7.35,9.65,3)
CALL PLOT(=1,3599.€5,2) $ CALL PLOT(-1,3541,35,2)
CALL SYqQOL(-5065’1015,-1910(13)'00,50)
CALL AXIS(=1:85,2.1,ID(9)3=2037¢9C3eyX(He1),X(Ne2))
CALL AXIS(~3148592¢19I0(11) 9209549 15069Y(N%1),Y(N2))
Y(N+2)==-Y(N+2)
XAN+1) =X (N+1) =2, 12X (N+2) § Y(N+1)3Y(Me1)+1,85%Y(N+2)
CALL LINE(Y 3X  yNy14HNPyNS)
XIN+L) =X IN#1) ¢2,1%X(H¢2) € YINe1) =Y (N+1)=1,85°Y (N+2)
Y(N+2) ==Y (N+2)
RETURN $ ENO
SUSROUTIHKE VGRAPH(X,YyNsID,HNOsMNPyNS)
DIMEMSTION X(1),Y(1),I001) $ IF(NO.EQ.,2) GO TO 30
IF (NO.T,0) CO TO 10 ‘
CALL SCALE(Xg4.94MN,y1) $ CALL SCALE(Y,740yN,y1)
CALL PLOT(8454049=-3) € CALL PLOT(C.g11443)
CALL PLOT(=1,33,1,35,3) -
CALL PLOT(=7.15,1435,2) § CALL FLOT (=7415,9.65,2) :
CALL PLOT(=1435,9,65,2) § IF(ID(1).EN,000) GO TO 25 i
CALL PLOT(=1,4599.5593) & CALL PLOT(=3.457345542) 5
D0 20 I= 197,42 ;
CALL SYMA0L (~3e1549eis=I7¢1090074I0(I),404420) b
CALL PLOT(=3.4599.5553) ¢$ CALL PLOT(=+3,45,8,55,2)
CALL PLOT(=1,45,8.55,2) $ CALL PLGT(-i.bB,Q-aS,Z) ' ;
CALL PLOT(=1.3555465,3) ¥
CALL PLOT(=1,35,1.35,2) ]
CALL SY1INOL(=€.65,1,1F ,oipID(13).0.,50)
CALL AHS(-G.&.!.GS,ZD(”,-20.4.9.0.,’((?“1),X(NOZH
C“LL AXIS('bo"'ioBgyID(ii,920'700'900.7("‘1’QY(H*Z)’
Y(N+L) =X (N+1) 46, L?X(N+2) 3 Y(N*1)=Y(N?1)=1,85%Y(Ne2)
CALL LINE(X Y yNy1,NPyNS)
XANGL) =X (N# 1) =G, LoX(N42) S Y(Neg1)=Y(Nt1)+1,85%Y(Ne2)
RETHRN $ END
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A new digital control technique, called Model Algorithmic Control (MAC),

was applied to a single-input single-output model containing complex eigen-
values. The MAC algorithm developed was a simplified version of the algorithm
used by ADERSA/GERBIOS Corporation (France) in a complete computer program
designated IDCOM (Identification and Command). A second-order model based on
the dominant eigenvalues of the B-52E Flutter Mode was selected as the hypo-
thetical system to be controlled. Data were obtained for various selections
of control parameters in the implementing program, then a study was made of —>
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—>"the controlling program's ﬁ;obustness' to eigenvalue changes. The second-order
model was subsequently expanded to a third-order, then a fourth-order model,
while maintaining the previously found "optimum' control parameters. Results
obtained indicated that the "robustness'" exhibited in the MAC concept as
implemented in IDCOM is not attributed to the impulse response prediction
technique, but rather must be attributed to the particular control algorithm
used in IDCOM. Therefore, before conclusive results could be obtained for
robustness and higher-order model studies, further refinement of the simplified
MAC algorithm used in this thesis was necessary. A revision to the imple-
menting program was begun, but due to time considerations, was not completed.
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