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Pref ace

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 m y  research into this new control philosophy

and provided me with insights I could not have attained unaided. For

his eff orts 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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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/GER~BIOS 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 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 response prediction technique, but rather must be attributed

to the particular control algorithm used in IDCOM.

-
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APPLICAT ION OF MODEL ALGORITHMIC CONTROL

TO A

LIGHTLY DAMPED SINGLE INPUT SINGLE OUTP UT SYSTEM

I In t roduction

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 deter—

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.

1
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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 of 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 cigenvalues 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

complete IDCOM program was not made available to the writer; so, a

very simplified form of the MAC algorithm was developed to analyze the

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.

2
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Obj ectives

The prime motivation for this thesis was to provide a basis for

possible future flight control applications of MAC (specifically, MAC

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 var ied 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— 
S

match between the theoretical system model and the “actual” simulation

was introduced to observe the system ’s robustness to eigenval ue change

.3



—~~~~ 
— S.— 

~~~~~~~~~~~~~~ 
,------• •-•-- -.- .—

~~~~ ~
— -

~
-.--

~
-, -S. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -------~~~—--—--~~~ ~~~~~~~~~~~~

• ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ • • S • . ]~~~~~~ S.• . S ~S.~..

After the results of the second—order model MAC study were ob tained ,

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

app licable.

At this point, due to the results obtained with the higher—order

models (i.e., an extremely high sensitivity to parameter variation) , S
it was hypothesized that more “robust” performance could be obtained

with further refinement to the very simplified MAC algorithm as

implemented in this thesis. In 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.

4
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II Theory

This section describes the hypothetical model following con—

troller used in this thesis. As such , it is the basis for this MAC

study fcr 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

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

to follow a specified trajectory. The block diagram in Figure 1

S 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 future~~ 
The solution of this different ia l  equation is

then used in two succeeding blocks as f ollows : In the Calcu late

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 (future desired outputs).

5
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The values of the discrete impulse response generated in the CDIR

block (H
past) are used with the past history of applied inputs (Upast

)

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

outputs 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
f t r e

) is then applied to the system

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.

7
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Essentially, the primary purpose of a f lu t te r  mode control

S 
system is to lessen the aeroelastic flutter instabilities on the

wings without adding structu ral s t i f f ness and mass or rest r icting

the speed of the airplane. For the B—52 CCV, the f lutter  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 figure, 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

S ~(t) + 0.5 ~‘( t )  + 237.2225 y(t) u(t) (1)

S 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
112 

= 
~ ± ju~ = —0.25 ± i 15.4 (2)

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

* = A x + bu (3)

y = [ l  O ] x  (4)

8
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the state transition matrix method was used for the solution. The I

S

solution has the form

x(k + 1) = ~ x(k) + ru(k) (5)

where

= exp(M) 
- 

(6)

r = A~~ [exp(M) — I] B (7)

and A = discrete—time interval.

A FORTRAN subprogram was coded using this approach (See Appendix

A) so that when A , a, and w were specified, the values for ~ and r

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. S

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

response values. This is expressed mathematically as

h(N) = ~ y(N) (8)

where

h (N) = vector of discrete impulse
response at N time intervals (A)

U = lower triangular matrix of inputs

u(O) 0 0 0 ... 0

u(A) u(0) 0 0 ... 0

u(2A) u(A) u(O) 0 ... 0

= . . .

u((N—l)A) u((N—2)A) ... u(0)

N = number of discrete time intervals stored

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

n-l
h(n) 

~~~~~~~~~ 
[L i  — E u(n—i)h(i)) (9)

i—i

S where

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

a specific time increment being considered
• 

.

- 1  
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These relationships were coded and incorporated into a FORTRAN 
S

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 S

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

+ a) y + [y(p) - y5]exp(~~
’) (10)

where n 1,2, . . . Q

anc 
~~~~ 

+ n) desired system output at time (p + a).

= designated set point

y(p) system output

time constant of first order trajectory

S 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 , 
~d~

’ + 1).

12
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Since

y(p + 1) = 
~~~~~~~ 

+ 1) + h(l)u(p) (11)

where

y 1(p + 1) = system’s zero—input response at time
ZS 

(p+1)A

S 
u(p) = required input at time p •A

h(l) = discrete impulse response value for
time l~A

y(p + 1) = systems output at time (p + 1)A

p = present time increment

then the control required is given by S

u(p) = 

~~~~ 
+ ~~ 

— + 1)) / h(l) (12) S

or

u(p) = z(p + 1)! h(l) (13)

where -

z(p + 1) 
~~~~ 

+ 1) — y
1

(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 comp lete 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. S

S -- .~~~ 
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III Investigation S

The investigation into the characteristics of the MAC approach 
S

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 CDT = A) and the minimum number of

stored values of impulse response information (N) to provide accepta— S

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— 
S

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

were studied, a mis—match between the system model and the system S

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.

Eypothetical 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 S

r lOO O c t c 8ys = YS = 

~ 
20 8 < t < 40 

- 

(14)

15
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with a system response time constant of -r = 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 effect ive  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

S 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 expoentlal

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 
S

DT seconds.

16
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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 
5

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 
S

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 cigenvalue X
3 
= —1 .

The resulting differential equation became

y(t) + l.5y(t) + 237.7225~ (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 d i f fe ren t ia l  equations through the use of a computer l ibrary

routine called ODE. This modifie~d program is shown in Appendix B.

17
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After the above—mentioned program modification was made, third—

order data was collected using the “optimum” values obtained in the

second—order stud y.  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 ?~3,4 = — .55 ± j6.0, which resulted in the
following differential equation.

(16)

y(t) + l.6y(t) + 274.O75~(t) + 279.O96j~(t) + 86l1.769806y(t) = u(t)

Again data was collected , first for the optimum DT based on the 5.

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

quency = 6.0 rad/sec.
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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 = NDT 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

S 

(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 optimum 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

CONTIMEresponse information was to be stored , this gave DT = N 
=

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 S

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

S 

remaining.

The control inputs, as shown in Figure 4, are oscillatory with

a frequency approaching two and one—half times the natural system

5 

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

S 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.

The control inputs are still oscillatory, with roughly the same S

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 S

slightly to just  over 2 .2  times the natural system frequency ; however,

5
5 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:

111—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 oscillatory (in both S

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 n/w , which

was the same as that of the Shannon sampling rate (Ref 6: 111—18).

Here, the impulse response function exhibited a “clean” exponentially

decaying envelope (Figure 12). The control inputs became more stair—

step in nature and the system output was devoid of any oscillation.
I

This resulted in DT = n/u being chosen as’ the “optimum sampling time”.
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Increasing the sampling time beyond DT it/u 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

representations results. The control inputs have become less oscil—

latory, as shown in Figure 16, and the system outp ut (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 pr ogression was fairly consistent , with better

results being obtained the closer DT came to it/u. In fact , DT = i t/ u

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 = iT/u is iden— S

tically the period of the Shannon sampling rate (Ref 6: 111— 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 CONT IXE that eliminated the deviation was S

33 seconds. Figures 20 through 22 illustrate the effect of this

change.

For contrast, the effects of shortening CONTINE 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 = 100

was attained smoothly and so was the second set point y = 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 S

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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Figure 24. C o n t r o l  I n p u t s  w i t h  CON I’ 1~ft = 12 Seconds

48

- :~~--- S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
55 ~~~~~~~~~ —-_•-—



-5--—_- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Introduction of Model/Simulation Mismatch

In t he nex t 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 the 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% and 3.0% 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.

S Table I compares the line p r in te r  ou tpu t  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 hi gh 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 l i t t le  e f fec t  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

f indings 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 y~ Output f rom Stead y—Sta te
y Set Point Error

(Decrease) 1y5— ~I %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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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 = IT/O (and control inputs never exceeded the steady—state value

in the f i rs t  place), the effect was that the system did not reach the

high valued set point (y = 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 and 5), appl-’-ing an input

limiter had the effect of actually improving the output response at

the y = 100 set point. This is shown in Figures 32 and 33. However ,

there was no apparent effect on the output at the y = 20 point .
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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.

S 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 S

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. S
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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—introduction of system output

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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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 u..~ = 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 S

eigenvalue set, 02 
= 6.0 m d/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 = ir/w
1 
intervals)

results in driving the system unstable , whereas using the latter case

imputs (at DT IT/u
2

) 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 a f te r  several sampling

periods had elapsed could be a p lausible 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 only constraint

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 f ac t , an overde te r—

mined system for which only a “best” fit solution could be obtained

(See Figure 48). The least squares techni que 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
S 

make it possible to assign a cos t function or weighting matrix to specif y
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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 matr ix  was

specified so that the first—order trajectory was tracked more closely

S at the beg inning 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 A

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 confl ict ing 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 = 71/0, or the Shannon Sampling

period. At this point it should be pointed out that the selection of

DT = i~/w produced , through the deconvolution process , a “clean” im-

pulse response representation (See Figure 12) contai—iing 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 . Unfor—

turiately, 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 -~ome preliminary searching for appropriate values for DT

in higher or~ 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 which the 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 CDT = it/u). In

this situation, the selection of ULIM prevented the system from at-

taining its maximum desired set point. Selecting a faster time con—

S 
stant (TOW) merely produced a faster system response. S

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 d i f f e r  by more than 1.0% , the approach y ields a s teady—state  S

error greater than 6%. A significant point about these results is

the fol lowing :

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—

ainimality of this description may be a key factor which contributes

to the robustness.
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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

completed 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” con trolling prog r am 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 point 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 wri te r  wished to explore

had there been more time .

Essentially, the controll ing program used in this thesis demon-

s t ra ted  onl y the very basic principles behind the MAC concept and how

S 
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 S

to the other problem regarding the selection of appropriate values of

DT.

2. Incorporating the on—line ident i f ica t ion  f ea tu re.  This

should also help take care of the eigenvalue sensitivity problem

S addressed above . S

3. Investigating the e f fec ts  of noise on the model— following

controller.

4. Extending the controll ing program to a mult i p le—input

multiple—output capability.

5. Investigating the possibility of having the sampling rate

S 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 cai~ds at the beginning of the program are

for Calcomp plot titles only and as a consequence 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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k i *i SkjE ~D TO i).D~ ~~~~~.

9~c~~ I M STM (~flP~r (T~IOt1T Ct’IPUT Clot )cccccc ccccc~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~ C T’41S ~‘~ 3f~’~~M COM°IITFS TI4E ~~~~~~~~ I’1P’JL~~F PESPONS~

C i’ICTIQN c~ P ~ s~ EcI~ IF” ~~‘~GLE IPP~)T F SIWGL~ C (JT°JT
C (SIS O SY ST F M . THE RESULT IS T4 EU ucE~ ~V HO~ E L
C - 

A 1~ OP.1T’i~~I(~ CCNIPO1. (
~ A() To 9EI~ R1IP~ T w ~ COPJ T ROL~• C- RE~ L’IR~ D TO ~CL1(’W TW E ~ESIRE~ OIJTPJT. OUTPUT DAT A

• C CO IST~ Or F~ IHTO’JTS A ? P  PLOTS FCR V AL ’~E~ OF DTSC’~~1~
C IMPULSE ~~ SPO v~SF ( H— ~ ECCNgoL uTIO’4 ) , ~rri~ U~ ED ONTRfl _
C rPIPUTS , AN D ACTUAL CUTPt’T (SAM PLED ~T ~ JE-FIFTH T’4~

• C DISCRETE TIME IPJTERVAL USED IN CECO~VOL UTION). IJS~~
C SUP~UE~ THE FOLLOW ING I’~FORM~ T!OP1t

• C TOW = DESIPErI TINE CO NSTt~P1T OF
C FiRST cRrFP SYSTEM M~~ ELC IQ ~ N’JMREP OF FIITUR~ CO NT~3LC TO BE CO~3rLITEf1 CAC H CY C LE
C = SET PCIkT E OF FIRST ORD ER
C ~Y~TEM IWtEL.
C CONTIME 3ESIFED DUPATTO~ 3~ DECONVOLUTION
C . SIGPU * REAL P PT  O~ EI~ E’-~VAL’)E
C r.o~ SECOND O~ DE~ SISOC - SYST FM TO ~E CC’~T~~L F’)
C OMEGA POSITIVE IMAGIN~~ Y ~&~~T
C O~ LIGENVALIJ E roc~ S E C O N D
C ORDER ~~ SO SYST E~1 13 ~ E

• C COt T ROL ED
C SIflTIME DESIFED DURATION OF

f’ 
C SIHULATIOPI• C ULIM MAX DttJ~1 CCUT RCL VA LUE tLLO%IED

• C ‘4 P’W’~ EP OF iNCREMENTS 513R!fl
C It-I ~)ECDNVOLUT IWI
C flT a OI~ CRETE TIP~E Tt-:CREP~ENT t ISFO

• C - IN DECOWJCiLUTIOPI
• CCCCCCCCCCCCCCCCCCC CCCCCCCCCC CCCCCcCCc CCC cCcrrccCCCCCCC~~OINEPISIO;4 H (3C2),Y71C5 ,vD(5 ,15,U; 5),I’P(302

OIMEPJS ID~ X (2),U (3D2),T~~ 3Q2 ,yC3C2),TV~(?1o2)• DI~’1FNS IO~J IDU (17),U~~(21V2),FEE(2,2),OEL&M (2),Dx(2)
OII4ENS IOU ION C17),IOY (17) ,YA (21G2)
COMMON LI,V
DATA IUHC1)/2~ H It-1c~ULSE RESPONSE /
DA TA I~ H(~~~/2C’l OT ~I / OMEGA 1

• DA TA IDH (~ )/2Z’~ CONTII~E = 33 SEC I
DATA IDH (7)/2CH MCOEL * 4—O.25,i5.h)/
D A T A  104(9)I2CH TIIIE(!ECOUOS) F

• DATA IDH 1t)/2 ~ H IMPUL SE RESPONSE F
DATA IOH (13)/!OM

‘F
flA TA 7 t7? (1)1201 SYST FH OUTFUT F
DATA IDY (3)/2C~I TOW a 0.5 I
DATA ~~Y(!~)~~2C9 Y5 100 (OCT ’8) .‘

• DATA IflV(7)/2CH y5a20 (8cT) /
DATA •IO!(9)FZCH TIr~E- s ~ COwos ) I
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~‘MXS PAG~~ISB~ ST Q UALITYPA CTIOAB ~1
FPjO1~ CC*Y FtJRN1SHJ~D TO DDC ~~~~~~~~~~~ -

DA T A  I OV t 1 1)/ 2 ~ H ~YST FU OUTPU T F
DATA T DY ( 1 3 ) / ! 0 M

1/
flA TA IOI~(1)/?CW CCNTCOL INPUT

• DA T A  IDJ ( !)/2C 1 X E, 1
DAT A I )U c F 2 c ~ ‘h IM ‘JNLIMIT~~I)ATA IVJ (7)/2C4SP4(— .25 ,15.. )/
flATA I’)U(°)/2C’l TIME (EECONDS)
DATA IO?’(1i)/20H CCNDOL IPIPUT

• DATA 1OJ (13)F~ 0’4
‘-
CALL ~LDT (0.,-k.,—3) $ CALL PLOT (0.,0.13, —3 )~

C P1I’IALI?E VARIA ~ LE~ -

• To w = .c
SiGMA =

• OMF T,A

~O~ITIME 33
SIMT IME = 15

YS IOO.
• ULIM = 1.F+30
• 11 = 0
• T = 0

4 * 2
p’=3.i~.tsq2Fs~ s~ ge
Dl P I /  OMEC-A
N = CONTIP E ,
I~~(N.Gt.300) P~ 300
0=01/5.
102 5 ID
H2 SIMTIME • 5/D T
IOMAX = ~IMTIPE / ( ‘ T  • In ) • 5
CALL STWLAN (FEE ,OELAM ,D1 ,SIG MA ,OME~A)
00 1 Ja1,N
U ( J ) = U t ( J 4 D T — t ) )

1 CONTIN UE
00 2 Jal ,20

• X (J) z 0.
• 2 CONT!PIUF

00 3 Ja1,P1
TA (J) = 0.0

3 CONTINU~
00 5 J 1 , P4

• TALl ) J~OT
5 CONTINUE
C CALL SU~~OUTINES TC c *icui *Tc T IE OI~ CRETEC IMØULSE RESPO~ SE

CALL OUT *UT Y,x ,N,OT ,T,rEE ,O!LAN)
CALL D (~ON (Y ,I~,H,ta ,DT )
PRINT 1.0!
PRINT’ , THE VAR IAPL ES OF INTEREST FO~ TW IS RUN ARE I
PRINT’ ,~ N ‘,N,~ O~ ~~~~~~ T0’I a ~,TOW ,
PpINT~~,~ UL IP ~ ,ULIM
PRINT 101
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THIS PAGE IS B~S~ QUALITY FRLCTICA~~~
FROM OO~ I FW~1~1 SH~~J TO LWC ~~~~~~ —

P RI NT S , k — DE CONVO LUT 1ON TINE ‘S
PRINTS ,” ‘S

102 FORMAT ( ? (~~~,G 15 .7) )
101 FOR’IAT (lHl) -

• 00 6 J 1,PI
• 14(J) a 14(J ) • OT
$ CONTINUE

PRINT 102,(H(I),TA (I),Iz1,N)
PRINT 101
CALL HG~APN(TA,H,W,I0H,1,0,1)

C RE-INZTIILI7E VARIA PLES
• T a O . 0

L1~~~ 1O O 6 J a l , N  -

UP(J)aQ,
S CONTINUE

00 9 J = 1,11
X ( J )  a 0.0

• 9 CONTINUE
Y 1 * O _ .0
PRI NT ’ , THF MOD EL EIGENVALUES KAV E THE FOLLOUIN~PR IP1T’ ,’SF~EA L AWO INAGINAflY P~~PTS
P R IP1T~~,’S ‘S

PRIPST~~,” SIGMA a ‘S,~~I GM A ,’S OM EG A a +OP ° ‘S,Ofl~GA
PRINT~,

’S SI

SIGMA a - U .2 ~
• OMEGA a 15.4
• PRINT ~~,’S THE SI MULATIO N EIGENVA LUE~ NAVE TP7Z ‘S

PRINT~ ,’SFOLLO~1IhG REAL AND X IASINARY PARTc’S
PRIP4T’,’S ‘S

PRINTS ,‘SS!GP?A a ‘,S!GKA ,’S OMEGA *
PRINT 101
CALL cT LAM( F ,n Ah1,O,srGF~a ,OnEc2)

C APPLY THE COUTPOa. *LGG~UTHN TO FOLLOW S~ECIflE~C FI~S1 ORCER MODEl.
00 99 1021,!OPAX
IF(T •Gc. 0.) YSa2O.
D0 to J 1,I0

Yfl( J ) aQ ,
00 11 Ia1,NJ.
Y7I(J) Y71 (J) •t4(I.J)aUP(I)

11 CONTINUE
Y Ø ( J )  a (EXP (•J 01/TOW)) ~ (VI ~5) • y3

• ?(J)aYU (3)—Y?I (J)
IS CONTINUE

UF(t)a7(1)IW(1)
!F (A85 (JF (1)) .GT.UL!P1) Ur (1)a LIN (A0S(,JF (1)))/U ~(1)
00 12 ~2,IO
UF(J).’(J)
Ji•J’SI
00 13 !‘l,Jl
t F ( J ) W U )  ~H(J”T~1) ‘ ‘~~(!)

13 CONTINUE
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UF(J)=UF(J)/H (1)
~F (AqS (Ur(J)) .GT.ULIM) t~F (J)wUL I,1~~~RS(UF(J)))lUF 1~~

12 CONTINUE
NIQ PU- r~00 1~. J21,PITO
~ *N + 1—J
UP(C)sUD(K

~
IO)

14 CONTINUE
00 15 J 1,!02
J2 a (J • 4) / 5
V a UF (J2)
CALL OUTPUT (V,X,i,D,T,FEE,DELAM )
JC =( IO—1 )° 1024J
YA ( JC )  a X ( 1)
UP (J2) =tJr( IO.1—J?)
UA L3C) a v

15 CONT INUE
VI a X (1)• 99 CONTINUE
CALL PL OT ( O. , —Ae. , — 3 ) $ CAL L PL OT (0. ,0 .03 ,— 3 )
00 20 J a 1, N2

• TAO (J) a 0.0
20 CONTINUE

00 30 J 1 , N2
TA’)(J) * j  • C

30 CONTINUE
CAL l. VGRA PH(TAD ,YA ,N2,IDY,i,0,1)
CALL °LOT(0.,-..,— 3) $ ~‘4LL PiOT(o.,o.e3,—3)
CALL VGRA PH (TA9 ,’JA ,N2,IDU,1,0,t)
PRIPIT 101
PRINT’ ,” COP~T E~OL INPUT ACTUAl. OUTPUT

TI~IE ,
PRINT’ ,“ ‘S

PRINT t03,(UA (t),YA ( I),IAD( I) ,!at,N2)
103 FORMAT (3 (5X, C15.7))

CALL PLOTE(N)
STOP
END
FUNCTI ON uI(T )
U l a l .
RETURN
(NO
SU9RO’JT!NE DECOP1 (Y,U,14,N ,DT )
DIMEP1SI3~1 Y(!32) ,U(302) ,N(302)

• $ ( ( j)  a Y (t )~~(t T ’tJ ( I) I
00 1 J~ 2,P1
P1 ( J ) a
JI a J j
00 2 I’l,Jl
14( J )  a 11(J) • M(J~t)’U (I.1)

2 CONTINUE
P1( J ).  a PI(J)/U(i)
CONTINUE
RETURN
£ NO
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THISPAGE I58EsT Q1J4~LIrjpRACflCABL$
FROM COPY F~RMSHE.I £0 ~ )C 

~~~~~~~~~-

Su BROUT INE 4G~ A P ~ (X ,Y ,N,IO, W O ,NP,P45)
D IMENS T3N X (lhY (I),ID (1) IF(N~).F1.2) (~(‘ TO 30
IF (N).LT.0) C’) TO 13
CALL SCALF (X ,7.,’l,I) 3 CALL SCALE (Y,r.,N,j)

10 • 
CA LL °LOT(8.5 ,~).,— 3) I CALL. °LOT (C., t1.,3)

• CALL 0LOT (—l,~ 5,l.35,3)
CALL PLOT _7 .le ,1.3e ,2) $ CALL ~.OT (—7. ’5,9.65,2)IFfI’)C1).F).0U.~) (C TO 25
CA LL P L O T ( — 7 . C 5 ,a . 5 5 ,3)  ! CALL PLO1 (—’.0~~,7.~ 5,’)00 20 1:1,7,2

20 CALL SY~~ OL (T~~.1—6,9 ,7,~ 5 ,.07,I3(I),9,.,20)
CALL DLoT~~ 7.t5,7.~ V,3) I CALL P..OT(—6.05,7.55,~)
CALL PLOT (—6.C5 ,°.5~ ,2) I CALL PL3T (—7.05,9.b~ ,~ )CALL PLOT (—7.15,Q.6E,3)

25 CALi. PLoT(—1.35 ,q,b~,2 $ CALL PLO1 (—1.35,1,3~ ,21
CALL SYM~ ’1i,. (— ~ .E~ ,1.1~ ,.1,IO(13),0.,5O)CALL AX I~~(_ 1 .~~5 ,2 . t , I 0( C  ,— 2 0,7 .,90., X ( M + 1 ) , X ( N 4 2 ) )
CALL AXIS (~~i.85,?.1,IO(11),?0,5.,100.,Y(Nej) ,Y(N.2) )

30 Y ( $ J + 2 ) = — Y ( ” 3 + 2 )
• 

~(N+j)=~C (P1,1).2.j~X (N,2) $ Y ($+j.) Y (q4t)+1 ,85’Y (N+2)
CALL. L I~J F(V, X ,N,I,NP,N!)

• X (PI+j)zX (N,j)42,j•x(N+2) $ Y(N’1) Y (M+1) 1.85’Y(N+!I

• RETURN $ EN~• SUBROUTINE VGR4PW (X,Y,N,ID,’4O,P4P,NS)
DIMENSION X (1),Y(1),ID(1) $ IF(NO.EO.2) GO TO 30

• IF (P1O .LT.0) CD 70 10
CALL SrALE (X,4.9,N,j) $ CALL SCALE (Y ,7.0,N,1)

• 10 CALL PLOT (~~.5,0.,— 3) $ CALL. PLOT (0.,tt.,3)
CALL PLOT (—1.~ b,t.3~,3)

• CALL Pt.OT t -7.16,1.35,2) $ CALL PLOT (— 7 .15,9.65, 2)
CALL PLOT (—j.~ 5,9.6~ ,2) $ IF(ID(t.3.C’).OOO) GO TO 2~• CALL PLOT (—1, &5,9.~

f,,3) ! CA LL PLOT(~ 3.u.c,9.55,2)• 00 20 I :  1,7,2
20 CA LL SY M9OL(— !.15,9 .”—14 .10,,07 ,I3(1) ,O.,20)

CALL PLf lT (— 3 .~ 9,9.5~ ,3) $ CA LL PL.OT (—3. ~ 5,8.55,2)
CALl. DLDT(—1 . f~i,~i.~ 5,2) $ CALL Pt.OT (-1.~~5,9.55,2)CA LL PLOT (—t.~ 3,9.~~~,3)

25 CALL PLOT(— 1.!5,1.35 ,2)
CALL S Y ’tROL (— E.~~5,i.1S,.1,IO(i3),0.,30)
CALL AX !S (—6 , 1 ,1.65,IO(S) ,— 2o,4.9,0.,x(N.1),x(N,2)I
CAL L AX I S (—f..I.,i. ~ 3,IDU1),2O,7,0,g0., v(N.j), v(N.2) )

30 ~ (N+1)=X(N41 4G,4’X D1+2 $ Y (N+1)aV(N+1)—1.6 ~’Yft1~2)
CALL L tu~~t X ,Y ,N,i ,lIP,PáS)

• 
- X ( N +t)*X (N,i)—6 .I.’X(h,2) $ Y (N,t).Y(N.1),1.65’Y(N.2)

RETURN S £110
SU9ROUTTPIE OUIPUT (Y,X,N,DT,T,F EE , DELIM)
DIMENSI3U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
COMMON Lt,V
IF(L1.EI.1) CC TO 2
V at ,

2 C ONTINUE
• 00 1 Ja1~ N

T *1 +OT

a
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O’((1):FFC(1,1)0X (1)~~ EE (1,2)*Y(?) 1 4 )FLA M(j )* V

OX (2) FFE (2,1 )•x(1)4F(E(2,2)’X(2) ,orLA~~c2)av

• X(!)2’~X (?)
V C J) :X (1 )
CONT INUE
RET (JRN
Eh’)
St,qOOt!TTNF sTPLAPqFEE,fl~ LAM ,0T,SIGM A ,O’lEGA )
DIMENS IOPI FEF(2,2),flELA P0(2)
A~ I 2 — (SIGPIA”2 • CrIEGA”2)
A 22 = —2 ,0.’ ~~5(S~GMA)

~i2 = -STr.MA /CMEGA
‘322 = 1.0/OMEGA

FYP (SICMA • Dl)
CO’3EL = CCS (OI’EGA • Dl)
SI ’EL = S!P1(OP’~ GA • OT)
ECO3EL = EDEL • “ODEL
ESIDEL :. FOE L ‘ S T D E L
A l T  a E~ 00EL P ~12 E S T O E L
A2 T a P2? • ESIDEL

• FEE( I,t)  = A l T
F E E ( 1 , 2 )  = A2T• F E E ( 2 , 1) z A2 1 • *27
FEE (2,2) 2 All + A22 • ~2T
*IPlV lj —A2 21A 21
AI ,1V12 = 1.1*21
EATMII FEE (I,1) — 1.0
EAlMj2 : rEc (1,2)
EAT’421 = FEE (2,1)
EATM92 = FEE (2,2) — 1.0
OELAM (i) = AI P~V 1i • EATP’12 + AINVI2 ‘ tAT,422
DELAM (2) = EA1M1 2
PETURPI
EN O

a

.

e
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4ppendix B

- The FORTRAN source code listed in this appendix differs from

the one in Appendix A in that an m~~ -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 4

the differential equation solver must be attached.
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~~~~~~~~

’
~~

~Rc~:, COFI r~~~: :~~E. i ~~I) ~~~~~

~~~~~~~~ f 0’JTRCL (TPJPIJT,O (’IPUT ,PLOT)
CCC C CC CCCCC ’~CCCrCCC cccrcc’rcccccrcccccccccccc~ ccrcccccccc’:~
C THIS °~~JC.~~A M  COt4~ ’ITF S T1’E OISCI~ETE I’~°JLS~ RES PON SE
C FIJN~ TI”~N ~OR a’ ~~EC 1FIfl SIP~SLE tN~UT / SYNGLE
C • OUT P’JT C~~TS O) SYSTEP~. ilIE ‘~E S U L T  I~ T 4 ~~P1 USE D

-C ~ Y MOO !L A L G C~ IT’lMIC COPTPOL (MAC ) T3 )ETCRMINE
• • C T~~ CONT PC LS ~~Ct)IFEO IC FOLLCW TH~ D~ SIREO

C O LJT°uT . OUTPCT flATA COP.~SISTS OF °‘~I’1T’)~I1~ A N!)
C PLOTS FOP VALL.ES OF DISC (~ETE IMPULSE RESPflNSE
C (W EC O~4VC%. I)TION), COMPUTED CCNT~ OL TN~ UTS, ANDC ACTU.)IL OUTPUT (S~ MPLEO AT ONE-FI~ TH THE D SCRETE
C TIME IUTEPVAL ‘JS~O IN DFCOP4VOLUTION ) • USFR
C SUPPLIES THE FOLLOWING 1NFORMATION2
C ~ow O~sIc~Eo TIME CONSTAN T OF
C FIPST OR~ER SYSTEM MO’)ELC T~) a NU’4BEP OF FUTURE CONTROLS
C TO PE CO$PUTEO EAC’4 CYCLE
C VS = SET POINTS OF FIRST..D~ 3ER MODEL
C ULIM MAXI MUM CONTPOL VALt’E ALLOWED
C N = CQDE~ OF SISC SYSTEM
C CONIIME = OESIFEO ouqAhIo~ (H SFCONDS)
C OF DISCRETE IM~ J L S E  RF ~ PONSEC SIMT IME = flESIPED-flURAT ION (IN SECONDS)
C OF S!’4ULATIOP4
C UT * DI’CRFTE 1IP~E INCREMENT ‘JSEO

• C Ill OECCP4VOLUTION
• CCCCCCCCCCCC C~CCCCCCCCCCCCCCCCCCCCCCCCC CCCCCCCCrCCC~CCCC C~~

DIMENS ION ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
DIMENSION X (20) ,‘J (2OO),TA (200),Y(20~ ) ,TAD (1000)
DIMENSIflN IDU (17),UA (1000)
DIMENS ION IDM (I7),IflV (17),Y$ (1003)
COMMON L1,V
DATA 104(1)/2CM IMPULSE RESPONS€ I
OATA IDH (~~)/20~ Dl = PI/OM€GA 2 /
DATA I f l~ ( 5 ) / 2 0 H  CO NTI M E = 33 /

DATA I ’) M ( f l/2C ’4  FOUcTI’ C.f~DER MODEL ,‘
DATA ~D1 (q)/2cH TIME SFCOIIDS) /
D A T A  I O M ( 1 i) I 2 ~ H IUPULSE RES°ONSF .‘

DATA IfiH(13)/~ QH
1/
DATA IDY (1)/2CM SYSTEM OUTPUT /
D A T A  t~ V (1)~~2~ M • TOW 0,5 I.
DATA IOY ( 9 ) / 2 0 W  VS 1~ 0 (0 cT 8) /
0~ATA IOY (7)I2CH VS = 20 (8<1) /
DATA IOY (9 ) F2C 11 TIP’E(SECONOS)
DATA IDv ( ll)/ 204 SYSTEM OUTDUT /
DATA I’)Y(13)/30H
1F
DATA IDLI(1)/2C14 CO1iTFOL INPUT /
D A T A  I O~J (3)/2CM 10 a j F •

0*1* Ifl(U5)/204 OLIN a UNLiMITED /
DATA IO’J(7)~~2C’4 

•
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DATA IDU(’))F204 TIME (SECON3S)
DATA !OtJ (lt)/20W CONT~ OL,INPUT
DATA IDU (13)F!OH

1/
CALL PLOT (0 . ,- ’..,— 3 ) $ CALL PLOT(.O., Q ,~~3,—3)

C • INITIALI7E VARIA9LE~• TOWa .5
OMEGA 5.0
CO PITTM~ = 33
SIMTIME 15
1021
YSz 100.
P~~z3 .jz .j 5q2~~535~~q$
Ut. I Mz 1 ~E+
L t z 0  - 

-

• T a O
M 4
UT P1 / OPEGA
N CO NTI M E / UT
D=DT/5 .
102 = 5 • I C

• N2 SIMTIMF~~~~5 F D T
• IOMAX = SI P 4 T I P E  / (DI • 10) • 5

00 1. J 1, W
0(J )  = U I (  J • UT — 0 )

I CON TINUE
• DO 2 J 1 ,M

XC)) z 0.
2 C O N T I N U E

00 3 Jaj~ pI
TA (J) 0.0

3 CONTIPIUE
DO 5 Jr 1,N
TA (J) = J•DT

5 CONTINUE
C CALL SU8POUTTUTS TO CALCULATE THE DT~CRET E
C IM~ ’JL SE ~ESD0NSE

CALL OUTPUT (Y,X,H,N,DT,T)
CALL D E O NIY ,t,H,N,DT)
PRINT ~~1
PRINT ,” THE VARTARLES OF INTEREST FO~ THIS RUN AQE T ’S
PRINT’,” ‘1 a ‘S,N,’S Dl a “,OT,’S TOW ~
PRtNT~~,

’S ULIP * ‘ S % j
~ 7~PRINT 101

PRINT’ ,” H — !3ECONVOLUIIOPI - 
- 

TIN! ‘S
• PRINT’ ,” SI

102 F ORMAT C2(5X ,G15.7))
101 FORMAT T INt)

00 8 J a 1,14
11(J) a 11(J) • UT

8 CONTINUE
PRINT 102,(NU),T*(I),Izl,l1)
PRINT 101
CALL H’RAPM(TA,H,P4,I0H,1,0,1)

97
- a -  — • • — - • — - ———.•• • - - • -—— -—-—-——.-- —-— -- • - - - • • — • —

IL • • 
-

~~~~~~~



• 
• • • - •

• mis p~o~ IS BEST QIJM~IT1 pp~ C CA3L~
C RE— INTrI~ LI’E VAR I ABLES Y O ~~~u F 1  

~~~~~~~~~ ~~~~~~~~~~~~~

T = 0 .0
LI  I
00 6 J = 1,N

• ‘J~~(j)=o.
6 CONTINIJE

00 9 J = 1,M
X (J) 2 0.0

9 C CPITINUE
VI. 0.0

C APPLY THE CONTROL £LGOPITHM TO FOLLOW $PrC~ F~~~
• C FI’SI ORC!R MODEL

00 99 10 1,IOP’AX
IF(T.GE.8) VS : 20.

• 00 10 J21,IO
NJ N—J
Y71 (J )=0 ,
00 II 1 1,NJ

• Y’I(J)=Y71(J)4P4(14J).UP(I)
11 CONTINUE

YO (J) (EXP(—i’fiT/TOW)) ‘ (V t  — YS) + VS
7(J) Y!)(J)—Y71(J)

10 CONTINUE
(JF(1)aZ(t) /14(1)
Ir (A qS (UF(1)) .GT,ULIPI) UF(1)zULIPl~ (fBS(Uf(j)))/UF (1)00 12 J3?,I0
UF(J)=7(J)
J I. = J— 1
00 13 Ix1,J1 •

13 CONTI’iflF

!F(ADS CJF (J)) .GT.UL1M) U F ( J ) a U L V 1~~(a’3 S(U F ( J ) ) ) / I J F ( J)
12 COPITIN’J~

N10 P1—I~DO 1~ J=1,NIO
K N+1—J
U P( K ) U ~~( X — I 0 )

11. CONTINUE
00 15 ~J:1,I02I ?  = (J 4 1)  I 5
V = U F 02)
CALL OUTPUT(Y ,X,H,1,0,TJ
JC (IO~ 1) ID2,J
VA (JC) = XCI. )
UP132) 2tJF (IQs I,~J2)
UA(JC ) V

13 CONTINUE
Vt a XCI )

99 CONTINUE
CALL PLOT (G.,-4.,— 3) 1 CALL PLOT(0.,0.03,—3)
00 20 J a 1,N 2

• TAD (J  = c . e

20 CONTIPIUE

-~ • 
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THIS PAGE IS ~E :T LIr~ TI CA BLZ
00 3) ) = 1,N? ~~~~~~~~~~~~~ ~

-
j •~j~~

TA ’ lL)  J • C
3C CO~lT IS~~Ir

CALL A P~~(T~ ’~,YA ,~ 2,IrV ,1.0,1)
CALL PL OT (O.,~~4.,-3) ~ CA LL PLOT(0.,0.)’,—3)
CALL VG~~ °4 (I ,~~A~ N2~~IPIj~ 1, 0,1)
PRtNT 101
PRINT’ ,“ CO~ TPOL INPUT ACTUAL OuTPUT

TI ME ’

PRTtIT 10~~, ( U A( I ) , YA ( I ) , ’A D U) , I=t,P12)
103 FO~ MA T (~~CcX ,G1~ ,7))

CALL PLOTE (M)
STOP -

EN!)
StJ’~?OUT INF OUT P UT (Y ,X ,M,N,’)T, T)
EXTE .~.N& L F
DIMENS ION WOPk(200),IwOrx 5),X 2OhYC2t3O
A = I.E—ID
9 = I.E-I’)
DO I J 1 ,N
T O t iT = I . UT
IFLA~ = I
C~ t..L OD~ (F,H, ~,T ,TOUT ,A ,E,I~ LA G , W O ’ < , tdO P~~

)
Y (J) = X (I)

• I CONTIN”F
p RE T U~ P~1

F ND
Suq ’)uTI N~ F( T ,X , DX )

C t l F (T )  IS A JSFR SUPPLIE!) iNPUT ~L1NCTIO~1
OIMENSI!)N X ( ? C ) , f lX ( 23 )
COMM~ N L I ,V
IF C LI. E) . 1) GO TO I
V = ‘ii CT )
CONTINUE
DX( 1)  = Y ( 2 )
O X (2 )  Y ( 3 )
DX ( 3 )  = X ( 4 )
flX ( L i ) =  —~f~1I .7E9~~f l6’Y (1) —279 .  096’I (2) — 2 74 .  07 5 ’X (3 )—
II .S X (4 )  IV
RETURN
EN)
FUN’ TI ON UI (1) 

-

• U1 1.
• RETURN

F N’)
StJ9ROU TIPIF DECON (Y ,U, I4 ,N,OT )
DIrIENS IOPI Y ( Z 0 0 )  , U (2 0 0 )  ,H( 2 03 )
11(1) Y (1)I(CT tJ (1) )
00 1 J=?,N
‘4(J) = Y ( J ) / f l )
i I E J — 1
00 2 t=I ,J I
p 4 ( J) ‘1(J) — I(J— I) U( I4 1)



THI SPA GE IS BES T~~l J AL I 1 ’1 ~~~~~~~~~~
IRo)a (.~O~•I ~~ ~ c

• 2 CONTI NUE
P.4 ( J) =

CONTINU E
RETURN -
END

• ~ ‘J~~ Ou TrNE HGFAPPl(X ,Y ,N ,ID,NO,NP,NS)
DIMENS ION x(j ,vW,Io(l) $ IFCNO.E~ .2) GO TO 30

• I~ (P’lO.LT.O) C’) TO 10
CALL Sr4t.E (X,7.,N,1) $ CAL l.. SCALE (Y ,!., Pi,I)

10 CALL PLOr (8.c ,o.,— 3) S CALL PLOT(C..,tt.,3)
CALL PLOT (—1.3 ~ ,1.35,3)CALL PLOT ( 7.15,-1 .3!’,?) I CALL R.OT( h.15,:9.65,2)
IF(ID(I).E0.000) GO 10 25
CALL PLOI (_7.C5,9.5E,3) S CALL PL3T (—7.05,7.~ 5,2)00 20 1=1,7,2

20 CALL ~Y~~OL (I’.1—6.9,7.P~ ,.07,I’)(I),93.,?0)
CALL PLoT —7.e~ ,7.55,3) I CALL P OT (—6.Q~~ 7.55~~)
CALL PLOT —6.c5 ,g.55,2) $ CALL ~LOT (—7 .05,9.55,2)
CALL PLOT (—7.15,~3.6E,3)

• 25 CALL PLOT (—1.~~5,9.E~~,2) $ CALL P,..f l I (— 1. ’5,1.35,21
CALL . SY9~~OL (—e.&5,l.I5 ,.l,Io( 13), C.,50)
CALL AX ISC— I.e5,?.I,ID(°) ,—20,7.,~~~.,X (H+1) ,XCN’?)l
CALL A XIS (—1.05,2,j,ID(II),2O,5.,18(~.,Y (PU4j) ,Y (NI2)

)
30 Y ( N + 2 ) = — Y ( N 4 2 )

X (N+1)=X (N+1)-’.1’X (N42) $ Y(N+I)2Y(Nl1)+I.853Y(N+!)
CALL LI’IE (Y,X ,M,i,NP,P45)
)CIH+t) XCN+1)42.I’X (t4+2) S Y(N+1):Y(N+I)—I,05’Y(N+2)

RETURN S END
SU~~RO1J TINF VG~ APu X , Y,N,I0,HO,NP,NS )
DIMENSION X (1),Y(1),ID(I) S IF(N0.EQ.2) GO TO 30
IF (NO .LT.G) CO 10 10
CALL SC~LF(X , d~.9,P1,1) $ CALL S CALE (Y ,7.0,N ,I)

10 CALL PLOT(8.3,0.,-3) 5 CALL PLOT(0.fII.,3)
• CALL PLOT (—1.33,1.35,3)

CALL P L O T ( — 7 .15, I . 35,2)  S CA LL FLQT (— 7 .15,9.65 ,2)
CA LL DLOT ( 1.3~,9.~ 5,2) V IF(I0(I).E’) .ODO )  GO TO 25
CA LL PIOT (—1 . l,5,9.55,3) $ CALL PL OT (— 3 . 1 , 5, 9 . 5 5 , 2)
00 20 1 1,7,2

20 CALL 5YMqoL —3.1~ ,g.’,—I~~.10,.07,ID(I),0.,20)
CALL PLOT (—3.’~5,9.55,3) I CALL PL OT(—3.45,8.55,2)
CALL PLO’(—I .845,8.55,2) $ CALL Pt.OT (—t.~~5,9.~ 5,Z)C.AL .L PLOT (— i.3~,9.65,3) 

-

• 25 CALL ~LOT (—1 ,3~ ,I.35,2)CALL SY~1flOL (—€.65,I.15, .1,10(13), C.,30)
CALL A XIS (—6.~~,1.85,I0(°),—20,4.(3,0.,X (Na1),XCN+2)I
CALL A XIS (—6.~ ,1.05,IoC1i3 ,20,7.0,90.,Y (M+1) ,VCH+2)~

30 X (P1+1) =V (H 1) 46.’.’X (M+ ?) ~i Yfli .1)=Y (P4It)—1 .85~ Y(N.2)CALL L I’1~ (X,V ,M ,1,NP,NS)
X (P4.t)=X (P4,1)—G.l.~ X(N,2) $ Y(N,j)aV(N,t),t,85~ Y(N.2)
RETu RN $ END

-

~~ ~~~~~~~~~~~~~~~
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