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Preface

At the end of the week prior to the planned final typing of this

thesis, a programming error was discovered by the author of the soft-

ware which produced the controller designs upon which much of the

report is based. Investigation revealed that the design software error

", had an obvious, significant impact on some of the results, observations

and conclusions presented. Considering the limited time available, the

most reasonable option appeared to be to document the error, and to

>explain its effects on the results of this study as fully as possible.
Thus, except for the addition of Appendix E and the references to it in

Chapters IV, V and VI, this report has been left much as it was before

the error was found. The theories and formulations presented are still

valid, as are the logic, tools and methodology used to pursue the

design and analysis of the controllers. The controller designs

developed are valid and do possess solid capabilities despite the

software error; they were achievable due to the iterative nature of

modern optimal control design techniques. These iterations yielded

controllers with gains that produced desirable performance; in using

the corrected software, different weighting matrices would be chosen

(generally, as the result of easier design iterations) to produce

essentially the same gains and the same closed-loop system performance.

While I am disappointed that the accuracy of the data and some of

*the observations presented in this report has diminished, I am glad

that the discovery of the error occurred early enough to allow it to be

identified and its effects addressed, albeit in a limited sense. I

~ sincerely hope that those who may read this thesis will still find it

- * * *J *. -, .* , .*.*. . ** .*.*. . . * .. . . . . . . . . ... .,. t. o
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to contain useful information.

I wish to thank my thesis advisor, Dr. Peter S. Maybeck, for

helping to make this project such a valuable learning experience. His

expertise and guidance contributed a great deal to my work and to the

final form of this report. I would also like to (personally) thank him

for his patience with my tendency to (always) split infinitives.

Thanks are also due Dr. Robert A. Calico, Jr. for his help with

modelling issues and his review of the manuscript for this report.

I was also very fortunate to have the assistance of two

"unofficial" thesis committee members -- Mr. Finley Barfield and Capt

Rich Floyd. I would like to express my sincere appreciation for their

interest in this study and for the time they spent helping me to grasp

the significance of many of the analysis and design issues that arose

in the course of my work.

Last, but certainly not least, I would like to thank my wife, Sue,

for her constant encouragement and patient understanding throughout the

course of this effort.
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'4 " Abstract

This study applies the concept of implicit model-following to the

design of a multivariable control system based on the Linear system

model, Quadratic cost, and Gaussian noise process (LQG) assumptions of

*optimal control. The design objective is to achieve improved

controller robustness in the face of _..certaihtiesr_.ising from the

differences between the simplified linear model used for controller

design, and a more realistic truth model representation which includes

higher-order dynamics, parameter variations, and nonlinearities.

This report introduces the concept of implicit model-following and

reviews the formulation of its incorporation into the design of a

controller that consists of a Command Generator Tracker (CGT) employing

a Proportional-plus-Integral (PI) inner-loop regulator and, if

required, a Kalman Filter (KF) to provide state estimates for feedback

control (CGT/PI/KF controller).

The theoretical background for the application of matrix singular

value analysis to the study of controller robustness is presented, and

. a computer program is developed to apply this type of analysis to the

general CGT/PI/KF controller configuration. Additional software is

developed to analyze the performance of th\specific designs achieved

in this study by means of conventional simulation with respect to

various realistic truth models. Both programs -e documented and

listed in this report.

A variety of deterministic CGT/PI controllers for the decoupled,

xi
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pitch-pointing control of a modern fighter aircraft (the AFTI F-16) are

- designed through the use of software developed in the course of

previous AFIT thesis efforts. These controller designs are analyzed

extensively through the use of the software developed in this study.

*The incorporation of implicit model-following in the design process for

the inner-loop regulator is shown to provide an enhanced capability to

produce designs which work well despite unmodelled dynamics and system

nonlinearities (specifically, control actuator saturation), when

compared to design methods which do not use implicit models.

The results of the singular value and simulation analyses are

combined and contrasted. The type of singular value analysis employed

in this study is shown, for the design problem considered, to be of

limited value in predicting the robustness of controller performance.

Classical analysis based on the locations of nominal closed-loop

controller poles is shown to provide considerable insight and

predictive capability for robustness in the face of higher-order

dynamics.
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ROBUST MULTIVARIABLE CONTROLLER DESIGN

VIA IMPLICIT MODEL-FOLLOWING METHODS

I. Introduction

1.1 Background

An important objective in control system design is to meet

.constraints on both the transient and the steady-state behavior of a

physical system. Achieving these objectives generally requires the use

of some form of feedback control, which provides the designer with an

even more critical concern -- that the closed-loop system be stable at

all times and under all operational conditions. Design of systems that

meet these criteria is greatly complicated by unknown or unmodelled

differences between the mathematical model on the drawing board and the

, real world. These include (1) disturbances that affect the controlled

system (plant) and sensors, (2) order reduction in the design model

required to simplify the design or controller implementation,

(3) unmodelled or ignored nonlinearities, and (4) parameter variations

between the actual system and an otherwise adequate design model

Vrepresentation. The effects of these "uncertainties" can cause serious

performance degradation or instability if the designer does not allow

for their existence. The term "robustness" is used to define the

amount of design uncertainty that can be tolerated, or the amount by

which the real world can vary from the nominal design model, without

destabilizing the actual physical closed-loop control system or causing

it to fail to meet performance specifications (,11,13,30,41 . In this

I-i
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thesis "robustness" will be primarily used in reference to the

stability consideration; when "performance robustness" is intended, it

will be specified explicitly.

The stability robustness of single-input, single-output (SISO)

control system designs is frequently characterized using the well known

concepts of gain and phase margins, although these measures do not take

into account the effects of simultaneous gain and phase changes that

could produce instability (30,432. Even these limited measures have no

direct counterparts that can be applied to the case of multiple-input,

multiple-output (MIMO) control systems. Attempts to analyze the

robustness of MIMO designs one loop at a time using the SISO analysis

methods generally provide overly optimistic robustness estimates in

that they fail to identify the effects of simultaneous variations in

interrelated system loops [11,12,14,41]. Since many of the flight

control and weapons system developments currently of interest to the

Air Force depend on multi-loop designs, the lack of adequate design and

Vanalysis tools has a serious impact. A means of quantifying the

robustness of MIMO designs is a necessary prerequisite for developing

more certain methods of synthesizing control systems that are, in fact,

robust. Singular value analysis of the matrices which are used to

describe the control system has been shown to provide such a capability

4,7,11,12,14,15,18,24,27,30,35,37,38,41], and it will be described in

some detail and used in this thesis.

One approach to modern multi-loop control system design involves

the assumption of a linear system with disturbances and measurement

corruptions which can be represented as Gaussian processes, and with

S.*. control laws based on the mathematical optimization of a scalar

1-2



quadratic cost function (performance index). Such LQG

(Linear-Quadratic-Gaussian) design techniques can be applied to many

types of complex problems, generating designs with many desirable

characteristics. These techniques do not, however, directly address

the robustness issue, and many designs based on LQG assumptions and

methods have demonstrated a serious lack of robustness; the presence of

an observer or filter in the control loop is a primary cause of the

problem (10,30]. Robustness analysis is therefore imperative for the

LQG designer.

One controller configuration in the LQG class consists of a

Command Generator Tracker (CGT) which provides feedforward control, a

Proportional-plus-Integral (PI) inner-loop controller designed by LQ

deterministic optimal control methods, and a Kalman Filter (KF) to

provide state estimates necesssary for control law generation (as a

unit, henceforth referred to as CGT/PI/KF) [16,31,341. The CGT/PI/KF

controller was the subject of two recent AFIT thesis efforts by Capt R.

M. Floyd and Lt A. Moseley [16,34]. These studies included the

development of interactive computer software for efficient design and

performance analysis of the CGT/PI/KF controller. A unique aspect of

this type of controller is the use of "model-following" to force the

controlled plant to respond in a way which mimics the response of an

ideal system. This can be done by means of the feedforward controls of

the CGT ("explicit" model-following), or by changing the control

system's closed-loop characteristics by incorporating a model of an

ideal response into the regulator's performance index ("implicit"

model-following), or both. The complexity of this configuration makes

robustness analysis somewhat difficult. At the same time, the degrees

1-3
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of design freedom created by this compexity make the CGT/PI/KF a

,: ,, . promising vehicle for investigating means of robustess enhancement,

especially through the use of implicit model-following. Refer to

:-2 Chapter II for a more detailed discussion of model-following control

and, in particular, the structure and design methods for the CGT/PI/KF

controller.

1.2 Recent Research

In general, the scalar parameters that describe a SISO control

system are replaced by matrix quantities in the MIMO case. The

open-loop transfer function becomes a loop gain matrix, and the return

difference function (the denominator of the control ratio) is replaced

by a corresponding return difference matrix function. Analysis of

functions of these matrix quantities can provide much insight into the

*performance and stability robustness of complicated systems, just as

scalar analysis does in the SISO case E11,14,30,37,41]. Many of the

classical "rules of thumb" that have traditionally been applied to the

loop gains of SISO control systems can be generalized to apply to the

"singular values* of the MIMO loop matrix [14,37,43). Similarly, the

use of the matrix singular value decomposition provides insight into

the "size" of the system's return difference matrix; this quantity and

$ the associated inverse return difference matrix are directly related to

the system's overall stability [11,14,30,47,43].

Matrix singular value analysis (discussed at length in Chapter

III) has generated a great deal of research in the last few years

[4,7,11,12,14,15,18,24,27,30,35,37,38,41). A very good basic

p discussion of the impact and application of singular value analysis in

1-4
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assessing stability robustness was presented by Doyle [112. Expansion

of these concepts to the more general analysis of both stability

robustness and performance using singular value analysis of several

system matrices was given by Doyle and Stein [141]; this work provided

some pleasing generalizations of many classical SISO design tools to

the MIMO case. In both of these sources, the robustness analyses are

based on the effects of a very general class of perturbations to the

design model parameters referred to as "unstructured" uncertainties.

Since a subset of this class generally represents perturbations that

could never physically occur, robustness estimates are often overly

conservative. More recent research [12,18,27,40] has centered on

analysis that takes into account knowledge of what perturbations are

physically possible and which will have the greatest effect on

-robustness and performance. This work with "structured" uncertainty

leads to tighter bounds on robustness estimates.

Robustness analysis is necessary to ensure that a control system

will remain stable in the face of uncertainties. If such analysis

uncovers design deficiencies, then steps must be taken to robustify the

system. Gilbert [19] has shown that if the eigenvectors of the

closed-loop system are made as nearly orthogonal as possible, improve-

ment in robustness results; design methods involving eigenstructure

assignment therefore have the potential for robustness enhancement

[1,20,25]. Because it depends on an internal model of the overall

system to provide estimates, insertion of a Kalman filter in the loop

generally degrades robustness [10,30]. Doyle and Stein (13] have

shown a means of recovering some of this lost robustness by systemat-

ically injecting pseudonoise into the filter model at the control input

1-5



points; a dual approach involves a structured change in the quadratic

. .t state weightings used in the controller design [14,26,43]. The first

of these methods was employed in an AFIT thesis by Capt E. D. Lloyd

[28] with some success. Except for the methods cited, much of the

design robustification that occurs must still be based on iterative

methods, using insight gained from such tools as singular value

analysis and simulation of actual system performance.

1.3 Objective

The purpose of this study was to attempt to develop synthesis

techniques for the design of robust LQG controllers. In particular, an

effort was to be made to develop the use of implicit model-following as

a means of enhancing controller robustness in the face of a variety of

uncertainties. The software developed by Floyd and Moseley was to be
used to conduct the design and initial evaluation of CGT/PI control-

lers. A computer program was to be developed to calculate and plot the

singular values of the loop gain and inverse return difference matrices

of a control system in the CGT/PI/KF configuration, as a function of

frequency. An inequality (discussed in Chapter III) relating the

singular values of the inverse-return difference matrix and the maximum

stable perturbation to the design model was to be used as one measure

of stability robustness. Additional software was to be written to

conduct performance analysis of the controllers operating on nonlinear

truth models, models with higher-order dynamics, models with parameter

variations, and combinations of such perturbations to the design model.

The results of singular value and simulation analyses were to be

compared and combined. Methods of improving the robustness of the

1-6
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control system, primarily with implicit model-following, without

, excessively or unnecessarily degrading performance were to be

investigated.

1.4 Sequence of Presentation

Chapter II presents a more detailed look at the structure and

design of the CGT/PI/KF controller, as well as the concept of

* model-following. Chapter III outlines the development of the

robustness analysis and enhancement methods that were to be employed.

Chapter IV presents specific design models and objectives, the approach

to be taken in conducting the controller design and analysis, and a

summary of general observations that emerged during the study

concerning the use of implicit model-following in regulator design.

Chapter V discusses the specific results of the design efforts

conducted, and Chapter VI offers some conclusions and recommendations

for further study. Appendix A contains a brief review of the LQG

problem formulation and solution, while Appendices B, C and D document

the software developed and/or used in this study. Appendix E documents

an error that was discovered in the CGT/PI/KF design software after the

design work of this research had been completed. The error and its

significance with respect to the results and conclusions presented

herein are outlined, and some preliminary designs using the corrected

- software are presented. The reader is urged to review Sections E.1

through E.3 prior to any detailed study of Chapters IV, V or VI.

1-7
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1.5 Notation

/ ".An attempt has been made to adhere to the notation used by Maybeck

[29-31] and the AFIT theses by Floyd and Moseley [16,34]. Appendix A

contains a brief review of the LQG controller problem formulation and

solution; this includes an introduction to the notation as well as the

concepts represented. This review includes the majority of the basic

notation that is used throughout the thesis, and additional notation is

defined as it is introduced.
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II. Model-Following and The CGT/PI/KF Controller

2.1 Introduction

This chapter discusses the concept of model-following control in

LQG designs. The CGT/PI/KF controller configuration is described

[5,30J, along with an outline of a design procedure as implemented in

software developed by Floyd and Moseley [16,34]. The level of detail

in this description is intended to be sufficient for the reader

interested primarily in understanding the purpose and results of the

study described in this thesis. While much of the theory discussed is

applicable to a wide range of problems, the analysis software developed

in this study is useful only for designs based on the formulations of,

and conducted using the software of, the previous thesis efforts. For

that reason, a reader interested in using the specific tools developed

0herein is referred to the Floyd and Moseley works for a more complete
development and description of related design software and methodology.

*2.2 Model-Following Controllers

The development in Appendix A demonstrates that the LQG design

*. approach provides a systematic means of synthesizing control laws for

complex, multi-loop systems. Despite the capabilities inherent in

methods based on optimal estimation and control theory, classical

control design and analysis methods remain the primary tools of most

design engineers [16,31,43]. One of the reasons for the failure of

modern tools to replace the classical is the fact that many design

%* specifications are stated in terms of time-domain input/output behavior

•, -- settling time, peak overshoot, damping ratio, steady-state error and

'I-i



disturbance rejection characteristics -- which are not readily

translated into quadratic weightings to be used in a performance index.

The result is a considerable amount of trial-and-error-based design

iteration, often without a great deal of physical insight.

The concept of model-following first arose in the 1960's as a

means of implementing modern control techniques, and has proven

particularly useful in aircraft control system designs where specifica-

tions consist of desired "handling qualities" expressed in terms of

classical time-domain criteria [16). Model-following provides a means

of forcing the outputs of a controlled system to behave as if they were

those of a model system which is known to have the desired qualities.

Typically, the objective is to cause a complex, high-order system to

match the characteristics of a simpler model, achieving an

approximation of a first- or second-order output response that meets

specifications. Another use of model-following is in causing one

system to mimic the response characteristics of another system, such as

one aircraft that exhibits the same handling qualities as another [16).

Within the model-following class of controllers are two subgroups:

implicit and explicit model-following controllers. In implicit

model-following, the description of the "model" system is incorporated

into the performance index; feedback control is thus designed to

penalize the system mathematically for deviations from model perfor-

mance. In explicit model-following, the desired response dynamics are

simulated in the controller and used to generate commands consisting of

feedforward gains on model controls and states. The feedforward

control, generally used in conjunction with feedback control from some

,,. form of inner-loop regulator, thus optimally drives the system to

11-2
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achieve model response. Development of both concepts is quite

straightforward (6,16,34].

A very simple example formulation follows, which demonstrates how

". model-following works. The fact that this is an example formulation

S cannot be overemphasized. There are similarities between the

controllers discussed in this section and those actually used in this

study, but there are important differences as well. To avoid confusion

- that could result from incorrectly relating this simple example

formulation to that of the PI regulator developed in Appendix A and the

CGT/PI development of Section 2.3, distinct notation is used for the

" - weighting matrices of the cost functions in this section. Reference to
V

the equations of this section is avoided throughout the rest of the

thesis, except in Appendix A, where the correct relationship between

the different formulations is discussed.

Consider the linear-quadratic full-state feedback (LQSF)

regulation problem for the continuous-time system described by the

state differential equation

q. x(t) = Ax(t) + Bu(t) (Tl

While it is possible to include non-zero command inputs in the

formulation, the result would be much more complicated; in this simple

example, only response to initial conditions is considered. The

desired control law is of the form

'S

'. u(t) z - G (t)x(t) (11-2)

A steady-state, constant gain, G c, is often sought for practical

" .'>" implementation. The objective is to force the output of the system

11-3
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y(t) Cx(t) (II-3)

to match as closely as possible the output of a model system, described

by the equation
"" Ym(t) = A v (t) (11-4)

where Ym is of the same dimension as y. At this point, the use of time

arguments will be dropped to simplify the notation. The appropriate

scalar performance index to be minimized in determining the optimal

feedback control law is

T T

= 112fA - A u U udt (II-5a)

- t/f xTx + u_ __ut (II-5b)

where

A (CA - A ) Y - A C) (II-6a)
- --nr - -- -m-

=*.- BTCY(CA - AC) (II-6b)

UA U TTCB (II-6c)

and the function is integrated over all time so as to define a

steady-state, constant-gain controller.

The cross-weighting term, S1, appears in the index due to the need

to track rates of change in the output. The form of the performance

index shown thus allows the use of standard LQ synthesis techniques to

develop an optimal feedback controller that tries to force the system

to meet classical performance specifications embodied in the model

11-4
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output, Ym. The extent to which the desired response is achievable is

dependent on the degree of difference between the system's inherent

dynamics, represented by A, and the desired response dynamics,

represented by A .-m

In developing, again as a very simple example formulation, an

explicit model-following controller for the same system, an appropriate

performance index might be of the form

j = 1 / 2f[ ym )T - +u) uT u I dt  (11-7)

In order to achieve a "standard" index [6,30), define

q a I T
ExT T (11-8)

so that

and thus,

=E 12 [qTY fuE ldt (11-10)

where

T T1
=(II-11 )

Since the resulting control law is of the form

U 1.0S - G~j ~2_v (11-12)
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* the model output must be simulated in order to generate the required

S .. feedforward control.

A very general structural diagram of such an explicit

model-follower is shown in Figure II-1. The value of G is

independent of the form of the explicit model to be followed and, for

this simple example, is the gain determined by solution of the optimal

regulator problem for the controlled system.

2

-i o

Figure II-1. Explicit Model-Follower, with Simple
Feedback Regulator [6)

If the controlled system could be perfectly modelled and operated

under ideal conditions without any unmodelled disturbances, then

performance specifications could be met with either implicit or

explicit model-following. Under more realistic conditions, the two

types of controllers have some important differences [16).

The implicit formulation has an effect that is asymptotically (as

state weightings grow large) equivalent to eigenstructure assignment

* 11-6
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[251, and the matching of the poles of the model and controlled system

can produce desirable transient response. Rejection of unmodelled

zero-mean disturbances may also be better than with an explicit

*controller, since good disturbance rejection characteristics can be

included in the model response so that the disturbance states need not

be modelled in the controller. However, since the feedback gain is

directly a function of (A - A ), the implicit model-follower is
- -m

particularly sensitive to parameter variations and plant modelling

inaccuracies.

The explicit model-follower is the more complex formulation.

Since the model dynamics must be simulated by the controller (which

causes a time lag), and because no attempt is made to match the

closed-loop poles of the system to the poles of the performance model,

o" a higher feedback gain is generally required than that of the implicit

model-follower in order to achieve comparable transient response.

Since the actual outputs are compared instead of rates of change,

steady-state operation, rejection of constant disturbances, and

sensitivity of steady-state output response to parameter variations is

generally better with explicit model-following [16,25].

The advantages of both model-following formulations may be

achieved by combining the two, resulting in additional flexibility and

degrees of design freedom, as well as a more complicated design

procedure. The performance index for such a design would be a linear

combination of the indices for the implicit and explicit

model-followers, such as:

II-7
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-+(Y -m)-- ( _ym + UTUc-]dt (11-13)

A design method based on using the performance index of (11-13) would

provide the designer the capability of optimizing the mix of desirable

characteristics of the two types of model-followers by adjusting the

relative values of-YI and including setting either one to zero.

When command inputs to the system are allowed, both implicit and

explicit model-following formulations would require that the command

input and outputs be modelled so that appropriate feedforward controls

could be generated to drive the system outputs to the appropriate

non-zero steady-state values. The implicit model-follower would then

also require the use of feedforward control, as was originally the case

only with the explicit controller. In combined implicit/explicit

model-following, the feedforward controls are dictated jointly by the

implicit and explicit performance index terms, but the feedback

controls are affected only by the implicit model-following control

which attempts to match the system's closed-loop poles with those of

the model. Thus the use of implicit model-following is closely tied to

the closed-loop system characteristics, including stability robustness.

Feedforward control, and thus the use of explicit model-following, will

have no effect on the closed-loop stability robustness of a linear

system.
-. 1-
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2.3 The CGT/PI/KF Controller

' .* The controller of interest in this study consists of a Command

Generator Tracker (CGT), which produces the required feedforward

controls to attempt to cause the system to track a model trajectory in

response to command inputs, and a Proportional-plus-Integral (PI)

inner-loop feedback controller to provide regulation and closed-loop

stability. With full-state feedback, this configuration will be

referred to as CGT/PI; a Kalman Filter (KF) may be added to provide the

required state estimates, thus producing the CGT/PI/KF controller. In

order to achieve a tractable implementation, both the controller and

the filter often employ constant gains, and such was the case in this

study. The benefits of the reduced computational burden are assumed to

outweigh any degradation that would result from using the constant-gain

approximation. A block diagram of the CGT/PI/KF controller is shown in

Figure 11-2.

This configuration provides a great deal of design flexibility.

a' The CGT is an explicit model-follower; the command model used is the

ideal performance model, and the CGT may also contain models of

disturbances that the system is to reject. The PI controller may be

designed simply to provide optimal "type 1" feedback characteristics,

including rejection of unknown disturbances and good transient and

steady-state characteristics. The development of this type of

"standard" PI regulator is outlined in Appendix A. The PI regulator

may also provide implicit model-following characteristics by inclusion

of an implicit model in the performance index. The Kalman filter

provides state estimates needed by the PI controller as well as

.. estimates of modelled disturbances for use by the CGT in generating

" 11-9
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optimal feedforward control.

MODEL CONTROLLER SYEM YSE

TINPUTS

ESTIMATES&

.. D ISTURBANCE STATE ESTIMATES KALMAN

Figure 11-2. The CGT/PI/KF Controller (31).

The CGT/PI/KF controller was the subject of recent AFIT theses by

R. M. Floyd and A. Moseley [16,341. The results of those efforts

included interactive computer software for the design and performance

evaluation of CGT/PI/KF controllers. The referenced works provide

complete detail on the development of the design and evaluation

procedure as well as guides for using the software, and are highly

recommended reading. A review of the basic structure of the controller

and the models used in. its design using the aforementioned software

follows.

The design of the CGT/PI or CGT/PI/KF requires the definition of

several different linear models. The designer defines each of these as

II-10
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a continuous-time model. The computer program then converts each of

\ • v. the models to an equivalent discrete-time form [16,29,30] for use in

* developing the discrete-time digital controller. The design and truth

models are mathematical representations of the system to be controlled,

and are identical in form. The truth model, at least in theory,

embodies all that the designer knows about the system, and is used only

to evaluate the performance of the controller. The design model is a

purposefully simplified version which describes the system well enough

to become the basis for a computationally tractable control law.

Hence, the design model is used in the synthesis of the controller, and

the truth model is "connected" to the controller for subsequent

S.performance evaluation. The design model used internally by the

CGT/PI/KF design software, then, consists of a linear time-invariant

discrete-time stochastic vector model of the form

X(t ) OX(t + B (t +E n (t + w (t (11-14)

Y(ti) = Cx(t) + D u(t + En(t) (11-15)

where x(t i ) is the system state at the sample time ti , (ti ) is the

control applied to the system at time ti and held constant until time

ti+, 1nd(t) represents the time-correlated disturbances affecting the

system, wd(t i ) is a zero-mean, discrete-time white Gaussian driving

noise of covariance , and Y(ti ) is the output vector over which

control is to be exercised. Such a model could, in general, represent

an actual discrete process, but in this case is an equivalent

discrete-time description of an underlying continuous-time process

, *-. ~ [16,30], assuming the nonsingularity of 0b. If the actual system is
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nonlinear, the model may represent linearized perturbation states, as

- in the case of aircraft equations expanded about a trim condition.

The time-correlated disturbance vector may be generated as the

output of a time-invariant linear shaping filter:

n (t b n(t)+ mnd (t 1 ) (11-16)

.4. with w nd(t i ) a zero-mean white Gaussian noise of covariance nd that is

independent of wd(ti ) in (11-14).

The model for the system's desired dynamic response, used for

explicit model-following, is called the command generator model:

X (t ) b *x(t).+-B u(t) (11-17)
-mi j+1- -n-r ± -md-rn i

., z ti )  C x (t i ) + D u ti )  (11-18)

With Floyd and Moseley's software, the command generator model is also

used as the performance model for implicit model-following; however, it

is possible to use different model definitions for the two design

functions. In fact, such a generalization was employed in this

research. The model control, um(ti), is the actual command input to

the controller, as from the pilot stick, and is assumed to vary slowly

with time compared to the controller sampling period; with the sampling

rates used in modern digital controllers, um(ti) may be considered to

be piecewise constant for the purpose of control law derivation [30J.

In the design implementation developed by Floyd and Moseley

[16,34], the use of explicit model-following requires that the

dimension of m be the same as that of y; the use of implicit

model-following requires that the dimension of y be the same as that of

II-12
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x . The only other dimensionality restriction is that the number of

control inputs equal the number of controlled outputs. Designs may be

conducted which actually violate the last restriction by simply

'. introducing a "dummy" input or output. A true solution is possible

only when the number of controls equals or exceeds the number of

inputs; an approximation based on a matrix pseudoinverse results

otherwise [16,30].

Optimal controller designs based on the LQG assumptions are said

to possess the property of certainty equivalence (301. Because of this

property, the optimal stochastic controller for such a design consists

of an optimal linear Kalman filter cascaded with a deterministic

optimal linear controller, and the design of the filter and of the

controller can be conducted separately (30). Certainty equivalence is

invoked at this point in the CGT/PI/KF development; the design of the

deterministic CGT/PI follows.

In the deterministic open-loop formulation, the CGT must force the

error between the model output and the system output to be zero:

(t) " v(t) " M (ti )  -0 (II-19)

Ideal state and control trajectories can be defined as the time

histories of system states and controls that must be followed to

accomplish this objective. First, the ideal trajectory must obey the

basic state model relationships of (11-14), or, in a deterministic

setting,

xi(ti+ 1) -_ x,(t.) + BuI(ti ) + E d.(ti) (11-20)

i:. ":'*." If the ideal trajectories are constrained to be linear combinations of
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x _(ti), U (t , and -d(ti), i.e.,

(t:, A 11  A 12  A 1 ti

LA;21 . ;22 A 23] -m i~~n, (t (11-21)

then the CGT solution is achieved by solving for the constant matrix

partitions in (11-21) such that (11-19) and (11-20) are also satisfied.

Defining a l1 matrix as

r1 1 Pd

L-21 -12J C DJ (11-22)

it can be shown [30] that the solution is

All = 111A11( , - I) + _R12C2m (II-23a)

A12 -- _1AiIBd + 2D (II-23b)

.o.: A13 z--_1A13(-_n - I1) -_ l11-xd -=2_y (I2

A2 1 2-121A111( _ - I) + P22-m (II-23d)

A22 2 P21-ll'Bmd + r-224~ (II-23e)

!ii[ '"  -A23 "- -21-A13 (-n " I1) - _-21-Exd- 1-22 y (I2f

and methods have been developed [3,23) to solve these efficiently. The

ideal constant-gain feedforward control is therefore a linear

combination of the command generator model states, the command

generator model (command) input vector, and the disturbance states

[16,30,31. Once (11-23) is solved, the lower partition of (11-21)

II-14
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yields u1 (t1 ) as

_ (t ) -Alm~i + A u m(t ) +_A n (ti (11-24)
i _ 1 (

When a deterministic, constant-gain PI controller, as developed in

Appendix A, is included to provide feedback control, the control law

becomes [16,30)

= (ti_1 ) - K x _x(ti ) - x(ti_,)]

+Kz [C M MIX._ ,)] LCt DjyIx(t 1 1_)I

L ( i Ut i1)

+ K xx (ti xMt

+ K x u(u m(
'I" + K-n g  (t ) -n(ti-) (11-25)

xn :d ti-=d

where, in terms of the PI regulator development in Appendix A and

(11-22) and (11-23),

*K = G 11 +(GI-26a)
-x --l -C21121

K = G H + G (II-26b)
-z - ci-12 2

K = K A (II-26c)
IM -ian +xl -21

K zKA A (II-26d)
-xu -x-12 -22

K z:KA + A (II-26e)
-im -x- -23

The time argument of the u (ti) term in the second line of (11-25) is a

consequence of the need to ensure consistency in the equations for the

4.. ideal state trajectory (11-20 and 11-21) as the system undergoes a

11-15
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change in the value of the model input, um. Such a change requires

;,.-. that the time argument of the model input be advanced by one sample

period in (11-17), providing direct feedthrough of u to xm" While

. this precludes precomputation of x -(tl) in the background between

sampling points, it also improves the initial transient performance of
.the system by speeding up the command model by one sampling period

[16,30].

The final step in the development of the overall CGT/PI/KF is the

incorporation of a standard steady-state, constant-gain Kalman filter

to provide estimates of the system states and disturbances. Due to the

certainty equivalence property of LQG designs discussed earlier, this

does not change the form of the control law; x(t i ) and n (ti ) are

,. simply replaced by the filter estimates [30]. The dynamics model for

the filter consists of the design model for system dynamics augmented

a. with the time-correlated disturbance model, and the measurements are

modelled as

Ed. N(t1 (11-27)

where v(ti ) is a zero-mean, discrete-time white Gaussian noise of

.. covariance R.
-a..

The calculation of the various gains in the final control law

requires extensive matrix algebra and a degree of trial-and-error

iteration with varying performance index weights, all of which is the

purpose of the software developed by Floyd and Moseley. To use the

software, the designer must specify the models and performance index

.'a.'-. weights; these include weights on output deviations, inputs and input

p. 11-16
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rates, plus weights on output rate deviations when implicit
-.

.'-" "".*. model-following is desired. The program CGTPIF [16,341 will solve for

all of the required gains and conduct a performance analysis of each of

the individual components of the controller. If a Kalman filter is

designed, the program PFEVAL (341 can be run to conduct a covariance

analysis of the entire controller/filter structure as a unit, as well

as a statistical analysis of a controller that assumes perfect access

to all states (to display the impact of the filter on performance

explicitly). Both programs allow performance analysis using a linear

truth model to evaluate the controller in a realistic environment. To

evaluate controller robustness, a truth model which differs substan-

tially (in dimensionality as well as coefficient values) from the

design model may be used. The controller design software (CGTPIF)

- written by Floyd [16) and modified by Moseley [341 was used with only

- minor modifications in this study; the version used is documented in

Appendix D.
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2.4 Summary

In this chapter, the use of model-following was shown to provide a

means of incorporating conventional time-domain specifications into

*.'.-. controller designs achieved through the use of modern, LQ design
".'

St"methods. The structure of a particularly useful model-following

* * configuration, the CGT/PI/KF controller, was outlined in some detail.

The employment of implicit model-following in controller design

directly affects the closed-loop characteristics of the resulting

system, including stability robustness. In the chapter that follows,

methods of analyzing and enhancing the stability robustness of MIMO

control systems are presented.
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III. Robustness Analysis and Enhancement

3.1 Introduction

This chapter deals with methods for analyzing the stability

robustness in MIMO control systems, as well as techniques that can help

. improve the robustness characteristics of LQG controllers. Singular

value analysis is shown to be an intuitively pleasing multi-loop

generalization of classical SISO design techniques that can be applied

to both stability robustness and performance characteristics. The use

of implicit model-following to affect the eigenstructure of the

closed-loop control system is discussed as a means of robustness

enhancement. Finally, a method for recovering a degree of the

robustness lost in replacing full-state feedback with Kalman filter

.- state estimates is introduced.

3.2 Singular Value Analysis

Consider the simple continuous-time, linear, time-invariant

control system shown in Figure III-I. The plant is represented by the

G transfer function, K is the controller, r is the forcing command, Y

is the output, and n and v are, respectively, disturbances add

measurement noise. Although the disturbances are depicted as entering

the system at the plant output, it is obvious that disturbances might

as well be shown entering at the control input; the choice here is

merely for simplification of the presentation. Also, this structure

assumes that noise corrupted measurements of all outputs are available.

While a unity feedback configuration is depicted, the addition of a

precompensator (P) allows generalization to an equivalent unity

III1-1



feedback representation of a non-unity feedback controller [14],

..including such configurations as the CGT/PI/KF.

Command rinput -K

gv

Figure III-1. Typical Control System (141.

As stated in Chapter II, the precompensator is outside of the loop, so

it will not affect the closed-loop characteristics, including

robustness, of this linear system. The output of this control system

is

: GK(I1 + GK) (--v) + (I + GK) n (11T-1)

Now consider the familiar SISO case in which all of the above

quantities are scalar. The complex scalar gk is referred to as the

loop gain of the system, and the complex function (1 + gk) is the

system's return difference function. Classical design theory states

that the system's command tracking, disturbance rejection and

sensitivity to modelling errors will be good over the range of input

frequencies where (the determinant) 11 +9 gkl is large, or where IgkJ

111-2
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is much larger than 1 (i.e., the system bandwidth) [43]. Designing for

this consideration is limited by the response to measurement noises

(the same as to commands) and stability (433. The stability

restriction on the loop gain is commonly stated in terms of the Nyquist

Criterion: the number of counterclockwise encirciements of the

( -1 + JO ) point in the complex plane realized by the function gk(Ja)

must be equal to the number of unstable modes (right-half-plane zeros)

of the function [8]. This is the same as the requirement that the

system possess positive gain and phase margins; since most physical

systems can be described by transfer functions with a pole-zero excess

*of at least two [21], the frequency range over which the magnitude of

the loop gain may exceed unity is limited by the frequency at which the

phase angle exceeds 180 degrees.

-. At this point it is necessary to consider the existence of

modelling errors and parameter uncertainty in the plant representation

(g). If the actual value of g differs from the design model value by

an amount up to and including Ag, then the possibility exists that the

actual system's performance will be degraded. An even more serious

possibility is the loss of stability due to the perturbation. Perfor-

mance degradation can be assessed by reevaluating the bandwidth of the

loop gain using the true (in the worst case) plant, g'= g + Ag;

stability can only be guaranteed if no value of g' in the range

specified causes the number of Nyquist encirclements to change.

In many cases, a designer will have some insight into the types

and magnitudes of parameter uncertainties in the design model; they may

be the result of intentionally ignored modes, nonlinearities or time

*variations. As might be expected, special design and analysis methods

111-3
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can be applied when the structure of the modelling uncertainty is known

(12,15,18,27). A most general class of uncertainties (norm-bounded but

otherwise unconstrained, or "unstructured") will be considered in this

thesis. In most cases, the low frequency characteristics of physical

systems are relatively well known and are readily expressed using

*linear or linearized perturbation models. At higher frequencies,

2.. system characteristics generally become more nonlinear and less

predictable. The perturbations to the design model frequently exceed

the magnitude of the nominal transfer function at high frequencies, and

phase uncertainties may exceed ±180 degrees [14]. The need to ensure

"' stability in the face of such uncertainties is reflected in the phase

and gain margin requirements of classical SISO design. Even in the

SISO case, however, analysis of gain and phase margins does not fully

* reflect the true stability robustness of a control system, because it

does not indicate the minimum amount of simultaneous gain and phase

variation required to produce instability. The Nichols plot [8) of

Figure 111-2 is an example of a system with good gain and phase margin,

but very poor robustness, since a very small simultaneous change in

'.- gain and phase could produce instability.

°. 

-0q
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*Figure 111-2. Nichols Plot Displaying Good Gain and
Phase Margins, but Poor Robustness.

"- In the case of multi-loop control systems, an analysis of

stability robustness that parallels that of the SISO case is

complicated further by the need to consider simultaneous phase and gain

variations in all possible combinations of loops. This is due to the

fact that, in most cases, the control loops are coupled, and changes in

one loop will affect other loops in the system. Since such an analysis

would be a monumental, if not impossible, task for systems consisting

*of many loops, a more powerful tool is needed. In particular, a means

of assessing the "size" of the G and K matrices and their mapping

effect on the system inputs and outputs (analogous to scalar gains)

will be useful in generalizing the scalar concepts already discussed.

The spectral norm 11-11 for an n-by-n matrix A is defined by
.-'.

"IAII = max IA xI = max IAXII,'xI (111-2)i ~~l ":" '  l=1 I11- I

111-5
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and is a measure of the "size" of the matrix and its mapping effect on

the vector x [301. The singular values, or through an, of the

(possibly) complex matrix A are defined as the non-negative square

roots of the eigenvalues of A A, where A is the conjugate transpose of

-: A [11]. The singular values of A and the norm hA are related by the

S..inequalities

mn(A) f( -A) 1/1 ii011i (111-3)

ama ~(A) (.A) li Al (111-4)

-. ." so that knowledge of the minimum and maximum singular values of a

matrix provides information as to the maximum "gain" effect it can have

as well as its closeness to singularity (30]. This information cannot

be obtained through analysis of the eigenvalues of A; although, for all

eigenvalues of A,

"Is g< A<- (III-5)

the smallest eigenvalue may be much larger than w [11). It is possible

to reduce any n-by-n nonsingular matrix to the form

A = U Z V (111-6)

where U and V are unitary matrices and Z is a diagonal matrix whose

elements are the singular values of A. The process is called singular

value decomposition, and can be performed by available computer

software [9,24].

Now consider the MIMO case for the control system of Figure III-1.

The scalar loop gain of the SISO system is replaced by a matrix

111-6
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function, and now a distinction must be made as to where the loop is

broken. If the loop is out at a point between the controller and the

plant, then the loop gain is KG; if it is cut at the plant output, the

loop gain is GK. In general, the two will be different. The return

difference scalar function is also replaced by a return difference

matrix, which also depends on the point at which the loop is cut. The

role of these matrices in performance and stability analysis is

analogous to that of their scalar counterparts, but due to the multi-

variable nature of the problem, such analysis is more complicated. In

the MIMO case, the mapping effect of the loop and return difference

matrices is dependent not only on the matrices themselves, but on the

direction of the vector quantity that is being mapped. As a related

example, the eigenvalues of a multi-loop system define the modes of the

Csystem's response to any excitation, while its eigenvectors determine
the distribution of the response energy based on the relative direc-

tional orientation of the excitation and the responding loops.

Singular value analysis provides insight into the minimum and maximum

effects of a matrix function, so that the most pessimistic prospects

for performance and robustness can be assessed. While pessimism is not

necessarily a bad thing, the conservatism inherent in this measure can

in some circumstances be arbitrarily large, thus rendering it somewhat

useless. The degree to which this is true is a function of the

problem being analyzed [12].

The minimum singular value of the system's loop gain matrix can be

used to assess the minimum bandpass of any loop in the system for

inputs which occur in an arbitrary direction. The magnitude of the

minimum singular value is a measure of system performance; good

111-7
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performance generally results when this value is large over the desired

.-- frequency range [14]. The maximum singular value is an estimate of the

maximum response in any loop to an arbitrary input and, as with

single-loop designs, it is important to ensure that this value is small

(much less than 1) at frequencies where significant uncertainty exists.

-. In effect, the low frequency performance specifications and high

frequency stability requirements provide boundaries within which the

designer attempts to restrain the loop gain matrix singular values, as

shown in Figure 111-3 [14]. While this concept provides some ability

to evaluate limits of performance and absolute stability, a more

concise measure of the amount of uncertainty which can be tolerated in

the loop without causing instability is required as a true measure of

stability robustness.

dB
,. .- Loop Gain

P erfo r man cell

S.S

-I 0I

Af

ip. Figure 111-3. Design Boundaries for Singular Values L141.

. "If the nominal system is stable and the uncertainty can be
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represented as a multiplicative alteration (the type which corresponds

to the classical concepts of gain and phase margins) of the form

(I + L), so that the perturbed loop gain (with the loop cut at the

control input) is

KG' = (I + L) KG (111-7)

then it can be shown [11,14,30] that no perturbation L such that

() <1 will change the number of Nyquist encirclements of the loop

gain as it is allowed to vary from KG to KG' if it is true that

1/ W(I - [I + KG ] (111-8)

Employing the matrix inversion lemma (30] which states that, for

invertible A,

-S'
"(I + '1)- = I + ( W _A"  (III-9)

as well as (111-3) and (111-4), (111-8) is equivalent to

* _E( + [al-1 (IIl-10)

or

~~aL) < 0(I1 + [.G] - ) (I-1

'4•--

,.afor all frequencies (in either the z- or s-domain [8,30]). The

quantity (I (KG] ) is called the inverse return difference matrix

function for the system. The maximum value of A for which the

" - inequality in (III-10) holds is a measure of the stability robustness

-: of the closed-loop control system. Use of this measure will be made in

- the remainder of this thesis; expressions for the loop gain and inverse

111-9
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return difference matrices for the CGT/PI/KF are developed in Appendix

B.

Analysis of the effects of such arbitrary perturbations, or

• - "unstructured singular value analysis," has a major drawback in that it

-considers perturbations that might never physically occur; the

robustness estimates are therefore conservative. If a designer has

considerable information about the possible structure of uncertainties

likely to occur, then in many cases much tighter and more realistic

bounds can be place on robustness estimates through the use of more

complex methods of "structured singular value analysis" [12,15,18,27].

These will not be pursued further in this thesis effort, but are

potentially fruitful for future research.

3.3 Analysis Through Simulation

An excellent alternative method of assessing the robustness of a

control system design is through actual simulation, in which the

control law is allowed to operate on a truth model. The truth model

can be altered to represent any number of physically feasible

V perturbations to the design model, including previously ignored

dynamics and nonlinearities. With the use of simulation, there is no

issue of conservatism, and the stability of the control system with

respect to the perturbed model can be fully evaluated for any and all

physically important perturbations. However, there is an infinite

number of possible perturbed models to be considered, so considerable

judgment is required in the conduct of such analysis. This more

conventional means of robustness evaluation was used extensively in

this study, both as a complement to singular value analysis and as a

111-10
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means of assessing the usefulness of singular value analysis.

3.4 Robustness Enhancement Methods

The primary design tool for robustness enhancement that was to be

employed in this study was the use of implicit model-following to

affect the eigenstructure of the closed-loop control system. Gilbert

demonstrated that the sensitivity of the characteristic roots of a

matrix to variations in the matrix elements is minimized when the

nominal eigenvectors of the matrix are made as nearly orthogonal as

possible [19]. Since the designer has a considerable amount of freedom

in assigning the eigenstructure of a multivariable system [1,33],

choosing closed-loop system eigenvectors that are maximally orthogonal

will, in general, produce robustness benefits in that the system will

be less sensitive to parameter variations. Many techniques are

available that can be used in control system eigenstructure assignment.

Broussard and Berry have shown that one such method is the use of

* implicit model-following [6]. The minimization of an LQ performance

index that is based on an implicit model, as shown in Section 2.2, has

a direct effect on the closed-loop system characteristics. This is

because the feedback control causes the eigenvalues and eigenvectors of

the closed-loop system to tend to match those of the implicit model.

With the CGT/PI/KF controller configuration as formulated by Floyd and

Moseley [16,34], the designer can choose not only the implicit model to

be used (which need not be the same as the CGT command model), but the

relative weighting in the performance index given to implicit versus

explicit model-following control. By choosing an implicit model for

the regulator design with desired eigenvalues and orthogonal eigen-
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vectors, increasing the relative weighting on implicit model-following,

°and by matching a greater number of system states to a desirable

implicit model, the designer should, to some extent, be able to

approach an optimally robust elgenstructure in the controlled system.

This method of elgenstructure assignment would be one which provides a

great deal of insight for the designer in progressing through an

iterative design process. It should be noted that various other

methods of achieving eigenstructure assignment are discussed in current

literature [1,20].

Full-state LQ optimal steady-state feedback laws have been shown

to possess impressive guaranteed robustness characteristics. For

continuous-time controllers (and in the limit, as sampling time goes to

zero, for sampled-data controllers) these guarantees include infinite

* simultaneous gain margins and at least 60 degree phase margins in all

loops (30,39]. Since they are valid only for linear systems with

full-state feedback, these guarantees are largely theoretical. Real

*systems are not, in general, linear; nor are they finite-dimensional.

Thus, the concept of linear, full-state feedback is itself somewhat

fictitious. Even when large gain and phase margins can be achieved,

stability under simultaneous gain and phase variations is not

guaranteed, as shown in Section 3.2. Despite the preceding criticism

of theoretical robustness guarantees, when the linear model of the

system is adequate, full-state LQ feedback controllers, based on such a

model, are inherently quite robust [30].

Even when an extremely robust full-state feedback design is

achievable, the introduction of an observer such as the Kalman filter

. -. into the system to provide estimates of states that are not perfectly

111-12
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accessible produces a degradation in stability robustness. There are

- no robustness guarantees, even theoretical ones, for LQG controllers

110]. This is due to the dependence of the filter on an internal

' system model [12,30]. Doyle and Stein [13] have shown that the lost

robustness may be asymptotically recovered in continuous-time, minimum

phase control systems (at the expense of optimal filter performance

under design conditions) by the systematic introduction of a pseudo-

noise into the model upon which the filter is based, at the entry

points of the controls. An extension of this technique for discrete

systems was produced by Capt Lloyd [28]. To apply this technique, the

Q term, representing the strength of the noises driving an augmented

system model based on (11-14) and (11-16), or

Q 0--;;d 0 Q(111-12)

which occurs in the covariance propagation equation for the Kalman

V.

"'filter based on the same model [29]:

where

0 [0 (111-14)

is replaced by a quantity such as [28]

,.. BVB (111-15)

111-13. .. ..'.-.'-. * * ** *



where at is the controller sampling time interval, B is the

- continuous-time control matrix, and V is a positive definite matrix

which the designer may choose to affect the relative rates of recovery

in various loops. In effect, this method causes some of the filter

poles to migrate, as the value of q is increased, toward stable plant

zeroes. The robustness lost due to the presence of the filter can thus

.x be asymptotically recovered, as q is allowed to approach infinity, in a

number of control system loops equal to the number of filter measure-

ments [43]. A dual to this approach was given by Stein and Sandell

[43] who credit it to Kwakernaak [26]; this method involves systemat-

ically increasing the quadratic state weightings in the regulator

I" design in a manner analogous to (111-15), causing the regulator poles

to migrate. While Kalman filter designs and robustness recovery

*techniques were not pursued in this study, a concurrent effort by Lt

Jean Howey [22] has centered on such procedures, and should be

considered as complementary required reading.

3.5 Summary

In this chapter, methods of analyzing and enhancing the stability

robustness of MIMO control systems was presented. Employment of such

methods constituted a major portion of the work in this study. The

next chapter outlines in more detail how this work was carried out.

4111-1

a....

e",, , *", '' ' '. ,.' .. ". .t"-""'.,..i'"." '5. .. ,., ','.','e e', . ,; .,J':" _, ~¢-,.,:.



IV. Design Objectives, Models and Observations

4.1 Introduction

This chapter outlines more specifically the design objectives

undertaken in this study, the models used, and the analysis methods

that were employed in evaluating the tentative designs. Observations

that emerged during the course of the design iterations involving

*implicit model-following regulators, as opposed to the "standard" PI

regulator formulation, are also included. It is hoped that these

observations will provide some insight into the design paths subse-

quently chosen in this study, and that they will help the reader to

understand the design results detailed in Chapter V. It was originally

hoped that these observations would also be instructive for designers

who might choose to attempt implicit model-following regulator designs.

However, the extent to which some of the ideas are true has been

affected by the error discovered in the design software. The reader is

referred to Appendix E for more information regarding designs using the

corrected software.

4.2 Design Models and Objectives

The overall objective of this study was to try to use implicit

model-following in the design of a multivariable control system, as a

means of enhancing controller capability and robustness in the face of

,.-. a variety of realistic uncertainties. The primary design tool which

was to be used was the software (CGTPIF) written by Floyd and Moseley

for the interactive design and analysis of CGT/PI/KF controllers

S:.[16,34]. Minor corrections and modifications made to that software for

'V--• . V-
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the purposes of this study are documented in Appendix D; the version

* .7"'" used herein will henceforth be referred to as CGTPIV (CGT/PI design

program, Variant).

A CGT/PI controller for the Advanced Fighter Technology

Integration (AFTI) F-16 was chosen as the example controller to be

designed. The AFTI F-16 is an aircraft which has been modified for

advanced flight control research. Through the use of two independently

controlled longitudinal flight control surfaces (a horizontal tail and

a trailing edge wing flap), it is possible to achieve direct control of

the aircraft's pitch attitude without changing its flight path angle

and, hence, its flight trajectory. This capability is expected to be

very useful in situations such as air-to-air gunnery, in which the

attacker must match the target's trajectory while simultaneously

achieving the required gun lead angle in the pitch plane. The design

of a pitch-pointing controller for the AFTI F-16 was the primary design

example used in previous theses involving the CGT/PI/KF controller

configuration and design/evaluation software [16,341. Such a design

was of interest for this study, since it inherently requires the use of

MIMO design methodology to achieve decoupled control of the two outputs

and maintain closed-loop stability with a plant (the F-16 aircraft)

which is unstable.

The efforts of this study used the design model for the AFTI F-16

which was developed in Capt Floyd's thesis [161. The model represents

the linearized flight characteristics of the aircraft operating at .8

mach at 10,000 feet. It is a time-invariant, five-state model in the

form
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x=Ax Bu (IV-l)

where the state vector x consists of

x(1) 2 pitch angle (degrees)

x(2) = angle of attack (degrees)

x(3) = pitch rate (degrees per second)

x(4) = horizontal tail deflection (degrees)

x(5) = trailing edge flap deflection (degrees)

x(1) - x(2) = flight path angle (degrees) (IV-2)

* -
" and

0 0 1 0 0

A - -1.08E-3 -1.7 0.994 -0.179 -0.295

0 5.93 -0.668 -25.3 -5.88

0 0 0 -20.0 0

0 0 0 0 -20.0 (IV-3)

B= 0 0

0 0

0 0

20.0 0

0 20.0 (IV-4)

Note that, in this design model, actuators are represented as having

characteristics of a first-order lag response to commands. The outputs

are expressed as

IV-3
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V

. Cx (IV-5)

where

Cs [1 0 0 0 0

I -1 0 0 0 (IV-6)

In other words, the outputs of interest are the pitch angle and the

flight path angle.

This model was used as the basis for both controller design and

initial design evaluation using the CGTPIV software. For subsequent

further evaluations, alternate truth models were developed which

differed from the design model in terms of flight characteristics and

in the inclusion of higher-order and nonlinear actuator dynamics.

Various command models were used throughout this study, depending on

* the application and objective. Since the command model was a

designer-selected parameter, each of the command models used will be

discussed as such in Chapter V, along with the designs in which they

.,' were employed.

Specifically, the design objective was to design a CGT/PI

pitch-pointing controller wherein the PI regulator was to be designed

using the implicit model-following concept. The feasibility of an

"all-implicit" regulator was to be determined, and the performance and

robustness characteristics of such a design investigated. In

particular, the utility of implicit model-following in enhancing

i ~.. controller robustness in the face of various forms of uncertainty was

IV-4
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to be evaluated. The baseline for evaluating the relative "goodness"

of the implicit designs was the CGT/PI controller, developed in Capt

Floyd's thesis [16), which was based on the design model just defined.

That controller design, which did not employ implicit model-following,

was duplicated and extensively evaluated early in this study. Its

design parameters, performance characteristics and limitations are

discussed at length in Chapter V.

4.3 Analysis Methods

The controllers developed in this study were evaluated by various

methods to determine their suitability, both in an absolute sense and

in comparison to the example standard CGT/PI design used as the

baseline.

A computer program called CGTSVD (CGT Singular Value Decomposi-

tion) was developed which calculates the minimum and maximum singular

values of the loop gain and inverse return difference matrices of a

CGT/PI/KF controller, as a function of frequency. The program and its

capabilities are documented in Appendix B. For this study, CGTSVD was

used only for the calculations involving the inverse return difference

function. As shown in Section 3.2, the minimum singular value of this

function is a measure of robustness with respect to a multiplicative

perturbation. Analysis of this type of perturbation corresponds to

classical analysis of SISO gain and phase margins (301. Calculations

were conducted with the loop broken at the control input, since those

performed with the loop broken at the output required the use of a

matrix pseudoinverse, and the impact on the results was not well

understood. The results of the singular value analysis were then

IV -5
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compared to simulation results in an effort to evaluate the predictive

capability of this type of singular value analysis with regard to

design robustness.

Neither the LQG design methodology nor the design and evaluation

software cited thus far permit any "hard" constraints or nonlinearities

F--.: in the system to be considered. A computer program called ODEACT

(using an integration package called ODE to simulate various ACTuator

"" models), documented in Appendix C, was written to provide the

capability to evaluate the controller designs using a variety of

V" nonlinear and higher-order actuator models, and with varying flight

parameters. The program uses a "predictor-corrector" style of

numerical integration scheme, implemented in a subroutine called ODE

[42J, to simulate the dynamics of the controlled system in conjunction

with the controller being evaluated. If only higher-order dynamics had

been of interest, then the linear truth model analysis capability of

CGTPIV (for deterministic controllers) or PFEVAL (for stochastic

controllers) could have been used. It was the need to model the

actuator nonlinearities (saturation) that actually motivated the

development of ODEACT.

The analysis of the baseline design through the use of ODEACT

indicated that hard constraints on actuator positions and rates

severely restricted the usefulness of that controller. The limits used

for the simulation included a maximum deflection of 25 degrees in

either direction at a maximum rate of 60 degrees per second for the

horizontal tail. Limits for the flap were +20 degrees and -23 degrees

at a maximum rate of 52 degrees per second [16,17]. Achieving the

capability to perform under these restriction was one of the main
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improvements sought through the use of implicit model-following.

Addition of a higher-order model for the actuators also tended to

reduce stablility in the baseline and other designs, and thus

demonstrated another area in which improvement was needed. Again, the

improvement was sought through the use of implicit model-following.

The design model for the actuators (referred to in this thesis as the

single-state actuator model) was a first-order lag with a time constant

of 0.05 seconds. The transfer function between the commanded input 6

and the achieved output 5 was, therefore,
0

"" 20

a + 20 (IV-7)

The alternate actuator truth models [17] consisted either of a

third-order system (also referred to herein as the three-state actuator

. %: model) with a transfer function of

-0 (20.2)(71.4)2

51 [s+20.21s 2 +2(.736)(71.4)s+(71.4) 2 (IV-8)

or a fourth-order system (referred to as the four-state actuator model)

with a transfer function of

2
- (20.2)(14J4.8)(71.4);"-2I 2( 29

-s 20.2l[s 144.8lCs2 +2(.736)(71.4)s+(71.4)2] (IV-9)

In general, initial analyses with respect to the higher-order actuator
4.

models were conducted without applying the nonlinear actuator

saturation constraints, so that the effects of each could be studied

'" separately. Additional tests were also conducted with combined
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nonlinear, higher-order actuators.

- "To evaluate the sensitivity of the regulator designs to parameter

variations, ODEACT was again used. It should again be noted that this

analysis could have been conducted by using various linear truth models

with CGTPIV or PFEVAL; it was simply easier, in this case, to conduct

the "after-design" analysis of a large number of controllers and

conditions with ODEACT. The first truth model was developed by

increasing the values of three of the stability derivatives (Za , Ma and

"M q) that were used in.the design model by 20%, exactly as was done in

[16] to evaluate the original baseline design. Z. is the stability

derivative that relates the forces acting along the aircraft body

z-axis to changes in angle of attack. M. relates the change in

pitching moment (about the body y-axis) to changes in angle of attack,

and H, relates change in pitching moment to changes in pitch rate [16).

Additional truth models were developed by using data for significantly

different flight conditions (.6 mach, at 20,000 and 30,000 feet). For

the case of the increased stability derivatives, the truth model

dynamics matrix was

0 0 1 0 0

A z -1.08E-3 -2.1 0.994 -0•179 -0.295

0 7.2 -0.85 -25.3 -5.88

0 0 0 -20.0 0

0 0 0 0 -20.0 (IV-10)

\ q *~q. qc
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For the flight condition at 20,000 feet, the truth model dynamics

matrix was

0 0 1 0 0

A z -2.85E-3 -1.006 0.996 -9.18E-2 -0.1689

0 -1.218 -0.384 -8.95 -0.7786

0 0 0 -20.0 0

0 0 0 0 -20.0 (IV-11)

*55 and for 30,000 feet,

0 0 1 0 0

A -4.43E-3 -0.666 0.997 -6.06E-2 -0.112

0 0.5 -0.274 -5.82 -0.219

0 0 0 -20.0 0

L 0 0 0 0 -20.0 (IV-12)

For these evaluations, the first-order actuator model was used, and

nonlinear limits were not applied; thus, only the effect of the

parameter variations from the design values was assessed.

4.4 Observations for Implicit Model-Following Design

The observations that follow emerged while working with the design

model already defined, and in conjunction with the CGTPIV design

software. Although some of the observed phenomena may have been a

result only of the particular design problem or the design software

(and certainly of the error subsequently discovered in that software,

as documented in Appendix E), it is likely that much of what follows

IV-9
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would also be true in general.

4.4.1. The regulator designs were very sensitive to the

"implicit" quadratic weights placed on the output deviation rates.

These weights constituted the *matrix of (A-413), referred to as "QI"

by the CGTPIV program output. In generating the performance index of

(A-44), these weights are combined with the output, dynamics and

command model dynamics matrices to define an implicit state weighting

matrix. In the program CGTPIV, the result is referred to as the "QIH"

matrix, which is actually the matrix of (A-45a).

TgA-_m)*(A-AMC (A-115a)

- +This operation distributes weights on the system states that, for the

models used in this study, were much larger than would have been

'achieved by using, instead, an "explicit" output weighting matrix ("Y"

in CGTPIV and (A-39)) with a magnitude similar to that of Q1 . When the

command model dynamics matrix is changed, the resulting distribution

changes, and the effect of the 0, weights may be altered significantly.

, As a result, smaller weights (an order of magnitude or more) on the

4.. output deviation rates, compared to those which would be placed

directly on the outputs or states in a standard regulator, seemed to be

generally appropriate.

4.4.2. Although the implicit model-following formulation is based

on matching the derivatives of the actual system's outputs to those of

.-1. the command model, instead of the output values themselves, the

controller does provide adequate regulation of the outputs without any
* 4..

need for the use of added "explicit" output weights (i.e., the Y

matrix). The first reaction of the regulator in response to non-zero

IV-10
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initial conditions was observed to be an effort to drive the outputs
. .rapidly toward zero. This resulted in a short "rise time," defined,

for the purposes of this thesis, as the time required for the pitch

angle output to achieve or pass through a value within 10% of the

initial excursion from the desired value of zero. Once some of the

initial output deviation was nulled, the output response was observed

to begin to follow the model dynamics more closely. The effect

appeared to be amplified with large weights on the output rates (the Q

matrix), and thus in the implicit state weighting matrix (Aj9. Thus,

heavy weights on the output rates with a "slow" command model were not

found to be effectAve in slowing down the initial response, character-

ized by the rise time of the system, as might have been anticipated.

In fact, quite the opposite was observed to be true.

41.4.3. Weights placed on the input magnitudes (through the

. "explicit" JM matrix of (A-39) or the "implicit" R_ matrix of (A-43)),

or placed directly on the actuator states (changing the values of the X

matrix of (A-40) is a CGTPIV program option), were observed to cause

the initial control inputs and input rates to be increased. This

resulted in increased actuator activity. The controller's strategy

seemed to be to get all of the activity out of the way early, and

settle down to zero values as rapidly as possible, and thus minimize

the integral of the squared control/actuator magnitudes over all time.

Typically, this might not be what the designer would have had in mind,

nor have expected. Similarly, due to the controller structure, if the
L-. actuator states are defined as outputs of the system and modelled in

L-.1k. the regulator command model, weights placed on the actuator outputr *"'-:-" rates heavily weight the actuator states themselves. Equally important

IV-11
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is the addition of large weights on the inputs to the actuators by the

generation of the equivalent control weighting matrix. This matrix is

referred to as "RIH" by the software, and is actually the I matrix

" defined in (A-45c).

,°T T

R-R B C B (A-45c)

Thus, it was found that inclusion of the actuator states in the

regulator implicit command model was not an effective way of

controlling the speed of the regulator. Rather, a reduction in

regulator speed, and therefore actuator activity, was found to be

possible as a result of reducing the weights on the output rates (-q)

and the inputs (UM ora_), and by modelling additional states (the

pitch rate, in this case) as outputs in the regulator command model.

An additional means of controlling regulator speed is discussed in

*... . Section 4.4.4, and the effectiveness of all of these techniques is

shown in Chapter 5.

4.4.4. In the simple development shown in Section 2.2, the

performance index for implicit model-following specifically includes

quadratic weights only on the derivatives of the outputs and on the

input magnitudes. But, as shown in Appendix A, the perturbation PI

regulator quadratic cost also includes weights on the rate of change in

control magnitudes, and this is appropriate regardless of whether or

not implicit model-following is included in the formulation. Weights

- on the input rates were found to be required to prevent inappropriate
4.

(and ineffective) high frequency control input oscillations. In the

designs attempted in this study, failure to apply some weight to the

control input rates resulted in inputs which were large, and which

%d. "" IV-12
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reversed sign with each sample period. Weights on input rates were, in

fact, found to be effective in achieving control over the initial speed

(rise time) of the regulator as well as the extent of overshoots and

control oscillations.

4.4.5. The CGTPIV program provides the user with the locations of

the closed-loop regulator poles during the design evaluation. In

general, this information was useful and was used extensively in the

analysis of the effects of actuator dynamics on the designs. The

program produces a digital controller by direct digital design methods;

that is, the design procedure is accomplished in the discrete-time, or

z-domain, and does not make use of approximations or mappings to allow

the use of s-plane, continuous-time design techniques. There is

therefore nothing to preclude the resulting controller from having

poles on the negative real axis of the z-plane, which cannot be mapped

into the s-domain. When this situation occurs, the algorithm, used by

the program to map the controller poles into the s-plane for display to

the designer, generates a pole with an imaginary part equal to pi times

the sampling rate, and without a complex-conjugate mate. This

occurrence should not alarm the designer; the pole information should

simply be disregarded. Perhaps coincidentally, however, none of the

designs in this study which exhibited this characteristic appeared to

be very useful.

..4.6. As Just mentioned, the locations of the closed-loop poles

of the regulator are provided by CGTPIV. By observing this

information, it was possible to determine that, by use of implicit

model-following design techniques, the locations of these poles can be

influenced by the designer to a much greater degree than by

IV-13

4o .

* * * % ,,'.*, , . . :, ,.:* . *- .' . : . ,. ..'. .... . -:...,...... .. .* .- , ......... . . .



conventional, or "explicit" regulator design. This capability was very

useful, and its significance is discussed in Section 5.6.

4.4.7. The program CGTPIV assumes that, for implicit

model-following, the number of inputs, outputs and command model states

will all be equal. The designer may wish to increase the number of

command model states in order to exercise improved control over the

system. For example, in this study, the addition of the pitch rate

state as a modelled output was useful in achieving control over the

initial speed of the regulator. It was not possible to invent a new

control to allow the dimensionality restrictions to be met, and the

result was a rank deficiency in the partitioned matrix which, when

inverted, produces the n matrix of (11-22) and (A-21). The use of a

pseudoinverse was therefore required.

The use of a matrix pseudoinverse in this situation is analogous

it to the use of the left inverse (a pseudoinverse) in achieving a

"least-squares" solution to an over-determined set of linear equations.

Rather than achieve an exact solution, which does not, in general,

exist, the sum of the squared error terms is minimized. This results

in a unique, minimum-norm approximation to the solution [ 30). If it

were desired in such a case to have the approximation be more accurate

for especially critical components, a "weighted" pseudoinverse could be

used in the solution [30]. The use of such a weighted pseudoinverse

has not been implemented in CGTPIV, so the user has no input for

specifying which elements of the resulting IT matrix will be determined

most accurately. The situation does not in any way alter the design

procedure. However, design of an acceptable controller, based on the

unweighted pseudoinverse, may be more difficult, or even impossible.

IV-14
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In this study, regulator design was possible under these conditions,

but CGT designs based on the pseudoinverse were unacceptable. Means of

dealing with this problem are discussed in Section 5.5.

4.5 Summary

This chapter outlined the specific design objectives and analysis

methods employed in this study. Basic insights gained while conducting

designs through the use of implicit model-following were presented. In

the chapter that follows, the use of implicit model-following, based on

these insights, will be shown to provide a means of enhancing the

ability of the designer to influence the characteristics and

capabilities of the control system.

I 1
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SV. Analysis ofDs Results

5.1 Introduction

This chapter presents the results of the design efforts of this

study. The baseline controller design is defined and then analyzed in

detail; this controller is shown to have little capability in tests

using realistic truth models which include actuator rate and position

"* limits or higher-order actuator dynamics. The primary concern during

the actual progress of the design effort described was to produce a

controller that would function well in spite of the actuator position

and rate limits. The logic and design path followed in achieving that

goal are presented as a means of introducing the various alternate

designs; controllers based on the standard PI regulator formulation are

discussed, followed by designs that used implicit model-following to

try to improve on the baseline performance with respect to actuator

limitations. The robustness of these designs with regard to

higher-order actuator dynamics and design model parameter variations is

then discussed. Finally, direct modification (via "anti-windup"

'-.5 methods) of the control law to compensate for nonlinearities is

addressed as a complementary means of achieving design objectives. The

discussion has been limited to 13 controller designs chosen from among

the dozens of alternative potential controllers that were considered.

The designs selected were chosen either because they were the best with

regard to a particular design objective, or simply to demonstrate a

point about the design technique or characteristics. An attempt has

been made to keep the number of plots presented to the minimum

necessary to provide insight into the relative capabilities and

V-I
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limitations of the different designs and the design methods used. The

. ,.tables and the singular value and time-response simulation plots

*referred to herein have been placed together at the end of the chapter

to make the text easier to read. The reader is once again referred to

Appendix E for information on what aspects of the contents of this

chapter were affected by the error found in the design software.

5.2 The Baseline Controller

In order to evaluate the potential of PI regulator designs

developed by means of implicit model-following, a baseline, or standard

for comparison, was needed. The AFTI F-16 pitch pointing CGT/PI design

by Floyd [16), based on the five-state design model defined in Section

4.2, was chosen to fill this role. This design, henceforth referred to

as SR-B (Standard Regulator-Baseline), was duplicated using the program

CGTPIV. References (16 and 31J contain detailed explanations of this

design software as well as user instructions; Appendix D documents

*minor changes in the program version used herein and includes a sample

*. execution of the program. For the regulator design, quadratic weights

of 200 were placed on output (pitch and flight path angle) deviations

(matrix Y of (A-39)), weights of 1 each on the inputs and input rates

(matrices U and UR of (A-39), respectively), and an additional weight

of 50 was manually inserted as the (3,3) element of the resultant state

weighting matrix (X matrix of (A-40)) to penalize and thus limit the

pitch rate magnitude. No "implicit" weights were used. For the CGT, a

two state command model was used:

"o" , *,".let
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B M 01

10-- 5 (V-2)

.'- 0 0 (V-3)

The command model was chosen to represent the ideal output character-

. istics of decoupled, first-order responses for the pitch and flight

path angles, which were the system outputs, to command inputs. This

- command model was the standard command model for all CGT designs that

are discussed in this chapter. The design weights and resulting
,q.

controller gains, as defined in (11-25) and (11-26), for SR-B are

summarized in Table V-i.

Figure V-i shows the response of the regulator to an initial

condition of 1 degree in the pitch angle state and, therefore, in both

of the outputs, recalling (IV-5) and (IV-6). So that repeated

definition will not be required, all references to initial conditions

of a given magnitude in the remainder of this thesis are likewise

intended as an initial condition of that magnitude, in degrees, appliedis4 -.

.. to the pitch angle state; both outputs therefore begin at a value of

that magnitude. The time-response plot was produced using the program

ODEACT (documented in Appendix C) with the linear design model as a

truth model; it is identical to the terminal plot generated by CGTPIV.

On this and on subsequent time-response plots, symbol "1" represents

V-3
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the pitch angle, symbol "2" the flight path angle, "3" is the position

-3 of the horizontal tail and "4" is the position of the trailing edge

flap. With the plot held so that the title can be read, time (in

seconds) is depicted on the horizontal axis and the values (in degrees)

"' associated with the symbols are scaled separately on the vertical axis.

This regulator was very fast, with a rise time of 0.12 seconds, and

produced an overshoot of the final value of about 40% in the pitch

angle and 15% in the angle of attack. Note, however, that the initial

rate of movement of both control surfaces was far in excess of the

actual rate limits of the actuators, and that the maximum deflection of

the trailing edge flap exceeded the actuator position limit (these

limits were defined in Section 4.3).

Figure V-2 shows the response of the CGT/PI for this design, with

the same linear truth model, to a step input of 1 degree in pitch.

Again, to avoid repetition, this and all subsequent references to CGT
a.a

- * command inputs are to be interpreted as step input commands, in

degrees, to the pitch angle output only. The model following was

excellent. The pitch angle response approximated that of the CGT

command model -- a first-order lag with a settling time of less than

one second. The ideal flight path angle response would have been to

-remain at zero; the actual maximum error was about 0.07 degrees, with

rapid regulation to zero. Both outputs achieved the desired model

response steady-state values. However, the initial rate of movement of

the horizontal tail surface exceeded the actuator rate limit.

The program ODEACT was next used to conduct a more realistic

simulation analysis of the controller. Some of the results of that

-' o> •analysis are included in Table V-2. The table summarizes the results

v-4l
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discussed in this section and also provides some data, not specifically

mentioned in the text, which is useful in comparing the effects of the

various perturbations on this design as well as designs to be discussed

xlater. Figure V-3 shows the response of SR-B to an initial condition

of magnitude 0.1 in both outputs, with respect to a nonlinear truth

model created by adding actuator rate and position limits to the

single-state (design model) actuator model. Even with this very small

initial condition, the regulator showed signs of degradation due to

actuator saturation; the pitch angle overshot by nearly 50%. With an

initial condition of 0.5 degrees, the regulator was unstable. Figure

V-4 shows the CGT/PI response to a unit step input using the nonlinear

single-state actuator model. At this level of input there was very

little degradation in response, but with an input magnitude of two

degrees, the controller became unstable with the nonlinear truth model.

The instability of SR-B demonstrates a common effect of actuator

position or rate saturation in PI controllers, referred to as "windup"

(30]. When a large change in setpoint is desired, the proportional

channel of the regulator can saturate the actuators; meanwhile, the

integral channel begins to integrate large errors. Eventually, the

integral channel will reach a level at which it can saturate the

actuators by itself; the overall PI regulator command level will remain

high until after the error in the output has changed sign, allowing the

integral channel to "discharge". This is unlike a pure proportional

gain controller which reduces its commanded control as soon as the

errors come out of the saturating region. The result of saturation in

the PI regulator can be large overshoots or, as seen here, instability

.>*" [30]. In the case of the CGT/PI, the problem is amplified when the
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feedforward controls contribute to actuator saturation. While other

-. ," means of compensating for this phenomenon are available (30) and will

be discussed in Section 5.7, an attempt to design around the problem

using impliit model-following was pursued initially.

An important question to be addressed at this point is "how large

an initial condition must the regulator be able to manage in order to

be considered satisfactory?" The answer depends in part on the method

used to simulate the onset of the initial condition. Both ODEACT and

CGTPIV use a very harsh method, which assumes that the system is

totally relaxed (all states at zero) and that the states to which

initial conditions are assigned are then instantaneously changed. The

(perhaps more realistic) alternative to this method would be to apply

the changes in states over a sequence of sample periods, transitioning

from a steady-state condition to the new condition at a realistic rate

that allows the controller to begin to respond during the transition

period. Consider a 1 degree change in pitch at the design flight

condition; causing this to occur in one sample period (.02 seconds)

represents a turn rate of 50 degrees per second, which is the equiva-

lent of a level turn at about 25 g's. Obviously, such a change in

pitch through pure rotation (thus not requiring such a large transla-

tional acceleration) could occur due to gusts, or the effect duplicated

by sensor errors or computer malfunction; the point is that an initial

condition of 1 degree for the simulation method being used is not

insignificant. The approach taken in this study was to explore the use

of implicit model-following as a means to achieve regulator designs

that would handle larger initial conditions than those which desta-

bilized the baseline, SR-B; the larger the better. The goal was to

v-6



examine the capability of implicit model-following design techniques.

Similarly, since current flight control systems being used in the AFTI

F-16 are capable of decoupled pitch-pointing angles of up to approxi-

mately 3 degrees [21, that capablity was estabished as the design

objective for the CGT/PI.

Figure V-5 shows the response of SR-B to an initial condition of 1

degree with a truth model simulation employing the three-state linear

actuator model described in Section 4.3; Figure V-6 shows the response

using the four-state linear actuator model. Notice that the increased

order of actuator dynamics caused the initial overshoot in both outputs

to increase. Note also the oscillations in the control surfaces and

outputs, and that the resulting degree of degradation was clearly

unacceptable in the four-state simulation. Designing to avoid this
.%

-' problem, the effect of a "high frequency" perturbation, became another

'F of the goals for implicit model-following.

The results with nonlinear (saturating) higher-order actuator

models were predictably worse; the CGT/PI was unstable, with even a

unit step input, using the three-state nonlinear actuators, due to the

combined effects of actuator dynamics and nonlinearities. Again, this
4-

4' performance was considered unacceptable, and a candidate for improve-

ment through implicit model-following.

The SR-B regulator was also evaluated against the additional

linear truth models defined in Section 4.3 which, while of the same

dimension as the design model, simulated either erroneous design model

parameters or large changes in flight conditions. The first such

truth model was developed using selected stability derivatives (Za, Ma

•4 .and Mq, as described in Section 4.3) which were 20% larger than the
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~design model values; this perturbation produced no noticeable

. degradation. The next truth model represented a different flight

condition -- .6 mach at 20,000 feet. The regulator was degraded, but

stable, as shown in Figure V-7. The final truth model represented

flight conditions at .6 mach and 30,000 feet; the level of degradation

. was much more severe, but the regulator was still stable (Figure V-8).

• . The differences'in vertical scales of these plots is significant to

:"-. note in comparing the size of the overshoots.

An analysis of the minimum singular values of the inverse return

difference function of this controller was conducted using the program

. CGTSVD (documented in Appendix B). The singular value plots are shown

in Figures V-9, V-10 and V-11. Each plot covers two decades of radian

frequency, labeled (when the page is turned so that the figure title

~can be read) across the bottom of the plot. The symbol "1" represents

the logarithm of the maximum singular value of the function at each

frequency, and the symbol "2" represents the logarithm of the minimum

singular value; the two values are scaled together, as indicated by the

labels at the right edge of each plot. Note that the scales vary

between plots. A summary of the minimum singular values (converted to

actual magnitude) at various frequencies is included in Table V-3.

This table also shows the smallest singular value encountered and the

frequency at which it occurred (at and wmn ) As stated in Section

3.2, the magnitude of the minimum singular value of the inverse return

~difference function is a measure of the robustness of the controller

~with respect to a norm-bounded but otherwise arbitrary perturbation; in

~other words, we would like this number to be large, especially at high

frequencies where the magnitude of uncertainty is usually large. No
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absolute judgment as to whether the values for SR-B are good or bad is

offered at this point; their primary significance lies in comparisons

with other designs.

'5.3 Alternate Standard Designs

The baseline design was considered to be deficient in terms of

excessive actuator commands and sensitivity to higher-order actuator

dynamics, but quite robust with regard to parameter variations. Later

designs with implicit model-following were able to improve in the

deficient areas through reduction of output rate weightings and

increased weights on control rates. In order to conduct an impartial

evaluation, attempts were made to achieve the same type of improvement

using the standard regulator formulation. Two of the resulting

designs, SR-2 and SR-3, are summarized along with SR-B in Tables V-1,

V-2 and V-3. In these designs, the output weightings were reduced and

input rate weightings increased to the maximum extent possible without

significantly degrading the response of the regulator with respect to

the linear design model. Only improvement with regard to actuator

saturation is discussed at this point; the other aspects are covered in

Section 5.6. All of the simulation results discussed in this section

are with respect to the truth model incorporating first-order nonlinear

actuators.

The response of SR-2 with respect to initial conditions of 0.1 and

0.5 is shown, respectively, in Figures V-12 and V-13. The response was

*" somewhat degraded at the larger initial condition, but was obviously an

improvement over SR-B, which was unstable under the same conditions.

SR-2 remained stable for initial conditions of up to 0.7 degrees. For
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a unit step input, the CGT/PI response was very similar to that of

".1. SR-B, which was depicted in Figure V-4. For an input of 2 degrees,

there was very little degradation due to actuator saturation; with a 3

degree command input, the controller remained stable, although severely

degraded (Figure V-14). Again, this was an improvement over the

baseline design, which was unstable with an input of 2 degrees. The

responses of SR-3 were very similar to those of SR-2, and are therefore

not shown; the slight improvement in its performance with respect to

nonlinear actuators over that of SR-2 is shown in Table V-2.

5.4 Implicit Designs with Two Model Outputs

4 The first designs conducted using an implicit model in the

performance index of the P1 regulator were based on a two-state

regulator command model. Since the number of actual system outputs was

equal to the number of model states, this was the normal mode for the

design software being used. Some liberty was taken in using different

command models in the regulator design than the one used in CUT design.

Three regulator command models were used for the designs discussed in

this section, all of the form

0 p (V-4)

- 0 P (v-5)

C X I (V-6)
-M

The diagonal form for the command model dynamics matrix was chosen

' V-10v-



because decoupling of the pitch and flight path angle responses was

desired. Also, it was hoped that this would contribute to the

orthogonality of the elgenvectors of the resulting closed-loop system.

The first design used the same command model as the standard CGT

command model, i.e., P = 5. The weightings used and gains which

resulted for this design, referred to as IMF2-1 (Implicit

Model-Follower, 2-state command model, design number 1), and subsequent

two-state command model designs are given in Table V-4. Performance

results are summarized in Table V-5; references to rise time in this

section are based on operation under design conditions, as given in

that table. The singular values and regulator pole locations are given

in Table V-6. Once again, the discussion in this section centers on

the effort to design around the actuator saturation problem; the

evaluation of these designs with respect to other criteria is reserved

for Section 5.6. All of the simulations discussed in this section were

conducted using the single-state nonlinear actuator model.

IMF2-1 was not a great improvement over the standard regulators.

Even though the weightings on the output rate deviations were less than

the corresponding weights on output deviations for the earlier standard

regulator designs, these weights were transformed by (A-4Sa) to produce

very high state weightings -- greater in some cases by an order of

*magnitude over the standard regulator designs. The result was, again,

short rise time. Figures V-15 and V-16 show the response of IMF2-1 to

initial conditions of 0.1 and 0.5 degrees, respectively. As with SR-2

and 3, there was little degradation at the smaller initial condition;

the larger initial condition caused greater degradation, but not

instability. The CGT/PI response to a unit step input was much the same
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as the standard formulation designs. The response with a commanded

input of 3 degrees was an improvement, however, as shown by comparison

of Figure V-17 to Figure V-14.

IMF2-2 was an attempt to slow down the initial response of the

regulator by changing the command model to P = 2. This path was chosen

to limit the rate of increase in control inputs to the actuators, and

thus reduce the effects of the discrepancy between the actuator rate

capability of the nonlinear actuator model and that of the linear

design model. It was hoped that this would reduce the amount of

degradation due to actuator rate saturation. As shown in subsequent

designs, slowing down the regulator in such a manner was effective, and

tended to reduce the effects of the nonlinear actuator position limits,

as well. However, the quadratic weightings used in IMF2-2 were the

same as for IMF2-1, so the state weightings were still quite high, and

there was not a significant difference in the speed of the regulator or

in the magnitude or rate of control surface movement (with a linear

truth model) from that of the previous design. The response to a small

initial condition (0.1) is shown in Figure V-18, with the regulator

displaying less of a tendency to overshoot than IMF2-1, as seen by

comparison with Figure V-15. The regulator remained stable for initial

conditions of up to 0.9 degrees. The CGT/PI response to a unit step

*- input was similar to previous designs, but the pitch angle did

overshoot the commanded value by a small amount, as shown in Figure

V-19. However, unlike the response of IMF2-1 shown in Figure V-17,

there was no increase in the percentage of overshoot of the CGT/PI

pitch angle when the command was increased to 3 degrees.

IMF2-3 incorporated both the slower command model and reduced
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quadratic weights on the output rates, as shown in Table V-4. An

increase was also made in the weights placed on the input rates. As a

result, significant differences became apparent between this and

previous designs. Because of the changes in quadratic weights, the

initial response of the regulator was slower, with a rise time of 0.16

seconds, and produced smaller control inputs. For this reason it was

able to remain stable with an initial condition of 1.1 degrees,

although it was certainly degraded in performance at that level.

Figure V-20 shows the response to an initial condition of 1 degree.

The CGT/PI response to a unit step input was similar to that of IMF2-2

*(which was shown in Figure V-19); for an input of 3 degrees, the

overshoot was equal in magnitude to that of IMF2-1 (which was shown in
.- °

Figure V-17), but subsequent recovery was slower, as shown in Figure

V-21.

IMF2-4 incorporated even lower weights on the output rates and

higher weights on the input rates, with a continued performance

improvement relative to actuator saturation. Rise time increased to

- 0.18 seconds, and as shown in Figure V-22, the response to an initial

condition of I degree was better than with any previous designs. The

regulator remained stable with initial conditions of up to 1.5 degrees.

The CGT/PI response to a unit step input was similar to the earlier

designs. As shown in Figure V-23, however, the pitch angle overshoot

in the CGT/PI response with a large (3 degree) input was greater, and

recovery more prolonged, due to the slower regulation of errors.

S, IMF2-5 used weights similar to those of the previous design and

used an even slower command model, with P = 1.5, as a test of how an

*F extremely slow regulator would perform. The response of the regulator

v-i3
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to a small initial condition (0.1) is shown in Figure V-24; its rise

time was the same as that of IMF2-4 (Table V-5) but the regulation of

the pitch angle after the initial overshoot was slower. This regulator

was stable with initial conditions of up to 1.7 degrees, although with

an initial condition of 1 degree, the overshGot in pitch angle was

greater (170% versus 130%) than for IMF2-4. The CGT/PI response to a

unit step input is shown in Figure V-25. In this case, the level of

input was such that actuator saturation was not yet a factor, but the

overshoot was larger, and the subsequent correction.was slower, than in

previous designs. With larger commands, and the onset of saturation,

the effect was amplified. Since the regulator for this design

represented no real improvement over IMF2-4 and the CGT/PI was

degraded, IMF2-5 was felt to represent the practical limit to which the

regulator could be slowed, by the use of a slow regulator command

model, without creating an unacceptable design.

It was seen in this section that implicit model-following could be

used to enhance the capability of the controller to perform with

nonlinear actuators subject to position and rate saturation. This was

accomplished by slowing down the initial response of the regulator, as

characterized by rise time. The desired effect was achieved by using

lower quadratic weights on the output rates in conjunction with higher

weights on the input rates, as well as a slower regulator command

model. As the rise time of the successive designs increased, the

ability of the regulators to perform well and remain stable with larger

initial conditions improved, as summarized in Table V-5. However, as

the regulator speed decreased, the precision of the CGT/PI response to

command inputs was degraded slightly.

V-14
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-.5.5 Implicit Designs with Three Model Outputs

o Designs using a three state command model for the regulator were

undertaken in an attempt to achieve more control over the system's

x' closed-loop characteristics. In any design, the degree to which full

elgenstructure assignment can be achieved is ultimately limited by the

number of outputs and controls available. If the controlled system has

.-.. r independent controls and p independent outputs available for

feedback, then at most max(r,p) eigenvalues may be assigned and

min(r,p) entries of max(r,p) closed-loop eigenvectors may be assigned

[1]. Increasing the number of outputs in the design model was not a

problem in this case since all states were assumed available, but there

was no way to increase the number of controls. The pitch rate was

chosen as the third output to provide a means of directly controlling

the speed of the response, and a corresponding third state was added to

the regulator and CGT command models, which became

A= -PI 0

0 _
-"0 0 0

A3j (V-7)

L

0 0 P (V-8)

C 1 0 0

P. 0 1 0

L 0 0 1 (or 0 for the CGT) (V-9)

.... "" Again, the diagonal form for the regulator command dynamics matrix was

= . - 'V-15
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initially chosen to attempt to enhance the orthogonality of the

closed-loop system eigenvectors. For the CGT command model, P was set
3

to zero, as was the (3,3) element of the model output matrix, so that

the effective model was the same as for the earlier designs, but with

the CGTPIV dimensionality restrictions met.

As mentioned in Section 4.4.7, the CGTPIV software requires that

the number of controls and outputs be equal. In conducting a design

when this is not really the case, either the design model control or

output matrix will be rank-defective. The entire design result is

thereby based on an unweighted matrix pseudoinverse (the program output

announces this by stating that the H matrix is rank-defective). If the

number of controls is less than the number of outputs, then a true

solution will only be achieved in a least-squares sense. The designer

can still exercise a great deal of control over the performance of the

resulting regulator by iteratively changing the weightings used in its

design; there is no corresponding means of compensation, however, to

influence the design of the CGT. The result in this case was that the

regulator designs were relatively successful in that they produced

acceptable performance with more conservative control surface commands;

*but the CGT designs were all unsatisfactory in that the feedforward

gains were too high, resulting in excessive commands to the actuators.

All of the CGT designs conducted with the rank-defective H matrix

exhibited performance degradation, with even a unit step input, when

evaluated using the nonlinear single-state actuator model. This was

true even though the CGT command model used employed P = 0 and

C(3,3) = 0, thus preventing any feedforward control from being

. ... generated based on the added model state. Subsequent study showed that
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the regulators discussed in this section could, however, be used in

conjunction with the CGT designs of the preceding section, provided the

regulator response was reasonably similar to that of the regulator upon

which the CGT design was based. Controllers defined in such a manner

are discussed at the end of this section.

The CGT/PI designs discussed in this section are summarized in

Tables V-7, V-8 and V-9. Note that, unlike previous performance

summaries, Table V-8 does not indicate the level of initial condition

required to produce a 100% overshoot; this is because the onset of

actuator degradation due to saturation was always within 0.5 degrees of

the maximum stable initial condition. Once again, the presentation at

, *this point will center on the attempt to alleviate the actuator satura-

tion problem; all simulations are with respect to the single-state

nonlinear actuator model.

Design IMF3-1 was based on a regulator command model with

P1 
= P2 : 5, P = 10, and what would seem to be a light weight on the
1 2 3

pitch rate's rate deviations (0.1). These initial values of P1 and P2

were chosen to correspond to the regulator command model used for the

first designs of the earlier IMF2 class. The larger value for P was

found to be needed to achieve a response with reasonable speed

characteristics. Likewise, the small weight on the pitch rate

derivative was chosen as a result of trial-and-error attempts using a

larger value, which produced an exces°ively slow regulator. This

regulator's response to an initial condition of 1 degree in pitch and

flight path angle is shown in Figure V-26, and demonstrates just how

great an effect the additional model state had on the speed of the

%; >-'. regulator; the rise time was 0.62 seconds, as compared to 0.18 seconds
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for the slowest regulator in the IMF2 class. There was no noticeable

degradation due to actuator saturation for initial conditions up to 6

degrees, and stability was maintained for initial conditions up to 6.5

degrees. However, it was felt that the response of this regulator was

too slow for adequate performance in a fighter aircraft flight control

system.

IMF3-2 employed a faster command model (P1 a P2 = 10, P3 = 15) and

an even lower weight on the pitch rate's rate deviations (0.01) in an

effort to achieve a faster response. This was achieved without any

degradation due to actuator saturation, at least with an initial

condition of 1 degree, as shown in Figure V-27. The rise time was

reduced to 0.32 seconds; the price of the improvement was that this

regulator could withstand smaller initial conditions than IMF3-1 -- a

maximum of 2.5 degrees.

IMF3-3 differed from its predecessor by virtue of a regulator

command dynamics matrix with an off-diagonal term (Table V-7) and a

decrease in the pitch angle output rate weighting. The purpose of the

non-diagonal command dynamics matrix was to investigate the effect of

recognizing and allowing a degree of coupling of the pitch state with

its derivative. Full recognition of the physical relationship between

the pitch and pitch rate states could have been realized by addition-

ally setting P z 0, but this would have represented a radical

departure from the stated design philosophy of attempting to orthogona-

lize the closed-loop system eigenvectors through the use of implicit

model-following with a diagonal regulator command dynamics matrix. At

this point, only a small departure was desired, since the effect on

performance and robustness had not been determined. There was nothing

v-18
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inherently wrong with the response of IMF3-3, but many other structures

for the command dynamics matrix were also possible, each representing

different types and degrees of coupling among the outputs. Since no

insight was readily available to indicate which of such structures

(other than the use of the diagonal form) might produce beneficial

results, further investigation with the non-diagonal regulator command

dynamics matrix was felt to be beyond the scope of this study.

However, such an investigation could be a fruitful area for future

research.

The design using the non-diagonal command dynamics matrix was

originally attempted using the same output rate weightings as had been

used for IMF3-2. The pitch angle overshoot for the resulting

regulator's response to initial conditions was 25%, compared to 5% for

U IMF3-2; and the response was poorly damped, resulting in repeated

overshoots of the pitch angle steady-state value. To alleviate this

condition, the weight on the pitch angle output rate was reduced, as

shown in Table V-7, to produce the final IMF3-3 design. Its response

to an initial condition of 1 degree is shown in Figure V-28; the

response was slightly slower than that of IMF3-2, shown in Figure V-27,

and the pitch angle overshoot was about 15%. While this overshoot was

greater than for the other IMF3 designs, it was less than for any of

the standard regulator and IMF2 designs.

Many attempts were made to design a regulator that would worV well

with a CGT design based on the rank-defective 11 matrix. Initially, it

was thought that the CGT might be "fighting" the slower regulator

response, thus causing the excessively large control inputs through the

. .. " CGT; however, speeding up the regulator through faster command models

%: V-19
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and modified weightings in the performance index had virtually no

effect on the level of control input produced by the CGT/PI. Attempts

were then made to slow the regulator down even further, with the aim of

limiting the actuator commands. By the time any positive results were

achieved by this approach, the regulator performance was considerably

degraded; even then, the CGT was still unsatisfactory. Two of the

"slow" regulators which resulted from these design attempts were IMF3-4

and IMF3-5. No alteration of the CGT command model was attempted. CGT

control inputs could have undoubtedly been reduced by using a slower

CGT command model (with smaller P values), but such a change would have

also slowed the CGT/PI response to command inputs. Such a result was

not desired.

IMF3-4 reverted to the slower regulator command model used for

! IMF3-1, and greater penalty was placed on the tnput rates. This slowed

the regulator down, when viewed in terms of both rise and peak times,

and reduced regulator control inputs considerably. The response to

initial conditions is shown in Figure V-29; the shape of the pitch

response was somewhat unusual due to the simultaneous reversal in

motion of both control surfaces.

IMF3-5 was slowed even further by lower output rate weights and

lower input weights. The results were a continuation of the trends

established by the previous design. The irregular response of the

pitch angle in recovering from initial conditions is shown in Figure

V-30; because of this, the controller would be an unlikely candidate

for final implementation.

As mentioned earlier, none of the CGT designs conducted with the

J ":..,. rank-defective n matrix were suitable, due to excessive feedforward

V-20
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control magnitudes. However, several of the earlier CGT designs based

S"on the two-state command model worked quite well with regulators

discussed in this section. Since the AFTI F-16 is an unstable plant,

an open-loop CGT design is not feasible. To design a CGT, a stabili-

zing regulator design must first be accomplished; then the CGT design

can be based on the stable plant/regulator combination. Thus, a CGT

based on the two-state command model is also based on a specific

regulator (of the IMF2 class, in this case).

Satisfactory combinations of previous CGT designs and IMF3

regulators were identified by trial-and-error, and generally resulted

-* when the initial response dynamics (i.e., rise time) of the IMF3

regulator were similar to those of the IMF2 regulator upon which the

CGT design was based. As an example, the CGT designed for controller

IMF2-5, which was the slowest regulator of its class (Table V-5),

worked well with regulator IMF3-2, which was the fastest of the slower

class (Table V-8). The response of this hybrid CGT/PI to a large step

*input of 3 degrees is shown in Figure V-31, which indicates very little

degradation due to actuator saturation. An example of a mis-matched

design occurred by using the CGT of IMF2-2 (which, as shown in Table

V-5, was considerably faster than IMF2-5) with the same regulator, as

shown in Figure V-32.

It was seen in this section that the addition of the pitch rate

state as a modelled output provided a considerable increase in the

degree of control over the initial response speed of the regulator. As

a result, the regulators were able to withstand much larger initial

conditions than earlier designs, both in terms of stability and

• '.."~ performance degradation due to actuator saturation. While CGT designs
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conducted with a rank-defective 11 matrix were unsuitable, the employ-

• *,..- ment of hybrid designs was shown to be feasible.

5.6 Robustness Analysis

In the preceding sections, the use of implicit model-following in

PI regulator design was shown to be an effective means of limiting the

magnitude and rate of controller inputs. This, in turn, helped to

prevent performance degradation and instability due to actuator

* saturation. In this section, the robustness of the various designs

previously introduced is characterized further. Each controller was

evaluated against linear truth models which differed from the design

model in that third- and fourth-order actuator dynamics were simulated.

Each controller was also evaluated against linear truth models with

''design model actuators, but with other system parameters which varied

from those of the design model. The results of these evaluations were

compared to information obtained through singular value analysis and

study of the regulator pole locations.

The baseline regulator was previously shown to be seriously

degraded by the addition of higher-order actuator dynamics (Figures V-5

and V-6, and Table V-2). Since the three- and four-state actuator

models had complex poles at a natural frequency of 71.4 radians per

second, it was thought likely that the resulting perturbation could be

characterized as having a maximum norm at relatively high frequency,

say between 10 and 100 radians per second. Thus, the designs for which

"" the minimum singular values of the inverse return difference were

largest over this range were expected to perform better with these

truth models. As noted in Section 3.2, however, the conservatism of
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S' this type of analysis can vary considerably, primarily as a function of

the vector direction of the perturbation. To complement the analysis

of singular values with techniques of a more classical flavor, the

locations of the closed-loop regulator poles for each design were

noted. The higher-order actuator model poles were relatively far from

the origin, and had the effect of pushing the complex poles of the

design model-regulator combination closer to the imaginary axis. The

destabilizing result is analogous to the addition of such poles to the

open-loop transfer function of a SIS0 control system [8].

The singular values and pole locations for the standard regulators

are summarized in Table V-3. SR-2 had slightly larger singular values

than the baseline design over most of the frequency range of interest,

although the difference was not large. The complex regulator poles

were located slightly further from the imaginary axis than those of the

baseline. The response of SR-2 to initial conditions with the linear

four-state actuators was slightly better than that of the baseline, as

shown in Figure V-33. SR-3 also had a small singular value advantage

over SR-B. Its complex regulator poles were closer to the origin in

both horizontal and vertical directions, but were also further from the

added actuator poles. This regulator suffered much less degradation

with the higher-order dynamics than the *ther two, as shown in Figure

V-34. It was noted with these and with other intermediate designs that

the pole locations varied with the changes in quadratic weightings used

to devign the regulator, but that the pattern of motion was not very

consistent. With each change, some poles moved in one direction, some

in another. More systematic motion occurred with implicit

" model-following techniques, as will be seen in subsequent paragraphs.
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The singular values and pole locations for the IMF2 class of

controllers are summarized in Table V-6. The singular values of IMF2-1

and IMF2-2 were nearly identical; both were slightly better than the

baseline at 10 radians per second, and worse at 100 radians per second.

The complex pole locations, two sets in this case, were also nearly

- identical. The location of the largest complex poles (nearest the

added actuator poles and thus most vulnerable to their effects) was

better than the baseline in that they were further from both the

imaginary axis and the added actuator poles. The resulting performance

with the four-state actuator model was similar for these two designs.

*Figure V-35 shows the response of IMF2-1, which was the more oscilla-

tory of the two. They were better than SR-B and SR-2, but slightly

worse than SR-3 in terms of oscillation. The singular values of IMF2-3

were consistently equal to or better than the baseline over the

frequency range of interest. The complex poles were much closer to the

origin, and thus further from the added actuator poles. As a result,

performance with the four-state actuator model was much better than

earlier designs, as shown in Figure V-36. The same trends exhibited by

-IMF2-3 were continued to an even greater extent by IMF2-4 and IMF-5;

these regulators suffered only relatively small increases in overshoot

when subjected to the actuator dynamics, as shown for IMF2-4 in Figure

V-37.

Refer again to Tables V-3 and V-6. Note that t ie use of implicit

model-following produced a greater range of high frequency singular

values than did the standard regulator formulation. This indicates

that the implicit method provides the designer an added degree of

"." control over the characteristics of the design. The same conclusion is--.
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supported by movement of the regulator poles in the implicit

model-following designs. The value of P selected for the regulator

command model very nearly determined the location of the regulator

poles nearest the origin; the higher the weights on the output rate

deviations, the more precisely this was true. As weights on the output

rate deviations were decreased, the remaining poles moved consistently

toward the origin (for a constant P); the same trend was followed as

the weights on the input rates were increased. Both the degree and

consistency of control available over the regulator pole locations is

significant in providing the designer with a method of designing around

a specific problem, as was the case with the higher-order actuator

dynamics.

Singular values and pole locations for the IMF3 class of

controllers are summarized in Table V-9. The singular values for

IMF3-1 were smaller than the baseline regulator over most of the

desired frequency range. The radical location of the large complex

poles for this regulator was sufficient to cause it to be just unstable

when tested with the four-state actuator model, as shown in Figure

V-38. IMF3-2 had only slightly larger singular values than IMF3-1, but

its pole locations were significantly different. The large complex

poles were moved much nearer the origin by the decrease in weight on

the derivative of the pitch rate. As a result, the regulator was

barely affected by the dynamics of the four-state actuator model, as

shown in Figure V-39. The singular values and pole locations for

IMF3-3 were similar to those of IMF3-2; it was not degraded by the

actuator dynamics. The singular values listed for IMF3-4 and IMF3-5,

if considered alone, would have predicted excellent performance against

V-25

," o , ,, ~~~~~~~~~~.. .. ,. ..... ... ,, - .-...-.. ¢ .. - , ................ . .•. ...



a high frequency perturbation. The relative proximity of the complex

poles of these regulators to the imaginary axis was, however, enough to

cause serious performance problems, as shown in Figures V-40 and V-41.

SIn this case, consideration of the exact perturbation, i.e., added

poles at a known location, was far more informative than the analysis

of singular values.

It was concluded earlier that the baseline design was quite robust

with regard to parameter variations to the design model. Each of the

other controllers was evaluated by use of the same alternate linear

truth models as was SR-B, in an attempt to assess their robustness

further. It was felt that these parameter variations could be

characterized as perturbations which would have an effect over a wide

range of frequencies. That being the case, it was anticipated that the

overall smallest value encountered as a minimum singular value for the

inverse return difference function would be the best predictor of

robustness, since it represented the point of greatest vulnerability.

Reference should be made to the singular value summaries in Tables V-3,

V-6 and V-9 during the discussion that follows.

The first alternate linear truth model used was the one developed

by using selected stability derivative values 20% larger than in the

design model. This model represented a fairly large modelling error,

yet none of the designs were notineably degraded. This indicated that

all of the designs were reasonably robust against this type of error,

one of a type which might be considered reasonably likely to occur

**."., physically.

The second truth model was one representing flight dynamics at .6

mach and 20,000 feet. For a control system which would normally employ
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gain scheduling to optimize control over a wide range of flight

conditions, a perturbation of this size would probably physically only

occur due to a catastrophic sensor or computer error; it is a harsh

test of the controller. The response of the two standard regulators,

SR-2 and SR-3, with this truth model was very similar to that of SR-B,

which was shown earlier in Figure V-7. The responses of the IMF2 class

of regulators were all slightly degraded in comparison to those of the

standard regulators, with somewhat larger initial overshoots and

oscillations. It was difficult to rank them objectively with a

four-second simulation, although the performance of IMF2-4, shown in

Figure V-42, was typical of the group, and the data in Table V-5

provides some insight into the rate with which the oscillations died

' out. The IMF3 class of regulators exhibited a wider range of

performance than the other groups. IMF3-1 was hardly even degraded, as

shown in Figure V-43. IMF3-2 and IMF3-3, on the other hand, were

barely unstable under these conditions, while IMF3-4 and IMF3-5 were

just barely stable.

The final truth model represented flight conditions at .6 mach and

30,000 feet. All of the standard regulators remained stable, with

performance similar to that already shown for SR-B in Figure V-8. The

IMF2 controllers all exhibited slowly divergent oscillations except for

IMF2-2, which was barely stable; the performance within the group was,

once again, fairly consistent. Again, a wider range of performance was

seen with the IMF3 group. IMF3-1 was stable, and in fact did rather

well, as shown in Figure V-44. IMF3-2 and IMF3-3 diverged very

rapidly, while IMF3-4 and IMF3-5 were just unstable for this condition.

.- " ~>. The relative results of the 30,000 foot evaluation were, therefore,
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consistent with the one at 20,000 feet, but the effects were more

severe.

In comparing the results of the parameter variation tests for the

standard regulators to those of the IMF2 class, the overall minimum

singular value encountered seemed to be a reasonably valid predictor of

robustness, as had been anticipated. The overall minimum singular

values for all of the standard regulators (shown in Table V-3) were

better than those for any of the IMF2 controllers (Table V-6); and

unlike the IMF2 class, none of the standard regulators were destabi-

lized by any of the parameter variations. Within the IMF2 class,

however, the differences in the minimum singular values were fairly

small, as were the differences in the observed robustness characteri-

stics of the designs; the robustness differences were not predictable

* based on the minimum singular values, as shown by comparison of Table

V-5 and Table V-6.

The results were even less clear with the IMF3 class, where the

range of minimum singular values was significantly greater, as was the

range of robustness qualities. The minimum singular value for IMF3-1

was the greatest for any design in either implicit class, and about

average when compared to the standard regulators; its good performance

in these tests was therefore not surprising. But with the other IMF3

regulators, those based on the faster command model performed better

than those based on the slower command model, regardless of their

minimum singular values. This result is a reminder that, for this type

of perturbation (an additive change in the nominal dynamics matrix),

the perturbation is a function not only of the change to the dynamics

matrix, but of the control law itself. In fact, for a change &A to
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-the nominal dynamics, and using K(s) to represent a continuous-time

" -.* control law, the norm of an equivalent multiplicative perturbation as

presented in Section 3.3 could easily be calculated.

* 'Since

KG' - (I + L) KG (111-7)

-and here
'

G(s) (sI -A)-B (V-l0)

G'(s) (sI - A + AAJ)_1 B (V-Il)

we have

K(s)G'(s) = [I + L(s)JK(s)G(s) (V-12)

K,)(s) - ( - (A +"- -- B I + . ()EI -A]-_B (v-13)

[I + L(s)J I K(s)(sI -(A + AA)I B~ EK(s)[3I - A]B (Vl)

Therefore,

WEI+ L(s)] = 'IK(s)[sI - (A +AA)]-IBJK(s)(sI - A]-BI 1

(V-16)

In other words, in comparing two different controllers, the difference

in minimum singular values could be easily overshadowed by the effect

of the differing control laws on the magnitude and, perhaps more

importantly, the direction of the perturbation. This may explain why a

fairly radical change in the basis for the controller design, such as a

different regulator command model, could make predictions of robustness
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based on relative sizes of singular values less meaningful.

In general, the regulator designs which exhibited relative

immunity to the effects of higher order actuator dynamics were those

most vulnerable to the low frequency perturbations. The clearest

example of this was within the IMF3 group of controllers. Apparently,

a trade-off decision is required as to which type of uncertainty should

be most heavily guarded against. In the case of the AFTI F-16, the

"uncertainties" of nonlinearities and higher-order actuator dynamics

are, in fact, a reality; the controller must work despite them. The

implicit model-following designs, which fulfilled this requirement,

• "were also robust for a reasonable and realistic level of modelling

error.

-:. In summary, singular value analysis was of only limited value in

predicting the robustness and sensitivity of the designs with regard to

parameter variations and higher-order dynamics. The variablity of the

singular value measure's conservatism caused it to be misleading in

some cases. Regulator pole analysis and actual simulation provided

reliable information and a significant degree of physical insight. The

ability of the implicit model-following formulation to affect the

location of the regulator poles in a systematic manner was found to be

very helpful in avoiding problems associated with higher-order

dynamics, but this was generally at the expense of increased

sensitivity to parameter variations.

..
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5.7 Anti-Windup Compensation

It has been shown that implicit model-following can be used to

alleviate the windup problems that occur in PI regulators when

nonlinear, or rate- and position-limited, actuators are encountered.

The regulators in the IMF3 group were especially effective in this

regard; all were capable of handling at least a 2.5 degree initial

condition, without performance degradation, when tested against the

nonlinear single-state actuator model. The hybrid CGT/PI using the

regulator from IMF3-2 and the CGT from IMF2-5 was shown to provide good

pitch-pointing of up to 3 degrees with the same truth model.

When the effects of higher-order actuator dynamics were subse-

quently considered in addition to the rate and position limits, the

capabilities of these designs were decreased somewhat, as expected.

* However, in additional tests it was found that IMF3-2 and IMF3-3 were

still stable and performed without degradation with initial conditions

of 1 and 2 degrees, respectively, using a full, nonlinear four-state

actuator model. A hybrid CGT/PI was also found which was capable of

good pitch-pointing control of up to 3 degrees with the full, nonlinear

four-state actuator truth model, as shown in Figure V-45. This hybrid

used the regulator of IMF3-3 and a CGT based on a regulator design

which, while of the IMF2 class, and similar in its definition and

performance characteristics to IMF2-4, was not among those chosen to be

discussed in this thesis. The COT gains for the hybrid were

r3.38 -8.14061
K z

[-X. 1-x.695 25.21j (V-16a)

'4 ." V-31

*'.°.



and

2.747 -14 a05

K Z

-- 1-9.724 22.94 (V-16b)

While the use of a controller that is designed specifically to

remain within the linear operational range of the actuators is a

5' worthwhile goal, it may not always be possible to implement. Even if

such a design were possible, it would be wise to implement some form of

a safeguard that would enhance the stability of the controller in the

event that actual conditions exceeded the linear range for which the

controller was designed. Since some form of additional anti-windup

compensation should thus inevitably be used with any practical

controller implementation of the type addressed in this study, it

seemed imperative that its effect on CGT/PI designs be considered.

The form of anti-windup compensation investigated in this study

involved a simple modification to the control law 130J, which was

implemented as an additional user option in ODEACT. At each sample

period, when the new control inputs are calculated, a check is made to

ensure that those control inputs are not of a magnitude that would
.5°%

command the rate or position limits of the actuators to be exceeded.

If the calculated control levels are excessive, they are reduced to the

maximum allowable level. With that restriction satisfied, windup does

not occur, since the actuators do not saturate. Actually, several

variations in the method of checking and limiting the controls were

tried; the most successful implementation is discussed here.

Consider only the horizontal tail actuator, which was position

S .~ limited to + 25 degrees, and rate limited to 160 degrees per second.
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Even though the fourth-order actuator dynamics model is more correct,

the design model, of a simple first-order lag, is a good approximation

and much more tractable for the implementation of control-law compen-

sation. The equivalent discrete-time model for the actuator dynamics

4: is

i+1
x(ti+I) = +(tl~1 1tW)x(t ) + f(t +,,)Bdru(t i  (V-17)

In this case, the sampling period is .02 seconds, and the first-order

lag coefficient is 20.0, so

x(t +1) = 0.67x(t i ) + 0.33u(t ) (V-18)

Since x(t i+1 ) cannot exceed +25 degrees, this yields a bound on u(t i),

in degrees, as

u(t 5 <75 - 2t),for x(t ) 0 (V-19a)

4 O

or

u(t,) > -75 - 2x(ti), for x(ti ) < 0 (V-19b)

V

Since the difference between x(ti+ 1 ) and x(t.) cannot exceed 1.2

degrees (60 degrees per second times the sample period),

x (t+ 1 ) - x(t.) 0.67x(t.) + 0.33u(t.) - x(t.) _ 1.2

or

u(t1 ) < 3.6 + x(t), for x(t1 ) > 0 (V-20a)
4

A.

V-33



, ' . o-' ....... .. ... -. ...... ,,.. -..... =.. °- . . - -.. ,.

and

u(tj) -3.6 + x(_t), for x(t.) < 0 (V-20b)

* -An identical development was used to calculate the maximum controls for

the trailing edge flap, except that the appropriate limits for that

actuator were Used.

With this simple modification to the control law, it was found

that the IMF3-2 and IMF3-3 regulators could withstand at least an

additional 1 degree of initial conditions against the full, nonlinear

four-state actuator model, without instability being induced. The IMF2

regulators showed a much greater improvement with anti-windup compen-

sation than did the IMF3 regulators. The response of IMF2-4 to an

-initial condition of 10 degrees using the full nonlinear four-state

actuator model is shown in Figure V-46; the quality of this response

was excellent.

With the same actuator model, the IMF2-4 CGT/PI response to a step

input of 3 degrees is shown in Figure V-47; while the performance is

acceptable, it should be compared to that of the hybrid CGT/PI's under

the same conditions. The response of the hybrid controller whose

response without compensation was shown in Figure V-45 is shown with

anti-windup compensation in Figure V-48. Since the uncompensated

response was quite good, the improvement due to compensation was

minimal, seen in the smaller extent of the actuator over-minialprimarily se ntesalretn fteatao vr

shoots and the smaller maximum flight path angle deviation. However,

compared to the IMF2-4 response of Figure V-47, this hybrid design

produced better model-following in the pitch angle, plus a smaller and

' more rapidly corrected deviation in the flight path angle. The other

'V-34
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hybrid CGT/PI, constructed from the elements of IMF3-2 and IMF2-5, was

improved considerably through the use of anti-windup c',mpensation.

Without such compensation, it was unstable with a 3 degree step input

when evaluated against the nonlinear four-state actuator model; with

compensation, its response is shown in Figure V-49. By all standards

of comparison with Figure V-48, the hybrid based on IMF3-2 was nearly

equal to or better than the one based on IMF3-3, which had performed

better in the uncompensated mode.

The baseline regulator also showed significant improvement when

anti-windup compensation was used; this was to be expected, since it

had the most to gain from such compensation. However, as with some of

the implicit designs, the controller was still not useful, since it was

still degraded by the effects of the higher-order actuator dynamics.

In summary, the employment of anti-windup compensation has been

shown to enhance the capabilities of the controller designs. When used

with implicit model-following regulators that were immune to the

'effects of higher-order actuator dynamics, both stability and perfor-

mance improvements were realized, resulting in potentially very useful

designs.
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VI. Conclusions and Recommendations

6.1 Implicit Model-Following

This study has demonstrated that the incorporation of an implicit

model into the performance index used to define a linear-quadratic PI

regulator can provide greater control over many aspects of the

resulting controller design than that achievable using a "standard" PI

regulator. In particular, implicit model-following was shown to be

useful in controlling the speed of the initial response of the

regulator, as characterized by rise time. This produced a controller

which could perform acceptably, despite the constraints of harsh

nonlinearities inherent in the controlled system, because it was

4" designed so that it could perform its function without exceeding the

range of linear operation. Compared to design methods using conven-

tional PI regulator formulations, implicit model-following was shown to

provide an increased ability to control the locations of the

closed-loop system's poles, in a systematic and easily predictable

fashion, by means of iterative changes to the quadratic weightings used

in the design. This ability was found to be useful in designing to

avoid the effects of higher-order dynamics inherent in the controlled

system, but ignored in the design model.

The use of an "all-implicit" PI regulator, based only on the

quadratic cost of (A-43), was found to be feasible. Good transient

response and steady-state regulation were both achievable without the

use of "explicit" weights applied directly to the output deviations.

For the designs presented in this thesis, it appeared that

* '.achieving the capability to operate well despite one type of pertur-
4...
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bation generally occurred at the expense of robustness against another

Stype. The designs conducted with the standard regulator formulation

exhibited relatively good performance with regard to parameter

variations, but were degraded by higher-order dynamics and actuator

nonlinearities. Implicit designs developed to improve robustness with

respect to higher-order dynamics and nonlinearities were generally

somewhat less robust with regard to parameter variations. This high-

lighted the need for some insight on the part of the designer as to the

types of uncertainty prevalent in the design model.
-p

An ability to provide a general increase in robustness by forcing

the closed-loop system to have maximally orthogonal eigenvectors was

not shown. The robustness benefits of such an eigenstructure have been

documented [19]. However, the closed-loop PI regulator formulation is

fairly complex; the number and dimension of its eigenvectors are large

in comparison to the number of controls available to affect their form.

Admittedly, the eigenvectors of the designs were not calculated in this

study, and the design iterations were focused on achieving specific

objectives other than an orthogonal eigenstructure. It is quite

possible that implicit model-following might be shown to have potential

*general robustness benefits, at least for some problems, if an effort

were made to design specifically toward achieving maximally orthogonal

eigenvectors. Such a design approach could inevitably be expected to

require some sort of tradeoff with other characteristics of the

resulting design, such as performance capabilities.
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.1

+L"." e " . '. ." .. '. .", - ". ""","*"" * , ' .'"""."'".'".""" .".- ,* '.* N .- .'", ' ",-,' '-



6.2 Robustness Analysis

In this study, "unstructured" singular value analysis was found to

be of limited value in predicting how well a system would perform with

respect to off-nominal conditions. There are several factors which

contributed to this observation.

The first factor is the variable conservatism of robustness

estimates that are based on this type of singular value analysis. Even

if the norm of a particular perturbation were known exactly, comparison

to the minimum singular value of the closed-loop system's inverse

return difference function could provide, at best, only positive proof

that the perturbation could not be destabilizing. If such an analysis

were to show the norm of the perturbation to be sufficient to cause

instability, there would remain three possibilities:

-- That instability would result.

-- That performance would be degraded, but the system would be

stable.

-- That little or no degradation to performance or stability

would result.

Some other method of analysis, such as simulation, would be required to

determine the adtual effect of such a perturbation.

The second, and related, factor is that this type of analysis

presupposes that the designer can formulate an estimate of the norm of

the uncertainties that should be guarded against. As pointed out in

Section 5.6, the norm of the multiplicative perturbation that results

from a change to the nominal dynamics description is, in fact, a fairly

Scomplex function of both that change and the control law. Considera-

tion of the effects of nonlinearities presents a particularly difficult
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problem. This adds to the uncertainty as to which, if any, possibly

destabilizing perturbations would actually produce instability. Design

iterations aimed simply at increasing minimum singular values could, in

fact, result in trading off performance to guard against a perturbation

which could not occur physically.

The final factor is the fact that, in many cases, simulation can

readily provide the type of robustness information that the designer

needs, in a form which is unambiguous and easy to interpret. While it

is impossible to simulate all of the possible perturbations, judicious

selection of example cases which encompass the spectrum of known areas

of uncertainty is possible. Nonlinearities, shown in this study to be

of significant potential impact, are easy to simulate, and the type of

simulation used for the deterministic controllers in this study can

easily be extended to the Monte Carlo analysis of stochastic

controllers [29,36]. Sensitivity analysis can be conducted in a

straightforward way, through simulation, to gain insight into the

physical factors exercising the greatest influence over performance and

stability.

The results of the singular value analysis conducted in this study

* were not, in general, inconsistent with the simulation results; they

simply added little insight. In some cases, the singular value

" analysis results were very misleading, such as the relatively

optimistic high frequency robustness predictions that could have been

made for designs IMF3-4 and IMF3-5.
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6.3 Recommendations for Further Study

'- "A great deal of the design effort described in this thesis

centered on combatting an effect called "windup" which occurs in PI

regulators, due to control actuator saturation. A concurrent thesis

effort by Lt James McMillian [32) has produced another modification to

the CGT/PI/KF design software that implements a generic formulation of

the PI regulator (30]. In this implementation, the proportional and

integral channels of the regulator output feedback are distinct, and

need not be equal. The susceptibility of a PI regulator to the windup

phenomenon should be a function of the magnitude of the integral

channel feedback relative to that of the proportional channel.

Anti-windup compensation through the use of the capabilities provided

by Lt McMillian's program, in conjunction with implicit

model-following, should be investigated. The effects of such

compensation on the general robustness of the controller should also be

determined.

As discussed in Section 5.5, use of a diagonal regulator command

model dynamics matrix in this study represented only one of many

possible command model structures. Investigation of the performance

and robustness characteristics of implicit regulator designs based on

' different structures, i.e., with various types and numbers of

off-diagonal command model dynamics matrix elements, should be

conducted.

For the designs of this study, the use of unstructured singular

value analysis was found to provide little predictive insight into

design robustness. As mentioned in Section 3.2, a great deal of

current study is underway involving the use of "structured" singular

VI-5



. -* .. . - ...., .- -. - - -- - --,

- p.
°

value analysis [12,15,18,27]. To employ such sophisticated methods,

the designer must have insight into the structure of the types of

uncertainty that are likely to be present in the control system. Such

insight was not in the repertoire of the author of this thesis. A

study of methods of analyzing the structure of modelling error and the

application of knowledge of that structure to singular value analysis

is a recommended area for future research.

Another concurrent thesis effort by Lt Jean Howey [22] has

centered on the recovery of robustness lost due to the employment of a

Kalman filter to provide state estimates for a PI regulator. The

effectiveness of the methods developed in that study should be

determined for control systems in which implicit model-following is

employed, as in this research. A logical extension of such a study

*would include modelling and analyzing the complete system with a human

operator in the loop.
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A. LQG Regulator Synthesis

A.1 Introduction

This thesis frequently refers to inner-loop controller designs

based on linear system models, quadratic costs and Gaussian distur-

bances (the LQG assumptions). The PI regulator used in the CGT/PI/KF

controller is a sampled-data optimal controller based on these LQG
-. --

assumptions. Chapter II briefly outlines the overall structure of the

CGT/PI/KF controller as well as the concept of the alteration of

closed-loop system characteristics by means of implicit

model-following. In that chapter, it is assumed that the reader under-

stands the fundamental synthesis techniques involved in LQG designs,

for both simple regulators and PI regulators.

This appendix is a very brief review of the development of those

LQG synthesis techniques, intended to introduce concepts and notation

used elsewhere in the thesis and in the design software that was

employed in this study. Emphasis is on sampled-data controllers that

are based on models representing actual discrete-time systems, or on

equivalent discrete-time models for continuous-time systems. For a

more complete and general development, refer to £301; the specific

formulation upon which the designs of this study are based is included

in [16,31.
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A.2 A Simple Constant-Gain LQG Regulator

Consider a linear, time-invariant system which can be described by

the vector state equation

"" _x~i+1  = x(t ) + Bu(t ) + G w (t. )  (A-1)

The system states at discrete sample times are represented by the

vector x(ti ) and u(t i ) is the control applied at time t., and held

constant until time t 1+1  If the model represents an actual discrete

process, then d(ti) is a zero-mean, discrete-time white Gaussian

driving noise of covariance Q applied to the states through the

distribution matrix G . Often the model is an equivalent discrete-time-d

description of an underlying continuous-time process (30); in such a

case, the equivalent discrete-time control matrix and driving noises

- can be developed from the related continuous-time quantities as

I i+1
B = / (t: +1 ' )Bd7 (A-2b)

=d ft

5,'d

and

[ ti+ 1  TT

Q- (ti+1 ,7)GQG T T(ti+,')d7 (A-2c)
=d

where (t1 +1 ,7) is the state transition matrix associated with A in the

continuous-time model

;(t) Ax(t) + BuCt) + Gw(t) (A-3a)

and Q is the strength of the white Gaussian noise M(t):

~ .d, ., Ejw(t)wT (t.T)j z p(') (A-3b)

A-2
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Note that if A, B, G, and _ are constant and the sample period is

fixed, then the matrices in (A-2) need only be evaluated once for all

sample periods. Also, the 4 of (A-i) is just _b(ti+ 1 ti ) of (A-2) and,

again, it is the same for all sample periods.

The system outputs are a linear combination of the system states

y~t)- C x~t )  (A-4)

Equation (A-4) may be generalized to include direct feedthrough of the

control inputs to the system outputs, but doing so will change neither

the most general form of the quadratic cost function nor the form of

the controller. Such a generalization is therefore unnecessary at this

point in the development of a simple regulator [30). Feedback control

is based on noise corrupted sampled-data measurements of the system

states in the form

where v(ti ) is a zero-mean, discrete-time white Gaussian measurement

noise of covariance R, which is independent of yd(ti).

Under the LQG assumptions, the optimal controller for the system

just described consists of an optimal (LQ) deterministic controller

cascaded with an optimal linear Kalman filter, and the design of the

controller and the filter can be conducted separately; this is an

important property known as certainty equivalence (30). Thus, the

controller can be designed based on a simpler deterministic model

consisting of (A-4) and

.3t )j f~, +B t(A6

A-3
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The result is a linear-quadratic-state-feedback (LQSF) controller; in

the final implementation, the state values used for feedback may be

replaced by Kalman filter estimates to produce an LQG regulator.

" . The objective of the controller is to regulate all of the system
'-.

outputs to zero, without expending excessive amounts of control energy.

The determination of a control law, of the form

(, ut )  G - Gett).x~t: )  (A-7)

which meets these criteria for N sample periods can be accomplished by

minimization of a quadratic cost function (performance index) of the

form

NT
T (t )s )(t )Z(t + U (t )U (t Wt A

:~12( )Y i-s i

+ 1/217T ( .1) Y(t )J (A-8)

where .s(t ), Y and U s(ti) are symmetric, positive definite quadratic

weighting matrices assigned by the designer in order to achieve the

design objectives [30]. In many cases (as with the CGT/PI controller)

the terminal transient can be ignored and time-invariant weighting

matrices used to determine a more easily implemented constant-gain

steady-state control law

.a .. .  U(t i) = - G.x(t:L ) (A-9)

through the minimization of

'J 1'~/2 4XT(t )yYy(t + u~ Ct )U u(t ( A-10)
Ei Si ± - i-S- i

i=O
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Sor

. T
J Z 1/2x (t )X .X(t) + u (t )U U(t1) (A-1i)

where, in view of (A-4),

X CTYC (A-12)

Although Ys is naturally positive definite, (A-12) reveals thatjS may

-' well be only positive semi-definite.

In the case of a controller based on an equivalent discrete-time

model of an underlying continuous-time system, it is often convenient

to specify the cost initially as a continuous-time function, such as

those used for the example model-following development of Section 2.2.
4'

This form of cost can then be discretized [16,30) to produce a

discrete-time cost similar to that in (A-11), but generalized to

include cross-weighting terms between the system states and controls.

Such a form generally arises when the discrete-time quadratic cost

function is developed through the discretization of a continuous-time

cost function, even if the continuous-time function contains no

cross-weightings (30). It would also occur if (A-l) were modified to

admit direct feedthrough. This generalized cost function is

_1(t i ) X S x(t i )
Tr

" [8T-t LS .tJ (A-13)

4,1where S is the cross-weighting matrix; US is still assumed positive
4.=4

definite and the composite matrix in (A-13) is assumed positive

semi-definite. Based on such a generalized quadratic cost function,

A-5
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the determination of the constant-gain, steady-state control law

-." "./-.requires only the solution of the algebraic matrix Riccati equation

[30]

T T T TK = XS + ±K 4- B K 4. +SIGc (A-14)

A.. where

I ."G = CUs  + B 1 BTK + STI(A-15)T -iTs Txt

Software is available for the efficient solution of such equations

[231. In practice, the use of standard matrix Riccati equation solving

routines often requires that the weighting matrix of (A-13) be trans-

formed to a form with no cross-weighting term. Once the solution for

the transformed system is found, an inverse transformation yields the

optimal steady-state control law for the original system [16,23,26,30].

-' A.3 A Constant-Gain PI Regulator

In many applications, the simple regulator developed in the

preceding section is not suitable, because a controller is needed that

will regulate the system outputs to non-zero values. Such is the case

of the CGT/PI wherein the objective is to cause the system outputs to

match the model outputs represented by z,(ti) of (11-18). An addi-

tional objective is to cause the error quantity

1(t1 ) :Y(t i  - M(ti)  (11-19)

to be zero in the steady state despite any unmodelled constant

* disturbances. A controller which can satisfy these criteria is said to

have the "type-1 property" that can be achieved with a

A-6
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U
Proportional-plus-Integral (PI) regulator [8]. Such a regulator can be

designed by applying the LQ methodology introduced in the preceding

section. This methodology provides a systematic synthesis procedure

for a multiple-input, multiple-output controller which ensures

stability under design conditions, and which includes the appropriate

crossfeeds based on the system and cost descriptions. By iteratively

adjusting the weights used in the quadratic cost function, the designer

can trade off state and control amplitudes so as to achieve performance

specifications [30).. The development of a full-state, constant-gain,

LQ perturbation regulator with proportional-plus-integral character-

* istics follows; this deterministic optimal controller can be cascaded

with a Kalman filter, based on certainty equivalence, tc produce the

LQG PI regulator (30).

The system of (A-6) is unchanged except for the addition of a

constant disturbance, d, of unknown magnitude

E(ti 1 ) = $x(t) +.u(t i ) + d (A-16)

and, in order to formulate the most general quadratic cost function,

* *direct feedthrough of the inputs to the outputs is allowed:

.Xti ) = Cxt ti ) + ti )  (-7

If m(ti ) changes slowly in comparison to the response time of the

system, then the development can be made based on a constant yM 30].

The nominal state values, X~o, and the nominal control, u , can be

determined for the case where d is zero, or

*x $bx + Bu (A-18)-- -o

"". A-7

€ 4
€

"".'-'.-. " ' ' ''- . "'.''.-; " ". .",-." " . . " ...- "-' .' .". .. '. . -"" "- . . '-'- . . .' ""4 " " " '



. Cx + D u (A-19)

=? -- 03-y-"

C D u(A-20)

_ I Bc 1 -1

- y = 112y (A-22)

U u = 1122Zym (A-23)

The case where d is non-zero requires the definition of perturbation

. variables that reflect deviations from the nominal conditions

( . bxct x(t x Xo=(t -_n2 (A-24)
- -1. -0 1 -12-n

au(ti) u(t.) - uo "u(t.) -1221m (A-25)

ay(ti) ~Y(t1 ) -y CMA-26)

and

= *6~t1 )+~6ut1 )(A-27)

.. (t) -- Cx(t.) + _Du.(t I ) (A-28)

*6-
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Since

-u(t+ 1 )i ) - o (A-29)

'lu(ti+I ) =Su(t i ) + [u(t i+) - u(ti)]

I u(t1 ) +,&u~t ) (A-30)

where Au(ti) is a "pseudorate" that provides the control input to a

perturbation regulator for the augmented system. Thus, the augmented

I perturbation state equation is

[ x(t1+) r ] (tj) 0r
Wut i. QJL 0 1 J[Wt1)J 7 (A-31)

and the appropriate discrete time cost function to be minimized in

defining a constant-gain control law is (301

00t~ Fl 11  112 S1  &A(ti)

Li 1/ u~
Au(t1) L1 S U LACt i) (A-33)

LAs in case of the simple regulator, the required gains are found by

solution of an algebraic Riccati equation, producing an incremental

control law (30]:

.U(t 6u(t ) - (1ex~ti) - 2 u~t) (A-34)

I' In order to achieve the desired "type-1 property" a signal

proportional to the pseudointegral of the regulation error of (11-19)

, ~ must be added. A suitable form for the resulting control law would be

A-9
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(30]

u(t1 ) u t1_) - Kx[X(ti) - x(t 1 )J A + K z[ - y(ti_ ) (A-35)

It can be shown (30] that both (A-34) and (A-35) are satisfied if

Kj :G,,111 + Gil,.. (A-36)

Kz =G 12 + G c2122 (A-37)

If m is permitted to change slowly, so that the system essentially

reaches steady state before each subsequent change, the final PI

regulator control law becomes (30]

u(t) u(t_ -) - K (xC - x K yt ) -Ky[t ()t

(A-38)

where it is appropriate that the time arguments of the last term do not

match (30].

-. 1
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A.4 Quadratic Cost and Implicit Model-Following for CGTPIV

,"' :. The design software used in this study implements a PI regulator,

as developed in the preceding section, as the inner-loop controller

required to provide stability and regulation for the overall CGT/PI.

The software requires the designer to establish continuous-time models

for the system to be controlled; equivalent discrete-time models are

developed internally by the program [16]. Since the designer works

with a continuous-time model, the software also requires the input of

quadratic weights for a continuous-time quadratic cost function. In

the "standard" PI regulator of the original CGT/PI/KF design software

[16], which is still an option of the current version (34], implicit

model-following is not used; the continuous-time cost is specified in

terms of a Y matrix which weights output deviations, a UM matrix which

weights the control magnitudes, and a 4 matrix which weights control

rates. The continuous-time cost function is

j /fUIM t + 6uT(t)Uu A(t) + Au Ct)U.,Au(t)Jdt

(A-39)

The Y and U matrices are then combined with the output and feedthrough
-M

matrices to develop an X matrix:

[XCii X121
XIT (A40[_12 - 22J

where

X CT YC (A-4 1a)

X2 + T Y (A-41b)-.;.-. ,. X-c22 R _ __ -

A-i1
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The continuous-time cost function therefore becomes

0.0.T
J /2 Sl t) T ir W d
fo L at [12

The program then discretizes the continuous-time cost function to

produce the discrete-time cost function of (A-33) [16J. This process

also introduces the required discrete-time cross-weightings.

The developments so far in this Appendix have not addressed the

* incorporation of the implicit model-following concept that was used so

extensively in this study. The example development in Section 2.2

demonstrates that a continuous-time quadratic cost function incorpora-

ting an implicit model can be easily formulated. If the objective of

Sthe controller is to achieve simple regulation of outputs, then the
-

development of Section 2.2 can be applied to the sampled-data

controller, as well; discretization [16,30] of (II-5b) would result in

a cost function of the same form as (A-13), but with weighting matrices

appropriate for an implicit model-following regulator.

The development of implicit model-following for the PI regulator

, is also easy to envision in the context of a continuous-time cost, such

as (A-39). If the objective of the controller developed in the

AA preceding section is changed from regulating the perturbation outputs,

defined as

az(t) = 1 (t) - Y (A-26)

A-12
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to zero, to that of forcing those outputs to mimic the dynamics of a

".'.'. model system, so that

*y(t) -- A Sy(t) (II-4)

9then the appropriate continuous-time cost function would become

J 11 (t) - A my(t)T t) - A y(t)]

+ 6  (t)R16u(t) + Au (t),A u(t) dt (A-43)

or

-U0 TA
W-, t) Q] S 0 6x(t)

J J12 6u(t ) 0 L 6u(t) dt

--- ,
f Au~t) 0 0 !tJ [ M~t (A-144)

0 where

(CA - AC) Q1(CA - A C) (A-45a)

Aj T (A AC (A-'45b)

Ej R + BTCTQCB (A-45c)

Note that (A-45) is identical in form to (11-6), but that (A-43)

through (A-45) are presented in notation consistent with CGTPIV and the

discussions of Chapters IV and V.

The design path in CGTPIV that permits the use of implicit

model-following actually implements a "combined explicit-implicit"

regulator, based on a continuous-time cost function that results from

combining (A-39) and (A-43) [34]. The designer has the freedom to

A-13
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• N;:...specify the implicit regulator command model as well as Y, fU, OI'

and R .  For the " all-implicit" designs in this study, I and U were

set to zero. For the general combined case, instead of using the

matrix of (A-40) in the cost, as in (A-42), a combined state weighting

matrix, X, is developed in CGTPIV by adding the implicit state

weightings to X prior to discretizing the cost:

--IE R (A-46)

The combined continuous-time cost function is, therefore

TAA
ax~t) CX + Q) (X + S ) 0 5X~t)

-Cii -I -c12 =I

J 1/2 au~t) (XT +T C X + R) 0 _!~t dtJ C12 =I -c22 ~'s~~

Io CEt)J 0 0 RR u~t) jI7a's,

- (A-47)

iA-i4
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A.5 Summary

- This appendix reviewed the formulation of basic LQG optimal

regulator design methods that were used in developing the software that

produced the designs of this study. The purpose was to ensure an

adequate framework upon which to build an understanding of implicit

model-following, and to relate the notation and terminology used in

Chapters IV and V, as well as that of the CGTPIV design software, to

that theoretical framework. The forwi of the PI regulator control law

of (A-35) and of the COT/PI control law of (11-25) is independent of

whether the PI regulator gains are found by minimizing the "standard"

cost of (A-39), the "implicit" cost of (A-43) or a combination of the

two. However, as seen in the results of this study, the incorporation

of an implicit model in the design of the regulator has a substantial

beneficial effect on the closed-loop characteristics of the resulting

* controller.

.1
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B. CGTSVD Software Description and Irtructions

B.I Introduction

CGTSVD is an interactive computer program, developed for use in

this study, which calculates the minimum and maximum singular values of

the loop and inverse return difference matrix functions for any

-. CGT/PI/KF or CGT/PI controller. This appendix develops the equations

employed, and discusses the structure and use of CGTSVD; the informa-

tion provided is intended to enhance the reader's ability not only to

understand and use the software, but to modify it easily, if necessary.

A short sample execution of the program is included, as is a complete

listing of the source code.

CGTSVD was intentionally developed without the use of the sophis-

ticated programming practices which made CGTPIV so efficient in terms

. of storage requirements and execution time [16J. Due to the compara-

tively small scope of the computational task, it was obvious a. 'he

outset that such practices would not be required in order to achieve a

load size compatible with the normal interactive memory limits (either

65,000 or 100,000 octal words of storage) established for the Aeronau-

tical Systems Division's CYBER computer. On the other hand, a degree

of structural complexity was foreseen due to the effort to make the

program as general as possible, able to handle a variety of calcu-

lationa for a wide range of problems. For those reasons, the simplest

programming methods were selected, so as to produce a source program

that, although relatively inefficient, should be easily interpreted by

anyone with experience in FORTRAN programming. The program is written

in ANSI standard FORTRAN 77, and the source code includes many comments

B-1
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which explain what each segment of code does and, in many cases, how it

' , is done. The program executes interactively, and prompts are suffi-

cient in number and detail to lead a novice user along the proper

paths. Because the source code is simple and reasonably

self-explanatory, the discussion of the structure and use of the

program is brief.

B.2 Development of Loop Equations

This section develops the equations used in CGTSVD for calculating

the loop gain matrix function of a closed-loop CGT/PI or CGT/PI/KF

controller. The use of the loop gain and inverse return difference (a

function of the loop gain) matrix functions in robustness analysis is

discussed at length in Section 3.2.

The overall control law for the closed-loop CGT/PI controller is

given in (11-25). Since the loop gain does not include the effects of

*, any quantities outside of the closed feedback loop, the command model

states and commanded control inputs of (11-25) need not be considered.

Additionally, the disturbance states only become a part of the loop if

a Kalman filter is included to provide disturbance state estimates to

the CGT controller. Unless stated otherwise, all of the quantities in

the following development are as defined previously in Section 2.3.

-' For the LQSF (CGT/PI) controller, calculation of the loop gain

function is quite simple once the quantities outside the feedback loop

have been stripped from the control law. The remaining portion of the

control law relates the system inputs to the system states:

B-2
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, .:. u--(t) - u(ti-j) - Kx(ti) - x(ti-.)]

- Kz[Cx(ti 1 ) + Dy u(ti) (B-1)

Transferring this difference equation to the z-domain [8),

u(z) - u(z)/Z = - Kx x(z) - x(z)/z] -K z[Cx(z)/z D u(z)/z]

(B-2)

The PI controller "gain" representing the ratio of system inputs to

system states is, therefore,

K(z) = [(z-1)I + K D ]-[(1-z)K - K CJ (B-3)!Z! x -Z-

The plant "gain" representing the ratio of system states to system

inputs is the Z transform [8] of the product of a zero-order hold (a

" '2 device used to change the discrete control input at time ti into a

continuous input signal, held constant over the sample period, which

drives the continuous-time plant [8]) and the s-domain representation

of the continuous-time plant transfer function. In the s-domain, the

zero-order hold device is represented as

ZOH = [1 - e- ST/s (B-4)

where T is the controller sampling interval. The plant transfer

function is

_s I - A)-1 B (B-5)

where A and B are, respectively, the continuous-time dynamics and

5' control matrices that make up the "evaluation model." The combined

-- zero-order hold and plant is therefore

B-3
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*'- '; G(z) - Z transform A ] - eST]/ [sI -A]-BI (B-6)

and the loop gain, with the loop cut at the control input, is

G%(z) = K(z)G(z) (B-7a)

and with the loop cut at the output,

LG (z) = G(z)K(z) (B-7b)L.,-- _ _

In the implementation in CGTSVD, the user may specify the use of an

"evaluation model" consisting of either the design model or a truth

model description of the plant, which may be of higher dimension than

the design model. When the truth model option is used, a transfor-

mation matrix must also be supplied which premultiplies the G(z)

function so as to reduce the truth model state vector to the same

dimension as, and quantities equivalent to, the design model state

vector, thus making it compatible with the control law. The actual

calculation of the loop gain singular values is accomplished, for each

frequency, in the frequency (w) domain, using the relationships [8]

s = jW (B-8)

and
+'W.

z e (B-9)

The corresponding development for the CGT/PI/KF is more compli-

cated due to the need to calculate a "gain" or transfer function for

l. the Kalman filter as well as the inclusion of the disturbance state

-. "-estimates in the control law. In the development that follows,

JB-4
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quantities that are filter estimates are depicted using a "hat" (A)

notation. The portion of the control law relating the control inputs

to the state estimates is

1.! -ti - i [;(t ) i-1A

- )[C)t + D
z-y - i-i

+ K Yn[(t i ) - d(ti-l) (B-10)

Transforming this difference equation to the z-domain and collecting

terms yields

[(z-1)I + K D lu(z) = [K (1-z) --K C](z) + K t(z-l)^ (z)]
Z -x --- -Yi -d

(B-11)

Defining an augmented state vector

;(Z)! Cz))

( zJ (B-12)

[(z-1)I + K =D u(z) (Kx( -z) - (- M ;

(B-13)

so that the ratio of control inputs to augmented state estimates is

I I•
I(-(z) [(z-l)I + K D 1 I CK (l-z) - K C] [K (z-l)] (B-14)

The overall "gain" or transfer function of the Kalman filter can

be calculated from the propagation and update equations for the filter

[29). If a truth model state vector, x(ty,) is defined so as to

include the "true" system and disturbance states, then the truth model

"' B-54 ".
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measurement vector is

and the design model measurement vector upon which the filter design is

based is

zt Haxa (t) V(ti) (B-16)

where

H [H H ] (11-27)

Using K to denote the Kalman filter gain,

._.~t+) -*(t-) + f[z(tj) - H ; (t-)]

a -ai =f=t i -a-a. 1

1, - K H (t) +k Jft&t(ti) + It (~ti)J (B-17)

Since the measurement noises are outside of the loop, they can be

iF dropped from the loop calculations, so that

A +-x (t) [I- K H 1; (t-) K [H x (t)J (B-18)
* a 1. -f-.a -a 1. =f ::t-4t .

• "Also,

(t z t +Bu(t) (B-19a)

-ai i+1 -a-da 1.(B-lgb)

.. (t) (t - B u_( (B-19b)

-a 'a -a !a + -a,

B-6
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where

0~*0 *:±~(t 'iti)-a - 1
o (B-20a)

-n

B 0 (B-20b)

and

ti+1

Bd ( d (B-20c)f tl - + -

Note that in (B-20c), $_(t +j,r) is not the constant - as in (B-20a),

but is a variable in T.

Z-transforming (B-18) and (B-19b) and using (B-14) to eliminate

u(z) from the result gives a transfer function relating the augmented

system state estimates to the truth model state realizations:

(z):Z + fH L - B [z1.1 aEa--

s(K(-)- K C;E[K (z-1)J41]&.! (B-21)
'V5]

The existence of the disturbance state estimates within the loop

', is entirely accounted for .in (B-14) and (B-21). The shaping filters

for the disturbance states are outside the loop, so those states need

not be represented in the plant evaluation dynamics model. The plant

may again, therefore, be represented by an equation of the form of

(B-6) where, in this case, the A and B matrices of the "evaluation

B-7
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model* represent the partitions of the model dynamics and control

matrices associated with system states (i.e., excluding disturbances).

For the 'filter-in-the-loop" calculations, when the evaluation model

state dimension exceeds that of the design model, the A matrix

provides the necessary interface with the control law, and no addi-

tional transformation is required. Also, since the disturbances are

not represented in the plant model, only the columns of the Ht matrix

associated with system states need be included in the calculations

(again, the disturbance states can be dropped). The overall loop gain,

with the loop cut at the control input, is therefore

GL(z) -z KI(z)K(z)G(z) (B-22a)
-L -1(z= 2(z)-z

and with the loop cut at the output,

G (z) = G~zK (zlK(z) (B-22b)
-;L G-z)1 1(z) 2(

'.

Once again, the actual calculations in CGTSVD are conducted in the

w-domain.

B.3 CGTSVD Program Structure

With the exception of the LINPACK [9] library routine CSVDC, which

is used to find the singular values of complex matrices, the program

".5 CGTSVD is entirely self-contained. In the interest of simplicity,

rather than efficiency, the majority of the calculations are conducted

using complex arithmetic and with complex variable types. To allow the

matrix manipulation subroutines to operate, as simply as possible, on

partitions of larger arrays and on matrices of varying sizes, nearly

all of the arrays in the main program and the subroutines are blocked

B-8
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with a common row ,simension of 16. Despite the lack of effort to limit

array storage requirements, the program, as listed in Section B.6, will

handle problems with up to 16 augmented design model states (system

states plus disturbance states, of which there may be 8), 16 truth

model system states and 8 each control inputs and system outputs, while

using 70,000 (octal) words of core memory.

The majority of the variable names used in the program (exclusive

of work arrays) are reasonably well defined either by the comments in

the source code, by the wording of the prompts that precede their

definition by the user, or by their context. The flow of the program

assumes that the design parameters will be read in from a previously

established data file (line 780 of the source listing). If a data file

is not used, the program branches to line 2600, where the parameters

are entered from the terminal (this section of code is perhaps the best

place to get familiar with the variable names used for the design

parameters). Regardless of the way in which the parameters are

entered, the user is given the option of changing any parameters via

the "change menu" at line 1300 prior to each set of singular value

calculations. As noted in the source listing, the logic followed in

implementing changes is probably the most difficult to follow, since it

requires jumping around through the data entry sequence to pick up all

of the required information, without requiring the user to reenter data

that does not change. Once the design parameters have been defined,

the program branches to line 3950 to calculate singular values for the

CGT/PI or to line 5110 for the CGT/PI/KF, as specified by the user.

The program is terminated by a menu selection at line 1300.

In its current form, the program will calculate either the loop

B-9
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gain or inverse return difference function singular values, with the

loop out at either the control input or plant output. When the loop is

cut at the plant output, the loop gain is generally rank deficient (the

matrix is square, with dimension equal to either the design or evalua-

tion model state dimension but with rank equal to the control input

vector dimension). In such a case a pseudoinverse of the loop gain

matrix is used in calculating the inverse return difference function.

If an attempt is made to invert any rank deficient matrix under any

other circumstances, the calculation is aborted, the user is advised,

and the program returns to the "change menu" (line 1300).

The program produces printer plots, displayed at the user terminal

and written to a plot file, of the logarithms of the absolute values of

the minimum and maximum singular values for the selected function,

0versus radian frequency. Each plot includes 2 decades of frequency, or

37 points. To change the number of points per plot, it is only

necessary to change the references to "37" in lines 390, 3950, 5200,

6510 and 6620 to the desired number and increase the size of the

OPLTVEC" array in line 390 to 3 times the new number of points; for

example, 55 (vice 37) would produce a plot covering 3 decades at the

same frequency intervals. If the number of desired points exceeds 60,

lines 11310 through 11330 should be deleted or modified, as they are

*' designed to pad the line printer output to one full page per plot. The

frequency interval may also be changed to affect the number of decades

covered; for example, changing the 20.0 in lines 4960 and 6400 to 10.0

will halve the number of points plotted per decade. If the actual

magnitude of the singular values is desired rather than the logarithm,

*,. the "LOGO" may be deleted in lines 4580, 4600, 4880, 4900, 6000, 6020,

B-l0

,-'~ % * *-.- . .- .-o% ' V Ih 1 *% . - - . . -'- o-? .2 -. -.. ".- - .- * .- . .. '-: .-',.-



7. - -77 . v

6320 and 6340. The array dimensions may be altered to handle larger

problems or reduce the load size, so long as the following are

observed:

-- All of the arrays which are currently blocked with a row

dimension of 16 in the main program and subroutines must always have

the same common row dimension.

-- All of the two-dimensional "WORK* arrays should remain square.

B.4 Instructions for UsingCGTSVD

Prior to executing CGTSVD, any data files established during

previous sessions with the program should be attached, if they are to

be used to define the design parameters. The program will allow

repeated problem parameter redefinition through the use of multiple

* data files and keyboard inputs. Data files are distinguished by their

file names, which are specified by the user. The data files for CGTSVD

are not compatible with those of ODEACT or CGTPIV. Each time the

problem is redefined, the user is given the opportunity to save the

Adata to a new file; the program will not overwrite a previously

established data file. The LINPACK subroutine library must also be

attached and declared as a library prior to execution of CGTSVD.

Once program execution is begun, the user need only respond to the

prompts for option selection and data input. The prompts are quite

explicit as to what should be included with each entry. When a matrix

is to be newly defined via keyboard input, the entire matrix must be

*i entered, one row at a time, with the elements of the row separated by

commas or spaces. When changes to a matrix are made, only the elements

. " that are being redefined need be entered, in the format specified by

B-11



the prompt.
P., . .

S ".. The design and truth model dynamics and control matrices are

entered in their continuous-time forms, as they are in CGTPIV. The

continuous-time design model dynamics representation of the controlled

system is [16]

;(t) z Ax(t) + BuCt) + E,.ntt) + Gw(t) (B-21)
-=x-

p(t) z A n(t) + G _ (t) (B-22)

so that when the program asks for the augmented design model dynamics

. .. matrix, the appropriate entry is of the form

0- A (B-23)
i.i

and the design model control matrix is

0 (B-18b)

-' If a truth model is used as the "evaluation model" it is entered

without any augmenting disturbance states. This means that the

evaluation model dynamics, transformation, control and measurement

1% matrices are to be stripped of all partitions relating to disturbance

states. Assuming that previous prompts for model dimensions were

answered correctly, the matrix entry prompts also provide reminders as

to the correct dimensions for the models being entered. When the

design model is used as the evaluation model, no evaluation model

inputs are required.

B-12
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For designs in which the number of control inputs exceeds the

number of controlled outputs, the correct response to the "ENTER NUMBER

OF OUTPUTS" prompt may be either the actual number of outputs or the

number of control inputs. The entry that is used will define the

number of rows of C and D (if used) as well as the number of columns| - y

of K that the input routines will expect. The only reason for

choosing to enter the number of controls instead of the actual number

of outputs would be so that the C, Dy, and K matrices would be the

same as for the input/output of CGTPIV, where the number of outputs

must equal the number of controls [16]. In such a case, the "extra"

rows of C and D and columns of K will all be made up of zeroes, and

do not affect the singular value calculations. When the actual number

of outputs is entered in response to the prompt, these extra entries

are not required. If the number of controlled outputs exceeds the

number of control inputs (as was the case of the controllers in Section
*.

5.5), the appropriate response to the "ENTER NUMBER OF CONTROLS" prompt

is the actual number of control inputs available; in other words, no

"dummy" controls, as used in CGTPIV, are required by CGTSVD. They

will, in fact result in an abort of the calculations due to rank

deficiency in the loop matrix.

To terminate the program, a wYw response should be given to the

"ANY CHANGES TO DATA" prompt; the "change menu" includes the option to

exit the program. All of the singular value plots displayed at the

terminal are automatically written to an output file, which is named by

the user. This file may be saved for future reference or routed to a

line printer to obtain a "hard" copy.

B-13
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B.5 Sample Program Execution

The next few pages contain the terminal output from a short sample

run of CGTSVD on the CYBER computer. The object code is contained in

the file CGTSVD and the file AFTI5F contains data for the SR-B CGT/PI

design defined in Section 5.2. The computer's prompts and outputs are

displayed in upper case, and the non-numeric user responses in lower

case type.

*.4"

:..4
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COMMAND- attachaftisf

PFN IS
AFT15F
AT CYa Il SNxAFIT

CONMAND- attach,cgtsvd

PFN IS
CGTSV1
AT CY= MI SNRAFIT

COMKAND- attach, 1 inpack,idxlibrary snaisd

PFN IS
LINPACK:
AT CY" 999 SN AS

COMMND- library,linpack

CONAND- cqtsvd

ENTER NAE FOR PLOT OUTPUT FILE: ploti

DATA INPUT FRON TAPE? YIN: y

ENTER NAE OF LOCAL FILE: afti~f

CURRENT STATUS: NO KALMAN FILTER
EVALUATION TRUTH MODEL a DESIGN NOBEL
ANY CHANGES TO DATA? YlN: n

ENTER SAPLING TIME INTERVAL: .2

ENTER STARTIN6 FREGUENCY (RADIANS) AS A PONER OF It: I

In SINGULAR VALUES OF LOOP ATRIX
2x SINGULAR VALUES OF INVERSE RETURN DIFFERENCE MATRIX
ENTER CHOICE 1: 2

. 1I LOOP CUT AT CONTROL INPUT
2a LOOP CUT AT PLANT OUTPUT
ENTER CHOICE #: I

----------- ENTER TITLE FOR PLOT--
.upli plot for sr-b desiga

I a SiNGLE PLOT, SINGLE SCALE
2 s TWO PLOTS -- ONE SINGLE SCALE, ONE DOUBLE SCALE
3 a SINGLE PLOT, DOUBLE SCALE
SPECIFY TYPE OF PLOT: I

B-15
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SAMPLE PLOT FOR SR-B DESIGN

1.0001 2 1+ + + +
1.5mN + 2 +1 + + + +
2.1199 + 2 + I + + + +
2.5600 + 2 + 1 + + + +
3.MM + 2+ I + + +
3.599 4 2 1+ + + +
4. I + 2 1+ + + +
4. 3M + +2 1+ + + +
5MM + + 2 1+ + + +

6.799 + + 2 + 1 + + +
. 6.5m + + 2 +1 + + +

"" 7.00 + + 2 +1I + +
7.5999 + + 2 +I1 + +
8.99ow + + 2 + I + + +8.519 + + 2 + I + + +
9. not + + 2+ 1 + + +
9.5000 + + 2+ 1 + + +

19.9000 + + 2 1 + + +13.|l1 +:: :+: : +::: 2 1 :+: :: :+: + ::21.J00 + + + 21+ + +
25MM0 + + + 2+1 + +
30. o99 + + + +21 + +
350099 + + + + 21 + +
40.l990 + + + + 21 + +
45.9009 + + + + 21 + +
50.0009 + + + + 21 + +
5 l.of + + + + 21 + +
61.100 + + + + 2 1 + +
6.0m9 + :+: +: :+: 21:+: +
71.MM + + + + 2 1+ +.,75.600f + + + + 2 1 +
99.9,99 + + + + 21 +
85.9Bsi + + + + 2+1 +
91h"M + + + + 21 +
93.00" + + + + 2 1 +

191.9000 + + + + +21 +4..,

SCALE -.11#E+ff .5 +f .IIOE+t1 .179E+4l .239E41 .290E+91

-.
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ANY CHNGES TO DATA? Y/N: y

l: EDIT MATRICES 5: ENTER ALL NEW DATA

2z ADD/DELETE EVAL MODEL 6z NEW DATA FROM TAPE
3z ADD/DELETE FILTER 7: NO CHANGES
4: SAVE DATA TO TAPE 8: EXIT PROGRAM

ENTER CHOICE: 8

END C6TSVU
6669 MAXIMUM EXECUTION FL.
9.678 CP SECONDS EXECUTION TIM.E

COMMAND- route,plotl,dcapr,st-csa,tiduaf,fidn

..

'1

0
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199= PROGRAN CGTSVD

133=C
14C PR0GRAN TO CALCULATE NINIMUM AND MAXIMUM SINGULAR VALUES OF
150*C THE LOOP AND INVERSE RETURN DIFFERENCE MATRIX FUNCTIONS FOR A
160.C CSTIPI/iKF CONTROLLER. USER SUPPLIES COMPLETE DESIGN AND TRUTH
17iK MODEL SPECIFICATIONS AS HELL AS CONTROLLER/FILTER GAINS.
ISgic OPTIONS INCLIDE:
19fK 1. LOOP/INVERSE RETURN DIFFERENCE FUNCTION SINGULAR VALUES
2NC 2. LOOP CUT AT CONTROL INPUT OR PLANT OUTPUT
2102C 3. ADDITION/REOVAL OF TRUTH NODEL
2209C 4. ADDITION/REOVAL OF KALMAN FILTER
239"C
24#xC DATE OF LAST REVISION: 16 OCT 83
23#-C LIBRARIES USED: LINPACK,IDxIIRARY,SNASD
26fC

29l= COMPLEX AUaRK(16,16),URK(16,16),CNRK(16,16),nORK(16,16)
3018 COMPLEX MATE(16,16W,KXWAT16,8DVMT1,),MIATEII6, 8)
310a COMPLEX PHXSC(16,16),|DC(1,I),SV(16),URKI6),E(16)
32#= COMPLEX ZIDENT(16,16),ZONZ,S,ZLESS,U(1b,l6),V(16,16)
331= CONPLEX MNAT(16,16),TDTMT(16,16),DAT(16B)r,CMT(16,16)

34= COMPLEX NAT(16,16),XFGAIN(16,16),KIMAT116,16),KZMAT(16,8)
3511 COMPLEX NATEE16,16)
36#x INTEGER IN, INN, INDIS, IR, IP, IN, INAS, KFLA6 JFLA6
379' INTEGER INEAS, LFLAJFLA6, IFO, IJST, 1,J,X
399" INTEGER Fi.LA, INFLA, I IFLA, 12FLAB
393" REAL RD, TSAMP, DELN, INC, RESULT437, 3) ,PLTVEC(120)
4002 REAL SCRACH(16,16)
41#= CHARACTER ANSIlTITLE*5ISAVE.6DATA46,PLOT'6
4208C

440-C

45faC FLAB DEFINITIONS:
4691C IIFLAG s MENU CHOICE FOR CHANGES (9 MEANS NONE)
479-C I2FLNA a MEN CHOICE FR EDITING MATRICES

480-C JFLA6 a CHOICE OF LOOP FUNCTION (1) OR INVERSE RETURN DIFFERENCE (2)
491-C KFLAS a I IF KALMAN FILTER IN LOOP ( IF LOSF)
5143 LFLA6 2 1 IF LOOP CUT AT CNTROL INPUT (2 IF AT OUTPUT)
511aC MFLA6 2 NONZERO IF ATTEMPT MADE TO INVERT SINUJLAR MATRIX
52#&C NFLAG x I IF TRUTH MODEL USED (I FOR DESI6N MODEL)
53f3C INFLA6 a MAX NUMBER OF BAD SINGULAR VALUES FROM CSVDC
5408C

5702 KFLA6i2
' 589 IFLAG=9

5912 NFLAG

:K: 62faC
633=C PLOTS ARE AUTOMATICALLY SAVED TO TAPE (PLOT)
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671a 5 PRINT*,'ENTER NAME FOR PLOT OUTPUT FILE:
6802 READ0e,'(A))PLOT
6903 OPEN4,FILE=PLUT, STATUS' NEW' ,FOR='FORHATTED' ,ER1=)
7UsC

72l=C
739u THIS SECTION ALLOWS PRODLE DATA ENTRY FRill KEYlOARD OR TAPE (DATA)

- 74K= AN SAVING PROBLEN DATA TO TAPE (SAVE)
751C

A-7H=z 1t PRINT#, 'DATA INPUT FRON TPYN
7W9 READ(,'(A))ANSU

*-sop9 IF (ANSN.NE.'Y'.AND.ANS.NE.'N')THEN
8112 60OTO 10
8BUZ END IF
83us IF (ANS.E.'N')6O TO IN
841=C
85Ku SECTION TO READ PROBLEM DATA FROMl TAPE
86K=
871a 21 PRINTWENTER NANE OF LOCAL FILE:

A.sets REA10'(A))DATA
891Z OPENI3,FILE=DATA, STATUS.' OLD' ,FORN=' UNFORNATTED' ,ERR=21)
9002 READ(3)KFLA6,IFLA6, INDN, INDIS INAS, R, IP
911Z READ(3)H(ANAT(I,J),I=1,INDRJs=,INDN)
921= READC3f)(INT(IJ),l=1, INAS),J21,IR)
939= READ3) (fCNATfIJ),Is1,IP),J=1INAMS)
94fz READI(DYNAT(,J)II, IP),Jz1,IR)

.4951= READ13) ffKINAT(IJ),Iz1,IR)tJm1,INAS)
9602 READ(3)((KZNAT(IJ),I, IR),Jx1,IP)
971= IF(KFLA.EL.I)THEN
9802 READM3IN
991Z READ(3)((HNAT(1,J),l,N),J=1,INDN)
low1 READ(3)((KFGAIN(IJ),I=1,INDN),J=1,INi
tells READ(3) ((KINNATIIJ),Iz1,IR),J=1,INDIS)
1929= END IF
1939. 25 IF(NFLA6.EI.1)THEN

.pto 1408 READ(3)INCAS
19m9 READ(3) ((ANATE(I,J),I=1,INEAS),J1,INEAS)
10608 READ(3)((DHTE(I,J),I1,IpNEAS),Js1,IR)

4' '-~10712 READ(3H1(TDTNTIIJ)Ia1,INAS),J1l,INA)
l9Uu IF(KFLAB.El.1) THEN
low1 READ(3((HATEI,J),IxI, Ja1, INEAS)
lima= END IF
11112 ELSE
1120c INEASxINAS
1131= CALL COPYTI(ANATtARATEINAS,INAS)
114n CALL COPYNT(3RATIBNATEINASIIR)
1150a IFCKFLAB.EI.1) THEN
1161= CALL. COPYNT(HNATHNTE,ININAB)
11702 END IF
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119. END IF
1190 REIND(3)
12"a CLOSE(3)
1219a IF(KFLA6.El. 1 ) PRINT','CURENT STATUS: NO KAUAN FILTER'
1229- IF(KFLA.El.1) PRINT*,'CURRENT STATUS: KALMN FILTER IN LOOP'
1239. IFINFLAo.E.1) PRINT#,'EVALUATION TRUTH NODEL a DESIGN MODEL'

,'' 1240. IF(NULA6.Eg.1) PRINTf,'TRUTH NOEL IN USE FOR EVALUATION'
125&,C

' 1260.C THIS SECTION ALLOWS CHANGES TO CURRENT PRODLEM DATA TO DE MADE:
1270-C THE RIDE GETS A BIT OUNPY9 SINCE WE VILL HAVE TO JUMP AROUND
1200-C SOHEWHAT TO PICK UP ALL OF THE APPROPRIATE DATA FOR THE PRODLEM
129.RC
1300a 31 PRINT#,'ANY CHANGES TO DATA? Y/N:
1319= READ(*,' (A)')ANSM
1329z IFIANSU.NE.'Y'.ANl.ANSM.NE.'N') 60 TO 39

1339 IF(ANSN.EO.'N') 60 TO 280
134. PRINT*'911 EDIT MATRICES 5 ENTER ALL NEW DATA'
13302 PRINT,'2- ADD/DELETE EVAL NODEL 6- N DATA FROM TAPE'
1369. PRINTe,'3= ADD/DELETE FILTER 7x NO CHANGES'
1371a PRINTI,'f4 SAVE DATA TO TAPE 9= EXIT PROGRAM'
1399- 35 PRINT*,'ENTER CHOICE:
1399. READ, I IFLA6
14fla IF(IIFLAS.LT.I.OR.IIFLAG.6T.8) 60 TO 35
1419= 40 IF(IIFLA6.E. I)THEN
14219 PRINT*,' 1= A (DESIGN) On KI'
1430. PRINT#,'2" A (EVALUATION) 9= KZ'
144. PRINT*,'3x TRANSFORMATION 1& H (DESIGN)'
145. PRINT,'4" 8 (DESIGN) I11 H (EVALUATIONI'
1460. PRINT*','5 B (EVALUATION) 12v KF6AIN'
1479. PRINT#,'6. C 13z KIN'
1489. PRINT,'7= DY 14a RETURN TO MENU'
1490a 45 PRINT.,'ENTER CHOICE:
1599 READ', I2FLAG
1519. IF(12FLA6.LT.I.IMoI2FLA6.GT.14) 60 TO 45
1529m IF(I2FLA6.El.I) CALL EDIT(ANAT,INDM,INDMSCRACH)
1539. IF(12FLA6.EI.2) THEN
154fa IF(NFLA6.Ei.I)THEN
15590 CALL EDIT(AMTE,INEAS,IIEASgSCRACH)
156s ELSE
15712 NFLAG&I
156- S0 To 13
1599. END IF
1699. END IF
1619. IF(I2FLAG.EG.3) THEN
1620c IF(NFLA6.ER.I)THEN
16302 CALL EDIT(TITMAT9INAS, IEASSCRACH)
1649. ELSE
165. NFLA62I
166. 60 TO 130
16700 END IF
1661. END IF

• "1699. IF(12FLABEg.4) CALL DIT(IAT,INAS,IRSCRACH)
,'. ,' 'i:-:"170a- IF(I2FLA6.El.5) TH4EN

1719. IF(NFLAO.EG.1)THEN

B-21



1721a CALL EDIT(INATE91NEAS,JR,SCRACH)

174f= NFLA6x1
1750a 60 TO131
1761 END IF
1776a END IF
170. IF(12FLA6.Eg.6) CALL EDIT(CHAT,IP,INAS,SCRACH)
17W9 IF(I2FLA6.EL.7) CALL EDIT(DYNAT,IP,IR,SCRACH)

'ax.,1low IF(I2FLA6.El.9) CALL EDIT(KWHAT, IR9 INAS, SCRACH)
131113 IFII2FLA6.EI.9) CALL EDIT(KZNAT,IR,IP,SCRACK)
1929. IF(12FLA6.GE.19.AND.12FLA6.LE. I3)THEN
1939.x IFIKFLA6.Eg.) THEN

'wtt1841z KFLAG.1
19e9. 60TO240
18o9. ELSE
1971a IF(12LA6.Eg.11) CALL EDIT4HNAT,IN,INDN,SCRACH)

4~o 189IF(I2FLA6.EG. 11) CALL EDIT(IIIATE,INvINEAS,SCRACHI
low IF412LA6.Eg.12) CALL BDITI(KFGAIN, INDIIIN,SCRACN)
1999. IF(12FLAG.El.13) CALL EDIT(KXNNAT,IR,INDIS,SCRACN)
1919. END IF
1929. END IF
19306 IF(12FLA6.Eg.14) 6O TO 31

* .1949a 90 TO 41
1959. END IF
196#2 1Ff IFLAG.EI.2) THEN
1979. IF(NFLA6.EG.1) THEN

* ~ .19902 NFLA94f
1999. CALL COPYNT(ANAT,ANATE, INS INAS)

'a.,2939 CALL COPYNT4BNATDNATE,INASvIR)
4.,29118 IF(KFLA9.EG.1) CALL CUPYNT(HNATHNTE1N,INAS)

2021a INEAS.INAS
20W9 PRINTI,'EVALUATION MODEL DELETED'
20W9 ELSE
291W NFLA6.1
2060a 60 TO 130
2970m END IF
2999 END IF
2909. IFUI1FLA6.EI.3)THEN
2139. IF(KFLAS.EQI)TIEN
2119. KFLAI.9
2129. PRINT*,'KMAN FILTER DELETED'
2139. ELSE
2149. KFLAG.1
2150m 60 TO24f
2169x END IF
2171a END IF
2199. IF1I1FLA6.EI.4) 60 TO 99
2199. 1Ff IIFLA6.EG.5) 60 TO 199
2299. IF(IIFLA6.EQ.6) 90 TO 29
2219. IF(IIFLA6.EG.7) 60 TO 299
2221a IFI1FLAG.EU.9) 90 TO 999
2239. 90 TO 39

.4 22412C
2231-C SECTION TO SAVE PROBLEM DATA TO TAPE
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22&9=C
2279- 99 PRINT.,'ENTER NAME OF FILE FOR DATA SAVE:
228a~ READIe,'(A)')SAVE

2291a OPEN (2, FILE=SAYESTATUS'NEW' ,FURl.' UNFORIATTED' ,ERR91)
2310= WRITE(2)KFLA,NFLAB, lNll, LDlS, INAS, IR, IP
2319a NRITE(2)((ANAT(I,J),Ix1,INDI),J=1,INUN)
2320- NRITE(2)t(BNAT(I,J),Ixl,INAS),J=1,IR)
2339a *ITE(2)((CNAT(IJ),I1,I9P),Js1,INAS)
2349 MRITE(2)E(IYNAT(1,J),Ia1,IP),Ja1,IR)
2359 WRITE(2) ((KINAT(IJ),11I,IR),J=1,INAS)
2369 URITE(2)((KlNATII,J),Is1,IR),Jsl,IP)
2379m IF(KFLAS.ED.1)THEN
2399 VR!TE(2IN
2390- NRITE(2)((HNAT4I,JI1ltlN?,JaJ4INDN)
24 W *lTE2)(KFAN,jJI=1,NDN,Jsl,IrN
2419. WRITEM2 (IKIEIAT(I,J),I=1,IR),JzI,INDIS)
2420v END IF
2439 95 IFINFLA6.EO.1)THEN
2449. WRITE (2) INEAS
24V9= VRITE(2)((ANATE(lJ),I=1,INEAS).Jal,INEAS)
2W61 WRITE (2) 4(DIATEf 1,J), ll, INEAS), Jul,IR)
2471= NRITE(2) ((TDTNAT(I,J),In1,INAS),J=1,IEA)
24W9 IF (KFLA6. Eg.1) THEN
2499- WRITE(2)((HNATE(IJ),I=1,IN),JalINEAS)

.1*~~.25W9 END IF
2519. END IF
2520a9 ENDFILEM2
253fi= REVIN012)
2549. CLOSEM2

2559. 6903

-S 257Ku WORM*1 INPUTS FRON KEYDDARI
2569. NOTE: IN DYINICS NATRICES, ENTER DISTURBANCE STATES LAST
2591.C
Min1 1IN IIFLAB4f
2619. PRINT*,'IS THERE A KALIA FILTER IN THE LOOP? YIN:
26291c REMI 0, -(A) ) ANSN
2630a= IF(ANSNS NE. 'Y'. AN.ANN.NE. 'N') THEN
2640s 60 TOI
2650- ELSE IF(AN9N.EI.'Y')TNEN
26"s KFLAGBI
2671=s ELSE

'S,2689m KFLAB4

2699 END IF
2799 III PRINT.,'NILL THE lES16N MODEL PLANT BE THE ONE USED TO'
2710a PRINT*,'EVALUATE THE SYSTEN? Y/N:
2720a READI.,'(A)'A N
2731a IF(ANSN.NE.'Y'.AN.ANSN.NE.'N')TNEN

*2749. GO TO MI
2759. ELSE IF (ANSN.El.'N')THEN
2769. NFLAW=
2779. ELSE
2789 NFLAGU9

*-'2799- END IF
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2910m PRINT', 'ENTER NUMBER OF AUMENTED DESIGN STATES:
28118 READ#, INON
2929. PaIr., 'ENTER NUMBER OF DISTURBANCE STATES IN DESIGN MODEL:
2931a READ#, INDIS

*2949- INASzINDN-INDIS
295W PRINTf,'ENTER NUMBER OF CONTROLS:
2869. READ*,IR
2970a 121 IF(KFLA6.EQ. 1.OR. NFLAG. EQ.9) THEN
2969. PRINT', 'ENTER AUGMENTED DES16N DYNAMICS MATRIX:
299M CALL CREAR (WNTINDM, NIl, SCRACH)
2999. PRINT#,'ENTER DESIGN CONTROL MATRIX:
29103, CALL CREAD(BNAT, INAS, JR, SCRACH)
2929. IF(NFLA6.EQ.I)TNEN
29302 CALL COPYNT(ANTARATE,INAS,INAS)
2940a CALL COPYN(MTNDATE,INAS,IR)
2959. INEASsINAS
296P. END IF
2979. END IF
2989. 131 IF (NFLA6.EQ.I)TNEN
2991a PRINTWENTER NUMBER OF SYSTEM STATES IN EVALUATION'
3999.f PRINTWDYNANICS MATRIX:
39102 READ', INEAS
3929. PRINT#,'ENTER EVALUATION DYNAMICS MATRIX:
30312 CALL CREAD(ANTEINEAS,INEASISRAC)
31w9 PRINTWENTER EVALUATION CONTROL MATRIX:
3959: CALL CREAD(DMTEINEAS,IR,SCRACH)
3161a 149 PRINTWENTER TRANSFORMATION MATRIX-EVALUATION TO'(V 3979m PRINTWO'ESIGN MODEL DIMENSIONS (SYSTEM STATES ONLY):
399912 CALL. CREAD(TDTMAT,INAS,INEASISCRACH)
3999: END IF
3199. IF(IIFLAG.Eg.2.AND.KFLA6.Eg.1) GO TO 259
3119: 90 TO (4930) IIFLAG
3129. 159 PRINTf,'ENTER NUMNBER OF OUTPUTS:

*3139. READ', IP
3149. PRINTYENTER OUTPUT MATRIX:
3159. CALL CREAD(CMAT,IPIINASSCRACN)
3169. 169 PRINT#'IS THERE DIRECT INPUT FEEDTNROUG6H ? YIN:
317to READf*,' (A)' )ANSN
3199. IF(ANSN.NE.'Y'.AND.ANSU.NE.'N') THEN
3199: 60 TO 169
3299 ELSE IF (ANSN.EQ.'Y')THEN
3219s PRINT#,'ENTER FEED THROUGH MATRIX:
3229.m CALL CREAD(DYNATIPgIRSCRACH)
3236a ELSE
3249. DO 299 Is1,IP
3259: DO 299 J219IR
3260. DYNAT(IJ)-CMPLX(9.f,f.9)
3279: 299 CONTINUE
3299. END IF
3299. 229 PRINT','ENTER KI MATRIX:
331&. CALL CREAD(KXRAT9IR,INASSCRACH)
3319. 239 PRINT','ENTER KZ MATRIX:
4320. CALL CREAD(KZAT,IR,IP,SCRACH)
33312C
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3349xC DATA THAT FOLLOWS IS NOT NEEDED IF THE KALIAN FILTER IS NOT PRESENT
3359uC
3369. 241 IF(KFLA6.NE.1) 60 TO 39
3379. PRINT*,'ENTER NUMBER OF MEASUREMENTS:

3389. READ., IN
N 339#- PRINTI,'ENTER H MATRIX FOR DESI6N MODEL:

340#- CALL CREAD(HHATININI,SCRACH)
3419a PRINT., 'ENTER KALMAN FILTER GAINS:
3429x CALL CRED(KF6AIN,INDN,IMSCRACH)
3439. PRINT*,'ENTER KIN MATRIX: '
344#a CALL CREA(KXNIATIRINDIStSCRACH)
345&. 259 IF(NFLA.E.I) THEN
3469: PRINT','ENTER H MATRIX FOR EVALUATION MODEL:
347#z CALL CREAD(HHATE, IN, INEAS,SCRAC4)
34890 END IF
349#- G0 TO (49393) IIFLAG
33ff. 60 TO 3
351#-C

3539.C
3549-C END OF INPUT SECTION
3&W NON BEGIN TO CALCULATE SINGULAR VALUES
35B69C

359#z 289 PRINTe,'NTE SAMPLING TIME INTERVAL:
N36 READ.,TSe

o 361.8 PRINT#,'ENTER STARTING FREQUENCY (RADIANS) AS A PONER OF i9:
", :3629& READO, INST

3639 IRAD=21,.nINST
364. IRAD.URA. I999MII ADS WRAD)
3659& DO 3N 11,16
3660 DO 299 Jt, 16
3671z ZIDENT(I,J)=CUt.X (9.,9.9)
3689 299 CONTINUE
3691 ZIDENT(I, I)-CNPLX (1.6,9.0)
37f99 309 CONTINUE
3719. INFLAG.9
372faC
373tW USER MAY SPECIFY SINGULAR VALUE ANALYSIS OF THE LOOP MATRIX OR THE
374&.C INVERSE RETURN DIFFERENCE MATRIX, NITH THE LOOP CUT AT THE INPUT
375KC OR THE OUTPUT.
376#xC
377&. 330 PRINT.'Is SINGULAR VALUES OF LOOP ATRII'
3799 PRINT#,'2* SINGULAR VALUES OF INVERSE RETURN DIFFERENCE MATRIX'
379& PRINT,'ENTER CHOICE 1: 1
3aw READ.,JFLA6
3819. IF (JFLA6.LT.I.OR.JFLA6.GT.2) 60 TO 339
3821z 351 PRINT*o'1. LOOP CUT AT CONTROL INPUT'
393& PRINT.'2. LOOP CUT AT PLANT OUTPUT'
3840. PRINT.,'ENTER CHOICE #:

-,* 3959. READI,LFLA6
"."." 38601 IF (LFLAG.LT.I.OI.LFLA6.GT.2) 60 TO 351

387f. IF (KFLAG.EQ.I) 60 TO 60
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3999.1

3919. BRANCH TO CALCULATE SINGULAR VALUES WITH NO FILTER
* 392&C1

3949=1
399. 48 DO 3H 1=1937
396&=C
3979.1 CONTROLLER CALCULATIONS
3999=1
3999. Z.EIPfCflPLI (9.#,TSAHP*NRAD))
4899. ZLESS.Z-1.0
40102 CALL CSXUL(ZLESS,ZIDENTqDNORK, JR, R)
401a CALL CHAT.L(KZNAT,DYNAT,ANOR,IR,IP,IR)
4#30a CALL CNATADlANORt,9VORKqCVORK, R, IR)
40W9 CALL CNATIN4CNOR,CUOR,IR,ONCRK,NFLAS)
4959= IF INFLA.NE.O)THEN
406&= PRINT.,'PRODLEN IS IN CONTROL LAW CALCULATION'
4076z PRINT,'N z ',NRAD

.1*~4699 NFLAB4#
416 Go To 3
410P. END IF
4110m.429 ZLESS.-ZLESS
4129c CALL CSNL(ZLESStKlNATqAViORKIRINAS)
4136. CALL CNATNLIKZNAT,CNT,9NOR,IR,IP,INAS)
41492 CALL CHATSD(AWORK,DUOKjANORK, ERINAS)

V 4159z CALL CNATM.VCNORK,AIOhhCNRKIR,IR,INAS)
416#x CALL COPYNT(PIOKtCNOR,IR,INAS)
4176.1:
41981C PLANT CALCULATIONS AND CONVERSION TO DESI6N NODEL STATE DIMENSION
4199=1

* 421P. ZOHaf.(19-P(CNPLXI(.9,-TSANPURA)))/CNPLX(9.9,NRAD)
4219x S.1:NLI(.110RAD
4229= CALL CSIL(S,1IDENTANORK,INEAS,INEAS)
4236. CALL CNATSB(ANOKANATE,AOR, INEAS, INEAS)

* ~424&= CALL CMTINlANORKANORK,INEAS,DNORK,NFLAG)
4259. IF (NFLAB.NE.9) THEN
4269= PRINT#,'PRODLEN IS IN PLANT NATRIX'
4270- PRINT4,'W x 991RAD
4289. NFLAG4f
4299s 60 TO 31
4399p END IF
4319= 449 IF (INEAS.NE.INAS)THEN
4329u CALL CMTIL.(ANJRKDNATEDUORKj NEAS, INEAS, R)
4331a CALL CNATILITDTNAT,DNOK,AWOR,INA9,INEASIR)
4340. ELSE
4359 CALL CHATNL (ANORK, BRAT,DNORK, INAS, INAS, IR)
4361. CALL COPYNT(9hORK,ANORKINAS,IR)
4370. END IF
436. CALL CSNUL(ZOHANORKANORKINASIR)

-'p*. 440K.1 CUT THE LOOP AND FORN THE FUNCTION TO BE PLOTTED
4419.1:
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442#x IF(LFLAG.EG.1)THEN
440aCALCNATNLCh(,ANOAKIBKIR, INAS, ZR)

S4449x CALL CNATIN(DUOK,CUORK,IR,DVORK,NFLA6)
4459. IF (NFLA.NE.9)THEN
44608 PRIKT*,'PROULEN IN LOWP NATRIX*
44712 PRINTf,'U a * VA
4480a NFLA641

d4499a 60 TO 3
4599. END IF
4519a 461 CALL CNTAD(CUUKZIDENT,AOR, R, IA)
4521m IF (JFUA.G.2)THEN
4530m CALL CSVWCAVMRK, 11,, R, IR,SY,E,U, 16,YV, 169N,I, INFO)
4549ELS

-, 4559 CALL CSYMBNDWRK,16, IRgIRgSV,EUt16,V, 1,,ORK,91,INFO)
4560a END IF
45703 RESULT (I t1)=I-MAD
4589 RESLT HI,2)-LO6I IICABS ISY I NO1)l
4599. IF (INFO.BST. INFLAB) INFLA~xINFI
460a9 RESULT1, 3) x.0610 (CABS (SYV(IR) 1)
46109 ELSE
46,29. CALL CNATNL(ANRK,CUIRKDUIRK,INASIRINAS)
46W39 CALL COPYNTIDURKUIA, ERAS, NAS)
4449 CALL CSVDCIDNOR, 169 INASINAS,SV,E,U,16,V, 16,NORK,22, INFO)
41,59 CALL CIPOSEIUtAUUR,INASIR)
4169. DO 471 Jai, IN

N 41,79 DO 465 Kx1,IR
4689 CNORK(J,K)aCNPLIE.#vf.l)(~)41,99 46,5 CONT IUE
4799. Cmu laaJJ)sVEJ
47118 470 CONTINUE
4729. CALL CHATJM(CNORKCVORK, IR,DNORK, NFLA6)

* 4731c IF(NLA6.NE.1) THEN
47408 PRINTWPRODLEJI IS IN PSEUDOINVERSE'
479. PRINTW,' a ',WRAD
4769x NFLAGx.

0*4779. 60 T039
4789x END IF
4799 CALL CNATHL(CMI, ANK, DNNK, IR IN, INAS)
4999. CALL CNAT. (Y, DIR, CRK, INAS, IA,INAS)
48119.480 CALL CNATAD(CNORKZIDENT,AUWK,INASINAS)
4829. IF(JFLAG.Eg.2)THEN
483W CALL CSVDC(AINIA,16,INS,INAS,S,EU,16,V. 16,WORK,9,INFO)
4849x ELSE

* -~~~ 4659. CALL CSVDC(BNOA, 14, IS,INASV,E,U, 11,Y,V ,NOR,,INFO)
4960a END IF
4870- RESULT(I,1)4RAD
488#x RESULT H ,2) xL0611(CABS(MY HNFO+1M I

4.;4899. IF(INFO.GT.INFLAB) INFLA~mINFO
4999. RESULT H 03) -.OG11(CABS (SY (IRM

0~ ~ 4911s END IF
49202C
49308C INCRENENT FREQUENCY AND REPEAT SINGULAR VALUE CALCULATION

Lib 4940.C
0 495#X DEL~uINTM(LIWAW /1OG(19.9))
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4961a WINC.(EXP(LOG(19.9)*DELM) )*1.9/29.9
.4 4970a IFIWRAD.GE.1.M)RADaWRAD4INC

*.~..4990a IFWURAD.LT.1.9)WRAD4RADWINC/19.
4999a 50f CONTINUE

-511

54W. IRANCH TO CALCULATE SIMILAR VALUES WITH KALNAN FILTER

509#-C CONTROLLER CALCULATIONS

51190 6Wf CALL CDSCRT (ANATO INON, TSANP, PHIDSC, DDSC, 39,ANMOK,BIWORK, CHORE)
3120a CALL NRATIN(PHIDSC,PHIDSCINDN,DWOR,NFLA6)
513#a IF(NFLAG.NE.9) THEN
514#. PRINToo' PROBLEMI IS IN TRANSITION NATRIX'
51W8 NFLA64
5168m 90 TO 39
5178 END IF
518#z 6#5 CALL CNATNL(DSC,DNAT,ANOK,INDIIINAS,IR)
519#2 CALL COPYNTIANORKDDSC,INDN,IRJ
52##a 619 DO 70f 1=1,37
52112 Z-EXIPCNPU (9.9, TSAN*NAAD))
5229P CALL CNATL(KZNATCNAT,ANORIR,IPINAS)
3 23#a ZLESSI.#=Z
524#u CALL CSNUL(ZLESS,KIHAT,SWORK,IR,INAS)
525#. CALL CNATSl(DWORKAMU1K, AVOK, IRINAS)
526&= ZLESSs-ZLESS
527#x CALL CSNL(ZLESS,KINNAT,NUORJINDIS)
52S9& DO 629 Jx1,IR
5299s DO 615 Ks1,INAS

*-5308. CNORK W, K) AVORK QJ9K)
531#z 615 CONTINUE

* 5329. DO 629 IC.INAS+1,INDN
533#. CNORKW, K) sDWORK J, K- INAS)
534#2 629 CONTINUE
5350. CALL CSNUL(ZLESS,ZIDENTqAUORK,IR,IR)
5369. CALL CNATNL (KZNATDYNAT, 301, IR,IP, IR)
537#z CALL CMATAD(AVORKtBUORKANORK,IRIR)
539#x CALL CNATIN(AINIRKBNORK,IRqDNORKIULA6)
5399m IF(NFLAB.NE.9)THEN
54#62 PRINT#,'PROBLEN IS IN CONTROL LAN CALCULATIONS'
5411z PRINT#,'N z ',MRAD
542#. NFLA9
543P. 60 TOV
544#. END IF
5459 625 CALL CNATNL(DN~ORKCORK,ANORK,IR,IRINDN)
546#. CALL COPYNT(ANiORKCN ORK IR,INDII)
547#. CALL CNATL(IDSC,CNORK,AVORKINDNIR, INNM)
5499. CALL CNAThL(PHIDSC,AIIORKDWORKNDN,INDNIND)
549P. CALL CHATN.(KFGAINHHATAUORK, ININ, ININDN)
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5599. CALL CNATSD(ANORK,ZIDENT,AWOR,INDN,INDN)
55108 CALL CWATSD!AUORK,BNORK,DNORK,INDN,INDN)
5529. CALL CSNUU1Z,PHIDSCAMORK,INDII,INDN)
5530- CALL CRATAD IAWORK,B31101, 1011, INDN1)
5540- CALL CNATIN(3NOK,UUORK,INDNONORK,NFLA6)
55W9 IF(NFLA6.NE.9)TNEN
5569. PRINT#,'PROMLENIN CONTROL LAN CALCULATION'
5571- PRINT*,'N a ',NMA

5599. 60 TO 3
5699 END IF
561g- 6M9 CALL CNATII. CNORqNORt31,MORK, IR,INDN, INDN)
56219 CALL CNATNL(AbOI,KF6AIN,DUOR,IR,INDN,IN)
5639 CALL CNATNLIDUNKHATE,ANORK, 1, IN, INEAS)
564ft ZOH(il.9-EICNPLX(9.9-TSIIPNAD)))CNPLX(9.I,RAD)
5659 CALL CSNtJL(ZONAIIORKANOR,IR,INDN)
56602C
567faC PLANT CALCULATIONS
5689.

*.5699. SxCNPL(W. , NRAD)
5790- CALL CON (8, ZIDENT, 311011, INEAS, INEAS)
5719m CALL CIIATSD(DNOR,ANATE9M,BURINEAS, INEAS)
5729x CALL. CNATIN(DWORK,BNURK, INEASDNORKIFLA6)
373&. IFINFLAS.NE.I)THEN
57402 PRINT#, 'PROLEN IN PLANT CALCULATION'
5750m PRINTW,' * ,NRAD

.r576&= NFLAG.
57708 60 ToSo

579#z CAL CNALDU1OKvATECNOR1IEASIEAS IR)
58W CALL CIN'YNT(CWDRK,DNOK,INEAS,IR)

M829C CUT THE LOO AN!D FORN THE FUNCTION TO BE PLOTTED
WK9.

5849. IF(LFLAG.EL.I) THEN
585w CALL CNATNL(AIIOKBAKCNORK, IR,INEAS, IR)
5869 CALL CNlATINlCNORKAilRK,IR,DNORK,NFLA6)
5670- IF(NFLAS.NE.I)THEN.
5999. PRINTI,' PRODBLEN IN LOOP FUNCTION INVERSION'
58W9 PRINT#,'W - 'qNRAD
5990& NLA61
39109 60 T030
5929.2 END IF
59W9 CALL CNATAD(AW ORKZIDENT98N ORKIR9IR)
5940. 640 IFIJFLA6.El.2) THEN
5951. CALL CSVDC(NORK,16, IR, IRSV,EU,16V9 16WK,#, INFO)
5969. ELSE
5971a CALL CSYDC(CNORK, 16, IR, IRqSVE,Uq 16j,,1,NORK,9 INFO)
3992 END IF

S59908 RESULT(Iql)sNRAD
6990& RESULT11, 2) .L0611(CABS (SV INFO#)
619. IF(INFO.BT.INFLAB) INFLA62INFO
6929' RESULT (1,3)-L0619(CABS(SVI IRM)
6939. ELSE
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6941a CALL CNATNL(NWOK,ANORKCWOK,INEAS,IR,INEAS)
4959: CALL COPYNTICNOK,DIIOR,INEAS,INEAS)
6061= CALL CSVDCDW9R,16,INEAS,INEAS,S,E,U,16,V,16,WORK,22,INFO)
6071z CALL CXPOSElU,AUOK, INEAS,IR)
61802 DO 669 J=1,IR
699 DO 659 Kx1,IR
61IX BUR(JoK)sCMPLX(f.9,f.)
6119. 659 CONTINUE

) 6129= BMNOKJJ)SSIJ)
613P 6" CONTINUE
6140a CALL. CMATINMBORK,BMORM,IR,DNORK, NFLAG)

-4-61w9= IF(NFUB.NE.1) THEN
6169. PRINTWPRODLEN IS IN PSEUDOINVERSE'
6179= PRINTe,'l x ',WRAD
6199. NFLAMz
619o. 60 TO 30
6291a END IF
62102 CALL CNATNL(DUOKANORK,DWORK, IR, JR, NEAS)
6229= CALL CNATIL(Y,DNORX,BNORK,INEAS,IR,INEAS)
623111 689 CALL CNATAD(DbORKZIDENT,AOI,INEAS,INEAS)
6240z IF(JFLAG.EG.2) THEN
6250a CALL CSVDC(AUORK, 16, INEAS, INEAS,SV,E,U, 16,

626 1- IV,16,NORK,9NFO)
6271s ELSE

6299. CALL CSVDC(CUOR,16,INEASINEAS,SV,E,U,16,
-'6290. 1 Y, 16,NORK,9, INFO)

6399 END IF
6319. RESULT(Ill)NRAD
4321a RESULT(I,2)=LOB194CABS(SY(INFO+l)))
6339= IF(INFO.GT.INFLA6) INFLAfixINFO
6349. RESULTLI,3)=-L0619(CABS(SV4IR)))
6359 END IF

63714C INCRENENT FREQUENCY AND REPEAT SINGULAR VALUE CALCULATION

6399. DELMaINT( (OGNRAD) )LOG(1. ))
6499 UINC=IEXPfLOG(19.9)*DELN) )*19.121.9
6419. IF(VRAD.GE.1.9) VRAD=NAD4.INC

* -6429. IF(WRAD.LT.1.9) NRADaWRAD+NINC/11.9
6439. 799 CONTINUE
6408C

6469.C
6479=C SET UP RESULTS AND CALL LINE PLOTTER
6480=C

*6511- 99 CALL SETPLT(RESULT,37,3,PLTVEC)
65292 PRINT# +---------ENTER TITLE FOR PLOT ----- --
6539= PRINT#
6549. READ0f'(A))TITLE

.~. 6559. PRINTW,' a SINGLE PLOT, SINGLE SCALE'
6569= PRINT','2 a TWO PLOTS -- ONE SINGLE SCALE, ONE DOUBLE SCALE'
6370z PRINT#,'3 a SINGLE PLOT, DOUBLE SCALE'
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6580 910 PRINT*,'SPECIFY TYPE OF PLOT:
6599= READ*,IPSC
6609: IPSC:IPSC-2
6610= IF(IPSC.T..OR.IPSC.LT.-I) 60 TO 919
6629m CALL PLOTLP(PLTVEC,37,2, IPSC, 1,9, TITLE)
663#C

6659-C
- 666=C REPEAT PROGRAM UNTIL USER TERMINATION

667=C

- 6690C

6719= IF(INFLA.NE.9) PRINT#,'POSSIBLE ERRORS...INFO FLAG ',INLA6.. 6710= "S8 60 TO 30

6720 999 ENDFILE(4)
6730= RENIND(4)
6740= CLOSE(4)
675#=C
676=C END OF MAIN PROGRAM C6TSYD ------------
677=C
6780 END
679=C

682=C
6830= SUBROUTINE CREAD(A,L,N,AA)
684=C

687=C THIS ROUTINE WILL PROMPT THE USER TO INPUT AN L BY M REAL MATRIX
6880C FROM THE KEYBOARD. THE MATRIX IS THEN CHANGED TO TYPE COMPLEX, AND

"- ..'6890=C RETURNED AS A. AA IS A DUNY REAL ARRAY.
699=C

69202C
6936= COMPLEX A(16,#)
6949= REAL AA(M)
6950= INTEGER 1,JL,N
6969: PRINT'( ",2,IX,'BY',1X,I2)',L,N
6979= DO IN I:1,L
698= PRINT*,'ENTER RON',1,': '
6991= READ#,(AA(J),J-l,N)
700= DO 199 J:l,N

7110= A(IJ)=CPLXIAA(J),.§)
792= 19 CONTINUE
7930= END
7149=C
7959=C END SUBROUTINE CREAD --------------------

• .. 797=C
717=C
796= SUBROUTINE CMATIN(AAD,M,A MFLA6)

7110=C
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712faC THIS ROUTINE WILL FIND THE INVERSE OF A COMPLEX SQUARE MATRIX OF
7139'C OF DIMENSION M.
714faC AA'INPUT MATRIX, RETURNED UNHARMED
71504c 3x OUTPUT MATRIX
71612C As A DUMMY ARRAY
717#zC MFLASaSET TO 1 IF MATRIX IS ALGORITHMICALLY SINGULAR
7189'4

72ff'C
7216z COMPLEX AA16,#JAlNH),8(16,),TAT
72292 INTEGER I,JXL,M,NAXP,MULAG
7239=- MFLAB'9
7241: DO S9 121,1"
72509- DO 49 ,I'M
726#z A(I,J)=AAIJ)
7279m (,)MLX9999
7289z 49 CONTINUE
7290=BII:MPX1999
7399' 59 CONTINUE

*.~7319z DO 699 J=1,M
7329-- NAXPzJ
7339: DO 299 12J,M
73412 IF(CAIS4A(I,J)).T.CADS(A(MAXP,J))) THEN
7350= MAIPxI
7369 END IF
7371z 299 CONTINUE
7389'- IF(CAUS(A(AIP,J)).LT.1.9E-12)THEN

IZ 7399' PRINT#, 'SNGULAR MATRIX IN CNATIN'
7499 MFLA9=1
7419= RETURN
7429' ELSE

4.743#x DO 310 Lx1,M
744&' THAT=A(J,L)
7451' A(J,L)'A(NAIP,L)
746#x A(MAXP,L)mTMAT
7479z TNATl(J,L)

'p7480z 3(J,L)3(NAXP,L)
749x D(MAXP,L)xTNAT
7599=39 CONTINUE
751#z THATAIJ,J)
7521a DO 499 L211A
7539x AiJ,L)-A(J,L)/TIT
7549z D(J,L)zD(JL)/TAT
7559a 499 CONTINUE
7369m DO 59 L21pN
7579' IF(J-L)459,330,459
7589' 459 TNATA(L,J)
7599' DO 591 Km1,M
76190 A(L,K)-A(L,K)-A(JK)TNAT
7619a DIL,K)*B(L,K)-D(J,K)TNAT
7629m 509 CONTINUE
7639s 550 CONTINUE
7649' END IF

'9'7659' 699 CONTINUE
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7661. END
7671"C
76B9=C END SUBROUTINE CHATIN ----------------------------------------------
769f=C
7711C
7719x SUBROUTINE CMTHL(ABC,LNN)
7721=C

7749:C
7751=C THIS ROUTINE MILL MULTIPLY TNO COMPLEX MATRICES
7760=C AzAN L BY N COMPLEX MATRIX
7771=C BDAN N BY N COMPLEX MATRIX

* 7781C C-THE L BY N COMPLEX PRODUCT OF A AND B
*2 7791=C NOTE: ACTUAL ARGUMENT C MUST DIFFER FROM A AND B
44 78W=C~7619=C4Ittttnttttth***I4IHtIHtt**ttttttttttttHIt*tttttt

7829iC
783&= COMPLEXAf6)B1,)C1b)
7841z INTEGER IJ,KL,N,N
785z O0 lf "I,L
796#z DO IN J*IN
787& C(IJ)=CMPLX1i.f,9.i)
7889 Iff CONTINUE
7091 00 299 Iz1,L
79ffx DO 2H JaIN
7919. DO 2ff KzI,N
7921c C(IJ)-C(IJ)+A(IK)D(KJ)V793&. 2ff CONTINUE
794#x END
793&C
7961.C END SUBROUTINE CMATML

"4 7979=C
790&:C
7991- SUBROUTINE CMATA(A,BCL,M)

i, 9811.C Il4fttttt*Ht**,44tttttttHI*tttt* I tH,4~O itt*4**tttt*tt4ttttH

8131C THIS ROUTINE ADDS TWO COMPLEX MATRICES OF DIMENSION L BY M
8141C A AND B ARE THE INPUTS, C IS THE SUN
B951.C

87#sC
9"O9 COMPLEX A(t6,*),D(i6,*),C(16,*)
891 INTEGER I,J,L,M
91f& DO If I=IL
.8Il9 DO Ilo J-tM
9 129: C(I,J)=A(I,J)4B(IJ)

8131! I N CONTINUE
* 914&: END

8151aC
"1860C END SUBROUTINE CMATAD -------------------------------------------

.- * 81712C

8199= SUBROUTINE CMATSOIA,B,C,L,N)
".B-
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" " 822iC
8239-C THIS ROUTINE SUBTRACTS COMPLEX MATRIX 8 FROM COMPLEX MATRIX A
924aC DIFFERENCE IS RETURNED IN COMPLEX MATRIX C.

C 825K ALL THREE MATRICES ARE OF DIMENSION L BY M
92602C

9299-C
9290= COMPLEX A(16,.),B(16,*),C(16,.)
8399= INTEGER 1,JLM
93112 DO 1IN Iz1,L
932&= DO In J=I,M
833§2 C(I,J)zA(IJ)-9(i,J)
834= I1 CONTINUE

835iu END
9360-C
8379-C END SUBROUTINE CMATSB
83812C
9399C
8499= SUBROUTINE CSNULIABCL,M)
841K-

4 84i1C#

4C8441 THIS ROUTINE MULTIPLIES A COMPLEX MATRIX BY A COMPLEX SCALAR
845 C As THE COMPLEX SCALAR
846&-C B2 THE COMPLEX MATRIX
8476-C Ca THE COMPLEX PRODUCT

K 8489 B AND C ARE OF DIMENSION L BY N
8499-C

9529- COMPLEX A,B(16),C(16,e)
8539- INTEGER I,JL,N
854i1 DO 199 iz,L
85591 DO 1ot J:I1M
8569- C(I,J)-A#D(I,J)
8579a 19 CONTINUE
9589- END8~599-,C

86ffxC END SUBROUTINE CSMUL ----------------': :: 86112-c

9639- SUBROUTINE COPYNT(ABNM)
96409C

8669-C
* * 8679,C THIS ROUTINE COPIES COMPLEX MATRIX A INTO COMPLEX MATRIX B.

868#C BOTH MATRICES ARE OF DIMENSION N BY M.
8699-C

*8719zC
8729- COMPLEX Ailb,#),(16,#)
873 INTEGER iJNM

.1 ~ B-34
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8741z DO In I-IN
., ;..8730a DO lot JaI,M

876s D( I,J)A(I,J)
9779z 19 CONTINUE
8786z END
679fC
-BI&C END SUBROUTINE COPYHTI----- -

993i8 SUBROUTINE CHTOUT(ANN)
BB4fzC

86713C THIS ROUTINE OUTPUTS AN N BY N COMPLEX MATRIX A
" 899=C

99108 COMPLEX A(16,#)
9929= INTEGER I,J,N,N
99319 PRINT*
9949: O0 119 IzIj,
89510 PRINT'V ",3(2(E9.3,2X),2X))',(A(I,J),JzI,N)
9969: PRINT#
9976z 1f# CONTINUE
89802 END
999f9C
9999 END SUOUTINE TOUT9-1"C

901faC
9 992=C

99302 SUBROUTINE RPOUT(A,SCRACH,MM)

.944

9!79=C THIS ROUTINE PRINTS UT THE REAL PARTS OF A COMPLEX MATRIX A

-i 91981=C

91012C

91102 COMPLEX A(16,#)
99121s REAL SCRACHI16,'J

9131 INTEGER I,J,N,M
9141- DO lo9 IIN
91509 DO If J1lN
9161 SCRACH(IJ)=REAL(A(I,J))

' 9179: INI CONTINUE
9199 DO 29H I:IM
91902 PRINT'(' '5(EII.4,3X))',(SCRACH(I,J),J1I,N)
929ts PRINT*
9211 29 CONTINUE
9221- END
923 1C
9241=C END SUBROUTINE RPOUT ---- ------ -
925 9C
926b1C
92719 SUDROUTINE CDSCRT(ANTSANP.CPHICPHINTMTPTIDENTCORK)

*B-35
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*" 9299=C

,...§': (. 9299CHtf | lh |i*.l*,*f l,i*..III*****oHtfl4*I 4**flI,*4nhIt

.' .', 93"9C
931,C THIS ROUTINE APPROXIMATES THE STATE TRANSITION MATRIX AND ITS
932#9-C INTEGRAL FOR A TIME INVARIANT LINEAR SYSTEM AS A MATRIX EXPONENTIAL
93314 OVER A SMALL SAMPLE PERIOD. RESULTS RETURNED IN COMPLEX MATRICES.

9341,C A= SYSTEM DYNAMICS MATRIX, TYPE COMPLEX
9359C N- STATE DIMENSION
936=1C TSANP= SAMPLING PERIOD
9371C CPHI: STATE TRANSITION MATRIX, TYPE COMPLEX
9389C CPHINT: APPROXIMATE INTEGRAL OF CPHI, TYPE COMPLEX
9390=-C N= NUMBER OF TERMS USED IN EXPONENTIAL EXPANSION
94#=C TP, TIDENT AND CNORK ARE DUMMY ARRAYS
94102C

9439=:

9441= COMPLEX A(16,#) CPHINTI16,#),CPHI(6b,),CTTIDENT(16,*),TP(16,)
9451z COMPLEX CNORK(16,4),CRIJ
946 = REAL TSAMP,RIJ
9471= INTEGER IJM,N
948#- CT=:PLX (TSANP, .)
9491= DO 299 IxljN
9599= DO II J:I,N
9511 TIDENT(I,J)=:CPLX(I.I ,.9)
9529= Iff CONTINUE
95312 TIDENT(I,I)=zCPLX(1.II.I)
954#= 20# CONTINUE
g559 CALL CSMUL(CT,TIENTCPHIIT,NN)

95602 CALL COPYMT(CPH[NTTPNN)
957#z CALL CSMUL(CTACPHINN)
958& DO 399 I=1,M
939m CALL CMATHL(TP,CPHI,CNORK,NN,N)

969= 'CALL COPYT(CNORKTPNN)
961#= RIJ=1.IIREAL(I1)
962#- CRIJ-CPLX(RIJ,.#)
9630- CALL CSNUL(CRIJTP,TPNN)
964#n CALL CNATAD(CPHINT,TPqCPHINTNN)

965#, 30f CONTINUE
966#z CALL CNATNL(ACPHINTTPNN,N)
9679= CALL CMATAD(TIDENTTP,CPHINN)
969# END
9699,C
97992C END SUBROUTINE CDSCRT
9711,C
9729-C
9739= SUBROUTINE SETPLT(A,NMX)
974#-C

976WC
9771,C THIS ROUTINE CONVERTS A REAL MATRIX OF DIMENSION N BY M INTO A
97MOC VECTOR THAT IS COMPATIBLE NITH R.M. FLOYD'S PRINTER PLOTTING
979#-C ROUTINE, PLOTLP. THE INPUT MATRIX IS A.

-: 9RO#zC Na RON DIMENSION OF A, THE NUMBER OF POINTS TO BE PLOTTED
" 198tC NM COLUMN DIMENSION OF A, THE NUMBER OF FUNCTIONS TO BE PLOTTED *1
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,4". 9920C Xs THE PLOTTING VECTOR, DIMENSION N#H
, . ..:,9831-

9851C
9869" REAL A(NN),I(N#N)
9871a INTEGER N,N,I,J
98902 DO In JmI',N

" 9991" 0 I I',N
" 990#, X(I+(J-1)N)-A(I,J)

9911f in CONTINUE
9929m END

940-C END SUBROUTINE SETPLT

9971 SUBROUTINE PLOTLP (AgNo N, IPSC, ISC, LPTERN, TITLE)
9991"C

I1"C THIS ROUTINE WAS ADAPTED FRON R.N. FLOYD'S THESIS TO PRODUCE
Iif21C PRINTER PLOTS OF COPUTED RESULTS.
1693i6C A- VECTOR OF DATA, CONVERTED FROI NATRII FORN BY SUBROUTINE SETPLT
i1N4CI N UMBER OF POINTS (INDEPENDENT VARIABLE) TO BE PLOTTED
,US1!C NWINNDER OF FUNCTIONS (DEPENDENT VARIABLES) TO BE PLOTTED
11064K IPSC a -1--)ALL VARIABLES SCALED TOGETHER (1 PLOT)
100704 x D:-)SCAL.D TOGETHER AND SEPARATELY (2 PLOTS)
IHI1C a +I-)SCALED SEPARATELY (1 PLOT)
1f91-C ISCL a #--)PLOT OVER EXACT RANGE OF VARIABLE
Ifif1C +1--)PLOT WITH EVEN SCALING
1,619C LPTERN a -.-.)PLOT 5 CHARACTERS WIDE
1i121K +I-)PLOT 1N CHATERS MIDE
1613"C TITLE a NAN OF 5 CHARACTERS, TYPE CHAATER

. 1114faC
+'.'.-' 1161 "(:

""4 19179. REAL YSCAL (), YNIN 1),YPR (11), RISPAC,RHIN,RMI, YLt YH, XPR,A()

1196. REAL SCAL

111918 INTEGER IBNKW6), IPSC, ISCL,LPTERN, IPAPER, ISPAC, IPRTI, ISC,J, IC. I
102002 INTEGER IL,JPITEIP,N1,N2,0,N,ICO,I
11211 CHARACTER TITLEO#5
1022W CHARACTEReI MLA,PLUSICO.DN,B1IDSYM 1(6), OUT (101)
102300 DATA KAI,PLUS,CLON,SYNM)LII),SMDL(2)I' '',':','1','2'/
11241 DATA SYNB. )S),SY 4),SYM 5),SYUL(6) /'','4','5',
16259. IPAPERP5.( I+LPTEN)
10260a ISPAC"ImIPAPER
10271 RISPACREAL(ISPAC)
112803, ISPACmISPAC+I
11291 IPRTImIPAPER+lI

16mm RNINBA(N+1)
103113 RHARIIWN
10329a 25 DO 41 ISCI,N
10331 NIISCON+I
11349 YLsA(M1)
10359s YH"YL
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11369 N2x#e(ISC+1)
19379z DO 49 JxN1,N2
19389. IF(A(J.T.YLTEN
19399a YL.A(J)
IMP99 END IF

*19419a IF(A(J).GT.YH)THEN
* . 194218 yH.(J

10439W END IF
1194409841 CONTINUE
1945&8 MFYL.LTARIN)TEN
1046&8 RNIN.YL
11479. END IF
194898 MFYH.BTNAI)TNEN
11949m RNAXTYH
19599. END IF
105102 IF (IPSC.6E. ) TEN

* 195212 CALL VARSCL(YL,YNYSCAL(ISC),RISPAC,ISCL)
19539: END IF

.~ d1154#s YNIN(ISC)xYL
19559x 41 CONTINUE
1956#2 IF(IPSC.LE.9) THEN
1957#s CALL VARSC(RIN,RMX,SCAL,RJSPAC,ISCL)
115#8 END IF
19599. 1Cz2-IABSIIPSC)
1949z DO 42 IIx1,ISPAC
196198 OUT (11) sKANK
1942#- 42 CONTINUE

-~106398 Do in9,ICO-l, IC
* 19449 PRINT' ('I ',I I ItAN9)', TITLE

**1945#. NRITE(4,'(IA1#)'ANK

19670= PRINT#
11968 DO 6# Im1,N

1#7W9 IF(ROD(I, 1MA.R.9)THEN
197198 GRIDCOLON
1#72#- ELSE

.~m ~1073P8 BRIIBLANK
197498 END IF
19750a DO 44 1=2,ISPAC,2
11749 OUT(II)wGRID
1979. 44 CONTINUE
107811a DO 44 ImiIISAC,19
1999 OUTIII)xPLUS
1968 46 CONTINUE
199198 DO 55 Jsl,N
118921a ILu+J#N
1993&8 IF(PSC.EI.-I) THEN
19940a JPINT(IAIIL)-NIN)/SCAL)*1
19959 ELSE IM(PSC.MTHEN
1196p IPSCTXIPSC+ICO

S19718 IFIIPSCT.EU.2)THEN
C..1969 lP=INTI(A(IL)-YNIN(J))/YSCALCJ))+

1998 ELSE
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1099s JPxINT( (A(IL)-RHIN)ISCAL)+1
1I919 END IF
19929. ELSE
1§931X JPzINT((A(IL)-YNIN(J))/YSCAL(J))+I
19940- END IF
11959 50 OIJT(JP)zSYNBOL(J)
1996o. IDLIK(J).jp
1997#x 55 CONTINUE
98198 PRINT'V ',F1I.4,61,191A1)',IPR,(DUTIII),IX.1,ISPAC)

19999= NRITE(4,'(F11.4,&1191A1)')XPR,(OUT(II),II=1,ISPAC)
11ow9 DO 59 J.1,N
1119. ITENPIDLNKMJ

x.11102 OUT(ITEMP)=DLANK
11939. 59 CONTINUE

*1114P 69 CONTINUE
11 M9x IF(IPSC.NE.1)THEN
116P IF(IPSCT.NE.2)TEN
1160= YPR(1)RNIN
119oop DO 79 I.1,IPAPER
1199 YPRI1.1)zVPRII).10.#SCAL
11199. 71 CONTINUE
11110a PRINT'(09 SCALE ',11E19.3)',(YPI(I,I,IPRTI)
11129. NRITE(4,'(Al)')AK
11139. WRITE(4,'V SCALE -,11E19.3)')(YPRMI)m,IPRTI)
11149.s NRITE(4,'(A1)')DLANK
I11159 WRITE (4'- MVI)lKANK
111 69= END IF
11 170z END IF
11199. IF (IPSC. EQ.1.DR. IPSCT. EQ.2) THEN
11 199. DO 76 ISCat,fl
11299. YPRII)zYMIN(ISC)
11219. DO 74 Iz1.IPAPER
11221z YPRII+1)xYPR(I)+19.eYSCAL(ISC)
11239= 74 CONTINUE
11249= PRINT'(9 SCALE ',AI,11,11E19.3)',SYNOIISC),(YPR(II)
11259a 1, IXz1, IPRTI)
11269x WRITE (4,'IAI)LANK
11270-n WRITE(4,'(8 SCALE e,AI,1,11E19.3)')SYN1OL(ISC),
11299 1(YPR(IX),II=1,IPRTI)
11299. 76 CONTINUE
11399. END IF
11319= Do 99 ISC=1,6"-
11320= WRITE (4,' (At)') BLANK
1133P91 CONTINUE
11I34f.1IN CONTINUE
1 1359= PRINT'('r9)'
11369. END
113712C
113814C END SUBROUTINE PLOTLP ---------------------------
I 1399-C
114004C
11419. SUBROUITINE VARSCL(XNIN,XNAISCALE.RSPACE, ISCI)
11421mC
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11402.C
114514C THIS 1S A SCALING ROUTINE THAT SUPPORTS PLOTLP
114608C ADAPTED FROJI R.N. FLOYD'S THESIS
1147K.

114908C
115K. REAL ININ, INAI,SCALE, RSACE, LIP, ININT, INAIT
11510m INTEGER ISCo, ISCAL
11529 IP(NI.EI.ININ)THEN
1153p. IN1NE.9*ININ-111

11549 END IF
11559 SCALEsINAM-NIN
115U. IF(ISCL.NE.)TNEN

I'11579. EIPUIIT(in. .UOIl(SCALE)) -iU.
11589. FACTWRIl.n(1.-ElP)
115w. ININTaINIOACTOR
116ff INAITaINAZIFACTOR
116118 IM(NAXT.E.9.)THEN
11629. INAITaINAIT..9
11639 END IF
11641z IF (XNINT.LE. 0.)THEN
11659 XNJNTzININT-. 9
11669 END IF
11679. ININTsAINT(XINT)
11MP9 ISCAL-INAIT-ININT
11699s IFM O(ISCAL, 5). NE.0) THEN
I17P ISCALmISCM.+5-NOI(ISCAL95)011710z END IF
117200 FACTOR=119.n(EIP-1.)
11739. ININtIHINT*FACTOR
11749. SCALE-*ACTORREAL(ISCAL)

Ne11759. END IF
11761z SCALE-SCALE/RSPACE
11779. END
1178K.
1179C END SUBROUTIE YARSCL----- - --------

11U19.C

11829. SUBROUTINE EDIT(EDRAT,NINVSCRACH)

1183K.

11861SC THIS ROUTINE ALLOWS THE USE TO EBIT AN N BY N NATRII EBOAT
1 187faC

11899
119ff. CONPLEI EDNAT116,')
11919. REAL ELoSCRACH(11)I
11929. INTEGER NN,1,J
11939. CHARACTER ANSW#1
11940. It PRINTE,'LIST CURRENT VALUES? YIN:
11959. READ(#,' (A)-) ANSV
11969. IF(ANSV.NE.'Y'.AND.ANSV.NE.'N') GO TO It
11970a IF(ANSM.Eg. 'Y') CALL RPmJT(EDNAT,SCRACH,N,N)
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" 119898 PRINT#,'ENTER ,0,0 (CR) iWHEN ALL CHANGES HAVE BEEN RADE'
"-',,,,11999. 1N PRINT'( ENTER RON #, COLUMN #, AND MATRIX ELEMENT- e

1219= I 12,11,'DY',12,8: " ,NN
12011 11 READ,I,J,EL
1212. IF(I.ST..AND.I.LE.H.AND.J.GT.9.AND.J.LE.N)THEN
12131a EDNAT(I,J)-CPLXI(EL,I.f)
1204#x 60 TO 11
12159a ELSE IF(I.E8.#.AND.J.EI.I)THEN
12060a 159 PRINT,'LIST MODIFIED MATRIX? YIN:
12071 READ(#,'(A)')ANSU
1299 IF(ANSU.NE.'Y'.AN8.ANSM.E.'N') 60 TO 151
129W9 IF(ANSM.E.'Y') CALL RPOUT(EBAISCRAC, , N)
12199 200 PRINT*,'ANY MORE CHO ES TO THIS MATRIX? YIN:
121192 READ(','(A)')ANSM
12129. IF(ANSN.NE.'Y'.AND.ANS.NE.'N')60 TO 299
12139. IF(ANSM.E.'Y')BO TO 190
12140c IF(ANS.El.'N')RETURN
12159z ELSE

-'12169. PRINTW'SUDSCRIPT OUT OF RANGE'
12171a 60 TO 1N
1218. END IF
121998 END

-% 122.c
1221faC END SUDROUTIIE EDIT- ----- --- -- --

12229.C
1223#zC
12249. SUBROUTINE CXPOSE(A,D,M,N)
1225K

1227.aC
1228.C THIS ROUTINE VILL TRANSPOSE AN M BY N COMPLEX MATRIX A
12291.C THE RESULT IS AN N BY M COMPLEX MATRIX B
123U.C

* 1232"C
12331 COMPLEX A(169#),B(16,#)
1234. INTEGER IJNN

' 12352. 00 1n I1,N
12369" DO 199 J=1,N
12371. D(I,J).A(JI)
1238. 1N CONTINUE
12391-C
124019C END SUDROUTINE CIPOSE ---------- -----

12419. END

B,4
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C. ODEACT Software Description and Instructions

-C.1 Introduction

ODEACT is an interactive computer program that was developed to

provide the capability to evaluate the controller designs of this study

with respect to actuator nonlinearities (specifically saturation, for

this research). The purpose of this appendix is to outline the program

"" structure and explain its use. A sample execution and the complete

source code listing are included.

ODEACT employs an integration package called "ODE" (421 to simulate

the controller time response, with various system truth models, to

non-zero initial conditions and command inputs. User options include

the choice of one-, three-, or four-state actuator models as defined in

Section 41.3; the selection of linear or rate- and position-limited

nonlinear actuators; the addition of anti-windup compensation to the

control law, as developed in Section 5.7; and variation of plant truth

model parameters for the pitch, angle of attack and pitch rate states

through redefinition of the appropriate elements of the truth model

dynamics matrix.

Unlike CGTSVD, ODEACT is a special purpose program and, in its

"-. present form, is only useful for analysis of deterministic CGT/PI

controller designs based on the five-state design model for the AFTI

F-16 pitch-pointing system, as defined in Section 4.2. While not

directly usable for analysis of other designs, ODEACT can serve as a

model analysis tool which could easily be adapted to other problems.

Because its purpose is so specialized, the structure of ODEACT is

extremely simple. As with CGTSVD, sophisticated progamming practices
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were clearly unnecessary; the load size for ODEACT is only about 42,000

octal words of memory. The program is written in ANSI standard FORTRAN

*77. The source code is explained by numerous comments, and the prompts

* during execution are sufficient in number and detail to assist the

novice user; the additional comments and clarification provided in this

appendix will therefore be brief.

.1>

C.2 ODEACT Program Structure

ODEACT is entirely self contained except for the use of the

subroutine "ODE" [42) which is maintained in the CC6600 library on the

CYBER computer. Many of the utility subroutines are simply adaptations

N of those used in CGTSVD, but using real variables and arithmetic,

*I1 rather than complex. Also, matrix partitions of larger arrays are not

used in the calculations, so row dimensions are passed as arguments to

the matrix manipulation routines, eliminating the need to employ the

inefficient practice of blocking all matrices with a common row

%dimension.

The program utilizes the basic design model dynamics description

of the AFTI F-16 found in Section 4.2, except that the state dimension

is expanded from 5 to 11 to allow for up to 4 states for each actuator.

This means that the trailing edge flap state, which was originally

state 5, becomes state 8. Since the actuator models and the control

" input matrix are "hardwired" into the program, this alteration is

transparent to the user except when inputting the dynamics matrix (A),

the output matrix (C) and the K matrix, as discussed in Section C.3.

ODEACT assumes that design parameters will be read in from a

* - previously developed data file at line 670; if this is not the case,

C-2
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keyboard inputs are made at line 920. In either case, the user isp.,

" ' .permitted to change any parameters before each simulation run via the

"change menu" at line 1440, and to save each set of parameters to a
. I

data file. Once the parameters have been established, the CGT command

model is discretized (line 1880), the actuator model and control law

options selected (line 2000), and initial conditions and input command

are specified (line 2310). In ODEACT's current form, initial condi-

tions may be applied to any state, but command inputs are limited to

step inputs to the pitch angle. This can be changed by modifying the

code beginning at line 2430. The plotted outputs are the pitch angle

(represented by the symbol "1"), flight path angle (symbol "2"), and

actuator states (symbol "3" for the horizontal tail, symbol "4" for the

trailing edge flap); this can be changed by modifying the code

beginning at line 2510.

The control input for each sample period is calculated by a call

to subroutine "GCSTAR" at line 2670; "GCSTAR" propagates the command

model to define the new command model states, and then calculates the

controls as defined in (11-25). The control inputs are modified for

". anti-windup compensation, as defined in Section 5.7, if that option is

selected. "ODE" is then called to propagate the system states over the

ensuing sample period. There are three alternative calling statements

for "ODE," differing only in the first argument, which is the argument

that specifies the subroutine containing the selected actuator model.

"Fl" contains the single-state model, "F3" the three-state, and "F4"

the four-state model. Each of these subroutines contains the set of

ordinary differential equations that make up the appropriate dynamics

description for overall controlled system which "ODE" calls repeatedly

C-3
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during the conduct of the integration. If nonlinear actuators are

specified by the user, then rate and position limits are applied to the

actuators in these subroutines. For example, if the actuator position

state reaches a positive position limit, then its derivative is

constrained to be non-positive. If the state derivative reaches a

positive rate limit, then the next derivative is constrained to be

non-positive.

The plotted output for each simulation includes 51 points, regard-

less of the duration of the response. The time interval between the

points is an integer multiple of the sample period chosen to ensure

that the specified response duration is covered by the plot. When

"ODE" completes the integration over a sample period, the states are

stored in the "OUT" array if the current time is a plot interval, and

then the next sample period is begun with a call to "GCSTAR".

When the simulation is completed, the user is given the option to

change any design parameters or exit the program through the code at

line 2970. When the single-state actuator model is used, 1 second of

simulation uses about 0.5 seconds of processor time on the CYBER

computer. When the four-state actuator model is used, 2 to 3 seconds

of processor time is required for a 1 second simulation, the longer

* time being applicable when actuator nonlinearities are simulated.

These times apply to the program as listed in Section C.5; the amount

of processor time used can be reduced by increasing the values of the

error tolerances specified in lines 2480 and 2490. In fact, the

tolerances listed, which were the ones used for this study, were

without doubt much smaller than necessary to achieve good accuracy in

the simulation. Tests with both error tolerances set at 0.001 did not
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visibly affect the plotted results, and provided a 50% savings in

processor time with the four-state actuator model. Applicable error

tolerance selection for "ODE" is a function of the problem being run,

and is discussed at *length in [421.

C.3 Instructions for Using ODEACT

Prior to executing ODEACT, any previously developed data files

that are to be used must be attached. File usage by ODEACT is the same

as that outlined in Appendix B for CGTSVD, with the exception that

ODEACT will overwrite a previously established data file. Data files

for ODEACT are not compatible with those for CGTSVD or CGTPIV. The

library containing "ODE" (CC6600 for the Aeronautical Systems Division

CYBER computer) must also be attached and declared as a library.

Once the program execution begins, the user need only respond to

the program prompts. Only the non-zero elements of any matrix need to

be entered. The only "trick" to using the program is to remember, when

inputting the A, C or K matrices (which go by the same names in the-- wx

program output), that what would normally be the elements of the fifth

column (elements tied to the trailing edge flap state) must be entered

as the eighth column, regardless of which actuator model is selected.

Only the first 3 rows of the A matrix are entered, since the rest

represent actuator states already represented in program subroutines.

The CGT command model is represented in the "AM", "BM" and "CM"

-.S/ matrices. The command model used must be of dimension 4 or less;

internally, the program uses a four-state representation in any case,

and unused elements of these arrays are simply set to zero and do not

.* '... affect the results.
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-. . All of the time-response plots displayed at the terminal are also

- written to a plot file named by the user. Upon exit from the program,

the plot file can be saved or routed to a printer to obtain a "hard"

copy of the results.

C.4 Sample Program Execution

The pages that follow contain a short sample run of ODEACT on the

CYBER computer. The object code is the file named ODEACT and the data

file ODESRB is the data for the SR-B CGT/PI design described in Section

5.2. The computer output is displayed in upper case and the

non-numeric user responses in lower case text. The message concerning

a "NON-FATAL LOADER ERRORS" is not significant to ODEACT, but pertains

to an unused portion of the CC6600 library.

.

.-°
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.r. ---- ---- ---

COMMAND- attachodevb

PFN IS
ODESRD
AT CY2 #I SNzAFIT

COMMAND- attachodeact

PFN IS
OEACT
AT CYa 01 SNmAFIT

COMMAND- attach,ccbM,idlibrary, sn-asd

PFN IS
CC66ke
AT CY- 99 SN-ASD

COMMAND- library,cc9ib

COMMAND- odeact

ENTER NAME FOR PLOT OUTPUT FILE: plot2
NON-FATAL LOADER ERRORS -

NON-EXISTENT LIBRARY GIVEN - SYSIO

7 .TO BE READ FRM FILE? YIN: y

....* ENTER NAME OF DATA FILE: odusrb

4 ANY CHANGES TO MATRICES? YIN: n

WRITE DATA TO OUTPUT FILE? YIN: n

ENTER SAMPLING TINE: .2

PHI MATRIX FOR COMMAND MODEL:
.941E 9 9. 9. l

9. , 148E+.9 9. 9.

". I. lE.Il 0.

9-I. 9. 9. .9I9fE+9

C..

• 4..

.4... .- 4'% . . ". ,, % " . " "% "% " " "% ". 2 . " % ' ' ' ' " • • " ' ' - o % '. ' - . ' . . ' . " . ' ' ". . . . . . .. . . . " - ' • " .-.- ,, , ,,-,. . -,, . ..,.,, , ,: -.. . _. , ., : ., .. . .., -, .,. - .. ,,. ,.. , .. ., ., .-..



ID MATRIX FOR COMAND MODEL:
.9516E-11 I. I. 1.

f. .9316E-fl 9. 9.

4',I i. !. 9;.

9. 9. 9!. 9.,

In FOUR STATE 2a THREE STATE 3- SINLE STATE
SELECT ACTUATOR MODEL: 3

APPLY ACTUATOR RATE/POSITION LIMITS? YIN: y

EMPLOY ANTI-IINDUP COMPENSATION? YIN: y

ENTER DESIRED RESPONSE DURATION: 2

ENTER INITIAL CONDITIONS FOR STATES, IF NON-ZERO:
ENTER I AND III); 6,1 TO TERMINATE: 1,1
#9,#

ENTER STEP INPUT MAGNITUDE FOR PITCH ANLE: I

,----- -- ENTER TITLE FOR PLOT--------.
saimple plot for sr-b design

1

4.

.
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SAMPLE PLOT FOR SR-B DESIGN

h+ 3 + + I + 4 2 +
.040 +4 + + + 1 3 2 +
.Iot +4 + + + 1 3 + 2 +
.121 + 4 + +3 +1 + 2 +
.1619 + 3 +4 + I + + 2 +
.21" +3 + 4 + 1 + . 2 +
.240 3 + 4 +1 + + 2 +
.200 + 3 + 1 +4 + 2 +
.32H + 3 + I + 4 + 2+ +
.36W *: : : 3 :+: : I :+: : :4: :+: : : 2 :+: : : : :+
.499H + 3+ I + 4+ 2 + +

-" .44H + 3+ 1 + 44 2 + +
.48H + 3 + I + 4+ 2 + +
.520 + 3 +1 + 4 + +
.56H + 3 1 + 2 +4 + +
.61W + 3 1+ + 2 + 4 + +
.640 + 3 1 + + 2 + 4 + +
.68W + 31+ + 2 + 4 + +
.7290 + 3 + +2 + 4 + +
.76 .: ::13 :+: ::::+2 ::::+:: 4 :+: ::

n.g9 + 13 + 2+ + 4 + +
.940 + 1 3 + 2+ + 4 + +
.8009 + 13 + 2 + + 4+ +
.9209 + 13.+ 2 + 4 *+ +
.9601 + 1 3 + 2 + + 4+ +

1.Ino + 1 3 + 2 + + 4+ +
1.140f + 1 3 +2 + + 4+ +
I.99OH + 1 3 +2 + + 4 +
1.129 .1 32 + + 4 +
1.169 +: I:32: : : :+ :: : : : :4: : * :.
1.2999 1 32 + + + +4 +
1.24H + 1 32 + + + +4 +
1.29H + 1 3 4 + + +4 +
1.3200 +1 23 + + + +4 +
1. 369 +1 23 + + + + 4 +
1.4W0 +1 23 + + + + 4 +
1.49t +12 3 + + + + 4 +
1.48H +.12 3 + + + + 4 +
1.52W + 12 3 *+ +. + 4 +1.56m +:12 3 :+::: :+: : : : :+: : : : :+: :4: :+
1.6999 +2 3+ + + + 4 +
1.64W + 2 3 + + + + 4 +
1.f6!9 + 2 3 + + + + 4 +
1.721 +21 3 + + + + 4 +
1.769 +21 3 * + + + 4 +
1.S90 +21 3+ + + + 4 +
1.840 +21 3 + + + + 4 +
1.9 BO 2 1 3+ + + + 4 +
1.92W 21 3 + + + + 4 +
1.969 2:1:: 3 :+: :::::::::::::+: 4 ::+
2.99Of 2 1 3+ + + + 4 +

SCALE I -. IfE+W!I .20fE+9 .510E+ff ONfE+@# .111E+01 .149E.91

SCALE 2 .311E-01 .239E+t! .43fE+99 .630E+H .396+99 .112+1

SCALE 3 -,4fE+W ,1WE+U9 .6#fE4 .iIE+fl W16E+fl .21fE+fI

SCALE 4 -. 14fE.f0 -. 11fE+l -. 896+. -. 59E+ -. 2+ff99 ,E+ff

C-9

'pJ



: "MORE TIME RESPONSE RUNS WITH THIS MODEL? YIN: n

CHANGE MATRICES? YIN: n

MORE RUNS WITH NEW MODEL? YIN: n

END ODEACT
422ff NIMINUN EXECUTION FL.
1.198 CP SECONDS EXECUTION TIME.

COMAND- route,plot2,dcapr,stacsa,tid-af,fiduma

"C-1
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C.5 ODEACT Source Listing

S:.
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lots PROGRAM ODEACT

1404C SIMULATION PROGRAM TO TEST A P1 REGULATOR OR CGT/PI PITCH-POINTING
15K= CONTROLLER BASED ON A 5-STATE NOBEL OF THE AFTI F-1b. OPTIONS
1602C INCLUDE MODIFICATION OF DYNAMICS MATRIX, USE OF 1-, 3- OR 4-STATE
171-C ACTUATOR MODELS, APPLICATION OF RATE/POSITION LIMITS ON ACTUATORS,
1812C AND EMPLOYMENT OF ANTI-WINDUP COMPENSATION. USER SUPPLIES DYNAMICS
190-C MATRIX, OUTPUT MATRIX, CGT COMAND MODEL AND CONTROLLER GAINS WITH
2114C THE FOLLOWING CHANGES:
2192C I. ONLY THE FIRST THREE ROWS OF THE DYNAMICS MATRIX ARE ENTERED
229= 2. COLUM 5 OF THE NORMAL DYNAMICS MATRIX IS ENTERED AS COLUMN a
2302C 3. COLUM 5 OF THE NORMAL KX MATRIX IS ENTERED AS COLUMN 8
240*C THE COMMAND MODEL MUST BE OF DIMENSION 4 OR LESS
23tac

269=C BATE OF LAST REVISION: 6 SEP 83
279=C LIBRARIES USED: CC69,ID=LIBRARY,SNaASD
289=C

319X REAL. WORK (35),1(lI),DX(I1),OUT(51,5),T,TOUT,TSAP,PLTEC(261)
3202 REAL AWOR(4,4),BNORK(4,4),CWORK(4,4),AM(4,4),BM(4,4)
339= REAL RELERRABSERR,DSIM
349. INTEGER I,J,KIFLAGJFLAG,JCFLAG,KFLAGNFLAG,INORK(5),IDSIN

a 3512 COMMNMATRIX/A(3,I1),C(4,I1),KX(2,11),KZ(2,4),KM(2,4),
361a 1 KXUI2,4),PNI(4,4),PHINT(4,4),CN(4,4)
37f= COMfMICOIRLIUEV2,IJGJ(2),UC~H14?,UCDLDl4),ZOLD 111),
389=1 1 XNMOD(4),XM(4),NFLA6
399 EXTERNAL FIF3,F4
499= CHARACTER ANS#I , TITLE'9, DATA.6,SAVE*b, PLBT*6

ia, 3 ,41#=C

4W9=
44111C FLAG DEFINITIONS:
Ma9c IFLAG it INSTRUCTIONS FOR OE INTEGRATION SUBROUTIME; INPUT MUST

46K= BE MEGATIVE, OUTPUT OTHER THAN 2 SIGNALS INTEGRATION
4798C PROBLEMS.
4804C JFLAG a MATRIX NODIFICATION IN PR0GRESS IF NON-ZERO
499=4 JCFLAB CURRENT COMMAND MODEL HAS BEEN DISCRETIZED IF JCFLAG=1
50fzC KFLAG a CHOICE OF ACTUATOR MODEL TO BE USED
5112C NFLAG a RATE/POSITION LIMITS APPLIED IF NFLAGZI
32faC NPLAG 2 ANTI-WINDUP COMPENSATION EMPLOYED IF NFLAG=I
53102C

'C,. 5002C INPUT SECTION. DATA MAY BE READ IN FROM AN 'OLD' FILE, AND SAVED
59#2C TO ANY OTHER FILE. ONLY ONE SET OF DATA PER FILE NAME. PLOTS ARE

4609=C AUTOMATICALLY SAVED IN A 'PLOT FILE'.
- 6114C

6302C
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641x 19 PRINTWENTER NME FOR PLOT OUTPUT FILE:
* 659. READI(Wfl)PLOT

669. OPEN(4,FILExPLOT,STATUSx'NEV' ,FORH.'FORMATTED' ,ERRz19)
67#a 29 PRINTWDATA 70 BE READ FROM FILE? YIN:
6980 READ(*,'(A) )ANSV

* 69#. IF(ANSV.NE.'Y'.AND.ANSV.NE.'N' 6O TO 29
71#z IF(ANSM.Eg.'N') 90 TO 31
719. JCFLA6-9
72#8 PRINT*,'ENTER NME OF DATA FILE:
739. READI*,'(A)')DATA

*741. WPEN (2 FILEsDATA, STATUS.'OLD', FORM-' UNFORMATTED', ERR-20)
759. REAB(2)(A(I,J),I,3),Jx1,llh
769x READ12)((C(I,J),Ial,4),Jz1,11)
779. READ(2)((KI(J,Jl,l=1,2),Jn1,11)
789. READ(2)f(KZ1I,J),1.l,2?,Jxl,4)
790a READ(2)((KXU1I,J),Izl,2),J1I,4)
B9os READ(2)1(KIN(I,J),1.1,2),Jxl,4)
919. READ12)(IAN(I,JI,IzI,4),Jzl,4)

932 READ(2)((DN(I,J),IxI,4),Jzl,4)

949. REVIND(2)
9B9s CLOSE12)
969. 60 TO141
8712C
880-C FOR KEYBOARD INPUT, ONY NON-ZERO MATRIX ELEMENTS ARE REQUIRED.
899C NO NIZERO ENTRIES SHOULD BEMAUE FOR COLUMNS 5,,,,9OR 11
9W9. OF A OR KU, BUT NO PROTECTION PROVIDED A6AINST DOING SO.

929. 39 DO 59 IzI,3
9398 DO 50J21911
94is A090J)1.1
950s.59 CONTINUE

97 O 00 60 Jxl,2
9602 KI(J,I)a.l.

9902.69 CONTINUE
1999. DO 64 Kx1,4
1919. CIK,1).9.9
1920. 64 CONTINUE
1139. DO 66 1*1,2
1949. DO 66 Jsl,4
19302 KZ(I,J)z..
1low KXUIJ)f.f.

* *1970. KX(I,J)nf.t
-080a 19966 CONTINUE

1lo9 DO 79 1.1,4
1lint DO 79 Jz1,4
11118 ANI,J)st
1129x ON(IOJ).9
1139. CN(I,J).9
1149. 70 CONTINUE
1159. JFLA64f

S1166s 72 PRINT#,'ENTER DYNAMICS MATRIX:
1179. CALL EDIT(A,3,111
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1189. IF(JFLA6.NE.0) 6O TO 149
119fa 76 PRINT.,'ENTER OUTPUT MATRIX:
1200c CALL. EDIT(C,4,11)
12102 IF(JFLAB.NE.0) 60 TO 140
1220= 79 PRINTWENTER KI MATRIX:
1239= CALL EDJT(Kl,2fi1)
1241m IF(JFLA6.NE.#) 6O TO 140
1231s 99 PRINT*,'ENTER KZ MATRIX:I

..- 11269= CALL EDIT(KZ2,4)
127#x IF(JFLA6.NE.0) 6O TO 149
12802 92 PRINTWENTER KIN MATRIX:
1299. CALL EDIT(KIN,214)
1399= IF(JFLA6.NE.#) 60 TO 149
131#2 94 PRINT*,'ENTER KXU MATRIX:
1320= CALL EDIT(KIU,294)
133o= IF(JFLA6.NE.0) GO TO 149
1340= 86 PRINT., ENTER MODEL DYNAMICS MATRIX:

*1359= JCFLA689
1369= CALL EDIT(AN,4,4)
137§x IF(JFLAE.NE.1) 60 TO 149
135x 88 PRINT#,'ENTER MODEL CONTROL MATRIX:
13904 JCFLA620
1401a CALL EDIT(DU,4,4
1419. IF(JFLA6.NE.0) GO TO 140
142= 99 PRINTWENTER MODEL OUJTPUJT MATRIX:
1439= CALL EDIT(CM,4,4)

-. 1440- 141 PRINTWANY CHANGES TO MATRICES? Y/N:
1459m READ I ip,I(A) I) AMS
1469. IF(ANSV.NE.'Y'.AND.ANS.NE.'N') 6O TO 149

--S1470- 142 IF(ANSN.EQ.'Y') THEN
1481z PRINTO,'1xA 2zC 3zKX 441Z 5*K1M 4=KXU'
1499= PRINT#,'7xAN 9=89 9=CM ENTER CHO3ICE:
1599= READ., JFLA6
1519= G0 TO (72t76,78,80,82,84,869,91) JFLAB

* .~.1320= ELSE
~..,1539= JFLAG9f

1549= END IF
1359 159 PRINT.,'NRITE DATA TO OUTPUT FILE? YIN:
1569 READ0i, -(A) - ANSN
157#x IF(ANS.NE.'Y'.AN.ANS.IL.'N') 6O TO 159
589= IF(ANSV.EO.'Y') THEN

15902 PRINT', 'ENTER NAME OF OUTPUT FILE:
16002 READ4e'(A)')SAVE
1419=f OPEN (3, FILE4SAYE, FORM.' UNFORMATTED', ERR49)
16298 NRITE(3)((A(I,J),IxI,3),J1l,11)
1639= VRITEW3((ClI,J),Ia1,4),JmI,11)

1649x NRITEI3)((KZ(I,J),Izl,2),J1,4l)
14492 VRITE(3)i(KXU(I,J),I1,2),J1l,4)
1661Z MRITE(3)((KXfth,JJ, 1=1,2),Jzl,4)

16892 VRITE(3)((AN(I,J),Ix1,4)qJxl,4)
- 1699= VRITE(3)((BN(IpJ)qIu1,4),Jal,4)

%~ -~'170z= VRITE(3)(C(I,J,I1,4),Js1,4)
17192 ENDFILE(3)
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172a REWIND13)
, 4.1730- CLOSE(3)

174#= END IF
17512C

1779aC
17890C MOM SET UP CONDITIONS FOR CALLING ODE. ALL INITIAL CONDITIONS

S.. 1799&C ARE ZERO UNLESS CHANGED BY USER INPUT. ASSUMED COT INPUT
181C IS STEP COMMAND ON PITCH STATE. PLOTTED OUTPUTS ARE:
IBIC I a PITCH ANGLE
192K 2 a FLI6HT PATH ANGLE
163&C 3 x HORIZONTAL TAIL POSITION
1941C 4 z TRAILING EDGE FLAP POSITION

* 185o=C

1871-C

•881 IF(JCFLAS.EG.9) THEN
18991 PRINT','ENTER SAMPLING TIME:
190&. READ',TSAMP

-. - 1919: CALL DSCRT(AM,4,TSAMPPHIPHINT,31,AORKBORK,CORK)
1929z CALL MATNL(PHINTN, AWORK,4,4,4)
193 9 CALL COPYRTI(AORK,PHIT,4,4)
1949= PRINT*,'PHI MATRIX FOR COMMAND MODEL:
19591 CALL RPOUT(PHI,4,4)
19"9= PRINT','DD MATRIX FOR COMAND MODEL:
1971a CALL RPOUT(PHINT,4,4)
19812 JCFLAGs1
1999. END IF
2019 152 PRINT#,'I FOUR STATE 2- THREE STATE 3= SINGLE STATE'
2019x PRINT*,'SELECT ACTUATOR MODEL:
2929. READO,KFLA6
2039 IF(KFLA.GT.3.OR.KFLAL.LT.I) 60 TO 152
2049x 154 PRINT#,'APPLY ACTUATOR RATE/POSITION LIMITS? Y/N:
295#z READ(,'(A)')ANSG

"-".920m1 IF(ANON.NIE.'Y'.AND.ANSV.NE.'N') 60 TO 154

- 2076a IF(ANSM.EO.'Y') MFLA9.1
26890 IF(ANSN.Eg.'N') HFLAO-I
219 156 PRINT,'EMPLOY ANTI-WINDUP COMPENSATION? Y/N:
2109. READI',' (A)')ANSM
2111a IF(ANSV.NE.'Y'.AND.ANS.NE.'N') 60 TO 156
2120 IF(ANSN.El,'Y') NFLAGxL

213 '31 IF(ANSM.E.'N') NFLAG20
* 2149- 158 PRINT*,'ENTER DESIRED RESPONSE DURATION:

2159x READjDSIM
2169a IF(DSIM.LT..1) 60 TO 521
2179. IDSININT(DSIM/(5.*TSAMP)+.99)
2189. 161 DO 179 I"1,11

" 2199. 111)21.1
2299' IOLD(I)af.,
2211 179 CONTINUE
2229" DO 172 i1x,2
2230. UOLD(I),t.

". '."* "2249a 172 CONTINUE
:4 .r2251 DO 175 I1a,4

C1
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2261z ECND11) a. I
2279= UCOLDII)9f.9
2291z IN(I)4.1
2299= XIOLD(I)=9.l
23ff' 175 CONTINUE
231&= PRINT.,ENTER INITIAL CONDITIONS FOR STATES, IF NON-ZERO:
2321a 100 PRINT#,'ENTER I AND 1(1); 1,9 TO TERNINATE:
2331- 19" REAI',IEL
2340z IF(I.LE.II.AND.I.GE.1) THEN
23W9 III)zEL
2360z 60 TO 190
23762 ELSE IF(I.EQ.1) THEN
2381z 60 TO 290
2390= ELSE
2400-- PRINTWSUBSCRIPT OUT OF RANGE'
24111m 60 TO 199
242&= END IF
2439z 299 PRINT*, 'ENTER STEP INPUT NA6NITUDE FOR PITCH ANGLE:
244#8 READ*,UCND(1)
2439z Ta9.0
2460 TOUT0.1
2471-- IFLAS-1
2460a RELERR=1.E-B
2491a ABSERR.E-6
25ff DO 399 I=1D61fl41,51#IDSIN.1

42519= IF4IDSIN.NE.1.A0NDND(I,IDSIN).ELI1) THEN
232&= JzINT(I/IDSIM)
2539z OUTIJ,I)=TOUT
2540= OUTJ2:l(l)
2559 OUT(J,3)xI(1)-XI2)
256P= OUTJ,4)XI4)
2579= OUT(J95)21(91
2389z ELSE IF(IDSIN.EL.I) THEN
2599= J=I-IDSIN
2601z OUT(J,1)zTOUT
2619x OUTfJ,2)=(1)
26262 OUT(J,3)zX(1)-I(2)
2639= OUT(J,4)=z(4)
2646z OUT(J,3)zX(8)
2656z END IF

* 266#x TOUTzTOUT.TSAIIP
2679z CALL 9CSTAR(I,NFLAG)
268#2 DO 259 Jz1,11
26992 XOLD(J)IX(J)
2700a=256 CONTINUE
2719= DO 2W9 JzI,2
2729 UOLDIJ)sUNEN(J)
2739= 260 CONTINUE
2749= DO 262 Jz1,4

*2759= UCOLDJ)xUCND(J)
2760z XNOLD(J)3XN(J)
2770a 262 CONTINUE

* **2790a IF(KFLA6.EG.1) THEN
2799s CALL ODE(F4,II,X,T,TOUTpRELERR,ABSERR,IFLA6,NORK, INORK)
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28002 ELSE IF(KFLAL.EQ.2) THEN
2810a CALL OOE(F3, 11,1,T, TOUT, RELERR, ABSERR, IFLAG,NORK, 1VORKI
2829a ELSE
29312 CALL aDEIFi, 11,1,TTOUTqRELERR,ADSERR,IFLA6,WORK, IWORK)
2940c END IF
295f= TxTOIJT
28618 IF(IFLAG.NE.2) THEN
2879z PRINT' IFLAG a 6p12)'jIFLA6
289. ELSE
2999m IFLACa-2
29ff8 END IF
2919& 39H CONTINUE
2921a CALL SETPLT(OUT,51,5,PLTVEC)
2.939: PRINT#, 4 --- - -- ENTER TITLE FOR PLOT---------4'
294#x PRINT#
293&. READ(t,' (A)')TITLE
2960z. CALL PLOTLP(PLTVEC,51,4, 1, 1,l,TITLE)
2970= 529 PRINTW,'ORE TIME RESPONSE RUNS WITH THIS MODEL? YIN:
2969m READ(*,' (A)')ANSV
299&. IF(ANSW.NE.'Y'.AND.ANSW.NE.'N') 6O TO 529

*3999. IF(ANSW.Eg.'Y') G0 TO 152
3911. 525 PRINTf,CANGE MATRICES? YIN:
332 READ(#,'(A)')ANSW
3931. IF(ANSV.NE.'Y'.AND.ANSW.NE.'N') 60 TO 525
394#. IF(ANSWEQ.Y'l 60 TO 142
3910 539 PRINTe,'MORE RUNS WITH NEW MODEL? YIN:
3961. READ(,' (A)-)ANSW
3979. IF(ANSUJNE.'Y'.AND.ANSV.NE.'N') SO TO 539
39992 IF(ANSN.Eg.'Y') GO TO 21

-S.31991 ENDFILE(4)
3199. RENIND(4)
3111. CLOSE(4)
3129. END
3139.C
3140-C END PRORA O E AT- - -- - ------------------
315K.
316K.
31709 SUBROUTINE F4(T,I,DI)
31802C

3299.C
* ~..3211BC THIS IS THE SET OF FIRST ORDER ODE THAT DEFINE THE FOUR-STATE

32faC ACTUATOR MODEL. RATE ANd POSITION LIMITS INCLUDED IF MFLAGz..
323&.C

32512C
326#x REAL T,I(11),DXI)
3270z COHNNMITRIIA(3,11),C(4,11),KX(2,lI),J(Z(2,4),KXN(2,4),
3281. 1 KIU(2,4),PHI(4,4),PHINT(4,4),CN(4,4)
3299x COMMON/CONTRL/UNEW(2),UOLD(2),UCND(4),UCOLD(4),XOLD11),
33919n I lMOLD14),XM(4),MFLASi
3319. DI(l)zAf1,3)*X(3)

*~d.3320. D1(2)2A(2, 1)'K(1)+A(2,2)#XI2).A(2,3)'I(3)+A(2,4).I (4)+A(2,9)*X(9)
3339. DI(3)sA(3,2),I(2).A(3,3),X(3)aA(3,4),I (4)+A(3,9)4X(9)
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3349: DX(4)2X(5)

3359: DX(S)=X(6)
336#9: DX(6)a1(7)
3379: DX17):-14911329.1,X(4)-114857&.7*X(5)-25364.42*X(6)-27.l#X(7)

38z 1 +14911329.1*UNEW(1)
3399-- DX(9)ZI(19)
341W- DX(19):IX(11)

3421z Dli(1):-14911329.14I(9)-1149576.7*X(9)-25364.42I(19)
3439: 1 -279. 1*1(11)+14911329.1*UNEN(2)
3449& IF(MFLAB.EA.1) THEN
34W9 IF(X(4).9L.25.9.AND.DX(4).GT.9.9) DX(4)z9.t

A 346&: IF(I(4).LE.-25.9.AND.DX(4).LT.9.) 01J(4)&-t.0
.443479z IF(I(S).BE.69.9.AND.DX(5).9T.9.9) DX(5)-1.91

3480: IF(X(5).LE.-69.I.AND.DI(5).LT.9.9) Dl(3)zf.f
3499z IF(X(8).SE.29.9.AND.DX(9).GT.9.9) DXIB)=9.9
3591& IF(X(S).LE.-23.0.AND.DI).LT.9.9) DX(B)zf.9
3510= IF(X(9).6E.52.9.AND.DX(91.ST.9.0) D1(91:9.9
3520= IF(X(9).LE.-52.9.ANO.DX(9).LT.9.1) 01(91:9.9
3539: END IF
354&= RETURN
3339z END
356&:C
3579:C END SUBROUTINE F4

359&:C
3691& SUBROUTINE F3(T,1,DX)
3619:C

* 363f2C
364#zC THIS IS THE SET OF FIRST ORDER ODE THAT DEFINES THE THREE-STATE

*365§zC ACTUATOR MODEL. RATE AND POSITION LIMITS ARE INCLUDED IF MFLA9:1.
3669:C

'C 36802C
369&: REAL T,X(11)pDX(11)
3700a COMMON/MATRII/A(3,11),C(4,11),K1(2,11),KZ(2,4),KN(2,4),
37109: 1 KXU(2,4),PHI(4,4),PHINT(4,4),CM(4,4)
3729: COMON/CONTRL/UNEN(2),UW..D(2),UCND(4),UCOLD(4),XOLD(111,
3739: 1 XNOLD(4),XM(4)qMFLA6
374#11 DX(1)2A(1,3)*X(3)
3751a DX(2,:A(2,1)*X(1),A(2,2),I (2)+A(2,33*I(3)+A(2,4)41(4)4A(2,9)*I(9)
3769 DI(3)zA(3,2)*1 (2)+A(3,3).I C3)+A(3,4)eI (4).A(3,8)'1 (9)
3771a DX(4)xX(3)
3799: DI(5)s1(6)
3799a DI(6)z-1978.792#1(4)-7229.91*I(5)-125.3#X(6)
39M a I +192979.792#UNEW(1)

%3919: DX(71:9.9
3829: D()mI(9)
3939: DX(9)zX(19
3949: DX(19)z-192978.792'I(9)-7229.99#X(9)-125.3*1(19)

.- ~3959. 1 +112978.792#UNEW(2)
3869: 01(11)4f.9
3979. IF(MFLAG.E2.1) THEN
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71,- --. W---l~-.--~w;

3999=IF(X(4).GE.25.9.AND.DX(4.6T.9.9) DX(4)9i.i
3999: IF(X(4).LE.-25.I.AND.DX(4).LT.9.1) DX(4)4f.B

S39082 IFU1(5).6E.69.9.AND.DX(5).6T.9.9) DX(5)=#.§
3919. IF(X(5).LE.-6O.9.AND.DX(5).LT.9.9) DI(5)z9.l
3929z IF(X(9).6E.29.9.AND.DX(9).GT.9.9) DX(B)z.f
3939. IF(XC).LE.-23.9.AND.DX().LT.9.9) DI()f.9
3949z IFtZ(9).GE.52.9.AND.91t91.GT.9.0) D119)z9.f
3"03- IF(I(9).LE.-52..AND.DX(9).LT.9.1) DI(9)z.f
39662 END IF
3970= RETURN
3991Z END
3999=C
4999=C END SUBROUTINE F3
401 KC

413#z SUBROUTINE FI(T,1,DX)

4179=4 THIS IS THE SET OF FIRST ORDER ODE THAT DEFINES THE SINGLE-STATE
40804C ACTUATOR MODEL. POSITION AND RATE LIMITS AME INCLUDED IF IIFLABs.

4119.C

4126a REAL T,I(11)lDXI)
4131z COIIO/NATRII/A(3,11),C(4,11),KX(2,11),KZ(2,4),KXN(2,4),
4141z 1 KIU(2,4),PHI(4,4),PHINT(4,4),CN(4,4)
4159z COeIONCONRLUE(2, UOL(21, UD(4 1,UcoLD 14),IOU I J1)
41W9 1 INOLD(4)v4H(4)tMFLA6

4191Z DX(2)aA(2, 1)*XI).A(2,2)'l(2)+A(2,3).I(3)A(2,4)I(4)A(29)X (9)
4199a DI(3)'A13,2)#X(2).A13,3)'I(3)4A(3,4)*l(4).A(3,98)'(9)
420&. DX10)-21.0I(4)29.9UNEN(1)
42W9 D15)a4.9
422&= DI(6)'L90
4239z D(7)2..
4240c DIf9)z-2l.* X () +29. 9UNEN(2)
42502 DX(9)x.l
426&. DI(19)x.f
4279z DI(I1):9.9
4289s IF(HFLA6.EI.1) THEN
4299. IF(X(4).BE.2L.AND.D(4).6T.9.9) 01(4)x.#
4399 IF(I(4).LE.-25..AND.DX(4).LT.9.1) DX(4)*9.9

443112 IF(DI(4).IT.6f.#) DX(4)s69.9
432&. IF(DI (4) .LT.-61.0) DI(4)2-69.#

* 43W9 IFIX(9).GE.29.9.AND.DX(S).GT.9.1) DXI(6)c.
4341% IF(X(9).LE.-23.9.AND.D(9).LT.9.9) DI(B)z.f
4351s IF(DI(B).GT.52.9) DI(8)n52.1
43602 IF(DXfB3.LT.-52.f9JD(8)--52.0
4379. END IF
4390s RETURN

- 4399m END
440faC
4419.C END SUBROUTINE Fl ----------------------------------
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4421*C
4431-C
4449. SUBROUTINE SCSTAR(INFLAG)
4459-4

-. 4479=C
* 44894 SUBROUTINE TO CALCULATE THE CONTROLS AT EACH SAMPLE TINE.

44994 ANTI-WINDUP CONPENSATED IF NFLAGI.
45994

45204
4539=2 REAL I11),DELII1),DEL2(11)
454#- INTEBER NFLA6
4559= CONIU/NATRIX/A(3,I1),C(4,1l),KI(2,Il),KZ(2,4),KXN(2,4),
4560- 1 KXU(2,4),PNI(4,4),PHINTf4,4),CN(4,4)
4579= CONNON/CUTRL/UNEN12),UOLBf2),UCNDf4),UCOLD(4),IOLD(11),
4580- 1 XNIND(4),lN14),NFLA6
459&= CALL NATHLIPIJ,IHOD,INt4,4rI)
4611M CALL MATHL(PHINT,UCND,DEL,4,4, 1)
4619= CALL NATAD(IN,DEL91N,4,I)
4629= CALL NATSB(IIOLD,DEL011,1)
46W9 CALL MATHL(KI,DELDEL2,2,11,I)
4641z CALL NATS8 fUOlDqDEL2t UNEW9,291)
4650= CALL NATSB(XN,XNOLD,DEL4,1)
46609= CALL MATHL (KIN, DEL, DEL2, 214 t1)
4679. CALL MITAD~UEIDEL2UMEN211)
46W-= CALL NATSlIUCNDUCOLDDEL,4,1)
46"x= CALL. NTHL(KlUDEL,lEL2,2,4,I)

*4799= CALL MATADfUNEUDEL2,UNEN,2, 1)
4710z CALL NATHL (CIMOLD, DEL, 4,4, 1)
4721a CALL NATL(C,IILD,DEL2,4,11,1)
4731a CALL NATS(IEL,DEL2,DEL4,1)
474&= CALL NATNL(KZ,DELDEL22,4,1)
475P= CALL HATAD(UNENDEL2,UNEW,2,1)
47692 IFINFLAB.El.1) THEN
477#x IF(UNEN().G.75.1-2.9Uf 4) UNENW=75.-2.§*X(4)
4789x IF(UNEV(1).LT.-75.9-2.1*I(4)) UNEIM1)-75.6-2.9.I()
4790z IFUNEW().GT.60.1-2.9*I(9) UWM412=6.9-2.9'X(g)
48W9 IF(UNENM(T-69.0-2.9*I(8)) UNEN(2)=-69.9-2.91X(B)
4819= IF(UNEN(1) .BT.3.6+I(4)) UNEV( 1)x3.6+I (4)
4829= IF(UNEMM1.MT-3.6+I4M) UNEN(1)x-3.6*X(4)
4830z IF(WIEN(2).ST.3.12+I(8)) UNEM(2)z3.12.X(9)
484112 IFiUNEU(2).LT.-3.I2+I(8)) UNEH(2)x-3.12+I(8)
48512 END IF
486#x RETURN
4079x END

4902C END SUBROUTINE SCSTAR -- - --- --- --- -----------

* 490K=
49112C
49212 SUBROUTINE RPOUT(AvMN)
493K=

49502C
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4969.C THIS ROUTINE PRINTS OUT A REAL MATRIX A
4979"C

499xC
5999 REAL A(NN)
5919 INTEGER I,J,N,H
5121 DO 209 IsIgN
59131 PRINT'(' ,5(EIh4,3X))',(AiI,J),J"1,N)
5949z PRINT#
5959& 29H CONTINUE
516& END
307&C

518.C END SUBROUTINE RPOUT

511&C
511&. SUBROUTINE SETPLT(ANMX)
512K.

A 5149.C

515K. THIS ROUTINE CONVERTS A REAL MATRIX OF DIMENSION N BY N INTO A
31612C VECTOR THAT IS COMPATIBLE WITH R.N. FLOYD'S PRINTER PLOTTING
5179C ROUTINE, PLOTLP. THE INPUT MATRIX IS A.
5180-C Nx RON DIMENSION OF A, THE INUMBER OF POINTS TO BE PLOTTED
5199.C Nz COLUMN DIMENSION OF A, THE NUMBER OF FUNCTIONS TO BE PLOTTED +1
52964 I. THE PLOTTING VECTOR, DIM ENS ION MOM
3219.C

5239.C
5249. REAL A(N,M),X(NM)
5259x INTEGER N,N,I,J
526&. Do 199 J=1,M
527&. DO 199 Iv1,N
52B&= 1(1+(J-1)#N)zA(19J)
3299a 199 CONTINUE
5390& END

'S 5319.C
5329.C END SUBROUTINE SETPLT

''S 53394

5m59 SUBROUTINE PLOTLP(A,N,IPSC, ISCLLPTERM, TITLE)
33608C

539K. THIS ROUTINE WAS ADAPTED FROM R.N. FLOYD'S THESIS TO PRODUCE
54994C PRINTER PLOTS OF COMPUTED RESULTS.
5419-C A- VECTOR OF DATA, CONVERTED FROM MATRIX FORM BY SUBROUTINE SETPLT
542&.C Ns NUMBER OF POINTS (INDEPENDENT VARIABLE) TO BE PLOTTED
54394 Ns NUMBER OF FUNCTIONS (DEPENDENT VARIABLES) TO BE PLOTTED
54494C IPSC a -1--ALL VARIABLES SCALED TOGETHER Q1 PLOT)
545084 z #--)SCALED TOGETHER AN SEPARATELY (2 PLOTS)
546fC m +1--)SCALED SEPARATELY (1 PLOT)
547faC ISCI. x 0--)PLOT OVER EXACT RANGE OF VARIABLE

*'54894C *1-)PLOT WITH EVEN SCALING
*549&.C LPTERM a #--)PLOT 59 CHARACTERS WIDE
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5599.C +1-->PLOT III CHARACTERS WIDE
55114 TITLE zMAX OF 59 CHARACTERS, TYPE CHARACTER

554K3
55592 REAL YSCAL(6),YNIN(6),YPR(11),RISPAC,RNIN,RIAIYL,YH,IPR,A(')

5571z INTESER IDNX (6),IPSCISCL,LPTERNIPAPER,ISPACIPRTI,ISC,JoIC,IX
4 35802 INTEGER IL,JP, ITENP,N1,N2,NqN, 1W, 1

5599a CHARACTER TITLE'59
56993 CHARACTERQ I t ILKPLUS, CMON9 RID SYMBL(6) ,OUT (11)
5619a DATA DL~aPLUSCOLONSmNr(al,SYNDCL(2fl'I~ellDI11
5620a DATA SYNIN.3),SYNBO(4),SYNNDL(5),SYNDOL(6)/'3','4','5','6'/

:4.' X IPAPER5(14LPTERN)
5641n ISPAC21##IPAPER
56502 RISPAC.REAL(ISPAC)
5660M ISPACsISPAC.1
5679n IPRTImIPAPER.1
5689= RNIN3A (1.1)
5691x RNAZ=RHIN
3790a 25 DO 41 ISC-=1N
5719x N1=ISCW91
57293 YLzAtNI)
57302 YH2YL
5741z N2N1(ISC+l)
57512 DO 49 J-N1,N2

*5760a IF(AIJ).LT.YL)THEN
37702 YLZAWJ
57983 END IF
5799W IF(A(J).GT.YH)THEN
59#93 YHxA(J)

4%38102 EDIF
58293 49 CONTINUE
58393 IF IYL.LT. RHIN) THEN
58493 RNINOYL
5851a END IF
59693 IFiYH.GT.RNAI)THEN
59708 RNAXxYN
5999. END IF
5908 IFIIPSC.BE.9)THEN
59006 CALL VARSCL(YLYH,YSCAL(ISC),RISPACtISCL)
5910S END IF
59293 YNIN(ISC)uYL
5930a 41 CONTINUE
59493 IF(IPSC.LL9f) THEN
59593 CALL VARS(RNINRNAI,SCAL,RISPAC, ISCL)
59602 END IF
59702 1Cm2-IAIS (IPSC)
59893 DO 42 Il=1,LSPAC
59908 OtiT(IX)aDLANK
69993 42 CONTINUE
6019= go 109,Ic93i,ic
69293 PRINT'(',IllA50)',TITLE
6939 NRITE(4,'(1I,A59)')TITLE
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614p= WRITE (4,' (A1)')DRANK
6059: PRINT*

* how6 DO 66 I11N
60702 XPRZA(I
6986= IF(NOD(I, 19).E9.1) THEN
609p. 6RID&CULON
blip= ELSE
blipk GRIDxDLANK
6129. END IF
6139p DO 44 1u2,ISPAC,2
6146 OUTfIII)sRID
6150a 44 CONTINUE

N6160Z DO 46 I1Z',ISPAC,19
6170a OUTfIXJUPLUS
6189 46 CONTINUE
619#Z DO 55 JaI,N
6296 IL=I.Ji*

d621p= IF(IPSC.El.-1)THEN
622&= JP.INT ((A (IL) -RNIN) ISCM.) +1
6230s ELSE IF(IPSC.EQ.A)THEN
624p= IPSCT'IPSC+ICO
6250z IFI IPSCT.E. 2) THEN

N 6260c JP'INT((A(IL)-YNIN(J))/YSCALIJ) )+1
6271a ELSE

*62812 JPzINT((A(IL)-RNIN)/SCAL)+l
62962 END IF
6399 ELSE
631off JP=INT((A(I-TNIN(J))/YSCALIJ))*1
6329' END IF
633062 59 OUT (JP) 2SYNBOL(JM
6346 IBLNK M zip
6356=55 CONTINUE

)6369 PRINT'V(' ,Fl1. 4961,191IA1', XPR, (OUT(0I1), I1, ISPAC)
6376z NRITE(4, -(Fit. 4,61, 111AW~) XPRI(OUT I ID, Hal,ISPA)
6386 DO 59 Jul,N
6396' ITEIP'IULNK (J)
64ff OUJT HTEMP) =RANK(
6419& 59 CONTINUE
6429a 69 CONTINUE
64302 IF(IPSC.NE.1)THEN
won6 IF(IPSCT.NE.2)THEN
645#x YPR(1)RNIN
6466a DO 76 Im1,IPAPER
647#x YPR (1l.1) YPR (1+I. SCAL
6401a 73 CONTINUE
6496= PRINT'(VI SCALE tI El1.3)',(YPRM I),I'qIPRTI)
653fs URITE(4q'(AI)')BLANK
6511Z WRITE14i'l( SCALE 'I1IEMo.3W))YPR (1),]at, IPRTI)
6529z WRITE (4,'(At)') BLANK
Wo W56 RITE 14,' At)') BLANK
6540- END IF

776656 END IF
63602 IF(IPSC. EQ.1. OR. IPSCT. EQ.2) TNE
6570a 00 76 ISCI,l
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6599.YPR(1)aYNIN(ISC)
-' 6599.DO 74 Izl,IPAPER

6699s YPRfl+l)zYPR1I).1f.YSCAL(ISC)
66192 74 CONTINUE
6620a PRINT'V(' SCALE 0,A1,lI,11E19.3)',SYNO(ISC),(YPR(II)

* 6639 1,!I.1,IPRTI)
6640- VRITE14,'(A1)B)LANK
6659 EITE(4,'(' SCALE *vA~t1,IEI9.3))SYNBOL(ISC),
6669= lIYPR(IXU,II=1,IPRTI)
66711a 76 CONTINUE
6689 END IF
6699. DO 99 ISC-1,56-N

,%67ff. *ITE(4,'(AW))ILM
67291z 90 CONTIUE
671a 9N CONTINUE

6769= ENPUROINE PLOTLP
*6741z EN

673faC
6799. EN SUBROUTINE PALW INISAESAE SL

67819.CH*

683K. THIS IS A SCALING ROUTINE THAT SUPPORTS PLOT!
6849. ADAPTED FRill R.N. FLOYD'S THESIS

* 687#aC
6w69 REAL ININ, INA19,SCALE, RSPACE, EIPp ININT, NAXT

.. ,68W9 INTEGER ISML,ISCAL
Me9n IF(INAI.EIlN)THEN
6919. ININ2.91N1N-11.
6929. END IF
6939. SCALEaKNAI-NIN
6949. IF (ISCL. NE.9)THEN
6959. EIPEINT (IN9.LOIIESCALE1-IN9.
6969& FACTORSIO.H.*1 P)
69702 ININTaININFACTOR

Me99 INAITxNAIIFCTO
69902 IF(INAMT.E.9.)THEN
7002. XNAXTaXNAZT+.9
79102 END IF
7929.8 IF(XNINT.LL9 .) THEN
7939. ININTaXNINT-. 9
7949. END IF
7M59 ININTSAINTUNINT)
7969 ISCALsINAIT-ININT
7179. IF NOh(ISCALo 5). NE.9)THEN
7969 ISCAL21SCAL+5-NOD(ISCAL,5)
7909s EN IF
7l99e FACTOR.19.H(EP-1.)
7119. ININININTFACTOR
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7129. SCALEzFACTOR'REAL (ISCAL)
7139z END IF
7149. SCALEzSCALEIRSPACE
7159. END
7169.C
717K. END SUBROUTINE VARSCL - - - - - - - - -

7199.C
719faC
7200a SUDROUTINE EDIT(EDNAT,NqN)
7219.C

723K.
724fzC THIS ROUTINE ALLOWS THE USER TO EDIT AN I BY N MATRIK EDMAT
7259=

72702C
7299. REAL EL,EDIIAT(NvN)
7299. INTEGER NN,I,J

4....7390a CHARACTER ANSWe1

7319c 1f PRINT#,'LIST CURRENT VALUES? Y/N:
7329. READ(#q'(A)')ANSW
7330z IF(ANSWSIE.'Y'.AND.ANSW.NE.'N') GO TO It
7349W IF(ANSN.Eg.'Y') CALL RPOUlT(EDNATNN)
73502 PRINT#,'ENTER 0,0,1 (CR) NO AUL. CHANGES HAVE KEEN MADE'
7369. 199 PRINTe,'ENTER RON #1 CkLUNN #, AND MATRIX ELEMENT:
7371a 119 READ',IqJqEL
7389z IF(I.GT.9.ANL.I.LE.N.AND.J.GT.9.AND.J.LE.N)THEN
7390z EDNAT(I,J)-EL
7499. 90 TO 119
7419z ELSE IF(I.E9..AND.J.EQ.9)THEN
7421z 151 PRINT#,'LIST MODIFIED MATRIX? Y/N:
7431s READ(*,' (Al-)ANSW
7449. IF(ANSU.NE.'Y'.Ahh.ANSW.NE.'N') GO TO 151
7450z IF(ANSV.EG.'Y') CALL RPOUT(EDNAT,M,N)
7460a 299 PRINTe,'ANY MOR CHANGES TO THIS MATRIX? YIN:
7479z READlI,'A)')ANSW

V7480m IF(ANSW.NE.'Y'.AND.ANNE.'N'IGO TO 299
7490z IF(ANSW.EO.'Y')GO TO 1IN
7530z IF(ANSM.Eg. 'N' )RETURN
7510. ELSE
7529. PRINT*,'SUDSCRIPT OUT OF RANGE'
7539. GO I9N
7549. END IF
7550a END
7569.C
7379.C END SUBRUINE EDIT----------

759#.C

7699. SUBROUTINE NATL(AICqLqN,N)

* ~ -'.7639C

764KC THIS ROUTINE WILL WILTIPLY TWO REAL MATRICES
7659C AaM L BY M MATRIX
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7669C D.AN N BY N MATRIX
767f.C CaTHE L BY N PRODUCT OF A AND B
7681fC NOTE: ACTUAL ARGUMENT C MIST DIFFER FRON A AND 3J! 76"zC

771taC
"- .77291 REAL AlL,N),B(1NN),C(L,N)

7730= INTEGER IJjKLMN
7749. DO tOO I=IL
773#2 DO 1lot ,N
776f CzI,J).
7770- I9 CONTINUE

778 DO 200 IzIL
7791 DO 299 JmIN

7999. DO 299 KmI,N
7919. C(IJ)'C(I,J)iAIIK)B(K,J)
7829. 2ff CONTINUE
7939. END
784&1C
785 C END SUBROUTINE MATNL
79bfzC
787f9C
7889W SUBROUTINE NATA(AB,CoLN)

." 7891mC

". 79104C
792fzC THIS ROUTINE ADDS TNO REAL ATRICES OF DINENSION L BY N
793&C A ND B ARE THE INPUTS, C IS THE SUN
79401C

A 7961C
79790 REAL A(L,M),B(LN),C(L,M)
798P INTEGER IJ,LN
799is DO 191 =19L
9Bow. DO In JZl,

.-" 9919. C(I,J)=A(IJ)4D(I,J)
92# 199 CONTINUE
Bo3w- END

99il.C END SUMUTINE MATAD ....
G96fuC9979.C

8o. SUBROUTINE NATSD(AICqLM)80904

i 9II#-C

81212C THIS ROUTINE SUDTRACTS REAL MATRIX I FRON REAL MATRIX A
8139lC DIFFERENCE IS RETURNED IN REAL MATRIX C.

S. 8149.C ALL THREE ATRICES ARE OF DIMENSION L BY N

-... 817.C
"819 REAL A(L,M),B(LjM),C(LN)
8199. INTEGER I,J,LN
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9299a DO IN9 IxIL
' :-. 8211= DO In9 Jx1,M
* ';'"" 8221m C(I,J)=A(I,J)-B(I,J)

823P 19 CONTINUE
9241a END
823K

. 926 iC END SUBROUTINE NATSD
8279-C

'." 182808C

3 29m SUIROUTINE SNUL(ADC, LN)

<4' 9329-C
8331C THIS ROUTINE MULTIPLIES A REAL MATRIX BY A REAL SCALAR
8340C A THE SCALAR
935jC I= THE MATRIX
6369iC Ca THE PRODUCT
83719C B AND C ARE OF DIMENSION L BY N
9380-C

9491K
8410a REAL AB(L,N),C(L,N)
8429- INTE6ER I,J,L,N
9430a DO IN Il,L

% 94402 DO IN J.l,N
8450- C(ItJ)-AB(IJ)
9460= 19N CONTINUE
8479- END
8480C
9499-C END SUBROUTINE SMUL

851K-85118C

852& SUBROUTINE COPYT(ABNH)
9539'
855#.

856-C THIS ROUTINE COPIES A REAL MATRIX A INTO REAL MATRIX B.
9570-C BOTH MATRICES ARE OF DIMENSZON N BY N.

8611a REAL AIfN),B(NqM)
* 86291 INTEBER IJqNN

9639- DO lIo IMN
9640a Do inJ19"
9659- 3(IJ)SA(I,J)
9660. IN CONTINUE
8679- END

I',-,86862C

869KC END SUROUTIN E COPYNT -- ---------
979fC
9071K'9719- SUBROUTINE DSCRT (A,N, TSAMP.PHIPHINT,N, TP, TIDENT, CORK)

8739-C
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! ' 4 ' *" 875#,C
879C THIS ROUTINE APPROXIMATES THE STATE TRANSITION MATRIX AND ITS
87718C INTEGRAL FOR A TIME INVARIANT LINEAR SYSTEM AS A MATRIX EXPONENTIAL
878=C OVER A SMALL SAMPLE PERIOD. RESULTS RETURNED IN REAL MATRICES.
879=C A= SYSTEM DYNAMICS MATRIX, TYPE REAL

K88lC Na STATE DIMENSION
U819aDC TSAJIPx SAMPLING PERIOD

'4 82#C PHI- STATE TRANSITION MATRIX, TYPE REAL
883K.C PHINT" APPROXIMATE INTEGRAL OF PHI, TYPE REAL.
884#wC Ma NUMBER OF TERNS USED IN EXPONENTIAL EXPANSION
*BS5 C TP, TIDENT AND CNORK ARE DUMMY ARRAYS
88&C

889#. REAL AIN,N),PHINTIN,N),PHI(N,N),TIDENT(NN),TP(NN)
9919 REAL CNORK(NN)
891#8 REAL TSAIA, RIJ
892#" INTEGER I,J,M,N
893#. DO 2N I1,N
.94#a DO In9 J=',N
8959. TIDENT(IJ)=.I
896#z IN CONTINUE
897#a TIDENT(II )z=.
8989 2N9 CONTINUE
8999. CALL SNUL(TSANPTIDENT,PHINT,NN)
99902 CALL COPYT(PHINT,TPN,N)
9"1o CALL SNUL(TSANPAPHI,NN)
992&. DO 39 I9ION

' 31!W CALL NATHL (TP, PHI,CNII, N, NN)

901 CALL COPYNT(CNORKTP,NN)
9#5p. RIJz1.#IREAL(I+1)
9906# CALL SNUL(RIJTPTP,NN)
9#72 CALL MATAD(PHINTqTP,PHINT,N,N)
9999. 3H9 CONTINUE
99 CALL MATNL(AqPHINT,TPNqNN)
91ffs CALL MATAD(TIDENT,TP,PHI,N,N)
91 i9"C
912KiC END SUBROUTINE DSCRT
913#2C
914#n END
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D. Modified CGT/PI/KF Design Software

D.1 Introduction

This appendix discusses the CGT/PI/KF design software that was

used in this study. The program was originally written by Capt R. M.

Floyd [16]. It was modified by Lt A. Moseley 341] to provide an

interface with additional performance evaluation software and to

incorporate the ability to use implicit model-following. Further

modifications were made prior to and during this study to enhance the

implicit model-following design capability, and to incorporate a minor

correction to the original code that was suggested by Capt Floyd [17).

The resulting version has been referred to in this thesis as CGTPIV.

The need for an additional correction to the code was discovered after

the design work of this study had been completed (17). Appendix E

fully documents that error, how it was corrected, and its impact on the

results of this study. That correction has been added, for complete-

ness, to the source listing in Section D.4.

Extensive programming and usage guides for the earlier Floyd and

AMoseley versions of the program were provided in [16,31: specifically,

Volume 2 of each. Since familiarity with these works is really a

prerequisite for intelligent Use of the software, the information

4 therein is not repeated here. Only changes made for this study are

covered in this appendix.

D.2 Program Changes

-4/ All of the changes made to the original program written by Capt

Floyd [16) are annotated on the source listing in Section D.4. The
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first correction suggested by Capt Floyd 117] is enclosed in a

dashed-line box, and includes lines 9970 through 10010. The correction

deals with choice of matrix manipulation routines which could, in some

circumstances, affect the correct development of the cross-weighting

terms of the discrete-time state weighting matrix for the regulator.

The second correction suggested by Capt Floyd is similarly annotated at

lines 10435 and 10440, and is explained in Appendix E. The rest of the

dashed-line boxes throughout the listing are changes made by Lt

Moseley, not all of which were documented in his thesis (341. The

section of code starting at line 27050, and proceeding through the end

of the listing, was added by Lt Moseley.

The rest of the changes to the original code were made as a result

of this thesis effort, and are annotated on the listing by solid-line

boxes. In the version of the program developed by Lt Moseley, implicit

model-following could only be used in regulator design immediately

* after the step during which a CGT was designed. There was apparently

*no reason for this other than expediency in ensuring that implicit

model-following was not attempted without a command model having been

established. The changes marked at line 3810, 3930-4080, 1860, 4890,

6450, 6580, 8790, 9060, 9320, 9460-9480, 10970 and 28170, as well as

the deletions in subroutines *SCMD" and "IMPLEX" were all made to
.

remove this restriction. The "IMPLIC" flag is initialized in line 3810

*to indicate that implicit model-following has not yet been selected for

,* the current design run. Once the regulator design option is selected,

the code at line 3930 offers the implicit model-following option.

Acceptance of the option sets "IMPLIC" to 1 and branches to subroutine

"SETUP" to allow the definition or redefinition of the command model

D-2
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for use as the implicit regulator command model. The changes to

- • .,."SETUP" at lines 4860 and 4890 allow for a value of 4 for the flag

"ITYPE", which is used to tell subroutine "SCMD" that changes to the

command model are to be made, but that a CGT design is not being

pursued, as shown at lines 6450 and 6580. Initialization of the

"NEWCM" flag, for which a value of 1 signifies a change to the command

model, has been moved from SCMD to line 10970 to ensure that subsequent

CGT designs implement the most recently defined command model. The

changes at lines 8790, 9060 and 9320 add "IMPLIC" as a calling argument

to the regulator design subroutines. The changes at line 9460 ensure
9

that "IMPLEX" is only called when implicit model-following is being

pursued, since the function that it would have performed under other

circumstances is now being performed at line 3930; for the same reason,

*"IMPLIC" has been removed as a calling argument at line 28170, and the

previously mentioned deletions to "IMPLEX" made.

The changes in subroutine "OSYS" (changes at lines 21520 and
S. 21690-21700 as well as the deletion) correct a rather serious error in

the implicit model-following code. Without the corrections, a change

to the command model dynamics matrix or design model control matrix

could only affect the variables used to calculate the implicit

regulator weighting matrices, S and R of (A-45), if the model

that was changed had not previously been written to the SAVE file. In

CGTPIV, all model dynamics and control matrices are discretized

*" immediately after they are defined, and the continuous-time matrices

are overwritten to save storage space. Development of the implicit

state weighting matrix through (A-45) requires the use of the command

~ S.%'*%. model dynamics matrix and the continuous-time design model control
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matrix. When the program was modified to incorporate implicit

-. model-following, storage for these matrices was allocated, but the

program steps which altered the values in the arrays after model

redefinition were bypassed if the model that had been redefined had

. ~already been written to the SAVE file during the current program run.

When the required steps were bypassed, no indication was given the user

that the changes had not had an effect on the regulator design, other

than getting the wrong answer.

The changes at lines 28760-28870 simply allow the user to review

the Q matrix after the implicit quadratic weights (.I and R matrices)
-I -

have been entered. In case the distribution of state weights is not

-. what the designer wants, the option to change the and RI matrices is

offered prior to completing the regulator design.

An interactively executable load module for CGTPIV can be achieved

using the segmentation job control file listed in Section D.5. With

.. the changes made for this study, the program requires just over 65,000

octal words of memory for execution.

D.3 Using the Modified Software

Preparation for executing CGTPIV is exactly as outlined in the

instructions of [16,34]. The only change as far as the user is

concerned is that more design flexibility is available during execu-

tion. The modified code allows the user to employ implicit

model-following for all regulator designs without requiring that a CGT

design be conducted. An implicit model-following regulator can thus be

designed by iteratively changing either the quadratic weightings or the

S-. regulator command model, or both. There is still only one "command

.5. D-4
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model" in memory at any given time. During the CGT design and

- evaluation process, it functions as a CGT command model. During

regulator designs, it functions as a regulator command model. Since

the regulator design model is only used to define the constant gains

for the regulator, the functions are distinct. At each entry into the

CGT or implicit model-following regulator design path, the option is

-, offered to change the command model, so the models used for the two

design functions need not be the same.

A sample execution of the program follows. The load module is the

file CGTPIV. The DATA file contains the design model for the AFTI F-16

used in this study, and a two-state command model, as in (V-4) through

(V-6), in which P 5. The sample is short, showing only the ways in

which CGTPIV differs from previous versions. The software correction

- in lines 10435 and 10440, documented in Appendix E, was incorporated

prior to the sample run, so the results are correct.

i:3
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COMMAND- ittach,d52dat

- PFN IS

D52DAT
AT CY= 1#1 SNxAFIT

COMMAND- copyd52dat, data

COMMAND- attach,cgtpiv

PFN IS
CGTPIV
AT CYz li SN=AFIT

COMMAND- cQtpiv

4 # f CSPIF a *
PROGRAM TO DESIGN A COMMAND GENERATOR TRACKER

USING A REGULATOR WITH PROPORTIONAL PLUS INTEGRAL CONTROL
AND A KALMAN FILTER FOR STATE ESTIMATION.

f # f CGTPIF * * f

DATE : 11/21/3

TINE : 16.59.57.

ENTER SAMPLE PERIOD FOR DIGITAL CONTROLLER >.12

READ DESIGN NODEL FROM 'DATA' FILE (Y OR N) )y

MODIFY MATRIX ELEMENTS (Y OR N) )n

WRITE DESIGN MODEL TO 'SAVE' FILE (Y OR N) )n

POLES OF DESIGN MATRIX

1.346698E-13 *J( 1.
1.2970761E.if *J( 1.

-3.6664229E+ff +J( 9.
-2.009N9E.fi +J( 9. )
-2.IHfflfE.li J( 1.

CONTROLLER DESIGN (Y OR N) >y

DESIGN REG/PI (Y OR N) )y

INCORPORATE IMPLICIT MODEL (Y OR N) )y

READ COMMAND MODEL FROM 'DATA' FILE (Y OR N) >y

MODIFY MATRIX ELEMENTS (Y OR N) )n
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WRITE COMMAND MODEL TO 'SAVE' FILE (Y OR N) )n

V.-- POLES OF COMMAND MATRIX
~-5.999O999E.UN *J( 9.)

ENTER WEIGHTS ON IMPLICIT OUTPUT DERIVATIVES: 2

.1~~ ENTER I AND GW,)(1WHEN COMPLETE) >1,1
2,1

, ENTER WEIGHTS ON IMPLICIT CONTROL MAGNITUDES: 2
ENTER I AND WNII,I)-(OI WHEN COMPLETE) )1,1
2,1
f/

' F LIST GIN MATRIX TO TERMINAL (Y OR N) )y

GIN MATRIX

59.9l -16.59 5.039 .8952 1.475

-16.59 1. 89 -1.980E-02 -.5907 -.9735
5.3t -1.960E42 1.10 1.174E-03 1.7700E-13
.8952 -.5907 1.074§E-#3 3.2941E-12 5.20M5E-02

1. I*475 -.9735 1. 7710E-03 5.28#5E-02 8. 7625E-#2

CHANSE IMPLICIT WEIGHTS (Y OR N) )n

1. MI MATRIX

1.9#9
1.099

1' RI MATRIX

~. ' 1.999
1.099

ENTER WEIGHTS ON OUTPUT DEVIATIONS: 2
ENTER I AND W(I,I)--(9 WHEN COMPLETE) )f/

- ENTER NEIGHTS ON CONTROL MAGNITUDES: 2

ENTER I AND ON(II)--(#/ WHEN COMPLETE) >9/

ENTER EI6HTS ON CONTROL RATES: 2
ENTER I AND WII)'-(IWHEN COMPLETE) )1,10
2,11

-p,'.
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U.,.

Y MATRIX

3.UN MATRIX

MODIFY ELEMENTS OF 'I' MATRIX (Y OR N) )n

UR MATRIX

It."
Ii.H

KI MATRIX

-34.85 14.54 -1.956 1.429 .1587
53.58 -57.97 .1482 .1515 .7372

KZ MATRIX

-.8226 -.7776
-2.347 2.221

0CONTROLLER EVALUATION WRT TRUTH NODEL (Y OR N) )n
POLES OF REIPI MATRIX

-1.25129S1E411 +J( 1.2946895E+01)

-1.2512981E441 *J( -1.29468M5E+01)
-2.6646129E+00 +J( 9. 1
-5.1448375Eff +J( 1.
-2.56997iE+tll +J( 1. )
-1.83736f9E441 +J( 6.6542029E-01)
-l.S1736N9E+fl +J( -6.6542029E-11)

ENTER STATE AND IC VALUE (fi TERMINATES): 5 W4/

2 PLOTS OF 5 VARIABLES MAY BE PRINTED AT THE TERMINAL -- SPECIFY NUMBER
"., FOR EACH (N1,N2) >4/

MORE TIME RESPONSE RUNS (Y OR N) )n

CONTROLLER DESI6N (Y OR N) )n

D-8
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.. . . . r . .. ..- . . - . . . . . - . , , , .

FILTER DESIGN (Y OR N) >n

END DESIGN RUNS (Y OR N) >y

RES/PI GAINS WRITTEN TO 'SAVE' FILE

PROGRAM EXECUTION STOP
STOP
A510 NAXINUN EXECUTION FL.
0.791 CP SECONDS EXECUTION TIME.

.

-.-.

4- .

a.-.;
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k, V

191 PROGRAN MAIN(IMPUT:4,OUTPUT64,LISTh64,
119= I SAVEz64,DATA464,PLOTz64,
121- 1 TAPES:INPUT, TAPE6:OUTPUT, TAPE23-SAVE, TAPES9=DATA,
139= 2 TAPE99-PLOT, TAPEI46LIST)
14K=

17K= CSTIPIJKF DESIGN PROGRAN (CSTPIV) * ORIGINAL VERSION WRITTEN BY CAPT
199.C R.N. FLOYD (1991). MAJOR MODIFICATION MADE BY LT A. MOSELEY (1982).
191-C PREVIOUS VERSIONS ARE DOCUNENTED IN THE AUTHORS' THESES 116,343.
2W9C
21C DATE LAST REVISED: 29 OCT 93
229= LIBRARIES USED: DLKLID, ID-TB20393
230-C

269z CONION/NAIN/NDIM,NDIM1,10M1 (499)
279: COIUION/NAIN2ICON2 (499)
299= CONMON/INOU/KIN,KOUT,KPUNCH
29W= COMN/FJLES/KSAVE, KDATA,KPLOT, KLIST, KTERN
599. COMMO/SYSNTI/NVS,SN(2125)
31#Z CONNON/ZMTI/NYZN, ZN1 1225)
3212 CONM/ZNIX2/ZN2( 1225)
33#X CONOIOSNTI/NVDNj Y,NOEY,DfI(1739)

A, 349: COMNO/CNDNTI/NVCNNEUM, NOD,CN (225)
351= COIINON/TRUNTl/NV7NTN(1725)
3612 COMUON/CNTROL/NVCTLqCTL(999)
37&= CONNON/CREPI/NVRPlqRPI (575
nos= COMON/CCTINCGTCST(499)

r j99 C"ON LCKiV~!T(9)-

L 410- CONNON/NG6/19(75)
4212 MN1499
439: NVSNM2123
449: NVZN1225
439: NDN1750.

S461z IWCN2225
* . 471: NVJM=1725

489= NVCTL=999
Ws9 NVRPIS575
sofa NVCGTz4ff
519. NVFLT=499
5212 KIM.
531= KSAVEm25
549z KDATA=5
59 KPL0T49

5412 KLISTI1A
* 571= KTERN26

5894 CALL C61T11
591= STOP
6WfC END MAIN

:~ ~61#= END
6 29a SUBROUTINE DSND(ND)
b31 DIMENSION NIEI)
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65i: ND12)-2
'bbl 66. D(3)=2

679= NDI4)z3
bal: NoD(5) -

69= ND (6) al
799. 0 17) a
719. RETURN
721--C END SUDROUJTINE DSN
731m END
749= SUBRWTINE DSN(A,3,EX,G,QCDV,EYNHNRAN,SN, IN)
751- DINENSIOK A(9,9),B(9,2),C(2,9),6(9),DY(2,2),H(3,9),R(3,3)
761- DATA GRAYTY,KS6TRD,P1I32. 174, .11745329%3. 14159271
771a CALL ACDATA(LEVEL, YT,ALT,kAPHA, LA, LAD, LU,ZiE, iD,
780- 1 PNAPNADPNGPHlPIPE, PI, A,XZA, 10,113,XI, ID,
791- 2 TE,DLI,DSPAN)
Offs 1f ALPIARxDE6TRDALPHA

* 9hzx U9=VT#COSIALPIA)
929: W. TISIN(ALPHAR)
9312 A(1,3)z1.
849= A(2, 1)z-BRAYTY'SJNIALPHAR)/U9
850a A12,2)=ZA
B6OX A(2,3)z.+Zg
979= A(3,2).PN
9litz A(3,3).PU
99 Af2,7)zZA

"is A9 A(2,8) =ZU
919. A(3,7)=PI
920= A (3, 9) .PNG
939. A(2,4)zLDE
949= A(2,5)sZDP
959 A134)PHD
96P A (315) -WU
979. A(4,4)x-TE
980a AIS,5)s-TE
999 3(49 1) zTE

1999= 8(5,2)aTE
1919= CALL =UTSILEVELqALTSLU,SLUSl6USIhI)
1929.t A(6,6)-VT/9L1
1139 A(796)af .-SUT(3.).SISIKSGRT(-A(96)mSLN
1949. A(7,7).A(616)
1959=2 A(,9B)x-VT#PI/4. /MSAN
I%#=. A1906)-A(99.A796)
1979= A(8,7)2-AI9,9).A(7,7)

1low OW6)1.
1199= 9(7) .SINIISIRT (3. .YT/SLW) IYT
1199=s ()m-A(08)#6l7)
1119=, 981.
11212 C(,1)s.
1139. C12,1)21.
11400 C(2,2).-1.
1150's HI1,1)B1.

~ ~W16N H(292)a.
1170m H1393)2.
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1199.-V- R-lo.4.Eo

1299. R(2,2)nl.22E-5
12190 R(3,3)s3.22E-5
1229. RETURN

C' 123faC END SUBRUTINE DSE
12408 ENO

CC125&= SIJDROTINE RHND
*12Wm. DIIESIONE (

12791w NAD19
129. N(2)n2

* C.1299a NDM(3

130P. MOM)
'C'1319. REU

1321WC END SUNDUIJE TRIJID
1339. END

* 1340a SUBROUTINE TRTHN4AT,BT,GTtgToHT,RT,TDTvTNT)
In&9 DINENSION AT(9t9),BT(9,2),GT(9),HT(3,9),RT(3,3),TDTIB,9)
1369. DATA SRAVTYDEBTRD,P!/32. l74,.91745329,3. 14159271
1379s CALL ACDATA(LEVE,YT,ALT,ALPHAZA,ZADZG,ZU,ZDE,ZDF,
1399 I PNA,PNADPINlPNU,PNDEPNDF, A, lAD, I,XUgX,XIE DF,
1399. 2 TE,DLI,ISAN)
1499. 19 ALPHaR.DETRD'ALPH

V'1411z U9.VT.CDS(ALPHAR)
1429. 09=VT#SIN(ALPNA)
1439. RZADB..I1.-ZAO)
14492 AT(1,3)21.
1450a AT(2, 1J-SRAVTYSlALPIV/I
1469z AT(2,2)aZA
14702 AT(2,3Jz..Zg
149 AT(294)aZU
1499. AT(3,2).PIM
1599 AT13,3)PNI
1519. AT(3,4)-PNU
1529. AT(4,1)a-U9AYTY'COS(ALPHA)
1539s AT(4,2)IlA
15412 AT(4,3)sIQ-1
1559. AT(4,4)*XU
15W9 AT(2,5)sZDE
1579. AT(2,b)aZDF
1589. AT (3, 5) PNDE
1599. AT (3,6) PIMD
1699. AT(4,5).IDE
1619. ATI4,6)zXDF
1629. AT(5,5)x-TE
1639. ATI6,6)a-TE
1649. AT(2,B)sZA
1659 AT(2,9)xZg
1669 AT(3o9).PNA
167§x AT(3,9)aPflg
1689 ATI4,U).IA
1699. AT14,9)zII
1799. CALL GUSTS(LEYEL,ALT,SLU,SLWSIGUSIGW)

V1719z AT(7,7)a-VTISLN
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KY:172IX ATIG,7).(1.-SQRT(3.))lSIGM*SGRT(-AT(7,7))/SLU
173= AT(8,I)4T(7,7)

Z. 1749 AT(9,9)=-VT#PI/4./IOWAN
1751- AT(9,7)s-AT19,9)*AT(U,7)
1761- AT(9,8)a-AT(9,9)#AT(8,8)
1779. ST(7)a.
1799W GT(B).SIBN*SGRT(3.*YT/SLM)/VT
1790- ST(9)m-AT(9,9)#BT(I)

1919. Do 29 1-1,9
1329 AT(2tl)=AT(211)RZAD
19392 AT(3,ll=AT(3,J).PHAT(2,l)
1840m=29 AT (491) -AT (49 1) .AD.AT 291)
1859 BT (391) nTE
196X BT16,2)xTE
1871Z HT(1,1)x1.
1899. OT(2,2)=1.
law9 HT(3,3)1l.
19902 HT(2,8)a1.
1919. RT(1,1)=4.76E-6
1929. RT(2,2)21.22E-5
193p= RT(3,3)23.22E-5
1949 TDT(1,1):1.
1959. TDT(2,2)a1.
1969. TDT(3,3)a.
1979. TDTI4,5)z1.
1989. TDT(5,6)x1.

I4~19908 TDT(61,71.
2999. TDT(7,8)u.

21= TOTI,)a.

213K. END SUBROUTINE TRTHN
2949. END
29502 SUBROUTINE ACDATAILEYEL, VT, ALT, ALPA, ZA, lAD, 1ZDZDEZ, ZDF,
296W I PMA, PN,PH,PIW,PNDE, PNOF, IAD, 19, IU, IDE, DF,
2979. 2 TEDLI,BSPAN) ~A POKIT TR
2999 COHNO/FILES/KSAVE,KDTtPOtLSM

'in2999. DATA NENTRYI1I
"22199.5 WRITE I91

2110a READ',LEVEL
2129. IF((LEYEL.GT.3).OR.(LEYEL.LT.1)) GO TO 5
2130a WRITE 132
2149. READ#,YTALTALPHA

"in.2150a WRITE 193
2169. READ', ZA, ZAD, 19,ZU, ZDE, ZDF
2179= WRITE 194
2199. READ#, PNA, PHADPIPUPOIE, PMDF
21902 WRITE 195
2299. READ*,IAIXAD,10,1U, IDEIXDF
2219s NRITE(KLIST, 191)
2221a ORITE(KLIST9119) LEVEL
2231m WRITE (KLST, 192)
2249.2 ORTEKLIST,110) VTALT,ALPHA
2251s WRITE (KIlS?,193)

D- 14
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2260a ORITEIKLIST, 119) ZA,ZAD,ZG,ZU91DE,ZDF
* 2271m ORITE(KLIST, 194)

2299. WRITEIKLIST,110) PIAPNAD,PHOPNUIPNDE,PNDF
2299- WRITE (KLIST, 195)
2310- WRITE(KLISTI119) XA,XAD,IG,IUlIDE,IDF
2319= IF(NENTRY.El.0) 60 TO 19
2321- BSPANx39.
2330a DLlvI3.799
2349a TE29#.
2359x RETURN
2369 19 WRITE 196
2379x READ.,TE
2399& WRITE 197
2391a READ*,DUl
24f9= MRITE 199
2411a READ*,DSPAN
2420- 191 FORHATI' ENTER TURBULENCE LEVEL (1,2,3) >
2439= 192 FORNAT(m ENTER TRIN VELOCITY, ALTITUDE, AND ALPHA)'
2449- 193 FORNATI' ENTER ZA, ZAD, Zl. ZU, ZDE, ZOF >-)

2450a 194 FORNAT(' ENTER M, HAD, NO, NU, NME, HOF >-)
2460- 195 FORNATI' ENTER IA, XAD, 10, IU, IDE, XOP >-)
2470- 196 FORKAT(w ENTER TINE CONSTANT FOR ELEVATOR )6)
248& 197 FORNATIO ENTER DISTANCE FRON CS TO ACCELEROMETER )
2490- 199 FORNAT(* ENTER WIN SPAN )
2599. 199 FORNAT16XI)
2319= 119 FORNAT(616X1PE15.7))
2329- RETURN(12539=C END SUBROUTINE ACOATA
234&= END
253#a SUBROINE GUSTS(LEVEL, ALT, SLU, SL,SISU, SIGN)
25698 DIMENSION ATRI(4),ATR2(4),ATR3(4),Sl6T(4),SIGT2(4),SIGT3(4)
2579 DATA ATRDI/29N .t275.9101999..31 IN.
2559W DATA ATR82/2 IN.t2750916 NO .,45 NO.
239&= DATA ATRB3/2999.,5999.. 29999,7Nff9/
2600- DATA SIST1/4.5,5.,5.,§./
261#x DATA SIST2/0.5,1i919.,9./
2629. DATA S16T3/12.,21.,21.,9./
2639= DATA ITIT2,1T3/1,1,1/
2649= IF(ALT-1730.) 5,15,15
2639x 5 IF(ALT-1999.) 9,19,19
2661a 8 ALTTxALT
2671z 60 TO 12
2680- 19 ALTT1999f.
2699= 12 SISN.2.5FLOAT (LEVEL)
27002 SIGU../(. 177+8.23E-4#ALTT)#n.4
271#x SLPALTT

42729- SLUxALTTSIGUH#3
2730- SISUzSIGU'SISv

.J274&= 60 TOIN
w 275&. 15 SLUn1750.

2769x SLNx175I.
2770- IF(LEYEL-2) 17,19,16
279m 16 CALL TKLUPI(ATRD3,916T3,4,1T3,ALTSIGU)
2790s 60 TO 19
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28Hz 17 CALL TBLUP1(ATRB1,SIGTI,4,ITI,ALTSIGU)
2919= 60 TO 19
2829z 19 CALL TDLUP1(ATRB2,SIGT2,4,1T2,ALT,SIGW)
283&=19 S16WBS1GU
294#z 19 RETURN
28514C END SUBROUTINE GUSTS
29602 END
2879= SUBROUTINE TDUJIP1(XYN,IIPIP,YP)
2880 DINENION Xm(l)
299 IF(IIP) 15,15,1
2999= 1 IF(IlP-N) 19,195
2910= 5 IlPsN
2929s 60 TO 19
2931z It IF(XP-X(IRP)) 12,18,29
2940= 12 IIP=IXP-1
295&= IF(IIP) 15,15,11

2967& 18 YPzY(IXP)
2980z RETURN
2990c 29 IF(IlP-N) 21,195
3999 21 IXPP1IIP+1
301&= 22 IFIXP-IIU1PP1)) 254,31

*3929. 25 YP3Y(IXP)(IP-X(IP)/(X(JIPPI)-X(IXP)),(Y(IXPPI)-Y(IXP))
393&= RETURN
304&= 30 IXPmIIPPI
3959 00 TO 20
3169=C END SUBROUTIJE TDLUP1
3070a END
3999 SUBROUTINE CBTXU
399 CWIHUINAIN1/NDINNDINICDN1(1
31"Z= COHI/NIN2/CON2(1)
3119= CONIION/INOU/KINKOUTKPUNCN
3129a COHNO/DESIGN/NYCN, TSANPLFLRPI ,LFLCGTLFLEF, ITEVAL, LADORT
3139& CONNO/FILESIKSAVE,KDATAKPLOT,KLIST,KTERN
31412 COrMO/SYSNTX/NYSN,SNI 1)
3151a COMN/ZNTI/NVZN,ZI(1)
316&= CJONI/ZNTX2IZN2(i)
3179= CONNrAE/NINDINND, NRDNPD, ND,NDDNWD, NDD, NPLD, NNPNND, NNPR
3181= COHNON/LGCD/LAPLGPLPHI,LBDLEILPHD,LLGN,LODLCL)Y,LEY,LHP,LR
3199= CO1UIO/DSNNTI/NYDHNODYgNOEY, DN(1)
3200z COHNN/NDINC/NNCNRCNPC
3210a CONNO/LOCC/LPNCLBDCLCC, LOC
3229j CMNNON/CNDNTX/NYCN, NWO, NODC, CN (1)
323&= CONNON/NDINT/NNT, NiT, MNT, WT
3249a COHNN/LOCTILPHT, LIDTLIDT, LHT, LiT, LTDT, LTNT
32590 CONN/TRUNTI/NgTN( 1)
32W9 COHIWN/LCNTRL/LPI1ILPII2,LP121LP122,LPH LDL.

* 32702 COUIO/CONTRID..NYCTL, CTL (1)
3290z CONN/LREPI/LIDU, LUDN,LPHC,LKX,LKZ

29 COIINN/CREPI /NRPI,RP1I(1)
3399= CONNO/LCT/LAII,LA3,LA21,LA23,LAI2,LA22,LKXII,LKIAI2,LKIAI3

-~3319= CONN0N/CCST/NYCST, CST (1)
3321a CDHNNN/LKF/LEABSNLFLIRK, LFCOV

*33362 CONMN/CKF/W4FLTFLT (1)
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71 - 7 7. rr .. .l

3340- CONNONIANC/AN(1)
3359= COMON/BDD/BDDW
3369. DIMENSION LD(15),LD(15)_ __ --

3371-- DATA NPLTZNI606I
3389: DATA IEOI,NO/-1,IHN/
339#2 REMIND KLIST
34ff. MRITE(KLIST, Il3i DATE(DIM)JINE DUNI
3419- MRITE(KTERN,115) DATE(DUH),TINEIDUN)
3421- 115 FORNAT'*1',271,# # * C6TP1F * f **/141,
3431z I OPROGRAN TO DESIGN A CONNAN GENERATOR TRACKERO/BX,
3449=z 2 'USING A REGUTOR WITH PROPORTIONAL PLUS INTESRAL CONTROL'/16X,
3451- 3 'AND A KALNAN FILTER FOR STATE ESTINATION.'/281,
3461z 4 'a o * CGTPIF * * #'/I1X,DATE 2 ,AII//,11I,
3479= 5 'TIME : ',Ali///I)
3499: REMIND HSAVE
3491z REWIND KDATA

*3509 NRITE(KSAYE.112) IEDj,NPLTZN
* ~L ~3511Z D if ML..1I--------- J

3529x 11 ID(I)m9
*35312 DO 12 1=1,15

3540c 12 LD(I)m1
3556- LFLRPIsf
33560- LFLCGT-f
3579= LFLKF=f
35"0= LTEVAL9f
35962 LABORT-

361&= ZCB?=9
*3629x ITR~mf

3631- IFLTR-9
3640=I'Cbr-4--------

3659= LFAYAL4

3670- NVCONIN9(NDIN,NfZN)
3689. KOUT4KLIST

4. 3699 KPUNCN.KPLOT
37ff: IF(NMS.GE.NPLTZN) GO TO 50
3711s WRITE 191,NPLTZN
3720- So Tol f
373&= 59 WRITE 192
3740- READ#, tsAN
3753a IFiTSARP.LE.O.) 6O TO 51
37612 NRITE(KLIST,193) TSANP
3771- 193 FORNAT('9GANPLE PERIOD IS ',F5.3o' SECONDS')
3780- CALL SEflIP(NDI~jICGT, ITRU, 11
3793= IFILABORT) I1 0919,M
399OP 199 LADORTa9

*381o= INPLIC9f
3929. WRITE 194
3839a 194 FORNAT('9CONTROLLER DESIGN (Y OR N) )0)

Z39403 READ 111,IANS
, ... 3930= IF(IANS.EG.NO) GO TO 5ff

%**3869: LFLKF.9
3871z CALL PINTX(IPI)
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3880 IF(LABORT) 111,125,10
390- 125 WRITE 115
39ff- 115 FORMAT('9DESI6N REGIPI (Y OR N) >')
3911= READ I11,IANS
3921= IF(IANS.EO.NO) 60 TO 159
3931= WRITE 4ff
3941= 4ff FORIAT('9INCORPORATE IMPLICIT MODEL (Y OR N) )')
3959: READ lilIANS

" 3961= IF(IANS.EG.NO) 60 TO 499
3971= IPLICa!
3981= CALL SETUPINDBLDICST9ITRU,4)
3990- IF(ICST.NE.9) 60 TO 469
4#f= INPLIC=#
4919. 60 TO 480
4121= 460 IF(NPD.E.NNC) 60 TO 460
4630= WRITE 479
4041 470 FORMAT('COMNAND MODEL STATE DIMENSION MUST EQUAL SYSTEM
419a IOUTPUT DIMENSION')

.. .. 4#J6§x LADORT='I

-7- 71= 48 IF(LADORT) 100,49#,106
4190= 49 CALL SREPI(IMPLIC)
49"a IF(LABORT) 1000,20f,1109
411= 159 WRITE 196
4119: 196 FORMAT(IDESI6N CST (Y OR N) )')
4121= READ 11191ANS
4139- IF(IANS.EQ.NO) 60 TO 199
4141= CALL SETUP(NDLDIC6T,ITRU,2)
4151 IF(IC6T) 155,Iff,155
4161= 155 IFLADORT) 110,16910ff

r.. 4171z lit CALL SCOT

418a IF(LABORT) 109,171,101
4190= 179 IF(LFLCST.LE.6) 60 TO 125
429! 2ff LABORTzD
4211s WRITE 117
4221= I9 FORMAT('9CONTROLLER EVALUATION NRT TRUTH MODEL (Y OR N) )')
423# READ lItIANS
4241a IF(IANS.EO.NO) 60 TO 259
4251 CALL SETUP(NDLDIC6TITRUS3)
4261= IF(LABORT) 2ff,261,10ff
427#= 259 LTEYAL.9
4281m 269 CALL CEVAL
4299: IF(LFLCST.EG. 1) LGC6T:1-------- - ---I

4300= IF(LFAVAL.EQ.9.OR.L6C6T.E.#) 60 TO Iff
4310" 270 WRITE 69
4321- 6ff FORNAT(OVRITE PERFORMANCE EVALUATION DATA TO 'SAVE' FILE (Y R N)
4330a +)I)
4341P READ III,IANS
4350 IF(IANS.EQ.NO) 60 TO 1t
4368 ICODEzICODE+.
4371z CALL PFDATAlICODE,ND)4380- INUMsICODE-4

4390- WRITE 665,INUM
* 4412 615 FORNAT(*OPERFORMANCE EVALUATION DATA, NO. '12,',WRITTEN TO 'SAVE

L r_ 441t. +1 FILE')I
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C,.4429=z GO TO 199
S4436z 31 LABORT:9

N V..4449= WRITE INe
4459z I9N FORMAT('9FILTER DESIGN (Y OR N))'
4469= READ 111,IANS
4470= IF(IANS.EQ.NO) GO TO 990
4499=m CALL FLTRK(IFLTR)
4491: IF(IFLTR.El.0) GO TO 900
43002 IFILABORT) 199919510,1919
4519a 519 CALL SETUP(ND,LD,ICST,ITRU93)
45202 IFILADORT) 519,525,1919
4539: 525 CALL FEVAL.-

r 51_5i LAORT) 1900,34499
455 54 LFAVAL:1

456&=_ IF(LGCST.E1)G60 TO 2791 - -

459 - 60 TO 599-
4599= 909 WRITE 19
4591a 199 FORMATV9END DESIGN RUNS (Y OR N) )

4699- READ 111,IANS
461&= IFIIANS.EG.NO) GO TO 199
46292 IF(LFLRPI.Eg.0) G0 TO 1999
46392 NPNiRD#NNPR
4640= ND(1):NPNTS
4659z ND(2)zLKX
4669' ND(3)4XZ
4679c CALL WFILED(4,NPNTS,NDRPI (LKX))

*4699: WRITE 113
469ix 1IN9 CONTINUE

iA4700n WRITEI(LIST,119)
4710m REWIND KSAVE
472§x REWIND KDATA
4739= REWIND KLIST

* 4740: WRITE 119
475fx 191 FORMAT(9INSUFFICIENT HENORY ISYSMTXI, NEED: 4,14)
4761z 192 FORMAT(IENTER SAMPLE PERIOD FOR D161TAL CONTROLLER )

*4770m 119 FORMAT(9PROGRAN EXECUTION STOP')
479z III FORMAT(A3)
4799= 112 FORHAT(214)
4999:z 113 FORMAT(6X,'RE6/PI GAINS WRITTEN TO 'SAVE' FILE-)
4919: RETURN
482&=C END SUBROUTINE CSTIQ
4839z END
4949= SUBROUTINE SETUP(NDLD, ICGT, ITRU, ITYPE)
489., DIMENSION NDI1),LD(1)
4860= GO TO (1 591)ITYPE
4879= 19 CALL SDSN(NDLD)
4000z RETURN
499 15 CALL SCMD(NDLDIC6TITYPE)
4999: RETURN
4911z 29 CALL STRTH(N,LD,ITRU)
49212 RETURN
4939uC END SUBROUTINE SETUP
4946a END
4950a SUBROUTINE SDSN(NDLD)
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4969z COMON/ESISN/NYCH, TSAN, LFLRPI ,LFLCGT, LFLICF, LTEVAL, LABORT
497#z CONOSYSU/NVS, so(1)
4980- COMNONZMTI/NVZM,ZM1(1)
4991z COMMONIZMTX2/ZN2 (1)
Slop= COMO/NDIND/NND,9 NRD, VPD, NOD, NDD, NND, NNDD, NPLD, NVPNWD, NNPR
51& DIMENSION N9(1),LD(1)
5129z NSIZEz9
mix9 CALL RSYS(SN,L,NDINSIZE)
5141m IF(LABORT.8T.1) RETURN
5959= NSIZE4IPR
506&= IF(NPLD.ST.NSIZE) NSIZE:NPLD
5070- NSIZE:NSIZE#NSIZE
5999= IF(NSIZE.LE.VCON) 60 TO 5
5902 WRITE 101,NSIZE
516#= 191 FORNAT(VINSUFFICIENT MEMORY IMAINII,INAIN2I,IZNTI,IZNT12/, NEED
511&= 1: ',141
512&= LABORTNSIZE
5139= RETURN
51402 5 IFINRD.EO.NPD) 60 TO 1f

%J5159= WRITE 192
5161W 192 FORHT(9NUMBR OF INPUTS AND OUTPUTS MUST BE EGUA FOR DESIGNO)
51792 LADORT-1
5189= RETURN
31992 11 CALL DSCRTD(LD,ZN1,ZM2)
5299= RETURN
321&=C END SUBROUTINE SDSN
522P= END
32309: SUBRUU1JE DSCRTDLDlNIZX2)
5249= CONION/NAINI /WNI, NDIMI, CORI (1)
52 CJMIINDESJGNINVCU, TSAN,LFLRPILFLCGT,LFLKF,LTEYAL,LAORT

5269=1 COMMO/FILES/KSAYE, KDATA, KPLOT, KLIST, KTERN
* 5270= CMMEN/SYSNTIINYSN,SN(1)

5289= COMHO/NDID/NND,NRI,NPD,MUD, NDD, MMD, NUDDNPLD, NNPMD, NNPR
5290= COMM/LOCD/LAP,LP,LPI,LBD,LEI,LPND,LALQN,LODLCLDY,LEY,LNP,LR
5399= COMON/DSNT/NVDNNODYNOEY,DM( 1)
5319= COMMONLF/LEADSN, LFLTRK, LFCOY

5330- DIMENSION LD(1),ZM1I)pZM2C1)
5349x NDIMmNPLD
3351Z NDIMIzNDIMGI
5369 CALL POLES(SN,NND,1,1M1,ZM2)
5379= DO 1 I=1,NND
5389z I IF(ZM1UI).BT.9.) LFLCST--1
5399=2 CALL TFRNT(SN,DVINNDNND,2)
5499= LAPa1
541&= LP.LP+NPLD#NPLD
5429=r IF(NUD.EA.9) GO TO 5
543&= CALL TFRMTI (SM(LD(4)) ,DU(LGP) ,NND,NWD,2)
5449= 5 IF(NID.Eg.0) 60 TO It
5450= L1zLABBR(NPLDN,1,1)
5469= L2LADDR(NPLD,1,NND+1)
547#2 L3zLADDR (NPLD, NND+1 , ND.1)
5499a CALL ZPART(DN(LI),NDDvNND,NPLO)
5499= CALL TFRMTX(SN(LD(3)),DM(L2),NND,NDD,2)

D-20



5599a CALL TFRMTX(SII(LD(12)),DN(L3),NDD,NDD,2)

5529: LI=LI+LBP-1
5539: CALL ZPART(DN(L1),NDDNUD,NPLD)
5549: 9 L2LADDR(NPLI,,WD+1)+L&P-1
5550= L3=LADDR(NPLD, mN+i ,ND+1 )4LGP-1
3569. CALL ZPART(OflL2),NND.NVDqNPLD)
5579- CALL TFRPTX(SNILD(13)),DNtL3) ,NDDNNDD,2)
5589x If LPIsLBP-NPLD#"PND
55992 LEADSNI1
5699= CALL NDSCRTIDN,NDINoNT)

* 561W CALL DSCRT(NPLDDIITSANP,FLTZNI,NT)
5629=- LFLTRK-LEADSN4NPLD*NPLD
5639= CALL TFRNTI(DN(LPNI),FLT,NNDNND,1)
5640- LBD=LPH!.NNDINND
5659= CALL TFRNTI(SNgZN1,NND,NND,1)
5669=1 CALL FIIUL (SN, SN U (2)), NND, ND, NRD, DN(LMOM
5670- LEXxLDD+NND*NRD
5609= IF(NDD.El.9) 80 TO 15
56918 LI.LADDR(NPL,1,NUD41)
5700a CALL TFRNTX(DN(LEX3,FLT(LI),NND,NDD,1)
5719= LPHD=LEX.NNBNDD
572lx L1.LADDR(NPLDNND4I,MD+1)

* 5730- CALL TFRflT(DN(LPD,FLT(L1),NDDNBD,1)
3740- LO-LPHDND*NDD
57W9 60 TO20
5769z 15 LG:LEX
5779z 29 IF(NUD.Eg.9) 60 TO 25
5799. CALL FTNTN(SN(LDI5))qDI(L9),NUD,NOD)

- ..- 57905 LQNBLD+NU#MI
5899s 60TO 28
58118 25 LGNmLG
5929a 28 IF(NUD.E9.9) G0 TO 33
583&= CALL FTNTII(SN(LD(4 ,DN(L9N) MNOD, NOD)

4 584#x LOD-LQH44ND9.NID
58W9 60 TO35

-p58692 33 LQD2LGN
5870a IF(NNPNNO.6T.1) 60 TO 35
5889= LCmLGD
5699= 60 TO36
59Ux 35 CALL QDSCRT(DNILI),DH(LGN),ZN1,ZN2)
5919. LCxLRU.NPLDWLD

S.5920= 36 LDY*LC+NPD#NN
5939. LEY2LDY4NPD*NRD
59412 LHP.LEY4WD*NDD
5959= LRKLHP.IIID*NPLO
5969= L1.LRGNNND -LC
5979- CALL FThTX(SN(LD(6)),DR(LC),L1,1)
59992 L1.LEY-1
39902 NODY1
6991. DO 49 1:rLDY,L1
601#- IF(DN(I)..) 60 TO 49
6121x NODY.9
6939. 60 TO 45

D-2 1

-A~~~.. %. ... ...-*.-. ---.. *.-*- ... '. .* *. .*** . I ... 4



61496- 49 CONTINUE
6959. 45 NOEYIl
6161= IF(ND1.LT.I) 60 Ta 55
6079P LiIP-l
60892 DO 59 IxLEY,L1
6999. IF(DN(I).EG.l.) GO TO 59
b19ls NOEYx9

61202 59 CONTINUE
6139. 55 CALL NATLST(DNILPHI),NND,ND,'PHItKLIST)
614P= CALL NATLST(DN(LBDO ,ED,NRUW, 8,KLIST)

F6139. IF(NWNULGST.0) CALL MATLST(DN(LGD),NPLDNPLDDD9,KLIST)
6169a IF(NND.GT.l) CALL MATLST(DN(LHP),NHD,NPL,HA',KLIST)
6179a IF(NDD.EL9f) RETURN
6191a CALL NATLST(DN(LEI),NNDNDD,'EXD',KLIST)
61912 CALL NATLST(DII(LPHD) ,NDD,NDD,'PIM,KLIST)
6299 RETURN
62102C END SUBROUTINE DSCRTD

4.6229= END
6230c SUBROUTINE ODSCRTWUqZN1M~2)
6249. COIION/NAINI/NDIN,NDINI,CONI (1)
6259. CONNNDES1GNlNVCON, TSWN, LFLRPI, LFLCGT, LFLKFLTEVAL, LABORT
6260a COMMON/NDIND/NND, NRD,NVD, NND, NDO,NWD,NODD, NPLD, NNPNVD, NNR
6279. CONIN/LCD/LAP,LP,LPHILBDDLEI,LPHD,LgLGN,LOD,LCLDYLEY,LHP,LR

-~ ~ 62802 CONIIO/DSNHTX/NVDN,NODYNOEY,DN( 1)
6299z DIMENSION G(1)qGN(1),ZM1(1),1N2(1)
6389 IF(NVD.EQ.l) 6O TO 5
63100 CALL TFRflT1(,2MI,UrDND2)
6329a 5 IF(NNDD.EG.I) 60 TO 19
6339. LiaLADDR(NPLD,NN9=,UD41)
6349. CALL TFRNTIIIN,ZN1(L1),UDD,NNDD,2)
6359. IFINU.E.l) 60 TOlIt
6369.C LI=-LADDR(NI,NNDGI)
6370a CALL ZPART(ZNI(LI)tNNDD,NPIJ)
6389. L1lAIDR(NPL,NND1, 1)
6399. CALL ZPART(ZNI(LI)NWtDNVDN1 LD)

4.6401a It CALL NAT3(NPLDNN1I,DN(LBP)qZJII,Z12)
1~ 6419. CALL INTEG(NPL,DN(LAPIZN2,DN(LGD) ,TSANP)

6429x RETURN
64312C END SUBROUTINE QDSCRT
644#x END
6450a SUBROUTINE MD134MBLD ICIT ITYPE)
64692 CNNO/DESIBN/NCN,TSAN,LFLRPI,LFLC6T,LFLKF,LTEYALLAORT

6489a C0NUON/9SNTZ/NVSN, SRI1)
6499. CONNO/ZNTI/NY VIZ, Ii (1)
6599. COHHN/ZNT2/1N2 (1)
6519. CONNO/NDIND/NNDNRD,NPD, NND,NDD, NND, NMDD, Ph,NNPNWD, NPR
6521a COMN/NDINC/NNCNRC,NPC
6539. CONNN/CMDNTX/NVCN, NENCN, NODC CM (1)
6540a CONNON/LREPI/LXDW, LUD,LPHCL, LKX,LKl
6559. COMON/CREPI/NYRIPI (1)
6569= DIMENSION ND(1),LD(1)

4-6579. DATA N1HN111
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6599-- IEKI11,N

6"49 1 IANS.E9.NO GO TO 8
6659 CAL REAS(SN,ND,491ERR)

6671a LKI=NI(2)
66W9 LKZ4D(3)
6693a CALL FTNT(SNRPI(LX),NSIZE,1)
673= IF(IERR.NE.0) RETURN
6710a CALL MATLST(RPI CLKI) ,NRDNND, KI',KLIST)
6720- CALL NATLST(RPI (LK1Z) ,NRD,NRD, KZ',KLIST)
6739= LFLRPI-1
6740- So TO I9
6759=9 IF(LFLCGT.GE.0) G0 TO 9
6769= WRITE 103
6779= 163 FORNATV'SYSTEN UNSTABLE -- OPEN-LOOP CST NOT FEASIBLE)
6796z RETURN
6790m 9 IKisi

ba1ls NSIZEsNRDMND
82= CALL ZPART(RPI(LICI),19NSIZE,1)

6931= 1t IF(ICUT.EL9f) GO TO 12
6349= MRITE Joe
695W 199 FORNATIO MODIFY COMuMANODEL (Y OR N) )0)
6869= READ 1l1IANS
687P= IFIIANS.ELMO) RETURN
6880- 12 CALL RSYS(SN,LDND,291CGT)
691a IF(LABDRT.NE.1) RETURN
6999= REVCH.!
6910a CALL POLES(SNNIIC,2,ZN1,1M2)
6929- IF(NPC.EQ.NP0) 90 TO 15
6939 WRITE 194
6940a LABORT-1
69598 RETURN
6969 15 CALL DSCATC(LDqZM1)
6970a 192 FORNAT(' READ REG/PI GAINS FRON 'DATA' FILE (Y OR N) )
6900a 134 FORNAT(OICOUAND AND DESIGN MODEL OUTPUTS NOT DUAL IN NUMBER')
6999= 111 FORNATMA)
7933- RETURN
7010=C END SUB ROU TINE SCND
7929- END
7033s SUBROUTINE DSCRTCILD,ZNI)
71492 COMHON/MAINI/NDIMNDINICOMI (1)
7359= COMIIN/DESISN/NVCON, TSANP,LFLRPI qLFLCGTLFLKFLTEYALLA9ORT
706#x CONNONIFILESIKSAYE, KOATA, KPLOT, KLIST, KTERM
7V#-= COMMO/SYSNTI/NVSNSN( 1)
7980- CONMON/NDIMC/NNCNRCINPC
7399= COMON/LOCC/LPHCgLDDCLCC,LDC

4 ~7103- COMMON/CNDNTX/NVCM,NEWCM,NODCCN(1)
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7111z= =IESO LD(1),ZN1(1)
''- 713= NIN1NDm.

7149a CALL NDSCRT(SN,NDINqNT)
7159z CALL DSCRT(NDINiSN,TSAII,CM,1N1,NT)
71692 LPH~xj
7171m LDMUMNCNNC'NNC
7198. CALL MIN ZN19SN LD (2)),NWIN,NWIN, NRC, CN (19DC))

4 7193. LCC=IJDC.NNCR
7299' LDfLCpCsuC
7219x L14LDCNPC*NRC-LCC
7229' CALL FTNT(SN(L(3)),CN(LCC),LI,1)
7239a NODCX1
724#x LzL1LCC-I
725P- 10 It J=LDC,LI
7260z IF(CNII).Egl9.) 6O TO 11
7279. NODC=9
72M9= G0OTOl15
7296z 19 CONTINUE
731P' 15 CALL NATLSTCMNNCMN,'PHNjKLIST)
7311a CALL NATLSTC(LBDC,NNCNRC,'BDDN,KLIST)
732to CALL NATLST(CNILCC),NCNNC,Clr,KLIST)
7339' CALL NATLST(C(LC),NPCNRC,-D',KLIST)
7340. RETURN
T39= END SUBROUTINE DSCRTC
7369 END
7379z SUDROUTINE STRTH(ND,LD,ITRU)
7389= CONHO/DESIGNMoHSM,LFLRPILFLCST, LFLKFLTEYALLADORT
73902 CONNONSYSNTX/WNSHN(1)
74W-. CONO/ZNTIINYZN, ZN1(1)
7419 CONNONIZNT12IZN2(1)
7429= COmMO/NDIND/NND,NROD,DNNDDDNND, NWD, NP.NNPNNDI NNPR
7439a COIUON/NIIT/NT, NRT,NMT, NUT
7449. DIMENSION ND(1),LDI1)

-'745ft DATA NO/IHN/
* 746&. IF(ITRU.EA.1) 6O TO 5

7476- WRITE 193
748&= 103 FDRNAT~o MODIFY TRUTH MODEL (Y OR N) )0)
7490a READ 111,IANS
7599 III FORMAT(A0)
7519' IFIIANS.E2.NO) 80 TO 29
7520- 5 CALL RSYS(SNLDIND,3,ITRUfl
7531s IF(LABOR7.6T.f) RETURN
7549. NSIZEwNNTINNT
7559a IF(NSIZE.LE.NVCON). GO TO 8
7560. WRITE IIIINSIZE
7573. 111 FORNAT('9INSUFFICIENT MEMORY IMAINI,/MAIN2I,IZMTIIIZNTX2I, NEED
7589= 1: '912)
759&. LADORTaNSIZE
7693. RETURN
7616a S IF((NRT.EI.NRD).AND.(NMT.EQ.NMrn) GO TO 19
7629= WRITE 192

-. ~ .$ ~7630s 192 FORNAT(IINPUTS AND MEASUREMENTS MUST DE EQUAL IN NUMBER FOR DES16
7649' IN AMD TRUTH MODELS')
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Mon9 LABORT-1
*. .~7669x RETURN

7670m 19 CALL P0LES4SH,NNT,3,ZN1,ZN2)
7699. CALL DSCRTT(LDqZMI)
7691z 21 LTEVAL-1
7709a RETUIRN
771K= END SUBROUTINE STRIII
7720- END
713n SUBROUIIE DSCRTTILD,ZNI)
7740a CONNN/AINI/NDIH,NDINICON1 (1)
7750a CONNON/DESIGN/NVCONTSAPLFLRPI, LFLCST, LFLKF,LTE VAL, LASOT
7760a CON/SYSNTI/NVSN, SH 1)
7771a CONNON/FILES/KSAYEKDATAKPLOT,KLIST,KTERH
7799. COMNOUIINDNND, NRD, NPD, END, NOD, NND, ND NPLD, NNPND, NPR
7791a CININD INT /NNT INRT q NNT 9 NNT
7999z: COHHONLOCT/LPHT,LBDTLGDT,LHT, LRTLTDT,LTNT
791#x CONNONTRUNTIINVTN,TN9(1)
7929z DIMENSION LD(1),ZN1(1)
7831a NDIMT
78412 NDINI=NIN.1
765&= CALL NDSCRT(SN,NDIIINT)
7969. CALL DSCRT(NDIHSNTSAN,THZNINT)

-. 7879= LPHTmI
7999. LBDTZLPHT4NNT*NN
7991a CALL MNUL(ZR1,SH(LD(2)),NDIMNDIN,NRTTN(LBDT))
7Mon LGDTzLBDT4IUT*NRT
7911z IFINNT.GT.1) 60 TO 19
7920a L14T4.QDT
7930a 9070O15
794&= 19 CALL HAT3(NIN,NTSN(LD(3)),SN(L(4)),ZN1)
795& CALL INTEG(NINSNZN9Th(LGDT),TSANP)
7969= LNT2LQDT.NNT.NNT
79792 15 LRT*JIT4IUIT*NT
79802 LTDTzLRT44INT'NN
7999. LTNTaLTDT+NNDNNT
9999s LI=LTNT+NDNT-LNT
9oltz CALL FTNTI(SNILD(5)),TN(UIT)qL1,1)
9029= CALL NATLST(TNNNTNNT,'PHT,KLIST)
8939= CALL NATLST(TN(LDIT) ,NNT,NRT, BDDP,XLIST)
9949. IF(ET.BT.9) CALL NATLST(TN(LDT),NT,NNT'QDTgKLIST)
Mon9 RETURN
BOW69. END SUIROUT INE DSCRTT
80970- END
9se9 SUBROUTINE PINTIEIPI)
1998 CONO/AININDINNDINICONI(1
9lue COHM/DESIGN/WNV TSW, LFLRPILFLC6T, LFLKFLTE VAL, LADORT
elite CONHW/FILES/KSAVEKDATA,KPLOT,KLIST,KTERN
9129. COIUIO/ZNTII/NYNVZN11)
913#2 CCMINOZNT2IZN2( 1)
9149= COPN/NDIND/NN),NRDNPD, MMDNDD,ND, NDD, NLD, NWPNND, NNPR
9159= CCONN/LOCD/LAPLGP,LPNI,LBD,LEILPHD,LG,LQN,LGD,LCLDY,LEYL4PLR
9161a CUNHON/DSNNTX/NYDNNODYNOEYDH(1)
9170a CONNON/LCNTRL/LP1,1LP112,LP121,LP122,LPHDL,LDI
918on COHHON/CONTROL./NVCTLCTL(I)
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8 199: IF(IPI.EL.1) RETURN
8299: WRITE(KLIST,119)

-9219: III FORMAT(////11X,516" @)p8CONTROLLER SET-UP6,5(s *')III)
8229a NDINZNNPN

'. -. 8230a NSIZEzNDIN*(2#NDIN.NPD)
9240a IF(NSIZE.LE.NYCTL) 90 TO 19
9259 WRITE 111,NSIZE
926&. 191 FORMNA(INSUFFICIENT NENORY /CONTROL/, NEED: 8,14)
9279. LABORTzNSIZE
828&' RETURN
9291a 1t NDINI.NDIN+I

N..8399& IPIliZI
* *~ 9310a LPII22P111NND*NND

9329x LP121'LPI12.NNDNRD
9339 LP122LP12141PD.NND
9349: LPHDL*LPI22NPD*NRD
935011 CALL TFRNTI(DN(LPHI) ,ZN1,NND,NND,2)

'C 360- CALL SUB! (ZN1,NND,NDUI)
9379: L2-LADDR(NDIN,1,NND+1)
9389w CALL TFRNTX(DN(LJD),ZNI (L2),NND,NRD,2)
8399. L3.LADDR(NDIN,NND*1,1)
8499. CALL TFRKII(DH(LC),ZN1 (L3),NPD,NND,2)
8416- L4-LABDR(NDINNND,.1,NND.11
9420a CALL TFRNT~iDNILDY),1M1 (L4),NPD,NRD,2)
9430- CALL GNINV(NDIIINDINqlN1,1N2,NRq1)
944&: IF(M~.EQ.NDIN) 60 TO 15

C8459- WRITE 1920 8460- MRJTEMKLST,19021
9471a 192 FORNAT('P1 MATRIX IS RANK DEFECTIVE*)
9489. 15 CALL NATLST(ZN2,IIIPRNNPR,'PI',KLIST)

9499: CALL TFANTIICIL(LPIII),1N2IUD,NND,1)
930913 CALL TFRNTI (CTL (LPI 12) ,ZN2 (L2) ,NNDNRD, 1)
851#33 CALL TFRTX(CTLILP2),ZN2(L3),NPD,NND,I)
952&: CALL TFRNXI(CTL(LP122) ,ZN2(L4) ,NPUNRD,1)
8539. CALL CDIF
8540- Mal.

'18 55021 RETURN
85bK: END SUBROTINE PINT!
9570- END
9599.1 SUBROUTINE CDIF
9599. CONNNININI/NDIN,NDIN1,CONI (1)

Cf....'9699. CONNON/NDINDIND, MAD, NVD, MNlD, NDD, NWD, NNDD, OPLD, NUPNWD, NNPR
9619.f COINOMLCD/LAP,LGPLPHILBDLEILPHD,LQLOgLgDLC,LDY,LEYLHPLR
8629m CONNO/D9NNT/MVDH,MODYNOEYDM(1)

* 9MI9 CONINN/LCNTRL/LPIliILPII2,LP12I,LP122,LPHDL,LDDL
9649. COHNN/CCNTROLNYCTL, CTL (1)
9659. CALL TFRIITX(DM(LPHI),CTL(LPHDL)j NNDNND,2)

*96692 LI.LADDR(NDINM, 1,D1)LPHDL-1
9679a CALL TFRNTI(DN(LBD),CTL(L1),MD,NRD,2)
9689. LI.LADDR (MDIII, ND+1, 1).LPHDL-1
9699. CALL ZPART(CTL(L1) ,NRD,NMDNDIN)
9701z L1*LADDR(NDIN,NND*1,NND.1).LPHDL-1

~ v-/8719z CALL IDNT(NRDCTLILI),1.)
9729x LBDLxLPNiDL.NDIN'MDIN
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8730- CALL ZPARTICTLILDDL),NN9,NRB,NDM)
1-*. 74#z LI=LADDR(NDIN,NND41,1)+LBDL-1

0751= CALL IDNT(NRDICTLILI),1.)
9760a RETURN
877faC END SUBROUTINE CDIF
B896 END
87W9- SUBROUTINE SRESPIIJNPLIC)
Be##- COHNON/MININDI,NINI,CII1 (1)
8919= CONNON/DESIGN/NVCON,TSAN,LFLRP! ,LFLCGT, LFLKF, LTEVAL,LADCRT
8820m CONNN/FILES/KSAYE, KOAlA, KPLOT, KLIST, KTERN
Bow9 COMON/SYSTX/NSN,SN(1)
8849' CONNON/ZNTI/NVZN, ZN! (1)
8830= COMBO/ZNT12/ZN211)
8860- CONION/NDINDINND,NRD,NPD,NND,NDD,NWD,NNDD,NPL),NNND,NNPR
9870-- CORNON/LCNTRL/LPIII,LP112,LPI21,LP122,LPHDL,LBDL
sea#- COHNON/CGUTR0L/NVCTL,CTLfI)
8891Z COMNON/LREGPI/LXDW, 11DN, LPHCLLKX,LKZ
89002 COIWION/CREGPI/NVRPI,RP!(1)
8919= VR!TEII(LIST,119)
8921a 119 FORNAT(///I,5(04 K~qRE8/I DES16N595(0 *01/Ill)
9931: NSIZEzNR9'4NRD.NNI IR#NNPR
894#z IFINSIZE.LE.NVRP) 80 TO 3
0951Z WRITE 111,NSIZE
89608 111 FORNAT121INSUFFICIENT HENDRY /CREGPI/, NEED: ',14)
8979 go To a
9980n 5 NSIZEaNWR*(3#NNPR.MtO)
9999: IF(NSIZE.LE.NVSM) G0 Ta If
9991= WRITE 192,NSIZE
911a 162 FORMAT(O#!NSUFFICIENT HENDRY /SYSNTII, NEED: 6,14)
9029a 9 LABORTNSIZE
MI3S RETURN
964#z I6 LlI
9169 LULX.NNPRINNPR
906&= CALL MVSISNILX),SNILUI CON! ZN! 1M2,IMPLIC)
9671a LUISTLUNPR#NRD
9681 LPIPoLUIST+NNPR# WPR
Mon1 CALL PxUPICTL(LPN), CTL (LD) , SI(LX), SKU), COMI, ZN2,
910&= 1 SNlLUIST),SNfLPHP),SN(LU,ZH1)
9111m CALL DRICINDIMS(LPP),Z12,S(LI),ZNI,RPI(LPIICL))
91262 CALL GCSTAR(I ~lPCTL(LBOL),SNILU),ZNI,SN(LUIST),SN(Lfl,1M2)
913#8 CALL TFRNTX(ZNI,SNILX),NR09NDIN, 1)
9149z CALL FMIWL(ZNZ,CTL(LPII1),NRO,NND,NND,RPI(LKI))
9M5X L1=LADDRINRO, 1,NND.1)
91602 CALL FMMIL(ZN1(Ll),CTL(LPI21),NRO,NRDNNO,ZN2)
91712 NDIII4D
9189= NoIN1'NnlN~l
91912 CALL MAD1(NRDNNDRPI(LKI),ZN2,RPIILKX!,1.)
929a CALL FMU(ZNI,CTL(LP112),NRD,NNDNRD,RPI (LKZ))
92102 CALL FNAMINILI),CTL(LP122),NRONRO,NRD,2N2)
9229z CALL MADD1(NRD,NRDRPI(LK1),ZM2,RPI(LKZ),1.)
923&= CALL MATLST(RPI (1!) ,NRDNND, KX1,KLIST)
924#2 CALL NA4TLSTIRPI(LXXUghRD,NNK1311(TERI)
92512 CALL MATLST(RPI(LKZ),NRD,NRD,'KZ'.KLIST)
9269=s CALL NATLST(RPIILKZ),NRDNRD,'KlaKTERM)
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%7k.V- -- --

9270a LFLRPIIl
929#x LFLCGT'9
9290a RETURN
93 W C END SUBROUTINE SREGPI
9311- END
9321- SUBROUTINE WIUS(I U.SZNiZN2,IMPLIC)
933#' Com NI ~/ NDIMN NINI, CONI1 (1)
9349 COMOIDSIGNINVCUTSAMPLFLRPI ,LFLCST, LFLKF, LTEYAL,LABORT
9359. COMNIFILES/KSAYE, KDATAICPLOT, KLIST, KTERN
9360' CONON/SYSNTI/NVSNSN( 1)
9370- CDNNONINDIND/0NDf t NOD, N1, NDNDpODD? WLD, NOPNO, NNR
9339 CONM/NLOD/LAPLGLPNI ,LID, LEX, LPHD, LGLQU, LGD,LC, IDYLEY, LNP, Ii
9390a COMNON/DSNNTI/NVDN, NODY,IN3EY,DN( 1)
9499 CONNN/LCNTRL/LPIIgLPII2,LPI21,LP122,LPIDLLDL
9419. COMIONICONTRGL/NVCTLCTLQ()
9420a COMON/LRE6PI/LXDWLUDWLPHCLLKXLKZ
9431z CONHNICREP/NVRP[, RPI (I)
9449' DIMENSION 1(1),Ul1),S(1)ZN1(1),ZN2(1)
945W- DATA NO/IHN/
9461= IF(IMPLIC.Eg.1) GO TO 2

9419.2 - CALIPEMN - -

*949a 5 LXDW'1
9509' LUDW'LIDN'2*NROH
9519= LPHCL.LUDW.NRDINRD
9526- LKX=LPHCL.NNPRt*NWPR
9530' LKZ'LKX+NRD*NNDW9m49' LILLPHCL-l
9559' CALL ZPART(RPI,1,L1,1)
9561-- I9 LUXzNRD*UD~l
9570.1 WRITE I#,P
9590- 191 FORNAT(m ENTER WEIGHTS ON OUTPUT DEVIATIONS: 0,12)
9599' CALL RGGTSRPI,NPD,9)
9699 WRITE 192,NRD
961f- 192 FORNAT(l ENTER WEIGHTS ON CONTROL MAGNITUDES: 8912)
9629' CALL RQWGTSIRPI(LUIl),NRD,1)

* *9639.1 WRITE 193,NRD
96401t 193 FORMIAT(' ENTER NEIGHTS ON CONTROL RATES: *,12)
9659= CALL 0906TS(RPI(LUDO),NRD,1)
966#' CALL HATLSTlRPINPD,NPD,-Y',KLIST)
9679a CALL DVCTOR(NPD,RPI,1M1)
9689' CALL MATLST(ZMI,NPD,1,'Y-tKTERM)

"C9699' CALL DVCTOR(NRDRPI(LlUI),ZM1)
9799 CALL MATLST(ZNI ,NRD,l1, INqKTERM)

*97102 CALL NATLStlRPI (LUX) ,NRD,NRD, UN51KLIST)
9729' NDIMNNPR
9731. NDIM1'NDIN+1
9749a CALL FORNX(RPIRPI(LUX),DM(LC),DM(LDY),ZN2,ZMICOM1)
9751a NRITE(KTERN, 194)
9769 194 FORNAT(9miODIFY ELEMENTS OF XI MATRIX (Y OR N) >0)
9779' READ 111,IANS

9799m III FORNAT(A3) G O2

.419999' WRITE(KTERN,195)
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9919: 115 FORMAT(a LIST FX' MATRIX TO TERMINAL (Y OR N) >4)
SI 9m25 READ 111,IANS

9930= IF(IANS.ED.NO) 6O TO 12
9841-c CALL MATLST(ZM2,NNPR,NNPR, P',KTERM)
9951z 12 CALL ZMATIN ZM2, NNPR, NKPR, -1)
98611- 29 CALL NATLST(1M2,NNPR,NNPR,I,-KLIST)
9971- CALL NATLST1RPI(LUDWE,NRDsNRD,'URqKLIST)
99902 CALL DVCTOR(NRD,RPI(LUDW),ZN1)
999 - CALL NATLST1ZH,D 1,Z,KTERN)- - - -

90- IF(INPLIC.EQ.0) 90 TO 269
9"lo: CALL NODIFX(1N2)

!9920a 260 CNTINUE -- -

9940-- CALL NSCALE(ZKIZM2,NDIN,NDIN,Tl)
99W9 CALL DIA6(NIIN,CONICTL(LPHDL),1.,1.)

* ~~99602 CALL MAT3A(NDINNIMCNIZN1,X)___
N ry,79= CAL NAT3A(NR,NDIN,CTL(LBBL),1M1,U)

9995= CALL MAT4AWO1Nl, lN,NDINNDIN,ZN2)
9999: CALL MML(ZM2,CTL(LBL),NDIN,NDIN,NRD,S)

'N 19995 CALL TFRNTX(RPI(LUDW),ZM1,NRDNRD,2)
g91010 - CALL NADDI(NRD,NRD,U,ZMI,9U,TSAMP)__ _

lots25= fETUir - - - - - _-

10035=C END SUBROUTINE NIUS
19940m END

* 1955=- SUBROUTINE FORNX(gYgRY,C,DX,Z1,Z2)
19969: COMNONINIIND/NNDNRD,NPD,NMD,NDD,NND,NNDD,NPLD,NNPNND,NNPR
16170z DIMENSION OY(1),RY(1),C(1),D(1),I(1),ZI(1),Z2(1)
19989= CALL FMNULWY,C,NPD,NPD,ND,11)
11909 CALL FTIKIC,ZI,NPD,NND,NND,Z2)
110#: CALL TFRNTXI12,INND,NNDl2)

y. 19115 L14ADDR(NNPRNN=1,NND.1)
*119121= CALL TFRMTI(RY9I(LI)gNRDoNRD,2)

101308 L2-LADDR(NNPRNND+1,1)
16145= IF(NODY.ED.#) 60 TO 5

11302 CALL ZPART(X(L2J,NRDgNND,NNPR)

19170z 5 CALL FTMUL(D, Z1,NPDgNFD,NND, 2)
11919 CALL TFRNTX(12,1(L2),NRDgNND,2)
19190- CALL FNMUL(Y,D,NPDINPD,NRD,Z1)
11210- CALL FTML(D,Z1,NPDNRD,NRD, 22)
19210- L2=0
19229x DO 12 Ix1,NRD
102302 LIaLADDR(NNPRONND.1,NND+l)
11249a DO 12 Jz1,NRD
11250m 11=1141
10260- L2sL2+1
10270a X(LI)zX(L1)+Z21L2)
19289: 12 11:1141
19290a 15 DO 29 I.1,NND
10300- L1LADDR(NNPR,NND+11)
113102 L2LAD DR (NNPR,1, NND+1)
19329- D 0 Js1,NRD
193302 l(L2)zX(L1)
10349- LlzLlI1
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L N11330= 29 L2aL2+NNPR
193602 RETURN
10371--C END SUBROUTINE FORMX
19399= END
1#390-= SUBROUTINE PXUP(PHIDL,BDEL,X,U,S,BUIBT,UIST,PHIP,XP,ZN1)
11499= COMMONIMAIN1/NDIN,NDINI,CON1 (1)
1141#- CONNON/NDIND/NND,NRD,NPD,NND,NDD,NWDNNDD,NPLD,NNPNND,NNPR
19429s DIMENSION PHIDL(1),DDEL(1),Itl),U(1),S(1),BUIDT(l),UIST(1),

1949= P Pj)jZNI(I) - - - - - - - - - -r1 352 CALL EQUATE(PHIP,U,NRD,NED)
,J4411- CALL 6NINY(NRD,RDPq I,,jM- -

16459. TALL iAT3(NDIM,NRD,IDEL,1N1,DUIDT)
11469= CALL HAT5(ZNI,S,NRD,NED,NDINUIST)
10479= CALL MNUL (DDEL,UIST,NDIN,NRD,NDIN,ZNI)
19489z CALL NADDI(NDIN,NDIN,PNIDL,ZN1,PHIP,-1.)
19490= CALL MMUL(S,UIST,ND!N,NRD,NDIN,ZflI)
10500= CALL MADDI(NDIM,NlIN,I,ZNIIP,-1.)
19519= RETURN
10520--C END SUBROUTINE PIUP
105312 END
1954ts SUBROUTINE 6CSTAR(PHIP,BDEL,U,RK,UIST,GCS,ZNI)
1955#Z COMMONNAINI/NDIN,NDINI,CDNI (1)
11569 CONNO/FILES/KSAYE,KDATA,ICPLOT,KLIST,KTERN
11571z COMNN/NDIND/NND, NRD,NPD,NND, NDD, NND,NNDD, NPLD, NNPNWD, NNPR
11599 DIMENSION PHIP(1),DDEL(1),U(1),RK(1),UIST(1),GCS(1),ZMI(1)
19599= CALL MAT3A(NRD,NDIN,BDEL,RK,ZNI)
19600= CALL NAD1(NRD,NRD,ZNIUZN1,1.)
106108 CALL GNINY(NRD,NRDZNI,U,NR,1)
10626z CALL MATS (U, DDEL9 NRD, NRD, WOIN, ZIf)
19639= CALL RAT1(ZNI,RK,NRDNDIN,NDINGCS)
196402 CALL NNUL (GCS, PHIP, NRDINDIM,NDIM, ZH1)
19659= CALL MADD(NRD,NDIN,ZNIUISTGCS,1.)
19669= WRITE(KLIST, 191)
1#671x I91 FORMAT(9REG/PI GAIN NTRIX--GCS"/)
1690= CALL NATIO(GCS,NRDNDIM,3)
19699= RETURN
11799C END SUBROUTINE 6CSTAR
10719z END
10720= SUBROUTINE SCOT
10730= CONNO/DESIGN/NYVCNTSANP,LFLRPI ,LFLCGT, LFLKF,LTEVAL,LABORT
1674#- CONMON/FILES/KSAVE, KDATA, KPLOTKLIST,KTERN
1975ts COMNON/ZMTX I/NYZM, ZHI (1)
1176#x COMMONIZNTX2/ZN2(1)
10779= COMNON/NDIND/NND,NRD,NPD,NIID,NDD,NWDNNDD,NPLDNWPNND,NNPR

~~ 19799= COHMN/BNIC/NNC,NRCNPC
11799= CONNON/CNDNTI/NYCMNEWCMNODCCM( 1)
1192 CONMON/LRE9PI/LXDW,LUDW,LPHCL,LKXLXZ
19919= COMN/CREGPI/NYRPI,RPI(1)

'S10829= COnNON/LCOT/LAl1,LA13.LA2l,LA23,LA12,LA22,LKXAI1,LKXA12,LKIA13
19931= CONMON/CCGT/NVCGTC6T(1J
19840a IF(NEWCH) 29,29,15
10950m 15 NSIZE2(NND42*NPD) '(NN+NRC+NDD)
169692 IF(NSIZE.LE.NYCST) 60 TO 16

4
~10870- WRITE 196,NSIZE
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lose#-- LABORTzNSIZE
19899: RETURN
1990a 16 IF(NND.GE.NNC) 60 TO 17
109w19 WRITE 197
10921z 60 TO 18
19939: 17 IF(NND.6E.NDD) 6O TO 19
10940a WRITE 169
19959: 19 LABORT:-1
199602 RETURN
19970: 19 NEVCM4#
11999: LA11:1
19999: 1A13zLAII+NND#NNC
11999 1A21-0.13.NNDNDD
11919: LA23:-LA21.NPD*NIC
119292 LA12=LA23WRD*NDD
11139: LA22=LA12+NND#NRC
11949: IKXA ILA22NPDNRC
11959: LKXA12zLKXAI1,NPDNNC
11969: LKXAl3:LKXAI2+NPD*NRC
11979: CALL CGTA(CGT(LA1I),CGT(LA13) ,CGT(LA21),CGT(LA23),CGT(LA12),
11990- 1 CGT(LA22),ZNI,ZN2)
1199: 29 CALL CGTXCST(LAI1),CGT(LA13),CGT(LA21) ,C6T(LA23),CGT(LA12),
11199s 1 CST(1A22),CGT(LKXA11),CGTC(KA12),CT(L(XA13),RPI(LKX))
111113 LFLCSTz1
1112#-- 196 FORMATVIINSUFFICIENT MEMORY ICC6TI, NEED: ',14)
11139z 117 FORMAT4'9FEWER DESIGN MODEL THAN COMMAND MODEL STATES')
11141c 118 FORMAT('FEUER DESIGN MODEL THAN DISTURBANCE MODEL STATES,)
11159: RETURN
11 16K: END SUBROUTINE SCOT
11171a END
11199: SUBROUTINE CSTA(A11,A13,A21,A23,A12,A22,ZM1,1M2)

C:;11199c CONNON/NAIN1/NDIN,NDIN1,COMI(1)
~* .~11299: COM/FILESIKSAVE,KDATA,KPLOT,KLIST,KTERM

11219: COMON/SYSMTI/NVSM,SM( 1)
11229: COMHONNDIMD/NND,NRDNPD,NMD,NDD,NND,NNDD,NPLDNWND,NNPR
11239: CONNON/LOCD/LAP,LGP,LPHILBD,LEX,LPHD,LG,LQN,LQD,LC,LDY,LEY,LHP,LR
11249: COMIIO/DSNMTX/NVDH,NODY,NOEY,DN(1)
11239a COMMON/NDIMC/NNC, NRC,NVC
11269: CONMON/LOCCILPHCLBDCoLCC,LDC
11279: COMMON/CNDNTX/NYCM, NEWCM, NODC, CM(1)
1129: COMMON/LCNTRL/LPIII,LPII2,LP12LP122,LPIDL,LBDL
11299: COMMON/CONTROL/NYCTL,CTL( 1)
11399: DIMENSION A11(1),A13(1),A21(1),A23(1),A12(1),A22(1),lM1(1),ZN2(1)
11319: MDIMsNND
11321z NDIM1:NDIN+1
11339= CALL TFRMTX(CN,ZM1,NNC,NNC,2)
11349:n CALL SUPiiZNl,MNC,NDIM)
11359: CALL FMMi(CTL(LPII2),CN(LCC) ,NND,NRD,NNC,ZN2)
1136&. CALL MSCALE(ZN2,ZM2, NND,NNC,-I.)
11379j, NDMAI9 (NDD, NNC)
113992 L221+NND*NNO
113992g L3xL2+NND#NB
1149931 L4lL3+NM9:NB
11419: 15=L4+NND#NND
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1 1429= L6zL5+NND*NND
:~ K -:11431: NSIZEzLb+NPD*NNC-1

11440-- IF(NSIZE.LE.NYSN) 60 Ta 1
11451' VRITE 102,NSLZE
11461c 192 FORNAT(40INSUFFICIENT KiNORY ISYSNTXI, NEED: -,14)
11479: LADURT=NSIZE

*114992 RETURN
1149#z 1 CALL AXBNXC(CTL(LPIII),NN0,ZII,NNC,ZN2,AII,SN,
113H=: I S#(L21,SNfL3),SN(L4),SN(L5))
11519 CALL MLUL(A11,ZN1,NND,NNC,NNC,2N2)
11529: CALL FNNU(CTL(LP121) ,1N2,NPD,NND,NNC,A21)
115312 CALL FNNUL(CTL(LP122),CN(LCC),NPD,NRD,NNC,SN(L61)
1154#: CALL FNUL(A 11, CH(LBDC) , MD, NC, NRC, SM)
11530- CALL FNNULICTLILPII1)1SN,NNDNND,NRC,A12)
11569: CALL FNNUL(CTL(LPI21),SN,NPD,NND,NRC,A22)
11576z IF4NODC.EG.I) 6O TO 2
11580: CALL FNNU(CTL(LP112),CN(LDC),NND,NRDNRC,SN(L2))
1159#= CALL FNADD(A12,SM(L2) ,NN0;NRC, Al2)
116ff: CALL FNWL (CTL(LP122),CN(LDC),NPD,NRD,NRC,SN(L2))
11619=- CALL FHADD(A22,SN(L2),NPDNRC,A22)
1162#x 2 1FINDD.E9.0) 60 TO 15
11639= CALL HNUL(CTL(LPII1I,DN(LEX),NND,NNDNOD,ZN21
11640s LFNNOEY.E9.1) 60 TO 5
1165#2 CALL FNNIL(CTL(LP112),DN(LEY),NND,NRD,NDD,1N1)
1166#x CALL NADDI(NND,NDUh,ZW2,ZN2,1.)
11671a 5 CALL TFRNTX(DN(LPHD),ZN1,NDDgNDD,2)
116802 CALL SUDI(ZN19NDD,NDIN)
11699- CALL A1DNZCICTL(LP1II),JOQ11rn,N3D4I12,A13,SN.
11799= 1 SM(L2),SM(L3),SN(L4),SH(LS))
1171#= CALL NNUL(A13,1N1,NND,NDDNDD,ZN2)
11729= CALL NAOD1(NNDD,ZN2,DN(LEX),ZN2,-1.)
11730s CALL FNNUL(CTL(LP121),ZN2,NPD,NND,NDD,A23)
11741z 15 NDlN=NPD
11739= NIIN1:NDIN.1
11769= CALL NADD1(NPD,NNC,A21,SN(L6),A2I,I.)
11770z IF(NOEY.Eg.I) 60 TO 29
11789:v CALL NNULfCTL(LP122),DN(LEY),NPD.NRD,NDD,ZN1)
11799= CALL NADD1(NPV,NDD,A23,ZN1,A23,-1.)
119K:z 29 CALL NATLST(AII,NND,NNC,'A11'tKLIST)
119104 CALL MATLST(A21,NPDqNNC, A2I1,KLIST)
11829P CALL HATLST(A12,NNDgNRC, 'AI2',KLIST)
118312 CALL HATLST(A22, PD1NRC,'A22

3JKLIST)
11840z IF(NDD.BT.6) 60 TO 25

'~. ~119562 WRITE(KIST,191)
11960x 1I1 FORMATC'9NATRICES A13 AN A23 ARE ZERO')

I!119702 RETURN
11899: 25 CALL NATLST(Al3,NND,NDDOA13'.KLII.T)
11899 CALL NATLST(A23,NPD,NDD,'A23',KLIiT)
11999= RETURN

- .11919=C END SUBROUTINE CGTA
11920* END

-: .11939:t SUBROUTINE AXDNXC(A,NA9,NB,C,X,AU,BU,R,Z1IZ2)
Il 1194#z CONHON/NAININDINNDINI,CONM1

11959= CONNONIPILES/KSAVE,KDATAKPLOT,KLIST,KTERN
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77 -3 17 - *W -,W7067-

11969 DIMENSION A(1),B(1),C(l),X(1),AU(l),DU(1),Rtl),ZI(l),Z2(1)
11979. DATA ENAX,ITHAI/l.E-6,3/
11980- CALL TRANSI(NA,A,Z1)

11998. CALL EIGEN(NA,Zl,Z2,Z21NDIMI),AU,1)
12990z CALL TRANSICNA,COMI,11)
1211P CALL EIGENlN,,Z2,Z2(NDIM1),8U,1)
12629P CALL EGUATE(R,CNANl)
12939. IT=9
12949. If CALL MATH (AU, R, NA, NA,N, Z2)
12959: CALL NAT! (Z2,BU,NANDqhBR)
12066a CALL SLVSHR(Z1,NA,CDNI,NB,RtNDI)
12979. CALL NAT4(R,BU,NA,NB,ND,Z2)
12UP9 CALL NATI(AU,12,NA,NANDR)
12090- 1FfIT.GT.9) 60 TO 13
12199. CALL EQUATE(I,R,NA,NB)
12119: 60 TO 39
12120. 15 CALL MARDI (NA,NDI,RlI1.)
12139a CALL ENORN(RqNA,N3,EN)
12149. IF(EN.LE.ENAI) RETURN
12159: IF(IT.LT.ITNAI) 60 TO 31
12161z NRITE(KLIST,101) EN
12179. NRITE(KTERN,191) EN
12189s 1I1 FORNAT('9SOLUTION ERROR FOR 'A'(COT) AFTER 3 ITERATIONS z 5,IPEI5.
1219"a 17)
12200a RETURN
12211z 39 CALL NATIIA,I,NA,NA,NDZ2)
12229. CALL NATI(Z2,I,NAqNUNDR)
12239. CALL NADD(NA,NDX,RR,-1.)
12249. CALL NADDI(NA,NDR,C,R,1.)
12259. IT=IT.1
12269. 60 TO 1f
12279uC END SUBROUTINE AIDNIC
12289. END
12291a SUBROUTINE SLVSNR(A,NA,3,NDC,ND)
12399 CONNON/NAINI/NDIN,NDIN1,CON1(1)
12319. CONNON/INOil/KIN,KOUlT,KPUNCHl
12321a DIMIENSIONAU,1,( ,1,ND1YI1,(4
12339. Litt

*12341- 5 LN2L-1
12339. DLsI
12369. IF(L.ED.NB) 6O TO 8
12379. IF(D(L.1,L).NE.f.) DLm2
12381z 8 LL=LII1.DL
12399. KzI
12400- 19 KNI-1-
12411z Hal!
12420- IF(K.EG.NA) 60 TO 12
12439. IF(A(K,K.1).NE.9.) DKs2
12449. 12 KK.KIIDK
1245fs AKKzA(K,K)
12469: LLalD(L, L)
12479. IF(DL.EG.2) 60 TO 35
1248#x IF(DI.EU.2) 6O TO 29
12490. IF(L.EI) 60 TO 13
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123"xu C(K,L)xC(K,L)-A1K.00T3(LNI,C(K,1),B(1,L))
12519=13 IF(K.EL1) 6O TO 19
12520a DO 15 1:1,1CM!
1253P= 15 C(K,L)C(K,L)-A(K,I)'DOT3(L,C(l,1),B(1,L))
12540a 19 Vi1)AKK.9U.-1.
12530a IF(Y(1).Egl9.) 60 TO 99
1250a= CtK,L)-C(K,L)IY(1)
12579P 6010O95
12599 29 IF(L.EG.1) G0O 1 22
12590m 114K
1260z. IM4
12619= Maul1
126211- 6010O24
12639 22 IFMk.I.1 6O TO 30
12649= 1121
1265&= 12xKN1
1266= 13x
12671m 24 DO 29 1:11,12
1268&= YEI):D0T3(13,C(l,1),B11,L))
1269&. C(KL)C(K,L)-A(K,I)*V(1)
1270f: 28 C(KK,L)-CtKKlL)-A(KK,I)IV(t)
127W9 IF(IA.LK) 60 TO 22
12729= 30 if~AKLL-.

1274&. Y13)-A(K,KK)#ILL
12759a Y(4)zA(K-vK).DLL-1.
12769=#52.f()*()Y2e()012771a V(6):V(5)4(C(K,L)4Y(4)-V(3)#C(KK,L))
12799. C(KKL)4Y(5)*(Y(I)'C(KK,L)-Y(2)IC(K,L))
12791a C(KlL),,V(6)
12999 9010O95
12919. 35 MOUDK. 60 10590
1282&= IMAMEI 60 TO 39
12939 u.xK
12949= 124K
12959. 13J1111
12969= 6010490
12979. 38 IFIK.EG.ll 60 TO 45
12998P 1121
129M9 124111
12999. 13rL.
12919. 40 DO 421:11l,12
12929. C(KtL)-C(KL)-A(K,1)*D0T3(13,C(1,1),Bh1,L))
12939. 42 C(K,LL)4(IK,LL)-ACK,I)*DOT3(13,C(I,1),9(1,LL))
12949x IF(11EG.K) 60 TO 38
12959= 45 Y(1)2KILL-I.
12969. Y(2)zAIK*3(L,LL)
12979. Y(3).AK*(LLL)
12999: V(4):AKK#B(LL,LL)-1.
12999' 49 Y(5)a1./(V(1)OY(4)-Y(2)#V(3))
13"&9 Y(6)sV(5)#(C(K,L)IV(4)-Y(3)'C(K,LL))
13919 C(KLL)VY(5)#(Y(1)*C(K,LLU-Y(2)IK,L))
13921a C (K, L)VY(6)
13939. 60 10 95
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SUN V-6 if %j 7*..- --

13149. 56 IF(L.E2.1) 60 TO 55

131502 Y(l)=DOT3(LN1,C(K,1),D(l,L))
IMP69 V(2)zDOT3(LN1,C(KKl1),D(1,L))
IMP79 V(3).DT3(LNI,C(K,,(1,LL))
13999. Y(4)2DOT3ILNI,C(KK,1)D(1,LL))
13MP9 C(K,L)C(KL)-AK(()-A(KKK)#V(2)
13199m CIKKL).C(KKL)-A(KKK)*V(1)-A(KKK)*V2)
13119 C(K,LL)uC(KLL)-AK#eV(3)-A(KKK)*V(4)
13129. C(KLL)-C(KK,LL)-A(KK,K)*V (3)-A(KK, KK)*V14)
13139. 55 IF(K.EG.l) SO TO 65
1314#. DO W9 1z1,KN
13159. V(DOT3(LL,CfIo,)D, L))
13169= Y(2)*D0T3(LLC(l,ll,D(1,LL))

V13179z C(KU)C(K,L)-A(K,1)*Y(1)

1319P. C(K,LL)-C(KLL)-A(K,I)*V(2)
13299 6# CIKK,LL).C(KKgLL)-A(KK,I)*V(2)
13219 65 Y(l)AKILL-l.
13229. V12)aA(KK,K)IDU.
13239. Y(3)-AKK4D(L,LL)
13249. Y(4)xA(KK,K)e3(L,LL)
13259. Y45)-A(K,I(K) 'LL
13269. V(b)A(KK,CK)*SLL-1.
13279. Y(7).A(KKK)*D(L,LL)
13299. Y(B)z(KK,KK)*B(LILL)
13299. Y(9)*AK*3(LLoL)
13309. Y(19)=A(KK,K)#3(LL,L)
13319. VUi)AKK#D(LL,LL)-1.
1332#. Y(12)zA(KK(,K)#3(LL,LL)
13339. Y113)-A(K,KK)#I(LLL)
1334#. V(14)zAfKKqK00#3(LL,L)
13359. Y(15)zA(KKK)*D(LLLL)
13369. YfU6)=A(KKKK)*D(LL,LL)-1.
1337P. N(1)C(KL)
13399. 112)-ClKKL)
13399. V(3JC(KLL)
13MP9 944)-C(KK,LL)
1341#a NOSuNDIN
13429. NDINs4
1343#a NDINI.NDINI1
13449. CALL DIIIT(4,Y,N,Il1SB)
13459 NDINNK
1346#x NDINI=NDIN.1
13479. 95 K4KDK
1348#x IF(K.LE.NA) S0 TO 1A
13499. LxLGIL
1359#. IF(L.LE.Nl) 60 TO 5
13519 RETURN

*13529. 9" VRITEfKOUT, 191
.4133#2 RETURN

13549. 191 FORNATe.. # # ERROR IN CST SOLUTION: AII-)A230)
1355#sC END SUBROUTINE SLYSNA

*: .~'1356#8 END
1357#. SUBROUTINE ENORN(A,NR,NCvENRN)
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4..913599. CONNON/NAINM1)MDIN, NDIM1, Co91 (1)
S135912 DIMENSION A(l)

13699= ENRN4#.
13b19= NExNCINDIN
13629P Do 19 Iz1,NR
1363#= DO 19 Jx1,MEtMDIM

9. 3649. It ENRNuENRN.A(WA(W
136W9 ENRII=SIT(ENRN)
13669. RETLIRN
13671-C END SIUINTINE ENORN
13689 END5
136911m SUDAUTINE C6TKZ(AI1,A13,A21,A23,A12,A22,RKZAII,RKIAI2,RKIA13,RKX)
13799= COMNHON/NAJN/MINMDINI,CONIl (1)
13710a CDHNN/FILES/KSAYEKDATA, KPLOT,KLIST,KTERH
13721a CfJNOININIMD,NRD,MPD,MD, MD, MD, NOID, MPLD,NMPUND, NNPR
13739 MIMNUINC/MUC,MRCINPC
13749x DIMENSIDI All (1),A13(1),A21 (1,A23(1),A12(1),A22(1),
13750m 1 RKIA1I(1),RKIA12(I),RKIA13(1),RKI(1)
137602 wDimpR
13770m N9IN1NDIN*1
13780z CALL FIKL(RX,AII,NRIIN9C,RKIXAII)
1390 CALL URI S(WNqRKIAI ,2, KI,St)
13792 CALL MAnl (3,RKIA I, A21NN, KI', LI
13819m CALL NATLST (RKA1, NRDNNC KIN',KTERN)
13829a CALL FIUIL(RKIAI2qN,NC,RKXAI2)
13839 CALL IIAIDI(W,NRCRKIA2,A22RKIA2,l.)

9 13849 CALL. NTLST(RC1A12,NRDMRC,-KIU',KLIST)
13859 CALL KATST (AKIA2,NRO, NRC, KIV ?KTERN)
13869= IF(NDLLT.1) RETUlRN
138702 CALL FWKL(RKI,A13.NRDj,ND jDRKIAI3)
13669 CALL NM9I1(MD,NDDRAI3,A23,RKIA3,I.)

q13699 CALL NATLST IKIA1311RDMND,'KIN,KLIST)
139#08 CALL NATLST(RKAI3pNfDMD11 IN'MKTERN)
139112 REIJtEN
1392faC END SUDRUTINE CGTKI
13939 END
139492 SUBDROUTINE CEVAL
1395#w CoMUN/NNAIN/NiDIND1N1,III)
13969 CMgUIINI/KlMKOUT, KPUNCN
13970a CIUI/DESIGN/WNVCITSANPLFLRP , LFLCST, LFLKFLTEVAL,LADORT

* 13"112 CONHONFILES/KSAVEKIATAKPLDT, KLIST, KTERN
13999= CoIuIOsy9NTI/N SNNi)
140&9 COIUO/ZNIII/MVZNZM1(1)
14919= rf COI/ZNT2/ZN2(1)
14929= Cmflh/uIND/NUDNPDNPRMUD,NMDIN MDNND, PLDMMPMN NPR
14939= M C IUUU INCIKCCPC
1494W CON 0NLREPIILIDU,LUDULPNCL.LKI,LKZ

* 14959 C01 G CIEPI/NRPI,RPIII)
1POW9 DIMENSION NPLOT(2),NYPt.0T119),MS(6),LSCL(2),ITITLE(5)
14979' DATA N0IIU
140W9 *ITE(KLIST,111)
140W9 It# FfJRNT(//II11N,5(# '),CONTROLLER EVALUATIONM,5('*)II
141102 IpOaLE
1411001 If OUTaRDIWD.1
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14129z IF(LFLCGT) 17,17,13
14139a 15 WRITE 194

14139a IMUIWI.T.1) 60 TO 79
14169z IF(IUN.BT.NRC) 60 TO 15
14171Z NYOUTxNVOUT.NPC
14199. NP.NNC
141912 60OTOl18
14290a 17 IF(JPULE.El.1) CALL POLES(RPI(LPHCL),NNR,4,ZNI,ZN2)
14219. 01".
14229z 10 CALL YOIITIC (GNNYPLOT, IPLOT, NYOUT,LSCL)
14239. IF(NVOUT.EB.f) 6O TO 79
14241.29 WRITE 1IN
14251z READ,TEND
14269. IN(TEND) 21,29,25
14279. 25 LYX9.NYINJT.1
14299. LZ9K Yl94NYOUT
14299z LX1.IzNtJW

* 14399. LIN9.U1.NPLD
14319a LXN12LXI9.
1432&. NP.LZN1+NP
14339m DO 26 1.LYI9N
14340a 26 SNII)a.
14331% CALL CTRESP(SN(LVZ9),SN.SNILI).SN(LII),SN(LIN9),SN(LINI),
143U& 1 ZNI,NYOIJT,TEND,IUN,V(MI,NST)
14379x NRITEIKTERN, 191)
14380- READIKIN,112) ITITLE
14399. &WM9IIT
14499x DO041-1,2
14419. NS(1)v1
14429- DO 29 J*296
14439. 29 NS(J)zNS(J-1)+51
14440- NPxNPLOT(I3
1445&. IF(NP.EQ.9) 6O TO 49
14460- NpP1.NP.
14479. REWIND PLOT
14489a N9V5#I-4
14499. CALL RPLOTF(ZN1,NYOUTIERR)
14599 CALL STRPLT(SNZNI,NSNYPLOT(NSY),NP,NYOUT)
14519. DO 35 1.1,N
14529. CALL RPLOTF(ZN1,NINIT,IERN)
14539. IF(ERR.8.I) 90 TO 49
14549. 1F(M9I(JNST).NE.f) 90 TO 35
14559. DO 39 Km1,NPPI
14569 39 NS(K)aS(K)+1
14579. CALL STRPLT(SN, ZN1,NS.NVPLOT(NSV) ,N,NVOUT)
145P935 CONTINUE
14599& CALL PLOTLP(51,NPSNLSCL(I),9,,KTERN,ITITLE)
1460a.49 CONTINUE

-e14619. NVN.NYOUT-1
14629. fl.NVN/5
14630a NE25'N

.~ q. 14641a IMAMEI.) GO TO 56
14639. DO 55 I-1,NE,5
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14669 NS(1):1I

14679. 4 DO 42 Ja2,6
14680 4 NS(J)NS(J-1).191
146992 REMIND KPLDT
14799a NVSUI-1
147102 DO 45 J=1,5
147298 45 NYPOT(J)4NYS*J
14739 DO v9 J81191
14749 CALL RPLOTF(ZNI,NVOUT,IERR)
14759 IFfIERR.EU.I) GO TO 55
14769 CALL STRPLT(SN,ZN1,NS,NVPLDT,5,NVOUT)
147792 D0 48 K*1,6
14798& 48 NS (K) -NS(K) +1
1479& 59 CONTINUE
14896& CALL PLOTLP(19,5,SN,1,1,1,KLIST,ITITLE)
14819255 CONTINUE
1482 56 NVNDNYN-NE
148392 IF(NVN.LT.1) 60 TO 71
1484&2 NPPINYH.
149592 NS(1)zl
148693c DO57 lx2,6
149792 57 NS()2S(I-1).191
148992 DO 51 1I:1,N
1489&2 58 NYPLOT(I)4E*I
149W9 REMIND KPLOT
149192 DO 65 121191
14926s CALL RPLOTF(ZNIoNVOUT,IERR)
14938z IF(JERR.El.1) 60 TO 79
1494&2 CALL STRPLT(SN, ZNi , NS, YOT, NYN, NYUT)
1495&2 DO 61 Jz1,NPP1
14969a 69 NS(J)sNS(J)'1
149792 65 CONTINUE
149902 CALL PLOTLP(191,NN,1,1,1,KLISTITITLE)
149992 79 MRITE 194

I~..159992 READ 11191ANS
-I 15919 IF(IANS.EL.NO) RETURN

159292 IPOLE.9

13949a 191 FORMAT( V 1(-, ENTER TITLE IN 61YEN FIELD 'li',*/
15959 192 FORNAT(A19)
1596214 H FDRNAT(INORE TINE RESPONSE RUNS (Y OR N) )
1170a 196 FORMATV9ENTER NODEL INPUT AND STEP VALUE : 1 )9)
15999 199 FORNATV ENTER TINE DURATION FOR RESPONSE, IN SECONDS)'
159992 11I FORKATWA)
1510Ka END SUBROUTINE CEVAL
151192 END
15129. SUBROUTINE VOUTIC(VICNVPLOT,NPLOT,NYOUJTLSCL)
15139. CORNON/DESI9N/NYCON, TSAMP, LFLRPI ,LFLCGT,LFLKFLTEYAL, LADORT
15149. CONIO/FILES/KSAYEKDATA, KPLOTpKLISTKTERM
15159 COMMN/NDIND/NND,NRDNPD,UD, NDOD, NNDI, NPLD, NNPND,NNR
15169. COMNO/NDINC/NNC,NRC,NPC

\ 15170m CONH9ON/NDIMT/NNT,NRTqNNT,NVT
* .151992 DIMENSION NPLOT(1),NYPLOT(1),YIC(1),IOUJT(5),LSCL(2)

15199. DATA IOUJT/IHZ,1HVIHU,INN,1IND/
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15299W IFILTEVAL) 2,2,5
15219. 2 NVS.NND
15229a jjy2NPjj
15239 60OTOS9
15240- 5 NYZIN
13251- NVSzNV
15269 8 NYNVUTx NV
15279. DO 9 I.1,NVOIT
15299. 9 VIC(I)s.
15299 NYUNYtIPI
15399 NxN4M l
15319. It NRITE 191,NVS
15329. III FORHATIENTER STATE AND IC VALUE 9/TERINATES): ',12o' >)
1339. 12 REA*, IV, Y
15349a IF(IV.LT.I) 6O TO 15
15359. IF(IV.6T.NVS) 6O TO It
15369 VIC(IV)NV
15379a 60 TO12
15399 15 IFI(LFLCGT.LT.1).OR.(LTEVAL.EI.).OR.(NDD.LT.1)) 60 TO 25
15399. List

*154ff 18 WRITE 102,NDD
154111- 192 FORNATI ENTER DISTURBANC IC VALUE (I/ TERINATES): 8,12,n >0)
15429. 29 REAII, IV, V
15439.0 IF(IV.LT.1) 6O TO 26

* 15440a IF(IV.GT.NDD) SO TO 18
15459 VIC(NNDiIV)vV
15469. 90 T029
154708 25 LW.

*15489a 26 WRITE 193
15490a 193 FORIIATI' 2 PLOTS OF 5 VARIABLES MAY BE PRINTED AT THE TERMINAL -

1599 ISPECIFY NUMBER FOR EACH (NI,N2) >)
q15519. READ,NPLOT(1),NPLOT(2)
* 15529. IF(NPLOTIIJ.ST.5) NPLOT(1).

15539. IF(NPLOT12).GT.5) NPLOT(2)x5
155408 IF((NPLOT(1).GT.1).OR.(NPLOT(2).GT.0)) 60 TO 27

415559 WOUR
15569. RETURN
15579. 27 WRITE 194
15589. 194 FORMAT(* ENTER OUTPUTS BY TYPE AND INDEX IN 2 ENTRIES-TYPES ARE'
15599. 1 4STATE : '1I0/' OUTPUT : 'Y'' INPUT :'U's)
15699 IF(LFLC9T) 30,39,29
15616a.29 WRITE 195

415629. 195 FORHATC' MODEL : 'N")
15639 IF(LD.E9.1) WRITE 196

*15649. 196 FORNAT(m DISTURBANCE '0D@
15650a 39 DO 49 1.1,2
15669 NCsNPLOT (1)

*15679. IF(K.LT.1) 6O TO 49
15669 LSCL(I)s1
156902 NSSSi(I-1)
15799 WRITE 197,1
15719a 197 FORMAT('WLOT ,912)

4 $Z:.15729. Do 39 J81,NC
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15749. 31 WRITE 108,J
15759z 119 FORNTV OUTPUT ',12,* '

157dz EAD 11,IV
1577. WRITE 113
15780- 113 FORMAT(IIX,')')
157998 READ',IO

-~159ff. IF(IV.NE.IOUT(l)) 6O TO 32
158198 IFIIO.ST.NVS) U0 TO 38
1592#. NVPLOT (NSP) .10
15939. 60 TO39
15999. 32 IF(IY.NE.IIOiT(2)) 60 TO 321
158508 IF(1O.ST.NPI) SO TO 39

.1 5969. NYPLOT(NSP)zNV4IO
15879a 60TO 39
15399& 321 IFIIV.NE.IOUT(3)) 6O TO 33
1599- IF(10.6T.NRD) U0 TO 38
13900- NYPLT(NSP)zNYU+1O
15919. 60 TO 39
15921a 33 IF(LFLCBT.LT.1) 60 TO 31
15931Z IFIVI OUE.DT(4)) 60 TO 34
15949 IF(IO.GT.NPC) U0 TO 38
15959 NYPLOTINSP)afmlo
159602 LSCL(I)u-I
15970- U0 TO 39
15981z 34 IF(LD.IE.I) U0 TO 31
15999. IF(IV.NE.IOUT(5)) U0 TO 31
16989 IFIIO.GT.NDD) U0 TO 39
1691&. NYPLOT NSP) .tYSIO
16021s. S UTO39
16939. 38 WRITE 19
16949 109 FORNATV INDEX TOO LAR6E9)116050- U0 TO 31
16969& 39 CONTINUE
16170a 49 CONTINUE
16998 NYN1.NYOUT-I

* 1699 11"
16198.s DO 51 1.1,NV1I

16129a IFIN.6T.1) U0 TO 41
16139. NP*NP+1
16149. WRITE (KLIST, 110) NP

*16159. 11I FUNATVPLOT ',12)
16160a 41 IF(I.BT.NYS) U0 TO 42
16171m IV.IOUT(1)
16199. 1081
16199 U0 TO 45
16299. 42 IF(I.BT.NV) 90 TO 43

5. 16219. IV.1011T15
16220- 1021-W
16230m U0 TO 45
16249. 43 IF(I.GT.NYU) U0 TO 441
16250s IV.IOUT(2)
16269. 1021-NV
16270a U0 TO 45
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16299: 441 IF(I.6T.MYN) 60 Ta 44
1629#2 IVaIOUiT(3)
16390: 19:1-NYU
16319: 60 TO 45
16329x 44 IVuIOUT(4)
1633#2 IOu1-uNY
16349: 45 WITE(KLIST,112) N,IV,I0
16359: 59 CONTINUE
163608 RETURN
16379 III FORNAT(A1)
16389x 112 FORNATI' OUTPUT 6,12,.: ',A1,12)
16399sC END SUBROUTINE YOUTIC
16499 END
16419a SUBROUTIME CTRESP(Y19,VIIl,1,IN,INI,ZN,NYIIT,TEND,IUNVUN,
16429: 1 NST)
16439: COION/DESI6N/MOITSWNPLFLRPI, LFLCST, LFLKF, LTEVAL,LABGRT
16449: COMNON/FILESIICSAYE,KDATA,KPLOT,KLIST,KTERN
16459: CGNHGN/NI)IND/NND,MNO, NPD, NNDD MUO, MNOD, MPI, NNPND, MNPR
16469: CONIO/LOCD/LPLP,LPHI,LIDLEI,LPHD,LQ,LIN,LD,LC,LDY,LEY,LMP,LR
16479: CONNO/DSNTX/MVDINNDY,MOEY,DN(1)

ro16409: CONWJN/MINC/PJCNRC'NUc
16499: M /LOCC/LPHC,LBDCLCCIC
16599 COMION/CNDHTI/MVCNMENCN,NOC,CN(1)

* 16519 CONNO/LOCT/LPHTLDDT,LgDT,LHT.LRTLTDTSLTNT
16529: CONON/TRUTI/MTN,HIw

16549: COIO/CRE6PI/NVRP19RPI(1)
16559 DINENSIOM 1()Y11,91,11)191,N()ZI1
16569 MSTP9:.f9I#TENDITSANP+.5
16579: NSTa2

) 16569w IF(MSTPO.6E.1) 60 TO 1
16599: NSTPO*1
166W9 NSTz1
16619: 1 NSTES-I~919SP
16629: IF(LFLCST.EO.1) 60 TO 2
16639: UIOBVOUT-MPC
16649 IF(NID.EI.1) 60 TO 4
16659 LDCGT:1
16660: 60OTO 5
16679: 2 UIOffNYUUT
16689 4 LDCBT4

*16699: 5 LU*LNMD
16719: LS9:LU-NPD
16719: MVZ:LSO-

*16729: IF(LTEYAL)hg6,19
16739: 6 DO 7 Ixl,NYI
16749: 7 11(1)s41111)

416759. 60 TO12
16769: 1f CALL XFDT(VII,11,LDC6T)
16771a 12 ENDPIUND+I
16799. MIND KPLOT
16799: CALL YDSN(X1VII(LU),DN(LC),DN(LDY)tLDCST,V11(LSO))
16899 IF(LFLCBT.EO.1) CALL YCND(XN1,IUN,YUN,CN(LCC),CN(LDC),

**16319: 1 VI I(LNO))
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16629= CALL VPLOTF(VII,NVOUT)
16839a DO 1IN ITaliNSTEPS
16841z CALL URPI(RPI(LKI),RPI(LKZ),DN(LC),DN(LDY1,X9,I,VX9(LU),I(LU))
1685M. IF(LFLCBT) 2921,15
16866. 15 CALL UCGT(V19(LU),VII(LU),XN,I,X9(NNDPI),ZNI,IUN,VUN,ITl
16876a CALL CUPDAT(INl,IHI,IUNVUN)
16869 29 CALL FTNTl(YII(LU),V19(LU)tNRD,1)
1689&. CALL FTNTIIXtNP.D,1)
16999= IF(LTEYAL) 25,25,39
16916. 25 CALL DUPDAT(DILPNI),DN(LBD),DN(LPHDI,DN(LEI),X9,I1,
16921a 1 1YI11LU),LDCST,MUI)
16936a 60 TO 33
16940-.31 CALL TUPDAT(Th(LPIIT),Th(LBDT)o,V19,I (LU))
16959= CALL IFDT(VI1,I1,LDCGT)
16966z 35 JFINOBIIT,NSTPO).NE.0) 60 TO 199
16979= YI1(NVOU)aTSAIIFLOAT(IT)
16986. CALL YDSN(iVXI(LIII,DN(LC),DN(LUY),LDCGTVII(LSOJ)
16991= IF(LFLCGT.Eg. 11 CALL YCND(1N1,IUNVUH,CN(LCC),CN(LDC),
17999= 1 VXILNO))
17910= CALL NPLOTFEVIvWOUT)
17926. 109 CONTINUE
17139x ENDFILE KPLOT
17046 RETURN
1715 KC END SUBROUTINE CTRESP
1796W END
17970- SUBROUTINE DUPDAT(PHIDDPHID,Elq ,XI,Yl1,UI,LDCGT,NNDPI)
17968P COHHN/NAINI/NDIN,NDJN19CI (1)p 171990m COH/NDIND/NNDNRD, IDNNDN,NND,NNDINLD,NUPND,NNPR
17199 DINENSIONPH()D1)PI1)E1,9(,11)V(1U()
17116 NDIN.NND
17129a NDINI=NDIN*1
17136x CALL FNNULIDD911NNDE,1,I1)
17146. CALL NNULS(PHI,X9,NNlNND,1I)
17150z IF(LDCGT.EO.9) 90 TO 10
17166 CALL FNIML(PID,X9(NNDP),NDDND,,11(NNDPI))
17170a CALL NNULS(EX,11(NNDPI),NND,NDDo,,I)
17189 19 CALL FTNTX(I1,I,NPLD,1)
17196. RETURN
1721#2C END SUBROUTINE DUPDAT
17216. END
17226.l SUBROUTINE CUPDAT1fl9I1UNYUN)
17239= CONNN/NINI/NDiNg NDINI, cool (1)
17241s CONNUN/NDINClNNC, NRCNPC
17256. CJJNNONILOCCILPIICLDDC, LCCLDC
17269a CONNO/CIUNTI/NVCN,NEUlCNNODCCN(I)
17276. DINENION 1N9(1iNI(I)
17296. NDINNNC

N17299a NDINIxNDIN.1
17399= CALL FTNTXIINIX1NNC,1)
17310. LI-LADDRfNNC,1,IUN).LDDC-1
1732191 CALL YSCALE(NIC(LI)oNK,VUN)
if9 CwL M NNLS(CN(LPNC),1N9,NNCNNC,1IN1H)
:346. RElIJR
17398.C END SUBROUTINE CUPDAT
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17369= END
17370- SUBROUTINE TUPDAT(PHI,DD,VX9,YI1,Ul)

1739#2 CWNON/NINT/NNT, NRT,NNT, NUT
17499: DIMENSION PI1,D1,II)VI1,91
17416a NDIN'NNT
1742#- ND1NlaNDIN~1
1743#x CALL F1NTI(VII,Y19,NNT,I)
1744P= CALL FlNNILIBDDU9,NT,NET1,VII)
17459= CALL NHlKS(PHIY19,ENTST,1,VI)
17fi. RETURN
17479aC END SUBROUTINE TUPDAT
17489z END
17499z SUBROIUTINE XFDT(Y,,LCGT)
175ffa COHNOUNDINDNND, NRD,NPD, NND, NDD, NUD, NNDD,NPLD, NNPMD, NNPR
17510a CONNON/NDIHT/NNTqNRT,NNT,NVT
17329= CO/LOT/LPHTLDDTLDT,LNTLRT,LTDTLTNT
17531a CONNON/TRUNTX/NYTN, TN( 1)
17540s DIMENSION VE),XI)
17559 CALL FHNUIL(TM(LTDT),,NND,NNT,I)
1756#z IF(LDCST.E2.#) RETUR
175702 CALL FNMML(T(LTNT),V,NDD,NNT, 1,I(NND.1))
17599 RETURN
17599=C END SUBROUTINE lFDT
17601= END
17610- SUBROUTINE URPI(RK,RlKZ,C,DY,X#,11,Ul,UI)

* 17620a CO1UON/MAINIINDINDINICON1 (1)
1763is CONNO/NIND/END, NRD, NPD, NND, NDD, NND, NODD, NPLD, NUPNND, NNPR
176402 DIMENSION RKI(1),RKZf1),C(1),DY(1),X9(1),X1(1i,U(I),Ufl)
17659x CALL YDSN(X9,U9,C,DY,I,U1)

-. 1760-' 1t CALL VSCAE(U1,U1,NRD,-1.)
1767@x CALL NMLS (RKZ, U,NRD, NRD, 1, U9)
17689a DO 12 Iz1,NPLD
17693x 12 9I19)-()
1779P= CALL FNMIL4RKX,X9,NRD,NND,1,Ul)
17710: CALL YADD(NRD,1.qU1,Ul)
17720a RETURN
17739:C END SUBROUTINE URPI
1774#z END
17753= SUBROUTINE UC9TW9i,U1,XN9,XI,DDIF9ZM1,IUN,VUN,IT)
177632 COflWN/NAIN/NDIN,NDINI,CDMlI )
17771a CONNON/NDIND/NND,NRD, NPD, NMD, NOD, NNDq NNDDNPLDt NWNND, NNPR

*17739v CON/NDINC/NNCiNRC,NPC
17793a COhhIO/LDEC/LPHCLIC,LCC, LDC
1799s COMNO/CNUNTI/NYCH, NEVN,NOOC,CN( 1)
17910= CONNO/LREPIILIDDN,LPNCLLKI,LKZ
17929= COMNNN/CREPIINVRPI,RPI (1)
1793&= COMO/LCST/LA1LA3LA2ILA23,LA2,LA22,LKXAII,LKIA12,LKIA13
17949= COM/CCBT/NVC9TgC6T (1
17859P DIMENSION UI(1),UtII),19(,NI( 1),DDIF(1),ZN1(1)
17860a CALL YCMIIMN9,UMVUMC(LCC),CN(LDC),U9)
17870a IF(IT.ST.1) 60 TO 1t
17999 I.LKXA12+LADDR(NPD, 1, IUN)-1

S1792 CALL MADDI(NPD,1,UIC6T(I),UI,VUN)
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1790a= 19 CALL NMS(RPI(LKZ) ,Uf,NDIM,NI,l)
* .17916a DO 12 I'1,NNC

17929z 12 1NMIIMI-XM9II)
17939a CALL FMUL(CST(LKIAI1),XM9,NPD,MNC, 1,U9)
17940= CALL VADD(NDIM,1.,U1,U9)
179502 IF(NDD.E9) RETURN
179W9 DO 14 I*l,NDD

*-17979z 14 DDIF(I)=-DDIF(I)
17981z CALL IIU(CT(LKIAI3),DDIF,NPD,NDD1,U1)
17"11- RETURN
1990014 END SUBROUTINE UC6T
19t1on END
18129a SUBROUTINE YDSN(I,U,C,DLICST,Y)
18939: CONNON/MAINI/NDIN,MDINI,CONI(1)
18949x COMI3/NIND/NND,MRD, NPDMDNDD, MUD, NUD, NPLD,NMPHUD,NNPR
181312 COYMN/LCD/LAP,LPLPNILDD,LEX,LPHD,LQ,LDN,LQD,LC,LDY,LEY,LHP,LR
199M9 COHMM/NDSNNTIINVDN,NODY,NOEY,DN( 1)
19979= DIMENSION Xf1),Uf1),Cl1),D(1),YfI)
lots#= NDIMNPWD
1992 MDIMI:MDIN+1

*181#02 CALL FNMIL(C,XMPD,NND,1,Y)
181102 IF(NODY.El.1) 60 TO I9
181204 CALL MMLS(DU,NPD,NRB,1,Y)
19139s 19 IMILD.EL9)P.OR.1NOEY.E2.1)) RETURN
18140= CALL EIUSIDN(LEY),X(NND*1),NPDMDD,1,Y)
19151Z RETURN
18160--C END SUBROUTINE YDSN
19170Z END
181802 SUBROUTINE YCND(X,IU,YUtCgD,Y)
191992 COIUON/MINI/NDIN,MDIMI,CONI (1)
18200a COMO/NDINC/N, NRC, NPC
19211a COMMN/CNDTI/NV, NEVCH,,MODC, CN(1)
19220a DIM ENsION Z(1),C(1)tD(1),Y1l)
19239z NDIMNPWC
19240c MDINIMNDIM+1
19259: CALL FMIW(C,NC,NNC,1,Y)
18260= IF(NODC.EL1I) RETURN

4.18279: LI4-ADDR(NPC,1,IU)
19289: CALL MADD1(MPC,1,Y,D(LI),Y,VU)
18291. RETURN
183612C END SUBROUTINE YCMD
19319: END

*19321a SUBROUTINE FLTRK(IFLTR)
1ong-- CONNON/NAINI /NDIN, NDINM1,CON1 (1)
1634#- CMN/AIN2/CON2( 1)
19359: COMMONIDESB16NNCN, TSAMP, LFLRPI ,LFLC6TLFLKF,LTEVAL, LADORT
18361z COMMONIFILESIKSAYE,KDATA, KPLOT,KLIST, KTERM
193792 COMON/SYSTI/NYSN,SN(1)
19381a CONMONIZMTIINYZMZMI (1)
18399z COHNONTIIMN20()
18499: COMON/NDIND/NND,NRDNPD, MMD, MDD,NND, NNDD, NPLD, MNPMND, NNPR

* .~..10411s COMN/LOCD/LAPLGP,LPHILBD,LEXILPHD,LQ,LQM,LQD,LC,LDY,LEY,LHP,LR
194202 COMON/DSMT/NVDN,NODY,MOEY,DM(1)
19430= COMOM/LKF/LEADSN,LFLTRK,LFCOY
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1949 CONIIC/CKF/NYFLT, FLT (1)
* .19456m IF(MIPNVD.6T.1) 6O TO I
- *18469= WR ITE(KTERM, 196)

16470= 198 FORMATV(UO DRIVING NOISES -- FILTER DESIGN ABORT'
18490z RETURN
18490m 1 IF(NNL.GT.1) GO TO 2
1850 NRITEIKTERN 199)
18510a 19M FERATIO MEASUREMENTS -- FILTER DESIGN ABORT'
195212 RETUR
10531- 2 *ITE(KLIST,111)
19549= 111 FORNAT(I//111,51'# '),'FILTER DESIGNO,5( *I)///)
18509 NSIZEa4PLDe(1.NPLD.NN)
19549= IF(NSIZE.LE.NVFLT) 6O TO 3

* 197l= WRITE 191,NSIZE
1858tz 1II FORMAT V#INSUFFICIENT MENORY ICXFI, NEED: ',14)
19599= LABORTaNSIZE
18699= RETURN
19610a 3 NIIMPLO
196298 NDIMIgNDIN+1
19631= 5 IFINN.E9) 6O TO 12
18641a IF(IFLTR.LE.0) GO TO 6
18659= WRITE 195,NVD
19469 195 FORNATV ENTER STATE NOISE STRENGTHS: 0,12)
19679z CALL RGIITS(DNMRL),ND,9)
19689= 6 .CALL DYCTOR(NWD,DN(LG),ZN1)
18999 CALL NATLST(ZNI,NVD,1,G'-,KTERN)

OWN& 197ff: 19 CALL NATLST(DN(L2),NVD,NVD,l'9,KLIST)
18719z 12 JFINMD.Eg.0) GO TO 18

18721z IF(IFLTR.LE.1) 60 TO 13

*84o 0 FOtMATI' ENTER DISTURBANCE NOISE STRENGTHS: -,12)
19759= CALL RQUITSIDI(LGN),N08D91)
19761W=1 CALL DYCTOR(EDDDN(LGN),ZN)
18770a CALL MATLSTfIZN! ,NNDD,, U',KTERM)
1979 15 CALL NATLST(DLgr,EDD,IhDD,'UN',KLIST)
19799z 19 CALL RDSCRT(DNL),DNfLGN),ZN1,1N2)
19999= IF(IFLTR.LE.0) GO TO 19
19619= WRITE 117,NND
189292 117 FORMATI' ENTER MEASUREMIENT NOISE STRENGTHS: -,12)
1918302 CALL RUUTS(DN(LR),NND,I)
1984&= 19 CALL DVCTORINN,DNILR),ZNI)
19959= CALL MATLSTfZMINID,Iq'R,KTERI)
19969= 20 CALL NATLST N (LR) , NDNND WRKL IST)
19679= 25 CALL TFRNTl(DN(LHP),SN,NND, NDIK,2)
19969 CALL TRANS2 (NID 9NPIMSN9 ZNI)
18999 LFCCOVLFLTRK.NINND
1899 CALL DVCTOR(NMDqDII(LR),FLTlLFCOV)
18919: CALL KFLTR(NDININMDFLT9ZN1,DM(LAD),FLT(LFCOV).ZM2,
19929= 1 FLT(LFLTRKE,SM)
199392 CALL TFRMfTl(SM.CON2,NDINNDIN,2)
19949a IASI
19959= DO 39 Iz1,NPLD

~*.189618 FLT(LFCO-1.I)zSGRTI1M2(IA))
18970a 3 lAlIANZNl
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19989= CALL MATLST(FLT(LFLTRK),NDI,NND,'KF',KLIST)
-18999= CALL MTLSTIFLT(LFLTRKINDIN,NM,'KF',KTERN)

199112 LFLKFz1
1929 111 FORNAT(A)
199302 RETURN
19149.C END SUBROUTINE FLTRK
19959= END
19w SUBROUTINE FEVAL
19979. COIUNUMAINI/NDIMNIm1COM1(1)
19969= COMNMAINM/ON120 )
1MIX9 COMUMONINOU/KIN# KOUTKPUNCH
19199m COHICNDES16N/NYCONTSANPLFLRPI,LFLCGTLFLKF,LTEVAL,LABORT
19119 CCON/FIL.ESIKSAVE, KDATAKPLOT, KLIST, KTERM

* 19129. CNMON/SySiTIimV 'SmiN)
19139. COMNNZIl/NVZNPZM1(1)

:4 ~~~~19149= COIHONZT2/ZM2(1) NHNDMNDNL WND MP
19159= CINU N/N D/NND, NRD, W NPD9 OWMD N,,WWN

* 191602 CONMII/LCD/LAP,LPLPHI,LD,LEI,LPHD,LI,LGN,LAD,LC,LDY,LEY,LHP,LR
191762 COlMMN/DSNNT/NVDMNODY,NOEY,DM(1)
19199. COMO/NI NT/NNT, RT, NOT, WT
19199= COMM/LOCT/LPHT,LBDTLGDT,LHTLRTLTDT,LTNT
19299= CONNON/TRUNT/NYTH, TN(1

* -..- ,19219= CONN0N/UF/LEAISMLFLTRKqLFCOV
19229z CONhN/CF/NVRLT,FLT(1I
1923#x DIMENSION I TITLE (3), NS(3), NPLOT (2)

V19241a IF (WT. ST. ) GO TO I
1925#= NRITEKTERM, 16)
192602 196 FIRNAThOM TRUTH NODEL DRIVING NOISE -- FILTER EVALUATION ADORTE

-:19279= 1D')
192898 REURN
19299- 1 *ITEIKLIST,110)
19399= 11I FORNAT(//I1I,5(oI *),'FILTER EYALUATIO,35 "3//I)
19319= CALL FNHIRD2,FLT ILEADSN , Ph, NP.D, NPLD, SM)
19329m CALL POLESlSNNPLJ,5,ZM1,ZN2)
1933P= MAxNNT44U'LD

19359= IF(NSIZE.LE.NSM) G0 TO U
19369 WRITE 109,SIZE
19379= 111 FORNAT(*OINSIFFICIENT MEMORY ISYSNTII, NEED: ',14)
1939 So 0TO 9
1939&= 8 IF(NSIZE.LE.NYZN) GO TO 19

V194ff. WRITE 193,NSIZE
194108 193 FORNAT (4INSUFFICIENT MEMORY /ZMTIIIZMT12I. NEED: 2,14)
1942#2 9 LANORTwNSIZE
19430a RETURN

*19446- 19 CALL ZPART(SN91,NSIZE,1)
19459= NDIM.NPIJ
194602 NDIMI=NDIN.1
1947P= CALL TFRNTI(TN(LRT),1M1,MD,NND,2)
19481a CALL MAT3(NPLD,NND,FLT(LFLTRK) ,ZMI,CONI)
19499= MVOUT2#MPLD.I
195ffs REWIND KPLOT

-~195108 CALL DACOV(SNFLT(LFCOY),ZMI,1M2,NA,MVOUT,9.)
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19329a DO 29 IT.1,3I
* 1939= TINEnTSAIIPFLOAT(IT)

19549. CALL ACDVUDCSN,TN(LQDT),CON1,TNILPHT),FLT(LEADSN),
1953#- 1 C012,ZNl,Zl2)

19569. CALL DACOY(SN,FLT(LFCOV) ,ZNI,1N2,NA,NVOUT,TINE)
1970 1 OTIU

19589 ENDFILE KPLOT
19599 SNITE (KTERN, 104)

* .~.196W9 RMA(KIN,1123 ITITLE
19611- 105 I.1,NPLD
19620a REWIND KPLOT
19639. NSM1).
19641a NS(2).52
196508 11S(3)103
19669. NVPLOT(1)Il+I-1
19679. NVPOT(2)xI~I
19689 DO 49 P1l,31
196908 CALL RPLOTF(ZNI,NVOIT,IERR)
1970a. IF(IERR.Eg.1) GO TO 59
19719. CALL STRPLT(SN,ZNI,NS,NVPLOT,2,NYOUT)
19729. DO 35 Kx1, 3
19739a 35 NSUONSIK)+1

*.19740=.4f CONTINUE
19751a SRITE 17,ZN1(NYPLOT(1),I1,ZNI(NVPLOT(2))
19769 1I7 FORNAT('FINAL RNE ERRORS : TRUE a ,1PE15.71' (STATE',13,
19770m 1 *),41,*COWITED -4,2031.7)

* **19781z CALL PLOTLP(51,2,SN,-1,1,9,KLIST,ITITLE)
19799. WSITE(KLIST,196) I
19899. 116 FORNAT(of STATE : ',12//41,OSYNI 1: TRUE ERROR/1
19819. 1 41,0SYNDOL 2 : CONPUTED ERROR 8/)
192 59 CONTINUE
19839 RETURN
19949. 194 FORHAT( *1(-) ENTER TITLE IN GIVEN FIELD 1 '),I
19959. 192 FORNAT(A19)
19869.C END SUBROUTINE FEYAL

"I.*19879. END
1991 SUBROUTINE DACOV(PCAPC,ZNIZN2,NA,NYOUTTINE)
199918 COMIO/NINIINDIN,NDINI,CON1 (1)
19999= COHHO/FILES/KSAYEKDATAKPLOT,KLISTKTERH
199IS CONNONlNDIND/NND, SRD, NPD,NND, NRD, NNDtNODD, NPLD, NUPNND, NNR

S 19929. COMbOh/NDINT/NNTgNRT,NNT,NNT
19939. CONONLOCT/LPHT,LBDT,LGDT,LNT,LRTLTDTLTNT
19949 COHO/TRUT/NVTNTN(1)
19959. DiIENSION PCA(1,PC(wZIIIn2(l)
19969 NDINXNA
19979. NINI.NDI1tI
19989. CALL TFRNT(TN(LTDT),ZNI,ED,NNT,2)
19999. IF(NDD.LT.1) 60 TO 5
216W9 IAsLADDR(N,NND.191)
29919. CALL TFRNTI(TN(LTNT),ZN1(IA),NDDNNT,2)
20020a 5 CALL NSCALE(ZN1,ZN1,NPLD,NNT,-1.)
29039. lAwLADDR(NA,1,NNT.1)

~ 28949 CALL IDNT(NPLDZNI(IA),1.)
29959. CALL MAT3(NPt.DNAZH1,PCA,1N2)
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299Hz WRITE IKLIST9 161) TIME
21070a 101 FORNAT(81'TRUE' DESIGN ERROR CGIVARIANCE AT TIRE z ,F6.4)
200W9 CALL NATIO(Z2NPJ,NPLD,3)
290m9 IAPI
20199P DO 10 Izl,NPU)

29121= ZMIENS-1I*SQRT(ZN2(IA))
211W Ni (Ns) anCW

N2114#x It IABIA44DINI
21150a ZNl1 NYOUT)zTINE

* 29161 CALL WPLDTFIZNI,NVOUT)
21171-z RETURN

S21180--C END SUBROUTINE DAMO
2191-m= END
20211 SUBROUTINE ACOVUD(PC,GD,RKRKT,PHITPHI,RINKH, ZN1,ZN2)
2921tv CONmONNAIN1/NDININIINItCOi (13
20229a CONNON/NDIND/END, NRDpNPDt M993 NOD, NIIUN#DD,NP.D, NMPNND, NUPR
292M2= COMN/NT/IUTNRT,MTNT
29248 COMM/LIET/LPNT, LDDT,LODTLNTLRT,LTDT,LTNT
20250a COMNITRMT/NTT(1)
292602 CONNON/LKF/LEADSN, LFLTRK, LFCOY
26279z CONNICFINFLT,FLT( 1)
20299a DIMENSION PC(1),OD(1),RKRKT(1),PHIT(1),PNI(1),RIMKH(1I,
21291 1 ZIMh(1N1)
203H2= L1LADM(NDIM,1,IIT.1)

2031f CALLZPAIT(ZM2(LI),NNT,NPLDNDIN)
2932§2 CALL TFRNTI(PHIT,1M2,NNTNNT,2)
293352 LI-LADDR(NDIN,NNT.1,NNT.1)
29349=n CALL TFRNTI(PNIvZN2(Ll) ,NPLD,NPLD,23

213W CALL ZPART(ZN2(L2),WNLDIUI1,NDIM)
203798 CALL NAT3(NDIN,NDIN,1M2,PC, ZN1)
29389= CALL FPADD4ZNINDIM,9DNNT,NNT,1,qPC)
21391s CALL IDNT(NNTZ12l.)
204W1 CALL FML (FLT (LFLTRK) , T(LJIT) ,NPLD, MD, NNT, ZMI)
214192 CALL TFRTI(ZN,ZN2(L2),NPLDoNUT,2)
204292 CALL TFRNTX(RINKH12(L)tNPLDqNPLD,2)
20439a CALL NAT3(NDIMNDIM,1N2,PCZM1)
29441= CALL FPADD(ZNI,NMRKRKT,NPLDNPLD,L1,PC)
214W1 RETURN
214618C ENS SUBROUTINE ACOVUD
21479P END
29489. SUBROINIE FPADD4I,NIYERYNCYpLADDR,Z)
29499. DIMION ImI),(13y(NRYNCY)
215W9 CALL FTNT11IZNINX)
20519a LANI8LADDR-1
20529=1 301 I 1,NCY
295302 LAIULAN1.NIO(I-1)
205418 Do 0 I .NRY

* 429559. LA1.LA1M
29561m 19 Z(LAI)nZ(LAI)*Y(JI)

~'.21570s RETURN
* *205W9C END SUBROUTINE FPADD

29590. END
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20600z SUBROUTINE RSYS(AoL,ND,ITYPE,INRT)
.,~~~ 296112 CONNONIDSIGNINCON, TSAW,LFLRPI ,LFLCGT, LFLKF, LTEVAL, LADORT

29629z COHNO/FILES/KSAVEKDATA,KPLOT,KLIST,KTERN
29630a CONNON/SYSNTIINVsn, SNI 1)
29649. CONNAMC/ANI)

266 DIESO A),lNit!) NAD(14,2) IND(7,3 NTYP(2 3)gNIL()
4'>29679. 1 NRAT(14,3)

2199 DATA NTT/7,4,3q4,4,B/
29699' DATA UuII/N

.r 29700z DATA IND/ IN, lIHi, IHP, IHi, IND, INN, 2hV, 2HNN9 2HRH, 2HNt, 4 (IN )l
29711- 1 2H1TNTq2T ,2NT,1 IN 1H NI
29729. DATA NTITLE/6HDESIBN,7NCOMMNI5HTRUTN/
29739a DATA WIATIIA, IlU2HE1, IND, ING, INC,2NDY,2NET IH,2HHN, IHR92NA N,
29749' I 2NSN,2HNq3,2ANNDN2NCN,2HDN,1IhuH ) ,2HAT,2NDT,2N6T, 2NGT,2HHT,
21759- 2 2HRT,3NTT,3NTNT9611N )
29769a NDN.NYP(1, ITYPE)
297712 NAR-NTYP 12, ITYPE)
29799 MT2NTITLE(ITYPE)

S29799m NRITE(KLIST,110) NT
29999 119 FORNAT(///111,5(of 81A7,6 NODELB,5(2 #0)////)
2910 5 MITE 101,NT
21829. 191 FORTVIEAD '00,' MODE FROM 'DATA' FILE 1Y OR N)))
29939z READ l1,IANS
29841m IF(IANS.E.NO) 6O TO If
2mom9 IFx1

A20969. CALL READFS(AND,ITYPEIERR)
29979P IF(IERR.Eg.6) 6O TO 291
3880-u It VR17E 112,NT
2099- 192 FORMAT(' ENTER ',A7,' NODEL FROM TERNINAL. (Y OR N) )

4P4d2999 READ 11,IN
29919a IF(IANS.EQ.NO) 60 TO 15
29921z IFz2
299302 DO 12 Is1,NDM

-. 29949a WRITE 112,IND(IITYPE)
29959- 112 FORNATI' ENTER ',A2,' >
2969. 12 READ*,ND(I
29979. 60 TO 201
2999915 1Fz3
29990. IF(ITYPE-2) 16,17,19
21999. 16 CALL DSNOINDO)
219119. 0 TO 29
21929' 17 CALL CHDINDW
21939. 60 T029

21959 20 IF(NDI1).GT.f) GO TO 291
211W9 WRITE 114pNT
21071- 114 FORNATI'1909A7 MODEL SUBROUTINE NON-EXISTENT-)
21999a So TO 5
2199. 291 IF(ITYPE-2) 21,22,23
21190. 21 CALL DSNDM(NDqNAD)

*21119a 60 TO25
4'.21129- 22 CALL CNDDR(ND,NAD)

21139. 60 TO 25
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21140-.23 CALL TRTNIND,NAD)
21153. 25 IF(LABOAT.EG.#) 6O TO 26

K2116& WRITE 13,ToLAORT
21171a 113 FOANATI'IINSUFFICIENT MEMORY FOR ',A7,' MODEL, NEED: ',14)
2118P RETURN
21193 26 L(1)zl
21293. DO 38 1z21NAR
212103s 30 ()LI14DI-,)NDI12
212218 NPNTS-L (MAR) 44MB (MAR, 1) #NAD (MAR, 2) -1
21236a IF(NPNTS.LE.NYSN) 6O TO 34
212438 WRITE 114,MPNTS

-2125P. 194 FORNAT(GOIMSUFFICIENT MEMORY /SYSNi/, NEED: 0,14)
21263. LADORTNPNTS
21270a RETURN
21298& 34 IF(IF-2) 75,35,51
21293m 35 Hal1
213W3 DO 4a I=1,MAR
21313. NI*NAD(I,1)

*2132 N2zNAl1(2)
21333. IF((N1.EG.I).OR.(M2.EI.l)) 90 TO U1
21343. MRITE 113,MHAT(I,ITYPE)
2133. 113 FORNATV'INTER ,jA3)

* 21363. CALL ZNATIN(A(L(I)),NIN2,IZ)
21373. 41 CONTINUE
21383 60 TO75
21393. 53 CALL 1PART(A,1,MPNTS,1)
214ff IF(ITYPE-2) 55,61,65
21413. 55 CALL. rIiAlLitlf,A(I2)),A1L13)),AIL(4D),A(L(5)),A(L&)),A(L(7)),
214238 I A(L(9),A(L(9)),A(L(13)),A(L(11)),A(L(12)),A(L(13) ),A(L(14)1)
21433. 60 TO75

*21443.- 61 CALL CNDN(A(L(1)),A(L(2)),A(L(3)),A4L(4)))
21453. 60 TO 7
214636 CALL TRTNH(A(L(1)),A(L(2)),A(L(3)),A(L(4)),A(L(5)),A(L(6)),
21473. 1 A(L(7)),A(L(9)))
21493 75 Ha4
21493.77 WRITE 13
21533. 135 FORNAT(OIIFY MATRIX ELEMENTS (Y OR N) )
215132 READ I11,IANS
21523. IF(IANS.E9.NO) GO TO 88
2153P WRITE 1l6,(NHAT(IITYPE),IzlMAR)
21543. 11% FORMAT(1I,14(21,3)
21553. 79 WRITE 117
21563 1#7 FORMAT(' ENTER MATRIX NME )
21573z READ 11IIANS

*21593. Do of Iu1,MAR
21593. IF(IANS.EO.NMAT(I,ITYPE)) GO TO 81

421601s Of CONTINUE
21611z 90 TO 79
21621m 81 WRITE 116
2163P. 116 FORNAT~o LIST MATRIX TO TERMINAL (Y OR N)>)
21643. READ 111,IANS
2163. IF(IANS.EG.MO) 6O TO 93
21bbin CALL NATLST(A(L(I)),MDil,1),NAD(I,2),MAT(IITYPE),KTER)
21673. 93 CALL ZMATIM(A(L(I)),MD(I,1),NAD(I,2),IZ)
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216802 60 TO 77
21691 IF(ITYPE.E.2) CALL FTNTX(A(L(I)),AN,ND(I),ND(,))

I 217002 IF(ITYPE.EO.1) CALL FTNTI(A(L(2)),BDND(I),ND(2))
21719= 91 IF(IWRT) 95,92,93
21725z 92 INTaI
21739 93 WRITE 115,NT
21749! 115 FORNAT(WRITE ",A7, NDEL TO 'SAVE' FILE (Y OR N) >)

217509 READ IlIlANS
I-du letion- -- I
21769= IF(IANS.EQ.NO) 90 TO 95
21779= CALL FILED(ITYPE,NPNTS, ND,A)
21799 IRT-I
2179= WRITE 19,NT
2189 109 FORNAT(61,A7, lOEL WRITTEN TO 'SAVE' FILE-)
2181#z 95 DO IN Isl,NM
2182#z NINAPI, I)
21839= N2-NAD(1,2)
21849= IF(NI.EO.9).OR.(N2.EL.)) 60 TO IN
21859= CALL NATLST(A(L(I)),NN2,NIMT(I,ITYPE),KLIST)
21869= 190 CONTINUE
21879= 111 FORMT(A3)
2180 RETURN
2189#9C END SUBROUTINE RSYS
21961a END
219102 SUBROUTINE DSND(ND1
21929= DINENSION ND(1
2193s ND(1)4
219419 RETURN
21959KC END SUBROUTINE DSND
21916 END
21979= SUBROUTINE CND(N
21981 DINENSION ND()
2199s ND(I)-a
22999= RETURN
22110-C END SUBROUTINE CROD

• : 22929W END

22539= SUBROUTINE TRTHD(ND)
22949= DINENSION NO)
2209 ND(1) s
22960a RETURN
22179=C END SUBROUTINE TRIND
22990i END
2291 SUBROUTINE DSNN(ABEl,8,D,C,DYEY,NHDR,AD,GD,QD)
22199 RETURN

- 221118C END SUBROUTINE DSE
22129, END
22139= SUBROUTINE CMDN(ANBqCNDM)
22141a RETURN
22150C END SUBROUTINE CKON
221602 END
22170m SUBROUTINE TRTH(AT,BTtST,OT,HTRT,TDT,TNT)

. 2218s RETURN
2219#*C END SUBROUTINE TRTHN
22219= END
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2221W SUDMaTINE DSNDN(NDS5)
222208 COIUIAN/lESIMMN/C, TSAJULFLRPI, LFLCCT,LFU(F,LTEALLADORT
2223W COllIE/ND IN/NND, m, NPD, NND,N11U, MI, NWID,NPLD, NtUMVD, NIP
2224&. CONNON/lSNKTI/NYDN,NODY,NOEY,DN(1)
22259. DIMEION ND(1),ND104,2)

* 22299& NNDxNl(3)

22290. 9".6(4)
223W9 NODND(5)
2231&. UD'N16)
2232lz NUDD'NDI7)
22331= WLDXNNMNI
22349. IIIPNUDNDD
22339z NNPR-ND4NRl
22369. NAD 11) 40
22370. NAD(21)4UD
22399. NAD(391)4N0
22399. NAD (4, 1)41NW
22400a NAI(5, 1)-"O
22419. NAD (6, 1)NWD
22429. AD (7, 1)-wo
224309 m A(, 1)'NPD
22440s MAD(9, 1) -we
22459 NAD(1,1)'IU
22469. ND(i1,)4lS
224712 NAD(12,1)NOD

% o22469. NAD(13,1140D
22499. NAI(14jI)-NMlD
225W9 NAD(1,2)4N3
22519. NAD2,2)xNRD

-\22529. NAD32)4331
22539. NAD(4,2)'NUD
22540. ND(5,2)ND
22550. NAD(6,2)xNDO
22566a NAD7,2)'UD
22570. N3(89,2) '633
22589 NAD(9,2)zNg
22599. NADIII,2)2D
22600s NAD(I,2)-NND
22610. NAD(1292)43OD
22620. NA(f312)nND
22639 NAD(14,2)aNWD
22649 MSIZE'NPLD'(2#ULDND4NND+WD4WPUI) 433* (NND.NPD)+
22659. I NDD#NDD4NKD4NM+D4'NDNDDD4NDD
22669 IFINSIZE.GT.NVDN) LABORT4NSIZE
22679P RETURN
22681sC END SUBROUT INE DSNVN
226"s END
2270' SUBROUTINE COUDNINDAD)
22711a CaNNONNiWI/NNC,NRCtNPC

~ .-~..22729' CONNON/CNDNTI/NYCNNENNNOOCCN(1)
22739. CONHO/DESIGN/NVCON, TSAW, LFLRPJ ,LFLCGT, LFLKF,LTE VALILADORT

22741a DINENSION ND(1)qNAD(14,2)
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22750- NNC4-D(1)
-. 22761- NRC=ND(2)

22771. NPC-N8(3)
22786a NAB (1,l1)=N4

0022790- NAB (2,1)=N4C
22999 NAD(3,l)=NPC
22811- NAD(4,l)NP
22829a NA (1,2)N4C
2283Dm NAD (2,2) -MC
22849. ND(3,2)N4K

2285#x NADl4t2)fSRC

2297#x IF(NSIZE.GT.NVC) LAORTxNSIZE
22890- RETURN
2209Km END SUBROUT INE CNDON
22992 END
22911- SUBROUTINE TUTHDWNNDA)

* ~22920- CiNIIIIDSIUNVCOKTSANPLFLRPI LFLCSTLFKF,LTEVAL,AORT
229382 CDO/MNDIN/IhID WD,ND, ll KD, KID, NIOD, MU, KIIND, NR
2294l- CONNON/NINT/NNTKRT,NNT,NNT
22959 CDNOKTRIMITYlKTN,TN (1)
22960- DINENSION ND(1),NAD(14,2)
22979a NNTxNlt1)
22999=- *RT=K(2)
22999= NNT=ND(3)
23900- *TxNO(4)
2391P. NAD (1, 1) NNT
2312#z NAl(2vl141
2331 NAD(3,1)=NNT

23141= KAB (4,1) mUT
23959- NAD(3,1)-IUT

F.23969 NA (6,1) -M
23U79: NAD (7, 1) xNl
2398#n NAPD(8, 1) NDD
2390- NAB Q ,2) mINT
23199P KAD(2,21=NRT
231112 NAD(3,2)zNVT

*23129a NAD14,2)4T
23139- NAD45,2)=NNT
23149. NAD(6,2)NNT
2315#- NADI7,2)=IUT
2316#. NAD(8,2)=IUT
23179. NSI ZEaNNKT.2.NNTNNDI9NPL) +EID'JI
23169 IF(NSJZE.GT.KVTN) LABORTUNSIZE
23199. RETURN
232U=C END SUBROUTINE TRTHDN
23219z END
23220- SUBROUTINE ZNATIN(AWRC,11
23230- DINENSION A(NRKC)
23249- IF(IZ) 11,10,1
23259a 1 DO 5 1=1,NR
23269- DO 5 Ja1,NC

~*~23271a 5 A(1,J)af.
23299- 19 WRITE 111,NR4NC
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23299' 15 READ#,1, J, V
23399 IF(I.EB.9) RETURN

. .23310- IF(II.LE.NR).AND.(J.LE.NC)) 60 TO 21
23323' WRITE 102
23339. 60To to
23349 29 A4IvJ)'V
23359 IFUIZ.LT.0) A(J,H-V
23369 GO TOl15
2337#- III FORMATV ENTER I,J AND N(,)(/WHEN COMPLTE) : 129' DY '12,
23399I' 1)0)

.~-~23399. 192 FORNATI' ERROR IN ARRAY INDEP)
234UC END SUBROUTINE 1MAT11
234198 END
23423a S1UROTINE WFILED(NT,NP,N,A)
23439' COMM/fFILESIKSAYE KDATA,KPLOT LIST KTERN - - - -

E2J347 - flJM~da ND1)ANL.. - - - - - - - - -

23459' DATA IO / -I
~423469' BACKSPACE KAVE

23479' IRITE(KSAVE all) NTN - - - -- - -

23489' IE (KSAE 9J(D()~,5 - - - -

2349W WITE(KSAVE,192) (ATIl),I'1,NP)-
23593 *ITE(KSAYE,191)- IEOI,NP
23510' RETURN
23529' 191 FORNAT(214)
2339 192 FORNAT (E2. 10)
23349.C END SUBROUTINE FILED
23559 END
23%602 SUBROUTINE REABFS(A,N3,NT,IERR)

r-3u.-COMM/F ILES/KSA YE, KDATA,KPLOT, KIST,KTERN.
L23Vt~f- DINENSION flM,NBU5) - -

23596. DATA IE-1/ - - -

23699'a REVIND DATA
23619 5 READ(KDATA,102) IT,NP
23629' IF(IT.NE.IEOI) 6O TO It
2363W= WRITE 101
2364#' IERRul

.423659. RETURN
23669' 19 CALL FARRAY(A,ND,NP)
23679' IF(IT.NE.NT) 6O TO 5
23689 IERRs9

-~23699 191 FORNAT(9IDATA NOT IN 'DATA' FILE . .*

23793' 112 FORNAT (214)
*23713' RETURN

237262C END SUBROUTINE READFS
23733' END
2374#z SUBROUTINE FARRAYA,IuNP)
237502 _CONfON/FILES/KSAEKDATA,KPLOTKIST, KTERN - - - - - -

2363'- DIMENSIONA A(NP),ND15)-'
-37f READIKDATA.111) (NDI)1,5 - - - - - - - -

23793' READ(KATA,192 (rII),Iu1,NP)
23799s RETURN
23699' III FORNAT(214)

.'~23910a 192 FORNAT(EMI.If)
238212C END SUBROUTINE FARRAY
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'p2383&. END
239402 SUBROUTINE TFRNTIIII,12,NR,NC,ITX)

-N'23859 CWPION/NAIN1/NDIN
23969. DINENSION 111),1211)

..,23870a IF(ITLE9.2) GO TO 29
-. 23999. J.NC*NDIN
* 23899s KKz9

23999 D01 I 110JONDIN
23919. 1.143N-1
23929m DO 1t JJ=IL
23939. KKK*1
23949. 19 I1IKKJ=124JJ)
23950. RETURN

*23969. 29 IK'aNR*NC+I
23979. Do 39 Iz1,NC
239892 L.INC-I)IW1IN.1
23999. DO 39 J.1,WH
2499W KKKK-1
24919c JJLN-J
24129s 39 121JJ)xl1(KK)
24939. RETURN

124949. END
24050a SUBROUTINE NATLSTAENCNT,KDEV)
24969 DINENION A(NR,NC)
24979. WRITE(KIEV,191) NT
240W9 DO It 1u1,NR
2490 to WRITE(KIEV,192) (A(1,J),Jx1,NC)
24190P II1 FOMT(1IHW,4J, PAThI/)
24119. 192 FORNAT11P19613.4)
24129= RETURN
24131-C END SUBROUINIE HATLST
24149. END
24192 SUBROUTINE NDSCRT(AqNNTERNS)
24169 CONNI/DESIG/NYtNITSWI,LFLRPILFLCST,LFLKF,LTEVAL,LANAT
24179. DINENSION A(1)
24199. 1TERNIFII(&.43.TSANPINORN(NA))
24199. IF INTERNS.GST. 31) NTERNS39
24299x RETURN
2421K. END SUBROUTINE NDSCRT
242298 END
24239. SUBROUTINE RUN6TSIN,NDNP)

* *24249= DINENS10W M(l)
24259. 19 MHITE 1I1
24269. 1I1 FORNATI' ENTER I AND 9N(I,-91 WEN CONIPLETE))'
24279. 15 READtoI,
24289. IF(I.El.9) RETURN
242998 IF(1.LE.ND) GO TO 29
243W9 MHITE 192
24319. 192 FORJIATV ERROR IN ARRAY INDE161
24329. 90 TO 19
24330- 29 IF(V) 25,30,41

* -24340m 25 WRITE 193
24359. 193 FORNATIO ELENENTS iNOT BE NON-NEGATIVEO)
24369 So TOIS5

D-55



24379. 31 IF(NP) 35,4935
24399 35 WRITE 194

*'* ~24399. 194 FORNATI' ELEMENTS NOST BE POSITI VE)
2440P. So0T015

24419. 4 L1IADR(NDI,I)

24439. GO TO 15
24409. END SUBROUTINE MUSGTS
24459. END
2444.' SUBROUTINE DVCTI(N,AY)
24479. DIN ENS ION A(1),Y(1)
244808 NPW1441
24499. N2SNN
24599 is#
24519. DO 1t Izl,N2,NPI
24529. J.J.1
24539 1t Y(J)aA(1)
24549 RETURN
2455K. END SUBROUTINE DYCTOR
24569. END
24579.m SUBROUTINE POLES(A,NtITYPE,ZN191N2)
24599. coINAIN INIIN,NMINI IcoNZ (1)
2459&. COONIISIGNINYCCUTSANPLFLRPI ,LFLCGT, LFLKF,LTEVAL, LANRT
244.9. COMh~/FILES/KSAVEKIATA,KPLOT, KLIST,KTERN
24619. DIMENSION NTYPf5),A(I),ZNI(I),1N2C1)
2442 DATA NTYP/IIESIGN,7HCOIINADSHT,SNREPl,6NFLTER/
24439. DSZNDIN
2464& HIM*#
24659 NDINISNIIN.1
2469. CALL. EIBEN(flhHAZN1,ZN1(NDINI),1N2,9)

kl246712 IF(ITYPE.LT.4) 60 TO 1t
4,24489 CALL NAPOLE (N, ZNI, ZHI(MDINI), TSANP)
-424499. 1t WITEIKLIST,192) NTYP(ITYPE)

2470z= NRITEfKTERN,192) NTYP(ITIPE)
24719. WRITE (KLIST, 101) (N()ZINI4)I1N
24729. NRITEIKTERN, 191) lZN! (I),ZNI (NDIN*1),Iz1,N)
24739. MUIMNS
24741a NDIN14NDIN.1
24759. 191 FORNAT161,lPElS.7,6 *J(m,lPEI5.7,')8)
24769. 192 FORNAT(mlPOLES OF ,A7,' MATRIX'/)
24771a RETURN
247004C END SUBROUTINE POLES
24799. END
24699 SUBROUJTINE NAOLE(N,ZR,Z19T)
24819a DIMENSION ZR(),lI(1)
24629. RT-I./T

'4'24939. DO1 I 11N
24949. ZNST ZR 1) #2Z I(1) #2)
24959 SISNA4TAO60Z)
2469 Z1(1) xlT#ATAN2 (ZJ1(1) 9ZR (1))
24870a 19 ZR(I)zSIGNA

* ~249908 RETURN
249P9C END SUBROUTINE NAPOLE
2490n. END
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24919' FUNCTION LADDR(NR,I,J)
2492f= LADD9=I4NR(J-1)
24931= RETURN
2494#*C END FUNCTION LABDR
249598 END
24969x SUBROUTINE FTNTIIIY,NR,NC)
24979' DINENIUN XI1),Y(l)
24980s NEIS*NC
24999' DO If Ixl,NE
25#w9 19 Y(I)'I(I)
25010s RETURN
29c END SUBROUTINE FTNTI

25939' END
25#408 SUBRUTINE PFlfhJ(I,YNRI,NC1,NC2,Z)
25959= DINEN I(NR1,NCIJY(NCI,NC2),Z(NRI,NC2)
25#608 DOUBLE PRECISION TD
25979= DO 10 I'1,NRI
25#602 DO 19 Jz1,NC2
2599W TD-0. DU
25199' DOS 3Kz1,NCI
25110= 5 TD'TD.I(I,K)*Y(K,J)
25129a 1t Z(J,J)2TD

425131= RETURN
251412C END SUBROUINE FMUL
25159' END
251602 SUBROUTINE FThUL(XYONRI,NC1,NC2,Z)

* 2517#x DINENSION I(NR1,NC1) ,Y(NE1,NC2),Z(NC1,NC2)
O D25198= DOUBLE PRECISION TO

2519#x Do 1 I 1,NCI
252W9 DO It Jz~lNC2
25219= TM'. DII
25229= DO 5 Kz1,NR1
25231s 5 TDTD.I(KI)*Y(K,J)
25241s 19 Z(IJl'Th
25259s RETURN
2526Ku END SUBROUTINE FTNUL
25279= END
25289= SUBROUINE FNADD(I,YNR,NC,Z)
25299= DINSION 1(1),Y(1),lI)
25399= NEzNRNC
25319= DO 1t Is1,NE
25329= 1# Z (1) xX(1)+Y (1)
253308 RETURN
25349=C END SUBROUTINE FNAD
25359 END
25369= SUBROTINE ZPART(A,NR,NC,ND)
2537ts DIMENSION AMl
253om NE-NC*ND
25399s Do 1 I 19N

2549= DO 1t JzINE,ND
254191 I A(WJ)4.

-~25420= RETURN
2543K= END SUBROUTINE ZPART
25449= END
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25450a SUBROUTINE SUBI (A,NR,ND)
-" 25461s DIMENSION A(t)

25470= NbIND+
254898 NE=NR*NO
25491= 0 19t lINE,NDI
25599: 1 AI)=A(I)-l.
255111 RETURN
25521K END SUBROUTINE SUBI
2553&/ END
2554/= SUBROUTINE NPLOTF(VN)
25559: COMMONFILES/KSAVEp KDATA, PLOT,KLISTKTERN

', 25569x D1MENSiON VIN)
255702 NITE(KPLOT,111) (V(I),Iz1,N)
25589: RETURN

* - 25590= 1II FORNAT(E2. 19)
256ff=C END SUBROUTINE NPLOTF
25619x END
2562/= SUBROUTINE RPLOTF(V,N, IERR)
2563#= CONON/FILESIKSAVEKDATA, KPLOTKLISTKTERM

25649. DIMENSION YIN)
2565= READ(KPLOT,101 (V(I),I"I,N)
25669. IF(EOF(KPLOT)) 5,11
256792 5 IERR=I
2568= RETURN
25690- 1t IERRx|
25799/ RETURN
257192 191 FORMATE20.11)
2572/-C END SUBRO1TIAE RPLOTF
25730s END
257402 SUBROUTINE STRPLT(A,YNS,NY,NP,NVO)
257592 DIMENSION A(I),NS(1),NV(I),V(I)

. 25760m AINS(1))--V(NYO)
257792 00 5 I=l,NP
25780= 5 A(NS(1+1))=V(NV(I))
25790m RETURN
25869C END SUBROUTINE STRPLT
2591= END
25829: SUBROUTINE PLOTLP(NIN,A,IPSC,ISCLLPTER NDEVIITITLE)
25831-C * # + * *
25841C + N a NUMBER OF POINTS TO BE PLOTTED
25850-C * M a NUMBER OF OUTPUTS TO BE PLOTTED
25869=C # A = VECTOR OF SAMPLE POINTS FOR PLOTTING : DIMENSION a N*IM
25870-C # ELEMENTS I TO N ARE THE INDEPENDENT VARIABLE

25889=C * ELEMENTS (1) TO 2*0, (2#N+I) TO 301 AND SO ON ARE
25899C THE DEPENDENT VARIABLES--EACH VARIABLE IS IN CONSECUTIVE
25 C # STORAGE WITH CORRESPONDING SAMPLE POINTS FOR EACH
25910C SEPARATED BY MULTIPLES OF N
2592/=C z -1 z) SCALE ALL VARIABLES TOGETHER (1 PLOT)

25930-C f a 9 a) SCALE TO6ETHER AND SEPARATELY (2 PLOTS)
2594f=C # = +1 s) SCALE SEPARATELY (Q PLOT)
2395f=C # ISCL = I z> PLOT OVER EXACT RANGE OF VARIABLE

. ,--/. 2596/=C a I x) PLOT USING EVEN SCALING
25979!C # LPTERN a I a) PLOT IS TO TERMINAL (51 CHARACTERS WIDE)

. 259992C # a I) PLOT IS TO LINE PRINTER (19 CHARACTERS WIDE)
D-.5
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259914C # NDEV 2 DEVICE NUMBER FOR PLOT OUTPUT
2691014 * ITITLE :VECTOR(DIMENSIONED 3) WITH S9 CHARACTER TITLE
261 9:C4I,.f,
2602#z DIMENSION YSCAL(6),YNIN(6) ,IBLNK(6),YPR(11),A(1)
26939: INTEGER OUT(191),SYMBOL16), LANK,PLUS,GRID,ITITLE(3)
26949= DATA BLANKPLUS,COLONSYMBOLI1H ,IH+,IH:, 1HI,IH2,IH3,1H4,1H5,1H6/
2605#x 1 FORNAT(H
26060- 2 FORNATIIH1,I1X,5A19/)
26071- 10 FORNAMf i ,FI.2961t1f1Al)
26919 12 FORNAT(11HO SCALE ,AllIl,11Flf.4)
26999W IPAPER5*#(I.LPTERM)
261Hz ISPAC:190IPAPER
26111a RISPAC=FLOAT(ISPAC)

'S26129= ISPAC=ISPAC.1
26139z IPRTI:IPAPER.1
26140: RNINzAIN,1)
26150a RNA12RNIN
26160z 25 DO 41 ISC:1,N
26170: N12ISC*N.1
2618#x YL:A(Rl)
2619#x YH:YI.
262 W N2zN#(ISC+1)
26219: 10 49 J=II1,N2
26229= IF(A(J).LT.YL) SD TO 30
26230,c IF(A(J).GT.YH) YHzA(J)
26249= 60 TO 49

*26250a 39 YLzA(J)
26269a 49 CONTINUE

*26270c IF(YL.LT.RNIN)RNINBYL
26299= IF(YH.6T.RIAI) RHAXzYN
26299x IF(IPSC. GE. 9) CALL VARSCLIYL,YH,YSCAL(ISC) ,RISPAC, ISCL)
263Hzx 41 Y1IN(ISC)2YL
263109= IFl(IPSC.LE. 9)CALL VARSI.(RNIN, RNAX,SCAL, RISPAC, ISCL)
26329z 1C=2-IADSI IPSC)
26339= DO 45 II:1,ISPAC
26349a 45 OUT(IX)2DLANK

'S263509: DO 199 ICO=1,IC
26361z WRITE(NDEV,2) (ITITLE(I),Ix1,5)
26370= DO 69 Ixl,N
26389n IPR=A(I)
26399=, IF(HOD(I,19).Eg.9) GO TO 458
26499a GRID=DAN

26420a 458 GRIDxC0LON
26439x 469 DO 461 II=2,ISPAC,2
26449: 461 OUT(IU6RID
26450= DO 46 II=1,ISPAC,19
264602 46 OUT (I)UPLUS
264712 DOS 55ja1,R

.5,264802 lLz=JJN
26491a IF(IPSC) 48947t49
265f#2 47 IPSCTxIPSC+ICO

S26519m IF(IPSCT.EG.2) GO TO 49
26529. 49 JPsIFIXIUA(IL)-RNIN)/SCAL)+l
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26539: GO TO 59
26341= 49 JPzIFIX((A(IL)-YNIN(J))/YSCAL(J))+I
265#: 51 OUT(JP)-SYNDOL(J)
265690 55 IBLNK4J)aJ1P

26570: VRITE(NDEV, 19) IPR, (DUT(IX) ,IXZl, ISPAC)
26599= Do 59 JzIN
2659#z ITEIF:IBLNK(JJ
266H9: 59 OUT (ITENP) zIANK
26619= 69 CONTINUE
26620= IF(IPSC) 68,67,72
26639- 67 IF(IPSCT.EG.2) 60 TO 72
2649= 69 YPR(1):RNIN
2665#x DO 71 Iz1,IPAPER
2666#z 79 YPR(Ii1)zYPR(I)+10.*SCAL
26671z VRITE(NDEY,12) BLANK, (YPR(I),I=1,IPRT1)
26680-c 60 TO 199
26699: 72 DO 76 ISCz1,M
26799= YPR(1):YHIN(ISC)
26719z DO 74 I:1,IPAPER
26729: 74 YPR(1+1)zYPR(I)+19.*YSCAL(ISC)
26739: 76 VRITE(NDEV,12) SYNBOL(ISC),(YPR(IX),IX:1,IPRTI)
2674#z 199 WRITE(NDEV,1)
26739= RETURN
26760--C END SUBROUTINE PLOTW
26779: END
2678#z SUBROUTINE VARSCL(XNIN, IMAX,SCALE,RSPACE, ISCL)
26790-- IF(XNAI.EG.XNIN) ININ.9#XNIN-19.
26899 SCALExINAX-XMIN
26919z IF(ISCL.EG.9) GO TO 25
26829x EXP:IFUI(199..ALOG19(SCALE) )-109.
26839: FACTORc19...(1.-EIP)
26040= XMINTxXNINIFACTOR

-26899 INAITzINAXIFACTOR

26840a IF(XNAXT.GE.I.) XNAXT:IIIAIT+.9
2687#x IF(ININT.LE.l.) XMINTuXNINT-.9

*26899= XMINT=AINTfXMINT)
26899: ISCALzXNAXT-XNINT
269002 IF(HOD(ISCAL,5) .NE.1) ISCAL:ISCAL+5-MOD(ISCAL,5)
26919z FACTORz19.n*(EXP-1.)
26929: XINN:NINT#FACTOR
26939: SCALEaFACTOR*FLOAT (ISCAL)
26949= 25 SCALE2SCALE/RSPACE
26959z RETURN
26969=C END SUBROUTINE VARSCL
26979a END
269814C

27999C
270194C CODE FROM THIS POINT ON WAS ADDED BY LT MOSELEY (1992)
27922C

27149=C
'~*27959= SUBROUTINE PFDATA(ICODE,ND)

*2796911 CONN0N/MAIN1/NDIN,NDIMI,COMI(1)
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27070m COMMON/AIN2/CN211)
27191z CONON/INOU/KIN,KDUT,KPUNCH
27091a CONNON/DESIGN/NVCON, TSANP, LFLRPILFLCST, LRKF, LTEVAL, LADORT
271Nn= CONNON/FILES/KSAYE, KDATA,KPLOT,KLIST,KTERN

* 27116a CONNOH/SYSNTXINVSNSI)
271268 COIUIONIZNTXI/WflhI,ZNI(I)
27139z COINON/ZNT12/ZN2(1)
2711 CONNON/NDIND/NND, NRD,NKPD,NMD, NOD, MND, NNDD,NPIJ, NUPHID, NNPR
27156= COHIWN/LOCD/LAP,L6P,LPH1,LIDLEX,LPHDLO,LDN,LO,LC,LDY,LEY,LHP,LR
27160= CONNONiDUNTX/VDNOY,N3EY,DN(1)
27176a COHUININCINNCINRC,NPC
27196= CONHO/LOCC/LPHC, LODC, LCC, LD
271"z= CONNHN/CNDNTI /NYCNEWCN, NODC, CN (1)

-*272ff CONIWUINDINT/NNT, NRT, NNT, OT
27219x CONNON/LOCT/LPIIT,LBIT,LGDT,LNT,LRT, LTDT,LTNT
272209= CONHON/TRIUNTIINVTh, TN(1)
27239= CONIUN/LCNTRLILPI1I,LP112,LP121,LP122,LPHDL,LDI
27240= COMON/CONTROL/NVCTL, CTL(1)
27231z CONNIR/LREPI /LIDN, LUDN, LPHCL, LKI, LKZ
27261z CONNON/CREPI/NRPI,RPI(1)
27270z CNDN/LCTLAI,LA3LA2,LA23,LA12,LA22,LKXAII,LKIA12,LKXAI3
27291= CONNIJN/CCSTINVCGT,CGT (1)
27299m COHHON/UF/LEADSN,LFLTRK,LFCOY
27366W CONN/CKF/NYFLT,FLT(1)
27310= DINENSION ND(1)

~127320m NDq1)=NND
27330* MD(2)2NRD
2734#2 GD13) -NPD
27356: ND(4)xNI3
27361= ND(3)zNDD
27371= ND (6) =NPLD
2739a= ND(7)4INC
273962 ND(B)4RC
2740a= aD(9) :IPC
27419= ND(11)zNNT
27429: MD(11)sNRT
27436z ND(12) zMT
27446= ND(13)=NODY
27459x ND(14)=NOY
27469W NVZNS=NVZN
27479= CALL FTRTX(DN(LPHI),SHNNDNND)
27486x LL4ND*NND.1
27491a CALL FTNTI (DM(L8D),SNlLL) ,NNDNRD)

*275662 LL2NNDINRD+LL
27516x IF(NDD.Eg.0) GO TO 169
27526: CALL FTNTX(DN(LEX~j SI(LL) ,ND,NDD)
2739= LLzNND#NDD=LL

r.27540a CALL FTNTI(DN(LPHD),SN(LL) ,NDD,NDD)
27551= LLzNDD*ND K L
2756P= IF(NODY.EG.1) GO TO 91
27579= CALL FTMTl(DN(LDY),SN(LL),NPD,NRD)
27380= LLaNPD.NRD4LL
27599s9 IF(NOEY.Eg.1) 60 TO 95

~ '~27696= CALL FTNTI(DN(LEY),SN(LL),NPDSNDD)
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27619x LI.:NPD*NDK4L
~ :~.27629a895 CALL FTMTXfDIIILJP),SN(LL),NNI,NPLD)

.... 27630- LLxNfD*NPLD4U.
27641a GO TO 2ff
27653P IN CONTINUE
2766P8 IF(NODY.EQ.1) GO TO 195
27671m CALL FTNTIIIN(LDV),SN(LL),NPD,NRD)
276898 LLxWD#NE04LL
27691a 195 CALL FTNTliDN(LNP),SN(LL),NNU,NND)
277ffa LLaNND*MNDLL
277198 29 CALL FTNTI(DN(LC),SUfLL)tNPD,NND)
27721a LL4PDNND8LL
277398 CALL FTNTI(CN(LPHCI,SN(LL),NIC,KN)
277498 LL=NNNC *LL
277598 CALL FTNTI(CN(LIDC),SN(LL),NNC,NRC)
27769 LL=:NjCNRLL

4277798 CALL FTNTI(CN(LCC),SN(LL),NPC,NNC)
277998 LL3NPCINNCLL
27791= CALL FTNTX (TN(LPHT) ,SNfLL) ,NNTNNT)
2799 LLzNT*NTtL
27919. CALL FTNTX(TN(LBDT) ,SN(LL) ,NNT,NRT)
27921z LLIUT#NRT4LL
2793911 CALL FTKTR(TN(LMhT),SN(LL),NNT,NNT)
27849 LL:NNT*NNT4LL
279598 CALL FTMTR(TM(LHT),SNlLL),NNTNNT)
2796&8 LL-NNT4NNT4LL
27971a CALL FTNTX(TH(LRT),SN(LL) ,NNT,NNT)0 27899& LL2MT.NNT+LL
27999: CALL FTNTl(RP!(LKD),SN(LL),NRD,NND)
279ff LLaNRDINND+LL
27910a CALL FTNT(RPI(LICZ),SN(LL),NRD,NPD)
27929m LLxNRD#NPD4LL
27939: CALL FTNTI(CGT(LKIAI1) ,SN(LL) ,NRCNNC)
27940z LL=NRCINNC.LL
27959 IF(NDL.Eg.) GO TO 3ff
279698- CALL FTNTX(CGT(LXIA13) ,SN(LL) ,NRD,NDD)
279798 LLzNRD#NDD.IL
27999P CALL FTIITX(FLT(LFLTRK) ,SNILL) .NLD,NND)
27999. LL4PLDNND.LL
How9 CALL FTK1I(ThlLThT),SN(LL), NND,NNT)
298102 LLzNND.NNT4LL
29929c CALL FTNTI (TN (LTNT) ,SN(LL) , MOO, NNT)
29939: LLxN06#NNT+LL
28940a So To 310
29959: 39M CONTINUE
29969: CALL FTNTX(FLT(LFLTNK) ,SN(LL) ,NND,NND)
29976: LLSNNDINNOLL
289998 CALL FTNTllTN(LTDT) ,SNfLL)qNND,NNT)
290999 LL-00#NNT+LL
281998 311 SN(LL)xTSANP

291191c ND(1)BLL
2912to CALL OFILED(ICODEoLL,NOSM)

~.j :K~..-29139z NYZN2NYZNS

28140m, RETURN
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-a.29159=C END SUBROUTINE PFDATA
29169= END

r _ 2179= SUBROUTINE IMPLEX(A)
29180a CONNONINN/N1IN.NDIK1,COII (1)
28199x CONNN/DESIGN/NVCON, TSAP, LFLRPI ,LFLCGT, LFLKF, LTEVAL, LADORT
2821#a CONNONFILESIKSA YE, KDATA, KPLOT, KLIST, KTERN

a'2921#- COIUONISYSNT/NVS,SN1I)
28221s CoanouZNrIIiNYZN,ZNhI(I
29239= CONmO/NDINDIIUD, f,NPI ID, NDD,wMD, NODI, MPLD, MW"HU, on
2824#- COHNONLCD/LAP,LP,LPHI,LD,LE1,LPHDLDLRh,LAD,LC,LDY,LEY,LHP,LR

* 28259- COIUWJ/DSTIINVDN,NOIYMOEY,DNWI
282W9 COMNN DINC/INCMRC,NPC
29271s CONNON/ANCIAN(1)
28260= COmNONIDGBDDQ)
2929#s DIMENSION AU)
23ff: DATA NDIIHN/

28319= 215 WRITE(KLIST,126)
2932#z 126 FORNAT(5("'*'),*'COMBINED INPLICIT/EXPLICIT CONTROL0'. 5(1 ))

- 2833p= LgIal
2934#- LRI IL.WNPD
2933#z LRRILRII.NRD*NRD
2836#- NPONRD=MPD
28370- 129 CALL ZPART (A, NPDMRD,MNPDNRD,MNPDNRD)
2938#z WRITE 122,NPD
28399= 122 FORNAT(' ENTER WEIGHTS ON IMPLICIT OUTPUT DERIVATIVES: ',12)
29499= CALL RDYGTS(A,9PD,9)
2941&= WRITE 124,0R1
2942#= 124 FORMAT(' ENTER VEIGHTS ON IMPLICIT CONTROL MA6MITUDES: ',12)

4~4P 2843W CALL RMWTS(A(LRII),NRD,1)
29441a LI=1

4'28456- L2=LI+ND*MND
2846#z L3zL2+NPD#NND
29471z L4:L3+NPDNND
29499: L5:L4,NPD#NND
2949#- L6=L5NND*NPD
295##z L7=L6+NPD#NND
29519z IFNDD.E0.9t GO TO 5
2952#z NDIM2NPLD

*203#x NDIMI2NDIN+1
2954#- 90 TO 1#
29859= 5 NDIMmNND
2956#= MDIN1=NDIM.1
2937#z 1# CALL TFRNT11SH(LI),DH(LAP),NND,NND, 1)
2958#= CALL FNMUL(DM(LC) 9SM(LI),MNPD,MND,NNDSM(L2))
295W9 CALL FHMUL (ANDON(LC) , MPD, NPD, NND, SM(L3))

"P29699: MDIMNPD
29611a NDIMI2NDIK+l
296292 CALL NADDIINPDNNDSM(L2),SN(L3),SM(L4),-1.)
29639: CALL FTRNSP(NPD,NND,SN(L4) ,SN(LS))

*2664#x CALL FMM1LIA,SN(L4),NPD,MPD,NNDSN(L6))
* *29659: CALL FMMfUL(SN(LSJ ,SN(L6), ,MD,NPD,NND,SN(LI)?
p.2966#x CALL FTRNSP(NND,NRDoDD,SN(L2))
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K.296702 CALL FTRKSP(NPD,NND,DNLC),SN(L3))
296902 CALL FNMhJ(S(L2),SN(L3),NRD,NND,NPD,SN(L4))

* 29690z CALL FNK(SNL4),SN(L6),ED,NPDNND,SN(LS))
287ffz CALL FTNTIISNfL5),SNfL2)WRD, 00)
28710=, CALL FNNU(SN(L4),ANRD,NPD,NPDSN(L5))
28721z CALL FNIUL(9I(LS) , Dg(LC) ,IU,NPD,NNDSN(L6))
28731z CALL FIUL(SN(L6) ,D,NRD,NkN,SN4L7))
29740-- CALL NADI(NR,WR,A(LRII),SN(L7),SN(L),1.)
2879m= CALL FTNTI(SNI(L5)ISN(L3),NUD,NRD)
28760= WRITE 499
28770- 4Hf FORNAT( 51IST RIM MATRIJ TO TERMINAL (Y OR N) >m)
29790= READ 419, IANS
28790a 410 FORNATWA)
29990 IFfIAhS.E.NO) 60 TO 490
28810a CALL NATLSTS(LI),NND,NND,'QIH',KTERN)
2201 MRITE 429
288W0 429 FORNAVOCHANGE IMPLICIT HEIGHTS (Y OR N) >4)
28940a READ 4191 ANS
856a IF(IAII.EL.NO) 60 TO 499

286W= 60 TO 121
128870- 49" CALL NATLST(A INPDNPD 11 aKLIST)

29990= CALL DVCTO(ND,A,A(LRRI))
2BI908 CALL NATLST(A(LRRI),IW,1,'QlI,KTERN)
2890P CALL NTLST(ALRII),NfD,NRD,'RIvKLIST)
299112 CALL DVCTOR(RD,A(LRII),A(LRRI))
29F29& CALL NATLST(A(LRRI),NRD1,'RPKTERN)
28939. CALL NATLST(SN(L1) ,NND,NND, AIHtKLIST)
20940x CALL NATLSTSR(L2),NRD,WD, SIN',KLIST)
2895#x CALL NATLST(SN(L3),NRD,NRD,'RIH',LIST)

-]2960 RETURN
28971=C END SUBROUTINE INPIEX
29990= END
299902 SUDROUTINE NODIF11A)
291W0 COHON/NAIN1/INDIN, NOINI, CONI (1)
29010z COUONFILESKSAYE,KDATAKPLOT.KLISTKTERN
29020= CONHONSSNTI/NVSNSN(1)
2903W COMNNIDIND/NND,NRDNPD,NND,ND0,NND,NWDD,NPLD.NNPNND, NNPR
29041z CONHON/NDINCINNC,NRCNPC
29050= DIMNSION A()
29060 Llat
29070= L2L+ND*NND

* 29069a L3xL24NRDNND
291908 L4xL3+NRDNRD
291ff. LzL4UND#ND
291 1ts L68LS+NNDPN
29129: NDINENNR

29130= NDINIuNOIN.1
d.29140a CALL TFRHTX(SN(L4),A,NNDNNl,1)

29159 CALL FNADD(SN(L4),SH,NND,NND,SM(LS))
29160= CALL TFRNTX(SM(L5)tA,NND,NND,2)
2917&= LLLzLADDR(NDIMNND+1, 1)
29199z CALL TFRNTX(SM(L4) ,A(LLL),NRD,NND, 1)
29190= CALL FNADD(SN(L4),SN(L2) ,NRD,NND,SN(L5))
29209. CALL TFRNTXISN(LS),A(LLL),NRD,NND,2)
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29219c CALL. FTRNSP(NRD,NND,SN(L3) ,SN(Lb))
292209: LLL4.ADDR(NDIN,1,NND+1)
29239:- CALL TFRNTI(SH(L6),A(LLL),NND,NRD,2)
29249: LLL-LADDA (NuN, ND+1 , ND+1)
29259& CALL TFRMTX(SHIL4) ,A(LLL),NRD,NRDi1)
29269= CALL FNA8D(SN(L4),SN(L3),NRD,NRD,SN(L5))
M 97&= CALL TFRHTX(SNlL3),A(LLL),NRl,NRD,2)

292B9= CALL NATLST(A,NNR,NNPRiXIE',KLIST)
29290a RETURN
293W= END SUBROUTINE NOIFI
29316z END
2932&= SUBROUTINE FTRNSP(NRINCA,B)
29339= DIMENSION A(1),B(1)
2934&= Do If I:1,NM
29359: DO 29 Jm1,NC
2936&= D((I-1)*NC43):A(IJ-l),NRI)
29371a 29 CONTINUE

*29380- 1t CONTINUE
2939"a RETURN
29419=C END SUBROUTINE FTRNSP
29419a END

70.
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€I D-5 CGTPIV Segmentation Job Control

i rCGTPIB -- Binary object code

i~i CGTPIV =f Executable load module

" DLKLIB z Library routines [16,231
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l#PUSM. T930283, MILLER

12#zATTACH.CGTPID.
I309ATTACH, DU8I,1148T26033.
141.LIBRARY,DLKLID.
1W9REDUEST, CSPI V,VFP.
Wa9SE9LOAD(IuCSTPIV)
179L0A0(COTPB)

2U.2CATALGI, CGTPIV, CGTPIV,RP-109.
210aEDR
220SET" INCLUDE DSCRT
230-SRESPI INCLUDE RGNGTS^MINEG, SYNFCT
20-zFLTRK INCLUDE RNGTS,KFLTR,MLINED,SYNFCT, INTES
25fSTRTH INCLUDE DSCRTT, JUTES
269=SDS INCLUDE RDSCRT
279.CEYAL INCLUDE PLOTLP, VARSCL, RPLOTF, NPLOTF, STRPLT
2U'FEYAL INCLUDE PLOTIP, YARSC,RPLOTF, NPLOTF, STRPLT, DACOY
290491 TREE SETUP- (SlW, SCMD, STRTN)
3W8u2 TREE PINTX
319.33 TREE SRESPI
32144 TREE SC6T
330835 TREE CEVAL
34fz96 TREE FLTRK
3517 TREE FEVAL
360.39 TREE PFDATA
PP0A TREE C6TIQ-{D,92,313,34,115,16,87.S)
MACHOO TREE MIN-A
3w9 K6LaD NAINI,MAIN2,INOU.DESIGN,FILES,SYSMTI4I,ZNTXT2,
400.,NDIND,LOCD,DsNIITX,NDIMC,LOCC,CNDNTX,NDIMT,LOCTTRtHTI,LCNTRL,CONTRL,
410=,LREGPI ,CREGPI,LCGT,CC6TLKFCKF,ANC,D
42#z END
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E. Discussion of Design Software Error

E.1 Introduction

After the designs for this study had been developed and analyzed

and, in fact, after this report had been written, an error was found in

the original CGT/PI/KF design software. This error, in turn, had

become a part of the program version (CGTPIV) which was used for the

designs in this research. The impact of that error on the results and

conclusions presented in this report was evaluated by using the correc-

ted software to reaccomplish a cross-section of the design work. While

the impact was assessed to be significant, it did not invalidate the

main findings presented in this thesis. The time available to complete

this project was far less than that which would have been required to

reaccomplish all of its original objectives in a thorough manner, using

the corrected software. Under the circumstances, it was felt that

Vdocumentation of the error and its impact, within this report, would be

more practical and more beneficial than attempting to rewrite the

report in its entirety without adequate data. The bulk of thisthesis

was therefore left intact, in order to avoid discarding the good (i.e.,

the theoretical development, the design approach and the use of analy-

sis tools) with the bad (primarily, incorrect observations concerning

the type and extent of the differences between designs achievable

through the standard PI regulator design method as compared to the

implicit model-following formulation). Clearly, the designs presented

in Chapter V of this report are "good" designs, as was demonstrated by

performance analysis. Appropriate gains were found despite the soft-

ware error. The significance of the error was that it made the design

a., E-1
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K process more difficult, and restricted the choice of design paths which

'- "-were fruitful.

This appendix discusses the error that was found and its impact on

t he designs and conclusions presented in the body of this report. Re-

vised insights as to the differences between the standard and implicit

model-following regulator formulations are provided. A few sample

regulator designs are presented to demonstrate the use of the corrected

software. These designs are preliminary in nature, and have not been

refined to the extent that those presented in Chapter V were. They do,

however, point out the differences observed due to the software correc-

tion and demonstrate the validity of the work previously presented.

E.2 The Software Error

Appendix A reviewed the formulation of a constant-gain, LQ,

optimal PI regulator, and related the development to the CGT/PI/KF

design software. In using that software, the designer specifies a

'number of continuous-time quadratic weighting factors which become a

,4 part of a cost function that is mathematically minimized to determine

the optimal gains for the controller. As one might imagine, a great

deal of mathematical manipulation takes place between the entry of the

,--" quadratic weights at the terminal and the final revelation of the

desired gains. The process is explained in detail in Volume 2 of [161.

It includes discretization of the continuous-time cost function, trans-

formation to remove cross-weighting terms so that a standard Riccati

equation solver can be used, solution of the matrix Riccati equation,

and retransformation of the resulting gains for use in the original

" system coordinates. During this complex process, the array containing

AE-2
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the discretized weighting factors for the control rates was used, in

the original program, as the input argument of "GMINV," a library

subroutine [23] which calculates a matrix inverse:

1040= CALL GMINV(NRD,NRD,U,ZM1,MR,1)

The above line of code calls "GMINV" to find the inverse (or pseudo-

inverse, if appropriate) of the "NRD" by "NRD" matrix "U," returning

the result as matrix "ZM1." "MR" is the calculated rank of the

inverse, and the "1" is an input flag to enable the printing of error

messages. The matrix "U" is, however, destroyed in the computation of

"ZM1." In the original program, the destroyed matrix was inadvertently

used in a subsequent calculation, thus producing the incorrect

controller gains.

To correct the problem, line 10440, above, was replaced by

10435= CALL EQUATE(PHIP,U,NRD,NRD)
110440= CALL GMINV(NRD,NRD,PHIP,ZM1,MR,1)

The first line calls "EQUATE" to copy the "NED" by "NED" matrix "U"

into the array "PHIP." "PHIP" is then used as the calling argument for

"GMINV," thus preserving "U". This change has been incorporated into

the source listing given in Section D.4, and, in fact, the given line

reference numbers apply to that listing.

Because of the complexity of the calculations just described, the

error was well disguised to the novice LQ designer. As long as the

values of the weights on the control rates were kept small in relation

to the weights placed on the control magnitudes and on the outputs (or

output rates), the effect of the invalid matrix on the computed gain
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did not generally prevent iteratively converging on a design with good

performance. Several erroneous impressions arose early in the study

because of the relationship just described. Very small increases in

the weights on the control rates were seen to be effective in slowing

down the initial response of the regulator (which was an objective in

the design due to the rate-limited actuators). But larger increases

(to more than about 3, given the values of the other weights being used

at the time) had been found to cause overshoots and oscillations in the

actuators and outputs. Also, only a limited amount of regulator speed

control had been readily achievable with the standard regulator.

Therefore, the extensive further efforts at slowing the regulator were

directed to the design path using implicit model-following, with

various regulator command models and varying weights on the output

rates.

The locations of the closed-loop regulator poles were calculated

independently, and not affected by the error; they were correct for the

quadratic weights assigned but, unfortunately, wrong with respect to

the actual gains which defined the controllers. Thus, the prediction

of robustness with respect to higher-order dynamics models in Section

5.6, while based on sound theory and, in fact, effective due to the

relative pole locations for the designs, was actually conducted on the

basis of the wrong absolute pole locations. This condition gave rise

to an additional misconception -- that the use of implicit

' ~. model-following could provide much greater and more systematic control

over the locations of the closed-loop system poles than could the

standard formulation. This appeared to be the case because the

erroneous software seemingly allowed a greater range of quadratic

.. .. .:.;,....
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weights to be placed on the implicit model-following output rates than

on the outputs of the standard regulator. The differences in the

reported pole locations were greater than the amount of change actually

occurring in the true system poles due to the difference in gain.

The gains that were calculated were incorrect only with respect to

the quadratic weights assigned by the designer. The designs produced

were valid, since the controller is defined by its gains and the

control law in which the gains are used. The gains were "good" because

they were shown to produce good performance in simulation analysis.

' . Very similar designs were achieved with the corrected software, and

simply occurred with different quadratic weights, which were the result

of design iteration.

E.3 The Impact of the Error on the Design Results

To demonstrate the effect of the correction to the software on the

design process, consider the baseline standard PI regulator (SR-B)

discussed in Chapter V. The quadratic weights used in conducting the

"* design with the original software are listed in Table V-i, as are the

.gains calculated by the program. Using the same quadratic weights with

the corrected program produced the following regulator gains:

-181.5 36.97 -6.79 3.147 0.3260

124.8 -153.2 -4.25E-2 0.3115 1.795 (E-a)

and

K-4.699 -2.86]
- -4.272 9.92 (E-lb)
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These gains differed significantly from those given for SR-B in Table

V-1, and so did the performance of the controller. The reported

closed-loop pole locations were, however, the same as given for SR-B in

Table V-3. Compared to that of SR-B, summarized in Table V-2 and shown

in Figure V-1, the transient response for this regulator using the

linear single-state actuator model was extremely fast, with a rise time

of 0.06 seconds, but with better damping (an overshoot of only 20% in

the pitch angle). Accordingly, the horizontal tail and trailing edge

flap control actuators were driven to well over twice their true

position limits and at initial rates of about 50 and 20 times their

respective rate limits (given in Section 4.3). Considering the poor

results with much slower regulators discussed in Chapter V, there was

not much point in simulating the performance of this regulator with the

nonlinear actuator model which included rate and position limits. When

the regulator's response to initial conditions was evaluated with

respect to the linear three- and four-state actuator models, the design

was grossly unstable, with state magnitudes reaching values on the

order of 10 18 within 2 seconds of the start of the simulation, whereas

, -B had been oscillatory, but stable, under the same conditions.

By decreasing the weights on the outputs (the "Y" matrix of

CGTPIV) from 200 to 5 each, the value of X(3,3) in the state weighting

'-: matrix from 50 to 2, and also increasing the weights on the control

rates (the "UR" matrix) from 1 to 10 each, a design with gains and

performance much more like the original baseline regulator was

achieved. The pole locations for such a design should, therefore, be

reasonably similar to the true pole locations for SR-B. For the design

.-.. Just described, the poles were located at:

E-6

% l,.t*..*.* *~* . . . % . . . ~ . . % * * * .
. . . . . . . . . . . . . . . . . . .

.I- 2....



-13.6 ±J15-5
-1.87 ±j0.07
-27.8
-15.9
-20.0

which were considerably different from the erroneous poles listed for

SR-B in Table V-3. With the corrected software, the values of the

output weightings could be reduced even further relative to the input

rate weightings, producing designs very similar to those achieved

through implicit model-following with a two state command model; it is

important to note that this had not been possible with the uncorrected

software. At the same time, the greater range of changes in the

quadratic weightings in the standard regulator designs also permitted

systematic control of the location of the closed-loop regulator poles,

as had earlier been thought possible only when implicit model-following

was employed. Examples of these observation will follow in the next

section.

The effect on the design process with implicit-model following

paralleled that Just outlined for the standard regulator. Use of the

quadratic weightings of the designs from Chapter V resulted in high

gains, large actuator commands, and gross instability with respect to

higher-order dynamics. Designs with gains and performance characteris-

tics similar to those evaluated in Chapter V where achievable through

reduction of the output rate weightings (the "QI" matrix of CGTPIV) and

by increasing the weights on the control rates (the "UR" matrix). With

the corrected software, representing the actuator states as outputs of

. the implicit regulator command model appeared to present an additional

feasible design option; the excessive initial actuator commands which

E-7
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had occurred when this was attempted prior to the software change were

found to be countered by using increased control rate weightings.

In both standard and implicit designs, increasing the weight on

-the control magnitudes ("UM" or "RIN matrices) did not yield a reduc-

tion in initial control surface actuation; it generally still caused

the initial control inputs to be increased, as had been observed in

Section 4.4.3.

In summary, the primary impact of the software error on the design

results of this study was as follows:

1. The designs presented in the main body of the thesis were

valid, as were the analyses conducted using simulation and singular

values. Achieving the designs with the incorrect software resulted

from the use of quadratic weightings which would have been inappro-

priate when used with the corrected software. The quadratic weightings

used in the research were the result of a systematic, iterative design

process which would have, in fact, been easier had the design software

functioned properly.

2. With the corrected software, the standard regulator formula-

tion was capable of producing designs similar to those based on

implicit model-following with a two-state command model. Use of the

standard formulation still required designer insight for the manual

alteration of the (3,3) element of the state weighting matrix ("X") to

improve the output damping [16J; the implicit model-following

formulation provided the proper weighting automatically for a wide

range of designs. This, in fact, was the primary difference between

the design of the standard regulator versus that of the implicit

regulator based on the two-state command model. With the corrected
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software, the use of higher-order regulator command models still

..appeared to provide a relatively greater degree of designer control

over some aspects of the design characteristics; specifically, the use

of a three-state command model allowed the regulator to be slowed to a

much greater extent without loss of proper damping, alleviating the

need for designer insight to modify the structure of the state

weighting matrix.

3. The locations for the closed-loop regulator poles given by the

erroneous software did not correspond to the correct locations associa-

ted with the actual controller gains. However, the relative motion of

the poles given, in response to changes in the quadratic weightings,

was correct. The example analyses in the sequel will demonstrate that

the use of the correct regulator pole locations in predicting the

robustness of the designs in the face of neglected higher-order

dynamics provides an even greater degree of insight than had been

proposed using the erroneous absolute pole locations in Chapter V.

4. The calculation of the CGT gains was not affected by the error

in the software, nor were any aspects of the singular value robustness

analysis for the PI regulator designs.

With these facts in mind, the reader who has not yet conducted an

in-depth coverage of Chapters IV, V and VI is encouraged to do so prior

to reading the next section.

E-9

4.,.- o .. - ,.. . .- . .. .. , , ' . .'. " " . ' ' ,", " ,,€ - .o ' -.-. '.' '. . " " ". . . . . ' ' " 
.



E.4 Analysis of New Example Designs

Several example preliminary designs which support the conclusions

of the preceding section were assembled and analyzed in a manner

similar to that of Chapter V. Time was not available to explore the

possibilities for improving on these initial designs by further

experimentation with quadratic weights or different regulator command

models, but the designs presented do provide an indication of the

- '. characteristics of the designs achievable with the corrected software,

and allow the analysis methods previously applied to be exercised and

validated. From this point on, it is assumed that the reader is

thoroughly familiar with the design results and analysis methodology of

Chapter V. The presentation here is brief, and the analysis results

are reviewed only in enough depth to characterize the performance and

robustness of the "new" designs. Most of the controllers discussed are

very similar to those presented in the main body of this thesis; they

were simply achieved using different quadratic weights. Refer to

Tables E-1 through E-6 at the end of this appendix. These tables

present data in a format similar to that used in Chapter V; this data

will be used to summarize the controller characteristics. Time

response plots are not included, as they were deemed to provide little

additional information or insight. The names given the new regulators

parallel those in Chapter V, with a "C" added to indicate "Corrected

software." CGT designs are not discussed, as the CGT gain calculation,

given a set of applicable regulator gains, was not effected by the

" "software change.

Designs SR-IC and SR-2C were based on the standard PI regulator

" formulation. As seen in Table E-1, lower weights on the outputs and
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greater weights on input rates were used than had been employed for the

standard regulator designs of Chapter V (referring to Table V-i).

SR-IC exhibited transient performance similar to that of SR-B (Table

V-2) in response to initial conditions, as outlined in Table E-3; it

was slightly faster, as characterized by rise and peak times, but more

heavily damped. The initial inputs to the actuators were also similar

to those of SR-B, and the maximum stable initial condition with respect

to the nonlinear actuators was therefore nearly the same. When tested

against the four-state linear actuators, SR-1C was highly unstable

(output values on the order of 10 in 2 seconds), whereas SR-B had been

stable, but oscillatory. When tested at the .6 mach/20,000 feet flight

condition, its performance was similar to that of SR-B, which was quite

good. The minimum singular values for the inverse return difference

function as well as closed-loop regulator pole locations are given in

Table E-5, and will be referred to in subsequent comparisons.

Design SR-2C was based on even lower output weights and higher

input rate weights, and thus provided a slower transient response than

the previous design; similar, in fact, to the IMF2 class regulators of

Section 5.4. Thus, it displayed a predictably larger tolerance than

did SR-IC for initial conditions using nonlinear actuators. It also

performed well against the linear four-state actuator model. This

might have been predicted by its relatively larger minimum singular

values over the range of 10 to 100 radians per second, and by the

location of the complex regulator poles -- closer to the origin and

much further from the perturbing actuator poles. Because it had a

larger overall minimum singular value than did SR-1C, its somewhat

worse performance at .6 mach and 20,000 feet would not have been

E-11 .
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predicted by singular value analysis.

." Referring again to the tables, IMF2-1C was the first "new"

implicit model-follower, with performance similar to that of the old

INF2-1. Comparison of Tables V-4 and E-1 thus provides insight as to

the amount of adjustment required in the quadratic weights due to the

software change. IMF2-1C's stable, but oscillatory, performance

against the linear four-state actuator model could have been predicted

by either singular value or pole-location analysis, in comparison to

the values and performance of the standard regulators just reviewed.

Singular value analysis once again would have provided little insight

V-: into the performance of IWF2-1C at .6 mach and 20,000 feet; its minimum

singular value was about the same as that of SR-2C, but its performance

was worse than that of either of the two previous designs.

IMF2-2C was based on a slower regulator command model and larger

input rate weights, partially offset by larger output rate weights than

-in the previous design. These weights were not purposefully chosen by

comparison to those of the previous design, but resulted from a series

of iterations about a different design point. The design had a slower

rise time, better damping, and a better capability with respect to

nonlinear (saturating) actuators, in comparison to IMF2-1C. Note, from

Table E-5, that the only poles that moved significantly (compared to

IMF2-1C) were the two nearest the origin, which generally track the

command model poles. Since the complex poles did not move appreciably,

and in consideration of the similarity of their minimum singular

values, it is not surprising that the performance of the two implicit

model-followers with respect to the higher-order actuators was nearly

the same. Again, singular value analysis provided little insight

* .~ E-1 2
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regarding performance at .6 mach and 20,000 feet.

p" IMF2-3C differed from the previous design only because of reduced

weights on the output rates. Its rise time therefore increased and so

did Its capability with regard to actuator saturation. Pole-location

and singular value analysis would have predicted the nearly identical

performance with the linear four-state actuators to that of SR-2C.

Note, in fact, that all of the entries in each of the tables are nearly

the same for the two designs -- including the regulator gains. Nearly

identical designs were produced with the two different regulator design

formulations; the primary difference between the two methods, so far as

the designer is concerned, would have been the insight required to

modify the (3,3) element of the standard formulation's "X" matrix to

provide the same damping as that provided automatically by the implicit

formulation (the actual value of XIE(3,3) in the combined state

weighting matrices for both designs was precisely 1.0).

IF3-1C used the "slow" three-state regulator command model. As

was the case with the IMF3 designs of Section 5.5, this resulted in

very slow transient response, but very good damping. However, the

capability with respect to actuator saturation was less than might have

been expected for such a slow regulator, and additional iterations

would have been necessary to resolve that problem. A more serious

problem with the design was the vulnerable position of its complex

poles which, in conjunction with the poor singular values shown in

Table E-6, adequately predicted that the controller would be unstable

when tested with the linear four-state actuators. As usual, singular

value analysis would not have predicted this controller's relatively

good performance at .6 mach and 20,000 feet.

E-13
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IMF3-2C was designed with the specific goal of "safely" placing

the complex regulator poles. The faster command model was used, since

it had been observed to affect primarily only the poles nearest the

origin on the real axis, so as to avoid slowing the transient response

unnecessarily. As shown in Table E-2, however, radical adjustments

were made in the output rate and input rate weightings to drive the

complex poles toward the origin. The effort was successful, as shown

in Table E-6; both pole locations and singular values predicted the

excellent performance achieved with the four state actuators. Although

probably somewhat slow for use in a fighter flight control system

(indicating the need for additional design iteration), this regulator

was also capable of handling a 7 degree initial condition with

nonlinear actuators and performed reasonably well at .6 mach and 20,000

feet. Although the results are not shown in any of the tables, a

hybrid CGT/PI using this regulator in conjunction with the CGT gains of

IMF2-5 also provided reasonably good performance in following a step

command input.

The final design shown in the tables was somewhat experimental. A

four-state regulator command model was used, with outputs to be tracked

by the pitch angle, flight path angle, and the two actuator states.

This had been tried with the uncorrected software and, although the

rise time had been slow, the initial commands to the actuators had

always been excessive due to the distribution of weights in the "RIH"

matrix, as discussed in Section 4.4.3. With the corrected software,

this problem was overcome by the small output rate weightings and the

*large input rate weightings, producing a transient response similar to

• ""- that achieved by earlier IMF3 designs. Note, in Table E-6, the pole
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location given at -254.4 ±J157.1; this is the condition noted in

Section 4.4.5, wherein a pole lies on the negative real axis of the

"" z-plane and cannot correctly be mapped into the s-plane. The value

157.1 is pi times the controller sampling rate. The effect of this

pole on the controller characteristics was not known until it was

S,tested against the linear four-state actuator model and found to be

highly unstable, with output magnitudes on the order of 103 after 2

seconds. Again, this would have been predicted by the small high

frequency singular values for the controller. On the other hand, the

large overall minimum singular value for this design predicted possible

*,- good robustness features with respect to parameter variations. When

evaluated at .6 mach and 20,000 feet, IF4-1C exhibited a much slower

rise time (0.72 seconds) than at design conditions and very low

frequency oscillations, with an apparent settling time of about 3
seconds. This change in response rate was unique among all of the

designs presented. Although not without problems, the design has some."

interesting characteristics, and merits further research. Very little

work was done in this study with such a four-state command model due to

* problems generated by the design software error. The analysis of this

design was presented only to show that the correction of the software

provided even more avenues for exploration regarding implicit

model-following design.

E-5
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E.5 Summar

This appendix documented the error discovered in the design

software subsequent to the completion of the research work presented in

the rest of this report. The primary direct impact of the error on the

validity of the results presented in this thesis was shown to be the

incorrect correlation between the values used for design quadratic

weights and the gains of the PI regulators. A lack of correspondence

also occurred between the given closed-loop regulator pole locations

and the calculated gains. The two effects combined to produce miscon-

ceptions about the design process and appropriate design strategies.
V"

The limitations imposed by the error resulted in a large portion of the

design effort being directed at finding ways to control the speed of

-.-. the initial regulator response.

With the corrected software, the speed of the regulator response

could be controlled effectively by changing the relative values of the

output (or output rate) weightings and those of the control rates.

With the standard regulator formulation, the designer was required to

modify the structure of the state weighting matrix to increase the

response damping. This was not required, when using implicit

model-following with a two-state command model, until the weights on

the control rates exceeded those on the output rates by several orders

of magnitude. When good damping was required with even slower

response, it could easily be achieved through the use of the

three-state command model.

If the design problem discussed in this report were to be recon-

sidered in the light of the above insights, an appropriate design

approach using the corrected software would be similar to the one that

E-16
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was followed in this study. With the software providing more logical

and predictable results due to the correction, the design process

should produce the desired performance with fewer iterations. The

systematic design process, using implicit model-following, could be

summarized as follows:

* 1. Develop alternative regulator designs of the 114F2 and IMF3

(and, perhaps, IMF4 and IKF5) classes, basing the initial design

-. iterations on the need to achieve adequate transient response to

initial conditions despite the nonlinear (saturating) actuators. The

primary means of reducing the speed of the initial response of the

regulator would be by increasing the magnitude of the weights on the

control rates (the "UR" matrix) relative to the magnitude of the

weights on the output rates (the "QI" matrix). Since only the relative

sizes of the various weights are of significance, the simplest policy

would be to keep the weights on the control magnitudes (the "RI"

matrix) constant, such as an identity matrix, and vary only "UR" and

"QI.O Designs based on several different regulator command models of

each class should be included to provide a variety of different

closed-loop characteristics for further analysis.C..

'2. Analyze the alternative designs with respect to higher-order

actuator dynamics models. Use pole-location and singular value

analysis in conjunction with simulation results to identify favorable

robustness trends that result from varied quadratic weighting and

command model combinations.

3. Test the designs which perform adequately with both nonlinear

and higher-order actuator dynamics models for robustness with respect

-. . to parameter variations, through simulation with perturbed dynamics

E-1 7
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. models.

* ' 4. Design CGT/PI controllers based on the regulators which, in

the light of the previous tests, are best suited for implementation.

For regulators based on command models of dimension greater than the

number of control inputs (2 in this case), the use of a hybrid CGT/PI

,* (as discussed in Section 5.5) would probably be required. This is due

to the inadequacy of the CGT design formulation when faced with a rank

defective a matrix, as discussed in Section 4.4.7. Analyze the CGT/PI

designs for acceptable tracking of command inputs, and to ensure that

the CGT control inputs do not destablize the overall system when

operating on nonlinear (saturating) actuators.

5. At any point in this process, trend information that arises

from the analysis results can be used to "retune" a regulator design,

or series of designs, in an effort to improve controller performance.

In the final implementation, the use of anti-windup compensation, as

discussed in Section 5.7, should be considered as a means of enhancing

stability characteristics without unnecessarily degrading performance.

". The validity of the design approach and use of analysis tools

presented in the body of this report was not adversely affected by the

software error. The same approach and tools worked just as well, if

not better, with the initial designs based on the corrected software.

Had this study been conducted using the corrected software, a great

deal more about the true capabilities and characteristics of implicit

model-following might have been learned; it now remains a topic for

future research. However, except as already noted, the conclusions

reached in this research effort remain basically unchanged.
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