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Abstract

This study develops a computer program for

interactive execution to aid in the design of Command

Generator Tracker control systems employing Proportional

Plus Integral inner loop controllers based on the integral

of the regulation error and Kalman Filters for state

estimation (CGT/PI/KF controllers). Sampled-data controller

designs are based upon the Linear system model, Quadratic

cost, and Gaussian noise process (LQG) assumptions of

optimal control theory.

The report develops the CGT/PI/KF controller theory

with the PI controller portion based upon the integral of

the regulation error. Following a brief description of the

computer program developed, results of applying it to an

example aircraft-related controller design problem is

presented. The CGT/PI/KF controller is found to be a

technique particularly well suited to the aircraft control

design problem but is a technique that may be applied to any

general controiler problem fitting the design criteria.

Use of the computer program is fully documented in

the appendices of the report. Included are a brief

1 Programmer's Manual, a complete User's Manual , and a

V.. program listing. These pertain to the computer program as

implemented on a CDC CYBER computer system.

x
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COMMAND GENERATOR TRACKER SYNTHESIS METHODS

USING AN LOG-DERIVED

PROPORTIONAL PLUS INTEGRAL CONTROLLER

BASED ON THE INTEGRAL OF THE REGULATION ERROR

I. Introduction

1.1 Background

The earliest flight control designs served

exclusively as a pilot relief function. it was much later

before control systems were designed to improve aircraft

stability, but these still had limited control authority.

Furthermore, such systems were designed in a trial and error

evolutionary fashion.

* Current and future aircraft designs require

increasingly complex controls. These newer aircraft employ

digital flight control systems in order to meet complex

performance specifications. The typical aircraft control

design problem is one in which measurement data from many

sensors are input, and signals to multiple control surfaces

-. and actuators are output. These multiple-input/multiple-

output control systems are required to respond to commanded

inputs while simultaneously rejecting disturbances.

There are typically two general approaches to

solving the problems of flight control. The oldest and most

~ widely used and accepted is the classical design technique.

The other technique is the "modern control" design. Despite



the systematic nature and performance potential of the

* 4*-~. modern control design technique, this method has not

supplanted, or even complemented to the degree originally

anticipated, the classical control methodology. This is due

in part to numerous deficiencies in initial applications of

modern control design techniques. These deficiencies

include: (1) traditional design criteria were not readily

specified directly in the performance index, (2) it was

difficult to select appropriate weighting matrices for the

cost functionals to ensure desired response, (3) the

resulting controllers required full-state feedback, but

direct perfect measurements of all states are never

available--thus requiring approximations or insertion of

filters or observers before implementation, and (4) the

original formulation of the optimal controller solved only

the regulator problem and not the required tracking response

to the command inputs.

To make modern control design techniques more

applicable, a synthesis method known as model following,

including implicit and explicit model following, has been

used. Recent developments in modern control theory have

been unified into a new synthesis technique known as command

generator tracking (CGT)(Refs 2; 3; 4; and 18:151-166). In

this methodology, one requires a system to respond to

command inputs while rejecting disturbances, so that the

states of the system maintain desired trajectories in real

."~ time. Both the desired trajectories and the disturbances

are formulated as the outputs of linear system models. The

1-2



first of these, the command generator model, can produce a

.~ *~.time history of variables that the actual system is to

follow or mimic, thereby incorporating handling qualities

into the controller design (Refs 10 and 16).

In an open loop formats the problem is to determine

appropriate gains, from the states of both the command

generator model and the disturbance model or shaping filter

(Ref 17:180-186) to the system control inputs (also to

determine appropriate inputs to those models), that will

yield command generator tracking; i.e. replication by the

actual system of the desired output responses despite any

modelled disturbances. If the original system is unstable

or marginally stable, or affected by unmodelled disturbances

and uncertainties, the addition of stabilizing feedback is

0 required. The feedback controller should produce a system

with a type-l property to ensure the system will respond

with z o steady-state error to a step input, since a more

complex input can be approximated by a series of step

inputs. Thus the consideration of a proportional plus

-. 1 integral (PI) design is appropriate for the feedback

controller, since it can provide this type-l property (Refs

5; 6; and 18:132-151). PI design based on augmenting the

original state equations with difference equations for

control variables, treating control pseudorates as driving

functions, has already been exploited (Refs 9; 19; and 21).

It has also been shown that analogous PI controllers can be

obtained by augmenting the original system states with the

integrals of regulation error (Ref 18:135-141). Finally,

1-3



since perfect access to all system state variables is rarely

available, sensor outputs must be processed by a Kalman

filter (KF) or observer to generate estimates of the state

variables (Ref 17:203-406). The resulting controller is

known as a CGT/PI/KF controller.

To date, two efficient interactive computer software
programs have been developed for the design and performance

analysis of CGT/PI/KF controllers. The first software

program, known as *CGTPIF" developed by Capt. Floyd (Ref 9)

and later modified by Lt. Moseley (Ref 21), specifically

aids the user in conducting the synthesis and analysis of

the components of the CGT/PI/KF controller. The second,

"PFEVAL" developed by Lt. Moseley, conducts a statistical

performance analysis of the resulting composite controllers

0 (Ref 21). OCGTPIF* currently bases the design of the PI

controller only on the difference equations for control

variables, but since some designers may be more familiar

with, or have a better feel for, designing the PI controller

based on the integral of the regulation error, the need for

this type analysis tool exists.

1.2 Problem and Scope

The primary objectives of this thesis are:
1. To develop an interactive, user-oriented

computer program similar to OCGTPIF', which will also

interface with "PFEVAL", to aid in the design of CGT/PI/KF

controllers, basing the design of the PI controller on the

integral of the regulation error.

1-4
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2. To apply the design procram x, an aircraft

flight control problem to evaluate characteristics of this
CGT/PI/KF controller design and to compare the designs.

1.3 Sequence of Presentation

The results of this effort are fully documented in

the body of the thesis and in the appendices. Chapter II

contains a short overview of the existing work performed in

the previous two theses (Refs 9 and 21), with the

theoretical aspects of the alternate PI controller design

techniques presented in Chapter III. Chapter IV presents a

description of the computer program developed for the

alternate PI controller designs as well as summarizing the
pertinent information from the existing PCGTPIF" program.

Chapter V discusses and compares the PI controller designs

through use of the program. A final chapter offers

conclusions and recommendations for further research.

There are four appendices to this thesis. The first

is a brief description of the computer program subroutines

that were changed in going from OCGTPIF" to the alternate

program called OCGTPIQO. For a complete program analysis,

the reader of this thesis must also read Floyd's and

Moseley's theses (Refs 9 and 21), especially if the plan is

to understand all the computer program subroutines with the

Sidea of modifying the program in any way. The second is a

complete user's guide for "CGTPIQ". The third is a full

source listing of the computer code and the fourth is a

summary of the CGT/PI/KF design evaluation for CGTPIQ.

1-5
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II. EXISTING CGT/PI/KF Design

2.1 Introduction

The control philosophy employed in the CGT/PI/KF

controller is not new. While it is clearly in the class of

model-following controllers and has characteristics closely

related to those typical of the earlier model-following

designs, the theory from which it is derived is distinctly

not in a linear path with earlier work. In one consistent

development it incorporates all the capabilities of earlier

model-following designs, provides new capabilities, and does

so in a single unified controller/filter structure.

The basic structure of this controller is as

depicted in Fig. 11-1. It accepts command inputs and

generates a feedforward control through the command

generator model and CGT controller; it incorporates a PI

controller as an inner loop feedback controller to drive the

system to follow the CGT inputs; and it uses a Kalman filter

to provide estimates of both the system and disturbance

states needed by the controllers.

Before presenting the theoretical development of the

alternate PI controller (Chapter III), the rest of this

chapter will introduce the CGT/PI/KF controller concept by

briefly summarizing what is currently implemented in the

.. interactive computer programs OCGTPIF" and "PFEVAL'. This

chapter is taken in part from a paper by Maybeck, Floyd, and

II-1
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Moseley (Ref 19) which presents this concept in a tutorial
manner. The development presented in Chapter III will be

constructed in a linear path with *CGTPIF" and will

interface directly with "PFEVAL". It is recommended that

the reader of this thesis also read the preceding theses

(Refs 9 and 21) to obtain a more thorough overall picture of

the problem.

2.2 Command Generator Tracking

Consider a system described by the linear time

invariant discrete time model

i xti+ )  I~~ti + ~dUt i) + Exn~d(t i ) + w(t i ) (I,-')

.c(t ) Cx(ti) + Dy (ti) + yti) (11-2)

where 1(ti) is the state at sample time ti,

u(ti) is the control applied to the system at time

ti, id(ti) is a vector of time correlated noises

and disturbances, w(ti) is zero-mean white Gaussian
dynamics driving noise of covariance Q, and yc (ti)

*is a vector of output controlled variables over which we

want to exert influence and to cause to behave in a

desirable manner. Such a model can be established by

*writing the continuous time linear perturbation equations

for a system (such as an aircraft) and then generating the

equivalent discrete time model at a chosen sample rate (Refs

17 and 18). This model is assumed to be stabilizable and

detectable (Ref 18). In Equations (II-1) and (11-2)

11-3
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nd(ti) is a vector of disturbances whose effects on

,."" . the system we specifically want to reject, and it is

modelled as the output of a shaping filter of the form

d(ti+l) - tnfnd(ti) + Qn~dn(ti) (11-3)

where wdn(ti) is a zero-mean white Gaussian noise of

covariance Qn that is independent of w(ti) in

Equation (II-1). It is desired that the system described by

these equations duplicate as closely as possible the output

of a command generator model

xm( ti+l ) = _mgm~ti ) + BmUm Cti) (11-4)

Ym(ti) = rm~m(ti) + Dmm(ti) (11-5)

where the model input Vm(ti) can be viewed as the

desired input (such as provided by the pilot stick), and

this model specifies the system's desired dynamic

characteristics. Although _m (ti) and u-m(ti)

need not be of the same dimension as x(ti) and u(t

of Equation (II-1), ym(ti) is of the same dimension

as Yc(ti) of Equation (11-2). For controller

development, it is assumed that u m(ti) is a

constant, um . In actual applications it typically

varies very slowly relative to the chosen sample period, and

9m can thus be considered piecewise constant with long

intervals of essentially constant value. Since um is

generally nonzero, a PI controller will be more desirable
.-!I -
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than a simple regulator for feedback, to enable achieving

the desired values with zero steady state mean error. This

will be pursued in the next section.

Mathematically, the objective of the CGT is to force

the error between the actual system output, Yc' and the

desired (model) output, Ym' to zero:

_(ti) y _c (t i ) _ Ym(ti) - 0 (1I-6)

Assume initially that x(ti), nd(ti), and

Yc (ti) are all perfectly accessible, to be replaced

later by Kalman filter estimates. Thus, the ideal state and

control trajectories, xi(t i ) and uI(t i ) for

all ti, are defined as the time histories the system

states and controls must follow so that the true system

output perfectly matches the model output, as in Equation

(11-6); while the system is being affected by modelled

disturbances:

, xl(t i+ l ) - txi(t i ) + _BuI(t i ) + Ex xld (t i )  (11-7)

-4 Another requirement levied on the ideal trajectories is that

2I,  they must be linear functions of im(ti),

Pn(ti ) and nd(ti):

I~~ g(i) - 2 11 2 L ~ t
L (t (11-8)
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The CGT problem is then to solve for the matrix partitions

in Equation (11-8) such that Equations (11-6), (11-7), and

(11-8) are all satisfied. This will be shown in Chapter III

(Section 3.3.1). Once these evaluations are accomplished,

the CGT control law is implemented simply as the lower

partition of Equation (11-8):

uI(t i) &2A22m(ti) + &22 9am(ti)+ A23nld(ti) (11-9)

2.3 PI Controller

Now consider the PI controller of Fig. II-1. One

seeks a controller structure that includes accepting the

sensed error between Xm(ti) and achieved

_c(ti), and generating the appropriate control to

feed back into the system to keep this difference small. To

keep the system in a nonzero equilibrium condition such that

steady state error is zero, the controller fed by the

regulation error [Zym(ti) - Xc(ti)] must be

able to deliver the appropriate nonzero steady state control

when its own input is zero. This cannot be achieved by a

simple proportional feedback regulator, and so a PI

controller is motivated. This form of controller will also

be able to reject the effect of unmodelled constant

disturbances (as due to generating controller designs based

on linear perturbation models expanded about a particular

point in the operational envelope of the vehicle, while the
vehicle is actually operating at a somewhat different

11-6
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point), which is also highly desirable in this application.

" In this section, perfect access to all states and

pertinent variables is again assumed, and the Linear system,

Quadratic cost, Gaussian noise (LOG) synthesis technique

will be used. This methodology provides a systematic

synthesis procedure to generate a controller with desired

stability properties ensured, in which the appropriate cross

feeds in this multiple input/multiple output controller

(whose evaluation may not be very apparent from other design

techniques) are dictated by system and cost descriptions,

and in which tradeoffs between state and control amplitudes

can be readily accomplished in the design process.

2.3.1 PI Controller Based on Control Difference Equations

One means of developing a PI controller for this

application is to consider the perturbation variables

Jz (t ) - ti) - l (ti) (II-lOa)

cra'(t i ) - au(t i ) -II (t I )  (II-l0b)

*YC(t ) - Yc(ti) - m(ti) (II-l0c)

In terms of these variables, perturbations about the ideal

trajectories can be described by the augmented perturbation

state equation

x 
[( 

t i + 1
d ] r JL ( t i ) J + ]( t i )

.:, J~lt L (I I-l

.11-7



where the upper partition is the perturbation equation

... associated with the system and the lower partition treats

-Iu(ti ) as additional states by considering them as the

output of a summation (pseudointegration) process

-f- ) IAt(t i+l) 4 u(t i) Ai )  (11-12)

in terms of control differences or "pseudorates". For this

augmented perturbation system description, an optimal

constant gain controller to minimize the quadratic cost

do rx(t i T X1 K12  S1  2L(ti)

Leo AT T 1 13I i I*
"" 4(t 1  L 1 2  U(t i)  (II-13)

can be efficiently generated via solution to steady state

(algebraic) Riccati difference equations (Ref 13). Xll

specifies the cost weighting on state magnitudes, K22 on

control magnitudes, and U on control differences. The

solution form for this controller problem is

! (ti) C - cl c2 * ( tf
[r(ti)J (11-14)

*a *

In terms of the controller gains Qcl and
,

9c2, the final incremental PI control law can be

written as (Ref 18:145)

11-8
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: "  ' '
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u~lt ) = t _ 1 ( Kx[ (ti - t lt iI

4.- -. 4 +Kzlym(ti) - Yc(t )] (11-15)

where Kx and Kz are given by

Kx = Gcl Eff' + Gc2 L21 (II-16b).., z -ci -f12 -c2 -2{E b

with

'.',which will be developed further in Chapter IZII•

2.3.2 Closed Loop CGT/PI Controller Based on

".

Control Difference Equations

,without going into any detail as to its development,

. the incremental closed loop CGT/PI controller equation based

" on the control difference (as currently implemented in
"CGTPIF) will be shown here. After reading Chapter III,

"-' the reader should refer back to this section to see the

,4°,

similarities in the two CGT/PI control laws. The law is

I11-9
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,u K. (_ i) - .(tii

+ [!xAl1 + &211 _m(ti)

" [KxAl2 + A22| [U-m(t i) - Lm(ti-l))

""+ [KxAI3 + &23] [nld(t i )  - d(ti-l)]1 (11-18)

Issues such as speedup and initial conditions will be

addressed in Chapter III and are applicable to Equation

(11-18). (The full development is presented in Refs 9 and

18:135-147).

2.4 Kalman Filter

The previous sections developed controllers under

assumption that perfect access to all states is available at

each sample time. Since this is generally not the case, a

Kalman Filter is used to generate optimal estimates of these

:.-4 states from the incomplete noise corrupted outputs of

.4 physical sensors. Certainty equivalence (Ref 18) under the

LQG assumptions yields the optimal controller as the

o controllers presented previously, but with x(ti) and

nd(ti) replaced by the estimates provided by the

filter.

The dynamics model upon which the filter is based is

generated by augmenting Equations (I-1) and (11-3) to get

II-10

Yt.



(t~3i +[BJut) Ld. [ xti+ I  = E_ _t ) +] u1(t i ) +[0 w(t i )til-Jk t i ti

(11-19)

and the measurement devices are modelled by

1.' (t1) = Hg n] Y(t + _(

l (ti (11-20)

where _ is zero mean white Gaussian noise of covariance R,

independent of w and wn . From these models, a standard

Kalman filter (or observer) can be derived and implemented

in the constant-gain steady state form to accept

measurements (ti) and produce _(ti+) and

A (lt 1 , as shown in Fig. I-1. In the CGT/PI

control law, Xc(ti) is replaced by

Ac(ti + ) in Equation (11-16) where from Equation

(11-2)

A (t+ +(
.Zc(ti -= (ti +) + P-yut i ) + £yadlti 1  (11-21)

2.4.1 CGT/PI/KF Control Law Based on Control Difference

Equations

The Kalman filter outputs can be combined with the

CGT/PI control law to produce a CGT/PI/KF control law. The

development of this law is thoroughly documented in Lt.

Moseley's thesis as part of *PFEVAL* and is

%QI-1l



4I

.- 

*'-.- 

-

-

qt = - K x(I-KH)g(ti-) - nfd(ti- + Kz(ti)
+x ( tt.

+ [ xAll + A21]_mlti)

+ [KxA3 + 4 2 3 ][-KnH^_(ti) + (I-Knn) Ad(ti)]

+ KnZ(ti) + K 1(t i ) (II-22a)

4n

where

(K (t ( = .1 Lu i-
(II-22b)

and where the Kalman filter gains are given by

,., L.. n,., [-.1{,. L T T-ni [in
[-nl [-P TI I-

xn -En[UTxn Enn
(11-23)

..

2.4.2 Implicit and Explicit Model Following

Based on Control Difference Equations

A modification performed by Lt. Moseley and

documented in his thesis was to add implicit model following

to the explicit model following of the "CGTPIF" program. In

implicit model following, the model is incorporated into the

performance index and thus helps determine appropriate

feedback gains so that deviations in achieved transient

S... response from the desired model response are penalized

mathematically, and thus minimized operationally. In

11-12
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explicit model following, the model is used not only to

S.-., determine appropriate feedback gains, but also feedforward

gains on the model states themselves, thereby requiring an

explicit simulatlon of the model dynamics in the controller

itself. (For a thorough explanation of implicit and

explicit model refer to Capt. Floyd's thesis (Ref 9), which

very adequately summarizes the available literature on the

subject.)

The result of adding implicit model following was to

change the weighting on the x vector, with x defined as in

Equation (II-11) as

LW'-24 (11-24)

from weights

ho 1 1

L1112 T-2 2] (11-25)

as in Equation (11-13), to

12 + -I -12 +  a

_i12 T  1I22 + UJJT (11-26)

where (Ref 18:68-82)

Xll- TyQ (II-27a)

11-13
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X22 0 Uy + D yTYD y (II-27b)

X -12 __ (II-27c)

in terms of a quadratic weighting matrix Y on cyc and a

weighting matrix Uy on Ju in an original cost function

definition convenient for a designer's use, and (Ref 9 and

21)

A T
S I  (CA - AMCC)T I  - AiC- (II-28a)
AT TT (II-28b)

+Q BQ xICB (II-28c)

A
(These same relations for X il22, X12, Xi ,

A A

_I' UI will appear in Chapter III for the alternate

derivation of the PI controller based on the integral of the

regulation error but the placement within the overall matrix

will change. The reader may wish to refer back to this

section after reading Chapter III.)

2.5 Performance Evaluation

It is desired to use the previous systematic

controller design method for realistic applications in which

online computer limitations such as speed and memory size

are important constraints on the design. Thus, the system

models used for controller design are purposely reduced

%• order, reduced complexity models. A number of prospective

CGT/PI/KF controllers can be developed, differing in state

dimension, choice of states, complexity of defining

11-14
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matrices, performance index weighting matrices, and filter

Z- ~: ~ tuning parameters.

For these CGT/PI/KF controllers, or any other

digital controllers, it is desirable to conduct a

performance analysis as depicted in Fig. 11-2. The truth

model portrays the actual system to be controlled and the

effects of the external environment upon the system, as well

as can be modelled, regardless of complexity or

computational loading. Therefore, the dimension of the

truth model state xtis typically much higher than that

of the models used for controller design. For the most

useful form of performance evaluation algorithm, one desires

the ability to specify a continuous-time description of the

truth model, and a discrete-time description of the digital

controller with a sample frequency that is a variable design

parameter. For performance evaluation purposes, it is

important to portray the characteristics of the truth model

state xtand the commanded controls u, as shown as

outputs in Fig. 11-2. It is the truth model state,

depicting actual system characteristics, and not the state

of the model that the controller assumes to be an adequateI description, that is at issue. Furthermore, it is desired
to evaluate the level of commanded controls, as to verify

that they do not exceed certain physical limits or design

specifications.

In a stochastic model setting, the mean and rms time

histories of these variables could be generated via Monte

5' Carlo analysis in the most general case. However, if the

11-15
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truth model is itself linear, then such statistical time

rv --. histories can be calculated explicitly, without requiring a

Monte Carlo analysis of many simulation runs. This is what

is accomplished in "PFEVAL".

2.6 Software Tools

Two efficient interactive computer software tools

have been developed for the design and performance analysis

of CGT/PI/KF controllers (Refs 9 and 21). Although one very

important application is for the design of advanced digital

flight controllers, these tools are in fact general purpose

and can address a wide variety of control design problems.

The first software tool, known as OCGTPIFU,

specifically aids the user in conducting the synthesis of

the components of the CGT/PI/KF controller and some analysis

of characteristics of each of these components, as discussed

in Sections 2.2-2.4. The second, "PFEVAL*, conducts a

statistical performance analysis of the resulting composite

controllers, as discussed in Section 2.5. Some of their

useful attributes for a user-friendly environment are:

1) each executes interactively;

2) each utilizes efficient array allocation;

3) various modes of entry are possible for the dynamics

models for the design, command generator, and truth systems;

4) prespecified design paths are automatically followed,

with user prompts at necessary decision points;

.... 5) requests for inputs include informative prompts;

6) copious program output is provided; and

I11-17
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7) error checking is performed, and messages are given as

~ appropriate.

Because of a significant usage of matrix manipulations,

these programs employ an efficient library of routines (Ref

13). Aside from this library, 'CGTPIF" contains about 2900

lines of source code and "PFEVAL" has about 1800. For ease

4 of use, they are:

1) written in ANSI Standard Fortran IV;

2) highly portable;

3) implemented on a Control Data Corp. CYBER machine; and

4) segmented to achieve the necessary load size for

interactive use without impacting the source code.

"CGTPIF* has three basic design paths: (1) design

of a PI controller (using explicit and/or implicit quadratic

weights), (2) design of either an open loop CGT or closed

loop CGT/PI controller, and (3) design of a Kalman filter.

As each of these components is generated, its performance is

automatically evaluated: either controller path is

automatically followed by deterministic analyses such as

pole placement computations and step response plots (against

a system described by either the design model or a truth

4 model) while the filter generation is automatically followed

by a covariance analysis of filter estimation accuracy in a

truth model environment.

Initially, the user establishes the continuous time

design model upon which to base the controller and filter,

p .;5 ~ and also the desired sample period (the software generates

all needed discretized models). Any of the three design

11-18
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paths can then be chosen, typically in the numerical order

as listed previously. If the PI controller design is

pursued prior to the CGT design path, then the subsequent

CGT design will automatically be of the CGT/PI controller.

N.. If the PI is not yet determined during the current execution

of the program, the designer may elect to design either a

CGT or a CGT/PI controller. The CGT design is not pursued

if the open loop design model is unstable. When any of

these design paths are completed, the user is given the

opportunity to loop on the design path, to choose a

different design path, or to terminate program execution.

Each traversal of a design path yields a proposed component

for use in Fig. II-1, and all pertinent information is saved

in a file for processing by "PFEVAL".

"PFEVAL" specifically combines proposed CGT/PI and

Kalman filter designs (as mentioned in Section 2.4.1) to

generate an entire composite controller as in Fig. II-1, and

then subjects these composite controllers to a covariance

performance analysis of the closed loop system, as shown in

Fig. 11-2. Immediately after each such CGT/PI/KF controller

is evaluated, the corresponding full state feedback CGT/PI

is also tested against the same truth model, specifically to

indicate the impact of the filter on closed loop system

properties. By repeatedly testing the same controller

against varied truth models, the important impact of the

filter on robustness (Ref 18:102-114) can be portrayed

**~J.4 *.* explicitly.

Together, the two tools described provide a
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user-friendly environment for efficient and systematic
N;

design and performance evaluation of CGT/PI/KF controllers.

Applicability of the design approach and software tools to

the following objectives has been demonstrated (Refs 9 and

21):

1) design of a conventional pitch rate controller for a

modern fighter aircraft (AFTI/F-16);

2) decoupled pitch pointing control for the same aircraft;

3) effect of design model order reduction on closed loop

-. system performance;

4) effect of parameter variations in the truth model upon

closed loop system performance, and the impact of the filter

upon controller robustness;

5) incorporation of implicit model following as well as

0 explicit model following;

6) handling slowly changing disturbances via PI controller

action versus direct rejection of modelled disturbances; and

7) incorporation of additional rolloff into the controller

to adozess the inadequacy of linearized system models at

higher frequencies due to neglected modes and other causes.

2.7 Summary

This chapter has introduced the CGT/PI/KF controller

concept by briefly summarizing what is currently implemented

in the interactive computer programs "CGTPIF" and "PFEVAL".

:~? ., Chapter III will now present the theoretical development of

the alternate PI controller.
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* III. PI and CGT/PI Development

3.1 Introduction

The CGT/PI/KF design presented in Chapter II is

currently incorporated into the two software packages

previously discussed. Since the purpose of this thesis

effort is to design a computer program that is similar to

OCGTPIFO but bases the PI controller design on the integral

of the regulation error, this chapter will develop only the

equations pertinent to this effort. Also, any material

contained in the previous theses which is needed or which

will add continuity of thought to this effort will be

repeated and incorporated into this development. This will

prevent the reader from having to read Floyd's and Moseley's

theses (Refs 9 and 21) to understand this development fully.

3.2 PI Controller Based on the Integral

of the Regulation Error

The design goal in employing a PI controller is to
4-

generate a feedback controller which will maintain the

deterministic system output at a nonzero commanded value

with zero mean steady state error, despite unmodeled

constant disturbances which may also drive the system.

Invoking the "Certainty Equivalence" property (Ref 18), let

the deterministic system be described by the time-invariant

model

x(t i+l !1(ti) + BdU(ti) + 2 L(to) = given(III-l)
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Yc(ti) = Cz~ti) + aDyu(t i) (111-2)

Therefore, it is desired to generate a controller that will

maintain the vector of controlled variables Ycti)

at a nonzero desired value Xd despite unknown

disturbance d. This is known as achieving a "type-one"

property (Ref 18). One seeks a controller structure that

includes accepting a sensed error between desired Yd and

the achieved yc(ti), and generating the appropriate

control to keep this small. To keep the system at a nonzero

equilibrium condition such that the steady-state error isV
zero, the controller fed by this regulation error signal

[Yd - Xc(ti)] must be able to deliver the

appropriate nonzero steady state control when its own input

is zero. This motivates the integral action to form a

proportional plus integral or PI controller, accomplished by

introducing an additional set of dynamic variables, with

defining difference equations, which are then augmented to

the original states. For Linear Quadratic Gaussian design

of the PI controller, these additional variables can

correspond to either (1) the "pseudointegral", or summation,

of the (negative) regulation error

( i )  V tO ) + '.X[c(tj) -d]

-1(ti) + [Xc(tiil) -yd ]  (III-3)

or (2) the control difference 4u(ti such that

111-2
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ulti+l) =ult i ) + Ault i )

where Au(t i) can be interpreted as a desired control

". rate times the sample period
4%

!u(t i) - _(i t

and thus its alternate name of control 'pseudorate". The

second method was the method developed by Floyd in his

thesis and currently implemented in the program "CGTPIF",

and thus will not be discussed further. The method to be

developed in this thesis is method 1, the "pseudointegral"

of the regulation error.

The PI controller may be formulated for implemen-

tation in either of two forms, the "position formu or the

*incremental form". The position form represents the

current input in its entirety and does so in terms of the

total values of the feedback variables. In the incremental

form only the change in control input from its previous

,. value is computed, and it is in terms of changes in the

values of the feedback variables since the preceding sample

period. The incremental form for the controller has certain

advantages over the position form, such as less concern

about proper initialization of augmented states, and is the

method to be used for final implementation (Ref 18).

The optimal PI controller is first developed from a

... discrete-time problem formulation. Subsequently, the

technique for translating a continuous-time quadratic cost

111-3
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formulation, which is the formulation with which most

designers will work, to the appropriate discrete-time cost

function is demonstrated.

3.2.1 PI Mathematical Development

Following the development of Ref (18), define a

*pseudointegral" state j(t i ) as in Equation (III-3)

where

[Yc(ti) - 2d] - [.C(t i ) + D yU(t i ) - yd ]  (111-4)

is the (negative) regulation error at time tie The

system is assumed to be in equilibrium before t, so

!Lq(tO ) is equal to the equilibrium value attained up to

that time, %old , of value to be specified (which will

be done later at the same time 9o is established).

Thus, this state satisfies Equation (111-3). The augmented

system description then becomes (after shifting time

arguments on 1, combining Equation (111-2) and (111-3), and

setting d-,0 in Equation (III-1), since d is not to be

modelled in the controller generation)

t' -~ [Ci [a (:o o
:; .Ci+l)j lt y( -)

for ti~t o .

I 1.-* To satisfy the design goal in employing the PI

controller, that of maintaining Xc(ti) at the

111-4
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desired setpoint-Yd' an equilibrium solution must be

found to yield x(t )=j, for all ti, such that

c(ti)- d. The nominal control uo to hold

the system at that equilibrium point is found as the

solution to

Xo - iXo + Bduo (111-6)

I d - Co + Ry.o (111-7)

or, rearranging,

.) l D lyii ( 1-8)

If we assume that the composite matrix in Equation (111-8)

is square and invertible, then for any given Yd' lo

and go can be found. If we let

Y] S 21 ' _ r2 2_(11-18)

then

nid -1LuoC D , (III-,a)
,0 - 12 -

r. < ¢,r21 1 F2 L A (III-9b)
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P. or

.3o =  12Yd (III-10a)

Uo --2 f2-d (III-10b)

If the composite matrix in Equation (111-8) is not square, a

solution can be found using the left or right inverses (Ref

18:124), but this will not be pursued here.

Having found jo and uo' perturbation

variables can be defined as

.11(t i) ' -X(ti) - Xo - x1(ti) - --; r12Y-d (III-lla)

1u(t i ) = I(ti) - Uo = - (t i ) - _22Yd (III-llb)

JYc(ti) = Xc(ti) - Id (III-llc)
SjS(ti M g.( ti - .20 (III-lld)

where q is the new upseudointegral" state steady state

value, yet to be determined.

In terms of the perturbation variables, the

augmented system perturbation model becomes (from Equation

(111-5))

For the optimal regulator the quadratic cost criterion to be

minimized is

111-6.4
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Nr[T 1
6r (ti) =1 &12 '%1 i

* ' 1% J=(t~i ) 1  'rj J3t.
" 1[ ( tii U SlT ST !L J Lu(t)J

1~ T 412 [2~N+l 113
tN+1 f12 f2 2  [%(t N+1)_ (III13

where Xll weights state deviation from the nominal

A o, L22 weights deviations from the nominal

apseudointegral" state qo, and U. weights control

deviations from the nominal g. The weights Xf

apply to the deviations at terminal time, and for an

infinite time duration steady state controller problem

(i.e., N-go), these weights will not be used.

5 * By letting N-a in Equation (111-18), and solving

U for the steady-state control law, it was shown (Ref 18:1-60)

that the solution is of the form

* * *] 4
u (t i )  _[ [ c l 9-c 2 'X (t i )( 

I -1 a

(q%(ti) (III-14a)

= - acl*4(ti) - Qc2 1&(ti) (III-14b)

Substituting Equations (III-lla), (III-lib), and (III-lld)

into Equation (III-14b) yields

[g (ti) - go] = [4(ti) 10 - -- (ti) go ]

k > .- ' '-.(111 I-15 )

or after multiplying and rearranging terms

111-7
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L.

u (t.) = - G(t:t) -
1 ci -t -c2 j(t i)

+ [go + Gcl jo + GC2 So] (111-16)

with q(t.) determined as in Equation (111-3).

rcl and G c2 are found by considering the

general form for Gc  in Equation (III-14a) (Ref

18:73)

Gc* = [U + B dT Kc~d' 1 [dTKc- + S T (111-17)

where Kc satisfies the backward Riccati equation

K(t.) + #T T IL+ T *

Kc 1 + c(ti+l)J - 'Rd Tclti+l) + 9c

(III-18a)

solved backwards from the terminal condition

KC(t n+l ) U f (III-18b)

to its steady state value, or, equivalently, solving the

(algebraic) steady state version of Equation (III-18a) for

the constant Kc - K (Cti ) M - (ti+I). If

we take our augmented system descriptions, Equations (111-5)

and (III-13), and partition them so that each segment

matches an entry in the general solution we have

111-8
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S"cl 2c2 U + [a T Dy 1 11 -

4~ C2 2JL D Y

L I' 00 L J

(111-19)

LW Multiplying this out yields

.. c2 , P +BldTF~cl 1 d +12yTEclld
Tcl Kc2 + P {T Kc11U

+ D c1 -1 + id T 2+ DyT _c22Q + SIT I

12d Tc12 +DyTKc22 + S2T] (III-20)

V Doing the same thing for _(ti) yields

JK

dli -c12 Xl 22 + K. KCl 30l

+ [Sl s2T I T gT][ c* (I-1

1""-,=l(i Fall iF -

K 2] [ l1 T I T K Cc -2_2 22 _C12 -C22.~

6 T T]

.. 12

T T1  T r

+[aT ~2 TTI -cl kc2 (111-21)

;r K c22 Q - [d+ Dy k12

+ dTKc12 C + 2y T Kc22- + sI ]cl (III-22a)

111-9
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Kc22(ti) - 322 1 Kc2 2 - [BdT Kc12 + DyTK c2I2
+ T, (III-22b)

* 2 1 --c2

(t-TK T T
c12 lti) - 12 + * -Kcl2 + rTK-c22 - ["dTKcll,

.4 T T+ D y T-c12J + 2d T cl2-Q + y T c22r-

+ S (III-22c)
* 4 1 ] 2c2

(all K's on the right are at time ti+ I

Now comes the question of appropriately choosing

q so as to yield the best possible transient

performance from Equation (111-16). We seek the equilibrium

value qo that results in the lowest total cost to

complete the process. It has been shown that this value of

qo is found by minimizing (Ref 18:136-137)

T T jx(to)I
c12 K C2 2 ' 1(t 0 ]11-23)

with respect to r%(to)

4 -Jmin T Kc2 2 /q(tO ) + _c12 d(t 0 )

4[l.(to 0 (111-24)

Solving for 4rq(t o ) yields

-1
qt 0 ) Sold So k 122 1v12 [Aold - r2.Xd]

s-K 1K T.-a -Kc22 -c12 -12 [y d old --Yd]

(111-25)

III-10
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or

" " - 1 TK T12 d (III-26a)

-1 'K T I-2b
iold - --Kc22 KcI 2 Tl 2Yd old (III-26b)

Substituting Equations (III-26b), (III-10a), and (III-10b)

into Equation (111-16) yields the final control law in

position form

u (ti) = -Gcl *(t i ) - Gc2 Sl(t i ) + E Yd(ti) (III-27a)

_(t i+ 1 1 )= q(t i ) + [Yc(ti) +-d(ti)l

i) +  [c-xlti) +  1yu-ti Yd(ti)]

(III-27b)

where

E = [Gcl G G2 -1 T (III-28a)
-c 2 -K22 -Kl2 ]Lt12 +'r22  (I-2a

=(to) - Sold (III-28b)

The position form control law as given by Equation (111-27)

is diagrammed in Fig. III-1. The structure of this

controller is seen to be composed of (1) full state feedback

through Gl* , (2) command feedforward through E,

and (3) "pseudointegration" of the regulation error in the

forward path.

By writing Equation (III-27a) for both ti and

it , explicitly subtracting, rearranging and
" incorporating Equation (111-3), the incremental form of this
4I -l
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I',0.

PI law is obtained as

u (t i )  = u (i I  Gcl [x(t i)  - _(ti-l)]

+ rc2 [xd(ti-1) - Yc(ti-1 ) ]

+ E[y-d(ti) - ld(ti-l)] (111-29)

There is no explicit 'pseudointegral" state in this form, so

we do not have to be concerned about proper initialization

of augmented states as we do in position forms (Ref 18:139,

234-238). This is one reason why incremental forms are

preferred (also see Ref 18:223-260). It has been shown that

either form has the desired type-I property if

det{Gc2 100, and that Yc(ti) converges to

-Yd in the limit as t-.- , despite the effect of

unmodeled d (Ref 18:139). If we compare Equation (111-29)

with Equation (11-15) we can see the similarities between

the two PI controller developments. The similarities are

pointed out in Ref (18:148-150) and summarized in the

following discussion.

The two PI controllers can be interrelated by the

generic form of the PI controller which is

*(t i )  -G-x(t ) 
+ Kp[vd(t i) -Zc(ti)] 

+ Kil(t i )

(III-30a)

1(ti+l (ti ) + [xd(ti) - yc(ti)] (III-30b)

. .. where the state feedback gain G and regulation error

proportional gain K p and integral gain Ki are given

111-13
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by

= U- - ) (III-31a)Ip U (I y )-l K- (III-31b)
i UI Ey -IG2 *  (III-31c)

for the PI controller based on the integral of the

regulation error, and by

G (I - K D y -l (Kx-K ZQ) (III-32a)-1z

Kp = (I- KzDy)-IKz  (III-32b)

K p (III-32c)

for the PI controller based on control differences. Note

- that the proportional and integral gains are distinct in the

PI controller based on the integral of the regulation error,

whereas, they are the same in the PI controller based on

control differences. This difference should allow the PI

controller based on the integral of the regulation error to

compensate better for applications in which the system is in

fact nonlinear and linear techniques are being used to

generate perturbation controls, i.e., for essentially all

real applications of this synthesis technique. This should

provide better compensation for an important phenomenon

called windup (Ref 18).

3.2.2 Converting from Continuous Time Cost

Although the controller design determines a

111-14!%
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discrete-time control law, the design itself proceeds from

continuous-time specifications. The system to be controlled

is generally a continuous-time process and so it is

appropriately defined by a continuous-time model.

Since the system to be controlled is a continuous-

time system, and since its behavior is important at all time

and not merely at the controller sample times, the cost

function appropriate to the controller design is

x T rc][It dtJ[ It)T_X
J L (t)1 -c 11c !(t) (111-33)

. (plus a terminal quadratic involving Xf which is not

used for an infinite time steady state controller problem,

i.e. for tN+l -o ) and where

I

l t~q3 (II -34a)

U = qr'u (III-34b)i2c- [xcli 12i

L cl2T  c22J (III-34c)

Furthermore, since the design objective is to drive the

system so that its output tracks the desired output, it is

appropriate that the quadratic weighting matrices specified

should apply to the system outputs, Equation (111-2) but on

a continuous-time basis, and inputs, u. Thus, defining the

weights on output deviations as Y, on input magnitudes as

III-15
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y, and on the Opseudointegral" state as Uq, the

- components of the Xc matrix are obtained as (Refs 9 and

21)

Xc11 -= ;TX (III-35a)

c22 ' !q (III-35b)

Xcl2 = (III-35c)

c becomes

UC = U y + DyTX1y (111-36)

and §c becomes

(111-37)

where C and y are as defined in Equation (111-2) and Y,

U and U are positive semidefinite, positive
-y -

definite and positive definite, respectively.

In order to use the continuous-time cost function of

Equation (111-33) for solution of the discrete-time optimal

controller, it is necessary to obtain the corresponding

discrete-time cost function. Begin by conceptually dividing

* the control interval to to t N+1 into (N+1) control

intervals of duration equal to the intended controller

.. ** sample period T. The cost can then be expressed as

111-16



P. 77 PT T 7 .-

j - i[ST(t)jCX.(t) + T(t)cuL(t)
K-' t- + 2LT (t)% tc(t) ]dt) (111-38)

where IL(t) is assumed constant over a sampling period of T

seconds and &(t) satisfies

x(t)= ! (t-t1 )-x(t) + R[ (t-ti) Y(ti) (111-39)

where for any argument -V

M. tf r = [ (r) 2]
'[C (III-40a)

with

I(T)= exp{(&t} (III-40b)

where A defines the homogeneous system dynamics in

Ax + Bu + Gw (III-40c)

Also,

2 D(III-41a)

with

111-17
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.= k1) d- (III-41b)

where P is as given in Equation (III-40c). From Equation

- (111-12), II I (t i+l-t i)

and k.. %(ti+-t i) are given by

(III-42a)

[a (III-42b)

The discrete time cost function then becomes

N -,

pji + u (t T If x.(t)

+ 2 S (t)u(t i )l (III-43a)

where

4~ dJ" [V'%~~j~1~ (III-43b)

~j4T (&jT (.) (t + Uc + I, (.r) )a
,V,

t..' ."' [ T(D); (T) d (III-43c)

IL +T* ([)T cli(.) + T T) I d C (III-43d)

The integrals in Equations (III-43b,c,d) can be approximated

in a two-step computation. First, Ij and N are treated as

,* constants over the sample interval with value set to their

respective averaged values at the beginning and end of the

III-18
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interval:

t [Lg(0) + 0 (t.+-t-)] [ + (III-44a)

[B(0) + B (ti+i-ti)] -*([O + B] (III-44b)

(Where the overbar mean approximation). With these

approximations, each of the intagrands is constant over the

integration time T, so the integrals can be obtained as

gin= T [-t_ $ ](III-45a)

U T[JTB_ +U c + -Ts c + ScT (III-45b)

ST[-T + -TS (III-45c)

wher T ( 5 ~-

- where T = (ti.~+lti) is the sample period. This

provides a better approximate evaluation than simple Euler

integration provides. Now, expressing this last cost

function in matrix format becomes

J =E [x (t i '] T X-$ l -( ))

SL(t)J[ T J[ u(t i ) 111-46)

Note that the cross weighting matrix has been introduced

into the cost function by the discretization process and

will generally be nonzero even if jc in Equation

(111-33) were zero. This cost function is seen to be in the

standard form used previously and all development can

. proceed as if the problem were a discrete problem and not a

continuous one.

111-19
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Now, in order to obtain an equivalent discrete-time

cost function with no cross weighting (to allow use of

standard Riccati equation solvers as in (Ref 12) that assume

such a form), define a new system (Ref 15)

1(ti+1 ) uE~oK(t i ) + iju' (ti) (III-47a)

a.

for which

*-1 T. ( -47b)

and

I

u'~ M +tI  0 ult i +_-s-Tx~cti) (III-47c)

and for which the corresponding cost function to be

minimized is

T-i~ jx)ta + U,~i-J u,2i.

I t (III-48a)

with

Tv - -a-, T (III-48b)

If the system of Equation (III-47a) is either controllable

* ..: or stabilizable, letting N--*a leads to a steady state

solution of the discrete Riccati equation represented as

111-20
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(Ref 12)

K' [' +
KR -R A4 -

- KR, xT[U + TKR -1gTKR'1' (111-49)
%!-R L~ $RE~JR-

and the optimal feedback control is

(t i ) = -Gc* 'x(t i )  (111-50)

where

c = [ + TKR, ]~- TK, (111-51)

.4

The corresponding optimal feedback gain matrix for the

original state system is

c Gc * + 9-1a T (111-52)

Remembering from Equation (111-19) that

G = cl * c2 1  (111-53)

the calculation beginning with a continuous-time cost

description will produce the correct c " The only

question that might arise is whether the substitution of

KR ' for Kc is a valid substitution. (See Appendix A

for derivation showing that RI = c The

QC thus determined determines the appropriate gains

111-21
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to use in Equation (111-29) for the incremental PI control

law.

3.3 CGT/PI Development

A natural extension of the controllers developed in

the previous sections is provided by a Command Generator

Tracker (CGT) in which we require a system to respond to

command inputs, while rejecting disturbances, so that the

states of the system maintain desired trajectories in real

time. In an open loop conceptualization, the problem is to

find the appropriate feedforward gains from the states of

both the command generator and a disturbance linear model

(and command generator inputs), to the system control

inputs, that will yield command generator tracking. If the

O original system is unstable or just marginally stable, or if

unmodeled disturbances and uncertainties affect the system,

we are motivated to add the PI feedback as previously

developed to the system.

The development presented in this section will start

with the open loop format, developing the appropriate gains,

and then closing the loop by adding the PI controller and

utilizing the open loop gains to develop the complete CGT/PI

controller. There are four formulations for this CGT/PI

controller. Two are mathematically derived and two are

ad-hoc. These four developments will be presented (all four

CGT/PI controller formulations will be implemented in code

. (see Appendix C), and a comparison made between them (see

*Chapter V)).

111-22
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3.3.1 Open Loop Command Generator Tracker

Consider a system described by the linear time

invariant model

i _xli+i) - _!E~ti) + Bdualti) + Ex~ldlt i ) + Wdlt i )

"-t (III-54a)

,C (ti) a C(ti) + D yUlti) + yadt i )  (III-54b)

In which n d is a disturbance modeled by

Snd(ti+l) = innQd(ti) + (dnddn(ti) (111-55)

and Ndn a zero-mean white Gaussian noise of covariance

0 Qdn that is independent of wd. The controlled

system modeled by Equation (111-54) is to duplicate, as

closely as possible, the output of a command generator model

. m (t i+l = !msm(ti) + Adm~m (III-56a)

m(ti) (t i ) + RmUn (III-56b)

Mathematically, the objective of the CGT is to force the

error

1(ti) = c(ti) -Xm(ti)

-_y -y I &(ti)- 1 rm2] (

n (ti (111-57)

111-23
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to zero. When this command error is zero, the controlled

system states and controls are tracking the ideal system

trajectory (satisfying the original system dynamics less

white noise, according to "Certainty Equivalence" ideas)

i(ti+ I ) = #ILIi(t i ) + B dgI(ti) + Ixnd(ti) (111-58)

Another requirement is that the ideal system trajectory be a

linear function of the model states, model controls, and

disturbance states as shown by

[ 1 
1 

(
U I( t) & 21 422 423] uL i L -d(ti) (111-59)

where Um(ti) =m for all ti .

The solution of the CGT problem entails setting up

and solving the matrix equations that the constants All

through A23 in Equation (111-59) must satisfy. Using

Equations (111-54), (III-58), (11-18) and (111-59) it has

been shown that (Ref 18:153-155)

aLl1 A12 A131 - itrll 9

LA21 A21  &3J L&2 1 Ir-2
!Ali (0 m-.!) {Allldm} {Al3 (ln-!)-F x }

; . . C 2~m  -Ey

(111-60)
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... Thus, in partitioned form, the equations to solve are

'.>i All = llA1 1 (16-I) + E'12m (III-61a)

AI 2  illA11jdm + _12 m (III-61b)

A13 = llAl 3 (In-L) - :1x f_129y (III-61c)

A21 :' A-E Z~l (-! ra! ) +  :22-Qm (III-61d)

A22 , 1r21AlRdm + _22Dm (III-61e)

A 2 3 " :921Al3 (!n-) - T21)x -22 (III-61f)

If all and A13 can be determined from Equations

(III-61a) and (III-61c), which are of the form

X = AXB + C (111-62)0
(for which and algorithm for solution is available in Ref

(1)), then the other terms are readily solved from these.

Once the values of the Ai. are found, then the open loop

command generator tracker control law is written from the

lower partition of Equation (111-59) as

u(ti) - A2lm(ti) + A 2 24(ti) + &2 3 d(t i ) (111-63)

x1 (t i ) can also be generated from Equation (111-59)

as

xI(t 1 ) - All~m(ti) + 12Um(t i ) + 1 3nd(ti) (111-64)

111-25
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' 3.3.2 Closed Loop CGT/PI

It is useful to consider a PI closed loop law in

conjunction with command generator tracking because (1) it

forces the difference between actual system output and

command generator model output to zero in steady state even

in the face of some modeling errors, (2) it can accommodate

unmodeled constant disturbances as well as reject the

modeled ones, and (3) it will also turn out to include the

model control's feedforward contribution to the actual

system control signal. The four formulations for the

closed-loop CGT/PI controller will now be presented. The

first might be anticipated to be the most practical and give

the best performance since it will assume the

Spseudointegrall states are time varying, as they should be

since the system states are time varying. The second

assumes the "pseudointegrall states go from some initial

equilibrium value to some new equilibrium value

instantaneously with no time varying transient period. This

would appear to give a faster transient response to the

system. The third assumes that we have an open-loop CGT and

a feedback PI controller and connect them in a feedback

ad-hoc fashion. This method would seem to be logical but is

not mathematically derivable (this method also adds a sixth

gain to the system which will prevent it from being

compatable with the program "PFEVAL' (Ref 21)). As a fourth

.. formulation we can neglect this sixth gain, which is a

direct feedthrough gain on the input Xm" This would

111-26
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serve to slow down the response but would make the system

compatable with the program "PFEVAL.

3.3.2.1 CGT/PI Formulation 1.

Assume that the open loop CGT law ui(t i )

and the associated ideal state trajectory xI(t i)

have been evaluated for all ti as given by Equations

(111-63) and (111-64). Now as done in Section 3.2.1, define

perturbation variables as

0l(t) C q(t i ) - %i(ti) (III-65a)
4r-x(t i )  X_(ti )  - -i,(t i )  (III-65b)

slu_(t i =u(t i ) - aI(t i )  (III-65c)

qYc(ti) Yc(ti) - Yi(ti) - yc(ti) - Ym(ti) (III-65d)

and replacing -d with y(t.) in Equations
(111-3), (111-4) and (111-5) we get

11

Now, using the cost function of Equation (111-13), the

* optimal control solution using perturbation equations is as

in Equation (111-14) and, returning to the original

coordinate system the optimal control becomes

u* * *-< >' - (t) " L u-(t i) + Gcl II(t i) + 2 It )

..- c *Xti) - 9c2 q(ti) (1II-67)
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As before, the issue is, what is the appropriate value of

5 .it If we consider Equations (III-10a),

(111-25) and (III-26a,b) we can let

" I(ti) = - c2 K (ti) (111-68)

and, substituting this into Equation (111-67), we get the

position form of the optimal controller

V .

-, ,(t i) US (~t i) + [ r lrc2 K c 2 - c 2 T E I (t i)

, .. ,- cl N(ti a Gc2 %(ti) (1III-69)

with

i+ 1  q(t i ) + (Xc(ti) - Ym(ti) (111-70)

To get the preferred incremental form of the complete CGT/PI

controller we need to write Equation (111-69) at time t i

and ti_ I , explicitly subtract the two, substitute for

uI(t i ) and I1(ti) Equations (111-63) and

(111-64) respectively, rearrange terms and utilize Equation

Id (111-70) to get

u* u* *

_ (t i  U (ti_ 1 ) -G c, [Xlt i ) -~ xi-lll

+ Gc2 [Zm(ti.l) - .c(tiil)]

+ 'A21 + LA1&i1[21m(ti) - AM(ti.)]

+ [A 2 2 + LA12 !am(ti) - km(ti-1)

+ [A23 + LA l3][nd(ti) - .d(ti.-)] (111-71)
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where

-' GcI * -cKc22-c12T
LG -G K K T (111-72)

If we incorporate Equations (111-2) and (III-56b) into

Equation (111-71) we get

_ (ti) u (t 1 ) - Gcl [_(t)

N+ 9c2 *[r D m m(t- - IQ2] Xt'l

+ [A2 1 + LAIl ] [!ml ) - (tII]

+ [A22 + LAI2][_m(ti) - Un(ti-l)]

+ [-23 + LA13 ][-nd(ti) - nd(ti-1)) (111-73)

where L is as in Equation (111-72).

We have always assumed that

. l(ti .,constant i 0,1,2,...

'IUm l P, Umf i =

i.e., that um is constant from to forward. For

practical implementation, any time that am changes will

cause i to be set to zero again. However, an inconsistency

in the definition of the ideal trajectory, Equations

(111-58) and (III-59), arises at the time of a step change

in ume It has been shown (Ref 18:161-162) that to avoid

this inconsistency, whenever 1m(ti) changes, we go

111-29
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back to time t i_ and restart all variables under our

control. This simply results in the command generator

model, Equation (III-56a) becoming

-m(t i ) = imjm(til) + B dmm(t i ) (111-74)

Incorporating this into Equation (111-73) will remove the

inherent delay between system input and control output since

the control is being applied one sample period earlier than

before and yields the final CGT/PI control law as

U. (ti 0 u(ti-l) - G9cl*[X(ti0 - (ti-0)]

+ (21 + LA 1 1 1tX.M(t i ) - mlti-l)I

+ [1 2 2 + L-1 2 ] [-m(ti) - am(ti-1)

+ [A23 + Lk&3 ][nd(t ) - nd(ti-l)] (1,,-75)

where L is as given in Equation (111-72). (If we compare

Equation (111-75) with Equation (11-18) we can see the

similarities between the two CGT/PI control laws. These

similarities are sufficient enough to allow the gains
determined from this development of the CGT/PI control law

based on the integral of the regulation error to fit
directly into the CGT/PI/KF evaluation program "PFEVAL'

without modifying "PFEVAL" in any way.)
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3.3.2.2 CGT/PI Formulation 2.

Begin by considering the previous development up

through Equation (111-67). As before, the issue is, what is

the appropriate value of ji(ti). We could seek the

best equilibrium !io and if we combine Equations

(III-56a) and (III-56b) for the equilibrium condition

2. (t i+l)=Xm(ti)=-mo we get

Ymo - {C-m( -ml-1dm + m}Um (111-76)

If we assume this condition also applies for the transient

period, we can combine Equation (III-68a) with Equation

(III-26a), with Yd mo to get

1Io = qI (ti) = --c22- Kc1 2T1 2 m(-m)-ldm + (Q}

(111-77)

Substituting this into Equation (111-67), we get the

position form of the optimal controller as

u (ti) = ul(t i) + Gcl -i (ti) - Gc2 Kc22 1Kc 12T-lI2

.- -_M Bdm + Dm}Um(t i ) - G* i

- Gc2 (ti) (111-78)

and Equation (111-70) still applies. To get the preferred

incremental form of this CGT/PI controller we need to write

S.-. Equation (111-78) at time ti and ti_ I , explicitly
4i

A subtract the two, substitute for Rij(t i) and
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-1 (t i) Equations (111-63) and (111-64),

c*'° respectively, rearrange terms and utilize Equations (111-70)

and (111-74) to get

u * *

+(ti )  _u (tiC) - 9cD [(ti) - ti-,H

+- [mc2 M] -m (t-1-I.Jy ~ii

m (t iL. c i-1)
S+ [A 21 + GC1 l 1][-m(ti) - -xm(ti-ll]

+ [A522 + Gcl A12--] [m(ti ) - m~ti-l

+ [A23 + Gcl A13 (_d(ti) - ad(til)]

(111-79)

K." where

H 9~cl !c22 Kcl2 --12 Qm 1 'm) aldm + j1 (11-0

S.3.3.2.3 CGT/PI Formulation 3.

Begin by assuming that we have the PI controller

given by Equation (111-27) and the open-loop CGT given by

Equation (111-63). If we put Equation (111-27) into terms

of perturbation variables, replacing Yd with ym we

have

u (ti) - -cj 1x-ti) -c2 jt) + Zym(ti) (III-81)

and utilizing Equations (III-65a,b,c) we have

111-32
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' q "":"u* t ) -(t ti = -c *[ (ti) -XI (ti) ]

-!2c2 [(t) - i)

+ E~(ti) (1II-82)

Substituting in Equations (111-63) and (111-64), and

rearranging terms we have the position form of this optimal

controller as

u (t i ) = A21 + Qcl All]-m(ti)

+ (A22 + Gcl Al2]1Um(ti)

+ [A23 + Gcl Al3Ilnd(ti)
c* x  * .

- 9cl (ti) -i c2 q(ti) + 'c2 I(ti) + lim(ti)

(111-83)

To get the preferred incremental form of this CGT/PI

controller we need to write Equation (111-83) at time ti

and ti.1 , explicitly subtract the two, utilize Equations

(111-70) and (111-74), and let to get
,4,

u lti) u u(ti_i) - Gcl [xlt i ) - xlti-ll]

. .. mlt i )  (_. it l

+ [A21 + G~c C, &lltklMti) - mlti-1)]
+ [422 Gcl A2 [um(ti) - umlti ti)1

+ [1_23 + Gcl 4--31 [_nd(ti) li _n (ti-l)]F'

+ +(Q Rml 2 (t ] -d(ti- jri~~

%1

" " '% ,," " ,e, V" . ,',,,-, ,' ' . - ' ' + " -. '," "-."." "." ' ."



"" 4" 3.3.2.4 CGT/PI Formulation 4.

Since the CGT/PI controller given by Equation

(111-84) has six gains instead of the usual five of the

other CGT/PI controllers, we could consider neglecting the

sixth, that given by _, which is a direct feedthrough

speedup mechanism, and formulate a controller based on this

simplification. (Note this has the same effect as

neglecting the N term in Equation (111-79)). (This

formulation will allow this use of the program "PFEVAL" (Ref

21), which requires only five gains as inputs.) The

resulting controller is given by

"3( i )  = (ti. 1 1  - Gqc I  [ t i )  -- 9li_

(6 c2 tt m m [ :IQ Dl) 3[ K~tL-1}

+ [21 + Gcl &ll][ M(ti) - a(ti-1)]

+ [A 2 2 + Gcl Al21[Um(ti) - a(ti-l)]
%, *

+ [23 + Gcl Al3][Id(ti) - Ad(ti-l)]

(111-85)

9, 3.4 Adding Implicit Model Following

In Chapter II, it was stated that implicit model

following is achieved by including the model in a

performance index that weights the error between system

output derivatives and the desired model dynamics. A

, -. ?~standard performance index is of the form of Equation

(111-33)
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. Jif (xTx + uTuu) dt (111-86)

(There may or may not be a cross weighting term S)

where it is assumed that the system can be described as

x - Ax + Bu (111-87)

with output

Yc " (111-88)

Now, instead of the index of Equation (III-86), define a

performance index which weights the error between system

output derivatives and the model dynamics, where the model

is

im  AmE m  (111-89)

and the corresponding performance index is

T T)J " [(Ic- AmYc)TXI(ic- &m~) + IT TI 1 ]dt (111-90)

where the dimension of the output vector yc and the

model state vector m are equal. The weighting matrix

2[, weights errors between the output and model dynamics.

Substituting Equations (111-87) and (111-88) into Equation

(111-90) yields
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T
"" '" J (C.s + QLu - _mreI (962_ i - ACx )

+ _ dt (111-91)

After collecting terms, Equation (111-91) leads to a

performance index similar to Equation (111-86) but with a

cross weighting term relating deviations in x and u:

.Lfjl [+T T^.,& TA
J1 ' "a x + 2Tu + LTU-I1 dt (111-92)

tSa

where

- )TX - &mc) (II-93a)

I (C -AmC)TI (III-93b)

A O
-I +I - -I- (III-93c)

and XI and UI are symmetric with

at Q (III-94a)

> A (III-94b)

If we rewrite Equation (111-92) as

I' I -A
3" {1LT K :[: dt

u aiT  A(III-95)

.-C and comparing this with Equation (111-33), letting the

combined implicit/explicit cost function be

111-36
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I JIE J'+J (III-96)

(' * explicit cost function derived from the continuous

cost function discussed previously), we have

- JIE _II X + X-I + !I[ 1 dt

S (gS + I T g + UI (111-97)

Therefore, to add implicit model following, all we need do

is add the appropriate implicit weights to the appropriate

locations within the defining cost function. The overall

cost weighting matrix thus becomes

q I% dt

+ Ai T  + (111-98)

3.5 Summary

Chapter III has presented a theoretical development

of the PI and CGT/PI controller with the PI controller based

on the integral of the regulation error. The equations

presented in this chapter were implemented in code and

evaluated. The following chapters and appendices will look

at the programs developed from these equations and compare

them.
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IV. CGT/PI/KF Design Computer Program

4.1 Introduction

The primary objective of this thesis effort is to

create a computer program with which to design CGT/PI/KF

controllers with the PI controller based on the integral of

the regulation error. This chapter presents a general

description of the program which has been developed

--hereafter to be referred to as CGTPIQ--and incorporates a

discussion of those portions of the program *CGTPIFU (Refs 9

and 21), upon which CGTPIQ is based, needed to add

completeness of thought to the discussion. There were

0actually four programs developed to consider the four
formulations of the CGT/PI presented in Chapter III. The

discussion in this chapter pertains to the program developed

which implements CGT/PI formulation 1 of Section 3.3.2.1.
The other three programs are very similar as only a few

lines of code needed to be changed to implement the other

three CGT/PI formulations. (The required code changes are

documented in Appendix C.)

While the specific test application for the program

in the context of this thesis has been related to aircraft

control design, CGTPIQ is written to be applicable to a wide

variety of control design problems. It has the following

: attributes:

1. CGTPIQ executes interactively

IV-l



2. The program utilizes efficient array allocation

CI-.a. Initial memory allocation easily set

b. Dynamic array allocation within total memory

allocated

3. Various modes of entry are possible for the

dynamics models

4. Design paths are automatically followed, with

user prompts at necessary decision points

5. Requests for input include informative prompts

6. Copious program output is provided

a. Output most relevant to design decisions are

provided directly to the terminalI b. Additional detailed output is provided to a

separate output file

0 7. Information relevant to design iteration is

preserved

8. Information needed for evaluation by computer

program *PFEVALO is preserved (Ref 21)

9. Error checking is performed, and messages given

as appropriate

CGTPIQ employs computational routines available in a

library of matrix computer routines described in Ref (13).

Exclusive of the library routines, the program has a length

of more than 2900 lines of source code. The programming

language employed is ANSI Standard FORTRAN IV. Although the

resulting source code is highly portable, local memory

utilization limits for interactive execution may impose

constraints. In use on a Control Data Corporation CYBER

IV-2



machine, the necessary load size was achievable with no

.% impact on the source code. Thus the existing source code is

in a pure form for whatever system. However, the final

program size is much greater than the normal 65000 octal

word limitation of the CYBER interactive system. Thus, in

order to achieve interactive operation and provide

sufficient free memory for array allocation so that problems

of large and variable dimensions can be treated, a CYBER

Loader option referred to as 'Segmentation' (Ref 7) must be

used. The required segmentation code will be presented in

Appendix B. (Even with segmentation, the interactive

program uses nearly 67000 octal words.)

CGTPIQ was written specifically to run

interactively. Requests for input, while intentionally

#1 brief, tell the user what is expected of him--what, how

many, and in what units, as appropriate. Output of

information, relevant to design decisions, to the terminal

is compact and automatically provided. Also, the user can

determine the amount and category of output to the terminal

in some cases, and according to need.

An objective of this thesis effort was for CGTPIQ to

be similar to the program ICGTPIF* by Floyd, as modified by

Moseley, and every effort was made for this to be the case.

For this reason the two program's are almost identical in

operation. The differences are presented in the appendices.

Appendix A will give a description of only those routines

that had to be changed in going from "CGTPIF* to "CGTPIQ.

Appendix B will give a complete User's Guide to enable the

IV-3
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user to use this program without having a copy of the thesis
covering OCGTPIF".

4.2 Program Operating Principles

and Organization

CGTPIQ has three design paths: (1) design of a PI

controller (using explicit and/or implicit quadratic

weights); (2) design of either an open-loop CGT or

closed-loop CGT/PI controller, and (3) design of a Kalman

filter. Corresponding to the first two design options is a

controller evaluation set of routines, and corresponding to

the third design option is a set of routines for filter

evaluation. The evaluation routines perform the

computations discussed in Appendix D.

A general flowchart of CGTPIQ is given in Figure

IV-I, showing the main execution paths and design entries.

The controller sample period is entered, the design model is

established, and then the desired design path can be

followed. The elementary design path choice is between

controller and filter designs. The CGT or CGT/PI, and the

PI controller (for explicit and/or implicit quadratic

weights) design paths are then options within the controller

design. If the PI controller design is pursued prior to the

CGT design path, the CGT design will automatically be of the

CGT/PI controller. If the PI controller gains have not been

determined during the current execution of the program, then

the designer may elect to design either a CGT or a CGT/PI

controller. However, the CGT controller design is not

IV-4
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pursued if the open-loop design model is unstable. The

controller design path is followed automatically by the

appropriate controller evaluation path. Similarly, theI filter design path leads automatically to the filter

evaluation. When the evaluation is complete the designer is

given the opportunity to loop on the design path, choose a

different design path, or terminate program execution.

4.3 Dynamics models

The system for which a CGT/PI/KF controller is to be

developed is assumed to be well represented by a set of

linear, time invariant, stochastic state differential

equations with zero-mean white Gaussian noise driving the

system and/or disturbance states, and corrupting the system

Gb measurements. Such equations generally are derived as

linearized perturbation equations for a non-linear system

about a nominal operating point.

Three system models are employed: a "truth model", a

*design model', and a "command model". The truth model is a

model of the system which is as complete and accurate as

possible for the control task under consideration. The

design model is generally a simpler model and is the basis

for the controller and filter gains and provides the set of

states to which these gains are applied. while the quality

* of the resulting design is often developed by initially

N evaluating their performance with respect to the design

-A model, their fine tuning to 'true* performance potential in

the real world environment must ultimately be with respect
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to the system truth model. The command model is a model

representing the commands you wish the system to follow or

emulate. Each of the three models is defined initially as a

continuous-time system, then is discretized by the program

for use within the program.

4.3.1 Design Model

The design model is given by

M(t) = 4(t) + Bu(t) + Exnld(t) + Gw(t) (IV-la)

id(t) = Anld(t) + GnWd(t) (IV-lb)

Yc(t) = CS(t) + Dy (t) + aynad(t) (IV-lc)

z(ti ) =111(t ) + Hn n d(t i) + Y(t i)  (IV-ld)

and w, Wd , and v are independent zero-mean noises with

statistics

T
Ef(t E (t+T)) ~) (IV-2a)
E{Wd(t)wd (t+T)} = QnJ(T) (IV-2b)

E ((tiv tj) } = (t Bi j  (IV-2c)

In these equations, it u, 2 d c' and . are the

system state, input, disturbance state, output, and

measurement vectors, respectively. The dimensions of the

model are

n - number of system states

r - number of system inputs

p = number of system outputs

m - number of system measurements

. d = number of disturbance states

w - number of independent system noises

IV-7
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WD- number of independent disturbance noises (IV-3)

~. *"" .4 and the dimensions of the matrices of the model are

A : n-by-n

B : n-by-r
..

E : n-by-dGx

Q : n-by-w

2: w-by-w
C : p-by-n

Py : p-by-r

E y: p-by-d

H : m-by-n

Hn: m-by-d

j nm-by-m

An: d-by-d

Sn: d-by-wD
n: w-b (IV-4)-n wD-y-wD

A constraint to be imposed is that the number of

design system inputs and outputs be equal: rup. Also, the

number of system states may not be less than the number of

disturbance states, due to the computational setup used for

the CGT solution. The dimensions n, r, and p must be

non-zero; any of the other dimensions may be zero. If m is

zero or if w and wD are both zero, the Kalman filter

design path cannot be pursued.

.' The design model is discretized at a specific fixed

.Y. controller/filter sampling period T as follows. The

disturbance state description is augmented to the system

state model and discretized to form

IV-8
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x.'. Xa(t+) = _ xa(ti) + BaU(ti ) + !ad(t (IV-5)
* -~a 1+1 -a-a 1 -ad-( 1 Wad ti)(V)

where "a" means augmented, and assuming the u is constant

over a sample period,

la A (IV-6a)

Bad -- ia(t)Ba d-r (IV-6b)

where Vad is zero-mean white Gaussian discrete-time

noise of discrete-time noise covariance

• "G T T
Qad =  -a (1 - (t)d V (IV-6c)

The matrices of Equations (IV-6a,b,c) may then be

partitioned to the original component dimensions. Invoking

the "Certainty Equivalence" property previously presented,

the discrete-time models to be used for the deterministic

controller design are the system state transition

(propagation) equation, disturbance state equation, and

output equation defined by

x(ti+I) O X(t i) + 8dI(ti) + rxdnd(ti) (IV-7a)

lid (t i+I  _Fnnd(t i) (IV-7b)

Zc(ti) - Q(t i) + PyU.(t ) + rynd(ti) (IV-7c)

with C, y, and E as in Equation (IV-lc).
-- -y

Henceforth, all equations relating to the controller design

IV-9

5. . , . . . ° .5 . -*o.*.o. I * ° *o. .;.° . .. .... .°° ° . ° . 'S



are considered deterministic.

4.3.2 Truth Model

The truth model is specified by

Ox "tlt A tEtl(t) + Bttlt}t + Gtwltt) (IV-8a)

It(t) a Ut-xt(ti) + xt(ti) (IV-8b)

x'(t) - TDT!Lt(t) (IV-8c)

lid '(t) - TNT!Et(t) (IV-8d)

and wt and vt are assumed to be independent

zero-mean noises with
~T

E{wt(t)wt (t+T)1 = QtJ(t) (IV-9a)

E{t(ti)t T(t) } = a t'ij (IV-9b)

where Equations (IV-8c) and (IV-8d) relate the system and

disturbance states of the design model to the system states

of the truth model. Note that 2t and Rt are both

assumed to be diagonal matrices. In these equations,

3t, !t, and z t are the truth model system state,

input, and measurement vectors, respectively. The vectors

x' and nd' are as defined for the design model.

The dimensions of the truth model are

nT a *number of system stateso

rT a *number of system inputs"

mT a anumber of system measurements'

WT U Wnumber of independent noises driving system

dynamics" (IV-10)

and the dimensions of the matrices of the model are

&t: n Tby-n T

it: nT-by-rT

IV-10
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Qt: nT-by-wT

et: wTbywT

4: 11T2 1by-n T

ly mT-by-mT

2DT n-by-nT

!TNT: d-by-nT  (IV-ll)

Dimensional compatibility for computations requires

that the numbers of inputs and of measurements for the truth

and design model be the same: rT=r and mT=m. If the

number of driving noises (wT) is zero, evaluation of a

Kalman filter design is not pursued (since a cov~riance

analysis with no truth model driving noise would not be very

informative).

The truth model is discretized for a specific

Ocontroller/filter sampling period T, yielding

Stlti+l) = ttt) + Btdut(ti) + Wtd(ti) (IV-12)

where, for u constant over a sample period,

it -e tT (IV-13a)
..- Bt = iT_ (C)BIt d r (IV-13b)

and Wtd is zero-mean white Gaussian discrete-time noise

with covariance

•~~ T itt T (t()Gttt T :) d IC (IV-13c)

i IV-11
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4.3.3 Command Model

The command model is given by

x * (t) - A x (t) + Ba mlt) (IV-14a)
-m --

Ymlt) * Cmlt) + QMUMlt) (IV-14b)

In these equations, lm p um , and Ym are the
J.4

command model state, input, and output vectors,

respectively.

The dimensions of the command model are

n M = "number of model states*

rM = "number of model inputs"

PM = "number of model outputs" (IV-15)

and the dimensions of the matrices are

Am : nM- by-n M

Om nM-by-rM
~m : PM-by-n M

Dm: Ps-by-rs (IV-16)

Since it is desired to cause the system outputs to

follow those of the command model, it is necessary that the

number of outputs of the command and design models be equal:

pM- p . Also, the number of system states of the command

: model (nM) cannot be greater that the number of system

states of the design model (n). This constraint is due to

the setup for computation of the CGT solution.

The discretized command model becomes

MXm(ti+l ) - Om.Em(ti) + Bu t i ) (IV-17)
m l ~mdam ti

mlti) mm(ti) + 2m~(ti) (IV-18)

IV-12
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where, for um constant over a sample period

tM eAmT (IV-19a)

Bmd Jim()m dV (IV-19b)

'Z and and D are as before in Equation (IV-14b).

(Note: the command model for explicit and implicit model

following need not be the same, though they may be.)

4.3.4 Overall Model Dimensions

Problems of the following dimension can be

accommodated by CGTPIQ

n £15

n+d 15

r £5

p £5

m £15

w 15

W+WD 15

nM 1l0

rM '5

PM 5

nt £20

rt '

mt £15

t  20 (IV-20)

NOTE, other combinations of dimensions, some greater

IV-13
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than and some less than these specific dimensions, will also

be accommodated due to the method by which arrays are

allocated and stored. If the user has a problem that does

-. not fit these size restraints, he should try the problem to

see if it will work. Messages will be printed if he has

exceeded total allocation, and in that case, the basic

program code will have to be altered to proceed.

4.4 Entry of Dynamics Models

Any of the three dynamics models described above may

be established in any of three ways: (1) the dimensions and

matrix elements may be entered directly from the terminal;

1 (2) the dimensions and matrix elements may be entered from a

4 "DATA" file; or (3) the dimensions and matrix elements may

be established by user provided subroutines. When entered

from the terminal directly or set by subroutines, only

non-zero elements of the various matrices need be given. In

many cases, this substantially simplifies establishing the

matrices and reduces the probability of erroneous entries.

Subsequent design runs for the same problem can then simply

read the models from the "DATA' file previously created.

Before attempting to use the program the following

should be noted:

1. The design model may be entered only once during

a single program execution. Thus, in order to modify the

design model, it is necessary to re-execute the program.

2. The truth and command models may be redefined as

Soften as desired during a single program execution.

IV-1 4
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pere3. The SAVE and DATA files should be used to

:preserve the design, truth, and command models between

distinct program executions. SAVE is a write only file and

DATA is a read only file so information must be transferred

from the SAVE to the DATA file between program executions

(see Appendix B).

4. Models may be read from the DATA file repeatedly

during program execution.

5. Changes in model dimensions require that all

erelevant defining matrices be reentered anew. Changes in

dimension for a single model may require changes in

dimensions for another due to the interrelationship of the

different models. Also the matrices TDT and TNT may

need to be changed.

4.5 Using the CGTPIQ Design Program

A few simple considerations of the operation of the

design program particularly impact its ease of application

to specific design problems. These and other more specific

considerations are discussed fully in the 'User's Guide" of

Appendix B, and the reader is encouraged to refer to this

manual before attempting to use the program. The following

should be noted in addition to that discussed in Section 4.4

above:

1. Open-loop CGT designs can only be pursued in a

given execution of the program if a PI controller design has

not previously been accomplished and PI gains have not been

read from the DATA file.
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2. Any of the three design paths (PI controller,

CGT controller, or Kalman filter) may be executed in any

order and as often as desired during a single program

execution. Results from each design path are preserved

independently throughout execution.

3. In addition to the output available at the

user's terminal, the same and much additional information is

output to the file named 'LIST'. Following execution, this

LIST file may be routed to a line printer for listing.

4. Plots of system time-response at the user

terminal provide a very useful evaluation tool.

5. Regardless of the plot duration specified, the

plot will include 50 time samples. These samples are

uniformly distributed in time over the entire duration

0 specified or automatically adjusted by the program.

p 6. In order to bypass the time-response evaluation

A (no plots to the terminal or to the LIST file) one need only

* specify that no plots are wished. For the CGT evaluation,

specifying a zero index for the command input also bypasses

the time-response evaluation.

7. The user must have a basic idea of how to design

CGT/PI/KF controllers using this program before beginning

execution so that questions asked of the user by the program

can be answered correctly. This knowledge can be gained by

reading the "User's Guide" of Appendix B.

IV-16
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4.6 Interpreting Plots to the Terminal

The plots of system response produced by CGTPIQ are

of the "line printer* type. As printed at the terminal, the

time axis runs vertically down the page with the initial

* time at the top-left margin and time points printed for each

sample down the left margin. The dependent variables are

plotted in the horizontal sense from left to right for

44 increasing magnitude. Each variable plotted is marked by a

distinct number (1 to 5) at each sample time. In the event

that two variables occupy the same location in the plot

field at the sample time, only the plot symbol of largest

value will be marked at the point in question. Such

coincidences of position can be inferred from the behavior

of the variable with missing symbol at proximate time

samples. Note that a special case of this is when two or

more variables to be plotted actually represent the same

variable.

The horizontal width of the plot field is 50 print

positions. The scale of each plot is printed along the

bottom margin and includes the values of the grid at each

* multiple of 10 print positions. In the usual case, each

variable is plotted on its own unique scale and thus a scale

* range for each is given corresponding to the plot symbol

used, but in some cases only a single scale is used for all

variables plotted (i.e., anytime that the model output is

requested to be plotted). Each plot will include an

y ~ identifying title given it by the user.
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4.7 Summary

--. This chapter has discussed the CGT/PI/KF design

computer program by giving the models and some of the

characteristics of the program. Chapter V will now

demonstrate the use of the program to design CGT/PI/KF

controllers. A complete sample run for a simple design

problem is presented in the User's Guide, Appendix B. The

main context of Chapter V will be a comparison of the four

programs developed using the four formulations of the CGT/PI

control law.

.':
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V. Analysis arnd Comparison of Design Results

5.1 Introduction

This chapter presents the results of the design and

comparison efforts of this study. The design model upon

which the analysis and comparisons were made is presented

first. A baseline is then established by using the design

model with the program "CGTPIFI (Refs 9 and 21), which

designs a CGT/PI controller with the PI controller based on

augmenting the original state equations with difference

equations for control variables, treating control rates as

driving functions, instead of augmenting the original state

equations with the integrals of regulation error as done in

UCGTPIQU. Only explicit model following is pursued in

detail in this study since another thesis effort using

"CGTPIFm with implicit model following is currently underway

(Ref 20) and the results of that study are not available yet

for comparison; however, it is anticipated that the

formulation in this thesis may be very useful in conjunction

with implicit model following, particularly since the

proportional channel, JJ , and the integral channel,

K, of the PI controller are not forced to be equal.

The same design model is used in all of 'these thesis efforts

to provide continuity and comparison. (Note: it is

recommended that this thesis, (Ref 20), should be required

reading before using any of these software packages. There
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were software errors in the original wCGTPIFO program (Refs

9 and 21) that were not discovered until "CGTPIQ" was

programmed. These errors have now been corrected in the

original OCGTPIFU. Ref (20) documents these errors and

gives a good insight into the effects of these errors on

program execution. Also, the results of using implicit

model following is thoroughly discussed in Ref (20)). This

I design model is then applied to the four programs developed

in this study to determine the characteristics of each. A

comparison is made between the results obtained from each of

the four programs and a comparison with the baseline

analysis. (The four programs are the programs which

implement the four formulations for the closed-loop CGT/PI

discussed in Chapter III, Section 3.3.2. All four of these

programs employ the same PI controller.) The "best*m of the

four programs is then applied to a simple design problem in

which constant disturbances, an alternate truth model which

represents degraded performance due to misrepresentation of

system dynamics in the design model, and initial conditions

are applied to determine if this *best" design program can

handle these situations. All designs are full-state

feedback designs (no Kalman filter in the loop). The tables

and time-response plots referred to in this chapter have

been placed together at the end of the chapter to make the

text easier to read.

5.2 Models

A CGT/PI controller for the Advanced Fighter
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Technology Integration (AFTI) F-16 was chosen as the example

. .Q, controller to be designed using each of the programs. 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. Such a design was of interest for this

study, since it inherently requires the use of

multiple-input multiple-output (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 and comparison used a

five-state design model for the AFTI F-16 (Refs 8 and 9).

The model represents the linearized flight characteristics

of the aircraft operating at 0.8 mach at 10,000 feet. This

particular flight condition is representative of an

operating point within the usual air-to-air combat flight

*regime. Since the AFTI F-16 is unstable in pitch in this

regime, open-loop CGT designs are infeasible. Therefore,

only CGT/PI designs were pursued. The design model is a

time-invariant, five state model of the form

V-3
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,A. *M -(t) = Ax(t) + Bau(t) (V-l)

where the state vector x consists of

x(1) = 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(l) - x(2) = flight path angle (degrees) (V-2)

and

0 0 1 0 0

-l.08E-3 -1.7 0.994 -0.179 -0.295

A 0 5.93 -0.668 -25.3 -5.88

0 0 0 -20.0 0

0 0 0 0 -20.0 (V-3)

0 0

0 0

B 0 0

20.0 0

0 20.0 (V-4)

(Note: In this design model, actuators are represented as

*1i having characteristics of a first-order lag response to

.-.--. commands.) The outputs are expressed as

V-4
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. , yc(t) x_(t) (V-5)

where

C~r 0 0 0 o]L -1 0 0 0V-6)

indicating that the outputs of interest are the pitch angle

(yl-xl) and the flight path angle (y2=xl-x2). The limits to

'2 be considered in the design included a maximum deflection of

25 degrees in either direction at a maximum rate of 60

degrees per second for the horizontal tail, and +20 degrees

to -23 degrees at a maximum rate of 52 degrees per second

S for the flap (Ref 9).

A two state command model was used in the design

with

&m~5]

0 -5 (V-7)

B- u 5 ]
L0 5 (V-8)

CM

0 1 (V-9)

and Dm 0. The command model was chosen to represent

the ideal output characteristics of decoupled first-order

responses for the pitch and flight path angles.
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II
5.3 Design Analysis

5.3.1 Introduction

The design analysis consists of sets of time

response plots, tables of PI and CGT/PI gains, and PI pole

locations for several different sets of quadratic weights

applied to each of the five programs (CGTPIF and the four

versions of CGTPIQ).

For CGTPIF, initial quadratic weights of one each

were entered for output deviations (Y), control magnitude

(UM), control rates (UR), and the (3,3) element of the

resultant state weighting X matrix (to limit the pitch rate

magnitude). Each of these was increased one at a time to

ten and another set of time response plots made. By noting

the effects of changing the weightings, one at a time, the

designer will get a feel for what weights to apply to get

the effects he desires. A final run is made with CGTPIF

using a "best' selected set of weights. Each of these runs

is discussed in the following subsections. (A set of time

response plots using CGTPIF consists of first the PI time

response and second the corresponding CGT/PI time response

using the just-determined PI gains.)

For CGTPIQ, initial quadratic weights of one were

entered for output deviations (Y), integral of the

regulation error (UQ), control magnitudes (UM), and the

4 (3,3) element of the resultant state weighting X matrix.

(Note: the selection of one for each weight has no

correlation with the designs using CGTPIF other than to give
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a starting point for the discussion.) Each of these was

increased one at a time to ten and another set of time

response plots made. Again, by noting the effects of

changing the weightings, one at a time, the designer will

get a feel for what weights to apply to get the effects he

desires. Three additional runs were made using CGTPIQ. The

first was obtained by using the same set of weights as the

"best" run made using CGTPIF with the weights for UR in

CGTPIF applied to UQ in CGTPIQ, all other weights remaining

the same. This was done to see if in fact there was any

direct correlation between the two designs. The second was

achieved by applying weights to every diagonal element in

the X matrix (i.e., adding quadratic cost associated with

the two actuator states. A weight of one was arbitrarily

selected for each of these.) and the third by applying

explicit and implicit weights just to see the effect. (A

set of time responses using CGTPIQ consists first of the PI

time response followed by four CGT/PI time responses using

each of the four formulations presented in Chapter III, each

based on the same set of PI gains just determined.)

All PI time response plots represent the same four

variables. Symbol '1' represents the pitch angle, symbol

'2' the flight path angle, '3' is the position of the

horizontal tail and '4' is the position of the trailing edge

flaps. Each P1 time response represents the response to an

initial condition of one degree in the pitch angle state.

All CGT/PI time response plots represent the same

three variables. Symbol 'I' represents the pitch angle,
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symbol '2' is the model output that the pitch angle is to

follow, and '3' is the flight path angle which is desired to

stay at zero. Each CGT/PI time response represents the

2" response to a step input of magnitude one for the model.

All state initial conditions are zero for the CGT/PI.

5.3.2 CGTPIF Baseline Design

The baseline design using CGTPIF is shown in Figures

V-1 through V-12 and in Table V-1. Figure V-1 represents

the PI controller for quadratic weight set (abbreviated QWS

in all of the figures) number one of Table V-1. Figure V-2

is the corresponding CGT/PI for the same quadratic weight

set. Figures V-3 and V-4 are the PI and CGT/PI,

respectively, corresponding to quadratic weight set number

0two of Table V-1. This two plot set for one quadratic

weight set correspondence continues up to Figures V-l1 and

4 V-12 corresponding to quadratic weight set six of Table V-i.

Observation of the CGT/PI performance for all six

sets of quadratic weights indicates a good model following

of the pitch angle (there are slight differences in the

transient performance of each) with very little deviation in

the flight path angle. Therefore, the only observations

that will be discussed in detail is how the quadratic

weights affected the motion of the horizontal tail and

trailing edge flap to achieve this good model following of

the CGT/PI. To determine this we need to look at the PI

time response for each set of quadratic weights. Figure V-i

will be used as a base to judge the effects of increasing
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each quadratic weight.

Increasing the weight on the output deviation (Y)

had very slight effect on the performance, as shown in

Figure V-3, but did show a slight decrease in rise time with

a corresponding larger overshoot as would be expected.

(Note: due to the effects of scaling of each variable on a

time response plot, the designer will need to be careful, in

-. that, what looks to be a "better" or "worse" response may

just be due to a different scale for that variable from one

run to the next. This is not that critical for this first

comparison but is critical on some of the other CGT/PI time

response plots.)

* Increasing the weight on the (3,3) element of the 4

weighting matrix (i.e., on pitch rate) again had very little

effect, as shown in Figure V-5, but did decrease the rise

time and settling time, as expected, with a corresponding

greater overshoot.

increasing the weight on the control magnitude (UM)

o had the effect of slowing down the horizontal tail motion

but greatly increasing the speed and deflection of the

* trailing edge flap as shown in Figure V-7. This difference

in effect on the two control surfaces was not expected since

weighting the control for each should have allowed each to

move faster and further initially.

Increasing the weight on the control rate (UR) had

the effect of slowing down both the tail and flap motion as

.4. expected, producing very little overshoot with trailing edge

flap motion almost within tolerance limits as shown in
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Figure V-9.

S.-As a last set of quadratic weights to be used which

were considered the "best" for this application, the weights

(Y) and X(3,3) were increased to decrease the rise time,

thereby speeding up the motion of the flaps and tail, but at

the same time the weight (UR) was increased to limit the

deflection and overshoot of each. This combination produced

flap and tail motion that stayed in limits and gave good

model following characteristics to the CGT/PI while

maintaining the flight path angle near zero, as shown in

Figures V-ll and V-12.

The corresponding PI pole motion for each of the

sets of quadratic weights is shown in Table V-1 along with

the corresponding PI and CGT/PI gains needed to produce the

C responses noted. The PI pole motion may give insight into

design characteristics but this is not discussed here. The

pole locations are included in the table since some

readers/designers may wish to know this information.

5.3.3 CGTPIQ Design Analysis

The design and comparisons using the four versions

of CGTPIQ are presented in Figures V-13 through V-52 and

Table V-2. There are eight sets of five time response

plots. The first plot of each set is the PI time response

for the set of quadratic weights shown in Table V-2. Plot

two of each set is the CGT/PI time response produced using

S- CGT/PI formulation 1. Similarly, the third, fourth and

fifth plots of each set are the CGT/PI time responses

V-10
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produced using CGT/PI formulations 2, 3, and 4,
13 Ii respectively. Each CGT/PI is based on the same PI gains

previously determined for that set.

The determination of a Obesto CGT/PI out of the four

possible will be the one that most closely approaches the

performance noted by using CGTPIF. This was very easy to

determine, for, if we notice, every CGT/PI based on

formulations 1 and 2, no matter what the quadratic weights

were that were applied to the PI, showed an inherent lag

between model output and system output. This lag was

greater for the CGT/PI based on formulation 2. (If we

recall from Chapter III, this was not supposed to be the

case when comparing these two. The cause of this

characteristic is not yet resolved.) The CGT/PI based on

0CGT/PI formulation 3 showed an inherent overshoot due to
faster transient performance for all quadratic weight sets.

This was to be expected, as noted in Chapter III, due to the

extra gain, ], providing a direct feedthrough of the input.

Only the ad-hoc formulation 4 (based on neglecting the

terms, 1yj' from formulation 3 which produced a fast

transient and also the term, N, from formulation 2, which

turns out to be the term which slows down the transient

response) yields a CGT/PI controller that appears to give

sat-isfactory performance (satisfactory in the sense that it

most closely approaches the performance noted using CGTPIF)

for a given PI set of quadratic weights. What we need to

look at now is what effect the different sets of quadratic

weights, as presented in Table V-2, have on the PI

V-l

I . l - . -. • . - o ' ' . o ' ° ' o ."- . " ,



per formance.

We will use Figure V-13, which is the PI time

response based on quadratic weight set 1 of Table V-2, as

the base from which to determine the effects of increasing

each quadratic weight. The first thing that is noted in

looking at Figure V-13 is the much slower response of this

PI controller compared to the one used in CGTPIF. This

slowness shows in every PI time response for every set of

quadratic weights. (This may or may not be a good trait

depending on the desires of the designer.) But, at the same

time, it is noted that the motion of the flaps and tail are

not nearly as harsh as in the PI controller produced by

CGTPIF. This would be important for saturation concerns and

4for robustness (these issues are amoung those being

0 investigated by Capt Miller, Ref (20), using the program

OCGTPIFw).

Increasing the weight on the output deviation (Y)

had very little effect on the system as shown in Figure

V-18. This same response was noted using CGTPIF as

mentioned in the previous section.

Increasing the weight on the (3,3) element of the X

matrix had a very definite slowing effect on the system and

the coresponding reduction in overshoot as shown in Figure

V-23. This was as expected due to the increased weight on

the pitch rate. Also, the motion of the horizontal tail is

not nearly as smooth.

Increasing the weight on the integral of the

regulation error (UQ) had the effect of speeding up the
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system with the corresponding overshoot produced, as shown

in Figure V-28. (All things considered, this is not a bad

PI design in itself and it produces acceptable CGT/PI

performance as shown in Figure V-32.)

Increasing the weight on the control magnitude (UM)

had the effect of greatly slowing down the system, as

expected, with the motion of the flap and tail greatly

reduced, as shown in Figure V-33.

Figure V-38 shows the PI time response for the same

set of quadratic weights as the "best" design using CGTPIF.

In this case this is not a bad design either as response

time is reasonable and flap and tail motion are maintained

within the required limits. The CGT/PI also shows

satisfactory results with good model following and flight

path angle deviations very slight, as shown in Figure V-42.

The purpose of this test was to determine if there was a

weight that could be applied to UQ, all other weights

remaining the same as in CGTPIF, that would produce a

response exactly like that obtained using CGTPIF. Although

the response was similar, we were not able to find a weight

for UQ that would produce the exact results.

The last two sets of quadratic weights were used to

determine if perhaps additional weights could be added,

either manually in the _ matrix or by using implicit

weights, which also fills in the 2 matrix with off-diagonal

elements, to improve the performance of the PI controller

~, r. (making it more closely approximate the good performance as

seen using CGTPIF). Nothing spectacular was noted in these
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two as shown in Figures V-43 and V-48 but it was noted that

.4 . adding small implicit weights did give performance similar

to that obtained by manually adding additional weights in

the A matrix, thereby relieving the designer of the burden

of guessing weights to add. This is an expected

characteristic of using implicit model following.

The corresponding PI pole motion for each of the

sets of quadratic weights is shown in Table V-2 along with

the corresponding PI and CGT/PI gains needed to produce the

responses noted. The PI proportional gains, p , and

integral gains, Ei, are also listed. As expected, they

are different, and therefore are a potentially very useful

tool in design work. By being able to adjust the

proportional and integral gains, the designer would be able

Cto compensate for a bad trait of PI controllers known as
wind-up. This was not investigated in this study and is

left for follow-on work.

5.4 Simple Design Problem Using CGT/PI Formulation 4

Since CGT/PI formulation 4 was shown to be a

candidate for a good CGT/PI controller, it was decided to

test this controller's performance against adverse

conditions. A simple design problem was selected that

contained disturbance states, an alternate truth model used

to evaluate the degradation in perfromance due to

misrepresented system dynamics in the design model, and

initial condl'-ions. ?his is the same simple design model as

presented in F):jd's thesis (Ref 9), and is presented here
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as

.- *, Design Model

xlt) = 2 ]Xlt) + -1ndt +[lt) (V-IO)

1-5 [3 11n]d(t) 1[lut
-d(t) " 0 ]d(t)

0 [o a](V-il)
xc(t) O[i Ox(t) (V-12)

li [0] or Fi
[a] r2 (V-13)

Truth Model

-2 5 3 -i " 0

-5 -2 1 5 1

Xt(t) 0 0 0 0 0 Lt(t) + 0 ut(t)

0 0 0 0 .0- (V-14)

Alternate Truth Model

,-l 5 3 -l' 0'

-5 -1 1 5 1
(_'tt)* 0 0 0 0 XI(t) + 0 ut(t)

-tt

L0 0 0 0 0 (V-15)
Command Models

First order command model (CM01):

( mlt) a -5xm(t) + a(t) (V-16)

4 M(t) - 5xm(t) (V-17)

Second order command model (CM02):

Cmt) [: -5 :j ZAm t) + [0 Ct)

1- 0] (V-18)

Xmlt) . X10 0) m(t) (V-19)

Figure V-53 shows an open-loop CGT design (i is the
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system output and 2 is the command model output) to

.. .demonstrate the effects of adding the PI feedback controller

design of Figure V-54 (1 is state x2, 2 is the system

output, and 3 is the applied control). Figure V-55 shows

the improved performance of the closed-loop CGT/PI over the

open-loop CGT. This figure is based on the first order

command model (CM01). When the same PI controller is

applied, and the second order command model (CM02) selected,

the performance is drastically improved as shown in Figure

V-56. (There is no difference between model and system

outputs.) These last four time response plots are based on

the nominal truth model. Figure V-57 shows the effect on

the CGT/PI of adding a constant disturbance and Figure V-58

shows the effect of not only having disturbances but also

the alternate truth model. The performance of these two

CGT/PI controllers compares favorable with that obtained by

Floyd when using the program "CGTPIF* (Ref 9). As a final

test, Figure V-59 adds initial conditions to the design with

disturbance and alternate truth model. Note the CGT/PI

controller takes a little time to recover from all the

discrepancies, but it does recover and gives good

performance as steady-state conditions are approached.

5.5 Summary

Chapter V has presented and compared each of the PI

and CGT/PI controllers discussed in this thesis through use

[ .'.? of the programs which were developed to implement them. A

comparison was also made with the original program "CGTPIF".
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Initial indications are that the program OCGTPIF" has

certain advantages over "CGTPIQ" in that it offers greater.% 4-°...

control over the PI controller, but this does not

necessarily mean better performance in the CGT/PI controller

when we note the performance due to CGT/PI formulation 4.

This particular CGT/PI controller was shown to be able to

generate designs with desirable closed-loop characteristics

and to handle adverse conditions just as well as the CGT/PI

controller implemented in the program *CGTPIF".
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VI. Summary and Recommendations

6.1 Summary

The first primary objective of this thesis has been

to develop an interactive, user-oriented computer program

similar to OCGTPIF" (Refs 9 and 21), which will also

interface with OPFEVALO (Ref 21), to aid in the design of

CGT/PI/KF controllers, basing the design of the PI

controller on the integral of the regulation error.

Secondly, the design program was to be applied to an

aircraft flight control problem to evaluate characteristics

of this PI controller design, to compare the different

CGT/PI designs within CGTPIQ, and to compare CGTPIQ with

CGTPIF.

-Chapter II introduced the CGT/PI/KF controller

concept by briefly summarizing what is currently implemented

in the interactive computer programs *CGTPIF" and OPFEVAL".

The basic structure of the controller and the development of

the necessary equations were presented.

Chapter III presented the theoretical development of

the alternate PI and CGT/PI controller based on the integral

of the regulation error. Four different formulations were

presented and discussed for this CGT/PI controller. Each of

these CGT/PI controllers were eventually implemented in code

• and compared.

Chapter IV discussed the CGT/PI/KF design computer

VI-l



program that was developed and gave the models that were

employed in the design.

Chapter V presented and compared each of the PI and

CGT/PI controllers discussed in Chapters II and III through

use of the programs which were developed to implement them.

General comments were made as to the usefulness of each

program.

Appendix A is the CGTPIQ programmer's guide and

contains a discussion of only those subroutines that were

changed in OCGTPIF" to produce "CGTPIQ".

Appendix B is a complete, stand-alone, user's guide

that contains all the information needed by the user of

"CGTPIQO to run the program successfully.

Appendix C is a complete listing of the program

ICGTPIQ" as well as a listing of the subroutines that were

changed for each of the CGT/PI formulations presented in

Chapter III.

Appendix D contains a discussion of the CGT/PI/KF

design evaluation equations that are used in OCGTPIQO.

6.2 Recommendations

During the development of the alternate PI

controller equations, concepts such as better anti-windup

capabilities due to separate proportional and integral gain

channels and implicit model following were presented. As a

follow-on study, these concepts could be thoroughly

investigated using the program "CGTPIQO. Also, synthesis

and analysis of complete CGT/PI/KF controllers (i.e. with

VI-2



Kalman filters in the loop rather than assuming full state

*,-." feedback) using the programs "CGTPIQO and "PFEVAL" could be

performed, to include: robustness characteristics, actuator

saturation and associated windup phenomenon with a PI

controller, reduced order design models (particularly

actuator models and neglected bending/aeroelastic effects),

and different equlibrium points for expansion of the

linearized models. A similar study by Lt. Jean Howey using

the programs "CGTPIF" and "PFEVAL' is currently underway

(*Robust Flight Controllers". MS Thesis. Air Force

Institute of Technology, Wright-Patterson AFB, Ohio,

December, 1983). It would also be useful to explore more

fully the relative benefits of the two different types of PI

- designs embodied in "CGTPIQ* vs OCGTPIF", considering ease

of achieving useful designs, capabilities to enhance

robustness of the full-state feedback controller as well as

CGT/PI/KF controllers, and other pertinent issues. As an

additional area of endeavor, the two programs, OCGTPIF" and

*CGTPIQO, could be combined into one program using the

concepts presented in Ref (18) for a PIF controller. It

would also be worthwhile for the entire man-machine

interface (i.e., put the pilot in the loop with the

CGT/PI/KF controller) to be implemented in a computer

program to understand the inter-relationships of the overall

system.
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Appendix A

CGTPIQ Programmer's Guide

A.1 Introduction

CGTPIQ is a controller design program in which the

PI controller is based on the integral of the regulation

error. The program is designed to execute interactively.

Three design paths are offered: (1) design of a

Proportional-plus-Integral (PI) controller via

linear-quadratic (LQ) methodology using implicit and/or

explicit quadratic weights; (2) design of a Command

Generator Tracker, either open-loop (CGT) or closed-loop

4(CGT/PI); and (3) design of a Kalman filter (KF). These

three designs are components of a final controller

implemented as a Command Generator Tracker, with an

inner-loop proportional-plus-integral controller, and a

Kalman filter for state estimation (CGT/PI/KF). For each

design path there is a corresponding set of routines to

evaluate the quality of the design achieved (see Appendix

D).p The program is written in FORTRAN IV and consists of

more than 2900 lines of source code. In addition, numerous

routines are employed from a library of matrix routines

described in Ref (12). Since the resulting program is large

both in code and in memory utilization for array storage,

~:,,:-. direct and complete loading of the program exceeds memory

limits for interactive execution on the ASD CYBER computer

A-1
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system. A technique referred to as "segmentation' is

'. employed to provide selective loading of routines during

execution so that memory usage remains within the limits for

interactive execution.

This guide is a brief discussion of the subroutines

that were changed in converting the program written by Floyd

(Ref 9), as modified by Moseley (Ref 21), called "CGTPIF = to

the program called OCGTPIQ = which bases the PI controller on

the integral of the regulation error instead of the control

difference or 'pseudorate" as done in *CGTPIFO. The

equations presented in this guide reflect the development

presented in Chapter III (only CGT/PI formulation 1, Section

3.3.2.1 is presented in detail). Since the two programs are

2 iexactly alike except for a few subroutines, it is felt that

, repeating the entire development presented in Floyd's and

Moseley's theses would not be required by most users. If

the user wishes to understand the entire program development

he should obtain copies of Floyd's and Moseley's theses

(Refs 9 and 21), and taking their development along with the

changes presented in this guide, a complete description of

the program will be available.

In converting CGTPIF to CGTPIQ major changes were

made to subroutines CDIF, SREGPI, WXUS, FORMX (name also

changed to FORMXU), CGTKX, and MODIFX (name also changed to

MODXU) with minor changes made to MAIN, CGTXQ, UCGT, and

SCMD. There were also numerous cosmetic changes made so

that the program elements sounded like what they were

actually representing. All of these changes will be
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presented in the following sections.

A.2 Program Changes

A.2.1 CDIF

'CDIF' is called by the subroutine 'PIMTX'. 'CDIF'

sets up two augmented matrices for the integral of the

regulation error PI controller. These matrices are:

(A-la)

] 
(A-lb)

and B are stored in vector CTL of /CONTROL/.

A.2.2 SREGPI, WXUS, and FORMXU

Computations involved in the design of the PI

controller are directed by routine SREGPI. Routine 'WXUS'

is called first to determine the quadratic weighting

matrices of the discrete-time optimal cost function from the

continuous-time input quadratic weights. Quadratic

weighting matrices (assumed diagonal) are entered directly

by the user from the terminal for costs assigned to output,

integral of the regulation error, and control magnitudes--Y,

q, and U y respectively. These matrices are stored

in vector "RPI* of /CREGPI/. An augmented perturbation

state vector is defined to be
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• 4q (A-2)

A weighting matrix on the state vector x is formed as

Xcl I - cTyp (A-3a)

Xc22 ' Uq (A-3b)

41 2 - 0 (A-3c)

Routine 'FORMXU' performs these computations and forms

0 where

X 11 cii Xcl2

-I c12 T Xc2 (A-5a)

. c  + (A-5b)

- -y -y
4.

(A-5c)

The user is then given the opportunity to modify individual

Zi " -:; elements of I (symmetry is preserved automatically by WXUS),

4. as for instance, to alter individual diagonal elements of

A-4
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Xcl _  The associated continuous-time cost function is,

Fi It)1 [c
T  -cU F(t1 dt

where

J (A-6a)

,U M fu (A-6b)

[&ci2 T -Xc22] (A-6c)

where q is the integral of the regulation error. The

corresponding discrete-time cost function is defined by:

SJZT( t i  x t i )-  + uT ) U ut)

T + 21T(ti)Sru(ti) (A-7)

and the discrete costs are,

opt.. (-S)cd -t) (A-8a

T+§C$ cS.7 [BT(,rcB~T) + 1g c + 14 T( M)Sc

"ti(+cTB(i) I dC (A-8b)

F =J"_ [tiT)cB5-( ) + -T()S cdT (A-8c)

. in which

A-5



-.. C (A-9a)

- 1.

Ad 1I I_ ()r) Ad a- (A-9c)

The integrals in Equations (A-8a,b,c) are approximated in a

two-step computation. First, _ and AS are treated as

constants over the sample interval with value set to their

respective averaged values at the beginning and end of the

interval:

- j[I + (A-10a)

~+ as9&~ (A-l0b)

(where the overbar means approximation) in which IS and B

are as defined in Equations (A-la,b). With these

approximations, each of the integrands is constant over the

integration time T, so the integrals are obtained as

XF= T NIS] (A-lla)

.u TCI5 T_ + U + T + _ cTI_ (A-llb)

T T[N Xj~ + N ac) (A-llc)

This provides a better approximate evaluation than simple

Euler integration provides. These three discrettime costs

are returned by 'WXUS' as arguments X, "U", and "S",

respectively.

A-6
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Note that the cross weighting matrix has been

introduced into the cost function by the discretization

process and will generally be nonzero even if Sc in

Equation (A-6) were zero. This cost function is seen to be

in the standard form used previously and all development can

proceed as if the problem were a discrete problem and not a

continuous one.

Now, in order to obtain an equivalent discrete-time

cost function with no cross weighting (to allow use of

standard Riccati equation solvers as in Ref (12) that assume

such a form), routine 'PXUP' is called to compute a modified

system and weighting matrices. Define a new system (Ref 14)

_(t i+1 - xt i + (t i )  (A-12)

for which

fj ' - I - -lT -(A3a)

and5.

u' (ti) - u(ti) + T (t ) (A-13b)

for which the corresponding cost function becomes

with

A-7
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- (A-1 5)

The cost function of Equation (A-14) is now in standard form

4** for solution of the steady-state Riccati equation. PXUP

returns matrices 'i XS 1. and ff-l- T of Equations

(A-13a), (A-15), and (A-13b), respectively. An additional

matrix needed for the routine which computes the solution to

the Riccati equation is also computed by PXUP:

-l-'T (A-16)

4 SREGPI next computes the steady-state solution to

the discrete-time Riccati equation using routine 'DRIC' of

LIBRARY. DRIC solves for ISR in

K ,~,T K (I+ -1~j + X'(A-17)ER -S rR - xi'R s

using an iterative procedure discussed in Ref (12). In

addition to K R' DRIC returns the closed-loop system

matrix

'C (I + K5R 1  (A-18)

which is stored in vector RPI.

Routine 'GCSTAR' then is called to compute the

~ ~Zd optimal feedback gain matrix for the original system. The

*optimal feedback gains for the modified system of Equation
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(A-12) are,

Gc  - + T KR'- (A-19)

and from these the optimal feedback gains for the original

system are

Gc = + a-laT (A-20)

Remembering from Equation (111-25) that

2c  [Gl (A-21)

the calculation beginning with a continuous-time cost

odescription will produce the correct gc " The only
question that might arise is whether the substitution of

KR ' for Kc is a valid substitution. This will be

shown in the last section of this guide. The PI controller

in incremental form utilizing these gains is implemented as

u**

(t - ua.ti- Gc I [xlt i ) - xti_ 1 1 ]

Qc - -Y

a (ti-l(A-22)

The controller evaluation routines which propagate

the response of the PI controlled system to non-zero initial

. conditions use Equation (A-22) to compute the control input.

Note that this assumes that the outputs are to be driven to
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zero by the PI controller. No provision is made for

'-.>. evaluation of the PI controller in response to control

inputs, therefore, Yd will be zero for all time. Thus

the matrix E is not required in the computation, but is

computed and saved in vector LEE of /LREGPI/ so that a

comparison can be made between the proportional and integral

channels of the PI controller according to

K = [I - ED] E (A-23a)

K. = [I - ED y-G c2* (A-23b)

(These are computed at the end of SREGPI.) and since a major

portion of E known as the L matrix where

L -cl - T (A-23c)

is needed in the closed-loop CGT/PI controller development.

The L matrix is saved in vector LEL of /LREGPI/. (See

Section 3.3.2 for changes for CGT/PI formulations 2,3,4.)

A.2.3 CGTKX and SCMD

SCGT directs the computations involved in design of

an open-loop CGT or closed-loop CGT/PI controller. SCGT

calls routine CGTKX to compute the gains employed by the CGT

and CGT/PI controllers. For the open-loop CGT controller

routine SCMD sets matrices Gc, and G to

zero. CGTKX computes gains on command model states and

inputs and disturbance states, respectively, as
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~ K (A-24a)
Kxm = --lA- + A21

Kxu W kl2 + A22 (A-24b)

Kxn u !A13 + 623 (A-24c)

These three gains are stored in vector CGT. (See Section

3.3.2 for changes for CGT/PI formulations 2,3,4.)

The closed-loop CGT/PI control law is implemented in

incremental form as

u* t )  u* *
-t _ (t i-1)  - gc I[X(t i)  - 1_(ti-l)]

+ K x m(t) - tx t_)]

+ K xu [ t.) - u m(t i- )]

+ Kxn[nd(ti) - nd(ti~l)]

+ Gc2 [-Im ml {m(mt il)- [a Dy] x(t
L t (t

(A-25)

(See Section 3.3.2 for changes for CGT/PI formulations

2,3,4.) The open-loop CGT is obtained by employing Equation

(A-25) with PI gains gcl and gc2 both zero

matrices, giving the effective result for the open-loop CGT

control law as

* *
. u(ti) u (ti I ) + A 21 [Xm(t i)  x m(t i-1)]

+ A-22[ (ti u u-(ti-

+ A23[nd(ti) - (ti)] (A-26)
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Equation (A-25) is used by the controller evaluation

routines to compute control inputs for either CGT

controller.

A.2.4 UCGT

UCGT computes the control input due to the CGT

.3 controller alone and adds it to the control given by the PI

controller from URPI. The increment due to the CGT or

CGT/PI alone is added as

(ti <u*t )+ K ExMAt) (il
K xu xm (t i-1)t

-Kxn [nd (t i) lin (t i-)

+-c2 -m m ] x ( i 1
U ( i )(A-27)

(See Section 3.3.2 for changes for CGT/PI formulations

2,3,4.)

A.2.5 Z4ODXU

MODXU computes the combined implicit/explicit

quadratic weights according to

A -12



A.2.6 MAIN and CGTXQ

MAIN is changed by increasing the storage space

allotted to common /CREGPI/ and vector NVRPI to 675 to take

care of the two added matrices L and E.

CGTXQ is changed by adding vector space for matrices

-L and E in Common /LREGPI/. These are called LEL and LEE,

respectively.

A.2.7 Cosmetic Changes

All reference to the vector notation on the left has

been changed to the notation on the right

KX - GCI

.5 KZ - GC2

LKX -LGC1

LKZ - LGC2

LKXAxx - LELAxx

RKX - RGCl (in subroutine URPI)

RKZ - RGC2 (in subroutine URPI)

RKX - REL (in subroutine CGTKX)

(See Appendix C for changes for CGT/PI formulations 2,3,4.)

A.3 Derivation Showing that KR' 
=

In the simple proof we know that the cost to be

minimized in the case of both K's is given by ( ef 15)

-Tc - Jmin - Jmn' (A-29)

and since the states, the X's, are the same on both sides of

A-13

' O .'.-'o S *. ,' ._ _% % .- .. % N '''' ' ' 
"

. ', . * -'-.'. .'' . 5 .. ', .-.-'-



Equation (A-29), it follows directly that

Kc aK s ' (A-30)

It can also be shown rigorously that

KR -c X + -1TKc!- [RdT K + STT G* (A-31)

Given Equation (III-18a) which is the K portion of-c

Equation (A-31), lets show that K R' is equal to the same

relationship. Starting with our equation in question,

Equation (III-49), utilize Equation (111-51) to get

(dropping the delta subscripts)

K ' = X' + #'TKR9 - _T'B * (A-32)-R -R R - - Rc

Substituting Equation (III-48b) for X', Equation (III-47b)

for ', Equation (111-52) for Q ', multiplying out

the resultant equation and canceling like terms, we have

-K [ + t - TKR Brc*] - [S-I{T TKR'I + aT

- -BTRK 'BG *] (A-33)

Noting that the portion of Equation (A-33) in braces {1 is

equal to

,-,'. . .* [T* *
'/,{ } - + BTRB = C* + BTKR34+_ B9 BG~C  (A-34)
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and making this substitution, canceling the resultant like

A terms, we have

= X + - - A-35a)

T T T T *

+ tKR# -(-- c (A-35b)

which is the result we were seeking. So and K

satisfy the same terminal condition and the same differenceI equation, so they are equal for all time.
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Appendix B

CGTPIQ User's Guide

B.1 Introduction

The primary objective of this thesis effort is to

create a computer program with which to design CGT/PI/KF

controllers with the PI controller based on the integral of

the regulation error. This use-'s guide discusses the

program which has been developed--hereafter to be referred

to as CGTPIQ--as an existing program (as it executes under

CYBER INTERCOM) and with the intention of providing

information appropriate to successful execution when applied1%

to the user's design problem. It discusses program

operation from the input/output perspective: the specific

input and output of each design/evaluation path and the

terminology employed in each input/output item. It also

discusses what the user must do both before and immediately

following program execution. The discussion presented in

this guide is based on the program developed using CGT/PI

formulation 1 (see Section 3.3.2). Appendix C gives the

required code changes for the other formulations, but they

are not discussed here. The changes to program execution by

each CGT/PI formulation is either very minor or

non-existent. (Note: the reader will see duplicated

material from other chapters. This is done so that this

User's Guide will be complete by itself.)

While the specific test application for the program

*B-1
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Appendix B

CGTPIQ User's Guide

B.1 Introduction

The primary objective of this thesis effort is to

create a computer program with which to design CGT/PI/KF
controllers with the PI controller based on the integral of

the regulation error. This user's guide discusses the

program which has been developed--hereafter to be referred

to as CGTPIQ--as an existing program (as it executes under

CYBER INTERCOM) and with the intention of providing

information appropriate to successful execution when applied

to the user's design problem. It discusses program

operation from the input/output perspective: the specific

input and output of each design/evaluation path and the

terminology employed in each input/output item. It also

discusses what the user must do both before and immediately

following program execution. The discussion presented in

this guide is based on the program developed using CGT/PI

formulation 1 (see Section 3.3.2). Appendix C gives the

required code changes for the other formulations, but they

are not discussed here. The changes to program execution by

each CGT/PI formulation is either very minor or

non-existent. (Note: the reader will see duplicated

material from other chapters. This is done so that this

User's Guide will be complete by itself.)

While the specific test application for the program

B-1
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in the context of this thesis has been related to aircraft

control design, CGTPIQ is written to be applicable to a wide

variety of control design problems. It has the following

attributes:

K 1. CGTPIQ executes interactively

2. The program utilizes efficient array allocation

a. Initial memory allocation easily set

& b. Dynamic array allocation within total memory

allocated

3. Various modes of entry are possible for the

dynamics models

4. Design paths are automatically followed, with

user prompts at necessary decision points

5. Requests for input include informative prompts

-S6. Copious program output is provided

a. Output most relevant to design decisions are

~ .,,provided directly to the terminal

* b. Additional detailed output is provided to a

separate output f ile

7. Information relevant to design iteration is

-~ preserved

S. information needed for evaluation by computer

program *PFEVA1 ' is preserved (Ref 21)

-. "9. Error checking is performed, and messages given

as appropriate

CGTPIQ employs computational routines available in a

.library of matrix computer routines described in Ref (12).

Exclusive of the library routines, the program has a length
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of more than 2900 lines of source code. The programming

language employed is ANSI Standard FORTRAN IV. Although the

resulting source code is highly portable, local memory

utilization limits for interactive execution may impose

constraints. In use on a Control Data Corporation CYBER

machine, the necessary load size was achievable with no

impact on the source code. Thus the existing source code is

in a pure form for whatever system. The final program size

is much greater than the normal 65000 octal word limitation

of the CYBER interactive system. Thus, in order to achieve

interactive operation and provide sufficient free memory for

array allocation so that problems of large and variable

4 dimensions can be treated, a CYBER Loader option referred to

as *Segmentationw (Ref 7) must be used. (Note: even with

segmentation the program requires nearly 67000 octal words.)

The required segmentation code will be presented later in

this guide.

CGTPIQ was written specifically to run

interactively. Requests for input, while intentionally

brief, tell the user what is 'expected of him--what, how

many, and in what units, as appropriate. Output of

information, relevant to design decisions, to the terminal

is compact and automatically provided. Also, the user can

determine the amount and category of output to the terminal

in some cases, and according to need.

An objective of this thesis effort was for CGTPIQ to

d .~ be similar to the program CGTPIF by Floyd (Ref 9), as

modified by Moseley (Ref 21), and every effort was made for

B-3
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TIM
this to be the case. For this reason the two program's are

almost identical in operation. Appendix A, which discussed

h the actual programming text changes, assumed that the user

must have copies of Floyd's and Moseley's Theses to effect

any change to the program. Appendix A was not discussed in

detail since most users will not need to change the program.

On the other hand, a complete user's guide is necessary for

the user to be able to use the program; therefore, this

user's guide is taken entirely from the theses by Floyd andI Moseley (Refs 9 and 21), with necesary changes to reflect

the changes made in the program, so that the user will not

need copies of the other two theses to use this program.

B.2 Program operating Principles

0 and organization

CGTPIQ has three design paths: (1) design of a P1

*1 controller (using explicit and/or implicit quadratic

weights); (2) design of either an open-loop CGT or

closed-loop CGT/PI controller, and (3) design of a Kalman

filter. Corresponding to the first two design options is a

controller evaluation set of routines, and corresponding to

the third design option is a set of routines for filter

4 evaluation. The evaluation routines perform the

computations discussed in Appendix D.

A general flowchart of CGTPIQ is given in Figure

B-10 shoving the main execution paths and design entries.

.4 The controller sample period is entered, the design model is

established, and then the desired design path can be
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followed. The elementary design path choice is between
controller and filter designs. The CGT or CGT/PI, and the

PI controller (for explicit and/or implicit quadratic

weights) design paths are then options within the controller

design. If the PI controller design is pursued prior to the

CGT design path, the CGT design will automatically be of the

.4 CGT/PI controller. If the PI is not already determined

during the current execution of the program, then the

designer may elect ot design either a CGT or a CGT/PI

controller. However, the CGT controller design is not

pursued if the open-loop design model is unstable. The

controller design path is followed automatically by the

appropriate controller evaluation path. Similarly, the

filter design path leads automatically to the filter

evaluation. When the evaluation is complete the designer is

given the opportunity to loop on the design path, choose a

different design path, or terminate program execution. More

detailed flowcharts and functional diagrams are given later.

B.3 bynamics Models

Each of the dynamics models entered into CGTPIQ is

represented by a set of continuous-time state differential

equations. The names used in the equations to follow are

exactly those used by CGTPIQ in reference to these same

dimensions and arrays in its Input/Output (I/O). Note that

here each name is a single character, possibly subscripted,

while in its I/O, CGTPIQ incorporates subscripts into the

name (e.g., at becomes *AT"). Constraints on the models
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that are presented below are tested by CGTPIQ and, if not

4 satisfied, a message is written to the user terminal and

execution is aborted. These will be discussed later.

B.3.1 Design Model

The design model is given by

;(t) - AM(t) + BIu(t) + Ixnd(t) + Qw(t) (B-la)

id(t) - Annd(t) + Gnyd(t) (B-lb)

Z(t) - cx(t) + 2yU(t) + Iynd(t) (B-ic)

z(t 1 ) - g-(ti) + nid(ti) + Y(t.) (B-id)

and w, j[d and v are independent zero-mean noises with

statistics

Efw(t)w T(tt) }) =S(.t) (B-2a)

E(d(t)ld T(t+t)} . Qn (r) (B-2b)

E{ -(tt)-T (t ) } = Rij (B-2c)

In these equations, x, u, ,do y and z are the system

state, input, disturbance state, output, and measurement

vectors, respectively. In input prompts, CGTPIQ refers to

the diagonal elements of the noise covariance matrices as

Q: astate noise strengths" (B-3a)

2n:*disturbance noise strengths" (B-3b)

I: "measurement noise strengths" (B-3c)

Note the Q, Qn' and R are all assumed to be diagonal

matrices. The dimensions of the model are

n a number of system states

r a number of system inputs

p a number of system outputs

m - number of system measurements

B-7
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d - number of disturbance states

W - number of independent system noises

wD= number of independent disturbance noises (B-4)

and the dimensions of the matrices of the model are

A : n-by-n

: n-by-r

x: n-by-d

Q : n-by-w

: w-by-w

: p-by-n

Qy: p-by-r

E y: p-by-d

H: m-by-n

Un: m-by-d

R m-by-m

An: d-by-d

n: d-by-wD

2n: wD-by-w D  
(B-5)

CGTPIQ requires that the numbers of design systems

inputs and outputs be equal: r-p. Also, the number of

system states may not be less than the number of disturbance

states, due to the computational setup used for the CGT

solution. The dimensions n, r, and p must be non-zero; any

of the other dimensions may be zero. If m is zero or if w

and wD are both zero, the Kalman filter design path

cannot be pursued. Matrices having either dimension zero,

do not exist and are not entered.
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B.3.2 Truth Model

A? The truth model is specified by
)t(t) + Q (t) (B-6a)

zt(t) - Htt(ti) + !t(ti) (B-6b)

X' (t) - TDT!t(t) (B-6c)

nd '(t) - TNT4(t) (B-6d)

and wt and vt are assumed to be independent zero

mean noises with

E(!t(t) w t T (t+*)} = Qtd( r) (B-7a)
E Q t ( t i ) vy t T ( t j  a -Rtij (B-7b)

where Equations (B-6c) and (B-6d) relate the system and

disturbance states of the design model to the system states

of the truth model. Note that Qt and R t are both

assumed to be diagonal matrices. In these equations,

it' it' and zt are the truth model system state,

input, and measurement vectors, respectively. The vectors

x' and ad' are as defined for the design model.

The dimensions of the truth model are

nT a "number of system states*

rT a *number of system inputsw

MT = *number of system measurements'

wT W "number of independent noises driving system

dynamics" (B-8)

and the dimensions of the matrices of the model are

At : T-by-, T

It: n T- by-r T
- gt nT-by-w T

Qt: wT-by-wT
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at: mT-by-nT

TDT: n-by-nT

TNT : d-bynT (B-9)

CGTPIQ requires that the numbers of inputs and of

measurements for the truth and design model be the same:

rT-r and mT-m. If the number of driving noises

(wT) is zero, evaluation of a Kalman filter design is

not pursued (since a covariance analysis with no truth model

driving noise would not be very informative). Matrices

having either dimension zero, do not exist and are not

entered.

QB.3.3 Command Model

The command model is given by

; s(t) - AXm (t) + Bm (t) (B-lOa)

12 (t) - Qmlm(t) + Pmu,(t) (B-lOb)

In these equations, xm , um, andxm are the

command model state, input, and output vectors,

respectively.

The dimensions of the command model are

nM - "number of model states'

rM U anumber of model inputs"

PH a anumber of model outputs" (B-11)

and the dimensions of the matrices are

am: nM-by-nM

.im: nM-by-rM

Qm: PM'by-nM
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Dm: pM-by-rM (B-12)

.': CGTPIQ requires that the number of outputs of the

command and design models are equal: pM-* Also, the

number of system states of the command model (nM) cannot

be greater that the number of system states of the design

model (n). This constraint is due to the setup for

computation of the CGT solution. (Note: the command model

for explicit and implicit model following need not be the

same, though they may be.)

B.3.4 Overall Model Dimensions

Problems of the following dimension can be

accommodated by CGTPIQ

n •15

n+d £15

r 5

p £5

m £15

w D i5

W+W 15

nM

rM '5

nt 20
rt

m t  15
w wt  20 (B-13)

NOTE, other combinations of dimensions, some greater

B-11
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than and some less than these specific dimensions, will also

be accommodated due to the method by which arrays are

allocated and stored. If the user has a problem that does

not fit these size restraints he should try the problem to

see if it will work. Messages will be printed if he has

exceeded total allocation, and in that case, the basic

I program code will have to be altered to proceed.

B.4 Entry of Dynamics Models

Any of the three dynamics models described above may

be established in any of three ways: (1) the dimensions and

matrix elements may be entered directly from the terminal

with input prompting from CGTPIQ; (2) the dimensions and

9 matrix elements may be entered from a *DATA" file on which

0 the dynamics model from a previous run of the program was

written (the writing of such a file entry for each model is

a program option); or (3) the dimensions and matrix elements

may be established by user provided subroutines as was done

for some of the airplane models used and discussed in

Floyd's thesis (Ref 9). These models are also in CGTPIQ.

When entered from the terminal directly or set by

subroutines, only non-zero elements of the various matrices

need be given. In many cases, this substantially simplifies

establishing the matrices and reduces the probability of

erroneous entries. Subsequent design runs for the same

problem can then simply read the models from the "DATA" file

a:. ~-.*previously created.

Each request for input from the user includes a

B-12



prompt by CGTPIQ of information defining the input desired,

whether this input is the dynamics models or any other

required input. When an option is offered, the prompt

succinctly describes the option and specifies the

appropriate form of response (e.g.,*Y or No, signifying and

yes or no response.) When a dimension is to be entered, the

dimension is identified. when a matrix is to be entered,

the matrix is identified, as is its dimension, and the

appropriate form of input. Similarly, all other requests

for input identify the input expected and the form the entry

is to take. The messages to the user are brief and require

that the user have some understanding of what is involved in

.9 achieving each of the designs. The prompts are intended to

assist users familiar with the elements of the PI, CG;T,

CGT/PI, and KF design methods and with the terminology used

in this thesis to enter the necessary information for such

designs into the program.

B.5 Program-Output

In the computations involved in the various design

paths, a great deal of information is generated. While all

the information generated may be relevant to the design, in

the usual case only a small fraction of the information is

needed to pursue iteration of the design paths. Information

most relevant to achieving the various designs is output to

the terminal either automatically or at the user's option.

:~ ~ The same information, along with all other potentially

useful information generated by the program, is also output
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to a "LIST" file. After program execution is complete, the

user may then look through this file at the terminal or may

*ROUTEO it to a line printer for a complete listing. All

output is given an identifying name or description which is

*' consistent with the terminology of this thesis.

Plots are available as options of the design

evaluation routines. The plots produced are of the *line

printern type. For the controller, plots of selected

variables may be output to the terminal, in addition to the

full set of plots output to the wLIST" file.

During program execution, user entries in the design

iteration are preserved. Thus, for each iteration only

those entries to be changed need be given as input, making

design iteration both fast and easy in terms of the simple

mechanics of the process. Also, computations which are not

modified by design iteration are performed only once and the

results are preserved for reuse within the current run, as

needed.

B.5.1 File Usage: PLOT, SAVE, DATA, LIST

In addition to the I/O communication directly with

.the user terminal, CGTPIQ employs four disk files for I/O

purposes. One of these ('PLOT') is for temporary use by

CGTPIQ only. The other three files ('SAVE', 'DATA', and

'LIST') benefit the user by providing continuity between

distinct executions of the program (SAVE, DATA) or providing

supplementary design output data (LIST).

CGTPIQ preserves information for use in distinct

B-14
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execution of the program through use of the SAVE and DATA

* ... " files. During program execution, the dynamics models as

well as the PI controller gains (if available) may be

written to the SAVE file. Following execution, the user may

wish to catalog SAVE as a permanent file. In subsequent

executions, CGTPIQ may (at the user's option) read any of

the dynamics models or Pi gains from the file named DATA.

(Also the gains to be used by the program OPFEVAL* are also

written to the SAVE file). Both files are rewound prior to

and following program execution. Letting the abbreviations

"BE" and IAE" mean before and after execution, respectively,

typical operations on these files include:

1. Catalog SAVE file:

*a. BE:REQUEST,SAVE,*PF

AE:CATALOG,SAVE,pfn

b. AE:REQUEST,DUM,*PF

AE:COPYBFSAVEDUM

AE:CATALOG,DUM,pfn

2. Attach DATA file:

-BE:ATTACH,DATA,pfn

3. Reuse SAVE file as new DATA file

AE:RETURN,DATA

BE:COPYBF,SAVE,DATA

None of these operations are required; they are simply

useful operations in the event the user chooses to employ

the files to streamline repeated executions of a given

: ': design problem. Note that SAVE and DATA are local file

names and that the permanent file names are represented here
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by the abbreviations "pfn". Other operations (e.g., PURGE)

and other combinations of operations are possible as for any

files, and the usual rules for these operations apply here

as well. The essential points to understand are that the

SAVE file is created by CGTPIQ and is an output file only,

and that DATA is a previously SAVE'd file under a new local

file name and is an input file only. During a single

program execution the two files are distinct and these roles

cannot be changed.

During program execution, extensive design

information is output to the LIST file. After execution is

complete, the user may wish to route LIST to a line printer

for listing (or it may be *PAGED" at the user terminal).

The file is rewound before and after execution. To send

LIST to a line printer, the following command is used after

execution:

ROUTE,LISTDC=PR,TID-nn,ST-CSB,FID=abc

in which unn" is the identification number of the terminal

to which the file is to be sent (for AFIT ,nn=AF), and "abco

is any three character output banner for the listing.

The PLOT file is used internally by CGTPIQ for

temporary storage of the variables generated by time

response evaluations of the controller or filter. If

desired, it may be eliminated following execution using the

command:

RETURN,PLOT
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B :6 Error Checking

A common problem encountered in executing computer

programs with variable dimension array storage is the

unintentional (and often unknown) over-running of the

allocated storage area. when this happens, the program may

fail (due to the over-writing of program code, for example)

or, even worse, the program may appear to run properly but

provide erroreous results. To avoid these difficulties,

before using each of the Common arrays, CGTPIQ computes the

allocation needed for the arrays it will generate and

* compares it with the number of words of memory actually

allocated. If more memory is needed than has been provided,

a message is written indicating the problem, the Common in

question, and the minimum allocation needed. Execution is

then aborted.

Error checks for array entry from the terminal are

also performed. Not only are the array dimensions

*identified in prompts requesting entry of arrays, but each

entry is checked to verify that it is within the row, column

bounds for the array. If not within bounds, the entry is

not accepted and a message identifying the problem is given.

Also, for matrices requiring special properties (e.g.,

positive semi-definiteness), entries which clearly violate

these requirements (e.g., negative diagonal elements) are

not accepted and a message is written to the terminal.

Various other error checks are performed for each

• .... input entered from the terminal. These checks ensure that

no obviously invalid entries are accepted (e.g.,
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non-positive controller sample time), and no storage out of

~ &~. array bounds occurs. obviously, it is not possible to guard

against valid yet erroneous entries, but in most cases the

program provides opportunities to correct mistaken entries

made and discovered by the user. Additional tests are

performed to ensure dimensional consistency of the dynamic

models. These dimensions were discussed previously. For

example, CGTPIQ checks that the numbers of inputs and

outputs defined for the design model are equal, as well as

checking each of the other dimensional conditions as each

model is established. If the condition is not met, a

message identifying the problem is written and the program

execution is aborted.

B.7 Preparation Prior to Program Execution

Preparation for use of the program consists

N primarily in determining the dimensions of the models to be

employed and the specific coefficients of the matrices

comprising those models. It is appropriate for the PI

design that an initial set of quadratic weights be

established also, in order to begin the design iteration

process.

Assuming that the user understands the nature and

requirements of the various design elements, and is familiar

with terminology related to such designs, the actual

execution of the program involves straightforward response

.~ ~-to input prompts. The specific meaning of all program

St prompts employed will be discussed later. information most
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useful to the design iterations is available directly as

output to the terminal, while additional information is

provided in the separate output 'LIST' file. The

terminology employed in the output is defined later.

B.7.1 Determine Dynamics Models

CGTPIQ employs three dynamics models as discussed

previously It is necessary that the user determine the

dimensions and parameters of these models prior to execution

of the program. The specific models needed to execute the

design paths of interest need be known. At a minimum, the

design model must be known in order to execute any of the

designs. The truth model is required for evaluation of the

Kalman filter (to perform a covariance analysis) and is

optional for evaluation of the PI controller or CGT and

CGT/PI controllers. The command model must be known in

order to effect either CGT or CGT/PI designs. The dynamics

models are entered into the program during execution as

needed and under input prompting provided by CGTPIQ.

B.7.2 Define Objectives and Specifications

Before embarking upon design of the controller, the

designer should define: (1) the objectives which are to be

sought, and (2) appropriate specifications and constraints

to apply to the controller. These may be rather loosely

defined initially, then become more specific and firm as the

design progresses. Objectives will vary with the problem

under consideration, but might be exemplified by formulation
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of a desired controlled output response behavior.

Specifications and constraints derive from the problem

application and from the objectives for the design. Typical

considerations include time-delay, overshoot, and settling

time of the response, and input magnitudes and rate limits.

B.7.3 Determine Appropriate Initial Quadratic Weights

Execution of the PI controller design entails entry

of quadratic weights for the optimal cost function. Such

weighting matrices are required for the outputs, the input

magnitudes, and the integral of the regulation error (also

implicit weights to be discussed later). For these, only

diagonal elements are required as input, since CGTPIQ

assumes them to be diagonal matrices. However, after CGTPIQ

computes the resulting augmented state and integral of the

regulation error weighting matrix (Equation (III-36c)), the

user may modify any element of it to achieve design goals.

Although final selection of appropriate quadratic

weighting values to achieve design requirements is achieved

in an iterative (trial-and-error, hopefully with insight)

fashion, it is possible to make initial choices which are

plausible. A common method for determining initial

quadratic weights involves inverse square weighting of

maximum deviations of outputs and inputs to achieve

regulation for an assumed perturbation of the system (Refs

15 and 18:10-11). For example, the diagonal output

weighting matrix element iwould be
2

- ./(maximum allowable Yi)
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Beginning with the initial set of quadratic weights,

the PI design path is executed repeatedly with changes in

the choice of weighting elements until the design is

satisfactory. CGTPIQ provides information during execution

which allows the design to be evaluated and iteration of the

design to be pursued effectively.

For open-loop CGT designs and Kalman filter designs,

preparation consists of defining the various dynamics

models. The open-loop CGT design depends only on the design

and command models. The initial execution of the Kalman

filter path depends only on the design model (and truth

model for evaluation). Further refinements to either design

are achieved through modifications of the appropriate

* dynamics model (command or design).

B.8 CGTPIQ Execution

B.8.1 Introduction

An important feature of CGTPIQ is that it follows

N appropriate paths through execution automatically, prompting

the user for input as necessary. The basic design paths are

selected by the user under prompting, but within a given

path, only information needed to execute the specific design

and evaluation is requested by the program. The user thus

does not need any predetermined sequence of command entries

to the program, nor are the commands coded in any way.

Figure B-1 gave a general flowchart of CGTPIQ. Each

of the decision blocks (diamond shaped) represent a prompted

request for input to choose the design to be pursued. Each
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rectangular block with an alphabetic character ("A* through

*H) in the lower right corner represents a computational

element of CGTPIQ and is discussed individually in the

following subsections. The subsections which follow discuss

the 1/0 of each computational element. in identifying items

of I/0? reference will sometimes be made to array names and

equations which are specified elsewhere in this thesis

(equation references will be in parentheses following the

array name). All prompts for input define the input that is

being requested and the manner in which the entry should be

given. Since the actual prompts are themselves

understandable, they will not be quoted here. Instead,

flowcharts will be used to show where prompts occur and how

execution depends on user entries. Blocks involving I/0

will be identified by function: an "I block will signify

prompted input from the terminal; an UOTU or "OL" block will

-~ signify output to the user terminal or LIST file,

* * respectively. All output to LIST is separated and

identified according to the computational element which

generated it.

B.8.2 Types of Entries

Required inputs may entail entry of a decision logic

value, a single numerical or character value, or multiple

numerical values for arrays or vectors. in all cases,

* - CGTPIQ prompts the user with messages identifying the nature

of the input requested and each prompt ends with the

character 0n>0.
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All requests for decisions affecting execution are

framed as questions requiring a YES (Y") or NO (N")

response. The user entry is read as character input.

Execution proceeds according to a default *YES" assumption:

all decision tests assume that if the answer is not "N0,

then it is *YES*.

Requests requiring single entry responses always

specify the variable requested. If there are constraints on

acceptable input they are indicated in the prompt and

adherence is tested in the program after entry. If the

entry is not "valid', a message is written to the terminal

and the prompt is repeated.

All requests for entry of vector or array elements

specify the name of the array in question and its actual

0 dimensions. Entries for vector elements include an integer

specifying the index of the element, and a real specifying

its value. For most arrays, all elements may be given

values, while for some square matrices, only diagonal

elements may be set (the prompt format will distinquish

between the two). In the usual case, elements are entered

into arrays by specifying two integers for the [row,column]

address and a real for the value of that element. In cases

in which only diagonal elements can be specified, entry is

the same as for vectors, with the matrix diagonal considered

a vector. As many entries as desired may be made and any

entry can be repeated (e.g., to correct previous erroneous

entries). Entry is terminated by specifying a row index of

zero. Each entry is tested to verify that it lies within
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the [row,column] bounds of the array (vector). If an index

is not "valid", a message is written to the terminal

indicating the error and the initial prompt with the array

dimensions is given again (previous valid entries are not

affected, only the specific invalid entry is rejected). If

an entry is valid, the element value is set and the next

entry is awaited without additional prompting. For example,

if it is desired to set a square matrix of dimension three

to an identity matrix, then according to whether the

specific matrix is to be entered in [row,column] or diagonal

form, entries would be as follows:

1. For [row,column] entry format

1 1 1. (enter)

2 2 1. (enter)

3 3 1. (enter)

0/

2. For diagonal element entry format

1 1. (enter)

2 1. (enter)

3 1. (enter)

0/

Items of information may be separated by one or more blanks

or by a comma. These entries set specific elements of the

matrix to non-zero values (the matrix was initialized

automatically with all elements zeroed). The following

sections will now discuss the individual boxes denoted with

---N a letter in Figure B-1.
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B.8.3 Establishing Dynamics Models ("A")

.~. All three dynamics models (design, truth, and

command) are entered under the control of a single set of

routines. The options for entry and the type of 1/0

involved for each is of identical format, but prompts and

output employ terminology specific to each model to identify

items of 1/0.

Figures B-2a,brc give flowcharts of the I/0 involved

in entry of the models. Note that any of the dynamics

models may be entered in any of the following ways:

1. The dimensions and array elements may be read

from the DATA file.

2. The dimensions and array elements may be entered

from the user termnal as prompted by CGTPIQ.

3. The dimensions and array elements may be

determined by user-provided subroutines.

These modes of entry are offered by CGTPIQ in the order

above, with option 3 assumed selected if options 1 and 2 are

declined. If option 1 is selected, the reading of the model

is automatically performed. If the model is found not to

exist in the DATA file, the other options are offered. For

option 3, if the subroutines needed to define the model are

not loaded, option 1 and 2 are offered again. This logic is

illustrated in Figure B-2a.

Prior to entry of the model matrices, all matrix

* elements are initialized to zero. Using option 1, all array

* ~ elements are then read automatically from the DATA file.

-: For options 2 and 3 only the non-zero array elements must be
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K established.
.1 Figure B-2b illustrates model definition under

option 2. Entry of the diminsions and arrays is according

to prompts by CGTPIQ. The dimensions are requested first by

the names and in the order of Equation (B-4), (B-8), or

(B-il), as appropriate. The arrays are then requested, also

by name and in the order of Equation (B-5), (B-9), or

(B-12), as appropriate. An array is not requested if its

dimension is zero. Each prompt includes the actual

dimensions of the array according to the model dimensions

previously entered. Elements of arrays are entered by

address, and value by giving the [row,column] address and

element value as a three item input. Entry of a zero row

d * address terminates entry of the array.

For option 3, each model requires two user-provided

routines of prescribed names, argument lists, and

characteristics. These must be compiled with the main

routine of CGTPIQ and a segmented executable object file

* created. For each model defined by subroutines, one

subroutine must establish the dimensions of the model, and

another must set the values for all matrices of that model.

Each routine must have the appropriate name and argument

list. All model arrays appearing in the argument lists must

be allocated in full manner: the array dimensions specified

by "Dimension" statements within the routines must be

exactly those implied by the routine specifying model

-. dimensionalities and the array sizing given by Equations

(B-5), (B-9), and (B-12). For example, if the number of
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design model states (n) is established as 10, then according

~. ~ ~x-to Equation (B-5) the system matrix must be explicitly

dimensioned A(10,10) in the subroutine which sets array

* values for the design model. All of these arrays are

initialized to zero before the array setting routines are

called, so it is necessary only to set non-zero array

elements within the subroutines. Any arrays of dimension

one in both row and column are actually scalars and need not

be included in a Dimension statement. Any arrays with row

or column dimension of zero are in fact nonexistent arrays

-~ and must not be included in Dimension statements, although

they still must be included in the subroutine's argument

list (since calls to these routines from within CGTPIQ

assume full argument lists).

After a model is defined using any of the three

entry options, the user may list any matrix and modify any

array elements, again under prompting by CGTPIQ. If a

modification/list is desired, the names of the model's

matrices are listed at the terminal and the user specifies

the array of interest by name. Elements are entered by

address and value as described previously. Figure B-2c

illustrates the 1/0 involved in modifying/listing model

arrays.

when the model has been defined to the user's

satisfaction, it may be written to the SAVE file by CGTPIQ

if the user chooses. In the course of design iteration, the

truth and command models may be redefined if desired, but

only a single copy of any model may be written to the SAVE
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file during a given execution of the program (CGTPIQ will

." not offer additional opportunities after a given model has

been SAVE'd).

For each model, the discrete-time representation is

computed for the controller sample period specified. Later

computations do not depend on the continuous-time dynamics

models, so the arrays defining them are not retained.

(Note: To consider effects of different sample periods, the

program will require re-execution with re-entry of the

models.)

Arrays defining both the continuous-time and

discrete-time models are given in output to the LIST file.

The specific output items, their names, and the reference

equations are listed below for each model

0
Design Model

Continuous-time model matrices as listed in Equation

(B-5), plus discretized model matrices as:

* PHI: 6 (IV-5)

".BD: Bd (IV-5)

QD: Oad (IV-6c)

HA: H a (IV-ld)

EXD: Exd  (IV-7a)

PHN: n (IV-7b)

Command Model

- Continuous-time model matrices as listed in Equation

(B-12), plus discretized model matrices as:
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PHM: I m (IV-17)

S. BDM: B (IV-17)~*. a..~ md

CM: Qm (IV-18)

DM: Dm (IV-1 8)

Truth Model

Continuous-time model matrices as listed in Equation

(B-9), plus discretized model matrices as:

PHT: _ t  (IV-12)

BDT: Btd (IV-12)

QDT: Qtd (IV-13c))

In addition, the eigenvalues of the system matrices

of each model (A, &m' t) are computed and output

0both to the user terminal and the LIST file. The system

model is identified by type (design, command, truth).

Eigenvalues of the corresponding discretized system matrices

are not computed.

B.8.4 Controller Setup (OBO)

The "controller setup" routines perform computations

needed for the controller designs. No input is required of

the user and the output is to the LIST file only. The

output is the matrix 1:

PI: (11-18)

... B.8.5 PI Design ('C')

'The PI design has as a first question to the user
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whether he wishes to use and/or combine implicit/explicit

model following by incorporating implicit weights. If the

user responds with no (*N) then execution of the PI design
path entails user entry of only explicit quadratic weighting

matrices defining the costs associated with output

deviation, control magnitudes, and integrals of the

regulation error (see Figure B-3) (the results of a yes

answer to this question will be discussed later in this

subsection):

OUTPUT DEVIATION: Y (A-3a)

''CONTROL MAGNITUDES: ~y (A-5b)

INTEGRAL OF THE

REGULATION ERROR: U (A-3b)

For each of these matrices, only the diagonal

elements are entered. on the first execution of the PI

design, all weighting matrices are initialized to zero.

Subsequent iterations preserve the elements of these

matrices so only desired changes in specific weighting

elements need be entered. Weights on output deviations

should be non-negative, while weights on control magnitudes

and integrals of the regulation error should be positive.

Entries are tested for positive or non-negative values as

appropriate. if an entry is not valid, a message is written

to the user terminal and that entry is not accepted.

Matrices X and JU are used to compute a
q

quadratic weighting matrix on the state deviations (using an

augmented state vector composed of system state and integral

of the regulation error perturbations from nominal). This
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new matrix is referred to as 'X" (Equations (III-34c) and

(III-35a,b,c)). The user may then modify any element of X
Z

and/or list it at the terminal. Elements entered into X are

automatically set symmetrically by CGTPIQ, but the sign of
diagonal elements entered is not tested. X is not preserved

between PI design iterations, so any desired changes in

elements with respect to their values as determined from y

and Uq must be re-entered each design pass.

The diagonal elements of X, Uq, and Uy are

printed at the user terminal and the entire Y, Uq,

My, and X matrices are output to the LIST files. Next,

the controller gains and PI gains are computed. The PI

gains are printed at the terminal (*GC1l and "GC2") and all

gains are output to the LIST file. The intermediate product

"Ea is also output to the LIST file. The proportional UKPU

and integral "KI* gains of the PI controller are also output

to the LIST file.

The outputs to the LIST file are:

Y: Y (A-3a)

UQ: Uq (A-3b)

UM: y (A-5b)

E: E (III-28a)

GCl: G~c (111-20)

GC2: 9c2 (111-20)

KI: Ki (III-31c)

KP: K (III-31b)

% ?.. Note that the mnemonics "UQ" and 'UM" refer to integral of

the regulation error and input magnitude weighting matrices,
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p.- respectively.

If the user responded with a yes to the first

question of combining implicit/explicit control, the program

prompts the user with messages identifying the required

implicit model-following related inputs. Entries are

requested for the command model first (this need not be the

same command model as in explicit design but the number of

model states must equal the number of system outputs, nM-p),

and then for the quadratic weighting on the implicit output

derivatives and then the implicit control magnitudes. Note

that only diagonal elements can be specified using the

format discussed previously. After entry of the implicit

quadratic weights, the user is permitted to see the "XIE"

matrix (the upper left partition of Equation (111-98)) that

is generated and he is asked if new implicit weights are

required to be entered. If yes, the program re-initializes

the implicit matrices and asks for the implicit weights

again. If no, the implicit weighting matrices QIand

R are then printed at the terminal. Matrix _ is-I

the implicit output derivatives matrix; matrix R Iis the

implicit control magnitude matrix, q and RIare

equivalent to XIand UIof Equation (111-93),

respectively. Following this, the program returns back for

the normal explicit weights to be input as discussed

previously. The user may design an implicit only (with

limitations), explicit only, or a combined implicit/explicit

pop controller via his selection of quadratic weights. An

implicit model-following controller is pursued if the
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explicit quadratic weights are all chosen as zero

(limitation: experience has shown that UQ should not be zero

or the Riccati equation solver typically will not converge

to a solution in the maximum permitted iterations). On the

other hand, an explicit model-following controller is

pursued if the implicit quadratic weights are chosen as

zero; or if the user responds with no ("N") to the first

question. If the implicit or combined implicit/explicit

model-following is chosen the program utilizes the

appropriate combined quadratic weights according to

Equation (111-98). This also results in additional outputs

to the LIST file

QI: X (111-91)

RI: Li1  (111-91)

0 QIH: I (11-93a)

SIH: (III-93b)

RIH: u (III-93c)

XIE: X(modified) (III-98)

When execution of the PI design computations is

complete, the "controller evaluation" set of routines is

*automatically executed. These are discussed in a later

subsection as a separate computational element.

B.8.6 CGT Design (OD')

Execution of the OCGT design' path requires that a

command model be established. If desired, a new command

model can be established during any iteration of the design.

The model is actually entered using the routines described

B-37



in Section B.B.3 above ("Establishing Dynamics Models").

If PI gains already exist in the program storage,

then a closed-loop CGT/PI design is effected automatically.

If not, the user may elect to have the program read the PI

gains from the DATA file and design a closed-loop CGT/PI

controller. However, if the user chooses not to have the

gains read from DATA or if the gains are found not to exist

on the DATA file, an open-loop CGT design is effected

automatically (by setting PI gains to zero), but only if the

open-loop system is stable. For either open-or closed-loop

CGT design, the matrices A..i (Equation (111-61)) are

automatically output to the LIST file.

Figure B-4 illustrates the I/0, logic, and

computations of the CGT design path. Details involved in

entering the command model are given in Section B.8.3 and

are indicated in this figure by a block titled "Establish

Command Modelm. Note that since the continuous-time

representation of the command model is not preserved,

"modification" of the command model actually entails

complete redefinition of it. In case the command model

exists on the DATA file and only specific elements are to be

changed, this can be accomplished readily by reading the

model from DATA and then modifying individual arrays (as

shown in Figure B-2c).

In establishing the command model, I/0 is as

described in Section B.8.3. Additional output to the LIST

file is

All: A 11  (III-61a)
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A21: A21  (III-61d)

.:. .A12 : A12 (III-61b)

A22: A22 (III-61e)

A13: A1 3  (III-61c)

A23: 423 (III-61f)

KXM: Kxm (A-24a)

KXU: K (A-24b)

KXN: Sxn (A-24c)

The controller gains (*KXM", OKXU"f and "KXN") are also

printed directly at the user terminal. Note that arrays

-_A13 , A23 , and &xn exist only if disturbance

states are specifically modeled in the design model (ad

of Equations (B-la,b)).

4 When execution of the CGT design computations is

complete, the "controller evaluation" set of routines is

automatically executed. These are discussed in the next

subsection.

B.8.7 Controller Evaluation ('E")

A single set of routines performs the controller

evaluation for both the PI and CGT designs. For the PI

controller, the poles of the closed-loop discrete-time

system matrix L$CL (Equation (A-18)) are computed and

mapped into the primary strip in the continuous-time domain

(the z-plane poles are not listed in output). These mapped

closed-loop poles are printed to both the user terminal and

the LIST file. The primary evaluation tool for both

controllers is a time-response simulation. For the PI
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controller, the response is taken for non-zero initial

~. - conditions (IC's) on the states; for the CGT controller the

response is given for a step input on any of the command

1 model's inputs. In either case, the system dynamics can be

*. propagated using the design model or truth model state

transition equations. Time response runs may be run

repeatedly for a specific controller design.

The I/O, logic, and computations involved in the

controller evaluation are shown in Figure B-5. Decision

blocks labeled "CGTO test for the type of controller being

evaluated (CGT or PI). Decision blocks labeled "LTEVAL"

test if the truth model is being used to propagate system

dynamics (if not, the design model is being used).

The first prompt of the controller evaluation

iO computational element asks if the evaluation is to be

conducted with respect to truth model dynamics. If yes, the

truth model may be established or modified (if previously

established) in the manner described in Section B.8.3 above.

Note that, since the continuous-time representation of the

truth model is not preserved within CGTPIQ, "modifications"

actually entails complete redefinition of the model. In the

case that the truth model exists on the DATA file and only

specific array elements are to be modified, it is convenient

*simply to read the truth model from the DATA file and modify

a. matrix elements as shown in Figure B-2c. If the truth model

'had been established previously and no modification to it is

.-" desired, the existing discrete-time representation of the

truth model is used. The design model is used to propagate
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system dynamics if the truth model evaluation is not

~: .~.,selected.

For the CGT evaluation, the first input prompt is

for the index of the command input vector to which a step

inpit is to be applied, and the magnitude of that step (only

one command input is allowed at a time). CGTPIQ tests the

input index for validity (within vector length bounds); if

it is invalid the prompt is repeated. If the index is zero

(or negative) the input is not accepted and the user is

queried as to whether time-response runs are desired. If no

time-responses are to be run, the controller evaluation

routines are exited; otherwise, the prompt requesting

command model input specification is repeated. If the CGT

controller response is to be run, initial conditions on the

system states may be entered. If the design model is used

for evaluation and disturbance states exist in the model,

they may be given initial conditions also.

For the PI evaluation the first input prompt is for

initial conditions for the system states. The states that

are actually given initial values are those of the design or

truth model, according to the model used for propagation of

dynamics. initial conditions are entered for either

controller in the same manner. Entry is of the index of the

state within its appropriate state vector (design or truth

model, or disturbance state vectors) and its initial value.

* - Tests and termination of entry are as described in Section

. .~. B.8.2 for multiple entries.
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B.8.7*l Time Response Plots

Time-response plots are of the "line printer* type

and are output both to the terminal and to the LIST file.

variables, may be printed at the user terminal. CGTPIQ

prompts the user to specify the number of variables for each

of the two plots (the user is to enter two integers). If

the user enters non-positive integers for both plots, then a

prompt queries the user as to whether time-response runs are

desired. If no time-responses are to be run, the routines

* are exited. Note that when no plots are selected for

terminal printing, none are output to LIST either and no

time-responses are simulated.

In the case that plots are to be printed at the

terminal, a series of prompts allow the user to specify

exactly which variables shall be included. Variables are

selected by specifying a name of the vector type for that

variable and its index in two entries for each variable.

The names of the vectors are:

X: system state vector

Y: system output vector

U: system input vector

Dt disturbance state vector

M: command model output vector

The system state vector is that of the design or truth

models, according to the model used for propagation of

dynamics. For example, the pair of entries 'U" and "I

specifies that element 1 of the input vector U is to be
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plotted (note that "entry" includes a carriage return). The

input prompt includes these definitions and includes only

those variables relevant to the controller being evaluated.

The model output and disturbance state vectors are only

offered for CGT evaluations, and for the latter also only if

the disturbance states are explicitly modeled and the design

model propagates dynamics of the time-response (since for

the truth model the system state vector includes all

disturbance states which are considered to act on the

system). Each user entry is tested for valid (and relevant)

name and for valid index. Prompts specify the plot number

and output number for each requested entry.

The user next is prompted to enter the time

duration for the simulation. However, the duration actually

simulated may be adjusted by the program: a time span that

is the nearest integer multiple of 100 times the controller

sample period is selected. Plots to the LIST file include

the entire time span and use 100 equal time interval

samples. Plots to the terminal include 50 time samples

selected as follows: if the time duration specified by the

user is less that 50 times the controller sample period, the

samples plotted are the first 50 time samples from the

simulation: otherwise, the entire time span is included in

50 equal-interval samples. Thus, for example, with a

controller sample period of .02 seconds, a user-specified

time duration of less than 1. second would yield plots to

...- *the terminal running from time-0. to time-l. and with .02

seconds between each sample; plots to the line printer from
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LIST would include samples at the same interval but

extending to time-2.

After completing the time-response simulation, a

prompt requests a title for the plot and prescribes the

field width available for the entry (50 characters). The

title is applied to all plots generated from the single

simulation.

Plots are printed with the independent (time) axis

running vertically along the length of the output page with

the origin at the top. Each sample time is identified along

the left margin of the plot. The dependent axis is

horizontal. Each variable is marked with an integer from 1

to 5 at each sample time. Note that since only one

character can be printed in each location of the plot field,

O when two or more variables would occupy a single print

position at a sample time, only the symbol of larges value

-~ (1 to 5) is printed. For plots to the terminal, if a model

output is among the variables of a plot, then all variables

in the plot are plotted over a single scale range to

a facilitate comparison of actual and desired output

responses. In all other cases every variable plotted is

scaled over its own range independently in order to achieve

a. greater resolution for each in the plot field. The scale(s)

are listed along the bottom of the plot. Rotation of the

output page through 90 degrees in a counter-clockwise sense

gives the usual abscissa-ordinate orientation. Terminal

* -~ plots are 50 print positions wide; plots to LIST are 100

.~. print positions wide.
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Plots of all relevant variables in a time-response

simulation (all states, inputs, and so on) are automatically

output to the LIST file if terminal plots are requested.

Five variables are included in each plot. A list

identifying all the variables by type and index for each

plot number and plot symbol is written to LIST prior to the

'4 plots.

When all plots have been printed, a prompt queries

the user as to whether additional time-response runs are

desired. If more are wished, the entire set of plotting

options is repeated and the same controller may be evaluated

under different conditions and/or different variables may be

plotted. If no additional simulations are wished, the

:4: controller evaluation routines are exited.

.1B.8.8 Kalman Filter Design ("F")

The Kalman filter design routines compute the

steady-state Kalman filter gains for the design model.

Figure B-6 shows the I/O, logic, and computations involved.

Note that the first execution of the filter design path

bases its filter computations on the noise strengths

specified upon initial entry of the design model. In

subsequent executions, any of the noise strengths may be

modified. The noise strengths are entered as vectors of the

matrix diagonals (only diagonal elements may be modified).

4~I'%The matrices are

*~ .~"STATE NOISE STRENGTHS': Q (B-2a)

*4 DISTURBANCE NOISE STRENGTHS":2n (B-2b)
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*MEASUREMENT NOISE STRENGTHS":aR (B-2c)

/ *.>-' Prompts for state or disturbance noise strengths are given

only if the design model specifies driving noises for the

respective process dynamics. Negative noise strengths are

- not accepted.

In each execution of the filter design path the

entire noise strength matrices and Kalman filter gain matrix

are output to the terminal and LIST file. However, only the

diagonal elements of the noise strength matrices are printed

at the terminal.

Following computation of the filter gains, the

Kalman filter design routines are exited. Execution

proceeds automatically to the filter evaluation

'9' computational element described in the next subsection.

B.8.9 Filter Evaluation (NG*)

Figure B-7 shows the I/O, logic, and computations of

the filter evaluation routines. Execution of the filter

evaluation requires that the system truth model be.

. ~ established, since the covariance analysis is performed with

respect to the truth model. Comments in Section B.8.7

dealing with establishing the truth model apply equally in

this set of routines, except that here use of the truth

model is not optional.

Evaluation begins with computation of the

eigenvalues of the system-filter matrix 'KF (Equation

-.(D-6)). As for the closed-loop PI regulated system, the

discrete-time eigenvalues are mapped to the primary strip in
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the continuous-time domain. These mapped poles are printed

at the user terminal and output to the LIST file (the

z-plane eigenvalues are not printed).

The primary evaluation tool applied to the filter

design is a steady-state covariance analysis. The

covariance matrix of the estimation errors of the filter

using measurements of the truth model dynamics is propagated

for 50 filter (controller) sample periods. Samples are

coincident with the filter's sample times and the total

number is fixed at 50. At each time sample the standard

,5., deviations of these 'true* errors are computed as the

square-roots of the diagonal elements of the error

covariance matrix. The filter's own computed error

C- covariance matrix, because of the steady-state assumption,

Wis constant for all time samples. Taking the square-roots

of the diagonal elements then gives the filter's estimate of

the standard deviations of its errors in state estimation.

Plots for each state are output to the LIST file showing the

"true' and 'computed' RMS errors for the 50 time samples. A

title may be entered to be applied to all plots from the

Pcovariance analysis. In addition, the 'true" and "computed*

RMS errors at the final time sample are printed at the

terminal.

This completes the filter evaluation. A new filter

design may then be pursued, or any other design option may

be selected.
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B.8.10 Performance Evaluation Data (OH")

•- 2.. In performance evaluation data, the performance data

determined throughout the program is written to the SAVE
file (via the user's response to input prompts) for use in

the performance evaluation accomplished via the program

*PFEVAL" (Ref 21). (As a special note, if this data is to

be used in the program OPFEVALO, the SAVE file must be

transferre. to a DATA file as discussed previously).

Decision blocks Ofilter designed yet" and "CGT/PI designed

yet" correspond to program decision "flags". Note that

performance data may be written to the SAVE file from either

the controller or the filter design path.

B.9 Program Messages

0A variety of messages may be printed at the terminal

and/or output to the LIST file during program execution.

Some are purely informational, are clear in their meaning,

and provide no essential insight into progress of the design

or possible difficulties in program execution. Such

messages are not discussed here. The remaining messages

relate to errors or potential design difficulties and are

considered in categories of memory allocation, dimensional

errors, or computational problems.

B.9.1 Memory Allocation

CGTPIQ uses vectors in named Commons for array

storage. These vectors are dimensioned in the main routine

and a variable in the Common is set to the value allocated.

B5
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These vectors are then partitioned within CGTPIQ to store

i .4> " individual arrays. Before storing arrays into each vector

in Common, the storage needed is computed. In the case of

temporary storage vectors, at each point in execution at

which a new allocation is needed, the required storage is

recomputed. If more memory will be needed in a vector than

has been allocated, a message is written specifying the name

of the Common and the necessary minimum allocation. A

typical message of this type is

*INSUFFICIENT MEMORY /SYSMTX/, NEED: nnnn"

in which the common /SYSMTX/ has too little storage for the

problem and 'nnnn' is the dimension required for the vector

in that common. For the vectors containing the dynamics

models, the model with insufficient memory is identified by

name. The Commons for the design, truth, and command models

are /DSNMTX/, /TRUMTX/, and /CMDMTX/, respectively. After

printing such a message to the user terminal, execution is

aborted.

In its existing form, CGTPIQ will have sufficient

vector allocations to deal successfully with problems of

.many different combinations of dimensions and with system

matrices in the range of 10 to 20 states. Since the program

will not allow allocated memory to be exceeded, it is

reasonable to attempt any given problem and let the program

either deal with it successfully, or let it write the

.5 appropriate memory message if the problem cannot be

*.* .-. accommodated. (Section A.9 of the programmer's manual of

the thesis by Floyd (Ref 9) discusses the steps necessary to

-. B5
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obtain a new CGTPIQ with different memory allocations)

B.9.2 Dimensional Errors

As each of the dynamics models is established, or

just prior to computations which assume relations among the

design and command system and disturbance state dimensions

(CGT computations), the dimensional constraints mentioned

previously are tested. In terms of the dimension notation

of Equations (B-4), (B-8), and (B-i) the constraints are

Design model: p=r and n>d

Truth model: rT=r and mT-m

Command model: pM-p and ninM

p=nM (for implicit design only)

If such a constraint is not satisfied, a message is written

0to the user terminal identifying the problem and execution

is aborted. When the constraint affects only a specific

section of code, or if redefinition of the model (command or

truth) can resolve the error, then only the affected

" execution path is aborted. In other cases, execution is

aborted completely.

Other dimensional tests are made in the Kalman

filter design and evaluation computational elements. For4

filter design, it is necessary that the system state and

disturbance state driving noise dimensions not both be equal

to zero, and that the number of measurements be non-zero.

These are constraints on the design model:
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and

* m>O

For filter evaluation, the number of driving noises for the

truth model must be non-zero:

ST >0

since in the case of w T=0, the system is deterministic

and the covariance analysis would not provide much useful

information for evaluation of the filter's performance. If

any of these constraints are not satisfied, a message is

written to the user terminal identifying the problem and

execution of the filter design-evaluation computational

elements is aborted.

B.9.3 Computational Problems

In certain of the computations, characteristics of

the particular design problem may be identified as having

potential impact on the attainment of design objectives.

messages identifying these characteristics may be considered

informational. other messages describe computational

problems that are immediately fatal.

In computing the Pi matrix of Equation (11-18). a

pair of messages may be generated to the LIST file:

*PI MATRIX IS RANK DEFECTIVE"

* and

onr Xnc MT RANK mr"
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in which "nr* and Inc" are the row and column dimensions of

'.."" the Pi matrix and umr" is it rank. The first message is

also printed at the user terminal. The equations employing

Pi assume it to be an ordinary matrix inverse. If it is

rank defective, the matrix pseudo-inverse is computed

instead. Execution of the program continues since useful

results may still be obtained through use of the

pseudo-inverse (Ref 18:124).

Solution of the Riccati equations for the PI

controller and the Kalman filter is achieved using an

iterative algorithm (Ref 12) which may generate messages of

information or fatal error. The information message for the
I,

PI is,
*RICCATI SOLN IS PSD--RANK mr"

0 in which "PSDO means positive semi-definite. For the Kalman

filter the corresponding message is,

"OBSERVABILITY MATRIX IS nr X nc OF RANK mr"

in which "nrw, *nc, and "mr' are the row, column dimensions

and the rank, respectively. These messages convey the same

information concerning system observability. The message is

written in the case of the PI Riccati equation only if the

solution is positive semi-definite (rank defective). Both

messages are output to the LIST file only.

err For both the PI and filter Riccati equations fatal

error messages are identical:

'RICCATI NON-CONVERGENT IN nn ITERATIONS*

or

'RICCATI BLOW UP AT ITERATION nn INITIAL N = mm"
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in which *nn' is the iteration counter at the occurrence of

the error and "mm" is the value of a variable set internally

and used in achieving initialization of the iterative

sequence (the internal variable is not available for

modification by the user). The first message indicates that

the sequence of iterates did not converge. The second

message may indicate numerical difficulties or

uncontrollability (unobservability) of the system of the PI

PO (filter) equations. Both messages are output to the LIST

$file only; a system error exit routine is then called which

writes "EXIT" to the user terminal and aborts program

execution. Note that in the event of such an abort, the

local files SAVE, DATA, and LIST are not rewound

automatically.

0 In computing the CGT controller gains an error may

occur in solving for the matrix partitions All or

A1 3 (Equation (111-61)). If the iterative refinements

to these solutions do not converge to within the established

tolerance (l.E-6), then the following message is written

both to the terminal and the LIST file:

OSOLUTION ERROR FOR 'A' (CGT) AFTER 3 ITERATIONS =

...... nnn"

in which nnn' is the Euclidean norm of the refining matrix

solution (residual) at the last iteration. The message is

considered to be infomational, and execution proceeds

normally. However, in case the value of the residual norm

g.. is large compared to the convergence tolerance, the CGT

design solution can be expected to be invalid.
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B.10 CGTPIQ Segmentation Job Control

The following listing shows the job control commands

and segmentation directives used in obtaining a segmented

object file suitable for interactive execution on the CDC

CYBER computer system. The job employs three object files:

HL, aS, and 'A. The routines on each of these files are

(see the program listing)

" L": 'MAIN' and all optional routines('MAIN' through

'TBLUPI')

IS": 'CGTPIQ SUBS' ('CGTXQ' through 'VARSCL')

"A*: 'LIBRARY'

Object files L and S are loaded into memory in the order of

MAIN, then CGTPIQ SUBS. The "NOGOO command then completes

the load from LIBRARY and system routines in order, but does

not initiate execution. Next, the segmentation directives

are executed (segmentation directives appear between the
.4

0* pair of *EORU lines). When segmentation is complete, the

resulting object file is cataloged.

In this listing, the names given the various object

4files ("L, IS", "A") are arbitrary, and the *ATTACHO

commands may occur in any order. The file name (ifnl)

given in the 'LIBRARY,lfnl command must correspond to the

name used in attaching the object file of 'LIBRARY'

routines. The name given to the segmented object file is

arbitrary but must be consistent in the OREQUEST",
..,

"SEGLOAD', and *CATALOG" commands. The segmentation

directives should not be modified in any way.
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100=JPM. T830287,MCMILLIAN
110=MAP,FJLL.
l2OxATTACH,CGTX.
l3OxATTACH,DLKLIB, IDzT820303.
l410zLIBRARY, DLKLIB.

Y4 I5OzREQUEST,CGTPIQ,fPF.
1 6OzSEGLOAD(BaCGTPIQ)

4 17OxLOAD(CGTX)
180xNOGO.

* 190zREVIND,CGTPIQ.

200=CATALOG,CG;TPIQ, CGTPIQ.

220=SETUP INCLUDE DSCRT
230.%SREGPI INCLUDE RQWGTS,MLINEQ,SYhFCT
2110=FLTRK INCLUDE RQWGTS,KFLTR,MLINEQSYIFCT, INTEG
250=STRTH INCLUDE DSCRTT,INTEG
260:SDSN INCLUDE QDSCRT
270=CEVAL INCLUDE PLOTLP, VARSCL, RPLOTF,WPLOTF, STRPLT
280=FEVAL INCLUDE PLOTLP,VARSCL, RPLOTF,WPLOTF,STRPLT,DACOV
290=81 TREE SETUP-(SDSN,SCMD,STRTH)
300zB2 TREE PIHTX
310=B3 TREE SREGPI
320z8B4 TREE SCOT
330=B5 TREE CEVAL
3410=B6 TREE FLTRK
350zB7 TREE FEVAL
360:B8 TREE PFDATA
370zA TREE CGTXQ-(B1,B2pB3,B11,B5oB6,B7,B8)
380xHOOT TREE IIAIN-A

a 390z GLOBAL MAINI ,MAIN2,INOU,DESIGNFILESSYSMTX,ZHTX1 DZKTX2,
100:, NDIMD,LOCDDSNMTX,NDIMCLOCCCMDMTX,NDIMTLOCT,TRUMTX,LCNTRL,CONTROL,
110LREGPI,CREGPI,LCCT,CCGT,LKF,CKF,AMCBDG
4120x END
130x*EOR

4~40*EOF

B-60



B.11 Running CGTPIQ

This 'User's Guide" assumes that a segmented
executable object file of CGTPIQ exists according to the

previous section. For an existing CGTPIQ object file in the

permanent file system, the following commands must be

entered in INTERCOM to run the program:
L

CONNECT,INPUTOUTPUT

ATTACHCGTPIQ,pfn

CGTPIQ

in which 'pfn' is the permanent file on which the object

file is cataloged. CGTPIQ will then execute as described in

Section B.8. Additional commands before and after execution

may be appropriate according to one's intended use of the

various local files which CGTPIQ employs during execution

(like attaching a DATA file).

B.12 CGTPIQ Input/Output Listing

The input/output (I/O) listing given at the end of

this section is from a single execution of CGTPIQ. It shows

a CGT design, a PI controller design, a CGT/PI controller

design, and a Kalman filter design for a simple design

K model. Details concerning the design, truth, and command

models employed are presented in Section B.12.2. The models

were selected to test the program thoroughly and give the

user a good feel for program execution. The models are

otherwise meaningless in the real world context. The I/O

shown is that obtained directly at the user terminal during
.,% *

execution. The listing is complete and in order. The
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additional information written to the LIST file is not

presented here but the last section of this guide gives a

brief description of the output appearing on a LIST file.

Prior to and following program execution, INTERCOM

prompts for input are given by *COMMAND-*. Within program

execution entries occur in two ways: (1) when the entry is

on the same line as an input prompt, the entry is bounded on

the left by the symbol 0>0; (2) in case of multiple entries

for a single prompt, the second and subsequent entries are

not prompted but are entered on the next lines, one entry

$ per line.

Portions of 1/0 are discussed within individual

numbered paragraphs. Each portion of listing is identified

by a number in parentheses at the top center of the page

C where it begins, and these numbers correspond to the

paragraph numbers below.

B.12.1 Summary of Input/Output

* (1) Following *LOGINO, the executable object file

'CGTPIQ' is attached. Next, permanent file space is

requested for the local file name 'SAVE'; the SAVE file will

4 be generated during subsequent execution of the program.

The OCONNECTO command defines the user terminal as the

device that communicates through the FORTRAN standard

'INPUT' and 'OUTPUT' files. Program execution is initiated

with the simple command "CGTPIQ', which loads the local file

CGTPIQ and begins execution at its starting address.

(2) Program execution begins with output of an
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identifying header which includes the current date and time

i~i * (obtained from a call to system real-time clock routines).

The first user entry is the sample period of the controller.

Next, the design model is established under prompt from the

terminal. The design model is then written to the SAVE

file. The poles (eigenvalues) of the design model (A

matrix) are automatically computed and printed.

(3) The controller design path is then pursued with

selection of an open-loop CGT design requested (since there

are no PI gains yet). The command model is then input,

written to the SAVE file, and the poles of the command

matrix (AM ) automatically output. An informational

error message is then printed. This does not affect

operation but the validity of the solution is in question

0(see Section B.9).

(4) The open-loop CGT gains (KXM, KXU and KXN) are
,'

then computed and printed. The evaluation is chosen with

respect to the truth model, so the truth model is input next

and written to the SAVE file. The poles of the truth matrix

(At) are automatically computed and printed.

(5) A step of magnitude one is input on model input

one. There are no initial conditions (IC) placed on the

-states. One plot of two variables is selected with Yl and

M1 being the variables to be plotted. A plot duration of

one second is chosen and a title given to the plot. The

open-loop CGT time response is then plotted at the terminal.

(6) A PI design is chosen next and implicit model

following requested, but, since the command model state
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dimension did not equal the design model output dimension,

this request was aborted (another command model would need

to be input to use the implicit path). The explicit weights

were then input and displayed with the (2j2) element of the

-2 X matrix being modified. (Note that the X matrix is

computed anew each iteration from the weighting matrices on

the outputs and on the integral of the regulation error.

Thus, modifications made explicitly to X are not preserved

between design iterations.)

(7) The PI gains GCl and GC2 are computed and

displayed followed by the printout of the continuous-time

mapped poles of the closed loop system matrix (note the lack

of one complex complementary pole of the closed-loop system

matrix: when this happens it usually indicates a poor

0 choice of quadratic weights, sampling time, etc., and a

potentially useless design, and is caused by a pole in the

right-half z-plane not being able to be mapped to the

s-plane). Initial conditions of one are placed on states

B one and two, and one plot of three variables is requested

with X2, Y1 and U1 being the variables to be plotted. A

* plot duration of one second is requested and a title given

to the plot. The time response plot of the PI controller is

-. then presented.

(8) A closed-loop CGT/PI is then selected since the

PI gains have been computed. The CGT/PI gains (KXM, KXU and

KXN) are computed and printed. Controller evaluation with

respect to the truth model is selected, a step input of

magnitude one placed on model input one, and zero initial
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conditions placed on the states. one plot of two variables

is requested with Yl and Ml chosen as the variables. A

duration of one second is chosen and a plot title is given.

The closed-loop CGT/PI time response is then plotted at the

terminal. Note the difference in performance between the

open-loop CGT and the closed-loop CGT/PI controllers.

* (9) No additional time-responses of the CGT/PI

controller are requested. The Kalman filter path is then

selected. Since this is the first execution of the Kalman

filter design, the noise strength matrices (Q and R)

specified in the existing definition of the design model are

used to compute the Kalman filter gain matrix (note that in

subsequent iterations of the Kalman filter design path, the

4 user may modify the diagonal elements (only) of the noise

strength matrices). The diagonal elements of the noise

strength matrices and the entire filter gain matrix are

printed. Next, a title is entered to apply to the plots of

state estimation error standard deviations (output to LIST

file only). The final values of true and filter computed

RMS errors for the design model state estimates are printed.

The performance evaluation data is then written to the SAVE

file. (This is the information needed by the program

*PFEVAL.*)

(10) The filter design is not repeated, nor ace any

of the other designs. upon terminating execution, the PI

gains determined previously are written to the SAVE file.

The command "FILES* gives a listing of existing files. Note

that files SAVE, LIST and PLOT have been generated
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automatically during program execution. The SAVE file

* "(containing the design, truth, and command model data as

well as the PI gains GCl and GC2, and the Kalman filter

performance data) is then cataloged for future use (as a

DATA file). The just-created SAVE file is then copied to

the local file named DATA. Next, the LIST file is sent to a

line printer for listing. Finally, the SAVE file is

returned, making re-execution of the program feasible (since

SAVE had been made a permanent file, it could not be written

to in subsequent executions). In a subsequent execution,

the various dynamics models and the PI gains would be

available from the new DATA file and a new SAVE file would

be created (if desired). (Note: The required parameters to

run the evaluation program OPFEVAL" are also written to the

SAVE file.) However, in this case there is no repeated

execution of the program, and the user enters a "LOGOUTU

from the system.

B.12.2 Simple Design Problem

4 Design Model

Ii Q -l

fd(t) = 1 1]fld(t) +[*l]d(t)

~: *:~~* 2n 1

X(t) 11 OJL(t) + [1]u(t) + 11 l]nd(t)
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R =.

Truth Model

x -2 5 3 1 Kt)+ 0 +tt .1 w (t)

-5 -2 1 5 1 .

0 0 00 0 0

0 000 01 01

Qt 1

Md ( 1 0 0 0 xt(t)

r. 0 011

Command Model

.I t) - 5m: 2 imtM + u]m t)

=mt - 10 0] (t) + (111 (t)
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--. "' DATE 11/09/83
. " TIME 21.25.21.

PLEASE LOGIN
LOGIN,T830287

,XXUXXXX ENTER PASSWORD-

11/09/83 LOGGED IN AT 21.26.08.
WITH USER-ID X3
EQUIP/PORT 1I/021

LOGIN CREATED 11/09/83 TODAY IS 11/09/83

COMMAND- BEGINCLASS, ,MACMJPM

COMMAND- CONNECT, INPUT, OUTPUT

COMMAND- GET,CGTPIQ,ID=MACM

FILE NAME CGTPIQ HAS BEEN RETRIEVED
COMMAND- REQUEST,SAVE,'PF

COMMAND- CGTPIQ4
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!
(2)

*. J CGTPIQ- PROGRAM TO DESIGN A COMMAND GENERATOR TRACKER
USING A REGULATOR WITH PROPORTIONAL PLUS INTEGRAL CONTROL

BASED ON THE INTEGRAL OF THE REGULATION ERROR,
AND A KALMAN FILTER FOR STATE ESTIMATION.

'BR I CGTPIQ *0I

DATE : 11/09/83

TIME : 21.28.36.

ENTER SAMPLE PERIOD FOR DIGITAL CONTROLLER >.02

READ DESIGN MODEL FROM 'DATA' FILE (Y OR N) >N

ENTER DESIGN MODEL FROM TERMINAL (Y OR N) >Y

ENTER N >2
-ENTER R >1

ENTER R >1

ENTER M >1

ENTER D >2

ENTER >1

ENTER WD >1

B-6
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i
ENTER A
ENTER I,J AND M(IJ)--(O/ WHEN COMPLETE) : 2 BY 2 >1 1 -2• '' 125

2 1 -5
22 -2

* 0/

ENTER B
ENTER I,J AND M(IJ)--(O/ WHEN COMPLETE) : 2 BY 1 >2 1 1
0/

ENTER EX
ENTER IJ AND N(IJ)--(O/ WHEN COMPLETE) : 2 BY 2 >1 1 3
1 2 -1
211
225

O/

ENTER G
ENTER IJ AND M(IJ)--(O/ WHEN COMPLETE) : 2 BY 1 >1 1 .1
2 1 .1
0/

ENTER Q
ENTER I,J AND M(I,J)--(O/ WHEN COMPLETE) I 1 BY 1 >1 1 1
0/

ENTER C
ENTER IJ AND M(IJ)--(O/ WHEN COMPLETE) : I BY 2 >1 1 1
0/

ENTER DY
ENTER IJ AND M(I,J)--(O/ WHEN COMPLETE) : 1 BY 1 >1 1 1
0/

ENTER EY
ENTER I,J AND M(I,J)--(O/ WHEN COMPLETE) : 1 BY 2 >1 I I
121
0/

ENTER H
ENTER IJ AND M(IJ)--(O/ WHEN COMPLETE) : I BY 2 >1 1 1
0/
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ENTER HN
ENTER IDJ AND M(I,J)--(O/ WHEN COMPLETE) : I BY 2 >1 2 1

* 0/

ENTER R
ENTER IJ AND M(IJ)--(O/ WHEN COMPLETE) : 1 BY I >1 1 .1
O/

ENTER AN
ENTER IJ AND M(I,J)--(O/ WHEN COMPLETE) : 2 BY 2 >1 1 1
211

221
O/

ENTER GN
ENTER I,J AND (I,J)--(O/ WHEN COMPLETE) : 2 BY 1 >1 1 .1
2 21.1
O/

ENTER QN
ENTER I,J AND M(I,J)--(O/ WHEN COMPLETE) : 1 BY 1 >11 1~o/

MODIFY MATRIX ELEMENTS (Y OR N) >N

WRITE DESIGN MODEL TO 'SAVE' FILE (Y OR N) >Y

DESIGN MODEL WRITTEN TO 'SAVE' FILE

POLES OF DESIGN MATRIX

-2.OOOOOOOE+O0 .J( 5.OOOOOOOE+O0)
-2.OOOOOOOE.O0 +J( -5.OOOOOOOE+O0)
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(3)
CONTROLLER DESIGN (Y OR N) >Y

DESIGN REG/PI (Y OR N) >N

DESIGN CGT (Y OR N) >Y

READ REG/PI GAINS FROM 'DATA' FILE (Y OR N) >N

READ COMMAND MODEL FROM 'DATA' FILE (Y OR N) >N

ENTER COMMAND MODEL FROM TERMINAL (Y OR N) >Y

ENTER NM >2

" ENTER RM >1

. ENTER PM >1

ENTER AM
ENTER I,J AND M(I,J)--(O/ WHEN COMPLETE) : 2 BY 2 >1 1 -5

2 1 -5
22 -5
0/

ENTER BM
ENTER IJ AND M(I,J)--(O/ WHEN COMPLETE) : 2 BY 1 >2 1 1
0/

ENTER CM
ENTER IDJ AND M(I,J)--(O/ WHEN COMPLETE) : 1 BY 2 >1 1 10
O/

ENTER DM
ENTER IJ AND M(I,J)--(O/ WHEN COMPLETE) : 1 BY I >1 1 1
0/

MODIFY MATRIX ELEMENTS (Y OR N) >N

WRITE COMMAND MODEL TO 'SAVE' FILE (Y OR N) >Y

COMMAND MODEL WRITTEN TO 'SAVE' FILE

POLES OF COMMAND MATRIX

-5.OOOOOOOE+O0 +J( 5.OOOOOOOE+O0)
-5.OOOOOOOE+O +J ( -5.OOOOOOOE+O0)

:." *..SOLUTION ERROR FOR 'A'(CGT) AFTER 3 ITERATIONS - 2.1370445E+01
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(4)
KXM MATRIX

PIC% 33 .44 -13.5T

KXU MATRIX

L -.2812

KXN MATRIX

-1.131 -I.14811

CONTROLLER EVALUATION WET TRUTH MODEL (Y OR N) >Y

READ TRUTH MODEL FROM 'DATA' FILE (Y OR N) >N

ENTER TRUTH MODEL FROM TERMINAL (Y OR K) >Y

ENTER NT >4

ENTER RT >1

ENTER MT >1

ENTER WT >1

0 ENTER AT
ENTER IJ AND M(I,J)--(O/ WHEN COMPLETE) : 4 BY 4 >1 1 -2
125
133

2 1 -5
22 -2

~231

S2 45
0/

ENTER BT
ENTER I,J AND M(I,J)--(O/ WHEN COMPLETE) : 14 BY 1 >2 1 1
O/

ENTER GT
ENTER I,J AND M(I,J)--(O/ WHEN COMPLETE) : 4 BY 1 >1 1 .1
2 1 .1
0/

ENTER QT
ENTER I,J AND M(I,J)--(0/ WHEN COMPLETE) : I BY I >1 1 1
0/
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ENTER HT
• " ENTER IJ AND M(IJ)--(O/ WHEN COMPLETE) : 1 BY 4 >1 1 1

0/

ENTER RT
ENTER I,J AND M(IJ)--(O/ WHEN COMPLETE) : 1 BY 1 >1 1 .1
O/

ENTER TDT
ENTER I,J AND M(I,J)--(O/ WHEN COMPLETE) : 2 BY 4 >1 1 1
221

0/

ENTER TNT
ENTER I,J AND M(I,J)--(O/ WHEN COMPLETE) : 2 BY 4 >1 3 1
244.

0/

MODIFY MATRIX ELEMENTS (Y OR N) >N

oWRITE TRUTH MODEL TO 'SAVE' FILE (Y OR N) >Y

TRUTH MODEL WRITTEN TO 'SAVE' FILE

POLES OF TRUTH MATRIX

-2.OOOOOOOE.O0 +J( 5.OOOOOOOE.O0)
-2.OOOOOOOE+O0 +J( -5.0000000E.0O)
0. +J( 0. )
0. +J( 0. )

B-T
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(5)

,. ENTER MODEL INPUT AND STEP VALUE : 1 >1 1

ENTER STATE AND IC VALUE (0/ TERMINATES): 4 >0/

2 PLOTS OF 5 VARIABLES MAY BE PRINTED AT THE TERMINAL -- SPECIFY NUMBER
FOR EACH (N,N2) >2 0

ENTER OUTPUTS BY TYPE AND INDEX IN 2 ENTRIES-TYPES ARE
STATE : 1'I
OUTPUT : 'Y'
INPUT : 'U'
MODEL : 'M'

PLOT 1
OUTPUT 1 >Y

>1

OUTPUT 2 >M

>1

ENTER TIME DURATION FOR RESPONSE, IN SECONDS >1

---------- ENTER TITLE IN GIVEN FIELD ----------.
SIMPLE DESIGN TEST OF CGT

.B

4.,
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.*. SIMPLE DESIGN TEST OF CGT

0.00 + ++ 2 + +
.02 + 1+ + 2 +o".4 + 1 + + 2+

.06 + 1 + + +2 + +

.o08 +1 + + + 2++

.. •10 1 + + + 2 +

.12 +1 + + + 2

•.10 + I + + + 2 +
•.16 + 1 + + + 2 ++
.18 +: :1 :+: ::+: : :+: : 2 ::::::

, .20 + + + 2 +

.22 + 1 + + 2++

.24 + + + + 2
•26 + + + + +2
28 + + + + +2

.30 + + 1 + + 2
+32 + + + + + 2

3 + + + + + 2

• 36 + + + 1+ + 2 +
• 38 +: ::::+: : :+: : 1+: : :+: : 2 ::
.40O + + + +1 + 2 +
.4q2 + + + + + 2 +

.. 44 + + + + 1 + 2 +
.46 + + + + + 2
.48 + + + + I + 2

.50 + + + + 1+ +
52+ +
54 + + + + + 1 2+
•56 + + + + + 1 2+

e58: 2 :+
• 6 + + + + + 1 2 +

•62 + + + + + 1 2
.64 + + + + + 12 +
.66 + + + + 12 +
•68 + + + + + 2 +
-TO + + + + + 2 +
.2 + + + + + 2 +
.70 + + + + + 21 +
.76 + + + + + 21 +

• ... T8 +: : : : : : : : : : : : : : : : : : : : : : :21:+
.80 + + + + + 21 +
.82 + + + + + 2 1+
.80 + + + + + 2 1+.86 + + + + + 2 1+

.88 + + + + + 2 1+

.90 + + + + + 2 1+

.92 + + + + + 2 1+

. + + + + + 2 1+

.96 + + + + + 2 1.

.98 + + + : :2: 1+

1.00 + + + + + 21+
SCALE -.8000 -.2000 .4000 1.0000 1.6000 2.2000

B-T6

%9\~%~. I.R.-&.. 4.**\**% 4*



" " • -. (6)
MORE TIME RESPONSE RUNS (Y OR N) >N

CONTROLLER DESIGN (Y OR N) >Y

DESIGN REG/PI (Y OR N) >Y

INCORPORATE IMPLICIT MODEL (Y OR N) >Y

MODIFY COMMAND MODEL (Y OR N) >N

COMMAND MODEL STATE DIM MUST EQUAL SYSTEM OUTPUT DIM

CONTROLLER DESIGN (Y OR N) >Y

DESIGN REG/PI (Y OR N) >Y

INCORPORATE IMPLICIT MODEL (Y OR N) >N

ENTER WEIGHTS ON OUTPUT DEVIATIONS: 1
ENTER I AND QW(I.I)--(O/ WHEN COMPLETE) >1 5
0/

ENTER WEIGHTS ON INTEGRAL OF REGULATION ERROR:1
ENTER I AND QW(I,I)--(O/ WHEN COMPLETE) >1 20
0/

ENTER WEIGHTS ON CONTROL MAGNITUDES: 1
ENTER I AND QW(II)--(O/ WHEN COMPLETE) >1 I
0/

Y MATRIX

5.000

UQ MATRIX

20.00

MODIFY ELEMENTS OF 'X' MATRIX (Y OR N) >Y

LIST 'X' MATRIX TO TERMINAL (Y OR N) >Y

X MATRIX

59000 0. 0.
0. 0. 0.
0. 0. 20.00

ENTER ItJ AND M(IJ)--(0/ WHEN COMPLETE) : 3 BY 3 >2 2 10
*B-0/
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(7)
UM MATRIX

1.000

GC1 MATRIX

1,006 4.9054E-02

GC2 MATRIX

1.381

CONTROLLER EVALUATION WRT TRUTH MODEL (Y OR N) >Y

MODIFY TRUTH MODEL (Y OR N) >N

POLES OF REGPI MATRIX

-1o9740188E 00 .J( 5.4833537E+00)
-1.9740188E+00 +J( -5.4833537E+00)
-4.8082993E+01 J( 1.5707963E+02)

ENTER STATE AND IC VALUE (0/ TERMINATES): 4 >1 1
2 1
0/

2 PLOTS OF 5 VARIABLES MAY BE PRINTED AT THE TERMINAL -- SPECIFY NUMBER
FOR EACH (N1,N2) >3 0

ENTER OUTPUTS BY TYPE AND INDEX IN 2 ENTRIES--TYPES ARE
STATE : 'X'
OUTPUT : 'Y'
INPUT : 'U'

PLOT 1
OUTPUT 1 >X

>2

OUTPUT 2 >Y

>1

OUTPUT 3 >U

>1

ENTER TIME DURATION FOR RESPONSE, IN SECONDS >1

---------- ENTER TITLE IN GIVEN FIELD ----------
SIMPLE DESIGN TEST, PI
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SIMPLE DESIGN TEST., PI
0.00 + + + + 3 + 1 +
.02 +32 + + ++ +
.04 +32 + + 1 + +
.06 3 2 + 1 +
.08 3 2 + + 1 + + +
..10 3 2 + . 1 + +
.12 32 + 1+ + + +
.14 +32 + 1 + + + +
16 +23 + 1 + + + +.18 +2 :3: : : : : :+: . . :: : : : :+: : : : :+

.20 +2 3 1 + + + + +

.22 +2 1 3 + + + + +
. .24 2 1 3 + + + +

.26 2 1 + 3 + + + +

.28 2 1 + 3 + + + +

.30 21 + 3 + + + +

.32 2 + 3 + + +
•34 2 + + 3 + + +
.36 2 + + 3 + + +38 2: ::::+: ::::+: : :3+: : ::: :+
.40 2 1 + + + 3:: + 33 +3

.40 2 + + +3 + +

.414 +21 + + + 3 + +

.416 +21 + + + 3+ +

.48 +2 1 + + + 3 +

.50 +2 1 + + + +3

.52 +2+ + + + 3 3

.54 + 2 1 + + + + 3
•.56 +2 1 + + + 3

,'.58 +:2: : :1+: : : :.+." " :: : : :+."": :3: :+

.60 + 2 +1 + + + 3 +

.62 +2 +1 + + + 3+

.614 + 2 + 1 + + + 3

.66 + 2 + 1 + + + 3 +

.68 + 2 + 1 + + + 3+
70 + 2 + 1 + + + 3
.72 + 2 + 1 + + 3 +
•7 + 2 + 1 + + + 3 +
.76 + 2 + 1+ + + 3 +
J 8 +: :2:: :+: : :1: : +:::: :+:: :3: :+

.80 + 2 + +1 + + 3 +

.82 + 2 + +1 + + 3 +•.84 + 2 ++I++3 +

.86 + 2 + + 1 + 3 +

.88 + 2 + + 1 + +3+

.90 + 2 + + I + +3 +

.92 . 2 + + 1 + 3 +

.94 + 2 + + 1 + 3+ +

.96 . 2 + + 1 + 3 + +

.98 +: :2: :+: :: : :+:l: : : :+: : : 3 :+: :: :+

SCALE 1 -.7000 -.3000 .1000 .5000 .9000 1.3000
• SCALE 2 -.1000 .2000 .5000 .8000 1.1000 1.1000
"*," SCALE 3 -1.1000 -.8000 -.5000 -.2000 .1000 .41000
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(8)
MORE TIME RESPONSE RUNS (Y OR N) >N

"-- CONTROLLER DESIGN (Y OR N) >Y

DESIGN REG/PI (Y OR N) >N

DESIGN CGT (Y OR N) >Y

MODIFY COMMAND MODEL (Y OR N) >N

KXM MATRIX

11.61 3.312

KXU MATRIX

-11,361

KXN MATRIX

' -1.653 -1,380

CONTROLLER EVALUATION WRT TRUTH MODEL (Y OR N) >Y

MODIFY TRUTH MODEL (Y OR N) >N

LENTER MODEL INPUT AND STEP VALUE : 1 >1 1

ENTER STATE AND IC VALUE (0/ TERMINATES): 4 >0/

2 PLOTS OF 5 VARIABLES MAY BE PRINTED AT THE TERMINAL -- SPECIFY NUMBER
FOR EACH (N1,N2) >2 0

ENTER OUTPUTS BY TYPE AND INDEX IN 2 ENTRIES--TYPES ARE
STATE : 'X'
OUTPUT : 'Y'
INPUT : 'U'
MODEL : 'H'

PLOT 1
OUTPUT 1 >Y

>1

OUTPUT 2 >M

>1

ENTER TIME DURATION FOR RESPONSE, IN SECONDS >1

---------- ENTER TITLE IN GIVEN FIELD -----------
SIMPLE DESIGN TEST, CGT/PI
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SIMPLE DESIGN TEST, CGT/PI

• 0.00 + + + 1 +2 + +
'4% .02 1 + + + 2 + +

.04 + + + + 2 + 1 +

.06 + + + 1+2 + +

."8 + + +0+ 21 +

.10 + + + + 12 + +

.' .12 + + + + 2 + +

.14 + + + + 2 + +

.16 + + + + 2 + +

.18 : : :" : : : : : : : : : : : :2: : : : : :
•.20 + + + + 2 + +
.22 + + + + 2 + +
.24 + + + + 2 + +
.26 + + + + 2 + +
.28 + + + + 2+ +
.30 + + + + 2+ +
.32 + + + + 12 +
•034 + + + + 2 +
.36 + + + + 2 +
• 38 : : : : : : : " : : " : : : : : : " : :2: : • :+

.4o + + + + +2 +

.12 + + + + +2 +

.4411 + + + + +2 +

.416 + + + + +2 +

.48 + + + + +2 +

.50 + + + +2 +

.52 + + + + +2 +

.51 + + + + +2 +

.56 + + + + +21 +

•60 + + + + + 2 +

.62 + + + + + 2 +

.611 + + + + + 2 +

.66 + + + + + 2 +

.68 + + + + + 2 +

.70 + + + + +21 +

.72 + + + + +2 +

.711 + + + + +2 +

.76 + + + + +2 +

.78 : : : : :+: : : : :+: : : : :+: : : : :+2 : : : :+

.80 + + + + +2 +

.82 + + + + +2 +

.841 + + + + +2 +

.86 + + + + +2 +

.88 + + + + +2 +

.90 + + + + +2 +
k .92 + + + + +2 +

•94 + + + + +2 +
.96 + + + + +2 +
.98 +:::: :+: : : : :+: : : : :+: : : : :+2 : : : :+

1.00 + + + + +2 +
SCALE -3.0000 -1.8000 -.6000 .6000 1.8000 3.0000
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(9)
MORE TIME RESPONSE RUNS (Y OR N) >N
CONTROLLER DESIGN (Y OR N) >N

FILTER DESIGN (Y OR N) >Y

Q MATRIX

1.000

QN MATRIX

1.000

R MATRIX

.1000

A KF MATRIX

6.33014E-02
4.9510E-02
7.4844E-02
7.4844E-02

MODIFY TRUTH MODEL (Y OR N) >N

POLES OF FILTER MATRIX
p-2.5838398E+00 J( 5.4568219E 00)

*., -2.5838398E+00 +J( -5.4568219E+00)

-4.2659165E+00 +J( 0. )
-4.2632564E-12 +J( 0.

----------- ENTER TITLE IN GIVEN FIELD ----------.
SIMPLE DESIGN TEST, KALMAN FILTER

N

FINAL RMS ERRORS : TRUE z 6.3143454E-02
(STATE 1) COMPUTED = 6.7931977E-02

FINAL RMS ERRORS : TRUE = 5.0726138E-02
(STATE 2) COMPUTED = 5.9937274E-02

FINAL RMS ERRORS : TRUE a 5.8594898E-02
(STATE 3) COMPUTED z 7.7160159E-02

FINAL RMS ERRORS : TRUE f 5.8594898E-02
(STATE 4) COMPUTED = 7.7160159E-02

WRITE PERFORMANCE EVALUATION DATA TO 'SAVE' FILE (Y OR N)>Y

PERFORMANCE EVALUATION DATA, NO. 1,WRITTEN TO 'SAVE ' FILE

* :,'\ CONTROLLER DESIGN (Y OR N) >N
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(10)
FILTER DESIGN (Y OR N) >N

END DESIGN RUNS (Y OR N) >Y

REG/PI GAINS WRITTEN TO 'SAVE' FILE

PROGRAM EXECUTION STOP
STOP
065400 MAXIMUM EXECUTION FL.
5.323 CP SECONDS EXECUTION TIME.

COMMAND- FILES

--LOCAL FILES-
$OUTPUT PLOT $INPUT CGTPIQ SAVE
LIST DATA

COMMAND- CATALOG, SAVE, DATA

INITIAL CATALOG
RP a 008 DAYS
CT ID: T830287 PFN-DATA
CT CY= 001 SN=AFIT 0000000576 WORDS.

COMMAND- RETURN,DATA

I COMMAND- COPYBF,SAVE,DATA

COMMAND- RT, LIST

.. LIST SENT TO PRINTER( AF ) WITH JPM.

COMMAND- RETURN, SAVE, PLOT, LIST, DATA

COMMAND- LOGOUT

CPA 6.471 SEC. 5.273 ADJ.
IO 79.214 SEC. 23.447 ADJ.
CRUS 34 .486
CONNECT TIME 0 HRS. 40 MIN.
11/09/83 LOGGED OUT AT 22.06.48.

V
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B.13 CGTPIQ Output to LIST File

~ The first output is a heading with date and time

identical to that printed at the terminal. Next the sample

period of the controller is identified. A series of outputs

related to the design model then follow; these are

identified by a heading "DESIGN MODEL". First the matrices

defining the continuous-time representation are printed,

then the matrices of the discrete-time representation are

printed. An additional output is the matrix Pi under a

heading of "CONTROLLER SETUP".

Output relating to the design of the PI controller

is identified by a heading of "REG/PI DESIGN". The

quadratic weighting matrices are printed (Y, UQ, X and UM),

followed by the controller gain solution GCS. Finally, the

individual PI gains GCl and GC2 are printed, as well as the

intermediate product E. The proportional KP and integral 1(1

gains are then printed. (Note, if implicit model following

is requested, there are the additional outputs as discussed

in Section B.8.5 of this guide.)

The truth model description is identified by the

heading "TRUTH MODELO. The matrices of the continuous-time

system are listed first. The eigenvalues of the matrix

Aare then printed. The matrices of the discrete-timeI, representation are then listed.
Outputs due to the PI controller evaluation routines

are identified by a heading of "CONTROLLER EVALUATION" and

*,~ begin with the mapped eigenvalues of the closed-loop system

with P1 controller. The time-response plots are then output
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with each plot labeled with the title specified by the user.

' ' The plots run from 0 to 2 seconds at the controller sample

period specified by the user (maximum 101 character

positions).

The CGT/PI design path begins with definition of the

command model, with relevant output identified by the

heading "COMMAND MODEL". The continuous-time system

matrices are printed, follow by the eigenvalues of the

matrix A m The discrete-time matrices are then printed.

Output due to the CGT design computations is identified by

the heading "CGT DESIGN". The A. . matrices are then

printed followed by the CGT/PI control gain matrices KXM,

KXU and KXN.

The evaluation of the CGT/PI controller is also

identified by the header "CONTROLLER EVALUATION*. The

closed-loop CGT/PI time response plots are then printed.

Output due to the Kalman filter design routine is

identified by the heading *FILTER DESIGNO, and includes the

noise strength matrices Q and R and the Kalman filter gain
matrix IF. The output of the filter evaluation routines

is identified by the heading "FILTER EVALUATION". First,

the mapped poles of the filter system matrix are printed.

During the covariance analysis, the full error covariance

matrix is printed at each time sample. Finally, the plots

are printed: each plot includes the standard deviations of

the utrueu and filter-computed estimation error for each

S. [ design model state for 50 consecutive time samples taken at

the controller/filter sample period.
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B.14 Summary

Appendix B has given the user of the program CGTPIQ

an in-depth look at the operations of the program. This

appendix was written to be a stand-alone document for normal

program operation and hopefully has met that goal.
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Appendix C

A-

CGTPIQ Program Listing

C.1 Complete Listing

The following program listing includes all routines

of CGTPIQ. Routines of the 'LIBRARY' object file are not

1% listed (Ref 13).

CGTPIQ is composed of three parts: a 'MAIN' routine,

an optional set of user-provided routines, and a large set

of invariant routines referred to as 'CGTPIQ SUBS'. In this

listing, routines 'DSND', 'DSNM', 'TRTHD', 'TRTHM',

'ACDATA', 'GUSTS', and 'TBLUPI' are the optional routines.

These optional routines are used to establish the design

model AFTI(S3,A2,G3) for the pitch-pointing controller, and

the truth model AFTI(S4,A2,G3), both as described in Chapter

VI of Floyd's thesis (Ref 9).

Included at the end of this main listing are

listings of the subroutines that were changed for each of

the CGT/PI formulations 2, 3 and 4 (See Section 3.3.2).
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1002 PROGRAM MAIN(INPUT64, OUTPUT=6ILIST61
1102 1 SAVE6,DATA6,PLOT=61,
120z 1 TAPE5=INPIJT,TAPE6zOUTPUT,TAPE25:SAVE,TAPE5O=DATA,
130z 2 TAPE99=PLOT,TAPE16=LIST)
1410= CONMN/MAIN1/NDIM,NDI41 ,COM1 (100)

.e.150= COMMON/MAIN2/COM2(100)
160= COMMON/INOU/KIN,KOUT,KPUNCH
170. COJWN/FILES/KSAVE, [DATA, [PLOT, [LIST, KTERM
180x COMMON/SYSMTX/NVSM, SM( 2125)
190= COMON/ZMTX1/NVZM,ZM1 (1225)
200= CONHN/ZMTX2/ZM2(1225)
210= COHMN/DSNMTX/NVDMNODYDNOEY,DMC 1750)
220= CONMON/CHDMTX/NVCM, NEWCMD NODC, CM( 225)
230z CONMON/TRUMTX/NVTM,TM(1725)
2410= COMHON/CONTROL/NVCTL, CTL(900)
250z COMMON/CREGPI/NVRPI,RPI(6T5)
260z CONHON/CCGT/NVCGT,CGT(4O0)
270z COMON/CKF/NVFLT,FLT(690)
280c COMMON/AMC/AM( 10)
290z COMMON/BDG/BD(75)
300: NDIM:1100
310: NVSM2125
320: NVZM= 1225
330: NVDM-175O
3410z NVCM225
350= NVTM=1725
360c NVCTLx900
370z NVRPI=675
380z NVCGTz4100

.4390z NVFLTz690
4100= [IN.5
4110z KSAVEz25
4120= KDATAz50
4130z KPLOTz99
4140= KLISTz16
4150a KTERM=6
4160z CALL CGTXQ
4170= STOP
4180=C END MAIN
4190z END

*500= SUBROUTINE DSND(ND)
510z DIMENSION ND(1)
520z ND(1):
530z ND(2)x2

S5J40. ND(3)z2
550a ND(4)=3
560z ND(5)=0

*570a ND(6):1
580z ND(7):0
590. RETURN
6004C END SUBROUTINE DSND

46'. 610. END
620z SUBROUTINE DSNM(AB,EXGQ,C,DYEY,HHN,R,AN,GN,QN)
630a DIMENSION A(8,8),B(8,2),C(2,8),G(8),DY(2,2),H(3,8),R(3,3)
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6140z DATA GRAVTY,DEGTRD,PI/32.711j.01745329,3.11415927/
650z CALL ACDATA(LEVELDVTDALTDALPHADZADZADDZQ,ZUDZDEDZDF,

'~: ~.660m 1 PMA,PM4ADPMQ,PMUPMDEPMDFXA,XAD,XQDXU,XDE,XDF,
r.670= 2 TE,DLXBSPAN)

680c 10 ALPHARzDEGTRD*ALPHA
690= UO=VTOCOS(ALPHAR)
700: WO=VT*SIN(ALPHAR)
710z A(1,3):1.
720m A(2, 1 )-GRAVTYOSIN(ALPHAR) /UO
730m A(2,2)zZA
7140: A(2,3):1..ZQ

5/750: A(3,2)=PHA
760z A(3,3):PMQ
770z A(2,7)=ZA
780z A(2,8)zZQ
790z A(3#7):P4A
800: k(3,8):PI4Q
810: A(2,14)=ZDE
820: A(2,5)zZDF
830: A(3,1I):PMDE
8140: A(3,5)=PMDF
850: A(J4,4):-TE
860= A(5,5):-TE
870z B(14,1):TE
880= B(5,2)zTE
890: CALL GUSTS(LEVEL,ALT,SLIDSLWSIGU,SIGW)
900: A(6,6)=-VT/SLW
910: A(7,6):(1.-SQRT(3.))'SIGW'SQRT(-A(6,6))/SLW
920z A(7,7):A(6o6)

.4930= A(8,8)z-VTOPI/14./BSPAN
9140z A(8,6)z-A(8,8)*A(7,6)
950z A(8,7)z-A(8,8)*A(7,7)
960= G(6)z1.
970: G(7):SIGW*SQRT(3.*VT/SLW) /VT
980: G(8)=-A(8,8)*G(7)
990: Qz1.
1000: C(1,1)=1.
1010: C(2,1)1l.
1020x C(2,2)=-l.
1030a H(1,1):1.
10140: H(2,2)x1.
1050:t H(3,3)1l.
1060s H(2,7)z1.
1070x R(1,1):14.76E-6
1080: R(2,2):1.22E-5
1090:t R(3,3)23.22E-5
1100: RETURN
lllOzC END SUBROUTINE DSNM
1120s END
1130s SUBROUTINE TRTHD(ND)
1140x DIMENSION ND(1)
1150x ND(1)z9
1160r ND(2)x2
1170x ND(3)x3
1180: ND(14)z1
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1 190= RETURN

1200=C END SUBROUTIME TRTHD
~:-: -:~ 1210: END

- ~ 1220m SUBROUTINE TRTHM(AT,BT,GT,QT,HT,RT,TDT,TNT)
1230: DIMENSION AT(9,9),BT(9,2),GTC9),HT(3,g),RT(3,3),TDTC8,9)
12410z DATA GRAVTYDEGTRDPI/32.711, .01715329,3.1415927/
1250x CALL ACDATA(LEVEL.VTgALT.ALPHA,ZA,ZAD,ZQ,ZU,ZDE,ZDF,
1260c 1 PMAPKADtPMQ,PMUPI4DEPHDFDXADXAD,XQXU,XDEXDF,
1270= 2 TEDDLX,BSPAN)
1280= 10 ALPHARxDEGTRDOALPHA
1290x UO:VT*COS (ALPHAR)II1300: WO=VTOSIN(ALPHAR)
1310= RZAD=1./(l.-ZAD)
1320x AT(1,3)=1.
1330x AT(2, 1 )-GRAVTYOSIN(ALPHAR)/UO
13410x AT(2,2)xZA
1350z AT(2,3)=1..ZQ
1360= AT(2,11)zZU
1370x AT(3,2)xPMA
1380x AT(3,3)zPMQ
1390z AT(3,11)=PMU
11100= AT(1, 1 )z-GRAVTYVCOS(ALPHAR)
14110= AT(11,2)=XA
1420z AT(11,3)=XQ-WO
14130= AT(11,1)=XU

'1 14410z AT(2,5)xZDE
14150z AT(2,6)xZDF

~ 1460x AT(3,5)=PMDE
11170= AT(3,6)zPMDF
14180z AT(11,5)xXDE
11190z AT(11,6)zXDF
1500= AT(5,5)x-TE
1510= AT(6,6)x-TE
1520x AT(2,8):ZA
1530x AT(2,9)xZQ
15110x AT(3,8)xPMA
1550= AT(3,9)=PMQ
1560x AT(11,8)xXA
1570= AT(11,9)xXQ
1580z CALL GUSTS(LEVELALT,SLU,SLWSIGUSIGW)
1590= AT(7,7)x-VT/SLW
1600: AT(8,7)x(1.-SQRT(3.))*SIGW*SQRT(-AT(7,7))/SLW
1610= AT(8.8)xAT(7,7)
1620x AT(9,9)x-VTOPI/1./BSPAN
1630x AT(9,7)z-AT(9#9)*AT(8,7)
16410x AT(9*8)x-AT(9,9)*AT(8t8)
1650x GT(7)x1.
1660z GT(8)xSIGW'SQRT(3.*VT/SLW)/VT
1670x GT(9)z-AT(9#9)*GT(8)
1680x QTz1.
1690x DO 20 1=1,9
1700x AT(2,I)xAT(2,I)*RZAD
1710z AT(3,I)xAT(3,I)+PMAD#AT(2#I)
1720. 20 AT(4,1)zAT(11D1)+XAD*AT(2,I)
1730x BT(5,1)xTE
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174#0= BT(6,2)xTE
1750a HT(l,1).

~>, '.\1760m HT(2,2)sl.
1770: HT(3,3)xl.
1780. IT(2,8)zl.
1790s BT(1,1)='l.76E-6
1800: RT(2,2)=1.22E-5
1810:1 RT(3,3)z3.22E-5
1820= TDT(1,1):1.
1830s TDT(2,2)z1.
18410z TDT(3,3)xl.
1850: TDT(ll,5)zl.
1860s TDT(5,6)z1.
1870z TDT(6,7)x.
1880:n TDT(7,8)z1.
1890: TDT(8,9)z1.
1900: RETURN
19104C END SUBROUTINE TRTHM
1920= END
1930x SUBROUTINE ACDATA(LEVEL, VT,ALT,ALPHA,ZA,ZAD,ZQ, ZUZDEZDF,
194I0z 1 PMA,PMAD,PMQ,PMU,PMDE,PMDFXA,XADXQXUXDEXDF,
1950: 2 TE,DLX,BSPAN)
1960= COHMN/FILES/KSAVE, KDATAD KPLOT, KLISTD KTERM
1970x DATA NENTRY/1/
1980. 5 WRITE 101
1990= READOLEVEL
2000. IF((LEVEL.GT.3).OR.(LEVEL.LT.1)) GO TO 5

S 2010: WRITE 102
2020= READ*,VTALTLPHA.
2030: WRITE 103
20410: READ*,ZA,ZAD,ZQ,ZU,ZDE,ZDF
2050: WRITE loll

* 2060a READ'DPMA,PM*DPMQPMU,PMDED PNDF
2070z WRITE 105
2080z READGXAXADXQXU,XDE,XDF
2090a WRITE(KLISTD 101)
2100. WRITE(KLIST,109) LEVEL
2110z WRITECKLIST, 102)
2120m WRITE(KIST,110) VTALTALPHA
2130a WRITECKLIST, 103)
21410x WRITE(KISTD 110) ZA,ZADZQ,ZU,ZDE,ZDF
2150z WRITE(KLIST, 1011)
2160a WRITE(KLIST,110) PtA,PHAD,PMQPMU,PNDE,PMDF
2170a WRITE(KLISTD 105)
2180a WRITE(KLIST, 110) XAXADXQ,XU,XDEIDF
2190z IF(NENTRY.EQ.0) GO TO 10
2200z BSPANz30o
2210a DLXz13.798
2220a TEx20.
2230. RETURN
2240m 10 WRITE 106
2250x READ*DTE

S 2260a WRITE 107
2270a READ*,DLX
2280. WRITE 108
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2290a READO'BSP&N
2300a 101 FORZ4AT( ENTER TURBULENCE LEVEL (1,2,3) >")

7. 2310. 102 FORMAT( ENTER TRIM VELOCITY, ALTITUDE, AND ALPHA >")
2320m 103 FORMAT( ENTER ZA, ZAD, ZQ, ZU, ZDE, ZDF >")
2330: 1041 FORMAT( ENTER MA, MAD, MQ, MU, MDE, MDF >m)
23410a 105 FORMAT( ENTER XA, XAD, XQ, XU, XDE, XDF >")
2350a 106 FORMAT( ENTER TIME CONSTANT FOR ELEVATOR >w)
2360u 10T FORMAT(" ENTER DISTANCE FROM CG TO ACCELEROM4ETER >w)
2370. 108 FORMAT( ENTER WING SPAN >w)
2380. 109 FORMAT(6X,I1)
2390z 110 FORi4AT(6(6X1PE15.7))
21400= RETURN
2410=C END SUBROUTINE ACDATA
2420x END
2430m SUBROUTINE GUSTS(LEVELALT,SLU,SLW,SIGU,SIGW)
24410c DIMENSION ATRB1I),ATRB2(I),ATRB3(1),SIGT1(1),SIGT2(1),SIGT3(1)
24150z DATA ATRB1/2000.,2750., 10000. D30000*/
21160: DATA ATRB2/2000. ,2750. *10000. ,15000./

'42470a DATA ATRB3/2000.,5000.,20000.,70000./
IN2480= DATA SIGT1/11.5,5.,5.,O./

24190z DATA SIGT2/8.5,10.,10.,0./
2500z DATA SIGT3/12.,21o,21.,O./
2510z DATA IT1,IT2,IT3/1,1,1/
2520= IF(ALT-1750.) 5,15,15
2530x 5 IF(ALT-1000.) 8,10,10
25410m 8 ALTTL
2550c GO TO 12
2256 0z 10 ALTT=1000.
2570z 12 SIGW=2.5*FLOAT(LEVEL)
2580: SIGU=1./(.177.8.23E-11'ALTT)*".
2590: SLW:ALTT
2600a SLUzALTTfSIGUOO3
2610x SIGUxSIGUfSIGW
2620z GO TO 100
2630z 15 SLUz1750.
26410w SLWzl750.
2650z IF(LEVEL-2) 17,18,16
2660z 16 CALL TBLUPI (ATRB3,SIGT3,11,IT3,ALT,SIGU)
2670x GO TO 19
2680s 17 CALL TBLUP1(ATRB1,SIGT1,11,IT1,ALT,SIGU)

*2690m GO TO 19
2700m 18 CALL TBLUPI (ATRB2,SIGT2,11,IT2,ALT,SIGU)
2710. 19 SIGWsSIGU
2720a 100 RETURN
2730zC END SUBROUTINE GUSTS
2740a END
2750m SUBROUTINE TBLUPi (X,Y,NIXP,XP,YP)
2760a DIMENSION X(1)tY(l)
2770s IF(IXP) 15,1501
2780a 1 IF(IXP-N) 10,10,5
2790a 5 IXPzN

, ~ 2800a GO TO 18
2810a 10 IF(XP-X(IXP)) 12,18,20
2820a 12 IXPuIXP-1
2830a IF(IXP) 15,15,10
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2840a. . . . . . . . . . . . .

28140: 15 YPzY(IXP)

~ ;-. 2860: RETURN
2870: 20 IF(IXP-N) 21,18,5
2880: 21 Ixpp1:IXP~e.
2890m 22 IF(XP-X(IXPPI)) 25,30,30

S.a2900a 25 YP:I(IXP).(XP-X(IXP))/(X(IXPPl)-X(IXP))*(Y(IXPP1)-Y(IXP))
2910c RETURN
2920z 30 IXP=IXPPI
2930: GO TO 20
29410xC END SUBROUTINE TBLUP1
2950z END
2960z SUBROUTINE CGTXQ
2970= COMHON/MAIN1/NDIM,NfDIMl,COM1(1)
2980z COMMON/MAIN2/COM2(l)

2990: CONMON/INOU/KIN, [OUT, [PUNCHI 3000: COMMON/DESIGN/N VCOM, TSAMP, LFLRPI, LFLCGT,LFLKF, LTEVAL,LABORT
3010: COMMON/FILES/KSA YE, [DATA, [PLOT, KLIST, [TERM
3020: COMMON/SYSMTX/NVSMSM( 1)
3030z COMMON/ZMTX1 /NVZM, ZM1(1)
30140z COMMON/ZMTX2/ZM2 (1)
3050a COMM4O/NDIMD/NND, NRD,NPD,NMD, NDD, NUD, NWDD ,NPLD, NWPNWD, NNPR
3060z COMMON/LOCD/LAP,LGP,LPHI,LBD,LEX,LPHD,LQ,LQN,LQD,LC, LDY,LEY,LHP,LR
3070z COMMON/DSNMTX/NVDM, NOD!, NOEY,DM( 1)
3080z COMMON/NDIMC/NNC, NRC, NPC
3090: COMMON/LOCC/LPHC, LBDC, LCC, LDC
3100m COHMON/CMDMTX/NVCM,NEWCM,NODC,CM( 1)

* 3110z COMMON/NDINT/NNT, NiT,tNT, NUT
3120= COMMON/LOCT/LPHT, LBDT, LQDT, LiT, LRT, LTDT, LTNT
3130c COMMON/TRUMTX/NVTMTM(l)
31140: CO MN/LCNTRL/LPI1 1,LPI12,LPI21 ,LP122,LPHDL,LBDL
3150= COMMN/CONTROL/NVCTL,CTL(1)
3160: COMMN/LREGPI/LXDW,LUDW,LPHCL, LGC1 ,LGC2,LEL,LEE
3170c COMMON/CREGPI/NfVRPI,RPI(1)
3180: COMMON/LCGT/LA11,LA13,LA21,LA23,LA12,LA22,LELA11,LELA12,LELA13
3190m COMMON/CCGT/NVCGT,CGT( 1)
3200z COHMN/L[F/LEADSN, LFLTRK, LFCOV
3210z COMMON/CKF/NVFLT,FLT( 1)
3220a COMMON/AMC/AM( 1)
3230x COMON/BDG/BD( 1)
32140z DIMENSION LD(15),ND(15)
3250: DATA NPLTZM/606/
3260: DATA IEOI,NO/-1,1HN/
3:170a REWIND [LIST
3280. WRITE([LIST, 115) DATE(DUM),TIME(DUM)
3290. WRITE([TERM, 115) DATE(DUM),TIME(DUM)
3300z 115 FORMAT('10,27X,09 0 CGTPIQ ' 0 * 1X
3310: 1 "PROGRAM TO DESIGN A COMMAND GENERATOR TRAC[ER'/8X,
3320a 2 "USING A REGULATOR WITH PROPORTIONIAL PLUS INTEGRAL CONTROL"/13X,
3330. 3 'BASED ON THE INTEGRAL OF THE REUULATION ERROR,'/16X,
33140a 4 "AND A KALMAN FILTER FOR STATE ESTIMATION.'/28X,
3350s 5 " 0 CGTPIQ # 0 *'//11X,'DATE : ',A1O//,1IX,
3360a 6 "TIME : ',A1O////)
3370s REWIND KSAVE
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3380= REWIND KDATA
3390: WRITE(KSAYE, 112) IEOI,NPLTZM
3400= DO 10 I=1,15
3410z 10 ND(I)=O
3420= DO 12 I=1,15
3430z 12 LD(I)=I
3440: LFLRPI=O
3450= LFLCGT=0
3460m LFLKFzO
3470= LTEVAL=O
3480= LABORT=O
3490c IPISO
3500: ICGT=O
3510z ITRU=O
3520= IFLTR=O
3530= ICODE=4
3540a LFAVAL=O
3550z LGCGT*O
3560= NVCOM=MIN0(NDIM,NVZM)
3570= KOUT=KLIST
3580z KPUNCH=KPLOT
3590z IF(NVSM.GE.NPLTZM) GO TO 50
3600= WRITE 101,NPLTZM
3610z GO TO 1000
3620: 50 WRITE 102
3630= READ'DTSAMP
3640z IF(TSAMP.LE.0.) GO TO 50

O 3650= WRITE(KLIST,103) TSAMP
3660m 103 FORHAT("OSAMPLE PERIOD IS ",F5.3," SECONDS")
3670: CALL SETUP(ND,LDICGTITRU, I)
3680= IF(LABORT) 1000,100,1000
3690= 100 LABORT=O
3700z IMPLIC=O
3710: WRITE 104
3720: 10 FORHAT("OCONTROLLER DESIGN (Y OR N) >")
3730a READ 111,IANS
3740 IF(IANS.EQ.NO) GO TO 500
3750= LFLKF=O
3760z CALL PIMTX(IPI)
3770m IF(LABORT) 1000,125,1000
3780: 125 WRITE 105
3790: 105 FORHAT(ODESIGN REG/PI (Y OR N) >")
3800: READ 111,IANS
3810x IF(IANS.EQ.NO) GO TO 150
3820: WRITE 400
3830: 400 FORMAT(OINCORPORATE IMPLICIT MODEL (Y OR N) >")
3840z READ 111,IANS
3850n IF(IANS.EQ.NO) GO TO 490
3860a IMPLICal
3870a CALL SETUP(ND,LDICGT,ITRU,4)
3880s IF(ICGT.NE.0) GO TO 460
3890. IMPLICxO
39002 GO TO 180
3910x 160 IF(NPD.EQ.NNC) GO TO 480
3920. WRITE 170
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3930x 470 FORMAT("OCOMMAND MODEL STATE DIM MUST EQUAL SYSTEM OUTPUT DIM")
3940 LABORT=-l
3950x 480 IF(LABORT) 100,490,1000

i" . " 3960= 490 CALL SREGPI(IMPLIC)
3970. IF(LABORT) 1000,200,1000
3980= 150 WRITE 106
3990c 106 FORMAT("ODESIGN CGT (Y OR N) >")
4000= READ 111,IANS
4010a IF(IANS.EQ.NO) GO TO 100
4020x CALL SETUP(ND,LDICGT,ITRU,2)
4030= IF(ICGT) 155,100,155
40O0 155 IF(LABORT) 100,160,1000
4050: 160 CALL SCGT
4060= IF(LABORT) 100,170,1000
4 1070z 170 IF(LFLCGT.LE.0) GO TO 125
4" 1080z 200 LABORTzO
4090= WRITE 107
4100= 107 FORMAT("OCONTROLLER EVALUATION WRT TRUTH MODEL (Y OR N) >")
4110= READ 111,IANS
4120= IF(IANS.EQ.NO) GO TO 250
4130= CALL SETUP(ND,LD,ICGT,ITRU,3)
4140= IF(LABORT) 200,260,1000
4150= 250 LTEVAL=O
4160= 260 CALL CEVAL
4170= IF(LFLCGT.EQ.1) LGCGT=1
4180= IF(LFAVAL.EQ.O.OR.LGCGT.EQ.0) GO TO 100
4190= 270 WRITE 600
4200= 600 FORMAT("OWRITE PERFORMANCE EVALUATION DATA TO 'SAVE' FILE (Y OR N)
4210= +>")
4220= READ 111IANS
4230= IF(IANS.EQ.NO) GO TO 100
14240= ICODE:ICODE+1

*. 1250z CALL PFDATA(ICODE,ND)
4260= INUM=ICODE-4
4270. WRITE 605,INUM
4280z 605 FORMAT("OPERFORMANCE EVALUATION DATA, NO. "12,",WRITTEN TO 'SAVE
4290: +' FILE")
4300= GO TO 100
4310z 500 LADORT:O
4320= WRITE 108
4330= 108 FORMAT("OFILTER DESIGN (Y OR N) >")
4340= READ 111,IANS
4350= IF(IANS.EQ.NO) GO TO 900
4360z CALL FLTRK(IFLTR)
4370z IF(IFLTR.EQ.0) GO TO 900
4380= IF(LABORT) 1000,51'),1000
4390a 510 CALL SETUP(ND,LD,ICGT,ITRU,3)
14400a IF(LABORT) 500,525,1000
4410a 525 CALL FEVAL
4420s 530 IF(LABORT) 1000,540,1000
4430. 540 LFAVAL:I
4440w IF(LGCGT.EQ.1) GO TO 270
4450z GO TO 500
4460s 900 WRITE 109
4470a 109 FORMAT("OEND DESIGN RUNS (Y OR N) >")
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14480= READ 1IIIANS
4190= IF(IANS.EQ.NO) GO TO 100

"> 4500z IF(LFLHPI.EQ°0) GO TO 10004510= NPNTS=NRDO(NNPR NND)

4520= ND(1)=NPNTS

4530= ND(2)=LGCI
4540= ND(3)=LGC2
4550= ND(4)=LEL
4560= CALL WFILED(4,NPNTSND,RPI(LGC1))
4570= WRITE 113
4580= 1000 CONTINUE
4590= WRITE(KLIST, 110)
4600= REWIND KSAVE
4610= REWIND KDATA
4620= REWIND KLIST
4630= WRITE 110
4640= 101 FORMAT("OINSUFFICIENT MEMORY /SYSMTX/, NEED: ",14)
4650= 102 FORMAT("0ENTER SAMPLE PERIOD FOR DIGITAL CONTROLLER >")
4660= 110 FORMAT(OPROGRAM EXECUTION STOP")
4670= 111 FORMAT(A3)
4680= 112 FORMAT(2IM)
4690= 113 FORMAT(6X,"REG/PI GAINS WRITTEN TO 'SAVE' FILE")
4700= RETURN
4710=C END SUBROUTINE CGTXQ
4720= END
4730= SUBROUTINE SETUP(NDLD,ICGT,ITRU,ITYPE)
4740= DIMENSION ND(1),LD(1)
4750= GO TO (10,15,20,15) ITYPE
4760= 10 CALL SDSN(NDLD)
14770= RETURN
4780= 15 CALL SCMD(ND,LDICGTITYPE)
4790= RETURN
4800= 20 CALL STRTH(ND,LD,ITRU)
4810z RETURN
4820=C END SUBROUTINE SETUP
4830= END
1840 SUBROUTINE SDSN(ND,LD)
4850z COMMON/DESIGN/NVCOM, TSAMP,LFLRPI,LFLCGT,LFLKF,LTEVAL,LABORT
4860z COMMON/SYSMTX/NVSMSM(1)
4870= COMMON/ZMTXI/NVZM,ZM1(1)
4880= COMMON/ZMTX2/ZM2(1)
4890= COMMON/NDIMD/NND,NRDNPD,NMD,NDD,NWD,NWDD,NPLD,NWPNWD,NNPR
4900= DIMENSION ND(1),LD(1)
4910= NSIZE=0
4920= CALL RSYS(SM,LDINDI1,NSIZE)
4930= IF(LABORT.GT.0) RETURN
4940: NSIZE=NNPR
4950a IF(NPLD.GT.NSIZE) NSIZE=NPLD
4960= NSIZEzNSIZEONSIZE
49703 IF(NSIZE.LE.NVCOM) GO TO 5
4980= WRITE 101,NSIZE
4990z 101 FORMAT("OINSUFFICIENT MEMORY /MAIN1/,/MAIN2/,/ZMTX1/,/ZMTX2/, NEED

,.5000. 1: ",14)
- 5010z LABORTzNSIZE

5020z RETURN
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- j5030: 5 IF(NRD.EQ.NPD) GO TO 10
50410z WRITE 102

: :5050: 102 FORMAT("ONUMBER OF INPUTS AND OUTPUTS MUST BE EQUAL FOR DESIGN")
5060- LABORT=-l
5070z RETURN

5080: 10 CALL DSCRTD(LD,ZM1,ZM2)I5090z RETURN
5100:C END SUBROUTINE SDSN

V5110: END
5120a SUBROUTINE DSCRTD(LDZ1,Z42)
5130z COJQION/MAINI/NDIH, NDIHI ,COHI (1)
514I0m COHHON/DESIGN/NVCOI4,TSAMP,LFLRPI,LFLCGTLFLKFLTEVALLABORT
5150x COMON/FILES/KSAVE9 KDAA, KPLOT, KLIST, KTERM
5160= COMMON/SYSMX/NVS.S4( 1)
5170: COHMN/NDIMD/NNDDNRDNPDNMDNDDNWD,NWDD,NPLDNWPNWD,NNPR
5180: C0MMON/LOCD/LAP,LGP,LPHI,LBD,LEX,LPHD,LQLQN,LQD,LC,LDY,LEY,LHP,LR
5190: COIHON/DSNMTX/NVDM, NODY,NOEY, DM( 1)
5200: COMHON/LKF/LEADSN, LFLTRKD LFCOV
5210z COHMN/CKF/NVFLTFLT( 1)
5220m DIMENSION LD(1),ZM1(1),ZM2(l)
5230z NDIM:NPLD
52410: NDIM1:NDIM.1
5250: CALL POLES(SM,NND,1,ZMI,ZM2)
5260= DO 1 I:1,NND
5270c 1 IF(ZM1(I).GT.0.) LFLCGT:-1
5280: CALL TFRHTX(SM,DM,NND,NND,2)
5290= LAPzl

I -5300z LGP=LAP+NPLDONPLD
S 5310z IF(NWD.EQ.0) GO TO 5

5320z CALL TFRNTX(SM(LD(1I)),DM(LGP),NND,NWD,2)
5330a 5 IF(NDD*EQ*0) GO TO 10
53410z LlzLADDR(NPLDPNND*1,1)
5350: L2=LADDR(NPLDo,NND+1)
5360z L3zLADDR(NPLDNUND +1,NND.1)
5370. CALL ZPART(DM(L1 ) NDD, IND. NPLD)
5380z CALL TFRMTX(SM(LD(3)),DM(L2),NND,NDD,2)
5390= CALL TFRHTX(SM(LD(12)),DM(L3),NDD,NDD,2)
54100z IF(NWD.EQ.0) GO TO 8
54110z LlzL1.LGP-1
54120m CALL ZPART(DM(L1),NDD,NWD,NPLD)
51130. 8 L2=LADDR(NPLD,1,NWD.1).LGP-1
54410z L3zLADDRt(NPLDNND*1 ,NWD.1 ).eLGP-1
51150z CALL ZPART(DK(L2),NNDNWDD*NPLD)
54160: CALL TFBMTX(514(LD(13)),DM(L3),NDD,NWDD,2)
51170. 10 LPHIzLGP+NPLDONWPNWD
54180z LEADSNz1

*51190: CALL NDSCRT(DNNDIM,NT)
5500: CALL DSCRT(NPLD,D14,TSAMP,FLT,ZM1 ,NT)
5510: LFLTRKsLEADSN+NPLD'NPLD
5520: CALL TFRWTX(DM(LPHI),FLT,NND,NND,1)
5530: LBDzLPHiI+NNDRUND
551102 CALL TFRMTX(SM,ZM1,NND,NND,l)
5550a CALL FMMUL(SMSM(LD(2)),NND,NND,NRD,DM(LBD))
5560z LEXxLBDNNDONRD
5570a IF(NDD.EQ.0) GO TO 15
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5580a L1lAUDDR(NPLD, 1,NND.1)
65590m CALL TFRHTX(DM(LEX),FLT(Ll),NND,NDD,1)
S5600: LPHDxLEX.NNDONDD
. ~5610. L1lAUDDR(NPLD,NND.1,NND.1)
U 5620z CALL TFRHTX(DM(LPHD) ,FLT(L1 ),NDDNDDD 1)

5630a LQ:LPHD4IDD*NDD
56110x GO TO 20
5650a 15 LQmLZX
5660a 20 IF(NWD.EQ.0) 00 TO 25
5670. CALL F'TMT(SM(LD(5)),DN(LQ),NWD,NWD)
5680a LQNaLQUVD*NWD
5690z G0 TO 28
5700z 25 LQII:LQ
5710. 28 IF(NWDD.EQ.0) GO TO 33
5720m CALL FTNTX(SM(LD(114)),DM(LQN),NWDD,NWDD)
5730: LQDzLQNNWDDONWDD
5740z GO TO 35
5750z 33 LQDzLQN
5760z IF'(NWPNWD.GT.0) GO TO 35
5 770: LCaLQD
5780z GO TO 36
5790: 35 CALL QDSCRT(DM(LQ) DDM(LQN) ,ZK ,ZM2)
5800= LCxLQD.NPLDONPLD
5810: 36 LDY:LC.NPDINND

*5820z LEYzLDY.NPDONRD
5830: LHPzLEYeIIPD*NDD
58410z LRzLHP.NMDONPLD
5850: L1:LRNMD*NMD-LC

~415860= CALL FThTX(S14(LD(6)),Di4(LC),Ll,l)
5870. Ll=LEY-1
5880= NODYal
5890z DO 40 IzLDY,Ll
5900z IF(DH(I).EQ.0.) GO TO 140
59 10z NODYzO
5920z GO TO 415
5930z 410 CONTINUE
59410: 45 NOEl
5950z IF(NDD.LT.1) GO TO 55
5960z LlzLHP-1
5970a DO 50 t:LEYLl
5980a IF(DN(I).EQ.0.) GO TO 50
5990z NOEY:0
6000: GO TO 55
6010: 50 CONTINUE

* 6020z 55 CALL KATLST(DM(LPHI),NNDDNND,'PHIw,KLIST)
6030: CALL K&TLST(DM(LBD)D NND hiD, 'ED ,KLIST)
60110. IF(NWPNVD.GT.0) CALL MATLST(DM(LQD),NPLD,NPLD,'QD".KLIST)
6050a IF(NHD.GT.0) CALL KATLST(DM(LHP),NND,NPLD,"HAw,KLIST)
6060z IF(NDD.EQ.0) RETURN
6070: CALL IATLST(DM(LEX),NND. NDD, "EXD" ,KLIST)
6080a CALL KATLST(DM(LPHD) ,NDDNDD,"PHN' ,KLIST)
60903c RETURN

:~ ~ 6100aC END SUBROUTINE DSCRTD
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U.6120a SUBROUTINE QDSCRT(Q,QN,ZM1,ZM2)

: . ,6130z CONHON/MAINI/NDIM,NDIM1,COK1(1)
.V 61410a COHMN/DESIGN/NVCOM,TSAMP,LFLRPI, LFLCGT,LFLKF,LTEVAL,LABORT

6150z CObION/NDIMD/NNDNRDNPD,NMD,NDD,NWD,NVDDNPLD,NWPNWD,NNPR
6160. COMON/LOCD/LAP,LGP,LPHI,LBD,LEX,LPHD,LQ,LQN,LQD,LC,LDY,LEY,LHP,LR
6170. COMMON/DSNMTX/NVDM, NOD!, NOEY,DH( 1)
6180a DIMENSION Q(1),QN(1),ZM1(1),ZM2(l)
6190a IF(NWD.EQ.O) GO TO 5
6200m CALL TFRHTX(Q,ZM1,NVD,NVD,2)
6210a 5 IF(NVDD.EQ.0) 00 TO 10
6220z L1.LADDR(NPLD,NWIID ,NWD.1)
6230x CALL TfRHTX(QN,ZM1 (LI ),NVDD,NWDD,2)
6240a IF(NVD.EQ.0) GO TO 10

* 6250v L1=LADDR(NPLD, 1,NVDe.)
6260a CALL ZPART(ZMI(L1),NVD,NWDD,NPLD)
6270a LluLADDR(NPLDPNVD.1,1)

46280-v CALL ZPART(ZM1(L1),NWDD,NWDoNPLD)
6290= 10 CALL MAT3(NPLD,NWPNWDDM(LGP),ZMlZM2)
6300m CALL INTEG(NPLDDH(LAP) DZM2oDM(LQD) ,TSANP)
6310z RETURN
6320zC END SUBROUTINE QDSCRT
6330: END
63410z SUBROUTINE SCMD(D,LD,ICG;T,ITYPE)
6350x COHON/DESIGN/NYCOM, TSAMP, LFLRPI, LFLCGT, LFL[F, LTEVAL, LADORT
6360. COIIN/FILES/KSA YE, [DATA, [PLOT, [LIST, [TERM
6 370a COMMON/SYSMTX/NVSM, SM( 1)
6380a COHMN/ZMTX1/NVZMZMI (1)063 0a COMMIN/ZMTX2/ZM2(I)
61100: COION/NDIMD/NND, NED, VPD, NMD, NDD,NMWD ,NWDD, NPLD, NWPNWD, NNPR
64110a C0MMON/NDIMC/NIC,NRCK PC
64120z COHNON/CMDHTX/NVCM, MNCH, NODC, CM( 1)
64130a COMON/LREGPI/LXDV,LUDW,LPHCL,LGC1 ,LGC2,LEL,LEE
64410a COIIIO/CREGPI/NVRPI,RPI( I)
61150a DIMENSION ND(1),LD(1)
64160a DATA NW/1HN/
64170z IWCITYPE.EQ.1) GO TO 10
61180a VRITI([LIST*110)

'464190a 110 FORMiT(////11K,5(mv P),RCGT DESIGN",5(' Ow)///)
~ '6500. IW(L'LRPI) 10,5,10

6510a 5 WRITE 102
6520z READ 111,IANS
6530a IF(lANgS.EQ.NO) GO TO 8
65410m CALL READFS(S,ND,1,IERR)
6550a KUIZE=UD(1)
6560m LOCIaED(2)
6570a LOC2uND(3)
6580a LET =VD(11)
6590: CALL r=HX(SMtRPI(LGC1)*NSIZE,1)
6600a I1(IRR.NE.O) RETURN
6610s CALL MATLST(RPI(LGC1),NRDNND,"GC1",[LIST)
6620a CALL MATLST(RPI(LGC2),NED,NRD,"0C2 ,KLIST)

.- ,6630. LFLRPI*-1
66110a GO TO 10
6650. 8 IF(LPLCGT.GE.0) GO TO 9
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6660a WRITE 103
6670: 103 FORMAT(WOSYSTEM UNSTABLE -- OPEN-LOOP CGT NOT FEASIBLE")
6680= RETURN
6690x 9 LGClal
6700: LGC21l
6710: LELal
6720. NSIZEzNRDONND
6730. CALL ZPART(RPI(LGCl),1,NSIZE,1)
67110a 10 IF(ICGT.EQ.0) GO TO 12
6750. WRITE 108
6760. 108 FORMAT( MODIFY COMMAND MODEL (Y OR N) >W)
6770. READ 111,IANS
6780z I:F(IANS.ZQ.NO) RETURN
6790. 12 CALL RSYS(SM,LDND#2,ICGT)
6800a IF(LABORT.NB.O) RETURN
6810z NEWCMs1
6820: CALL POLES(SM,NN#C,2,ZMI,ZM2)
6830. IF(UPC.EQ.NPD) GO TO 15
68410a WHITE 104I
6850z LABORTz-1
6860a RETURN
6870z 15 CALL DSCRTC(LDZMI)
6880. 102 FORMAT( READ REG/PI GAINS FROM 'DATA' FILE (Y OR N) >w)

N6890. 1014 FORKAT(WOCOMHkAND AND DESIGN MODEL OUTPUTS NOT EQUAL IN NUMBER")
6900: 111 FORNAT(A3
6910a RETURN
6920zC END SUBROUTINE SCHD

S 6930x END
694I0, SUBROUTINE DSCRTC(LDZMI)
6950z C0HM0N/MAIN1 /NDIMNDIM1,COMi (1)
6960a COHMN/DESIGN/I VCONTSANPLFPLRPI. LFLCGT, LFLKF *LTETAL * LBORT
6970z COHMN/FILES/KSAYE, EDATA, EPLOT, ELIST. KTERM
6980s COHMON/SYSMTI/NV3M, SM( )
6990= COUIN/UDIMC/NNC, NRCNPC
7000a CO~hHON/LOCC/LPRCD LBDCLCCtLDC
7010a COUION/CNBTI/IVCMNEVCM, NODCCH( 1)
7020a DIMENSION LD(1),ZM1(1)
7030a NDIM. NXC
70110a NDIM1.ND M 1
7050a CALL NDSCRT(SMNDIMsNT)
7060. CALL DSCRT (M~,SMTSAM, CM. ZM1,NT)
7070a LHCnl
7080: LBDC.LPHC+NVC'INC
70902 CALL IS4U(ZMI,SM(LD(2)),NDIMNDIM,NRC,CM(LBDC))
7100. LCCuLBDC.NIC'NRC
7110: LDCaLCC+NPC*NNC
71203 LI :LDC.NPCONRC-LCC
7130. CALL FTNT (SM(LD(3)),CM(LCC)vL1,l)
71110a NODCa1
7150z L1:LI+LCC-1
7160w DO 10 IuLDC,L1
7170a IF(CM(I).2Q.0.) 00 TO 10
7180a NODC=0

S7190a 00 TO15
7200. 10 CONTINUE
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7210a 15 CALL MATLST(CM,NNC#NNC,OPHMO,KLIST)
7220a CALL MATLST(CM(LBDC), NNC, NRC, BDH",KLIST)
7230z CALL MATLST(CM(LCC), NPC, NNC, 'CM',KLIST)
72410a CALL MATLST(CM(LDC), NPC, NRC, "DM",KLIST)
7250a RETURNI7260=C END SUBROUTINE DSCRTC
7270c END
7280= SUBROUTINE STRTR(ND,LD,ITRU)
7290z COIION/DESIGN/NVCOM, TSAMP,LFLRPI, LFLC0?, LFL[F, LTEVALDLABORT

* 73002 CWUION/SYSMTX/NVSMsSM( 1)
73102 COmMON/ZMTI1 /NVZM,ZM 1 (1)
7320z COMMON/ZMTX2/ZM2( )
7330a COIOIN/NDIM/NND,NRD,NPD,NMD,NDD,NWD, NWDD,NPLD,NWP NWD, NNPR
73410z C0MM0I/NDIMT/NNT, NET, NMT, NW
7350z DIMENSION ND(1),D(1
7360a DATA N0/1HN/
7370z I?(ITRtU.EQ.0) 0O TO 5
73802 WRITE 103
7390. 103 FORMAT( MODIFY TRUTH MODEL (Y OR N) >w)
74100a READ 111,IANS
71110= 111 FORMAT(A)
74120z IF(IANS.EQ.NO) GO TO 20
74130z 5 CALL RSYS(SM,LD,ND,3tITIU)
74410z IF(LABORT.GT.0) RETURN
74150z NSIZExNNTONNT
71160= IF(NSIZE.LE.NVCOM) GO TO 8
71170it WRITE 101,NSIZEO71180z 101 FORMAT('OINSUFFICIENT MEMORY /MAIN1/,/MAIN2/,/ZMTX1/,/ZMTX2/, NEED
71190: 1: 0,12)
7500a LABORTzKSIZE
7510: RETURN
7520: 8 IF((NRT.EQ.NRD).AND.(NMT.EQ.NMD)) GO TO 10
7530= WRITE 102
75110: 102 PORMAT(OINPUTS AND MEASUREMENTS MUST BE EQUAL IN NUMBER FOR DESIG
7550x 1N AND TRUTH MODELS*)
7560a LABORTx-l
7570a RETURN
7580a 10 CALL POLES(SM,NNT,3#ZM1,ZM2)
7590a CALL DSCRTT(LD,ZM1)
7600x 20 LTEVALal
7610a RETURN
7620zC END SUBROUTINE STRTH
7630a END
76410a SUBROUTINE DSCRTT(LDZM1)
7650a COMMOI/MAIN1/NDIMNDIM1 ,COM1 (1)
7660. COM1ON/DESIGN/NVC0M, TSAMP, LFLRPI, LFLCGT, LFLKF, LTEVAL, LABOR?
7670x C0MM0N/SySMTX/NVSN,SM( 1)
7680a COHO/7ILES/KSAVE, [DATA, [PLOT, [LIST, [TERM
7690a COHMN/NDIMD/NND,NRD, NPD, NMD, NDD, NWD, NWDD, NPLD, NWPNWD, NNPR
7700x CO*ION/NDIMT/NNTD NRT, NMT, NWT
7710a C0OION/LOCTfLPHT, LBDT, LQDT, LHT, LRT, LTDD LTNT
7720a CO?10N/TRUMTX/NVTMTM( 1)
7730a DIMENSION LD(1),ZM1(1)
77110a NDIMaNNT
7750m NDIM1:NDIM4.1
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7760: CALL NDSCRT(SM,NDIHDNT)
7770x CALL DSCRT(NDI?4,SN,TSAJ4P,TM,ZHI ,NT)
7780: LPHTxl
7790: LBDT=LPHT.NNTONNT
7800z CALL I9UL(ZHI,SM(LD(2)),NDIM,NDIH,NRT,TK(LBDT))
7810x LQDTaLBDT.NNT*NRT

.j7820z IF(NWT.GT.0) GO TO 10
7830: LNT:LQDT
78310x 00 TO 15
7850: 10 CALL K*T3(NDINNTSM(LD(3)),pSM(LD(1)),ZN1)
7860z CALL INTEG(NDINDSMZM1DTN(LQDT) ,TSANP)
7870: LRT2LQDTeNTONT
7880z 15 LRTzLHTeNMT0NNT
7890x LTDT=LRT..NMTONMT
7900z LTNTzLTDT.NNDGNNT
7910: LluLTNTNDD*NNT-LHT
7920a CALL FTMT (SM(LD(5)),TM(LHT),L1,l)
7930x CALL KATLST(TM,NNTNNT, 'PIT,[LIST)
79410: CALL MLTLST(TK(LBDT), NET,lNT, BDT ,KLIST)

47950= IF(NWT.GT.0) CALL NATLST(TM(LQDT),NNT,NNT,QDT,KLIST)
7960a RETURN
7970xC END SUBROUTINE DSCRTT
7980a END
7990z SUBROUTINE PIHTX(IPI)
8000: COIHON/MAIN1/NDIM,NDIM1 ,COIEI(1)
8010: COMO/DESIGN/NVCOH, TSAHP,LFLRPILFLCGT, LFLICF, LTEVAL, LABORT
8020z COHON/F ILES/KSA YE, [DATA, [PLOT, [LIST, [TERN
80302 CoIIoN/ZNTX1/NVZ, ZN1(1)P803 00 COHMN/ZNTX2/ZM2( 1)
8050. COMHON/UDIMD/NND, NUD, NPD, NDNDD, NWD, NWDD, NPLDD NUPNUD, NNPR
8060x CONHON/LOCD/LAP,LGP,LPHI,LBD,LEX,LPHD, LQDLQN,LQD,LC,LDY,LEY,LHP, LR
8070a COENON/DSNNTX/NVDM, NODY, NOEY,DN( 1)
8080: COIION/LCNTRL/LPI1IILPI1211LPI21 ,LP122,LPHDL,LBDL
8090a C03<ION/CONTROL/NVCTL, CTL( 1)
8100: IF(IPI.EQ.1) RETURN
8110: VRITE(KLIST,110)
8120x 110 FORAT(////11X,5(00 *),CONTROLLER SET-UP,5(w 0")///)
8130x NDIMuNNPR
81310: NSIZEaNDIN (2§ND114iNPD)
8150: IF(NSIZE*LE.NVCTL) 0O TO 10
8160m WRITE 101,NSIZE
8170x 101 FORK&T('OINSUFFICIENT MEMORY /CONTROL/, NEED: 11,141)
818031 LABORTaNSIZE

d~.8190m RETURN
8200a 10 NDINI:NDIMe1
8210a LPI1I:1

*8220z LPI12*LPIIINNDGUND
8230a LP12luLPII2+NND*NRD
82410: LP122zLPI2I.NPD*NND
8250: LPHDLuLP122eNPDONRD
8260a CALL TFRMTX(DM(LPHI),ZM1,NND,NND,2)
8270m CALL SUBI(ZM1,NNDoNDIM)

4 *8280w L2:LADDR(NDIM,1,NND.1)
8290x CALL TFRNTX(DN(LBD),ZM1(L2),NND,NRD,2)
8300a L32LADDR(NDIM,NND,1,1)
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8310x CALL TFRMTX(DN(LC),ZM1(L3),NPD,NND2)
8320x L11:LADDR(NDIM,NND. NND.1)
8330z CALL TFRMTX(DM(LDY),ZM1(LI),NPD,NRD,2)
83410z CALL GMINV(NDIM,NDIM,ZM1,ZM2,MR,l)
8350a IF(MR.EQ.NDIM) GO TO 15
8360m WRITE 102
8370= WRITE(KLIST,102)
8380z 102 FORMAT(WOPI MATRIX IS RANK DEFECTIVE*M)
8390x 15 CALL MATLST(ZM2,NNPR,NNPR,wP1',KLIST)
81100= CALL TFRHTX(CTL(LPI1 1),ZM2,NND,NNDD 1)
84110z CALL TIRHTX(CTL(LP112),ZM2(L2),NND NRDD 1)
84120z CALL TFRMTX(CTL(LPI2I ),ZM2(L3),NPD,NND,1)
81130x CALL TFRHTX(CTL(LPI22) DZM2(L11),NPD,NRDD 1)
84410x CALL CDIF
84150a IPIsI
84160x RETURN
8170zC END SUBROUTINE PIMTX
84180a END
811902 SUBROUTINE CDIF
8500z COMMON/AIN/NDIM,NDIM1,COMI (1)
8510m CONMN/NDIHD/NND,NRDNPDNM,NDDNWD,NWDDNPLDNWPNWDNNPR
8520x COHON/LOCD/LAP,LGPLPHI,LBD,LEXLPHD,LQ,LQN,LQD,LCLDY,LEYLHP,LR
8530z COIION/DSNMTI/NVDM, NODY, NOEY,DM( 1)
85110a CONMN/LCNTRL/LPII I,LPII2,LPI21 DLP122,LPHDLLBDL
8550: COMMON/CONTROL/NVCTL,CTL( )

8560z CALLTFRMTX(DM(LPHI),CTL(LPHDL),NND,NND,2)
8570z L1=LADDR(NDIM, 1,NND.1 ).LPHDL-1.8580= CALL ZPART(CTL(L1),NND#NPD,NDIM)
8590z L1=LADDR(NDIM,NND.1, 1 )LPHDL-1
8600. CALL TFRMTX(DM(LC)CTL(L1),NPD,NND,2)
8610a LI.LADDR(NDIM,NND.1 .NND,1 ).LPHDL-1
8620: CALL IDNT(NRD,CTL(Ll),1.)

V86302 LBDLuLPURDL+NDIH'NDIM
86410z CALL TFRMTX (DMCLBD)D CTL(LBDL)D NNDD NRD, 2)
8650: L~xUADDR(NDIM,NND+1,1I)+LBDL-1
8660c CALL TFRMTX(DM(LDY) ,CTL(LI ),NPD,NRDI2)
8670. RETURN
8680=C END SUBROUTINE CDIF
8690s END
8700x SUBROUTINE SREGPI(IMPLIC)
8710= CONMN/MAINi INDIM, NDIM1 ,COM1 (1)
8720= COIEON/DESIGN/NVCOM, TSAMP, LFLRPILFLCGT, LFLKF, LTEVAL, LABORT
8730s COHON/FILES/KSAVE, KDATA, KPLOTD KLIST, ITERM

.487110: COHONSYSMTINVSMSM(l)
8750x COMMON/ZMTX1/NVZMZHI (1)
$760a COWWHN/ZMTX2/ZM2( 1)
8770s C0OU0N/NDIMD/NND, MUD, NPD. MMD, NDDDkND, NWDD,NPLD, NWPNWD, NNPR
8780s C0OI0N/LCNTRL/LPI1 1 LP112,LPI21 ,LP122,LPHDLLBDL
8790x COMMON/CONTROL/NVCTL, CTL( 1)
88002 COHON/LREGPI/LXDW,LUDW,LPHCL, LGCI,LGC2,LEL, LEE
8810= C0MM0N/CREGPI/NVRP1,RPI(l)
8820s COIION/LOCD/LAP,LGP,LPHI,LBD,LEX,LPHD,LQ,LQN,LQD,LC,LDY,LEY, LHP, LR
8830s CO!UON/DSNMTX/NVDM,NODY,NOEYDD(l)
88410s WRITE(KLIST,110)
8850s 110 FORMAT(////1IX,5(0* ")#REG/PI DESIGN'D5(w g")///)
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8860z NSIZExNRD* (5*NRD.2'NND).NNPR'NNPR
8870z IF(ISIZE.LE.NVRPI) GO TO 5

1. 8880x WRITE l0lDISIZE
8890a 101 FORMAT('OINSUFFICIENT MEMORY /CREGPI/, NEED: WD,14)

8900a 00TO 8

8920a IF(NSIZE.LB.NVSM) GO TO 10
8930a WRITE 102MUIZE

89410= 102 FORNAT(NOINSUFFICIENT MEMORY /SYSMTX/,, NEED: wp14)
89509 8 LABORTNSIZE
8960. RETURN
8970a 10 LIIl
89 80= LU: LX.NNPROUNPR
8990z CALL WXUS(SM(L),SM(LU),COMI,ZM,ZM2,INPLIC)
9000. LIJISTxLUNNPRONRD
9010. LPHP=LUIST4INPROMIPR
9020z CALL PXUP(CTL(LPHDL),CTL(LBDL),SM(LX),SM(LU),COM1,ZM2,
9030. 1 SM(LUIST),SM(LPHP)DSM(LX),ZKI)
90110= CALL DRIC(NDI:MSM(LPHP) ,ZM2,SM(LX) ,ZMI ,RPI(LPHCL))

*9050z CALL GCSTAR(SM(LPHP),CTL(LBDL),SM(LU),ZM1,SM(LUIST),SM(LX)DZM2)
9060z CALL TFRMffX(RPI(LGC1 ),SM(LX),NRDNDD 1)
9070. L3zLADDR(NDIM, 1,NND.1 ).LX-1
9080: CALL TFRMTX(RPI(LGC2),SM(L3),NRDNRDD 1)
90903 L~aLADDR(NNPR,NND,1 ,?ND,1)
9100= L2zLADDR(NNPR,1,NND.1)
9110: CALL Q'IINT(NRDNRD,ZM(LI),ZM(L2),MR,1)
9120m L1:LADDR(NNPRNIID+lp1)

S 9130z CALL MMUL(ZI(L2),ZM1(L)NRDNRDNND,ZMI)
91110. CALL MIUL(SM(L3)ZMDNRDNRD,NNDZM1(Ll))

*9150a CALL MADD1(NRDNND,SM(LX),ZM1(Ll),ZM1,-1.)
9160x CALL TFRNTX(RPI(LEL),ZM1,NRDNND,l)
9170a CALL F!'tUL(RPI(LEL),CTL(LPI12),NRD,NND,NRD,RPI(LEE))
9180. CALL FMADD(RPI(LEE),CTL(LP122),IRDNRDRPI(LEE))
9190. CALL MATLST(RPI(LGCI),NRD,NND,wGC1",KLIST)
9200: CALL N&TLST(RPI(LGCI),NRD,NND,"GC10,KTERM)
9210. CALL KATLST(RPI(LGC2),NRDNRD,"GC2",KLIST)
9220m CALL 14TLST(RPI(LGC2),NRD,NRD, "GC2*,KTERM)

*9230: CALL MATLST(RPI(LEE) ,NRD,NRDI NE',KLIST)
92410: IF(NODY*EQ.1)GO TO 15
9250a CALL nHML(RPI(LEE),DM(LDY),NRD,NRD,NRD,ZMI)

49260z CALL SUDI(ZM1,NRD,NRD)
9270a NR2:NRD*RNRD
9280z DO 12 I11N2

1'9290a 12 ZM1(I)*-ZM1(I)
9300m IDINIRD
9310a XDIM1*NDIM1l
9320a CALL GMINV(NRDNRDoZMIDZM2,MR,1)
9330a CALL FlHUL(ZM2,RPI(LEE)NRD,NRDNRDDZM1)
93110z CALL MATLST(ZM1 DIRD, NRD, "KP', KLIST)
9350s CALL r')*UL(ZM2,RPI(LGC2),NRD,NRD,NRD,ZMI)
9360s CALL MATLST(ZMI ,NRD, NRDD "KI',KLIST)

*9370a GO TO 20
9380. 15 VRITE(KLIST. 103)
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9390s 103 FORHAT(POKP :E AND KI zGC20)
91100. 20 CONTINUE

S94110z LFLRPIIl
94120a LFLCGTxO
94130x RETURN
91111zC END SUBROUTINE SREGPI
94150a END
94160= SUBROUTINE WXUS(XU,S*ZMI1,ZM2,IMPLIC)
94170z COHMON/1AN1/NDINDIM1,COM1(1)
91180. CONNONINAIN2/C0M2( )
94190x COHNON/DESIGN/NVCOM, TSAHP, LFLRPI,LFLCGT,LFLKF, LTEVAL, LABORT
9 500m C01ION/FILES/[SAYE, [DATA, [PLOT, [LIST, [TERN
9510z COMMON/SYSMTX/NVS,SM(1)
9520z COHON/NDIMD/NND, NED, NPD, NMD, NDD,NWD ,NWDD, NPLD, NWPNWD,~NNPR
95302 COMKhON/LOCD/LAP,LGP,LPHI,LBD, LEX,LPHD, LQ, LQN,LQD, LC, LDY, LEY,LHP, LR
95110m COHMON/DSNMTX/NVDM, NODY, NOEY, DH 1
9550a COI*ION/LCNTRL/LPI111,L?112,LPI21 ,LP122,LPHDL,LBDL
9560: COIION/CONTROL/NVCTL,CTLO )
9570. COM[I0N/LREGPI/LXDW, LUDW,LPHCL,LGC1 ,LGC2,LEL, LEE
9580z COMMON/CREGP I/NVRPI,RPI(l)
9590m DIME~NSION X(1),U(1),S(1),ZM1(1),ZM2(l)
9600= DATA NO/lHN/
9610a IF(IMPLIC.EQ.0) GO TO 2
9620z CALL IMPLEX(M1)
9630= 2 IF(LFLRPI) 5,5,10
96410= 5 LXDWul
9650z LUDWzLXDW.2*NRDONRD

S 9660z LPHCL=LUDW+NRD*NRD
9670x LGClzLPHCL.NNPRONNPR
9680x LGC2zLGC 1 NRD* END
9 690a LELxLGC2+NRD*NRD
9700= LEExLEL+NRD*NND
971 0z L1=LPHCL-1
9720= CALL ZPART(RPI,1,L1,l)
9730a 10 LUXxNRD*NRD.1
97410v WRITE 101,NPD
9750= 101 FORMAT( ENTER WEIGHTS ON OUTPUT DEVIATIONS: ",12)

*9760m CALL RQWGTS(RPI,NPDp0)
9770= WRITE 102,NRtD
9780: 102 FORKAT( ENTER WEIGHTS ON INTEGRAL OF REGULATION ERROR: ",12)
9790a CALL RQWGTS(HPI(LUX),NRD,1)
9800= WRITE 103oNRD
9810m 103 FORAT( EE WEIGHTS ON CONTROL MAGNITUDES: ",12)
9820= CALL RQWGTS(RPI(LUDW),NRD,1)
9830a CALL MATLST(RPIvNPD,NPD,Y,[LIST)
98410a CALL DVCTOR(NPDoRPI,ZM1)
9850s CALL MiTLST(ZM , NPD, 1,*'1",KTERM)
9860a CALL DVCTOR(NRD,RPI(LUX)vZMI)
9870x CALL MATLST(ZM1 ,NRD, 1, UQ',KTERM)

*98802 CALL MATLST(RPI(LUX) ,NRD, NUD, 'UQ",KLIST)
9890z NDIMxNNPR
9900. NDIMI=NDIM~1
99102 CALL FORMIU(RPI,RPI(LIJX),RPI(LUDW),DM(LC),DM(LDY),ZM2,ZN1,COK1)
9920a WRITE([TERM, 1011)
9930a 1011 FORNAT(OHMODIFY ELEMENTS OF 'X' MATRIX (Y OR N) >")
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ib~49941C& READ 111,IANS
9950z 111 FORMAT(A3)
9960a IF(IANS.EQ.NO) GO TO 20
9970a WRITE(KTERM9 105)
9980. 105 FORMAT(* LIST 'X' MATRIX TO TERMINAL (Y OR N) >w)
9990. READ 111,IANS
10000= IF(IANS.EQ.NO) GO TO 12
10010. CALL KATLST(ZM2,NNPR,NNPROXOCTERM)
10020a 12 CALL ZM&TIN(ZM2tflIPRINPR,-i)
10030. 20 CALL MiTLST(ZM2*NNPRNNPR*'X*,KLIST)
100110. CALL MATLST(RPI(LUDW) DERDNRDUMNPKLIST)
10050a CALL DVCTOR(NRDRPI(LUD),ZMI)
10060z CALL M&TLST(ZM1,NRD, 1,"UM',KTERM)
10070: IF(IMPLIC.EQ.0) GO TO 260
10080: CALL MODXU(ZM2vRPI(LUDU))
10090z 260 CONTINUE
10100Z TI:.254TSAMP
10110: CALL NBCALE(ZM1,ZM2,NDIM,NDIM,TI)
10120z CALL DIAG(NDIM,COM1,CTL(LPHDL), 1.91.)
10130z CALL MAT3A(NDIM,NDIM,COMI ZM1 ,X)
101410: CALL MAT3A(NRD,NDIM,CTL(LBDL),ZMI,U)
10150z CALL M&T11A(COM1 9ZM1 ,NDIM,NDIM,NDIM,ZM2)
10160a CALL IHUL(ZM2,CTL(LBDL),NDIM,NDIMNRDDS)
10170: T1..5TSAMP
10180: CALL MSCALE(COM2,COM2NNPR,NRD,TI)
10190m CALL M&T1A(COM1,CO2,NDIM,NDIMNRD,ZM1)
10200c CALL MADDI (NDIM,NRD,ZM1 ,S,S, 1.)

S 10210m CALL FTMUL(CTL(LDDL) DCOM2,NDIM, NRD, NRDCOMI)
10220z NRD2sNRD*NRD
10230z DO 25 I=1,NRD
102410z Ks(1-1)'NRD
10250z JKzK+LUDW
10260z DO 25 JzINRD2#NUD
10270x KwK.1
10280a COM2(K)zCOM1 (K).COM1 (J)eRPI(JK)@TSAMP
10290z 25 JKuJK,1
10300c CALL TFRMTX(COM2,ZM1,NRD,NRD,2)
10310:, CALL MADD1(NRD,NUD,U*ZM1,Uo1.)
10320: RETURN
103304C END SUBROUTINE UXUS
103410c END

410350: SUBROUTINE FORHXU(QY,RYoRU,C,D*X,Zl,Z2)
10360u CONMN/NDIMD/NND,NRD,NPD,NMD, NDD, NVDDNWDDNPLD, NWPNWD, NNPR
10370z COMMON/MAIN2/COM2(1)

N10380z DIMENSION QY(),RY(),C(),D(1),X(1),Z1(1),Z2(1)
10390. CALL ZPART(X,NUPRvNUPR,NNPR)
101100. CALL rTHL(CDQY,NPDoNUDNPDvZ1)
104110a CALL P1EUL(ZIC,NNDeNPDNND,Z2)
101120a CALL TFRMTX(Z2oX,NNDNNDo2)
101130z LIsLADDR(NNPRPNM+e1#NND.1)
10II110 CALL TFRMTX(IRY*X(L1) NRD,NRD,2)
101150a L2aLADDR(Ni. R.NND. , i)
104160s CALL ZPART(tvtq (L.e,NRD,NRD,NNPR)
101170a IF(NODY.EQ.0, 0O TO 5
101180a CALL ZPART(COM2,NNDtNRD,NNPR)
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104190z RETURN
10500c 5 CALL FNUL(Z1,DNND,NPD,NRD,Z2)
10510z CALL TFRMTX(Z2,COM2,NNDDNRD,2)

*10520z CALL FNMUL(QY,D,NPD,NPD,NRD,Zl)
10530a CALL FTMUL(D,ZI,NPD,NRDNRDZ2)
105410a CALL FMADD(Z2,RU,NRDNDRU)
10550z RETURN
10560zC END SUBROUTINE FORM4X
10570z END
10580z SUBROUTINE PXUP(PHIDL,BDEL,,U,S,BUIBT,UIST,PHIP,XP,ZM1)
10590z COMMON/MAINI /NDIM, NDIM1,~COMi (1)
10600: COMMO/NDIND/NNDD NRDD NPD, NMDD NDDDNWD, NWDD, NPLD, NWPNWD, NNPR
10610: DIMENSION PHIDL(),BDEL(),X(1)DU(1),S(1),BUIBT(),UIST(1),
10620z 1 PHIP(1)DZP(1),ZMI(1)

A10630= CALL EQUATB(PHIP,U,NRD,NRD)
106410= CALL GMINV(NRD,NRDPHIPZM1,MR,1)
10650z CALL MiT3 (NDIMD NRD,BDEL,ZMI ,BUIBT)
10660z CALL MAT5(ZMI,S,NRDNRD,NDIM,UIST)
10670a CALL ?3IUL(BDEL,UISTD NDIM,NRD,NDIM,ZM1)
10680z CALL MADDi (NDIM,NDIM,PHIDLZM1,PHIP,.. -)

*10690z CALL !4UL(S,UIST,NDIM,NRD,NDIM,ZM1)
10700= CALL MADDI(NDIM,NDIM,X,ZMI,XP,-1.)
10710: RETURN
1 0720=C END SUBROUTINE PXUP
10730= END
107410z SUBROUTINE GCSTAR(PHIP,BDEL,U,RK,UISTGCS,ZM1)
10750m COMMON/MAIN1/NDIM, NDIM1 ,COM1 (1)O 10760= COMMON/FILES/KSAVE, KDATAD KPLOT, [LIST, KTERM
10770: COMMO/NDIMD/NND,NRD,NPD,NMD,NDD,NWD,NWDD,NPLD,NWPNWD,NNPR
10780: DIMENSION PHIP(1),DDEL(l),U(1),RK(1),UIST(1),GCS(1),ZM1(1)
10790: CALL MAT3A(NRDINDIM,BDEL,RK,ZM1)
10800= CALL MADDI (NRD,NBD,ZM1,U,ZM1,1.)

*10810. CALL M9INV(NRD,NRD,ZM1,U,MRD1)
10820z CALL MAT5(UDDELNRD,NRDNDIMDZM1)
10830x CALL MiTi (ZM1,RK,NRDNDIM,NDIM,GCS)
108410: CALL Ig4UL(GCS,PHIP,NRD, NDIM,NDIMZM1)
10850a CALL MADDi (NRD,NDIM,ZM1,UISTGCS, 1.)
10860z WRITE(KLISTD 101)
10870a 101 FORMAT(POREG/PI GAIN MATRIX--GCSW/)
108802 CALL MATIO(GCSNRD,NDIM,3)
10890: RETURN

410900zC END SUBROUTINE GCSTAR
10910: END
10920z SUBROUTINE SCOT
10930. COMMON/DESIGN/NVCOM,TSAMP,LFLRPI, LFLCGT,LFLKF,LTEVALD LABORT
109410. CO*HN/FILES/KSA YE, KDATA, [PLOT, [LIST, [TERM

a, 10950. CONMON/ZI4TXI/NVZM,ZM1(1)
10960a COMHON/ZMTX2/ZM2 (1)
10970a COMM4ON/NDIMD/NND, NRD,NPD, NMD,NDD,lNWDa,NUDDI NPLD,NWPNWD, NNPR
10980a COMMON/NDIMC/NNC,NRC,NPC
10990= COMHON/CMDNTX/NVCM,NECM,NODC,CM(1)
11000. COHMON/LREGPI/LXDW,LUDW, LPHCL,LGC1 ,LGC2,LEL,LEE

Z. 11010: COMMON/CREOPI/NVRPI,RPI(l)
11020a COHMON/LCO;T/LA1 1,LA13,LA21 ,LA23,LA12,LA22,LELA11I,LELA12,LELA13
11030a COMMON/CCGT/NVCGT,CGT(1)
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1 10140c IFCNEWCM) 20,20,15
11050= 15 NSIZEz(NND.2*NPD)(NNCNRC+NDD)
11060= IF(NSIZE.LE.NVCGT) GO TO 16
11070= WRITE 106,NSIZE
11080: LABORT=NSIZE
110902 RETURN
11100c 16 IF(NND.GE.NNC) GO TO 17
11110Z WRITE 107
11120z GO TO 18
11130z 17 IF(NND.GE.NDD) GO TO 19
11140z WRITE 108
11150z 18 LABORTx-1
11160c RETURN

11170z 19 NEWCM-=0

1110: LA13xLA211NNDONNC
1120: LA1LA23e.NDONDD
11210z LA22:LA1+NNDNC
112240= LEA1LA2+NPDNRC

11250z LELAI2zLELA11+NPDONNC
11260= LELA13zLELA12.NPDRNRC
11270z CALL CGTA(CGT(LAI1),CGT(LAI3),CGT(LA21),CGT(LA23),CGT(LA12),
11280z 1 CGT(LA22),ZM1,ZM2)
11290z 20 CALL CGTKX(CGT(LA1I),CGT(LA13),CGT(LA21),CGT(LA23),CGT(LA12),
11300z 1 CGT(LA22),CGT(LELA11),CGT(LELA12),CGT(LELA13),RPICLEL))4 ~ 11310z LFLCGTa1
11320: 106 FORHAT("OINSUFFICIENT MEMORY /CCGT/, NEED: ",114)
11330= 107 FORMAT(OFEWER DESIGN MODEL THAN COMMAND MODEL STATES")
113410= 108 FORMAT(FEWER DESIGN MODEL THAN DISTURBANCE MODEL STATES")
11350: RETURN
11360=C END SUBROUTINE SCGT
11370z END
11380z SUBROUTINE CGTA(All,A13,A21,A23,Al2,A22,ZM1,ZM2)

.4 11390= COMMON/HAINi /NDIM, NDIM1 DCOMi (1)
11400c COMMON/FILES/KSAVE,KDATAKPLOTDKLISTKTERM
114110z COMMON/SYSmTX/NVSMSm(1)
111420= COMON/NDIND/NND, NRD, NPDI NMD,NDDDNWDD NWDDNPLD, NWPNWD, NNPR
11430= COMMON/LOCD/LAP,LGPLPHI,LBD,LEXLPHDLQ,LQN,LQDLC,LDY,LEY,LHP,LR
11440z. COMMON/DSNMTX/NVDM,NODYNOEYDM( 1)
114150z COMMON/NDIMC/NNC,NRC,NFC
11460: COMMON/LOCC/LPHCLBDC,LCC,LDC
11470z COMMON/CMDMTX/NVCM,NEWCM,NODC,CM( 1)
11480: COMMON/LCNTRL/LPI1 1,LPI12,LPI21 ,LP122,LPHDL,LBDL
11490= COMMON/CONTROL/NVCTL,CTL( 1)
11500z DIMENSION kll(l),A13(l),A21(l),A23(l),A12(l),A22(l),ZM1(1),ZM2(l)
11510z NDIM-NND
11520c NDIM1:NDIM.1
11530: CALL TFRMTX(CMDZM1,NNC,NNC,2)
115140c CALL SUBI(ZM1,NNC,NDIM)
11550z CALL FMMUL(CTL(LPI12),CM(LCC),NNDNRDNNCZM2)
11560z CALL MSCALE(ZM2,ZM2,NND,NNC,-1.)
11570: NBzMAXO(NDD,NNC)
11580: L2z1+NNDONND
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1 1590z L3zL2.NNDONB
11600z L4zL3,NNDONB

Al 11610z L5=L4I.NNDONND
S11620z L6aL5.NND*NND
*11630a NSIZEaL6.NPD*NNC-1

1164I0z IF(NSIZE.LE.NVSM) GO TO 1
11650z WRITE 102,NSIZE
11660z 102 FORHAT('INSUFFICIENT MEMORY /SYSMTX/, NEED: 0,14)
11670. LABORTzNSIZE
11680. RETURN
11690= 1 CALL AZBMXC(CTL(LPIll),NND,ZMl,NNC,ZM2,A11,SM,
11700: 1 31(L2),SM(L3),SM(LII)#SH(L5))
11710= CALL IHUL(A11,ZM1,NND,NNC,NNC,ZM2)
11720z CALL FtHUL(CTL(LP121),ZM2,NPD,NND,NNC,A21)
11730: CALL FMMUL(CTL(LP122),CM(LCC),NPD,NRD,NNC,SM(L6))
1174I0= CALL F1OIUL(AI1 ,CM(LBDC),NNDNNCNRC,SH)
11750a CALL PMMUL(CTL(LP111),SM,NND,NND,NRC,A12)
11760= CALL FNMUL(CTL(LPI21),SM,NPDDNND,NRCA22)
11770= IF(HODC.EQ.1) GO TO 2
11780z CALL FMMUL(CTL(LPI12),CH(LDC),NNDNRD,NRC,SM(L2))
11790: CALL FMADD(A12,SM(L2),NND,NRC,A12)
11800: CALL FMHUL(CTL(LP122),CM(LDC),NPD,NRD,NRCSM(L2))
11810: CALL FMADD(A22,SM(L2),NPD,NRCA22)
11820z 2 IF(NDD.EQ.0) GO TO 15
11830= CALL tMUL(CTL(LPII1),DM(LEX),NNDNND,NDDZM2)
118410z IF(NOEY.EQ.1) GO TO 5
11850= CALL FHUL(CTL(LP112),DM(LEY),NNDNRD,NDD,Z41)
11860= CALL KADD1(NND,NDD,ZM1,ZM2,ZM2,1.)W11870z 5 CALL TFRMTX(DM(LPHD),ZM1,NDDNDD,2)

'~1118802 CALL SUBI(ZM1,NDDNDIM)
11890= CALL AXBMXC(CTL(LPI11),NND,ZM1,NDD,ZM2,A13,SM,
11900: 1 SN(L2),SN(L3).SMi(LJI),SM(L5))
11910: CALL IH4UL(Al3,ZM1,NND,NDD,NDDoZM2)
11920: CALL MADD1(NND,NDDZM2,DM(LEX),ZM2,-1.)
11930z CALL FMMUL(CTL(LP121 ),ZM2,NPDNNDUINDDA23)
119410z 15 NDIMuNPD
11950= NDIM1zNDIH.1
11960m CALL MADD1(NPD,NNC,A21,SM(L6),A21,1.)

11970: IF(IOEY.EQ.1) GO TO 20
11980: CALL MMUL(CTL(LP122),DM(LEY),NPD,NRD,NDD,ZM1)
11990= CALL MADDI(NPD,NDD,A23,ZK1,A23,-1.)
12000: 20 CALL MATLST(A11,NND,NNC,wA11,#KLIST)
12010z CALL MATLST(A21,NPD,NNC,NA21",KLIST)
12020z CALL MATLST(A12,NND,NRC,OA12*vKLIST)
12030z CALL MATLST(A22oNPD. NRC, 'A22" ,KLIST)
120410a IF(NDD.GT.O) GO TO 25
12050z WRITECKLIST, 101)
12060a 101 FORMAT("OMATRICES A13 AND A23 ARE ZERO")

.~112070. RETURN
12080: 25 CALL MATLST(A13,NND,NDD,RA13"*KLIST)
12090z CALL MATLST(A23,NPDD NDDD "A23w,KLIST)
12100. RETURN

% low 12110aC END SUBROUTINE COTA
12120: END
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12130z SUBROUTINE AXBMXCCA,NA,B,NB,C,X,AU,BU,R,Z1 ,Z2)
121410z COIIION/MAIN1/NDIMNDIM1,COM1 (1)
12150: COMMON/FILES/KSAVE, KDATAD KPLOT,KLIST, KTERM
12160: DIMENSION A(1),B(1),C(1),X(l),AU(1),BU(1),R(1),ZI(1),Z2(1)
12170z DATA EMAX,ITMAX/1.E-6*3/
12180z CALL TRANS1(NA,A,Z1)
12190z CALL EIGEN(.nADzlZ2DZ2(NDIH1),AU, 1)
12200z CALL TRANS1(nA.com1Dzi)
12210z CALL EIGEN(NBDBZ2DZ2(NDIHI)DBUD1)
12220z CALL EQUATE(RDCDnNADN)
12230z ITz0
122410: 10 CALL KAT11A(AU,1D,NA, NB, Z2)
12250z CALL MAT1I(Z2, Bu, nNB,NmBR)
12260a CALL SLVSHR(ZlDNACOM1,NB,RNDIM)
12270: CALL MATII(R,BU,NA,NB,NB,Z2)
12280: CALL MAT1(AU,Z2,NA,NANBR)
12290z IF(IT.GT.0) GO TO 15
12300= CALL EQUATE(X,RNA,ND)

N:12310z GO TO 30
12320c 15 CALL MADD1(NA,NBX,RX,1.)
12330: CALL ENORM(R,N,NB,EN)
123410z IF(EN.LE.EMAX) RETURN
12350= IF(IT.LT.ITMAX) GO TO 30
12360: WRITE(KLISTg 101) EN
12370z WRITE(KTERM,101) EN
12380z 101 FORMAT("OSOLUTION ERROR FOR 'A'(CGT) AFTER 3 ITERATIONS z '91PE15.
12390z 17)

~ 124100z RETURN
12410z 30 CALL MAT1(A,x.NDNNBZ2)
124120: CALL KAT1(Z2,B,NANB,NBR)
124130: CALL MADD1(NA,NB,X,RRv-1.)

El 124410= CALL MADD1(NANBRC,R,1.)
124150m ITz1T.1
124160m GO TO 10
124170zC END SUBROUTINE AXBMXC
124180c END
124190z SUBROUTINE SLVSHR(A,NArB,NB,C,ND)
12500z COIMON/MAIN1/NDIM,NDIMI,COM1 (1)
12510z COMMON/INOU/KIN,KOUT,KPUNCH
12520: DIMENSION A(ND,1),B(ND,1),C(ND,1),V(16),W(1)
12530z Lzl
125410: 5 LKI:L-1

4.12550: DLa1
S.12560z IF(L.EQ.NB) GO TO 8
* 12570: IF(B(L4.1,L).NE.0.) DLx2

12580: 8 LLxLM1.DL
- .125902:z

412600z 10 KM1:K-1
12610a DKit1
12620. IF(K.EQ.NA) GO TO 12
12630-a IF(A(K,K+e.).NE.0.) DKz2
126410. 12 KKaKM1+DK
12650x AKKzA(K,K)

~.V12660x BLL.B(L,L)
12670s IF(DL.EQ.2) GO TO 35
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12680:. IF(DK.EQ.2) GO TO 20
12690z IF(L.EQ.1) GO TO 13
12700m C(K,L)zC(K,L)-AIKDOT3(LM1,C(K,1),B(1,L))

.~/ 12710c 13 IF(K.EQ.1) GO TO 18
12720z DO 15 Iz1,KMl
12730: 15 C(K,L):C(K,L)-A(K,I)'DOT3(L,C(I,1),B(1,L))
127410= 18 V(l):AKKOBLL-1.
12750: IF(V(1).EQ.0.) GO TO 99
12760= C(K,L)=C(K,L)/V(1)
12770: GO TO 95
12780: 20 IF(L.EQ.1) GO TO 22
12790: I1:K
12800: 12=KK
12810z 13zL124
12820c GO TO 241
12830m 22 IF(K.EQ.1) GO TO 30
128410: 11.1
12850: 12:K11

- ~ 12860z 13=L
412870: 241 DO 28 1:11,12

12880z V(1)xDOT3(I3,C(I,1)#B(1,L))
12890z C(K,L)=C(K,L)-A(KpI)*V(1)
12900: 28 C(KK,L)=C(KK,L)-A(KK,I)*V(l)
12910: IF(I1.EQ.K) GO TO 22

412920z 30 V(1)zAKKOBLL-1.
12930z V(2)zA(KK,K)OBLL
129110: V(3)=A(K,KK)ODLL

12960: V(5)x1./(V(1)*V(11)-V(2)*V(3))
12970z V(6).V(5)*(C(K,L)V(4)-V(3)'C(KK,L))
12980z C(KKL)zV(5)'(V(1)'C(KK,L)-V(2)'C(K,L))
12990x C(K,L).V(6)
13000a GO TO 95
13010. 35 IF(DK.EQ.2) GO TO 50
13020a IF(L.EQ.1) GO TO 38
13030a IlzK
130410m 12zK
13050.t 13zLM1
13060a GO TO 110
13070a 38 IF(K.EQ.1) GO TO 115
13080. 11.1
13090a 12xKM1
13100a I3xLL
13110. 410 DO 112 1.11,12
13120a C(K,L)zC(K,L)-A(K,I)*DOT3(I3,C(I,1),B(1,L))
13130. 412 C(K,LL)uC(KLL)-A(KI)*DOT3(I3,C(I,1),B(1,LL))
131410a IF(I1.EQ.C) GO TO 38
13150. 415 V(1)sAKK*DLL-1.
13160a V(2).hKKOB(L,LL)
13170x V(3)sAKKGB(LL,L)

13200a V(6)zV(5)*(C(JC,L)*V(11)-V(3)OC(KLL))
z 13210a C(K,LL)sV(5)*(V(1)*C(K,LL)-V(2)C(K,L))

132202 C(K,L)sV(6)
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13230s GOTO9

,. $. 132140s 50 IF(L.EQ.1) GO TO 55
13250a V(l)zDOT3(LMIC(K,1),B(1,L))
13260= V(2)nDO)T3(LIIC(KKI).B(1,L))
13270: V(3):DOT3(LH1,C(Kpl)#B(1DLL))
13280: V(4)zDOT3(LM1.C(KK,1).B(1,LL))
13290: C(KpL)zC(K.L)-AKKOV(1)-A(KKK)eV(2)
13300a C(KKDL)C(KK,L)-A(KK,K)V().A(KK,KK)eV(2)
13310m C(K,LL)C(K,LL)-AKKV(3).A(KKK)V(4)
13320:t C(KKLL)=C(KK,LL)A(KcDK)V(3).h(K,KK)V(s)

0013330: 55 IF(K.KQ.1) GO TO 65
133410s DO 60 IxlV41
13350: V(1)zDOT3(LL,C(I,1),B(1,L))

*13360: V(2)zDOT3(LL,C(I,1),B(1,LL))
13370: C(KL)zC(K,L)-A(K,I)OV(1)
13380: C(KK,L)zC(KKL)-A(KK,I)*V(l)
13390m C(K,LL)zC(K,LL)-A(K,I)OV(2)
134100z 60 C(KK,LL)xC(KKLL)-.A(KKI)*V(2)
131410= 65 V(1)=AKKOBLL-1.
131420: V(2)=A(KK9IC)OBLL
131430s V(3)=AKKOD(L,LL)
131440m V(4)=A(KKPK)OB(L,LL)
131450a V(5)=A(K,KK)OBLL
131460s V(6)=A(KK,KK)*BLL-1.
131470: V(7)=A(KPKIC)OB(L,LL)
131480: V(8)zA(KKKK)*B(L,LL)' ~ 131490x V(9)zAKK*B(LLPL)
13500s V(10)uA(KKPK)*B(LL,L)
13510z V(11):AIK'B(LLLL)-l.
13520: V(12)zA(KK,K)OB(LL,LL)
13530: V(13)zA(KKK)OB(LL,L)
135140: V(14)zA(KKPKK)*B(LL,L)
13550x V(15).A(K,KK)OB(LL,LL)
13560: V(16)zA(KK,KK)OB(LLPLL)-1.
13570: W(1)=C(K,L)
13580z W(2):C(KKPL)
13590: W(3)zC(KLL)
13600z W(14)=C(KK,LL)
13610. NDS:.NDIM
13620m NDI4
13630= NDII41uNDIM4..H 136140m CALL DOOLIT(14,V,W,1,ISG)
13650: NDIH.NDS
13660z NDIM1NDI.,.
13670: 95 KsK.DK
13680: IF(K.LE.NA) GO TO 10
13690z L:LDL
13700a IF(L.LE.NB) GO TO 5
1371;z RETURN SLSH
13720x 99 WRITE(KOUT,101)
13730z RETURN
137410z 101 FORMAT('0'' ERROR IN CGT SOLUTION: A11->A23")
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13770m SUBROUTINE ENORM(ANRD NC,ENR4)
S 13780. COMHON/MhIN1 /NDIM, NDIMI ,COMI (1)

j 13790z DIMENSION A(M
13800m ENRMzO.
13810s NE.NC*NDIM
13820:. DO 10 I.1,NR
13830a DO 10 JzI,NE#NDI4

N138410v 10 ENRMzENRMg.A(J)*A(J)
13850a ENRNSQRT(ENRM)
13860a RETURN
13870mC END SUBROUTINE ENORM
13880s END
13890a SUBROUTINE CGTKX(All,A13,A21,A23,A12,A22,RELAII,RELA12,RELA13,REL)
13900s COiHON/MAINi INDIE, NDIM1, COMi (1)
13910a COUON/FILES/KSAVE, [DATA, KPLOTD [LIST, [TERM
13920a COHONINDIHD/NND, NRD, NPD, NMDDNDDDFND, NVDDD NPLD, NWPNWDD NNPR
13930a COHMON/NDIMC/NNC, NRCNPC
139110: DIMENSION A1l(l),A13(l),A2l (l)*A23(l),A12(l),A22(l),
13950s 1 RELAI1(1),RELAI2(1),RELAI3(1),REL(1)
13960a FDIMxNRD
13970. NDIMlaNDIM1
13980s CALL FIU(REL,A11,NRD,NNDNNC,RELA11)
13990m CALL MADD1(NRD,NNC,RELAI1,A21,RELA11,1.)
111000: CALL MATLST(RELAI 1,NRD,NNC,OKXHN,KLIST)
14010. CALL M&TLST(RELAI1,NRDNNCOKXMO,KTERM)
14020a CALL FNIUL(RELtA12,NRDoNND,NRCRELA12)
111030s CALL MADD1(NRD,NRC,RELA12,A22,RELAI2,1.)
1101102 CALL MATLST(RELA12,NRDD NRC, "IXU'1KLIST)

IF 11050: CALL MATLST(RELA12,NRD, NRC, KXUP,KTERM)
111060x IF(NDD.LT.1) RETURN
14070a CALL FIIUL(REL,A13,NRD,NND,NDD,RELA13)
111080: CALL MADDI(NRDNDD,RELA13,A23,RELA13,1.)
1090: CALL MATLST(RELA13,NRD,NDD,'KXNr,KLIST)
1100: CALL MATLST(RELA13,NRD,NDD,"KXN",[TERM)
1110. RETURN
1111204C END SUBROUTINE CGTKX
141130x END
14140a SUBROUTINE CEVAL
141150a COMHON/MkIN1/NDIM, FDIMi ,COMI (1)
141160x CONMON/INOU/KIN, KOUT,ICPUNCH
141170z CO.ION/DESIGN/NVCOK,TSAMP,L.FLRPI,LFLCGT,LFLKF,LTEVAL,LABORT
14180. COMEON/FILES/KSA YEKDATA,KPLOT, [LIST, [TERM
111190. COI9AONISySMTXINVSMSM(1)
141200a COIION/ZHTX1/NVZM,ZM1(1)
141210a COMMONIZMTX2/ZM2(1)
14220. COION/NDIMD/NND,NRD,NPD, NMD,NDD,NWD,NWDD,NPLD,NWPNWD, NNPR

11230a COMMON/ND IMC/NNC, NRC, NPC
142110a COMHO/LREPI/LXDV, LUDW,LPIICL, LGCI1,LGC2,LEL, LEE
11250z CONMON/CREGPI/NVRPIRPI(1)
11260: DIMENSION NPLOT(2),NVPLOT(O),NS(6),LSCL(2),ITITLE(5)
111270z DATA NO/1HN/
1412802 WRITE([LIST, 110)

* *' 111290. 110 FORMAT(////11X,5(mf "),"CONTROLLER EVALUATION",5(w 0")////)
111300z IPOLEx1
14310. 10 NVOUTzNRD+NPD.1
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141320= IF(LI'LCG;T) 17,17,15
141330. 15 WRITE 106
111340z READOOIUHVUH
141350a IF(IIJM.LT.1) GO TO 70
141360z IF(IIJH.GT.tIC) GO TO 15
111370. NVOUTzNVOUTNPC
141380a IpuNEC
111390a 00 TO 18
111100. 17 IF(IPOLB.EQ.1) CALL POLES(RPI(LPHCL),NNPR11,ZMI,ZM2)
141110m Npa0
111120. 18 CALL VOUTIC(SM,NVPLOT,NPLOT,NVOUT,LSCL)
141130a IP(NVOUT.EQ.O) GO TO 70
1111110. 20 WRITE 108
141150a READGTEND

*I'4144160z IF(TEND) 20,20,25
111170. 25 LVXO.NVOUT.1
144180m LXOzLVXO+NVOUT
111190: LX1:LXO+NPLD
111500. LXMO:LxI+NPLD
141510: LXMlxLXMO.NP
141520m NPzLXM1+NP

S111530. DO 26 I:LVXO,NP
145110x 26 SM(I)z0.
141550. CALL CTRESP(SM(LVXO),SM,SM(LXO),SM(LX1),SM(LXMO),SM(L141),
141560x 1 ZMI,NVOUTTEND,IUMVUM,NST)
111570:e WRITE(KCTERM, 101)
141580x READ(KIN,102) ITITLEC4' 111590= Mz50*NST
141600x DO 110 1:1,2
141610c NS(1)21
141620x DO 28 .1.2,6
111630x 28 NS(J)xNs(.1-1)+51
1116110z NP2NPLOT(I)
111650: IF(HP.EQ.0) GO TO 110
141660. mpp1.Np.1

S111670x REWIND KPLOT
111680. NSV=5*I-1
111690. CALL RPLOTP(ZN1,NVOUT,IERI)
111700. CALL STRPLT(SM,Z141,NS,NVPLOT(NSV).NP,NVOUT)
111710m DO 35 JxIDM
111720a CALL RPLOTP(ZM1,NVOUT,IERR)
141730z IF(IERB.EQ.1) GO TO 110
1117110: IF(OD(J,NST).NE.O) GO TO 35
111750z DO 30 Kx1,NPP1
111760. 30 US(K)xNS(K)+1
111770a CALL STRPLT(SM,ZM1DNS,NVPLOT(NSV),NP,NVOUT)
111780x 35 CONTINUE
111790z CALL PLOTLP(51,NP,SK,LSCL(I)D,0,,KTERMITITLE)
1118002 110 CONTINUE
111810m NVNVOUT-1
141820a K.NV/5
111830z NEx5*M

.~' 1118110. IF(M.EQ.O) GO TO 56
111850x DO 55 I.1,NE*5
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14870a DO 42 Jz2,6

.*141890= REWIND [PLOT
141900, NVS.I-I
141910. DO 115 J1l,5
141920z 415 NVPLOT(J)zNVS+J
141930= DO 50 Jx.1l01
1119110a CALL RPLOTF(ZM1,NVOUT,IERR)
141950a IF(XERR.EQ.1) GO TO 55
141960a CALL STRPLT(SM,ZM1 ,NS,NVPLOT,5,NVOUT)
141970z DO 418 Ka1,6
141980a 118 NS([)xNS(K).1I111990. 50 CONTINUE
15000. CALL PLOTLP(101,5,SM,1,1,1,[LIST,ITITLE)

15010. 55 CONTINUE
15020a 56 NVMxNVM-NE
15030: IF(NVM.LT.1) GO TO 70
150410z NPP1:NVM...
15050. NS(1).
15060. DO 57 1:2,6
15070. 57 NS(I)=NS(I-1).101
15080a DO 58 I.1,NHVM
15090z 58 NVPLOT(I):NE.I
15100a REWIND [PLOT
15110z DO 65 Iz1,101
15120. CALL RPLOTF(ZM1,NVOUT,IERR)
15130z IF(IERR.EQ.1) GO TO 70
151110a CALL STRPLT(SM,ZM1DNS,NVPLOTNVM,NVOUT)O 5150: DO 60 Jx1,NPP1
15160: 60 US(J)xNS(J).1
15170a 65 CONTINUE
15180z CALL PLOTLP(101,NVM,SM,1,1,1,KLIST,ITITLE)
15190: 70 WRITE 1011
15200x READ 111,IANS
15210a IF(IANS.EQ.NO) RETURN
15220= IPOLEzO
15230: GO TO 10
152110. 101 FORMAT( *",10(w-w),w ENTER TITLE IN GIVEN FIELD ,0"',./
15250a 102 FORMAT(5A10)
15260a 1041 FORKAT("OMORE TIME RESPONSE RUNS (Y OR N) >*)
15270a 106 FORMAT(OENTER MODEL INPUT AND STEP VALUE : 1 >")
15280. 108 FORMAT( ENTER TIME DURATION FOR RESPONSE, IN SECONDS >")
15290a III FORMAT(A)
1 5300=C END SUBROUTINE CEVAL
15310: END
15320a SUBROUTINE VOUTIC(VIC, NVPLOT, NPLOT, IVOUT, LSCL)
15330: COHMON/DESIGN/NVCOM, TSAMP, LFLRPI, LFLCGT,LFLKF,LTEVAL, LABORT
153110: COM'DON/FILES/KSAVE, [DATA, [PLOT, [LIST, [TERM
15350z COMMON/NDIMD/NND, NRD, NPD,NMD,NDD,NWD,NWDD,NPLD, NWPNWD, NNPR
15360z COHMON/NDIMC/NNC, NRC, NPC
15370. COMON/NDIT/NNT,NRT,NMT,NWT
15380s DIMENSION NPLOT(1),NVPLOT(1),VIC(1),IOUT(5),LSCL(2)
15390x DATA IOUT/IIIX, IHY, 1HU, IHM, IHD/

41.154100. IF(LTEVAL) 2,2,5
15J410a 2 NVSxNND
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15420a NV=NPLD
15130. GO TO 8

.'.- 15440a 5 NV=NNTr : 15450a NVS.NV

15160. 8 NVOUTaNVOUT+NV
151170. DO 9 Iz1,NVOUT
15480a 9 VIC(I)-0.
15190z NVUaNV+NPD
15500= NVMHNVU+NRD
15510. 10 WRITE 101,NVS
15520a 101 FORMAT(MOENTER STATE AND IC VALUE (0/ TERMINATES): ",12," >w)
15530x 12 READ*,IV,V
15540a IF(IV.LT.1) GO TO 15
15550. IF(IV.GT.NVS) GO TO 10
15560a VIC(IV),V
15570z GO TO 12
15580a 15 IF((LFLCT.LT.1).OR.(LTEVAL.EQ.1).OR.(NDD.LT.1)) GO TO 25
15590a LD1=
15600a 18 WRITE 102,NDD
15610m 102 FORMAT( ENTER DISTURBANCE IC VALUE (0/ TERMINATES): ",12," >")
15620. 20 READ0, IVV
15630: IF(IV.LT.1) GO TO 26
15640z IF(IV.GT.NDD) GO TO 18
15650: VIC(NND IV)=V
15660: GO TO 20
15670. 25 LD20
15680. 26 WRITE 103
15690x 103 FORMAT(" 2 PLOTS OF 5 VARIABLES MAY BE PRINTED AT THE TERMINAL --

15700m ISPECIFY NUMBER FOR EACH (Nl,N2) >w)
15710. READ , NPLOT(1),NPLOT(2)
15720z IF(NPLOT(1).GT.5) NPLOT(1)-5
15730z IF(NPLOT(2).GT.5) NPLOT(2)s5
1570x IF((NPLOT(1).GT.0).OR.(NPLOT(2).GT.O)) GO TO 27
15750a NVOUTz0
15760. RETURN
15770. 27 WRITE 10
15780z 10 FORMAT( ENTER OUTPUTS BY TYPE AND INDEX IN 2 ENTRIES-TYPES ARE"/
15790: 1 " STATE : 'IX"/" OUTPUT : ,Y"O/" INPUT : 'U'")
15800: IF(LFLCGT) 30ol0,28
15810z 28 WRITE 105
15820. 105 FORAT( MODEL : 'M"')
15830: IF(LD.EQ.1) WRITE 106
15810z 106 FORAT(" DISTURBANCE : 'D'W)
15850, 30 DO 10 I:1,2
15860z NC.NPLOT(I)
15870. IF(NC.LT.1) GO TO 10
15880. LSCL(I)=I
15890a NS"S*(I-1)
15900: WRITE 107,1
15910. 107 FORMAT(OPLOT ",I2)
15920a DO 39 J.1,NC
15930x NSPNS.J
15910a 31 WRITE 108,J
15950. 108 FORMAT( OUTPUT ",12," >")
15960. READ 111,IV
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15970. WRITE 113
15980a 113 FORMAT(11X,0>")

, 15990x READflIO
16000: IF(IV.NE.IOUT(l)) GO TO 32
16010. IF(IO.GT.NVS) GO TO 38
16020z NVPLOT(NSP)=IO
16030z GO TO 39
160402 32 IF(IV.NE.IOUT(2)) GO TO 321
16050z IF(IO.GT.NPD) GO TO 38
16060z NVPLOT(NSP)=NV.IO
16070= GO TO 39
16080: 321 IF(IV.NE.IOUT(3)) GO TO 33
16090= IF(IO.GT.NRD) GO TO 38
16100: NVPLOT(NSP)zNVU+IO
16110= GO TO 39
16120z 33 IF(LFLCGT.LT.1) GO TO 31
16130z IF(IV.NE.IOUT(4)) GO TO 34
161140x IF(IO.GT.NPC) GO TO 38
16150z NVPLOT(NSP).NVM+IO
16160a LSCL.I)z-1
16170. GO TO 39
16180. 34 IF(LD.NE.1) GO TO 31
16190z IF(IV.NE.IOUT(5)) GO TO 31
16200x IF(IO.GT.NDD) GO TO 38
16210m NVPLOT(NSP)zNVS IO
16220a GO TO 39
162302 38 WRITE 109

O 162a0 109 FORMAT( INDEX TOO LARGE")
16250= GO TO 31
16260. 39 CONTINUE
16270z 40 CONTINUE
16280= NV sIsNVOUT-1
16290. NP.O
16300= DO 50 I=INVM1
163102 HNMOD((I-1),5)+
16320z IF(M.GT.1) GO TO 41.:16330z NPZNP I
16340x WRITE(KLIST,110) NP
16350= 110 FORMAT(wOPLOT ,12)
16360. 41 IF(I.GT.NVS) GO TO 42
163702 IVzIOUT(I)
16380a IOI
163902 GO TO 45
16400= 42 IF(I.GT.NV) GO TO 43
16410a IV=IOUT(5)

' 16120x IOI-VS
16130a GO TO 45
16440. 13 IF(I.GT.NVU) GO TO 441
16150s IVmIOUT(2)
16460a IOZI-NV
16470a GO TO 45
16180= 441 IF(I.GT.NVM) GO TO 44
16190a IVxIOUT(3)

,, 16500a 10.1-NYU
16510a GO TO 45
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16520a 144 IVzIOUT(4)
16530z IO.I-NVM

~ ~ 165410z 45 WRITE(JCLIST#112) MjpIVIO

16550. 50 CONTINUE

16570: 111 FORMAT(AI)
16580z 112 FORMAT( OUTPUT 0,12,0: ",A1,12)
16o5904i. END SUBRUINEi VOUTIC
16600a END
16610x SUBROUTINE CTRESP(VXOVX1IOXlXMOXMIZHI,NVOUTTENDIUMVUM,
16620z 1 NST)
16630. COMMON/DESIGN/NVCOM, TSAMP, LFLRPI,LPLCGT, LFLKFD LTEVALD LABORT
166410. COI'IN/FILES/KSAVE, [DATA, [PLOT, [LIST, [TERM
16650. COOION/NDIMD/NND, ND, NPD, NMD ,NDD,NlADDNWDD, NPLD, NWPNWD, NNPRJ16660a COIION/LOCD/LAP,LGP,LPHI,LBD,LEX,LPHD,LQ,LQN,LQD,LC,LDY,LEY,LHP,LR
16670x COMHON/DSNMTX/NVDM, NOD!, NOEY, DM( 1)
16680. COIION/NDIMC/NNC, NRC, NPC
1 6690z COHHON/LOCC/LPHCDLBDC ,LCC, LDC
16700z COt6IN/CN4DMTX/NVCM,NEWCM,NODC,CM( 1)

* 16710z CO1OEON/LOCT/LPHT, LDDTDLQDTD LHT, LRT,LTDT, LTNT
16720x COHAIN/TRUMTX/NVTM, TM( 1)
16730z COMMON/LREGPI/LXDW,LJDW,LPHCLD LGC1 ,LGC2,LEL, LEE
167410x COMMON/CREGPI/NVRPI,RP1)
16750. DIMENSION VXO(1),VI1(1),XO(1),X1(1),XMO(1),XMI(l),ZM1(1)
16760a NSTPO.01'TEND/TSAHP+.5
16770.c NST:2
16780. IF(KSTPO.GE.1) 0O TO 101690. NSTPOx1
16800. NSTa1
16810a 1 NSTEPSslOOGNSTPO
16820. IF(LFLCGT.EQ.0) GO TO 2
16830a LMOwNVOUT-NPC
168110. IF(NDD.EQ.0) GO TO 14
16850a LDCGT.1
16860z GO TO 5
16870. 2 LMOuNTOUT
16880z 14 LDCGTz0
16890. 5 LUzLMO-NRD
16900a LSOzLU-NPD
16910z NVXzLSO-1
16920.t IF(LTEVAL)6,6*10
16930. 6 DO 7 Im1,NVX
169140a 7 Xl (I)X1 l(I)
16950. GO TO 12
16960. 10 CALL XFDT(V11,X1,LDCG;T)
16970. 12 NNP1.NN~e
16980z REWIND KPLOT
16990a CALL YDSN(XlV'X1(LU),DM(LC),DM(LDY),LDCGTVXI(LSO))
17000a IF(LI'LCGT.EQ.1) CALL YCMD(XM1,IUM,VUM,CM(LCC),CM(LDC),
17010x I VX1(LMO))
17020a CALL VPLOTF(VX1,NVOUT)
17030x DO 100 ITz1,NSTEPS
170410a CALL URPI(RPI(LGCl),RPI(LGC2),DM(LC),DM(LDY),X0,Xl,VXO(LU),
17050a 1 VX1(LU))
17060z IF(LFLCGT) 20,20,15
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17070a 15 CALL UCGT(VXO(LU),VX1(LU),XM0DXMI,XO(NNDPl)DZM1,IUM,VUMIT)
17080= CALL CUPDAT(XHOXM1,IUMVUM)

S17090z 20 CALL FTMTX(VX1(LU),VXO(LU),NRDj1)
17100= CALL FTMTX(X1,X0,NPLD,l)
17110: IF(LTEVAL) 25,25,30
17120z 25 CALL DUPDAT(DH(LPHI),DM(LBD),D4(LPHD),Dt4(LEX),XO,X1,

Is: ~ 17130= 1 VX1,VXO(LU),LDCGTNNDP1)
17140z GO TO 35
17150. 30 CALL TUPDAT(TM(LPHT),TM(LBDT),VXO,VX1,VXO(LU))
17160x CALL XFDT(VX1X1,LDCGT)
17170a 35 IF(MOD(IT,NSTPO).NE.0) GO TO 100II17180c VX1 (NVOUT)=TSAMPOFLOAT(IT)

- - 1190= CALL YDSN(XlVXI(LU),DN(LC),D4(LDY),LDCG;T,VXICLSO))
17200: IP(LFLCGT.EQ.1) CALL YCMD(XM1,IUM,VUM,CM(LCC),CM(LDC),
17210z 1 Vx1(LMO))
17220:- CALL WPLOTF(VX1,NVOUT)
17230z 100 CONTINUE
17240z ENDF'ILE ICPLOT
17250: RETURN
17260=C END SUBROUTINE CTRESP

17270: ENDOUIN DUPDAT(PHIBD,PHID,EX,XO,X1,VXI,UO,LDCGTNNDPI)
17290z COMflON/M&IN1 /NDIM, NDIM1,COK1 (1)
17300: CONMN/NDIMD/NND, NRD, NPD,NM, NDD,NlWD, NWDD, NPLD, NWPNUD, NNPR
17310: DIMENSION PHI(l),BD(l),PHID(1),EX(1),XO(1),X1(1),VX1(1),UO(1)
17320z NDIHzNND

A17330: NDIH1=NDIM+1
17340z CALL FNUL(BD,U,NND,NRD,1,Xl)

~ 17350z CALL HMULS(PHI,XO,NND,NND,1,X1)
17360x IP(LDCGT.EQ.O) GO TO 10
17370. CALL F)4UL(PHID,XO(NNDP1),NDD,NDD,1,Xl(NNDP1))
17380z CALL M4ULS(EX,X1(NNDP1),NND,NDD,1,Xl)
17390: 10 CALL FTHTX(X1,vx1,NPLD,l)

* 174100a RETURN
171110.C END SUBROUTINE DUPDAT
174120. END
174130= SUBROUTINE CUPDAT(XMO, XM1,IUH, VUM)
174410z COHNON/MAINl/NDIM,NDI1,COt1(l)
171150: CONMON/NDIMC/NNC, NRC, NPC
174160a CONMON/LOCC/LPHC, LBDC ,LCC, LDC
174170z COMMO/CMDMTX/NVCM, NEWCKD NODCD CM( 1)
171180z DIMENSION XMO(1),XM1(1)
171190z NDIM.NNC

fz17500. NDIM.ND144.
17510: CALL FTMTX(XM,XMO,NNC,1)
17520. L1.LADDR(NNC, 1,IUM)*LBDC-1
17530a CALL VSCALE(XM1.CK(L1 ),NNC,VUM)

* 175410a CALL NMULS(CM(LPHC) ,XMONNCD NNC, 1,X141)
17550x RETURN
17560zC END SUBROUTINE CUPDAT
17570. END
17580a SUBROUTINE TUPDAT(PHIBDVXOVX1 ,UO)
17590. CONMON/MAIN1/NDIMNDIM1,COM1C1)
17600a COMION/NDIMT/NNT,NRT,NMT,NWT
17610. DIMENSION PHI(1),BD(l),VXO(1),VX1(1),UO(1)
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17620a:DM2N

176410a CALL FTl4TX(VXI,VXO,NNT,1)

17650z CALL FMML(BDUOD.NNTDNRT,1,VX1)
17660x CALL NNULS(PHI,VXO,NNT,NNT, 1,VXI)

176x END SUBROUTINE TUPDAT

17690. END

1770a OMO/NDND/NDRDPDMDNDDNUD, NWDD, NPLDD NWPNWDD NNPR

17720z COMHON/NDIMT/NNT, NiT, NMT, NUT
17730z COMO/LOCT/LPHT, LBDT,LQDT, LHTDLRT,LTDTLTNT
177110z COHNON/TRUMTX/NVTM,TM(1)
17750a DIMENSION V(1),X(l)
17760. CALL FMML(TM(LTDT),V,NND,NNT,1,X)
17770z IF(LDCGT.EQ.0) RETURN
17780z CALL FMUL(TM(LTNT),V,NDD,NNT,1,X(NND.1))
17790z RETURN
17800.C END SUBROUTINE IFDT
17810z END
17820= SUBROUTINE URPI(RGC1,RGC2,C,DY,XO,Xl,UO,Ul)
17830m COMMON/MAIN1/NDIM,NDIMl,COM1 Ci)
178110= COMI4ON/NDIND/NND, NRD, NPD,NHD,NDDD MUD, NWDD,NPLD, NWPNUD,NNPR
17850x DIMENSION RGC1(1),RGC2(1),C(l),DY(1),XO(1),11 (l),UO(1),Ul(1)
17860= CALL YDSN(XO,UO,C,DY,O,Ul)

17870= 10 CALL VSCALE(U1,U1,NRD,-1.)
17880= CALL MMULS(RGC2,UINRD,NRD,I,UO)
17890c DO 12 Izl,NPLD

tW17900z 12 XO(I)xXO(I)-Z1 (I)
17910z CALL FMNUL(RGC1,XO,NRD,NND,1,U1)
17920z CALL VADD(NRD,1.,U1,UO)
17930: RETURN
179J40:C END SUBROUTINE IJRPI
17950: END

17960: SUBROUTINE lCGT(U~oUl,XMO,XM1,DDIF,ZM1,IUM,VUM,IT)
17970-c CONHON/MAINi /NDIM, NDIM1 ,COM1 (1)
17980z COHMN/NDIMD/NND, KiD, NPD,NMD, NDD, MUD, NWDD,NPLD,NWPNWD, NNPR
17990z COMMON/NDIHC/NNC,R,NPC
18000= CONMON/LOCC/LPHC, LBDC, LCC, LDC
18010,2 COHMN/CMDMTX/NVCHNEUCM,NODC,CM( 1)
18020a COHMN/LREGPI/LXDW,LUDW,LPHCL,LGC1 ,LGC2,LEL, LEE
18030z COHMON/CREGPI/NVRPI,RPI( 1)
180410: COM4N/LCGT/LA11,LA13,LA21,LA23,LA12,LA22,LELA11,LELA12,LELA13
18050z CONMON/CCGT/NVCGT,CGT( 1)
18060: DIMENSION UO(1),U1(1),XMO(1),XM1(1),DDIF(1),ZM1(l)

* .18070z CALL YCMD(XMO,IUM,VUM,CM(LCC),CM(LDC),UO)
18080. IF(IT.GT.1) 00 TO 10
18090z IaLELA12+LADDR(NPD, 1,IUM)-1
18100= CALL MADD1(NPD,1,U1,CGT(I),U1,VUM)
181102 10 CALL !EULS(RPI(LGC2),UO,NDIM,NDIM,1,Ul)
18120z DO 12 Ix1,NNC
181302 12 XMO(I):zM1(I)-XMO(I)
lfii40z CALL F'ML(CGT(LELA11),XMO,NPD,NNC,1,UO)
18150= CALL VADD(NDIM,1.,UlU0)
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18160. IF(NDD.EQ.0) RETURN
18170x DO 14i IzI,NDD
18180z 141 DDIF(I).-DDIF(I)
18190m CALL MMULS(CGT(LELA13),DDIF,NPD,NDD,1,U1)
18200. RETURN
182lOxC END SUBROUTINE UCOT
18220z END
18230x SUBROUTINE !DSN(X,UCDLDCGT,Y)
182'I0. CONMON/MAINI /NDIM, NDIM1 ,COM1 (1)
18250a COHMON/NDIMD/NND, NED, NPD, N4D ,NDD, NUDDNWDD, NPLD, NWPNWD, NNPR
18260. COMO/LOCD/LAP,LGP,LPHI,LBD,LEX,LPHD,LQ,LQN,LQD,LC,LDY,LEY,LHP,LR
18270z CONKON/DSNHTX/NVDM. NODY, MOE!,DM( 1)
18280z DIMENSION X(l),U(1),C(1),D(1)DY(1)
18290z NDIMzNPD
18300. NDIM1:NDIMI..
18310z CALL FMHUL(C,X,NPD,NND,1,Y)
18320m IF(MODY.EQ.1) GO TO 10

- 18330= CALL I44LS(D,U,NPD,NRDtl,Y)
183410= 10 IF((LDCGT.EQ.O).OR.(NOEY.EQ.1)) RETURN
18350. CALL IHULS(DM(LEY),X(NND.1),NPD,NDD,1,Y)
18360= RETURN
1 8370cC END SUBROUTINE YDSN
18380z END
18390m SUBROUTINE YCMD(X,IU,VU,C,DY)
181100. COMMON/MAINi /NDIH, NDIM1 ,COM1 (1)
184110. COMMON/NDIMC/NNC, NRC, NPC
181120x COMNON/CMDTX/NVCM,NEVCM,NODC,CM( 1)
184130x DIMENSION X(1),C(1)pD(1),Y(1)
184410x NDIMzNPC
184150. NDIM1.NDIM...
184160c CALL FlS4UL(C,X,NPC,NNC,1,Y)
184170m IF(NODC.EQ.1) RETURN
181180. L1.LADDR(NFC, 1,IU)
181190. CALL MDD1(NPC,1,Y,D(L1),Y,VU)
18500. RETURN
18510=C END SUBROUTINE YCMD
18520z END
18530a SUBROUTINE FLTRK(IFLTR)
185410z COMION/MAIN/NDIM,NDIM11,CON1C1)
18550z CO MN/MAIN2/COM2 (1)
18560z CONNO/DESIGN/NVCO,TSAMP,LFLRPI,LFLCGT, LFLKF,LTEVAL,LABORT
18570z COIEO/FILES/KSAVE, KDATA, KPLOT, KLIST, KTERM
18580. CoMMON/S!SMTX/NVSMsM(1)
18590x COIOON/ZMTX/NVZM,ZM1(1)
18600a CO*40N/ZMTX2/ZH2( 1)
18610. CO*OO/NDIMD/NND,NRD,NPDNMD,NDD,NWD, NWDD, NPLD, NWPNWD,NNPR
18620a COION/LOCD/LAP,LOP,LPRILBD,LEX,LPHD,LQ,LQN,LQD,LC,LDY,LEY,LHPLR
18630. CONMON/DSNMTX/NVDM, NOD!, NOEY,DM( 1)
186110s COHI4ON/LKF/LEADSN, LPLTRK, LFCOV
i8650. COIMON/CKF/NVFLT,FLT(i)
18660a IF(NVPNVD.GT.0) GO TO 1
18670a WRITE(KTERM, 108)
18680. 108 FORMAT(N0N DRIVING NOISES -- FILTER DESIGN ABORTw)

* ~,.' 18690a RETURN
18700a 1 IF(KND.GT.O) GO TO 2
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18710= WRITE(KTERMD 109)
18T20= 109 FORMAT("ONO MEASUREMENTS -- FILTER DESIGN ABORT")

* - 18T30: RETURN
187410= 2 WRITE(KLIST,110)
18750= 110 FORMAT(////11X,5("* "),"FILTER DESIGN",5(" 0")////)

* 18760: NSIZE:NPLD ( 1+NPLD+NMD)
- ~18770= IF(NSIZE.LE.NVFLT) GO TO 3

18780c WRITE 101,NSIZE
18790= 101 FORMAT("INSUFFICIENT MEMORY /CKP/, NEED: ",I14)
18800: LABORT:NSIZE
18810 RETURN
18820: 3 NDIM=-NPLD
18830z NDIM1:NDIM.1
188410= 5 IF(NWD.EQ.0) GO TO 12

- ~ 18850: IF(IFLTR.LE.0) GO TO 6
18860z WRITE 105,NWD
18870= 105 FORMAT( ENTER STATE NOISE STRENGTHS: ",12)
18880z CALL RQWGTS(DM(LQ),NWD,0)
18890z 6 CALL DVCTORCNWD,DM(LQ),ZMI)
18900: CALL MATLST(ZM1, NWD, 1,"Q" DKTERM)
18910z 10 CALL MATLST(DM(LQ),NWDINWD,"Q",KLIST)
18920= 12 IF(NWDD.EQ.0) GO TO 18
18930= IF(IFLTR.LE.0) GO TO 13
189110: WRITE 106,NWDD
18950z 106 FORMAT( ENTER DISTURBANCE NOISE STRENGTHS: ",12)
18960= CALL RQWGTS(DM(LQN)#NWDD#0)
18010z= 13 CALL DVCTOR(NWDD,DM(LQN),ZMI)

~, 18980z CALL MATLST(ZM1 ,NWDD, 1,D"QN" ,KTERM)
18990= 15 CALL MATLST(DM(LQN),NWDD,NWDD,"QN',KLIST)
19000: 18 CALL QDSCRT(DM(LQ),DM(LQN),ZM1,ZM2)
19010: IF(IFLTR.LE.0) GO TO 19
19020= WRITE 107,NMD

*19030: 107 FORMAT( ENTER MEASUREMENT NOISE STRENGTHS: ",12)
190410z CALL RQWGTS(DM(LR)#NMD,0O)
19050= 19 CALL DVCTOR(NMD,DM(LR),ZM1)
19060z CALL M&TLST(ZM1,NMD,1,"R",KTERM)
19070z 20 CALL MATLST(DM(LR),NMDNMD,"R",KLIST)
19080: 25 CALL TFRMTX(DH(LHP),SMNMD,NDIM,2)
19090= CALL TRANS2(NMD,NDIM,SM,ZM1)
19100: LFCOV=LFLTRK.NDIMONMD

*19110= CALL DVCTOR(NMD,DM(LR),FLT(LFCOV))
19120= CALL KFLTR(NDIM,NMD,FLT,ZM1,DM(LQD),FLT(LFCOV),ZM2,
19130z 1 FLT(LFLTRK),SM)
191410= CALL TFRMTX(SM,COM2,NDIM,NDIM,2)
19150= IAzI
19160z DO 30 Isl,NPLD
19170z FLT(LFCOV-1+I):SQRT(ZM2(IA))
19180: 30 IAxIA.NDIM1
19190= CALL MATLST(FLT(LFLTRK)D NDIM, NMD, "KF",KLIST)
19200= CALL M&TLST(FLT(LFLTRK),DNDIM, MMD, "KF",KTERM)
19210: IFLTR=I
19220: LFLKF:1
19230: Ill FORMAT(A3
192)40= RETURN
19250=C END SUBROUTINE FLTRK
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19260: END
19270: SUBROUTINE FEVAL
19280z COMMON/MAINI/NDIM,NDIM1,COM1(1)

' 19290z COMMON/MAIN2/COM2 (1)
19300z COMMON/INOU/K IN, KOUT, KPUNCH
19310c COMMON/DESIGN/NVCOK,TSAMP,LFLRPI, LFLCGT,LFLKF, LTEVAL,LABORT

4 19320: COMMON/FILES/KSAVE, KDATA, KPLOT, KLIST, KTERM
19330: COMMON/SYSMTX/NVSM,SM(l)
193340= COHMN/ZMTX1 /NVZM, ZM1 (1)
19350z COMMON/ZHTX2/Z42( 1)
19360: COHMN/NDIMD/NNDNRDNPDNMD,NDDNWD,NWDDNPLD,NWPNWDNNPR
19370: COMMON/L0CD/LAPLGPLPHI,LBD,LEX,LPHD,LQ,LQNLQD,LC,LDY,LEY,LHP,LR
19380: COMMON/DSNMTX/NVDM,NODYNOEYD( 1)
19390= COMMON/NDIMT/NNTNRTNMT,NWT

191400= COMMON/LOCT/LPHTD LBDTD LQDT, LHT, LRT, LTDTD LTNT
193410= COMMON/TRUMTX/NVTMTM( 1)
194120: COMKON/LKF/LEADSN, LFLTRK,LFCOV
191430= COMMON/CKF/NVFLT,FLT(l)
193440: DIMENSION ITITLEC5), NS(3),NVPLOT(2)
193450z IF(NWT.GT.0) GO TO I
193460: WRITE(KTERMD 108)
191470z 108 FORMAT("ONO TRUTH MODEL DRIVING NOISE -- FILTER EVALUATION ABORTE
191480z 1DR)
191490= RETURN

419500: 1 WRITE(KLIST,110)
19510c 110 FORMAT(////11X,5("* "),"FILTER EVALUATION",5(w 0")////)

'C 19520z CALL FMMUL(COM2,FLT(LEADSN), NPLD, NPLD, NPLD,SM)
~ 19530z CALL POLES(SM,NPLD,5,ZM1 ,ZM2)

195340z NA=NNT+NPLD
19550: NSIZE:NA*NA
19560z IF(NSIZE.LE.NVSM) GO TO 8
19570: WRITE 101,NSIZE
19580z 101 FORMAT('OINSUFFICIENT MEMORY /SYSMTX/, NEED: 8,114)
19590= GO TO 9
19600= 8 IF(NSIZE.LE.NVZM) GO TO 10
19610= WRITE 103,NSIZE
19620z 103 F0RMAT(O0INSUFFICIENT MEMORY /ZMTXI/,/ZMTX2/, NEED: ".114)
19630: 9 LABORT=NSIZE
196340: RETURN
19650= 10 CALL ZPART(SM,1,NSIZE,l)
19660z NDIM=NPLD
19670: NDIM1:NDIM14+
19680: CALL TFRMTX(TM(LRT),ZM1,NMD,NMD,2)
19690: CALL MAT3(NPLD,NMD,FLT(LFLTRK),ZM1,COMI)
19700: NVOUT=2NPLD.1
19710. REWIND KPLOT
19720s CALL DAC0V(SM,FLT(LFC0V),ZM1,ZM2,NA,NV0UT,0.)
19730z DO 20 IT:1,50
197410= TIME=TSAMP*FLOAT(IT)
19750-n CALL ACOVUD(SM,TM(LQDT),COM1,TM(LPHT),FLT(LEADSN),
19760c 1 COM2,ZM1DZM2)
19770z CALL DACOV(SM,FLT(LF'COV),ZM1,ZM2,NA,NVOUTTIME)
19780. 20 CONTINUE

19790: ENDFILE KPLOT
198002 WRITE(KTERM, 1034)
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19810: READ(KIN,102) ITITLE
19820z DO 50 IzlNPLD
19830z REWIND KPLOT
19840z NS(1):1
19850z NS(2)z52

19860: NVPLOT(I):I.I-1
19880: NVPLOT(2)I+I
19890. DO 40 Jul*51
19900: CALL RPLOTF(ZMlNVOUTsIERR)
19910:- IF(IERR.EQ.1) GO TO 50
19920: CALL STRtPLT(SM,ZM1 DNSDNVPLOT,2,NVOUT)
19930:c DO 35 K:1,3
199140z 35 NS(K)aNS(K).1
19950z 40 CONTINUE
19960: WRITE 107,ZMI(NVPLOT(1)),IZM1(NVPLOT(2))
19970z 107 FORMAT(NOFINAL RHS, ERRORS : TRUE a ",IPE15.7/m (STATE",13,
19980: 1 N)N,4x,"COMPUTED a ",IPE15.7)
19990: CALL PLOTLP(51,2,SM,-1,1,0,KLISTITITLE)
20000: WRITE(KLIST,106) I

N20010z 106 FORMAT(0O STATE : "#12//4X,"SYMBOL 1 : TRUE ERROR"/
20020a 1 4X,wSYMBOL 2 : COMPUTED ERROR I
20030: 50 CONTINUE
20040m RETURN
20050z 10~4 FORMAT(* +0106, ENTER TITLE IN GIVEN FIELD",O -)"e/
20060z 102 FORMAT(5Al0)
20070=C END SUBROUTINE FEVAL

5'200802 END
20090z SUBROUTINE DkCOV(PCAD PC.ZM1 ,ZM2,NA, NVOUTTIME)
20100: COMN/MAIN1/NDIM,NfDI41,CM1 (1)
201102 COMON/FILES/KSAVE. KDATA,KPLOT,KLIST,KTERM
20120a COMM0N/NDItD/NNDNRD,NPD,NIM,NDDNWD,NWDD,NPLD,NWPNWD9 NNPR
20130a COMM0N/NDIMT/NNT,IRTNMT,NWT
20140a COHMN/LOCT/LPHT, LBDT, LQDT, LHT, LRT, LTDTD LTNT
20150z COMfION/TRUMTX/NVTM,TM( )
20160. DIMENSION PCA(1),PC(1),ZM1(1),ZM2C1)
20170: NDIMzNA
20180m NDIMl=NDIMe.
20190: CALL TFRMTX(TM(LTDT),ZM1,NND,NTW,2)
20200m IF(NDD.LT.1) GO TO 5

*20210z lA:LADDR(NA,NND+1,1)
20220: CALL TFRMTX(TM(LTNT),ZM1(IA),NDDNNT,2)
20230: 5 CALL MSCALE(ZM1.ZM1,NPLD,NNT,-1.)
20240a IA.LADDR(NA, 1 NNT+1)
20250: CALL IDNT(NPLD,ZM1(IA),1.)
20260a CALL MAT3(NPLD,NA,ZMI,PCA,ZM2)
20270= URITE(KLIST,101) TIME
20280z 101 FORMAT(R0'TRUE' DESIGN ERROR COVARIANCE AT TIME z ",F6.4)

* 20290m CALL MATIO(ZM2,NPLD,NPLD,~3)
20300a IAul

**..20310a DO 10 Iz1,NPLD
20320a NS:I1+1
20330. ZM1(NS-1)zSQRT(ZM2(IA))

~,20340m ZMI(NS)zPC(I)
20350. 10 IAzIAe.NDIM1
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20360a ZM1(NVOUT)=TIME
20370= CALL UPLOTF(ZM1,NVOUT)
20380: RETURN
20390=C END SUBROUTINE DACOY
201400: END
204110z SUBROUTINE ACOVUD(PC,QD,RKRKT,PHIT,PHI,RIHKH,ZMI,ZM2)p 201420a COMHON/HAIN1/NDIH,NDIM1,COM1 (1)
201430a COHMON/NDIMD/NND, NED, NPD, MMD, NDD, MUD, NUDD, NPLD, MUPNUD, NNPR
201440a COHHON/NDIMT/NNT, IRT, NMT, NUT
201450: COMHO/LOCT/LPIIT, LBDT,LQDT, LHT, LRT,LTDTLTNT
204160z COMHON/TRUHTX/NVTK,TM( 1)
201470m COMNON/LIF/LEADSN, LFLTRC, LPCOV

4 201480c COHMN/CK/NVFLT,FLT( 1)
204190x DIMENSION PC(1),QD(l),RKRKT(),PHIT(l),PHI(l),RIMKH(l),
20500m 1 ZMl(1),ZM2(1)
20510: LslAUDDR(NDIM, 1,NNT.1)
20520z CALL ZPART(ZM2(L ) ,NNT, NPLD,NDIM)
20530z CALL TFRMTX(PHIT,ZM2,NNT,NNT,2)
205140z L1:LADDR(NDIM,NNT.1 ,NNT.1)
20550c CALL TPRMTX(PHIZM2(L1 ),NPLD,NPLD,2)
20560= L2:LADDR(NDIM,NNT.1,1)
20570z CALL ZPART(ZM2(L2), NPLD,NNT,NDIM)
20580z CALL MAT3(NDIM,NDIM,ZM2,PC,ZM1)
20590z CALL FPADD(ZM1,NDIH,QD,NNT,NNT, 1,PC)
20600= CALL IDNT(NNT,ZM2,1.)
20610z CALL PNHUL(FLT(LFLTRK),TM(LHT),NPLD,NMD,NNT,ZM1)
20620z CALL TFRt4TX(ZM1,ZM2(L2),NPLD,NNT,2)O20630z CALL TFRMTX(RI!4KH,ZM2(L1 ),NPLD,NPLD,2)
206140= CALL MAT3(NDIM,NDIM,ZM2,PC,ZM1)
20650z CALL FPADD(ZM1 ,MDIM,RKRKT, NPLD,NPLD,L1, PC)

20660:z N RETURN AOU

20680: END
20690= SUBROUTINE FPADD(X,NX,YD NRY,NCY,LADDR,Z)
20700: DIMENSION X(l),Z(1),Y(NRY,NCY)
20710= CALL FTMTX(X,Z,NX,NX)
20720: LAMl=LADDR-1
20730z DO 10 I:1,NCY
207410: LAlzLAM1+NXO(I-1)
20750: DO 10 Jz1,NRY
20760: ulA:lA.
20770: 10 Z(LAI)xZ(LA1).Y(J,I)
20780: RETURN
20790:C END SUBROUTINE FPADD

i20800. END
20810: SUBROUTINE RSYS(A,LoND,ITYPE,IWRT)
20820: COIOON/DESION/NVCOM,TSAMP,LFLRPILFLCGT,LFLKF,LTEVAL,LABORT

A ~ 20830z CONMON/FILES/KSA YE, KDATA, KPLOT, KLIST, KTERM
A 208140: COIOION/STSMTX/NVSM, SM( 1)

20850a CONMON/AMC/AH(1)
20860: CONMON/BDG/BD( I)
20870z DIMENSION A(l),L(l),ND(1 ),NAD(14,2),IND(7,3),NTYP(2,3),NTITLE(3),
20880m 1 NI4AT(11,3)
20890a DATA NTYP/7,1I,3,14,14,8/
20900u DATA NO/IHN/
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20910: DATA IND/IHN,IHRjHP,1HM,IHD,1HW,2HWD,2HNM,2HRM,2HPM,4(IH ),
20920x 1 2HNT,2HRT,2HMT,2HWT,1H IN ,IH /
20930: DATA NTITLE/6HDESIGN,THCOMMAND,5HTRUTH/
20940= DATA NMAT/lHA,1HB,2HEX,IHG,IHQ,1HC,2HDY,2HEY,IHH,2HHN,IHR,2HAN,
20950: 1 2HGN,2HQN,2HAM,2HBM,2HCM,2HDM, 10(IH ),2HAT,2HBT,2HGT,2HQT,2HHT,
20960x 2 2HRT,3HTDT,3HTNT,6(1H )/
20970a NDM=NTYP(1,ITYPE)
20980x NARxNTYP(2,ITYPE)
20990x NTzNTITLE(ITYPE)
21000a WRITE(KLIST,110) NT
21010x 110 FORMAT(////II11X,5(*' w),A7,0 MODEL*,5(w §3)1,,,)
21020x 5 WRITE 101,NT
21030: 101 FORMAT(OOREAD 0,A7," MODEL PROM 'DATA' FILE (Y OR N) >")
21040x READ 111,IANS
21050: IF(IANS.EQ.NO) GO TO 10
21060z IFzl
21070a CALL READFS(A,ND,ITYPEIERR)
21080x IF(IERR.EQ.0) GO TO 201
21090x 10 WRITE 102,NT
21100: 102 FORMAT(" ENTER ",A," MODEL FROM TERMINAL (Y OR N) >")
21110: READ 111,IANS
21120m IF(IANS*EQ.NO) GO TO 15
21130z IF=2
21140x DO 12 I:1,NDM
21150x WRITE 112,IND(I,ITYPE)
21160= 112 FORMAT(" ENTER ",A2," >")
21170: 12 READOND(I)
21180 GO TO 201
21190= 15 IFP3
21200m IF(ITYPE-2) 16,17,18
21210z 16 CALL DSND(ND)
21220= GO TO 20
21230z 17 CALL CMDD(ND)
21240= GO TO 20
21250. 18 CALL TRTHD(ND)
21260s 20 IF(ND(1).GT.O) GO TO 201

4 21270z WRITE 114,NT
21280z 114 FORMT("0",A7," MODEL SUBROUTINE NON-EXISTENT")
21290z GO TO 5
21300c 201 IF(ITYPE-2) 21,22,23
21310a 21 CALL DSNDM(NDNAD)
21320a GO TO 25

21330= 22 CALL CMDDM(ND,NAD)
21340: GO TO 25
21350z 23 CALL TRTHDM(ND,NAD)
21360z 25 IF(LABORToEQ.0) GO TO 26
21370: WRITE 103,T,LABORT
21380: 103 FORMAT(WOINSUFFICIENT MEMORY FOR ",A7," MODEL, NEED: ",14)
21390. RETURN
21400: 26 L(I):1
21410a DO 30 Ix2,NAR
21420. 30 L(I)zL(I-1)+NAD(I-1,1)*NAD(I-1,2)
214302 NPNTSxL(NAR)+NAD(NAR,1)'NAD(NAR,2)-<. 21440z IF(NPNTS.LE.NVSM) GO TO 34
21450z WRITE 104,NPNTS
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214160a 104 FORI4AT(NOINSUFFICIENT MEMORY /SYSMTX/, NEED: ",114)
211470. LABORT=NPNTS
211480z RETURN
211490= 341 IF(IF-2) 75,35,50
21500x 35 IZzi
21510: DO 410 I:1,NAR
21520: N1=NAD(I,l)
21530z 12=NAD(I,2)
215140: IF((N1.EQ.0).OR.(N2.EQ.O)) GO TO 40
21550z WRITE 113,NMAT(I,ITYPE)
21560a 113 FORIAT(OENTER 0,A3)
21570a CALL ZMATIN(A(L(I)),N1,N2,IZ)
21580x 110 CONTINUE
21590z GO TO 75
21600: 50 CALL ZPART(A,1,NPNTSD1)
21610a IF(ITYPE-2) 55,60,65
21620z 55 CALL DSNM(A(L(1)),A(L(2)),A(L(3)),A(L(14)),A(L(5)),A(L(6)),A(L(7))s
21630z 1 A(L(8)),A(L(9)),A(L(10)),A(L(11 )),A(L(12)),A(L(13)),A(L(14)))
216110a GO TO 75
21650= 60 CALL CMDM(A(L(1)),A(L(2)),AL(3)),A(L(1)))
2 1660= GO TO 75
21670a 65 CALL TRTHM(A(L(1)),A(L(2)),A(L(3)),A(L(11)),A(L(5)),A(L(6)).
21680x 1 A(L(7)),A(L(8)))

*21690= 75 IZ:0
21700= 77 WRITE 105
21710: 105 FORMAT('OMODIFY MATRIX ELEMENTS (Y OR N) >")
21720z READ 111,IANS

~, 21730z IF(IANS.EQ.NO) GO TO 88
21740z WRITE 106,(NAT(I,IT'YPE),I=1,NAR)
21750z 106 FORt4AT(lX,111(2X,A3))
21760= 78 WRITE 107
21770= 107 FORMAT( ENTER MATRIX NAME >")
21780c READ 111,IANS
21790x DO 80 Izl,NAR
21800: IF(IANS.EQ.NNAT(I,ITYPE)) GO TO 81
21810z 80 CONTINUE
21820z GO TO 78
21830: 81 WRITE 116
218410: 116 FORMAT( LIST MATRIX TO TERMINAL (Y OR N) >w)
21850z READ 111,IANS
21860. IF(IANS.EQ.NO) GO TO 83
21870m CALL MATLST(A(L(I)),NAD(I,1),NAD(I,2),NMT(IITYPE),KTERM)
21880z 83 CALL ZMATIN(A(L(I)),NAD(I,1),NAD(I,2),IZ)
21890: GO TO 77
21900: 88 IF(ITYPE.EQ.2)CALL FTMTX(A(L(1)),AM,ND(1),ND(1))
21910a IF(ITYPE.EQ.1)CALL FTMTX(A(L(2)),ED,ND(1),ND(2))
21920a IF(IWRT) 95,92,93
21930. 92 IWRT1l
21940a 93 WRITE 115,1'?
21950: 115 FORMAT(OWRITE "PA7," MODEL TO 'SAVE' FILE (Y OR N) >")
21960x READ l11,IANS
21970a IP(IANS.EQ.NO) GO TO 95

,.~. 21980a CALL WFILED(ITYPE,NPNTS,ND,A)
21990x IWRTs-1
22000z WRITE 109,NT
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22010a 109 FORMAT(6XA7," MODEL WRITTEN TO 'SAVE' FILE")
22020: 95 DO 100 I=I,NAR
22030x NlzNAD(I,1)
22040s N2=NAD(I,2)
22050: IF((N1.EQ.0).OR.(N2.EQ.O)) GO TO 100
22060s CALL MATLST(A(L(I)), NN2,NMAT(I,ITYPE),KLIST)
22070: 100 CONTINUE
22080: 111 FORMAT(A3)
22090: RETURN
22100:C END SUBROUTINE RSYS
22110m END
22120m SUBROUTINE DSND(ND)
221302 DIMENSION ND(1)
22140r ND(1)=O
22150: RETURN
22160mC END SUBROUTINE DSND
22170= END
22180= SUBROUTINE CMDD(ND)
22190m DIMENSION ND(1)
22200: ND(1)=0
22210z RETURN
22220=C END SUBROUTINE CMDD
22230= END
22240z SUBROUTINE TRTHD(ND)
22250a DIMENSION ND(1)
22260= ND(1)x0
22270a RETURN
22280xC END SUBROUTINE TRTHD
22290: END
22300x SUBROUTINE DSNM(AB,EX,G,Q,C,DYEYH,HD,R,ADGD,QD)
22310a RETURN
22320xC END SUBROUTINE DSNM
22330x END
22340a SUBROUTINE CMDM(AM,BM,CM,DM)
22350v RETURN
22360zC END SUBROUTINE CMDM
22370= END
22380: SUBROUTINE TRTHM(ATBT,GTQTHTRTTDTTNT)
22390: RETURN
22400xC END SUBROUTINE TRTHM
22410: END
22420x SUBROUTINE DSDM(NDNAD)
22430z COMMON/DESIGN/NVCOMTSAMP, LFLRPI,LFLCGT, LFLKF, LTEVAL, LABORT
22440x COMMON/NDIMD/NND, NRD, NPDNMDNDDNWD, NWDD, NPLD, NWPNWD, NNPR

'. 22450z COHMON/DSNMTX/NVDM, NODY, NOEY, DM( 1)
22460z DIMENSION D(1),NAD(14,2)
22470x NND:ND(1)
22480: NRDzND(2)
22490- NPDzND(3)
22500: NMDzD(4)
22510: NDD*ND(5)
22520z NWDxND(6)
22530z NWDDxND(7)
225402 NPLDxNND NDD
22550a NWPNWDieNWD+NWDD
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22560z NNPRzNNDe.NRD
22570z NAD(1,1)=NND
22580z NAD(291)zNND
22590z NAD(3,1)zNND
22600z NAD(1I,1)zNND
22610z NAD(5,1)zNWD
22620. NAD(6,1):NPD
22630z NAD(7,1)zNPD
226410z NAD(8,1)zNPD
22650: NAD(9,1)ND
22660w NAD(10,1)zNHD
22670z NAD(11,1)zNHD
22680z NAD(12,1)=NDD
22690z NAD(13,1)=NDD
22700z NAD(111,1)zNWDD
22710m NAD(1,2)zNND
22720x NAD(2,2)zNRD
22730z NAD(3,2)zNDD
227410z NAD('I,2)zNWD
22750= NAD(5,2)zNWD
22760= ?AD(6,2)zNND
22770z NAD(7,2)UNRD
22780a NAD(8,2)=NDD
22790z NAD(9,2)zNND
22800: NAD(10,2)zNDD
22810: NAD(11,2)zNMD
22820z NAD(12,2):NDD
2228 30z NAD(13,2)zNWDD
228410z NAD(11192):NWDD
22850z NSIZExNPLD'(2*NPLD.NND+NMD.NPD+NWPNWD).NRD*(NND.NPD)+
22860z 1 NDD*NDD+NHD'NMDI.NWD'NWD+NWDD*NWDD
22870z IF(NSIZE.GT.NVDM) LABORT=NSIZE
22880: RETURN
22890zC END SUBROUTINE DSNDM
22900z END
22910z SUBROUTINE CMDDM(NDDNAD)
22920m COMMON/NDIMC/NNC,NRCNPC
22930z COMMON/CMDMTX/NVCKDNEWCMNODCCM( 1)
229410: COMMON/DESIGN/NVCOK,TSAHP,LFLRPI, LFLCGT, LFLICF, LTEVAL, LABORT
22950z DIMENSION ND(1),NAD(1J1,2)
22960: NNCxND(1)
22970a NRCaND(2)
22980z NPCzND(3)
22990: NAD( 1,1 ):NNC
230002 NAD(2,1):NNC
23010: NAD(3,1)zNPC
23020: NAD(11,1)zNPC
23030z NAD(1,2)zNIC
230410a NAD(2,2)zNRC
23050m ?AD(3,2)NC

423060z NAD(412)zNRC
23070z NSIZEzffNC* (NNC+NRC+NPC)+NPC'NRC
23080z IF(NSIZE.GT.NVCM) LABORTxNSIZE
23090z RETURN
231004 END SUBROUTINE CMDDt4
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23110Ox END
23120s SUBROUTINE TRTHDM(NDD MAD)

* 23130s CObHON/DESIGN/NVCOM,TSAHPoLFLRPI,LFLCGT,LFLKF, LTEVAL, LABORT
231410s COIION/NDIMD/NNDNRDNPDNMDDNDD,NWDNWDD,NPLD,NWPNWD,NNPR
23150: C0MION/NDIMT/NN?, NRT, NMT, NUTU: 23160s COMHON/TRUHTX/NVTM,TM( )
23170: DIMENSION ND(1),NAD(111,2)
23180s NNT=ND(l)
23190s NRTuND(2)
232002 NMTzND(3)
23210:t NWT=ND(11)
23220a NAD(1,1).NNT
232302 NAD(2, 1)=NNT
232410: NAD(3,1)=WN
23250s MAD(11,1).NWT
23260v KAD(5,1)2NHT
23270-1 NAD(6,1).NHT
23280: NAD(7,1)zNND
23290x NAD(8,1)xNDD
23300: NAD(1,2).NNT
23310n MAD(2,2)zNRT
23320a NAD(3,2)zNWT
233302 MAD(11,2).NWT
233410m NAD(5,2)=NNT
23350x NAD(6,2)zNHT
23360z NAD(7,2)=NNT

*23370x NAD(8,2)xNNT
23380x NSIZE.NNT* (2'NNTNMD.NRDNPLD),NMD'NMD023 390a IF(NSIZE.OT.NVTM) LABORT2NSIZE
234100x RETURN
231110.C END SUBROUTINE TRTHDK
234120v END
234130v SUBROUTINE ZMATIN(A, NR, NC, IZ)
234410: DIMENSION A(NRD NC)
234150. IFIZ) 10,1011
231160: 1 DO 5 Iz:1MB
231170x DO 5 JzlNC
231180. 5 A(I,J)20.
231190x 10 WRITE 101,NR,NC
23500s 15 READ*IV
23510a IF(I.EQ.0) RETURN

23520: IF((I.LE.NR).AND.(J.LE.NC)) GO TO 20
23530x WRITE 102
235110. G0 TO 10
23550: 20 A(I,J)aV
23560: IF(IZ.LT.O) A(J,I)zVN!23570z GO TO 15
235802 101 FORKAT( ENTER IdJ AND M(I,J)--(O/ WHEN COMPLETE) *:"12," BY "12,23590. 1 ">w
23600: 102 FORMAT( ERROR IN ARRAY INDEX")
23610sC END SUBROUTINE ZMATIN
23620x END
236302 SUBROUTINE WFILED(NT,NP,ND,A)
2361102 COHMN/FILES/KSAVE,KDATA,KPLOT,KLIST,KTERM
236502 DIMENSION ND(15),A(NP)
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23660: DATA IEOI/-lI
23670= BACKSPACE KSAVE

' -23680: WRITE(KSAVE,101) NT,NP-'i ': ' 23690x WRITE(KSAVE, 101) (ND(I),I=I,15)

23700z WRITE(KSAVE,102) (A(I),I=I,NP)
23710x WRITE(KSAVE,101) IEOINP
23720: RETURN
23730: 101 FORMAT(214)
23740x 102 FORMAT(E20.10)
23750=C END SUBROUTINE WFILED
23760x END
23770= SUBROUTINE READFS(AND,NTIERR)
23780z COMt4ON/FILES/KSAVEKDATAKPLOTKLISTKTERM
23790: DIMENSION A(1),ND(15)
23800= DATA IEOI/-l/
23810= REWIND KDATA
23820= 5 READ(KDATA,102) ITNP
23830: IF(IT.NE.IEOI) GO TO 10
23840= WRITE 101
23850= IERR=1
23860z RETURN
23870z 10 CALL FARRAY(A,ND,NP)
23880. IF(IT.NE.NT) GO TO 5
23890z IERRzO
23900= 101 FORMAT(RODATA NOT IN 'DATA' FILE . . .

23910z 102 FORHAT(214)
23920: RETURN
23930=C END SUBROUTINE READFS
23940a END
23950: SUBROUTINE FARRAY(AND, NP)

*23960= COHMON/FILES/KSAVEKDATAKPLOTKLISTKTERM
23970: DIMENSION A(NP),ND(15)
23980x READ(KDATA,101) (ND(I),I.l,15)
23990: READ(KDATA,102) (A(I),IzI1NP)
24000: RETURN
24010. 101 FORMAT(214)
24020. 102 FORMAT(E20.10)
24030zC END SUBROUTINE FARRAY
24040z END
24050x SUBROUTINE TFRMTX(XIX2,NRNCITX)
24060a COMMON/MAIN1/NDIM
24070: DIMENSION Xl(1),X2(1)
24080a IF(ITX.EQ-2) GO TO 20
24090m JsNCGNDIM
24100c KK=O
24110a DO 10 I.I,J,NDIM
24120s LsI+NR-1
24130: DO 10 JJ=I,L
24140x KKzKK+l
24150z 10 XI(KK)sX2(JJ)
24160. RETURN
24170x 20 KK=NR*NC+lI... 24180. DO 30 I=1,NC
24190a Ls(NC-I)INDI+1
24200a DO 30 J:IDNR
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24210m KKzKK-1
24220a JJ=L+NR-J

4. *- 24230z 30 X2(JJ)zXI(KK)
24240z RETURN
24250= END
24260: SUBROUTINE MATLST(A,NR,NC,NT,KDEV)
24270z DIMENSION A(NR,NC)

". 24280a WRITE(KDEV,101) NT
< 24290a DO 10 I1,11

24300a 10 WRITE(KDEV,102) (A(I,J),J.l,NC)
24310m 101 FORMAT(liO,A3,* MATRIX"/)
24320. 102 FORMAT(IX1P10013.4)
24330z RETURN
24340zC END SUBROUTINE MATLST
24350a END
24360a SUBROUTINE NDSCRT(A,N,NTERMS)
24370a COHMhN/DESIGN/NVCOMTSAMP,LFLRPI,LFLCGT, LFLKF,LTEVAL,LABORT
24380z DIMENSION A(1)
24390z NTERMSIFIX(6.+3.TSAMPFXNORM(N,A))
24400: IF(NTERMS.GT.30) NTERMS:30
24410= RETURN
24420zC END SUBROUTINE NDSCRT
24430a END
24440a SUBROUTINE RQWGTS(WNDNP)
24450z DIMENSION W(1)
24460a 10 WRITE 101
24470. 101 FORMAT(" ENTER I AND QW(I,I)--(O/ WHEN COMPLETE) >')

ix 24480= 15 READ',IV
24490, IF(I.EQ.O) RETURN
24500a IF(I.LE.ND) GO TO 20

. 24510z WRITE 102
24520: 102 FORMAT(' ERROR IN ARRAY INDEX")
24530a GO TO 10
24540. 20 IF(V) 25,30,40
24550= 25 WRITE 103
24560z 103 FORMAT( ELEMENTS MUST BE NON-NEGATIVE')
24570a GO TO 15
24580= 30 IF(NP) 35,40,35
24590: 35 WRITE 104
24600. 104 FORMAT(' ELEMENTS MUST BE POSITIVE")
246102 GO TO 15

, 24620: 40 L1:LADDR(NDII)
24630z W(LI):V
24640z GO TO 15
24650C END SUBROUTINE RQWGTS
24660. END
24670. SUBROUTINE DVCTOR(N,AV)
24680s DIMENSION A(1),V(1)
24690x NPl.N+I
24700a N2.N'N
24710. JZO
24720. DO 10 I-I,N2,NP1

• .. ., 24730a JZJ+l

24740. 10 V(J)sA(I)
24750s RETURN
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241760=C END SUBROUTINE DVCTOR
241770: END

* ~ 24780a SUBROUTINE POLES(A,N,ITYPE,ZMI,Z42)
~h - ~ 24790z COMMON/MAINl/IIDIM,NDIM1,COM1(1)

241800: COMMONIDESIGN/NVCOMTSAMPD LFLRPID LFLCGT, LFLKF,LTEVAL,LABORT
241810a COMMON/FILES/KSAVE, KDATA, KPLOT, KLIST, KTERM

2483a DTA NYP/HDEIGNHCOANDflTUTH5HREGPI, 6HFILTER/

211850z NDIHzN
241860z NDIM=NDIM 1I 24870z CALL EIGEN(NDIM.A,ZM1,ZM1 (NDIMl),ZM2.0)
241880= IF(ITYPE.LT.1) GO TO 10
241890z CALL MAPOLE(N,ZM1 ,ZM1 (NDIM ) ,TSAMP)
241900= 1O WRITE(KLIST,102) NTYP(ITYPE)
241910z WRITE(KTERKD 102) NTYP(ITYPE)
241920z WJIITE(KLIST,1O1) (ZM1(I),ZMI(NDIH.I),Iz1,N)
241930s WHITE(KTERM,1O1) (ZMI(I),Z41(NDIM+eI),I=1,N)
241940a NDIJ4=NDS

4 211950z NDII41:NDIM.1
211960= 101 FORMAT(6XD1PE15.7," +J(w9 1PE15.7,)Y)
211970= 102 FORMAT("OPOLES OF 0,A7," MATRIX"/)
211980z RETURN
241990=C END SUBROUTINE POLES
25000= END
25010z SUBROUTINE M&POLE(N,ZR,ZI,T)
25020z DIM4ENSION ZR(1),ZI(i)

S 25030z RT=1./T
250110. DO 10 Iz1DN
25050z ZMXSQRT(ZR(I)002.ZI(I)0'2)
25060z SIGM&zRTIALOG(ZM)
25070z ZI(I)zRT*ATAN2(ZI(I),ZR(I))
25080z 10 ZR(I)=SIGMA

*25090= RETURN
25100=C END SUBROUTINE MAPOLE
25110z END
25120z FUNCTION LADDR(NR,I,J)
25130a LADDR=I..NRU(J-1)
251410= RETURN
251504C END FUNCTION LADDE
25160z END
25170= SUBROUTINE FTI4TX(X,Y,NRNC)
25180z DIMENSION X(l),Y(l)
25190z NEzNR*NC
25200z DO 10 Iz1,NE
25210z 10 Y(I)=X(I)
25220a RETURN
25230zC END SUBROUTINE FTHTX
252410z END

25250z SUBROUTINE FNMUL(X,Y,NR1 DNC1 DNC2DZ)
25260z DIMENSION X(NRI,NCl)DY(NC1,NC2),Z(NR1DNC2)
25270z DOUBLE PRECISION TD

S 25280. DO 10 I:1DNRl
25290z DO 10 J:1DNC2
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25300a TD=0.DOO
25310z DO 5 IC,NCI

• .-. 25320: 5 TD=TD+X(IK)*Y(KJ)
25330: 10 Z(I,J)=TD
25340= RETURN
25350=C END SUBROUTINE FMMUL
25360m END
25370: SUBROUTINE FTNUL(X,Y,NR I,NC1 ,NC2,Z)
25380m DIMENSION X(NR1,NC1),Y(NR1,NC2),Z(NC1,NC2)
25390: DOUBLE PRECISION TD
25400: DO 10 I=INC1
25410: DO 10 J=INC2

" ,2542.0= TD=O.DO0
25430=. DO 5 KzI,NRI

%':25440a 5 TD=TD+X(K,I)*Y(K,J)
25450= 10 Z(I,J)=TD

25460a RETURN
25470zC END SUBROUTINE FTHUL
25480= END
25490= SUBROUTINE FKADD(X,Y,NRNC,Z)
25500: DIMENSION X(1),Y(1),Z(1)
25510m NE=NR'NC
25520: DO 10 I=I,NE
25530: 10 Z(I)=X(I)+Y(I)
25540: RETURN
25550=C END SUBROUTINE FMADD
25560: END
25570= SUBROUTINE ZPART(A,NR,NC,ND)
25580= DIMENSION A(M)
25590= NE=NCOND
25600= DO 10 IxlNR
25610: DO 10 J=INE,ND
25620: 10 A(J)=O.
25630s RETURN
256110C END SUBROUTINE ZPkRT
25650s END

V 25660m SUBROUTINE SUBI(A,NR,ND)
25670: DIMENSION A(1)
25680: NDIlND I
25690= NEfNR*ND
25700a DO 10 I=INEND1
25710: 10 A(I)=A(I)-I.
25720: RETURN
25730zC END SUBROUTINE SUBI
25740z END
25750s SUBROUTINE WPLOTF(VN)
25760x CONKON/FILES/KSAVE,KDATA,KPLOT,KLIST,KTERM
25770: DIMENSION V(N)
25780: WRITE(KPLOT,101) (V(I),I=I1 N)
25790: RETURN
25800: 101 FORMAT(E20.10)
25810C END SUBROUTINE WPLOTF
25820x END

L . 25830m SUBROUTINE RPLOTF(V,N,IERR)
25840x COMMON/FILES/KSAVEDKDATA,KPLOT,KLISTKTERM
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25850z DIMENSION V(N)
25860x READ(KPLOT,101) (V(I),I=IN)
25870: IF(EOF(KPLOT)) 5,10•"25880z 5 IERR=I

25890= RETURN
25900= 10 IERR=O
25910z RETURN
25920: 101 FORMAT(E20.10)
25930=C END SUBROUTINE RPLOTF
25940a END
25950: SUBROUTINE STRPLT(AV,NS,NVNP,NVO)
25960z DIMENSION A(1),NS(1),NV(1),V(1)
25970= A(NS(1))=V(NVO)
25980c DO 5 I=1,NP
25990m 5 A(NS(I+I))=V(NV(I))
26000: RETURN
260 10C END SUBROUTINE STRPLT
26020= END
26030= SUBROUTINE PLOTLP(N,M,A,IPSC, ISCL,LPTERM,NDEV, ITITLE)
260Oz0C I • • • I • • • I •
26050=C * N = NUMBER OF POINTS TO BE PLOTTED
26060=C * M a NUMBER OF OUTPUTS TO BE PLOTTED
26070=C ' A = VECTOR OF SAMPLE POINTS FOR PLOTTING : DIMENSION = N'M
26080=C 0 ELEMENTS I TO N ARE THE INDEPENDENT VARIABLE
26090C 0 ELEMENTS (N+l) TO 2*N, (2*N I) TO 3*N, AND SO ON ARE
26100=C * THE DEPENDENT VARIABLES--EACH VARIABLE IS IN CONSECUTIVE
26110C 0 STORAGE WITH CORRESPONDING SAMPLE POINTS FOR EACH
26120=C • SEPARATED BY MULTIPLES OF N
26130=C * IPSC = -1 => SCALE ALL VARIABLES TOGETHER (1 PLOT)
26140=C 6 = 0 => SCALE TOGETHER AND SEPARATELY (2 PLOTS)
26150C • = +1 => SCALE SEPARATELY (1 PLOT)
26160=C * ISCL m 0 s> PLOT OVER EXACT RANGE OF VARIABLE
26170C 0 z 1 => PLOT USING EVEN SCALING
26180=C 0 LPTERM z 0 z> PLOT IS TO TERMINAL (50 CHARACTERS WIDE)
26190=C * = 1 => PLOT IS TO LINE PRINTER (100 CHARACTERS WIDE)
26200xC 0 NDEV = DEVICE NUMBER FOR PLOT OUTPUT
26210C 0 ITITLE c VECTOR(DIMENSIONED 5) WITH 50 CHARACTER TITLE
26220zC 0 • * 0 * 9 f 0 0 0
26230= DIMENSION YSCAL(6),YMIN(6),IBLNK(6),YPR(II),A(1)
26240z INTEGER OUT(101),SYMBOL(6),BLANKPLUS,GRIDITITLE(5)
26250: DATA BLANK,PLUS,COLONSYMBOL/IH ,1H+,1H:,1H1,1H2,1H3,1H4,lH5,1H6/
26260: 1 FORMAT(IH )
26270: 2 FORMAT(IH1,11X,5A10/)
26280x 10 FORMAT(1H ,F11.2,6XolO1A1)
26290= 12 FORMAT(11HO SCALE ,A1,1X,11F10.4)
26300x IPAPERz5f(1+LPTERM)
26310z ISPACxI0*IPAPER
26320= RISPAC=FLOAT(ISPAC)
26330z ISPACxISPAC+1
26340z IPRTt=IPAPER+I
26350: RMINzA(N.1)
26360a RMAX=RMIN
26370z 25 DO 41 ISCu1,M

"' 26380a MlfISC#N+I
26390: YLxA(M1)
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261400z IHzYL
264110= M2zN*(ISC+1)

~~ 264120= DO 40 J=Ml,M2 TO3

261440= IF(A(J).GT.YH) YH:A(J)
264150= GO TO 410
261160: 30 YL:A(J)
261470. 40 CONTINUE
261480z IF(YL.LT.RMIN)RMIN=YL
261490z IF(YH.GT.RMAX) RI4AX=YH
26500z IF(IPSC.GE.0) CALL VARSCL(YLYH,YSCAL(ISC),RISPACISCL)
26510c 411 YMIN(ISC)zYL
26520z IF(IPSC.LE.0)CALL VARSCL(RMINRMAXSCAL,RISPAC,ISCL)
26530z IC=2-IABS(IPSC)
265410= DO 115 IX=1,ISPAC
26550z 45 OUT(IX)zBLANK
26560z DO 100 ICO=1,IC
26570= WRITE(NDEV,2) (ITITLE(I),I=1,5)
26580= DO 60 Izl,N
26590= XPRzA(I)
26600= IF(MOD(I,1O).EQ.0) GO TO 458
26610z GRIDzBLANK
26620z G0 TO 460
26630= 1158 GRID=COLON
266140= 460 Do 4161 IX=2,ISPAC,2
26650= 461 OUT(IX)=GRID
26660z DO 46 IX=I,ISPAC,10

S 26670z 46 OUT(IX)=PLUS
26680= DO 55 J=1,M
26690= ILsIeJ*N
26700z IF(PSC) 118,117,119
26710= 147 IPSCTzIPSC+ICO
26720= IF(IPSCT.EQ.z) GO TO 119
26730= 118 JP=IFIX( (A(IL)-RMIN) /SCAL)+1
267110= GO TO 50

1%26750= 49 JP:IFIX((A(IL)-YMIN(J))/YSCAL(J))+l
26760m 50 OUT(JP)zSYMBOL(J)
26770z 55 IBLNK(J)zJP
26780= WRITE(NDEV, 10) XPR, (OUT(IX),IX=i ,ISPAC)
26790z DO 59 Jz1,M
26800= ITEMP=IBLNK(J)
26810z 59 OUT(ITEMP)zBLANK
2 6820z 60 CONTINUE
26830z IF(PSC) 68,67,72
268140. 67 IF(IPSCT.EQ.2) GO TO 72
26850z 68 YPH(1)sRMIN
26860z DO 70 Iz1,IPAPER
26870z 70 YPR(I,1)zYPR(I)+....SCAL
26880z WRITE(NDEV,12) BLANK,(YPR(I),1Iz,IPRT1)
26890= GO TO 100
26900z 72 DO 76 ISC=1,M

* 26910s YPH( 1)SYhIN(ISC)
26920z DO 711 I21,IPAPER

,. .'.., 26930z 711 YPR(I.1)zYPR(I)+1O.*YSCAL(ISC)
269140: 76 WRITE(NDEV,12) SYhDOL(ISC),(YPR(IX),IX:1,IPRTI)
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26950= 100 WRITE(NDEV,1)
26960z RETURN
26970=C END SUBROUTINE PLOTLP
26980c END
26990= SUBROUTINE VARSCL(XIIN, XMAX,SCALE, ESPACE, ISCL)
27000= IF(XMAX.EQ.XMIN) XMIN=.9*XMIN-1O.
27010a SCALE=XMAX-XMIN
27020: IF(ISCL.EQ.0) 0O TO 25
27030m EXP:IFIX(100..ALOG1O(SCALE) )-100.
270410c FACTORxl10'(1.-EXP)
27050: XMINTzXMIN*FACTOR
27060= XH&XTzXMkX*FACTOR
27070z IF(IMAXT.GE*0.) ZMAXTzXMAXT..9
27080= IF(XMINT.LE*0.) XMINT=XMINT-.9
27090= XMINTzAINT(XMINT)
27100: ISCALzXMAXT-XMINT
271 10: IF(MOD(ISCAL,5).NE.0) ISCAL:ISCAL+5-MOD(ISCAL,5)
27120= FACTORz1O.**(EXP-1.)
27130= XMIN=XMINTOFACTOR
27140= SCALE=FACTOROFLOAT(ISCAL)
27150z 25 SCALE=SCALE/RSPACE
27160: RETURN
27170=C END SUBROUTINE VARSCL

I-27180z END
.A%27190m SUBROUTINE PFDATA(ICODE,ND)

27200c CONMON/MAIN1 /NDIM, NDIM1 ,COMi (1)
27210= COtO4ON/MkIN2/COM2(1)Q, 27220= COMMON/INOU/KIN, [OUT, [PUNCH
27230= COMHON/DESION/NVCON,TSAHP,LFLRPI,LFLCGT,LFLKF, LTEVAL, LABORT
27240= COMMON/FILES/[SAVE, [DATA, [PLOT, [LIST, [TERM
27250= CONMON/SYSMTX/NVSN4,SM( 1)
27260= COMMON/ZMTXI/NVZM,ZM1(1)
27270= COMMON/ZwrX2/ZM2(1)

* ~27280c COMMN/NDIMD/NND, NRD, NPD, MM,NDD,MUD, MUDDI NPLD,NWPNWD, NNPR
27290: COMHON/LOCD/LAP,LGP,LPHI,LBD,LEX,LPHD,LQ,LQN,LQD,LC,LDY,LEY,LHP,LR
27300: COHMON/DSMX/NVDMNODY,NOEY,DM( 1)

44.27310m COHMON/NDIMC/NNC, NRC, NPC
27320a COMHON/LOCC/LPHC,L.BDCLCC,LDC
27330m COMHON/CMDMTX/NVCMNEUCM,NODCCM( 1)
273410: COMMON/NDIMT/NNT, Nfl,MtT, NUT
27350z CONMN/LOCTLPHT, LBDT, LQDT, LRT,LRT, LTDT,LTNT
27360z COHMON/TRUMTX/NVTMoTh(1)
27370: COMON/LCNTRL/LPI111,LPI12,LPI21 ,LP122,LPHDL,LBDL
27380= CONMON/COMTROL/NVCTL,CTL(1)
27390: COMION/LREGPI/LXDULUDU,LPHCL,LGC1 ,LGC2,LEL,LEE
274100: CONMON/CREGPI/NVRPI,RPI( 1)
271410:. COMMON/LCGT/LA11,LA13,LA21,LA23,LA12,LA22,LELAII,LELA12,LELA13
274120: COMON/CCGT/NVCGT,CGT(1)
27430a COMMON/L[F/LEADSN, LPLTR[, LFCOV
274410: COHMON/CKF/NVFLT,FLT( 1)
274150z DIMENSION ND(1)
274160z ND(1)=NND
271470z ND(2)zNRtD
271480m ND(3)nNPD
271190a ND(11)xNMD
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* 4,27500. ND(5)xNDD
27510z ND(6)=NPLD
27520z ND(7)zNNC
27530: D8xR
275140z ND(9)xNPC
27550a ND(l0)zNNT
275603t ND(11)zNRT
27570z ND(12).104T
27580a ND(13).140DY

27590. ND(114).NOEYI27600. NVZMSaNVZM
27610a CALL FTMTX(DM(LPHI) DSMD NNDD NND)
27620. LLxNNDONNDui
27630= CALL FTI4TX(DM(LBD) ,SM(LL) DNND,NRD)
27640= LLxNNDONRD+LL
27650m IF(NDD.EQ.0) GO TO 100
27660= CALL FTHTX(DM(LEX),SM(LL) DNNDD NDD)
27670: LL=NNDONDD.LL
27680: CALL FTMTX(DM(LPHD),SM(LL),NDD,NUD)
27690: LLsNDD*KDD.LL
27700a IF(NODY.EQ.1) GO TO 90
27710z CALL FTMTX(DM(LDY),SM(LL),NPDDNRD)
27720= LL=NPDONRD+eLL
27730m 90 IP(NOEY.EQ.1) GO TO 95
277140= CALL FTKTX(DM(LEY),SM(LL),NPD,NDD)
27750= LLxNPDODDILL
27760= 95 CALL FTMTX(DM(LHP),SM(LL)DNMD,NPLD)
770m LLxNMD*NPLD.LL

OD 27780a GO TO 200
27790: 100 CONTINUE
27800m IF(NODY.EQ.1) GO TO 105
27810: CALL FTMTX(DM(LDY),SM(LL),NPD,NRD)
27820a LLsNPDOYRDLL
27830: 105 CALL 7TMTX(DM(LHP)PSM(LL),NDNND)
278140= LLsNMD*NND+LL
27850: 200 CALL PTHTX(DM(LC),SM(LL).NPD,NnD)
27860= LLxNPD*NND.LL
27870: CALL FTMTX(CM(LPHC),SM(LL),NNC,NNC)
27880: LL*NNCONNC.LL
27890: CALL F'THTX(C14(LBDC) ,31(LL), NNC, NRC)
27900m LLsNNCONRCLL
27910: CALL FTHTX(CM(LCC),SII(LL),NPC,NNC)
27920: LLsNPCONNC.LL
27930z CALL FTMTX(TM(LPHT),SM(LL),NNTNNT)
279140a LLsNNTRNNT+LL
27950: CALL FTMTX(TM(LDDT) ,SM'(LL) ,NNTJ NRT)

27970x CAL FMX(M(LQDT),M(LL)NNTNNT)
27980: LLuNNTONNTLL
27990. CALL FTI4TX(TM(LHT),SM(LL) ,NHT,NNT)
28000a LLstNKT*INT.LL
28010a CALL FTTX(TM(LRT),SM(LL),NHT,NMT)

*.- ~ 28020a LLsNMTONMT.LL
~% . ~ 28030a CALL FTMTX(RPI(LGCI).8t4(LL),NRDNND)

280140: LLmNRD#NND.LL
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28050z CALL FTMTX(RPI(LGC2),SM(LL),NRDNPD)
28060z LL=NRDONPD*LL

~ .,,* 28070: CALL FTMTX(CGT(LELA11),SM(LL),NRC,NNC)
S28080z LLzNRC#NNC+LL

28090z IF(NDD.EQ.O) GO TO 300
28100a CALL FTMTX(CGT(LELA13),SM(LL),NRD,NDD)
28110z LLzNRDONDD.LL

%28120z CALL FTMTX(FLT(LFLTRK),SM(LL),NPLD,NMD)
28130z LL:NPLDONMD.LL
281140c CALL FTMTX(TM(LTDT),SM(LL),NNDNNT)
28150z LL=NNDONNT+LL
28160: CALL FTMTX(TM(LTNT),SM(LL)DNDD,NNT)
28170z LLzNDDONNT+LL
28180: GO TO 310

28240 310SM(LL):TSAMP

22zCEND SUBROUTINE PFDATA
28300= END
28310z SUBROUTINE IMPLEX(A)
2830zCOMMON/MkIN1 /NDIH, NDIH1, COM 10)

2830 COMMON/DESIGN/NVCOMTSAMP,LFLRPI,LFLCGT, LFLKF,LTEVAL, LABORT
2830zCOMNON/FILES/KSAVEKIDATAKPLOT, KLISTD KTERM

28350z COMMO/SYSMT/NVSM,SM(i)
28370: CONMON/ZMTXI/NVZM,ZM(I)

28370z COHMON/NDIMD/NND,NRDNPD,NMDNDDNWDNWDD,NPLD,NWPNWDDNNPR
28380: COM4MON/LOCD/LAPLGPDLPHI,LBD,LEX,LPHDD LQ,LQN,LQD,LC,LDYLEY,LHP, LR
28390z COMMON/DSNMTX/NVDH9 NODY, NOEY, DM(1)
281400x CONMON/NDIMC/NNC, NRC, NPC
281410z CONMON/AHC/AM(1
281420z CONMON/BDG/BD(1)

a 284130z DIMENSION AM1
281440z DATA NO/1HN/
281450: 215 WRITE(KLISTD 126)
281460m 126 FORMAT(5(" *),*COMBINED IMPLICIT/EXPLICIT CONTROL",50 " 1))

281470-s LQI1
281480= LRIIxLQI,.NPDONPD
281490: LRRI:LRII+NRD*NRD
28500: NPDNRDzNPDNRtD
28510z 120 CALL ZPART(A,NPDNRDD NPDNRD, NPDNRD)
28520z WRITE 122,NPD
28530z 122 FORMAT( ENTER WEIGHTS ON IMPLICIT OUTPUT DERIVATIVES: ",12)
285140: CALL RQWGTS(A,NPD,0)
28550a WRITE 1211,NRD
28560z 1214 FORMAT( ENTER WEIGHTS ON IMPLICIT CONTROL MAGNITUDES: ",12)
28570x CALL RQWGTS(A(LRII)oNRD,l)
28580: Llsel
28590z L2xL1+NNDONND
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28600w L3:L2.NPDONND
28610:. LI~zL3.NPDONND
28620s L5zL4.NPDONND

~ .- ;. 28630:. L6zL5,NND'NPD
28640r L7=L6,NPD*NNDI28650: IF(NDD.EQ.0) GO TO 5

Al28660z NDIHxNPLD
28670m NDIM1:wNDIM.1
28680: GO TO 10

*-28690: 5 NDIM:-NND
28700: NDIMlzNDII4.1
28710: 10 CALL TFRMTX(S14(L1),DM(LAP),NND,NND,1)
28720x CALL FMNUL(DM(LC),SM(L1 ),NPD,NND,NND,SM(L2))
28730a CALL FMMUL(AMDI4(LC),NPD,NPD,NID,SM(L3))
287140= NDIKzNPD
28750m NDIt41NDII4.1
28760:- CALL MADDI(NPD,NND,SM(L2),SM(L3),SM(LI),-1.)

28770: CALL FTRNSP(NPD,NND,SM(L4),SM(L5))
*28780: CALL F'HMUL(A,SM(L14),NPD,NPD,NNDSM(L6))

287902 CALL FMMUL(3t4(L5)DSM(L6),NNDNPD,NND,SM(Ll))
28800: CALL FTRNSP(NND,NRD,BD,SM(L2))
28810s CALL FTRNSP(NPDNND,DM(LC),S4(L3))
28820s CALL FHKUL(SM(L2),SM(L3),NRD,NND,NPD,SM(L4))
28830: CALL FMIJL(SM(L4),SM(L6),NRD,NPD,NND,SM(L5))
288140m CALL FTMTX(SM(L5),SM(L2),NRDNND)
28850s CALL FHKUL(SM(L14),A,NRD,NPD,NPD,SH(L5))
28860m CALL FMML(SM(L5)DMt(LC),NRD,NPD,NND,SM(L6))028 870: CALL FOUL(SM(L6),BD,NRDNND,NRD,SM(L7))
28880u: CALL MADD1(NRD,NRD,A(LRII),SM(L7),SM(L5)tl.)
28890:. CALL FTMTX(SM(L5),SM(L3),NRD,NRD)
28900:t WHITE 400
28910m 400 FORMAT("OLIST IQIH? MATRIX TO TERMINAL (Y OR N)>)
28920: READ 410,IANS
28930s 410 FORMAT(A3
2891402 IF (IANS.EQ.NO)GO TO 490

) 28950: CALL KATLST(SM(L1 ), NNDNND, "QIH" ,KTERM)
28960x WRITE 420
28970s 420 FORMAT(OCANGE IMPLICIT WEIGHTS (Y OR N) >")
28980:v READ 410,IANS
28990: IF(IANS.EQ.NO)GO TO 490
29000s GO TO 120
29010s 490 CALL MATLST(A,NPD,NPDWQI"DKLIST)
29020s CALL DVCTOR(NPD,AA(LRRI))

4.29030s CALL MATLST(A(LRRI) ,.NPD, 1 D QI',KTERM)
U'290140s CALL MATLST(A(LRII),NRDNRD,'RI",KLIST)

29050s CALL DVCTOR(NRDA(LRII) DA(LRRI))
29060: CALL KATLST(A(LRRI),NRD, 1D'RI"DKTERM)
29070a CALL MATLST(SM(L1),NND,NND,"QIH",KLIST)
29080: CALL MATLST(SH(L2),NRDD NND, "SIH",KLIST)
29090: CALL MATLST(SM(L3) ,NRDIKRD, WRIHU ,KLIST)

291104C END SUBROUTINE IMPLEX
29120s END

S 29130x SUBROUTINE MODXU(X,U)
291140x COMMON/MAIN1/NDIMNDIMl,COM1 (1)
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29150a COHMON/MAIN2/COM2( 1)
29160z CONNON/FILES/KSAVE, KDATAD KPLOT,KLIST, KTERM
29170= COMMON/SYSMTX/NVSI4,t4m( )

29180z COHMN/NDIMD/NND,NRD,NPD,NMDNDD,NWD,NWDD,NPLD,NWPNWD,NNPR
29190z CONMON/NDIMC/NNCD R,NPC
29200= DIMENSION X(1),U(1)
29210a Lil

V, 29220= L2zL1.NND*NND
29230z L3zL2+NRDONND
292410m L11:L34NRD*NRD
29250a L5:L1.NNDRNND
29260z L6zL5NND*NND
29270: NDI~frNNPR
29280z NDIMl:NDIM.1
29290z CALL TFRMTX(SM(LII),X,NND,NND, 1)
29300: CALL FM&DD(SH(L11),SMNNDDNNDSN(L5))
29310z CALL TFRITX(SM(L5),X,NND,NND,2)
29320: DO 10 I=1,NRD
29330= LAzNNPR*(I-1)
293410z LB:L2eI-1
29350z LE=LBNRD*(NND-1)
29360=- DO 10 J=LB,LE,NRD
29370: LA=UlA.
29380z 10 COM2(LA)zCOH2(LA).SM(J)
29390z CALL FMADD(SM(L3),U,NRD,NRDU)
294100z CALL MATLST(XNNPRD NNPR, 'lIE" ,KLIST)
294110z RETURN
294120=C END SUBROUTINE MODXU
294130a END
294410= SUBROUTINE FTRNSP(NRNCpA,B)
294150c DIMENSION A(1),B(1)
294160= DO 10 I:1,NR
291170: DO 20 J=1,NC
291180: BC(I-I )ONC.J)sA( (J-1 )*NR4I)
291190z 20 CONTINUE
29500= 10 CONTINUE
29510: RETURN
29520zC END SUBROUTINE FTRNSP
29530z END
295110: EOR
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C.2 Subroutine Changes for CGT/PI Formulation 2

' .<.. Subroutines CGTXQ, SREGPI, SCGT, and CGTKX were

changed to produce the program based on CGT/PI formulation

2. These subroutines are listed on the following pages.

Changed lines are marked.

V.5.,:
.4,

,.
*4
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2960a SUBROUTINE CGTXQ
2970: COMMON/MAIN1/NDIM,NDIM1,COM1(1)

~ 2980z COMMON/MAIN2/COM2( 1)
2990a COMMON/INOU/KIN, KOUTD KPUNCH
3000: COIION/DESIGN/NVCOMTSAMP, LFLRPILFLCGTLFLKF,LTVALLA')RT
3010z COhhION/FILES/KSAVE,KDATA, KPLOTDKLIST,KTERK
3020a COHMNl/SYSMTX/NVBM. SM( I)
3030z COHMIN/ZffrXl/NVZMZM1(1)
30140a COMgION/ZwrX2/ZM2( 1)
30502 COtMO/NDIMD/NND9 URD, NPD. NMDD NDD, NWD, NWDD, NPLD, NWPNWD, NNPR
3060z COIION/LOCD/LAP,LGP,LPHI,LBD,LEX,LPHD,LQLQDLQD,LCLDY,LEYLHPLR
3070. C0OI0N/DSNMTX/NDMD NOD!, NOEY,DN( 1)
3080z COMHON/NDIMC/NNC,NRC,NPC
3090z CO)HON/LOCC/LPHCLBDCLCCDLDC
3100x COIHON/CMDWTX/NVCM,NEWCM,NODC,Ct( 1)
3110: COMMON/NDIMT/NNT, NUT, OffT, NWT
3120z COHMMN/LOCT/LPHT,LBDT,LQDT,LHT,LRT,LTDT,LTNT
3130z COMM0N/TRUMTX/NVTM,TM( 1)
31140z COMMON/LCNTRL/LPI1 1 LPI12,LPI21 DLPI22,LPHDL, LBDL
3 150= COMMON/CONTROL/NVCTL,CTL( 1)
3160z COMMON/LREGPI/LXDV,LUDW,LPHCL,LGCI,LGC2,LEL. LEE
3170= COMMON/CREGPI/NVRPI,RPI( 1)
3180m COMNON/LCGT/LA11,LA13,LA21,LA23,LA12,LA22,LELAII,LELA12,LELA13
3190z COMMON/CCGT/NVCGTDCGT( 1)
3200: COW4ON/LKF/LEADSN, LFLTRK, LFCOV
3210c COHMN/CKF/NVFLT,FLT(l)
3220z COMMON/AMC/AM( 1)
3230c COMMON/BDG/BD( )
32140z DIMENSION LD(15),ND(15)
3250c DATA NPLTZM/606/
3260= DATA IEOI,NO/-1,1HN/
3270= REWIND KLIST
3280z WRITE(KLIST,115) DATE(DUM),TIME(DUM)
32902 WRITE(KTERM,115) DATE(DUM),TIME(DUI4)
3300w 115 FORMAT(010,27X,00 * * CGTPIQ 0 0 *"/14X,
3310:. 1 "PROGRAM TO DESIGN A COMMAND GENERATOR TRACKER'/8X,
3320= 2 'USING A REGULATOR WITH PROPORTIONAL PLUS INTEGRAL CONTROL'/1 3x,
3330: 3 'BASED ON THE INTEGRAL OF THE REGULATION ERROR,'/16X,
33402 14 'AND A KALMAN FILTER FOR STATE ESTIMkTION.ff/28X,
33502 5 "0 0 * CGTPIQ # # #*//IIXDATE : ,AIO//,IIX,
3360: 6 'TIME : ',A1////)
3370m REWIND KSAVE
3380m REWIND ICDATA
3390z WRITE(KSAVE,112) IEOI,NPLTZM
31400: DO 10 121,15
31410: 10 ND(I)m0

is.31420: DO 12 ls1D15
31430: 12 LD(I)m.1
31440: LFLRPI:0
3450x LFLCGTx0
31460u LFLKFmO
3470z LTEVAL20

3490s IPIs0
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3500c ICGTzO
3510: ITRUz0
3520a IFLTRmO
3530z ICODEs4
3540m LFAVAL=O
3550m LGCGTvO
3560z NVCOM=MINO (NDIM, NVZM)
3570- KOUT:ELIST
3580x KPUNCHzKPLOT
3590z IF(NVSM.GE.NPLTZM) GO TO 50
3600m WRITE 101,NPLTZM
3610: GO TO 1000

3620z 50 WRITE 102
3630m READeTSAMP
3640= IF(TSAMP.LE.O.) GO TO 50
3650= WRITE(KLIST,103) TSAMP
3660z 103 FORMAT(OSAMPLE PERIOD IS *,F5.3,* SECONDS")
3670: CALL SETUP(NDLDICGTITRUl)
3680= IF(LABORT) 1000,100,1000
3690: 100 LABORTx0
3700a IMPLIC=O
3710a WRITE 104
3720: 104 FORMAT(ROCONTROLLER DESIGN (Y OR N) >w)

3730= READ 111,IANS
3740: IF(IANS.EQ.NO) GO TO 500
3750m LFLKF=O
3760= CALL PIMTX(IPI)
3770= IF(LABORT) 1000,125,1000
3780: 125 WRITE 105
3790m 105 FORMAT(HODESIGN REG/PI (Y OR N) >")
3800z READ 111,IANS
3810= IF(IANS.EQ.NO) GO TO 150'3820z CALL SETUP(ND, LD• ICGT, ITRU, 4)
3830= IF(ICUT.EQ.0) GO TO 125

3840= WRITE 4100
3850z 400 FORMAT(ROINCORPORATE IMPLICIT MODEL (Y OR N) >")
3860: READ 111,IANS
3870: IF(IANS.EQ.NO) GO TO 490
3880z IMPLICal
3890= CALL SETUP(ND,LD, ICGT, ITRU,1)
3900: IF(ICGT.NE.O) GO TO 460
3910: IMPLICzO
3920z GO TO 480
3930: 460 IP(NPD.EQ.NNC) GO TO 480
3940z WRITE 1470
3950: 470 PORMAT(WOCOIH4AND MODEL STATE DIM MUST EQUAL SYSTEM OUTPUT DIM")
3960x LABORTx-1
3970z 480 IP(LABORT) 100,490,1000
39802 490 CALL SREGPI(IMPLIC)
3990x IF(LABORT) 1000,200,1000
11000: 150 WRITE 106
1010a 106 FORMAT(WODESIGN CGT (Y OR N) >")

S*'-, 11020a READ 111,IANS
. 4030 I(IANS.EQ.N) GO TO 100

1040s CALL SETUP(NDLDICGT,ITRU,2)
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4050= IF(ICGT) 155,100,155
4060= 155 IF(LABORT) 100,160,1000
4070: 160 CALL SCGT

.. -.-:. 4080= IF(LABORT) 100,170,1000
4090a 170 IF(LFLCGT.LE.0) GO TO 125
4100= 200 LABORT=0
4110 WRITE 107
4120= 107 FORMAT("OCONTROLLER EVALUATION WRT TRUTH MODEL (Y OR N) >w)
4130: READ 111,IANS
4140z IF(IANS.EQ.NO) GO TO 250
4150= CALL SETUP(ND,LD,ICGT,ITRU,3)
4160: IF(LABORT) 200,260,1000
4170. 250 LTEVAL=O
4180m 260 CALL CEVAL
4190z IF(LFLCGT.EQ.1) LGCGT=1
4200= IF(LFAVAL.EQ.0.OR.LGCGT.EQ.0) GO TO 100
4210= 270 WRITE 600
4220: 600 FORMAT(wOWRITE PERFORMANCE EVALUATION DATA TO 'SAVE' FILE (Y OR N)
4230= +>*)
4240= READ 111,IANS
4250z IF(IANS.EQ.NO) GO TO 100
4260= ICODEzICODE l
4270= CALL PFDATA(ICODE,ND)

4280= INUM=ICODE-4'4 290z WHITE 605,INUM
4300z 605 FORMAT("OPERFORMANCE EVALUATION DATA, NO. P12,w,WRITTEN TO 'SAVE
4310z +1 FILE")
4320z GO TO 100
4330a 500 LABORTzO
4340 WRITE 108
4350= 108 FORMAT("OFILTER DESIGN (Y OR N) >")
4360x READ 111,IANS

S 4370= IF(IANS.EQ.NO) GO TO 900
4380: CALL FLTRK(IFLTR)
4390= IF(IFLTR.EQo0) GO TO 900
4400: IF(LABORT) 1000,510,1000

S1410z 510 CALL SETUP(ND,LD,ICGT,ITRU,3)
4420= IF(LABORT) 500,525,1000
4430: 525 CALL FEVAL
4440: 530 IF(LABORT) 1000,540,1000
1450: 540 LFAVAL:1
4460: IF(LGCGT.EQ.1) GO TO 270
4470: GO TO 500
4480= 900 WRITE 109
4490: 109 FORMAT(w0END DESIGN RUNS (Y OR N) >")
4500: READ 111,IANS
4510 IF(IANSEQ.NO) GO TO 100
4520 IF(LFLRPIoEQ.0) GO TO 1000
,530a NPNTS.NRD"(NNPR+NND)

4550z ND(2)=LGC1

4560a ND(3)zLGC2
' .4570a ND(4)zLEL

4580a CALL WFILED(4,NPNTS,NDRPI(LGC1))
4590a WRITE 113
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4600:. 1000 CONTINUE
I,. 4610n WRtITE([LIST,11O)

11620* REWIND KSAVE
* 4630s REWIND [DATA

14640m REWIND [LIST
14650a WRITE 110
41660a 101 FORMAT(ROINSUFFICIENT MEMORY /SYSMTX/, NEED: N,141)
11670s 102 FORMAT("OENTER SAMPLE PERIOD FOR DIGITAL CONTROLLER >w)

k.11680. 110 FORMAT(OPROGRAM EXECUTION STOP")
41690s III FORMAT(A3)
11700. 112 FORKAT(211)
41710x 113 FORMAT(6XD"REG/PI GAINS WRITTEN TO 'SAVE' FILE")
41720s RETURN
417304C END SUBROUTINE CGTXQ
117110s END

8720:c SUBROUTINE SREGPI(IMPLIC)
8730s COI*ION/MAIN1 /NDIM, NDIM1, COMi (1)
87110s CO*ION/DESIGN/NVCOMD TSAMPDLFLRPI, LFLCGT, LFLKF, LTEVAL, LABORT
8750s COMON/FILES/KSAVE, [DATA, KPLOTD KLIST, [TERM
8760s CO*ION/SYSMTX/NVSMSM(1)
8770s CONt40N/ZMTX1/NVZMZM1(1)
8780: COHON/ZMTX2/ZM2(i)
8790: COIION/NDIM/NND, NRD, NPD, NM,NDD, NWD, NWDDD NPLD, NWPNWDD NNPR
8800: CO#ION/LCNTRL/LPI1 1,LPIJ2,LPI21 ,LPI22,LPHDL,LBDL

___8810. COM~ON/CONTROL/NVCTL,CTL(l)
8820s COION/LREGPI/LXDW,LUDWLPHCL,LGC1 ,LGC2,LEL, LEE
8830: COIION/CREGPI/NVRPI,RPI( 1)
88140: COMH0N/LOCD/LAP,LGP,LPHI,LBD,LEX,LPHD,LQ,LQN,LQD,LC,LDY,LEY,LHP, LR
8850a COIAON/DSNMTX/NVDM, NODY, NOEl. DM( 1)
8860: CO*ION/NDIMC/NNCNRC,NPC
I8870x COIION/LOCC/LPHC, LBDC ,LCC, LDC
880: C0II0N/C1tMTX/NVCM, NEWCM, NODC, CM( 1)
8890: WRITE(KISTOW10

* 8900s 110 PORMAT(////1IX,5(0" *),'REG/PI DESIGNw,5( */II
8910a NSIZE:NRD ( 5'NRD.2'NND).NNPR*NNPR
8920z IF(NSIZE.LE*NVRPI) GO TO 5

89110= 101 FORMAT(HOINSUFFICIENT MEMORY /CREGPI/, NEED: H,141)
8950z GO TO 8
8960a 5 NSIZEzNNPR'(3*NNPR+NRD)

F.8970x IF(NSIZE.LE.NVSM) GO TO 10
8980a WRITE 102,NSIZE
8990: 102 FORMAT("OINSUFFICIENT MEMORY /SYSMTX/v NEED: 0,141)
9000: 8 LABORTzNSIZE
9010. RETURN
9020m 10 LXz1
9030a LUnLX+NNPRONNPR
90110x CALL WXUS(SM(LX),SM(LU),COM1,ZM1,ZM2,IMPLIC)
9050: LUISTzLU.NNPRfNRD
9060s LPHPsLUIST.NNPR*NNPR

~e, .4/9070. CALL PXUP(CTL(LPHDL),CTL(LBDL),SM(LX),SM(LU),COM1,ZM2,
9080. 1 SM(LUIST),SM(LPHP),SM(LX),ZM1)
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9090: CALL DRIC(NDIM,SM(LPHP),ZM2,SM(LX),ZM1,RPICLPHCL))

9100: CALL GCSTAR(SM(LPHP),CTL(LBDL),SM(LU),ZMI,SM(LUIST),SM(LX),ZM2)
.. 1o CAL.*.(PILC)S(X)NDNDl

9120z L3zLADDR(NDIM,1,NND,1)+LX-1
9130c CALL TFRMTX(RPI(LGC2),SM(L3),NRD,NRD, I)

NO91140: L1LADDR(NNPRNND+1 ,NND.1)

9180z CALL I4UL(ZM1(L2),Z141(L1)DNRD,NRDNNDZM1)
9190z CALL IIUL(SM L3),ZMINRD,NRDONND.ZMI(L1))

9200= CALL TFRHTX COMi ZM1(LiNRD NND,1)
9210a CALL KADD1(NRD,NND,SH(LX),ZM1(Ll),Z41,-l.)
9220z CALL TPRMTX(RPI(LEL),ZMI,NRD,NND,1)

Rol 9230z CALL FNMUL(RPI(LEL),CTL(LPI12),NRD,NND,NRDRPI(LEE))
9240= CALL FHADD(RPI(LEE),CTL(LP122),NRD,NRD,RPI(LEE))
9250= CALL MATLST(RPI(LGC1),NRD,NND,"GC1",KLIST)
9260: CALL HATLST(RPI(LGC1),NRD,NND,wGCI",KTERM)
9270m CALL 1ATLST(RPI(LGC2) DNRDNRD,'GC2',KLIST)
9280z CALL MATLST(RPI(LGC2) ,NRD, NRD, "GC2" ,KTERM)
9290: CALL MATLST(RPI(LEE),NRD1 NRD,"E",KLIST)
9300c IF(NODY.EQ.1)GO TO 15
9310: CALL FMMUL(RPI(LEE),D1(LDY),NRD,NRD,NRD,ZM1)

-~9320a CALL SUBI(ZMI,NED,NRD)
9330: NR2=NRDONRD
93140z DO 12 Iz1DNR2
9350: 12 ZMI(I):-ZMJ(I)
9360z NDIMHNRD
9370: NDIM1:NDI4..
9380z CALL GHINV(NRDNRDZM1,ZM2,MRD1)
9390: CALL F?MUL(ZM2,RPI(LEE),NRD,NRD,NID,ZM1)
91400: CALL MATLST(ZM1 , RD, NRD, [PR, KLIST)
91410: CALL FMMUL(ZM2,RPI(LGC2),NRD,NRD,NRtD,ZM1)
91420: CALL !4ATLST(ZMI ,NRD,NRD,OKI" ,KLIST)
91430: GO TO 20
91440m 15 WRITE(KLIST,103)
91450: 103 FORMAT('OKP z E AND KI z GC2")
460: 20 CONTINUE

S 91470: CALL FIIUL(COKI,CTL(LPI12),NRD,NND,NRD,ZM2)
91480: CALL FTMTX(CM(LPHC),ZM1,NNC,NNC)
91490z CALL SUBI(ZM1,NNC,NNC)
9500a NR2z:NNCONNC
9510: DO 25 Ixl,NR2
9520a 25 ZMI (I)*-ZMI (I)
9530x NDIMaNNC

95140z NDIM~aNDIM1+I 9550z CALL GIINV(NUC,NNCZH1,COM1,MR, 1)
9560x CALL FHMUL(CM(LCC),COM1,NPC,NNC,NNC,ZM1)
9570. CALL Ft(L(ZHI DCM(LBDC) ,NPC,NNC,NRC,COM1)
9580z CALL FIADD(CON1,CM(LDC),NPC,NRC,ZM1)
9590a CALL F?4UL(ZM2,ZM1,NRD,NRD,NRC,RPI(LEL))
9600m LFLRPIxl
9610z LFLCGTz0

9620a RETURN
9630xC END SUBROUTINE SREGPI
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9640: END

11110: SUBROUTINE SCGT
11120z CO!04N/DESIGN/NVCOM,TSAMPD LFLRPI,LFLCGTLFLKFLTEVALLABORT
11130a COMON/FILES/KSAVEICDATA, KPLOT,KLIST, KTERM
11140= CONMON/ZMTX 1/NVZM,ZM 1 (1)
11150a COMMN/ZMTX2/ZM2(l)
11160m COMMK/NDIND/NNDNRD,NPD,NMD,NDD,NWD,NWDD,NPLDNWPNWD,NNPR
11170: COMMON/NDIMC/NNC,NRCNPC
11180a COHMN/CMDWTX/NVCM, NEWCMD NODC,CM( 1)
11190: COHMON/LREGPI/LXDW,LUDW,LPHCL,LGC1 DLGC2,LEL, LEE
11200z COMMON/CREGPI/NVRPIRPI(1)
11210a CO*IOI/LCGT/LA11,LA13,LA21,LA23,LA12,LA22,LELAII,LELA12,LELA13
11220z COMMON/CCGT/NVCGT,CGT(l)
11230: IP(NEWCM) 20,20,15

A.11240z 15 NSIZEz(NND.2*NPD)*(NNC.NRC.NDD)
11250= IF(NSIZE.LE.NVCGT) GO TO 16
11260= WRITE 106,NSIZE
11270a LABORTaNSIZE
11280z RETURN
11290a 16 IF(NND.GE.NNC) GO TO 17
11300z WRITE 107
11310m GO TO 18
11320z 17 IF(NND.GE.NDD) GO TO 19
11330z WRITE 108
11340z 18 LABORTx-1
11350z RETURN
11360= 19 NEWCMO
11370z LA11=1
11380z LA13zLA11..NNDGNNC
11390m LA21lA1l3eNND*NDD
11400z LA23xLA21.NPDONNC
11410x UlA2:A23e.NPDONDD
11420= LA22:LA12..NNDONRC
11430z LELA1 1 LA22,NPD*NRC
11440z LELA12zLELA11e.NPD*NNC
11450: LELA13zLELA12.NPDRNRC
11460: CALL CGTA(CGT(LAII),CGT(LA13),CGT(LA21),CGT(LA23),CGT(LA12),
11470a 1 CGT(LA22),ZM1,ZM2)

U.11480: 20 CALL CG;TKX(CGT(Liii #CGT(LA13) CGT(LA21),CGT(LA23),CGT(LA12)
1l1490x 1 CGT(LA22),CGT(LELAII),CGT(LELA12),CGTLELAI3),RPI(LEL),RPI(LGC1))I
1100 =rmT :1
11510: 106 FORMATM"INSUFFICIENT MEMORY /CCGT/, NEED: "P14)
11520: 107 FORMAT("OFEWER DESIGN MODEL THAN COMMAND MODEL STATES")
11530z 108 FORMAT(OFEWER DESIGN MODEL THAN DISTURBANCE MODEL STATES")
11540z RETURN
11550xC END SUBROUTINE SCOT
11560z END

114080: SUBROUTINE CGTKX(A11,A13,A21,A23,Al2,A22,RELAI1,RELA12,RELA13,REL,
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14100z COMMON/MAINl/NDIM,NDIM1 ,COMl (1)
14ij110= COMMON/FILES/KSAVE, KDATA, KPLOT, KLIST, KTERM
14120= COMMON/NDIMD/NND,NRD,NPD,NMD,NDD,NWD,NWDD,NPLD,NWPNWD,NNPR

.~14*130= COMMON/NDIMC/NNC,NRCNPC
14140z DIMENSION A11C1),Al3(l),A21(l),A23(l),Al2(l) A2201),

1141506: 1 RELA11l),RELA12(l),RELA13(l),REL(1),RGC(1):,
14160= NDIMH:NRD

14*170m NDIMl=NDIM+1.
114180c CALL FMMUL(RGC AllNRDNNDNNCRELAII)

*14#190= CALL M&DDI(NRD,NNC,RELA11,A21,RELA11,1.)
14200z CALL M&TLST(RELA1 1 NRD,NNCD "KXW'.KLIST)
14210z CALL MATLST(RELA11,NRD,NNC,"KXMN,KTERM)
114220z CALL FMMUL(RGC A12NHDNNDNR , ELA12

14230z CALL A1NDNCEA2A2EL21.
114240= CALL I4ADD1(NRDNRC RELA12,RELRELA12,-1.I

14260= CALL IATLST(RELA12,NRDD NRC, "KXUDKTERM)

L128=CALL FMMUL(RGC Al ,NRD NNDNDD E~

14290= CALL MADDI(NRD,NDD,RELA13,A23,RELA13,1.)
1430z CALL HATLST(RELA13,NRD,NDD,"KXN",KLIST)

1430z CALL MATLST(RELA13, NRDDNDD, "KXN3DKTERM)

14340= END
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C.3 Subroutine Changes for CGT/PI Formulation 3

Subroutines CTRESP, UCGT, SREGPI, SCGT, and CGTKX

were changed to produce the program based on CGT/PI

formulation 3. These subroutines are listed on the

following pages. Changed lines are marked.

Jo
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8700= SUBROUTINE SREGPI(IMPLIC)
8710= COMMON/MAINl/NDIM,NDIM1,COM1(1)
8720: COMKON/DESIGN/NVCOM,TSAMP,LFLRPI, LFLCGT, LFLKF, LTEVAL,LABORT
8730= COMMON/FILES/KSAVE, KDATA, KPLOTKLIST, KTERM
87140= COMMON/SYSMTX/NVS,SI( 1)
8750z COMMON/ZMTXI/NVZM,Z41(1)
8760z COI*ION/ZMTX2/ZM2( 1)
8770m COMtON/NDIMD/NND,NRDNPD,N1W,NDD,NWD,NWDD,NPLD,NWPNWD, NNPR
8780z COMHOK/LCNTRL/LPI1 1 LPI12DLPI21 ,LPI22,LPHDL,LBDL
8790= COMHON/CONTROL/NVCTL, CTL( 1)
8800z CONKON/LREGPI/LXDW,LUDW,LPHCL,LGC1 DLGC2DLEL,LEE
8810z COMKON/CREGPI/NVRPI,RPI( 1)

8820z COMM0N/LOCD/LAPLGP,LPHI,LBD,LEX,LPHD,LQ,LQN,LQD,LC,LDY,LEY,LHP,LR

88140z WRITE(KLIST, 110)
8850= 110 FORMAT(////11X,5("* "),*REG/PI DESIGN",5(m 00)////)
8860= NSIZEzNRD' (5'NRD.2*NND).NNPR*NNPR
8870= IF(NSIZE.LE.NVRPI) GO TO 5

8890z 101 FRT1INSUFIZEN MEMORY /CREGPI/, NEED: ",I14)

8900z GO TO 8
8910z 5 NSIZE=NNPRO(3*NNPR.NRD)

8920= IF(NSIZE.LE.NVSM) GO TO 10

89140z 102 FORMATM3 INSUF'FICIENT MEMORY /SYSMTX/, NEED: ",114)
8950= 8 LABORT=NSIZE
8960= RETURN
8970= 10 LXzl
8980z LUzLXNNPR*NNPR
8990= CALL WXUS(SM(LX),SM(LU),COMI,ZM1,ZM2,IMPLIC)
9000= LUIST=LU.NNPR*NRD
9010= LPHPzLUIST.NNPR'NNPR
9020= CALL PXUP(CTL(LPHDL),CTL(LBDL),SM(LX),SM(LU),COM1,ZM2,
9030= 1 SM(LUIST) ,SM(LPHP) ,SM(LX) ,ZM1)
90140z CALL DRIC(NDIM,SM(LPHP),ZM2,SM(LX),ZM1,RPI(LPHCL))
9050. CALL GCSTAR(SM(LPHP),CTL(LBDL),SM(LU),ZM1,SM(LUIST),SM(LX),ZM2)
9060= CALL TFRMTX(RPI(LGC1),SM(LX),NRD,NND,1)
9070z L3=LADDR(NDIM,1,NND.1).LX-1
9080= CALL TFRMTX(RPI(LGC2),SM(L3),NRD,NRDD 1)
9090= L1:LADDR(NNPR,NND.1 ,NND+1)
9100= L2=LADDROINPR,1,NND,1)
9110: CALL GMINV(NRD,NRD,ZMI(L1),ZM1(L2),MR,1)
9120= L1=LADDR(NNPR,NND.1,1)
9130x CALL MNIL(ZH1(L2),ZM1(L1),NRDNRD,NND,ZM1)
91140: CALL MKUL(SK(L3),ZMI,NRD,NRDNND,ZMI(LI))
9150: CALL MADD1(NRDNND,SM(LX),ZH1(L1),ZM1,-1.)
9160z CALL TFRMTX(RPI(LEL),ZM1,NRD,NND,1)
9170x CALL F'MUL(RPI(LEL),CTL(LP112),NRD,NND,NRDDRPI(LEE))
9180= CALL FIIDD(RPI(LEE)oCTL(LPI22),NRD,NRDRPI(LEE))
r190= CALL FTMTX(RPI(LEE ,RPI(LEL .NRD NED)
9200x CALL KATLST(RPI(LGCI)DNRD,NND,"GC1DKLIST)

-: ~9210x CALL MATLST(EPI(LGC1),NED,NND,'GC1",KTERM)
S9220: CALL MATLST(RPI(LGC2), NRDD NED, 'GC2" ,KLIST)

9230: CALL MATLST(EPI(LGC2), NED, NED, "C2" ,KTERM)
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92110: CALL KATLST(RPI(LEE),NRD,NRD,"E"DKLIST)
9250z IF(NODY.EQ.1)GO TO 15
9260z CALL FHUL(RPI(LEE),DM(LDY),NRD,NRD,NRDZM1)

* 9270a CALL SUBI(Z141.NRD,NRD)
9280: NR2zNRD*NRDN9290. DO 12 IzlDNR2
9300z 12 ZM1(I)z-ZM1(I)
9310z NDII4NRD
9320: KDIM1NxDII..
9330: CALL GMINV(NRDNRDZM1PZM2,MRD1)
93410. CALL FM3UL(ZM2,RPI(LEE),NRDNRD,NRD,ZM1)
9350: CALL MATLST(ZM1 DNRD*NRD, "KPNKLIST)
9360z CALL FMHUL(ZM2,RPI(LGC2),NRD,NRD,NRD,ZMI)
9370: CALL IITLST(ZMI,NRD,NRD,OKIP,KLIST)
9380z GO TO 20
9390m 15 WRITE(KLIST, 103)
94100z 103 FORM&T("OKP z E AND KI z GC20)
910zO 20 CONTINUE
94120z LFLRPIz1
94130z LFLCGTzO
94410= RETURN
94150zC END SUBROUTINE SREGPI

10930m SUBROUTINE SCOT
109410z COMHON/DESIGN/NVCOM,TSAMP, LFLRPI, LFLCGT, LFLKF,LTEVAL, LABORT
10950: COIOION/FILES/KSAVE, KDATAD KPLOT, KLIST, [TERM010960: COHMN/Z1TX/NVZ,Zm (1)

J 10970z COION/ZMTX2/ZM2( 1)
109802 COM4ON/NDIMD/NND, NRD, NPD, NMD,NDD, NWD, NWDD, NPLD, NWPNWD, NNPR
10990: COIIION/NDIMC/NNC,NRC,NPC
11000: CONMON/CNDMTX/NVCMD NEWCKD NODCD C4( 1)
11010. COHMON/LREGPI/LXDU,LUDWDLPHCLLGC1 DLGC2,LEL,LEE
11020: COiION/CREGPI/NVRPI,RPI(1)
11030z COMM4ON/LCGT/LA11,LA13,LA21,LA23,LA12,LA22,LELA11,LELA12,LELA13
110110z COIHON/CCGT/NVCGTCGT( 1)
11050: IF(NEWCM) 20,20,15

511060: 15 NSIZE:(NND.2*NPD)' (NNC.NRC.NDD)
11070: IF(NSIZE.LE.NVCGT) GO TO 16
11080z WRITE 106,NSIZE
11090: LABORTzNSIZE

511100: RETURN
11110z 16 IF(NND.OE.NNC) GO TO 17
11120z WRITE 107
11130: GO TO 18

*111110. 17 IP(NND.GE.NDD) GO TO 19
11150a WRITE 108

*11160a 18 LABORT.-1
11170. RETURN
11180. 19 NEWCM.0
11190: LAl1:1
11200: LA13zLAl1+NND*NNC
11210s LA2lxLA13.NND*NDD
11220: LA23zLA21.NPDONNC
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1 1230z LA12=LA23:NPD*NDD

S11250a LELAII=LA22.NPD*NRC
~:;- *. 11260= LELA12zLELA11..NPDNNC

11270: LELAl3:LELA12+NPDONRC
11280. CALL CGTA(CGT(LA11),CGT(LA13),CGT(LA21),CGT(LA23),CGT(LA12),
11290a 1 CGT(LA22),ZM1,ZM2)

11300: 20 CALL CGK(G(AIG(A3,GTL2)CTL2)CTL1)
1 C 1 LA22),CGT(LELA11),CGT(LELA12),CGT(LELA13),RPI(LGC1))I

11320a LFLCGT:1
11330c 106 FORMAT(NOINSUFFICIENT MEMORY /CCGT/, NEED: 0,141)
113410= 107 FORMAT("OFEWER DESIGN MODEL THAN COMMAND MODEL STATES")
11350z 108 FORMAT(OFEWER DESIGN MODEL THAN DISTURBANCE MODEL STATES*)
11360z RETURN
1 1370zC END SUBROUTINE SCOT
11380: END

13900. SUBROUTINE CGTKX(AllA13,A2lA23,Al2,A22,RELA11,RELA12,RELA13,RGC)
%:13910m COMMON/MAIN1/NDIM,NDIM1 ,COM1 (1)
%13920= COHMN/FILES/KSAVE, [DATA. [PLOT, [LIST, KTERM

13930z COM'fON/NDIMD/NND. NDRDPDMD, NDD, NWD, NWDD. NPLD, NWPNWD, NNPR
139410z COMMON/NDIMC/NNC, NRC. NPC
13950z DIMENSION All (1),A1l3(l),A21 (1),A23(1),A12(1),A22(1),
C13960= 1 RELAll 1 ,RELA12( 1 RELAl 1 RGC(I1
13970: NDIM:-NRD
13980: NDIM1=NDIM...
113990: CALL F'MMUL(RGC,A11,W2RDNND.NNCRELAII)
141000a CALL MADD1(NRD,NNCRELA11,A21,RELA11,1.)

v141010z CALL MATLST(RELA1I,NIDNNC,"KX"PKLIST)
111020a CALL MATLST(RELA1 1 BIRD.NNC. "KXM".KTERM)
114030a CALL FMML(RGC A12 NRDNND, NRC RELAI-2)f
140110s CALL MADD(NRDRCRELA12A22RELA121.)
111050z CALL M&TLST(RELA12,NRD,NRC."CXU',KLIST)
14o06oz CALL MATLST(RELA12,NRDNRC. "KXU',KTERM)
111070: IF(NDD.LT.1) RETURN

rp 41080= CALL FHUL ROC Al ,NEDND NDDRELA13
111090: CALL KADD1(NRDNDDRELA13,A23,RELA13,1.)
11100 CALL MATLST(RELA13,NRD,NDD,'KXN",KLIST)
11110 CALL MATLST(RELA13,NRDNDD,"KXN",KTERM)
111120z RETURN
111304C END SUBROUTINE CGTKX
141110se END

16620x SUBROUTINE CTRESP(VXOVX1.XOX1.XMOXM1.ZM1,NVOUT,TENDIUM.VUM,
16630z 1 NST)
166410a COHMON/DESIGN/NVCOM, TSAMP,LF'LRPI,LFLCGT,LFLKF,LTEVALLABORT
16650z COMMON/FILES/KSAVE. [DATA, [PLOT. [LIST. [TERM
16660a COMMON/NDIMD/NND. NED.NPD. MMD. DDI UD, NWDDNPLD, NWP MD ,NNPR
16670z C0MMON/LOCD/LAPLGP,LPHI.LBDLEX,LPHDLQ,LQN,LQDLCLlYLEYLHP,LR
16680= COHMN/DSNMTX/NVDMNODYNOEYDM(1)

%, ~16690z COMMON/NDIMC/NNC, NRC, NPC
16700. COMMON/LOCC/LPHC, LBDC. LCC, LDC
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167 10z CONHON/CMDKTX/NVCM, NEWCM, NODCCM( 1)
16720z COMMON/LOCT/LPHT, LBDT, LQDT, LHT, LRT, LTDTD LTNT
16730: COMMON/TRUMTX/NVTMTN(1)

~ 167140= COMMON/LREGPI/LXDU,LUDW,LPHCLLGC1 DLGC2,LEL,LEE
16750z COMMON/CREGPI/NVRPI,RPI( 1)
16760= DIMENSION VXO(1),VX1C1),XO(1),X1(1),Xmo(1),XM1(1),ZM1(1)
16770z NSTPOz.01'TEKD/TSAMP+.5
16780c NSTx2
16790z IF(NSTPO.GE.1) GO TO 1
16800: NSTPOz1
16810= ISTzl
16820z 1 NSTEPS=100*NSTPO
16830z IF(LFLCG;T.EQ.O) GO TO 2

'C.168140z LHO:NVOUT-NPC
16850a IF(NDD.EQ.O) GO TO 14
16860z LDCGT:1
16870z GO TO 5
16880z 2 LHO=NVOUT
16890z 14 LDCGTz0
16900= 5 LUxLMO-NRD

4.16910z LSO=LU-NPD
16920z NVXzLSO-1
16930:- IF(LTEVAL)6,6,10
169140z 6 DO 7 Izl,NVX
16950= 7 XI (I)=VX1 (I)
16960z GO TO 12
16970= 10 CALL XFDT(VXI,X1.LDCGT)
16980= 12 NNDP1:NND+1016990z REWIND KPLOT
17000= CALL YDSN(X1.VX1(LU),DM(LC).DM(LDY),LDCGTDVX1(LSO))
17010: IF(LFLCG;T.EQ.1) CALL YCMD(XMI,1U14,VUM,CM(LCC),CM(LDC),

17020= I V11(LMO))
17030= CALL WPLOTF(VXI,NVOUT)
170140m DO 100 lTx1,NSTEPS
17050: CALL URPI(RPI(LGCI),RPI(LGC2),DK(LC),DM(LDY),ZO,XIVXO(LU),
17060z 1 VX1(LU))
17070z IF(LFLCGT) 20,20,15
17080z 15 CALL UCGT(V'X0(LU),VX1 (LU),XMO,XM1,XO(NNDPI),ZM1,IUMVUMIT,
17090: 1 VXI(LMO))
17100s CALL CUPDAT(XMOXM,IUM,VUM)
17110. 20 CALL FTMTX(VX1(LU),VX0(LU)sNRDp1)

A17120= CALL FTHTX(X1,X0,NPLD,1)
17130a IF(LTEVAL) 25,2500
171140z 25 CALL DUPDAT(DM(LPHI)9 DH(LBD),D14(LPHD),DM(LEX),XO,X1,
17150a 1 VX1DVXO(LU)tLDCGT,NNDP1)
17160= GO TO 35
17170z 30 CALL TUPDAT(TM(LPHT),TM(LBDT),VX0,VX1#VXO(LU))
17180a CALL XFDT(VZ1,ljLDCGT)
17190a 35 IF(MOD(ITNSTPO).NE.0) GO TO 100
17200a VX1 (NVOUT)=TSAMPOFLOAT(IT)
17210a CALL YDSN(X1,VX1(LU),DM(LC),DM(LDY),LDCGT,VX1(LSO))
17220. IF(LF'LCGT.EQ.1) CALL YCMD(XMIIUNDVUMDCM(LCC),CM(LDC),
17230: 1 Vx1(Lmo))
172140m CALL WPLOTF(VX1,NVOUT)
17250m 100 CONTINUE
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17260= ENDPILE KFLOT
17270= RETURN

S17280=C END SUBROUTINE CTRESP
'17290: END

117980.- SUBROUTINE UCGT(UO UlIMO, IiDDIFZM1,IUM VUMIT -YC5
17990= COIHON/MAIN1/NDIM,NDINItCOMI(1)
18000. COMMON/NDIMD/NND, NED,*NPD,NMD, NDD, MID, NWDD, NPLD,NWPNWD, NNPR
18010. COHON/NDIMC/NNC, NRC, NPC
18020x COMMON/LOCC/LPHCD LBDC,LCC, LDC
18030z C0OH0N/CMDMTX/NVCMD NEWCM, NODCICM( 1)
1 80J102 COMMO/LREGPI/LXDW, LUDV, LPHCL, LGCi LGC2,LEL,LEE
18050Z COMMON/CREGPI/NVRI,RPI(1)
18060. COHMN/LCGT/LAII,LA13,LA21,LA23,LA12,LA22,LELAII,LELA12,LELA13
18070. CONMON/CCGT/NVCGTCGT(1)
18080c DIMENSION UO(1),U1 (1),XMO(1),XM1(1),DDIF(1),ZM1(1)
18090. CALL YCMD(XMO,IUM VUM,CM(LCC),CM(LDC),UO)
1 100 IF(IT.GT.1) GO TO
18110m ILELA12*eLADDR(NPD, 1,113) -1
18120z CALL MADD1 (NPD,1.U1.CGT(I) SUIVUM)
18130= CALL MMULS(RPI(LEL),UO,NDIM,NDIM,1,U1)
181140= GO TO 10
18150z 8 CALL MADD1(NPD,1,YC,UO,YC,-1.)
18160= CALL NMULS(RPI(LEL),YCNDIM,NDIM.1,U1)

C'18170z 10 CALL IIULS(RPI(LGC2),U0,NDIM,NDIM,1,Ul)
18180. DO 12 I.1,NNC
18190= 12 XMO(I)zXMtz)-XMO(I)
18200= CALL FI*EL(CGT(LELA11),XMO,NPDNNC,1,UO)
18210a CALL VADD(NDIM1.,U1,UO)
18220z IF(NDD.EQ.0) RETURN
18230z DO 114 Im1,NDD
182140z 114 DDIF(I)w-DDIF(I)
18250a CALL IIULS(CG'r(LELA13),DDIFNPD,NDD,1DUl)
18260= RETURN
1 82704C END SUBROUTINE UCOT
18280a END
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C.4 Subroutine Changes for CGT/PI Formulation 4

Subroutines SCGT and CGTKX were changed to produce

the program based on CGT/PI formulation 4. These

subroutines are listed on the following pages. Changed

lines are marked.

.4
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10920: SUBROUTINE SCGT
10930: COMMON/DESIGN/NVCO4,TSAMP, LFLRPI,LFLCGT, LFLKF,LTEVAL, LABORT

~~ 109410x COMMON/FILES/KSA YE, [DATA, [PLOT, KLIST, [TERM
10950= COMMON/ZMTX1/NVZM,ZM1 (1)
10960x COHMON/ZMTX2/ZM2(l)
10970x COMHON/NDIND/NND, MiDNPD,NMD,NDD,NWD,NWDD, NPLD, NWPNWD, NNPR
109802 COMNON/NDIMC/NNC D NRCv NPC
10990= COMH0N/CMDMTX/NVCM, NEWCMD NODC, CM( 1)
11000: COIOIO/LREGPI/LXDWLUDW, LPHCL, LOCi,LGC2,LEL,LEE
11010Z COMHON/CREGPI/NVRPI,RPI( 1)
11020z CONMON/LCGT/LAII,LA13,LA21,LA23,LA12,LA22,LELAII,LELAI2,LELA13
11030a COMHON/CCGT/NVCGT,CGT( 1)

11050a 15 NSIZEs(NND+e24INPD)' (NNC.NRC*NDD)

11060: FNIEL.VG)G O1
11070= RT 0oSZ
11080: LABORT=NSIZE
11090: RETURN
11100: 16 IF(NND.GE.NNC) GO TO 17
11110: WRITE 107
11120z GO TO 18
11130: 17 IF(NND.GE.NDD) GO TO 19
111410: WRITE 108
11150z 18 LABORT=-l
11160= RETURN
11170: 19 NEWCMz0
11180: LAlizi
11190: UlA3:Lkl144ND*NNC
11200: LA21lA13,NND*NDD
11210: LA23zLA21,NPD*NNC
11220a LA12zLA23+NPDONDD
11230: LA22z=lA2.NND#NRC
112410= LE~LA1LA22+NPDONRC
11250m LELA12zLELA1 1+NPDfNNC
11260c LELA13zLELA12+NPDONRC
11270= CALL CGTA(CGT(LA11),COT(LA13),CG;T(LA21),CGT(LA23),CGT(LA12),

911280: 1 CGT(LA22),ZMI,ZM2)
11290: 20 CALL CGT[I(CGT(LAII),CGT(LA13),COT(LA21),CGT(LA23),CGT(LA12),
,11300z 1 COT(LA22),CG;T(LELAll),CGT(LELA12,CO;T LELA13 RPI(Lc~l)
11310: LFLCGTzl
11320x 106 FORHAT(OINSUFFICIENT MEMORY /CCGT/v NEED: 0,141)

*11330a 107 FORMAT(OOFEWER DESIGN MODEL THAN COMMAND MODEL STATES*)
113410x 108 FORI4AT(OFEWER DESIGN MODEL THAN DISTURBANCE MODEL STATES*)
11350a RETURN
11360uC END SUBROUTINE SCOT
11370m END

113890a SUBROUTINE CGTKX(A11.A1 .jA21 4A23,A12,A22,RELA11,RELA12,RELA13,ROC)
13900n CO#HON/MAIN1/NDIMNDIM1, C014(1)
13910. COI4ON/FILIS/KSAVZKDATAKPLOT,KLIST, [TERM
13920a CO#ION/NDIMD/NND,NUtDNPDNMD, NDD, NWD, NWDD,NPLD, NWPNWD, NNPR
13930s COMMON/NDIMC/NNC, NRC a NPC
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139410a DIMENSION A11(l),Al3(1),A21(1),A23(l),A12(1),A22(l),
113950c 1 RELA11(l),RELA12(l),RELA13(1),RGC(1)
13960a NDIM-NRD
13970z NDIMlxNDIM41
113980. CALL FMMUL(RGC,Al1,NRD,NND,NNC,RELA11)II13990: CALL HADDI(NRD,NNC,RELA11,A21,RELA11,1.)
141000a CALL KATLST(RELAII,NRD,NNCu"ICXM",KLIST)
141010z CALL KATLST(RELA11 .NRD.NNC."KXM".KTERM)
114020= CALL 7HHUL(ROCA12,NRDNDNRCRELA12)1
141030z CALL MADDI (IRD,NRC,RELA12,A22,RELA12, 1.)
141040a CALL KATLST(RELA12,NRD, NRC, 'KXU',KLIST)
141050z CALL 14TLST(RELA12,NRD,NRC, 'KXU',KTERM)
141060= -IF(NDD.LT.1) RETURN
114070a CALL FlD4L(RGC,A13,NRD,NND,NDD,RELA131
141080m CALL MADDI(NRD,NDD,RELA13,A23,RELA13,1.)

141090z CALL KATLST(RELA13,NRD,NDD, "KXN',KLIST)
11oo00 CALL MATLST(RELA13,NRD,NDD,'KXN",KTERM)
111oz0 RETURN
141120=C END SUBROUTINE CGTKX

111130= END
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Appendix D

CGT/PI/KF Design Evaluation

D.1 Introduction

CGT/PI/KF design actually consists of three separate

designs: the controller with PI control action, the

open-loop CGT or closed-loop CGT/PI controller, and the

Kalman filter. Each of these designs is best evaluated

according to criteria specifically related to the task that

each is to perform.

For the controller, relevant considerations include

the closed-loop system poles, the values of the feedforward

and/or feedback gains, and the time response of the

-0controller system states, output, and control inputs in
either unforced or forced input conditions. For the filter,

relevant considerations include the poles of the filter, the

values of the filter gains, and the filter's estimation

error behavior. An overall evaluation of the system

performance for the CGT/PI/KF closed -loop controller is

necessary to tune the entire design properly and judge its

ultimate performance. The true CGT/PI/KF controller will

suffer some degree of degraded performance due to the

dynamics of the Kalman filter's state estimation and also a

slightly increased delay in control generation due to the

needed filter computations. The necessary performance

evaluation software for this entire CGT/PI/KF controller is

contained in the program OPFEVAL" (Ref 21). This appendix
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is taken from Chapter IV of Floyd's thesis (Ref 9).

D.2 PI Controller Evaluation

. The discrete-time poles of the closed-loop system
incorporating the optimal gain Qc of Equation

(111-52) and assuming perfect state knowledge are computed

from the matrix

-0 - 1 (D-1)

with J, and fl as defined in Equations (III-42a) and

(III-42b), respectively. The equivalent continuous-time

poles are then computed using the inverse of the relation

between the z and s transforms

• sT
z = e (D-2)

in which z and s are respectively the discrete and

4continuous-time complex poles and T is the controller sample

period. This mapping is for the primary strip in the

s-plane only and does not consider any possible aliasing

effects (Ref 14).

Another important consideration in evaluating the

controller design is the magnitudes of the gains

G Cand Gc2, but the most useful

information can be determined from the system's time

*. response to initial conditions on the states. The time

response can be readily simulated using the discretized
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deterministic state transition equations of either the

. design or the truth model and driven by the control input

u (t Y. (t&t*~
[C E y [&ti ]

L(t i_1 (D-3)

obtained from Equation (111-75) by deleting terms due to the

CGT feedforward control. Note that this controller form is

valid only for the PI controller with zero reference input

(Id 0) and in response to non-zero initial conditions

on the states. Plots of the time histories of the states,

the outputs, and the generated control inputs then may be

made. These allow evaluation of the quality of the

Q regulation achieved--speed and damping of the state and

output response, and the magnitudes and rates of the control

inputs actually required.

D.3 CGT or CGT/PI Evaluation

As for the PI controller evaluation discussed above,

consideration of the magnitudes of the feedforward gains may

I! provide useful insights into the CGT design results. For

I.,. the open-loop CGT the relevant gains are A2 1 acting on

the command model states and A23 acting on the

'. disturbance states in the open-loop CGT control law
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u.! _(t )  = _(t i_1)  + A21 [2i(t i )  - L (ti-l ) ]

+ -22 [_ (ti) -U(ti

+ A23 [n1d(ti) - nd(ti-1 )] (D-4)

obtained from Equation (111-75) by setting the PI controller

gains G and Gc2  to zero. For the CGT/PI

controller of Equation (111-75) the relevant gains are

Kxm = L + A21  (D-5a)

KXU LA2 + A22 (D-5b)

Lxn -LAI3 + A23 (D-5c)

acting on the command model states and inputs, and

disturbance states, respectively. (See Section 3.3.2 for

changes for the CGT/PI formulations 2,3,4.)

D.4 Kalman Filter Evaluation

Without going into any detail, the state transition

matrix for the filter estimate propagation is

KF " [I - KF~ala (D-6)

The filter's discrete-time poles are computed as the

eigenvalues of 9 KF and their continuous-time equivalents

computed by the method mentioned in Section D.2. The

magnitudes of the Kalman filter gains may be evaluated from

the standard KF matrix

D-4

.... . . ... . -..,. ...



. T _ P T + R] - 1  (D-7)-a- a -a-a-a T

The greatest insight into Kalman filter tuning is

provided by a covariance analysis (Refs 11 and 17). In the

covariance analysis, the covariance of the estimation errors

of the Kalman filter when applied to the system truth model

is propagated forward in time from the initial conditions on

the covariances of the truth model states. In parallel with

this estimate-error covariance propagation, the

filter-computed covariance is itself propagated forward in

time. The true and filter computed estimation error

covariances may then be compared since the truth model state

estimation error covariances can be transformed to errors

for the design states using Equation (B-6c). The designer

may then modify (tune) the dynamics noise and measurement

noise strengths to achieve the desired filter performance:

the duration of the initial estimation transient and the

steady state error covariance obtained. The total

development of this is given in Ref (17) and summarized in

Ref (9).
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