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~y Preface

ol

In the past two decades, one of the major stumbling blocks in apply-

ing optimal control theory to flight control problems has been that

Er S LD

measurements of all the states of the system are not available. Thus,

it is necessary to use some type of observer or filter to reconstruct the

states of the aircraft. However, when this is done, all guarantees of

R Ry
¥ et e e

desirable stability robustness properties are lost. This thesis addresses
this problem and eﬁaluates the success of some techniques to recover

! the good stability robustness properties associated with full-state feed-
) back.

I wish to thank my advisor, Professor Peter S. Maybeck for his
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F committee members, Professors John J. D'Azzo and Robert Calico for their
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<
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! to accomplish this project.
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Abstract

wJThis study examines the concept of robustifying a controlled system

against differences which may exist between the real world system and the
low-order design model upon which the controller design is based. The
types of controllers considered are based upon the Linear system model,
4/gpadratic cost, and Gaussian (LQG) noise process methodology of optimal
control theory. It is assumed that full-state feedback is not available
and a Kalman filter is employed to provide state estimates to the
controller. Both continuous-time and sampled-data controllers are con-
sidered.

Two robustification techniques are considered. The first is the
method of injecting zero-mean white Gaussian noise into the design model
at the point of entry of the control inputs during the process of tuning
the Kalman filter. The second method is an extension of the first, where
the white noise is replaced by a time-correlated noise. This allows the
primary strength of the noise to be concentrated only in the frequency
range where robustification is desired. Comparing the results of applying
the two methods allows a designer to make a trade-off between the amount
of desired robustification and the performance degradation at the design
conditions which occurs when the techniques are applied.

Both methods are found to improve substantially the robustness
properties of the controllers considered. For the specific flight control
problem considered in this thesis, the technique of injecting white input
noise into the design model produced the desired degree of robustification

\
without prohibitively degrading performance ;; the design conditions.
\
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The second method, though effective, did not yield substantial

) — enough performance benefits over the first to warrant use in actual

;; implementation.
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ROBUST FLIGHT CONTROLLERS

I. Introduction

1.1 Background

A vital element of a flight control system is that it be "robust".
Robustness implies that the controller provides adequate (i.e., stable
closed-loop) performance over a wide range of operating conditions and
system parameters. For example, finite-dimension models of the dynamics
of an aircraft are typically generated by linearizing the aircraft equa-
tions of motion about a limited number of specific equilibrium flight
conditions. Controllers are then designed for these "trim" conditions.
However, at flight conditions other than the specific trim condition used
for controller design, the closed-loop performance of the controller system
may be inadequate or unstable. That is, at the off-design flight condi-
tion, the aircraft parameters (upon which the design is based) have
changed sufficiently to make performance of the controller inadequate.

One method used in the past has been to schedule feedback gains for the
controller so as to compensate for the change in system parameters. How-
ever, it is desirable to have enlarged regions about nominal design condi-
tions within which a specific controller design will yield adequate perform-
ance. This would allow linear perturbation techniques to be used with more
confidence and may also reduce the number of required design conditions
about which such perturbations are defined. It may even be desirable to

have a fixed controller which is sufficiently robust to produce acceptable

performance for all conditions in the aircraft's flight envelope.




3 '
2 Robustness 1s also a concern when controllers are designed using

:S ‘Sﬁg purposefully reduced order models. A robust controller will provide

'? stable closed-loop performance even when states of the real-world system
é have been ignored in the design model. A third robustness issue is

: survivability. Robustness can also imply the ability to maintain closed-
> loop stability if, for instance, part of the flight control system is lost
% due to ground fire: {i.e., the '"true" system is vastly different than the
N system model upon which the controller was designed. Such a robust

{ controller will provide a stable, though degraded, aircraft performance

] while adaptation algorithms attempt to discern what system elements have
7 been lost and to determine an appropriate modification of controller

;: characteristics for future use.
~S In the 1960's, modern control theory methods, such as optimal control
& ﬁ theory, showed promise in application to flight control problems. One

3 drawback of applying optimal control theory techniques to flight control
Q problems, however, is that the resulting controllers require full-state

3 feedback, but measurements of all states are generally not available.

T; Thus, it becomes necessary to include a filter or observer in the con-
;: trolled system to estimate the states. However, once an observer has been
lf inserted into the loop, stability robustness becomes a major concern

(Ref 5).
‘Ef Recently, efforts to improve the robustness properties of observer-
: based controllers have included a technique, developed byJ.C. Doyle and
'j G. Stein (Ref 6), which injects white noise into a controller system model
s at the point of entry of the control inputs during the process of tuning
;: the Kalman filter. It is claimed that, as the strength of the input noise
if :ffg
p
‘ 2
\d




>

g {ﬁﬁ is increased, the filter-based controller will asymptotically recover the

,f DN good robustness properties of a full-state feedback system in the

_; continuous-time case. A disadvantage of this technique is that the

3 additional noise can degrade the performance of the system at the design

. conditions.

*3 A natural extension to the idea of injecting white input noise into

53 a system model is to consider time-correlated noise. This allows the
robustification technique to be applied only over a desired frequency

;E range rather than over all frequencies as in the original Doyle and Stein

{; method. Thus, the degradation in performance due to the additional noise

N can be reduced (Ref 15;16;28).

i: The techniques described aboﬁe are applied in this thesis to a

;i specific aircraft flight control problem. Two types of controllers are

" 0 considered. The first 1s an optimal Linear Quadratic Gaussian (LQG)

;f regulator. Available software allows the design of a continuous-time

§, and a digital controller. The second type of controller is an optimal

”i LQG-based Proportional-plus-Integral digital controller. For both types

:: of controller, a Kalman filter is implemented to provide estimates of

;2 the states of the system. The success of applying the robustification

S

: techniques is determined by designing a Kalman filter and controller for

-g one trim condition, then evaluating the performance of the controller at

fE an off-design flight condition, as well as designing the filter and con-

: troller on the basis of purposely reduced-order models for computational

; loading reasons. Time histories of the mean and standard deviations of

Li the aircraft states and controls are examined. Additionally, it is desired

; -~ to compare the performance of the controller at the design conditions with

o

g
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no input noise, white noise and time~correlated noise used for filter
retuning (robustification) to determine how much the performance is de-
graded by the input of the noise, and also to determine if performance
benefits can be gained by using time-correlated noise as opposed to

white noise.

1.2 Problem

The primary objectives of this thesis are:

1. To apply the robustification techniques of injecting white or
time-correlated noise into a system model at the control entry
points during filter tuning to a flight control problem for a
high performance aircraft.

2. To extend the techniques for LQG regulators to LQG-based PI
controllers.

3. To evaluate the robustness properties of the controller designs
by performiqg covariance analyses for the controlled systems at
both the design flight condition and other off-design conditions

within the aircraft's operational flight envelope, using a

purposefully reduced-order design model. Robustified designs
are to be compared to unrobustified designs and also to full-

state feedback designs when possible.

1.3 Sequence of Presentation

The body of this thesis is contained in Chapter II-V. Chapter II
presents the equations used for designing and evaluating optimal determin-

istic LQG regulators for both the continous- and discrete~time case.
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Also included is the application of the Doyle and Stein technique to
continuous-time systems and several extensions of the technique to
discrete~time systems.

Chapter III presents the equations necessary to design and evaluate
optimal LQG-based PI controllers for the discrete-time case. Then the
Doyle and Stein technique is applied to systems employing PI controllers.
As pointed out in the text, robustification by this technique is a pro-
cedure which affects only the Kalman filter design; thus, the same method
is used for PI controllers as for regulators in this thesis.

Chapter IV examines the idea of injecting time-correlated noise

rather than white noise into a controlled system model during tuning

of the filter, to improve the tradeoff of the controller's robustness
properties versus performance degradation at design conditions. First,
@ a stochastic process model (shaping filter) is developed for the noise
process which is then augmented with the system state differential equa-
tions. Then, the types of time-correlated noise of interest to this
thesis are considered, including a discussion of the specific shaping
filters to generate the desired noise process.

Chapter V presents the model of a high-performance aircraft to be
used in this thesis. A design flight condition is chosen and linearized
perturbation equations of motion are developed for the aircraft about
that operating point. The design model for the Kalman filter and con-
troller is purposefully reduced in order from the full set of linearized
equations so that this aspect of robustness can be examined. Finally,

models at other flight conditions are listed with which the robustness

- of the system to parameter changes will be evaluated.
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;ij The findings of this thesis, results and conclusions are presented in
f‘ ;é;} Chapter VI. Recommendations for further research are made in Chapter VII.
{1. Four appendices are included. The first presents a generic format
§§, for a controller into which the types of controllers in Chapters II and
%3 III can be rearranged. The usefulness of the format becomes apparent

2§; in a performance analysis, when the same set of equations can be used

;§3 to evaluate the performance of any controller in the standard format.

I

Appendix B lists the source code for a Fortran program used in design-

v »-

ing LQG regulators. Included are a discussion of how the program is

executed and modifications from a previous version to allow the input

LR LA

il
>

of time-correlated noise (Ref 21).

:’i Appendix C 1lists the modification to the software of Reference 13 and
*%: 30 to allow the input of white and time-correlated noise into the system
NN (:Ea model. The software is an interactive program used for designing PI

j;; N regulators with a Command Generator Tracker in the feed-forward loop.

E% This thesis will exploit only the PI regulator design capabilities.

Appendix D includes further performance analysis results in addition

:j: to the findings in Chapter VI. It was stated in Reference 6 that the
:ji Doyle and Stein technique is not guaranteed to improve robustness if
7

— the design model is non-minimum phase (i.e., there are transmission
;5 zeroes in the right-half s-plane). Appendix D shows a case where the
;ij design model was non-minimum phase and where the addition of input

l".

K'Q noise to the system model has actually drive an initially stable closed-
}j; loop system to be unstable.
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II. LQG REGULATORS

2.1 Introduction

This chapter presents the equations used in designing optimal Linear
Quadratic Gaussian (LQG) controllers for a system modelled as linear,
time-invariant, and driven by zero-mean, white Gaussian noise and deter-
ministic inputs, subject to quadratic costs for defining optimality
criteria. The model used for this thesis is described in Chapter V. The
methods used are taken primarily from Reference 24 unless otherwise
stated.

In the first section, the controller equations for a continuous-
time system having continuous-time measurements are given. The structures
of controllers assuming perfect access to all the states of a system
versus controllers with a Kalman filter to estimate states are examined.
Next, the equations needed to evaluate the performance of controller
designs are given. Finally, a technique developed by Doyle and Stein
(Ref 6) to robustify the Kalman filter for continuous-time systems is
presented.

The fourth section contains the controller equations for a continuous-
time system having sampled-data measurements. Ngxt the performance analy-
sis equations for the sampled-data system are developed.

The final sections contain alternative methods for applying the
Doyle and Stein technique to sampled-data systems. Three possible basic
approaches are simply to discretize the controller designed for the con-

tinuous system or to modify the technique in one of two ways so that it

applies directly to a discrete system.
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All methods described in this chapter are incorporated in a Fortran

program originally written by Captain Eric Lloyd and modified to some
extent by this author. For source codes and information about the pro-
gram, see Reference 21. Modifications and additions to the program are

listed in Appendix B.

2.2 Continuous-Time Controllers

The state description for an important class of continuous-time

systems is given by the linear stochastic differential equation
x(t) = F(t) x(t) + B(t) u(t) + G(t) w(t) (2-1)
where w(t) is a white Gaussian noise with statistics
E{w(t)} = 0 (2-2a)
E{w(t) v (t+D)} = Q(£)6(1) (2-2b)

An optimal LQG controller for the system minimizes the cost

functional
1 T
JC = E 55 (tf)xfz(tf)
T
| ks x(t) Wxx(t) qu(t) x(t)
+37 T dt
e (Lu®) W (B W, u(t) (2-3)

where Wn(t) is a positive semi-definite weighting matrix associated with
the system states, x(t); Wuu(t) is a positive definite weighting matrix
associated with the controls, u(t), applied, to the system; wxu(t) is a

cost-weighting matrix associated with cross terms of x(t) and u(t) and is




L
N
-‘f‘
E} chosen so that the composite matrix of Equation (2-3) is positive semi-
gt ?jﬁ‘ definite; and X is a positive semi-definite weighting matrix associated
% with the states at the final time,lg(tf).
e,
- The optimal control to be applied at time t which minimizes the
o
; N above cost function 1is described as
A8 ' " *
RS u*(t) =~ G (r) x(t) (2-4)
R
$: "
5
el with the gain matrix, Gc (t), given by
o |4
"
'f\ * = -1 T
2 G, (&) =W () B (£) K_(£) (2-5)
~
and Kc(t) is calculated using the backward Riccati differential equation
[ g
\“.‘ . T
:‘5 K (t) = F (t) K (t) + K (€) F(t) + W _(t)
T - R_(t) B(t) W_"I(e) BY(e) K _(¢) (2-6)
<, - c uu [
o
-
"\
. subject to the final condition
o5 K (tp) =X, (2-7)
e
* Notice that Equation (2-6) assumes that the cross weighting matrix
'. qu(t) is zero. If this is not the case, an appropriate variable trans~
-
b formation can be made which will account for the non-zero cross terms and
;;: allow equation (2-6) to be used (Ref 24:202-203; 19:79-86).
- Up to this point, the controller equations have been derived allowing
<. for time-varying systems, cost-weighting matrices and feedback gains.
Vo
::j However, as described in Chapter V, the model used for this thesis is
3 "L time-invariant with stationary noises (i.e., the covariance kernel
'-q" ""::.'.
e, T
o g
.
>
2N
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E{w(t)w;(t+1)} is a function of only the time difference T (Ref 23:139-
s 140)) and constant weighting matrices. Thus a steady-state constant gain

controller can be used, ignoring terminal transients in the feedback gain
* c” [w "7 g ] 2
u (t) = -6 x(c) = - W, <] x(© (2-8)

where icis now the solution to the steady-state Riccati equation

Tz +RF+w -KBw “1BIE (2-9)
[ C XX [o] uu

K =0=F
C [}

Henceforth, the assumption of a time-invariant system with stationary
noises and constant weighting matrices is made, and the time argument is
omitted unless needed to avoid confusion.
The optimal control law of Equation (2-4) is given as a gain matrix
N times the state values at a particular time. If, however, perfect know-
ﬁ ledge of the states is not available, then an estimate of the state ,
X(t), must be used in place of x(t). In this case. a Kalman filter is
employed to evaluate the conditional mean, X(%). 2nd conditional co-
variance, P(t), of the states of the system.
Instead of the actual values of the states, assume that what are

accessible from the system are noise-corrupted measurements of the time-

invariant form
z(t) = H x(t) + v(t) (2-10)

where x(t) is a stationary white Gaussian noise assumed independent of

the dynamics driving noise w(t) and with statistics

E{v(t)} = 0 (2-11a)
E{v(t) y_T(t+'r)} = RE(T) (2-11b)
10

........... e et e .‘..‘-. ara e s _~.‘ ~_. ~ -.. e .
SR R A SRS WUV TR LSRR Y 5 O o

. N
PR T S

0
-------
-




-

5?- Then the Kalman filter equations yield an estimate of the states and

e - the covariance via (Ref 23:257,259)

‘Zn:'i é(t) = FX(t) + Bu(t) + PHR [z(t) - HR(t)] (2-12a)

1

-~ P(t) = FP(t) + P(t)FT + GQGT - P(t) H'R™! HP(t)  (2-12b)

These differential equations are solved forward in time subject to the

initial corditions

‘(E} E{§(t°)} = (2-13a)

%
= E([x(c) - 5] [x(c)) - X1} = 2, (2-13b)

frly which are obtained from an a priori Gaussian density function for the
R states at the initial time.
. s The precomputable Kalman filter gain for the continuous-time system

4‘._? is expressed in Equation (2-12a) as

1

. R(t) = P(t) BR (2-14)

et}
'
AL

If it is assumed that the initial transients of Equation (2-12b) are

XA
et

short compared to the total time of interest, the steady-state co-

variance, P, can be computed as the solution to

05

<, €
I\A*I‘ll.“ll

+,

B(t) = 0 = FP + BF' + GQG' - PHR™® HP (2-15)

‘xx%&\
.
+ 988

H

and the constant Kalman filter gain is given by

Y
A _';_‘:

O K = PHOR ! (2-16)

| E‘E | 11
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R
,j Do not confuse the Kalman Filter gain, K, with Kc of Equation (2-6) and
SRS (2-9).
o Figure (2-1) shows the form of the continuous-time controller.
. *
\': u (t)
j' !—.--—-—-—._‘---—-—-—-—-—-—.
>, e e - ——— 1
. | } Lo
. ] l t 1
; | 1 LB i [
5} i ; | ¢
! 1 l I
x l | + A | ' T *
> 2( 4 iy RV O gl 6 oL
P ¢ by i [
‘ i : .
N ! : | |
! | !
2 | 1 t |
A \ 1 F le | ]
A | | ‘ |
" , e e e J |
q ! Dynamics Model !
- | |
: ; : |
'ﬁ i Measurement Model i
- e e e -
; Kalman Filter
o
2 Figure 2-1: Continuous Measurement LQG Optimal
Stochastic Controller
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2.3 Continuous-Time Performance Analysis

Ry The performance analysis for a continuous-time LQG controller is
based on the development for a sampled-data controller given in Reference
23 and derived in Reference 21.

First, a "truth model" is developed for a given system which is
judged to represent adequately the response of a system to inputs and
disturbances encountered in the real world. Then, controllers for the
system can be designed, generally based on lower order, simplified models.
The performance is determined by examining the statistical characteristics
of the truth model states, Et(t)’ and the controls, u(t), for each pro-
posed controller inserted into the real world simulation provided by the

truth model. This is depicted in Figure (2-2).

0 :

Yy :

. 1
} xt(t) }xt(:3
Truth

wi(eh 1

t Model |

T —> hl l

l u(t z:(t) '
} s o Controller _u.(LL_:ﬁ_t).

| |

| l

i {

S —— — e — ———— o —— — —— T W S ——. e - - e e

Figure 2-2: Performance Evaluation for Linear
Sampled-Data Controller
The performance evaluation determines the statistical characteristics
of‘gt(t). the truth model states, rather than the states of the simplified
controller model. It is important to determine the effect of applying

controls from a reduced order controller on the actual system response.

13




:-',: Additionally, the statistical characteristics of the controls are examined
()" to ensure that they do not exceed physical limits or design specifications.
-.: The assumed linear differential equation describing the continuous-
RS

1
?.: time truth model system and available measurements are

39

" 5':(1:) = th(t) + Btg_(t) + Gtv_vt(t) (2-17)
o

>

o

z (t) = H x(t) +y (t) (2-18)
?_'-:' where initial conditions and statistics of the noise are given by
,:;::

S =

2o E{x, (t )} =x . (2-19)
{3 Ellx () - X Jlx, (t)) - x J} =P (2-20)
;

m E{gt(t)} =0 (2-21)

~l$: = T
‘-‘. = -

% Elw, (t) w, (t+1)} = Q. 8(T) (2-22)
o

)

Ely ()} =0 (2-23)

e T

9 E{v, (t) v, (e+)} = R 8(T) (2-24)

Note that y_t(t:) and gt(t) are assumed to be independent of each other and

that the subscript t refers to the truth model.

% A useful form of expressing the control law of Equation (2-4) and
.._4 other more general linear control algorithms, and an equation to propagate
.. the internal states of the controller, are given by

:j

L

e u(t) = chgc(c) +G,, it(t) + ch 2q(®) (2-25)
ol PO

Iy

<

. 14
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N \
|
::'.-5 e _:gc(t) =F, 5c(t) +3B_, Et(t) = ch zd(t) (2-26)
;
A where Xd(t) refers to a command input for the system controlled variable,
e
‘:‘, y(t), to track, where
-'.:J
‘ 2(t) = Cx(t) + D u(t) (2-27)
-
o
SO
E}f The gain matrices in Equations (2-25) and (2-26) are evaluated
N
explicitly in Appendix A. Putting the control law into the generic form
WY
:~}j‘b allows direct comparison of different types of linear control laws.
..'-\
"':: Determination of time histories are desired of the mean and co-
e
variance of an augmented vector
o
A A o - -
S x (t
i x, (t)
5% . 7, (8) = (2-28)
DY u(t)
4.:* L .
o
W All quantities of interest in a performance analysis are assumed to be
Y
= components or linear combinations of components of this vector. If 9 is
P
2,
:-:. a scalar quantity of interest, i.e.,
i :..:
\:: T
n. ' qk = &k za(t) (2‘29)
1..‘-\
*‘::: then the statistics of q, are given by
'~
".‘.
!.‘J
T
e mean{qk(t)} 9 I, (t) (2-30a)
3 a
2 { } Te (2-30b
R cov { q, (t) 9 Yy, 9, )
I A‘ <,
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where m (t) is the mean and P
Ya Ya

vector xa(t).

(t) is the covariance of the augmented

To evaluated the first two moments of xa(t), it is first necessary

to form another augmented vector composed of the internal states of the

truth model and the controller model

x,(t) =

(2-31)

Using Equation (2-18) and (2-25), u(t) and gét) are eliminated from

Equation (2-17)

xt(t) = { Ft + Bt Gcth} gt(t) + Bthxgc(t)
+ Bthy J4(e) +BG gét) + Gw (t) (2-32)
Similar substitution into Equation (2-26) yields
% (t) = Fx (t) + chzd(t) +B [Hx (t) + g (t)] (2-33)
Form the augmented noise vector

v, ()
gh(t) - (2-34)

v, (%)

as a zero-mean white Gaussian noise with covariance kernel

E{wa(t)war(t +T)}-Q36(T), where

..

<,

NN AT N\ TR TR
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Q = (2'35)

Non-zero cross terms can easily handle the case of !t(t) and 3t(t) being

correlated. Now an augmented system equation can be written as

5&“’) - Fagt_a(t) + Bazd(c) + Ga_vga(t) (2-36)
where
Ft + Bt Gcth: Btccx
F =
a
B F
cz c
- (2-37)
- -
Bthy
B =
a
i ch J (2-38)
-
6, s ]
G =
a
© Bez | (2-39)

ém

E{ia(to) }= = x (2-40)

ém




AR
BN Pa(to) = (2-41)

Initial conditions on the controller states are often assumed to be zero:

x =0.
=0 =
< The mean and covariance of the states in Equation (2-36) propagate
: as
X
é g&a(t) = Fagxa(t) + Bazd(t) (2-42)
i
| P._(t) =FP _(t) +B _ ()FF +GQGC. T  (2-43)
X X axx X X a aaa
. aa aa a'a
s
‘: or solving the differential equation yields
€ .
m (8) = ¢ (t,t)E +[t 6, (6, TIBy (1) dT  (2-44)
o

)
2y a
T

T
Px x (t) = ¢a(t’t0)P ¢ (tato)

:' a~a ao’'a

i

% : T

+[c 6, (£,1)G,Q,6 "6, (£,7T) dT  (2-45)
: o

A

)

where ¢a(t,to) is the state transition matrix associated with Fa’ i.e.,

¢ (t,e ) = ¢ (t=t ) = exp {Fa(t-to)}.

-_an
- s

However, the requirement is to solve for the statistics of the

vector za(t) defined in Equation (2-32). This vector is related to

x,(t) by

¢
U

" .
.
e Y
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[ x, (0)] (o0 ] [0
+ zd(t) +
ch (t).J LGCY_ I G, |

-« e

v (t)

The vector is seen to be a linear combination of jointly Gaussian

variables with known statistics.

(2-46)

Thus, the desired statistics can be

generated from Equation (2-39) using the method shown in Reference 23:112.

gya(t) =

CczZ

DRI A TN T SR LR NP RS Y LA v iy
I A ) o N R A A ah S O, ot Rt

0 o

E"a(t) + xd(t)

G

cx | oy

0 1 )

Px X (t)
a a
t ch Gcznt ch

0

cX
i 1t
1 0
T
P (t)
Xa't
_Gcznt CX_J
P T
vtvt(t) [0 G‘;z ]

19

'~"~‘.-‘.‘ L .

n"\.- ¥ L

LY "- - -‘\.

'.‘.‘..\".‘;.._..
»

(2-47)

(2-48)
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<
o
e
s In the last term, note that P_ (t) = Rté (0) and that §(0) = ®. This
EAB S tt
- 2Ny
. terms gives an infinite value to the lower right-hand partition of the
L%
:_ covariance matrix. However, it is still of interest to look at the
n’-l
‘:',:: contribution of the other three terms separately. To evaluate Equation
" (2-48) fully, it 18 necessary to find an expression for Px v (t). This
-" at
AS
j can be written as
T
e SR LRORS WOIACES MO (2-49)
e
b e Expand this, noting that m (t) = 0
8, t
' T T
~~
«.:t: Py (B E{gt_a(t)xt (e) - m (©)y, (t)} (2-50)
e at a
w
{ Teey {v T 2

N ) Py =E{x (v, ()} -m (OB {y "(t)} (2-51)
N at a
\..
o, but E{vT(t) I=m T(t) = OT, therefore
¥ -t V. -

P__(t) = E {x (t)v.  (t)} (2-52)

XV, A

Replace X, (t) with the solution form for Equation (2-36)

Py v () - E(9, (e, )x, (e )v, " (6)

* f"’a“-ma!d“) v, (t) dt
0
t
+fo_ (006w (1) v T(e) dt} (2-53)
t.
(o]
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Making the assumption that Ea(to) and Xt(t) are independent (and thus
uncorrelated), the first term in Equation (2-53) is zero since

E{vtT(t)} = Q?. Substituting in the augmented matrices, the remaining

terms are
. Be cy
T
BCERITEXCE 2,0 v (®ar
e, ]
L &y
Gt Bthz zt(T)
+[t (t,T) Teya 2-54
[ oyt v.M(ear}  (2-s0)
o
0 Bz v, (D
which can be rewritten as
e T
t cy
(t) = E /(¢ (t,7) () v T(t)d‘t
v a' "’ 2 AL A
t (]
| Py
. Gtgt(r) + Btccz!t(r)
+[ 40 v, Tear} (2-55)

B zzt('r)

Again, the first term is zero since !t(t) is zero-mean, and 1d(1) is

deterministic. This leaves

21
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o - -
,-d
S i Gw (t) +BG v (1)
. ! - T
A P, (© = [0, .0 v T@®a)  (@2-56)
o at to
Bczlt (1)
o - -
Noting that gt(‘r) and _gt(t) are assumed independent and
2 E{v, (1)v, (6)} = R §(t-1) (2-57)
ye -t -t t
S the expected value operation can be moved inside the integral, and
N Equation (2-56) further reduces to
- -
R ¢ Bt:Gcz
' e, (= by(e R 8(t-T)dt (2-58)
4 at t
O ° B
by cZ J
x
m Applying the Dirac delta sifting property to the above equation, noting
ot
::;-j that t is the upper limit of the integration and that it also appears
ﬁ in the delta function argument, yields
oo BEX F
Ny t cz
> = l -
- Py (B ¢, (t,¢) 7 B, (2-59)
a't
= B
cz
-‘. od -
\
"
X The state transition matrix q;a(t,t) is the identity matrix I. The value
~
Z of % appears when integrating the Dirac delta function between the time
.{‘ limits to and t since its argument goes to zero at t= t, i.e., at its
o~
L, upper limit. The resulting form is
.:c '-:.v"'Q
o -.. -.'
‘.\E -
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( DK an"t =3 B R, (2-60)
iy cz
s
;? At this point, all quantities needed to obtain the performance
] analysis for a linear, time-invariant, continuous-time system and
ig controller have been defined in this section. The primary result is that,
t? for a truth model given by Equations (2-17) and (2-24) and a controller
. of the form (2-25) and (2-26), the statistics of desired outputs are
’g given by (2-47) and (2-48), using (2-42) through (2-45) and (2-60).
o
‘?{ 2.4 Improving Robustness in Continuous-Time Controllers
i? The stability robustness of LQG controllers is guaranteed assuming
ga that full-state feedback is available. However, once a Kalman filter is
w inserted into the loop, all guarantees of robustness, such as minimum
j}s gain and phase margins, are lost (Ref 6). J.C. Doyle demonstrated this
:i for a simple case of an observer-based controller in Reference 5.
™ In Reference 6, Doyle and Stein introduced a method for improving
iE? the robustness of a control system that employs an observer or state
i; estimator to generate estimates of states when full-state feedback is
= unavailable. In many practical systems, this is the case. Their method
t;: assumes that the linear, time-invariant system to be controlled is
.}5 observable, controllable and has no transmission zeros in the right-half
‘f s-plane, (i.e., it is minimum phase).
i:j Figure (2-3) shows the structures for a full-state feedback control-
E: ler and an observer-based controller. Doyle and Stein claim that if
2
. ,E: ;:'.EE-Z-’
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the corresponding return-difference mappings are asymptotically equal

. e when the control loops are broken at point x (the point of entry of the
i

f control inputs), then the robustness properties cf the observer-based
ff controller will asymptotically approach those of the full-state feedback
Y

controller.
The return~-difference mappings of Figure (2-3) are equal if the

observer satisfies the following equation
-] -1 ]-1
K[I + H(sI-F) K] = B[H(SI-F) B] (2-61)

where H,F, and B are system matrices and K is the observer gain. Let K

P
[ R o W R

be parameterized as a function of the scalar variable, q. Equation

(2-61) is satisfied asymptotically as q approaches infinity if

J-Kfl ) ———=> BW (2-62)

where W is any nonsingular matrix, If the observer used is Kalman

., filter, then K(q) becomes the Kalman filter gain
o T -1
" K(q) = P(q)H'R (2-63)
P
N and P(q) replaces in Equation (2-16).
X To implement the Doyle and Stein technique, the value of GQGT in
Q Equation (2-16) must be altered. Let Qo be the matrix GQGT of the
- original system (i.e., let G = I) and 0(q) be the modified matrix after
- the robustification technique is applied. The modified matrix is
)
y Q@) = Q_ + q?BVB (2-64)
‘
2 ':';:::jf
3
25




o
:EE where q is the design parameter chosen to reflect the amount of desired
{SE -ﬂ;ﬁi robustification and V is a positive definite symmetric matrix. Note that
;{3 the second term of Equation (2-64) implies adding additional pseudonoise
;;é to the system at the point of entry of the control inputs, u(t), rather
isj than the point of entry of the dynamic driving noise, w(t). As q
. approaches infinity, the observer-based controller recovers the robust-
:‘ ness properties of a full-state feedback controller. Note that if q is
N zero, Q(q) is the GQGT matrix of the original system.
;; 2.5 Sampled-Data Controller
;f: For a continuous-time system, represented by Equation (2-1), having
A; sampled-data measurements, an equivalent discrete-time stochastic dif-
f; ference equation (Ref 23:170) can be written as
A
X v, Bt ) = 6k, ,8) x(e) + By(e) uley) + Gy(e) wole)  (2-65)
b
:Eg vwhere !ﬁ(ti) is a discrete-time white Gaussian noise with statistics
ro
E{w,(t,)} = 0 (2-66a)
5 T
§ E{w, () w, ("j)} = Qq(ty)8,, (2-66b)
;$. and 61j is the Kronecker delta, equal to one if i=j and zero if i#¥ j.
Eg The matrix ¢(tt+1’ti) is the state transition matrix for the system
‘5; over a single sample period and B,(t,) and Q (t,) are defined in terms
:: of the continuous-time system matrices to be
i; Ciel
| B,(t,) -jt' B(t,,;5T) B(T) dr (2-67)
§ '
b
W 26
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, Note that Equation (2-67) inherently assumes u(t) is held constant over
.:‘

) a sample period, i.e., u(t) = g(ti) for all ti in the interval

,\: [ti'tiﬂ)' Gd(ti) is defined to be an identity matrix I. 1If, as in

::: the continuous-time controller case, a time invariant system model and
stationary noises are assumed, and if in addition a fixed sample period
% is assumed, the integrations of Equation (2-67) and (2-68) need only be
f performed once and B d and Q q are constant matrices.

. A discrete~time cost function similar to that of Equation (2-3) can
:: be generated as

oY

o 1T

N . Jc =E X (tn+1) xf E(tn+1)

: xe) | T [xre,)  sep||xe)

n =1 i 17j|=""1

2 + 1z 3 (2-69)
" i=0 T

u(ey) s'(e)  UCe|{ule)

-g In the above equation, t n is the last time at which a control is

- applied. It is assumed that a zero-order-hold is used to interface with
Y.

. the continuous-time system. xf and X(t i) are positive semi-definite

v weighting matrices and U(t 1) is a positive definite weighting matrix.

7
= S(t 1) is chosen so that the composite matrix of Equation (2-69) is
}3 positive semi-definite. The weighting matrices are again assumed

o constant henceforth, in order to obtain constant gain control laws

[]
B
- eventually.
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The LQ optimal full-state feedback control law is given by

W) = -6 " ey x(e)) (2-70)

*
where Gc (ti) is the solution to the equation

* T -1 T T
Gc (ti) = [U + nd Kc(t“_l) Bd] [Bd xc(tiﬂ) ¢ +8°] (2-71)

and Kc(ti) satisfies the backward recursive Riccati difference quation
K (t,) =X+ 0K (t,,.)é~- [B,7K (t )0+ sT]Tc *t)  (2-72)
c i ¢ i+l d ¢ i+l c i

subject to the final condition

Kc(tn+1) - Xf (2-73)

As in the case of a continuous-time system having continuous-time
measurements, perfect access to all the states usually is not available.

Instead, sampled-data measurements may be available in the form of

2(t;) = B x(e,) +w,(t,) (2-74)

where !d(ti) is a discrete-time white Gaussian noise assumed independent

of dynamics driving noise !h(ti) in Equation (2-65), with statistics

E {v(t)} =0 (2-75a)

E{!d(ti) xdT(tj)} = Ry Gij (2-75b)

Again, a Kalman filter is employed to generate an estimate of the
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- conditional mean,'g(ci+), and conditional covariance, P(ti*), of the
f - states of the system.

The mean and covariance are propagated between sampled times by

RN N )

these equations (Ref 23:217)

A - +

. (e ) = ox(t, ) + Bu(t,) (2-76a)
. - + T T

N P(ti+1) ¢P(ti ) ¢ + Gd Qd Gd (2-76b)
5' Then, at the sample times when measurements are taken, the mean and

covariance are updated by (Ref 23:217)

.' A + = A - - ] = -
: (e, = %(e,D) + K(e) [2(t) -BR(E D] 21
“
+ - -
‘ &« p(e, ") = P(r,7) - R(t )R R(e,) (2-78)
4
", vhere K(t,) is the Kalman filter gain, given by
K(t,) = P(t,”) H[H P(t,”) HT + R 7 (2-79)

s i i i d
”. The superscripts, - and +, refer to quantities just before and just
) after the measurements at the samples times are taken, respectively.
§ The mean and covariance aere propagated and updated forward in time
) by the above discrete-time Kalman filter equations subject to the
: initial conditions
W\
£ X
W E{x(t )} = x (2-80a)

A,

«_,:.f
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o,

f.
o
o
S BU[x(t,) - X Hx(e ) - X1} = B, (2-80b)
i which are obtained from an a priori Gaussian density function of the

\,

‘J

- states at the initial time, as discussed below Equation (2-13).

Tl
N As in the continuous-measurement case, it is desired to generate
',# a constant-gain, steady-state LQG controller. Thus, steady-state solutions
LSS
VAN

:q from Equations (2-72), (2-76b) and (2-78) are desired to generate a
NI Y

» constant Kalman filter gain matrix, K, and a constant feedback gain matrix,
b3 *
L ™ G .
AN c

The form of the sampled-data controller is shown in Figure (2-4).

2.6 Sampled-Data Performance Analysis

a}% The performance analysis for a sampled-data LQG controller is based
| *-'1:
:i"} on the development in Reference 24:Ch 14.
R Gi:’ Similar to Section 2.3, a truth model for a given system is developed
)
:‘ N which has the following form
L
- %, (t) = F, x (t) + B u(t) + G, ¥, () (2-8la)
o
njk
P 2z, (t) =H x (t,) +y, () (2-81b)
.;k; The measurements are now in sampled-data form, and v -dt(ti) is a discrete
\':-.:
; time white Gaussian noise of covariance R, .
- As shown in Figure (2-5), proposed sampled-data controllers can be
{225 inserted into the truth model simulation of the real world and their
o performance evaluated.
N
: -' -.'i:: "-
S
o "
o
R
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Figure 2-5: Performance Evaluation for Linear
Sampled-Data Controller

For each controller, it is desired to evaluate a control law of the

generic form

G Ll-(r’:I.) - ch 1{-nc(t"i.) + Gcz E-éti) * ch zd(‘:i.) (2-82)

where.gﬁti) uses measurements up to and including the ith measurement and
is held constant over the ith sample period. The states of the controller

can be propagated by the linear difference equation
zc(ti+1) = erc(ti) + B<:z 5:“1) + ch xd(ti) (2-83)

Note the analogous form of the above two equation to that of Equation
(2-25) and (2-26). Expressions for the gains multiplying‘gc(ti),
Et(ti) and zd(ti) aregiven in Appendix A. Initial conditions for the
controller states are usually assumed zero.

The performance of a controller is evaluated by generating time

histories of the mean and covariance of the augmented Gaussian vector
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x, ()
g
- xa(ti) = (2-84)
u(t)
o -
and the corresponding vector between sample times. This is developed
subsequent to a description pertaining to sample times only.
First, as in Section 2.4, it is necessary to evaluate the statistics
of a second augmented vector
x (t)
x () = (2-85)
_Ec(ti)
By performing the integrations indicated in Equations (2-67) and (2-68),
an equivalent discrete~-time equation can be generated for Equatiom
I" (2-8la). Then by substituting Equations (2-81b) and (2-82) into the
equations for the truth model and controller states, Equations (2-8la)
and (2-83) can be rewritten as
x (tyy) = [0 + By G H ) X, (t))
+ By BxX(ty) + By G oy, (ty)
+ I !dt(ti) + Bdthz !dt(ti) (2-86)
X () + o2 (t) + BB x . (£)
RaYY
LN + ch zd(r.i) + Bcz gdt(ti) (2-87)
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j B The subscript d referes to a discrete quantity,

p e Form the augmented, stationary, zero-mean white Gaussian noise

: vector

5 T
N [ ¥ae(ty)
. ‘—'da(ti) = (2-88)
. ety
: - |

Ay

x with covariance

. Qe O©

:; Qda = (2-89)
. 0 Rae

) - .

fl

',
‘ If -‘!dt(t 1) and xdt(t i) are correlated when off-diagonal terms can be
| b added to Equation (2-89).

'.') Now an augmented system equation can be written by combining

d

y Equations (2-86) and (2-87)

n

- = -
'_:, 5a(ti+1) ¢a5(t:l.) + Bda zd(ti) + Gda !da(ti) (2-90)
A

S where

_‘:I o * Bdthth: Bdt:ch

\'

X s

Bcth: ¢c ] (2-91)

- B .

;Z. Bdt:ch
b - B da ™ (2-92)
! DAY ch

L 4
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'5_% e Bdt cz

." ._- :' -::::Ip
’ C4a = (2-93)

L cz

IR
P

The initial conditions for the augmented system are given by

P

X
E{ga(to)} = = x (2-94)

)
"_"
alts

."."::_'; j.'.‘.' ' P
1“1 PN n_f&f A
o
2]
o

E{[x (t) - x_ 1x (t) - X, T - (2-95)

If desired, a cost function for the augmented system can be formed,

)

N _o‘.-r"
AT -

¢ LSS
g

@ as shown in References 24:Ch 14;12. .

The mean and covariance of the augmented vector, X, (t i) can be

7
‘o

propagated by

e
%%
PRI 0 b ¥ ) ",/

b, ¢

Exa(ti) - ¢agxa(t':t) + Bcla xd(r’i.) (2-96)

L &
LR
Yy

Ao T

)0 T "
S anxa(ti) =9 1’x X ¢ -+ GdanaGda (2-97)

a
aaa

[ The vector of interest, -za(ti)’ is related to 3:_a(ti) by the

following equation

..
.

A
> P
“.'l
)
’f.r)

“
>
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T Za(ty) = =

e + 740t + v (E)) (2-98)

Kt
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GCYJ cz

e a e
G
P
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and the desired statistics are therefore generated by

LA

INYN
1
-~
o
—
1
o
1

gya(ti) = m (t,) + zd(ti) (2-99)

EYRY
/X
@
®

(%0
LRARAARA

-a

«
s’

P (ti) = P (t

yaya aa

'. .’0 "‘ l,. *

@
@
(2]
e}
(7]

40 G a0

- + Rdt [0 Gcz ] (2-100)

G
cz

-

'25%" 200

oy 4

Equations (2-99) and (2-100) provide an efficient means for evaluating

statistics at the sample times via the equivalent discrete-time system

% - |7

v

model. However, it may be desired to obtain more complete results

LU

it

between sample times, to ensure that adequate sample period choice and

boot
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A
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\23 system control have been achieved. Between sample instants, a
_;.j W differential equation for Xa(t) can be written as
AN
h
'_3'5 Fe B, Gy
~ - -
*-J la(t) _za(t) + y_t(t) (2-101)
o) (4] 0

e
and the mean and covariance can be propagated from t g Ot where

‘ u(t 1) undergoes a step change, using the initial conditions given by
. Equations (2-90) and (2-91). The propagation equations are

5’

o«

\.

o~

N Ft: Bt

S gya(t) = gn,ya(t) (2-102)
X

- 0 o]
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& - Ft Bt Ft Bt

-" °

] P (t) = P (t) +P (t)

$1 yaya yaya yaya

- 0 0 0 0

- -

0 - -
: ;j:' T

i,‘ GQG 0

5 +

. | o 0] (2-103)
;

,::: At this point, all quantities of interest have been defined to
by Y
- evaluate the performance of a sampled-data controller. The primary
i results are that for a truth model given by (2-81) and a comtroller of
!
::'_, the form (2-82) and (2-83), the statistics of desired outputs at the

o
- sample times are given by (2-99) and (2-100). Between sample times the
o e

$\ :'. statistics are given by (2-102) and (2-103).

%

q 37

- - - ‘v \q ~1 $1~~ -.\ ‘q *q‘\._‘l.‘I « .'- ‘--."' ,'l .-v'~<'._‘. -‘.-_.. “‘.‘..‘.. ‘.q-.‘-...-. -




MY YYYE U

'

7,.
T
L S T )

v
R
e

‘.
X

2.7 Improving Robustness in Discrete-Time Systems

Three approaches are taken to apply the robustification technique
described in Section 2.3 to sampled-data controllers. The first is
simply to discretize the LQG controller designed for the continuous-time,
continuous-measurement system. The second approach is to extend the
technique of adding pseudonoise to the points of entry of u to a sampled-
data system by making a first order (or better) approximation to the
modified Q matrix. The third is to apply the fundamental conditions
under which full-state feedback characteristics are obtained asymptotic-
ally from a controller with a filter or observer in the loop.

It has been observed in Reference 21 that, unlike the continuous-
measurement case, the scalar parameter q of Equation (2-64) cannot be
adjusted arbitrar;ly upwards for the discrete~time case. Rather, there
is a finite rang; of values for q that will robustify the Kalman filter,

and beyond that range the closed~-loop system is unstable.

2.7.1 Discretizing the Continuous-Time LQG Controller

The required format for the discretized controller is given by
Equation (2-82) which requires values for ch(ti), Gcz(ti) and ch(ti),
and by Equation (2-83) which requires values for ¢c(ti+1,ti), Bcz(ti)
and ch(ti). Recall that the continuous-time controller equations are

expressed as

u(t) =G  (t) x (t) + G (t) z(t) + ch(t) 24(t) (2-104)

£ (6) = F(6) (6 + B (6) 2(t) +B_ (6 y,(t)  (2-105)
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i.::: In Appendix A, it is shown that for a steady-state constant-gain LQG
-, o
LRSS regulator
{
= ex t) c (2-106a)
L)

. Gcz(t) =0 (2-106Db)
.
o
2l (

ch t) =0 (2-106c)

¥

=° %*

A5 Fc(t) = F - BGc - KH (2-106d)
\'\-

','.:q = -

e G,,(t) =K (2-106e)
}.l
I ._:‘ .

a}:j‘, ch(t) =0 (2-106£)
%
.q,J * *

4 For this problem, Gc (t) is a constant value Gc , and thus the
” discretized control law is given by

3

L *

;::: u(t,) = -G, 5c(ti) (2-107)
L]

2 To obtain a discrete propagation equation for the controller states,

N
:5 first-order approximations for ¢c(ti+l'ti)’ Bcz(ti) and ch(ti) are
o obtained by

‘:

:: ¢’c(ti+1’t1) = [I+ Fc(ti)At] (2-108a)
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chd(ti) = ch(ti)At (2-108¢)

Again, for this thesis, the system is assumed time invariant and Fc,
Bcz’ and ch are constant matrices. They are evaluated explicitly in
Appendix A. The quantity At is the sample period for the sampled-data
system. Higher order approximations are also possible, but if At is
not sufficiently small compared to the transient times of the system,
this basic idea breaks dowm anyway, so its use is confined to problems
with short sample periods

In addition, a discrete approximation for Rdt(ti) is needed for use
in the performance analysis described in Section 2.6. If the sample
time is sufficiently small to allow the approximations in Equation

(2-108), then it is reasonable to make a first-order approximation for

the discrete measurement noise covariance Rdt(ti). This 1is given by

Rdt(ti) - Rt(ti)/At (2-109)
Notice that as At -=-> 0, the discrete-time white noise !dt(ti) of
Equation (2-81b) converges to the continuous-time white noise described

by (2-18) and (24) if (2-109) is satisfied throughout the limiting

process.

2.7.2 Doyle and Stein Technique for Sampled-Data Systems

The second approach to enhancing robustness is to extend the Doyle
and Stein technique and apply it directly to a sampled-data controller.
Several ways of accomplishing this are considered.

If the sampled period of the system is sufficiently small, a first-

order approximation for the discrete-time noise strength matrix Qd(q),

40




IR
N
I:-“ can be made which is the discrete counterpart for Equation (2-64).
""u, ORIEA
P AR
e L This yields
:'-'tf-“ Q. () +Q, + q2 BVBT At (2-110)
o d do
3 where Q do is
%3 Qgo = Qqty) (2-111)
= which is defined in Equation (2-68). Again, this implies that G a°" I.
>3 For larger sample times, a first-order approximation may not be
z' sufficient. If this is the case, subintervalling may be considered a
k)
3
‘E higher order approximation for Q d(q), such as
N
2 1 T
b Qu(q) =3 [9Q(a) + Q)] At (2-112)
s
’ -
' @ as given in Reference 24:172.
ot -
};-' Another alternative is to make the return-difference mapping for the
’l
.':.E observer-based controller asympotically equal to that of the full-state
i " feedback controller in the discrete~time case. The two configurations
:“': are shown in Figure (2-6). The observer-based system is based upon the
4."
4
A sub-optimal control law
\.'
- ¢ * xce,” (2-113
..-'.: E(ti) - c E(ti ) - )
X
: S;: . rather than the law given by Section 2.5 using x(t i+)'
"J'-
- To recover the robustness properties of the full-state feedback
system, [¢K] must be found such that
-1 _.~1 -1 -1
L ¢K[I + H(z2I -~ ¢) ¢K] = Bd[H (zI - ¢) Bd] (2-114)
s e
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where the analysis is carried out in the z-domain. Equation (2-114) is
satisfied asymptotically when the Kalman filter gain, K, is parameterized
as K(q), and

lim  ¢K _
g g =By ¥ (2-115)

where W is a nonsingular m x m matrix. Therefore, for finite values of

q, K is given by

K=qp B W (2-116)

Unfortunately, this does not lend itself to an interpretation of
retuning via pseudonoise addition, as in the continuous-time case.
Reference 24:113-114 suggests looking at the dual state equations

to select W. This yields

-1 (2-117)

W a8,

which assigns m eigenvalues of the closed loop dual system to the origin
and the remaining (n-m) eigenvalues to the invariant zeros of the system
where n is the number of states and m is the number of controls.

To use the performance analysis equations, the sub-optimal control
must be put into the generic format of Equations (2-82) and (2-83).

This is shown explicitly in Appendix A.

2.8 Summary

The preceding sections have presented the equations for designing

and evaluating optimal LQG regulators. Three applications are considered:
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‘Ji’ for a type of controller that does exhibit these characteristics, based

a continuous-time controller, a discretized continuous-time controller

A

<.

and a sampled~data controller. The structure of these controllers was
examined with and without a Kalman filter in the loop to estimate states.
For the case where a Kalman filter is necessary to estimate states,
a technique was presented to robustify a controlled system against |
differences that exist between the controller design model and the real |
world system. The technique was developed for a continuous-time system
and several extensions to discrete-time systems were presented.
A disadvantage of the type of controller considered in this chapter
is that it will mot regulate the states to zero in the face of unmodeled
disturbances. Also, it only regulates the deviations in the states from
an equilibrium position and does not allow the system to track a desired

piecewise constant non-zero input. Chpater III presents the development

on an LQG methodology.




III. PI CONTROLLERS

3.1 Introduction

This chapter presents the equations used for designing Proportional-
plus-Integral (PI) controllers for a system modeled as linear, time-
invariant, and driven by stationary white Gaussian noise and determin-
istic inputs. The model used for this thesis is described in Chapter V.

The advantage of a PI controller over the regulator described in
Chpater II is that, in the absence of stochastic inputs, it will maintain
the system output at some nonzero commanded value with zero steadystate
error, even in the presence of unmodeled constant disturbances. This is
known as a "Type-1" property (Ref 4). This property is achieved by
integration of the error in the controlled variables, i.e., integration of
the difference between achieved and desired values of the controlled
variables. In discrete~time feedback control, the PI effect is achieved
by performing summation (or pseudo-integration, often interpreted as
Euler integration) on either the difference between the actual and desired
system outputs (regulation error). In this thesis, this structure is
obtained via LQG synthesis applied to an augmented system composed of the
original system states and the controls (Ref 24:141-150). Two possible
implementations are "position form"” and "incremental form'". In position
form, the control‘g(ti) is specified in terms of the current position of
the system state, Eﬁti), as in the LQ regulator solution of the previous
chapter. In incremental form, only changes in states and commands from
the previous values are used to generate increments in control relative to
the value at the previous sample time. For implemention, an incremental
form PI controller is generally preferable because it is not necessary
to provide initial
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f-: . values for the controller states as in the position form. Also it lends
'- \, iteself more readily to relinearizations about new nominal values and to
< anti-windup compensation (Ref 24).

\ The optimal deterministic (LQ) PI controller is developed in the

‘\-: first section of this chapter for a sampled-data system. Next, the

'-'.: Doyle and Stein technique is applied to a PI controlle:r. Then the

E; controller is put into the generic format presented in Chapter II, with
% a Kalman filter in the loop to provide estimates of the states to the
\'. controller, Once the generic form is available, the performance of the
‘i controller may be evaluated using the method of the previous chapter.

;- The software developed to design optimal PI controllers is described

in Reference 13, Modifications to the software are described in References

26, 27 and 29. The performance analysis software is described in

ﬁ Reference 29. The above references deal primarily with the design of

? controllers that employ a PI regulator in the inner feedback loop and a

A

j- Command Generator Tracker (CGT) to provide inputs to the system (Ref 12).

e

v This chapter contains the development of only the inner loop PI regulator.

: 3.2 Sampled-Data PI controller

¥

:; The following development for a PI controller, based on augmentation
to the original system state relations of equations for pseudo-integration

A

': of the control input rates, is found in Reference 24:Ch l4.

bR

3.2.1 (Control-Rate Pseudo Integration

:3 Recall from Chapter 1I that an equivalent discrete-time difference

)

5 ! equation can be generated for the continuous-time system model in the

B,

- form of

v
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o "
X
e = -
s x(t, ) = ¢x(t)) + By u(t) (3-1)
where, by the certainty equivalence principle (Ref 24:Ch 13), the noise
o
- vector was deleted.
g Define the perturbation state and control variables to be
'h
-
Su(t,) = u(e,)) - u, (3-2b)

where X, and u, are the nominal values of the states and the controls to
maintain the system at its equilibrium "trim" operating condition such

that controlled variables assume the desired values. If an equation for

N the output of the system is given by
¥ ':
@ }:(ti) = C§(t1) + Dy g(ti) (3-3)
i
)
-
\j then the nominal control, u . to hold the system at that equilibrium

operating point is found as the solution to

-

’

- X = ¢§o + Bd u, (3-4a)
2

4 T4 = Cx, + D u, (3-4b)
n
A or

}‘ - d o (3-5)
hY T4 c Dy u,
AN
q &i:-‘, vhere Y4 is the desired system output. Then, (3-5) can be solved as

~

>
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Al

.
a

s 5

B T [ T-1 . 7 B ] B B
50 (¢-1) Bd 9_ “11 “12 g
= = (3—6)
| % | ¢ Dy | 24 M1 22 R
or
X " T2 L4 Yy " T Yy (3-7)
The difference in perturbation control variable is
Su(ty,,) = Sult) = [ue, ) - ul - [u(t) -u) (3-8)
or, equivalently
Su(ty, ;) = Sule) + [u(t, ) - u(t)] (3-9)
The above equation has the form of an update relation for Qg(ti+1). 1f

the second term is thought of as an Euler integration of the time rate-

of-change of the control input u at time t , then the change in u, i.e.,

b 4
the bracketed term in Equation (3-9), can be written as

buCe,) =[utes ) - uep]= utepae (3-10)

where At is the sample time of the controller. Thus, Ag(ti) is termed

the control pseudo-rate and Equation (3-9) becomes

Su(t, ) =~ Su(ty) + Au(e,) (3-11)

1+l

At this point, an augmented state description can be written using

Equations (3-1) and (3-11) for the perturbation variables Qg(ti) and

Qg(ti):
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g
:‘ ] Sx(t )- F¢ B ] réx(t )- F 0 ]
.:‘ .\’::.._ =*"1+1 d
L] \'4
; - + Ag(ti) (3-12)
:-: L 52(ti+1)- LO 1 ) LGB(ti)_ L 1 |
3

The control pseudo-rate is now considered to be the input to this

augmented perturbation state equation.

el SN
P U

;i 3.2.2 Optimal Regulator Solution
- The optimal regulator solution described in Section 2.5 can now be
= applied to the augmented system above, subject to a quadratic cost
.’ .
f criterion
"‘ F — - - — -
<, T
i: §x(tyg, ) X, 0. 6x(ty. ;)
. -l
> Je ™3
. G | Sultyyy) | o o ] Sultyyy)
\‘ b o b -
.
o~
N
. _ _ - B
- [ T [
A L r %2 51 Sx(t,)

. 1 T -
.:. +2 i--l 62(1:1) xlz Xzz S2 Gg(ti) (3-13)
(L
o T T
™ Ag(ti) Sl S2 U Ag(ti)J
- &, b - e - -
‘-

where xll places a weighting on state deviations away from the nominal
"
<,
ﬁ X, x22 places a weighting on control deviations away from u.» and U
¥
\) places a weighting on the control pseudo-rates, Ag(ti). Notice that this
; term allows the designer to place a weighting on the rate of change of
Lﬁ control inputs, i.e., to guard against commanding actuator rates that are
N
o beyond the physical limits of the actuators.
SR
‘ Tt
3
CLJ
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The term X_ applies a weighting on deviations of the states at the

f

final time. The cross-terms X12’ S1 and 52 arise as the continuous-
time cost is converted to a discrete~time cost, as demonstrated in
Reference 24 and 12. In Equation (3-13), notice that the index for the
summation begins at -~1. This places a weighting on the potentially
large control differences which may occur at the initial time due to a
change in the setpoint (Ref 24:142),

To apply the optimal regulator solution to Equations (3-12) and

(3-13), redefine the matrices as follows

(o s,
s = (3-14)
0 I
o
By = (3-15)
| I
[ x|
8x, = (3-16)
ou
Xf o
Xeg = (3-17)
Lo 0




,s i v ) NS T ~ LD A N N R R L N AR A
¥
’
“ r~
E . X1 X
s f_'.-:‘.
ER XG = (3-18)
{
T
N X X
X | 12 22
" — -
51
.\!
e sts =
“
-, 5,
[y - o
bt Thus, the state equation and cost function become
J-
% 8xg (ty,) =040xs(c) + By Bu(r,) (3-20)
: I =2 Sxa(ty,.) Koo Oxc(te.)
W c 2 "=0'N+1 f6 =8 N+l
Y
4 Sx.(t,) Trx S Sx.(t,)
b N =1 § § =1
% +3 1 (3-21)
v.', i~ T
| Ag(ti) | Ss U ] -Ag(ti) |
3 - -
3 Then, the optimal, constant-gain LQ regulator solution is given by
A G * ) 3-22
)‘ P'_(ti) = ~ c Es(ti) ( - )
b where
N * * % T - -1 T T
" Gc [Gc1 Gc; (U + BG Kc 36] [BG Kc ¢6 + SG ] (3-23)
-
- and I-tc is the steady-stzte solution to the backward Riccati difference
. B equation
5 e
R 51
14}
-
e,
LA
A R s Ty NS A et P s P S ST L e S (e N T T -’\;;sd";_s‘:‘\',s‘,s’m"d




'."..‘; .lvs‘;~

”

L4 t' u .-'. o

-

A S

~.\ ’~

RN g L (LR, AN T A LR LR A RS

...............

T
Ko (tg) = X5+ d5 K (t5)) (85 = Bg Gc*] - Sacc* (3-24)

solved backwards from the terminal condition

K. (tyr1) = Xgs (3-25)

The optimal control input is given by Equation (3-22) in partitioned form
as

* * *
B (t) = - c‘:1 sx(t,) - cc2 Su(t,) (3-26)

Combining this with Equation (3-11) yields

- -
Qg(ti)
Su(t ) =oue) - 6. ¥ e " (3-27)

1 )
_au* (cy) |

Unfortunately, the above control law does not achieve the desired Type

1 property.

3.3 Achieving Type-l1 Control

The desired integral characteristics for the controller can be
achieved by manipulation into the form of a continuous-time PI controller

(Ref 1)

% t
g@©) = kx®) +k [ [y - z@] (3-28)
t

]

where ¥4 is the desired output and y(t) is the actual system output defined

by

y(t) = Cx(t) + Dyg(t) (3-29)




A discrete-time equivalent is given by

* i-1
u (ti) = -Kxé(ti) + Kz :Z]:._l

(x4 -x(tj)] (3-30)

In incremental form, the above equation is expressed as
* %
ity ) =u(e) K [x(t, ) - x(t)] +K [y, - y(e)] (3-31)

Define a perturbation output equation as

61(1:1) = l(ti) - ¥y " CG_:E(ti) + Dy&g(ti) (3-32)
and the control law as
% * 5
Su (t;.,) = 6u (t,) - K [8x(e ) - &x(t,)]
- K, [C6§(ti) + Dy&g(ti)] (3-33)
The above equation can be rewritten using Equation (3-9) as
¢-1 B, | |&x(t)
* *
Su (ti+1) = Su (ti) - [Kx Kz] (3-34)
i c Dy ] Lsg(ti)_
Equating Equations (3-34) and (3-27), it is seen that
B 7 -1
(¢-1) B,
(3-35)
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N K K * *

2 [ % z] = [Gc Gc ] (3-36)

; 1 2

2 "1 T2z |

~

» The values for the feedback gains Kx and Kz are thus defined by

5:3 K =G * *

o < A Tt Gc To1 (3-37a)
X 1 2

7y
' K =G¢ ~ n.+6¢ * (3-37b)

R z ¢y 12 c, 22

¢,

»

"2 *

' once Gc and Gc are available from the augmented state regulator

ol 1 2

¢

..,J' solution and T M2e Moy and T,, are obtained from Equation (3-35)
W

v G and (3-36). The final form for the PI cotroller which achieves Type-1
"' control, implemented in incremental form is

b Su'(t, ) = Su K_[6 § 3-3
= u (t,0) = Sule,) - K [8x(t,, ) - 8x(t)] (3-38)
£ (3-38)
b

-, -

oy * Ry gty - 2(ep]

§25

Lo

Notice that the different time arguments on the y terms are correct

o (Ref 24:147).

o,

=] 3.4 Doyle and Stein Technique for PI Controllers

?-: The technique of injecting white input noise into a controlled
>

7. system 1s accomplished for a sampled-data PI controller in a manner

<

similar to that described in Section 2.7.2 for a sampled-data LQ regulator.
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The equivalent discrete-time, stochastic difference equation to

describe the system to be controlled is given by

K(£g,g) = 0x(e,) + By u(e,) + 65 wy(e) (3-39)

where the hoise vector has now been included. The discrete~time input
vector, Bd’ and the noise covariance, Qd, are formed by solving the

following equations

i+1

By = #(t,,, -1) B dt (3-40)
4
sl T T
Q = [ #Ct, -0 66T o7 (e, -D) dr (3-41)
i

T
where Q, E(gd(ti)gd(ti)} . G4 is now defined to be the identify
matrix, I.
Recall from Chapter II that input noise was added to the system by

modifying the Qd matrix via

Q @) = Q , + a’BVB At (3-42)

where Qdo is now the original noise covariance given in Equation (3-40),
B is the input vector from the continuous-time state differential
equation, q2 is a scalar design parameter which adjusts the strength of
the input noise, and At is the sample time of the discrete controller.
This, in effect, makes a first-order approximation to the discrete~time
input noise.

However, the discrete~time input vector is available from Equation

(3-40) and is approximated to first order by Bd = BAt, and so it will be
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‘
18 used to modify the Qd matrix for PI controllers. The resulting modified
- NS
‘ if}* noise covariance matrix is
& Q,(q) = QqQ, + q2 B, VB, /st (3-43)
» d do d d

v where V is a nonsingular matrix, chosen to be the identity matrix for this
n thesis. Notice that the Kalman filter design 1is the same regardless of
{: the type of controller implemented so that robustification would be ac-
AN
M complished in the same manner as described in Chapter II. The structure
A of the sampled-data PI controller is shown in Figure(3-1). The Kalman
f‘ filter of Figure (3-1) is the same as for the LQG regulator shown in
5«

Figure (2-4).

43

f 3.5 Performance Analysis for PI Controllers
ﬁz The performance analysis for a PI controller is accomplished by
. ‘Esb following the same procedure given in Section 2.6 for LQ regulators. As
2y

'ﬁ given in Equation (3-38), the incremental form for the optimal, determin-
A

§: istic PI control law is given by
; * ] K s ]

> Su (ty,) = 8u (t) - K [8x(t, ) - 8x(c))
N (3-44)
, + K, [yg(ty ) - x(e)]

X

:t Again, the differing time arguments on the y terms are correct.
g: When a Kalman filter is employed to estimate states for the

Y controller, the conditional mean and covariance of the states are propa-
e gated between sample times by Equations (2-76a) and (2-76b). At the

Cal

.h .

a2 sample times, when measurements become available, the conditional mean and
SR

) b ¢

I
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A
'.,';: covariance are updated by Equations (2-77) and (2-78), where the Kalman
T
RN filter gain is given in Equation (2-79). Using the control law of
29 Equation (3-44) and the Kalman filter equations, the PI controller can
_::'* be put into the generic format introduced in Equation (2-82) and (2-83):
!
. *
- u (e ) +6, ltc(ti) +6_, z(t) + ch Y4(t) (3-45a)
5
>
‘ \. - -
I~ x (ti ) =6, x(t) +B_ z(t) + ch A (3-45b)
;’,: where the subscript ¢ refers to states of the controller. The gain
‘-:‘C matrices of Equations (3-45a) and (3-45b) are evaluated explicitly in
" Appendix A.
e
?‘. At this point, the performance of the PI controller may be evaluated
N
s
‘-g. using the method of Section 2.6, evaluating the statistical characteristics
” @ of an augmented vector
.’¥‘
X
4
d x (tp)
N
a t)s= 3-46
. T,(t) (3-46)
o
AR
328 8(ty)
:f.'
5 which is composed of the states of the truth model and the controls
f.*j, generated by the PI controller.
(&)
L]
LV 3.6 Summary
iy The chapter has presented the equations for designing and evaluating
]
V" .
:‘g PI controllers based on an LQG methodology. The advantage of a PI con-
._::"3 troller over the LQG regulator discussed in Chapter II is that it will
a T track a desired output with zero steady-state error (in a deterministic
g
.‘1'. -
>,
) 58
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::3

.g‘:.: . setting, or in zero steady-state mean error in a stochastic environment)

'.;J' ‘};} even in the face of unmodeled constant disturbance. The type chosen |
:‘C: for implementation was an incremental form of PI controller that is based l
5 i on augmentation of system state equations with relations 1nvoiving pseu-

:‘: dointegration of the control rates.

;,t‘q The Doyle and Stein stability robustness enhancement technique of

§§ inputting white noise into the systemmodel at the control entry points

Y during filter tuning was applied to PI controllers. The following chapter

will extend this method to allow time-correlated input noise for the case

:.: where robustification is desired ow)er only a limited frequency range.

,\::
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Chapter IV, Time-Correlated Input Noise

4,1 Introduction

Section 2.4 introduced the idea of robustifying a Kalman filter by
adding pseudonoise to a system at the point of entry of the control
inputs, u. By increasing the intensity of this pseudonoise, the stability
robustness properties of a full-state feedback system could by asymptoti-
cally recovered by the observer-based sytem.

One disadvantage of this techniques is that the noise addition de-
grades the performance of the system at the design conditions. The white
noise adds uncertainty to the model with the same intensity throughout
the frequency spectrum. It may be desired to robustify the Kalman filter
only over a certain frequency range where confidence in the adequacy of
the controller design model may be low. Thus, a natural extension to the
Doyle and Stein technique (Ref 6) is to add time-correlated (colored)
input noise where the strength of the noise is highest for the frequency
range of interest. This chapter develops this idea and describes how to
apply it to the types of controllers discussed in Chapter II and III
(Ref 15;16;18).

In the first section, a stochastic model is developed for the

fictitious colored noise process. Then, this is augmented with the model
used to describe the system. Finally, the colored noise processes to be
used in this thesis are described, including the shaping filters to

generate them.

T 3
R | CACCX XN

-~
."l.
-

4.2 Stochastic Model

Stationary, time-correlated input noise is represented as the

)

-a e
'Y
4

b
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steady-state output of a linear time-invariant system driven by white

Gaussian noise as

:':_u(t) =F, Eu(t) + G, w_vu(t) (4-1a)

Eu(t) = Hu Eu(t) + Du v_vu(t) (4-1b)

The subscript u refers to uncertainty parameters. The statistics of the

stationary white noise, v_.ru(t), are given by

E{w (t)} = 0 (4-2a)
E{w,(t) guT(cw)} = Q,8(1) (4-2b)

The colored noise process, l‘.u(t)’ is added to the system model,

given by
%(t) = F x(t) + B u(t) +6 w(t) (4-3a)
z(t) = 4 x(t) + v(t) (4~3b)

at the point of entry of u. This results in
2(0) = 7 x(e) + Blu(e) + n (0] + 6w (0 (4-4)

Define an augmented vector to be the system states and the uncertainty

model states




) Next, augment the uncertainty state differential equations with those
Y l\‘
\1...1‘

of the original system. This yields an augmented system equation, given

by

is(t) =F, Es(t) + B, u(e) + G, !s(t) (4-6a)
ga(t) = H, gs(t) + v(t) (4-6b)

The above matrices are described by

F BH
F, = (4-7)
0 Fu
—.B
G BS = (4-8)
_ O
G BD
u
G, = (4-9)
LO G
u -
Hs = [H 0] (4-10)

The noise vector, ge(t), is given by

w(t)

g‘(t) - (4=11)

L gu(t)

-
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a
:
;xg ' with covariance kernal E{v_vs(t)v_ws (t +1)} = Q SS(T), where
SR
| Q@ o
:: Q = (4-12)
0 0 q
;z The augmented system model described in Equations (4-5) through
iﬁ (4-12) is used to design either the continuous-time Kalman filter in
Equations (2-12a) and (2-12b) or the sampled-data Kalman filter in
ﬁ Equations (2-76) through (2-79). However, it is not necessary to feed
‘3 back the uncertainty model states in the controller algorithm; they are
{‘ used only to modify the filter within the overall controller. Therefore,
':: the original system model is used to design the LQ regulator of Chapter
:3 II or the PI controller of Chapter III. However, the dimensions of the
_l m Kalman filter and the controller are now incompatible. This is solved
135 by augmenting the controller gain matrix with zeros
- ¢ *a [c * o] (4-13)
] cs c |
Thus, the order of the original system has been increased to reflect the
adding of uncertainty model states, but these are fed back through the
controller with zero gains.
At this point, the control law is put into the continuous-time
generic form of Equations (2-25) and (2-26) or the sampled-data form of
N Equations (2-82) and (2-83). then, the performance of the robustified

system is evaluated using the performance analysis described in Chapter

1I.
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f..:j: 4.3 Shaping Filter Design
-:‘..' A
j DA The time-~correlated noise processes to be examined in this thesis
\’ are generated by inputting white noise to first- or second-order shaping
74
::}2 filters as described in Reference 23:180-186. The following sections
"
o .
e describe the form of the shaping filters.
e . .
\i‘i 4.,3.1 First-Order Colored Noise Processes

g . . . . . .

o A noise process which has low intensity at low frequencies and high
0N

intensity at high frequencies (or high intensity at low frequencies and
.-\..
',:‘~' low intensity at high frequencies) can be generated as the output of a
.:{
e system with a transfer function of the form
I
£ \
2 (s)
BEN x (s s +a
- u -~ = (4-14)
2N wi(s) s+b
’{.: - In Chapter V, it is shown that the model used for this thesis is adequate
¥y
: :2 for low frequencies but may not be for higher frequencies. Thus, for this
ALY
\§

N case, the strength of the noise should be kept low at low frequencies and
Iy then increased where the adequacy of the model is in doubt. Figure (4-1)
""'.
aza shows the power spectral density function for this process.

o

E)

— Using the standard controllable form given in Reference 23:Ch 2, the
e state-space representation for Equation (4-14) is

-"

o

Q},\ %, (t) = -b x (t) + w (c) (4-15a)
:.:,\

_;:; n (t) = (a = b) x () +w () (4-15b)

)

'-'d"

o4

"" For this first-order shaping filter, the uncertainty model matrices
'_:.. '::::::: are thus scalar and given by

2 ..

P A
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e -s-v- -

)

¥

= F, = -b (4-16a)
b N
: B =1 (4-16b)
)

: H = (a-b) (4-16¢)
> u
7

v D, =1 (4-16d)
‘

o

! Note that a noise process is generated for each control applied to
A the system. Thus, the dimension of the augmented system is that of the
‘. basic system plus the number of controls.

A

4.3.2 Second-Order Colored Noise Processes

::: A noise process which has high intensity over only a limited

*Q

*: frequency range can be generated by passing white noise through a linear
/i 0 system model that has a transfer function of the form
N

; *y(8) . re (4=17)

, qusT (s +d) (s + e)
N

J:P If it is the case where the adequacy of the design model is in doubt over
'. a limited frequency range, then a second-order shaping filter as in
Equation (4-17) would be appropriate. The power spectral density function
o . . o
) for this process is shown in Figure (4-2).

/

’7"\ A state-space representation for this process, using standard control-
" lable formis given by
r
&
o x (¢t 0
&2 u, ) 1 xul(t) 0
- - + wu(t) (4-18a)
Ry x (t) -de -(d + e) x (t
SRR 2 0 l
R "

-
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pi¢ n, (t) = I:c 1:] (4-18b)

oy For this second-order shaping filter, the uncertainty model matrices

are thus given by

F = (4‘]93)

A ~de -(d + e)

B = (4-19b)

o H = | ¢ 1] (4=19¢)

- [o] (s

' For this case, the dimensionality of the original system is increased
by two times the number of controls when these shaping filter states are

oy augmented to the system states.

30 The above technique for robustifying the Kalman filter in a control

system is incorporated into two subroutines added to the LQG regulator

design program described in Reference 21. Source code and instructions

\5 for running the program with the additional routines are listed in

. .‘R Appendix B.
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Similarly, for PI controllers, the user must input the original
design model, before augmenting the shaping filter states, to the program
described in Reference 13. The original model is used to design the PI
controller. Then, the shaping filter states are augmented with the
model for the Kaiman filter design. Finally, the PI controller feedback
gain matrix is augmented with zeros to make the dimensions of the two
solutions compatible. Modifications to the software in Reference 13 are

listed in Appendix C.

4.4 Summary

This chapter has presented an extension to the Doyle and Stein
robustness method of injecting white input noise into a controlled system
during the process of tuning the Kalman filter. The extension allows
time-correlated noise to be injected into the system model, which is
accomplished by augmenting shaping filter states to the state different-
ial equations of the system to be controlled. Thus, the strength of the
colored noise can be concentrated at frequencies where robustification
is desired and attenuated elsewhere.

Two types of shaping filters to generate the colored noise were
examined. The first concentrated the strength of the noise at higher
frequencies. The second concentrated the strength of the noise over a
limited frequency range. Then, the method was applied to the types of
controllers discussed in this thesis.

At this point, the types of controllers which are designed for
this thesis have been discussed. In addition, techniques to enhance the
robustness characteristics of the controllers have been presented. The
following chapter presents the linear, time-invariant model to which the

above mentioned methods are applied in this thesis.
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E . Chapter V. AFTI/F-16 Flight Control Design

IR

’ - 5.1 Introduction

;. This chapter presents the longitudinal dynamic equations for the

i‘: Advanced Fighter Technology Integration aircraft, an F-16 aircraft (AFTI/
. F-16) modified for advanced controls research. For longitudinal control,
:§ the aircraft is equipped with a decoupled horizontal tail and trailing

s' edge flap which make it possible for the AFTI/F-16 to perform such

2 maneuvers as pitch pointing. A pitch-pointing maneuver allows the air-
;3 craft's attitude angle to be changed while holding the flight path angle
.% constant. The controllers to be designed lend themselves readily to

& multiple-input multiple-output (MIMO) system methods such as those
E: described in this thesis. The aircraft equations are adequately portrayed
:.E: as linear and time invariant by linearization about specified trim

A ﬁ conditions in the aircraft's flight envelope. The controllers described
E: in earlier chapters will be designed for the AFT1/F-16, applying the
'5‘3 techniques of tuning the Kalman filter for robustness purposes by inject-
s ing fictitious white or time-correlated noise into the system model at
!1 the point of entry of the control inputs.
I Data used to form the AFTI/F~16 longitudinal equations was taken
}! from References 11 and 12. Reference 1] lists dimensional stability
;4:\ derivatives in a body-axis coordinate system for the aircraft, but does
2 not include data for the trailing-edge flap. This information is given
E in Reference 12 in a stability-axis coordinate system. The necessary
’E: transformations were performed to convert all values to the body-axis

E frame.

2
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I

i; The development of a linear perturbation model for am aircraft's
;;: Eii? longitudinal dynamics is found in References 7;8;9;10;25. The model for
f:: clear air turbulence is developed in Reference 17 and used in Reference
~£¥ 12. Both these models are incorporated to form the AFTI/F-16 equations
5?' described later in this chapter.

2 The first section of this chapter describes a thirteen-state linear
swé perturbation truth model for the AFTI/F-16. This thirteen-state model
Ebf is unobservable because a measurement is not available for all four air-
) craft states. Therefore, the unobservable state is deleted from the full
éé model to leave a twelve-state truth model. This model, described in a
;32 second gection, will be used to evaluate the performance of lower order
, controller models. The lower order (eight-state) controller model is
~j§ described in a third section. The final section gives the data and

‘ﬁw . longitudinal equations for one twelve-state truth model at an off-design
‘;i (3E5 tlight condition. This will be used to evaluate the robustness of the
;Ej controllers designed.

N

fﬁ‘ 5.2 AFTI/F-16 Truth Model

'; The longitudinal aircraft truth model consists of four aircraft
,’§ states, three turbulence (gust) states, and six additional states to

- describe the third order dynamics for each of the horizontal tail and
isi trailing-edge-flap actuators. The aircraft states are: O, attitude

ézz angle; a, angle of attack, q, pitch rate, and; u, forward perturbation
:t; velocity. There are two angle of attack gust states and one pitch-rate
ég gust state. Noise-corrupted measurements are available for O, a, and

q, and the measurement for a includes an angle-of-attack gust state.

The actuator and gust models will be described first.
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5.2.1 Actuator Dynamics

The actuators for the horizontal tail and trailing-edge-flap are
modeled as third-order systems, yielding delivered angle § in response to

commanded angle 5c°m, of the form

-2
s 1/t (W (5-1)
2 -2
Gcom(s) (s + L/Ts) (s° + 2¢ W + W )
Multiplying the numerator and denominator terms yields
8(s) a
Gcom(s) §T +ay8” +as+a

Using the standard observable state space representation given in

Reference 23:Ch 2, the corresponding model is

-, - 1r . -
8(t) 0 1 0 §(t) bl
s = o o s |+ | by |8 (8) (5-3a)
Lsz(‘)_ |7 A1 T _52“)_ | ®3 |
[~ n
§(t) = [1 0 o] §(t) (5-3b)
61(c)
§,(t)
277

where the bi's arise when taking the Laurent series for G(s). Notice
that scom is the command surface deflection and § is the surface deflec-
tion output from the actuators. Two intermediate states, 61 and 62, are

needed to describe fully the actuator dynamics.
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The values chosen for the parameters in Equation (5-1) are specified

- R

A in Reference 27 as

s §(s) (20.2) (71.4)% |
px - 5 (5-4)

§  (8) (s + 20.2) (s%+ 2(.736) (71.4)+ 71.4%)

oLy com

ety

The same actuator equations are used for both the horizontal tail and

.
4

_.‘..;‘ 1

trailing-edge-flap. Expanding Equation (5-4) yields

§(s) 102980
s: = —3 3 (5-5)
% Gcom(s) (s + 125.38° + 7221s + 102980)
‘.;
‘ Thus the resulting state equation is
-':' [ . ] B T r T r 1
;s s(t) 0 1 0 8(t) 0
: n‘ .
» Gl(t) = 0 o] 1 61(:) +| O Gcom(t) (5-6)
: i _sz(t)- b-102980. -7221. -125.3 LGZ(t) ]02980J
“~
o2
e 5.2.2 Turbalence State Equations

The model uged for clear air turbulence is found in References 12

.

and 17. The state equations for the three gust states are given by

)

= a = agl ag * 1, (5-7a)
\‘.
A%
&
5,
:i‘.: ot ' ( :
244 = a + a = an 5-7b
% " %, % " %% T "'
&9
)
&
Y:’ q a & +
R 8 8g% g% (5-7c)
o ¢
:’i‘*ai'
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$ The noise source, s is modeled as a white Gaussian noise with statistics

E{na(t)} =0 (5-8a)

E(a () o' (t + D} =& (5-8b)

-
irﬁ The coefficients in Equations (5-7) are computed using the following

- equations

358 a = 't (5~9a)

g ®, t
&% %, = -If (L- /3 n/ & (5-9b)
(5~9¢)

(5-9d)

a = __ (5~9e)

A

(5-9¢£)

S N ey

g ‘.ﬂ
£
[ ]
[ ]
ry
(-

l

A

Vt is aircraft velocity and b is the wing span. The quantities o, and

‘s

%

A
" ;.nc.ré":~

L, are given in Reference 3 as functions of altitude, where g, is the

o

e root mean square intensity of the clear air turbulence in feet per

=
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o i second and L_ is a reference scale length in feet.

i

L 5.2.3 System Equations
1-3 The thirteen states for the unobservable truth model are listed in
N

2 . .

B Equation (5-10) on the following page.

, ..; As demonstrated in Reference 12, it is convenient to define the

‘...‘

b4a truth model equations in two stages. First, define the ssytem matrix, F":
B . : A o

b of Equation (2-25), neglecting all o stability derivative terms and also
::, the &g term in Equation (5~7c). Then modify the matrix to incorporate the
! ‘ .

. neglected terms. This is done for mathematical convenience as the q terms

are neglected in a later truth model. Defining the system matrix in two

': stages does not change the definition of the states; the second stage is
W

merely a more adequate model. The initial matrix is given in Equation

%

@ (5-11) on the following page.

h To incorporate the neglected terms, rows 2,3,4 and 13 are modified
::' with the following equations (using standard double~index array notation
N P (I,J) for the I-th row and J-th colum of F).

2

i ;‘ F (2,J) = F'(Z’J) /(10 - ZO) (5-123)
2 t t Q

b

Ay - F! . -
f,? F (3,0) = Fi(3,J) + M, x F (2,3) (5-12b)
s
@4 F (4,) = F (4,3) + X, % F.(2,0) (5-12¢)
" a F! ' -
2 FUI3,3) = FLOI3,) + & x FLO2,) (5-12d)
N4

- e The column index J ranges from ] to 13.
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In Equations (5-11) and (5-12), the dimensional stability deriva-
tives "X", "2", and "M" refer to body forces acting along the X- and Z-
axes (forward and down axes) and the pitching moment about the Y-axis,
(axis emanating from aircraft center of mass toward the right wing)
respectively., The subscript identifies the state with respect to which
the derivative is taken. The term "g" is the acceleration due to gravity.
The subscripts HT and TEF refer to deflections of the horizontal tail and
trailing-edge-flap, respectively. The terms ao’ u, and LA refer to trim
values of angle of attack, and velocity components along the X~ and Z-
axes, respectively. A trim condition is a steady-state level flight condi-
tion about which the longitudinal dynamic equations are linearized. For
this case, the trim condition is chosen to be steady level flight at a
Mach number of 0.6 and an altitude of 10,000 feet.

Table (5-1) gives the values needed to define the thirteen-state
truth model. Note that the value of a, given in the gust model coefficients
is for "Level 1" or light to moderate air turbulence. This level of air
turbulence has a high probability of being encountered in flight.

From Chapter II, the truth model is of the form

% (t) = F, x.(t) + B, u(t) + G, w,(t) (5-13)

The control vector, u, is given by

- -
GHT €3]
com

us= (5-14)

TEF (t)
com
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b
gﬁ The Bt and Gt matrices are given by Equations (5-15) and (5-16) on the
S T
» DS following page. The last element of the Gt matrix is defined to be
M
v
e =% *% (5-17)
IR
RN
prapn where a and a  were defined previously in Equations (5-9d) and (5-9e).
2 : d
, ;(: Employing the data of Table (5-1) and Equations. (5-11) and (5-12),
i the F, matrix is given by Equation (5-18). Equations (5-19) through (5-22)
o
e give the other system matrices with their numerical values inserted.
\':'1’:
"Q:j- Recall the continuous-time measurement equation is of the form
;::::'_. gc(t) =H x, + gc(t) (5-23)
_*:::' The covariance kernel description, Rt’ for the measurement noise, !t(t)’
' @ (Equation (2-28)) was established using the values given in Reference 12.
o‘* b
_4-':2 The results are listed in Equation (5-24).
e
o r y
NN _
AN 9.52x 108 0 0
A R, = 0 2.44 x 1077 0 (5-24)
p 0 0 6.44 x 1077
X - -
Recall from Equation (2-120) that a first order approximation for a
\{, discrete-time Rdc’ to be used to design a sampled-data controller is given
N by
N Ry, = R /At (5-25)
J-:’.-:
:ﬁ:—f . .
e The truth model described above will hereafter be referred to as
N
S . (T13,10,0.6). "T" indicates truth model, 13 refers to the number of
v '-- '..
SO
i
€
3
: N 80
< )
c:}.‘;
X \' e, '.\' Tt L T T A A e e T T T T e T e T e e e e e e e, e T e e AN AR \;\. oy
N D B S Y T P P P L A TR A PR A IR S e U )




<&
22
-

e

o
o

A
e o

L]
4

5

‘e

o8

2

o X
iy ¥}
54 %Y '

.I'J rs A

[+

.

NI

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

(5-15)

\..."p.' '-".\,-."-

81

e N % "

A Pt

0.

0.

(5-16)




(81-9)

76°91- 057°9- ?e::S.u." 0’0 00 00
|
0’0 6%~ ( OIXLZ'F! 00 00 00
|
00 00 v696°-| 0°0 00 0°0
]
- R |
0°0 0°0 0°0 1E°SZI- 1TTL- 086201~ |
1
_ “
00 00 00} o't 00 0% !
| |
00 00 00l 00 01 oo |
e
)
0°0 00 00| 00 00 00 |
_ )
| ]
0°0 00 00, 0°0 00 o0 !
i
| )
0'0 0'0 o.a” 00 00 0'0 "
lnl.llllIlll'l'llllll|l\|llll—llllllllllll"‘llllll'lll'lllIl
Leer” se9°L o.e" 0’0 00 9€°2-
'
]
1965~ 2292 001 0°0 00 €82°1-
]
i
(-OIXLYY S- BSE" 1~ 00| 00 00 eT0-
|
00 00 001 00 00 00
i
-y og= e e e v - ln o DA R
1«-1\4#).\»-)0 \‘.\-3 r.% --.-N-.\.M sy -wf“.f\fk.r s ..4-\

0°0

0°0

0°0

Q
e

0°0

€ sz~

<
.
Lnd

0°0

0°0

0

0'0

0°0

00

00

0°0

|
!
|
|
|
|
i
i
|
|
|
i
|
|
|
]
1
!
|
|

1eeL-

00

eo

1

0°0 “ 00 00 00 0°0
|
0'0 “ 0'0 0’0 00 0°0
{
0°0 “ 0°0 00 00 0'0
.“.lllllv e e et e e
oo | 00 0’0 00 0'0
|
0°0 “ 0'0 0’0 00 0'0
"
0'0 “ 0'0 "o 00 00
\
832..“ 0'0 00 0 0'0
“ .
00 | 00 00 00 0°0
|
i
00 " 0'0 0’0 00 0°0
e
23.”?252.? Sy'vz- SE€9°L 8- 2¢-
|
ocoen- | oumese9- lee9t- zzIT |, 0WX966°2
"
9EEI'- | OIXGIZ'1-  ©966° (SE'I- ¢ O1XY68"1-
i
|
00 ! 00 o1 00 0'0
' i
£ P e MR Pk 4
oSSRy L ...v,....-...?.. ..JHM.. .fuu.

82

: e N ]

-t

v

N DN

W

NP

e \ l.i

™ o ‘-..\ s

'-

TN

g

Iy
XX



s Py

PO

L&

0
¥a'sza

-
»

gy
ST Tl

DL

WS s

| MY

.. , -
el | | AR

AI%s

“*»

PR
‘.. '.A
I..."
83
20 TS M AN N RO IO E0 S i W TR ) S s A S A A S S S A A -\'_'-.‘\'.\"-._';_‘.‘;*-:.;"

102980.
0.
0.

0.

(5-19)

g

Q, = [1]

8.142x10"

0.1378

3

(5-20)

(5-21)

(5-22)
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states, 10 refers to the altitude in thousands of feet, and 0.6 to the

Mach number for which the equations were computed.

5.3 Reduced Order Truth Model

The truth model of the previous section represents an unobservable
system because a measurement of the fourth state, u, is unavailable. In
practice, it is rarely desirable to feed back this state through a control-
lex. Therefore, the fourth state is deleted from the truth model before
any further simplification to yield models upon which to base a controller/
estimator design. In addition, all terms involving & stability deriva-
tions are ignored because their effects on the terms of Equation (5-19)
are negligible. Incorporating these derivatives causes the values for the
F, matrix to change only slightly, except for the terms involving, u, which
were deleted. Thus, the modifications listed in Equations (5-12a), (5-12b)
and (5-12c) are not necessary. Equation (5-12d) now becomes

Ft(lz,J) = Fé(lZ,J) + asd x Fé(ll,J) (5-26)

The matrices needed to define the twelve~-state truth model are given
in Equations (5-27) through (5-33). Note that R, was defined previously
in Equation (5-24).

The twelve-state truth model based on linearization about a trim

condition at 10000 feet and Mach 0.6 will be referred to as (T12,10,0.6).

5.4 Controller Design Model

The reduced order controller is formed by modelling the AFTI/F-16

actuator dynamics as first-order lags instead of third-order systems as
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u(e) =

85

Sgp(t)
com

§ (t)

i TEFcom

(5-28)




"y - ..
! 26°91- $z°9- ?S!n_.?“ ‘0 o ‘0 ‘0 0 ] “ ‘0 ‘0 ‘0
. “ (
’ ‘0 ¥69€°0- _ 0IXILZ°1-] O ‘0 °0 ‘0 ‘0 ‘0 “ ‘0 ‘0 ‘0
' | {
. ! |
3 ‘0 ‘0 coon.AT“ ‘0 ‘0 ‘0 ‘0 ‘0 ‘0 | ‘0 ‘0 ‘0
P ' e e e e e
) TTTTTTTTT T T T T T - | )
' ‘0 ‘0 ‘0 je° st~ *1TtL- 086201 ‘O ‘0 ‘0 ] ‘0 ‘0 ‘0
' | | |
4 | { !
‘0 0 ‘0 “ ‘10 ‘o | ‘0o ‘0 ‘0 “ ‘0 ‘0 ‘0
X |
' (62-9) { 0 | -
-.. 0 0 0 “ ‘0 1 0 “ 0 0 0 " ‘0 ‘0 0
. e
"0 °0 0 “ ‘0 ‘0 ‘0 “n.nu_l *1TTL- 086201~ _. ‘0 ‘0 ‘0
| i i
; ]
| !
1 '° !° .° - Q° .° .° - 0- .° '° “ .° .° .°
' | '
_ _ _ |
[ ‘0 0 ‘0 “ 0 ‘0 o° " 0 1 0 — 0 ‘0 0
4 — - . -
e e e e e e e e —————
3 9L£5°0- ;. 01XS6"Y ‘0 " ‘0 0 - 0 ‘0 zeUgt- “22.? - O1XS6"Y ‘0
, |
] ] -
3 ¢ OIxSTY s SSETi- ‘0 " ‘0 0 $9€Z°0~ ‘0 ‘0 SEEi‘0- “ 9966°0 SSETI- o _OIXeR9°1-
) | “
1
Y ‘0 ‘0 ‘0 “ ‘0 ‘0 ‘0 ‘0 ‘0 ‘0 “ °1 ‘0 ‘0
> L .
?
/
P .@
Wiels
¥
oo .7 P NN Caly - 4 PP W N VY T SRR, Y. 8, Ay Oy . YT W N 3
TR IO UL SIX: S Fevd il O M) ) .ﬁv..- XXX T
’ ” o2 5 s e L;\\J» 7 e s e kY & Spent, fA% F A5 feob ey, v * LAOOES




1ZEAAE

-
s
h Y
*

o
N
A%,
1

Bt = 0. 0. (5_30) Gt = 0. (5_31)

AT
o
L[]
o
.
o
L]

0. 102980. 0.

70 AP

0. 0. 1.

0. 0. 8.142x103

~2 - - e g T
LR PP IS

0. 0. 0.1378

‘:i’ — -~ — -

5-" :'i. .

€

¢ = (11 (5-32)

AN “"‘.’ ~.' i.' DA

i

Ja c‘~‘

(5-33)

Oh
3

"
| ]
o
-
o
.

o
.

o
o
.

o
o
o
o
o
.

—
o

| K
e
e
<
e
e
°e
e
e
e
e
e
e
e

L
a

TN

s a

hg
‘>

%

"LB

3 87
R




1
;: given in Equation (5-1). The transfer function for a first-order lag
L] ..
- G{:* with a coefficient of 1/Ts, i.e., a lag time of Ts, is given by
§(s) /T,
-— . —— (5-34)
g Gcoés) s + l/’l‘s
: In state space representation, the above equation becomes
2
2 § /1) 6
(€) = (-1/T)) 6(t) + (1/1,) 8___(t) (5-35)

where Ts is the time constant for the actuator. Again, Gcom is the com-
; mand surface deflection and § is the surface deflection output from the
actuator. A good fit to the frequency response of the actuators yields

~
o 1/'1‘s = 20.2 (Ref 27). Equation (5-35) then becomes

m S(t) = -20.2 8(t) + 20.2 6com(t) (5-36)

Making this modification to the twelve-state truth model of Section
v 5.3 yields an eight-state controller design model. The matrices needed
K to define the controller model are given in Equations (5-37) through (5-43).

7] This eight-state controller model will be referred to as (C8,10,0.6).

5.5 Truth Models at Off-Design Conditions

To evaluate the effectiveness of the techniques previous described for
- robustifying the Kalman filter, the performance of the controllers are to
be evaluated at flight conditions other than that for which the controllers
f were designed, as well as by using truth models of higher order than the
design model. This is accomplished by using a truth model defined at an

~ S . off-design condition in the performance analysis described in Chapter III.

EAE P2 N K

The following sections contain one such truth model.
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SR 5.5.1 Truth Model (T12,20,0.6)

s -?}7‘\{

; This truth model is defined for an altitude of 20,000 feet and a

.ii Mach number of 0.6. The values of parameters and stability derivatives
needed to form the system matrices are given in Table (5-2). The truth
model G, and F_ matrices are given in Equation (5-44) and (5-45).
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5.6 Summary

N This chapter has presented the model which will be used to design LQG

'_.' regulators as in Chapter II and PI controllers as in Chapter III for the

E'.: AFTI/F-16. The robustification methods detailed in Chapters II and IV will
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A be applied to the model, and the effect of this will be examined by
AR performing covariance analysis as described in Chapter II. The results

be," of this study are presented in the following chapter.
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V. Results

6.1 Introduction

The results of the study of methods to improve the robustness
properties of controlled systems are presented in this chapter. The two
methods examined are the techniques of tuning the Kalman filter by input-
ting both stationary white and time-correlated Gaussian noise into the
system model at the control entry points,

The results of applying these techniques are presented first for LQG

regulators. In the first sections, results are given for a continuous-
time system. Then, two approaches for a discrete-time system are examined:
discretizing the continuous-time controller using first-order approxima-
tions, and designing a sampled-data controller.

Finally, in the last sections, the robustification techniques are

applied to a sampled-data PI controller.

6.2 Robust LQG Regulators

Two separate issues of robustness are addressed in the following
sections. The first is the idea of robustifying a system against dif-
ferences between the real world and the finite-dimension, low~order model
that is chosen for controller and Kalman filter design. As discussed in
Chapter V, the model to represent the real world (the truth model) and
the lower-order controller model were purposefully established so that the
differences between them occur in a specific high frequency range. As pro-
posed by Doyle and Stein (Ref 6), the stability characteristics of a full-

state feedback system can be recovered by adding white noise at the

control entry points during the process of filter tuning. The validity




e,

3 of this claim is examined by looking first at a purposefully reduced-order
i -

2 controller evaluated against a truth model of the same dimension with

( first-order actuator dynamics. That is, the low-order controller model
;:: is evaluated as if it were a perfect representation of the real-world

system. The performance of this controller is the best that can be expected
with a Kalman filter to estimate the states. Then, the higher-order

actuator dynamics are introduced into the truth model to demonstrate the

o X,

A )

effects of ignored states on the performance of the system. Next, the

‘a

> robustiffcation techniques are introduced to attempt to recover the

'y w8

R ol

stability characteristics of areduced order but full-state feedback system.

It would be desirable also to examine the performance of a full-state

E: feedback system to evaluate the claim that the stability robustness
__ properties of the filter-based controller will asymptotically approach
' a those of the full-state feedback controller using the Doyle and Stein
:;}. technique. Unfortunately, the software used to design and evalute LQG
:;‘: regulators does not include the option of designing an LQ full-state
| controller. An attempt was made to approximate full-state feedback by
j?, setting the measurement noise intensities to small values and assuming a
g‘s measurement was available for each state, but the results were inconclusive.
' Therefore, performance comparisons are only presented between designs
.{ using the robustified or unmodified Kalman filter.
E: As discussed in Chapter V, the difference between the controller
J design model and the truth model against which the performance is
.}} evaluated lies in the dynamics model for the actuators. Open loop
;.: frequency responses for the third-order model and the first-order model
: ?\\ are shown in Figure (6~1). 1t is seen that the frequency responses differ
- 97
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in the region around 70 rad/sec and beyond, where the complex poles are
located in the third-order model. Robustification of the LQG controller
based on the reduced-order model can be accomplished by adding white noise
to the filter's system model at the point of entry of u, or, by adding
time-correlated noise with the primary power concentrated around the
region of the model inadequacy, i.e., around 70 rad/sec and higher.

One first-order and one second-order shaping filter transfer function
are considered, each of which concentrates the highest strength of the
time-correlated noise in the region where the design model and truth-model
actuator dynamics differ. The first-order shaping filter is described

by the transfer function

xu 8 + 0.5
W, Ts¥0 (6-1)

A power spectral density plot of the time-correlated noise generated by
this shaping filter is shown in Figure (6-2a).

The second-order shaping filter is described by the tramsfer function

x s + 0.5

u
2,: ® (s + 50) (s + 400)

(6-2)

Figure (6-2b) shows the power spectral density function for the time-
correlated noise generated by the above shaping filter. The values in
Equations (6-1) and (6-2) were chosen by examining power spectral demnsity
plots of the time-correlated noise with the poles and zeroes of the

shaping filters in different locations. The chosen values generate the

99
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BN
:ﬁ% R desired noise, the strength of which is highest in the frequencies where
S o the truth and design model frequency responses differ.
‘*;i The second robustness issue is concerned with operation of the con-
Tﬁ?é trolled system at flight conditions other than the design condition. The
o differences between the real world and the reduced-order design model
ig; now occur in other frequency ranges besides those given by the actuator
iiiz dynamics models. Since these frequency ranges are now unknown, the use of
;;'r white input noise would be motivated since it injects equal uncertainty
'S;E into the system model over the entire frequency spectrum. The additional
?Egg performance degradation or instabilities that arise in going from the
& design condition to an off-design condition with a Kalman filter in the
.’SE loop are examined to determine the success of the Kalman filter robust-~
F%g ification techniques. That is, if the full-state feedback system (based
s @ on a reduced-order design model) is stable, then the LQG system (which
Sfi may well yield an unstable closed-loop system with the unrobustified
'E€§ filter in the loop) can be stabilized with the addition of white input
.: noise (as claimed by Ref 6) and possibly by colored noise if the robust-
_'é? ification is applied over the appropriate frequency ranges.
i%? The cost-weighting matrices used in Equation (2-3) are the same for
:?1 the continuous~time, discretized, and sampled-data regulators (discretiz-
;'; ing (2-3) to yield (2-69) is accomplished as in Ref 24). The values used
: ; are based on those given in References 12 and 22, with some iteration on
i?:' the control weightings to achiéve designs with commanded control surface
::&s deflections that do not exceed physical limits of the horizontal tail and
:ﬁg tailing-edge flap. The state, control and cross-weighting matrices are
{it -~ given by
MR A
e .

o I~J~

101

A
Y
>

D
)




A
.

‘.*

N _ )
S 50 -0-

N AN

. g 50

o W - 150 (6-3)
..:v:‘ -0—
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B ..\1
by W= [0] (6-4)
N

%3

a 10 0
%, = -
» Wuu (6-5)
S

o 0 10

2 It i8 desired to make a direct comparison between the performance
)

4

W of the controlled system with white and time-correlated input noise added
7

) to the model upon which the Kalman filter is based, where the maximum

Lo |Ji intensity of the time-correlated noise is equal to the intensity of the
a5y

) white noise. By equating the maximum magnitudes of the white and time-
\"

',

}" correlated noise, it can be determined if there are performance benefits
};j in choosing one type of noise over aﬁother by comparing the degree of

.
jﬁé robustification achieved by each. This is accomplished using the fre-
ats quency domain shaping filter design techniques in Reference 23, which
e state that

o,

<

A PSD_(s) = G(s) G(-s) PSD(s) (6-6)
_{Z where PSD1 and PSD° are the power spectral densities of the input and
‘.‘ )

is output of a shaping filter, respectively. G(s) is the transfer function
1’\ :

by of the shaping filter. It is desired to have the maximum magnitude of
WD

2

“ .'1
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:b the right-hand side of Equation (6-6) be equal the magnitude of the
e oo
b= -2 white input noise, (the scalar white noise parameter, q2 of Equation
5? (2-64)). Thus, by setting PSD° equal to q2 and solving for the value of
?ﬁ PSD1 which makes this true, the value of Qu in Equation (4~12) can be
.','
ot found for the time-correlated noise. Thus, it is the intensity, Qu’
¢ of the white driving noise, wu(t) to the shaping filter which will
M,
N generate a time-correlated noise with a maximum intensity of qz. Table
. (6-1) lists the values of Qu which make the maximum intensity of the
i
s, Table 6-1
o
¥ Strength of Dynamic Driving Noise to Shaping Filters
5 - .8+0.5 - s + 0.5
;§ G(s) =1 €8 =5+ 50 C(e) =G+ 50)(s + 400
*
8 2
N G : S s
i 1x 1078 1 x 1078 0.21
i 1x10°% 1 x 107 21.
-~ - -
s 1x 1072 1x 1072 2100.
:, time-correlated noise equal to that of the white noise. The values were
o
53
:5 arrived at using the software described in Reference 20.
ia 6.2.1 Continuous-Time LQG Regulators at Design Condition
ﬁi Figure (6-3) shows time histories of the mean and standard deviation
Lo of the aircraft state, ©, for an eight-state controller evaluated against
_2 a truth model of the same dimension (the truth model and controller
I)'
5: model are identical as given in Section 5.4). A perfectly known initial
b }l
- condition of one degree (or 0.0175 radians) was placed on O, and the
'*J "::\'-;:'.
‘ 03

103

VS

P4

4 N
» 6

N

.: """{'!'-"";' .!-‘ .\- N ,..‘-.‘-.,.-.: \}"“‘:-5'}" > N AR AN T T S .__.:'., N J'\'-.: .- \ -’ o . A .‘_:‘_.\_. «




AR Cata Voo Xa TaCabgt PUa T La Vi Ta @ T N T Y, S

-®u

-'\\; .\

2
q =0
. 8-State Truth llodel

8. 18

RESEEH
THETA, - RAD
RE0 889

8. po

¥ o v L

2.00 4 8. 20 18, 78
SECONDS

)
8

]

6. 00
TIME., T.

ot [y
PATA fé

-

4
A A A, A N

Figure 6-3a: Mean of O at the Design Conditiom

.
L]

A

Pl
[

3 ".‘-‘L.al_d..-

2
a q =0
) 8-State Truth Model
-4
5

.'r‘.‘-.: ;

8 c'r!:.'n_‘-‘

{

KIIAN
N
B4

ti'_.a.,"-'-‘ {

P Ay
-l A

L i

! .'.". . * . . . [
Tt Figure 6-3b: Standard Deviation of  at the Design Condition
¢ .

b )l
KN
.
g 104
o
5 ]
Al
AN - ] " \}\' A 'e.} - V\._!. .'\'\\\ \)\._:-q_'\,‘..;... -._.ﬁ'(‘» .'\‘_ ‘..--_:‘. -'_\'. h"\#'q- ............................ ‘-\.

»



3 -

2

éﬁf e plot shows the response of O to the initial perturbation and to the dynamic

?’ e driving noise built into the model. The trends are similar for all three

"i aircraft states, therefore only one will be examined in detail in this

;3 chapter.

y The time response is stable, although slow. The slow response is

)f typical of systems with a Kalman filter to estimate states. The added

; dynamics of the filter tend to slow down the response. However, the
controller does respond to the perturbation and regulate the state back

;: to zero. Figure (6-4) shows the response of the same controller when

N

§E specific ignored states are now accounted for in the truth model. This

i* figure is the result of a performance analysis when third-order actuator

'E dynamics are included in the twelve-state truth model, while only first-

E order dynamics are used in the eight-state design model. As can be seen,

' ﬁ the system is still stable, bu the mean of O response has degraded

:S substantially, especially in steady-state.

Ao Figures {6-5a) and (6-5b) show the response of the same state with

) a white Gaussian noise of strength q2 =1 x 10-4 injected into the system

;S model. The transient time, the overshoot, and the error in the final

Eé mean value of O have all been substantially improved with the noise addi-
tion. The standard deviation of O has not changed noticeably from the

f& previous case. The trend for lower and higher -2 values is shown in

E Figures (6~5c,e,d,f). It is seen that noise of a very small intensity

-

éﬁ (1 x 10-6) enhances the robustness properties dramatically, and increasing

S; the intensity of the noise only serﬁes to change the transient characteris-

tics of the mean time response and the magnitude of the standard deviation.

-
»
.
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Then, as shown in Figure (6-6), time-correlated noise generated by a
first-order shaping filter is injected into the system model. The maximum
power spectral density of the noise is 1 x 10'“. The figure demonstrates
that the improvement in the transient time, overshoot, and final value of
© 1is as dramatic as for the white noise case. Again, the standard
deviation has not changed enough to be discernible in the figure.

Finally, time-correlated noise generated by a second-order shaping
filter is injected into the design model. As can be seen in Figure (6-7),
the transient time is approximately the same as for the original system,

but much slower than the cases aboﬁe. However, the state 1is converging

to zero, and the overshoot has been reduced to about half of the original
value. Any change in the steady-state value of the standard deviation is
not noticeable in the figure.

Thus, Figures (6-3) through (6-7) demonstrate that the robustification
techniques can recover the stability robustness characteristics that
would be expected from a full-state feedback system. The methods of
injecting white and first-order colored noise produce very similar
improvements, while the second-order colored noise produced less but
still noticeable benefits in the time response.

However, it was stated in previous chapters that the addition of
noise into the design model will degrade the performance (as measured by
the standard deviation of the states or how well kaown the states are) of
the system at the design conditions. Additionally, it was claimed that
the performance degradation will be less for colored noise than for white
noise. To evaluate this claim, Table (6~2) lists the steady-state values

of the standard deviations of all three aircraft states with no input
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';d

' ’: noise, white noise, and first-order and second-order time~-correlated noise
_F: f‘:’x\ .

" ":‘B' for one value of noise intensity. The values listed are the results of a
" performance evaluation where the unmodified controller design model and

>

‘E truth model are identical (both are of dimension eight at the design

~
W condition). The results shown in the table only partially substantiate
_ the claim that time-correlated noise can minimize the performance degrada-
N tion. The addition of white noise to the system model increased the stand-
V)
™ ard deviation of all three aircraft states as expected.

! It was expected that the addition of first-order colored noise would
04
4’3’ reduce the standard deviation of the aircraft states to values less than
1
& those for white noise, but still larger than the case with no noise addi-
) tion. Table (6-2) shows that this is not the case. Rather, the standard

“u
:j deviations have increased, if only slightly for © and a. Only the pitch
Ay
) 'u rate, q, has decreased as expected. Recall from Figures (6-5a) and (6-6a)
': ‘ that white and first-order colored noise produce similar mean of theta
%

) .
~ s responses. That is, the robustness enhancement is very similar for the
o

two cases. However, even though the added uncertainty is applied over a

A
2 Table 6-2
L
’ Comparison of Steady-State Deviations of Aircraft

States at the Design Condition for a Continuous
\' Time System

Pl
's' 2
Lo 1 Q% % % %

. No noise 0 - |8.705x107* | 5.035x1072 | 1.200x1073
X White Noise 1x10~4 - |9.590x107* | 5.306x1073 | 1.978x1073
..!

" 1st-order -4 -3 -3 -3
Shaping Filter - 1x10 | 1.006x10 5.823x10 1.761x10
- -

- ';‘:f-_- 2nd-order -4 -3 -3
3 Shaping Filter - 21 |8.704x10 5.039x10 1.201x10
", 113
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more limited frequency range when first-order colored noise is injected
into the model, the standard deviations have increased slightly. This is
not well understood, except to say that time-correlated noise actually
changes the structure of the Kalman filter design model. The added
complexity of the design model may overcome any benefits that are
realized because the noise was not applied over all frequencies as in the
white noise case.

As expected, the performance at design conditions is degraded less
by using a second-order filter as opposed to a first-order filter or white
noise. However, the greater complexity of the Kalman filter design model
(four additional states in this case) is not justified by the performance
benefits seen in Table (6-2). In this instance, white noise injected into
the system design model provides the desired robustification while not
degrading the performance at the design condition substantially.

Table (6-3) presents similar steady-state standard deviation informa-
tion about the three aircraft states as shown in Table (6-2). However,
the values listed here are the results of a performance evaluation of the
eight-state controller evaluated against the twel#e-state truth model,
accounting for higher-order actuator dynamics. An important difference
between Tables (6-2) and (6-3) is the effect of adding white input noise
on the standard derivation of ©. At the design condition, adding white
noise detunes the filter and results in a performance degradation. How-
ever, when third-order actuator dynamics are included in the truth model,
adding white noise improées the tuning for the O channel, and the

standard deviation decreases for this state. Thus, when the performance
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R
N
>
j . of the system is evaluated in an environment different from the design
SE ISy
A
: - condition, the noise addition can result in a performance enhancement.
. It is seen that for this case, second-order time correlated noise again
'f;‘ accomplishes improved filter tuning over first-order and white noise.
The improvement, though, is still not substantial enough to justify the
f;' added complexity of the Kalman filter design model. White input noise,
. as stated above, accomplishes the desired robustness enhancement without
.‘-".1
. adding states to the design model.
o
3
) Table 6-3
o
' R Comparison of Steady-State Standard Deviatioms
- of Aircraft States with Higher-Order Actuator
: :: Dynamics for a Continuous-Time System.
2 Q o o o
"'j L9 u e o q
Q -4 -3 -3
o o No noise 0 - 8.984x10 4.894x10 1.189x10
o White Noise | 1x10™° - | s.850x10™* |5.689x10™ |4.979x107
i 1st Order -4 -4 -3 -3
Shaping Filter - 1x10 9.232x10 5.813x10 5.092x10
o
™
i 2nd Order -4 -3 -3
AN Shaping Filter - 21 8.571x10 5.168x10 1.969x10
-'-
o
ho
oA
%
‘.f::.'
Q o
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6.2.2 Continuous-Time LQG Regulators at Off-Design Condition

-, ;T¢. Figure (6-8) shows the results of a performance analysis for the
unrobustified system with a Kalman filter at an off-design flight condi-

.é tion (T12,20,0.6) for the eight-state controller design model. As shown

in the figure, the system is unstable. The mean of 6 is diverging, and

the standard deviation is growing with time. 1In addition, the inputs

'é generated by the controller are growing with time beyond the actual limits
of the control surfaces ¢23 degrees for the horizontal tail and *20
degrees for the trailing-edge flap: Ref 27). This is demonstrated in the
mean plots of Figure (6-9).

Figures (6-10a) and (6-10b) show the system responses at the same off-

design flight condition, except now white noise of strength q2 = 1x10'“

(LS

has been injected into the filter's sytem model at the control entry
n points. The addition of this noise is sufficient to stabilize the system,
T

driving the aircraft state towards zero and the standard deviation of the

state to a finite value. Figures (6-10c,d,e,f) demonstrate the trend for

JEISL T Ty Py

a lower and higher value of q As noted before, stability is recovered with

a very low noise strength. Higher values change only transient character-
istics and the magnitude of the standard deviation. Figure (6-11)
demonstrates that the mean of the commanded controls are no longer exceed-
ing the physical limits of the control surfaces. However, the large

. initial changes in the command inputs do exceed the actuator rate limits
of the control surfaces because there is no weighting on input rates in

the cost function for an LQG regulator.

oS

4

For a time-correlated noise generated by a first-order shaping filter

with a maximum f{ntensity of 1x10-4, the results are similar to those of

Pl ¢
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the white noise. This is shown in Figure (6-12). At the off-design

.
<y
*e 4

Ly

flight condition which was initially unstable with no noise addition, the

R l. ¥y
P
,
“»
\". ’

¢

response 1s stable with the mean of @ approaching zero, and the standard

deviation approaching a finite value.

APPSR,

As shown in Figure (6-13), the addition of colored noise generated

by a second-order shaping filter with a maximum intensity of 1x10-4 is

ET not sufficient to stabilize the system. The standard deviation of O is

S growing with time, although the mean is approaching zero. However, increas-
% ing the intensity to 1x10-2, the standard deviation does approach a finite
: value as shown in Figure (6-14).

2 Thus, Figures (6-~10) through (6-14) demonstrate that the stability

-, robustness of the controlled system is enhanced by the addition of all

5 three types of input noise, such that the response of the system is stable
‘ a even in the face of parameter changes in the real world. White and first-
;: ~ order colored noise of the same maximum intensity produce very similar

? results. Robustness can also be improved using second-order colored

b noise, but a greater maximum noise intensity is necessary to achieve a

ég comparable response to the previous two cases. Figure (6-15) shows a

L power spectral density plot of the second-order time-correlated noise

- for the case of Qu = 2100. The magnitude of the time-correlated noise at

low frequencies (at 0.1 Hz and below) was found to be 1.3x10-6, after
converting from decibels to a linear magnitude scale. Inputting a white

noise of this approximate intensity is sufficient to recover the stability

of the system as is demonstrated in Figure (6-16). This implies that the

robustness 1mpro§ement is not primarily due to the time-correlated noise

concentrated around 70 rad/sec; rather the magnitude of the noise

i
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. elsewhere is sufficiently high to achieve the desired robustification.

. \ 6.2.3 Discretized Continuous-Time LQG Regulators at Design Condition

- This method of extending the robustification techniques to discrete-
- time systems was introduced in Section 2.7.1. A continuous-time

controller identical to that of Sections 6.2.1 and 6.2.2 is designed, then

i discrete controller equations are formed by making first-order approxima-
-~
:; tions to the discrete controller gain matrices. The sample rate of the
discretized controller is 50 Hertz. The design model matrices are given
< in Section 6.4.
) :
. The time histories of the mean and standard deviation of 8 for the
. eight-state controller evaluted against a truth model of the same
j; dimension are shown in Figure (6-17). Again, the state was given a
if perfectly known initial condition of one degree. The performance of the
G discretized controller is very similar to that for the continuous~time
g' case; the state converges to zero fairly slowly. This similarity is as
!
5. expected since the sample period is short compared to natural system
- transients. Figure (6-18) shows the response of the same controller
i
:: evaluated against a twelve-state truth model with higher-order actuator
! models. As can be seen, changing the enﬁironment in which the controller
el is evaluated introduces a slightly larger initial overshoot and steady-
;3 state error in the mean of O response. Again, the unmodified system does
. not display good robustness properties.
;‘ Figure (6-19) shows the response of the same controller with the
’j filter robustified by adding a white noise of strength q = 1x10-6 to the
. design model. The improvement in transient time, initial overshoot, and
i
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’% steady-state value is comparable to the continuous-time case with no

:? :§§3 noticeable change in the standard deviation.

{;: The results of applying colored noise generated by a first-order

§ shaping filter are shown in Figure (6-20). The oﬁershoot is larger than
«ﬁ for the white noise addition, and there is still a slight steady-state

" mean error, but the improvement o?er the unrobustified case is still

i: substantial.

;; It was found that augmenting second-order shaping filter states with
> the design model, designing a continuous-time controller, than discretiz-
23 ing the concroller produced an unstable closed-loop system for any value
;; of Qu' This characteristic was not observed in the continuous-time case.
”: In addition, as described previously in Reference 21, it was observed
.E that the strength of the white and colored noise could not be adjusted

: b arbitrarily upwards. It was found that, with the twelve-state truth model
3 (T12,10,0.6), q2 and Q could be adjusted between zero and 1x107%, and

ég the robustification improvement was similar to the continous-time case.
N However, noise intensities beyond this value (Qu = 2x10-6) would actually
) drive closed-loop system eigenQalues outside of the z-domain unit circle.
j% A comparison of the steady-state values of the standard deviations

2 of the aircraft states are given in Table (6-4). The table includes

; values for a system with no noise addition, white and first-order colored
?E noise of the ssme maximum intensity. The results are similar to the

Q: continuous-time case. It is seen that the addition of white noise

2 increases the values of the standard deviations of the states. As in

;E the pteﬁious case, colored noise addition generated by a first-order

;} shaping filter did not yield lower standard deviations than white noise

)
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Table 6-4
S,
‘:S: Comparison of Steady-State Standard Deviations
of Aircraft States at the Design Condition for a
Discretized Continuous-Time System
2
q Qu Oe oa oq
No Noise 0 - 8.877x10™* | 5.035x107> {1.258x1073
White Noise  |lx10~ - 9.645x10™% | 5.310x1073 |2.113x1073
lst Order -4 -3 -3 -4
Shaping Filter - 1x10 1.005x10 5.821x10 1.817x10
2nd Order
Shaping Filter - - Unstable Unstable Unstable
Table 6-5
Comparison of Steady-State Standard Deviations
of Aircraft States With Higher-Order Actuators
For a Discretized Continuous-Time System
2
q Q“ %9 Oy oq
No Noise 0 - | 9.053x107% | 4.899x1073 | 1.257x1073
White Noise |1x10~ - | 9.511x167% | s5.198x107% | 2.825x107%
1st Order -6 -4 -3 -4
Shaping Filter - 1x10 9,524x10 5.212x10 2.758x10
2nd Order
Shaping Filter - - Unstable Unstable Unstable
10
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'.:.‘
A
f; addition except for the pitch rate, q. Table (6=5) indicates identical
E: iﬁ;? trends for the case where higher-order dynamics are included in the truth
‘f; model. The lower maximum noise intensity than that used for Table (6-4)
%: reflects the fact that, with a higher-dimension truth model, the closed-
{i loop system is driﬁen unstable for a lower Qalue of qz.
R Thus, it is seen that: the desired robustness enhancement can be gained
:i by adding white input noise to the system model. Time~correlated noise is
:i not appropriate for this problem because it does not yield performance
': benefits and only serves to increase the complexity of the design model.
<,
EE 6.2.4 Discretized Continuous-Time LQG Regulators at Off-Design Condition
:ﬁ Figure (6-21) demonstrates that the system exhibits an unstable
t& response when the flight condition is changed to an altitude of 20000 feet
7 | and a Mach number of 0.6 (T12,20,0.6).

Q Again, it was found that the robustness characteristics could be
’2 improved with the injection of white and colored noise for a finite range
'3 of q2 and Q“. At the off-design condition, for values of q2 and Qu
” beyond 2.5x10-5, the closed~loop gystem was unstable.
:5 The response of the system with the maximum value of q2 is shown in
%3 Figures (6-22a) and (6-22b). As can be seen, the stability has been
.; recovered, indicating that the full-state feedback system was stable.
§ Thus, by the addition of white input noise, the characteristics approach
'E that of a full-gtate feedback controller. Figures (6-22¢) and (6-22d)
:: show that stability is reco§ered with a lower Qalue of qz. Increasing
& ‘ it beyond this value changes only the transients of the mean and the
g magnitude of the standard deQiation.
a
\ &:3'
R
-
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55 - Figure (6-23) demonstrates that adding colored noise generated by a
;:; 'Eﬁ; first-order shaping filter achieves the same degree of robustness enhance-
{i‘ ment with only an increase in the initial overshoot of 6 compared to that
E% of Figure (6-22a). The steady-state standard deviations of Figures (6-22b)
‘it and (6-23b) are not significantly different.
:{ Augmenting second-order shaping filter states with the system model
Eg again resulted in an unstable closed-loop system. For any non-zero value
:5 of Qu’ some of the closed-loop system eigenvalues were driven outside the
if unit circle in the z-domain.
:E} Because of the sensitiﬁity of the system to slight changes in the
‘?j strength of the added noise, it is felt that this method is inappropriate
%ﬂ: for this problem. The range of admissible values for q2 and Qu is very
§§ slight, and the loss of closed-loop system stability is very abrupt when
1 m the range is exceeded. In addition, there is no range of Qu which improves
,i; A the robustness characteristics of the controlled system when colored-noise
€§ generated by a second-order filter is added to the model.
o
35, 6.2.5 Sampled-Data LQG Regulators at Design Condition
3 This method of extending the robustification techniques to sampled-
'E: data systems was introduced in Section 2.7.2. For this case, the
A continuous-time system equations are discretized, then a sampled-data
;E Kalman filter and controller are designed from the onset.
~
SS The results of performance analyses for the sampled-data controller
;, with a sample rate of 50 Hertz are found to be extremely similar to those
N
j;% for the continuous-time controller.
o

Figure (6-24) shows the response of € to an initial condition of one

<
\l
o RN degree. This is the result of a performance analysis where the dimensions
b '\':\"
L1y
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of the truth model and the design model are the same (Section 5.4). As
observed previously, the mean of © converges slowly to zero. Figure (6-25)
shows the response of the same controller when higher-order actuator
dynamics are introduced in the truth model. Again, large initial over-
shoots and steady-state mean errors are introduced. The unmodified sampled-
data controller does not exhibit good robustness properties when certain
states are ignored in the design model.

With the addition of white input noise, (as described in Section
2.7.2), the undesirable characteristics of the unrobustified system do not
appear in the time response. This is shown in Figures (6-26a) and (6-26b).
Figures (6-26c,d,e,f) show the trend for ahigher and lower value of qz.
Increasing the magnitude of the white noise changes the transient mean
response and the magnitude of the standard deviation. For this problem
(where the evaluation was performed using the truth model (T12,10,0.6),
in the range of values of q2 that were examined (0 f_qz < 1), the dramatic
instabilities observed in Sections 6.2.3 and 6.2.4 do not occur.

Figure (6-27) demonstrates that nearly identical robustness benefits
can be gained with the addition of colored noise generated by a first-
order shaping filter as with a white noise. However, the addition of
colored noise generated by a second-order shaping filter does not have
the fast time response of the preﬁious two cases, as shown in Figure
(6-28) . Nonetheless, the steady-state error and initial overshoot have
been substantially 1mpro§ed.

Table (6-6) makes a comparison of the steady-state values of all
three aircraft states at the design condition (truth and model dimension

equal) for cases with no noise addition, white noise, and first- and
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. Table 6-6

- .‘(5'

~ =£:§ Comparison of Steady-State Standard Deviations

4 of Aircraft States at the Design Condition

- For A Sampled-Data System

-

» q2 Q, o o o

Q o q

v No Noise 0 - | 8.712x10™* | 5.036x1073 | 1.206x1073

3 White Noise |1x10™* - | 9.583x10™* |5.307x1072 | 1.980x107

- 1st Order -4 -3 -3 -3

y Shaping Filter - 1x10 1.002x10 1.842x10 1.765x10
X

» 2nd Order -4 -3 -3

‘ Shaping Filter - 21 8.700x10 5.040x10 1.208x10

% secord-order colored noise. The results are essentially the same as for
1: the continuous-time controller. The same trend is observed in Table (6-7)
X .. where higher-order actuator dynamics are included in the truth model. As
2 l‘i in the continuous-time case, adding white noise to the model does degrade
N

b the performance for all states at the design condition. However, when

"

P third-order dynamics are included in the truth model, white input noise

) decreases the standard déviation €. When the filter is evaluated in an
¥

5: environment other than the design condition, adding noise can improve

the filter tuning. Decreases in the standard deviations appear in all

B states for second-order colored noise, and they are not substantial enough
3 to justify the added complexity of the design model. Thus, the Doyle and
(X Stein technique extended to a sampled-data system provides the desired

A robustification against ignored states for the problem considered in this
:: thesis. Significant performance benefits are not gained by adding time-

) correlated noise to the system model as opposed to white noise.
] CACH
;A
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Table 6-7

- Comparison of Steady-State Standard Deviations
Of Aircraft States with Higher-Order Actuator
Dynamics For A Sampled-Data System

4 3 3

No noise 0 - 8.984x10 4.894x10° 1.197x10"

4

3 3

White Noise 1x10~ - 8.831x10 5.689x10 4.859x10"

1st Order

Shaping Filter - 1x10 4

3 3

9.311x10" 5.815x10 5.143x10°

2nd Order

Shaping Filter - 21 |8.789x10™

3 3

5.170x10 2.342x10°

he i,

Py

6.2.6 Sampled-Data LQG Regulators at Off-Design Condition

r As shown in Figure (6-29), the response of the system is unstable at
ﬁ the off-design flight condition with no noise addition.

White noise addition of strength q2 = 1x10'4. as shown in Figure

As S

(6-30) 1is sufficient to recover the stability of the system. First-order

colored noise of the same maximum intensity produces a very similar

response, as shown in Figure (6-31). However, second-order colored noise

PRI RN S )

of the same maximum intensity is not sufficient to recover stability
completely as demonstrated by the diQergence of the standard deviation
in Figure (6-32). Increasing the maximum noise intensity to 1::10"2

achieves the desired stability characteristics as shown in Figure (6-33),

1 P A A i

but the time response is still much slower than for the previous two

cases.

It is observed in Figures (6-29) through (6-33) that all three types

il

of input noise substantially 1mpro§e the robustness properties of the

b E 2 S
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controlled system when it is subjected to changes in real-world para-

A

wnd meters. The improvement due to the addition of white and first-order
colored noise is very similar. This indicates that even at the off-design

:E flight condition, the design model is still fairly adequate at low fre-

e quencies where the power spectral density of the first-order colored noise

is low. Robustness can also be enhanced with second-order colored noise

PP T S

to a lesser degree if the maximum intensity of the noise is sufficiently
high. As in the continuous-time case, it 1is felt that this effect is
4 partially due to the magnitude of the noise at other frequencies, not just
:: the peak near 70 radians/second.
\
)‘
6.3 Sampled-Data PI Controllers
; The results of applying the Doyle and Stein technique to a sampled-
X data PI controller were inconclusive for this problem. Howéver, some
m results are presented to show how employing a Kalman filter to estimate
fe the states of a system can adversely affect stability.
Q The software used to design the PI controller allows the design of
a full-state feedback controller or one with a Kalman filter in the
: loop. The performance analysis program then generates time histories of
the standard deviation of the states both with and without a filter.
The weighting on the states, controls and control rates are defined
N
N in Section 3.2.2 and are given below:
.
\ ~ ! | i
L 20 =10 ! —o- | -0-
- -10 10 | l
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The weighting matrices specified above are given in Reference 27.

They are arrived at using a methodology called 'implicit model following'".
As mentioned before, the software used to design PI regulators also
includes a method for designing a Command Generator Tracker to specify
feedforward gains that cause the output of the controlled system to track
the output of a command model in which the desired characteristics of the
response have been built in (damping ratio, overshoot, settling time, etc.).
Implicit model following can be used to affect the feedback gains of the
PI controller in a way that makes the controlled system more robust. A
more detailed explanation of implicit model following is given in
References 27 and 29.

Figure (6-34) shows the time-response of the full-state feedback
system with an initial condition of one degree on © eﬁaluated against a
deterministic truth model of the same dimension. It is seen that the
response has very nice, well-damped second-order characteristics. Figure
(6-35) demonstrates the standard defiations for this controller in a
stochastic environment are Qety similar with and without a filter in the

loop. The design model is defined in Section 5.4. In Figure (6-36),
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the results of the performance analysis are shown, where the eight-state
controller was evaluated against a truth model with higher order actuator
dynamics in the truth model. It is seen that without full-state feedback,
stability was lost. The results ave the same at an off-design condition
(T12,20,0.6) as shown in Figure (6-37). Thus, the figures demonstrate

that when actuator states are ignored in the design model, a full-state

feedback controller exhibits good stability robustness properties. How-
ever, once a filter is inserted into the loop, these properties are lost.
Attempts were made to recover the stability of the controlled system
by applying the Doyle and Stein technique. It was found that any non-
zero value of q2 only made the standard deviations diverge more rapidly.
This was true for both flight conditionms.
Recall that the Doyle and Stein technique was applied to sampled-

data LQG regulators by modifying the Qu matrix as follows:

2

Q (@) = Qu, + a’BVB At (6-6)

using the B matrix of the continuous-time system equation.

The technique was applied to sampled-data PI controllers with the

equation

2 T

using the B, matrix of the equivalent discrete-time system equation.

d
The Doyle and Stein technique was derived by equating the return-
difference mappings for a full-state feedback system and a filter-based

system. The derivation was based on the controllers being a full-state
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3;% . feedback regulator and an LQG regulator. It was expected, since the
) »
;t; {Sg; Kalman filter is the same for LQG regulators and PI controllers, that at
‘{Q least some robustness enhancement could be obtained by directly applying
<{E the technique to a PI controller. Howe?er, this was not found to be true.
)y 6.4 Summary
Hﬁ; This chapter has presented the results of applying two techniques to
3§$ improve the robustness properties of a controlled system. The two methods
) examined are the techniques of inputting stationary white or time-
S% correlated Gaussian noise into a system model during the process of tuning
;2 the Kalman filter.
a Two separate issues of robustness were examined. The first was the
K
;} idea of robustifying a controller so that instabilities do not occur when
izj states are ignored inthe controller and Kalman filter design model. For
; ‘:E’ this thesis, the problem considered was an aircraft flight control problem,
:gg and the effect of ignoring states that desc;ibed the actuator dynamics
lﬁg was examined. In this particular instance, the design model misrepresenta-~

tion was confined to a particular portion of the frequency spectrum;

R

j& this specifically motivated investigation of adding time-correlated rather
}:: than white noise for robustification.

- The second robustness issue was the idea of robustifying a controller
*é against changes in the real-world parameters upon which the controller

%z design was based. Here the designed model misrepresentation was not

:; confined to only a particular band éf frequencies.

;:: The primary result of this chapter is that the stability robustness

of the controlled system can be substantially enhanced by applying both

w.e
-
PP A
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robustification techniques. However, for the problem considered, the

TN

. - Doyle and Stein technique of inputting white noise into the system model
Q) is the most appropriate way to achie§e the robustness enhancement.
W\ Conclusions about thermsults presented in this chapter are made

in the following chapter. In addition, some recommendations for further

iy

research are made.
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VII. Conclusions and Recommendations

The robustification of LQG regulators by inputting white noise or time-
correlated noise generated by a first-order shaping filter into the system
model did work well for all three applications of the controllers examined
(continuous, discretized, sampled-data). In addition, time-correlated noise
generated by a second-order shaping filter improved the controller's robust-
ness properties to a lesser degree for the continuous-time and sampled-
data case. For the discretized case, this method produced instabilities in
the response of the system and could not be used.

It was noted that in Chapter VI that few performance benefits were
gained by using time-correlated noise as opposed to white noise for the pro-
blem considered in this thesis. It is felt that the range of frequencies
where the design model differed from the chosen representation of the real-
world was not sufficiently narrow in this case to result in performance
benefits. Greater performance benefits may be realized by examining the
application of colored noise addition to problems such as gust-load allevia-
tion, flutter suppression, or aeroelastic effects such as including first-
and higher-order bending modes in the truth model representation of the
real world.

It is felt that the robustification techniques for LQG regulators
were examined in gre#t detail in this thesis. However, the extension to
PI controllers was only touched upon, and the Doyle and Stein technique
was applied unsuccessfully. To examine this more thoroughly, it is
suggested that the Doyle and Stein technique be applied more directly to
PI controllers. That is, the conditions analogous to those of Doyle and

Stein that would make the return-difference mapping asymptotically equal
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for a full-state feedback controller and a filter-based PI controller

should be derived.

The technique of injecting time-correlated noise into the system
model for a PI controller was not examined in this thesis. The existing
software was not originally designed to allow augmenting of states with
the design model. Therefore, it would be difficult to augment shaping
filter states to allow for colored input noise. The modifications shown
in Appendix C were made so that a few cases of colored input noise could
be examined quickly. If an extensive study were made, the awkwardness of
these modifications would become apparent. To examine all of the robust-
ification techniques discussed in this thesis would thus require additionmal
software.

It has been mentioned that a drawback of adding colored-noise to a
system model is that it adds states to the Kalman filter model. An
alternative method, called residualization (Ref 28), reduces the order of
the model back to that of the original system before the shaping filter
states were added. It would be useful to examine this implementation and
compare it to the performance of the implementation used in this thesis
for a problem where colored input noise is appropriate.

Finally, as noted in Sections 6.2.3 and 6.2.4, the technique of add-
ing white or colored noise to a continuous-time controller, then
discretizing the controller only impro#ed robustness characteristics for
a finite range of q2 or Qu' Beyond that range, the closed-loop system
was unstable. This phenomenon is not well understood, and further
research would be warranted to determine why this occurs. While it is not

expected that an extension of the Doyle and Stein method would have all
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the same characteristics of the original technique, it would be use-

ful to determine what occurs during the discretization process to drive
closed-loop system poles outside the z-domain unit circle so abruptly.

The results of the previous chapter have thus demonstrated that the
techniques considered can substantially improve the robustness properties
of a controlled system. For the particular problem considered white
noise added to the system model at the control entry points is the

appropriate method for accomplishing the robustification
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. APPENDIX A: Generic Controller Format
CCEENON S
\‘ Ik
‘ Al. Introduction
té In Chapter II, the idea of a standard format for a linear control-
3
J ler was introduced. The format is particularly useful in that any LQG
W
controller synthesized by LQG methods can be rearranged into the standard
'$ form. Subsequently, the performance analysis equations presented in
"l
. Chapter II apply to any controller put in the '"generic" form, not just LQG
. regulators.
f§ This appendix defines explicitly the generic form controller
Y
ﬂ equations for the types of controllers considered in this thesis. In the
, first section, the continuous-time LQ regulator is examined, that is, a
L] .
%- full-state feedback regulator with a control law expressed as:
* *
ﬁ u(t) =G, x(t) (a-1)
:: The full-state feedback generic structure is presented because it is
% desired to recover the robustness characteristics of the LQ controller
R with the addition of input noise as covered in Chapters II and IV.
|
:: Then, the continuous~-time LQG regulator is presented, based on a
b
- control law that employs state estimates from a Kalman filter:
i * *x ,
» u(t) = -6, £(t) (a-2)
« 1
.
: Next, the structure of a sampled-data, full-state feedback regulator
: is examined with a control law expressed as
v
,l_'_'(‘
3 “ .:/-'.
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Two forms of a sampled-data LQG regulator are examined. The first

is based on the optimal control law given by

we) = 6" &t 5 (a-4)

The second is based on the suboptimal control law

u'(e,) = 6" 2(e,) (a-5)

In the last two sections, the format is presented for a sampled-
data PI controller designed on the basis of LQG methodology. First, the
full-state feedback case is considered, then a Kalman filter is used to

provide state estimates,

A.2 Continuous-time Controller Generic Structure

The generic format desired for the controllers considered in this

thesis is given by

g*(t) = Gy X () + G, 2(t) + 6 o y,(¢) (A-6)
x.(t) =F, x (t) +B_  z(t) + ch ¥4(0) (A-7)

which takes the form of an algebraic relation for the optimal comtrol, u(t)
and a propagation equation for the controller states. The controller
states, Ec(t)’ are defined for the particular type of controller considered,
and Ejt) and zd(t) are measurements and desired values of controlled
variables, respectively.

For the full-state feedback case, perfect measurements of the

states are available, i.e.,

z(t) = x(t) (A-8)
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and zd(t) = 0. Thus, it is seen by comparing Equations (A-1) and (A-6)

NN that

ox = 0 (A-9)
%*

G., = =G, (A-10)

cy = 0 (A-11)

In this instance, there are no internal controller states, so Equation (A-7)
is not maintained.

For an LQG regulator, Xd(t) is again zero, therefore ch and ch

can be set to zero. The controller states are defined to be the condi-

tional mean estimates from a Kalman filter, X(t). By the certainty

G equivalence principle, x(t) in Equation (A-2) can be replaced by X(t)

which are now the controller states, :_:c(t):

% *

u(t) = -6, x(t) (A-12)
Comparing Equations (A-6) and (A-12), it is seen that

Gcz =0 (a-13)

G, =G (A-14)

Recall that the continuous-time Kalman filter equation yields an estimate
of the states, ®(t), where &(t) is now defined as the controller states,

x (t). This is given by

~C
s () = Fx () + Bu*(6) + K[z(6) - x (0] (a-15)
=
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Substituting Equation (A-12) into the above and rearranging yields

. *

x () = [F -8 - wu]x (0 + Kk 2(0) (A-16)
Comparing Equations (A-7) and (A-16), it is seen that

F = [F - Bcc* - KH] (A-17)

Bcz =K (A-18)

A.3 Optimal Sampled-Data Generic Controller Structure

The generic structure of Equations (A-4) and (A-5) is given in

sampled-data form by

*
ue;) =6, x(c;)+6 , z(t,) + Gey 2450 (a-19)
Ec(ti+]) = ¢c Ec(ti) + Gcz ggti) + ch zd(ti) (A-20)

It is easily sccon that for a sampled-data full-state feedback
regulator, the generic form is identical to Equations (A-9) through (A-i1).

For the optimal LQG regulator, the actual state values are replaced
by estimates just after measurements are taken at the sample times.

Again, zd(t) will be zero for a regulator, therefore ch and ch can be

" -
set to zero. Define the controller states to be Eﬂti), the state estimates
just prior to a measurement update. The Kalman filter propagation and

update relations for the estimates of the states are given by

x(t, ) = ¢§ﬁti+) + By gf(ti) (a-21)
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ﬁsﬂ

et = [ m | 206, v Kalep) (a-22)

Replace gﬂti.) by Ec(ti) and substitute (A-22) into (A~-4) to yield
* * *
UCe,) = 6 | 1w ] x (e - 6" Rate)) (A-23)
Comparing (A-19) and (A-23), it is seen that

G, = —Gc*ll-—KB] (A-24)

Gcz = -Gc K (A-25)

Now substitute Equations (A-4) and (A-22) into (A-21), replacing gﬁti-)

with x (t;):
Ec(ti+l) '[¢ - BdGc* ] [I - ] gc(ti)
+[¢ - Bdcc*l K z(t;) (A-26)
Comparing (A-20) and (A-26), it is seen that
0c -[4, - ndcc* ] [I-KH ] (A=27)

B, -[¢ - Bdcc* ] K (A-28)

A.4 Sub-optimal Sampled-Data Generic Controller Structure

For the suboptimal control law, where the state values are replaced
by estimates just prior to the sample times, the controller states are
defined to be gﬁti-). The output, zd(ti)’ is zero, thus ch and ch can be
set to zero. By direct comparison of Equations (A-5) and (A-29), it is

seen that
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¥ %

?P R Cex = ~Cc (4-29)
N

“ cz ® 0 (A-30)
5

le

: Now substitute Equation (A-5) and (A-22) into (A-21), replacing j_‘c_(ti-)

by _x_c(ti). to Yield

N
N
() = {o [I-KH] - BdGc*} x (t;)

+ | ok | 2(t.) ' (A-31)
o] e

LA

Thus, by comparing Equations (A-20) and (A-31), it is seen that

4:’;? 1

¢, = {¢[1-xn] - BdGc*} (A-32)

il
¥ W4

G B, -[¢K] (a-33)

wY

A.5 Sampled-Data PI Conf.oller Generic Structure

hY

‘:l\ An equivalent form for the PI control law derived in Chapter III
2 which achieves Type-1 control is given by (Ref 1;23).

,,.:

'™ *

k3 - - . P -

s u(t;) = =K x(t;) + K, E(t;) + K, y,(t)) (a-34)
.4 vhere g(ti) are termed the pseudo-integral states and are expressed as
i

=

“~

£ (eg,) = ECe) o [ gyCep) - x(ep)] (a-35)
o

.

:i For the PI controller, a non-zero output, zd(ti), will be allowed, where
.

:,: z(ti), the actual output of the system, is given by

n e
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e z_(ti) = CZ‘.(ti) + Dy 2-*(':1) (A-36)

For the full-state feedback case, the controller states are defined

to be g(ti). Substituting (A-35) and (A-36) into (A-34) and recalling

ey it

ahat x(t.) = z(ct,) yields

u(r) = Kx (€)= K 2(e;) + Ky (t,) (a-37)

ORI L

Comparing this equation (A-19), it is seen that

(A-38)

: !-’ I.‘.‘fv ;ﬁ
[ ]
[¢]
L3
[ ]
~
N

G, = -K (A-39)
G =K (A-40)

@ Then, by substituting Equations (A-34) and (A-36) into (A-35) with
SN X (ti) - g-(ti):

) =<

x.(t; )-[IDK Jx(t)-IC-Dny'g(ti)

-c
~
3 s [rox, |24t (A-61)
and comparing this to Equation (A-20) yields

b = | IDyK, (A-42)

&: Bc -~ C-Dny ] (A-43)

f ch- I—D K ] (A=44)

’,:3" o0
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X
:§ With a Kalman filter in the loop, Eﬁti) is replaced by gﬂti+) in

.:.‘ . :"-

By ~E§§‘ Equations (A-34) and (A-36).

e The controller states, Ec(ti)' for PI controller are defined to be
?5 an augmented vector containing the state estimates just prior to a

™

::’ measurement update and the pseudo-integral states:

& : e - -

P &(t. )

S)

;_3 x (t,) = (A-45)
N

To generate the generic controller structure, first substitute the

b Kalman filter update relation (A-22) into Equations (A-21) and (A-34).

This yields

e IF

iy

§j &(t il -) = ¢{II-KH] x(t 7)Y + K z(t, )} + By (t ) (A-46)
| o , _

: u'(ey) = & {[1Rm | 20e) « R 2} + K, g (A=47)
'\"

Substitute (A-47) into (A=46) to yield

R R(e;, ) = | 9= BK][I—Kn]x(c

N + BK, E(t;) + ltb—ndxxlx z(t)) (a-48)
¢

. + By K, 4(tp)

-1

W Next, substitute Equations (A-22) and (A-36) into (A-35) to yield

R

W .

2
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g_(t.Al) = -[c - DK, HI-KHI g(:i')

1+

+ [I-Dyl(z ] g(t)) -[c - Dnyl K z(c,)

+ [10%, | 2ot

(A=49)

Equations (A-47) and (A-48) in terms of the controller states, zc(ti),

are given by

g*(ti) - [-Kx{I-KH}E Kzlgc(ti)

- [KxK l 2(ty) + K, yy(ty)

(A-50)
o - s me ] ne,
e+ | gl [emifoos|xceo
‘[" ) Bde]K Bk, (a-51)
+ z(t) + 24€t5)
Ic-n K ]K [ I-D K,

Comparing Equations (A-19) and (A-50), and (A-20) and (A-51), it is seen

that

ch - [-Kx{I-KH} E Kz ]

Cez 'I_Kxxl

ey = [ % |
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(A-53)

(A-54)
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—[¢-BK][I-K'{] i ByK, ]
o, = [T —:' ------- (A-55)
| [ Kx”I-KH] Elt D Kzl
F[cp - Bde]K
B, * , (A-56)
-|c-o .k, |&
- - -
ch = (A-57)
[0, ]
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APPENDIX B: Modifications and
Additions to LQGRP

A.l Introduction

This appendix is intended to be used as a supplement to Reference
21, Appendix D,which is the user's guide to a program entitled Linear
Quadratic Gaussian Regulator Performance (LQGRP). The program provides
the capability of designing and evaluating the performance of continuous-
time and sampled-data LQG regulators. In addition, it contains options
of enhancing the robustness of both types of regulators via the Doyle and
Stein technique.

Three types of changes are made to the original program which are
documented herein. The first type involves corrections to errors in the
original source code. The second type entails modifications that result
in more convenient input and output and a more efficient program. The
third type of change generates additions so that the technique of inject-
ing time-correlated noise into the design model while tuning the Kalman
filter for robustness purposes can be applied to LQG regulators.

Corrections to the original source code (contained on subsequent
pages) are bracketed and marked with a "C". Modifications are bracketed
and marked with an '"M", and additions are bracketed and marked with an

"A" R

A.2 Corrections to LQGRP

The first correction appears on line 6770. The variable name IRF2
replaces IRFM in the original code. IRFM is the dimension of the design

model F matrix, but what should be passed to the subroutine is the
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f§ dimension of F minus the number of deterministic states, which is IRF2.

'FS :i;; Next, on line 15330, ICBM (the column dimension of the model B

5 matrix) replaces IRFM in the second argument of the subroutine MAT3.

;s A third correction is made in lines 17120 and 17130. The original

%§ source code contains extra arguments in the call to subroutine DDTCON.

;i They do not interfere with execution of the program, but they are not

E} needed and have been deleted in this version.

- In line 19430, BM (IDS, IDS) (starting address of the design model

?: B matrix after deterministic states are deleted) replaces BM in the

,E original program. It is intended to pass to the subroutine only the lower

1\ portion of the design model B matrix, BM, after the deterministic states

}i (listed first) are deleted. The original program passes the entire B

EE matrix. Making this correction changes the starting address of the array

R n in subroutine DAS2 so that only the desired portion of BM is used.

:2 i Lines 19500 and 19510 are inserted into the program to correct an

,% error in line 19520. Originally, RMD appears in place of WM4. RMD is

& the discrete-time measurement noise covariance matrix. However, the sub-
routine KFLTR requires a Qector containing the diagonal elements of RMD.

_% Thus, the diagonal elements of RMD are stored in the first column of WM&

- in lines 15900 and 19510, and WM4 1is passed to the subroutine instead of

i; RMD. WM4 is a work-space array not originally being used at that point

& in the program.

}‘ The last correction is made to line 20840. Originally, the line

yf read call MAT3, which calculates the transpose of the desired result.

3 This is corrected by replacing it with CALL MAT3A.

G
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B.3 Modifications to LQGRP

The matrices and vectors defined in lines 370 through 510 were
originally of dimension 5 or 10. All matrices and vectors of dimension
5 are changed to 13, and those of dimension 10 are changed to 26. This
change is reflected also in lines 680 through 700. This allows the num-
ber of states in the truth or design model to be a maximum number of 13.

The original version of LQGRP had 6 input/output options for entering
and printing out truth and design model matrices. The version listed
herein has 7. The first 2 options are unchanged. Option 3 now allows
the user to change as many elements of a specified matrix as desired by
listing the row, column and value of the element being changed. When
the user enters a 0, the program exits this option. Options 4 and 5 are
also unchanged. Option 6 initially zeros the entire array and then
allows the user to enter as many elements as desired by entering the row,
column and value of each element. Entering a O will exit this option.
Option 7 takes the place of option 6 in the previous version. Thus, on
a first run through the program, option 6 initializes the array to zero
and then only non-zero elements need to be entered. On subsequent runs,
changes can be made to any vector or matrix by using option 3.

The changes discussed above require that modifications be made to
subroutines MVEC10 and MMAT10, which control the programs input and out-
put. These are listed in lines 12370 to 12380, 12460 to 12530, 12590,
13060, 13130 to 13230 and 13280.

The program stores results of the performance evaluation routines
to four data files for plotting. These data files contain the time

histories of the following vectors and matrices, defined in Section 2.3:

184

‘\
a

‘o AT P AN S T T G e N e N
. ¢\ AV N AN R e N e e e e



e Lint S Tt A R T . AT S S AL I b Bt T AR i Al Wk i e

..............

P

3¢
;; .
Ao x (¢), P_ _ (t), u(t) and P (t). The modifications listed in lines
aﬁ o =a X X, uu
CREE
10650 and 10690 calculate and store the square roots of the diagonal
1‘7 elements (standard deviations) of P___ (t) and P (t) rather than storing
) a'a
oy
Ty the diagonal elements (variances). This change also occurs in lines
1 11570 and 11600. Notice in lines 11560 through 11660 that only the first
-“‘ .
3 7 states of Ea(t) and the upper left (7x7) partition of Px % (t) is stored

a a

for plotting. This is an option of the user. Any portion of the vector

i’ﬁ

and matrix may be stored by changing the 7 in lines 10630, 10770, 11550,

11610 and 11650 to the desired value or to IREM (the dimension of the

' f:i'n‘.z G

design model F matrix) if the entire vector and matrix are desired.

AL The four vectors and matrices listed above are printed to the
i
terminal during execution of the program. Currently, only the first 3

' @ states of x (t) and the upper-left (3x3) partition of P (t) are

4! -a X X
]
‘:5 printed. Any portion may be printed by changing the 3 in lines 10530 and
- 10570 to a desired value or to IRFM if the entire vector and matrix are

4

*‘ desired. Note that all of u(t) and Puu(t) are stored and listed at the
B
‘fh terminal.
B

The preceding modifications were made to LQGRP to make the program

é:* more convenient to use in conjunction with the problem considered in this
?: . thesis. None are necessary for execution of the program, as contrasted

to the corrections of Section B.2.

; B.4 Additions to RP

This section describes the additions necessary to the program so

(Y
Lo

104 AS’ that the technique of injecting colored noise into the design model
1)
AL )
N
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g during filter tuning may be applied. The changes are primarily lines of
? {§§5 code inserted into the program. However, a few lines of the original
‘; source code are altered slightly, and these will be mentioned.

% For a continuous-time system, the input prompt for colored noise is
%; given in line 13870. If colored noise is not desired, the program skips
' to line 13920 and continues execution. Note that line 13920 is from the
{: original program with the label 2900 inserted in front. If colored noise
‘ is desired, the dimension of the model F matrix, IRFM, is stored in a
2 dummy variable, IHOLD, for later use. Then, in line 13910, subroutine

53 CNOISE is called, which controls the augmentation of shaping filter states

‘j with the original design model.

8 Lines 13950 through 14020 augment zeros to the deterministic

é controller gain matrix, Gc*, if the colored-noise options are executed.

2 n Lines 13950 and 13960 are from the original source code, altered by re-

T; - placing IRFM with IHOLD. Recall, as discussed in Section 4.3, that

;: Gc* is calculated using the design model of the unaugmented system, and

; the dimensionality difference is taken care of by augmenting Gc* with

VE the appropriate number of columms of zeros.

E For a sampled-data system, the colored noise input prompt should

;‘ appear between lines 16710 and 16720. It is missing from this listing,

QO but should read

: WRITE (KOUT,*) 'COLORED INPUT NOISE (Y OR N)>'

i Lines 16720 through 16760 then control whether the colored-noise routines
are executed. Line 16760 is from the original program with a label 25

~ inserted.

3
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Y On line 17090, IRFM is again replaced by IHOLD. Lines 17120 and
Ca

1 A“\

L )
('.‘ .
l- e

17130 are also from the original program with an additional argument,
IHOLD, in the parameter list. Then, lines 17140 through 17190 check to
see if the colored-noise routines were executed. If so, Gc* is augmented
with the appropriate number of columms of zeros.

In both the continuous-time and sampled-data case, it is desired to
use the original design model for controller gain calculations, as men-
tioned above, in subroutines CDTCON and DDTCON, which calculate
deterministic controller gains for the continuous-time and sampled-data
case, respectively. These subroutines are essentially unchanged except
that IHOLD is substituted for IRFM where indicated in CDTCON (lines 5110
through 5890). 1In DDTCON, IHOLD is an additional parameter in the
é argument list and replaces IRFM where indicated (lines 20480 through
m 21030).

' Lines 24770 through 24930 contain subroutine CNOISE which controls
what type of shaping filters are augmented to the design model. An

input prompt asks if a first- or second-order shaping filter is desired.
Subroutine FORDER is called (lines 24940 through 25510) if a first-order
shaping filter is desired. If a second-order filter is desired, then
subroutine SORDER is called (lines 25520 through 26160). Both subroutines
prompt for the shaping filter design parameters described in Chapter IV.
Then, the design model is augmented with the shaping filter states and

appropriate partitions of the augmented matrices are zeroed. Finally,

) the dimensions of the design model F and G matrices are altered to
reflect the higher dimension after augmenting.

The matrices described above thus modify LQGRP so that shaping filter

. %. .
—FI
et states can be augmented with the original system design model. It should
187
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be noted that the program will still ask if modification via the Doyle
and Stein technique is desired if the colored-noise options are chosen.
‘:; Either the colored-noise options or the Doyle and Stein options may be
. chosen, but not both.
Additionally, it is desirable to have the original design and truth
b models stored on Tape 8 (Ref 21) so that they can be read into the pro-
> gram via input option 18. When the colored-noise options are chosen, the

design model is altered. Thus, to make subsequent runs through

-
[

LQGRP, the original design and truth models must be read back in.
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'\:-‘\. 1 GUAC26426) ¢ MXAMINILI) X APAX(L3) 4 PUMINILY) 'pun‘1(13, . 026 ?
- 1 PXTMINCLI) (PXTHMAY (12) (PUMIN(LT) PLMAX (22D ,GCZA(26426) o 003-7"
o 1 RA(26,26) ¢BCY (13,171 ,8C2(12,22),6CY (23,131 ,FCL13,13), __ 6d3-83]
INPT (139230 WM CL3 4130 oWNO (232953 omMLiTL13423),0V3(26) WVat26) 9CS 9.

INTEGER LFLGCZWIRY__ 060507
REAL MUULD) 2035

- __ GCMMCN /RNTIM/ RNTIME,0ELTIPM . geodsac
Pt CCMPCy /MNAIN2/C2ME GooE3C
O ___COMMCN /MAINL/NOIM,NIIM2,COMs o o _4_:3;:«5
- COMMCN 7 TNOU/ KIN, KIUT 4KBUACH tsos5:
o2 COMMEN /MEI A /NOIM2,NDT42 656764
Y CCMMON /MAUNE 7 MSG GiG57:

=  COMMCN /MBING/ ICST,IC3weICFALICGLIC549I 6T 2C0heZ3FA)L3FY,IFFT, $2058:
S, 1 TMTLIRQA,I0sL QG I7HMy NUMDTS evi%92
0 ¢ L . L 1L o
R < g50e1]
AN c N B ) o ccle2:
' ¢ 6i.63,
e e . i 00C 640
= KIN= 35 00r38%
Ll KOUTzp B R _ _ 630682
N2 ‘KPUNCH=T Gede7.
oA NDIN=13 oCCea: M

b NOIMiZNOIMeL 008&9¢
NN NDIP2®2€ o o 30370
UAN NOIM3mgns ! 632710
s c 55728 !
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s -7 - cIlive:
‘ | Gemem 0Ny IZAX IND.CATZ DaS.CCLUNNS OF MATEZ( X alivre
X . G ERRE D]
Zi [ COSesBTHIT BAIGIAM CAN RANILE UL TS 153Y OISezasNT CCvEINATIIS CF 335793
Nl c _  RUNTIMEL0ZILTI%,2ND UNSPECIFIED PARAMSTERS s 3Ca33¢
> ! D0 2332 L1G21,134¢C o281
~ : C WRITEIRGUT, 1) 7 ¢ LA ¥ 34
) P18 FORMAT (AL,/) 003333
12 F£I3MAT(aL) 023940
. - WRITE(KOUT,*) THIS IS RUN NUFBER *,L36 ~ 5C1350
o L WRITZ(IUT,%) * ¢ N . . o ) o 632363
a4 WRITE(KOUT ) ¢ ¢ 38879
- WRITSIKIUT,*) $S4T32 & DISCRIPTICN OF THIS SUN>* CRFEY-
o HWRITE(COUT,®)* ¢ 9C5990
-y __READIKINN12)0SCRAPT 356382
S T WRITE(KIUT,®) ¢ T TTmTr T - ' o 203912
WSITE(KOUT,%) ¢ ¢ 953329
A CALL INPUTMIFT 3T ,GTyHT JF 44BN JGMoHM JPO QT 4Q*sAT yIM X0 9cs333
: 1 AUUs XX 9 dXY) ' Hebic BYY
- iF (20.82.2) THIN ' T ' 36835
4 60 TC 2333 B 373383
o ENDTF ; T T T T3¢9
. CALL AGSU(GCSTReAKFSSsBTX e 30T ,G5Z43CY 42CZ,FC Y0, 305393
- LUNML o nM2 WMl M WP s WMS s WMT oa M2, WMQ  AMLT WY oWV 2, 361399
: LHMY ) WM MG ) AMO I WE ™ F  F T4 AT GToHT ,AT,RT, 3531189
4 1 FM EM, G RN AN, AP 4RO PCyAXY ,wUU, WXU,Fa,94,54,34,6U4, 801313
2 T L MXA4PXAyFA92XYAGCZALIRY 4 IFLGCZVIFLGST, o o _ g2
N LMY JPUMAK 9 PUMINGPXTUAX yPAT I N MUMAX g MUML Ny MX AMAX s MXAMIN, gs133d
] 1 PUCUT ,PXTIUT ,MXTOUT,¥UCUT yiny2,WVe) as21a3
] WRITE(KOUT,®) ¢ ¢ ‘ T ' T T gcissa
Wr LTE(KGUT %) *00 YIU WISH TS CALCULATE THE ZIGENVALUES GF THE CLOSOC116S
, “:‘ 130, COP STATZ TSAANSITION MATRIX YUSED IN THE PEIFCRMANCE AMALYSIS 331379
; - L (2PPLICA3LE TG _30TH THE CONTINUCUS=TIME AND SAMPLED-DATA CASE) 901193
o 1 Y 03 N>? o - 361595
b —— READ(KIN, 12)4SG . e - 9C113)
. IFT(MSGLEG. Y)Y THEN 331113

»
€.

WRITEIKOUT»*) *THEZ CLISED=LCCP STAT.E TRANSITION MATRIX ZIGENALUES {01121

-

1 A e’ 3c1131

: NSAVEND TN ) R 1¢ ¥ Y
- NOLMENOLME - '“’ T - ’ 051153
{ _ NOIN1=NDIN2e1 4 131169
1; CALL MEIGA(AMAJWV I gave ¢ IRFA RNE) 001272
. ) NOTa=NSAV 331183
™ NOTM13NSAVeL 051198
o €0 IF ) ) o pmam
. WRITE(KOUT, %17 . ; ' 981219
WPITE(KIUT,*)*TYPE ¥ TO  FPEIFCR® THE CCYARIANCE ANALYSIS, TYPS 0061229
~N 1 N TO SKIP iT>¢ 331234
N €A (KIN,12) 9SG S 3C1 263
LY IF (MS3.20«°N*)ITHEN 3C1291)
1) GO TG 2332 o } ) 021264
A €vd IF R ’ ) 311273
Y ___CALL PEIFALL IAY JIFLSCZMXALGCY,GUAPXA,PXVA, IFLGSO, 361282
‘_° 1 RAsGCZAeYD o MA s NI oW ME s nMF nMO oA ML o MUOUT ¢MXTOUT 4FUCUT,,PXTOUT, d.129%:
. 1 PCAMINGIXAMAX S PXTPINPXTHAX s MUMIN g MUMAX sPUNMIN ¢ FUMAX oMUy WMCo 061333
. L W3 MY 31131
o 2932 _coNTMwE _ o o emI
- 2933 WILTS(KOUT,®) *PAOGRAM TIININITSO, MO MOIE INPUT Tara’ 351139
- P) 101 36y
; * pEs¢ ST358) 811183
- SUBICUTING STOTO(IHCHR N ONTIVE ,OELTEM, IFSTOL,2522S2, £21363
1 ISL3SZ4132524I5L3S2,5705:2,5T0023,3T0324,5TN718,40248) g:1127
C ST .2 JATA T9 2Z-4amiNT €2 ¢ co1783
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N CTHIS SUIICUTIND STIRES ALIT 2ATS TC u3Ca. SLLIS, T4aP:i:2,Ta2:it3, 27433
o c TiPIte T213S45 FCT FPI3MINIMT STIIAGI.  ISYXSZ IS TWHE SIZZ I€ TeI371.32
s ¢ JATA 3<33YS,3T33%K.  rII¥ IS TUZ CILLIAG PST33im QIAINSICN 0F  Clioil
AL s T=Z A:°4YS. ETS TWAT  (UNT ¥I*0Z_TIue? 31ySS TwI TOTSL 321425
- - c HUMIZR JF 94Ta 90I0T3 [N THI 3UN, THE LA3T INTIY T4 SaCM 221.3¢C
- o ___DAaTA FIuZ IS TRI Sealz FaCT03 FGR THE DATL LN THE FILE, THE 1L bl
8.1 c +EAT TS LAST EMFRY IS THZ SIMNISMUM VALUE 3F THES NATA IN THS FILICL1+53
- L ___  DIMENSION ST)212(NDIME) (STOILI(NOIME) +STOSLU(NIING) (STIRLEINDING) 131463
. T COMMCN ZINOY/ XIN, KOUT.<PUN'H Si1.7s
LY : IF (IFSTCL.EN.)) THE 821480
1 : € PUT A 2UN H240ER CN rur TiPE 971493
‘ ' op=u(uwxrsxz.:nasz¢.r'L-s'ran_xz'.aECL:oai___ 561503
| OPEN(UNITa13,SRR21SFILZ=2 " TAPEL3,RaCL=a2) 301513
. ! OPENUNITI 1wy SR LFILE2 'TAPSLL RECL2ED) 8c1523
& | OPEN(UNIT213,3IR®L JLFoLI=*TIFI159,R2C0L250) 221533
Ty L WRITE(12,101) ITACHMANGANTINE,OELTIN,ZS12S2Z 231562
-2 T WRITE(134201) IWCHRINGENTINE,BELTIM,ISL3S2 8.135C
< WRITE0160201) IWCHMANGANTIME (CSLTIV, IS1aS2 ) o 121560
o WRITS(15,1)0) IACPIN,ANTINE,ODELTINGISL552 IcLs7e
108 FOIMAT(® *4I1341X,281%.6,112) o Gi15as
. EN) IF 5u159G
. IF (IFSTCL.LT.3) THEN 931511
ué c CLOSE FILES ANC PUT ENND OF FILE MARKER IM TuEN, grs61C
3 oo CLlsEUeRA _ ) 33182
y C.OS5(13,3R3210) 3C163:
7 CLISE(L14,5R21Y) 13156)
CLISE(15,SRA=1D) 051353
: RETURN o 031663
- END F 231679
" . WRITE(12,132)(STORL2(IY,Isg,0St2S) 3188:
y WIITE(L 1,132 (STORLT(2) . 3=2,1S1352) FIITTH
- 1 : WRITE( 140102 (STORLH(I) »I31,151652) 951701
X ; WRITZ(13,132) (STOT15(Z),1=221,251552) 3C1713
. . ) ETUAN 021725
6 10 4BITE(XOUT,=) 72N £3%R 4aS CCCUSRED IN TWE STGIZO0 SOUTINES 821733
: 1102 _ FIAMATAIMS L’ 7,219.543),/)) 051765
by END 131782
[ _® DECK INPUTHM N __acirel
:. SUSRCUTINE tNFUf‘Q""Toe"oUT"'T ‘P'OHOGN"‘HN’Och00"0RT’RHQX3' gos’728
N LHUU . WX o dXU) es17m
x) CHARACTIR MSG*6J,MS61°53 061794
. REAL FT(NOIN,NOIM) BT (NOIM,NOIM),GT(NOIM,NOTIM) ,HT (NDIM,NOTY),  33133C _
. LHM (NDT S, NOI Y)Y, 051313
“ o _1QM(NCIMINCIM) 4R (NOIM,NOI®) +XCINOIM), 62132
5 1 WLUONOIMNDTH) ¢ W XA(NOT Ny MIIM) o FMINOIMoND IM) 4 3NINOIMy HO LMY, 31333
- 1 GMINDIM NDIM) o WXUCNDIM(NOIN), 37134
7y 1 PIINDL Py ~OIM) pATINIIM, DI M) oA T (NOLMN0IN),COML(1),C0M2(2) 9c1383
o o COMMCM /MAING/NDINZ WNOTN3 - R 1% L P
] COMMCN 7MAIN2/C0OM2 451179
CCMMCN /MAINL/NOIM,NOZIML,CCPL _ . a91%8y
+d CONPCN 7 INGU/Z <INGKIUT,KBUNCH 6C2293
» . ___CCMMCN /MAUNS/ NSG 531233
- COMMCN /MAING/ IC2T J ANy ICFAR,ICGA,.C54, 06T 75N, T3, IRFUIIAFT, 201917 ‘
. 3 IRHTI2Q4,I0 LG, IIHM, AUMO TS o — j2gn2n i
h NSG‘;' 0885 00000t 0800acncndildilecanncllidbdoeccaaldisass? 001 ;30
‘ c 1P TR iFT, IOF ML F Yy RAT2ISF T LRGNa FF M, IGT2ISFT, 2RGM2ITFY S0l 36
= ¢ LAX3IRF,IRN=ICARICGM IIR2ICITIRHT, JARKX ICHXX S IR FN, 331353
' c LRMUYBICUUUSIC M 1SN TR [PFT , ICHa [RF 4, I06C2=ICaT,IC5C 2= 134T, £11363
; c I0 IS A INPUT ZOUTINE PA-AYETES~=13REA0,283EA0LP3INT, 021973
™ C_ 3= PRINT ONLY, 22PUNCH 3:1391
" ¢ 021393
LY NSA/34DTMy eel133
-~ NOIM1240Tw 53271:
b3 IF (LIG.E141) THEN sr2:2?
- HIITS(KIUT, %) v§5 e 182332
] s)a WSITZ(CSUT,#) *T9E /0 €TINS A2 J4iv2e39vee%rCancnne’ 11212
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v ASITILIUTH®) 11=3220 I9TISE 3334Y/valTIn, 23240 aND Z6InTY ce4ll5.
; WS ITZUCIUTH®) 02T 232 3528 ¢/430T2, I=3TAD04aN) «=af8) 20 33INT° M
RGN WAITE(IUT 5#) PSILICTIY L P20/vICTOR ELIMINTS, 5 F3IT INTIRE 132,73 ¢
I A ASITIICIUT,®) 22324 r/rfcrza. § TS PEZe7ES3 4331y SLIMINTS THEN'  i2iai ¢
: © ASITIIKIYT %) 24T 33 STLECTED SLSMINTS.  © 09 5R£aTI? 17 wCe* 172.33
_M_ysrrz(<3ur.-»1¢a:e;:_=ur.{, ] _ £322:
" WIITEIKIUT 4 #9561 st
" WRATTE(KOUT,%) *SZLECT AWICH MATIALX Y3U 4ISH TG SNTER.* 002229
WRITE(KOUT,%) 3y ENTSIING THE APPRCARIATE NUMBER, 1-FT,2-8T¢ 302133
: WRITEIKIUT 92) 30T sl (S afF a7 =GMyd=oHM,7=R0,127=0T,11=3T,>°* 0321698
N uwxr (XJUT ) 22CMo13=AM 12=X00 154Uy 36 =W XX 417 =XV 018 -ECUATE 2LLGI215)
332169
““"‘FSTTET?LGFTTif&Lnraaugca YGCEL tATICES TO THEIR ¢ gc2s7n
_ _WRITE(KOUT,*) *TIUTH MOOSL ccuut=apnqrs.19----- NG 40%Z OATA* £52182
TWRITZE(KQU T,*) *Z4TSIZS T 2€ 302, 2u=-=STCRE ALL NATOICES CN TARE7*002199
W WREITSIKOUT,®) #21= SEAD ALL PATSICES 0N TAPE3Y nL224.
- W ITE(CIYT ,#) 4S5 002214
- . WRITZ(KIUT,*)S5G2 R o L o o .__=s32223
X W ITSIKOUT,) ¢ 04273:
’ WALTELKOUT,*) *FOR SAMPLZO0 08TA “SASUREAINTS,ENTIR SITHEXR A CONTINUGI224
10US AM T9 USZ TO 1793CAINATE THME DISIRITZ TINZ AM0(RMIsIN/SAMPLE 072253
. LTIVE) Q3 ENTER THE QISCIETE TIng 2upe i ) gu2282
s WRITE(KOUT ,*) ¥SG1 g:2273
- _ WRITI(X3UT,*)1MSGY - 1Y-Y-1.
- SN IF T 322293
3 03 $%2 INPUT=1,1.33 352332
) WAITE(KOUT,13333) ¢ ¢ 022213
33333 FCRMAT(ALS /) . jée3z;
Y WRLTE(KOUT %) “ENTZR COOE ~O3 WHICH AR<AVY/YSCTCR TC 3E [NPUT>* 262336
. AE10 (KIN 8 ) TWCHPY L ‘ o 6E2344
; ; GO TU1020340090607 430922 vile02e23,00:15026,27,18,19,20,220THCHNAT27S]
.8 102383
i ' CoeeTIUTA PODIL INPUT ' ’ T - T g¢2372
N . g WRITZIKOUT 4%) *INTZR=1/0 OQPTICN, FT MAT/ALX SI2E>¢  30238)
c f READ(KI N9y INOB27IINLIOFT 3223
] MS33°TUTH ¥0DEL £ MATRIX ENT3IES* B . 0c2wD)
N i CALL MMATIO (FT IRFT IRFT I CKINJKIOUT  HOI N, NOZNL) - g02419
- IF (10.33,7) THEN ] o 002529
L RETUIN 0102433
\ . ENO IF o L o 132463
N GO TC 992 332432
. 2 ARITE(KIUT,*) *ENT 2-1/0 OPTIINS, COLUMN SIZZ OF ET>°¢ 3652+63
T AEADIKING S, In0=27710, 10T ' 3c2hr)
" MSG3I'T<UTH MODEL 3 MATRIX ENTILES® . G02«s0
N TTTT CALL MMATIO (3T, IRFT,IC3TsIC.KIN+KQUT,NOIM,NDINL) 232499
5 IF (10.8Q.3) THEN ) - , ‘ ) 025193
' RETUIN ‘ B go2s512
3 END_IF ) . 1313
N Ga 19 332 - T T T T 332533
3 WRITZ(KOUT,*) *ENTER=1/0 GPTICN, COLUMN SI2E OF GT>* o 0236]
- QEAD (K IM® oZN0=27)ICICHT 1¢2%53%
. ___ MSG=°TUTY 400ZL G MAT3IX ENT-LES¢ 8¢2562
g CALL MMATIO (GT.IQFT.ICGT.IC.KIN.KOUT.NOIH.NnInzi 022572
4 IF (£0.£0.3) THEN -~ ~ 302540
T RETURN" T T oTmTmTem T T 262593
3 _END IF $92633
v T T T 760 TG 382 902810
- . WRITE(KOUT,*) *ENTZR= I/0 CPTICN, 20w SIZE OF HT>* 112623
. READ(KIN, Sy ZN0S27) 2, I HT €:2533
X MSG= ™ nata;x ENTRIES® L 3326461
- - COLL HYAT I3 (HT LINT G IRFT L LCKIN, KOUT,{DINMNOZINL) - 332559
. IF (10.29.3) THEN £32%50
. ETUSN 0312579
- £Nd IF 0c2h30
X 60 TC 332 3c24538 ‘
y - CessINAUT CJTATL .23 “CrEL 2127
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o 5 MIITI(CIUT @) #2 TI3=T/0 S3TI0N, €% «aTIIx SITIne 127t
- ; 2Z804CIMy ¢y 3N)22TI IS I3 $l2722
R ' M$321CIUT3CLLES wCBEL € walila INTHIES 302733
SRDAY [ w3 ITSUKIUT 4*) *2UT22 TWZ NUMEES OF SATZA#0I3TIS STATIS 2o THIT wIN0I274;
’ ) L1E>? 5.275:
, L RTACUKI s 4THI227)1NL4ITS 3:275:
2 i} TCALL MMATIO (SN, IRFP, =M IC,KINsKOUT,NDIN,N3Zm) 52773
. IF (I3.27.3) THSN 3.279%3
o RETURN €s2799
e ENY IF 832333
N GO TC 312 052923
' 6 WILTECKOUT*) *ENTEF=L/C CPTIONs COL?YN SIZS QF 3#»? 102322
T READ(KIMNG® 4ENN=27)10,IC M T dc233s
<4 MS38*CONTORLLER MOOSL 8 MATSIX INTRLES® 002340
o, % CALL MMATIO (A4, I3FMICAMICIKINJKOLUTNOIM N TNL) $.24%53 1
__ IF (10.3Q.3) THIN B _ 9023¢1
; RETUIN iu2ars
e o emyIF o L 312383
. , G0 TC 322 LT T T T T 832393
4 WILTEI(KIUT,*) *ENTER=1/0 OPTICN, SCLLMN SIZE OF Gp>? 332339
QEAD(KING®SND227)12,2C5M §i291°
"3 . msG=e ONTI0LLZR MODEL G MATSIX ENTRLES® 3¢2323
N CALL ¥MATZO (GMo LIFY, TCGM o LC,KINSKOLT,40TIM.NDIN) 23291
N2 . ___ IF (10.25Q.3)_THEN ) 0298
X)) : TRITUIN 0:295?
! Ev0 IF , 32382
2 6d TC 342 63297
| 8 _WSITZ(XQUT,*)?ENTER I/3 0PYICA,20W SIZE OF wu>° 302733
\ : BEAD(CIN %, IN0R27)1C, IR 912992
SN | MSG='THE CONT3OLL 23 WOOEL NEISURZNENT MATIIX. MM, IS®  _ e133ac
A [ CALL MMATIO (MM, TRRM,IRF %, 10 ,KINsKIUTNIIN,NCINL) 20321
| IF (!OQGOQUL THEN . oL . 33323
! RETUAN 003033
- ! ENDIF ~ Go3lesd
w : 6o TS 343 053353
o . .9 ___MSITE(KCUT,*) *FT wUST 3E ENTIAED _THAY SPTICN L IRICR T3 USING THISO3:36%_
o ; 1 OPTION.,DO YO IS4 TC A33&T THIS GPTION, Y €3 > 383373
) S a AJ(CINy37,ENOS27VSG . . 83324
25 ; TIF (MSG.EQ.'YT) THEN 053390
N GO T 992 033133
T — END IF 3133113
. WRITE(KOUT,*) *ENTER 1/0 CPTICN,IRFT_IS ASSUMEQD SIZE GOF #9»¢ 0333120
READ(KINy * 4 END=27)IC 353133
.. _ wSG=’TWE INITIAL COYARIANCE MATRIX,PO, IS°* 393163
- CALL MMATIO (PRI IFFT,IAFT I oKINGXOUT,10IN,NOINL) 313153
. IF (IN.20.2)_THIN S 563163
= RETURN 31372
o~ END IF L _ - R P X S D
) GO TG 232 403190
10 4RITE(KSUT,®) *2NTI 170 CFTIIN, ICGT IS ASSUMED SIZE OF I1™>° i3329¢
. READ(XIN,®.ENT227) IC 333214
Y . _MSG=THZI INPUT NOISE STIEUGTM NAT3IX 1T IS’ gc3221
N CALL MAATIO (AT,ICGT,ICGT 4 ICKINKQUT,OIM,NOINL) qu3233
‘J IF .00.00 ) f"’“ [ . . . . “______________‘____.__0332“']
] RETUN ' t.32%
' END IF L - 203264
GO TC 342 33273
A 11 ARITE(KOUT,*) *ENTER 170 CPTIONSIRNMT IS ASSUMZI0 SIZS OF 3T>* gc3202
REAJ (KIN,*,ENO=27) IC 0L 2292
. MSG2*THE YEASURSMENT NOLSE STIENGTH MATIIX =T IS 233309
?}. TCALL MATIO (il’u?ﬂl’-liﬂl’.I.o!IMKCUT.'IOtP.‘JDI%) 223313
. IF (1043Q.0) THEN 9631322
31N AZ TSN 233333
- ExT IF Ce3%3
~ 6o T3 332 11318t
e ,-'a-) 12 REITIUCIUT4*) 24T 2 2/C GITICNGI35M I3 &S3UMEC 5228 IF G R S-S
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- FITII(KING S, I ITIIS T 137
~ MS33°C3NTI3LLaR 1808 I+PUT NCTSE STRINGTE wiTsix, 7w AL P
MEPEN ; Cauc HATIN(YyICEMs20G5Y 100 INILOUT, NIy 3LuL) PEALE
O, N ‘ IF (I2343342) T=EN ED
- ht ' RITUSN 132 PP
. i N 1F 21322
= : GC TC 332 Gi3e3:
N ;13 W3ITS(KIUT,%) *2NTER I/ OPTICN, I34M IS5 ASSUMEN SIZT OF ams Ji36ed
‘fv i READ(KINy*9SNI227) T 0:3e5¢
Y | MSGT’CONT0LLER MCOEL wIZASUSENMENT NOIST STRINGHT ®aTIIX, ~4° 523489
S : CALL MMATIQ(RMyIRMMoIAMN, ICIKINJKCUT4NDIM,NOINL) 003572
.- L IF (10.8%.9) THEN o 3.3480
! RETURY 063296
Ko END IF o o . 333%04
A5 GO TG 932 303323
_*i 16 WRITS(KIUT ,>) *FT »UST 35 SNTESZO TWiy IPTION L PRIV TO USING TWIS1J3%2)
: L CPTION. 03 v3U 4ISH TG 34CRT THIS CPTION, f 3R N> 33833
Dot L FEAD(KINGI?,IND=22719SG o ‘ V 153343
IF (MS3.80.°'Y") THEN 313355
i 60 TC 3:2 _ o ) 313563
: £ND IF $:337:
L o 45 ITS(KOUT,®) *INTER 170 CPTIAN,I3FT IS ASSUMSD SIZEQF xX0>° 113582
N READIXIH,*,END=227)10Q 903793
N _ __ _MSGa°T9: INITIAL STATE VECTR&, X0, IS* ___aC3302
[+ CALL MVEC?Z0 (X2, IRFT,I0.KINSKCUT,NIIM 233e1)
Y : IF (109.2G.3) THIN o o S 333323
- | RITURN 31¢353)
e SND IF il . 33663
. | GO TQ 342 3035890
A 115 WEITZUIKIUT,®) 34 MUST 23 SNTESZD THRU OPTION & 9% 17 PRiINP TO USINII3362
o ! L6 TAIS IPTIIN, 00 YOU WISH TG A3CRT THIS CPYIdN, Y Sa 43¢ 323673
! | REA0 (KIN,97,EN0227)MSG o R 233889
~3 ! IF (MSG.EQ+'Y*) THREN 3.3593
N . ' _ 60 TC 342 e 303705
: ENO IF 033712
i (iE) _ _ WR,TE(KOUT,*)*SNTER /0 IPTION,IC3M IS ASSUMZID SIZT _GF Auu>® s3v2r_
3 READ (KIN,®,3NO=2711C 713733
, __ MSGa°'THE CONTROL FUNCTIIN CSST WEIGHTING MATRIX. WUG® 283759
* CALL MAMATIO(4UU,ZCIMICIMGIC,KINKOUT,NOIN,NOTYL) 323753
. o IF (10,20.8)_THEN e o _ 903783
P RETURN 333773
ke END IF — __0G3733
G0 tc9a2 21379
16 WRITE(KIUT,*) *FY wUST SE INTERED THxU IPTION 5 OR L7 PRIOF TO USINIu3AQ)
o 1G THIS CPTION, 0C YSU WISH TO A3CRT THIS SATISN, Y (R MN>! 053315
o 3230 (KIN,I7,3M0227)MSG d53523
~ IF (MSG.EQ.°Y ) TrEN 3153332
A% 63 TC 332 o _ 073343 |
A END IF d03as) !
v . __ WAITS(KOUT,®) *ENTER /0 OPTZCNyIFM IS ASSUMED SI2Z OF mxX>* 033363
‘ A0 (KN, ,EL3=27) IC 053273
. MSG3 *THZ STATE (3ST WSIGHTING MATSIA, AXX'* 91334¢
5 CALL MMATIO(WXKyI3FPyIRFM,ICIKIN,KOUT,NOIM,NOINL) co3a9c
q 3 IF (10.20.0) THMEN S L ~ £r1209
J AETYRN - 063912
- END IF _ 733923
hey 60 TO 332 0:3333
. 18 WPITS(KCUT 4®) *ALL CONTRCLLER MCOSL MATIICSS WMAvI BSEN SET ZCUAL TOGLIYWY
" L THZIR TIUTH “ODEL CIUMTERPIATS® 303358
8 WrSTEUKOUT %) *ET AT GT MT,GTy3T MUST A5 ENTSED PRINR TG USING THIQC 138G
o 1S OPTION. TYE (UmM3IER JF JETESMINISTIC STATES AUST 3& £NTIIEN TN J0397%
o 1 THIS OPTION(FI9 COMNTZOLLIR PCOELY.! 0239s:
N WeIT3(KOUT,%)°* 00 vy WISH TC 22437 TWIS QPTICN.Y 52 N»* $0339%
e.’n SEANIKINGI? W 0227) 1S5 . Nswld3
-_— IF (M§3.27.°1°%) Tuin GtLits
o N 52 1C 3:2 tLel2:
e A S
R
r . 194
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$%) 3IF iew 3
WIITSUCIUT @) #34T 32 THE WUMEES TF QZTIRAISTIIPIT STATIS 4 Tu 62,70 e s

PL £ o Y od AN 2uel5:

STV UL e ® 924327V DTS ilel6)

IS vwsIaeT bR &)

37 FCWaT3L) 21623,
T ICIMsIzaT iie.97
ICGMSICGT ) s3.13¢
IRHMSLINT 106113

CALL SAATE(PYFT IFT,IRFT) Jael2?

Ciaii SQUATE(IMLITLIRFT,IC3T 33613:
______ CalL SQUATE(G4GT ,IRFT,ICGT) L . eCe1Ld
CALL EWATS(HM,HT ,ZRANT ,IRFT) 3153

_ CaLL SQUATEZ(14,AT,IC3T,iCEM) 0C4160

CALL SNUATE(RM,RT,IINT,,IRNT) 10437)

GC TG 332 Gie180

17 WEITE(CSUT ) *30T2 THAT F.4 30D 34 MUST 32 INTSED THRCUGH AFP0POTS(L197
___ LATZ CPTIONS PRIOR TO IXICUTING THIS JPTION. 0Q_YCU 4ISH TO 330°T_Tgla293
LHIS ZPTION, ¥ 3R N3~ 7 A DR

o READI(KINGIT.END227)MSG o - 27w22%
IF (MSGEN'Y*ITHEN L2333

__ 63 TC 332 _ 126262

ENO IF 3:625)

L WLITZIKOUT,®) *SNTZR 1/0 JPT.CNy IRFM X ZC3M ASSSUMED SIZZ Nxu»>’  Jiw26l

T READ(KIN,®,EN0227V I ’ JEe 273

| MSG2THE CRISS (STATZ=CINTRIL) CIST ASIGATING MATIIX, wAU’ 316282
CALL MMATIOIWXU IRFPyICIMGIC,KIN,KOUT NOINyNDIYL) 3c0292

L IF (IQ.2QeNTEN s 036303

RE TURN 926313

END IF o o o 6la22:

GO TC 382 ’ B o ’ 5333

_20  WRITEIKOUT,®)* THIS OPTION STCRES ALL MATRICES CN TO TaPE?, 00 YOUJ. 4361

3 4ISH TJ A430RT THIS QOPTIIN,Y OR n>* 308153

e _READIKIN,97)4S6 e 314363

IF (MSG.SQ.°Y*)THIN 136378

- 5C 10 332 e N 1L ¥ 1 3

SNO IF ' G.w39:

WRLTELP? o® ) IRF T2 CaT o2 COT o [RMT o ZrF Py i03MeICo M, IRHMNUMOTS RhEN

WRITS(7,%) LIFTIL,J) e a3l LRFT) I21,TRFT),, (L (3TIT,J),J2L,IC8T),I21,0 70 %443

_LFTI G UIGTCT 4U) 9J2 \ ICGT) o I2L o I3FT) o ((HTII oJ) 922 o1RFT) 121, I3HTY, JT4e23

LOCPPITod) o JBL s IRFP) 9221 92 F M) s (U3MUL0J) 0 J2L ICBY) (182 ,IF M 533l

HQITE(?.‘)((GM(I-Jlggfl.ICGﬂ!.I!L.IRFN).((Hv(I.JD.J*l.IRF!!.281.I=‘;k~65

LHM) ¢ ((PI(T ¢d) o I8l JIRFT) yI31 ,IRFT) L (XO(I) 4 I2L,IRFTY, L(NUUIT, J), Jlu+53

1 J3L,IC3M) o121, ICOM 9 CUMXX L od) 9 I8 L I3FM) o I2L,IFP) 2lh0dd

NRITE(7 oV CUATII 3 JY 0 J2L o T0GT) oIt LCOT) o (URTIZ 4D oJ2LelxMTY I21,I92700a7)

ART)  ((AMEI0J) 4J2 2, I06M) 3 T21,2C5M) o ((RMUL,JY U2l I3HY) 4 I=L I5HM) U562l

WRITSL?,%) ((WXU(Z,d) pimiy ICEN) 4 L21, IRFN) JCe298

______ 6C T2 332 724501

2L ARITZ(CAUT,*) ¢ "THIS GATION -ZADS AL. MATICES F30M TAPS3, 00 YOUJICL5LD

1 WISH TJ 23987 THIS 9PTICA, Y 33 N> o 326321

KEADIKIN,I7)4SG 00530

IF (MS5.2Q.°Y%) THEY JCs54C

GO TO 382 05553

ENO IF L o R L 31

ARITZIKCUT,%) *00 YOU WISH TC RS4INO TAPZ3 AZFSRT THE 0ZaD,Y 52 97904575

FEAD(KINY 37IMSG ) N.+581

IF (NSG.EN. 'Y *) THEN 176533

REWINDO(S) Q5653

ENO IF JC%a1)

qglo(so‘oENDSIGQ33)I:Fr.IC%T,:CGY.XRNToIQFN.ICi'.!CGM.:?“"'NU“QTS Wed2y
READ (3,2, SND=130 32V LIFT(T4Jd) oJxL JIRFTIo I,y ISFT) ,(U(BT(L,4J)4i=2,ICB0(453)
LT) oI LRFTI G ({GT(T4d) g U= Lo lCOTY oIz g IFTYy CUMT{4JY o= [RCT) 42280203
LolMT) g (UFMIToJ) g JBSLalFM) g L2320 L FM)ol(3MLL 42D 9dxs,CaAMN) o 2L I3FY)JI0a50
READ (342,213 U 33 ((GMUITed) oJ2L ysCOM) pIBL I3FYY, (IUM (T, JD)Ja L, LIF 038
L) oISl g IRMMY y ((POCL9J) ¢ JBLGISFT) G223 IRFT) o LUCHL) o I21,ZAFT) ,L(WUULILLST]
L 20V e384 o121 L5 4) e (URNKUZaI) 9 JB L IRFPY o122y IKFY) il+28;
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S DEETREEA P P R A NS INET SRUNLES § R TRaeird @ I & S50 of S I B T R AFET S WV B¢
X M S IS I DEL AN ERE L X D) RWE BE i | B4 ol DN IO N E L X B SO L B T S INE T F BN -'-"‘::
\’- -f‘.. ‘o IS;.:"“) e 10.
NG OX I2ADHI, N LLSKU02 400 0052,1239) ,I28,1-58) ;:srz;
P = f 50 TS 392 3iev3s
‘ « 48333 WRAITT(KSUT,2I0IND 7, SILI INCTUNTIRID QUIING S:223 OF Tapgie IieTel
3482 CONTINUE 1le753
_ P19 Co4TINUE Jla76;
i I MOIMLINSAY 2377
e { ETUAN I b 4. 14
L 27 10=, 366793
DG el e I 036399
y ENOD 0:53L2
x I ® DECK MZ_GN 304329
. g SUIRQUTINE MEIGN(A,AFEV A IE/,CUSSZA,WML) 2,433
K L CMAIRCTIR ¥S5%52 Gie36l
e ' OIASNSIONA(NOTMNGI™) AREJ INDIN) ¢ ATV INDI M) »AMNL (NDI M, NOZ 1) 324353
N DIMENSICON COwL(YL),C0M2LL) S e L ] 206361
< COMMCN /MAINL/NOIM,NOIML,SCYY 3637
.t GOMMCN 7 TINQUZ _<IN,KIUT,KPUNCH o ) 132383
CCMMCI /M3IN2/7 €Ov2 9314393
Fe _ CONMON /4M3UN5/ “SG 33383
{ [ THE  CALLING dJUTIMNE MUST SUPSLY A <0«KING SATRX NOIM X NOIV ==4dMi L4t
\3 _Ce®eFINQ THE ZISEMALUES OF A ,NR3y TELLS THE CUTINE TC CALSULATE =320
. ¢ ZLGENVALUES GONLY 3.6332
:, _C NJIM YYST 32 THE DINMENSION OF 3 TN THE CALLING PIC5iiM _.c.:...,
N3 IL353
e e "R’.‘A____A e . _— . 1' 3&3
’ Cist.0 TeLe272
20 . __ __ CALL_TONT(CURSZA,4ML,C1) o o , _d0s280
.. '€ WL 3 TCURSZA x CUSSZA 7256393
s ! CALL EISEN(CURSZA 44 W4RIV 43 TEV \WML,NR) LT
o | 1235 035713
) L NSAVENDIML N 9s5320
i : NOINL=NOZY 8513
G . MSG2*REAL PARTS QF THE ZIZENVAILUES ¢ R L LY
W3 ) " CALL MVECIO (ARS VOCURSZAQ.ON("erUT.JQl‘ﬂ 8251351
o e MS33'INAG PASTS OF THE ZIGENVALUES °* . _ . 315280
o~ CALL MVECIO (AIZV,CUISZA4Z04KINSKCUT,NOIN) 295373
>, e _ o 335230
2 NOIM1sNSaV 03598
J __ END - 1 -1 1
7% pzc< cornoN 3.1
P ©__ . SU3ACUTINE COTCIN(FMeSMaWXX WUULGCSTR,IHOLD ICSM WML yWME,y ) 035120' A
. LM T o nite yHM5 S L WXUFIRT M, 4xXFIM) 95513
o ' CHMARACTER n$3%53 IS524d
AN [ DIMENSTCHF M (NIIM ND IM) o WXXCNDIMyNOIMI o IMINOINGNDIIN) JWUU(NOIM,NOTIY) 335155
N, L ___1+GCSTRINDII4,NOIM) 35163
o DIMZNSTCN Wl INOIN,NOIMY TWN2TNOT Y NDTM) o WH3 INDIMoNOZM) g aM< (LOIM ND OIS 275
. 11”oh‘!:mDIP.VOI‘!).d'S(hD'PoLDIH)onAU(NDIF.\DI'l. eu318
1 RXXPIM(NDIM,NOI M) o FREIMINGIN,NOIM) 335193
-~ OIMERSICN CSoMLllr.COM2(2Y 5291
o COMMCN /M3 1N2/COM2 St 213
- . _CCamCN_ /MALNL/NOT# G NIINL L CONY L i =.-.
iy TCOMMCN /7 SNOUZ <IN, KOUT,KAUNCH 0522
- COAMCN /M3IUNS/ 486 A ) a:szal
< c 005 252
- _ C®®2QETERMINISTIC CONTRILLER GAIN CALCULATION===M0OULE ¢ 1 635261
e ¢ 3.527:
. _C_ THIS MSOULE SCMPUTES THE STZA0Y STATE OETIGMINISTIC CINTSOLLER 138291
™ c GAIN 4ATAIXxyGCSTAZ=(wUUL) (SMTI(KCSSPM) s WUUL IS THE [.JE3ISE 2F TJ:529¢
. c CINTAJL COST WIIGHTING MAT:Iv, XCSSPM IS THI 3STEAQY STATS (512
i c SILUTICN T D(KCI/ITI(FMTI(KC) #(KC) (FM) sWRY=(KS) (3IM) (wllUTI (IMTI®ICSILS
e c (XC)y WYX IS THE COST WSIGRTING MaT3IX CN Tw3 STATES 2C512)
¢ 115338
c KLIZMAAN RCUTINES 332 TxTIMSIVILY USII IN TWwi3 wcOuULt 325%:




s 2315,
. ¢ 3.535:
e € TAINSFISY SYSTZw S TRaT w(J NIT=3 TN STILL 3 =3aDL3D 3y G33173
Sota C <LIINMAn IIUTTIMIS, SITT Ked<IINAAXC 34D SI/2Y*S 302¢, 32462 322 $2514;
Cile PRIMIT (AL oAby i34 GCST e aAU LML 039, WM2, FRTIMart aYXP3u, 215297 A
L FY) 245 43¢
T NCw HAJEI FPALv, wxLF3m CAN USZ SICCITI SCLVER FC2 <CSSPH 3354113
MT22 . . G35«23
CALL TRANS2(IMOLO,IC3M93MHN2) 0C5.37 A
C WM233MT  I23% X IHCLC 035461
CALL SQUATZS(WAL,WUU,ICBY, ICEM) 2C5+53
€ _GMINV _DESTRIYS THE CALLING ALY ) o - 005483
.Y Gﬂ.NV(Iu3Ho CaAPeAML  WNMI NI NT) 0Csu?n
C WN3=WUUT TI33M X I[C3M=eew=e4R [S IN £2RCGR INOICATOS . ) 25483
144 (ra.~e.:csq) TraN - T 7T 035499
_ PRINT®,%A4 3390R CCCUSPZO IN INVEISTING wWUU, MS=2°,M2,°TC3M29,IC39 J3550;
M0 iF T 215313
__ CALL ZOQUATE(4ML,W¥3,IC3M,IC3F) , 125521
C wMizwUUT SAVI F32 LATZSS IS«BUTATIONS T T — 3.5333
CALL 9ATL(WMI,4¥2,2C349,2C30, w0L00AMe) L 335363 A
C wMaa (WUUZ) (3MT) I03M X IHOLD 5153559
¢ NGA4 CALL FL3CATI SALATIIN SCLWER S 855562
CaLL 4ATL(34,adMeeIHMILO,ICIN,IHILO,WM3) acs373)— A
C_wM323M(ALYI)I(3MTY  ZWweLd X INCLD _ 035339
CALL MATCTIACLI FERIN aM3 4 AXBIM aM2 n16) 33539%F A
C WM23KCSSPM 140U « IMSL) 8C5533
C Wr3aFM=3r(4UUD) (34T) (KCS3PMI === DINT USZ THIS 2TSULT 3¢5513
MS53¢¢3SSPY S92 THS JITIR IMISTIS CONTLOLLEY 1S* o 3055624
ICa5 315633
_NSAVanDIvY ) — S 0656463
NOINi=wOI ™ 175652
CALL MMATIO(WM2+iNOL0sIHOLO +ICoKINY KQUT 4NOL ¥y NOINY) 335560)— A
¢ NOw CALCULATES OPTIMAL SAIN MATRIX GCSTAQ, NOTE T NEZQ THE 3:567¢
¢ NEGATIVE CF GSSTAR FOR THE CCNTACL LAW GENZIATICH FRCM AN LAG 355443
ﬁ c CINTRILLER, AND THIS AILL 3§ THE GCX REQUIIED IN THE PEIFEQSMANCT 305339
. c ANALYSIS 20UTINE R o 3isres
NOIM1=zNSAV 07s710
C NC# MAVE XGCSSPM 4 CALCULATE GCSTRsWUUI (BMT(KCSS2M)ewalT) 3085729
C RECALL WUUI IN Wil 025733
Ci=1.3 0C5748
CALL MATGI (3N, dM2,ICAM THCL T IHCLD 4 WMY) 3u575§}- A
_ CALL TRANS2(IMOLD,ICBM,WXU,nNI) B 025743
YN MAOOL (TC 34, THOLO o WM JWY3 JWM2,8LY TGLS7 A
CCALL MATL(WML,d442,2C34,283M0Ir0L0.GCSTR) o ~__ ocsres
" NSAVaNOINL 335793
NOIM13NOIM A 335399
Ic=s 365319
C GCSTR_ IC3M X _ iIH0L0 _ . __ ocss20
— CTrm oo T ~ 065333
MS3& *THE OPTIvAL STSADY STATE FIZDRACK GAIN MATIIX, (LSTRY o AC5 34
CALL MJATIG(GCITR,IC3H9IHILO»I0 <IN ,KIUT 4 \OIN,NDINL) 0rs 19T} A
MOZPLENSAY gE596¢
c | TEE 41
ENO JuSas1
“%TOECC CKFTY T 30539;
SUAICUTING SKSTRUIFM Gy ? oMMy AUMDTS RXFSSoGenMlynily’ de83G.
LHMS g Mo g WMS JHME s I<F My s HY, ICOMF2oH243M,ICBY) Jesay)
c CALLING PRCGIAM YUST SUPPLY SIGHT WORK SPACE ARRLYS FBLEFY)
205333
crnxs KCUTINE CALCULATES THE xALPAN FILTZIR SAINS AHIN 3053463
TC GIVEN THZ FueHMy, 5M &NO 5 MAT:ICES AND THE MUMASR OF 77 %68352
C OITZSMINMISTIC SPATSS.  THE CONTICLLER MCJISL wUST 32 031536,
€ S2ECIFIZO SUCH THAT aLL THME NETERMINISTIC STATES APPEAS 035373
C FLIST 2D T35ZTe:3, THAT I3 cisae;
CO/0T X L9ACooeolKahlLoXMyaoott ) TFL 3 33 - QcE 392
P s (x}) » Uy + (=) 1.8132
EARN
197
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I TP Y

f u AN A ’ '-..." \ At . ,‘.' St ..‘...'.:.':_;{;:",\‘.:- ’. . » ‘.\ - .. RS e, -‘-\' -\ “‘\ _~.-~.

Poe n T2 52 GZ 733119
| € wd33Z x1 TH3ITUSH << _55% TWI NETIZALLISTIC STATES 3aQ THE pi%52:
{ € RIWAINING STATIS 33%T STACHASTIC, %1 IS K X ¥, 3MC %2 IS M-k o 3.6:3¢
| © MoKy M) 31,32,380 62 3<F PARTITICNZD ACCOROINGLY. 36341
| © THIS 2qUTINE =z=sr STRIPS 3FF TrE DITZAMINSTIC STATEIS TueEy SCvAUTES 326185
}_; NO _<ZTURNS KALMAN FILTE? GAZINLSFCS TWE RENAINING STATES, BTV
¢ Y92 CALPIN FILTER 34105 FC2 FHS DSTSAMINSTIC STASs 232 SET TO 250 356373
1 C AND THZ KA MAN FILTZR GAIM THAT IS #ITURNZD IS _ ¢ _ o 336283
K 3IKFSS 336199
! C WHERE THE QIMEMSION OF THE 2SS0 VECTOR IS K _AND THE RKFSS IS T4E _3c6110
; € STEZADY STATE KALMAN FILTER GAIN PATRIX FOR THE N-X STOCHASTIC STATES.aC61L)
t_C__THIS AUGMENTSD MATIIxX IS RITUTNED IN IKFSS o 306129
7€ AUSO NOTE THAT TN’ GROER TTT GENERATI THE KaiLvav FILTES, oONLY 30613:
| C MEASURZIMNENTS OF STACHASTIC STATES ARE NEEDED SO THZ H MATRIX IS 006 260
1 C REDUCED ACCIRCOINGLY, 306153
: CHARACTER MSG*5d,MSGi%1 156:63
DIMENSION. F2UNOTM NOZM) 4H2 (ACIM NOIM) ,FMINO IMGNDOIPY o GMINI TN, NOIM) 326172
1 UNIINGNOIMY, rn(nozn.uorr).un~tNorr.woxv».o(hoxr.wo:ﬂ). g6 t3d
17T HM2INOT # o NDIM) oW M3 (NOIMoNOI M) gWM (NDIMNOIN) oW ME(IDTH 4NCL ™) 076132
L oWMB (ADIM,NOLIY) 98200
REAL IKFSSUINDIMGNOIMI 43MINDIMNOTIM) 076240
. DIMENSION COML(1),CCu2(1) o _ A 335228
) CoMACH Z7MAIN2/CuNM2 066236
! CCUYMCN /NGIDLINDIP.M02M{LFON1 3]6263
; COMMCN /7 TNOU/ KIN, «QUT,KPUNCH "‘ ’ 376251
COMMCN /MAUNS/ “SG6 836262
c 656272
Ce®sCAL AN FILTZR STEL0Y STATZ GAIN-===MQOULEI » 2 53628¢
K7 00629¢%
e OKFSSs (PMSS) (MMT) (RI), WMSRE Pp IS TWE STEACY STATE SJLUTION TO THO6339
. € RICCATTI ZAUATION C(AM)I/OT=FN{F ) #+PM(FAT) +62(Q) (GHT) = 806313
] OMIFNTI(INI(HMMI(ENYY o _ 6ce320
. € 36333
© e o ) 236 363
G #8833 LZTE ODSTZRMINISTIC STATES, AND ~=«TRANSPOSE THE 72 36359

C__MATRIX FJQ THE FICATTI SILVE® SINCZ IT TRANSEQSIS THE CALLING ARIAY> §(5361
TARITE(RQUT,®) IF YCU PLAN TG USE THE NOYLE anD 'STEIN ToCRNIQUE FOCGa37)

LR THIS WM YCU FAY WISH TJ “CDIFY THE JALUE CF NUMOTS, THT NUMBE2016380

1 OF OETZIMINISTIC STATES, OC YOU WANT TO CMANGE NUMDTS? Y 0% NO:6393

1 o L 025409
READ(KINGL11)MSGS 006411
NUNS 3v 2 WNOTS R — ... 3t6u20
IF (MSG1.2Q.°Y") THEN - GL663)
R WRITE(CIUT,*) ’CNTER THE NEW VALUE OF MUMDTS FC2 THIS RUN>? GlHLb)
KEAD(XIN, *) NUMOTS 306653
gENDG IF 336463
IDS=NUMOTS #2 GCeuTC
__00_2112 IsI0S,IRFr N 13- 1Y T
.I'.‘NUHDYS 0:6292
00 2122 J=INS,IRFw 21654319
JJs J=NUMOTS 306544
¢ 2302 F2UJJIIV=FM(I,)) 0563529
ISF22IRFM=NUMDTS 326530
00 2113 Is3,1344 o TS
D0 2113 J=1ID0S,IIFN Ucgs554
. JJI2J=NUMOTS 136567
2113 M2(I4JIIEHNIZ W) 316373
C NIW FIIN 32,62 : ve6584
00 2114 IsIDS,IRFk 28591
{I‘I‘NU%OTS _ L _ . . ites0"
00 211+ J21,IC3M Cles1a
21l WMLUII )26 (T, ) 0o€32)
C WMy sG2 23F2 X 1CGH 116530
DS 2115 I=s[3S.i3F~» PPLL T
If2LNUMOTS Je638°
0C 2215 J=L,103v IT6661)
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2883 WYL (i« ) 23M(T,J) Sl8a73

- . C whke 332 IRF2 « Il3n 3628

.y Ir 42302 016530

RO | CALL MAT3I(Z3F2,TCGM,4v1 40, 4¥2) 81733
|

C WM23G¥(T1CGTY  TIF2 X I3F2 «~USEN 45 *2¢IM KLIZNMAN SICCATI SIUTINE G710
L WRITSAKGUT,#) *33 YaL wI3H T2 =30IFY G 3 THE OCYLZ aNO STEIN TECHI3CET2S

; 1QUZ, Y 0 > 3ce73s
i ) REAQ (KINottIMSGL . o )  0CB743
1 11 FJIMAT(AL) 06753
! IF (MG 1.,SQ.°Y*) THEN goe?
N CALL DASL(A129WPssd¥1oLCaNINNT,IRF2) 6677z}~ C
' END IF . Y 11X 4 I
' sl 93879
Q CALL SQUATI(MML,R,IM2,IRN2) ‘ 806300
. €T GMINV DESTIIYS THE CALLIIG ARRAY 066910
- - _CALL GHINVIIINZITHZoaML dRI M2 ,NT) L _. 8ces2s
e , IF (MR NS IRM2) Tesy 3369133
. o WRITE(KIUT,®) '22s MR, S IRH2= !, IAN2 E——_ L2
N T WRITEIKOUT ,4) *R=-IN\VEISE TS FluCz0 Us’ ) - 936351
ENQ IF e N - N YT
‘ i C wM3s RI M A fin2 9:6971
X : CALL TRANS2(IAH2  IRF2,H2,uls) o L 866389
£ - € wMsz N2T IIF2 X [IM2 36€399
& CQLA. YATYL (dﬂ‘o“"J'IanoLR"‘ZOIRNZonHQ, £3630¢G
) TCwWMes W2T(RL) T T T3F2 X L3KZ e ST el
: . CALL MATLIWNMS 12, I3F2,1342,[RF2,WN3) o 356325
i € WM3s W2T(RI)(NH2) IRF2 x IRF2 ' T 326932
Lo CALL MRACIIIF2oF24aMI o M2 HPE  uMS) . o ICE 36
; € NOW CaLL RICCATI ZQUATICN SOLYERTO GET PSS 556950
| C wMB=PMSS  [RF2 X [IF2 e o 026264
N r CALL MATL(WMS HMS IAF2,IRF 2, TRHZ uM2) — - T 006973
N ! ¢ WMLaRKFSS [3F2 X IFM2 036940
~ 1023 0363993
¢ __FORM IXFSS WITH ZE0S A0DED FOR DSTER. STATES. 337333
Q r PRINT®, . UMDTS=? NUMOTS 337388
. T . _ IF (NUMOTSGNEWIITMEN _ o mrLas
N ! 00 2119 Js1,IANM 057330
% . 00 2113 I=1,NUMOTS e ) L o 937342
1 2118 SRKFSSUI.J) =) 367353
. D0 2119 I=INS,IRFN - 937360
N Il=1-NUNDTS qercra
- _2119 QKFSS(I,J)swM1(Ii. N o _ 27382
ELSE T a67a90
e _ . ___ CALL ZNUATE(RKFSS,WMLyIXFPeIaNNMOY G735
ot END IF - 07213
" MSG3*STZAOY STATE XILMAN FILTEQ GALil MATRIX,QCFSS® gcr12g
) CALL MMAT IO(IKFSS o IRFMy IRHMeICoKINyKOUT JNOZ M, NOTH) 9671335
M. NUMOTS=NUMSAY ) B o ) _ 667160
., ¢ 007156
END o e ) _ EY ET-T
. ® DECK FIMAUG acri?)
. ) SUIRQUTINE FRMAUGIN4A4FT 3T 4GL2ZoHTGCXeACZoFCoGCYLBCYGToX04PCy 337183
: LFA88¢6GANAGUA WML A2 gl A UMNB g AMC o WMD g WHE JuNF, 0719
’ e LNXAsPXAsRA¢PXVALGCIAVIRY » IFLGCZyIFLGSO) o Acren_
y € THIS 0UTINE FORMS A SET OF AUGMENTZD MATIICES NEENED 3Y THE g7 243
gy C  OZRFORMANCE AMALYSIS ROUTINZS gor22%
3 OLMENSTION NINOINMADIN) oRINDIF,NOIM) JFTINOIN,NOT ) 007239
LoV CNOLMoNOZMY oSCZINOIM NDIM) JHT(NOIMeNOI M) JSCXINOTMINOINY, 0.72%2
1 3CZINOIMoNDIM) yFCINDTI MG NOIP) ¢3CY INOTMINOIND GTINDLMNOLIF), 927283
N 1 AO(NOIM) (PO (NDINJADIM) ,4ML(NOININOLM) ,WN2 (NOIN,NOTIM)  JU7263
- OIMEASICN FA(NOIM2,MN0I42) ¢ BAINDIN2,%0TIY2) 4GA(OIFPZ, IDING), 0a727)
L GA(MIZH2 NOIM2) oWMACNOLNZoNOIN2Y o WNBINOI P2 yNDTH2) 337283
2 AMCUNIZM2yN0LIM2) N0 (NDINM2 o NOIM2) oHME (NOT P2, NTIN2) (dNF IcT 290
1 (NOIMoMIZMICGCY (ADIMGNITM) (P CA(NDIMZINOIY2) 33 (NDTWZ,NOLIF2Y, 337233
2 GCZA(NOIM280TM2) yPAVALININ2,A02M2) 43UA(NNT Y2, DI 12) 37312
R PZAL “KA(NIIN2) 047323
. e
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- INTEGER (FusC2 107333
T CHARICTES 436°53 337342
NS oti-hsza-c C3M2(1),3CiM21L) 3:71s0
0! . Co 4eCe /MAT i« /3T 42,891 43 GI726:2
< W COMMCN /48IN2/C0N2 837173
COMFEN_ /MAINL/NIIM,MIIML,SCNL o 3273
- COMMCON 7 INAU/Z <IN,KQUTK2UNCR T I i ee7 233
j e cq‘ﬂﬁc.‘l__lﬂa\uﬂﬁl 486 _ i ) JC702
' COMMCN™ /MAINE/ IC3T,IC3MyICFALTSGAICEM,ISGToICAAVIAFA, IRFMLIIFT, €C7419
N LISHT 4 IAA4ICoLAG, IRHN, NUMNTS 30723
$ WRITE(KOUT,®)* INTER A 5 IF YCU MANT ALL THE AUGNENTED MATRICSS PRI07633
! LINTEC OUT, & ” €OR M) MATRISES TJ 8E SIINTED>* 3C75%3
ZEAD (KIN,*110 0C7457
IRFASIRFTSIIFN _ 307%6)_
s NSAViaNOIN 37479
3 _ _ NSAQyZ=NDINL L L o no7asn
y NSAV3=NOINZ™ go7uLyc
:J NSAVuaNOI43 337335
N [ 937516
C®**FQRM AUGHINTED MATRICES TWAT 19E IEQUIRED WHEN FIINING XA 317322
C  TTWAS(aTT VTIT  IMPLIES THAT Ga=2 Q@ 937533
> c o . T T o 067560
- ¢ ~ ' 307559
by _C FORF G4 1394 X 1304, IAN4sISHTICGM 957363 _
“ € FOY SQUIVALENT DISCRETE TIimd SYSTEWS 1947 IRFTHIRNY — aiFsre
5 __ IF(IFLGSD.EQ.3)THEN i gc7sse
B T IR21CGT T T - - 327593
____ELSE_ o L o 087409
) IRA=IRFT 007613
\" END IF 087627
M 00 2703 I=1,:3Q 307533
A . 00 2733 Jm1,IMT ) . 007543
2 2703 TWML(I,J)3] - TorTmrTTT T T 007650
. _ 00 273% I=t,IRHT B €37663
¥ ' 00 2734 J=1,IRQ T ac7872
2705 WM2(I,J)s? 007585
A IFORN=L 3a739¢
) NOIN3I=NSAVS 87780
i NOINZaNSAVL ac7712
x> CALL AUGHAT(WM2,R WFDsIFCRM,IRHT,IRG¢IRHT,IINT) gu7729
<, CALL AUGMAT(N,dM1 W *CoIFORM,IRQ,IRA,IRT, IRHT) 6c7730
- ICQASIRQeIRNT i 337783
IRNA=IcA4 837753
IFORNS2 o . S ) 067760
.o TNOIN2=1SAY3 B ) acrrrs
< CALL AUGHAT(WHC,WND Q8¢ IFCAN,IAT,iCAALLEHT,IRAD) 3077480
d MSG=* THE AUGMENTED N MATRIX IS .NA°* 527790
CALL MATIO(NA,I20A,IRAA9 10 ,XINKCUT,NSAVI,NSAYI) 967308
e} INANSAV3-IRFT 337910
- C __INITIALIZE ©XA MXA AND STORAGE VARIA3LZS . 337329
00 5155 IMXAZ1,NSAV3 357830
% 5105 _MXA(IMXA) =0 e e 33736
o 00 5100 IexAsi, LRFT 97353
‘2 5103 MxA(IMX2)3XC(Iv3A) 107369
‘& MSGa¢ TME INITIAL X4 VECTOR IS° 097372
R’ . __CALL MVECTO(MXAGIRIFA.TOKIN,KCUT,NSAV3I) R _ 337380
‘ 700 2141 IFXasi,IARFT 67393
- D0 5102 JPXasi, IRFT 307903
< $172 PYA(IPXA,IPXA)SPO(IPXA,JPXA) 0c7 310
7. _ 00 5101 JPX=L,IMA _ 007923
. JPXASJPXSIRFT gcza30
- 5101 PXA(IPXA,JPXAYEY 327369
X 00 5153 IPXay,IvA 8671353
v IPXASIPX+IRFT 027963
b 00 5153 JaX3=L,24F3 n3737)
Ay 5167 Ox AR, )P e ag . A LR
. e
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MS32* THZ INTITTAL J2,/43IaMIE MATSIXx, PX3 I3
CALL MAATIO(R A, 37,1572, 00 ,¢T v XOUTMSAY3,1SavI)

Uee®0 (yd CaLJULATIINewe -~IQUL-.S] CALY FIRST ToM3Z TWa3Ge Q0P
c PXVAs 3T(GC2)

c 172 3

c 3C2 . .
TC YO USETTHZ KLIZNwAM MULTIPLY WUTINES , TWE QSCLAZZD OZ
c AR~ AY ARGUMENTS MUST 3S THE SAME, TMIREFORE IT IS N2
(A FOP2Kr GCZA SUCH TrAT GCZA(I,J)=GCZ(1,4) FOR I31,IRMT,
_C ICBrM, AND 2ER0Q ELSIWHERE A o

“C THZ SANE IEASON SRIQUIKES CALCULATION OF RA

_ITaNSAVI=IMY

MEN3ION OF
€SSARY TO
AND u=y,

TJTENSAV3-ICEM
00 0.13 IG‘&OIRHT

00 oits JG=1,1C8N
6016 GCZA(IG,JGISGCZ(IG,JG)
D0 5ul3 JG=1,JT

JGAsIC3NreYG

T8JI13 GC2AUIG,d5A =G
__00 8315 IG=1,IT
TTIGL=IG+IRMT
. 0C 8315 JUG=1,%5SAVE

"6315 GCZA(IGI,J4G)=J
IRENSAVI=IRHT
90 6447 IL=L{,I3IHT
00 6347 JRI31,IRHT

6317 RA(IRIWJIRIIZR(IRI JR1D)
00 5016 JRAL=L,IR
JRI=2JRIIINT

6015 RA(IRL,JRJ)3Z)

NP D
[ TRy Y

€ €3 6. 4D S

.8 s O g0

LU RT3 ¢ TR R )

WIS I WO YY)
D €.

o
o
m

‘o
G‘
«©

053.4 4-‘
123480
32837¢

. 323230

068390

058132

059113
30312 _
0C8132
09814
9C8150
_0C316d_
T o087y
658130
608130
6ca23:
058213
§3is221
053230
33263
033253
838263
308272
008233

00 6:18 II=L,IR
_IRIZIZIRTeIRUT

700 5318 JRI=L,NSAV3
6013 _35(13119JRI)8L —
c RA = R IN UPOER LEFT PIRATITICN,ZSRO CLSIWHIRS
IF((IFLGCZENeD) o ANC. (IFLGSD.EQ.1)) THEN

C CALCULATE PXVA CNLY FCR GCZ NGT
c

3t829¢

__asnage

G838

_ 8318320

368338
138163

EQUAL TO ZERG MATRIX AND NOT FCR S<0 073353

RECALL THAT (3T(GCZY BCZIT IS THE RIGHIY PASRTITISIN CF Ga gC8363

00 5303 I=Xa=yi,IRMT 308379
IPA=IPXA+ ICGT _ ac33aid

D0 64d) JPxi=t, [RFA 008390

60CJ  PXVA(JPXALIPXA)2GALUPXAIPA) 0C3.02
Cis.5 803410
NDIN=NSAVI L S ) ) 308420
NOIMisNSA' 343 8334+30
__CALL ¥SCALS(WiIF ,PXVA,IPFA,I2KT,CL) o 328543
CALL MATLUINMF oRA¢.2FALTAHTHIRNT,PXVA) 31845)
C_PVXAsPXAJT  IIFA_ X IRNT N L Y
MSG=* C0OSS COVARIANCE, PXVA IS¥ 358470

L CALL MHATIO(PAVA 9 IRFASIRANTSIC yKINoKSUTHNSIVI,NSAVY) 02381
"END IF 023490
c 308503
c 138513
€ _Faz Fall FALZ sFTeBT(GCZI(NTY 3T(GCX) 038523
c 2FA21 F322 23CZ(nT) FC 008530
c _ . T 308542
1 28352
C _ WHIRE GCZ IS THE GAIN mATARAIX THAT ACTS_OIRECTLY ON THE MEASUREMENT 003560
C VECTORs AND GCX LS THZ GAIN MATRIX THATS ACTS CN THI CONTRCLLER 0(C8573
€ STATE SSTIMATES,***»*TuESE NUST 3E SUPPLIED 8Y THE GALN MATRIX (3588
c “outxME...--‘-.------.c 32853
c ) 003503
CP33FNRY FA 1C8h13
NOTN1aNSAVLeL o 0C8623
NOIv=NSAVL 294533

c A LTS
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g
e . . e
Lo Gl MaTi(3T, 502y I T,IC3T,IPMT,uM) 0238852
b : C wiat=23T(5CZ) IPFT ¢ ISwmT 133%€&3
™~ RERY CALL MaTL(AML o HTyIRFT IAHNT ,IRFT,,u™2) 3-.8373
SO C wn2=z OT(GCZIMT I3FT x I3IFT _ 323383
’ =~ Cia1.d 02537
CALL MADDL(Z3FT,IZFT,FT,WM2yuMi,3L) » L 353721
.y C WMi= Faii IRFT X LRFT T o 7.3742
™ , _ IF (IC3M.NE.ICAT)THEN o acsraa
. WRITE(KOUT %) *‘TCaMs®,2C3IM,* ICIT2¢,1C3T 3¢8733
A WRITZUKIUT,%) 79T ANC 2M ARE NCT THE SAME_SIZE- WILL CAUSE ESR0RS’ 208748
o~ END IF 963759
) CALL MAT1(3T,5CX s IRFTLICAT,IRFN,WM2) - — 238765
“C WM2sFAL2 IRFT AIxFF 113448
A2 IFOam=sy o _____ebcarsd
e TTTNDINM2=iSAVL 688793
N CALL AUGMATINYL WM2 WMAZIFOF M, IIFT, AFT,IRFTLIRFNY _ 008333
o C wMA® (FAlL Fai12) ISFT X IRFTIICEM 034911
i& _CALL MATL(BCZ HT IRFM IRMTI6FT, 4Pt (28920
d TCTwMLE Fa21  I9FM X IFT 008335
’ cﬂLL !\UGNGT(H'ﬂ.qFCoHHSOIFCKFosiF'hInFTt IRFMyI~Fm) : 6384860
C wmas (FA21L FA22) IRFY X ISFrelarr™ £r8as)
T N  NOINZ=NSAV3 L S 38383
s IFIRr=2 8C8373
8 I9FASIRFT+IRFM 0csss)
IcFrast3Fa T o 008393
- _CALL AUGMAT(WMA,W™E,FA, IFQRF,IRFT,IRFY,IRFN,ICFA) 033904
4 MSG= *THE AUGMENTED F MATRIX FA IS 368313
CALL H"ATLO‘FAQ:QFloINFloIOQKIVOKQUT'NSAVJQNSAV3) 324923
& C FA IRFA X IPFA - T 058930
N c L i 033963
~ C***FORN dd = = = FOR IZGULATOR CASE , NOT RZQUIRED Y=g 3C8353
*, C_-ILI. ﬂ'"_'_!._(379‘5370;'715!6370!?70""’) £231383
At C wMiz IT(GCY) IRFT X IV - T T gaaerr
N _ IFIRPrs2 S ) B . 36¢ 109
NDIMZ=NSAVL - - 363396
‘ CALL AUGMAT (WML ,8CY 344 FQAP,IIFT,IRYsIAF Py IRY) ) i 059930
- et T MSG=’ THE AUGHMENTZD 3 MATSIX SA.1S° T T 819y
k- _ CALL MNATIO(3A,IRFALIRY +IS KIN,KOUT,NSAVINSAVI) 069329
LY, €~ 3a IRFA X IRY . . 719239
-q o . L ___ 339343
2 c 249554
R _C®SSFORN GA 039360
¢ 969.70”
. C GAs ST  3T(6CZY B 0393483
x5 c s 0 acz 3391
~ c . - 00938
o CALL MATL(BT,GCZoIRFT,LCIMyIRNT ML) 0d9114
€ ami= BT(GCZ) IRFT X IIHT o o oe09t2s
N TFIRES1 99913
. A CALL AUGHATIGT ywML4aiC o IFCRN, IRFTLIROLIRFT, IINT) o 339160
X C AECALL IRQ=ICGT FJY CINTINUOUS SYS,=IRFT FCR S0 SYS 369151
< C WMC= (GT  3T(GCZ)) _ ISFT_ X _IaWTelr@ o 009163
e 00 3331 I=g,IRFNM 309173
A _ __00 3301 IS=1,Il0 e 09188
oy 3001 WMi(IR,ICI =) ) 039194
CALL AUGMATINML3CZoWMOIF 0P I2F My RV IRFNJISHT) £59299
R C WMD=I(3  3C) IFM X IRNSIIMT 229213
) o ICSASIRGOIRHT L 009223
. T IFIRMS2 009232
o NOIN23NSAV3 e 009240
.’ CALL AUGHMAT(WMC,WMO.GAs IFARP, IRFT,ICGA, IRFM,IC54) 0392%)
" MSGs® THE AUGMENTZD G MATRIX GA , IS* 039263
Y CALL MMATZIO(G3,1RFALICGA,20KIN,KCUT,NSAVI,NSAY3) 239275
s, CGA IRFA X IGA 039230
= c $1529)
- . C  GUASSCZINTY  630) 3691
g e,
N J‘,.-'
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-5 NOLMaNSav L 33931
N NOT»i35adLe 3197120
» . CAui 4ATL(SSZYHT (ZC3T IRHTI:FTekni) 033239
C WM2z GZZ (MT) 337 x I3FT 39t
TS IFQ<rsy 009153
j ____ wOIM2suSAVl e L 259263
. NOIMIaNSAV] 009372
~ _CALL AUGMAT (WM2,GCXsGUA,LFORF ICIT,IRFT,ICIM,I2FM) ) cc9 T80
o MSG=THS AUGMENTED MATRIX GUA IS* 609393
. CALL MMATIS(GUALICBTIRFALIC,KINJKSUTINSAV3oNSAVI) .. 039433
-~ C GUA ICST X [2FA 239410
o Co2ese3aUGPENTED SYSTEM MATIICES NCWH AVAILELZ FCR CCHPUTATION _ 0C9u2g
c 00939
o __NOIMaNSAVL L 1 IUY
N NOIM23NSAV2 009450
N o NOIM2aNSAV¥Y  _ _ 9C9+83
w NOINI=NSAVSL 069572
o __ ENO . __ 009440
n *$0ZCK FIRFAL T33949)
SUIRCUTINE PERFAL (TRYIFLGC24MX29GCY sGUAPXA,PXVALIFLGSO, 879539
134 ,GCZA,¥0 ,EATINTGA yuNE s aMF ,FUU WML, MUOUT, ¥X TOUT,PUQUT ,PXTOUT, 099510
o LMXAMING AXAMAX o PXTMINGPK IMAX g PUNING MUMAK s PUMIN,PUMAX 4 MUy INT34y  0(9520
Y. LAV, W ) 039537
- CHARACTZR 4SG*60 B i 2093560
s REAL wHL(NOI™,NOT™), 22T 829551
ol LINDIN2 NDIM2) yINTGA (NDIM2 JNDIN2) qwME(NOLH2)NDIN2)y . 0669582
., LHMF (NDTI N2 ¢ NOTM2) WV I(NDIM2) s WV G INOI M), 2995713
- 1 MXA(NOIM2) yPXA(NOIM2,NOIFZ),PXVA(NOIN2, e _._.0095%3
- ANOIM2) , MUCUT(NOIN) ,NXTQUT (NOIMY ,PX TCUT(NOIN) ,PUOUTINDIM), 209599
; _ 1 YOUNOIM3) 9MXAMIN(NOIM) o MXAFAX(NDIM) 9MUMINCNOIN) 2 MUMAX (NDIM),  0C9803
: 1 PXTHININDIN) yPXTMAX(NOZI M) o FUMIN(NOZY) o PUMAA (NDIM) ,GC2ZA 0C9613
1 _(NDIM2,:0IM2) 4RAINOIN2 ¢NOIN2),GUAINIIN2,NOIN2) GCYINOLIN, _ 6398235
1 NCIN) INTBA(NOINZ,NOINZ) 0C9633
; INTEGER IFLGCZ . — . 399642
: DINENSION COML1(1),COM2(1) 809s39
: ‘[iﬁ REAL_MUINCIMN (PUV(NIIN2,NIIN2) 359663
~ e CGMMCN /RNTIW/ INTIME,DELTIP 329673
2 - __COMMCN _/MAT:e /NCIN2,30I43 s L 8G9sa3
e TTCaMMCN /N8I N2/C042 309690
<. COMMCN /MATNL/NOIN.NOINL,COMI o _eu970d_
A COMMCN 7 INOU/ KIN,XQUT,KPUNCH 929713
> COMMCN /MAUNS/ 4SG e o 039720
COMMCNZ PAING/TC3T 4 LCIN, LCFALVICEA, ICGNIICG T, ICCA IRFAIRFNIRFT, 59738
LIAMTI0A.10,LQG, 2P, NUNOTS = ] 009740
. NSAV1=NOLIN 8u9752
‘ NSAV2sNOIML . _ . ___dc9rsa
1 NSy 3= NOIN2 ~ 939778
o o NSAVe=ENOINI X o 009789
2 7397931
' C**%4PERFORMANCE ANALYSIS WUTINE ) go9+09
c THIS IS A CONTINUOUS TIME MEASUREMENT PEPFIRNANCE ANALYSIS 083921
. _C ___RCUTIME FOR EVALUATING CONTINUCUS TIME CONTSCL SYSTEMS OaIVEN 3Y  (2982C
- c WHITE GAUSSIAN NOISE. ~ IT CCMPUTES THZ MESAN AND COVARIANCS OF T4EQ29833
- _C_____OF THE TOUTH MODEL STATES ,THME CCNTACLLER STATES,4ND TYS CONTIOLS 029863
Y c GENEIATZI0. A SET CF AUGMENTEO MATRICES IS USZD 10 D0 THE 3C9957
> - CALCULATIONS===Y=(XT USTAIT, _ XAZ(XT XM)T oo THE PEZFCRMANCEQLI96]
o c ANALYSIS RCUTING IS 0EVELGPED IN A MASTERS THESES FOR AIR FORCE 009479
- . C _._._ INSTITUTE OF TSCHNOLOGY 2Y ERIC LLCYO, TITLE *RCBUST CONTROL 0593839
- c SYSTES OSSIGY® 03394
v _c . —— - e 93943
A c — 039313
o CO**4XA,9XA CALCULATICNe=< THE 4S8N  ANO COVARTAMCE CF THME XA VECTOR 033325
v ¢ FCUND USTHG SOLUTION FORPS CF THE FRCPAGATICM ZQUATONS 369933
<. c Kol SNMAN ROUTINES AIE USED T9 P0OV.I0Z TYS SOLUTICONS 3129340
- C IN THME FILLIYING T40 21S, THE FISST QCLUIANCI QF Fas I vx3 1°935°
‘ C IS THME ;3. uZ AT TIw: TeDILTIv, THE SEICCNC ====iT TINE T 309368
.‘ ~ ——
..! .\‘,{\.)
3
v 203




-’c
O ¢ IKA=IAT(PXR)SATTSINTGA 3599712
¢ o 1432EAT (X A) eINTES 35939:
NN c SIZ OSFINITIONS ESLZe S0 AT ,INTGA, INT2S 023993
NEERICN c 115508
0 N ¢ MCTS SINSE THIS P3I0G3IAY CCNSIOERS OMLY THI 2IGULATO2 C3SE, 313213
~. c Y- THZ JESISE0 INPUT= IS ASSUMED = ZE3¢ L 913325 _
N\ [ 019239
- L. e . o 2313246
§. c MXA0=(ZT%0) TOIT =(xd T EaTHZ EXPECTIO VALUE OPSRaTO2 0155853
A S Pxags PO 3 L 610163
v {4 ) 3 61007¢
c 010380
T ZAT=  EXP(FA*TIAZ) 01039
, € INT3as INTEG(SATI®A FOR CCMTINUOUS TIME SYSTEMS 813103
- < 3 340 FOR OISCRETE SYSTEMS 023112
~ C INTGAs  INT(SAT(GAIQA(GAYTISATT) FOR COMNT TIME SYSTEMS 010123
2] c s GDA(GCDAIGOAT FOR OISCRETE TINE SYSTENS 813130
Al c__ . A o 0111ed
3T LCIUNT=] Te13153
. IRNSAINT(INTINE/OSLTIM o S ) $13162
T WSITE(KIUT,,®I'ENTER 47 S T IF YOU WANT N0 PRINTS GF 9x3, PUU, MXA, 313172
'~ L ANO MU MATRICES OURING THE PEIFORMANCE ANALYSIS, .-.LS: INTER THE 013183
1 NUMBER OF TIMZ INCSSMENTS EBETWEZEN PRINTS( THEIE ART ¢, IR, ° TOTALJILI199
> 1 TINE INCIENENTS IN THIS RUNI>C Jr20e
B0 T T TAZAO KT N, * )V IPCNTL T2l
i IF (IPCNTL32Q.) THEN o 313220
N, IC=y ' T T T 019230
- gvse. o 110240
.- 1325 013250
v END_IF _ 312260 _
) D0 ~ 5333 IN=1,NSAVS isars”
- __ PUULIN,INY=3 _ o __ 010280
< MUCIN) =0 - - 819290
» MxaMINezdey 213393
. - - MXArAX CIN) =D — ) 310312
s PXTNIN(IN) 23 013 32¢
SN ‘ T pxrNAX (T =] 313333
o MUMIN(INI =0 019343
o MUNIXTINI =] T213153
___ PUMAX(INI=D _ . S 818380
<. PUNINCINI =20 N ' o T 013372
) 5303 CONTiINUE 013383
T WRLTE(COUT,®YPENTEIX T n-e—mn'mmsnﬁ "‘e-ru EEN 0131937
- 1 PLOT 90IYTS(4AX 1330 PLOT PCINTS) TMERE *oIRNy* SANPLE PIRICO312400
j T 1S TWESTIO FOR YRLS CgN» T - T T 32061C
2 _ READ(IKING®IIPLTPS o A _ 010424
A - OELALTSOEL TIN®IPLTPS T T 810333
Mo 00 33)J ITLMP21,I3N o o . G196060
s.; t 310.53
CIFUICeE2e5) THEN _ 31)e63
T JsITLPet 110479
7, o IPNT=400(JJ,IPCNTL) L . 315e80
’. IFCUIPNTEQ43) JOR, (ITLMP . 2Q. IRANY ) THEN 019499
<. TI1E2JJ°0ELTIN B ) o ) Y __%13%00
T WMRITSAKIUT ) *TIMEs ¢, TInE ' T 013513
- ¥sShs* PXa 313522
CALL MYATI3(PXA¢3,3,1CeKINoXCUT NSAv34iSAV3) 013537- M
= . mSGme PUY ) 913549
. CALL “MATIO(PUU, ICIMeIC3MsIC,KINyKOUT,NSAVI,NSAVI) 0135%3
!  MSGa‘'Mxar . N o UA2560
7o CALL M/SCTO(MXA,3,10.XKIN, «CUT,NSAVI) 013573 M
7o . mMS5seqye 312583
e C3aLL YVECIO(MU,ICaMsI3¢ KIN,KQUT,NSAVL) 313590
~ EvO IF 31357
sun 1F 31381;
b . c 49a 34T T STIRE FOS ELOTTING, “XT(PXY,MU.OLY ) s1562:
O
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0C 123 _w-32,7
MY TIUT (In303w) & (1v3)

azse3 =M

clice,

FATOUT (A5 13SARTUFXE(ING, InB)) c13857 ) M
122 CONTIYU: 2105€3
DO 22e IW3z1,I038M t1267:
MUOUT(I#R)=MU(InR) o L $13583
FUJUTILINZ) #SQIT(FUUIInR S IN ) T citegl)—M
126  CONTINUE _ 816762
c‘&‘.".. czc 74‘:
C*#%s% NO_(C20SS CORSSLATICN TZRFS ASE PLOTTED _ L 01c72:
c 016735
_NDIMEsHSAVY . e 6107463
iPTCT 3M00(YJ.IPLTPS) 0137512
IF (IPTCTL.EQ.0) THEN ) ) . B137eg
CALL STORED(LQG,RATINE,DELPLTLCOUNT 47,7, IC3M,1CBY, 018773 M
] 1 NXTOUT,PXTOUT, NUOUT 4PUOUT 4ADING)} _ o 016783
LCOUNT=_COUNT #3 016793
END IF . I ' 11 14
C NOTE TWAT YO IS ®ESTRICTZ0 @Y VALUE OF LCOUNY TO EZ CONSTANY (1301¢
C BETWEESM PLOT POINTS 033822
IF (LGOUNT,GT.12G3ITHEN t10833
€ RESET LCCUNT o . ) ) £10986;
LCOUNT=1030 010850
END IF R T 1L
TCeSEYSDATE PX A, XA 610872
c §13885
c 02089.
____ NDINaNSAV3 o _ L __ 0209090
NOIFISNSAV3el €i1Csis
CAL. MATI(ISF Ly IRFALEATIPXALRME) i 619923 _
Cis1l.0 0159
CALL WADDL(IRFA,IRFA,MMELINTEA,PXA,CL) _ 02094¢
C**%PXA AT NEW TIME NOW AVAILABLE 0109535
C__MXAs_ EAT(MIAG) +INTEG(EAT(3A)) (YD) 016963
D0 1814 IKs3,IRFA weare
1836 WV3I(IK)=S 010982 _
00 1815 Ix=i,IRFA £1099:
DG 1815 IJsy,IRFA . 831305
1818 MV (IKI2WVI(IK)+EBT(IK, TII®MXA (TN 514316
_DC 1812 IMR=1,IRFA e . I X C T1 1]
1812 WVLITARISINTBACIMR 1) *YO(LCCUNT) 011333
00 1613 IJ=i,IRFA 011340 _
1813 MXA(ISI=wVI(TJ)+uVLl(IN 611253
C*®*MxA AT NEW TIME NOW AVAILAELE €11060

C*334U,FUU CALCULATION FOC ZERD MEAN MEASUREMENT NOTSE 01127¢
C__ MUSGUAIMXAI4GCZIMVTI+GCY (YD) e0esPVT ,THE MEAN OF NOISE V ASSUMED +J 01158%

X1=YD(LCOUNT) g11293

_NDIMENSAV1 €12102 _
NDIMiaNSAvViel 011112
CALL MSCALE(WML,6CYZC3MyIRYX1) _ - g11122
C wMiz GCYLYD Icer x % £21130

___ _NOIMsNSAV G110
"NDIM13NSAY3eg €1115:
00 1817 lJ=1,:CBM™ 021162
1617 wv3(IJ)=§ «1147¢
00 1816 IJsi,ICBM G1118¢
DC 1816 Ix=i,IRFA ci1119:
1016 NVIL(ISISHVILTIJIISGUALTIGIKI®IPXA(INX) 811202
C nv3I=GUA(NXA) ICad X 13 6112113

£ ADDE0 70 wMi ABOVE TO GET MU _ 11229
D0 3249 I=i,.ICaM €1123:
329 MUCI)swWVItI)eumM1(I,Y) 012263
C mu IRAFA X 1 ee=sNOW AVAILASLE~o==ee 0412535
C***PUU CALCULATICN,PUUSGUA(PXA)GUATSGUA(PXVAIGCZT+GSZ(PXVAIGUATS (11263
c GCZ (RIGC2T g1127.
pouy CALL MATI(IZBr,IRFA,GUA,PYA,EUY) 011282
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C PUUSGULIPAAIGUALT  J22» a0 IC3M wet287
CossosaIr o ecese (SR IV
IF (IFLGCZeE)es) ThEN 12320
c SINCZ 3T2 NOT EQUAL TC ZZAC SALCULATI OTHIE TS.¥S OF PUU gi2120
c......zﬂtmz.OOOOO :11!3:
:‘ (X'LGSOO 0..) YN"J . . _ L1 36s
T OULNY 05 ™IS £33 S-D Cac: 313 3%¢
. _CALL NATLIGUA P VA, ICIM1AFRIRPTWNF) 611367
CALL MATL (WY (GCZA,IC2M,IANT L ICAMWNE) 91137¢
tis1. e o o 011380
CALL RADDLIICINICHA UV wMEohiF oCL) 011392
_C wFSGUAIPRAIGUATGUA (PXVA)IEC2T L 011433
T CALL WATG IGCZALPRVA L ICBN, IANT L TIFA,PUUY ~ 011415
L ___CALL MATGL(PUUGUA JICOMoIRFAICEPNNE) _ 011420
T CALL MADDLUICEN JICAN,UnELWNF FUYLCL) 0115433
C PUWSGUA(PXAIGUATIGUA(PXVAIGCZT4GCZ(PYXAIGUAT 011640
END IF 031488
CALL WATI(ICOM,IANT GCTA,8A (NNME) L £11460
T T T CALL HADDL(IC M, ICSNWRELBUUWNFLC ) - 01te?0
CALL EQUATE(PUUwnF,IC3M,1C2») C1148C
END IF 031490
C®®® PUU NCW AVAILARE IC8M X ICeM - g1450°
c 011516
c o Gs2c
(4 011530
$C3C _CONTINUEZ o C115642
00 1i0 INdxy,7? 811557
. MATOUT(INIISHXA(INR) e e _G1156%
126 ~ PXTOUT(IWR)aSOATIEXA( W s Wud) - $11%79
00 121 IN=31,IC3M 013583
T UUtTIRATamy (TWR) 11593
121 _PUSUT(IWR)ISSQRT(PUU(IWK 4IwR)) S12e0%{
TTRALL STIRED(LAG  ANTINE  DELTIP,LCOUNT 4747 42CBM,1CB%, 11612
1 MXTOUTPXTOUT ,MUOUT,PUSUT ,NDIRE) 131622
C TALL YO SY02E0 ™ WITM LTOUNT ¢ 3 INCISATE THIS DATA RUN COPPLETE £21630
LCAUNTm =12 TN §
. VENTAME g OCC TaPruCOUNT 7 o T osCBM TN, 31285¢C
1 nxrour.vxtour.uUOUt.ﬁuout,uoxrs» . s1186%
NOTmeNSAV1 011:70
_NDIMi=NSAV2 ) i C11680
NOIM2ENSAV3 t1159¢
NDIN3sNSAVe g1170¢
T RESET I0 T0 SOME NONZZ®0 VALUY YO EvOL0 TESMIKATING THE BRCBEET®  Gii171d
C___WWEN RETURINING TO MAIN ROUTINE, LOGRP 011722
77 T"1om2s - T 211730
g0 - C117ai
# pgCK MYPLDT 011753
SUB-CUTINZ MYPLOT L o _JL1TES
END FER4 2
* DECK auGMaT o o gi178%
SU3RCUTINE AUGMAT(A1,A2,A34IFORMyIRA1+4ICAL,IRA2,1C82) 011793
c g1120¢
Co*285 N0 IMZ, NOIMI MUST BE SET IN Thed CALLING PSOGPANM FEFOFE USING ~— — 011883
CoS*SSNOTPZ,NOINS MUST BE SET IN THE CALLING PRCGRAM BEFORE USING g1182¢
C%%3%%  THIS SUBROUTINEe THEY PUST BE UECLARED If. A COMMIN B8LICK 11837
c LABELED ==MAINyo== L 02134¢C
® DECK MYyzC1O Ci198:
C _ _THIS SUBRCUTINE FCAMS AUGMENTED MATRICES CF THZ FORM 042963
c i1FoRn=y A32¢AL A2) 112373
£ IFORNS2 AIz(ALl AT __Giie80
[ 11291
c _ 0113a¢
c “IRALJIRA24ARE RIW DIMENSICNS,ICAL,ICA2,ARE COLUMN DINMENSICNS 611910
DIMENSION ALCNDIM2,NDIM2) oAZ{NOIM2, NDIM2) A3 INDIF3,NOIN3) 011926
COMMCN /7MAINL/NDIMZ I NDLI M3 611932
L IF_(IFI3M.ENe2) THEN 11126
..... e p—.
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Foar THZ 4UMENTZ) MaT-Iv 23s(31 ¢ L35

OC 1& IZIsi,l=e: 11967

D0 22 al.3%,2CaL 21197¢
AI(STe22I) a5 (I2,1IID) 022388

DG 1Z Ivs1,IC42 £1139¢

_ ivisliveICa: L 612302
AIUII4IVIV=L2ITsV) - 12510
__RETURN e L1222

END IF $1253¢

C FORM AUGMENTSD MATRIX AZs(AL AT t12360
IFAJ=IRAL+INA2 612350
1CA3sICA) — £1216,

00 1« lIst,ICA3 c3237s

DC 23 IIIs1,IRAL 812c8¢
AZ(IITID)=AL¢ILis.I0) 812595

DO 14 Ivsi,IRA2 _ o 312200
IvIislvelIRAL 012110

_ ASUIVILII)I=A2(IV,II S f12128

T RETUSN T 61213¢

END d1214t
SUSRQUTINS MVECIO(ANUMIL ,ICoKIN,KOUT,NDIM) 212157

~ THMIS SUSIQUTINE READS PFINTS ENTIIE (PCRTIONS OF) THE VECTOR 8121¢€9
Ay, DEPENOING ON THE v OLUE OF eeelQee=, I0=1-==READ ONLY 01217:
1022-=<3 A0 AND PIINT, 10=3 READ SELECTED VALUS, 012189
€ RcAD AND PRINT SELECT:S0 VALUES 912194
.C ___ 10s5===PRINT OnLY , g1220¢
C YO USZ '10%3 03 & THE CASLLING FFOGRAM MUST INITISLZE THE WEC. 01221¢
__%8%543THIS ROUTINE SETS IOQzu=-== WHEN NC OATA IN INFUT FILE g1222¢

c 612235
CREAD IS FROM UNIT SPECIFIED SY CALLING FRCGWAM IN KIn,wRITE IS TC 012263
4 xour.noxn § THEZ DZCLASZD OIPEZASICN OF A 1N THE CALLING 12288
__PROG -A g122¢€;
cnannct-a "MSG*5: 012272
DIMENSICN A (NCIM) 61229y
COMMCN /MAUNS/ MSG £1229:

’F ‘(10 5001,00’)0“ 005002‘, THEN 012353

c asib'!ut.a- VZCTOR T %1271
_MRITE(KOUT,%) *ENTER *,NUMEL,*SLEMENTS> 01232:
"READIKING® oEND=29) (A(I) 4 Ing AUNZL) £3213¢
___ENOD IF 012 34C
TIF (19.20.1) THEN J31235:

RE TURN 012365

ENO IF 12272

IF ((I0EQe3)eOR(IC.EQete) o CFo(I0.EQeb)) THEN $127%82

READ ONLY SSLECTSD ELSMENTS. THME FIRST NUMAE® CN E€ACH CARD c1239%

C IS THE SU3SCRIPT, THS SZCONC IS THZ DATA ENTRY C22002
Co»s388a8NCTE ONLY ONZ DATA ENTSY PER 012415
Ceesse3ss FIAST CAIO MUST CONTAIN THE TCTAL NUMBERR CF ENTRIES TO BZ g12.2:
READ 01263C
_IF(ICeNEs8) GO TO & 022448

DO 3 Isi,NOI™ C1gusy
AlZ)sG. e 212088

CONT INUE 012L7C
_HRITEIXIUT®) PENTER THE ELEPENT NUMSER 4THEN ITS vlLU:)' . t12e8%f
"READ(KIN,® .Euoszeiz.:nrav i 31259

IF(I.LE.3) GO TO 22 02259¢
IF(IHTHIIM) GI T2 S 012512
AC(I)SENTRY . g12s2¢c

IF (10.EQ.u)THEN 012533
WEITEIKOUT,33) ¢ 12543
WRITEIKOUT (%) 4S5 012553

C WRITELCOUT +#) *ELEPSNT NUM2ES 4 ENTRYS? s1236¢
WRITE(KIUT 120,41 D) p1257%

END IF e 01258

6 T2 S 812%9:
CONTINUE 012€03
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P SITUSI- J12sel
- Znn IF T12¢ez.
- . IF (134874204074 LIT4ET.80) Thay 12¢3.
ST C TC GET MZ3Z IJ22 OR 5 SO PINT CUT ENTISE yICTOF prase;
SRR WIITEIKIUT, 22y ¢ £12553
' _ WEITE(KIUT,*) NSG o _ 2129367
WEITE(XOUT,*)* THME YECTO2 w:s CONUMIL, ¢ SLEIMENTS? (1267
Q . WRITE(KOUT,22)(ACI).I=1,NUMIL) . g12583
N RETURN 01269,
o _____ €& t*_ 612763
Q RETURN 12718
D 29 PRINT®,*ZND OF DAT ~Z4ACHMED OUFING INPUT IN WMVECIC’ £1272%
IC=; 01273¢
__C _essssaTiIS &ourxus SETS I0=0=---= WHEN NO DATA IN INFUT FILE ___  01274:
i 33 FORAT(ALG 4 /) $1275°
{ 11 FORMAT(Ies13X4E12.6)_ L 12763
’ 22 FORMAT(10(23C¢LX,EL2:6) v84/)) 912773
RE TURN 612783
END g12v9:
® DECK MMATIO o ~ o e m12900
SUSACUTINE MMATIOtA,IR, ICHICXINSKOUT S NDIM, NDINL) t12210
) _ CHARACTER_MSG*6) L e 01282¢
T T DIMENSION ACNDIM,NOIM1) €1283)
. COMMCN_/MAUNS/ MSG o 312840
;G TAIS SUBROUTINE READS 4ND/OX PRINTS THE MATFIX A DEPENOING ON THE 61285¢
j € VALUE JF 1J. _IT 2EADS FROM UNIT S2SCIFIED 8Y KIN AND wRITES TO UNIT (12962
P76 XOUT.  [0x1e=READ ENINE AFRAY 10x2<=xEAD AND P NV ENTIRE 012872
‘€ 81282
€ ARRAY, 10==3==<READ SELECTED ELEMENTS OF A “ICau<=--READ AND Tag2e9s
C_PRINT SELECTED ELEMENTS OF A 1035 =-=PRINT ENTIRE ARRAY £2290:
‘E NOIM,nOIMI ARZ THE OIMENSLONS OF 8 SN THE CALLING PROGRAM 012915
g61292:
“é #0083 FNCTE TF 102 0K « THE CALLING PROGRAM MUST INITIALIZE '~ ~  '21293:
c_ __THE ENTIRE ARRAY BEFORE CALL__ e e €129«
[ 01295:
_C 8sss50sTHIS SOUTINE SETS 10 20 -~== WHEN THE INPUT FILE IS ENPTY £12986¢
c 61297¢
IF ((X0.2Ce1) «OR4 (10.EQ.2)) THEN _f129¢e¢
C RCAD ENTIRE ARRAY IN FREE FORFAT,A0w MAJOR ORDER 012995
WRITE(KOUT 3®) *ENTER *¢ (IR®IC)¢* ARRAY ELEMENTS IN S0w_MiAJ ORDER>* 01330:
READ (KIN,® ,END=29) ({8(2,J) 4J21,IC) 4 Iz3,IR) ‘01301¢
ENO IF 013322
IF (i0.c0Q.1) THEN 013030
_ RETURN L B13cal
END IF - 013353
IF _((10.E€03)s0R,(IC.EQub) oCRo(IDECS)) THEN o 1366~
T READ IN SELECTED ELEMENTS OF & 023377
€ THE FIRST CARD IN THE INPUT STREAM MUST CONTAIN THE TOTAL g1308¢c
"C  NUWMBER OF ZLEMZNTS TO 9f READ IK, OWLY ONE ENTIY PER CARD . 013393
] THE FIOST ITSM ON EACH CARD IS THE ROW, THESECOND IS _THME COL TME 013102
c LAST ON EACH CARD IS TME DATR FOR THAT LOCATION 01311:
C_____F2EE FOxMAT IS USED L . 013125
IF(ICeNE,6) GO TO & 01343
00 &5 M28,1IR o 013143
0C «5 N=3,IC 01315:
65 A(MyNIBIL L . ) o 013168
» CONTINUZ CL317:
“__.w_HP!TE(KOUT.‘i’Eﬂfsﬁ THE ROW,2AD COLUMN FOLLCWED @Y ITS VALUE>* 013180
5 READIKING* o ENDR29)IT o JoENTRY G1329:
IFLUI1LE.U)e0RtU.LEL3)) 6C TO 20 _01320¢
. IF (Il 6T, TRY ORL CJET. ICT) GE TO 'S Tei321:
; AC(IT.J)SENTPY £1322:%
; IF (I0.E0.%) THMEN G13233]
b _ WRITE(KOUT,33)¢ ¢ . 013243
nrITEI(KOUT,*INSS 01325:
REITEIKQU T 42 ) (P 4114749 ,J,%08,8(T2,4) 11326‘.,
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£ IF i ’ ' 11327

6¢ TC § 1Tz M
Tt , 2: CONT.NyZ :1:29:3-
) : ZETUSEN £13120:
- END IF 01331°¢
b IF (tI2.5C.2).0R.11C.EQ.5)) THEN 012320
€7 10 22 028 IF MERE SC PAINY ENTIRZ ARRAY o T T T T 133y
__ WRITE(XQUT,33)* ¢ ) 51325
MRITE(KOUT,*)4SG ’ . 01313185
_ NRITE(KOUT,*)* MATZIX SI2: IS *oIRe* X °*,IC 03338
DO 4§ I=xg,IR . 013376
=9 WEITE(KOUT ¢48) (A(T,J)4J23,1C) . 613380
OMET(ATL /) €13390
8 FOIMAT(S120(1X0E12.60984/)) _ 013400
TTENDTIFT TTTTT T T 013610
~ RETURN ) . 0136210
T 29 PRINT ®,*ZND OF DATA REACHEC DURING INPUT® TUTTL13430
C ®333383THIS ROUTINZ SETS IO 30 ==ee WHEN THE INPUT FILE IS EMPTY 023443
10=" 13450
_RETURN_ _ . 013463
“END AR X & 29 ¢
3_g§gg_cLocas B ) o . £13483
SUIROUTINE CLAGRSIGLSTR,Fr o 3r JRRFSS HM, GCXyGCY,GC2, 023,97
1BCY s ECZ sFC YOy R™30MsFT BT 3GT,0T4RToHToIRY ,IFLGCZ M1 013502
1 sHMCoNMI POeGM WMo NMS WM 613513
1 HYLeRVZeNUU s XX 9 X0 WX U WMT qWMS) 61352
C TMIS ROUTINE PERFORMS SET UP FCRUSING YHE LCONTINUGUS TIME =~~~ "7 013532
C_PERFORNMANCE ANALYSIS FOR ANLOG REGULATOR 013543

TTTOIMENSICNGCSTRINOTIF NOI ™Y S FF(NOI Mo NOI®) ¢BMINDINJNOI M) PGINDIM, 013883
ANDIM), HMINDT Mo NDI M) yGCX (NDIP,NOIM) ¢ GCY (NDIM JNDIM) +GCZ (NDIMINDIM), 013563
T 1BCYIAOIN NOTM) s3CZINOTHINCIP) . FC (NDIM NDIN) YO INDIN3I) JHML (NODIN, 613572

___INDTIMY4MM2 (NDIMoNDIM) 4WMELNOINFoNDIN) FTINDIM,NOIM) . Ga3sa:
1 BTUNDINNDIM) oGT(NDIMoNOINM) o FTINDI Mo NDIM) 4RMINDIPNDINM), G1¥59:
B 10T INOIMsNOIM) o RT(NDIMsNDIM) yCMINOIMINDIM) WVIC(NDIM) (WV2INDOIM (13633
o 1) ¢ XOINDIM) o GMINOTP o KDIM) o WUUCNOIM,NOIM) o 613213
1 WXXANOIMyNDIM) JWMe (DT Mo NDIP) oWHE (NDIMONDIM) S £ 51+
1 wME (NDIMyNDI M) ¢ MXUINDINGNOTF) oWMT (NOTMoNOT M) s WHE (NDI N NOIM) 613633
_OIMENSION COM1(1),00M2(1) , . 213663
TCHARACTER MSG®8) 013653
o INTEGER IFLGCZ L B 213662
" REAL RKFSS(MIN,NOIM) $1367¢C
COMPON /MAINL/NOIM2,NDIN3 £13680
COMMCN 7MAUNS/ MSG ¢1369¢
___COMMCN /MAINL/ NDIMJNDIML.CCML —e .. Ga370c
COMMCN /MAIX2/ ™ CaM2 01372
. __COMMON /INTTM/RNTIME,DEL.TIN , 013720
COMMCN /INOU/ KINKOUT,KPUNCH 613732
COMMCH /MAINS/ICBT,ICBM 4ICFALICCAICGMICCET 4ICCa,IRFALIRFF,IRFT, (C1376)
1 IARToIRGA,I04L QG,IRHNINUNQTS G1375¢
_ WRITE(KQUT,*) ‘00 YOU WANY TC CALCULATZ EIGENVALUES OF THE TRUTH MO01376(
1DEL ANO CONTBOLLEP MODEL F MATRICES, Y OR N>* 613772
. PEAD(IKINGZ3,EnD=2533) ¥SG _ L ou378:
237 FORMAT (A1) 013790
IF_(MSG.EQ.*Y*) THEN = 213330
WRITE(KIUT,®)* ¢ 6123146
_ WRITE(KQUT,*) *THE EIGENVALUZS OF THE TRUTH MODEL F 4ATRIX® 613824
CALL YMEIGN(FT WVL,WV24IRFT4ur1) 312332
. WRITEIKOUT,*) *THE EIGENVALUES OF TME CONT. MODEL F MATRIX® 013844
CALL MEIGMNIFModVIJHV2oIRFE NPL) 01325¢C
___ END TF e e £ %-1-1-Y:
T WRITE(KOUT ,#) *COLORED INPUT NOISE (Y OR N) 3¢ 81387¢
FEADIKIN,23)IMSG 13380
IHILOs IRFY 13993 A
IF(NSG.EQ.*N*)IGO_10_2%G3 i 01393¢
"CALL CNOISE(FM GN HMoSMoG% o IRFN, IOHMeLCGH 1T CBMo WMLy WM2y hHI) C12323
-— 290y CiaplL OKFTx(FMeGMeSMoMMo NUMDTS o RKFSS +0Mo WMLl RM2 o WMo WMy kME oMb,y 01392
f.'l'.'-
'&'ff
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e
=
o
‘;::': bS LPFF 1'“"0&»”"‘. (Cv., GL2e3M 02X 3392
-‘ﬁv' C G22,63Y, I SALL TS CKXFETR 852 USSD &5 DUMUPY ARSLYS F72 W2 ,F2 ;13?£
't\_"n RN CALL COTOON(FM oM oRAX onUU sGCSTR o INC LD sICIMy mME sWMZ WMy mMaynMS, «13355
AN 1WMO Yy RAL S WP T oW H3) 012363
b t IF(IFOLDLEQ.IRFM GC TO 35 $13573
( ICH=IHOLD 2 . L 1980l
T DL 2¢ I=1,IC3M £433935
YN . DG 28 JEICHeIRFH i o ~ ) 024303
I 257 7 GCSTA(I,J)=0. 16213
g 35 CONTINUE 01652)
P WRITEIKIUT,®) *ENTER THE TCTAL RUN TIME AND THE TIPE INCREPENT>?  01e(3)
oY FEAD(KIN,®,END22937) INTINE,LOELTIN . 316363
Cis-} 014050
CALL IDNT(IRFMsNnM1,C1) e e ... 016362
S CWM1E=T IRFK X IRFM 014370
e  CALL MATL (GCSTR,WM14ICBM, IRFM,IREM,GCX) . 016285
AN I0=¢ 014392
<ot MSG2 *GCX FOLLOWS, GC),GCZ SEVaG® 01620C
AN T _GALL MMATIOUGCX,ITBMsIRFM,TIC, KIN,KOUT,NDIN, NDIH) 016118
: C NOTE®®esds QTHER GAIMN MATRICES,GC2,AND GCY SHOULD BE CALCULATED IN 614123
c THIS MODULE FOR USE IN THE FERFCRMANCE ANALYSIS RIUTINE, C1613C
AT DO 2862 III=1,ICB» , L 01414C
e 00 2532 IIll=z1,I%HM - £162853
= 29062 GCZ(III,IIII)=9 16260 _
IFLGCZ=1 016172
N C__IFLGCZ=1 INDICATES GCZ IS ST YO ZEFO0=-=-PREF AMALYSIS BOUTINE USES TF 014188
o c C1629C
- 00 2633 I=41,130% e 046230
I~ 2963 YD (I)s0 016210
Ko IRY=s 1 . 014220
N 00 1723 i=1,IC8% 016230
ol 00 1723 J=3IRY B 016269
S58! 1723 7 6CY(I4d) =) 015250
) C _FORM B8CY I o _ _ ... Die26d
- DO 1732 I=1,I%FH 016270
< @ 00 1702 J=g,IRY 016280
N 1702 BCY(I,J)=" 0i+290
AN C_Y0 IS ALLOWED TO ONLY BE A SCALAF_ AT THIS TINE 014300
o, ¢ FORMAZ? 016310
T, L Ci=314) o 016320
YO CALL EQUATETBCZ,RKFSS,TRFF, IRRN) 014338
b MSGs *3CZ FOLLOWS,8CY=2° C1636C
, CALL MMAT10(8C2Z, IRFMoIRWM, JCoKIN,KOUT,NDIM, NDIF) 014350
. C__FORM FC L o o _ B1e60
CALL MATLI(9MsGCX o IRFM,ICBM,IRFN,HNI) 916378
A CALL MADDL (TRFMeIRFMsFMoNML WM2,C1) GiL3an
WRITE(KOUT,*) ¢ ¢ 014395
o WRITE(KOUT,®) ‘D) YCU WANT TC CALCULATE THE EIGENWALUES CF THE COMTC1420C
AU 1INUOUS=TIME LG CONTROLLER? Y O] N> tive10
> READ (XIN, 23)MSG . e . - 016420
"IF (FSG.EQ.'Y’) THEN J16439
SN i WRITE (KOUT.*) *THE EIGENVALUES THAT CORRESPOND TO THE POLES OF 21Ls4b
e 1 THE CONTINUOUS-TIME LQ CONTRCLLER AREces’ 01«50
AN o CAiiL _MEIGNIWM2.Wylemv2s IKFM.HNL) 01662
:':-.'. END IF 0i6u?)
RNy Cis~3 o . G1.-83
) CALL MATI(RXFSSoHM,IRFMyIRHY,IRFM,WNL) 01649¢C
— __MNRITE(KQUT,%)* * 016505
= " MRITE(KOUT,*) *D0 YOU WANT TC CALCULATE THE POLES OF THE CONTINUI14510
10US=TIME KALMAN FILTER? Y OR_N>* . 634523
N T REMIKIN, 231436 016530
. IF(MSG.EQ.'Y’) THEN 0263560
. CALL NMADDL(IRFMIJIPFMeFPFHFET M7 ,CL) 016553
$::.~ . WRITE(KOUT,®)*THE EIGENVALUES THAT ARE THE PO.ES OF THE CNOTINUO14%6)
o T 10US=TIMI KALMAN FILTER ARE..es’ S16575
-‘AAQ CALL MEICN (WMT oWV 1 WV2,I5FM,WME) 0i1u580
.'_:5 "‘:"‘n
., o -”
‘.:: Exe
)
NS
e -




e NaVaNe N

2 “b‘ .
)

gD IF L1493
- Cal. MADDLIUL=FMel=FMiuMZenMlyFCeCL) ...».:3’
- MSGz* FC FCR THE LOG CCNTCARLLER IS¢ 16613
SR A CLLL MAATIO(FC o IRFHMOITF Mo ICoKINJKSUTINDIM KO M) c-1~.-‘:2:-
Y - BRITE(KQUT,2)* * C14683¢
WPITE(KOUT.*) 0C YOU NISH TC CALCULATZ THE EIGINVALUES OF THE (G C16645

2 T LCONTIOLLER ~F MATRIX? ¥ 2R N> 71652
A o _READIKINyZ3IMSG e - . G16E63
- IF (MSG.E0.°Y*) THEN 016673
- e WRATEIKIUT®)* ¢ L o 014680
X WEITEC(KOUT +*) *THE EIGENVALUES OF THE LQG CONTRCLLER F MATRIX A9S¢ (014690
", CALL MEIGM(FCoHVLIWV2IRFPoHFY) G1e730_
ENO IF S16718

_RETURN R, __ . 01eT20

\ 2933 " 10=§ ' - 016733
X __ END L L G14740
¥ i ® DECK DAS1 014756
) ) SU3SCUTINE DAS1(GQAGT43MoV +ICBMy WM 4 IRFH) o ‘ 014763
X T DIMEASION GAGT(NOIM NDTMY JBRINDIMJNOIMY ,VINDIN,NOIMI, 314677
3 1 WM3I(NDIM,NDIM),COM1(1),COPZ(1) $16780
€ ' THIS SUSRCUTINE MOOIFIES GOQGT AND RETURNS THE MIDIFIED 216790

c VALUE 1IN GNGT, WHERE GOGT IS USE0 IN THZ KALMAN FILTER 01200

c GAIN CALCULATIONS. THE MODS ARE IN ACCORCANCE WITH THE G16316
i C THE TECHAIOUE DEVELOPED BY OCYLE AND STEIN IN “ROBUSTNESS 016920
ic"‘“'szﬁ"?sr‘vers~.xszs TRANS . CNTAUTO. GONTSOL,VOIL AC2u, 0146230

._,C No. “v‘UGo 790’65 63_"5110 $14840

; C 0285¢

c THE VALUS RETURNED IN GOGT IS QQ , WHERE €0 IS L 016369

¢ ) C1.87C

¢ C  00=60GT+50(5Q)BM(V (BMT) C16880
, [ 016295
f € SO IS A SCALAR DESIGN PARAMETER, TMAT AS IT APPROACHES 01493¢
- € TINFINITY, CAUSES THE LOG CONTROLLES TO RECOVER THE 0BUSTNESS 016310
- C  FROPERTIES CF A FULL STATE FEEDIACK (ONTROLLER, 016920
CTHE MATROX=eve= 1S ALSO & DESIGN, PARAPETER WITH THE REQUIREMENT 014930

C THAT 1T BE POSITIVE CEFINITE. BrMeees IS THE CONTRCLLER MODEL INPUTO16940

T € MATRIX. GNGT === 15 THE CONTROLLEA MODIL INPUT NCISE STRENGTW 016950
N C MATRIX OGN, PREMULTIPIED BY GM AND POST MUTIPLIED 3Y GMT WHERE GM IS (14360
e ,C  THE TINFUT NOIESE MATRIX, 014970
J ! CHARACTER MSG®63 L 016985
M ! COMMCN /M8INL/NDIM,NDIM1.COPY 014995
) i COMMCN_/MAIN2/ COM2 ( 015208 _
‘ COMMCN /IMNOU/ KIN,KOUT,KPUNCH 0615912
2 COMMCN /MAUNS /7 MSG _ 615326
N T NEITE(KOUT,21)° ¢ 015130
'~ WAITECKOUT %) *THIS ROUTINE MCCIFIES THE VALUE CF GeIQMIGMT 015040
Q) 1 USED IN CALCULATING TME KALPAN FILTER GAIN+ FKFSS.* €1515¢C
) ___ _WRITE(XOUT+®) *THE MODIFIED C IS = GM(QYIGMT+SQ*SQ(BMIVIBMTIWMIRE (015)60
~ y 71 8Q IS A SCALAR DESIGN PAFAMETER AND v IS A POSITIVE DEFINITE 01557¢
! AMATRIX DESIGN pnannrren. THE LARGER $Q, THE MCRE FOBUST THZ CCONTIC(15°6¢
1L SYSTEM wWILL 8€ 815139¢C
o 00 5 INP=1,1060 i __01510¢
> WFITE(KOUT,18)° ¢ 015110
- 11 FORMAT(AL0+/) . N . ____ b1si12c
[~ WRITE(KOUT®) *ENTER 1=T0 INPUY SUs 2=T9 ZNPUT v 3+ TOCALCULATZ MODC15133
"  AIFIZ0 Q0s &= TO EXIT THIS RCUTINE>'’ 01516 .
o READ (KIN,®) ISEL 81515
- GO TGO (1,2+344)ISEL 015169
. 1 NRITE(KOUT,14)° ¢ 015173
v i NRITE(KOUT ) *ENTER SO2G==>’ L 015183
’ RKEAD (KIN,*) SO t15197
T . _ GO TCS ~ 315200
"y i2 WRITZ(KOUTH21)? ¢ 01t 21¢
" WRITE (KOUT,*)°*v_1S INIALIZED TO ,ZERO UPCN ENTRY INYQ THIS OPTIO01522¢
p.3 AN’ $15232
) 00 7 I=3.NOIM 15260 _

cw e o em . e ~—
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S S R

00 7 J=1,M91Iv c;szss

y VIZsd)=¢ ) G115 26
WEITES(KOUT ,») *ENTER I/0 OPTLICM FO- POSITIVE DEF Vv{SEZ INPUT RQUTIMILE272

1E) > t1628¢
READIKIN,*)IC £1529:
_MSG=DESISN PARAMEYTES v MATEIX ENTRIZS® L tas30Q

TCALL MMATIOTV ICOMsIC3MaICTKINGKOUT (NDIM,NOIM) ™ 015316

__ GO TC & ) e £1512¢

3 CALL MATI(IRFMaICEMBFroVWHY) 025337} ¢

C wHM3=BN(VIBMT IRFM X IRFM ] o 015343
$Q1=350°S0 . 015385;

CALL MADD1(IRFM,IRFM,GOST,WPI,V,S0L) . 035360

€ V IRFY X I3F¥ NOW CONTAINS THE M0D. VALUE ===0GC “ 01537¢G
MSG3*THZ DOYLE AND STEIN MOLIFED OD MATRIX IS* 015380

T0=5 £15390
. CALL MMATIO(V.IRFM,IRFMeICoKINyKOUT sNOIM,NDIN) 0615405
5 CONTINUE ) 015418
o CONTINUE 018428
T QN IS ACCEPTAALE SO PUT INTT GCGT "7 Tgi5630
06 &¢ I=syI2F 015567
00 2u J=1,IFM’ o 015451

20 GQGT(I.J)2V(IeJ) , £1566°
RE TURN 615473

END o 315480
SUBRCUTINEG PYINTG(PHL JINTGAGINTOAINME(GAs GAsFABAIIRFASICGALIRY, (215492
1IRQL) 615504

T~ 1tH1§ SUIROUTINE SETS UP THE NECESSARY INTEGRALS FCR USE 9y £18512
c THE PERFCRFANCE ANAL. ROUTINE. THE STATE TRANSITION MATAIX, 15523
€~ EXP(FASTIME)=EAT, INTEGISAT(GA) QA (GAT) EAVYT), AND 815530
C___INTEGUEAT (8A)),  WMZ IS A QUMMY WORK SPACE =~~~ . 015540
REAL PHIUNDIM2, MOINZ) JINTGATADINZ,NOIM2) o INTBAINDOTIM2,NOZM2) | 815556

1 WME(NIIMZ,NOIM2) ,Q8(NDIM2,NOIV2),BA(NDIMN2,NOTI2), 015560

TT 7168 GWOI M24NDIM2) ZFAINDINZ,NDINM2) $1557¢

__ DIMENSION COM2(3),COMZ(L) e N 015583
COMMCN/MATIN1I/NOIMNOIML,CON1 615595

) COMFCN/PAINZ/Z COM2 015637
COMPCN 7INJU/ KINKOUT oKPUNCH 61561:

L __COMMCN_/RNTIM/RATIME,DELTIN o - 1562:
CO!HGN FMAI N /NOIM2,NDI N3 G1%&35
C**2FORM GAQA)GAT --NEED FOR KLISAPANM ROLTINE =~ 015642
c 015650
NSAV 1= NOIn 0156€C
NSAVZ=NOI P T1567§

____ NOIM=NOIM2 A ) . L 015680
NDINI=NDINM2+4 315 69¢

CALL OSCRT(IAFALFASCELTIMINTGA ydME 410D . G15704

C WMESINT(EAT) 015713
L _CALL MATL(WME.BA,IRFALIFALIRY,INTBAY) o 315729
€ INTBAs INT(EATIAA  IRFA XIRY NEEDED IN mxa upOaTE G157 3¢
CALL MAT3(IRFALIRQAGA+QAPHI) o o 1574¢

C PHI=GA (Q3) (GAT) IRFA~ Y IRFA 2157532
CALL INTEG(IRFA,FAsPHIZINTG2,DELTIN) 315783

C PHISEXP(FA) IRFA X IRFA 015770
C INTGASINTEGRA. __{ EXP(FA) (GA) (QA) (GATT) (EXP(FAIT)) IRFA A ISFA 015783
c 615790
NOIMINSAVL o o . 615300
NDIP1=NSAV2 £15810

RE TURN L e o ) 315829

. END ] 015830
® DECK DSGATZ _ o ] _ 615840
SUIRCUTINE DSCRTZ (Wni,PHIF BCYD, BCZ0IRFMOELTIP FC,BCY, 055889

1 IRY 43CZ s IRMNWPHI ToQTDsBTD s CT QT FT 48T, IRFTLICGT,ICBTIRMT, 015969

1RTD AT, 5CX 4 ICBM) 01587

C  THIS. ROUTINE OISCRTIZES A CORNTINUOUS TIME LQAG CCNTSOLLER USING 159080
C FIRST OSKDE~ APRROXIMATIONS TO THE REQUIRED INTZGAALS L1599°

C__AND PRCVIDIS AN EQUIVALENT DISCRETE TINE REPIESENTATION OF THE TeuTw §15909
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€ PLDSL Su3 USE IN THI PEGFIL RCUTINE

51891

FEALAML (HOIMeNIIM) ORI M INCIPoNDII M) 43370 (NOIMJNDTIY), g1332:

3 SCZCINDIMGNDIMIGFCUINTIMGNDIP), 2CY(NDIM,NDIM)Y, 2269332

1 BSZ(NDIMGNII¥) PPRIT(NDIM.NCI™),ATO (NIIM,NOIM), $15 563

2 BT (NDIM oNOIMIGGY(NDIMGNDIF) ,CTINDIF,NOIM), 01535

_1_FTINDI4oNOIMI s BTINDIM,NOIM) ,RTO (NDIM,NOZM), o 21596¢

TL{TGCX (NJIMyNOIM) 4RTINDIM,NOLINMY T giear:

REAL COM1(1),C3M2(1) i $15 388

CMARACTER MSG*1 015994

o __COMMCN/MAINL/NOIM,NOIM1,CO0M1 . 616383

COMMCN/MAINZ/ COM2 016345

S °9"HCN£?51“:£N°§E5pN9£!3 . - . _B1€c z,
COMMCN 7INQU/KING KQUT ,KOUKCH - TTTe1€s:

010_1.5 e §265 BL

CALL IONT(IRFMoW™L,CL) 016380

__ GCALL MAOOL (IRFMs IRFMeWML 4 FCPHIM,0ELTIN) 8016262

C PHIM=I+FC(OELTIM) IST OROER AFPRCX TO STATE TRANS MATRIX OF CONT £2€370

_C CALCULATE GCX =-GCSIR 16384

Ciz=1.5 “gee39c

C RECALL THAT GCSTR wAS PASSED IATC THIS ROUTINE IN BTD - Dl€1C:s

CALL MSCALE (GCX,BTD,ICBF,IRFy,C1) 026148

. Cizs.0 ) 01612C

CALL MSCALE(BCYDJECY IFRFMsIRY 0ELTIM) 01613¢

_C__8cYD DQISCRETS TIME APPROX OF 3Ty I - S 2

CALL MSCALE(BCZD+BCZyIRFM,IRkP,DELTIM 016153

C ©CZD DISCRETE TIME AFPRON JF BCZ o 016162

NSAVI=NOTI M2 ble17¢

___NDIM2=NOIM _ 016280

CALL MYINTG(PHIT,GTD,BTD,nN1CT QT4 FT8T,1RFT,ICGT, ICBT,ICCT) 316190

NDIM2=NSAVS R o 01£20:

C PHIT Q70,870 ARZ EQUIV. D.SZF=TE TIMZ REPAISTATIONS CF TRUTH MODL Ple21:

C MATRICES ~ £1622:

WRITE(KOUT,®) ¢ ¢ ) 61€23¢%

HRITE(KOUT %)’ WAS THE VALUE ENTERED IN RT DURING INPUT A CCONTINUGL1E24%

1US TIME OR A OISCRETE TIME VALUS? ENTER A C FOR GONTINUOUS , & 01625¢

.1 0 FOR DISCRETE_VALUE>'® B 016262

READ(XIN,12)NSS - s1e272

32 _FOIMAT (A1) e L o Gieze:

“IF (MSG.E0.’C*) THEN - £1€293

 C1si/DELTIN i S g1e3cC:

CALL MSCALE(RTOWRTIRHTISNT,LC1) 216319

ELSE e . $1632¢

CALL EQUATE(RTDO,RT, IRHT , IRHTY o 01€338

. END IF B . C16342

C RTD IS THZ DISCRETE TIME APPROX CF 2T C1€353

Cis2,.d B £26363

CALL IONTU(IRFT,WM1,C1} £16173

C WM126TO0 =1 — o L {16383

END - 3163685

s DECK DLQGRS 211V 14

‘SUBRCUTINE DLQGRS(GCA+GCY +GC2,8CY+BC24PHIT,PHIC,RTD,GTD,0TD, C1E%1s

I BTO.FH.SH.'JH.GP.RH.HP.GT.01 FY,ST.R?M?.NX).HUU.CCSTR.«KFSSoYD¢ 01623

TTTL IRY JIFLGCZ oNXU WML JHMZ o WM3 oW MG o WMS o WYL ¢ WV2 ) C16%3C

_CTHIS SUAROUTINE FORMATS THE SAMFLED DATA_CONTROLLER INTO THE FOZMAT 16663

€ REQUIREC BY TWZ PZIFCRMANCZ ANELYSIS RCUTINE 02645¢

C THE FORMAT IS SPECIFIEOD Ik THE CCMMENT STATEMENTS IN THE COOE, AND 016=6C

C IN PORE DETAIL IN E. LLOYD S MASTERS THESIS.DE1,4FIT, 16670

REAL COML(1),COM2(1) o g16L82

REAL GCXINDIMoNDINM)IGCY INODIN ,NOIM),GCZINDIM,NOI¥), 01693

18CY (NDIMoNOIM) ¢ BCZ(NDIMoNnDIM) oPHIT INDIM(NDIM) o . 6165C0

1 PHICUNDIMoNOIM) RTO(NDIMsNCIF) «GTOUINDIMNGNDIM), 516513

1QTOU(NDI My NDIM) sATOINDIMy NOIP) sFMINDIMINOI ™) o £16%23

1 BMINOIMJADIM), QM INDIMyNCIF) GP(NDIM NOIM), 116332

; 1 WVLINOIMY oWiV2(NDIMI, e 01656:

1 RM(NDIMoNDIM) o HM (NOIMeNOTI M) ¢GT (NDIMoNDIM) 4 016553

1 _OT(NDZMoNDZ%)e FTUNDIM(NOIM), BTINDIMYNOIM), _ 31€56C

NI e NN

. s ——— . - ——
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a3
‘.- 1 =PI NN o PT (0TI MDIM) ywACIND LM NOL V) $ 1357,
M LOWISCIITY NI, GCSTI(NII Y NCIM)y FKFSIINIL 000 M), S18535.
o - L a1 II M) om L (MDD Yy NOTN) g aMZ(NOINNCI v, 25330
o " 1 W3 INDTMINOT M) o WMo INDIMGNOIM) s NS (ND I, NATY) 3165835,
— 3TAL YOU(MNOIINM3) 118517
II . INTESER IFLSCZ i J1e523
AS T CEARACTEANSKeR Y MSG 1P, MS524C . T T T T T 3163,
2 . COMMCN /MATNL/NOIM/NOIM1,CONL 9165463
ST CoMMCN /MaIN2/COM2 o JLES5)
. COMMCN/ INCU/K IN,KCUT(KPUNCH 616380
u CEMACN /MAINS/NOIN2,MOINMT - T - 016573
. COMMCN/MAUNS/ 4SS , _ 0163484
COMMPCN ZRNTIM/RNTINE,DELTIN ~ e R E Y Y1 5
B ____cowncw/rdtno/.cet.Ican.xcrn.xcsa.rccn.:ccr.xcoa IRFALIRFM,IRFT, 016700
g IRMT,IRQALIV,LAG, IRH M, NUNOTS 9146713
. uarr (KQUT,*) *COLORED INPUT NOISE (Y O N) >¢ o 916727
\ READ(CIN, 11)M4SG 326730
. IHILO= [RFP _ 16763 _ A
! —  IFIMSG.EQ.*N*IGO TO 29 5ie752
CALL CNOILSE(FMyGMoHMeIMAMIRFN, IRHM, ICGM TCIMoeNML, AM2, WY ) Ji1878:
25 WRITZ(KOUT,®) *ENTER THE TGTAL RWUN TIME ANDO SAMPLE TIMI>* T 318773
- , __READIRIM,*)INTIME,QELTIN - Jie7an
%, 11 FLAMAT(AD) 516732
: C CaLlULATZ SQUIVALENT CISCRETE TIFE VERSICAS OF, 3M==3M0,Git==GMO=2I, 016300
, C Cy==fiM0, AND PHEM THE STATE TRANSITICN MATSIX FCR FM T p1satn
‘:, c.“‘.‘.“..“‘.u‘co.....‘l‘.‘.OOOO.UOOO"..‘OO‘0.0000.00C..O..‘C.O..Ol 15323
« C SINGCE 4CRXSPACE IS AT A PRENIUF,  THE TRUTH MAQOSL MATRICES 116333 ‘
CPHIT,3TD,6T7,0TD,RTO WILL 3E USEC FCOR THEIR CCONTICLLER MOOEL 2168465 ‘
N C CCUNTER PATS QURING THIS ROUTINE 9EFCRE THE SAUIVALENT OISCRETS 3016950
- C TIYE _TRUTH MOCEL IS COMPUTED. AT THAT TIME THERE IS NO LONGEG ANY 316463
.~ C NEZO FJR THOSE CONTROLLE? MODEL MATRICE SINCE THE CONTROLLER IS PUT 318372 ‘
K C INTO THE PSIFCMANNCE ANALYSIS FCRPAT,PNIC 3CYgeeeee5C2 016339
‘c COCOOCO..00.‘..0...‘0.‘0‘!0‘."COC.O.‘..OC“O‘0.0!.l“.C..l‘..“.‘l.‘ 316391
4 NS4av3sNOINZ @000 L 2163190
NOIM2snOIYN 116210
~an ) CALL MYINTG(PHIT,ATO.B8TO,RTC,GM, 3, FMo3M IRFN,ICGH, [CAM JICGNI J16320
7 - C FTY IS USED AS OUMMY W00OK SPACE LN CALL TI MYINTG 316333
) o _NDIMZ3NSAV3 L 316340
4 TTCALL [ONTUIFMN,GTO0.1.C)I) 316353
4 WBITZ(KOUT,*) *SNTSR A C IF THE VALUED ENTERED INTO M IS A CONTING163610
j 1UCUS TINE VALUE TG Fo3M THE GASTS OF A4 APPROXIMATE OCISCRETS TIME 316370
1 PMyENTSR A O OTHEIINISE>® S _ _ 61838
READ IKIN,11) MSGL . 316397
» IF  (MSGL.EQ.’C’) THEN e ) _ ai17a04Q
0 TC  AFPROXINATE RMOaRM/SAMPCE TINE 217113
-~ __Ci=poe 94 o _81rs21
- CALL MSCALE(RTORP,IRMN, IRAF,C1) 017333
3 ELSe e G179
N € THE vaALUE IN RN IS DISCRETE TIVE aL3gaoy ) 317383
CAL. EQUATE(ATODIRMyIHM,IHM) i 017064
END IF 617373
. _C SET UP X 4 S 4y ANO U FOR DOTCGN 0173834
. CALL ASUCGCZ+GCY ¢PMIC sGCX ¢ BCY 93CZeRKFSS g WML ¢ W M2y WM3 o WMty yWANG 017393
- 1 FHe2MoTHOLD »ICaMyNXX+HUU yW XU 4PHI T) R Ft 4L 1
K C GCZ NOW CONTAINS Xy PHIC CONTAIANS U,GCY CONTAINS 3 Te17113
o C GCX,8CZ,8CY RKFSS WERE TUMMY WORK ARZAS IN XSU 017122
2 CALL COTCIN(PHI TowXX9GCX 9GC248TO9FHICRKFSS +3CY45CZ+GCY4rlU, 017137
- LGCS'RQ!”O&D) . e e R 017 18'3
IF(IrOLC.EN.IFY) GO TO 35 3174512 !
o _ICH=IMQOLD#1 e @AT1B0) A o
i 00 39 I=I,1C3% o 317171 '
D0 32 JsICr,IRFN 017181
X 33 GCSTRILJ) =), 317193
35 CONTINUZ 017203

C8CY3CZyGCY 4 PHIC,GCZyGCX4RXFSS ARE USZ0D AS DUPMY w39K SPACI IN 00TCON 017213
WILTIIKQUT,®) *00 U #iSH TC COMPUTE THE KALMAN FILTZIR GAIN 0% PICp1722:




1K IT DIRESTLY (WS IN MATY2ZCk SICTIOHe 26e3VENTIS 3 C T CCOwPUTE 2057230
INTZ» 3 P TO PICK 3T JISSCTLY> ! 5172~:

RIAD (XKIN,11)4S5G2 s172e
IF (PSG . EQ.°C*) THIN ::7?6:
CALL DXFTR(PHIT,3TD+GTD0TD+CCXyITDyHM¥yGLY+GCZyPRIC +PXFSS,3CY,BC2,217272
1PN GPeIMeINMPL R 2) o ] - 17269
CGCXsGCY9GCZ93CZH43CY ARE USZID AS DUMMY WGRK SPACE IN Call TO CKFTs si729:2
o Eust_ o «173C2
CALL PXDIACI(GCXoPHITGCY+GC 2o 4 +3TDJRKFSS4IC3My IRFM, IRHM) 817313
€ GCXeGOY,LGC2 ARZ, OUMMY WORKSPACES IN CALL TO PxOISC  __ _  __ _ 017321
EnD 1F 3173335

_Coe2508508908 INTHE FOLLOWING CALCULATIONS, 3CY,GCYBCZ ARE QUMPY WOFKSPELT J0l_

TCoes+8353545 ,CES UNTIL THEIR LAST USE WHEN THEY ARE SET EQUAL TC THEIR Fui73s:”

C*ssesss INAL VALUSS FOR PERFAL SUEFGUTINE _ o 817363
Ci=1.0 01737

__ CALL IDNT(IRFM,8CY,C1) _ o o 017382
CALL MATL(RKFSS,HMoIRFM,IRMK,IRFM,GLY) 817391
Ciz=1.yJ _ L 017402

CALL MADOL{IRCM,IRFM,ACY6CYBCZeC1) Ci7 w1t

€ BCZ = I=-RXFSS(HM) o L 617420
hQ;T-(KOUT,‘!' ’ L7430

N WRITE(KOUT+*) 00 YCU WISK TC CALCULATE THE SAMPLID-0ATA FILTEP PL1744
10, 3S5? Y oR N> ¢ 01752
REACIKIN, 12)¥SG_ 31746

IF (MSG.EQ.'Y") THEN 017672

o _ .CALL MATLUPHITBCZ+IRFMeIRFFIRFK,PHIC) 017483
WRITE(KOUT,*)*THE EIGENVALUES THAT CORRESPOND TC THE SAMFLED-DATAC17492

1 FILTER POLES ARZeesee’ . - 617532

CALL PE.GNIPHIC WV14WV292irFMy ML) 8175138

END IF 217522

CALL MSCALE(BCY y6CSTR,ICEM,ISFN,LC1) 017532

C 8CY=-GCSTR Ic8»  x  IeFM ) C17 542
IF (MSG2.EQ.°C’) TMEN G17SS%¢

G __FORMULATE THE OPTIMAL CONTRQL LAW FOR PERFAL _ o c175635
CALL MATL(ESY ,8CZ,ICBM,IRFM,IZFr,GC)) 217578
C__GCX® =GCSTR(I=2KFSS(km))  I1C3F X _ IF3y o __tarss:
CALL MATL(3CY +RKFSSe-CBMe RFP .15 HM,G62) 17593
C__GCI= =GGCSTR(RKFSS) ICBM X _ IRkM o _ $17863
IFLGCZ=] €17612

CALL MAT1(BYD+BCY,IPFMsICBF IRFMyGCSTR) o - S17822
Ci1s1.0 C17€32
CALL MADOL (IRFMy IRFM.PHIT,GCSTRLICY,LC1) 017640 _

C 8CYs PHIT-BTO(GCTR) IRFM X IRFM 017€54¢
___MWRITEIKIUT,®) ¢ ¢ e _ ‘ 017662
VQ'T'(KOUT.‘)’DO YOU WISH TC CALCULATE THE PCLES OF THE CPTIMALO1747C

1 LO SAYPLED-DATA CCATRCLLER? 'Y OR N>»* . Ca7E8C
FEACIKIN,G12)4SG C17E9:
IF“}NSG-EQ.'Y') THEN o N . _ ) — c17732
NIUTE(KOUT 4*) *THE EIGENVALUES THAT CORFESPOND Tu THE FOLES OF THE1771(

15 OPYXH‘L LD CONTROLL;R AQE.-......-' _ - - :1772:
TTCALL MEIGN (BCY wV1,Wv2,IRFP,FHIC) 6377335
____ENO_T1F e Ci776:
CALL MATLUBCY8CZ I2FMyIRF M, I0FM,PHIC) €177%3
G PHIC s{PHIT-2TD(GCSTRI) (I-RKFSS(HM)) IRFM_ X IFFP 2177635
CALL MATL(BCY ¢RKFSSIRFM, IRFP4IRHMeaC2) §4777¢
C_8CZa(PHIT-ETDIGCSTR)IRKFSS IRFF X IRHK €1778:
ELSE c1779;

C FORMULATE THZ SUSOPTIMAL CONTRCL LAW UST2=«GCSTR(X AT TSUB I MINUS) $17813°
CALL EQUATE(GCX+8CY ICB», IRFPF) 017 61C
_C_GCY==-GCSTR_IC3M x IRFM ta782L
TTCALL MATA(PHIT,BCZoIRFMoIAFPIRFH4GCST) t1723¢
. C1s1.0 L » . 1786
CALL MATL(BTOGCX 4 IRFr, ICEM,IRFM BCY) C174¢¢
 WATTE(KSUT,®) e ¢ L 03796

WAL TE(XOUT,*) 900 YOU WISH TC CALCULATE THES PGLES OF THE QPTIwas1?87:

1L L SAPLED DATA C'hTGCL&EE?_n_Y__ QR N>° c178835
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8’46 4!

Ll —
- F.EAJ (K %N,e12)M55 $i739!
j IF INSG.EN. 1Y) THEN $i733:
? e , CALL 4ADOL(IRFMGIRFMFHITGECY #HIC,C2) ci721:
SN WEITEIKOUT %) *THE SIGInvALUIS ThAT (CFITSPOND TC TuE PO_ZS COF THE £17932:
' e L0PTINLL LQ CONTRCLLE® A%Zececesse’ Sl ki
‘ CALL MZIGNIPHIC,wvienv o IPFP wMy . 317948
END IF 51795,
h . _C_AL_&. "ADDI(IR‘NQI-‘(‘_H_'_GCST\ oECYop_HIC1C1) Ci1736:
3 C PHIC= PPIT(I-RKFSP(HP)I=BTO,GCSTF IRFM X 1IPFM 01797¢C
CALL MATL(PYIT,RKFSSsIRFPIRFrFyIOWM,8C2) . B . _ t1798c
\ "G BCIsPHiIT(IKFSS) IRFr X IcH» 617 99¢
Y . D0 1i1 I=1,IRFN i L Rt UE ] I
00 1L1Js1,IMHN 01£31C
. ; 308 GCZ(I,J3C L 018226
N i IFLGCZ=1 018330
0 {\_ ____ENDIF e 018560
n i IRYsy 0182350
) DG 102 I=1,NOINM — ___Gisles
‘) 00 1U2 Jsi,IRY 618373
: GCY(I,J)=0 i 618383
T 8327 eCY(I,n=x " T oo T ' o 818290
y DC 167 I=1,1003 _ o 019102
X 107 7T Yot =y T T T 018110
~ ' 105 ) 18123
: 1T MSG=IPHIC FOR THE SAMPLED ULTA CCNTRCOLLER™IS? 016230
- i CALL MMATIO(PHIC ) IRFMyIRFF¢13,KINyKQUT,NOIMoNOIM) 18163
i THRITE(KQUT %) v 018150
~ WRITE(KOUT,®) D0 YOU wWANT TC CALCULATE THE EIGINVALUES OF THE LOG 018165
" 1 CONTROLLER STATE TRAKSITION MATRIX, FMIC? Y OR N>? cles7:
" READ(XINy12)MSG _S1s18:
: IF (FSG.EQ. Y ) THEN gie20:
r. WRITE(XKOUT,®) *THE EIGENVALUSS OF THZ LQG CCNTRILLER STATE TRANSITIC182CC
. T {ON MATRIX AREeeces’ t18219
N CALL MEIGN(PHIC,NVi,WVv2,IRFP,mMyy , g1822:
- - END IF ) 018232
m MSG=*8C2 FO.LOWS, BCY=D' L _ L 018263
- CALL MMATZO(BCZ y1AF Mo RANoICIKINGKGUT4NDI N, NOI™) - £18 257
b~ R MSG=*GCX FOR THZ SAPPLED OATA CONTRGLLER IS* . 0182€5
*, CALL MMATTOTGE X ICaM, IRFM, ICo KINeKOUT,NOI M, NDIM) gi8270
K IF (rSGZ.EQ.°C?) THEN L _ o } 018285
g MSGE6CZ FOR A COMPUTED KFSS* 01829¢
4 ELSE o o 018357
MSG=*GCZ FIR KFSS PICKED DIRECTILY? 014349
END IF i o o o . pas3sad
. CALL MMATTO(GCZ 1CB M IRNM I CoKINyKOUT NOIM,NDT M) 18330
: _WRITE(KOUT,*)* GCY IS SIT = (° L 0283263
0 C THIS IS A REGULATOR SO YD IS ALWAYS ZERO 01835,
' NSAVI=NDI~2 o .. Cas26y
. NDIM2=NOIH 016370
J o CALL MYINTG(PHIT,QTD,3TD,RTC,GT,0T4FT43T4IRFT,ICGT.ICBT,ICCT) 108285
' C RTO IS USZD AS DUMMY WORK SPACE IN CaL TO MYINTG 013398
. __ . __NDIMZ=NSAV3Z o o L . Gig8sdc
v C PHIT,QTD+3TO ARE EQUZV. OISCRETE TIME REPRESTATIONS CF TRUTH MINL 618619
X C MATRICE 01825
N WRITE(KQUT,*) ¢ ¢ ciau3t
3 . _WRITE(KQUT,*)* wAS THE VALUS ENTERED IN RT DURING INPUT & CONTINUOO184LS
; 1US TIMZ OR A DJISCRETE TIME vALUS? ENTER A C FOR CONTINUOUS o & C1845(
~ 1 D0 FOR DISCRETZ VALUE>* L , 18462
READ (KINy12)MSG . G184675
12 FORMAT (31) B F LY K
IF (MSG.£0,°C*) THEN $18492
__ _C1=i1/DSLTINM 0185Q9¢
C‘LL MSCALE(RTD 5 1QAR”TOAR"TQC1) gi18¢1s
_ELSE 01852¢
CALL CQUATE(RTOGRT IRHT,IOHT) 018525
- END IF Y 1T
- -.':.- - . . Sewe s . e it i e m o egemedmatm® e - - . eee ..
g Re
" 216
. 4

. . * "L P R . a " a0 " Y om . . - - - - - - . A T PR "
e T T T e e e
St .




C RTD IS TwZ DISCRETI TIMZI 4PPRCX CF 7 LebTTy
ceasz

Ciz: .2 % 21N
CALL IDNTUIQFT G6TD,T1) gLeer2
C GTD=GYD =1 £1656:
EZTU=N C1&%3:
END . . e S 3-1-T' 14
* DECK OKFTIR (1861
_ SUBRCUTINE OXKFTRUFHIP sBMO oGMD 4Q¥D s wML oMD yM Mg W34 b¥5 g WML o FKFSS,y cigza
1 ‘20szFHOGNoQNQGFo“"z'"H- 018637
—_— ) . 015653

c "TMIS ROUTINE CALCULATE THE STEADY STATE kALMAN FILTER GAIN MATRIX 186E
C FOR_A SAMPLED ATA CONTROLLER Cl‘ﬁﬁu
REAL PHIMINDINoNDIM) s SMOCNOIF 4ADIX) ¢ ONO (NDI Ko NDIF) o C1867:
1 GMOINDIMyNOI M) o WL (NDIMgNDIW) RMD(KOIMyNCIM) o e - 018682
"2 HMINDIP,NOIN), NM3INDIM,NODIF), ®ME INDIM, NOZIM) o 018€9.
1_ WMo (NDIF.MOIM)y RKFSSINCIP,NDIM).F2(NOIF,NOIM) = 018703
17 s H2TNDIN,NDIM) oFMEINDIN,NOIP), g1871¢
2 GMINDIMNDINM) CMINCINGNOIM), 2MINDIN,NOIN), 818722
1 H"Z(NOINQNDIﬁioHHn‘NﬁIN'NOIP) 618732
e 3187%%¢
£1875L
REAL COML(2).COM2CL) . ) . _ 018764
COMMCN /MAINL/NOI M NOIML,CCMY C1877¢
COMMCN_/INOU/ XIN,XOUT,KPUNCH _ 018780
COMMCN /RATIN/ RNTIMZL,DELTIM — 618794
COMMCN/PAIN-/NDIM2,NOINS =~ e _G1escC
COMMCN/MAUNS/ 4S5 0168815
COMMCN /MAIN2/ COM2 . ) . . . 018192
COPKMON /MAING/ICETJICBM, ICFAICGALICOMeICGToICOAIRFA,IRFM,IZFT, (18232
___ 1 IPHT,IRGA+I0ILQG+IRMMyNUMOTS 3 P LT e
CHARACTER ™SG1®1,MSGPEC c1885
C DELETI DETERIMINISTIC STATES AS IN TME CONTINUOLS TIME CASE 018263

WRITE(KOUT,#) *IF YOU PLAN TC USE THE DOYLE AND STEIN TECHNIQUE FORG18473
1 THIS RUN_YOU MAY WISH TO MCDIFY THE VALUSE OF NUMGCTS, THE NUM3ER 0C18%6<
AF OETERMINISTIC STATES. DO YCU WANT TO CHANGE NUMDTS? Y CR N>*31829)

) READ (KIN,11)MSGY . 018906
T NUMSAVaNUMDTS 01691¢
IF (MSG1.EQ.°Y®) THEN L pas32
WATTEC(KIUT,*) *ENTER THE NEW VALUE OF NUMDTS FOR THIS RUN> ¢ T 018930
_ READ(KIN,*)NUMDTS _ o o c189al
END IF 018956
WRITE(KIUT,*) ‘NUMDTSs *,NUNDTS o 818962
T0SaNUMDTS+1 l 018972
_IRF2SIRFN=NUMDTS _ R Tt LT
TIF(NDIOTS.EG.3) THEN 618995
C _STORE SYSTEM MOOSi IN INTERMEODIATE MATRICZS COVPATIEELE . _ sie%0c
C TWITH THCSE BELOM. NHEN THER ARE DETERMINISTIC STATES REMOVED 019912
i CALL ZQUATE(F2,PWIN,IRF2,I0F2) 619:2:
CALL EQUATE (W41,GMD,IFF2, IRF2) $i9233
__ CALL EQUATE(H2,FM,IRMM,IRF2) 08190k
CELL EQUATE (NS ,8MDyIRF 2, ICEN) £19378¢
o _CALL_EQUATE(WM2,0PD+IRF24IRFZ) L C19:63
ELSE 619370
C OELETE THE DETERMINISTIC STATZS FCIM THE MODEL USED TC FORM 019080
C THZ STZADY STATE KALMAN FILTER GAIN MATRIX 01999¢
0C 2112 I=I0S.I%F» , ) _ 019152
I1s.<NUNDTS 01911¢C
00 2112 J=10S,1RFy . S 019123
JJ=J=NUNDTS : G1913¢C
2112 WMe(IT0JJIsFN(I V) . 6191a%
00 2113 Isi,I2nM £1918¢
00 2113 Js=I0S,IFe . _ 919163
JJI= J=NUNDTS 019170
2113 HZ2(I,JJ)e"M(I,J) N L 01918l
C FOIM B20 620 NOW 01919¢
00 2113 12I0S,12F¥ . 819203
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0 ——
. IT=2I-NU“DTS T1%28¢
” ) DI 2117 J214233+ {18222
- N 2115 WM3UIZ.J12BM(I,I) £1323:
{0 e D0 211e I2IS,I5Fp 215263
= T II=1=-NUMDTS t1525¢
DC 2114 J32,1C o o o c1826¢
ry 2iI¢ WM uH;(IIoJ)=G~(I.J) £13272
12 11 FORMAT (A1) - o . 215280
3 NSAVaNDINZ £19292
W ~ NDImM2=sNOINM & . . €1936¢
: CRLL MYINTG(F2oWM2 o WME qWME gL oCM WM s WMI JiRF24ICGM.ICB M, ICGM) £1331¢
e, NOIM2sNSAV . e _ £1932¢
i — Ci®1.0 " - T 019333
! o ___CaLL IONT(IGF2,NM1,C1) _ ) , 619343
h END IF 619350
3 C CALCULATE G40 (G4D) GMOT o ) o o 019369
, CALL MAT3(IF2,IRF2 M1, HWM2,EKFSS) £1937:
;1 CRKFSS IS CUMMY WORK SPACE AT TWIS FOINT IN THE PROGRAM - g19382
y WRITE(KOUT (%) * DO YOU WISH TC MCOIFr THE CMD MATRIX BY THE DOYLE (19297

1 AND STSIN TECHNIQUE FOR COMNTINUOUS TIME CONTROLLERS EXTENDED TO (19.00

1 THZ OISCRETE TIMEZ SYSTEMS, Y OF N»¢ 619219
: . _READ(XIN,11)MSGL 219428
3 IF TImMSG:.EQ. Y *) THEN 019434
R CALL DAS2(3MUIDS,IDS),RKFSSHML,IC3M,WNI, IRF2,nME) 81944’ = C
,i €~ RETURNS A MOOIFIED QMO VALUE TC EZ USED IN FINDING RKFSS — 02945
: END IF £1946:
Y € TTCALGULATE THE KALMAN FI.TER GALKSs RKFSS, FCAX ESTHES THE MODIFIED  C€19&7¢
C__Q4YD OR THE UNMODIFIEO Q40 , T + (1Y .1 <
c OMO IS STORED IN RKFSS £35292
CALL TRANS2(IRMMoIRF2,H2Z,WA3) £19¢C0
! 0 1¢i Is1,IRNM T3985(7
L 161 WMG(I.1)33HD (I, 2) o n1952:-C
. o CALL KFUTRUIRF2, IRHMF2TWHITRKFSS o WML JWME oW ML ,UNS) T £19c3
C WMoaPMSS,WMS CLGSED LCOP MEAS MATRIX _ $19567
- C WML £ RKFSS WITHOUT THE Z2EFQS FCr THNZ OETERMINISYTIS STATES 2249¢52
g C__NOW ADG THE ZERQGS FGR THCSE STATES 619562
X - T IFTUINUNMOTS.EQ.JYTHEN T 19570
3 00 2029 1=1,IxFM L . $1958&
' D0 2329J0%1,I%k M ) £1959¢
2029 RKFSS(I,JIsnMi(I.Jd) . $19604
Py “ELSE 81961C
i ) 00 2119 Je1,IRHM 61962C
D0 2118T=1,NUMOTS T $1953C
2118 RKFSS(I,J)=] o i ) €19649
D0 2319 I=IDS,IRFM T 019453
~_I1sI-NuMDTS _ S - L $1966(
s 2129 " RXFSS(T IsuMiIZ ) 019673
/] _END IF . __wsi9ssy
by € NOW WRITE oUT THE RKFSS MATRIX £1929Q
; 27 I0s L o B 219790
T MS3aISTEAOY STATE SAMP.ZD DATA KALMAN FILTER GAIN MATRIX® £19713
____CALL MMATIO(RKFSS (JRFMeIRMM ICoKINsKOUT,NOI¥,NOIN) o __agerad
) NUMD ISaNUNSAY £1073)
s __ KETURN _ L _ 019743
. €ND o T1978T
y % DECX DAS2 o o v t19760
" SUBRCUTINE DAS2(BMQMI, Vo ICEP 4WMISIRFPWML) £39773
_PEAL BHINDIM,NOIM) QNOINOIM ADIM)y VINDIM,NOIMI, c19783
d 1 WM3(NOIMoNDIM) s WMIINOINMoADIM) 21979z
< g THIS ROUTINE ALLOWS CMO TO BE PODIFIED IN A MANNIR SIMNILAR T0 THME n0C19800
- YLE AND STZIN TECHNIQUE FOR CCATINUGUS TIME SYSTENS. T T uiesL)
» c QMOMODaQMD +(SQ*SQ)I(EMIVIBNT)ISSANPLE  TINE 029520
. C WHERE SGC IS A SCALAR OSSIGM PASFMETER AMD v IS A PGSITIVE DEFINITE (13832
. C SYMMETA1C MATZIX OSSIGN PAAMETES . AS SQe===>TC INFINITY IN THE COG19%40
< C NTINUOUS TIME CASE, FO3USTNESS PFOFERTIES CF & FULL STATE FZID3ACK 21985:
< € _CONTPOLLE® 43E PECIVESEN, TWIS SCUTINE IS B3ISED CN E. LLOYDS MASTERSI19262
'y LR ‘:
: s::ﬁ.
N
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“ C THISIS ,J31, A€IT oo o 319573

w CHa32CTI3 4S5%6) 313433
D N REAL SIMLIL),CON2(L) £139333
\'- \- COMMON /MATHL/ZND M MNOINLLCONMY 346300
Y e COMMC ZANTIM/AINTIME,QSLTIN G1931.
i __CONMMCN /M3UN3/MSG o o i 319322
~ CONMCN /MAIN2/ S0~2 429932
- CCNMCN /INQU/KIN,KCUT,KPUNCH o ‘ 11996
. WRITE(KOUT,24)° ° 319252
=« 11 FORaT(aL) 119963
o WRITE(KOUT,*) *THIS ROUTINS SCOIFIES THZ VALUE CF NMO USED TG CALCUU1997)
- _LLATE THZ STIADY STATS KALNAN FILTER GAINe THE MCDIFICATION PZRF03319382
TAMED IS SIMILAR TO THE DOYLE AND STEIN TECHNIGUE FCR CONTINUCUS-TIM019390
1€ SYSTEMS. FOR A COMPLETZ OESCRIPTION SET E. LLOYDS MASTERS THESIJ20J3d
Y 1Ss JIFIT, N81. IRIEFLY THE FCOIFICATION ATTEMPTS TG ENWANCE RO5UST23313
- INESS OF THE LQG CONTROLLER ANO IS  AM30=GMO(QCNOIGMOTSQ*SASDELTI~020020
- 1 *(30(VIINTI)oo. TRE LAIGER THME VALUE CHOSEN F0R THE SCALY: SQ TWC23339
% 1E MRS GOQ3USTNISS RICOVSRY (CCMPARED TO FULLSTATE FSED-5ACK), V M923J4d
- “ 1UST € a PosSITI/E 0&F. YATRiX. CHOCSING /=l 300§ PSZUOJINGISE £2Ua3231!57
. . LLLY TO ALL CONTROL INPUTS.? o 220C63
WRITS(KOUT,12) ¢ ¢ 320479
- __ WRITZ(KOUT,*) *ENTER 1-= T3 INFUT $SQ, 2== TO IN3UT v, 3-= TC 020382
. 1 COMFUTE MODIFISH N, Se= T3 EXIT ROUTINEseesessNOTE 3 4,2 UST 3E 320199
N L_ACCCMPLISHZD 3EFCRE 7, ANC I 3IFORE 4+, 9YT THAT £,2,3, CAN 88 22713¢
N LTOONE A4y nUMIER CF TIMES BEFIRT USING &° 020112
o 5 WRITI(KOUTLtpd)e ¢ o J2012%
s WRITS(KOUT,*) *ENTSR SFTICNS 220133
__READ(KIN.*) IOPT e e 023143
- TG0 TG € 1,2,3,601CPT 323159
b 1 WRITE(KQUT,111° ¢ ) o §23163
; WILTE(KAUT %) *ENTER SA>° $2317¢
?§ REAQIKING®)SQ___ _ ) R - V. I
- GO TC 5 023196
; 2 WIITE(KOUT,11)° ¢ o o ‘ J2c 24l
WRITZ(KIUT,4)*Y IS NITIALIZED T3 THE [OENTITY MAT2IX UFON ENTRY T020212
‘I]] 30 THIS OPTISN. IF _YOU DESISE TO CHANGZ V »eeRINEMIZR IT MUST 3E 529225
) MO 1 POSITIVE DZFINITEZ..0es ENTES THE [/0 3PTION (170 OPTIONS ASE 323233
D x PIINTED AT THE BIGINNING GF THS PRIGRAM) SLSE INTER A - > 020240
Ky Ci=1.d 020253
e __GaLL Iou"lcaﬁlti}' . L 323260
9 READ(KIN,*) I0 820273
), IF _(10.EQ.0) TMEN 020280_
GO T0 S 023292
x _— £LSE . L . _— . g203a¢
e MSG2'THE CHISEN Vv MATRIX IS* 329313
e . CALL MMATIJ(VICBMeIC3IMsIIokINsKIUTNOIN,NOIN) 329322
o END IF 320133
. _ 6o 10 5 . e - _ 220360
< 3 WRITE(KOUT, 110 ¢ ¢ 129351
~ CALL MATL (V,34,IC8M,ICBM, IRFF,WNI) ) o 020360
) CALL MATL(BM,dMI IRFM,ICIN,IRFN,WML) 020373
L . _ C1sSGC*SN*DELTIN o £2318)
N CALL MADOL (IRFN, IRFN,GM0D,#M1 N3, CL) 020393
>’ _10s5 ) 0204073 _
) MS327MQ02€TZ0 1 waT3IIX, AeOCE’ 029410
- CCALL YMATIO(WMIoTAFNaIRFM,ICKINoKOUT,NDIP NOIY) o 020422
% 60 TC 3 C20+30
- N CALL EQUATE(NND,WNI JIRF ¥y IRFY) . 020640
. C REPLACE THZ VAUE IN QMO WITH QNOO 027650
. RETUSN I 1 L T
. END 32070
_® DECx oorCoN 225 .80
«*, SU3IRCUTING ONTCON(PHIMoWRY oMl oK o3MOsU M2, PHIPAP, 2% %3
" 1 XPIIMeS»WUU.GCSTR, INOL D) ' Q205133
o RESL $342(1),C0P21(1), PHINF(ACIN,NOLIM, $22817
Z LAAC (NI NITMY (w L (NOTMINOTINF) o X INDIN, DI c20z23
CUNR NS )
‘l .'-"-'
*l 4~'..'
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1 SHDCVOINMGNDZIYY g UEANDIMGNDOTIM) oWM2(1dI VeI,

1 PHIPwM(NIIMeNS. M) g3P-IM(ADNF NDZM) 4SINDLIMoNDIV),
3 nUU(~91n.~JIn).GCST«(NDIH.AD.H)

CHARACTEIR M36%53

CCMMCN /ZMAINL/NDIM,NOIMILCCME

COMMCN /MAIN2/ COM2
COMMCN /MAING/NIIM2 NDIM3
_COMMCH ZINOU/KINKGUTXKPUNCH
COMPCN /RANTIN/ ENYINE.D LTI
COMMCN /MAINE/ICST,IC
1 IRHY.IRQA.IO.LOG.IEHM.AUFOTS

COMMCN /MAUNS/NSG
T THIS SUBROUTINE COMPUTES THE STZSOY STATE CPTIFAL FEEDSACK GAIN MATRI

—————— .

_eazss:

LR X

ce33l
T2C56°
£2235:
ca2i<s.
£2C57L

L2089,
g2Cs0¢8
G2i61e
20623,
620632
0206465

cacese

CX__GCSTR, BASED ON A .INEAX OQUACRATIC COST CRITERICN, FOR A SAMPLED (20660
C DATA CONFRCLLER t20673
C _SEE MAYESCKX CHAP 34 FOR A DETATLED DISCUSSIOM CF ALGCRITHM AND 82080
C EOUATIONS £20€96
C“OOOQCl.“..“."ll....."..ll.".‘O‘..OCOJO‘.OC..Ol..‘..‘..‘..l‘l...‘czﬂ 700
MT=1 - 1 &d
c_ ] L o ____nccrzu
€ TTRANSFGRY SYSTEM SO KLEINMAN RICCATI SOLVER wILL HANOLE S NOT=G £2073;
_ CALL PRIMIT(NMZ,U.ICBMGCSTA¢SoIHOLOsAMD WML PHIPRM, XoX FRTN, G2(74 A
1 PHIM 029753
_C — 020789
C WMZ=UI®*ST 25773
CNOw COMPUTE KPRINM FRCM RICCATI ECUATION c2cre;
TCALL MAT3(IHOLD,ICAM,8MD,GCST: ,wM2) 625794 A
CALL DRIC(IHOLDWPFIPRMINML AFEIMGX,GCSTRY _ B 32640¢
C GCSTR CONTAINS INFQO THAT IS NOT USED g2ce1)
C X CONTAINS ®exdP3IM®® IiFM X IGFM . g2082¢
€ NOW GOMNPUTE GGSTIPAIW 020233
_Ci=1,0 _ _ L o . _ 2084
CALL MAT3IATICBN,I*0L0,8M40,X +GCSTR) 02358 A,C
CALL MADDL(IC2M,ICaMUyGCSTRywM14C1) - o 02046¢
LU GFINVIICIM,ICENM o HUL o GLSTR MR, HT) 020870
IF (MILNELICAM) THEN g2cass
= PBINT ®,7INVERSE oF U IN ODICCN NOT OF FULL RANK, RAMK IS *, g2c89;
1 MRy’ RANK SHOULD BE =IC3ans’,1C8M ) R 320962
—  END IF - 220918
CALL MAT4(GCSTR,BPD,ICBM, ICENE ,IHCLD,WMLY 025925
ALL MATL (W91 4XsICBNMsIHILO+IMCLDLGCSTR) 626930 A
CALL MATL(GCSTRyPHIPRMeICAP yIHGLO,IMCLDsMHMNL) 620940
TC WH1sGCSTRPRIM= ({U+3NDT(KPEIMI BN S0 (KPRIMIPHIPRN) 22953
C ICBM X IRFM L 0209¢38
T CALUTMANDL(ICEM THOLD, N1 H¥2,GCSTR,C1Y T T T 7 | 620973} A
€ _GCSTR IC3n__ X IC8» L e 020983
10 =5 o ‘ o ©B26999
MSGs *THZ GPTIMAL STEADY STATE FEE0BACK GAIN MATRIX,GCSTR® 821305
T CELL NMATIOIGCSTRIIGaRN. THOLD L I0 s KIN KOUT JNOIF o NDIM) t21213—A
RE TURN . A o g21c20
END 921320
* DECX PXODIC . _ 0215463
SUSRCUTINE PKOIRC (W PHIN WMT  WH2 g HM s BMD o RKFSS o ICBNe IRFM, IRHM) 022353
__REAL €0%1(3),C0M2(1) sh{NDIM,NDIM), . _Ga136:
1 PNIP (NDIMeNOIMI s WPI(NDLMoNCIPT, WHE(NOIN,NOTYY, 0231373
1 HM(NDIVM,NOIM)y BMDINOIM(NDIFr), RUFSSINOIM,ANOIM) 22 .88
CHARACTER MSG*63,#S61%1 €21293
CCMMCN /MAINL/NDIKoNOINL4COML o - g2110¢
COMMCN /MAIN2/30M2 g2111¢
COMPCN_/MAUNS/ MSG ) L o L 021129
COFMCN 7INOUZ KIN, KOUT,KPUNCF Tt — -~ T021132
C AS _IN MAYSZCK, SECTICN 1%.5, RKFSSsPHINMI(IMOIW *SC., SO IS A 21162
C SCACA~ DESIGN PASAMETES AND W IS ANY NONSINGULAT ™ X M MATRIX. 021153
C _MAYBECK SUGGESTS THAT Ne(MM(PHMIFMIIBMDII IS A POSSIALE CHOICE. 8211690
C THE PXFSS PICKID AS A RISULT OF THIS ALGORITHM FC2MS THE BASIS t2117&
521182

L OF & _SUBIPTIRAL C3NTRL_LAr,USTAZ=GCST2(A(TI<HINUS)
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WS ITI(KUT,2 ¢ <21i3:l
L . n=ITSK2UT, ‘)'T*'S ZIUTINS CALCULLTZIS TwZ STILDY STATZ KALMEN FILT Zi23:
i .t(' SEFR GAIN DIRICTLY( THAT IS wiTk CUT USEZ 5MSS FRIM™ THZ MATSIx RICCAT(212::

i1 SQUATION A4S THI 3aSIS QF «FSS)II EQUATION AS IN SICTION L&.S MAY(Z21222
182CKe KFSS=SO*(PrRIMIIOAD (W) WHESE THI SCALA® SQ AND THI “ATIIX $2123.
L W ARE JESIGN PARAMETERS. . THE LLZRGEX THE SQ THME MORZ ROBUSTNESS C212&3

cemetrme v e

e T 17TTIME SUBSEQUENT CONTEOLLER WILL “AyE, NOTE THERE ARE NO STA3ILITI2125:
o, _ LY CLAIMS FOX THE ZESULTING CONTFOLLER, SC 3E SURE TO CHECK THE E1C2126l
-y 1GENVALUES CF THE SUSSZQUENT CONTRCLLER.® 121273
N  WRITE(KOUT,12)¢ ¢ 621267
s 12 FORMAT(AL/) t21293

HPI'E(KOUT.‘)'TN’ CPT;ONS FCR THIS RCUTINEZ ARE 1->CHGOSE SO, 2-> CJ213C3
THCOSE Wy 3=o CINPLTE TERD SRINT RK‘SSQ w=> EXIT RCUTINEc essevces’ £21710

__ MRITE(KOUT,12)° ¢ L B t2132¢
WRITE (KOUT,*) *ENTER GPTION>* 02133

| _ READ(KIN.*)IOPT _ 021363
4 6G TC (14243441 I0PT 621353
- e TCs B ) 621385
1 WRITETKOUT,120¢ '* £21373

_ ___ WRITE(KOUT,®) ‘ENTER_A VALUE FCR SO, LARGER SG GIVE BETTER RCAUSTNEC21380

155> ¢ c2139¢C

__ READMKIN,®)SO , . £21430

6o TC 5 £2141d

2 WRITE (KOUT,12) ¢ ° £21428

uutrEikod1:6)ioS‘Vbd‘iiﬂT‘?C"?TEk'h'iaéraAQ:LV“EE‘b6’iﬁﬁ'ﬁiﬁt W TO021635
4 _BE HM(PHIMI)IMD ~=INvERSE £S IN MAYIICK SECTISH 16e5. NSTE THAT Q21465
“1TIRNP MUST 3E ECQUAL TGO TCIN SINCE W mUST B2 JC3M X IC3M. ENTET (21650

___1AN A FOR_ARSITRARY, W _OTeERWISE>* . 02146G
READ (XIN,11IMSGL 02172
11 FCRMAT (A1) _ I 12
IF (MSG1.EQ, A7) THEN t21069¢
_ WRITE(KIUT,®) *ENTER I/0 CPTICN FOR w(SZE INPUT RGUTINZ FOF EXPLAN202153:
TTATION OF INOUT GOPTIONS Le2e2ebpSe6)>° 02151¢
o _READIKINs*)IO e t2152:
NSGC‘ARBITDAOY W OPATRIX® 02132
__ CALL _MMATIO(W.ICBM,ICSMICy\KINJKOUT,NOIN,NOIN) 021545
T ELSE 82188;
C _COMPUTE W_AS DESCRIIED A30VE _L21583
IF (ICBMeNELIRHM) THEN “g2157¢
KRITE(KOUT,*) *NOTE THMAT IRMP MUST EQUAL ICSM T3 USE THIS METHMOD OF(G21580
1 CALCULATING W, ICBME*,ICBM." IRMMs ¢ ,IPMN 02159:
GO TC S L2163
EnD IF s21613
CALL EQUATE (NML,PHIN,IRFM,IRFP) . 021823
C "GMINV DESTRHOYS THE CALLING ARRAY $21833
"Ts] _ B . 0216435
CALL GMINVUIIRFMy IRFMoNMLy WM2, M3, MT) G2165¢
CALL MATL(HYowM2 4 IRHMs IRF¥  IRFN WPFL) ) i o C226860
CALL 1‘71(“1103"°'IR“-QIRFHoxcaﬂoﬁni' 32167¢C
___CALL GMINV(IRMU,1CaMWM2 W Mk NT) ) N £21689
“END IF 02269L
60 TG S ) B ) i , 0217083
3 WRITE(XKOUT,12)° * 021715
C__CA.CULATE RKFSS e o _B2172;
CALL EQUATE (WML, FUIM, IRFP,IFFM) $2173:
C GMINV DESTROYS CALLING ARRAY . C2174C
MT= 4 021752
CALL GMINVIIFEM, IRFM WML, HMZ MR 4MT) 0217¢2
CALL MATL(NM24,3MDIRFM IRFM,ICAM,NMI) t2177;
_CALL MATL (WML, W IRFr,ICONM,ICEMyWNY g217s:
"TCALL MSCALE(IXFSS JWMZoIRFP IRENF,SEC) £2179°
10a¢ 921133
MSG® *RKFSS, PICKED OIRECTLY 1S° 021812
: . CALL MMAT IO(RKFSS IRFMyIRMHMICIKINKQUT,NOIMyNOIP) g21%2.
i G0 TC 5 c2183¢
e T, [ RETYAN 821845
i
DN
.:5:
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] s213%;
% DS2K FRIMIT JElser
SUIICUTINZ PRIMITIRM24UyICBM,GOSTR SeIAFM2MD 4AML,PHIPE M, X XP3TIN, £22270
T PHINFI L2133¢
©C TMIS SURIIUTINS COMFUTES THZI SIMZ0 QUANTITIES MEZZDED wHEN USING 0213g¢
© € XIEINMZN RICCATI SOLVER WITW NN ZEFC C30SS COST WEIGWTING 02138”
€ METFIX w&U 22191:
REAL WM2INDIM NOINM),GCSTR (NCIV,NOTH) ¢SINDIM NOIN), §2192:
LBFOCNDIMoNOIM) oW LINDIF oNOIF) oPHICRMINIIMti DI M) 121 93¢
L XENCIMoNOIM) o X FRIMINDIMeNDIF) oPHIMINDIMGND L M) 021369
REAL COM1{1),CO0M2 (1) 62135¢C
__COMMCN /MAINL/Z NDIM NCIM1,CCP3 o _a21362
— COMMCN /MAIN27CIM2 021972
_CCM¥EY ZINOU/KIN, KOUT KBUNCH _ .. . Ges9sc
€~ NOW COMPUTZ XPRIVv, PHIP:M 021990
CALL EQUATE(WM2,U,ICBM,IC3M)_ ) 82213089
C GMINV DESTRIYS THMZ CALLING ARRAY 022210
o Myxg ) L o — . _G22520
CALL GUINV(ICBMZCBM WMZ, GCSTE yMR NT) i $22330
C_GCSTR= UI IC3M X _ICAM o L te2uut
CELL HATL (GESTR .S ICHE ,TCEBN IRF M, WN2) 022358
CwM2s UI(ST) 1C8M X IeFm L 02296C
CAu. MATLIBMO JHM2,IRFM,ICSMsIEF My ML) 222:73
Ciz=1,.) N ____ 322782
CEZLL MADDL (IRFM IRFMeFHI N+ NRIPHIFRMCL) 622590
C_PHIPPMz PuIM=3MD(UI)ST IRFR X IRFM __G22:0¢C
TCAicn MATL(SWM2, TAFN,ICOM s IRF M WML) £22110
CALL “ADDL (IRFM, IRFM X WML, XPFIN,CL) _ _ _ g2212)
C YPRIrs W=S(UTIST  IRFM X IPF¥ 22132
c N e pR2143
BETUEN t221¢¢
B EN e ) ) 322163
2 DEGK PGS 02217%
. _SUBRCUTINZ RGS(GCSTRIRKFSS+CCA9GCYGC24s8CY«BCZHFC,Y0, 62218,
1 WML GAM2 oM (WM g WME o WM s WM? o AMB o WMO s HMLG + WV 4 WV 2, $22199
3 WMA NI MO wMD G R MENMFE FTET,GToHT 0T ,RY, 922293
TTL EM G EM Gy N O R M XO s F O s MX K SWUUsWXUFA 3B, GASCAIGUA, ¢2221¢
IMAGFXA,RA4PAVALGCZALIRY 4 IFLGC2Z4IFLGSO, . d222s
THU o PUMAX s PUMI Ne PX THAX s PX TMIN, MUMAK e MUMI Ny MX AMAX o NXAMIN, 02223
kS Puout.g§lqu,nxrout.auour.sv W) o 2228
REAL COM3 (1Y, c0M2(1) 9222%¢
c _ e __t222e:
€ 7475 SUEIOUTINZ SEVS UP & CONT-NUGUS, O2SCSETI2E0 CONTINUOUS 054 ~~ 022270
: C SAMPLEC DATA LQG CONTROLLER BASED CN USZRS REQUEST. EACH £2228°
~ C CONTROLLER IS PUT IATO THE PRCFER FORMAT FOR THS PESFORMANCT ~ ~ 022293
3 C ANALYSIS SUBRGCUTINE, PESEFAL. B k311
i) p2231¢
- ) CHARACTZR MShe6s = . e e Ceazac
" ] T REAL FY (NOTH,NDEPYSITINOTP NCIMY 4GTINOINMNOIMY, $2233;
1 WT  (NDI4NOIM)oRE (NDIMeNDIM)oFMINDIRGNOIM), " 022362
1BMINCIMGNOIM) GM  (NDIMSNCIP) XCINDIF), (223¢s
) _AHMINDI Mo NDIM) oOM (NDIMsNDIF) 4PCINDINJNOIMI, 022365
< 10T (NOIM,NDIM) 4RT (NOTM,NOIM), ¢22373
o ___AGCSTRINOIPNOIM) 4SXFSSENDIM(NCIM), S 22138
A 1MV (NOIM) JWV2 (NDIMY 4WXUINDOTIF,NOI M), g22r9:
< __ LWML  (NOIMoNOIW) ¢wM2 (NOIMoNCINM) ¢NMIINDIMINOIM), 322585
Y, AWMe  INOIMGNDZIM)oWME (NDIMoNOIM) hMo (NDIMNOIM) s2es61Y
—___ MW7 (NOIP,NOIM) oWME (NDIMoNOTMI ¢WMI(NOIMNOIF), N Q22420
% IWMLG (NDIMGNOIM) o WMKRA(NOIM2,NOIM2) ,WNRINODIP2 4NDIME), 022632
- ___ _AWMCUNDIM2,NDIM2) yWMO(NDIM24 NOIM2) ¢ WHE (NDIN2,NDIN2), G224t
o AWNF (NDIM2, KDIM2) o WUUINDIM NCIP) o XX (NOIM,NOINFY, TTy22659
R SFA (NCT 42,NDIM2) yBAINDIM2oNDIF2) yGLINDIMZHNOIM2Y, 12246
S 1nzl«ao:q£).GCt(aoxn.noxnt.Gczlnoxn.uozn). t22u?2
.- 104 INDIM2oNDIM2) oy PXAINDIM24NOIP2) ¢PXVAINDIM2 4NOIM2), §22480
1MUCUTINDIM) JMXTSUT(NIIM) LEXTCUTINDIM) 2292
o iy . SEIL_PUSUTINII®) JYDUNDIMIIGGUACNDI%2N0IKH2)y 922503
2w
o’\ "-
D’f.s
v‘: - .
» . .
;i 222
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e
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el

."'."."."-
A

Y 5
BArdrS

LMY AMININDTIMY g VA LMEXN (NJT 1) o MUFININDI M),

TMUMIRLNDI M) «PYTMININIIM) GBATNLX (I TN,
SPUMININDINM) PUMAX (NDIMY GC2Z2(NITINZ,NRINEZ),

IRE (A CTIM24%0I%2) 33CY (DIFGNCIF) 3CZANIIMNOIv),

INVI(NDIM2) oV (NDIMSY,

1GCY (INDIMNDIM)GFC INCIMoANCINMY e
INTEGER IFLGCZ IRY

REAL MU(NDIM)

CCMMCN /RNTIM/ RNTIMELOSLTIPN
COMMON /MAIN2/7COM2 . B
COMPCN /MAINL/NOIMyNDIML,CCP2
COMMCN 7 INOU/ KIN,%QUT,XPUNCE
TCOMMCN /88T Ne /HDIP2,NOT NI
COMNCN /MAUNS/ MSG _ , ,
COMMCN /MAINE/ ICBTICBM, ICFAJICGA,ICGMoICGT,ICQAALIRFA, IRFH,IRFT,
b3 IRHT,IRQA,10,LQG, IRHP, NUPDTS

ITRY ¢ IFLGCZ o WM2 gwM2 WM

WEITE(KOUT +*) *ENTER A € FOR CCNTINUOUS TIME LGG CCNTROLLEF AND &

1 0 FCR A SAMPLED OATA LOG CCATRCLLER>?

READ(KINy12+END22933)MSG
T IF (MSG.EN.'CT) THEN

_IFLGSD=(

T CALL CLNGASIGCSTR FMBM PRFSS yHP, CCXoGSY ¢GC 25 ECY 2ECZ4FC,Y 0,
1 QFOO*QFToBToGY.GT.QT.HT,

1 +PO oGH'quovlrﬁoNHSonvt,hvg.bgucux_x,xo,uxu,un?.wnél
T IF (I10.8Q.9)THEN
GO TG 2933

END IF

Chi FRMAUGIQT RToF TeBT 4GCZ oM ToGCA9BCZoFCGLY 23CYGT+X0,POsFALBA,

o,
(e 2

4
-

Suy

e e~

'y - '-.-l't.o'n o)
DR

» . (]
'.4',’.", ’.{..o )

(]
-

. L“Q' .,

s, 8
LA B

AR

b GA.GA.a:a,unx.unz.una.une.hrc,hno.hne,unF.
1 MKAPXAIBAPXVALGC224IFRY ,IFLGCZHIFLGSO)

WRITS(KOUT,* * ¢

«2a%it
ga2s2.
$2gce3lr
£22640
£2255:<
Lfa2ase:
gas7e
g2254¢
622¢€93
g22s00
b22ess
g622¢20

‘g2263¢C

022642
022659
622660
Gaz2s7¢
caz2¢ees
922997
g227¢:

‘g22713

622722
022732
22746k

T 622753

s2276s
622775
022783
022792

_g22a02

g2291:
g22t23
gaz283:.

WEITE(KOUT %) *03 YOU WISH TC CALCULATE THI EIGENVALUES_CF THE CLOSG22%%.

1E0=-LCIP F MATSIIX? ¥ OR (3 24
F.EAD IXINy 12)MSG

IF (MSG.EN.'Y') THEN

NSAVIENII™

NDIM=NOINM2
NDIMizNOIM2e1

622353
22563

Tp228rm?

g22488¢0

T 02289¢

22912

WEITE(KOUT,*) *THE EIGENVALUES OF THE CLOSED-LOOP F MATRIX ARZ...’022913

_CALL MEIGN(FA s WV sHybo IRFA WP A)

g2292?

"NOTIMaNSAVY
__ NDIMi=NDIMel1

" END IF

CALL AYINTGIWMA wmB WM oW ME ¢GAoQA4FA43AIRFALICGALIRY(IRQA)

ELSE
__SOME SAMPLED DATA CONTROLLE® IS WANTED
IFLGSOsy

022930
022340
022950
G2296"
522973
£22983
022397

NEITE(KOUT *)°00 YOU KISH TC MERELY OISCRETIZE THE CONTINUJUS TIMED23300

1 CONTROLLER, Y OR N> ¢

READ (KINy12/+END22933IMSG _

IF (FSGL.EN.'Y*) THEN

WRITE(KOUT,®) *ssesssaanNCTS THAT WHMEN ENTERING THE TIME INCIEME ENT

€23513
UZUsz_
02323¢
d230‘0

TTTTiTIN THE CONTINUOUS TIME CONTFOLLER SET UP,  REREMBER IT WILL 8C0°23050

CAME THZ SAMPLE TIME FOR THZ DISCRETIZEOD CORTECLLIRPeSSscssss
CALL CLQGRAS(GCSTR yFVBMRKFSSyHMsGCRGCY9GCZoBIY 9BCZ4FL Y0y
1 RMeOMeFT eBT 4GT oCToRToNT yIRYGIFLGCZ 4riMLoWM2 N3 4 PO GMy
1 WMo HMS  WME WYL ¢ WV 2 yWUU ¢ WXX 9 XO g WXUGWMT ¢ WM )
IF_(I04EQ.GITHEN _
60 TC 2933

END IF

Chat DSSATZINML WM odM3 oW Mo IFFMeCELTIMGFCoBCY IRYBCZy IRMY,
1 WM WME G GCSTRyGT 4OV FT 8T, IRFToICOT,ICET 4 IRHT,RKFSS42T,GCX,y
1 108M)
-- WEITE(KIUT,®)* ¢

223

1.1 N N

323281
02337
623280
£ 23392
623103
02311¢
023123
023133
322140
023159

. ©23163

Ay

Nt \*
L\L(L‘L"";Q“




4'__

{; me i T2AKUuTe™) 00 100 aeTl T2 Canodtals Trz 2IG63e iy GF Trs STIT 23174
S LE TRASTTIOL: MATRIX FLF TrI DISCTSITIZIO CinTS L La3? ¥ 28 nN>? £2328°
o R rEAIIKINGL2)“S6 :2!‘.°
- “ e IF (MSGEQe'Y ) TREX 2328

. : WIITE(KQUT 4 *) *THE EIGENVALUES CF THE STATE TRANSITION MLTRIX FOF TE23215

' 1HE DISGRETIZED CONTROLLER ASEee.? c2322:
3N CALL MEIGN(WM2,Wy1,nv2y IRFMIECY) £23232
s L END IF e ) 023243
<5, C RKFSSs IN PRECEDING CAw. STATEMENT ARE MEQELY OUMMY WORK SPACES 223250
N C_GCSTR CCNTAINS 8CZ0 UPON RETURM FRCP DSCiTZ 023267
,\ cau FRMAUG (NNG o RKFSS oW M6 o GCSTR 9GCZ o HT o GC X o WML o HNZ9 GCYo M3 WM 1, X0, 023276
R Favnva‘osﬂocl 6UA +3CY .FCvﬁfn\oiﬂaouﬂc'lﬂlo'lﬂ!EﬂH’FoNldoPX‘och _.._0c328:
1 PXVAs6CTAL ISV 2FLGS2,IFLGSE) 023293
. _ ELSE _ e £2330:
) IFLGC2=0 023313
W ___CALL DLOGRS(GCX+GCY ¢GCZoBCY ¢BCZ oA sFCoNMZe WME o WML WMo FHTNM, £23322
;: 1 Oﬂ'GN'QN'HN.Gf.QT.Ft.BT.FT.NY.HXX'hUUoGCSTxoﬁKFSS'VDc 02333¢
b, 1 IRY JIFLGCZ yWXUgWMEoWMT yWiMBohMIo WMLy oWVL,WV2) _§233s:
f' CALL FRHAUG(HH1.UPZ.HW3.HV~,GCZ.H?.GCX.BCZ-PC.GCY.BCY.ﬂPS'XO. §233E2
1 POsFALBA,GACAZGUA)RIKFSS+GCSTR o WMA (WMBonMC oWMD o WME JWMF ¢ KX PXAs 023363
2 RAYPXVAIGCZAVIRYWIFLGSZW1FLGSD) 22337
- C_ RKFSS,GCSTR ARE NUMMY WORK SPACE IN CALL TO FRMAUG g233as
o END IF 623395
o NSAV1=NDIN C23wCs
'~ NSAV2=NDI™L c23618
» NOIM1sNDIN2+1 o I £ %1
. NOIMsNOIM2 02335
CALL EQUATE (WMALFA,IFA,IRFA) e o £23%k:
\ CALL EQUATE(WMC +B8A4IRFALIRY) GZ3450
- CALL MAT1(GA+QA+IRFALIROAIRAAINME) __ _ 02360
. TCALL MATL (WME 4GA,IRFA,IRQA,IRFA,WMB) 023u7%
") ____ NDImsNSAVL 623480
3 NOIM1ZNSAV2 023490
4! . C _NOTE FC ANC_3CY_IN_CALL TO FRM3UG ARE_DUMMY WORKSPACES c23s0¢0
END IF 23510
. L RETURN . B 023523
& 2933 103y 62353:
e 12 FCRYAT (A1) ) 323560
- END 82335;
. * DECK XSU o e p21%El
e SUSRSUTINE ASUIX 4 SeUyPHI JG €U0 PHIT JINTPIIPHIJ,0J, £2357°¢
- 1 TEMPyTEMPL TEMP2 JFHsBM IRFP,ICOMIKXX s HUU JHXUGPHIT) . _ 023582
C THIS ROUTINE COMPUTES X § ANO U AT TIMS TeSUB=1 FOR USE IN THE €2359¢
. C __ SAMPLEC DATA CONTROLLERDETERMINISTIC GAIN CALCULATICN. __ga3edc
P € THIS RCUTINE APSRIXIMATES THE INTEGRALSREQUIRED (SEE MAYBECK, t23e1C
- C EQUATICNS 14e¢25) 8Y TREATING TIME VAYING ENTITIES IN THE 02362
o € INTEG- NDS AS CONSTANTS CVER SCrE SUBINTIRVAL OF THE SAMPLE TIME 52353:
. C___THAT IS CHOSEN 5Y THE USEX __G236u:
¥ REAL X (NOIM,NOIM), S(NOIM,NOIMI, ULHOIM,KOTFY, 622552
__APHIJCINDIMyNOIM) ¢BJC(NDIP¢NOIP) +PHITI(NDIMINOTIM) o _ B23€€C
LINTPII  (NOIMyNOIM),PHIJINGINF,NOIM) +BJINDIM,NDIM), 023673
- ___ LTEMP INOIMGNOINM) o 1EMPL INDINGNDIM) ,TEMP2INOIM,NOZN), 023e83
- 1FM(NDIMoNOI®) ,3M (NOTM NDIP) +WXX(NDIM,NOIM), £23593
N INUY_ (NOIPoNOIM) oWXUINOIMoNOIM) 4PHITINOIM,NOTM) 023765
- FEA. COMI (1), COM2 (1) s2371a
> _ __CHARBACTER MSG*6: s2372¢
. CCMPON /VAINL/NDIM,NOINL,CCPL 623732
, o . COMMCN/PAIN2/COM2 L2760
X COMMCN ZiNOU/ KINoKOUTsKPUNCH 023750
-] COMMON /RNTIM/ RNTIMELDELTIF —— ___bazrel
h COMMCN /MAUME 7 MSG 621770
;j . 11170 o o 02378¢
w4 T00 782 IJKS1,1000 023796
- C __GIVE USER UP TO 1,.L CHANCES TC CHIOS: DIFFERENT SUBINTERvAL LENGTH 02338025
5 IF(IZIT.€C.1) THEN 023212
5 AT WPITE(XIUT,12)* ¢ g23%2:
vl
LAY
)
224
-
\l

N -

o

)N NI RN WA N A BRI




@

w-ITEIKAUT 20 233 YIU wITH TC SICOMPUTI x,SeUye 32532 & & CIFFEZ3Zy
2 SUSINTISVAL (T015THy, Y UR >
AEADIKING 12436
11 FOIMAT (21}
12 FCONMLT (L1 ,7)
_IF (MSQMETIINTITHEN
TTRETUSN
___ENO IF
END IF
IZITss

62339¢
623952
623312
G2322:

WRITE(KOUT, ) *ENT 23 THE NUMBER OF SUBZNTEXVALS TO USE IN THE APP2002393%
IXIMATIONS OF INTEGRALS MEECEC T3 CALCULATE Xo So AND U (SUGGEST £(2394l

1 GR FORE H)>? 023350
READ(XIN,®) INTYVAL o o o __ 823963
ITC NOW INITLALIZE VIRIASLES SSOUIREC IN CALCULATICNS c23972
. Cim1i46 . e e h239n
CALL IONTIIRFM,PHIJ0,C1) 023993
Cisied _ _ 926007

T CALL IONT(IFMeX,32) G2ec1n
____CALL IONT(ICSM.U,C1) o g2ei2e
D0 13 I=1,IRFx - £2+4330

0 13 Js1,ICOM N 0243435
B8JO(Ie4d) =y 826050

, A3 StI.pe=¢ . _32&364
C INITIALIZATICN COMPLETE, NOW CCNPUTE PHIJ, INTPHJ FOR SURINTERVAL™ 02L070
C PHILINTPHI ARE APPRCAIMATED BY TAKING AVERAGE OF VALUES AT THS 2580
C BEGLNNING +SNJ AND 8 POINTS IN TrE MIDODLE OF EACH SUBINTERVAL 02.09¢
C_ THIS MEANS 9 SU3 SUB INTERVAL PCINTS TO 3€ CALCULATED. HGWEVIR, O Q22%26°
C NLY 1 CALL TO INTEGRATE ROUTINIS REQUIRED SINCE FM IS A CONSTANT 026113
C_MATIIX 526127
DEL=S.G 026130

_ SUSINT=0ELTIM/(*INTVAL) i G261l

00 23 Jx=i,INTVAL 026159

C _COMPUTE PNIJ BJ AND THEN UPDATE FHIJCyEJD o 02616"
C~ FCR EACH SUBINTERVAL 2L170
G233, ) t2e28¢

Do 371 INTVLaL, G t2619¢C
_OEL=CEL+SUBINT o i _ 626200
CALL DSCRT(IRFMyFRyOE +PHIIVINTPII,5) 626219

__ CALL MADDL (IRFMeISFMPHIJCPHITVTENF,CL) . gee22:
X CALL SQUATE(PHIJO.TEMP,IRFR,IRFNM) 026230
. C_PHIJCSPHIJO+PMIL G2e2u6l
CALL MATL(INTPIL sBMsI-F N, IRFF,ICaN, TENP]) 026256

CALL MADDL (IRFM,IC3Me8JI4TEFFL,TENP,CL) g26260

CALL EQUATZ(BJ0,TEMP,IRFM, ICEN) 02427C

C_ BJOSBJCHINTFII®AN 026283
3714 CONTINUZ 026294
C NOW CALCWATE BJ PHIJ e 026339
Cimy,2 - 326312

_ CALL “MSCALE(SHIJGPHIJSyIRFM,IFFM,C2) i . C2e32d
CALL MSCALZ(9J+3J0¢IRFM.ICBF.C1) 026234

C 8Js PriJ NOW AVAILABLE F03 THIS SUBINTERVAL _ o 326343
C RESET PHI 0,340 t2L3s
CALL_EQUATE(PHIJOJPHIIJIRFM,IFFM) 26363

CALL EQUATE(3J0.TENPZ,I8F P, IC3M) t2L374

C NOm UPDATE X,SeU FOR THIS SUSINTEAVAL 326382
C XaSUM OF (PMIJTSWXXSPHIJ® (DELTIF/INTVAL)) FOR ALL JK 024392
C SsSUM CF ((PFIJTPuXX®BJIePHIJT*nXUI®(DE.TIM/INTVAL)) 020402
CALL MATWA(PHIJoWXX e IRF Mo IRFP 4IRF Ny TEMP) g26uls
C_TEMP= BHIJT & WXX __S2ee22
CALL MATL(TINP,PHIJ,IRFr, IRFF,IRFF, TENPL) J26.30

CALL MATLITIMP ,8J,IRFM,IRFN,ICIN,TENP2) D26l
C1A=DELTIM/INTVAL G26653
CALL_MA001(ThFMyIRFMeX TEVP1,TEMP,C2A) _ o D261e63

CALL EWATE (X, TEMP, IRFM,I0FF) 226473

C__X IS NCK UPD2TED FSR_TWIS SUB=-SUE INTEARVAL 02+-80
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SIS TS ERC )|

SIS CALL HATa2 (PHIJINZUL I F P ISFP,IC2M, TIE¥P 1) C2ews:

Ci=z:,: C2e3lt
..’. Canbh MADDLUTIITMeIC3VTEMPZ L, TENMOD L, TENMF, L) 324580
o Call MADDL(IEFM,3I09M S, TEYP ,TEMSL,(22) G2-523
- hl Ciul SQUATZUS,TIMELI5Fr,1C8M) S2w533
. C_S UPDATE FQO3 TWIS SUE-SU3 INTEr VAL NOw COMP.ETE e 325§
c 02e55:
" C_ UsSUM OF((3JT*AXX®5J+HUU+IJTONXUSKIUT* 30)S (DELTIM/INTVAL)) FCR ALL JK52u5ES
Cisl ¢ S2657:2
__ CALL MATIA(ICBMI<FMeBJIeWXXoTENP) , L 02L582
CALL MADDLUIICBM.ICIMsTEMPWLU,TENPL L) 32459
CALL MATLA(9J,HXU,ICEMyIRFM,ICEM,TENP) o 025600
: TCALL MADDL(ICSM,1C9%,TE4P1,1EX2,TErP2,21) 626612
CALL MATGA(WXU9B3JSICIMyIRFM,ICAM,TENP) 026620
A CALL MADD1(IC3M,1CBM,TENPZ,TEMP,TEMPL,C1) 026632
e ___.CALL MADDL(ICEM,ICBMeU,TE¥PL,TENP,CIA) _ _ Q2uELC
o CALL EQUATE(U,TENF,ICBM,IL8M) 824652
N0 ._C U UPDATB FOI THIS SU3-SUB INTERVAL NOw COMPLETE 026660
- — 23 CONTINUS 02uE?s
__ _Io=g e o . 026683
MSG= X (TI) IS G2669"
2  CALL MMATIOUX,IRFP,IRFM,I0,KIN,KOUT NODIM,NOIM) 826,753
72 MSGEU(TI) IS ¢ 2.7
::"-'r” CALL MMATIO(U,IC324IC3MeI0oKIN,KIUT NOIM,NOIM) C2e725_
ol MSG=S(TI) IS’ B G2u73¢
R CALL MMATIO(S,IRFMsICEMsICsKINGKOUT yNOIM,NDIN) 826743
ey : 782  CONTINUE 024750
. __RETURN — L L L 826765
B : END 0zurTs
"'.-" S_Ua_i._WT_I’fg‘._QNOISE(FN.G*. Hu, 2p '.O'Qv'_IRFOPo IOHY, I_CG_HQ ICBN,H{! 1o WM2,WMS) 02L78% )
N3 — DIMENSTON FM(NDIM,NOIM) o HF(NOIMyNDIM) 48MINDIMIADINF) 4QMINDIM NDIM) (526793
. _ AGMUINDIM,NOIM) oCOML(2) ¢WMLINDIMyNDIM) JWH2INOIM{NOIP) (WM3 (NDIMyNDIMI G2620G
e, COMMCN/MAINL/NDIM,NDIML COM dawe1:
_ _COMMCN/INCU/XINsKCUT,KPUNCH _ 026524
a 25 FORMAT(I1) t2e83:
. WRITE(KOUT,*) *1ST OF 2NC ORDER SHAPING FILTER (1 CF 2)>¢ 026560
W S TREAD(KING25)ISIZE 02east
a7 o) C CALCULATE THE DIMENSICN OF TME AUGMENTED SYSTEM g2LA362
) IRFS=IRFM+ (ISTZSs 1CEM) 02+37%
T oo _ IF(ISIZENE.LIGO TO 1l . ) o288t
N TTCALL FORDSRIFMeBMGMyQMoHM IRF M, IFHMeI SBM ICGM IRFS ¢ WML ) 32439¢
LS 60 T0 2. e ) ___/___a_zwo:g_
' T30 CALL SOIDERTFHOMGMeOMoFF o IRFN 4 IRNNGICBMICG o IRFS WL JW 2, WA3T 026917
L 20  CONTINOE = 0 L e . 02e922
e RETURN c2u932
MoK END 625900
Egc. SUSROUTINE FOWER(FMeBMGR,CF (HF o IRFI,IRHP o ICBM ¢ IC6 My IRFS o HU) 026953~ A
*\';' DIMENSICH FMUIDIMLNOIM) oSPF(NDIMNNOIM) QG"(NDI'*ONDIP‘ o GMUNDIMWNOINM) '920°6_J_
Vi 1M CHOT Mo NDI M) JCOMI (1) sCONZ (20 MU (NDZ M NDZ M) ; W26973
. . _COMMCN/NAINL/NOIKNOINML COML _ . _ 02638¢
~c “COMMCN/MRIN2/CON2 026992
COMMCN/INCUZKINGKCUTyKFUNCH 025245¢
e COMMCN/MAUNS/MSG 625313
Yy ___REAL ENTRYLENTRYL _ e L . G2l
e CHARACTER MSG*63 . 225033
C __ZERO OUT BOTTOM PRRTITIONS OF GM,9M,Gn 02504
£ IFSsIRFNeL . L2535:
L, . 16S=ICGMey o o 0250€"
e 1CGSaICGMe IC3M g2c27?
T CALL_ZPARTIFM(IFS,1),1COM,IRFS) : . 025065
§ CALL ZPART(SM (IFS1143iC3M,ICEP) 0253935
. . CALL ZPASTIGM(IFS 1) +:C3M,1CGS) o o 0251¢C¢
Ay CALL ZPART (MM (1,IFS) IRNM,ICEM) t2s113
S CALL ZPART (QM(IGS+1)43CEM,ICCS) 035120
CALL ZPART(NMUL1,IGSIICGH,ICEM) g2c13:
a3 CALL ZPAXT(WHULICBP,2C3NM) 025 142
w1
Q:‘.cj .“"\".t
3 B
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€ DEISIGM GHi SHAPIN; FILTIZ FCI €40 IORT=dL G EMSIL FTICHA

D: o. If=:,2C3v ciz e

- WEITEUKIUT,o) FFILTIE DESISN oIF 328173

SO WESITS(KOUT,*) *INPUT QFTICASE (1) ENTER A 2NN 3, 325183

b 1(2) ENTER Qs €3) G2 TS NEXT FILTZS OF IXIT IF ODONE? 225:9:

o _ 00 S ITi.50 o o cec26:

27 FOIMAT (I1) t2g21:

L WEITE(KOUT,*) *QFTION>* £2522¢

READ(XIN,27)1I0PT 02%23¢

___ 60 TO (3,2, 10PT N . ) £25245

1 WRITE(KIUT,*) *ENTER A AND 8>* £2525¢

READ(KIN, *) ENTRY ENTEY L . c2526:

HUCLFe IF)ZENTAV=ENTRYL 62527¢

o __FNULIRFPeIF ), (IRFNeIF) ) z=212ENTRYY . ___decase

60 TC 93 £2529¢

2 ___ WRITE(KJUT,®)’ENTER Q@ = _ = . _ L 62533¢

READ (XIN,*)ENTRY 25312

QMLLIGGMeIF), LICGH*IF) ) SENTRY o g2 32¢

GG TC 9. g2s33¢0

9C  CONTINUE , o - ) 6253465

3 CONT INUE £2535¢C

8¢ CONT INUE €253¢0

C CALCULATE 3am*HU AND PUT IN UPFER RIGHT PARTITION OF Fm £2337¢

, __CALL _MAT1(BM,HU+I5F P, C3M,1CBP,FMIL1,IFS)) . _ 525385

C  INSERT 8N INTO UPPER RIGHT PARTITION OF GM, OU=I 025390

CALL EQUATE(GM(L,1IGS) 48P IRFM,IC3IM) _ G25L0¢

C PUT AN IDENTITY MATRIX IN LCWES RIGHT PARTITION GF GM 254610

. CALL IDNT(IC3M,GM(IGS,IGS)sis) . pezs820

C ~ CMANGE COLUMN DIMSNSIGON OF GM AND CRDER OF SYSTE™ 225638

o ICGnm=ITGS 8254460

T=FMEIRFS C25uS50— A

INOLO=I0 e o o _ C25460

10=5 0254676

__ MSG=‘QMAUG’ ) 625488

CALL MMATIO(NM,ICGM4ICGMsICKINKOUTNDIMNOIM 125692

ﬁ __ TosIWoLD ' __ azssa:

Y- T RETURN £2551¢

__END ) e t2552)|

SUSRCUTINE SORDER (FMyBMGMe QP oMMy IRFMeIFHP ¢ ICEMICGMeIRFS,y 025533

__1HUSFLe W) . e2s3uat

OIMENSION FMINDIM,NOIM) ¢BMINDIMoNOIM) ¢GMIND M NDIM p2scse

10M(KDIM,NDIN) o HM (NDINyNOI¥) ,HUINOIM,NOIM) oCOML(L)Y - c25562

1CON2 (1) +FU INDIN NOIMY ,GUIND IV ,ANDIM) T 98574

___ COMMCN/MAINI/NDIM9NDIMLLCOML ) _ 32558<

COMMCN/MATIN2/50M2 £2c593

______COMMCN/INGU/KINyKCUT,KPUNCH o o t25633

COMMCN/MAUNS /9SG _ 25645

REAL ENTRY ,ENTY1,34C.BTC o . _p2sE2C

IFS=IaFMey ’ ’ 025635

__16S=ICGM+t o , i ) o L25 643

ICGS3ICGM+ISaM $23€52

o __IcBm2=2*1CBM e _ 023664

CALL ZPART(FMUIIFS 1) 4I1CBNM2,IRFS) 025676

CALL ZPART(3MIIFS+1)42CBM2,1C3M) _ 325688

CALL ZPART(OMIIGS 4T ,2C3M,2C5S) - f25693

___ CALL ZPART(QM(1,IGS)4ICGM,ICEPM) 325700

CALL ZPARTIGM(IFS +1)41COM2,ICGS) 02571¢C

CALL ZPART{(GM(1,IGS),IRFM,ICEM o ~ ga2srac

CALL ZPART(MM(L1,IFS),IRHN,ICEN2)" $2573¢

CALL ZPART(FU,I(BM2,ICBM2) __ o G257t

CALL ZPART(MD,ICBP,1C8M2) - ’ c2s75¢

CALL ZPART(GU,ICBMZ,ICEBM) 6e576¢

C ~ DESIGN ONT SHAPING FIiLTZf PZik CCNTIOL CHANNEL cas7re

_. _DO 89 IF=ss,2684 . . o p2578¢

WRITE(KIUT,#) *FPILTER DESIGN ', IF 025795

. RRITE(KIUT,®) *1:PUT OFTIONSSE (1) ENTER C, (2) EMTER D AMD_E, _Lesens
‘:-"a
0
7
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- 1033 ENTES Q. (a) GO TG 4ENT FILTZF (3 Z,271 1€ J2AEe sze2 7]
~ - BC 2. IT3:,3¢ .2582¢C
NN WEITSULKIUT,,#) *LFTIOND> S gas:1:
N 26 FO&MAT (I1) 62534,
: READ (KIN,28)I0PTY 02595¢
- GC TS (14243y=)I05T t2526:
o T1T WRITE(KOUT,®) *SNTEF A~ ~TT 77 7 R ¥ 3 4
~ PZAD (XINy*) ENTRY o L ~ cac e8]
- T MUGIF,t2%IF=1))=ENTRY ~ T T g2s89¢
x HUCIF, (2°IF))®t, 625965
- 60 TO 9 £25912
o 2 WAITZ(KOUT,*) *ENTER 2 AND C>° — £25323|
T BEAD(KIN,®) ENTRY,ENTRYL €2593¢
S , ——___BACS=1% (ENTRYSEATRYL) .. _.__ 823949
- BTC==1% (ENTRYSENTRYL) L2595°?
2, . _ FULt2®IF=1),(2%IF) )=y, 62596¢C
FUL(2®1IF),(2°IF-1))28TC £2g97¢
i FU((2°IF), (2° F))=BAC e . . _ _GZ5983
GO0 TC 32 t2s 93¢
3 _ WRITE(KOUT,.*) *ENTER @>° B o o 626303
. READIKINy*)ENTRY C2e313
i _ QMUUICGM*IF), (ICGPF+IFI)SENTRY , _ p2es29
u 90 CONTINUE  ~ 625233
o) , b CONTINUS ) 02620
2, i GU(LIF™ 21, IF ¥4, ’ 626153
80  CONTINUE L o ) . _ c2e36d
: ] € " CALCULATE 8=euyu AND PUT TN UPPES RIGHT FAFTITION OF Fm 026576
' caLt nn_qg.(sn.uu.zﬁrn.rcan.:cen.rnt....-FS)! o o 02628¢C
] € INSERT FU INTC LOWER RIGHT PARTITICN OF FM £26292
< caLL =ou.\re(F_g1_(I_Fs_. IFS)FU,ICB™2,ICHBM2) 826153
3] C INSEQT 6U INTI (GWES RIGHT FARTITION CF GN £2511)
__ CALL EQUATE(GM(IFS.IGS) +GU,ICaN2,ICEM) ) . t2se12:
g €~ CHANGZ COLUMN DIMENSICN OF GM AND ORDER OF SYSTEM 12613
- ICGM=ICGS _ L2602
o T IRFraIRFS (29150
b RETURY o o o G2€16C
:_ﬂ END 62617¢
’l
i
<
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Y .. APPENDIX C: Modifications and
poed s Additions to CGTPI
W N
;;: C.1 Introduction
ujz This appendix is intended to be used as a supplement to References
."2

- 13 and 30. These sequences are user's guides to a computer-aided
fi- design program for designing controllers employing a Command Generator
e
’Jf Tracker in the feedforward loop and a Proportional-plus-Integral regulator
Y in the feedback loop (CGTPI). Reference 13 describes the original version
EE. of the program. Reference 30 contains a modified version that admits
2? implicit model following for design of controller gains and that can be
A%

o«
- run in conjunction with a performance evaluation program (PFEVAL),
*E described in the same reference. Modifications outlined in this chapter
2
" are made to the version in Reference 30.
)

4, e

‘Zi? As stated in Chapter III, only the PI regulator design portion of
,3 the program is used for this thesis. However, to execute PFEVAL, the
.'q
o user must first execute all three design paths of CGTPI. These include
“-f‘
the PI regulator design, CGT design, and Kalman filter design. By proper

t
:f{ choice of the CGT model matrices, the controlled degenerates into a
n simple PI regulator. These matrices are defined below:
1
o A = (1] (c-1)
R

::; B = (o] (C-2)
2
3 Cm = [0] (c-3)

D = [I] (c-4)

AP
rIF
a8

Modifications to the program include an additional subroutine to

- apply the Doyle and Stein technique. This is bracketed and marked with

.

|
%)

S P S

-
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an "A" in the source code at the end of this appendix. Modifications to
allow inputting colored-noise into the design model are bracketed and
marked with an '"M". Since the modifications made to CGTPI are not

extensi§e. only the specific subroutines that contain changes are listed.

C.2 Additions to CGTP1

One additional subroutine is added to CGTPI to allow modification of
the dynamic driﬁing noise co#ariance matrix, Qd’ Qia the Doyle and Stein
technique as described in Section 3.4 Subroutine DAS is listed in lines
29730 through 29940. When executing the Kalman filter design option of
CGTPI, this subroutine is called in line 18730. An input prompt will
ask if the Doyle and Stein modification is desired. If so, then a prompt
will ask for the scalar design parameter, q. The Qd matrix is then
modified as expressed in Equation (3-43) with the assumption that V = I,

The modified Qd matrix is also written to the LIST file.

C.3 Modifications to CGTPI

The original version of CGTPI was not written with the intention of
augmenting additional states with the design model. The modifications
listed in the source code in this appendix will allow the technique of
injecting time-correlated noise into the design model, but the method is
awkward as will become apparent.

To apply the technique requires two executions of CGTPI. 1In the
first execution, the unaugmented design model and truth model are entered
to the program. Then, the PI regulatér design, CGT design, and Kalman
filter design paths are executed normally. All prompts to enter either

filter gains or CGT gains should be answered with an "N". In the CGT

230
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.r‘:

:-;'_:,: s design path, the model matrices listed in Equations (D-1) through (D-4)
-'\ ?:;.' can be entered if only a PI regulator is desired. It is useful to

‘ » write the truth model to the SAVE file. An input prompt asks if it is
e desired to write the model to the SAVE file. If a "Y" is entered, the

‘. model matrices are stored by the program. This file is structured so

‘P that the design model, truth model, regulator gains, CGT gains, and

} command model can all be written to the file for later use. Copying the
= SAVE file to a DATA file allows the model and gain matrices to be read
: directly into the program, rather than be inputted from a terminal

.‘: (Ref 13). The regulator and CGT gains are also written to the SAVE file.
' : After following all three design paths, execution of the program is

: halted.

:’:: Prior to the second execution,the SAVE file 1is copied to a DATA file.
. ﬁ Also, it 1is necessary to have the augmented matrices specified in

'3 ) Chapter IV available to be read into the program from the terminal, 1In
:,,:.‘: the second execution, the augmented system is entered into the design

b model. The truth model can be read from the DATA file containing informa-
:g tion from the preﬂous execution. After entering the model, the CGT path
;:; is followed again. A prompt will ask if it is desired to read in the

' CGT gains. A "Y" is entered, the gains are read from the DATA file, and
this path is exited. This modification is listed in lines 6600 to 6630
:E;l and 6910.

Next, the Kalman filter design path is followed with the augmented
:.\- design model. After execution of this option, a prompt will inquire if
"'7 it is desired to store performance analysis data to the SAVE file.

) A "Y" is entered, and another prompt will inquire if it is desired to
A
W 231
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read controller gains from the DATA file. Again, a "Y" is entered. The
modifications in lines 27230 through 27430 allow the program to read in
PI controller gains from the previous execution and augment with columns
by zeros so that the shaping filter states are not fed back through the
controller. Performance evaluation data is stored and PFEVAL can thus
be run normally as described in Reference 30.

The modified version also allows the option of reading in Kalman
filter gains from a previous execution stored on the DATA file. These

modifications are listed in lines 4230 to 4320.
Final modifications are given in lines 4470 through 4610 to reformat

the PI controller gains and allow storage room for the augmented zeros.
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2940=
2970=
2980=
2990=
3000=
3010=
3020=
3030=
3040=
30850=
3060=
304S=
3070=
3030=
3090=
3100=
3110=
3120=
3130=
3140=
3150=
3140=
3170=
318¢=
3135
3190=
3200=
32i0=
3220s=
3230=
3240=
32%0s=
3240=
3270=
3280=
3290=
3300=
3310=
3320=
3328=
3330=
3340=
3350=
3340=
3370=
3380=
3390=
3400=
3410=
3420s=
3430=
J440=
34%0=
3440=
3470s=
3480=

SUBRQUTINE CGTXQ

COMMON/MAINL/NOTM,NDIML,COMLLL)

COMMON/MAIN2/COM2(1)

COMMON/ INQU/KIN,KOUT , KPUNCH

COMMON/DESIGN/NVCOM, TSAMF,LFLRPI,LFLCGT LFLKF ,LT2VAL,LARDRT
COMMON/FILES/KSAVE,KDATA,KPLOT,KLIST,KTERM
COMMON/SYSMTX/NUSM,SM(1)

COMMON/TMTX1/NVZM,ZM1(1)

COMMON/ZMTX2/ZM2(1)
COMMON/NDIMD/NND o NRD » NPDy NME g NTILHy MWL  NWDD » NPL D, MUWPMWD  NNFR
COMMON/LOCD/LAP LGP yLPHI ,LB0,LEX,LPHN, LO,LAN,LQD,LE,LDY,LEY
LoLHP,LR

COMMON/DSNMTX/NVDIM,, NODY , NOEY , Tit1( 1)
COMMON/NDIMC/NNC,NRC,NPC

COMMON/LOCC/LPHC,LENC,LCC,LEC
COMMON/CHDNTX/NVCM, NEWEM, NOUC,CM( L)
COMMON/NDIMT/NNT o NRT o NMT , NWT

COMMON/LOCT/LPHT,LBOT,LADT ,LHT,LRT,LTUT,LTNT
COMMON/TRUMTX/NVUTM, TM(1)
COMMON/LENTRL/LPILL,LPT12,LPI21,LPI22,LFHDL,LBOL
COMMON/CONTROL/NVCTL ,CTLSL)
COMMON/LREGPI/LXDUW, LUDW, LPHCL s LKX yLKZ
COMMON/CREGPI/NVRPI,RPT(1)
COMMON/LCGT/ZLALL ) LAL3LA2L,LA23,LAL2,LA22,LKXALL,LRXAL2,
ILKXAL3

COMMON/CCGT/NVCGT,CGT(1)

COMMON/LKF/LEADSN, LFLTRK,LFCOV

COMMON/CKF/NVUFLT, FLT(1)

COMMON/AMC/AM( 1)

COMMON/BDG/BD(1)

DIMENSTION LD(1%5),ND(1S)

DATA NPLTZIM/606/

DATA IEOQOI,NO/-1,1HN/

REWIND KLIST

WRITE(KLISTy115) DATECDUM) , TIMEC(DUH)

WRITE(KTERM,115) DATE(DUM), TIME(DUM)

118 FORMAT(®1%,27X,°% & X CGTFIF X X x°/14X,

10
12

1 "PROGRAM TO UGESTGN A COMMAND GENERATOR TRACKER®/8X,
2 *USING A REGULATOR WITH FROPORTIONAL FLUS INTEGRAL CONTROL
1°/718X,
3 *AND A KALMAN FILTER FOR STATE ESTIMATION.®/28X,
4 "% x X COGTRPIF X X X°//L1X,*DATE ¢ *,A10//,511X,
S °TIME : °*,A10//77)

REWIND KSAVE

REWIND KiATA

WRITE(KSAVE,112) IFOI,NPLTZIM

DO 10 I=1,15

ND(I)=0

DO 12 I=1,15

LD(I)=)

LFLRPI =0

LFLCAT=0

LFLKF=0

LTCVAL=0Q

LABORT=0

PT=0
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Tae 3I490=
i 35502
3510=
3I520=
3530=
3%40=
3550
3540=
3570=
3580=
3570=
34500=
3410=
3520=
3430=
3A40=
' 34650=
3560=
3470=
X530=
3470=
3I700=
3710=
3720=
3730=
3740=
37%50=
3760=
3770=
3730s=
- 3790=
@ 3300=
3810=
3820s
3830s=
3840=
38%0=
3860=
3870=

50

100

104

123
105

1%0
106

3880=117

3890=
3700=
3710
3920=
3930=
3740m=
39%0=
3940a
3970=
3930=
3790=
4000=
4010=
4020=
4030s=
4040=
40%50=
4040=
1070a

A ‘1} LY *V‘

1338
1460

170
200

107

250
260

e \ c..- -.\l

IfGT 20

ITRU=D

IFLTR=0Q

ICODE=4

LFAVAL =0

LGCGT=0

NVUCOMaMINOINDIM, NUZM)

KOUT=KLIST

KPUNCH=KPI.OT

IF(NVSM.GE.NPLTZM) GQ TG 30

WRITE 101,NPLTZM

GO TG 1000

WRITE 102

READX, TSAMP

IF(TSAMP.LE,O0.) GO TO S50
WRITE(KLIST.L03) TSAMP
FORMAT ( *OSAMNPLE PERTOD IR *,F3.3,° SECONDS®)
CALL SETUP(ND,LD,ICGT,ITRU,1)
IF{LABORT) 1000,100,1000

LARORT=0

WRITE 104

FORMAT ( *OCONTROLLER DESIGN (Y OR N) *»%)
READ 111,1IANS

IF(TANS.EQ.ND) 50 TO 500

LFLKF=0

CALL PINTX(IPI)

TF(LARORT) 1000,123,:1G00

WRITE 103

FORMAT(*ODESTGN RFG/PI (Y CR N) >*)
READ 111,IANS

IFCIANS.EQ.NOQ) GO TO 150

CALL SREGPI

IF(LARORT) 1000,200,1000

WRITE 104

FORMAT(*ONESIGN CGT (Y OR N) >*)
RFEAD 111,IANS

TF(IANS.EQ.NO) GO TO 100

CALL SETUP(NDsLD,ICGT,ITRU,»2)

WRITF 117

FORMAT(*OTERMINATE CGT DESIGN PATH (Y OR N7 2>°
READ 111,IANS

IF(IANS.NE.NG) GO TO 500

IF(ICGT) 155,100,159

IF(LAEORT) 100,160,1000

CALL SCGT

TF{LABORT) 100,170,1000
IF(LFLCGT.LE.Q) GO TO 125

LABORT=0

WRITE 107

FORMAT ( *OCONTROLLER EVALUATION WRT TRUTH MODEL (Y QR N) >*%)
RFEAD 111, IANS

IF(IANS.EG.NO) GO TO 230

CALL SETUP(ND,LD,TCBT,ITRU,3)
TF(LABORT) 200,250,1000

LTEVAL=0

CALL CRVAL

IF(LFLCGT.EQ.1) LGCGT=1
IF(LFAVAL,ED.,0.0R,I.GCAT.ER.0) 60 TO 100
WRITE 400

234

AT ITATARATR IR Py b N. ~

L_;‘-;MMAA - ..-- _-1 n _ﬁ: L‘{&{\ N -A- -\' \*‘-"\ _\{\{1

ia




¥ APy

ANV

b 4307 400
ANEG=
20%0=
41¢0=
4110=
41202
4130=
4140=
4130=
4160= 405

‘SAVE

4170=

4130=

4190= 500

4200=

4219+ 108

4220=

4230=

(3240

42%0=777

4240=
4270=
4280=
4290=
4300=
4310=
| 43202503
4330=
4340=
435%0=
4T40=
4370=
4380=
4390=
4400=
4410=

4420

4430=

4440=
4450=
4440=

[4470=

4480=

4490=
4500=
4510=
4%20=
4530=
4540=
4550=
1%540m

43570

4580=

4590=

400"

| 16102710

4420=

4430= 1000

4440m

I
{
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3510
525

530
540

700
109

M-—t

ORI VOV A ¢ £ 0, R R A A

FORMAT(*CURITE FRIFCRMANCE FUALUATTUN TATA T2
oY QR ND

+:%)

READ 111,[ANS

IF(IANS.SQ.MNO) GO TO 100

ICOLE=ICODE+!Y

CALL PFDATACICODE,ND)

INUNSICODE-4

WRITE 40T, INUM

FORMAT( *OPERFORMAMCE REUALUATION DATA, NO. *I2,°,NRITTEN TO

+ FILE®")
GO TQ 100
LABORT=0
WRITE 108
FORMAT("GFTL TER RBESTGN (Y OR N) =)
READ 111, TANS
IF(IANS.EQ.NQ) GO TO 900
WRITE 777
FARMAT ( *OREAD
FEAD 111,TIANS
IFCIANS.EQ.NG) GO TO 509
IF (LGCGT.NE.O) 6Q TO 505
IF (IFLTR.NE,O0) 0O TO %095
CALL REANFS(SM,ND,4, [ERR)
LGCOT=aND(2)
CALL FLTRK(IFLTR)
IF(IFLTR.ER.O) GO TO 900
IFC_ARORT; 1000,%510,1000
17 C.ABCRT) 500,32%,1000
CALL FEVAL
IF(LABOGRT) 1000,3540,1000
LFAUAL=1
IF(LGLGT.EQ. 1) GG TO 279
G0 7O %00
YRITE 109
FIRMAT(*OEND DESIGN RUNS (Y OR M) »*)
READ 111, IANS
IFC(IANS.EQG.NQ) GO TO 100
IF(LFLRPI.EQ.O0) GO TO 1000
NPNTSsNRDENNPR
ND(1)=MPNTS
NI 2)=LGCGT
ND(3)aLKX
NOC3)=LK2Z
CALL FTMTX(RPTI(LKX) ,SM,NPNTS,1)
ND(S)=NPNTS+1
LF(LGCGT.EQ.0) GO TO 910
ND(6)sLKXALL
ND(7)=KXAL2
ND(8) s KXA13
NPNTSsNRDX (NNC+NRC+NDD)
NDC(1)eND( 1) +NPNTS
CALL FTMTX(COTCILXXALL) »SMIND(S)) 4NPNTS,1)
CALL WFILED(4,RN{1),NT,SH)
WRITE 113
CONTINUE
WRITE(KLTST, 110)

IN COT GAINS (Y 0GR N» %)
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R 3650= SEWGTHT KSALE
: 4650= REWIND RDATA
oo 2470= REWIMN KUIST
- 4630s WRITE 110
o 4690s 101 FORMAT(°*OINSUFFICIENT MEMORY /SYSMTX/, NFED: °,14)
b 47C00= 102 FORMAT(*OENTER SAMPLE PERTION FOR DIGTITAL CONTROLLER >*)
N 4710= 110 FORMAT(°OPROGRAM EXECUTION STOP®)
d 4720% 111 FORMAT(A3)
4730= 112 FORMAT(2I4) :
4740 113 FORMAT(46X, REG/PT GAINS WRITTEN TO ‘SAVE’ FILE®)
. 4730 RETURN
o 4740sC END SUBROUTINE CGTXQ
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6370=
6400
6410=
6420=
$430=
$5440=
4450=
6460=
4470=
3480=
5490=
43Q0=
6310=
4%20=
$530=
240=
65%50=
§3460=
8570=
43530=
5590=
4400s=
$610=
4420=
64630=
440m
6850=
4660
4670
44630=
65590=
6700=
4710=
47 20=
6730=
6730=
47350=
$750=
§770=
$730=
&5790=
4800=
6819=
6320=
6230=
ARAN=
63%0=
4840=
48/70=
4880=
A290=
4900=

110

103

10

108

SUBKRCUTINE SCMOIND,LLI,ICGT)
COMMON/DESIGN/NVCOM, TSAMF , LFLRFI,LELC3TLFLKF, _LTEVAL,LARDRT
COMMON/FILES/KSAVE ,KDATA,KPLOT,XKLIST,KTERM
COMMON/SYSHTIX/NUSM,.SM( L)
COMMON/ZMTX1/NVIM,ZM1(¢1)
COMMON/ZMTX2/ZM2( 1)
COMMON/NDIMO/NND o NRD, NPy MMU , HODy NGTy MWDD o NPLD » SWF MWD, NNFR
COMMON/NUTMU/NNC ,NRC, NPC
CCOMMON/CMDBMTX/NVCM . NEWCHM,NCDC,CM(L)
COMMON/LREGPI/LXDW i UDW o ILFHCL y LKX 41 KZ
COMMON/CREGPT/NVRFI,RFPI(1)

DIMENSION NDCL),LL(L)

UATA NQ/L1HN/

WHITE(KLIST,110?

FORMAT(///7/711X,3C* Kk *),*25T LESIGN®,S5(® X*)//7/)
NCWCM=0

IFCLFLRPI) 10+5,10

WRITE 102

READ 111,IANS

IF(IANS,.FQ.ND)Y GO TO 8

CALL READFS(SM,ND,4,IERR)

NSIZEaND(S) -2

LKX=ND(3)

LKZ=ND( 4}

CALL FTMTX(SM,RPI(LKX).NSIZE»1)
IFC(TERR.NE.Q) RETURN

CALL MATLST(RPICLKX) s NRIpNNT, *KX®,KLIST)
CALL MATLST(RPTI(ILKZ) +NRTI,NRDs °KZ* KLIST)
LFLRPI=-~}

GO 70 10

IF(LFLCGT.GE.Q) GO TQ 9

WRITE 103

FORMAT( *OSYSTEM UNSTABLE - - OFEN-LOOF CGT NOT FEASIBLE")
RETURN

LKX=]

LKZ=1

NS LZE=NRDXANND

CALL ZPART(RPI(LKX)»1,NSIZE,L1)
IFC(ICGT.EQ.Q0) GO TO 12

WRITE 108

FORMAT(® MODIFY COMMAND MODEL (Y OR N) %)
READ 1121,1ANS

IF(IANS.EQ.NQ) RETURN

CaLl. ISYS(SM,LDsND,2.1CGT)

LF{LABORT.NE.O) RETURN

NEWCM=]

CALL POLES(SM,NNC,2,4M1,2M2)
IF{NPC.EQ.N”D) GO TO i35

WFRITE 104

LLABORT=-1

RETURN

CALL OSCRTC(I.0,ZM1)
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" M $710= 102 FORMAT(® REAL REG/FI GAINS FROM ‘DATA’ FILE (Y OR M) %*)

b 920= 104 FORMAT(*OCOVMAND AND DESIGN MODEL JUTPUTS NOT ZOUAL IN
¥ 693C= INUMBER®)

8740= RETURN
-, 69%0=C END SUBROUTINE SCMD

4

B % WA A

'..'. Sy 0 )

Wl

L)

by 8 8 QA Y
PTG

)
ot

a -

ae &

U ke ol

- 0|

o

Tty

- -
LY e D5 B )

)
~N
"]
o

-
A

St et et e tat, v N
. -. |. . .

g.f..!-..!n'..-.. OUAOOES '.‘:--'...:'.‘ e

“ et el et
P R ) LY
R A KR

3T \'\'_‘.‘_)‘ " D T 'vq‘: Mo & nu i‘: -')ﬂ




\

T |

)

3

...
“p °s
.

»

__-_

"ATEEA

18250= SUBROUTIME FLTRK(IFLTE)
- 18240= . COMMON/IAINL/NDIA.NDIM1,COML(L)
: 13270= COMMON/MA {N2/COM2( 1)
18280= COMMON/DESIGN/NUCOM, TSAME ,LFLRPI,,LFLAGT .LFLKF,LTEVAL , _ARORT
18290= COMMON/FILES/KSAVE ,KDATAKFLOT,KLIST,KTTRM
18300= COMMON/SYSMTX/NUSH,3M L)
18310= COMMON/ZMIX1/NUZIM, IML(1)
18320= COMMON/ZMTX2/ZM21(1)
18330= COMMON/NOIMD/ NN G NRO o NPT D o NIy NWU o NUOT o (9P 10 HliT W0 o NNF R
‘e 18340= COSMON/LOCD/LAP,LCP, LFHL . BU,LEX,LF4D, LA, LON, . Q30,u.CLDY,LEY
18345= 1,LHP.LR
133502 CAMMON/DENMTY /NUTIM, NOTIY , NDE7 . DM( 1)
13340= COMMON/LKF /LZADSN,LFLTRK, LFLOV
14370= COMMON/CRF/NVFLTFLT (L)
19380= IF (NWPNWD.GT,.0) GO TO t
14399= WHITE(KTERM,108)
18400= 103 FORMAT(*ONDO CRIVING NOISES - - FILTER LESIGN ARORT®)
18410 RETURM
13420= 1 IF(NMD.GT.0) GO TQ 2
13430= WRITZ(KTERM.,107)
184402 109 FORMAT(*OND MEASUREMENTS = = FILTER TNESIGN AROQRT®*)
18450= RETURN
19450= 2 WRITE(KLIST,110)
184702 110 FORMAT(///7/711%X,5(*% *),*FILTER DESIGN®.5(" X%)////7)
) 13480= NSIZEaNFLDR( 1 +NPLO+NMD)
G 1:3490= IF(NSIZE.LEJNVFILLT) 60 TQ 3
e 18500= WRITE 101,NSIZE
e 13510= 101 FORMAT(*OINSUFFICIENT MEMORY /CKF/, NEED: *,I4)
18520= LABORTaNSIZE
18530 RETURN
18%540= 3 NDIM=NPLD
18%%0= NDIM1=NOIM+1
18540= 5 IF(NWD.EQ.O0) GO TO 12
18%70= IF(IFLTR.,LE.O) GO TO &
18580= WRITE 10%,NWD
18%90= 1035 FORMAT(® ENTER STATE NOISE STRENGTHS: °*,T2)
18600 CaLL RQUGTS(LM(LA) »NWD,0)
18410= § CALL TWCTOR(NWD, OMLA) ,2M1)
13620= CALL MATLST(ZIML,NWD,1,°Q",KTERM)
18530= 10  CALIL MATLST/DMLQ) ,NWD,NUDR, *Q°,KLIST)
19440= 12  TF(NWDD.EQ.O) GO TO 18
13650= IF(IFLTR.LE.O) GO TN 13
134460= WRITE 106,NWDD
13470= 106 FORMAT(®* ENTER DISTURBANCE NOISE STRENGTHS: *,I[2)
18080= CALL ROWLTS(DMILGNY »NWRD,0)
1836797 13 ~ALL UVCTORC(NWLD.DMLON) < 2ZML)
13700= CALL MATLST(ZM1,NWDD,1.°GN® ,KTERM)
18710% 1% CALL MATLST(DOM(LAN) ,NUND,NWDD, *ON®,KLIST)
18720= 18  CALL QDSCRT(DM(LQ) ,DM(LAN) ,2IM1,2ZM2)
A 18730= CALL DASCOM(LAD) ,DMCLAN) , TM1,ZM2)
740s= IFC(IFLTR.LE.O) GO TGO 19
134750= WRITE 107,310
13750% 107 FORMAT(®* ENTER MEASUREMENT MHOISE STRENGTHS: *,I2)
o
\o3¢
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-;€ 189770= CALL ROWGTS(DM(LR) s NMD,0)

;&3 18780= 19 CALL DVCTOR(NMD, UM(LR) , ZM1)

B 13790= CALL MATLST(ZM1,NMD,1,"R*,KTERM)

; 18800= 20 CALL MATLST(OM(LR),NMO,NMD, *R*,KLIST)
13810= 25. CALL TFRMTIX(DM(LME) , SMyNMI,ND1iM4,2)
18920= CALL TRANS2(NMD,NDIM,SM,ZM1)

t¢ 189330= LFCOQUsLFILLTRK4NDTIMENMD
Ny 13840= CaLl, DVUCTORI(NMD,DM(LR) ,FLT(LFCOV))

j 188%0= CALL SKFLTRINDIM,MMO,FLT,ZH1, IMCLOD) ,FLTLLFCOY) ,IM2,

v 182460= 1 FLT(LFLTRK),SM)

ﬁ?{ 13870= CALL TFIMTX(EM,COMY,NIIM,NDIM.2)

e {3830= IA=1 :
13870= Q0 3¢ I=1,NFLDO

2 13900= FLT(LFCOV~=1+I)aSART(ZM2(LA))

- 18910= 30 [A=TA+MDIN!

v;‘ 18920= Cal L MATLST(AFLTILFLTRK) ,NDIM, NMO, *KF*,KLIST)
;c 13?303 CALL MATLSTCFLTILFLTRK) p NUT 4, M, *KF * K TERM)
o 18940= IFLTR=1

! 187%50= LFI . KF=1
189403 111 FORMAT(AI)

- . 13370s KE TURN
~)? .8980=C ENI SUBROUTINE FLTRK
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26970=
24980=
25990=
27000=
27010=
27020=
27030=
27040=
270%0=
27040=
27070=
27075=
27080=
27090=
27100=
27110=
27120=
27130=
27140=>
271%0=
27150=
27170=
27180=
27190=
2719%=
27200=
27210=
27220=
27230
27240=
27250=
27250=101
27270=

27290=
27300=
2731)=
27320=
27330=
27340=
273%50=
273460
27370=
27330=
27379=
27400=
27410=
27420m
27430=

7440s
27450=
274460=102
2747)=

27280=103

SUBROUTINE PX¥DATACICODE,ND)
COMMON/7MAINL/NDIM,NDIM1,COML(L)
COMMON/MALN2/COM2¢(1)

COMMON/ INOU/KIN,KOUT, KPUNCH
COMMAN/DESIGN/NVCOM, TSAMP,LFLRF I, LFLEGT (LFLRF,LTEVAL ,LABORT
COMMON/F ILES/KSAVE .K[IATA,KFLOT,KLIST . KTERM
COMMON/SYSMTX./NUSM,3M(L)
COMMON/ZMTX1/NVIM,MLCL)

COMMON/ZMTL2/ZM2( L)
COMMON/MDIMO/NND pNRD p NF Do NMIN o NOD NWO o NWTID , NFL DU, NIGPMUETH, NNFR
COMMON/LOCD/LAP LGP LPHI, IR0, EX,LFPHD,1.9,LQN,LAD.1.C,L.0Y,LEY
1,LHFPWLR

COMMON/DSNMTX/NVBM.NODY «NOEY , (M(1)
COIMMON/NDIMC/NNC,NRC,NFC

COMMON/!.OCC/LFHC, LBDC,LCC.i.2C
COMIACN/CHIMTX/NUCM, MEWCM, NODS,CM( 1)
COMUYON/NDIMT/NNT oNRT,NMT ,NWT

CIMMON/LOCT/LPHT, LBDT,LQDT,LHT,LRT,LTET,LTNT
COMMON/TRUMTX/NUTM, TM(1)
COMMON/LCNTRL/LPI11,LFPIL2,LPI21,LPI22,LPHDL.LEDL
COMMON/CONTROL/NVCTL,CTL (L)
COMMON/LREGPI/LXDUW,LUDW,LPHCL ,LKX,LKZ
COMMON/CREGFT/NVRFI,RPL(1)
COMMON/LCGT/LALLILALZ,LA21,LAZ23,LA12,LA22,LKXALL.LKXALZ,
1LKXA&13

COMMCN/CCOT/NVCGT,CGT (L)
COMMON/LRF/LEADSN, LFL IRK,LFCOV
COMMON/CKXF/NVFLT,,FLT(1)

DIMENSION NDC13

DATA NO/1HN/

WRITE 101

FCRMAT(“OREAD IN CONTROLLER GAINS? (Y OR N) %)
READ 103, IANS

FORMAT(A3)

IF (IANS.EQ.NOY GO TO 102

CALL REAUFS(SM,ND,4,IERK)

LKX2ND(3)

LLKZaND( 4)

LKXALL=ND(6)

LKXAL2aND(7)

LKXA13=N0(8)

NNDP=(LKZ~-LKX+1)/NRD

CALL FTMTX(SMyRFT(LRX) ¢ NRD, NNOIP Y
LL=LKX$NRDANNDF

LEsNND=-NNDI?

CALL ZPART(RPI(LL),NRD,LE,NRD)

LKZ=LL+NRDRLE

LLsLL=-iKX+1

CALL FTHTX(SMILL) ,RPT(LKZ) ,NRU.NFN)
LLsSND(L1)-ND(S)+1

CALL FTMTX{SMIND(TS)),COT(LKXALL) ¢l L,y 1)
ND(1)=NND

ND(2)=NKD
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) 27430= N3 ) sNFD
~ 27490= NDC 3> =MD
- 27500= ND{S)sNDD
.. 27510= NIT(&) =NFLD
' ) 27%20= ND(7)=NNC
27%30= ND(B)aNKC
X 27540= ND(9)=NPC
. 275%0a ND(10)=NNT :
2 27550= ND(11)=NRT i
1 27970= NL(12)=8MT H
- 27580 ND(13)=NODY ;
-, 27590= ND( 14)=MOEY
R 274600= | NUZMSaNUZM
27510=C
<. 27620= CALL FTMTX(OM{LPHI),SM,NND,NND)
34 27630= LLaNNDENNTI+ 1
& 27440 CALL FTMTX(DH(LBL) ,3M(LL) 4NND.NRD)
1 1) 274%50= LiLsNNDANR O+
9 27450=C
' 27670= IF(NDD.EA.O) GO TO 100
: 27680= CALL FTHTX(OMCLEX) »SMILL) »MNMD,NOD)
X 27490= LL=NNOSNDD+LL
- 27/00= CALL FTMIX(OM(LFHD) ,SM{LL) ,NDD,NDD)
" 27710= ILL=NDDXNID+_L
X 27720= IF(NODY.EQ.1) GO TO 90
o 27730= CALL FTMTX(LM(LDY),SM{LL) ,NFD, NRI)
o . 27740= LL=NPTXMRI+LL
@ 277%0s 70 IF(NOEY.EQ.1) GO TO 9%
» re 27740= CALL FTHTX(DMC(LEY),SMCLL) ,MFPI,NOD)
«‘ 27770= LL=NPLURNLG+LL
‘s 27780=a 95 CALL FTMTX(DOMCLHP) » SHCLL) o NMD,NPLID
- 27790= 1.L =NMEKNPLD+i.L
h( 27800= 50 TO 200
N 27810= 100 CONTINUE
279820=C
) 27830= IF(NODY.EQ.1) GO TO 109
= 27840= CALL FTMTX(DMCLOY),SMCLL) s NPD,NRD)
- 27850= LL=NPIYNROALL
%) 27860= 105 CALL FTMTX(UMC(LHP) ,SM(LL)Y , NMD,NND)
) 27970= LL=NMOFNND+LL
o 27880= 200 CALL FTMTX(DM(LC) +SM(LL) .NFD,NND)
: 27890= LLaNPUANND+LL
27900= CALL FTMTX(CM(LPHC) , SM(LL) o MNC,NNC)
o 27910= LL=NNCANNC+LL
[-. 37920= CALL FTHTX(CM(LBOC),3M(LL) ,NNC,NRC)
s 27730= LL=NNCENRC 1L
P 27940s= CALL FTMTX(CM(LCC) ,»SM(LL) »NFC,NNC)
N 27950= LLsNPCANNG PLL
.. 27940= CALL FTMTX(TMC(LPHT) ,SM(LL) «NNT,NNT)
27970= LL=NNTENNT L
27980s CALL FTMTX(TM(LBDT)Y,SM(LL),NNT,NRT)
A 27990= LI aNNTANRT+LL
{ 19000s CALL FTMIXC(TM(LADT) ,SM(LL) ,NNT,ANT)
» 240190= LI=NNTHRNNTY # L
> 23020s CALL FIMTXCTMILHT) « SMILL) yNMT,NNT)
! 28030= LLENMTANNT+L
TI
"5"’.‘
. 1‘}.
-Q
Y
: 242
-,

SonTrNTN L RO

P T Pl VA R e S
‘Mﬁ;ﬁtﬁ.&.‘l&.ﬂ.’&h}ﬂ S S R e AR SR SIS, |




- l-.'-.'i""Q;'.' .".r‘,-..' -"'a

: 28040= CALL FTMTX(TMCLRT) +SM(LL) »NMT,NMT)
< 280%0= LL=NMYRNMT FLL
< 28040= CALL FTMTX(RPI(LKX),SM(LL) s NKRD,NND)
" ~8070= | NRDANND+LL
-~ 23080= CALL FTMTXCRFICLKZ) »3M(LL) 4NRD,NFD)
28090= L L=NRTIENPO+L
0 23100= CALL FTMTX(CGTC(LKXA11),SM(LL),NRC,NNC)
V.. 23110= LL=NRCXNNC+.L
i) 23120=C
) 291 30= (F(NLUDL.FO.0) 50 TO 3uo
ki 28140= CALL FTMTX(CGT(LKXA13) ,SH(LL) ,N&D.NOI)
-f 2818%0= LL=NRUANQU+EL )
§ “ 23:40= CALL FTMTX(FLT(LELTRY) . SMILL) pNFLO,NRT) |
) 28170= LL=NPLIKNMUSLL
- 29:90= CALL FTMTX(TH(LTDT) (3H(LL) NND.NNT)
~ 28190= LL=bNDRNNT #LL
¥ 24200m= CALL FTHTKCITM(LTNT) »3MCLL) 4 MDDy NNT)
! 28210= Ul=NOUKSNT HLL
0 28220= G0 TO 310
o~ 28230= 300 CONTINUE
. 23240=C
g 28250= CALL FTMTX(FLT(LFILTRK) ,SMCLLY , NNTI, NMDD
W 28260= Lo sANGXNMD+LL
N 28270 FALL FTMTXCTM(LTUT) JGM(LL) ,NND . NNT)
b 22280= LLaNNDXNNT +LL
28290= 310 SM(LL)=TSAMF
28300= NDf1%) =Ll
28310= CALL WFILEDN(ICGDE,LL,ND,5M)
@ 28320= MY ZM=NVZMS
X i 21330= RETURM
$ 28340= END SURROUTINE PFLATA
e
_ SUBROUTINE DAS(BD,Q0+8DP¢QP) 02962¢
-, CONMON/NAINL/NDIN 029627
e~ CONMONZNDIMO/NND o NR O »NPO ¢ NMD 9NOD o NUD o NWOD o NPLD o NWFNUD ¢ NNPR 029700
N CONMON/FILES/KSAVE ¢ XDATAoKPLOT +KLIST KTERN 029710
N OATA NG/71HN/ 329720
., URITE 101 029730
S 1231 FORMATC®IMOOIFY @ OY ODOYLE AND STEIN? (Y OR N> *) 029740
: READ 102¢IANS . g297%0
- 102 - FORMATEAS - - - .- . — - - VY 1 % 741 §
X TF(TANS.EQ.NO) RETURN 029770
WRITE 133 029780 }—A
'’ 133 FORMAT(SIENTER G>*) . 929799
o READ ©4Q0AS : 02980°
, QCAS2GOAS*QDAS 029810
& CALL TFRMTX(B80¢B0P¢NNOsNRD2) 029820
: TFCNND.EG.NPLDY 60 ~0 13 029830
Z L12LACORCNPLO¢NA D1 1) 029840
o 10 CALL NATZ(NPLOJNRD+B0OP+B0P»QP) 0298340
. CALL MADDL(NPLOINPLD¢Q0+QPs A0+ Q0AS) 029860
” CALL MATLST CQOoNPLO ¢sNPLDy ®QP®4KLIST) 029817
', RETURN 0298aC
L ENO 02969¢
NS
.,
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S APPENDIX D: Additional AFTI/F-16
;‘1 :‘3{ Performance Data
f_: D.1 Introduction
: In Reference 6, it is stated that the Doyle and Stein technique for
& Kalman filter robustification is guaranteed to work only for a minimum-

_U‘ phase design model. That is, the model of the system to be controlled
'~‘ may not have transmission zeroes in the right-half s-plane.

X The perturbation equations of motion described in Chapter V are
'-c: linearized about a trim flight conditicn at an altitude of 10000 feet and
: a Mach number of 0.6. This yields a design model that is minimum phase.
X Initially; the trim condition was at the same altitude but with a Mach
:.'; number of 0.8, to be consistent with other research donme with the same
:5 model (Ref 12;27:29). At this design point, the eight-state controller
o @ model 1is non-minimum phase. The Doyle and Stein robustification was applied
E: ’ to this system with some unexpected results.

i The results of a performance analysis of the eight-3tate continuous-
~ time controller e§aluated against a twelﬁe-st.ate truth model are presented
_ﬁi in this chapter. First the perfcrmance was e§a1uated against a twelire—
;'{ state truth model (10000 ft, M=0.6). Then, the response of the system at

off-design condition is presented, with and without robustification.

E D.2 Performance Evaluation of a Non-Minimum Phase Design Model
The performance of the non-minimum phase system at the design flight
: condition with a reduced-order design model is showm in Figure (D-1).

; The response of the system is stable with O converging to zero, and the

: standard dew'r:l.ation conire'rging to a small finite §ra1ue. The performance
o ,
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Standard Deviation of Theta for the Unrobustified
Non-Minimum Phase System
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o
\"“ of this controller is actually better than the one described in
'-,' i Chapters V and VI. The transient time and steady-state error are sub-
‘ Co stantially better.
Figure (D-2) shows the mean of O response when the flight condition
is changed to an altitude of 20000 feet and a Mach number of 0.6. This
x;‘ response is still stable although slower and more oscillatory than the
i:j previous case. Figures (D-3) through (D-5) show the response of the same
f::: controller with progressively higher strengths of white noise added to the
:_{E model at the control entry points. It is seen that the stability of the

3 controlled system is lost with the application of the robustification
J-' technique. Examination of the eigenvalues of the closed-loop system
::: matrix disclosed that, for any non-zero value of q, some of the eigen-
).':E values are driven into the right-~-half s-plane.
- If the response of the system at another off-design point (10000
*‘:: @ feet, M = 0.6) is examined (Figure D-6). It seen that the mean of O is
‘. diverging rapidly. Howeire_r, as shown in Figure (D-7), if white noise of
: strength q2 = 1000 is added to the system model, the divergence is
$: considerably slower. Figures (D-8) and (D-9) demonstrate that adding
f:' white noise with higher strength will stabilize the pitch attitude
' response. The mean of © is actually converging to a steady-state value.
:’ Figures (D-10) through (D-12) show the same trend for the pitch rate, q.
E. The figures in this appendix show that the trends observed in
Chapter VI do not apply if the model used for controller and Kalman filter
:.: design is non-minimum phase. A case was shown where the stability of 1
" the system at an off-design flight condition was recofrered by applying
S
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the robustification technique. However, the noise addition destabilized
the response of the system at another flight condition that was initially
stable.

Reference 28 deals with the robustification technique of adding
time~-correlated noise to a system model at the control entry points. It
states that this method is not constrained to minimum phase models as in
the Doyle and Stein technique. This claim was not examined in this thesis,
however, the models used would form a good basis for future research in

this area.
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