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Preface

1 chose this thesis topic dealing with reconfigurable control
laws for two reasons. First, it is in the area of flight control
which is a sequence in my graduate studies. Second, it employs a new
theory which is understood by very few people, but which is extremely
{mportant., This research was a continuation of work done by Captain
David Potts for the AFWAL/Flight Dynamics Laboratory (FDL).

This thesis revised the aircraft model developed by Captain Potts,
and then used output feedback to design a control law for the A-7D.

The technique used to design the control law was developed by Professor
Brian Porter at the University of Salford, England.

I vant to thank all of the people who have helped me in my research,
especially Professor Porter, Professor D'Azzo, Professor Houpis, Captain
Silverthorns and Captain Potts. These men gave me the necessary guid-
ance to understand and to complete this work.

I also wish to thank my sponsor, Mr. Duane Robertus, as well as
Lieutenant Robinson, for her work in securing the needed meterial from

Professor Porter.

Randall N. Paschall
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Abstract

This thesis uses the design procedures developed by Professor
Porter at the University of Salford, England in an attempt to design
a multivariable tracker control law for the A-7D Digitac II Aircraftc.
Some of the limitations and problems associated with this design pro-
cedure are uncovered in this study.

A six-degree-of-freedom aircraft model is developed and is then
modified to a form that is required by the design procedure. The theory
used for the design determines the necessary arrangement of the equations.
A tracker control law is first designed for one flight condition. Then
it is checked for robustness by applying’ the control law at a different
flight condition and also by removing the rudder from the inputs. A
design computer program called MULTI is developed to perform the compu-
tations and simulations.

It is found that the design techniques developed by Professor
Porter are valid, but that they are not applicable to all systems. A
problem occurs when the inputs, as with an aircraft, are bounded,

Problems may also be encountered when the sensor and actuator models
are incorporated into the design., Therefore, for this study, the sensor
and actuator models are removed and approximated as unity.

More work is needed in this research to expand kﬁbwledge about the
selection of the adjustable parameters in order to develop a better
design and to more effectively utilize the bagiec design, Further work

xvii




is also needed to prefect the useability of the program MULTI. This
F thesis provides a good stepping stone to & better understanding of

this design technique and its applicability,
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Design of a
Multivariable Tracker Control Law
for the A-7D Digitac II Afrcraft

I. 1Introduction

As technology continues to advance, the use of digital flight
control aystems on aircraft grows. Future ajrcraft will have the
normal set of primary control surfaces (ailerons, spoilers, flaps, and
horizontal stabilizers) split into independently controlled sections.
This thesis attempts to develop a tracker control law with the primary
surfaces split in this fashion. In ordef to learn the techniques for
ifmplementing the theory, the decision was made to recombine some of the
surfaces in order to arrive at & model that was more managesble, The

regulting wodel has only one split surface (the horizontal stadbliizer).

Background

It had been recently suggested that it is pocslblé to design a direct
digital flight control system that offers noninteracting control of various
flight modes which allows the sircraft to maneuver {n ways that are not
possible using conventional techniques. Bradshaw and Porter (Ref, 3)
have developed a synthesis method for this type of con;rol which uses
fast-ssmpling error-actuated digital control. The implewsanting equations

necesssry to perform this design have been developed by Porter under




contract to the Air Force (Ref. 12). This thesis took these equations
and this theory and used them to investigate a flight control system

for the A-7D aircraft.
Problem

The object of this thesis is to develop & comprehensive aircraft
model for the A-7D aircraft and then to use Professor Porter's theory
to design a tracker control law. The result is 2 review of this new
design technique, and a commentary on its limitations, problem ateas,

and per.formance.

Scope

A tracker control law is designed in order to gain a complete under-
oélndlng of Porter's methods. The resulting design is then checked for
robustness in two ways:

1. The control law is used at a differeat flight condition
to see how it responds over a wide range of parameter

changes.

.2, The rudder is made {noperative and the control law used
to ses how this aircraft disability is handled.

Approach

This thesis is limited to an investigation of the theory developed

by Professor Porter (Ref. 4). The resulting design is not claimed to be 1

the best possible, but rather the best the this engineer could design {in
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the time allowed. The design is checked for robustness, and the results

are discussed. The entire design process {s done using an interactive
computer package called MULTI. MULTI has been developed by Captain Doug
Porter, Lieutenant Joseph Smyth, and this author. The progran utilizes
the equations developed by Professor Porter, The steps taken in completing
this thesis are:
1. Develop the necessary aircraft equations at three flight
conditions.

2, Develop the interactive computer software package MULTI
that performs the design and simulations.

3. Design a tracker control law using the appropriate method.

4, Check the resulting desigr for robustness.

Each step, by itself, could have been expanded {nto a separate
thesis. Since there are three possible approaches to the problem (see
Chapter III), step 3 proved to be very difficult. Numerous trials are

attempted before an acceptable design that works is finally reached.

e

Assumptions

The assumptions made in this thesis deal with the aircraft model,
and the aircraft operation. First, the aircraft is assumed to make only
small perturbations about a trimmed straight and levathltght condition,
Secondly, the aircraft equations of motion developed are in the stability

axis reference frame. Thirdly, the coefficients of the control derivatives




are normally for a pair of control surfaces, are halved, given the
proper sign, and used whenever the control surface is split into two

independent sections.

Presentation

This thesis is composed of 7 chapters. Chapter II develops the
aircraft models and Appendix A provides the details and the equations
used., Chapter III presents the theory used for the design of the digital
control law., Three approaches are discussed, as well as when to use
each one, Chapter IV discusses the development of the computer program
MULTI which is needed to compute the design and simulate the results.
The program handles all three design approaches. Chapter V describes
several approaches taken in an attempt to find an approach that produces
valid results, When more than one approach can be used, it is necessary
to find out which one is better and then to use that one. Chapter VI
discusses the results obtained, The results are collected in Appendix B
for easy location and viewing. Chapter VII presents the conclusions and

recommendations,
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I1. The Afrcraft Models

Introduction

The model for the A-7D aircraft presented by Potts (Ref. 15) is
revised and a new model is developed. Using the same six degree-of-
freedom (D-0-F) aircraft model and the same approach as presented by
Potts (Ref. 15), a2 "modified"model {s derived. The model considers
many control surfaces to be independent which are traditionally com-
sidered to act as one unit. For example, the horizontal stabilizer is
divided into two independent control surfaces, the right and left hori-
zontal stabilizers. A }1near model is obtained by linearizing the non-
Iinear six degree-of-freedom equations about a normal operating point.
After a revised model {s generated for the first flight condition at 0.6
Mach at an altitude of 15,000 feet, two additional flight conditions are
considered., Models are also developed for Mach numbers of 0.18 and 0.8 &t
altitudes of 2,000 feet and 35,000 feet respectively. The model for C.!
Mach is assumed to be a landing configuration. In this manner, the necw
control laws are checked for robustness over a wide range of flight

conditions,

Afrcrafc Description

The A-7D i{s a single seat, light attack afrcraft with moderately
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swept wing and tail surfaces, and is powered by a single TF41-A-1
engine (Ref.l7). The describing data for the aircraft as found in

Reference 9 {s given in Table I.

TABLE 1

A-7D Descriptive Data

Item Dimension Unit
Fuselage ‘
Length 45.4 ft
Wing Area 375 £e2
Wing Mean
Geometric Chord 10.8 ft
Horizontal
Stabilizer Area 56.2 fe2
-Horizontal )
Slab m.g.c. 6.1 ft

Distance from
0.25 Wing m.g.c.
to 0.25 Hori-
zontal Slab

m.g.c. ' 16.2 ft
Weight 25,238 1bs
6
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System Models

The models used to describe the A-7D at various flight conditions
are developed using the same 6 D-O-F aircraft equations given by Potts
in Reference 15. By using the same technique as Potts, control of
lateral motion is made possible by using a longitudinal control surface,
and control of longitudinal motion is made possible by using a lateral
control surface. This is essential for reconfiguration to be possible
after the loss of a primary control surface. The details of this technique

are found in Appendix A, The control surfaces that are considered as in-

put are the ailerons, the spoilers, the flaps, the rudder, and the hori-
zontal stabilizer. The aflerons, spoilers, and the horizontal stabilizer
are divided into separate individual control surfaces (right and left),
while the rudder and flaps are left as single inputs. In this manner there
are a total of 8 inputs considered. There are likewise 8 outputs. These
include the forward velocity u, the flight path angle Y, the pitch rate q,
the pitch angle 6, the roll rate p, the roll angle @, and the yaw rate r.
The system is square, that is, the number of inputs is equal to the nunder
of outputs. By including the individual control surfaces, the equations of
motion are not decoupled to separately describe lateral and longitudinal
wotion, #
The stability derivatives that are needed in the equatigns of motion
are given in Appendix A, The derivatives that are not given in either

Reference 1 or Reference 9 are computed by conventional aerodynamic




techniques with the aid of a computer package called digital DATCOM

(Ref. 10).

Summary

This chapter gives a description of the A-7D aircraft and fdentifies
the control surfaces which are considered as inputs for the 6 D-O-F
models developed, Models for three flight conditions are developed with
0.6, 0.18, and 0.8 Mach at altitudes of 15,000, 2,000 and 35,000 feet,
respectively., With the models developed, the next step is to present the

multivariable control theory by which the new control laws are designed.
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III. Multivariable Digital Control Theory

Introduction

The design techniques in this thesis for development of a tracker
control law use the theory developed by Professor Brian Porter (Ref. 3).
The concepts involved and the describing equations are presented {n this
chapter. Only the digital approaches are discussed, although analog
control laws based on the same concept are possible. These techniques are
used to synthesize a sampled-data hybrid control system which consists of
8 continuous-time plant and a digital controller that produces a coantrol
input signal which is piece-wise constant for each sampling period.

Professor Porter has developed three design procedures. All three
of the procedures are presented in this chapter. The procedure to use
is determined by the first markov parameter., The first markov parameter

is defined as the product CB and is discussed in this chapter.

Unknown Plant Design

-In many cases, & state equation model {s not available to describe
a system, If this is the case, the steady-state transfer function matrix
G(0) can be determined from off-line tests performed on the system (Ref. 13)
provided that the plant {s stable. If the state equatibns are available,
then G(0) can be determined using Equation (1) for the system represented
by the continuous-time state and output equations, X = Ax + Bu + Dd

and y = Cx + Du,




N v T Y AT PR AW ST TN Yo e g S e v 1] < e .

-1

g = calp m
where G(0) € Rlx m
In either case G(0)is the transfer function watrix G(A\), as defined in
Equation (2), with A = 0, that is,
-1
G(N = C(AI,-A) B )
where n = number of states
In order for integral action to preserve stability, G(0) must have
rank equal to the number of outputs, This condition also requires that
the the number of outputs be less than or equal to the number of inputs
(1 ¢ m). This procedure assumes that the eigenvalues of the open
loop plant matrix A € R 1lie {n the open left half-plane (Ref.12),
. Digital error-actuated controllers are described by state and output
equations of the form (Ref.13)
et T nxk + \Vuk Adk 3
Yk = rxk (%)

where

x, = x(kT) € R"  (state vector)
ue = u(kT) € R" (control input vector)

Yk = y(kT) e‘Rx (output vector)

= d(kt) € RP (disturbance vector)
N - exp (AT)

‘\' - ST exp (At) B dt
o

10
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A . S exp (At) D dt

M- e

In these equations T is the sampling period.
When error-actuated digital control is applied to plants described
by Equations (3) and (4), the proportional plus integral control law

equation that results is:

U, = o TEK* e, + ETK'z, (5
where

e " e(KT) = v, - Y € Rl (error vector)

Vi = Vi (KT) € Rl (command input vector)

z, = zk(KT) € Rz (integral of error)

In Equation (5),®< is a design parameter that determines the desired ratio
of proportional to integral action. E isa normalizing factor,and v, is

the command input vector., If L o T, and K are chosen so that all the
glooed-loop eigenvglues lie within the digital unit disc, then &&mj = 0,
and set-poinc tracking occurs (Ref. 13); According to reference 13 the para-

meter K is determined by the relationship

kK = feeHt & )

. where

G = G(0)

L - dtagloy, 0, . ... --“il°'x>°
11




In Equation (6), 2. is & matrix that is used as an additional “tuning"
psrameter for better results. Figure 1 is a block disgram for this

control scheme,

Regular Plants

Plants that are described by state and output equations
% = Ax + Bu

y = Cx

can be transformed by use of a transformation matrix, if necessary, 8o

that the new state and output equations have the form

[xlj _ A1l Ay —xl" . o .
%, Ay, A %, B2 7
R

[ xl
y “|&a € X
e —2_

)

(8)

9

(10)
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vhere

Ay, € r(n-0) x (a-D)

g (-9 x4

€ llx (n-0)

Ix A
R

Lx 4
R

R(x (n-l)

Lx £
R

xzén

uenl
YéRz

The first Markov parameter is defined as _§2_§2 for equations of this
form. 1If the rank of C,B, = A, then the plant is referred to as
"regular”., For plants of this type, the governing control law equation

is (Ref. 3),
. .
van) =t[ exgewn + Kezn) | (11)

vhere
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e(kT)E R

s(kT) € ll

For this control law, where e(kT) = wv(kT) - y(kT), the output vector
y(kT) ctracks any constant command vector v(kT) (Ref, 3). The relation-

ship between K  and l_(l is

K =o(K (12)

o =1

where OC 1is an adjustable design parameter, 50 is defined by the equation

-1
_l_(_o - (9.2.3.2) '2 (13)

where
T -dtagi_ci.di......ﬂi}
-1 £ (l-d})(l
0y € R

The closed-loop system responds faster and has less {nteraction as T
is decreased (Ref. 3). For systems of this form, Equation (9), the

transmission zZeros are the set derived from the relationship

-1
2, -{‘)\1‘, g7 Tnogs Ty * TALC Cx\ - 01 (14)

The transmission zeros must lie within the unit disc for complete stability
as T -» 0, Transmission zeros that lie on the unit disc, or outside of f{t,

can cause fnstabilities, Also, if paths to transmission zeros cross into

15
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unstable regions, there exists a rvange of T that produces

i{astability. Yor tracking to occur, all of the closed-loop poles must
1ie within the unit disc. Figure 1 is also s block diagram for this

type of control scheme,

Irregular Plants

For high-performance systems described by Equation (9) and Equation
(10), 1f the first Markov parameter gzgz has rank less than 4(. then the
plant s said to be "irrcgular", It is assumed that !2 is full rank in
such systems so that the rank deficiency is within the matrix C,. If this

is the case, it is necessary to introduce a vector of extra measurements

W(t) (Ref. & ) such that

\ X)
we) = (8, £J [Xz] (15)

wvhere
- 1
. < s

The addition of the extra measurements changes the form of e(t) so that

e(t) = v(t) - W(t). Fy and ¥, are defined by the equations

2
"!2 - 52 + ! .A_lz (17)

In pquations (16) and (17), M d{s the transducer matrix of dimension

16
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Ax (-D.
If the closed-loop system is assymptotically stable, Equation (9)

implies that X, ()
lim E\u, Ala - 0

te oo Xz(t)

(18)

for constant command inputs, so that in steady state W(t) = y(t) (Ref, 4).

Therefore, in the steady state
&m e(kT) = 1lim w(kT) - W(kT) = 0 (19)
> o0 K.“

This ensures tracking of the command vector in steady state operation.
Proper choice of M "makes" the plant regular. This requires
that !2-5-2 have rank { . Since _32 is assumed to have rank { at the start,

M 1e chosen so that (Ref. 4 ).
rank F, = rank (C) + MA.,) - f (20)

Once the plant 1s ‘'"made" regular by proper choice of M , the

governing control law {s equation (ll) where now
-1 T
Ko = (EB) -+ L (21)

The transmission zeros are the set derived from the relationship

r © UM“'I' Lig-TAy + '“‘12*‘;»l Fll - o} (22)

The same ideas that applied to regular plants apply to irregular plants
once M 1is chosen 80 as to "make" the irregular plant appear regular.

Figure 2 is a block diagram for this control scheme.

17
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This chapter presents the three design concepts developed by Professor
Porter. For further details, the reader is encouraged to see the references
given in this chapter. The three catagories of plants are: unknown,
regular (rank CoB, = A ), and irregular (rank C,B, < 1). The next chapter
presents the computer package developed to employ these concepts. Chapter

Y shows how the proper design procedure is chosen and applied.

19




IV. Computer Program Development

Introduction

MULTI, an interactive, user-oriented computer program, is devel-
oped to design and simulate the control laws for unknown, regular, and
irregular plants. The computer program is written in FORTRAN V code.

It is developed along the lines of a computer package called PAK200
which w;s received from the University of Salford, Department of Aero-
nautfical and Mechanical Engineering (Ref. 6 ). The program utilizes
digital theory as opposed to continuous methods, The MULTI computer
package contains approximately 40 options which give the user an inter-
active, iterative approach in the design and simulatfion of control laws
for linear, multivariable plants, The control law assures that the out-
put tracks the input and that disturbance rejection is accomplished.

This chapter relates the requirements that are set for the pro-
gram, the program design emphasis, the constraints and problems
faced in the development of MULTI, and the actual program strusture
of MULTI. A User's Manual for MULTI and a Programmer's Manual for MULTI

are found in Captain Doug Porter's thesis (Ref.14 ) along with a complete

listing of the program.

Program Requirements

The requirements for the computer program are set so that MULTI

can take full advantage of the techniques used in designing the

20
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discrete-time tracking systems for linear multivariable plants.

These requirements include:

L

2.

7'

The computer package must be fully interactive, user-
oriented, and allow for an interactive design process,

The program must allow the user to input data from the
terminal keyboard or a data file and store pertinent
data in local files upon normal program termination.

The package should include design capability for unknown,
regular and irregular plants,

The package must be able to recognize when singular
matrices are formed and direct the user to apply an
alternate design technique.

The package must be able to form a measurement matrix from
terminal input.

The package must include a discrete-time simulation in
order to evaluate the control laws developed.

The package must include a plotting capability.

These requirements result in a software package that is very versatile,

Program Design Emphasis

When a computer program i{s divided into several modules, the content.

of each module and the interconnections between the modules can signi-

ficantly affect the operation and complexity of the resulting program.

Coupling and cohesion are two qualities that are used to check the over-

‘11 design.

Coupling is the measure of the strength of the intercennections

between one module and another. 1t is esseqtial that coupling be kept

T

3

s
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at a minimum so that changes in one module do not severely affect the
other modules. When coupling is retained at a low level, the ease of
finding and correcting program bugs is enhanced and the program's life
is increased since quick modifications are made possible. Labeled
common blocks are used rather than blank common blocks so that the level
of coupling is reduced.

Cohesion is the degree of functional relatedness of processing
elemeats within a single module. It also has a direct effect on the
ability of a programmer to maintain and modify a program. A high level
of cohesion is desirable and is kept by putting only functionally re-
lated processes within each module.

In MULTI, the major functions of the program are directed to lower-
level modules. Every module is designed to use a minimum of memory core,
and every labeled common block is designed to hold only those elements
needed for a gpecific purpose. Through this type of design, MULTI is
able to use minimum computer memory core, have minimum coupling and retain

a high level of cohesion,

Design Constraints

There are two main design constraints when developing a computer
program like MULTI. One, the computer language that is used, and
two, the availability of computer core memory that is allowed when using
an INTERCOM system,

FORTRAN V 1ig chosen as the language for MULTI since it is the

22
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latest version of FORTRAN available on the ASD CYBER computer system,
Using fORTRAN V does not restrict the use of the ASD Library sub-
routines, even though they are coded in FORTRAN IV, since all are
readily compiled into the more powerful version.

Current interactive computer users are constrained to operate in
65K words of core memory, or less. Therefore, MULTI 1is designed to
operate within this restriction. The core memory restriction is met

through the modular design of the program,

Developmental Problems

The original program design is adopted from a computer package
called PAK200 which wns‘vrttten for controller design simulation at
the University of Salford, England. It was originally conveyed that
the development of a similar computer package, compatible with the ASD
CYBER computer, would merely involve the substitution of certain computa-
tional subroutines from the ASD Subroutines into PAK200. The MULTI
computer package is now & completely iunteractive design and simulation
tool for all three types of plants. The main body of the code from PAK
200 1is entirely contained in one option of MULTI. Two subroutines, dealing
with the differential equation formation and the value of the output at
the end of each time increwment, are also retained to provtde-compatlbility
with the original simualtion code,

MULT1's development faced several other problems. The use of the

FORTRAN V language presented a barrier which was not eliminated until

23
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severa] months into MULTI's design. This problem involved the use of
character statements, first available in FORTRAN V, which produced
sporadic errors during MULTI's wany modifications. This problem is
known to FORTRAN V subscribers but not to its users.

The constant breakdown of computer operations is a big problem.
Just wvhen it seems progress is being made, the ASD CYBER system would
go down, This caused the proposed time for program development to be
increased by as much as a month, This is a problem that should be
considered by anyone developing or modifying a program.

The final version of MULTI is the best that can be obtained by
control engineer programmers within the time constraints imposed on the
development, testing, and simulation of a model, controller and computer
package for the newest techniques of the multivariable design of this

thesis. MULTI meets all the specific requirements &s outlined above,

Program Structure

Since MULTI must be able to operate in 65K words of core wmemory,
its program structure consists of a group of various modules. Information
between these modules is passed by using the data base concept of global
storage. To allow MULTI to be fully interactive, the program uses a very
simple Program Control Interface, ‘

To reduce the amount of memory core required for operation, MULTI
has a structure consisting of several modules, called overlays. Each

overlay is an executable program and combines with all other overlays to

- 4““_ > "W:ﬁ;*—




form a complete functioning overlay structure, There i{s one main over-
lay in MULTI. The main overlay is an Executive Program directing the

actual functions of the program to 13 lower-level primary overlays.

This overlay structure is responsible for MULTI's operation within
the defined 65K memory core limit. The main overlay remains in executable
& memory at all times. As each computational or functional requirement of
‘ the program is needed, the overlay designed to perform that procedure is
loaded into executable memory behind the main overlay. When the procedure
is finished, the used overlay is saved, and the overlay needed for the

next procedure is loaded behind the main overlay. . i

o R e

Data information is passed between overlays in MULTI by the use of

labeled common blocks. If a program variable in an overlay is not listed

amper e

in a labeled common block, its value is not retained when the next over-
lay is loaded.

A complete description of overlays and how they are used in MULTI can

e tearevws e

be found in the MULTI Programmer's Manual (Ref.l4 )

- e

!pLTI uses three types of data storage methods which corprises {ts
datg base, These three types-of storage methods are: local storage,
% global storage, and mass storage, Mass storage in MULTI entails only the
: use of sequential-access files, |
Local storage is the storage method which is used for program variables
that are needed only during the execution of a particular overlay. As

mentioned above, these locally stored variable values are lost when the

B T R

overlay is finished executing, MULTI has several matrices which are 1

generated during program execution whose values are destroyed when they

25
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are no longer needed.
Global storage is used for program variables whose element values
sre required to be passed between overlays. All of MULTI's global
storage is accomplished using labeled common blocks. The variables
defined in each common block are purposely chosen to keep each over-
lay memory core requirement at a minimum, and still allow for the necessary
data transfer between overlay loading.
Sequential-access files are used in MULTI's external data fnput

functions and in MULTI'‘s mass storage capability, A sequential-access,

data-input f{le can be built by any user for use with the program. The
specifics and proper formatting of these files is described in detail in
the user's manual (Ref. 14). MULTI automatically creates two separate
memory files when the user terminates program operation. A file called
"gsm" is generated to hold all data describing the plant of interest,
and a file called "MEM10O" is created to hold all design parameters.
MULT1's interface design is similar to the interface found in TOTAL
(Ref. g ), but is not neariy as complex. All MULTI operations are con-
trolled by having the user chodse various option numbers which correspond
to desired computational functions. Since there is minimal input data
verification, the user must adhere strictly to the ltmlta;ions noted in

various parts of the MULTI User's Manual. Every completed option sets

an intermal "flag" allowing entry into other options. There {8 a definite
pattern for successful program operation which corresponds to a normal ]
design process, The program {s designed to require the user to flow from

-

data input, to controller design, and then to simulation. Each part of
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the design can be re-accomplished interactively, but the user {s not per-
mitted to proceed in the flow until each preceeding design step is accom-
plished. All options are explained in the MULTI User's Manual, Data access
in MULTI {s accomplished by program requests and by the use of a specisal
option number range. The user can view certain pertinent matrix combina-
tions and other data of interest responding affirmatively when the program
prints:

ENTER "O" TO OBTAIN DATA PRINTOUT

ENTER "1" TO SKIP DATA PRINTOUT,..
In some cases, the data cannot be accessed again, since it is contained
on &8 local storage device, unless the user re-enters the same option with
the same plant data and design specifications,

The second method of data access i{s by the use of options having

the value of 100 or greater, If data has been entered using OPTION #1
the same data can be accessed for verification by using OPTION #101,
This method of data access is developed in the last few versions of the
program. The original in-line format of displaying data takes too much
time during the complete design process., The final data aégess method
allows for easy, selective data access,

Aft;r data access the user may determine that values.are not entered
correctly, or for some reason need to be changed. The user can use one
of the two means to change the data, The option related to the data in
question can be re-entered or the user can terminate MULTI and edit the

program-created data files. This last means of changing data is of
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special interest when changing element values of the plant's A, B, C,
and D matrices,

The error detection and recovery aspects of MULTI are limited.
Since the main emphasis of the thesis was not originally perceived to
entail the complete design of a computer simulation package, MULTI's
design 418 not based upon the ability to protect the user from input
errors, MULTI 1is designed to alert a user, and recover, when program
flow i{s not in the proper order or when certain plant deficiencies
require the use of a certain controller design.

Input errors such as character entries for numerical data, and
vice versa, are all detected by the CYBER error detection capabilities.
In these cases the user is allowed to re-enter the proper information
and continue,

MULTI restricts the user to a 10 state, 10 input, 10 ocutput system
with 2nd order actuators and sensors, Simultaneous simulations can be
tun for up to two different sampling times while plots can be generated
which display up to four superimposed curves. When the user's requests
exceed these limitations, the entire MULTI program i{s aborted, It
is suggested that any MULTI user become completely familiar with the
user's guide for the program,

When MULTI {s aborted the CYBER system relates the'i nature of
the error which causes the abnormal termination of the program. It
must be stated that MULTI is not as dynamic in its ability to receive
input datas as other programs with which the user may be fami}lar (i.e.

TOTAL (Ref. 8 ), CESA (Ref. 7 )). At present, character inputs to
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display current matrix values or system design values are not available
except by requesting the proper option number. Alsoc at present, enter-
ing & "$" symbol, rather than actual data, to abort an option, is not

recognized unless specifically noted in the program {nstructions.

Summary

This chapter discusses the development of the computer program MULTI.
The program structure, requirements, and design is presented so that the
reader can understand what is done, not necessarily how. The program has
sreas that need i{mprovement, but these can only be identified by user
involvement. The program should be modified before release so that it
performs as desired by control designers., Further details of the program
are contained in Captain Doug Porter's thesis (Ref.14 ) since he aided in
develop;ng the package. The next chapter discusses the design that {is

performed using MULTI.
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V. Design Approaches

Introduction

This chapter discusses the several approaches that are taken to

design the tracker control law, Since there are three design procedures

(see Chapter 11I), the first thing that needs to be determined is the
design procedure to be used., Then, once the proper choice is made, the
design is performed using the program MULTI,

Looking at the model for Mach 0.6 at an altitude of 15,000 feet
(see Appendix A) it is obvious that the B matrix does not have full
rank. The first approach attempted is the use of the psuedoinverse of B
in conjunction with the regular design procedure to generate a control
law, The second attempt involves recombining some of the input surfaces
and re-arranging the equations so that they can be put in the form of
Equation (9) and Equation (10) in Chapter III., Once the equations are
in the necessary form, the unknown design procedure is attempted first,
However, G(0) proves to be renk deficient so the regular design procedure
is used since CoBs had rank = £, The first choice of outputs leads to &
set of transmission zeros at the origin and an uncontrollable mode. A
second choice of outputs is selected with 9252 rank deficient, Using the
irregular design procedure, a measurement matrix M {s selected that places
the transmission zeros at -3. This gives a stable response and a control
law that responds to a desfred input command vector. All of these attempts

are explained in detail in this chapter. The results of the final attempt
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sre presented to show the resulting tracker control law,

Psuedoinverse Approach

The theory developed by Professor Porter considers only the case
for n? l(numbet of states Y number of outputs). However, the model
presented in Appendix A has n = { . If n =/, then the B matrix is

equal to B, since the number of zero rows above B, (see Equation (9)

2
Chapter II1I) is equal to n -1. Also since B, € Rexl , the number of
inputs must equal the number of outputs to satisfy this condition. There-
fore, in order to maintain 8 inputs, 8 outputs are required, This
prevented the idea of measuring less outputs to place the B matrix in the
proper format. Also, {f n = f, then the C matrix {s equal to c,.

The first approach uses the fact that CoB = C B and this
relation is wused in conjunction with the regular design procedure.
Since C 1is chosen to have full rank,the use of a measurement matrix
is not needed. However, B 4is rank deficient so that K, can not

be determined by the relationship

-1 -1 -1-1
K, = (C;B) T = (cB) £ =BCE (23)

-1
This makes it necessary to use a psuedoinverse for B ., This

fnverse 4s noted as !p . The psuedoinverse is not guaranteed to
have a unique solution.

When the B matrix psuedoinverse {s obtained, the result is a rank

-1

deficient !p . There are two columns of zeros (fourth and” eighth).
31
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Using the value of 50 obtained from Equation (23), and using

the original C and B matrices, Equation (24) can be used to see if

the original T matrix can be obtained. The original T matrix used to

find l_(o is T = I. However, when Equation (24) is used, the

resulting matrix obtained using TOTAL (Ref. 8 ) is

0.996 0 0 0 0.2893 -0.023 0 0
0 1 o -1 0 0 0 0
0 0 1 0 0.2213 -0.025 o 0
0 (] 0 0 (] 0 0 0
K, =
0 0 ) 0 0.9993 0 0 0
0 0 0 0 0.3007 0.9982 0 0
0 0 0 0 0.047 0 1 0
0 0 0 0 0 0 0 0

This {s not I that {s used to find K,. The problt;m lies in
the psuedoinverse of B. Therefore, the psuedoinverse approach is
deemed unacceptable, The next approach p'..s the state and output

equations into the form of Equations (9) and (10).

Recombined Input Surfaces

For the model presented in Appendix A, Equations (A-39) and (A-40),

a=8=mne=f., The B matrix has two rows of zeros in it. These two rows

-r v e b, alyg
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of zeros come from the kinematic relationships

é - q (258)
0 = p (25b)

If the state equations are put in the form of Equation (9), the number

of outputs allowed is determined from the equation
a- ,( = npumber of rows of zero (26)

Since there are two rows of zeros and eight states, the number of
outputs needed {8 6. Since the number of outputs must equal the number of
inputs, there can only be six inputs, Since there are eight fnputs in the
development of the aircraft equations, some of the input surfaces must be
recombined., The surfaces that are split are the horizontal tail (SH), the
ailerons (S.) and the spoilers (Ss)'

The ailerons are combined so that B, hes full rank, If this surface
were left divided, there would be two columns in the B matrix that are
not independent, Combining the aileron input surface left the model with
7 inputs so that one other surface was recombined.

The spoilers are chosen to be the other surface to be recombined
for two reasons, First,the spoilers normally act as a unit, and second,
the horizontal tail is used in another study as a split surface (Ref, 14),

With only six f{nputs, the state equations are re-arranged so that

the B natrix has the form shown in Equation (9). The resulting
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state equation matrices for Mach 0.6 at an altitude of 15,000 feet are

o O o o

© © o o

0.0454
1.053
'5008

-32.2

0.05077

© O O O O o o

-7.55
-0.0675
-8.204
0
0.7866
-0.0385

0
0
-0.06006
-0.000676
0.001362
0
0
0

0

0
-7.55
-0.0675
-8.204

0
-0.7866

0.0385

-1.897
-1.006

-4.835

o o o o

0
-0.01132
6.744
0.4656

1 0 0
0 0 1
0 0 0
1 0 0
~34.08 0 o
0 -0.01622 0.05106
0 -33.43 -2.443
0 5.326 -8.1
0 0
0 0
-2,78 -12,04
0.02268 0.2244
-0.4132 -1.795
0 0
0 0.8808
0 -0:6054

© © o o o

-0,.8776
0.7382

-32.1

€2))

(28)
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The B, matrix has full rank (rank = () and a choice -of outputs

is made so that C, has rank = X . The output vector chosen is
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This choice of outputs (where 7 is the flight path angle) yields a c
matrix
d 0 o -1 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 0 1 0 0 0
C =
0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 1
0 0 0 o 0 0 1 0
—— — (32)

The C, matrix has full rank (rank -x ) so the first procedure

used with this new model is the unknown design procedure .

Unknown Design

In trying to use the unknown procedure, the primary criterfon is
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that rank G(0) -,2 . When the new model 1s entered into the computer

program, the resulting G(0) matrix is

(1] 2.002 2.002 0 -0.3332 22,48
0 5422.0 5422.0 0 436ﬂ5 -1685.0
0 0 0 0 0 0
c(0) =
0.2781 0.1524 -0.1524 1,98 0 0.2203
-0.4829 0.01181 -0.01181 0.3447 0 0.02059
0 0 (/] 0 0 4]

(33)

Clearly, the rank of Q(O) is not equal toll. Therefore, the
unknown plant approach cannot be used. The next approach is to use the

regular'design since rank g2§2 -,( .

Regular Design

The regular design produces a 50 matrix according to Equation (13).

The necessary criteria is that both C, and B, have rank -,(. This

2
is the case for the outputs given in Equation (31). Also, it is necessary
that the transmission zeros of the plant be in the unit disc (or in the
left half s-plane). The location of the transmission zeros is given by

Equation (14). Using this equation, it is determined that the transmission

zeros lie on the unit disc; not inside of it. This corresponds to being
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at the origin in the s-plane. The result of this is that an uncontroll~
able mode ( namely the forward perturbation velocity u ) is present. The
reason the transmission zeros are on the unit disc is that the kinematic
parameters p and q are included in the outputs. Therefore, to obtain
a stable response, these outputs cannot be controlled. Removing them
makes » <, rank deficient so the necessary approach is to use the

irregular design.

Irregular Design

A new output vector is chosen so that p and q are not included.

The resulting vector is

(34)

Using this output vector produces a C matrix that {s




ST BTN e h v T o wsTada A it ar e e

o~

—~————

1 —

* 1 0 0 -1 0 0 0 0
0 0 1 0 0 0 0 0
1 0 0 0 0 0 0 0
€ 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 1
0 1 0 0 0 0 0 0
- — (35)
The _qz matrix in this case {s rank deficient. Since the B matrix
is not changed, §2 has full rank, This fits the form for the ir-

regular design.

The main objective. of the irregular design is to choose a measure-
ment matrix M that makes the matrix C, have full rank. The
measurement matrix M also determines the location of the transmission
geros, It is necessary to place them within the unit disc ( or equiva-
lently in the left half s-plane). The measurement matrix must have the
same number of rows as 9_2, and the number of columms fn M {8 equal to
the number of rows in A,,. For the case at hand, M must have dimension
6 x 2, The matrix L, can be made to have full rank by placing elements in the
(3,3) position and the (6,5) position. Since the matrix 512 cannot be
changed, the M matrix must have elements in the (3,1) and (6,2) locations

in order to make C; full rank. The chosen M matrix is
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-
0 0
0 0
)-{ -
0.25 0
0 0
0 0
0 0.25
L (36)
The matrices gl and gz are determined by using Equation (16)
and (17). Since A,, =0, F, is equal to 9_1 for any choice of M.
For the M chosen, F, 1is
0 -1 0 0 0 0
1 0 0 0 0 0
E -
2 0 o0 025 0 o o
0 0 0 1 0 0
0 0 0 0 0 1
0 0 0 0 0.25 0
‘ 37)

The location of the transmission zeros can be determined by applying
Equation (22), For a sampling period of 0.0l and for the M chosen, the
two transmission zeros are located at 0.96 (or -3 in the s-plane). This

location is accepted for this design. A different location might be

42
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better, and this needs to be investigated in future work.

A problem that has been observed by deaigners using high gain
techniques is that large inputs are required for "good" responses. For
aircraft applications, the inputs have physical limits that cannot be
exceeded. For instance, the spoilers cannot go negative, the flaps can-
not go positive, and the surface deflections cannot exceed a set angle
limit. Tracking simulations are used to adjust design parameters until
a design is achieved that does not exceed the aircraft's physical limits.

The limits assumed for this study are shown in Table II.

TABLE 1II

Aircraft Surface Limits

SURFACE - LIMIT
Rudder + 30°
- Horizontal Tail ¥ 30°
Afleron + 45°
Spoiler +. 60°
Flap - 60°
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The design is initiated with T = 0,01, X, =2, £=1, and T = 1I.
It 4is determined that oX = 1 {s better than oX > 2, and that & must be
0.1. The sampling period {s satisfactory. The main parameter that has to
be adjusted {s the & matrix. Tracking ¥ produces inputs that are
too large by a factor of 10. Therefore, the first element of the X
matrix is reduced by a factor of 10 from 1 to 0.1. Likewise, tracking
,é s Y, 8nd # causes input problems so the corresponding z matrix
elements have to be reduced., Figures 3 and 4 show input values obtained
tracking,é before and after adjusting the % matrix element. Likewise,
Figures 5 and 6 show the adjustment needed for tracking r while Figures

7 and 8 show the adjustment needed when tracking g.
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After adjusting the design parameter so that the inputs are not

bounded,the final set of design parameters are

T = 0,01
K= 1
€= 0,1
and
r_;T: 0 0 0 0 0
0 1 0 0 0 0
T = 0 0 1 0 0 0
B 0 0 0 0.001 0 0
V] 0 0 0 0.01 0
0 0 0 0 0 0.001
S— —
(38)
The matrix K, is computed using Equation (21). The 50 for this design
is
—— ——
-0.1625E-02 0.1767E-03 ~0.1185E-02 -0.3826E-02 -0.5443E-03 -0.1066E-04 ‘
0.7340E-01 -0.6928E-02 0.2528E-01 0.1062E4+00 0.9722g-02 0.4446E-03
-0.7334E-01 0.9020E-02 -0.8172E-01 -0.1062E4+00 -0.9722E-02 ~0.4446E-03 :
Ko -0.6519E-02 0.7085E-03 -0.4753E-02 ~-0.2418E-01 -0.2183E-02 ~0.4274E-04 |
0.3428E+00 -0.7893E-01 0.4034E+00 0.3999E-14 0.3661E-15 0.1674E-16 ;
~0.7919E-01 0.8606E-02 -0.5774E-01 -0.6333E-15 -0.5797E-16 ~0,2651E-17 3
S, - o —
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As a check on the validity of this 50, Equation (21) {s re-arranged

to solve for £. The resulting equation is
FBK =L (39)

The result of using Equation (39) is the § matrix of Equation (38). This
is a necessary condition, but not a sufficient one to guarantee a good

design., The final tracker control law designed is
o -l
UGKT) = TeK, e(kT) + TEK; 2(KkT) (40)
where

T = 0.01°

The tracking responses and robustness of this control law is demon-
strated in Appendix B, and a discussion of these results {s found in

Chapter VI.

Summary

This chapter presents the different design approaches taken to

“develop a tracker control law for the A-7D aircraft. The design is

for the flight condition of Mach 0.6 at an altitude of 15,000 feet,

All design procedures are used, but the irregular approach proves to be

49




the only one that gives reasonable design, The sensors and actuators
are not used in the simulation, and this is discussed in greater detail
in Chapter VI, Responses obtained for the final control law are in
Appendix B, All the designs are accomplished using the computer package

discussed in Chapter IV.
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VI. Results

Iantroduction

This chapter discusses the results of the tracker control law
designed in Chapter V, The simulation results obtained using this design
are in Appendix B. Each output variable is tracked by itself for a
total of six different tracking commands. In each case, the other five
outputs are commanded to zero. For example, when the flight path angle

is commanded, the command vector is

(41)

In Equation (41), the tracked output is commanded to one unit, and
the other outputs are commanded to zero,

After showing the tracking responses of the control law, Appendix B
presents the robustness results, First, the control law is applied with-

out a rudder in the plant. Second, the control law is applied at another

51
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flight condition (Mach 0.18 at 2,000 feet). The robustness is discussed
in this chapter.
To conclude this chapter, the effect of changing design parameters

(X T € , B) is mentioned.

Tracking Responses

The final design presented in Chapter V does not track lateral flight
modes very well; if at all, The reason for this is the fact that the last
three elements of the T matrix are small, These values had to be made
small so that inputs do not exceed their physical limits. The end result
is that the control law designed in this thesis is a good longitudinal
tracker,

Looking at Figures B-7, B-20, and B-33 {t can be seen that "good"
tracking is obtained for the longitudinal outputs, What is considered
"good" is determined solely by the designer. In all casges the inputs do
not exceed their assumed limits, However, some inputs asppear to still be
growing at the end of the simulation, These inputs will stop increasing
when final steady state tracking i{s achieved. 1In one case the spoiler
is shown going negative and the flap positive., This can not be physi-
cally done, but a relation between the surface can be derived that
gives the same effect with opposite deflections, Therefore, this is
not considered a problem, The interaction achieved is reasonable, Inter-

action of 5% is obtained when tracking 3’( see Figures B-8 thru B-12 ),

52

DR R s .*Q...-




ot

-y eyt

[

The amount of interaction can be easily seen looking at Table 5 where the
pesk magnitudes of all the outputs sre shown, By having essentially no
interaction, the system responds as {f it is decoupled. The unit for the

inputs is degrees., The units for the outputs are:

1., For angles, the unit is degrees,
2, For rates, the unit is degrees per second,

3, For forward velocity, the unit is miles per hour.

TABLE 3

Figures of Merit for U'Tracking

Figure of Merit Desired Value Achieved Value
t 3 sec 2.7
|
t, 3 sec 2.7
Mp 1.0 1.0
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Peak Inputs for ¥ Tracking (in 3 sec)

TABLE &4

Input Max Value Assumed Lim{t
%, ~0.142 + 3¢0°
- 7.6 * 30°
r
Su -7.4 ¥ 30°
L §
S -0.658 + 45°
a
S 34.5 + 60°
%f ’8.0 - 60°
TABLE 5

Peak Output Values for ¢ Tracking

Output Peak Value
4 1.0
u 0,036
0 0.045
/7 0.0
4 0.0
¢ 0.0
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u_Tracking Responses

For the case when the forward perturbation velocity is tracked, the

command vector is

OO0 O

Looking at Figures B-13 thru B-24, it is seen that good tracking is again
possible. Table 6 shows the desired figures of merits and the achieved
values for the case of u tracking. Note that the desired values are
different for this tracking case because faster response is possible,
Table 7 gives the maximum input values needed for u tracking. Notice
that none of the inputs exceed their limits,

For this case the spoiler is shewn going negative and the flap positive.
This can not be physically done, but a relationship between the surfaces
can be derived that gives the same effect with deflections in the opposite
directions, Therefore, this is not considered a big problem. Table 8
gives the maximum values of the outputs., By looking at this data, it is

seen that interaction of less than 1% is obtained when tracking u.
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TABLE 6

Figures of Merit for u Tracking

Figure of Merit

Desired Value

Achieved Value

tp 0.75 0.5

¢, 1.5 1.3

My 1.15 1.07
TABLE 7

Peak Inputs for u Tracking (in 2 sec)

Input Max Value Assumed Limit
+ o
P 0.02 + 30
+ o
Sﬂr -0,735 - 30
+ 0
SHL 0.956 - 30
0.075 + 45°

Sa
]
S‘ -8.4 + 60
o
Sf 0.913 - 60
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TABLE 8

Peak Output Values for u Tracking

Output Peak Value
Y 2,8 E-4
u 1,07
] 3.2 E-5
g 0.0
r 0.0
0 0.0

O Tracking Responses

For tracking the pitch angle; the command vector is

O0CO~0OO0

Looking at Figures B-25 thru B-36 it is seen that the tracking for ©

is acceptable although not as good as for the other longitudinal modes.
Table 9 gives the desired figures of merit for 0 tracking along with the
achieved values, The figures of merit were achieved very well. Table 10
shows the maximum input values needed for @ tracking, As in the other

cases, none of the assumed limits are exceeded, but the npotl?r and flap
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try to.go negative and positive respectively., However, they both cross
the zero point at the same time so that this problem could be avoided {n
the same way it is for u tracking. The peak values of the outputs are
given in Table 11, Extreme interaction is obtained when tracking ©. This
is due to the physical relationship of output variables )/ and u to 0.
When pitch angle O 1is commanded, there must be a slow down, and the air-
craft must have a small flight path angle. The only way to overcome this
is to introduce control surfaces like jet flaps, and possibly canards,
Physical reality causes the interaction; not bad designing.

When interpreting the meaning of the aileron input (§ a)» it must be
remembered that positive S‘ is when the right ailleron is up and left
ajileron is down. Just the opposite is true for negative Sa' This is the

case when the ailerons are considered as one input.

TABLE 9

Figures fo Merit for 6 Tracking

Figure of Merit Desired Value Achieved Value
t 2 1.9
P
tg 2 1.9
Mp 1.15 1,10
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TABLE 10

Peak Inputs for 8 Tracking (in 2 sec)

Input Max Value Agsumed Limit
¢ 0.17 + 30°
Sy -7.9 + 30°
r (o]
‘ SH‘L -8.0 30
S 0.69 + 45°
N a
S -50 + 60°
: 8
E S 1.7 - 60°
F
H
f
\
TABLE 11

Peak Output Values for © Tracking

é Output Peak Value

' r 0.37

u -1.6

H

' ] 1.10

f g 0.0
' ’ r 0.0

{
‘ e 0.0
59




.y ey e

Lan s b Ao SR T SO

B A

Lateral Mode Tracking

The lateral modes do not track the command values because the last
three T matrix elements are so small, However, these cannot be in-
creased without exceeding the input physical limits (see Chapter V),

Table 12 gives the peak values of the outputs being tracked. None

of the lateral modes even come near the desired value of 1.

TABLE 12

Peak Lateral Mode Tracking Values

Output being Tracked Peak Value
V-3 7.2 E-3
4 3.5 E-3
¢ 1.2 E-2

No Rudder Responses

The longitudinal tracking is maintained when the rudder is removed
as shown by looking at Figures B-73 thru B-89., However, this does not say

a lot for the design since the rudder has little input to longitudinal wmodes

snyway, Figures B-1 and B-13 demonstrate this fact. A better look at the
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capabillty of this design to handle a lost input as a disability is
presented in Reference 14, In Captain Porter's thesis, a horizontal
stabilizer unit is removed. This has a significant effect on the long-
itudinal modes. Table 13 gives the achieved figures of merit without a
rudder. Table 14 gives the maximum {nput values obtained, and Table 15
shows the interaction when the rudder is removed, All the results were

very good with the rudder disabled. The only real noticeable difference

is that the lateral modes are not zeroed out as well without the rudder
when tracking u, However, interaction is maintained at less than 17 for

this case,

TABLE 13

Figure of Merit without a Rudder

Figure of Merit Ach{ieved Value Achieved Value

Tracking ¥ Tracking u

t 3 sec 0.5

P

tg 3 sec 1.3

Mp 1.0 1.07

4
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TABLE 14

Input Peak Values when Tracking without a Rudder

Input Max Value Max Value

Tracking Tracking u

%y 7.4 -0.735

T

Quy -7.4 0.956

Sa -6.6 7.5 E-2

Ss 34,6 -8.35

Sf -8.0 0.91

TABLE 15

Peak Output Values Obtained without a Rudder Input

Output Peak Value Tracking Y Peak Value Tracking u
r 1‘0 208 E-4
u 3.4 E-2 1.07
Q 4,25 E-2 3,2 E-S
g 0.0 4.3 E-4
r 0.0 2,0E-3
¢ 000 105 E‘3
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New Flight Condition

The tracker control law designed at the flight condition of Mach 0.6

and 15,000 feet is applied at a different flight condition; i.e., Mach 0,18

and 2,000 feet, In this way the control law is checked for robustness
when faced with changing parameters. The control law did not respond well
at all. 1In fact, all of the inputs exceeded their limits after about 1.5
seconds, and the commanded output grew unstable also. This trend is seen
in Figures B~90 thru B-96. This does not mean that the control theory does
not work, but rather that this is either a case the theory does not handle
or this is a poor design. A more robust design can probably result if the
design is done at the flight condition of Mach 0,18, The theory has been

shown effective on several other plants.

Parameter Effects

In doing the design, the effect of changing design parameters (c(r, T,
&, and Z_ ) is noticed. T acts like & gain parameter since the control
law is proportioned to 1/T or frequency. Fast sampling corresponds to a
small T and this acts like high gain. So the result is that decreasing
T speeds up the response. Likewise, increasing T slows down the system
performance, The parametet()(r is merely a direct change in the damping
ratio of the system, Increasingo(r produces less damping, and decreasing

¢>(r gives more. The parameter £ is a normalizing factor used to scale

the outputs down to the commanded value. For instance, with E = 1, the




outputs for this thesis are on the order of 10. Therefore, £ is set
equal to 0.1 so the outputs can track to a value of 1 and not 10. The
parameter Z; has diagonal elements that can be changed to change the
magnitude of inputs, Supposedly, if the fifth input exceeds a desired
magnitude, then the fifth §; element can be adjusted to reduce the

magnitude., However, it is found in this thesis that if problems arise

with input magnitude with the fifth output; then the fifth element of the
2 matrix is adjusted to compensate. This is shown clearly in Chapter V.
This is the reason that this matrix is referred to as an output weighting

matrix (Ref, 12},

Summary

The sensor and actuators are not used in the simulations because
acceptable responses can bot be achieved. The units are instead taken
out of the design process by approximating their transfer functions as
unity. This may be a reason that the program had difficulty with simu-
lations of more than four seconds. A good study on how to include the
sensor and actuator models is found in Joseph Smyth's thesis (Ref, 18),

This chapter discusses the tracking capability of the control law
designed in this thesis. The result is that longitudinal tracking is
possible, but not lateral. The robustness of the design is discussed.
The design is not robust when applied at another flight condition, Further
robustness checking of this type is found in Reference 14, The ability

of the design to handle a surface disability {s discussed alsp. The dis-
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ability considered is the removal of the rudder. Since the rudder has

little effect én longitudinal motion, this disability is handled easily
by the longitudinal tracker. The final area presented in this chapter is
the effect of design parameters. That section may prove to be the most
valuable to future designers using this technique. The final chapter

presents the recommendation of the author for future work.
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VII. Conclusions and Recommendations

Conclusions

Although a control law that can track any of the six outputs is not
designed, a fairly good longitudinal tracker design i{s achieved. The
methods developed by Professor Porter are good in many cases, and have
been proven 8o on many examples, However, the irregular design technique
is actually a high gain approach to the problem, It has been noted by
several designers that often high gain control causes inputs to be too

large to be useful in aircraft applications. This is the problem encountered

in this thesis. When the design is adjusted so that inputs do not exceed
physical limits, the result is poor performance for lateral tracking.
Perhaps someone more experienced in this type of design can develop a
control law that performs better. As some engineers may describe it, this
requires more fine tuning., This thesis should provide a good starting
point for a better design,

It should also be kept in mind that the choice of outputs affects the

.

design. One choice of outputs places the transmission zeros on the digital
unit disc, and a measurement matrix can not be used to move them due to
uncontrollability. A second choice of outputs provides the capability to ﬁ
choose a measurement matrix that can move the transmission zeros within the
unit disc, This {s the choice used in this thesis design., A different choice

of outputs may prove even better,
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The theory does not appear to allow for the case where the number of

states equals the number of inputs. This is the case when all primary

control surfaces are split into separate independent control surfaces.
Because of this, it is concluded that this is not a good approach to recon-
figurable control when the plant is like that found in Appendix A, Also,
the theory does not allow for rank deficiencies in the B matrix, This
prohibits the operation of the ailerons independently.

The best part ef the technique developed by Professor Porter is that
there is no discretization process required. As Professor Porter puts it,
the plant does not change just because digital control is being used,
Digital concepts are inherent in the design equations, but the plants used
are continuous, This makes the design process much easier to apply than

other techniques.

Recommendations

There are several areas that need to be investigated in the future,
The design should be performed at the flight condition of Mach 0.18 at an
altitude of 2,000 feet, Work has been done and it appears that a robust
tracker can be designed at this condition (Ref. 14), It may be possible
to design a more robust tracker around this condition. Also, a different
choice of outputs may prove to be better., A look at how different output
choices affect the design should be studied.

Since a longitudinal tracker is designed in this thesis, future

-
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research can concentrate on designing a lateral tracker. Then once a good
lateral tracker i1s designed, the two control laws can be combined into one
or stored separately in a digital computer. The latter would probably
prove to be easier to achieve,

Since the computer program is essential to design work, improvement
of MULTI should be performed. At present the program is not capable of
producing calcomp plots. This option needs to be corrected, Also, tt is
desirable in many cases to slow down a system response by ramping or shaping
the inputs until they reach the step value. MULTI does not have the ability
to use ramped inputs. Only step inputs which are piecewise constant are
available. Software needs to be developed so that the designer has the
ability to use either ramped or step inputs,

The simulation package developed and used by Professor Porter uses a
Runge-Kutta solution of the differential equations., MULTI uses a library
routine called ODE (Ref. 11). It should be determined in future work if
using a8 Runge-Kutta routine can give better simulation results than ODE,
and if so, why. A final area of needed improvement in MULTI is to increase
the total time for a simulation. The simulation can not be run for more
than 4 seconds without running out of CP time, Whether, this is due to 11l
conditioned equations, or whether it is a problem inherent in the program
could not be determined. Research in this area needs to be done so that
the simulation time can be increased.

While there i{s wuch work still to be done, the most important recom-
mendation {s that this thesi{s be continued to gain a better understanding
of the problems associated with high-gain control theory and the program

MULTI.
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Appendix A

Introduction

This appendix presents three models of the A-7D using linearized
equations of motion. The linearized equations are used to derive the
continuous state space models needed in the design of the tracker

control law.

Equations of Motion

The lateral and longitudinal equations are developed with coupling
between axes accomplished by non-traditional control inputs. Control
derivatives not normally associated with either lateral or longitudinal
axes are derived as described in Reference 15. For example, Equation
(A-1) is a longitudinal dimensional control derivative produced by the

lateral rudder displacement and is proportional to the coupling coefficient

ch, :
T
$&§Cp
X - —X
‘!‘ m (A-1)

The linear equations assume:
1. The mass of the aircraft is constant.
2. The aircraft “ody is rigid.
3. Perturbations from equilibrium are small,

4. The X, Y, and Z axes lie in the plane of symmetry, and the
origin of the axes is at the aircraft center of gravity.

5. Flow is quasi-steady.
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6. The earth is an inertial reference

© 7. Stability axes are used,

8. The aircraft flies in a straight and level trimmed flight
condition.

The equations of motion are developed using the fnputs for the hori-
zontal tail ($,), the rudder ( § ), the ailerons (,), the flaps (§ £
and the spoilers (3 s)‘ The linearized longitudinal equations of motion are

as follows:

G = -g@cos @ + X, u + X X + x&é<+ XSHSH + xs S
r

+ xsaga + xS

r

sss + xSfo (A-2)

W = Ujq - g0s8in8 + Zyu + 2, X + Z, X + 2,4
+ 20 9y +t 2. 9 + 20§, v+ 2§ + 2% (A-3)
SH " Sr Sa 2 Ss 8 Sf £
q = + M, + + M + M + M
§ = Myu o My q 311%“ s,sr SaSa

+ Msss, + quSf (A-4)

8 = ¢

The lateral equation of motion are:

Vo= -Uir 4+ g@cos @) + Y, 8 + Y+ Y, r + YSHSH
(A-6)
" Y 5. 4 Yg 5.+ ¥g Sa + ¥g S
. Ixz
borg—t Lgh + Lpp *+ Lex + Lg Sy LS,S'
+ LSGS, + LS'S. + LSfo ‘
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Ixz'
p + NS + Nyp + N r + N + N
4 P k sHSH 8,5'

Iex

R LI R TEL T

.ﬁ = p + rtan e; (A-9)

Notice that by using separate control of the segments of the lateral
control surfaces (sr, Sa ) 1it is possible to excite longitudinal motion.

This is developed later in this appendix. Also, note that the longitu-

dinal control surfaces (SH . ss, Sf ) can excite lateral motion.

Dimensional Control Derivative Equations

The equations for the longitudinal dimensional control derivatives

as given in Reference 16 are as follows:

X = XC (A-10)
§ Dg
-X (Cp, + 2Cp,)
xu =
Uy (A-11)
Xoe = X (c& - ¢ (A-12)

where X = as/m
For the Z force inputs the equations are:
Z, = -2 (A-13)
§ g . 1

-2 (Clﬂ + 2CLy)
Uy (A-14)
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where 2

For the moment inputs around the y axis, the equations are:

- 2 (C
z, z2(% + Cp; )

qs/m

MS - Mcms
M ( Cm, + 2Cy,, )
Mu -
1
M, = MCn,
u i} Mc¢ Cmé(
= 201
MC
M = Cmq
! 2u;

where M = gs¢c / Iyy

The equations for the lateral control derivatives are:

vhere Y

YS - YCYS

Y, = ¥,

Yb Cyb

2u,

Y b Cy,

2u,

qs / m
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(A-15)

(A-16)

(A~-17)

(A-18)

(A-19)

(A-20)

(A-21)

(A-22)

(A-23)

(A-24)




For the L and N moment inputs around the x and z axes, respectively,

the equations are as follows:

Lo = 1.0)(s (A-25)
L, = Lclﬂ (A-26)
LbCgp
bp 2u, (A-27)
LbC'Q
L =
v, (A-28)
N = NC A-29
S = ( )
Nﬂ - Ncnﬂ (A-30)
NbC,,
N -
P 2u, (A-31)
v - NbCq
2u, (A-32)

where N = gqsb / I,, and L = gsb / Iy

In all of these equations, § SH , Sa , Sr . Ss . Sf .

The data for use in these equations is given in Ta2ble A-1 (Ref, 1 ).
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Afircraft Data

TABLE A-1

at Different Mach Numbers

Mach 0.18 0.6 0.8 Units
Altitude 2,000 15,000 35,000 ft
Weight 25,338 25,338 25,338 1bs
Center of
gravity 28,71 % 28.71 % 28.71 % % of m.g.c.

3 44,67 300.88 435.99 1bs / fe?
5 375 375 375 £e2
b 38.73 38.73 38.73 ft
g 10.84 10.84 10.84 ft

15,475 15,365 13,323 slug- £t

I, 73,697 79,005 79,005 slug-ft2

I, 66,566 69,528 69,528 slug-£t2

I, -3870 -1664 -2046 slug-ft>
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Derivation of Non-Dimensional Control Derivatives

The control derivatives are found by using the following three
references: digital DATCOM (Ref. 10), A-7 Aerodynamic Data (Ref. 9),
and from Reference 1, The DATCOM program is used to find the non-dimen-
sional derivatives which are not available from other sources. At 0.8
Mach, some derivatives are interpolated from other flight condition data
with the assumption that a linear relationship with Mach numbers exists.
This is done only in cases wvhere values can not be derived exactly. Table
A-11 gives the derivatives for 0.18 Mach at an altitude of 2,000 feet
assuming a landing configuration. Table A-III gives the derivatives for
0.6 Mach at an altitude of 15,000 feet for a cruise configuration. Table
A-IV gives the derivatives for 0.8 Mach at an altitude of 35,000 feet for
a cruise configuration. To find the needed control derivatives using
digital DATCOM (Ref. 10), the same equations and metheds developed by Potts
(Ref. 15) are employed. Therefore, the reader i{s instructed to see Appendix
B of Reference 15, As & summary, Table A-V summarizes all the equations
needed when using DATCOM.

After finding the needed non-dimensional derivatives, the dimensional
control derivatives are found by using the equations of the previous section,

The dimensional control derivatives for the three flight conditions are

given in Tables A-VI, A-VII, and A-VIII,
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TABLE A-V

Bquations to use with DATCOM

AT
cnsn ] Ax
o TR
cDSr i AS
(same for §¢) r
. AG
of As,
AC
e AS,
Ace
c'(sll - ASu
AC,
cnsf A
- A<
chf AS(

end

81

- AT > 7 . st A —
. ’ PR




6085 °1-

L£9°8-

Ls0°¢-

€1L’o

¥€90°0

£960°0

syl -

b §
9%60°6- N
R
0°0 $n
3
S118°0 1
4
L6°1- 1
e 7
vite  Bq
|
ozt S
@,
9c1°gE- o1
%
$z€°01 1
6z1°s- %1

6€0° LT

€5°01

89z st~

0°0

6959°0-

8€T°S1

8LS° €S

0°0

928"

9%€L°0-

I

d
A

4

6%000°0

LT ¢~

€160°0-

$68°¢-

0°0

685°01-

608°19-

£120°0-

88°061-

692°91

wwx
3

s

€T9°LYy-

0°0

8%°59-

$902°0-

¥€00°0-

9Z6° 9~

9r°t-

0’0

8z~

. A -

T A et

81°0 YOWH 203 §9ATIWATISQ 1033u0) puv AIFTFqeIS [PUOFSUIWIQ

FLTi e et e Dt RSl AN s NS« S bl MESABNIAS + DB N LN seeemur\ o

IA-V 718V

[OR YRR S

82

e d
i Al

1

LY Y




e

i d

00 Sn 902°91 Y £500°0 "w woe- Sz

25200 3 cvis- % vs'z-  Bu 00 32
d 3 s H

€ z- 1 0°0 S 691°0- Su €8°zy- 32

8 ®
s€9°v1- N 196°zc- 71 698°0~ S 1€°z- Su 1896°0- X
3 ®

€Z61°0- dy 994"y $4 65°¢C % 0°0 u €00€0°0- ®x
J °s g Hg 3¢

200°2 N 81 1 78°8z- & 86" L- W v0°z1- 5%

3 v H

%0°0 $n szz'ul- n 0°0 5 orE 616~ 2 6 1- Sx
2 X b L

911°0 Sx R 3 6€0°LT~ W 9912°0~ "z 0°0 $
v H 3 a

96€°0- e $66°€- S x'c-  Zm we- 3z 0°0 3
X P 3 8 H

80°S- Sw 618°8¢ i (80 v- R 61°L 52 cs°L- Sx

9°0 YOWH 30F SSAJIWATISq [013U0) PUB AIFTTqRIS TEUOTSUSWEQ
IIA-v T19W0
=

P

[ S

EE B L oV avT g N e R O e A D Py SR

83

T U




yeL 8-

SLo°o-

661°%

8€800°0

98€0°0

19%0°0-

89%8°0-

H
0°0 Sx

$229°'0 1
928°1- 1
Z16°g9- 71
3¢
¥888°0 1
s
992°0 1
®
01s°z- 1
a
gso'0 31
H
6900 51
g6c vy &

9L1°02

6$9°08-

0°0

€L82°0-

6609°0

143 A8 J

0'0

88$°02-

€98 Y-

689 °8-

vl10°'0 "W
wzvo- W
9000 W
99c°0- 3
00 m
ez 1- W
65L°20S- 2
woz'o- 2
scv'cz Sz
6651 Sz

Ly

L’e-

60Z°¢t-

16€1°0-

0°0

¥£0°1-

PRy

8°0 Yomy I0J SIATIPATIAQ [0a3U0) puw AJFIFqeI§ JPUOTSUIMMEQ

11IA-V TV

I L R PR e P R e I LR T e L O S T




Continous State Space Model

The aircraft wmodel has eight state variables and s normally
considered to have five control inputs. These are described in Table

A-IX. Q

B N

! TABLE A-IX
' State Varisbles and Inputs
S | perturbation forward velocity
o perturbation angle of attack
E ® g perturbation sideslip
E : q perturbation pitch rate
5 T e perturbation pitch angle
é : P perturbation roll rate
§ T perturbation yaw rate
t g perturbation roll angle
! SH horizontal stabilizer deflection
! : sr rudder deflection
P S. aileron deflection
: Se spoiler deflection
8 St flap deflection

The controls surfaces are split into left and right control surfaces

(with the exception of the rudder aand flaps). In this manner a model can be

8s




developed with 8 inputs. With each state considered to be an output,

there exist 8 outputs and thus a square transfer function matrix is possible.
In order to derive a state space model, eight equations involving
the time derivatives of u, =<, q, 8,4, p, ¥, and § are required, They

can be obtained by using Equatiouns

assumptions that:

where

130
.

1.
2,
3.
4.
5.
6.

X o z&. and Zq are zero

U; = constant and Vy=0=¥W
Stability axes are used

€, =0=#

Pl - Ql - Rl =0

weUec< and ¥ = "1‘."

Using this procedure as outlined in Reference 15, the equations for ¢,

<, q, &, /é , b, £, and @ can be put in the matrix form

E-Ax-b-lu

u '§“"'

o< 4

q q °

e ) Sa

. x = 1 =
A 4

P P %

4 T Sf

. e ed *

| g .

(A-2) through (A-9) along with the
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In(lzz)

and § represents 4, p, r, S“, Sp» S., §qr and Sf. The values of Lil

and N{ are given in Table A-X and Table A-XI,

TABLE A-X

B Matrix Roll Coefficients

0.18 Mach 0.6 Mach 0.8 Mach
Le | -7.625 | -33.425 -69.24
1.; -1.98 -2.443 -1.834
L, 0.8104 0.7382 0.6262
Lsy -5.1416 -4.0445 0.7709
Lg, 10.556 5.735 0.7708
1.5.' -33.178 -17.419 -2.5196
LS.' 1.2769 1.858 0.2675
Lsf' 7.427 4.8184 0.89172 _

88




B Matrix Ysw Coefficients

TABLE A-XI

0.18 Mach 0.6 Mach 0.8 Mach
N ,; 1.5614 5.326 9.6398
N g -4.2536 8.10 6.492
NG -18.082 -32,184 -39.882
Ns;l 0.0244 0.0385 -0.0034
NS; -9.166 -5.1952 -0.8534
Ng. -1,5712 -0.2328 -0.0333
Ng. 0.0908 0.0997 0.0376
Ngg 0.0284 -0.0054 0.00452

.t g

. __\i

Note that the values for Ns;, NS;’

fnput U vector becomes:

right side control surfaces only.
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If the control inputs are divided as mentioned previously, the
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where S“R refers to the right horizontal stabilizer input and SH-

to the left unit.

B matrix is :

OQ‘
]

E

(A-34)

refers

The B matrix sust also be changed and the split surface
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Using the state equations in the form

(A-36)

and substituting the values given in this Appendix,the desired aircraft

models are constructed at the three flight conditions.

For the flight condition of 0.18 Mach at an altitude of 2,000 feet

(assuming a landing configuration) the A matrix is as follows:

-0.413

-0.0002134 -0.4189
0.0008291 -0.0689

0

0
0
0
0

1
-16.552

1

0
0
0
0
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0 0

0 0

0 0

0 0
-0.1528 0.1055
-7.1425 -1.98

1.5614 -4.2536

0 1

vhere x =

0 0
0 0
0 0
0

0
-0.7291 0.1613

0.8104 0
-18.082 0
0 0
v
(-
q
e
V4
P
r
L_g_1 @3




-

g e g s ST e~ YTMYRS e g 7

B e s e S ST P Y

The B matrix for this condition is::

-14.287 -14,287 0 0 0 -1.161 -1.161 -4.926
-0.328 -0.328 0 0.2386 -0.2386 0.0815 0.0815 -0.9573
-4.77 ~4.774 0 1.5685 -1.5685 -0.1752 =0.1752 -0.1186
0 0 0 0 0 0 0 0
0 0 0.2684 0.07634 -0.07634 0.003281 -0.003281 0
1.0796 -1.0796 2.3792 6.936 6.936 -0.2664 0.2664 1.558
~0.0244 0.0244 -9.166 1.5712 1.5712 -0,0909 0.0909 0.0284
0 0 0 0 0 0 0 0
2y
oy
L
or
Y
‘»
vhere U* =
Sy
S‘n
Sep
S¢
(A-38)
The sign convention employed is: positive S“, S'L' and Sf is trailing
edge down; positive S r is trailing edge left; positive S. is spoiler
up; positive §, 1s trailing edge up. -
R !
93
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Por the flight condition of 0.6 Mach at an sltitude of 15,000 feet

(cruise configuration), the A matrix is as follows:

pus——

-0.06006

'°.m76
0.001362
0

0
0
0
0

-1.8974

-1.006

-4.835
0

0
0
0
0

The g msatrix is as follows:

0
0
0
0

-0.01622
-33.426

5.326 -8.10

0

vhere x

0
0
0

0

1

0
0
0

0

0.05106 -6.8776
-2.443 0.7382

-32,184
0

T W ®© a Qe

4
s

0.

Q © © o o

o o

5077

(A-39)
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of 35,000 feet (cruise configuration).

~7.55 ;7.55
-0.067S -0.0675
-8.204 -8.204
0 ]
! -
0 0
0.7866 -0.7866
-0.0385 0.0385
0 0
is as follows:
-0,2872 -46,418
-0.0004927 -1.212
0.01378 -2.8197
0 0
A -
0 0
0 0
0 L)
0 0

0
0
0

0
0.0454
1.0534

-5.08

0

o . “79 -o . “79

2.151 -2.131

0 0
0.00566
-3.372 -3.372
-0.2328 -0.2328
0 0

-1.39
0.01134
-0.2066
0

0.00566 0.00134

-0.3567
-0.0997
0

-1039
0.01134
-0.2066

-0.00134%
0.3567
0.0997

'u.“
0.2244
.10795

0.8808
-0.0054

0

(A-40)

The final model is for a flight condition of 0.8 Mach at an altitude

0

1
-41.176

0

0
)
0
0

0
0
0
0
-0.1945
-69.24

9.6398
0

95

0
0
0
0
0.04864
-1,834

-6.492
1

0
0
0
0
-0.893
0.6262

-39.882
0

The A matrix for this condition

)

©o © o 33 ©o © © o
(-]
o0

l

(A-41)




The B matrix for this flight

°1.°36
-0.00816
'0.603“

0.13002

-0.0034

For this study the desired command input is:

-1.034 0
-0.00816 0
-0.6034 0
0 0
0 0.00537
0.13002 0.1484
0.0034 -0.8534
0 0

condition is:

0 0 -0,461
0.00576 -0.00576 0.001927
0.15511 -0.15511 -0.00624

0 0 0
0.00074 -0,00074 0.000346

-0.4239 0.4239 -0.0443
-0.0333 0.0333 -0,0376
0 0 o

-0.461
0.001927
-0.00624
0
-0.000346
0.0443
0.0376
0

To design a tracker control law, the output equation has the form

X

Cx

7
0 - u
1 - f-xX=Y
] - q
v (t) 0

- 0
0 - 8
0 - p
0 - T
0 - g
R
96

-2.0
0.02825
-0.34883
0
0

0.15018

0.00452
0

(A-42)

(A-43)

(A-44)
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vhere 7" is the flight path angle. The C wmatrix for Equation (A-42) is:

— —
1 0 0 0 0 0 0 0
0o -1 0 1 0 0 0 0
0 0 1 0 0 0 0 0

c = 0 0 0 1 0 0 0 0
0 0 0 0 1 0 0 0
0 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 1

(A-45)

In this way there are eight outputs.

Sensors and Actuators

A physical plant must have some means of sensing outputs and a means
to move, or actuate, control surfaces. For the A-7D the actuators are
servos that can be approximated by a first order lag as given in Reference
1. The transfer function of this servo fs:

S . 20
8420 (A-46)

¢

where 9 1s the deflection of the control surface (output), and e is the

voltage to the servo (fimput); see Figure A-I,
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Figure A-I A-7D Servo Block Diagram

If the transfer function is written in state space form, the actuator

equation becomes

D= 205 + 20e (A-47)

§
Y = § (A-48)

Comparing this to the standard state space format it is evident that for

the actuators:

A = -20
B = 20
C = 1
D = 0

To measure the output vector y , three types of sensors are assumed.
An accelerometer can be used to measure perturbation forward velocity (u).

The describing equation for this case, found in Reference 5 1is:

Vg = WV, + R, (A-49)

where "1 is the inertial acceleration, Vy 1is the inertial velocity
and "1 is the rotation of the body with respect to inertial space (earth).

If straight and level flight is assumed, then Wy = 0 and Equation (A-48)

becomes siwply:

(A-50)
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Since velocity is the desired output, the ocutput equation can be written as:

y = Vt (A-51)

From Equation (A-49) and (A-50) {t can be seen that for the accelerometer

that

To measure angles, an integrating gyro can be used. The Etancfer

function 1s:

A %
“1 sz + i?_s

v Vo + 1 (A-52)

The integrating gyro can be used to mesasure 7, 6,o¢, £, and/or 7.

Typical values of H, K, w,, and Z as given in Reference 2 are:

H = 10" gm ° cm'/ sec

K = 3,03 x 10° gnscm?/sec

Vp ™ 94.25 ud/uc
< = 0.78

Using these values, the transfer functiom can be written in state

variable form as:

Ag + 167.015 A‘ + 8883.063A, = 293.141 W (A-34)




Letting A, = X; and ‘s = Xy , Equation (A-52) can be written as:

X, 0 1 Xy . 0 W,
9 -8883.063 -147.015| |X, 293.141 L
(A-54)

i Since As is the desired angle ocutput, the output equation can be written as:

P

<
)
l - ,
. o
I
gty
—

(A-55)

From Equations (A-53) and (A-54) it can be seen that for the integrating

gyro:
s [ o 1]
] & -
{ -8883,063 -147.015
b — — {
| S
293,141
I
? [ .
C = 1 0
| = | |
D = A
i Rate gyro can be used to measure the rate output. The rate gyro can
msssure q, p, and ¥r. The transfer function of the rate gyro is given
1 fn Reference 2 as: 1




oo agmp sre

A A AR OEL ¥ AT TR WYL TR e UMW P e

Ay . %

Wy I
s ( A s+ 1)
(A-56)
Typcial values of H, Cp, and IDA as given in Reference 2 are:
H = 10* gm « cm?/sec
Cp= 5x 103 gm - cm?/sec
Ip,= 34 gm - cm?
With these values, the transfer function can be written as:
A 294.118
—wf—— S+ 147.059 8
(A-57)
Tuis can be written in phase variable form as:
) 0 1 X, 0
. - + LA
Xy 0 -147.059 X9 294,188
(A-58)
vhere
As - xl
Aa = X2
Since Ag {s the desired output, the output equation is the same as

Equation (A-54). Prom Equations (A-57) and (A-54) it is evident that for

the rate gyro:

101
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0 1
A =
- | 0 -147.059

[ o
= L_z9a.ng__|
]

D =~ 0

o
]
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Appendix B

Simulation Results
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Figure B-1 Rudder Input for ) 4 Tracking
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Pigure B-2 Right Horizontal Tail Input For ¥ Tracking
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Figure B-3 Left Horisontal Tail Input for ¥ Tracking
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Figure B-6 Flap Input for ¥ Track ing
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Figure B-7 Plight Path Angle (J¥) Tracking Response

J-*J ‘JL“'\«Z L e + + + + -+ -+ 4 + " +
i Aalrd i
.20~ is=+ v e +
I P29 ‘; I
20 7\)..:; R VAL { “~ ::
' I P ‘ern ..‘..L
~ 2.3 =iz —+ N At
£ 1 A A 1
§ 1.06760=02=+ & AA . +
~ I “ i 1
9 1.433L-C0-+ A . A Y +
& I X K3 W 1
& V.8 -0+ o A +
I L A A I
G4 i=uid=+ . A Y +
b BN ' R I
1.0%00=03=\ Kiv T +
1 ‘ AN SRR 1
=3 3AN. =3+ KA ~ +
{ PNV G VN 1
7. &u=13=1 1 { N : I 1 1 [ 1 1

.. Time (sec) 2090

Figure B-8 u Response for Tracking
108
R o g o = e e i J




R It P

SN« BT [N TIPS, TS TP * S A % # 1€

ol - e .

4. 4902 =4~
| 4;Og§é-oz-i
JE
3.0.+m-o..>j
2.leU‘02-i
2.1421.'-.)2-i
;.571‘:435:
1.2»1:-02-*1-
7. 2aim0ir
22 5Taumsdmb

Output (dcgr_ou)

+
4

T MAADNARK AL
OO o é o8
c\.\..\ﬁ ;:hl—\
PN
aA

9N

MEEN

A"
4N
PO
RN
R
R4 N
:\. .
A

e
T Y

S

v

H G et 4 = - 4

~2.1301:i=03-1

U‘

1 i 1

Time (sec) 2.2

1

¥
—
-
-
[y

Tigure B-9

O Response for ¥ Tracking

co Qv =lo—+ -t -t + + + + -+ + te———t
A 1
=3. 100 =lo=—+ +
L PN 1
=-Jevon i=mLu—+ Ke +
R | “ i
® -l.sudi-li—+ Al +
| _ 1 % i
% -2.077.-15—+ X +
@ .

3 1 .\‘ I
o =2.0031i=1 5=+ AR +
a L X PO Chas I
& -3.2497-15~+ L i ol +
8 I A 2
=3.38350.-15~+ A IR +
1 KON A i
=4.4211~1 )=+ P IN Aot +
I AL AKX I
=0 WTL=10=+ A ¢ ALY +
1 F AV & I
=3.503:=15=1 1 1 J e w—=] L X 1 1 I 1

C. Time (sec) 2.0

Figure B-10 / Response for )~ Tracking

109

S tm e e ———— oo

—

T




; A A3TE=1 5+ + + + + - + + + + +
' SR | XA i
§ L M-l K xu .
. - 1 A i
_ B 5.1050-15—+ X XX +
‘ 4 o N A A X 2
. S 3.9lol-15+ X A +
] I . A I
: g 2.724u~15~+ X A X +
i 3 I R 1}
: o 1.533L«1 5+ | 2 <+
; ‘i In X e
/ S 3.4255-16-a X . *
! 8 I PN AAL i
: 533020 = o=t . K¢ ‘ < +
' i AT " I
£ ~2.033L=15~+ A Ao + ’
E f * - AN o K .-’.\ﬂ.\‘ 1
: -3.23uc-1 J“‘I PN +
PRSEY Py
-t dlubml9=1 I 1 I I L I 1 1 I L
J. Time (sec) 2.99

i FPigure B-11 r Response for J Tracking

H
{ FRBPWIES I + r + + v + - + + -
. ; . i
{ B3 TS B SR +
i ‘ i .0 1
" 3. 5oLl o=F . +
-~ 1 A I
: - PPRSIE TS “ +
. 3 I N 1
'g "7- 7:;-‘14"’1 E}"" A +
; 3 1 N 1
t o =JCdrmid—+ N +
! g =-1.200i =1 i=+ £ Xovraw wbeila +
[ 1 el Ane 1
«l.dliti=1l 4=+ Ao o~
1 “ i I
=1.G41is=1 =+ ax PR +
: 1 - PRV 1
vt =] i b=t KA VRO RN + 1
’ ] HIVE IR N i
{ =2.975 =1 =L b 1 i : I I i I 1 i
\R Time (sec) MDY
Figure B-12 ¢ Response for ) Tracking
110

”9%‘*.5— - e . e .




R

ante

Tracking

u

St Ay Ao s - s tmrrd e o

-

- am st




A N AT R Srar v TR ART | MR L gty Lo E

- —————— e

-

Input (degrees)

1.0} =02=+

. {
1.432c=02=+A
L. dvui=Ug=r

14

i 1.
Qe WIS Li=U 3=+
i
5. YYT-03—+
I
Se0uli~U3—+
1
3. 0.0u=03~+
1
l.lovi=ud=-+
L

X

X

A
<
RN
AN

.
KON

t
-
+
&
-
P
I
+
L S I R R CTEE S PR S N D S R S

I

AAC U e Ui DU A D T e il LU L oA v A o D

-0. 253L=0=1

Q.

1 i 1 I 1 1 I 1

a5

Time (sec) 1.0

Figure B-13 Sr

Input for u Tracking

Input (degrees)

VIS

. 4 e e e .
A v + ¥ t * T T

oo U . .- . . Ce -
PPV VR PV N R A I R (R ST UTUIO UV SR VL S

LT PR B P e 4 .
i S
-.121 - .-
i
-.1:, -+
¢ 4 S
-, 270 -+
1
-. 351 -+
P
-—dls -t
) KR
- S -+
1
i
-, bDu -+
- 755 - 4
(e

1
[ 4
IR PSSR T S S SR A

n { i L 1 I b 1

Tiwe (sec)

Figure B-14 % H

r Input for u Tracking

112

il Y aa sl ot— LT T e
il T - - ‘




L T - +— -+ + . i + - + + +

~ 1
<857 -+ +

H l 4
ey —-+N +

g L :

s . 337 -+ - +

h J AN L

8 Y - +

- 1 X i

™ « 07 -+ +

§ I . 1

.' Py - +
* I X I
« 257 -+ +

: I l\’ 1
’ Y - Lot +
I ran :
. 3. 7oLl=Ui-r Réd +
‘ T A A G B ARAAA AL T LA U G b b b w'ae s 5 S L et W

-4 2370L-072~1 1 1 1 1 I 1 1 I i I

U. Tiwme (sec) 1.u2

Pigure B-15 sn‘_ Input for u Tracking

B et e u sam it e DI V) S RN

2 % - e e F & _
16310~ i=% + + + + +* +

+
+
+

hY

Ve 12 ii=dg=r
i
De sy =)2=t
' 1
Seloi=ul=r
1.
@, 370102+
L A
3.5 5=0z=+
1 <
2. 3oot=Jl=+
_L I -
‘ 2.U221=02=+ X
; i “
\ ‘ 1.236c=02—+ .
H I PITIN
! 4533303+ BUN
T PERVRV RN N XGRS 4V SO SRV SIS VTR NI S 64
-3, 310, = -1 1= i 1 1 1 1 1 i i i

SR B

+ -+

Input (degrees)

L LT B TR T i

o, Time (sec) 1.9

Figure B-16 § a Input for u Tracking
113

Te = p,_“i wﬁ’w@* : C - -




T T T € T UL MY ¥ S A TP e T T T

T Y ke

KRV -t —t- + + v +— -
I AACANT LWV VLA O At Cn et b DO R L bl L v e b w e
- 39J -t o +
. I PN i
«l.37 -+ RN +
1 X I
'; . ‘2. 23 - AN +
4 i X . I
a -3.12 -t +
.g i X i
~ =30 -t +
g I i
g -4.07 -t +
- 13 i
-5, 74 -+ +
i L
-0.62 —+X +
i I
=7.49 -+ +
< Z
o 37 -I I L I i L 1
u. Time (sec)
Pigure B-17 S. Input for u Tracking
. —)1 3 + - o + + + e - . +
1 I
e -r +
i i
Y A -+, +
1 i
? Lod? — +
H 14 1
B .52l -+ +
] 14 I
~ L4dv - +
S I A i
8 .31 -+ +
[ =] 1 X 4
R ) -t X +
1 < i
. 1')\’ -t }‘\c\ +
I RN 1
5. 507 L=ul-+ JON +
1 AAAK A KASAAAAA Y W ANAZ G L LN OVC L L LA Lu i
- 080 =04=1 1 I 1 I 1 1 i 1 b i
Ja Tiwme (sec) 1.,

Figure B-18

sf Input for u Tracking

114




LY T DT

T MR [ W AT YT Y S . W - ¥ €,

T e

_"
2¢ FI~Gol—t - . - + + + + -+ + +
' I At L AN AR L WX i
& 'J‘Jlu\"';-"' SN :.; . -\’.‘4\4;-\ hd
_ _ I XA co KKK 1
2.2531~) 1=+ . AAY +
~ 13300804+ AN : A
3 . 1 XX I
2 I “ I
B R £ T 30y PO K +
18 i A 1
. a' ]QJ%)L-JH PN -+
S : 1 R 1
7.022E~05—+ N +
' IS ~ I
4O NE=05=—+  Aa +
. - 1 . 1 !
AX i
=1.3221.-Co=1 1 -1 I 1 i 1 I 1 i L
0. Time (sec) 1.9
Figure B-19 4 Rasponse for u Tracking
.12 A + + + + -t —t 4= + + + -t
I AN 1 U e e e e e 4
L.Vl - RN FIRTS VL VIR UL IR RN 1Y
e i
c2J5 0 =+ . M
' I dus 1
<723 - M
= 1 A 1
g .o -+ X +
- 1 1
g .« 0 -t +
s 1 1
’ g o""'?t)’ - +
I X I
.37i -+ +
13 1
204 -+ +
1 1
u1)7 -t +
A 1
DU~ 2-1 I 1 I I 1 1 1 1 1 1 },
u. Time (sec) 1.
Figure B-20 u Tracking Response
115
. (—;*'-wr:*mw— e . -

e ——




J . 4 l.')f.;‘J;; + +

b
2eNimdo=+
- 1
24307, =05+
1
2. 287—=05-+
-1
1. H7e=)5=+
1
1. 00 =00=+
) 1
1. 2000=05~+
1
e UnI LY o=+
I
Do LVv~v0—t
i AN
l.oxdu=oo=-r L

Pa Vi) VRN

R R B S e e S R i i

+
+

3 - e
T T ng

e pr—
+

AMLAA TN Mt e

o
e we

A4S

;e
Nowa

e e
OO

1 4
e LU PO U Ul IS P

J. Time (sec) 1.9

Figure B-21 @ Response for u Tracking
1. ol30=10— ¥ e i —— — . + .
i v s .
ll\l’.-‘-.:-l(/‘_' .'\.u. IRV +
i e A 1
cdo i~ R +
’\ " I “ - 1
: Tessos=~Ll=+ “" - +
' - S . "
P oviasimlT— " : N
. 1 bA . i
: IR RTR Y W 2 RS LN +
. i ~ N I
12,902~ ] X y +
’ I« At I
1.23~17—+ A i +
1A i i
=2. 207~ e o +
i N 1
1,770 5~17-+ XX
i AARANL K S i I

B L T b B B B a ) Gt PR P

J.

Time (sec)

—_

Figure B-22

/€ Response for u Tracking
116




Output (degrees/sec)

Y .

|

2. 4-‘7‘....-17

2K 4

1.0 .=~lu~+
: 1
lollo=lu~+
1
5.332.-17-+
I
s, o7 =L~
L.
=0.272..~17-+
X
=1, 2 07=10—+ X
i
=l.74c0=1o=+ N\
1
-lo-+
1
—lo S r~lu=t
1
[ =}

. .
Tloe oA XS

av

+

* * g

PERICS SRR S VY

Al

-

o>

+

.

[O0N

SOy SRR R T AT

H 4 = h(;

»4

-3. 5251 6'1

U.

I i

Time (sec)

1.0

Figure B-2)

r Response for u

Tracking

Output (degrees)

+

reDUll=10=+

i
v JoVmlu~t

4
o7 ~lo=~t

i
et pu=lu~+

I
2.272 ~lu—+

i
1.7 AU =1o-+

1
1.122,.=00~+

1 A
2,531 2=17~+ .

[

.
, .

-1.71.5 .~ 8~

™

—

-50 JC’J‘“’I ;-‘"

-

+

o

+
T

+

. ‘\.\-';
Y {

-
4
C

2oLl Aa i

»'pqi (IR B R P I R O B R A SR

-l.1l.2i~1u=]

J.

(3]

I
Time (sec)

1 1

1.

A
22

Figure B-24

# Response for u

117

 e——————- 1 >

SE 2wt W ety

Tiiﬁking



Tracking

- . .o PRI .- . e B e WA s B b as M vl - b s ¥ wae Mo Ne St W .- — - N . E———




-

DR T ICTIR 7 2P

ey

e ey

o AT g

3 o

BTN v
DI )

1.75,

T

RV -+

3 I

% -1.47 -

,g 1l

b -20 53 -

o i

& -3.52 -+
e

-4 L

N -

1

-3.77 -t

i

-0.J43 -+

1

-7.3.2 -1

+
+
1
+

b

- AN ARA

LN
o
-t
RN
AL
PN
C R
AN\

+
:
[

+

T S S T Y U T

bt

I 1 i i L

Time (sec)

Figure B-25 S“r

Input for © Tracking

e JOLLmI2=tiS A

173 -t + t +— + + -+ + —— + +

-l. -

RN - vy *

1 RN I

Als  -r Cen +

' L ENIVIVN I

o~ e dea=il= MO +
: I A i
E’ Dedl s =uli=t Aden +
1 " i

2 2atTi-ozes i +
v I .- 1
2 ~a.90L-us-+ RN +
L] 1 RS L
~desbali=il=+ EMON +

L Lo I

- '“JJAJ-U.é-‘* Nair +

I i 1

+

1

1

e ———— 2 .t L 7T

Figure B-26 Sr

i L 1 i I
Time (sec)

119

' R B T T

e 7T A ,‘-r"w:l&ro”— .

Input for 0 Tracking

o e ————




7.0 +— + ' ' s + " +— -t b +
L ) .
) O, 00 T o * AL+
; L AN 1
. +.+47 -+ AK +
; ~ , I RENAN i
' 5 2.87 -4 RN +
L . T . ROV N 1
! e 1.3 -+ ~ +
' 3 1 FANRY .
. o =3l =+ RN -
: g 1 oo i
; g -i.2 -+ OV .
: i sl N
-3.51 -+ O -
! i VA 1
=341 -+ Fonk +
, ' T SRV VS i
- 7o - *
: N 1
-3.20 =l 1 1 1 1 1 I e ) O

J. Tm (“C) l PR

Figure B-27 s“x. Input for @ Tracking

R e e )

L0Js v et + + —t + + + rom——
i e
73 -t VIV &
t PRGN T
; I} -+ . +
. 1 RN 1
¢ R E N -+ A *
3 ) T N i
n 2L -t A +
[] 1 o i
AN S T AX -
o H 00 VI e
§- =L, Go0li=02=-r RN +
! ol i PN 1
: -.13u -+ A +
1 ROVN i
‘ - 257 -+ PR +
. It A i
- 373 ""-.<.l\ +
-4J) -1 1 1 1 I 1 1 I Tmareca | ey
]
', Time (sec) 1.0

Figure B-28 a Input for O Tracking
120




41.5 b + -+ + 4 + — — Y. + —+
X i
32.‘; -#C‘U‘- A "'
b : 1 AORAX 1
¢ 43.2 - YA +
} | i SR L
' ® 1.1 - PR +
. 4 ¥ Coaa I
{ - R F ERVN M
:‘ < T i L
" 4,22 -+ e +
; ‘i 1 Nurrd 1
; & . 15.4 -+ Xlia +
b ~ L RN, ¢ i
; -2.2- 2 -t \';“ *
. -31.7 - HUNEN +
:- "‘ RN \( ;
‘.. -~ O -t RFRCERIE 4
é l A
; —40.)  =l--=—-I 1 1 1 1 1 i 1 i i
E . Time (sec) 1..0
% Figure B-29 §_ Input for O Tracking
14
!
i 3. %1 + + e et + + i + + B
E l [RY
[ Je J7 - . e +
£ I RN i
? Deve - [ +
T JERNEN i
~ Y.Jo -+ [N +
: § i RN !
“ 2.6 -t e +
i 8 I .t -
o 1 . 2') - ;;n +
| o I EWA -
§ -~ 23) -+ Lur +
-t 1 Jown 1
-1.64 -t PN +
{ VNN e
v -3.12 -t Kinn +
I v L
-4, 50 L ST TS AN -+
' “ 1
; -0 -f 1 1 i 1 1 1 1 1 L I
1 . Time (sec) 1)
Figure B-30 Sf Input for © Tracking
12




I PIRVRE X e

e

PR

e rwawI YT L

373  ——_ + At + + ~+ + —t +
1 Adivarns |
<331 -+ Coadd + |
i XA 1 ;
<295 -+ NN + |
1 - L
o~ ol:.i\:) -t e +
. . 1 PR {
g 217 -+ <ae +
1 Jen ¢
é- 175 -+ oL +
o . I xal I
z 130 -t ‘e +
o 1 N 1
8 Yo 341 ~02-+ o +
i REVN 1
Ve Dov~ic—+ o +
1 ‘\'-\.; o
o101 =02 PR VIAN +
R S i
=1.77: =021 1 1 1 i- ) I 1 1 N I
V. Time (sec) 1.0
FPigure B-31 rlummu for 0 Trecking
el im) =t + + + -t — — + Fm e ———
o e i
e s hou=dl=T A +
1 ‘:«\ I
-, 251 -+ ~a *
1 e 1
- 203 ' - " -+
t 1 . , l
-.01d -t RN +
:; I t
Y B a N
1 AN 1
8 -Lu - o .
o 1 N 1
8 . -+ B -
I e I
"10.’7 - ~'e 4\..\15(
1 e EREEEY I
-1.50 -t RN Yoadin +
2 RO TR ST URL N I
~1.74 -1 1 L . pmm———] i i i 1 -1
v. Time (sec) 1.9

Figure B-32

u Response for @ Tracking
122




1.10 v e + + + -t + o —t -+ +
4 PSRN
1.34 -t Arn s +
. 1 Ak i
H W —+ RN +
1 WD i
~ e 725 -t WAt +
] (] L. .
; a ) 1 LN 1
! g w073 -t wn +
. : I “ i
i <~ 52L - =+ o +
: u 1 AAd i
: & 333 -+ o +
: 3 1 i I
E . 311 -+ Ner ha
.I 4{,&\ I
s 1220 -+ e +
"‘ I PN 4
t ve SadmU=+ AKX +
3 ’ A L
E =5, 3335~u2-1 1 L : t i i L 1 y 1
4
i . Time (sec) g PO
E Figure B-33 @ Tracking Response
i
¢
»
g 101007 =1 o=+ + ' + + re————i + - + —+
E 1 s
i’ Sedootu=lb—+ .+
; i i
\ 2.77(,[."1.3""’ VN +
| : &
; a.\ Qevlol=liu=+ N r
; $ — - :
5 1. oshe=lo=+ A *
) , 1 N i
, T G.OuN=lu— A +
. o I RO I
} & =2.50i-li=lwnla - +
»‘ g i RN i
=0 V07 ==+ PN ~. +
; . 1 Y e I
=1.3n, =0+ RN . +
I e Y Al 4
=2.054:=10=+ RN v +
1 PRGN VSN i '
. 2. 775~ 0=i~ L I -1 I 1 l 1 I 1 L :
e Time (sec ) FKD) !
Figure B-34 /4 Response for @ Tracking
123 \
}
|




TS P iR W e - memeg——— -

RO A

- PR v ¥ PTG " e GRA W “PV 1 T CPRI | WP | S Cur TLAEN. N TEYY PP

MaGdien o b 4

-

Pand i‘ly'ﬁmﬂ.* . . -

4.377u=15—+ et -~ + + + ~+ + + +
‘ L ANAANN o T
J.uodl.=1o=-+ NEV A ARN +
. 1 YA -~ I
2.950=10—-+ X, x +
. PN BN I
TR 1.dITumlmr ai “ +
- 8 LNl R 1
. 2.203h-l7—+ X +
® . .
® ) 4 R Y 1
B -1.1510-15-+ A +
] I i I
IR B B Nl +
( i 1 i i
& =3.0ldu=-10-+ RN S
8 1 A .\‘1
- 3=l o~t eams a T
1 Aan v“wooo4
04 St d=1o~+ PN NP +
i NVTERNES 1
I ARG BB 1 i L i i 1 L i i 1
0. Time (sec) Lo
Figure B-35 r Response for 0 Tracking
1,002 ~1a=-+ + 1 + + - - + - +
I U
loso =L =+ w. +
- T 1
1,97 0= =t v +
I " 1
Sedaon~l o=+ . -
- - i 1
@ 3. 2iai=10-+ N +
4 r “ i
8  2.2320-lo-+ R -
-~ I N 1
‘i 3,143 .~106- X e +
€ el S .
8 . o R
{ .- RN 1
e T I T . o +
i l:-\vl\ FERY 1
=7.535t=1a=" RN A won *
L NG S 1
=l.ula =1l =i L ! 1 1 1 1 1 1 I 1
I Tiwe (see) 1.9
Figure B-36 § Response for @ Tracking
124




.*——

IQ Tracking
Ty a—

Iy

»“ﬂ

- e
-

et 0 et TR el Wi Bl s 2R a0 s AN Mt ko X S L. 0 &

S




- ’
=34 - - + v + -+ + + + + +
FINTON T
-0431 -t :\:;\ hd
: -.514° FHENN +
{ i Kes I
: -.5.5 - vt +
l .
! 3 -.073 -+ el +
' & 1 ANXA - i
) @ - .70 — LD +
3 I N L
8 - 3 -+ BETNN +
; é i N L
! RS RO +
' i RN i
-1.51 - (TN +
t i ciwi L
; al.ud - e
; -1.17 -i 1 1 I I I { i i L I
b
N . Time (sec) 1.2%
i Pigure B-37 St Input for & Tracking
}
f
t . . N
' Dt VD - f—— ) 4 + $ + +~ + + -+ +
E 1 wvt
; 3463 -+ vy +
' L AN i
§ KT -+ Tl +
g - et 1
H wue? -1 OO, -
i N I
t o L3 -t RIAN +
s i REVNY i
: B 2.1 -+ i -
H ] 1 IS i
) 8 lo. o - PIERN +
‘ o i Al 1
| é’ lo.u -+ o VAN *
i = . L B (
' 14.3 - LA +
: i Acnws 1
¢ 12.0 - N +
PN :
Y -1 I I L 1 1 1 1 1 1 L
VN Time (sec) 1.,
;
Figure B-38 5“" Input for 4 Tracking

> -y -

126

Lo e e m——




L avmees A weae -

o ageg arwer

P

AT . ORI T GPWT SR ST AR R £ - TEP Ry o S
-

r  wmETymence mygy 1

B R I S + + + + + + 4 + +
RSN i
) 1 RSN I
-l 3 -+ JOWXA +
l \-\;‘u'; 1
-lu. s -+ o +
~ . - { X4AX i
4 . [P
$ -lo.0 -t MO EN r
g l ’ )\-‘.\' i
g 1 - :
g l a‘-t\.\ 1
o~ - 4 - RN +
o cde-t + Ao ‘ i
s. ! AN FS
25,7 -+ RO +
i - i
———e -4 -t +
" e i
-y -r . +
1 el
e P -1 1 i I I 1 L 1 1 1 I
0. Time (sec) 1.0

Figure B-39 % n, Input for / Tracking
i -+ + — + - + + + - ' +
Sl 1
-3 e TN +
I JRVTNIEN I
—-5. 1) - e +
i NPT 1
3.t S N +
~ 1 N I
i ~-1..2 -t RN +
“ { RSN i
o - -+ sl +
3 i P 4
o ~de 0.4 -+ ."’v;/\.'- +
g “2e1s) -+ N +
I (VRN L
b ® .’7 -+ “_;A' +
i PO O I
- -t NCEE SR 4
=7.:1 -1 L 1 1 R | I I I I 1

. Time (sec) 1.9y
Figure B-40 S. Input for /e Tracking
127




Looolii=l Lt - + + - + + + + + ¥
I X T
l.200.=12=+ +
, i PN i
. Gevou=] 3T v
' } I AN i
HSeddor=ld=+ s lo A +
: > SN ) TRV A N
: S SRR AITIRS I 20 X & oA +
= 1 N RO 1
& -l.9uzl-li-+ A +
~ 1 A a 1
8 -5.0l2.~1)=+ — XN -
: § 1 ~ N er h e e ~ 1
M il -t “ A aeve cel +
I o Tt A i
=1, 1o =l2—+ N Al eX +
i Y AN
. =l.oes ~ic=+ . .
: I >N i
-l voos ==l 1 I N 1 M 1 1 i I i

J. Time (sec) 1.0

Figure B-41 S. Input for /48 Tracking

I e e e T

i
E e s b L e — + + [ S . - - + » + Y
. L )
R e Lt \ e
’ 1 evuewy I
; L.J3 —s =t [N +
; { .. 1
; Lerta ] =a=» PN +
t ? ‘ . BRI PISINIEN i
¥ ooomla-e A Al e +
9 .
; I P SN 1
[ PRUSTIC S s 4 N +
‘ +
.. ~ - AN X .L
'? g =1.4 . ~Lla~-+ N on e o +
: 2- 1 v I
- -, i -1 ™ cmmws s PPN +
'
' L \ i
t D
! S PRI v
5 ’ L 1
: =Ll 7T0=] 3=+ +
) 1 A A
e d =] g im——— [P U ISy JEPII DI S SIS PEU—
e Time (sec) 1.0

Figure B-42 Sf Input for 4 Tracking
128

ST S N 7 e TR : _ . A




Iz

Output (degrees)

e

Vs Dl i=15—+ -+
T

5. 3%di=1 5+
1
v

4 GlUL=10—+
I
I
2. JueL=L 3=+

A
PS

2.237c=15=+
I
L.olai=15—+
i
7. oR=10—+

A
G bdoti=17-KAX

+

RERN

I ORI KK

~ue H3Y3L=-10-1 1

.

I I
Time (sec)

Figure B-43

¥ Response for 4 Tracking

C e e B R NIRRT TS Y. Y

- -

Output (mph)

. T PP« m———— "y

Cetadla=lo—+ 14

-
4
.

e fug L=t ROV A

i -
deohv =) =+ uin
[ ..
RISTIVE L] ST RN
I
~l.vuii=la=-r
I
-p,lut=] 4=+
T

—.Tloc=la~+
L
=Y. 2Sdu~] =+
i
"l . 1 s N -"'1 .."""
1
~l.qa4l1.~13-+
i
1. 37=1 =1 !

o P W

Je

O

2 8

[T S S T L BB B B o

+

+

1
ro~ed

-

¢
'
.

+ -

MR S TSR S SR B N S N

Time (sec)

Figure B-44

u Response for ﬂ Tracxing
129




+
:
i
I

3. 10k=1 =+ - * +—
] I
2. sloL=14~+ e e et
I A
2.4078-19— ' PR\
1 RN
2.15. 3= 4+ RN
R § . PS¢
1. =14+ . VSN
i A
1,435+ S
I RN
1.170.~13=~+ o
I BTSN
e 41281 o=+ A
I ANy
S.1lv=lu—+ SN
I )'S
1.82m=1o=+ X010
Xl

VEwpPus \wwpge-wwy

ek I At IR BT N S SIS

=l.qudi=lo~i 1 i I i i 1 i 1 I

V. Time (sec) 1.2

Figure B-45 @ Response for 4 Tracking

+
.
),
e

Tocoll=12

Y. o+

Ve 20 =03+ VA M e L v e e e AN G o e
I RPRTRN
D123~ 25—r BV
l - %
Do /J'J.:.."J.)—“ Jen
L RN
e dD2 =) 3=+ R
i B
3. ouLii=0u=+ ot
1 “
2.7530=-03=-+ “
: o
2.0 M= Jo=+
i P
1.2oci=ua—+
1.

Deudlimod=t+

Output (degrees)

(SN

A R L g e e B tat ! i I L 1 1 -I

4+ 4

4

LB B N B TR S ol N o B e S

‘. Time (2-°) 1.2

Figure B-46 /@ Tracking Response
130




PR NPTREV AL S -+ + 4+ + 4+~ + S o ———
b At LA ALY
1.0700L=0l=~+ A VAN L e -+
i oK i
1. 7460=02=— RRVA +
1; I XX 1
-4 1.5108=Q2=-+ XA +
-~ 1 ANN I
® 1.2338-02-+ i +
L .
u 1 A I
® l.uo2ii-02=+ o +
3 1 KN 1
& Ce .ZJ"..-\.‘):)"" o +
§ t P 1
3 S.u03l-ul-¢ Na +
© I FIVAN I
GO 7o0=03—+ RN +
I AN T
1. cobL=Ul—+ (OO +
AL {
=l.veti=03=1 1 1 1 1 1 1 I I 3 1
J. Tiwme (sec) 1.2
Figure B-47 r Response for 4 Tracking
9. 103503+ +— * r + +— — e + ot
e et WV i
—Ue123-00-+ N +
i N I
~1.7300=-02=+ RERUN +
I e 2
~ -2..',5’(-.,-;,_'—+ e . +
b i s [
8 =3.3uimue— <in +
3 L RGN i
© ~5.130=-U2~+ N +
o I RO 0N i
R 0. 22004 ”in -
& . .
= 1 N i
S R Wy T +
M RN i
. -, tlui=u—~+ NN +
l VAN I
EPPRY B VEET RV 2
L Rolg
- iu7 -1 i 1 i Je———— I I 1 L i
Time (sec) 1.2,

Figure B-48

@ Response for 4 Tracking
131




. smtdam 3R .

Tracking

T

o a s . s | Ak -

A — e —— ATl A




e g—

Lt e TP WL WIS S ATY Yo U o o T ¢ R A

AP~ AT MWV e

lolJ -+ O

e PP RERCVI L + + + + + + + + o -+
: R4 3
0,4 10)i=U2=+ AN +
_ I RN b
-7.339 =Dt h NN +
. i RSN 1
@ —B. uoL-us—+ XX +
I B O . T
g = Tdai=li—r LA +
$ 1 AN I
~ =lus -+ A0 -
s : RN I
g' -.1.21 - A *
I AN i
-.133 -t No. +
1 Lo 1
v - l x: -+ \...; +
i VBTN e
- 157 -+ e T
4 RV, RN
L O -1 I i 1 I I 1z I i i 1
J. Time (sec) 1.3

Figure B-49 Sr Input for r Tracking
S ~t—————t ' + -t + —+ + —+ + +
1 RERN
:.- Y] - Lenwwry ¥
1 FINGRN I
2.0l -+ Lo -+
i PR i
de i, -+ ) RSN +
2 i IQOTAN i
8 — S - "’ "\‘4'-‘\.‘ +
9 l 9 -‘:. . '-u'\a"w\ l
o o PRV2 VAN -+
~ i PRE 1
8 1.7, -+ Ll *
é‘ i S 1
™ 1.5 -+ Cu A +
l 4\‘4&‘\4. l
1.32 -+ Ll +
[ ' 1
-
1
1

cork =l f 1 I L 1 1 1 I-

R Time (sec)

Figure B-50 s“r Input for r Tracking
133

e i T e : - -

e




.\.J

b I JEEBE IS SEE IR B B IR S I R B RS BLARL IR ST SRR S AN e I e A
- W
“ ~
S -~ P .
+Te ” Y 5
+ .M - J- 4 ; — -
L A R -
3 ;
] L .
b T2 -t + ,‘ : -y
O |
: .
.\n ' L4 e
{ v g, -4 ] 4
- -t > , Lond
-4
4 - . 5
[7] ,
V. 2 o . .U
3 R R
+ R LA + ..“ N
4 BPE
. 3
. N . R
b -
- (%]
+ 2 o - 1 By T o~
L n - . M
e @ a )
S | i g
pv W b | m- -+ \v — “
(W} " °
P m - s " ol
3 L] 3 &=
4+ 3 o mu t s —
B} W o Xl
vt NS
3 ;
* 502 — ﬂ A_' ;00 -
; : i
4 A E
3 . .
1 RS iy “ + L —
>} &0 “3
R -l :

MM & e «,J.s 2
R I N R O O S R R A L P L o 44 4L - -
Sl ek SR SN S A Sl Shair 1 R SR U S Uk SR SR SRl SRy

- i y ~ 2} o - ) —4 N - -~ - 3] - ot
M G T T T TG BT TS B ~ TN s 4z 5 189 "
L] - - . . - L] . - )l l)
T e 4 e ™l N m - YT T T 9 D S
] N \ ] ] [} ] 1 [} 1 [] 1 ] | [} [} ] | 1 t 1 )
(990a89p) aIndu] (sesasep) 3ndul

a3 ey bR okt s B WA o . M A ccar®f N m D N o o e - PR O e

e lilirs & v o -

S. Input for r Tracking

Figure B-52

134

- i




-

S e eae

~ e

AR TR

e mp T

R L S

J e

Input (degrees)

D3 osiimia—t+ +

: 1 X i
‘ie 2o b=l et +
o ) I Xt an I
I NNl B O VN VN +
RN NN I

1.0l =)=t < +

’ 1 an I
=1.7550=1 =+ XA A +
I Ovowy Lo A I

=} 25 0= =t vy X K +
1 S - 1

7.3l vi=) i=r . ~ r
I A i
~liuud~13-+ A *
I K <
=1...370=1o-¢% PRGN +
i REE RN I

-1oudu=l 3=+
i
=l.ondi=13-1 1

AARSAX 1

,
X914 §

0.

1 i i 1 1 I
Time (o0c)

1.2,

Pigure B-53 S.

Input for r Tracking

2,200 =1 =t — +— + # + + +— + + +
4 e
Yedio =l 9= vy P
i FREANIN 1
Seldei=lo=+ U QU +
1 [V19) BN J—.
Yo seg=ta=t 20 +
! i v 1
~ 1.z .h~ld=+ -+
") . .
g . e i
= Ve 7-0.’1."1".)4 . ’ -';.'us +
s I N OEPNE 1
L4 deue3L=1lo=-+ LNEEN A +
o~ I NS 1
B soacop-lo—+ o +
L) .
- I PN 1
=3.552.=1%=.. N +
LANA et cwewn I
=7.654UL=15=+ i1 AL +
I .- I
=) iToiml-1 L I : 1 1 1 i I- 1 1
J. Time (sec) 1.9
Figure B-54 ® p Input for r Tracking
135

e - e . . -
s 1-’_?--,-_” »gipp—




S e SRy, MW Y

;.:- ﬁ: l}"-"l\-""’
1
l.oubi=1.—+

RN

, )
vy

4
we 122: =1o=—+ + v — + + + + + - \ +
1 v AR
De b1~ 1l=+ REGENY
‘ | AL
D :-)31"4-1 o=+ ‘\}‘
. I AN
P 40 . bwu-l u=+ N
s t XN
5 Je 7I0L=-10o-+ RIS
[ ] i RVVS
T .91+ AR
o i Nt
g

[N S R T ok T TR N A S S

T .‘:\ .
7e33m0=17~+ PN
i OANEY
lelud7u=l s=iix RN
1 [ N ;-u'\:-
s ocou=i7=i i i I 1 I I I 4 i
v. Time (sec) 1.uv
Figure B-55 ¥ Response for r Tracking
livesi =1 o=+ +— + v _— + + —— et T
L .
lovlii~li=t +
H 1
ledoiiiml o=+ *
T T
Leusin~li=+ +
’ I' 4
e b 2Mi~l o=t +
~ T T
i’ 0.521::-13--:- S *
o . 4 [ V1 V) V2 G UL S 4
z. b ill=1 =+ . s *
& 1 “"n PR I
8 PARCE W IV B0 N : A AN +
4 . (V1Y PR o "~ ~ KLAN
1Y) VRS TN . : nooA e V4 LS+
1 PTG N Iy N oA I
-1.102u~15—+ ’ . N A AX +
1 FAN F. QN 1
I

=3.083t~1" =1 1 I

e

o] [ 1 1

Tiwe (sec)

Figure B-56

u Response for r Tracking
136




I e St o e T Y L

T -

- -

v — = ey Y-

Output (degrees)

RIS RRCI R o
i

PRETEF 0 T

' 1

Sedati=Lo=+

T
-

1.9020=15-+
1
l.vidu=1o~+
1
1 . 3; -"Jli“l 5""’
1
1. 0o =10+
i
7o 75au~lo-+
f
e 7 Ja=li~+
1
e llboi=io=+ L0\

AV NN

oS

Xow
;'\.‘.4;
HEON
EE SN
RRVN

PR, PTORN

e

+
+

..
3
¢
o
PR |

IV, V) W W

- o
L S o

AN

PR e BT o IR o B B 3

+ 4

[
-
—
|

-l.3iJ.~1 -

[\
(]

i 1 4 I
Time (sec)

1.0

Pigure B-57

@ Response for r Tracking

Output (degrees)

3

Te s nm—do=t

CAYAN
-lo J’tJu"\.‘"ﬁ"‘" ‘e

) S
- e b=

i
=3 1520~ ) =t

1
=ue L TU = =t

3
=S A iD=t

b
L

=l.und =3+
i
"1 . 2 l l R WET S
1
=1.3)0L=us~-}
i
-lo 5-)\)5"-).}""’

4

L
+
+

B VAN
Ao
RN
R4
A

’
LS

..,
A v
, -

IYSRAN

IR R .
PRV NYCYVRVIURY SR ) OF S SR I

+

C e -
RUT V70 . VNIRRT, SV

I 1 I

4
]
|
[}
{
1-a.r-ov-l

L T B A A

\

N e mn

S P N R R R B e ) G 1 1

Time (sec)

1.0

Figure B-58 / Response for r Tracking

137

e ———— - —— -

e,




P

-

Ve AT e

S Lt

. iastaaite a sl e ekl o o)L SUARSRRE

-

3. D00, = gt + + + -~ -t S + —t + |

3 RN '

3. didaJs~-+ Mo i Xt '
1 “ AN Y I
Ledda= 3=+ & e - +
. QPR oA ~. L
o 2.L=03-+ Pt N +
3 : 1% XX X i
& 2.320L=0s=+ X X +
H i K ~l 1
) I PR TR L X AN +
3 ‘ ) ¢ SO A 4
o FISRY R NE L RAGN RN +
a I P aMEN PPN i
& 1.57205=03-+ R $ 84 +
8 I 1
1 . c’.'} J“..-':‘J"'.' +
, i i
100350 md3=+ +
- i
7.100 =01 1 1 L 1 1 P e iy Satmaadt

2.

Time (sec)

1.3

Figure B-59

r Tracking Response

Output (degrees)

et DUl A

Aol ¢ e )=t —t * t + + —— + -+ v -+
i BN

Lo o)==t RO
1 AN i

24303 o=t -
: NN Iy

Le dNi=muL=t u. +
I AN i

1. ,.008=00=+ ok +
- NN 1

1.0 7, =02-+ S -
L il i

1.0 0= -+ i +
1 R n

7.770.= 3=+ A% +
i Xl i

4. 71 T=ul=+ AN +
1 KAXA b

1.003L=) 35—+ ALK +
i

I

=1.007i=J3=1

1 ¢ I 1 1

\Je

Time (sec)

FPigure B-60 @

Response for r
138

Tracking




ﬂ Tracking




e

AR AT AT o € TIPS 2T !

e e T\ e

Input (d_cgrcu)

-0 3Uai=J b=+ + + + + -+ ) e - + v
' 1 K
7. 1090~y =+ .
R i PN i
w7 Jodi=dd=t ROV +
) H oo 1
=S THia=i—t AN *
I ) Lo I

-, 557 b=t RO +
i .t T

"1- \JJ3A.‘J3-+ LY -+
Y . I

IR P VE LR - +
QN ~ 1

=1 1911=04=+ .. e +
] b ROTAN i
-].2712=03~+ X N +
i RN FON 1
=1.350L=)3~+ o PR +
T : e e : [ ;\ I

«l. 2muo~1 1 i 1 I I I i 1 1 I

0. : Time (wec) 1.9
FPigure B-61 Sr Input for # Tracking
TP VAT WAL S + + + fmm e ——— - + + +
i IR
Gevaw s=Jl=4 TN +
.[ a\.‘.\-;';.;.uuuv.'»; :y;.s'bu--; e
Je I dumS L= BTN S v e s M e +
i . 1
:.L73L-J2—v PN +
* i i .
8 Lliilmoem+ . N
- M A :
&  L.3ilumie-+ . +
had 1 N i
o 5.13L.=02-+ " +
§ 1 "‘\ 1
= AN 1) FRCIV VY +
i 1
.71 =d=t +
i i
Go L3It +
.. : 1
Boisol=do=1 i I {oroe=t i " 1 1 I 1
U Time (sec) 1.0
Figure B-62 SH: Input for ¢ Tracking
140




e

e e e Ve

—.y— -

——t

C e v Gn A - =

Vs
=t . J0u=02=+ + e + + = e —t— + + +
X i
s D B3 RS N *
I . i
- 7 Top-02=+ +
' i 0 i
= 00l U=U2=+ X v
- PN i
5 =0.1311'=)2=+ X +
¢ I i
O =L.3izu-u2-+ < +
R 1 P 1
o =0 3X5e=02—+ “ +
2 L " I
R ey RS E G RIS “~. +
I . L
=5.3530=U2=+ NS e MM me e +
4 S...-...u»;;--.u. n';.ﬁuuh'u\. i
-

=2 Jouu=ud=t

I

=0.2172-g2=1 I i ) G ey PR i 1 i M
0. Time (sec) 1.0
Figure B-63 $§ Input for § Tracking
By,

S Todiimos—+ r + tmm———t + - + + —
I -
PN SR YSC NPT S cer T
1 N 1
1. 005.=03=-+ eens +
1 (RN L
3. T71 2=t . +
- . i L 1
) Sefsa diimdo=+ o +
H i e N
= L ISR VR VE o 2 N +
3 I R R
: =Lt 3=+ N +
z- I (95N I
e =2.777u-05-+ VRN +
= 1 o i
=5 T1ibi=03=r " . +
o N 1
=G 0olli=u3=+ L VSN +
I v e e o ‘
TR 2 D R e e e et B L e l { 1 M i

Je Time (sec) 1..

Figure B-64

%l

Input for @ Tracking
141

e

g




L L B el bl il + — +~ ~+ + + +
a TN 1
:- .‘d-’.o—l..?-’ RNEVIN +
. L v P3N i
Jovaii=lo=+ | +
PO WY i
! e 4-).).."'1 =t o “woo- +
B o~ 4 ! -. 1
. ® - ,
. ® 3. 300.~11-¢ RSN +
. 1 .
: “ 1 PRSIt L
, o . .
@ =7.73 -io—+ N e +
pA L Con :
: - ~l.3w. ==t KRUPNIEN +
b a. 1 (. .- I
i . . .
L 8 L sisimiomt e N
- 'S .\..‘ PR ce smed .';’;'; I
) =3 ldli=lu-t REVA “ v el ¥
: i e e d {
T R R -
{ ' .
" 1
- e aelomlomle———t . 1 1 i 1 R 1 Jmme—e R
0. Tiwe (sec) Y

FPigure B-65 G Input for @ Tracking
L

A . . e Y g A RPN 3 P

I e e At s : — + + + +
L “

N eI =i =} N R
L ; L b e e
; Sedes =lo—t RN s s +
! 1 e ene e !
4 tevs mlo=t v A -
: : N . 4

@ 2.5.1.-1 .-+ N +

H i -

B 1.7 -1t R

< ' Alin

D B W A 4 el

- . R

8 -l =L /=t A

-4

! o
-1074"'0':-14-".'- :

— = = 4 - 4

| . ) ' RN .
: =2.Mllim10-+
! R 4
e T R B B T e e ey 1 i 1 1 [m———
e 1..:

Time (sec)

Figure B-66 Sf Input for # Tracking
162




el =1 7=+ —~— + + v * -+ + + —t—o et
i AN AN AKa T
Levw b =i 7=¢ AL oA " +
. { DA e 1l
oo, =17t RENY N
1 AX An
~ l.l .l .=1/-+ RTRN +
) :
® 1 AA I
A % T e “ -
Hy 3 A i
T jloLou-la-+ Xt +
P L “ 1
2 SihLumli—t MR +
s r i 1
©  3laLu-1l -+ N +
i .o -
| PRV RC IR 4 BTN +
—“ oty I
—Levut lomriuves UL +
1 RV 1
S TR i " I I 1 1- 1 L 1
J. Time (sec) [
Figure B-67 ¥ Response for § Tracking
Zeooe Lo+ + + + v ' + e R sttt
1 N T
woeddo =)=t . +
t 1
A, '7\1 s =lo=-r " *
H .
Lol g =i—F AN *
[ i . L
1.710 ~lo=-+ .. +
”~ .
£ foen i
E 1. %200,=lu~t (L VN +
N I o RO 1
Fd Feia0a=17=+ N A - +
o i 4 L. o o RN (NI ¢
g 30 2 0)..';7_‘: RN A LU Seatenr Y [T . +
1 RO AT o A O §
=l.1450.=Li=¢+ ~ A A . P

|
-, 53\ =1 T+

‘-
v
-
—

Ay

SN

-~
+

~J 1 ’

Time (sec)

1 ———— ———]

1.4y

Figure B-68

u Response for §
143

Tracking




Vet TLi=1T7—+ + * + + il + + + + +
1 -l WA A 1
3:7008=1T7-+ XAl Ak Ll +
B . I .\'.':I‘L\ 'A’.\'lv\'.\.\"\ 3 1
Dellin=17—+ ROWN " ARSRX +
o . 1 .;\ “\"l\"‘,
4.'1 Lj.."l [+ fan e
- ' I N’ R
: 3.7072-17-+ - +
: 1 San i
? 3,222,177+ PN -+
A it ~ 1
¥ Lalui=17-+ n +
E' . L REN "
8 . bml7— e +
1 X L
L.Jdud =L 7—+ “ +
I X s
J- < |7A.¢-l-).+ . +
AN i
=2.50lo=~1i=1 I 1 1 I 1 =1 i i 1
J. Time (sec) 1. 19
FPigure B-69 0 Response for § Tracking
Jeolli—i5-+ + + v + + b -+ v + —+
1 “leon
;&..L;.,-JJ-+ :\.._'\.\'..'\-. h g
i PRI i
oo I b =ms o=+ PRI +
i RRVR i
e .;llL,-'.;.S-+ (XN v
; . N
D T KA RS N +
)
[ I PRV 4
¢ e .
5 Tou o i=L,—+ e +
g It S i
- 2 . u‘.‘;:u.‘JJ- + :\’4\. +
v} ) - i
-4 s 1 .
B 0.l sSo=i)y=+ s +
o B .
g i PRvIN 1
."J- (R RY e - +
1 F RN 1
1.9270=0 -+ ORI -
AAS 1
=}.00) ~u4d=-1 1 1 i L I -l 1 i I
Q. Time (sec)

Figure B-70 47 Response for § Tracking
144

2R T e’ I TR

»




10107 ey =t + +— + + v —+ + + +— +
“" i
-1-\‘)';1".-\)"0-*-; .'--L(K',‘-;uu\v-u\’-\'f
1 < R TN .
=3.3000=0am o et k
< 1 X Y i
(L .
~ 1 RN - !
- e .
@ =Y. 0l D=+ i +
@ .
% 4 AN “@ l
'g =1.201 =)3-+ RN . *
~ 1 e o 1
W =i.03.=)3-+ RN [ *r
- . . .
a L cut - i
3 =l.uiio=Us—+ ~ . +
e . , ,
i - P2 “~
L oJdnd .”JJ‘"" fan -~ +
1 e “ 1
EPRER R EL MO DN +
4 l:;\,;\_'; T
L dewi=)3=i 1 [ I I i I " [ 1
J. Time (IQC) 1. )
Figure B-71 r Response for § Tracking
dedda i~ /=t + T -+ r P + +— T ———
1 N
o) Lo=il=—t e w o +
i PRCUER RN 1
B RN TS Acvien +
M NN i
i moo=t “en *
@ .lon s -y . +
8 1 (VAU 4
5 Deis il I=l = e +
5 { e T
had . e
o 275 =) - +
] 1 “s T
B -
& D00 -t N *
3 .
(=] L RO L
Lo 2= 4— P +
H PN 1
y 7.050i=d b=t oo +
RN 1
P TR R e Bl | i L 1 I = mmme]
e Time (sec) lov)

Figure B-72

R R ikl o

# Tracking Response
145




No Rudder Responses




Ot +— + + —t - + + + r -+
1 PRGN
-uslu - Xaras +
. ROTONLEY 1
-0.33 -t LXK +
i RUNCRN 1
—est? -+ 6,04 +
. 1 AN I
: e -6.51 -+ & +
: -4 2 RGN I
' B-o.70 v X -
S T =C. i
, 5 ~0.W -+ RN +
. 2 £ ol 1
. - R ol +
I o T
7.1, -+ A +
1 RN N
-.1-39 -t NN A
RAVIEN 1
-7 -i= I ! I i 1 I I H 1 n
: e Time (sec) 1.93
:
r
} Figure B-73 S“ Toput for § Tracking without a Rudder
. L
:
H 7. 4w v + + —t v +— + —t- + v i
¥ [N [
; 7.3, - NN .
i N 1
7.3 -+ e +
: . 3 FUSR .
i J.oL -t RN +
i‘ \ L N n
': 7. 1 3 -r RPN +
9 1 S i
. a 7.u0 -1 Y -
’ 3 T PO N
. ~ 3. Mo -t A +
{ 8 o, it i
. a- [SPYe] -t N +
i i SR 1
! Yet) -4 A +
§ . 1 NIV i
v 71 - Sia 4
L RE i
i 1. 53 -1 i~ 1 I 1 1 L I i i 1
h Time (sec) 1. %

Figure B-74 9 H Input for ) Tracking without a Rudder
r
147

T v e — oy




e

it

B ARl T D P R 3 e

cnrm T

o> om e

o ——

Input (degrees)

+ a = + + -+ <+ + -+ + +
1 i
-+ N b +
I RN .
-+ Ao o +
i Ao i
""r’ Lauves +
o3 ivn R
- JIG +
i e :
-+ et +
-t e +
1 N i
-t R N
l an i
- S +
I IR SN 1
-t RN *
4;.\\.5 1
-1 i i i I I H T 1 |—————T
4
u. Time (sec) 1.9

Figure B-75

g. Input for ¥ Tracking without a Rudder

Input (degrees)

Sers

Sde

RN TR

sl
3i.1
S0
SUeJ

2.3

. . e, e e b - e —
? + + + + + + + t + +
R4 i
-+ NN +
1 TR 1
-+ PV +
i NRUTEN 1
-+ ‘e +
. I . I\
'+ Nl +
1 VN n
-+ N -+
1 RV 1
-t e +
i VN i
-t O +
{ e I
-+ PN +
l RVTRN 1 |
-+ e + :
-l \:'u.\
—jom———i i- i ! L i L 1 I L ) !
R Time (sec) 1o
|

Figure B-70

FTT AT e 7
i 0,
Py g

S' Input for & Tracking without a Rudder
148

L e [ T

et ghea. kol ’ ’ -




P VI T ap e ey egTTYR e S L5 TYIR -

-

N wenr

v,

- -

- ’
-4 L0 et -+ + + + +- + s o +
1 W
-l 25 - Jvnes F
. i AAA i
“7.3; - wha's +
l P Y 1
‘.l.'ic' -+ PRVENE WA +
~ .
[_] I PLUEWIN i
$ -1, -+ w4 +
§ I .\\’- s p Y
o =7.00 -+ RN +
' .
o I [ST0 Y IS
§- -1.02 -+ AN +
{ - i
[ ] - .
~7.77 -+ A +
1 e i
~T.en. -+ S +
l ;Nu-; 4
"70 :..'.‘ -+t ‘.‘..\4'\-\-51\.-- +
\;.'-.. [LNEIEN j.
- ha -1 1 i 1 I L < L N - i
v, Time (sec) e
Figure B-77 Sf Input for ¥ Tracking without a Rudder
ol -~ + r -t 4 + + g r - T
" "
. s -t PRV b
'L :.;u\; (VRN 4
. }Ju -+ :'_’u'u\v\-{ +
L TN IS
”~ e daw ! -r NI +
: i S {
(4 s ) :J -t [V REY +
% o i ) VRN e
3 oz v) -4 B Y r
o B 1 v 4
g' P -+ - +
o l LY I
g oa.‘:’Jl - . +
M PN 1
ol.p) -t XS +
1 W i
2o o =oe=t .. +
RN L
=350 == I 1 i 1 1 1 1 : L L
NP Time (sec) L.
Figure B-7¢ ¥ Tracking without a Rudder
149

VP —- o — T d— o ——— .- B




el =i+
1
Je VT =0l
t

Bed rai=Ji=+
1

ol mul-r
' i oy
vl fo=uc=t
1

el tua=u =+
i
Josid=22=+
1

Y NS DR
1:

YN RS

®
LR B S e Bl 2\

Outputs

BN R T N R SR

=ie Non=yo=+
1

=iz =031 I - i { . s i

Tiwe (sec) 1. .,

[

1

Lonl 1
)

Q.

Figure B-79 u and O Responses for ¥ Tracking without a Rudder

L3 ra=alt=d
i

ie Tt =Ua=t

|
:
i
|

L S P +
1
L BB AT o +
i
- vk '(.—_-‘g‘f -
i
= l7J.:--r'-+ +
° 1
& 7.2 ) - L=t +
3

& 1
g —de Ll s =t +
1
-.11: - +
1
= L3 -+ +

i * }

-.147 -1 1 . 1 L I i -1 1 i 1 '

"2e . .
Time (sec) 1

Figure B-80 Lateral Mode Responses for ¥ Tracking without a Rudder

150




oo

ey

BN A TR IR Y SR P APPRTUPY RSN BURRT SR AR YD BT e TS

Input (degrees) |

el =DL=+ -+ * +- +— + + +- -t r r

- I Ze LU AU WL WAL 1 M A AT B b S AT L XL G T

-0 ST =) 2 P +

1 ot 1

- 7[11? -+ X< +

- 1 < i

-.1 23 -+ 4 +

I X T

l X 1

-.3 '}‘J -t -+

Ix 1

-2 . -t +

I s 1

-223 -+ +

1 L

-.531 -+J +

i I

-3 -+ +

N 1

- 735 -1 i I 1 1 1 I 1 i i 1
J. r‘-(.‘C) 1.0

Figure B-81 § Input for u Tracking without a Rudder

By

L7 + -+ v t + + +— + + - *
lll I
o 300 - +
1 i
Y - +
i {
PRSI -+ +
' i. <
‘- DY) -+ +
-4 i 4
a il -+ +
< 1 1
~ e0dd -+ +
-1 J S 1
E e - +
- i A 1
154 -+ e +
i < .
3,300 masr A +
1 RV Or R SRUE NN 0. SrUUT G S N SRORUTL L |
“".\'\701.-\1:‘1 I 1 J¢ 1 “ 1 1 1 } 1
{sq Time (sec) o he 1y
Figure B-82 S“ Input for u Tracking without a Rudder
L
151




7.531 7m0 e + + -+ + + -+ + + + +
o i
0. T22L~u2~+ +
iy i
' 50 927&;'()-:"‘":'{ +
L 1
5. 1320=02=+ +
~ TX T
8 be 3370 2~+ , +
B 1 : 1
,8 3.5:1~02~+ +
-~ I X T
82,7000+ +
z I A l
S Ldle-Ui-+ X 5
P i
1. 1502=02—+ S +
I @ I
3.00L=03~+ Cr +
I Ve e L e e VAL w e L 1 W e e e W e et e b A e e bt K et
=}e3edL=03=1 1 L~ I L 1 1 I i 1 I
0. Time (sec) 1o
Figure B-83 §, Input for u Tracking without a Rudder

e300 - + S + +~ + + * + - r
4 “w ORI [ €N ..u(.‘ ..'-.4'. kY .....;. [V PRV R AR W ¥ O U SR U VS V) S - :,;;_‘ S

LI PN - IS
4 - i
-l «J 7 -+ AN <+
1 : I
LA -+ “ +
I . :
hat® XY l%. -t +
’: L. 4
g 3. -+ +
& i .
-g NS | -t -
~ I 1
‘,‘ A -+ +
3- i i
-5, 04 -+, +
L l
-7e0) -t +
“ I
-3.37 -1 i 1 " L i 1 1 1 I 1

U Tm ( l . N
sec)
Figure B-84 H . Input for u Tracking without a Rudder
152




R )

L LRI T v R Y

) ¥ v + - + ' ~+ —he et + + +
I 1
oJlI -t *
- T ‘ L
. a:g.: - +
T 1
Y - +
1. I
-~ e95L -+ . N
) I 4
$ il - +
& I < i
-3 eosl -+ v
A4 .
- R S +
§. Lo =+ M
[ . 4 : i
. nlJU - - -+
1 i I
2.907=J2=¢ N +
1 R RV R RN IR RV NSO NS Aot S 6, AU & 4
e 1074 L VL I -1 1 I 1 1 I 1 L i
u. Time (sec) 1.0
Figure B-85 sf Input for u Tracking without a Rudder
oD i m)g—t ¢ + —+ + + + . + —————t
. i RS SA VL TR V) SRR -uu\.... 4
LeDU) Smiramt e e uie -
) ¥ (N SovANA i
2,233 = kit NN e +
- 1 N ol
l- PRWOL NSRS . ny .
ot ! I
~ L.oou7l-0u-+ N +
] v .
A ‘ :
w Lolouti=uqg—e ) +
-4 1 . 1
é 1o 0uil= 1=+ BN +*
- I e i
2 T.oudi- -t .. +
& { .
] < 1
L TORNY Y PR +
1 - I
1o 030i~do— . +
Mon I
=l.o:ii =su-] 1 -5 . 1 J I : 1 I I
i Time (sec) «leds

Figure B-86

153

¥ Response for u Tracking without a Rudder




- - f
!
lode -+ - + + + st + +~ st
i Artr e v AL AW ST L T 1
devid - /»\ i oA s\’-‘h\-i"s' e WA e e 0 e e el .
‘ . 1 “ I}
‘ e JJo - S +
! I N I
! Ry X -t *
i I X 1
:, - U):. -t o' - +
: -~ 1 i
! i. YN -t . + |
~-~ 1 i
. o 7 - +
Y 5. 1. i
" 2 SN -+ +
§ FOIN 1
: PP -—F +
! T I
I . lJ’ -t +
% X I
K e o mol~] & 1 I i e 1 i IS i 1
4 . Time (sec) 1.9
'; Figure B-87 u Tracking Response without & Rudder
t
i e == + + + + ’ — + + - +
E Y Ve M W et i
": ..-'J‘.'.)...‘)..""'"’ PRVRVEVIVAN TN
E l -’\'. :- . [ A
? Zoouli=lio=t RN hNIY
4 i PN 1
; PR N o +
: ! i e i
‘ ': .1 . .40714"\)')""" - 'n. -". +
: 4 [N I
. a oo blu=do=+ cwel +
‘ $ ) I e 1
~ fezvou=io~+ AN +
o “a
l. © 1 ) N 1
‘ | AR N “ +
: g i -~ I
) Dedod.— -t o +
: I RN 1
Josoumny=t AXS +
! ORI I
=1.5 K i=uu-i 1 L 1 1 I 1 I 1 I 1
Time (sec) A WYY
{
Figure B-88 © Response for u Tracking without a Rudder
154




- ’
:
N
;
i .
’
o PR YRC LY, + + -t + + + + + + +
. . L i
1. Y iou=ud—+ +
! I
! L. Soon=ui=+ & .
. 1 L
% PRI IR J +
: i 1
E" Yol alli=U s=r i
o i
@ ve-wdi=li=t +
H L . :
& - - -+ +
g i Adddwiabie et )
; L. Sloi=i—+ +
¥
»
' -4 e DAL, +
] “ 1
e T doiimu 1=t +
i > 1
~/.Td5= ta=1 L I 1 1 1 1 H I 1 L

U, Time (sec) 1.

L 4 -t A P, <@ PN . S

Figure B-89 Lateral Responses for u Tracking without a Rudder

155
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