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Abstract

A muitiple input-multiple otgput fliéht control
design, on the KC-135 aircraft is cqmpieted~using the ngnti—
tative Feedback Theory (QFT) developed by Dr. Isaac Horowitz,
Weizmann Institute of Science, Réhoﬁot, Israel.

First, the three degrees-of-freedom model for the

lateral mode is reduced to a two degrees-of-freedom model.

From this model a robust controller is developed.to perform

' two maneuvers over a wide range of the aircraft flight

envelope.’
' Second, the three degrees-of«freedom model for the
longitudinal mode is used to develop a robust controller

to perform one maneuver. The first and second body bending

modes are then added to :emové the rigid body constraint and

a robust control is developed for the nonFrigid.aircraft.

Finally, the robust controllers developed for the -

'lateral and longitudinal modes are simulated over a large

-ranqe of the aircraft's flight envelope.

' The concluszon drawn from ‘the research is that ‘the
methods develpped by Dr. Horowztz are very effectxve in
designing multiple input-multiple output systems with plant

uncertainty.
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DESIGN OF ROBUST CONTROLLERS FOR A MULTIPLE INPUT-MULTIPLE

OUTPUT CONTROL SYSTEM WITH UNCERTAIN PARAMETERS
APPLICATION TO THE LATERAL AND LONGITUDINAL

MODES OF THE KC-135 TRAMNSPORT AIRCRAFT

I. Introductioﬁ

An aircraft in flight‘is a nonlinear, multiple
input-multiple output (MIMO) control system. New design
techniques have been developed which give the design engi- -
neer more insight into the design of such MIMO systems.

Two such desiéﬁ ﬁechniqﬁes, the Dr. Brian Porter techniquéw.
and the Dr. Isaac Horowitz technique, have.beenvdemon- |
strated to be effective means of designing these MiMO
systems. |

~ Two designs:have been demonstrated usinglthg '
KC~-135 transport aircréft as a model (3; 17), one using
the Porter approach and the other the Horowitz approach.

Both design methods have provenwto be effective metﬁdds

for the design of robust controllers for HIMQ systems.

The Horowitz design approach (3) included one flight maneu-

.ver in the lateral mode which included two inputs and two

outputs. Sincao there was ohly one command input, the

design considered only one column of the set of equiﬁalent

SISO'SYstemé. 3 o ' ' : S \\
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The Porter design apprcach (7) demonstrated a

design of a 2x2 system in the lateral mode. A robust con-

troller was developed to perform two maneuvers over the

entire flight envglbpe of the KC-135 aifcraft; A con-
troller was also developed for a 3x3 system in the longi-
tudinal mode. However, only one maneuver was demonstrated '
and a robust controller could not be found that would
operate over the entire fiight envelQpé. ‘'Three controllers
were'developed, one for eaéh flight condition.

This thesis is an extension of the Qork completed
on the KC-135 ai:craft using the Horowitz design approach
(3). The desion is for similar maﬁeuvers as demonstrated

by the Porter technique (17).

I-1 Problem
The problem is to design lateral and longitudinal

robust controllers for the KC-135 transport aircraft.

' Thus the purpose of this research is to apply the Quantita-

- tive Feedback Theory (QFT) design technique'deveioped by

Dr. Isaac Horowitz to design two robust controllers for _
this aircraft; The first design develops a robust con-
troller to handle two maneuver; in the lateral mode.. This
system includes two inputs and two oﬁtputs{ bThé second
design devélops a robust controller to handle one maheuver
in thg.longitudinal_mbde. This design includes three’

inputs and three outputs. Both controllers are designed to

operate over the entire flight envelope of the aircraft.




_I-2 Scoée

This study examines both a longitudinal and
lateral flight control design-for the KC-135 transport.
The lateral robusﬁ control design includes:

1. coordinated turn, and

2. sideslip maneuver.

The longitudinal robust design is a pitch pointing maneu-

ver. This design includes the first and second body bend~

ing modes while the lateral design considers the aircraft
as a rigid body. The above designs are for the following
flight conditions (F.C):

F.C. #1: High altitude cruise (45,500 ft at
mach 0.77)

F.C. #2: Medium altitude cruise (28,500 ft at
mach 0.77)

F.C. '#3: Approach (sea level at mach 0.21)
The resulting design is compared against compensatbr band-

width for each flight condition. A gqualitative comparison

.is‘aiso completed between this design and the design com-

pleted by Captain Locken using the Porfer design tech-

nique (17).

I-3 Assumptions

The following assumptions are used to simplify the
design' process' (4:21):

1. The aircraft is a rigid body {lateral mode
only). : ' '
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2. Flat, non-rotating earth inertial reference
frame.

3. Mass of the aircraft remains constant during
any particular dynamic analysis.

4. Aircraft is always considered to be in equi-~
librium before a disturbance is introduced..

5. The perturbations from equilibiium‘are small.

6. Quasi-steady airflow.

The resulting design is analyzed with aid of a com-
puter-aided design program. It is assumed that these 'simu-
lations or analyseS'wili provide ;ealistic responses of

the aircraft motion during each flight maneuver. .

I-4 - Approach

The first step in the approach to this design is

" to develop the required lateral equations of moticn for

the aircraft, thus developirg the required matrix ~qua-
tions for the three F.C.'s which are to be used for the
lateral control design.

The second stép is to'develop the longitudinal

 equa;iqns'of motion for the aircraft, thus develcpinq the

reéuitéd matrix equation§ fof the'three F.C.'s whichfare
to be used-ﬁor the longitudinal control desigh.l" |

The thira step is to derive a frequen;y domain
representation'of the desiredlbpecificatians'for each of
the lateral and longitudinal control.designs. Theég ;PéCiﬁ

fications are obtained from the design using the Porter

_ ﬁechhique_(l7).

\_\\
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The fourth is to apply the Horowitz design teéh-
nique to the resulting aircraft matrices. The lateral and
longitudinal robust confrollgrs are thus designed to the’
required SpeCificaﬁibns obtained in step three.'

| The fifth step is to éimulate the design on a
computer-aided design program. The aircraft responseSvére

plotted for different control inputs for each of the three

_flight conditions.

The iast step 1is to éompare the design in terms of
compensator bandwidth against each of the Quantitative
Feedback Techniqué designs, oné'for each maneuver. A Quali-
tative comparison is made between the Horowitz design
approach and the Pér;er design approach, using the work com-

pleted by Captain Locken (17) and this design.

I-5 . Presentation

This thesis is contained in seven chapters.

‘Chapter II contains aa overview of the SISO and MIMO design

technique wiéh an in-depth lopklﬁt the 3x3 design philoso-
phy. Chaptér III describes the basic KC-135 aircraft énd |
the derived aircraft equations df motion for 5oth the '
laterai and'longitudipal modes. »Chapter IV covers the .
design of the robust lateral controller for a 2x2 system.
Chapter V outlines the design of the rdbustllonqitﬁdinai
controller for a 3#3 system. Chapter“VI shows the<simu1a-‘

tion of the rbpust Qontroile:s’desiéned in the preéeéding
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two chapters. Chapter VII draws ‘conclusions from this

‘study and outlines recommendations for future study in

this area.




II. Quantitative Feedback Design Theory

II-1 Introduction

This chapter contains a basic overview of the SISO
and MIMO,sysﬁem'designs with emphasis 'placed on a 3x3 sys-
tem. The SISO system design pﬁilosophy is outlined in
detail in Apeendix A and the MIMO (2x2)'system design is
outiined in Appendikx B. Thus the emphasis in this chapter
ie placed on the 3x3 design usipg Dr.'Horoeitz's teehnique.

Also the improved technique is discussed.

II-2 . SISO Design Theory

This section is a brief overview of the design

philosophy for the SISO system. The reader is referred to'

Appendix A for a more detailed analysis of the design

aéproaeh.
The SISO design approach assumes that there are

two deqrees-of-freedom (i.e., the input and output are

readlly accessible and measurable quantltles). Thus the

problem 1s deflned such that there are two elements, F and -

' G, which are desxgned to enable the system or plant to be

controlled for a-given input and desired output. The

plant, compensator G, and pre-filter F are also assumed to

' be Laplace transfer functions.
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" which generates a template of the uncertainty in the plant

at that parﬁicular freQﬁency; Thistis done over a desired.

~used in the design of the nominal loop transmis~ion Lo’

' which is defined as the open loop transfer function (Ge),

Once the problem»isidefinedj tpe-time domain deéign
specifications, which describe fhe uppef and lower limits
of the closed loop system for an acceptable response to a
desired input or disturbance, are £r§nsforﬁed into the
frequency domain. These specifications generate an ﬁpper
and lower bound on the acceptable responses for a desired
input. The last bouné required for the SIS0 désign is the

maximum allowable response of the syétem_to a disturbance

input. This specification is normally defined in the time

domain and thus it must also beftrénsfo:méd to the fre~
quency domain. There is only a maximum or uppe# bound on
the distu;bance response since the only cohcern in the
design is that the response be below a certain maximum
allowvable value.

Once the probiém is defined and the spécifications
are t:ansformed to thé frequencf domain,'the-actuai design
can now be completed. ‘One of the most important tools in -
the design ig the Nichols Chart. The uncertainty in the

plant is plotted on the Nichols Chart for a given'frequency
range of frequencies, and the resulting'templatés are then

for the nominal plant. ‘This_nominai loop transfer function

is derived from the use of these templates (plant

AN
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uncertainty) and the upper and lower bound specifications
on the acceptable responses for a desired input. In design-
ing the nomiral loop transmission, a Universal High Fre-

quency (UHF) is defined which ensures tnat the loop trans-

‘mission L has a positive phase and gain margin.

Once the nominal loop transmission is designéd,
then the compensator, G, can be obtaiﬁed directly from the
nominal locp transmission function (i.e., L, = GP ). The
last part of the design process is to synthesize the pré-
filter—?, which positions the desired response Qithin'the
frequency domain specificétions.

The above is a brief description of the SISO design
approach and is not meant to be a comprehensivevoutline of

the design approach. For a complete understanding of the

design technique‘refer to Appendix A.

II-3 MIMO Design Tneory (2x2 System)

The MIMO design is accomplished using the SISO

dasign approach. For a SISO system there is oné loop to

" . be desighed which enables the system to track a desired

input and to reject,any unwahted disturbance input. . For

a 222 syétém,_there are twoulodps which have to be‘désigned;
Thué as the size of 'the system increases,‘the,number of
loops inéreases by a factér-of,n, where n is the size of
the system'(i.e., the number of iﬁputs;outputs)."This
appears to bé.a limiting factoﬁ to the-éize of the system.

which can bc'designéd using this technique, Howevet. this

9
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is not the case as there are many methods for reducing the
complexity of the system required in the design process
(to be discﬁssed later in this chapter). For_a'éompxete-

outline of a 2x2 MIMO design refer to Appendix B.

i;-4 MIMO Design Theory (3x§ System) »

This section ;; devoted to a 3x3 MIMO'system struc-
ture with extension to a geﬁgral nxn systeﬁ..fSeveral
methods‘aﬁe discussed of ways to reduce the complexity
required in fhe design process. Finally, a discussion of.

the improved design technique is highlighted.

Control'Structure

The system structure is similar to that of the 2x2

system (Appendix A). The basic structure is shown in

'Figure 2-1 where P is the uncertainty plant matrix, G is

the compensator matrix, and F is the pre-filte; matrix.
The purpose of G and F is identical to those of the SISO

syséem. ‘Figure 2-2 shows the 3x3 MIMO structure with‘g ﬁ

being diagonal. The general form of the aircraft equations

of motion, for a 3x3 MIMO system, are of the form:
(@S + b)Y, + (€5 + A)Y, + (eS + )Y,

(2-1)

= gﬂl‘+ hU2 +'iU3
(3s + k)Y, + 5 + w)Y, + (nS +ﬂ9)¥3.;_,
=pO, + quU, + rnﬁ_ S (2=2)

/
ig




Fig. 2-1. The 3x3 Multiple Input-
Multiple Output Feedba:k Structure

Fig. 2-2. The Complete Three-by~-Three
MIMO Structure.with Diagonal G

I e T
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BEL T

{(tS + v)Yl + (wS‘+ x)Y2 + (aasS + bb)Y3

= ccUl + ddu

+ eel

3

(2'_'3)

Where a through ee are constant coefficients. Equations

aS + b cs‘+ d eS + £
jS+k 1S+m nS + o0

tS + v wS + X aas + bb

L -

Equation (2-4) is of the form:

-
g h
P g

.(é-l) through (2-3) can be written in matrix notation as:

(2-5)

- where the output matrix M multiplies the output vector y

and the input matrix N multiplies the input vector u.

Equation (2-5) is manipulated to

y =M lyg

]
=
=

where : 2

is defined as the plant matrix, Thus equation (2-6)

becomes

Y =Ru

- sented in matrix form as:

2

(2-6)

(2-7)

(2-8)

. The remaining elements of the 3x3 MIMO system can be repre~
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31 32 . 33 :

In this thesis G is treatéd as a diagonal matr.x but G can
be a full matrix which gives the designér more flexibility

in the design technique.

Constraints on the Plant Matrix

There are two constraints on the P matrix which
‘must be satisfied. These constraints are:

1. The plint matrix P must be invertible. That

is, must exist (i.e., P must not be
singular). ’
2. As S+

|P11P22P33| > |P11P23Pa1| * |P12P21P33]

+

]Pizpzéb3ll+ |P13P22P31 | f'l§13921932|

for all p0551b1e plants (10). )
The first constraint ensures that the plant is control-
lable. If constralnt 2 1s not sat;sfled, then the orlglnal
order of the anut and’ output matrices may be changed to
.ensure that thzs constraint is met. It is to be noted
that constraznt 2 is not required for the improved desxgn
method. The only requxrement is that the diagonal terms
do not change sxgn as S+» (i e., ql,, dpyv through q; J
where i=j). ‘
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Effective SISO Loops

First define a matrix Q'=P-1 having elements qij
i = ‘= 'o. > o

and a matrix Q [qij] where qij l/qi:l Thus quvare the

n2 effective transfer functions that are needed for the QFT

technique. Using the above transformation the 3x3 system.

is now treated as n2 (nine) SISO problems (10). Figure 2-3

- shows the resulting nine effective SISO loops. Note. that

the first subscript on dij' fij

input and the second subscript to the jth output. Since

and Yij refers to the ith

qijél/qij,~therefore Q can be represented in matrix form as

91 912 93
Q= 19 9 923 (2=10)

Using Figure 2-3.the input/output relationship is defined"

as:

~where ’ r.. =1

iy
Therefore the final equations for the nine SISO effective

loops are:

£11919; . 9519y

T B mm———. —— et
11 1+ 9,913 1 + 9,951

(2-12)
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12

13

_ 599 911%2
1+499), 1+499,
_ £1399y , s
“1+g4g,q9q 1 + g,q
191 1911
£519,9; 97245
T 1+ g,.qg * 13 9.9,
2922 2922
_ f229%2 9229y
1+ 9,59, 1+ 9,9,,
_ $2399;; 922923
1+ 95q;, 1 +49,q9,,
£3193933 . 339
1+ g.q 1+ g.q
3933 3933
3293933 93393
T 1+ g.q 1+ 9,94
3933 13933
_ £3393953 933933
1+ 9393, 1+ 93933
= = (tyy/ay5 + t3;/q)4]

== [ty5/q15 + t35/9)54]

= {ty3/q5, + tyy/ap,]

le

(2-12a)

(2-12b)

(2-12¢)

(2-124)

- (2-12e)

(2-12f)

(2-129{

'~ {(2-12h)

{(2-13)
(2-13a)

(2-13b) -
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....................................................

dyy == [t)y/a,y) + t3;/955] ' ' (2-13c)
4y, = - [t12/q21 + t32/q23j ' (2—13&)
- dyg = - [ty3/9,5) + t343/9,,] ' | (2-13e)
d31 = - [tll/q31 + t21/q32} (2-13f)“
d3p = - [tIZ)qBI * ty3/d3;] o (2-139)
dy3 = - ltyg/ay * tyylag] (2-13h)

Finally, the above eqﬁations can be written in a general
form for any n2 equivalent single lcop feedback structure

(10:680). Thus in general form:

e = 2i3%i%is * 93551 (2-14)
13 1 +9;9;; ’

'Equation (2~14) can be expressed as

L, +4d

£, .L Y. P ‘ Co
1] 1 ij°11 : -
Eiy *TTF I, o (2-15)
. where . jLila'giqii
17
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Simplification of the

Single-Loop Structure

The single-loop structure in Figute'243 has two
components, one due to the input r, (aséume ri=l),and one
due to the disturbance input dij‘ Therefore, the control

ratio tij is the sum of control ratios each invblving the

" jth input and can be written:

.=t 4T, . o (2-16)
1] 1] dij o
where = fiiii ;T = Siigii-' | (Z—if)
Tiy 1+ L; 7 TayT T A

For a fixed P which is an element of the universal set p,

|t occurs at

1j|max

1455 nax (2-18)

= k# ltkj/qlk!max

Since the relative phases of Tkﬁ/qik are not known; the
aesign process must ‘use the extreme cases:
L |b, .|

__1 max _ . 1 Q . 2-1
lagd st 41; | (2-19)

Lot
k#i -

The term bkj is the control ratio that represents the

maximum allowable magnitude of the output due to the dis-

‘turbance input which is one of the required design specifi-

cations.

18
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Performance Tolerances

The performance tolerances are divided into two
seoarate portions. One set of tolerences for the inter-
actlng loop (tracklng loop) and a second tolerance for the .
Basically Non-Interacting (BNIC) loop (Appendix A). Thus, -

for the BNIC loop it is necessary that:

|
T ' + T
ij|max le

<b.ilw : (2-20)

I dij max 13

The above equation can be justified since the relative
phase of the two terms (r..(jw)'and T4, (jw)) are not
. i3
known. Then Ty (Jw) can be forced to zero by simply seleCt-

ing £, iy’ for i=j, to be zero. 'b (Jw) is the upper bounds

_'for the de51gﬂ specxflcatlon on the dlsturbance rejection

(10.681). The performance tolerance for the 1nteract1ng

loop is:

alj(w) < Tij(jw) +~tdij(jm) < bij(mJ(' (2-21)_

_7where-ai. and bij-are'the upper and lower bounds of the

desighvspecifications for the interacting loop. Appiying
the. above tolerances to the BNIC loop results in the fol-
loding inequality:

Iqllll JI<

. . o (2-22)
ITs3 el T "13’.;, B
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above and the bounds on rl

where for the 3x3 system

14,51 = Ibyg/ag + byj/ag]  k#H

Rearranging Equation (2-22) yields the following inequality:

Iby, . /q: + by ./q.,| |
ki~ *ik .[kl ;k % lqiil (2-23)

Il +Li| Z Ib'

1]
Equation (2-23) is used in the'design of all BNIC loops,
which generates the required bounds on the loop transmis-
sion for a disturbance input.

The interacting loop tolerance generates the fol-

'lowing conditions which must be satisfied in the design:

£..L, - d

! . .q. . o
—iji = 1J]°11 -
S I T U Tdij 4L (2-24)

where the bounds on Td are found exactly as outlined

; are determined using the plant
! .

'uncertalnty (templates) and the given tolprances a,. and

ij

b.Qion the interacting loop. ' It must be noted that the

1]

tolerances givéa by a;. and bij are for the bounds on the

13

entire interacting loop. Therefbre,'the tolerances must

be divided‘between the interacfing and BNIC cases. If

dne of the equations of Equation (2-24) i

dominant than the other, then the entire

dedicéted to that particular portion.r Th

© 20
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cautioned that if one of Tij or T4 dominates, it must be
ij _ : _
verified over the entire frequency range of  interest.

Improved Design Technique -

The improved technique reduces the inherent over-
design. The unimproved technique does not exploit the
correlation between the tij of the system. With the

improved techniqhe this correlation between thevtij's is

'taken into account for the second and subsequent loop

design. This technique is highlighted using a 3x3 MIMO
system as an éxample. ' - '

Assume that loop one is the firstzioop to be
designed. Therefore the general eQuationﬁfor these three

SISO problems is obtained from Equation (2-14) (9:977~988)

.and is given as:

f

£..L, + 4d,.9 : ' v
_ ~TisT1 15711 g _
ty; = et j=1,2,3  (2-29)
. E o 3 .
and oLy gy dyy = Loty

k#i *

Using Equation {2-25) the element L, aﬁd fij are designed
suéh that ti.'s are stable and meet the desired.tolerancés~
or specifications; With loop one design completed, the

second loop design can now be accomplished, The genetéi.
equations for loop ﬁwo are'db;aincd using'Eﬂuatién (2-14).,

The resultinq cquation is:

21
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op

e o f23% * 95495
23 1+ L,
3
_ I t,./d 3 =1,2,3
das = kg1 23772k :

(2-26)

By solving for tij'in Equation (2-25) and substituting

these into Equation (2?26) it can be shown (9) that

e < fagloe * Y2
25 I+ L,
. 92922
where Le =T Y15/ (IFL])
o = 11922
12 97,495
~ qzz(l + Ll)

. q - .
22e (1 + Ll) Y12

o Bag e |1
25 g9, 33 q21q13(l + Ll)

o ¥
[}

f140

qyy (1 + Ly)

(2-27)

(2-27a)

(2-27b)

(2-27¢)

(2-274d)

Using equa;iohs {2-27a) through (2-27d4) the elements L2e

and fz. can be designed to meet the desired tolerances

since L, and flj are known from the first loop design.




Oe

‘'The final loop is accomplished in a similar manner

as the second

£..L, + d.

£ - 33 3e 3e
33 (1 + LBe’
L.e
= 3
L3e = e-A
L3e = 93393
933e = T4
= (rypu * Y13%))
€= {1+ L(L+Ly)) - vy,
g = J21933 - 331922
19393 1 2 9329
oo w2 922933
12 5 9),dp;, " 23 dp393
g = 211333
1309139y
23 |

locpfdesign. The resulﬁing equations are:

(2-28a)
(2-28b)
(2-28c)

(2~284)

(2~28e)
(2-28f)

(2-2849)

(2-28h)

{2-281)




R 1]

awp e,

£..L,qg + f L q :
_ *13M933™M 29331 .
d3; = W (2-283)
q . , .
971931 ,
q
n, =—21 14 L,) /45,  (2-28L)
910937

In Equations (2-28a) through {2-28L) Ll’ 27 fl]’ ij’ are
all known; therefqre, the only unknowns are f3i and gs3-
These now constitute siﬁgle—loop uncertainty problems and
can be designed using the methods outlined in Appéndix A.
The required slements are designed to the desired tolerénces
or specifications.l This completes the improved 3x3 MIMO
design technique. If all loops are designed to meet the

given tolerances, then the de51red response from the MIMO

'system is guaranteed.

Equilibrium and Tradeoffs

Equilibrium exists when it is impossible';o reéucé
the burden on any L., without increasing it on some other
Ls (16;683) This simply states that some of the de51gn
tolexances may be decreased or increased for certain loops
without making it more dlfflcult on other loops. This
results in only one column of the equxvalent SISO systems
being dominant. However, after equilibrium is reached,

it may be desirable to sacrifice one loop for the sake of

24
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another. This involves "tradeoffs" between the different
loops. It should be noted that these tradeoffs, when useqd,
always make it harder on one loop when reduction-is

accomplished in another.

II-5 Summary

This.chapter describes the design technique used
in the'design of, single input-single output and mﬁltiple
input-multiple output systems. First, the SISO system
technique is outlined and, second, the technique is
expanded to the MIMO system. Finally, the guidélines for
reducing the MIMO system to absimplé SISO system problem
ié illustrated with a 3x3 design overview with extension

to any general n2 MIMO system;

- 25
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III. Aircraft Model

Introduction

I1I-1

The model used in this thesis is the KC-135 trans-
port aircraft. A linear tﬁree degree~of-freedom model 1is
generated for both the latéral and longitudinallﬁodes for
each of the three selected flight conditions (F.C.).
These conditions ére selected to represent tﬁe aircraft
over a wide range of performance whiéh represent the uncer-
tainty in the plant parameters. Thig uncertainty is the
yariation in' the aircraft stability derivatives'between
thg respective F.C.'s. One robust controller'isvdesigned
to operate over a wide range of the aircraft flight
envelope which is represented by the given F.C.'s. The
éahdiﬁions selected for this design are a high altitude,
high'speed.cruise at 45,500 feet and Mack 0.77 (745 ft/l
sec), a medium altitude cruise at 28,500 feet and Mach 0.77
(771 ft/sec), and a low speed landing_condition At Mach
0.21 (235 ft/sec). | |

This chapter and Appendix C outline thé»basic air-

craft, sign convention, axis system, and the linearized

- equations of motion used in'thevdesign'for this thesis.

'Appendix-c_also outlines th2 conversion ofjthe nondimen-

sional stability axis derivatives to the dimensional body

"axis and the addition of the first ana-second body -bending

26 o -
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ég modes for the longitudinal plane which is used in this

NI thesis.

III-2 Equations of Motion
The aircraZit models used in this thesis are devel-

L4

P

9

!

}

ii oped using six degree-of-freedom equations of motion. It

is assumed that‘there is no coupling between the laterél
and longitudinal modes of operation. Thu5»£he six degree-
of-freedom model is reduced to two models with three
degrees-of-motion. One modgl for the iatgrgl plane and a
second model for the longitudinal plané; |

The assumﬁtions stated in Chapter I are used in
the development of these models in conjunction with.the

following assumptions:

1. ¢°=‘p =Q =R_'=0

o o o
2.Xa=2&=0
3. U, = Constant &V, = wq = 0

4., W = an-& w =an

o : UQB

]
c .
L)
@
<

(]

5. V

The eguations of motion developed for7the‘1ateral'plane'

are as follows:

v = —Uor + g§c059° + YBB f Yp+ qupp + ¥rr

P

~ R I L 20 T T T
’ ' ' - ' , : AP P - B
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b= (;xz/I};x)i + LgB + Lp + Lx

tls Sp * Is bw - G2
i.;.(zxz/xzz)b + NgB + Nop+ N;r

.+ ‘N'&_rdr + Nswlsw | (3-3)
6=p. . (3-4)
v =r ,,. '. . (3-5)

Equations (3-4) and (3~5) are justified since the pertur-

bations from equilibrium are assumed to be small. The

relationship between the sidéslip velocity v and the side-

slip angle B is given by the following:

tan B = (3-6)

clg

o

Since B8 is small, the small angle approximation is used

" and assumed valid for this thesis. Therefore,

B = A4 | | | , ‘ : ‘ (3—6a)
T, | | T

Gr and Gw represent displacehent in'the rudder and control

wheel respectively. Substituting Equations;(3~4) through

(3-6a) into Equations (3-1) through (3-3) and taking the

. Laplace Traﬁsfofm yields the following three.equatiéns:
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(s - YB/UO)B - [(Yp/Uo f ao)s + gcoseoluol¢

(3-7)

+ [1Q1 -,Yr/Uo)Slw = YGI/Uogr + YGW/UOGw
-L.g+ (82 -LS) ¢ - [(I._/I.)S% + L. Sy
B ‘ A P xz’ Txx r
=L, 6 + L. 8§ ‘ (3-8)
ér r. 6w w
-N_B = [I(I /X )52 + N Sl1¢ + [S2 - N_S1v
8 xz’'"zz p " T
= N §. + Ng Gw . (3-9)
r W

Using Appendix C, Equations (3-7) to (3-9) are converted
to a prime notation which now places all coefficients in
the body axis system which is used in the design for this

thesis. Thus, the equations are written as:

(Svf va)B - ths + Y¢|]¢ - (Yrvs)q’

= YG,rG *¥ud, | (3-10)

r w

2 Dy :
LB + (5% - L,i)g = (L,S)y

=L ,8_+L.,§ (3-11)
SR R |
SN, 8 - (N_,S)s + (S - N_,8)
8" " Dt ST e
=N, §_ +N_§ | : ' S {3-12)
s " s w .
/
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.ﬁg ' Equations (3-10) to '(3-12) are the actual equations used
':ﬁ;: ;éi . in Chapter IV for the design of a robust lateral controller.

?“ : The equations developed for tae lbngitudinal plane

are as follows:

.Fi~ ' u = -gecoseo + xuu + Xaa + X&a'+ qu - anq

A

o o + X, 6 +X. 6., +X.8 (3-13)

(|

: w = qu'— gesineo + Zuu + Z&a + Zaa + qu
s +2.6 +2, '8 C (3-14)

{. §e e Gsb sb

?} q-= Muu + M&a + Maa + qu + Mé ae + MG Gsb (3-15)

, e sb

a D -

. 8 =g (3-16)

rar . |

P h = Uo(e - a) (3-17)

: W =‘an'vl , . . (3-18)

- w=U& R (3-19)
';‘  where se'Adsb' and §, represent displacement in elevator,

,® speed brakes, and thrust respectively. Substituting

Equations (3-16) to (3-19) into Equations (3-13) to. (3-15)

o ~ and taking the Laplace Transform yields the following
. | "..thfee,equ;tiqns: |
2 30
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anh/Uo - [sxq + (xa - gcoseo)le + (S - Xu)u

=X.8_ +X. 6§, +X.6 ‘ (3-20)
§ e 6sb sb GT T .

(s -‘Za/UJ(e - Sh/UL) - [S(L + Z_/U, + gsine ]o

§, + 2
6o @ 5sb

-z u/U = [2
u e

§p) /ug o (s-2y)

)
‘Se ) - Muu - Ma(e - Sh/Uo) - que

=M Se + M (3-22)

) § 6sb

e sb

Using'Appéndix C, Equations (3-26) to (3-22) are converted

to a primed notation which now places all coefficients in

+ the body axis. Thus, the equation becomes:

(S - X )u - [SX_, + (X,- Xg,]0 = X,h/U

=X, 6_ +X 6sb + xs 6T | . (3-23)

e © Ssb - ' T

q') - (zel + za'”? + S(S ‘ za")h/UO

=%, 6. +32., 6 (3-24)
§'e © §'gp sb Co

<2 - (S(L -2

' ~‘2I . . ' . |
- Myu e [ST - Mo S+ My, =M )] - (M K/,

§ + M $

§* e 6*sb sb

=M
‘ e

(3-25)

R R
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Equations (3-23) to (3-25).are used in Chapter V for the

design of a robustlcontrollér in the longitudinal plane.

I11-3 Summary

This éhapter.outlines the latefal and longitudinal
equations of métion. These equations are used in Chapters
IV and V for the design of the lateral.and long;tudinal
controllers. Appendixic gives a basic aircraft descriﬁ-
tion, sign convention, and the conversion of the nondimen-
sional stability axis derivatives to the dimensional body
axis system. Finally, Appendix.C deveiops the first and
second ‘body bending modes used in Chapter V to eliminate
the assumption that the aircraft is a rigid body. The'
body bending modes are only cornsidered for the lﬁngitudinal

case.
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IV. Lateral Design

IV-1  Introduction

This chapter is devoted to the design of a robust

lateral controller for the KC-135 aircraft. The three

degrees-of~freedom model derived in Chapter III is reduced
to two inputs and two outputs.’' These equations are used
in the design of a lateral control to perform two maneu-

vers. One maneuver is a coordinated turn (i.e., bank

angle commands with minimum sideslip). The second maneuver

is»a commanded sideslip with minimum bank angle. This
design is completed using the.impréved design technique
outlined in Chapter III and in Appendix B.

‘ The qij's are determined.using the 2x2 inbutvand
output mat;ices wh;ch are required in this design. The
spegifications are modeled in the time domain and converted
to the f:equenéy démain. Using the above specifications, .
the nqmiﬁal loop transmissibn, L2°,is'designed by thé stan- :
dard QFT technique and the.required p:é-filter, Fzz,ris |
'deyeloped.: The improved desién technique is u;gdrfo

synthesizé thé nominal loop transmission, Llo"ahd the

-final step in the design is the development of the pre-

filter Fi1 which places the derived respohse within the

frequercy domain specifications.

13




iv-2 Input and Output Matrices_

The required equaiions of motion developed in

Chapter III are as follows:

(g F Y500+ (S - Yo,)B - Y Sy = ¥y, 8w+ Y, Or

. w r
= ST e
L o ‘ r .
N, Sp -N_,B+ (S=-N_,S)y =N., 6w + N, &r (4-3)
P L B k r' §'w § r
) Substituting the dimensionalAbodY axes coefficients

into Equations (4-1) to (4-3) for F.C. %l yields:

-(.03966558 + .04322)¢ + (S + .0769178 + .29629Sy

aoe

= - ,000746156w + .0266476r (4-4)
- (s2 + .75011S)¢ + 4.44998 - .24613Sy o
D) L = .36331036w + .6186465r © . (4-5)
_ .012277S¢ - 1.425978 + (S% + .150525)y
. = ,0207758w - 1.016536r © (4-6)
. The tesulting,eqhations for F.C."s #2 and #3 are included |
in Appendix E. ' | .
i , : Equations (4-4) to (4-6) have two inputs and three
. outputs. This design technique requires‘that the'number
‘f" of inputé be equal. to the number of outputs. Thus, one of
hd the Outputsfmd:t be\eiiminated from these equations. The
. \\ ' . ) B

\\
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desired outputs are bank angle ¢ and sideslip B; therefore,
the output ¥ is mathematically eliminated from the equa-
"tions. This ié accomplished by solving for ¥V in Equation
(4-4) and substituting this into Equations (4-5) and (4-6).

‘Therefove, solving for ¥ in Equation (4-4) yields:

¥ = 1/s[(.03981S + .04338)¢ - (S + .0772)8
- .00749%w + .026755r] | | (4-7)

Substituting Equations (4-7) into (4-5) and (4-6)
.yields the desired two input-twb output model. These |

equations are:

(s2 + .740628S - .010714)6 (.24789S + 4.46897)8
= ,3631038w + .61846¢r , (4-8)

(.03966552 + .05142S+ .0065)¢ - (8% + .227437s + 1.43226)8
= (.000746155 + .207051)éw - (.026647S + .909021)6r
| (4-9)

Equations (4-8) dand (4-9) no longer explicitly
represent the rolling and yawihg movewents of the aircraft
.since sideforges are now included in'each équation; .How-
eéver, the haﬁhema?ical representation of théraircraft in
flight is ;e;ained.

| As outlined in Appendix B, ihput and output
vectors are defiﬁed.;éspecti§ely as: |
. §w |
8= ’ and .~ Y =

°r 3
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Also define an input matrix N which premulti?lies

- the input vector and an output matrix M which premulfiplies

the output vector. Therefore, Equations (4-8) and (4-9)

can be represented in matrix form as:

(5%+.740285-.010714) (.247895+4.46897) 0

(.0396655%+.061425+.0065)  (S%+.2274375+1.43226) | | 8

|.363103s ' .618646 | 8,

- | (4-10)
(.00746155+.207051) - (.0266475-.909021) | {6 |

Representing Equation (4-10) in general terms

My = N6
y = M7
Let P = gN_‘ll
and Pl yly = g

The first constraint on the system is thst the
inverse of P exists. Since the inverse of N exists (i.e.,
g.ié non-singular), then: the inverse of P exists. Like-
wise, the invérse of M exists; therefore g.ig non-singular.
Q' is éomputed using a comphtef‘program and fhe

resulting qijﬂs are obtained. The qiw's réquired in the

. J
design process are: qij’s = l/q'ij's .
The resulting qij's for each of the flight condi-7-
tions are as follows:
. -
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S Plight Condition #1:
R o .3906 (S + 45.19) g
C 911 = §-.00732) (S + .7675) (8 ¥ 35.02) (4-11)
_ =-.01656 (S + 45.19) | N
. 92 ¥ T5 + 2.114) (S - 2.442) - (4-12)
®
- 4y = 13.64 (S + 45.19) (4-13) -
- 21§ =03275) (5 + .7104) (5 ¥ 258.2) . (4-13)
ds, = __.0279 (S + 45.19) -
22 15+ .1884 £ 3 L.989) ' (4-14)
L Flight Condition #2:
: L .4897 (S + 44.36) | ]
: 91 T T8 = .01033) (5 + .9217) (S + 46.40) - (4-13)
- O |
| 9y, = .=.01333 (S + 44.36) | _
12 B2 9 E + 2.590) - | (4-16)
DR < ' .
o 0 921 TS ¥ 4450 (5 - 1.152) (5 + 11.09) -
. q,, = _.0280. (S + 44.36) . " ao1a
* | 22 {5+ .1480 £ 3 1.489) . | (4-18)
' Flight Condition #3:
. _ .4006 (S + 11.36) _ ' -
5 911 " S+ .07322) (S # 1.026 £ J 1.494) (4-19)
. | | o _.4503 (S + 11.36) | g ]
. , 912 ® {5 + .05108 ¢ 3 .6652) - o (4-20)
B 37
. |




-mr.e

N 7T

RO 2N B T

P

or

6.318 (S + 11.36) -
921 ¥ (8= .1196) (5 + 1.049) (S ¥ 18L.6) (4-21)

_ -04033 (S + 11.36) ' -
922 = (S + .6041 T 5 1.789) | (4-22)

The second constraint on the system is:

> |P21,P12| as S+

1P; Pool

Po1 P1p

<1
P11 P22

and equivalent

911 922
912 933

For each of the three flight conditions the above

.inequality holds true (i.e., as S+» the denominator is

always larger than the numerator). Therefore, the magnitude
is always less than one over the entire frequency of inter-

est..

IV-3 ° Effective SISO'§y$tems

A 2x2 MIMO system is represented as four SISO sys-

tems as demonstrated in Appendix B. These four SISO svs-

tems are shown in Figure 4-1.
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Fig. 4-1. Effective SISO Systems

:vih this design the command inputs, ry and ré are:
ry (Bank angle command) = 30; rz(Sideslip,angle command)
. He h = 5. Is is desired that the outputs Y,;; and Y,, track the
 inputs r, aﬁd rz-respectiveiy and the outputs le and Y21|
».L _' responses dﬁe to r2 and_rl'respeE£ively be ideally zero. !
‘- ' “Thus the next step in the desigﬁ~is to model ‘the desired
-3 T ' responses that are consideree acceptable for the system for

- o . any given input,

IV-4 Response Models

I S :A The response models used in this thesis are devel-
oped from Reference 17 which demonstrated ldentzcal maneu-
vers for the Porter deslgn technigque. However, it is not
required that such specification be available. For ekampleb'

the user will spec1fy an acceptable range of response or

N speclflcatzon whlch is desxred from the systcm. These
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Tp' etc. These specifications are modeled in the time

domain and then transformed to the £frequency domain.

specifications are normally in the form of tyo T

 The specifications used in the design of this -

1thesis are as follows:

1. Bank Angle Command:
T, - Optimal sett;ing time, ts’ of 4 seconds
(i.e., ts, is + 2% of final value).
T, - Worst acceptable case is a séttling time,
ts' of 10 seconds.
T -.The acceptable or worst case for sideslip
during the coordinéted turn maneuver is
a peak valué; Mp’ of 1 which settles to
zero in approximately 10 seconds.
2. Sideslip Angle Command:
TU - Optimal settliné timé, ts' of 8 se¢6nds.
T, - Worst acceptable case is‘; settling time,
ts' of 15 seqqhds; |
tb - The acceptable ‘or worst case for_bank |
 angie ) dufing‘the siéeslip maneuver 1is
a peak va;ue,.Mp, of 1 which settles to
zéfo in approximately 20 secdnds.

The time domain specification models are included in

Appendix E.
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IV-5 Loop Two Design
r' ;;: ' The selection of which ;oop'to design first is
entirely up té the designer. However, it is recommended
that the loop with the smallest amount of uncertainty be
designed first and the loop with the largest amount of
uncertainty be designed last via the imﬁrovea design
;' : technique.. - fhis réduces the-oVerdesign inherent in the
“ ' design techhique. In this thesis, loop two is selected
. to be designed first. |
In this design, one compensator is to be selected
which.performs two functions. The firsﬁ is for the system
to track a.given iﬂput (i.e., rz) and the second is to
reject the unwanted output Ya1 due té the bank‘angle
O command; i.e., for Y,, to be ideally zero. |

The SISO systems used in this design are shown in -

Pigure 4-2., .

(a) L | " (b)

e - A . Fig. 4-2. . Loop 2 SISO Systems

§ince-it:is desi;ed to héve yzi approach zero
(Figure 4;2a), the pre-filter:levcan be selected to'gQual
_ zero. ﬂTheréfore.cthis loop now beéomes a,Bulc‘(Appendix5A5.
o : o : o _
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The equation for the BNIC loop is given as:

ty = 9,97 (4-23)
| 1+ 49,59, ‘
where d21'= -tll/q21
[gd,,/957] x t
_ 227921 11 _ .
Therefore . t21 = 1 7 L2 (4-24)
where L2 = 9,95,

It is desired that the magnitude of t21_be'below
some acceptable maximum (i.e., the bound-'l‘D = b21) and

that the worst case for til is the maximum allowable

response ‘(i.e., the bcund tu=bli)‘ Thefefore,'EQuation

(4-24) can be rearranged to yield the following inequality:

|q2211b111

Theref ' 11+ L] > |95pl 1By b (4-26)
SRERRE L T Ml 2B, TTey, | B
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Equation (4-26) is used in the design to determine the

required bounds on the nominal loop transmission, L20'
for the BNIC loop.

The second equation of interest is derived from

Figure 4-2b. This equation is:

f,,9,9,, + 4, .
_ F2292922 22 | " (4=27)

t,, = :
22 .1 + 9,955 . .

where d:22 =(-t12*q22)/(q21)

£,,L t;,q
2272 12922 | (4-28)

Therefore t,, .= -
, _ 722 I+ L, gy (I +L,)

Since there are two inputs, a commanded ihput and
a disturbance input, the bounds on téz must be brdken‘into

two parts.

Therefore‘ tz2 = T,y + szz . {4-29)

Figure 4-3 illustrates the use of Equation (4529).}

Fig. 4-3.. Upperiand quer;Bound Speéificdtions
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The relative weighting placed on Tog and T3

can
. o 22
be determined from the following equations.
f,, L :
' _ 22 T2 : o : Ca-
T22 " T+1L, S ' (4=30)
v 2 _
-t q
12 22 (4-31)

1 = '
d,s qzl'(l + Lz)”

If, for example, Equation (4—31) has a much smaller magni-
tude than Equatidn (4-30), then the entire bound on Too
can be used for Equation (4-30). However, if this is not

the case, the designer must select the ratio of T,, to

22 . _
is to be designed, there is no uncer-

Since f22
tainty in the pre-filter. Thus, for the design of loop
two (Figure 4-2b) set f22 equal to one (note: this is for
design .purposes only). A
L i .
2 N | (4-32),

1 +1L

Therefpre 't22 = ;

Equations (4-26), (4-31), and (4-32).are now used in the

_-design of the nominal loop transmission for loop two.

The design proceés is illustrated_for'determihing‘

the bounds on L at one particular frequency.

20
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BNIC Loop
The BNIC loop is selected first to determine the’

required bounds at w = 0.1 radians/sec. The BNIC loop

is shown in Figure 4-4.

Fig. 4-4. Basic Non-Iateracting Loop Two

The design equation for this loop is given as:

gyl Ibyy | , |
1 +L,] > : T (4-33)
| 2l 2 |5, TTa,, -
Where bll and b21 are the upper bounds or specifications
6n'the two responses. - The‘magnifudes only aré required
for the above inequality for determining the bounds on de.

Thus this equation can be redefined uéing‘log magnitudes

as

- .= Lm (by,) (4-34),
@ To ensure positive'phase and gain margin the.universal
high frequency bound is selected to be the ~3db contoqt
line on theiinverted'Nichols Chart as outlined in Appendix A,
:ﬁi ‘ Thus the design requires;that””Q"”fﬂm' e o
'c"_‘" . . . .
2. . , : . . I .
T i . L ! . i . i " |

B R R R e T
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Lm (1 + L,) > -3db

The magnitudes of the qzz's for each of the three flight

conditions are shown in Figure 4-5. For the design of

L20’ flight condition #3 is selected as the nominal plant.

The nominal loop transmission is defined as

L

_ 92 93,

q ! ‘ R
220 (4-35)

=g q =
20 2 2220 955

FREQUENCY RESPONSE - 022'S - F.C. #t. #2, o =3

20.00
e

.5,

UDE (DECIBELS])
o0 00

MACNILT
3500

-80.00 °

ALR

T - 3 ¢ a3 ¢ beetQV ] R IR

FREQUENCY (RAD/SEC

o3 100 iy 3 ¢ s ¢ 1ep 10t

Fig. 4-5. Magnitude of ‘qz2 for

Therefore

L

20

L, 953,

922

F.C.'s #1, #2, and #3

" The above transformation is required since the

design is for the nominal locp tra

Thus ‘Lm(LZO) ="Lm(L2)+ Lm(qZZO)

6

nsmission, L2° and not

- mlGy,) . . (4-36)




Table 4-1 contains the log magnitude of each of the required

elements of Equation (4-33) used in the'design for w = 0.1

rad/sec.
TABLE 4-1
X ELEMENT FOR DESIGN EQUATION AT w=0.1 RAD/SEC
" E’ement F.C. #1 F.C. #2 ' F.C. #3
§ .
- : - ' . '
|b -0.05 -0.05 - =0.05
« 1l | |
E |byy | -34.2 -34.2 -34.2
; | |q22°|' -17.8 © -17.8 -17.8
[! |2y, | 30.0 - 42.46 T 7.63
- la,, | -9.87 ' . +5.03 ‘ -17.8
1 Note: F.C. = Flight Condition.
o |
! :
: For each of the three F.C. the bounds on Lm(i + L,)
E are determined using Equafion (4;33)J_.These bounds are:
!Ib o | F.C. #1: Im (1 + L,) = -5.72db
‘ F.C. #2: Lm (1 + L,) = -13.34db
* .
: - F.C. #3: Lm (1 + Lz).’= 8.72db
g ,
- On the inverted Nichols Chart the Lm (1 + L,) is
s given by the contour lines and Lm~(L2) can be obtained
t. A from the vertical scale of the Nichols Chart.
Converting thg loop transmission to nominal loop
{ transmission requires that the contour of Lm 1+ Lé)
S ' . must be translated up or down the Nichols_Charﬁ the -
- Y'Y |
4 P !
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required amount given by Eéuation (4-35). For example,

F.C. #l1 requires that
Lm (1 + L) > -5.72&

qu Lm (Lzo) = Lm (Lz) + Lm (q22°) - Lm (qzz)

And for this example, the variation in Lm (L,) is approxi-
mately -6.2db to 3db. The maximum magnitude is selected

to detefmine the allowable magnitude of 126'

L) = 3db - 17.8db + 9.87db = -4.92db

Thus . Lm (L
Therefore, Lm (1 + LZo) > -10.64db which means that, for
F.C. #l,'the nominal loop transmission must be on or above

the -10.64db contour. This process is repeated for the .

remaining two flight conditions. Thé dominant bounds for

w = 0.1 rad/sec occur for F.C. #3 and is

Lm (1 + L,)) > 8.72db

Tracking Loop

. The next step in the design-ié to detefmine the
reéuifed bound on.the tracking lpop. This loép is shown in
Figuré 4-6. 'There are two inputs fqr,this loop. The
commahd input, Iy, and a disturbance inéut, d22. The dis-
turbance inpﬁt being the interaction of lcop one with lobp

two. The equivalent 3IS0O systems for this portion of the

design . are given in Figure 4-7.
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Fig. 4-6. SISO System - L2 - Tracking

)
i r,
r . 1
P
, @
(a) ' (b)
- Fig. 4-7. Effective Loops--Tracking
CIOE
Eil Equation (4-31) is used in the determination of
;% the'bounds required for Figure '4-7(b). Dividing top and
() :
{fJ bottom of Equatlon (4-31) by q22° and rearrangxng vields
- _
. "the follow1ng design equatxon.,
o A by, /qy,] x
F 127921 9 |
n 22 20 qzz q220)
E ) ' The magnltude of'% can now be determlned usxng Fquatxon
N J 22 ' .
; (4- 37) and Table 4-2.
[
7 :
‘o
g
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TABLE 4-2

ELEMENTS FOR DESIGN EQUATION AT w=0.1 RAD/SEC

Element F.C. #1 " F.C. #2 F.C. #3
lblzl -23.11 -23.11 -23.11
|a22| -0.5025 -0.5025 -0.5025
byl -0.2208  -0.2208  -0.2208
| q,, ~ -9.87 . -5.03 -17.8
| a,,! 30.0 | 42.46 7.63
la,,, -17.8 ' -17.8 | -17.8

The magnitude [1/1 + LZol is the required bound
on the BNIC loop. Thus to determine the magnitude of

1

179 ‘ must. be adjusted by the amount given
20%22" 7220

L

1+ L 20

by the magnitude of q22/q220. ‘Therefore, the bounds on

are as followsr: '
22 ' .
F.C. #1: 14 > - 79.63db
22
- F.C. #2: 14 > - 92.12db
. 22
F.C. #3: Tq . 2 — 57.26db

22

The above bounds on T4 are considered small.
y 22 ,
Therefore, the entire bounds can be devoted ;o“the T2
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term in Equation (4-29); For w

Now determine if the bounds on the BNIC loop satisfy

0.1 radians/second,

'~ these bounds are given by

Lm (b22) = Lm (azz) =’0.282db

the bounds for the tracking-loop. This is given by

It22|max

" tainty in

minus |té,|

min® The template of d55 (the uncer-

the plant at w = 0.1 rad/sec) is used in this

determination. However, first the bounds for the BNIC .

loop must

be converted from the inverse Nichols Chart to

" the regular (upright) Nichols Chart. The template of qzé

for w= 0.1 rad/sec is a straight line with a magnitude of

~7.92db: It is seen from the Nichols Chart (Figure 4-8)

that the bounds on the BNIC loop do not meet the required

bounds or specifications for the tracking loop. Therefore,

| .
the worst|case is selected as the dominant bound at

w = 0.1 rad/sec. This bound is generated by using the
! f . . '

tempiate b f 9,5, as outlined in Appendix A. The templates

of‘q22 for each of the frequencies éf’intergst are included

in Appendix E.

This process is repeated every octave over the

frequency| from w = 0.1 rad/sec to @ = 500 rad/sec. It

" is to be hoted, as shown in Figure 448, that for ;ertaiﬁ

ffequencizs such as for w = 0.1 rad/sec the BNIC loop

dominates| for a portion of the bound on Lo,

ing loop fominates for the :Qmaining portion. Thus, the

.+ 51

'and the track-




i Pe

I\ D

40
Tracking Loop
Bound
w = .1
rad/sec 20
UHF Bound '
3db “ontour w = ,1 rad/sec
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o Fig. 4-8. Bounds on LZo for w = .1 Radians/Scc.




composite of the two bounds must bevused to fd:m the .

é Qf: bounds on the nominal loop transmission, LZo' At and
above w = 1 rad/sec the BNIC loop generates the dominént'
bouﬁds on L, . Also at and above w = 1 rad/sec the ‘BNIC
bound becomes the -3db oval (i.e., the UHF bounds). The
requirement on the design above w = 20 rad/sec is that the
templates not penetrate the 3db UHF bounds as‘éhown in

;‘7 ‘ Figure 4-9. This completes the,deéérﬁination'of thé

bounds on LZo'

- . Shaping the Nominal
X ¢ ‘ Loop Transmission, Lo

The shapingvof the nominal loop transmission is a
R ;rﬁcial step in the design process. The designer must

‘ P ensure that, for each frequency, the nominal loop trans-
: mission is on or' above the bound at ﬁhat given ffequency.
,} ' It.is important that, for ‘each béund; the nominal loop

CJ \ transmission falls as close as poséible'to the bound fof
each freéuency. As. the nominal loop i§ shaped care must:

be taken to guarantee that L., .does not penetrate the UHF

20
¢ " bounds which ensure positive phase and gain margin. The .

resulting Lyo as shown in'Figu:e 4-9 is as follows:

- L a (9.523)10% (s + 7) (s + 11.36)
p : 20 = (5 % .6041 & 31.789) (5 + 50) (s + 96 £ 3I28)

(4-38)

-and using the relationship

‘o o D F 99, N
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Fig. 4-9. .Bo@nds and Nominal Loop Transmission,.
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the corrasponding compensator 9, is

. | |
_(2.361)107 (s +'7) -
92 = 5 + 50) (s + 96 £ 3128) (4-39)

The'magnitude'and phase of L20 is shown in Figure 4-10.

FQONIYUUE‘RNO PHASE - LCCP TRANSMISSICN ~ L20
- }l"
8] g
-2 [ 110
» ] .
o]  Z
a1 [ w2
=] b ©
o -
w1 2
8 | .
4 prt
=8 z
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- ] S
z £
€] )
«5 - 10
8] [
Sj ) . . \ .
LIS R 1 R R BRI N MR XA : R
FREQUENCY (R3DsSLECY

Fig. 4-10. Magnitude and Phase of Nominal
Loop Transmission of Loop Two

Pre-Filter Design F,,

The design of loop one using the improved design
technigque requires that the pre—fi}.ter.f22 be known.

Therefore,.f22 is determined usingvthe approach'statéd in

Appendix A. The resulting pre-filter that places fhe

desired response within the freqﬁency domain specifica-

tions is derived from Fiqure 4-11 and is:

.........

F.  ; . " 0.512 ) B D (4_40),’

22 (s + .512)(s + 1)
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Fig. 4-11. Required Bounds on Pre-Filter f22

IV-6 Loop One Design

This loop is deéigngd using the improved design
technique;mthat is, the elements designed in loop two are
now used in the design of loop one. IThe equation required
in the design of loop one is briefly highlig@ted. ‘As in

loop two, the effective SISO loop is shown in Figure 4-12.




It is requlred that the sideslip response, due to- the
commanded bank angle, be ideally zero. Therefore, the
pre-fllter flz,ln Figure 4-12b can be set equal to zero

resultinq in the SISO system:

Equétion (4-41) developed from éhe above diagram is

. d, ,q : . ,
12911

- _ 4-41
12~ T+ g,q;; ( )

where | Ly = 9,9y, and d12 = - t22/q12

From Figuré 4-12a Equation (4-42) is developed and is

given as:
"£.,L A, 194 o
1171 . 11°1]1
Y5115, . Y T¥i. : (4-42)
1 : 1
where dli = - tzi/q12

'Using thé design deveioped‘for loop two;vthe.elé-‘
o ments whlch are known are now substltuted into Equatlons
(4-41) and (4-42) (i.e., the equations for tyy and t,).
‘'The resultlng equatlons can be manzpulated into: the follow~'

1ng form (11 102).
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1. For the tracking loop:

S § e T
11 1+ Lle
where Ly =9)dqp),
-9 1+ Ly)
and 91e T T + Ly -y
' 4,19
and - I
‘ 912921

2. For the BNIC loop:

where Lle is given in Equation (4-29a) and

£22029),

d =
12¢ ~ g, (1 + L, - v).

'(4-42a)
(4-42b)
(4-42¢)

(4-424)

(4-42e)

(4-42€)

where y is given in Equation‘(4f42d). The deéign of Lloé

can now be'accompliéhed as a simple single loop pfoblem

where q;; is the nominal plant transfer function.

Therefore, the required design equations to be used in

this design are given invKuations (4-43) and (4-44). The

required tracking loop design equation is:

L, .
b = le -

11 1l + Lle
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since fll is to be designed and is considered to have no

uncertainty. The required BNIC loop equation 'is:

i1+ > 192! | (4-44)
- = by, |

As in the design of ldbp two, the design is for Lloe and

not for Lle' Thereforei Lloe is given as:

L9 .
L - _le’lloe . (4-45)

loe ‘qllo
The equivalent qile's for each of the three flight

conditions are as follows:

F.C. #1:

- .3726(s + 12.76 + 44.644) (s + 36.45)
911e (s - .00712) (s + 8.476 ¢ j6.512) (s + 65.21) (s + .7681)

F.C. #2:

. .4625(s + 57.43) .
- Q11e T T - .01005) (5 + .9221) (s + 54.46)

F.C. #3:

S - .3791(s + 4.53 * j4.51) .
911e = (s + .06889) (s + .7536 £ 31.665) (s + 3.24)

- The magnitude response for.each of the equivalent

911e'S is given in Figure 4-13.
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Fig. 4-13. Magnitude vs Frequency of Equivalent qile's

Since it is normally much easier to determine the

Bounds‘on the BNIC loop, the bound on this loop is deter-

- mined first. Once this bound is determined for a bar-

ticular frequency, it is cﬁecked against the fequired
bound‘for the tfacking loop'(i.e., use of the templates
whiéh reﬁfesent the uncertaintf in the plént).n If the
bound on BNJC loop does not satisfy the bound oﬁ the track-
ing loép; then the bound on the trackiné loop'is used in
the detérminationvof the hominai-lgo;~transmission,' |

. As an example, tﬁé déte;ﬁination of thg bound for
w = 1 rad/sec is illustrate‘d.h‘Usinq‘desigh Equation (4444)

the bound oh the BNIC loop is determined first. This equa-

- tion is: a |
. « : 14
> 171 2e
1+ L, > .
'l‘.\\\ lel. - 'blz ' "
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From Table 4-3 the bound on |l + Llel is determined.

TABLE 4-3

ELEMENTS. FOR DESIGﬁ EQUATION AT w = 1 RAD/SEC

——

Element F.C. #1 F.C. #2 F.C. #3
19; 16l -7.67 -8.91 4.29
19 100! -8.91 . -8.91 ¢ | -8.91
14, 5| -0.675 0.827 . -6.77
|by,] -11.76 - -11.76 -11.76

The resulting bounds for each of the three flight condi-

tions are:

F.C. #2: |1 + Llel

Iv

12.59db

F.C. #3: |1 + 1L, | 2> 4.994b

As in the design :f loop two, the nominal loop.transmis-

sion iswrequiréd. Flight Condition #2 is sélected as the

nominal point for the design of loop one. Therefore,

using ‘Equation {4-45) the bounds on Lle are converted to

bounds on L, . by

- Lleqlloe '

L
loe 91

' SL D T
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Thus, using the above relationship, the dominant

bound is found to occur for F.C. #3 and is

|1 + L > 18.19db

loeI

Now the above bound is checked to determine if it
meets the bound required for the tracking loop. The
template for w = 1 rad/sec has an allowable tolerance of

6.99db (i.e., b - all) and as can be seen from Figure‘

11
4-14 the bound on the BNIC loop also satisfies the required
bound on the tracking loop. At and above w = 4 rad/sec
the bound on the BNIC loop becomes the -3db UHF contour.

Therefore, at and above this freqﬁency, the only concern

"is that the template of 911 OVer the entire frequency

range‘of interest (i.e., w = 4 rad/sec to 500 rad/sec), .
does rot pene£rate the 3db‘UHFvb6und. ' Thus, these tem-
plates generate bounds for each"particplar fféquéncy as
shown in Figure 4-15. ' The templatés oﬁ qlle'for each of
the frequeﬁcies of;interest are includad iﬁ Appéndix E. .

Shaping the Nominal’
Loop Transmission, Ele'

The nominal loop'transmissioh’is shaped in the -
same manner as for Lzo . The reSultihg nominal loop trans-
mission is shown in Figure 4-14. |
(9110° (s + )2 (s + 17) (s + 50) (s + 57.43)

Lioe S(s - 0.01005) (s + .9921) (s + 10)%(s + 54.46) (s + 83)
S , ' x(s + 100) (s + 900 * j1200)
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Fig. 4-15. Magnitude and Phase nf
Nominal Loop Transmission for Loop Gne

" and using the relationship

Lloe = glqlloe

The correspording compensator gl>is

1.946)10%0%s + 412 (s ¥ 1Ty (s ¥ 50)
(s + 10)%(s + 83) (s + 100) (s +.900 ¢+ j1200)

g, =

The méghitude and phase of Ll is shown in Figure 4-15.

oe

Pre-Filter Design gil

The»design of thc'ﬁre—filter is accomplished in
the same manner as for the‘prc-filﬁer f22‘ fThe required
bounds of fll are shown in Piqurcﬁ4-16. The resulting

pre-filter is:

6:1{
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Iv-7  Summary

'methodolog§ inidéveloping the required elements, gl,.gz.

Fig. 4-16. Bounds on Pre-Filter Fll

= © 0.9
11 (s + 0.9Y (s + 1)

This pre-filter now positions the desired response within
the given frequency to;érances.

This concludes the design of the robust lateral

contrcller for the sideslip and coordinated turn maneuvers

This chapter illustrates the methud used in the
deVeIopment'of the required 2x2 MIMO system by mathe-
matically eliminating the yaw angle output from the model.

This 2x2 MIMO system is then uséd.to.shcw the design
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fll' and fzz,

of operating over the three flight conditions selected for

used to develop a controller which is capable

this thesis.
The resulting responses of the system for a given -

input are simulated in Chapter VI.
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V. Longitudinal Design

v-1 Introduétion

This chapter contains the de51gn of a robust longi-
tudlnal controller for the KC-135 aircraft. fTae three- |
degrees-of-freedom model developed in Chapter :II is used
in the design to perform one naneuver. Thix 1s a commanded

pitch pointing maneuver. For this mareuver, a ‘o --degree

Vpiﬁch angle is commanded with minimum charge in altitude

h, and horizontal ve;ocity u. Ideally, Ehe outputs wanted
for h and u respéctively are zero. Tre design of the longi-
tudinal controller i: completed Q;ing the improved design
teéﬁnique outlined i Chapter I1iI.

. The qij's are de*e:mi 2d using the 3x3 input énd
output matrices which aré requived in this desiga. The
specificaﬁions;are ncdz:led in the time domain aﬁd con-
verted to the freéua1cy domain. r.é: 1.:ese specifications,
the nominal locp transmissinn Y35 ic dgsignéd. The seConQ
loop designed is loop 1 and tﬁe nominal loop tranémissionA

L is obtaxned usxng the Lnlmproved desxgn technique.

10
The 1ast loop de51gned is loop two and the required nominal,

loop,transmlsSLOnvLZO is obtained ' using the improved design

approach. The first part of this design is accomplished

using the equations for the rigid aircraft. The second




'part‘of the design includes the first and second bending
modes thus eliminating the rigid body constraint. A com-
parison is made between the design for the rigid aircraft
and the design which includes‘the bending modes. Appen--
dix F contains the data fo; the qij's derived from the
numerical analysis program. Also outlined in Appendik F
are the required models for F.C.'s #2, #3 aﬁd the time‘
domain specification models required in this design.. The
numerical analysis program and reqﬁired subroutines are

included in Reference 19.

V-2 Input and OQutput Matrices

The equations of motion required in this design

are developed in Chapter III. The required equations are:

(X{S)h

g - [XguS ¢ (X, - X))+ (S - X Ju
o ! .
= X, P o+ X, &+ X, | (5-1)
‘o' ® sb sb o T

UO : e 3 u
= Zf‘:e * zi ésb ' S (5-2)
e sb
(M ,S)h- 5 B
«lu-—+[S-M,S-(M.+Ml,)]—3—Mu,u
o
=M te +,M€ isb . _ . (5-3)
& sb -
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Substituting the primed body axis coefficients listed in
Appendix C for F.C. #l into Equations (5-1) to (5-3) and

writing in matrix form yields:

— , o : : ' 9
.0411S . .53477S-.02669 S+ .0029646 h
'-.076915'2 - .0417S .007034S + .54404 . .004883 9
--21507s 524 .75375+2.79589 -.010529 u
, o R R
- o ‘ 1L -
.011617 -.082712 . .0495 5
= | -.021319 .031962 0 | s | (5-4)
-1.64897 173239 0 s
LTl

e BN el

"The resulting equations for F.C.'s #2 and #3 are included
in Appendix F.
Equation (5-4) is in the general form

MY = N§

y =Mt oNs
: -1

., where——— P =M " N
-1 _ -1

and P = N M =Q'

The first constraint on the system is that the
inverse of P must exist. Since the inverse of N exists

(i.e., N is nonsingular), then the inverse of P exists.

Likewise, the inverse of M eéxists; therefore, P is non-

singular. o a . : . N
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Q' is computed using a numerical analysis program
(Reference 19) and the resulting magnitude and phase of qij
are obtaine¢. The qij's required in the design process

are: g = l/qij' Therefore, the inverse of the g’ .'s

ij ij
are obtained. The resulting qij's are synthesized from the
numerical data obtained from the computer program. The

three required diagonal qij's for the design of the three

nominal loop transmissions for each F.C. are as follows.

Flight Condition #1l:

_ -3.673
911 T 5(8 +0.027D)

_ -2.253887
922 7 (S + 6.359) (s - 6.147)

_ 0.0498
933 T (5 + 0.01663)

Flight Condition #2:

_ _-2.71289
1L S(5 + .175125)

o -2.36022 ,
932 (S + 6.545) (S - 6.4353)

- 0.034
933 ¥ {s + 0.01846)

Flight Condition #3

. _=2.40529
911 7 'S(s +.0.051)

.70




- -1.49166
922 (S + 4.385) (S - 4.1163)

_ _0.126802
933 F {s + 0.0854)

For this design the improved design technique is
used. Therefore, the second constraint on the system is
that, as S-’m,‘qll, 9,55 and 933 do not change s%gn. This

constrain; is met for the above functions.

V-3 Effective SISO Systems

The 3x3 system is represented as nine SISO systems.
These nine SISO systems are shown in Figure 5-1. In general,

the SISO equations are written as

Fi40 * 944954 B
tij = 1+ L : . {5~5)
i
where Li = giqii ;
and iy = ; tkj/qij for k.¢ i

For this aesign the command inputs r, and £3 are

zero. The command input rz-(pitch angle) is 4 degrees.
It is desired fhat for the given input, Ty the output

Y22 tracks the input and the outputs Y, énd Y be

12 32
- ideally zero.
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Fig.

5-1.  Effective SISO Systems for 3x3 MIMO Problem




V-4 Respanse Models

The response ﬁodels for this design are developed
from Reference 17. In this reference an icdentical maneuver
was désigned and demonstrated using the Porter design tech-
nique. The specifications selected for th?s design are as
foilows: |

Pitch angleicommand (piﬁch pointing maneuver):

T,, == optimal settling time, ts, of 6 seconds‘

U
(i.e., tg is 2 percent of final value).
-TL ~- worst acceptable case is a settling time,
ts’ 0of 10 seconds.
TD -- the acceptable or worst case for the out-

puts h and u (Y32, le) is a peak value,

Mp, of 0.5 and 1.0 respectively and they

approach zero in approximately 10 seconds.
The abcve time domain-sp2cification models are included in

Appendix F.

v=-5 - Loop "hree Design

The design of lbdp three is selected to Se designed

first since it has the smallest amount of uncertainty.

Alsé, loop three is a BNICYlocp which simp;ifies the

.design process since the only requirement on this loop is

that fhe output Y32 be below a certain allowable maximum,

TD,”for the given input r,.
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The SISO system used in this design is shown in
Figure 5-2. Note that this SISO system is obtained due to
the fact that r, and r, are zero and the pre-filter f32 is

selected to be zero. Therefore, the three effective loops

shewn in Figure 5-1 reduce to Figure 5-2.

Fig. 5-2. The Effective SISO System for Loop 3

t t
where d32 = -| 12 + 22
| 931 932
The required equation for the design of the loop trans-

mission is as follows:

. i
e oo |_t12933 %2933 (5-6)
32 43, (1 + L3) 935 1+ Ly
v K . ' i
whe;g Ly= g3q33
It is desired that the magnitude of ts, be below .
some acceptable maximum (i.e., the bound Ty = by,). Also,

the magnitudes selected for tlz"anci't:z2 arie the maximum

allowable responses, These responges are b and b

12 22
respectively. Thus equation (5-6) is rearranged into

“the desired design equation (5-7). h : -

74




‘).~

: : |
b, .q b, a4

PN 1 12933 222933
32 d3; 932

5 (5-7)

For low frequencies assume L, >> 1; therefore, the 953

3
term in Equation (5-7) cancels. Thus multiplying Equation

(5-7) by 9330 and assuming the worst case siﬁuation yields

22 o (5-8)

Equation (5-8) is used in determining the required

" bounds on L at low frequencies. To ensure positive phase

30
ané gain margins the universal high freguency bound is

selected to be the ~3db contour line on the inverted
Nichols Chart as outlined in Appendix A. Thus the design

requires that
Im |1 + L31 > =3db

The magniﬁudes of Q43 for each of the three F.C.'s
are shown in Figure 5-3. v

For the design of Lioe F.C. #2 is selected as the

v nominél plant. 'Téble 5~1 contains the magﬂitudé of the

elements of Equation (5-8) required in the determination of

L3°-for w = 0.1 rad/sec.
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5-3. Magnitude of q3

3 for F.C.'s #1, #2 and #3

TABLE 5-1

DESIGN EQUATION ELEMENTS FOR w =.0.1'RAD/SEC

Element F.C. #1 F.C. #2 ) F.C. #3
Ibiél ~12.9 ~12.9 , -12.9
by, | 0 0 0
by, ' -6.9 6.9 . ~6.9 .
|33, - -9.6 -9.6 . -9.6
lay, | 17.0 13.8 ' 0 23.3
s, '~;'s.9 -32.5 C o -13.9

..............
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For each of .the three F.C.'s the bound on-Lm[L3o

- is detewmined using Equation (5-8). The bound for each

flight condition is as follows:

F.C. #1;" Lm 1L30[ > 26.2 db

v

. i 1 .
F.C. #2: Im |Ly | > 23.8 db

v

© F.C. #3:. Lm |L3ol 10.9 db .

The dominanﬁ bound occurs for F.C. #2 and is 29.8db.

Therefore, at this frequency, L must be on or above

30
29.8db. It is to be noted that at this frequency the

assumption that |L.,| >> 1 is a good assumption.

3
At and above w = 1.0 rad/sec the approximation
given by Equafion (5-8) .no lorger holds true. Therefore,

at and above w = 1.0 rad/sec, the template of g33 must be

urad in the determination of the required bounds on Lis

‘in conjunction with Equation (5-7).

It is found that at and above w = 1.0 rad/sec the

L30

-=3db coﬁtourx(UHF bound) becomes the constraining bound on

.  The other constraint is that at each'frequency the

template q33‘not peqetfate,;héj#Bdb'contour. 7The template.

- of q53 at andlabové w = 1.0 rad/sec is a straight line with

~a macnitude of 11.4db.. The bounds for the locp transmissidn;

Ly’ ate'shown-;n Figure 5-4. Note that the magnitude of

the q33-template generates the length of'the barrel
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extending down from the 3db contour. The templates of d34
are shown' in Appendix F.

The nominal ioop transmission, L3o' is derived
using Figure 5-4 and the resulting nominal loop transmis-
sion is as follows:

L = 7290 (S + 2)
‘30~ S(S + 0.5) (S + '10) (S + 18 ¢ 324)

and the resulting compensator, =Py is derived from

L30 7 939330

S l' . .
- _(2.144) (10°) (S + 2) (S + 0.01846)
Therefore 93 ='g(s + 0.5)(5 + 10)(5 +.18 £ j24)

" is shown in Figure 5-5.

The magnitude and phase of L,

) NOMINAL LOOP TRANSMISSICN - L3C
i "1!'
o [
© . ¢
o] X
=4 B S
- B
- s v
wC d [ »
9;. s " '»c;.‘f
g o 3
o 4 . . . =
3 .. [ =
g&, \ [ v
= &
zo , . il
A Te
e ——
3
o
04
g ) : LR
-0 T RIS R M 4 1 o o3 & LG 1 MERIREEEREE1)
' $REQUEMCY RRG/SLC) :

Fidure 5-5. Magpitude and Phase, Lsg
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Loop One Design

o This loop is selected to be ‘designed second since
loop one.is al.so a BNIC loop. The effective SISb system
reduces to the form shown in Figure 5-6.
Fig. 5-6. Effective SIS0 System
' for Loop One o
The required desigyn equation developed from Figure 5-6 is
d, .qg .
, - 12711 _ : _
)« ot T T | (5-9)
. . Tt to,
where d12 = —‘~33 + _22:
~ 12 913

Equation (5-9) is fearranqed to form.the design equation

i .
{ + g,'. . (5-10)
i‘ .
where t12, FZZ’.and t32 are se;ectcd as the maximum allow-
able design specification responses b12'-b22' and_b32
respectively. However, at low frequency, it is assumed

that Ll #+ 1. Therefore qli in’Equat;on (5-10) cancels.

‘Thus mulfiply Equation (5-10)rby'q110 it can be written as
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- range where L, >> 1.

The magnitude and phase of-Llo'are shown in Figure

327 . (5-11)

Note that Eguation (5-11) is only wvalid over the frequerncy

1 Thus it must be verified that the

assumption is a gcod approximation. The deveIOpment of

L is accomplished in a similar manner as .for the nominal

1o

ioop transmission, L30 Thus the design of ‘this locp is

not highlighted. The resultingAbounds and the nominal loop
transmission, Llo' are shown in Figure 5-7. The nominal

loop transmission is: -

3%240(s + 4)

Lo TS5 +0.1750)1 (5 + 24 £ 332) (5-12)
and thelresﬁlting compensator g, is
-1455(s + 4) el
Eb! (S + 24 £ 332) (5-13)
5-8.

Tracking Loop (Loop Two)

The last loop to be designed is lobp.z and this is
accomplished using the improved design technique.. Thﬁs
the néxt step in the design is to détermine £he %eqﬁiféd
bounds.on the tracking loqp. The effeétiQe SISOAsystgm

for this deSign is shown in Figure 5-9,

8l -
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Equation (5-14) is developed from Figure 5-5 and is

o f22%a * 9229y, (5-14)
22 1+ L
“2
| t £
" where. d22 = -ﬁ—lz + —22:
1921 923
[ -

The design of loop two is accomplished using the improved
design technique. The reguired equations as developed in

Chapter III are:

f

L -'d
22 2e 22e
t = f . , . (5_15)
.2; 1+ L2e
Lze
where L2e =_; o | (5-16)

€= (1 + L3 (1 + L) = vy,

w = Vgl AL+ (L L) = () quy + vy 5uy)

. G,

Lre ® 9292 ¢ Y32 T 22q33
°* : o 932923
o= nf2 0 3ndsy

1291595 13 9y595;
ue = a2 91953
2 4939, 2 9393

' . q v : ! . , . .
and 4y, = —2— | . (5-17)°
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4 - -12M1922™
22e € -

+ f_.L.q,,n .
~3273%227 - (5-18)

Since f12 and f3,2 are zero, then the design is a simple

tracking loop problem. Thus the bounds on L20e are

- determined using the templates of 50" The nominal point '

s€lected for this deéign is F.C. #2 and the desired 95006

is shown in Eguation (5-19). The magnitude, phase and

templates of d,,, are inciuded in Appendix F.

_ 0.001745(S+0.6237+31.177) (S+0.9812+33.163) (S+0. 1808) (S+125)
922e T (5+0.585:31.209) (S+1.944%31.479) (5-1.394232.122) (5+0.1718)

(5-19)
Therefore, using the templates generated by qéZe

for the three F.C.'s and the upper and lower bounds on the

responses, the bounds on L zre determined. The desired

20e
bounds on ‘the loop transmission LZoe are shown in Figure

5-10. Using these bounds the resulting loop transmission
is

0. 846)(10 ) (S+1) (5+0. 623’*31 177) (5+0.912+93.163) (S+0. 1808)(S+125)

,L (S+O 585’]1 209)(S+l 944*]1.479)(5-1 394+32.121)(S+30)

x(S+390¢]520)‘S+0 1718)
(5-20)

where . L20e = g2q22qe

. ‘ 9 '
{4.496) (107) (S+1) o {5-21)

Therefpte . 92% {S+306) (S+390%3520)

It is to be noted that the 9576 's for each of the

three F.C.'s have two poles in the rlght half plane.
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e

Therefore, these' poles must be included in the shaping of

L to guarantee a stable response.

20e
A very important result is obtained in the design

of this 'loop. I{ this lqop is designed using the unih-
proved design'teéhnique a stable response cannot be
obtained. This is due to the fact that d,,'s for éach of
the three F.C.'s has only one pole in the right half plane
while the 9,5, 'S has two polég in the right half plane. |
These poles result from the designs of loops.one and three .
being taken into account in the design of loop two. Thus
it is important to include ‘the previous loop designs in

the design of all subsequent loops. The magnitude and

phase of LZoe is shown in Figure 5-11.
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The last part of the loop two design is the devel-
opment of the requirea pfe-filtgr; f22, which places the
desired response within the frequency domain specifications.
The design of the pre-filter is accomplished as outlined in

Appendix A and the resulting pre—fiiter is

0.3506

22 (S +#0.5)(S + 0.54 £ 30.64) (5-22)

f

This'concludes the design of the 3x3 MIMO sysfem
which considers the air¢raft as a rigid body. The next
section reméves'the rigid body assumption and treats the
aircraft as being elasfic (i.e., the first and second body

bending modes are included in the 3x3 model).




Do

V-6 Longitudinal Design
{Non-Rigid Aircraft)

This design is accomplished using the numerical
déta obtained from the programs outlined in Reference 19.
The third loop is designed first, followed by the first

and second loops. The nominal loop transmissions are

"designed in this order due to the differences in the uncer-

tainties of 9y10 95 and 933°

Addition of First anrd Second
Body Bending Mcdes

The first step in this design is to incorporate the
bending and rigid'mddels to form a non-rigid model. The
form of the rigid aircraft equation is

where M and N, are defined as the rigid output and input'

R R
matrices respectively. The form of the elastic aircraft

equation is

MY =N§ | | (5+24) -
—e= e .

where ge and He are defined as the elastic output and input
matrices respéctiVely. The required elastic équationsvare
included in Appendix C. Equations (5-23) and (5-24) ‘are

written in the fcllowing form

Y S o e
¥ o= Mot NS o (5-25)
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The generated data points for the q;

and Y =M N . - (5-26)

~The input vector ¢ is defined as

Combining the rigid and bending mode equations yields

-1 -1
Y [MR ‘§R+g4_e _1\_1:] s | (5-27)
Therefore P = M"1 N, + M-l N
= =R -R =e -=—e
However,,g-l is required in the'design process. .Therefore,
el s
Sl el o=l el o
e G A L (5-28)

Equation (5-28) is evaluéted‘using‘numerical~
analysis with the aid of a computer program (Reference 19).
j's are included in




"‘.""";k'#4

o

Appendix F. Thus with the required magnitudes of the qijfs,
the design of the 3x3 system including bending modes can
noQ be completed. It is to be noted that the magnitudes
of the qij's at low frequenci .s are essgntially unchanged

from that of the rigid case. The differences in magnitude

and phase occur around the bending mode's natural frequencyf

v=-7 Loop Three Design

The design of loop thrée is the same as that com-

" pleted for the rigid aircraft. Since there is no change

"in the magnitude and phase of q34 Over the three F.C.'s,

-he bounds on L30 do not change over the entire frequency
of interest. The only concern in the design of this looo

is'that.the magnitudes of 934 and q32'at and around the

first and second bending mode natural frequencies do not

change the determined bounds (Equation 5-7) of the rigid.

aircraft. Since the dominant bqund, af'w = 1 rad/sec and

higher, is the 3db UHF oval, the change in magnitudes of -

331 and 43, have no effect on the bounds of L30 at the

natural ﬁrequencies. Therefore, the nominal-lobp trans~

mission, L, , design for the rigid aircraft is also used

for the non-rigid'design,

921
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V-8 Loop One Design
The design $f this loop is similar to the design
~completed for loop one for the rigid aircraft. The only
difference between ﬁhe tvo designs is that at and around

the bndy bending mode frequencies, large changes in magn

i-

tude and phase can occur. However, for t.iis aircraft, the

magnitudes of the first and second body bending modes are

very small. Therefore, there is only a small change in
magnitude and phase of 971 between the rigid and non-rig
‘aircraft. |

The bounds and the nominal locp transmission Ly o

are shown in Figure 5-12. The resulting nominal loop trans=-

id

mission and compensator are given in Equations (5-29) and

O' (5-30) . The magnitude and phase of L’l

5-13.

L. = 3940(s + 4) (5-
lo S(s + 0.1751) (s + 24 % 332) , :

and

- ~1455(s + 4) -
91 * 5+ 24 £ 332) -6

92

..........

o are shown in Figure

29)

30)
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V-9 Loop Two Design

The design of loop two is completed using the
improved design teehnique. This design is similaf to the
design'of 150p two for ;he rigid aircraft. The oniy differ-
ence is that ény uncertainty introduced by the body.bending
modes must ke taken into aceount during the designiprccess.
The difference in magnitude and phase of 9526 between the
rigid ahd noﬁ-rigid design is very small. Thd; the deéign

- of this'loop is.sim;laf tO‘the.designAoffloop two ‘for thé
.rigid aircraft.’ Th;s_desigﬁ will not be highlighted since
;t is similar to the aesign of loop two cohplete& for thel
rigid aircraft. 'The gzzé’é for each of the ﬁh;né‘F.C.fs

are ir luded in Appendix F.
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The resulting bounds and nominal loop transmissicn
are shown in Figure 5-14. The required nominal loop trans-

mission, LZO,,is'shown tn Equation (5-31) and the resulting

compensator,,gz,fis shown in Equation (5-32).

= (7.846)(106)(S+l)(S+0.6237til.177)(S+O.912213.l63)(S+O.1808)(S+125)
20  (S+0.585%31.209) (S+1.944231.479) (S-1.394+32.121) (S+30)
’ : " x(S+39023520) (5+0.1718)

L

(5-31)

and

o (4.496) (1C7) (S + 1)
92 T(5 %+ 301(5 + 390 £ 3520)

(5-32)

The magnitude and phase of L20 are shown in Figure 5-15.
The desired pre-filter, £, s ottained as outlined in
Appendix A and the resulting pre-filter is shown in Equa-

tior. (5?33),

£ - 0.3506

227 (S +0.51(s + 0.58 ¢ 30.64) (5-33)

This concludes the design‘ofrthe 3x3 system.
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Comparison of Rigid and
Non-Rigid Designs

The design, over the entire frequency, fof both the

rigid and non-rigid models is essentially the same. Thus

the design completed‘for the rigid aircraft is the same 

as the design for the non-rigid aircraft. The'reason that

the addition of the fitstland second body bending modes

had very little affect on the design is due to the small

magnitudes of both these bending modes.




v-11 Summary

This chapter highl;ghts the design of a 3x3 system
with only one ( ummand input; . The désién is first accom-
pliéhed using the'rigid aircraft»modei énd éecond, the con-
tinller is redesigned with the fifét'and seéond-body'bend—

ing modes (i.e., the rigid constraint on the aircraft model

is eliminated).  Finally, the effect of introducing the ,

first and second body bending modes is outlined.
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VI. Simulation

vVIiI-1 Introduction

This chapter contains the simulated.fesponseS‘for
both the lateral and longitudinal robust controileré.' The
first section illustrates the simulated responses 6btained
fq; F.C. #3 using the controlle; developed for the lateral

maneuvers and robustness of the lateral design is illus-

“trated. The next section illustrates the simulated respon-

ses for F.C. #3 using the contrcller developed for the-

-longitudinal maneuver and robustness of the design is also.

illustrated. The simulated responses for F.C.'s #1 and #2

are included in Appendix H.

VI-2 - Lateral Simulation (2x2 Design)

The simulation of this design is obtained using a
cvmputer-aided‘program'(Appendix G). It,is,éssumed that
this simulation yields'realistic'motionsjof the aircraft>

'

for each of the given F.C.'s. ° The first lateral controller

‘developed is for a 30 degree command bank angle maneuver

with minimum sideslip (i.e., coordinated turn) and the

- second maneuver is_a 5 degree command 'sideslip angle with

. minimum bank argle. This design is demonstrated using two

different pre~-filters. The first pre-filter has a pair of
complex_po;es with a damping factor of ¢ = 0.6. The

second pre~fil;er has a pair 6f rea1 poles. The difference

- in the response to a.step:commaﬁdjihpﬁt is higﬁlighte@."

- ' . 99




Finally the design is illustrated using a ramp input with a

rise time of 1 second for the pre-filters with real roots.

Bank Angle Cormand Response

The responses shown in Figures 6-1 through 644 are
for a 30 degreé step input bank angle command (comélex pre- ‘
filter pcleS); As can'be seen from Figure 6-1, the bank
angle response has véry desirable characteristicg. " The

response starts out slowly and then increases more rapidly

" as time increases. This is desired in a heavy transport

aircraft since it cannot react to rapid changes as can a
fighter aircraft. Also if a faster response is required
the control surface deflections and rates will be too high:

Figure 6-1 is the command bank angle response while Figure

€-2 1is the éideslip response due to the'bank.angle command.

Figures 6-3 and 6-4 are the control surface deflections
due to a 30 degree stép bank' angle command. The character-
istics of these responses are given +in Table 6-1.

TABLE 6-1

BANK ANGLE COMMAND--F.C. #3

Peak . Final | Rise ' Settling

Value - Value Time . Time
¢ (deg) . 30.6 .. 30.0 5.52 7.35
2 (deg) ~ 0.0276 0.018}1 . -
¢ . {deg) 3,56 | - . - -
¢, (deg) S 21.9 - -- - -

100




45.00

e

Oo
wo , v
CD%T I
- | S
- A
Op o
Z 0
G ¥
oy | s
x|
=z i )
a .
T
o
o -
g -7 T T
< co 2.50 5.GC - 7.50

TIMEFSEC)

Fig. 6-1. Bank Angle Response--F.C. #3

SIDESLIP

0.G2

(DEG) .
Qfﬁi

0.00
4

L

0.60

7560 250 '5.06  7.50
’ - TIMEISEC)

16.60

1
[y
Q

. 6=2, Sidesiip Response~-F.C. #3

101




(DEG)

FUNTR%L WHEEL

fGO 13.00 23.6G0

1.G0

1
\

—ks

(e}

CC 2.5C 5. G0 7.50
TIME (SEC)

Fig.

6-3. ' Control Wheel Deflection--F.C. #3

RUDDER

4.00

{DEG)
-2.60

1

.60

.0

(o}

.GG 2.50 5.60 = 7.50
‘ TIME (SEC)

16. G0

Fig. 6-4. Rudder Deflection--F.C. #3

102




fe

"The - responses shown in Figures 6-5 through 6-8

are for a 30 degree step input bank angle command (real

pfe-filtet poles). It is to be noted that the response due

to this gommand input is much faster and the control sur-

face :aﬁes §re much higher than for the pre~filter with

the complex poles.

Thus, the pre-filter plays a very impor-

tant role-in the determination of the final output response.

Table 6-2 outlines the characteristics of the response due

to a 30 degree bank angle command.

.TABLE 6-2

BANK ANGLE COMMAND--F.C. #3

N

Peak - Final Rise Settling
- Value . Value Time Time
¢ (deg) 30.0 30.0 3.50 6.05
8 (deg) 0.0361 0.0179 -- -
éf.(deg) ~-4.68 | - - -
‘Gw (deg) 6418 . - - -
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The responses shown in‘Figures 6~9 through 6-12
are fcr a 30 degree bank angle command (real pre-filter
poles) with a ramp input havinag a.rise time of 1 second.
This is a more realistic outpﬁt response. .As can be seen
from Figure ¢~9, the bank angle respénse i1s similar zo
.that generated by the cbmélex pre?filter bu; now tae
settling time is reduced by approximately 0.8 seconds.

The response is thus'very close té that of the bank angl=
model which is used as the design criteria. Table 3-7

shows the characteristics due to a 30 degree bank angle

command.
TABLE 6-3
) BANK ANGLE COMMAND--F.C. #3
. .
Peak = Final Rise Settling

Value ‘Talue Time Time
6 (deg) 30.0 30.0  3.80 6.55
‘B (deg) ~ 0.0354 0.0179 -- | --
| 5, (deg) o ~.222 - , -— -
8 (deg) 36,9 C e- n C.- -

106 o




l.'.

./

T T R T TN T e TN M mem w ay c w  e ar e g g
R L RRAET TR A e e e T Y W e g

......

45.00

GO

(DEG!

30.
1

15.G0

4

BANK ANGLE

G 2.50 5. 66 7.50
TIME(SEC) ‘

.00
Ay

1G.06

Fig. 6-9. Bénk Angle Response--T,C. %3

(

.G1
o

SID%SLIP

&
P

N

-0.60°

0.00 2.5¢ . 5.60  7.5G
TIME(SEC)

1C.GC

.
N

‘ Fiq.‘s-lo; Sidéslip“Respon§e¥~F.C. L]

N\

107 .\

bt WA N ot




54:00

(DEG)
‘34.00

1

14.0G0

1

N

CONTROL WHEEL

T

-6.00

(o]
(@)
[y}

2.50 5.6C 7.56
TIME(SEC) '

Fig. 6-11. Control Wheel Deflection--F.C.

.......

DEG)

3.60

A

(

RUDDER
5.60

-

GG 2.5C 5.60° 7.50
CUTIMECSEC

O

Fig. 6-12. Rudder Deflection=--F.C. 83
\oa




Sideslip Command

- s s~

,,,,,,,,,,,,,

< The responses shown in Figures 6-13 through 6-16

are for a 5 degree step input sideslip angle command

(complex pre-filter poles). The sideslip response due to

a 5 degree command input has desirable characteristics

similar to those of the bank angle command. ' Table 6-4

ocutlines the characteristics of the responses due to a

5 degree sideslip comménd.

TABLE 6-4

SIDESLIP COMMAND--F.C. 33
Peak . Final Rise Settling
Value Value Time Time .
@ ¢ (deg) . 5.18 4.94 1.78 4.50
| : (deg) C-.179 -.179 -- --
;r (deg)_ 12.0 - - -
..‘w {deq) 28.3 .- -- -
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The responses shown in Figures 6-17 throuéh 6?20
are for a 5 degree étep input sideslip command (real pre-
filter poles). It is to be noted that the rise time and
settling time are slower than that of the previous design
using the comélex poles for the pre-filter. This may be
desirébie, since the rates of the control surface'deflection.
decrease due to the slower rise'and settling times.

Table 6-5 outiihes the characteristics of the réspoﬁses

due to a 5 degree step input sideslip command.

TABLE 6-5

SIDESLIP -COMMAND--F.C. #3

Peak . Final Rise ' Settling
Value Value Time Time
2 (deg) 5.0 5.0 4.98 9.25.
5 (deq) -0.181 -0.181 — | -
¢, (deg) 7.58 -—- , == --
¢, f(deg) | 25.7 - - -
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The responses shown in Figures 6-21 through 6-24
are for a 5 degree sideslip command (real pre-filter
poles). The command input is a ramp with a rise time of

1 second. As shown in Figure 6~21 the sideslip response

. has good characteristics. The response, due to this

command input, is very close to ‘that of the desired
responée model. Table 6-6 outlines the characteristics

of the responses due to a 5 degree ramp input.

TABLE 6-6

SIDESLIP COMMAND--F.C. #3

Peak Final Rise Settling
Value Value Time Time
8 . (deg) 5.0 5.0 5.0 8.75
5 (deg) -0.180 -0.180 0 : 0
£, (deg) ©7.55 - - -
éw (deqg) -25.6 | - == -
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Robuétness of the designs for both the bank angle
command and 'the sideslip command are illustrated in Figures
6-25 and 6-26. The responses for both'designs, over the
entire F.C.'s have very little variation. The actual
output responses approach the responses of the models
develope? during the deéign process. Thus this design
method has dgmonstrated that it is a very effective tool
for the design of multi-variable control systems. This

concludes the 2x2 design simulation.

o
o
w
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Qo
- ™M
i
]
28 |
T
x7
=
a
w
8
'é_ - T ‘"l : Y . L
%00 2.50_ . 5.00  7.56 10. 00
TIME(SEC) ' |

Fig. 6-25. Robust Controller~-Bank Angle Response.
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‘5‘ . Fig. 6-26. Robust Controller--Sideslip Response
vI-3 Lengitudinal Simulation

(3x3 Design)

' Tﬁis design is.éogp;eted for a one command input.

-The simdlation ig fc; a 4 degree pitch angle command and |

ihe,input is a ramp which rises to a mégnitude qf 4 in

1 second. _The'butpﬁé responsesjof the rigid aircraft for
F.C. #3 dre shown in Figures 6-27 through 6-29 and the

control surféce defiections are shown in Figures 6»30

"throdgh-§f32. Table_6~7.ou£linés thé :haracteristics of

ea¢h_r§$ponse. Thege responses do not includé’cohtrol

surface deflection saturation.
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TABLE 6-7

PITCH ANGLE COMMAND--F.C. #3

Peak Final

Rise Settling
Value Value Time . Time
6 4.0 4.0 §.3 6.65
h -0.581 0..07 -- --
u -0.277 -0.171 -- --
8 -2.30 - -- -=
e
S b 48 4 -- -~ -~
& 19.7 -- -- -
o -
o
(_g_',
o
WS
O A
S
E;.
=
o~
oy
1 )
[
a_ng
. . ~ M 1
%60 . 2.50 5. 60 7.50 10..66
TIME(SEC) : '

Fig. 6-27--—Pitch Angle Responsa-wr'.c. #3'
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Fig. 6-32. Thrust Increase--F.C. #3

The output responses for the non-rigid aircraft
design are shown in Figures 6-33 through 6-35 and ‘the con-

trol surface defleétions are shown in Figures 6-136 through

' 6-38, The simulation is for a 1 degree pitch anglé com-

mand. The input is a ramb which rises to a magnitude of

‘1 in 1 second. Table 6-~8 out;ineS'the'cha;acter;stics of

each response.




" ' : TABLE 6-8

- PITCH ANGLE COMMAND--F.C. #3
Peak ‘ Final ' Rise Settling
Value . Value : Time Time
1.c 1.0 5.6 8.3
h 0.349 0.349 - -
" | -0.073 -0.065 - -
: 1.27 .07 -- - -
e C _
: 12.2 . - . - -
sb .
: 7.05 - -- --
T - L
” C
[}
~1‘-
(@8]
o)
oS
_'\3_4
Y
g ' ‘ - - ‘-4A
TS A .
- —
-
(-
G_.,
C
) . i .
. A * T T " ~
<% ce 2.5C ' 5.CC 7.5C 16 CC
TIMEISEC) :

L
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Fig. 6-38. ThfgSt Increase-~F.C. #3

The response for F.C.'s #1 and #2 causes control

‘'surface saturatioh.- Thus the responses of the rigid air-

craft design with control surface deflection saturation

for F.C, #2 are shown in Figﬁreé'6-39 through 6-44.‘ The
simulation is for a 4 degfee pitch ahgle command. fhe input
is a ramp which rises to’ a magnitude qf 4 in 1 second. |

Table 6-9 outlines the characteristics of -each response.
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TABLE 6-9

) ' , PITCH ANGLE COMMAND--F.C. #2
(CONTROL SURFACE SATURATION)

|
| .- . . . . . .
| - : Peak Value Final Value Rise Time Settling Time

8 3.49 3.30 4.45 10.0
h 1.13 1.13 -- --
u -18.8 -18.8 -- --
& 4.95 -- -- --
e
. 60.0 -- - -
- 50.0 -- -- --
fe =
, oo
o
WS
(mn g
_,v
uJ
—J
)
g
~N
Ir
o
IR
= | | |
'.é Y T T Y
“0.00 2.50 5.0 7.50 10.60
’ TIME!SEC)

Fig. 6*39. Pitch Angle Response=~F.C. #2
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Fig. 6-44. Thrust Increase--F.C. #2

The desired pitch angle output of 4 degrees cannot

be achieved due to control surface saturation for F.C.'s #1

and #2. Thus the pitch angle command is reduced from 4

command input..

EE P

degrees to 1 degree. The'respdnses for the command input
are inc¢luded in Appendix H. Figure 6-45 demonstrates robust~

ness of the 3x3 design of the rigid aircraft for a i—dégree
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Figure 6-46 demonstrates robustness of the 3x3
design with the first and second body bending modes
incldded; Thesé responses are for a l-degree ramp command

input>which rises to 1 in l'sgcgnd,
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: . #2, and #3 (Non-Rigid Aircraft)

vVIi-4 Summary
‘ This chapter outlines'the simulations for both the

lateral and longitudinal designs. The_éimulatiohs are
illustrated for F.C. 3. Finally, rebustnesé of both

designs is highlighted.

.......
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VII. Conclusions and Recommendations

VII-1 Thesis Summary .
This thesis demonstrated the applications of
Df. Iéaéc Horowitz's Quantitative Feedback Theory tc the
désign of multipie input-multiple output qpntrol systems.
Chap£e£ I is an introduction and.an explanation of

the d=s5ign problém including the assumptions used in the

-desiga process. Chapter II outlines the basic single
 input4sing1e output design process which is expahded to.
" the design of a 2x2 and 3x3 MIMO system and iinally ekpandéd
. 'to an nxn system. Chapter III is the development of the
- required aircraft equation for both the lateral and 1ongi—

‘tudinal modes. Chapters IV and V are the design of the

lateral and longitudinal controllers respecfively.

Chapter VI contains the simulations and a demounstration of

_robustness for each design is hlghllghted.

Appendlces A and B contdin a detailed derlvatlon of
the SIS0 and MIMO systems. Appendix C outlinas the basic

aircraft and includes the transformation of the stability

'axis_deriVatives to the bbdy axis systeﬁ.,-Aisa included

. are the required equations for the first and second bending

modes. Appendix D is a sample run of the computer program

used in this transformation. Appendix E is the time
134
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response mciels derived for the 2x2 lateral design. Appen-
dix G is the computer programs used 1in tﬁe simulationvof

the 2x2 lateral design. Appendix H contains the numgrical
analysis data aﬂd time response models used in thé 3x3 longi-
tudinal design.

VII-2 Discussion

his design has demonstrated the transparency of

-3

the quantitative design technique developed by Dr. Horowitz.
An important result is obtained during the desicn of the
3x3 longitudinal controller for the rigid aircraft egua- . .

ticns. The first design attempted was done using the

unimproved design technigue. The three loop transmissions

re

[

are designed, taking into account the richt half plane poles

(i.g., contained in qll,'q22 and q33), so that ecach loop
transmission 1s on or abcve the foquired bound at each
frequency. This design was simula:ed aﬁd tho‘system was
unstable. The guestion is: why is the system unstablé'sihcc

none of the bounds is violated? ThLis design technique

‘ensures a stable response 1f all the bounds on the system

are satisfied. . The reason the system is unstable, using

the unimproved technique, is that the design of the first
two loops is not taken into account in the design.of the
last loop. The last loup desigred is loop two and the

s for cach flight cordition have one pole in the right
half plane. tdowever, duce to the design of loops - one and




| =

three, a second pole in the right half plane accears in»the
effective q22‘s for each of the three flight ccnditions.
Since this acdditional —180.degree phase change was not
accounted fcr in the unimproved design, a stable response
could not be cbtained. Wwhen this phase change 1s taken 1into

account, using the improwved design technigue, a stable

response 1s obtained. Thus 1t 1s shown that this technigue

[

1s very transparent 1n isclatinyg and determining groblem ,
areas dﬁring the design process. This techniqﬁe alsc allows
the designer to determine 1f such problems can or cannot be
resclved and thus cbtain the desired response from the
sy otem.
VIi-s Comparison t0 rorter Techniguo

The des

2signs accocmplished during this thesis are for

the same manceuvers as shown 1n Reference 1 his refer-
ence covers the desiuns accomplished by Captailn Locken

using the Porter Technigue. The results obtained using the

guantitative fcedback technigue are guite similar to those.:

achieved via the Porter Technigue. The contro irface

b
w

deflection and output responses. are the same for poth

designs.  There is only ond difference between the two

‘

designs and this ariears 1n the control surface defloction,

o
[

The control - surface rates obtairned from this design a

lower than those obtained using the Porter Technigue.

This 1s possibly duc to the fact that the porter Technique




uses high gain feedback thus causing high2r contrcl surface
rates. Since each control surface has a‘maximum allowable
rate, this‘may be critical 1in socme design aprlications.
é:c:nd co‘parlsun made between the two design
technigues is that a robust controller could nct be
obtained £or the pltch pointing maneuver using the Porter
Tech:ique( Hcwever, while using thé Quantitative Feedback.

echn rontrcller was obtained. One possible

o
Wul
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ex:-anatlo“ 1s 1n using the Porter Technigue, the problems

cedback
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Technigue are not apparent, thus they cannot be accounted

.

for i; Porter's design process.

One very important difference between the two tech-
nilgues 1is that tﬁe desired resgonses wanted from the system,
using the Quantitative Feedback Technigue, are taken into
account at the beginning of each design while this is
not done in th N Porter chnﬂlq le. Also, the bandwidth of
the system 1s known'using QFT while with the Porﬁer Technigue
this is unkrown. The bandwidth of the system ;é important |
since the larqer'the bdndwidth £he Qreater the effect noics
will ‘haveé on the overall system.

At present, a design using thcvxortgr Technique
‘can be éccomplxsnod-mcrc auickly than that ;s{nq.QFT;

This is duc to the use of a'compﬁtcr-aic;d q?ai:b vuckage.

However, if a number of iterations are reguired, then the
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design process may indeed take much longer than the Quantita-
tive Feedbaék Technigue.
The results obtained using this technigue compare

well with the results obtained using the Porter Technique.

.The advantage of QFT over the Porter Technique is that it

1s very transparent and, K compensator bandwidth is known for

each design.

VII-4 Conclﬁsion

This thesis coﬁcludes that the Quantitative Feed-
back Techn:igue déveloped by Dr. Isaac Hofowitz is an effec-
tive tool in the design of multiple input-mulpiple output

control systems. The insight given the'designet due to the

. transparency of the design process is extremely important.

The design engineer, using this technigue, has the ability
to make design tradeoffs between the design responses,

compensator bandwidth, and determine whether a stable

. response 1is achievable.

The addition of the first .and second body;bendiné
modes has very little ‘affect on the overall design of the
nénrrigid‘aircraft. The uncertainty in the'plant of 'the

rigid and non-rigid'models is essehtially';he same.
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This technigue is a viable method in the design of
multiple input-multiplé output robust flight control sys-

tems.

VII-5 Recommendations

It is recommended that this‘design technigue be
demonstrated using‘an aircraft where the longitudinal and
lateral modeé‘ﬁre not decoupled. The advaﬁtages of this
design technigue can be readily applied to éuch a flight
control design problem.

It is high;y'recommgnded that a computer-aided
design Qackaqe be developed to ‘allow the»deéign of larger
and more‘complex'flight control systems. With the deveiop—

ment of such a package, the design engineer can design more

complex systéms‘usinq the insight given by this technigue.
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Appendix:A: Single Input-Single Output Theory

(This appendix was taken from Reference 3 with minor
changes.)

Introduction

Appendices A and B present an overview of the Quan-

‘titative Feedback Techniéue used in' the design of multiple

input-multiple'output flight control systems for this
thesis. . Examples are presented to aid in the understand-
ing of ihe méteriall‘ The technique is valid for the
general nxn case. However, for simplicity, ghe examples
below afe either single loop or 2x2 systems. A discussion
of the 3x3 case is outlined in Chaptef II.

The flight control problem involves a multiple

‘input-multiple output (MIMO)'plant requiring regulation

“and control due to'parémeter‘uncertainty and disturbances.

The mathematical equations describing the motion of an air-,
braft are highly nonlihear; For design purposes, these

equations. are linearized abput a point in the flight

' envelope or flight condition. Uncertaihty arises as the

“linearized coefficients vary with airspeed and'altitudé

~(SeeVChap£ér-IV);'

- The Quantitative Feedback Synthesis Technique
developed by Dr. Isaaciﬂorowitz uses feedback to achieve
clésed—léop system response within perfqrmance tolerances

~
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despiﬁe plant uncertainty; The range of plant uncertainty
and thg output performance specifications are guantitative
parameterg in the design process (12:8l). The fundamentals
of the design method are presented in the discussion of |
the single inpﬁt-single output design. The multiple input-
multipie‘output design procedure is described in Appendix B,

using the fundamentals developed in Appendix A.

Problem Definition

The géneral'single input-single output (SISO)

problem involves'a plant transfer function, P, with uncer-

-tain parameters (gain, poles, and zeros).known only to be

members of finite sets. The design specifications dictate
the desired response of the plant to inputs and/or dis-
turbances. The problem is to obtain a éontroller forcing
the plant output to satisfy'performance tolerances over
the range of plént uncertainty.

[

The basic SISO control loop structure is. shown in

Figure A-1.
af(t)
. F ¢ p
r{t) o—> O O ylt)
x(t) B
—

.Fig. A-1. Two Degrees-of~Freedom Control Loop
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In this figure, r(t) is the command input to the
system and d(t)'is a disturbance input to be attenuated.
P is the plant transfer function, the characteristics of
which are not precisely known. The compensétor, G, and the
pre-filter, F, are to be designed to force the system out-
put, y(t), to be an element of a set of accepfabie responses,
despite the uncertainty in P and the disturbance inéut a(t).
' The plant input signal, x(t), is identified since‘it is
generdlly of interest because of physical constraints.
The signals, r(t) and y(t) are assumed measurable guanti-
tiesland the latter is available for'feedback;‘ Access to
both signals allows the use of Ehe two degree-onftéedom
structure of Figure A-1 and provides the designer with two
independent compensator elements, F and G (13:131;' It is
also assumed that r(t), y(t), and (for now) P, such that
y({t) '= Px(t), are ail»Laplace transformable funétions
(13:8). |

There are four transfer functioné.af interest in
Figure A-l where the loép'tranSmiSSion,.L, is_défingd as
L = GP. fhéig;;éem éutpuﬁ due td'thevcdmmand diséu:bance

inputs, respectively, are:

FGP _ FG

T. = Y(s)/D(s) = S Yt (A-2)
D ‘ (1 + G P) (L + L) :

and the plant input due tO'the'command and disturbance

inputs, respectively, are:
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_ __FG__ __FG . .
- _ - G _ - G e _

The design specifications may impose constraints on an,

or all of these transfer functions, but for the‘puigose of

_this example, only the first two are considered. -

Design §pecificationé

The design specifications, br‘closea;loop system
respbnse tolerances, describe the upper and~lowér limits
fdr acceptable output response t¢ a desiredginput‘or dis-
turbance. Any outputvrespénse between the'tﬁo bounds is
assumed‘accep£able. The response specificétions must be
determined prior to applying the design method. Typicélly,‘
rasponse specifications'are given in the timevdomain, such

, ot

as the figures of merit Mp, tg

p’ and Km based upon a

‘'step forcing function (8:346), or as a bouhdedlregion as

shown in Figure A-2. Response to a step input isfa good

initial'test ofvsystemlreépdnse. Bounds (T;) and (T,) of
the figure are the acqeptablé lower'aqd upper liyitsVof a
SQstem's.tracking'perfbrmaﬁce,to a step input. Desired
system respodée to a step'disturbdnce éenerally_reQui:es
maintaining the butput Selow'a'given alue, thﬁé onliy an
uppér bound is necessary as shown.by curve fbe in"
Figure A-2. Additional similar bounds are negded'if.other

inputs are to be considered.—*"
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Fig. A-2. Time Domain Step Response Specifications

The design tedhniqug’is a frequency domain approach;
therefore, the time domain specifications must be trans-
lated to bounds in the frequency domain. Desired control

ratios, T = [Y/R]MR and T = [Y/Df are modeled to

MR MD MD’

satisfy the performance specifications using the pole—zefo
placement method as described in Section 12-2 of Refer-
ence 8. For response to a step input, a third-order model

with one zero is suggested.

Als + z,)
M (s + 2 w,.S +'yn)(sl+ p3) A ,

The pole-zero pattern of Equation (A-5) is shown in
Figure A-3. The locations of the roots are adjusted until
the step response of|the modeled control ratio matches the

bound. -
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-able response model is not wveally acceptable, the

p

s-plané

¢
‘Q

Fig. A-3. Third-~Order Control Ratio Pole-Zero

Pattern

The freguency domain characteristics are considered

during the response modeling. It is desirable to

magnitude difference (as a function of frequency)

keep the

between

the upper and lower bound models of TMR(jw) as la{ge as

possible at all fféquencies; Choosing a lower boy
with a greater'pole to zero ratio than the upper ¢
ensures that the magnitude difference approaches

in the limit as w approaches infinity.

and’ model
bne

infinity

Errors made during this modeling process manifest

'themselves in' one of two ways. Flrst, if the worft accept~

system

.may not meet the specifications over the assumed range of

uncertainty in P. And, second, if the entxre range of
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allowable outputs'is not considered, fhe bandwidth of the
compensation will be highér than necessary, increasing the
cost of the compensator (13:5).
the control ratios are obtained for each time

response bound, a magnitudé plot of the frequenéy response
{(Bode ﬁlot) for each TM(jw) is made on the same graph as
shown in Figure A-4. These plots are the frequency domain
and T..

R D
These derived ffequency domain specifications are used to

representation of the design specifications on T

obtain the bounds on the loop trénsmission, L(jw), as’

_described later;

FREGUENCY DOMAIN SPECIFICATIONS - TY.TL. 4ANO TO

19,50,

1508

NAGNT TUDE (DECIBELS)
AR

-‘Gb no

--90.00

AR S A S TR I I A 3 LR R N A t T e 3 t 1k Gt
FREQUENCY [RARD/SET? .

' Fig. A-4. Freguency Domain Specificatiocns

Nicﬁols.Chart

. The primary tool used in the design of the comp-

pensator elements, G and F is the Wichols chart, shown in

'jlﬁﬁ
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Figure A-5. If the open loop transmission of a unity feed-
back system (L=GP, assuming F=1 for now, in Figure A-1)

is plotted using the horizontal and vertical scales on the

- chart, then at any giVen frequency, the magnitude and phase

angle of T =L/(1+L) can be read direétly from the curved

R
scales. Conversely, any point corresponding to the magni-
tude and angle of TR on the curved écales provides a point
corresponding to the magnitude and‘anglé of L on the hori-
zontal and verfical scales (8:332~334). This correspondence
between L and TR on the Nichols chart is very'importantf
Likewise, thé Nichols chart can be used for the
diSturbaﬁce response: -Recall that TD=1/(1+L). By way of
$idi's transformation, L=i/m (1:152-155) the syctem control

ratio due to the disturbance becomes T =m/l+m), which is

D

'of the same form as To=L/(i+L). ' One could design the

inverse of the loop transmission, m, directly on the

Nichols chart, but it is much easier to realize that by

turning the Nichols chart upside down, reflecting the

. vertical angle of L lines about the -180 degree line (i.el,

- «190 béqomes ~170,'+210 becomes ~150, etc.), and reversing:

the signé-oh all magni*ude lines, the chart <can be used -

directly to design L itself. The horizontal and Qertiéal

lines still correspond to the magnitudé and angle of L,

and the curved magnitude lines correspond to the magnitude -

of (1+L) (1:133). For desiqﬁ purposes, only the magnitude

~of (1+L) is required, Thefefore, the curved angle lines

.......
.......
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' Fig. A-5. Nichols Chart with Plant Templates
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on the chart can be igncred. 1In practice, Sidi's trans-

formation

is merely implied by turning the Nichzls chart

upside down and mcdifying the scales as descriked above.

The dummy

Plant Temrlates

range of

3

the range

~guency (1

where the

tion cf th

infinite
1n paranme
merber of

maagnitude

finite boo
plant tem

Ang 2 (2.}

chart, N
be calcul
daries ar
boundary

from 0.5

D's obtai

(¥-2, a-0

a5 shown

undaries when
plate 1s cbral
5 . e - ' »

for all peossible 26 )'s, that 1s cver the

atced. The plant transfer functions at the boun=-

clant terplate is a plot on the Nichols chart of
of uncertainty :in the piant P at a given fre-
4:29C). Consider the examrle Pls) = ¥ s(s-a)

cain X is described by:

¢ seccnd poie is given by: 6.5 a - Z.0. AN
nurrer of gessible P's exist due tc the variation

ters, K and a; however, each parameter 1s a

-3 oz Y -
and rhase anglc

h s
' '

uncerta:nty at a given frequency on the Nicholin o - :

cte, only the cuter edges cf the template need

¢ found by holding cne parameter constant at a,

.

value, 1.e., set K=2, and vary a in increments

to 2.0, The frequency response at =1 for the

.

ned above provides a set of voints from A,

.5), to D, (¥=2, A=2), on the Nichouls chart

in Figure A- 5, The process is continued until ¢

f
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range of uncertainty i: P for different freguen

the complete template is formed. For example, for a=3.5,

var, K from 2 to 8 to obtain the line from A, (2=0.5,

K=2), to B, (a=0.5, K=8). Templateé are needeld for a

number of freguencies taxen at regular intervals, such as
every octave. A .set cof temrplates is shown in the figure

to demcnstrate the change 1in size and location of the

ies.

O

Tc facilitate the shaping of the locz tramsmission,

1gner needs a reference or nominal sfe
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tion of . It doesn't eoven have to be from the set of
rossible P's, but it 1s usually convenient to choose PO

such that 1t lies at a recognizable po:int on the templates.

It is convenient, as is tke case with the example, to

sclect.PO such that itqlics at the lower, left hand corner

of the templates. ‘This choice for P, keeps the bounds on

LO,'to be described next, as near the center of the Nichols .

. chart as_possiblé. Onée selected, the Poipcint should be

marked on each teémplate, as in Figure A-5. For the example,
the plant described‘by'Po = 2/(s + 0.5) is chosen as the

nominal plant{.

. R f '
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Derivation of Bounds on L

esponse y(t) is uniguely deter-

+3
o)
o
@
n
ct
4]
2
n
t
[}
6]
L]

mined by the transfer function T{(s). Likewise, Tl(s), for

&

a stable, minimum chase systexr (nc rlgkt hal*-o ane pdles

2y zerss), 15 completely specified by the magnitude of the
freguvency respcnse T(: ) as described in References 13 and
14, Froin the design specifications, the frecuency response
of the o zun Y{: ) can vary from the value cf the bound

N T s
- As
. .
{soe FTiloure A=-3). For the given example, at the frequency,
— Y, 3 v e >3
= 1, assum2 that Y(31) can vary from 0.7db tc -0.8¢b.

The relative varliaticn in Y (°l) is (0.7)db - (-0.8)db or
1.5db. In cencral, the allowable rela**v change in Y(2.)

at a given freguency 1s expressédd as:

, LA (TG ) - mm DT 0 (A

where T,.(5.) and T, (3.) -are the freguency domairn bounds

. The ‘relative change in the output is relatod tc tae

control ratio as follows. From Figure A-1 and Fquation

LmT = Lm[FL’(1+L)] where L = GP and it is

(A-1), Lmy

assumed that no uhcexiainty exists in G and F. 'Then;

#  " 3 = 7 ‘ i - ’ LD“‘) 1

Li kowxse, the relatlvc change i L(Jn) is equal to the

relatxve chanqn in thc plant. 3 . l _ -
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-y

‘Lm [L(3.)] = :Lm (P(3.,)] {A-8)

‘The variation in P arises due to parameter uncertainty,

.thus the problem is to find an L such that the relative

chancge requirements on the closed-loop response are satis-
fied for the entire uncertainty range of P. The design

specifications state the requi:ements on the closed-loop

resporse Y (:.) and thus T(:.) as given by Eguation (A-7).

Constraints on the locp transmission L(J.) are desired

(V%)
(69
.

-
.
. -

(14:291; 1

The relat:we uncertainty in L 1s shcwn to be equal

s e
< oY ranc

Y9

< of uncertarnty in P by Eguatien (A-8). As

‘described earlier, the plant template is a plot on the

el

Nichols chart cof the range of uncertainty in P at a given

freguency. Because Lm (L) = Lm (P) + Lm (G) and also
'Anq (L) = Ang (G} a témplato may be tranglated.(but not
rotated) horizontally or vertically on the Nichols cﬁart,
where horizontal 1ndlvertica1 transiations correspond to
the angle ané maghitude requirements on'g(j.) regpegtively
at a givén frequency (14;290); DfaWing a line on éaéh of
the téhplates patallel to the horizontal or vertical grid
lines {(see Figﬁre A—S)'of the. Nichols chapt is wuggested
té maintain correct template orientation.

" With the tcmpla;e cpfresponding to . = 1 of .

Figure A=-5, transllate it to position 1 shown in Figure A-6.
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Since the template is the range of uncertainty in P and
L = GP, where G is to be precisely determined, it follows .
that the area now covered by the template corresponds to

the variation in L and in T due to the uncertainty of P.

Recall the corfespondence between L and T on the Nichcls

-chart. Using the curved magnitude contours, i.e., con-

tours of constant Lm{T(j.)], read the maximum and minimum

values of T covered by the template; If the differencé |
between the magimum and minimum values is greater than

the allowable variation in T at the frequency'. = 1,

tﬁat 1s (lLm [T(31)] as gi;en by Equation (A-?i and detef?
mined from Figure A-4, shift the template vertically, as:

snown 1in Figure A-6, until the difference is equal to

- Lm{T(31)] (to position 2). Conversely, if the difference

i¢ less than that allowed, move 'the temélate vertically
downward untii the equality is obtained. Wien fhe position’
of the femplate achieves the,equality (positionlz of the
example), mark the nomlnal p01nt P of the template on

the Nichols chart. The point marked corresponds to a bound
on the magnitude and phase angle values of L (jl) read from
the horizontal and vertlcal scales of the NlChOlS chart,

where the'nomlnal loop transmzssxon, &o(]uai)'ls_glven by: :
Lo(3vg) = €00y B Guy) - (A-9)

Repeat’_the prbcess horiéontally across the chart at differ-

ent values of Ang(L_). The points marked on the chart
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form a curve, ER(j‘i)’ representing the boundary of Eo(j*i)

at the given freguency of the template. As long as LO(inL
lies outside or above the boundary, Bg(3-;), corresponding

to . = “y at the frequency . = “ 3 the variation in T due

to the uncertainty in P is less than or equal to the rela-

tive changé in T allowed by the design specifications at

that frequencyl Repeat this boundary, §R(j*i)’ derivation
for various freguencies, 5 using the correspon@ing plant
templates to obtain a series of bounds on 'L _{j.;) (1l4:'
291-292).

| Likewise, the step distu}Sance response specifica-

tion (line T, on Figure A-4), 1is converted to bounds on

D
L (3.).. In order to effectively reject the disturbance

the fcllowing inequality.must be satisfied:
1/ 01+ L(3.)1) > ic(i] : (A=10)

where C(3.) 1is the magnitude of the boundary, (TD)} on

Fiéure A-4. Converting the magnitudes to decibels and

rearranging terms, the inequality can be expressed as:

Lm [1 # L(3.)) - - Lm (C(5.)] (A-11)
Now a template is placéd on the inverted Nichols'éhért
such that its lowest point rests directly on the contour
of constant Lm 1 + L{(3ju.)] equél to -Lm [C{ju)] at thg

frequency, ey for which the template is drawn. The point,

P, is marked and the template .slid along the same contour
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forming a bound, ED(j*i) for L- Bounds are formed for

each frequency, in this manner using each template. Using
the rectangular (Lm L) grid, transcribe the bounds, ED(j*i)’
on L onto the upright Nichols chart which alfeady contains
the command response bounds, QR(j;), on LO as shown in
Figﬁre A-7. For each fréquency of interest, erase the‘
lower of the two L bounds, where the remaining bound 1is
labeled, §o(jl).. The point here is that the worst bound

must be used in the shaping of LO;

‘Universal Frequency Bound

The universal frequency (UF) bound ensures the
ioop transﬁission,_L, has posiﬁive phase ané gain margins,
whose values depend on the oval of constant magniﬁude
chosen (see Figure A-7)L As .the frequency, ., incréases,
the plaqﬁ templates become narrower and can be considered
verticel lines as . approaches infinity. The allowable
variation'in T increases with frequency also. The result
is the bounds of &o(j”i) tend to become a very narrow
reéion around the 0db, -180 deqreé point (origin) of.the#~ﬁ44vvi
Nichols chart at high ffequency.. To avoid placing clqsed~

loop poles near the j. axis resulting in oscillatory dis-

turbance response, a UF bound is needed on the Nichols

chart. With increasing , the bounds on LO approximately

‘follow:the ovals encircling the origin. Chooée one of the

-

' ovals hear the ofigin. In Figure A-7, the contour of

constant magnitude egual to 5db is used in this example.
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From the templates corresponding.to»high frequency, find
the template with the greatest vertical displacemené,

v, injdb. tv may be accufately determined by finding

the maximum change in'Lm[g(jg)] in the limit as o goés to
ihfinity.‘ Translate the lower half of the 5db oval down
the ieng£h of the template,‘i.e., v db, as shown, thus
obtaining the UF bound (see Figure A-7). (Note: Professor

Horowitz refers to this bcund as the Universal High

Frequency (UHF) Bound) (13:20-22.)

Shaping of the Nominal

Loop Transmission

The‘shaping of a nominai loop ‘transmission conform;
ing to the boundaries of Lb is a meost crucial step in the
design process. A mininum bandwidth design has the value
of LO on its corresponding bound at eéch freque-.cy. Ih
practicgl designs, the éoal is to have the value of Lo
occurring above the corresponding bound, but'as close as

possible to keep the bandwidth to a minimum, Figure A~7

shows a practical design for L,. Note, any right-half-

plane (rhp) poles and/or zeros of P, must be included in
Lé to avoid any attempt to cancel'them with zeros of Po

as a starting point in the design of L  is sugdested, to

avoid any implicit cancellation of roots in determining G.

Solving for G
"7 The compensator, G, is‘obtainéd from the relation:
G = Lo/Pb' ' If the LO found above ‘does not cbntain the
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roots of PO, then the compens;tor ¢ must cancel them.
Note, cancellation occurs iny fo;.purposes of desigﬁ
using the nominal plant transfer function; In actual
implementation, exact cancellation dges ﬁot result (nor
is it necessary) since P can vary over the ehtire uncer-
tainty range. |
Provided the nominal loop transmission, L_, is
shaped properly, i.e., meets the fequirement_of Eeing on .
or above the bound, §;(jQi), at each cdrresponaing fre-
qﬁéncy,,the variation:in T resuliing from the uncertainty
in P is guaranteed to be less than of equal'to the allow-

able relative change in T allowed by the design specifica-

tions (14:291). The design of the pre-filter, F, is the

7 .
“D final step in the design process.

Design gﬁ F
| Design of a éroper L, only éuarantees the variation

in T(j.) is ieSs than ‘or equal £6 that-allowed. The purposé.
of the ére;filter is to,ppéition Lm([T{jw)] Qithin the fre-
'quenéy'doméin speéifications. For the example given: ”
gbbve; the magnitude of the freqﬁéncy responsé must‘lié
within the bounds shownviﬁ'Figufe.Af4 which are redréwn

in Figure A~-8. One méthod for detefmininéithe bquhds on

the pre—filter, F, is aébfollbws. ?Eace the.pominal point
.of the 'w = 1 template on the Nichc¢.s chart Qhere ;hélgb(jla

point dccurs. Recor@ the . aximum and minimum values of




lFig. A-8. Requirements of F

Lm(T), 1.2 and 1.0 in the exaﬁple, obtained from the
curved magnitude contours. Compare the values found above

to the maximum and minimum values' allowed by the frequency

.domain épecifications of Figure A-~-4 at u =1 (0.7db and

-0.8db). Determine the range, in db, Lm(T) must be raised
or. lowered to fit within K the bounds of the specifica=-

tions. For example, at w = 1, the actual Lm{(T) must be

within [Lm(T,) = 0.7 db] > Lm[T(j1)] > [Lm(T;) = -0.8db]. |

- But, from 'the plot of LO} the actual range'of Lm(T) is:

1.2db > Lm[T(31)] > 1.0db. To lower Lm(Z(j1)] froh the

actual range to the desired range, the pre-filter, Lm(F)'

is required: (0.7 = 1,2db) > Lm[F(j1)] > (~0.8 = 1.0db, .

or =0.5db > Lm[F(51)] > ~1.8db (see Figure A-8). The
process is repeated for each frequency corresponding to

the femplates used in the design of L,. Therefore,
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in Figure A-9 the difference between the T, and * o

curves and the difference between the TU and Tmin curves

indicate the requirements for F as a function of fre-
quency. o : : .
Bounds of F, [Lm(TU) - Lm(Tmax)] > Lm(F) > [Lm(TL)

- Lm(Tm. )], are plotted as a .function of frequency as

in
shown in Figure A-9. By use of the straight line approxi-
mation, determine a transfer function, F, such that its

magnitude lies within these bounds. The transfer function

obtained in this manner is the pre-filter, F (14:301).

fig. aA-9, Freqﬁency Bounds on the Pre-filter, F

16l
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The single loop design is complete with the design

‘'of F. The system response is guaranteed to remain within

the bounds of the design specifications, provided the
uncertainty in P stavs within the range assumed at the

beginning of the design process (14:2$8).

Summary

| This appendix presents an oyefview of the SISO
design technique of Professor Horowitz for the single loop
syétems with uncergain plants. The technique is entirely
based in the freguency domain, and makes ccnsiderablevuse
of thé Nichols and Bode plots. Much of the designiﬁg can
be done by graphical meﬁhods.

Design specifications are translated into the fre-
guency domain and constitute limits or bqundaries on the
frequenecy response of the system contrcl ratio and thelloop
transmission.‘ Two compensatorvelements, G and F, are |
synthesized to control 'the system response to inputs and

disturbances.
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.to as Q', contains elements which are the inverses of |n

'MIMO plant. The MIMO problem is then broken up into n

Appendix B: Multiple Input-Mulzinle Output Theory

(This appendix was taken from Refez arce 3 with m.now
changes.)

Introduction

‘ The design approach for each 1oop.of the MIMO
system is identical to that for the SISO systéﬁ described
in Appendix A. But first the MIMO system must be separated

into SISO loops which are equivalent to the actual MIMO

" model.

In general, an nxn MIMO system can be represented

in matrix notation as y = Pu, where y is the vector of

~ plant outputs, u is the vector of plant inputs, and P is

the plant matrix of transfer functions relating u to y.
This P @atrix is fciﬁediirom either’the linear differential
equations describing the system or directly from theréystem
state spaae'representation. |
Proféssoruﬁorowitz haé shown, by the use of fixed
point theory, that the inverse of the P matrix, referred

2

single loop transfer functions equivalent to the original

ipop designs and n pre~filter/disturbancé problems, which

are each handled as described in Chapter II (10:677i.
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Tne MIMO Plant

Consider the multiple input-multiple output plant
of Figure B-1l. The nxl input vector, u produces an nxl

output vector} Y. The relationship between y and u'is

described by the nxn plant matrix, P, which is known only

to be an element of a set of possible P's. It is assumed
that the range of uncertainty in P can be determined,

probably in the form of empirical data relating u'to y.

u yl
u y2

. B : . .
lln yn

Fig. B-1. MIMO Plant °

Note tha+ the input and ocutput vectors are-assumed to be
of the same dimep :.on. Although this may appear to be a
restrictive assumption, it can be shown that‘with.n-inputs;

at most n outpﬁts can be independentiy controlled {15:

-530;536). .Thus, if the existinglmodel defines an unequal

‘number of inputs and'outputs,_thé first step is to-modify
the modelisuéh that the dimeqsionsvof the input and‘outéut
vectors are equal. An example'of_such a modification is
presented in_Cﬁapter»IV. |

.} The plant maﬁrix P, can be derived directly from

the set of coupled, linear, time-invariant differential
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equations describing the behavior of the plant in response

to its inputs. 'Consider a general plant model of the form:

(a)y1 + (bs + c)y2 = (f)ul + (g)u2
(ds)yi + (e)y2 = (h)u1 + (i)u2 " (B-1)
where a through i aré the‘constant.coefficients, and Y'é
aré the outputs, and the u's are the inputs to the plant.

The system of Equation (B-1) can be'represented in metrix

notation as:

4 = o jm o (B-2)

Define the matrix multiplying the output vector as M and

the matrix multiplying the input vector as N. The system

is now described by:

My =M (-3

The plant mé;rix needed is.defined by:

| ——

y = Pu S _ (B-4)
Thus the plant matrix, P.is simply:

-1

P= N - : o - (B-5)

1=z

_The standard state space representation for a

 §ystem is described by the equations (11:93):
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X = AX + Bu (6-6)

Yy = Cx

The blork diagram for this system is shown in Figure B-2.

+

-

Fig. B-2. Standard State Space Diagram

Alﬁhough'any number of states may be represehted,
it is again assumed that the input and output vectors, u
and v respectively, are of the same dimension. Asshming
the system is linearized and the A, §,’and [of matricés'are

time invariant, the plant matrix is:

Pp=clsl -al"tB (B=7)

.This plant.matrix is actually a representative

* member of a set of possibleé plant matrices due to the

uncertainty in the plant parameters. In practice, a finite
set of P matrices are formed representing the plant under

varying conditions.

MIMO Compensation

.~ The compensation>scheme'for the MIMO system is

'

similar to that of the SISO system of Chaptér II. The
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basic MIMO control structure is shown in Figﬁre B-3 where
P is the uncertain plant matrix, G is a Jdiagonal compensator
matrix, and F is a pre-filter matrix. Designs involving a

non-diagonal G matrix are not considered in this thesis

(11:14).
u(t)
r(t) . F G ' P Y(t)
' -1
‘ ' ¢ .
1rl

Fig. B=-3. MIMO Control . .Structure

The functions of G and F are identical to those of G and

F of the SISO system of Appendix A. Figure B-4 shows a

"more detailed breakdown of a 2x2 MIMO system,&here:

.
9, 0 £1 f1af P11 P12

g . ‘ -F- = v [N 2 = . '
1o 9 fa1 %22 - [P2a1 P22

Constraints on the Plant Matrix

‘The set of P matrices must be tested to ensure that
two critical condltlons are: met (12:86- 90)-
1. g must not be singular for any possible com-
bination of plant parameters; i.e.,'P-l'must exist.
2, As s~ <, | Pllpzzl > Iplzpzllfor all

possible plants. Thls is the requxrement for a 2x2 plant.
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Fig. B-4. ' Two-by-Two MIMO System

For explanapion of'fhe ébnstraint inequality for the
3x3 or highe: casés, see Reference 12 and Chapter II.

' The first éénditipn is absolutely necessary to
ensure cbntrollability of the plant. The inverse of P
produces the effecéive transfer functions used in thé

design. If gonditiqn 2 is'not-satisfied, it may be pos-

.sible to change the ordering of the input or output vector

-which changes the ordering of therg matrix elemehts.

Effective SISO Loops

Now define a matrix Q' = g’l

2

which has elements,
155 effective transfer functions needed are:

q ézl/qij."Reference 12 contains the déﬁivation ang

ij
prdof.of this equivalence" The'nxh MIMO system is now
tréated as’n2 SISO problems. Figure B-5 shows the four
éfféctive SIS0 loops :éQultinq from ﬁhe 2x2 MIMO system
(10:682) . o |

Each loop in'Figufe'ﬁ-S is handled as an individual
$ISO~dé91gh problem;iniaccor§ance with thé procedures

presentea in Appendix A. The f's and g's are the
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Fig. B=-5. Effective SISO Loops

compensator elements F and G described previously. The

disturbances, 4d,. represent the interaction between the

ij
loops.

o

’ k # i ' (B-8)

. z
ij x

Q

ik

~ The by 5 inithe above equation is the upper respbn;e
bound; (TU or TD in figure B-4), for the reSpedtiye -
input/output relationship. These are‘obtaiﬁed from the
design Specifi;ations (10:681-684)7 Ndﬁe that the first
digit of ﬁhe subscr;pt of bkj refers to the output an& the
second digit to the input. Thus, bkj is‘a‘function‘of the
re;poﬁ%g requirements on the cgtput,-yk, dge to the input,

rj.'
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A recent improvement in the desién technique
involves modification of the a's on the éecond and subse-
quent loops based on the g's already aesigned. This
reduces the overdesign.inherent in the early part of the
design process. During the design of the final loop the

exact equation, representing the loop and the interactions

of the other loops, is used (9:977). The use of this

improvement is demonstrated in the actual design,

Chapter 1IV.

Basically Non-interactihg (BNIC) Loops

When ;he response of an.output, Yir due to. an
input, rj, is ideally zero, the ykj loop is called a
basicaliy non-interacting (BNIC) loop (10:679). Due to
loop interaction and plant uncertainty, this ideal resbonse '
is not'achieVable. ‘Therefore,. the performance specifica-

i .
tions describe miximum responses and the loop is handled

exclusively as a disturbance rejection. problem.

Summary

This appendix describes the multiple input-multiple .

‘output plant and the plant matrix which describes it.

Guidelines are presented |for finding the P matrix, which
relates the input vector [to the output vector.
The division of the MIMO system into separate SISO

loops {s presented via' inverse of the P matrix. Aftqr the
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equivalent SISO loops are determined, each is designed in

accordance with the SISO design theory presented in

Appendix A.

s
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Appendix C: Aircraft quations

(This éppendix was taken from Reference 17 with minor
changes.)

Introduction

This appendix gives a description of the KC-135
aircraft and discusses the sign convention used in this’

thesis. The conversion of the nondimensional stability

axis derivatives to the dimensional body axis system is

outlined. The addition of the first and second body benrd-.

ing modes is also included.

Aircfaft'Description (%)

The KC-135 is a four-engine jet-powered tanker/
cargo aircraft. The swept wing is mounted low on the
fuselage at an incidence of 2 degrees and is tailored for

high subsonic cruise speeds. The aircraft has a basic

'wéight of approximately 106,000 pounds, depending on equip-

ment installed, and a maximum gross weight of 287,000'
équnds. . All control suff#ces; éxcept the spoialers, ate::
aerpdynamicallf balanced and operated by meahs of codtfol
tats. A hydraulically boosted rudder is installed on all
aircréft. The‘lateral_control System is composed of
intégrated aileron and spoiler éontrol surfaces;' The
sp011ers may also be used as speed brakes when operated

symmetr1Cally Movemont of the 1nboard alletons causes
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‘a corresponding movement of the outbcard ailerons if the

wing-flaps afe extended beyond the 23 degree point. Such

is the -case for the flight condition representing the

landing phase in this thesis. If the wing flaps are up,

a lockout mechanism prevents the outboard zilerons from

" hoving. Lateral trim of both the rudder and ailercns is

- .accomplished manually by rotating a trim wheel which posi-

tin trim tabs on respective contrcl Surfaces.
Longitudinal control is provided by an all move-
gble stabilizef.and elevator system. The stab}lizer posi-
tion is set by a trim wheel which can be operated elec-
trically or manually. All three F.C.'3s used in this
thesis assume é horizontal stabilizer setting, which
results in no elevator deflection required to maintain
that flight condition. 'It should be noted that no flight
control surface, eithe; lateral 6r'longitudinal, is modi-
fied for the purpose of this thesis and all functions as
descfibéd by thé current Technical Ofder>Spe§ification ét
the tihe oflthis'thesié (Zdl.l.
» . The féur Pratt ana Whitnéy JS?—P?SQW or -43WB
engings are mounted individually below the wing on fbr&ard fﬂ
swepﬁ struts. The engiﬁes are 2ach rated at 12,845 pounds

thrust for a standard day at sea levél (15 deg.'c, 29.29

inches of mercury). Other rglated geometric data as found

" in Reference 5 is as follows:

2
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Characteristic Szmboi ' Dimension
Fuselage . _ F _ 128.83 ft.
Wing Area : S . 2433 sq.ft.
Wing Span _ b 130.83 ft.
Wing M.A.C. | c 20.16 ft.
‘Distance from 25% it 61.39 ft.

Wing M.A.C.- to

'25% Horizontal

Tail M.A.C.
The abbreviation, M.A.C., stands for mean aerodvnamic

chord. 'Further data for the KC-135 aircraft can be found

in Refe;ences 5 and 20.

control Inputs

Control inputs available include two lateral con-
trols, the rudder {¢.) and the ailerons and spoilers (6,0 -
iw is modeled as the control wheel movement and its limits

are set at t 90 degrees. A contrnl wheel movement corres-

‘ponds 'to a combined aileron and spoiler displacement. Move-
‘ment of the control wheel within its limits results.in both’

aileron and spoiler movements within their limits. ¢ is

r
rudder displaéemen£ and its limits are set at * 17 degrees.

Longitudinal control includes the elevator (de), the speed

brakes (6cb), and the thrust (6T). 5e is elevator dis-

‘placement and its limits are set at % 25 degrees. It

should-be noted that constant elevator displécement repre-

' sents an out of trim condition'and,ié normally trimmed éff

by an. appropriate horizontal stabilizer position. However,
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this is not possible with the’modei representation used
in thig thesis. {_, is speed4brake deflec”ion which is
symmetrical spoiler deployment énd has a limit of 0 to
60 degrees. GT is modeled in te;ms of 100 percent of
available thrust and limits vary depending upon aléitude
and gross weight. -

Since the equations are decoupled and the theory

'requires the same number of inputs and outputs, two

lateral and three longitudinal outpﬁts are chosen. The
lateral outputs are the roll angle ¢ and the sidesiip g.
The longitudinal outputs are‘ﬁhe,pitch angle‘e, the

velocity in the x-direction v, and h is the velocity in

the z-direction.

Sign Convention and Axes System
The sign convention for the forces and moments,

as used throughout this thesis, arée shown in Figures C-1,

-‘c*z, and C-3., Figure C-2 shows lateral sign conventiéns

while Figufe C-3 shows longitudinal sign éonvention.
Rudder {§_): Rudder deflection to the left is
defined as positive, Thié}produces a positive 8, positive

v, negative'N, gnd negative R.

Control Wheel (4 ): Control wheel deflection to the

right, which cause right aileron up and right spoiler up

.along yith left aileron down is defined as positive. This

produces a positive L, positive ¢, and positive P. Note,
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Y,v

LPe
X,u NR ¥
L g
'

o ‘ L - Rolling dMoment
P - Roll Angular Velocity :
‘ ' "M - Pitching Moment !
Q -~ Pitch Angular Velocity '
o , ‘ N - Yawing Moment
R - Yaw Angular - Velocity
: B $ = Roll Angle
X,Y,2 - Aerodynamic Force '’ . ,
'~ Components .8 =« Pitch Angle
. u,v,w - Velccity Components - v -

Yaw Angle .

" Fig. C+~1. s8ign Cbnvention'

-
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Fig. C-2. Lateral Sign Convention’
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Fig. C-3. L.ongitudi'nal Sign Convention

178




.v‘. o« et T
. U
. [

that this definition of positive aileron is not standard,
but doqs conform with Reference 4.

" Elevator (fe): Control column movement forward
which causes down elevatér deflection is defined as,posi¥
tive. 7This positive elevator produces a negative €,
negé;ive M, and negative Q. |

Speed Brakes'(fsb): Spoilers when used symmetrically

are defined as speed brakes, which when deflected‘positive

are up.

Thrust (%,): Thrust is modeled as percent of avail-

able thrust and a positive 6T calls for an increase in
thrust.

Conversion of Stability
Axes to Body Axes

C.ontrol derivatives are given in Reference 6 as
nondimensional stability axis coefficients (see Table c-2).
These derivatives are converted to body axes and then

dimensionalized in a manner found in Reference 18. . The

' equations used to convert longitudinal-stability axis

t

_derivatives t»n body axis are:

’ = '— - . . 2 ‘—' - } i 2
(C, )p= (-Cp =~ CplcosTa, + (~Cp ch)szn e,

a a , B
# (=C =€, - Cp)cosasina, {(C~1)
u Q .
(C. ), = -C, cosa_ : . (C=2)
?u b Lq o 4 e
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-we

I

it

fl

' 2. _ .2
(-CL - ZCL)cos ag + (CD CL)51n &g
u o
+ (CL - CD- - CD)cosaosinao (C-3)
a u
- CLscosao - CDGSI#ao (C-4)
(-C + Cly)cosza + (C + 2C )sinza
D L o L L o
o o u
+ (--CD - CD + CL )cosa051nao (C-5)
u o
Cp sinao ‘ _ (C~6)
o1
(-C - 2C.) 2 + (-C - C )sinzf
D p’€0s a4 L D %o
u x
+ (CDN + CLu + CL)cosaosinao (C-7)
- Cnélcosao + CL:51nuo, (C-8) .
CMlcosaoi+ (CM + 2CM)sm:1o , ' (C-9)
CM:cosao _ . ' (C-10)
J .
}CM + ZCMycpsao - Cy sinag (C-11)
u : - a
CM , o ' . {C-12)
q .
c (C-13)
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Where ( )b is used to distinguish body axes from stability
axes.. The equations used tc convert lateral derivatives

to body axes are:

(Cls)b = CLQcosu0 - CN sinao - (C-14)
- - 2 .2 :
(ul )b = Cl cos 2q + Cn sin ay
p P r
- (C + C_ )sina cosa (C-15)
1r np (o} o) '
(C, ) = C coszn - (C - c, )sinn _cosa
lr b 1r o nr lp o o)
+ C_ sin’a | | » (C-16)
n o : .
P ,
(clz)b = CLfcosrzo - Cnxéinao , (C-17)
(Cns)b = Cn:cosao + Cleinao . (C-18)
(Cn )b = C, coszao'- (Cn - ¢ )sin&ocosag
o p oo ) r P .
- C. sina o (C-19)
i (o]
r , .
(c, lb =C. coszao +(c; + Cn')sinoocoéao
S o r _ S < pe) .
+ ¢, siaa . (C-20)
, o ‘ .
p . - i
(Cné)b =»Chscosaq + C1651ng° | ._~ . (C-21)
¢ ), = A L (c-22
gl T, , e
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(C. ) C. . cosa_ - C_ sina (C-23)
b .
Yp Yp o Yp o .
(C. ), = -C cosa_ + C_ sina ' . (C-24)
 Y,.'b Yp ° Y °
(C_)_ =2¢C : {C-25)
Y b Y:

Dimensional Body Axes Equations

Once the conversion to body axes is made it is
desirable to dimensionalize the derivatives. The equations
for dimensionalization of the longitudinal control deriva-

tives as given in Reference 16 are as follows:

' ZC].: ZCZ‘. (C"ZG)
2, = (2 ©)/20)] ¢, . (C-27)
q .
z .= (2/U) C; o : (C-28)
u

2, =2 ng (c-29)

XOL '= X Cxa v (C."30)

Xg = (X C)1/(20)] ¢y .(C-31)
A , q o

| Xu =.(X/003 Cx ‘ : ‘ . '. (C=-32)
, u . : . .

Xg = X Cy - | | (C-33)

X . PG & ‘ e .

M o= [ (M C)/(ZUO)],(CMu)b ; (C-35)
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Mq = [(M C)/(ZUO)] (ch)b | ‘ (C-36)
My-T M/UG) (Cy )y, h (€=37)
M, = M(?M;)b (C-38)

Where 2 = (qs)/m; X (gs)/m, M = (qsc)/Iyy, and q =

dynamic pressure, s surface area of the wing, m = mass

of the aircraft, and Iyy = body axes moment of inertia
about the y—-axis. The equations for dimensionalization of

the lateral control derivatives as given in Reference 16

are as follows:

N, = NI(C ), (C-39)
8
Np = [ (N b)/(ZUq)](Cnp)b | ' {C~40)
N_ = [N S)/{zuo)ltcnr)b o | (C~41)
Ng - N )y, | (C-42)
Ly = LiC )y ~ . - S fcf43)
L, ! b)/(zuoilxcip)b- (C-44)
L. = tjn‘b5/(zuo>i(clr)b I B (¢-45}'
Ly = L(Cy )y (cf4¢)‘
Y, = ?(cyé)pi | ~ ~ o (C-47)
Ypr='((? b) /(U1 (Cy Ny . (C-48)

p
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Y= LY P/ U ) e (C-49)

r )b
r
Y6:= Y(CY )b | ' : {C-50)

L
o]

Where N = (qsb)/(Izz), L = (qsb)/(Ixx), and Y = (asb)/m
and g = dynamic pressure, s = surface . area of wing, m =

mass of the aircraft, b = wing span,Izz==body axes moment

of inertia abqut z—axis, and ka = body axes moment about
X-axis.
-’Appropriafe dimensional body axes derivatives are
changed to the priﬁe no;ationvusing:
XC; = - o cosao' (C-51)
0 Xge, = Xq = Ugag '(c-l52)
-' Zs. = }-q/Uo) éineé (C-53)
2y = .Zq/uo (cj54)
Zgo = (2/U,) % I (C-55)
2., = za/ué (c-56)
26' = ;6/0o kC-S?)
My, = M‘ée, (C-58)
Mui =M, + Ma(éu/uo). (C-59)
Maf = Ma’+ M&(Z/Qd) (C-60)
\‘ '134 




Mgr = Mo+ Mi0(Z_/UQ) + 1] (C-61)
“5: = M, + M:(2/0) - (e-62)
Yor = g/u, | | (C-63)
Yo, = Y, /U ) (C-64)
Yoo = (Y5/U) + a, | ‘ (C~65)
:Yr, = Y]_;/Uo I - | (C-66)
Y = YG/U; | | B o (C-67)
Ly = ?i-+(;1 );(§Z)Ni ) (C-68)
XX z22
N, + (I /I ) .
N, =1 ’/‘Ixx :z) B (C-69)
| U, = (U,)/57.3 | o (c-70)

Note that i ia Equations (C-68) and (C-569) represents b,
p, r, §_, and 6, and that in Equations (C-57), (C-62),

aﬁd'(C-67) implies‘é', 8 s_, or éw as appropriate.

sb’ 'r

' Also body axes inertias are used.

Now actual transformatlon from nondlmenslonal

stability axes derivatives to dimensional body axes is

accompllshed usxng a computer program created by A. Finley
Barfxeld (2) whzch utilizes the equations summarx*ed in

this append;x.“ A sample run of thls program for F.C.




%

e

number 2 is shown in Appendix D. Data received f?om this
program has the'units of radians, radians per second, and
feet pér second. This data was cbnvertéd by Capt. J.vLocken
(17) into units of degrees, degrees per second, and feet per
second. Body axes derivatives for the th;ee F.C.'s}arev
listed in Tables C-5, C-6, and C-7.

Percent thrust is modeled in terms of thrust avail-
able énd is given by

X = Thrust available ft/seéz
(Mass) x-100% R M

where M = g/w is the mass of the aircraft and thrust is

measured in pounds.

KC-135 Aircraft Models

The three F.C.'s as discussed in Chapter III are:

F.C. #1: Highbéltitude,'high speed cruise at
A Mach 0.77 and 45,000 feet.

F.C. #.: Mediﬁm altitude, heavy wéight cruise at
. Mach 0.77 and 28,500 feet.

F.C. #3: Landing.configufation:at Mach 0.2l and
sea level. ,

Pertinent aircraft data for each of the three F.C.'s as

found in References 5 and 19 is listed in Table C-1., The

nondimensional stability axes derivatives as found in Refer-

ence 5 are listed in Tables C-2, C-3, and C-4 for F.C.'s #1,

' .#2, and +#3 respectlvély. The dimensional'body axes Qeriva-

tives for the input and-output’matfices are listed in Tables

-

C-S, C-6, and C-7 for F.C.'s #1, %2, and #3 respectively. All
derivatives not listed in these-tables are assumed to be zefo..

/7/ N
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TABLE C-1

KC-125 AIRCRAFT DATA

1

Conditicn #1 #2 43 Units
Altitude 45,606 28,500 sea level ft

Mach 0.77 0.77 0.21 --
Weight 130,000 284,000 136iooo " 1bs
Centre'of ‘- :- .
Gravity 32.1 24.2. 32.1_ $MAC

1 124.8 279.7 1 65.9 1bs/ft2
s (wing area) 2433 2433 2433 ££2

b (wing span)  130.83 130.83 136.83 £t

¢ (wing MAC)  20.16 20.16 20.16 £t

U, (true) 745 771 235  ft/sec
'eo (body) 2.4 2.4 -0;1 deg

2g (wing) 4.4 4.4 " 4.4 deg

3, (body) 2.4 2.4 2.4 deg

I, 2,050,000 2,930,000 . 2,050,000 slug ft?.
Iy 2,460,000 4,660,000 2,460,000 slug ft2
I, 4,360,000 7,480,000 = 4,369,000 slug fe*
Xz - - - == |

system,

-
v

[
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TABLE C-2
NONDIMENSIONAL STABILITY AXES DERIVATIVES
. FOR F.C. #1
L 0.426 Cy 0.0 Cp p.024
L 0.0° Cy. -6.79 Cp 0.0
u o u
c 5.329 Cyy -1.1747 Cp 0.2417
Nl o a
L 5.1545 o -15.65 - -
m
q g
L. 0.2114 CM; -0.6647 Cp. 0.0
Ve Ye “e
L. -0.3185 cMé 0.07259 ch 0.0497
“sb sb : sb
-0.223 c 0.166 c ~0.762
1 ng Y3
1 -0.435 - Ch . =0.005 c, -0.233
o p P
0.155 c -0.194 'C 0.428
lr Ne ' Y.
| 0.0315 C -0.113 c 0.264
1 ng - Y
r r . r ‘
1, 0.0189 ,gcné 0.00149 cys -0.0074
W w w.

-

Note: Units are radians I.
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- - TABLE C-3
o NONDIMENSIONAL STABILITY AXES DERIVATIVES
. FOR F.C. #2
R |
= cL 0.426  Cy 0.0 . p 0.024
A cL 0.0 Cy. ~6.57 LSy 0.0
- u : o] U
. cp 4.727 Cy ~0.8595 Cp 0.2143
o a [0
o C. 4.825 o -14.65 - -
® "q Yq |
: CL@ 0.1862 CM@ ~0.5988 cDd 0.0
g e’ e e
1 6 cLé '-0.2751 CM@ . 0.07639 Cpa 0.04779
T sb ' sb _ sb
b c -0.198 C © 0.166 v -0.762
) 1y " Ng . | YB_
S c -0.345" ¢ ~0.005 o, -0.211
1 ~ |
L P o "p p.
- c, 0.155 c, -0.194 ¢y 0.428
- r " X . . T !
’ | clﬁ, 0.0315 C“a —0.1;3 | CY@ 0.264
v r o - ' . r
. 'cla 0.0153 Cng : 0.00149‘ : cy6 ~0.0074
w ’ ' " ' . w
v . : ) R Ql L A
. Note: Units are radians ~.
i 189 . e R
LR ' L . ‘ ‘
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TABLE C-4

NONDIMENSIONAL STABILITY AXES DERIVATIVES

FOR F.C. #3

Note: Units are radiansf .

-
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c, 0.8108 Cy 0.0 <5 0.0905
c, 0.0 Cy. -5.52 c, 0.0
u : (01 u
c, 4.475 Cy -1.0027 Cp . 0.3863
Q 3 Q
c 4.6275 Cy ~14.05 - -
“q q
c, 0.2222 . ¢y -0.7105 Cp 0.0
§ § 5
e e e
cLé, -0.3857 ¢, 0.0879 -cD(S 0.075
sb . Osb . sb
C -0.229 c 0.132 c -0.768
lg - ng Yg
c, ~0.385 c, -0.055 c, -0.202
p P P
c, 0.248 c. -0.186 c. 0.380
1r : _ nr‘ Yr' .
Cle . 0.0287 c:n(5 : ~o;09§ 4cy(5 0.226
be : , r r
Cla 0.0372 Cna. ‘ 0.9024 ;yS ~0.0143
w w ' R * 4
1




TABLE C-5
DIMENSIONAL INPUT AND OUTPUT MATRIX COEFFICIENTS
FOR F.C. #1 o '

X, ~ -0.0029646 ~ 1/sec = L,,  -4.4499 1/sec?

X 6 53477 £t/sec? L ~0.75011 1/sec
Q A : deg pP' oY

X -0.53477 ft/sec 0.24613 1/sec
ql . . deg r. .

o ) . oo 2 :
» - -ft/sec : 2

Xq s 0.56146 Sree Lo .701583 1/sec

ft/sec” - 2

Xde 0.011617 “Tdeg Le.w  0.§64§4 1l/sec

| - _

. - ft/sec” : : ‘ 2

X~ -o-s2miz IR Ny, 1.42597 1/sec

: ft/sec ‘

XGT _ 0.04.95 “SRDPM NP, 0.012277 1/sec
- 0.010529 de N -0.15052 ' 1/sec
u' : ft (sec) r' '

M, © -2.7963 1/sec? N,  -1.01653 1/sec’

. 'r o

M.,  -0.7537 /sec N, .020775 - 1/sec?
? : - oo w . o .
o .00041339  1/sec’ ¥, -0.076917 1/sec

M, -1.64897  1l/sec? v, 0.039665 -

e - , , ' P ' :
5o L 0.173339,  1/sec? v, -0.99629 S -
j Sb + 7 ’ ; .
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TABLE C~5-~Continued

e

-0.004883

~0.54223
0.992966

-0.0018099

-0.021319

deg/ft Y

1l/sec Y

1/sec 2

1/sec U

0.026647

-0.000746

0.04322

0.031962

13.001715

l/sec

.l/sec

1/sec

1/sec

ft/sec

deg

-
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-  TABLE C-6
DIMENSIONAL INPUT AND OUTPUT MATRIX COEFFICIENTS
FOR F.C. #2
X, -0.0029479  1/sec Lo -6.22193 1/sec?
X. 551527 £t/sec? L -0.936318 1/sec
a : deg p' : .
X -0.56006 ft/sec o 0.395991 1/sec
q' : ' ~deg r' °
2|
_ ft/sec : 2
X0 0.56146 SR e 1.10013 1/sec
ft/sec” : 2
X 0.010498 fhisee ' 1, 0.46253 1/sec
e ] w
| , |
_ : ft/sec : 2
Ko =0.079813 ftfsee  w,, 1.87524 L/sec
X 0.034 ft/sec. ' -0.012103 '1/sec
5*,1. ‘ $RFM p' *
: —deg__ -0.
M, 0.0091035  gedey Ny ~0.196469 1/sec
M, -2.40739 1/sec® N, .  -1.3279% 1/sec?
, . O | |
Mg -0.814938 1/sec N, 0.02541 .1/sec?
| Ve ,
My, 0.0004419  1/sec’ ¥,  -0.078921 1/sec
Mg,  -0.018616 1/sec? Y, 0.0399458 -
e
Mg, . 0.0273034"  1/sec? ¥, -0.996444 -
-~ sb - , ,
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. TABLE C-6--Continued

A deg/ft

194

z, -0.004865 - . 0.0273552  1/sec
“u ~ : ¢'r . _
Z -0.477268 ~~ 1/sec 5t -0.000766 1/sec
' . w . '
Zgo 0.993693 - o 0.041764 1/sec
Z. -0.001749 1/sec 5 0.218002 1/seé
. sb '
A ~1.758 1/sec » 13.4555 ftisec
§! ) , , o - deg




- TABLE C-7
DAIMENSIONAL INPUT AND OUTPUT MATRIX COEFFICiENTS
FOR F.C. #3 ‘
'-0.0234233  1/sec Ly, -2.39756 1/sec
0.4225202 ft/sec® | | -1.11861 1/sec
- ) deg pr. - » ,
- ft/sec
0.1660307  ELsSSp 0.681707 1/sec
} ' ft/s;ec2 ' '
-0.5619546  Lt/sec’ p 10.335391 1/sec
deg ¢ r
. ) | o
0.0064484  L1E/sec g 0.379249 1/sec?
deg §
! w
, .
_ ft/sec - 2
-0.063125 =R e 0.588344 1/sec
0.1268 £t/sec? N -0.085262  1/sec
0.0318452 de ' -0.238751 1/sec
Sorrs tt(sec) - r' *
=1.07422 . 1/sec? N,,  -0.465479 1/sec
c hd Y ‘
-1.09229 1/sec N, 0.0190316  1/sec
v w .
-0.000074 . 1/sec® .y, -0.129778 1/sec
-0.92184 1/sec? Y, 0.0316453 -
0.095412 1/sec®  v_, . -0.982538 -

195




TABLE C-7--Continued

-0.0591737

-0.778653

0.966486

. 0.000239

-0.037515

deg/ft

. 1/sec

l/sec

1/sec

5 0.03819
r

5 -0.002421
Y

o 0.1370213

50 0.064588
sb :

4.101222 -

l/éec

1/sec

1/sec

1l/sec

' ft/sec

deg
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Body Bending Modes

“To eliminate the rigia body assumption stated in

Chapter I, the elastic mode information is taken from

Reference 7. The first and second body bending modes are
included in the design for a longitudinal controller. The
following equations and matrices (7) are used in the devel-

opment of the elastic moael for' the longitudinal plane:

COGMEQ + t2e 1) 4o v,le DEEY

2 2 v
+ ([ ns Is],f ¢ oV (CESI){SS}'
R R '
=PV [(Cq)q + (G + (Cée)ée + (Cgspésp)
+ (Ca:)ag] ,  4 ' (C-71)
g -
(21 = (e, 1 E Y N . (c-72)
{6} = [Cé]{gs} | | (C-73)
where: -
2

I = Mass moment of inertia, slug--in,
{e} = Elastic mode displacement, in.

Viscous damping factor.

£E =
w, = Frequency, rad/sec..
Py = Air density, ]_.b-secz/in.4

.«V_ = True airspeed, in/sec.
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C '= Derivative for structural modes.
Z = Vertical acceleration, up pos., g.

Pitch acceleration nose up pos., rad/sec.

-
LD
"

q = Pitch rate, rad/sec x %%%, nose up pos.

o = Angle of attack, wind from below pos.,

radians.
8§, = Elevator displacement, T.E. down pos.,
radians. : .
Gs = Spoiler displacement, (L + R)/2, R.
p spoiler up pos., radians.
ag = Vertical gust angle, from below. pds., radians.

For aircraft gross weight of 120,000 pounds (used for

F.C.'s #1 and #2) the given data in matrix form is:

15,12 0 o | © [11.44
1= 0 101.5 0 Powg = 23,4i (C-74).
o o 15.87] - [17.94
To2] 7.425(10)
e = |.02]; c, - 1361700004 (C=75)
oz ~ }6.363(10)*
[ s.970000 7] |
c; = -7.664 (1004 | | - (c-76)
4.174000) 4 | |

—
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.‘]_o

™

nz

]

e

e

Te.700a0* s.se1100*  2.118(20)°
3.899010)%  9.1830100%  -6.194(10)3 ' (c-77)

5.753(10) 1  6.461(10)°  6.793(10)%

r' .
27.92 270.5 - _-GJ.Gé]

36.65 -175.8 -~131.8] (C-78)

.

-16.02 19.10 256.6

—

-1.430(10)51 ' oo
-1.58300% 5 ¢, = |o.0 . . (c-79)
4 sp

4.927 (1.0) 10.0

- . a B
<4 53 3] Le*o

2.618 (1074 1.764(1073 -1.334(107°| BS = 194.5
2.469(107% 5.952(107% -3.496 (107 BS = 584.2
2.578 (1074 2.165(107*%  4.522(207%| BS = 855.6
3:992 (107 2.086(107% 1.697(107%| Bs = 1321.0
5.024(107% 4.141(107% -4.741(107%| BS = 1504.5

(C-80)

7.348(10) % |
3.574(10) . (c-81)

6.236(10)%

-

*Note: BS = Bpdy Station.
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B =5 <3 =y
1.924 (107>  1.275(107> . -1.406 (107°| BS = 194.5

-3.975(1077 8.091(107% -9.473(107%| BS = 584.2
c = (-4.636(10T° 3.024(107% -4.068(107} BS = 855.6
-1.877107% -2.925(107% 9.671(107%| Bs = 1321.0

-2.445(10-)'4 —5.753(1074 1.772(10).3 BS = 1504.5

- (C-82)

For aircraft gross weight of 260,000 pounds (use for F.C.

*#2) the given data matrices are:

19.03 o o | | 8.76]
T=] 0 w31 0 |5 o= |22.7 (C-83)
0 o 22.47| 23.62
- -
.02 [8.403(10)4 7.538 (10) %]
= l.02f 5 c= |20t ;o= 2.46100°
02| 8.659(10) 4 5.080(10)°
) - (C-84)
6.778 (1m0 %  2.795 1034 -1.366(10)°%| L
c:. = | L117000%  rennan? -33i00 (C-85)
|-sc23000 % -2.239004  7.830000° |
80.35  181.7 -108.4
e =l 3132 -281.2 -216.7| S (c-86)
-9.809  -100.3  254.9|
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— . 4—1 (it
-1.358(10) lo.0
c, = f-2.62000% ; c. = 'o.o (C-87)
4.781(10) | +10.0
P 4
8.309(10)
c = [1.809(10)° (C-88)

8.594(10)

[@]
O
(eal

— —

2.300(107° 1.592(1073 -1.246(1073] BS = 194.5

~bn

1.107(10T% 4.018(207% -1.444(107%| Bs = s84.2

)
|

= {1.772(007% 3.072(107° 2.583(107%| BS = 855.6

nz
3.784 (1074 2.087(107% -2.049(107%| Bs = 1321.0
4.863(107* 5.600 (107" -9.129(107%| Bs = 1504.6
' (C-89)
-8.642 (107>  1.288(107> -1.180(1073| BS = 194.5.
-8.873(107°  8.307(107% -8.143(107%| Bs = s584.2
) ¢} = [-1.159(107* 2.467(107% -2.827(107%| BS = 855.6
-2.099(107% -s.s501(107*  1.125(207%| Bs = 1321.0
|-2.420007* -9.3250007*  1.866(107%| BS = 1504.0
' ' ' ' (C=-90)

It is to be noted that the above matrices are for

- the first, second, and third bending modes and there is

coupling between modes as can be seen from the nondiagonal

matrices. However, for this thesis it is assumed that

thefe.ig no cross copling between the first and second
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bcdy bending modes.. Also, the units are converted by the

author to correspond to the units of the rigid aircrafc

equatichs. The elastic equations of motion for the longi-

tudiral mode are:

F.C. #1;

First Body Bending Mode:

& + 1.318e + 134.074e = -119.45q -~ 148.56c + 28.6125e

Second Body Bending Mode:

&€ + 1.112e +.545,026e = 22.843q - 10.78la + 5.5235e

F.C. #2:

First Body Bendina Mcde:

(C-91)

(C~92)

& + 1.848& + 93.164e = -268.953q - 299.816x + 48.456Z_(C-97)

Second Body Bending Mode:
& +°1.196e + 517.212e = 147.744g~1.269+ + 15.‘7835e

F.C. #3:

lFirst Body Bending Mode: . :
€ +.1.893e + 131.0l4e = -62.847q - -78.164x +'15.0545e

Second EBody Bending Mode:
& + 1.229é + 547.77e = 12.019q - 5.672% + 2.906¢

(C-94)

(C-95).

" {C-96)

Usinq.Equatibns (C-72) and (C-73) the body bending

modes are converted to the desired matrix form, which is

-

in an e§uivalent form as the zjuation for rthe rigid air-

craft. ~The'final.f0rm is;
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@i

., ‘,.’.'.'. LN .
, et

1 co. PN
PP, RN Yy

he

a b o) h}" e o 51 Se
e d o el=1]f o o Gsb R (C-97)
o o) 1 u o o o GT

Where for F.C. #1l:

®
"

-0.07695% - (0.00023/A + 0.690113/A)s
(1 + 0.00241/Aléﬁp.oo317355 + 0.00299/A + 0.0031/B
7(0.60022/A + 0.00106/B)S |
s2-+(0.0023/A-—b.@zglz/sfék+o.oozee/$4-0.0137/A
0.000576/A'+b.00074§/8

0.00055/A + 0.00704/B

s2 + 1.3185 + 134.074

S% 4 1.112¢ + 545.026

F.Cﬂ $2:

2

-0.07438" - (0.000038/A + 0.000011/B)S.

(1 + 0.00046/A - 0.01748/B)S + 0.00051/A + 0.0015/B

(0.00189/A - 0.000121/8)S

52 « (0.02276/A + 0.1903/B)S - 0.02537/A +.0.00163/B

- .
. .

0.000083/A + 0.00187./B




b4 BV

'Y TN

-~y ..

-0.0041/2 + 0.0203/B

s 3 1.848s + 93.164

s2 + 1.1965 + 517.212

F.C. #3:

-0.24385% - (0.00122/A + 0,00059/A)S

(L + 0.00401/A - 0.00517/B)S + 0.00499/A + 0.00244/B
- (0.000366/a + 0.00178/B)S

s® + (0.00121/A - 0.01548/B)S + 0.0015/A + 0.00731/B
0.000961/A + 0.00125/B

QLOO(ZQ/A + 0.00374/B

(s® + 1.8935 + 131.014)

, .
(8% + 1.2295 + 547.77)

The above bending mode equations are developed for

- body station 194.5 which is located at the_pilot/copilo#

area.

Sunmmary

This appendix summarizes the KC-135 aircraft. ' Sign

convention is highlighted and the.nondimensional stability

- .

axis derivatives are converted to the dimensional body
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axis derivatives using a computer program described in
Reference 2. Tabular listings of all deviations are givenl
for eac% of the threg flight conditions studiedf The
developmeni of the body bending modes is highlighted with
_conversion to a form comparable with the rigid longitudinal
equations. These equations are to be used in the longi-

tudirnal design {(Chapter V).
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Appendix D: Sample Run of CAT Program

COMMAND~ ATTACH,CATL, ID=T828346
PFN IS

CATt -

AT CYs 41 SnepFIT

CanmAND- CaTy

HIHHHHHIFH I S

HA44 ATIS TRANSFORMATION PROSRAN t44astesstins
I I LM L I I 004

ENTER STABILITY AXIS COEFFICIENTS FOR TRANSFORMATION
T0 BODY AIIS. TRIN ALPHA IS MEEDED FUR CONVERSION.
NOMENT COEFFICIENTS AND SIDEFDRCE COEFFICIENTS NOT
REQUESTED REMAIN UNCHANSED,
NOTE: -ALL COEFFICIENTS ARE REQUESTED MHEN CONPUTING
DIMENSIONAL DERIVATIVES,
HARHHH B I 5 S M
T0 TRANSFORM ONLY LONSITUDINAL DATA - TYPE LOWS
TO TRANSFORN OMLY LATERAL-DIRECTIONAL GATA - TYPE LAT
TO TRANSFORN BOTH LONG NID LAT-DIR DATA - TYFE DOTH

* KEYWORD =0TH
ARE DIMENSIONAL 30DY AIIS DERIVATIVES REQUIRED ? (YES/NO)YES

HEHH I 2 M R
@ (DYNAMIC PRESSURE ~ LBS/FT2) =124.8

S (MING REFERENCE AREA - FT2) =243

C (MINS MEAN AERODYNAMIC CORD - FT) s26.14
(¥ WWING SPAN - FT) =130.83.

VT (TRIN VELOCITY - FI/SEC) s

THETA (PITCH ANGLE - DEGS) =2.4

¥ OEIBT - LS a3Hes

INERTIAS MUST BE llﬂﬁ In DODY ALIS,
11T (SLUG-FT2) =2950048 '

1YY (SLUG-FT2) s2460890

I (SUS-F12) sa3sames

m «gus-m) " T
”00"”"“‘”“00"0"‘0.!0“"0000“”000“0"!“"’ -
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-wmo

AIRCRAFT PARAMETERS
(DYNANIC PRESSURE - LOS/FT2) = 124,848
(WING REFERSWE AREA - FT2) = 2433.08
(MING MEAN ARODYNANIC CORD - FT) = 26,1444
(VING SPAX < FT) = 130,836
VT (TRIN VELDCITY ~ FT/SEC) = T4S.H44
THETA = 240880 |
¥ (NEIGHT - LIS) = 130444,
111 (SLUS-FT2) = . 2ASHE+ST
IV (SLUG-FT2). = 20B00E+87
11 (SUWS-FTD 5 ASEHIEHT
111 (SUE-FI2) = 4, .
M HH M H AN H R N M M
19 THE ENTERED DATA CORRECT-? (YES/NO)YES

HUMH I HH
MLPHA (DEB) 2.4

CL =424

QA (1/0EB) =493
CLDE (1/DEG) =.#03559

- CLDF (1/DEG) =-.803547

CLO (1/RAD) =5.1343
cub (1/RAD) =9

QLU (1/(FT/SEC) 8 .
N

CA (1/0€G) = 994218
CODE (1/0€5) =

CODF (1/0€8) = 0098874
QU (L/(FH/SED)) o8
=)

M (1/0E8) »-, 9203
ON0E (L/0ER) »-u 01t
C0F (11068 =, 001247
0 (1/RAD) »=15.48

CHAD (1/RAD) o=4,79
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CMY (1/4FT/SEC)) =

SHEERR R R R IR R I R R R L MM E I R IR M H R R IR R 1R 0800
LONGITUDINAL STABILITY ARIS C&FFICIENTS '

APHA = 24060

Qe 42000 o 0= 200060
QA= L 93HI0E-H1 O = - 2SIME-SL DA = ,A20800E-92
CLOE » . J409ME-92  CNDE = - 13ME-81 CDOE = 4.
CLOF = -S70E-42  OUF = I2NT0E-12  COOF & S4T400E-13
s 51545 R s -S43 -
oa = o OWD & -4 704

s » o g ous b

A MM P I M RN

18 THE ENTERED DATA CORRECT ? - (YES/NO)YES

U H I LN T O S H 8
LONGITUBINAL BODY AXIS COEFFICIENTS (1/R4D)

£I+ -.425431 €l » = 4139926-42
ClAs -3.37114 O s £ IT383 Clas 47432
C70E s -.21117Y . CIDE =  .B83IMLE-92
CIDF s - 314485 CIDF » ~.43F11TE-HL
2 s -5.149%C ' Cia = .213848
ClAd = §. . CMD = -5, 78404 CIAD = 4.

- ClU s =, 428804 On = 491835891 CIt = = 293471E-#1

mnnmmmmnwﬂn.uvnnnmunnn»mmonnmoun
LOXS BODY AXIS DIMENSIONAL DERIVATIVES

s =129942, N= §, ) ‘!“‘nn
. lAs ~403.938 M= 292617 s 36.6423
10€E = -15,.8825 ME s -1.45384 IDE = 643473
1Fs 238113 OF = 18043 I0F 3«4, 73984
s -3.24457 s -,520903 10 219643
s § © MAD = 228443 IAD = 0.
s -.434878E-01 W os L J4283E-43 U= -, 29540392

'lQ’OO’QOOO00000000000000000000OOOQO0.00000000!‘0’000!00000!000000000000000

'LONG BODY AIIS PRINED DIMENSONAL DERIVATIVES

DN e -, 542228 MW e M2 I e WM
106" o -.213188€-1 NOE* & -1.448%7 " s L4637
06« JBIUTESL . MDF' s LTSS IDF' = 47394
e MM M STIIH I 6 30988
W s -, BE2106E-94 W' oe LIESTMESS IV s -, 296A4SE-S2

ITHETA® = =, 180993E-92  NTHETA® = . 413396E-43 ° ITHETA® s -J2.1718

‘A_ 0000000000!0000000!000000!‘000000DQQl!’!{.’.f’.‘!ﬂ'.'l’..’.000000000000100

HHROINIINIRIEITIIIEIIITINI IO RO IIINIOEIRIIHITHI LI NORIINIHINNONIIOIE
CND (1/DEG) ».002897 ¢—

CNP (1/RAD) -, 008

CNR (1/RAD) ==, 194

CNDR- (1/DEG) ==. 001972

CAA (1/DE6) =.000026
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DL

-

cXDOT (1/0€5) =
eNC (1/DEG) =f

CLD (L/DES) ==, 8930
QP (I/RAD) -, 4330
CLR (1/RAD) .15

. CLOR (1/D€B) =.9005897

CLDA (1/D€5) . 4993298
CLDDT (1/D€B) f
CLOC (1/D€8) o8

"CYD (1/0EG} =-.013298

CYP (1/RAD) »=,233 ' L

CYR {1/RAD) =,428

CYDR (1/0€6) = $04407

CYOA (1/0E6) ==.900120

CYDDT (1/DEB) =

CYOC (1/0€6) »#

T e e e e
LAT-DIR STABILITY A8 COEFFICIENTS

Cnp = ,289788E-42 o QB » - 3898E-02  CY8 = -, 132080E-H0
OF s =~ 30066-02 Qs =435 CYP s -, 233000
m e .nli".” m L .155'” . m s .‘2““ ’

OOR s = 1972086-92 = Qs 4178543 CYOR = WO7I6E-R2
ONoA = L 200000E-4 CLOA &' ,J29840€E-43  CYDA o <, 129044E-3
oot s 4, C Qoets 9, CYooT = 4,

o s 0. ' Qs e = 4.

T T D T L T T L T YT TR e e T e T e
I8 THE ENTERED DATA CORRECT ? . (YES/NO)YES

0nnn»noouonuunnnnnnmuumuunnununnnonmun
LAT-0IR BODY A1lS COEFFICIENTS

DBe N7 Qb -2N% Xy RIRR T
(WP e - 1S3H2-0 ar s - 440083 P s 258
OR =~ 160147 QR e L2448 CRs 47868

© CHOR & =, 996992E-41 CGR=s J141ME-91  CYDR s 263942

CNDA = . J227947E-62 ©  CLDA = ,I801726-M1 (YDA = - T39114€-82

CNO0T . 8, -1 K A cront = 9,
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Qjo

LY

CNoC = 9, =8 e = - 8,
S M I A R R R M IR 1 0 1 0404

- LAT-DIR BODY AXIS DINENSIONAL DERIVATIVES

B 14259 LD s 444998 . YD 513831
® s - 12772601 s -.78011 P -L.45%8
W -, 156520 s 26128 TR 27509
NDR = -,9$8384 LB = 618955 YR = 198523
A= 2TI86E-41 LA s 3b4d1 YA s -,53588

T 0 LOBT = #, YROT » .

N s 4. s b w4

I R O T HHH R
LAT-DIR BODY ARIS PRINED DIMENSIONAL DERIVATIVES

M= 142397 L) s 4499 W s < 759169E-61
K s -, 122772601 s - T ™ J983%E-H1
MR s -, 158328 LR* = 204128 s 99629
NOR’ = -, 948334 LR = 418933 YOR* s . 254473E-#1
NDA® = 207786E-81 LOA* s 34444t YOA' = =, 746149E-43
T« §, LT = 8, mr = §
NOC’ s 4, (8t 8 e = #.

T Y Y P T T T T P T T o e e e e e Ty
IS ANOTHER PROGRAM RUN DESIRED ? (YES/NOING ‘

HEH I HH LI R O I O M A S
B Cat
24348 MATIMUM ETECUTION FL.
§.312 CP SECONDS EXECUTION TIME.
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Appendix E: Time Response Mod.1ls .

Introduction

This appendix outlines the responsé-mddeis devel-
oped for each of the maneuvers in the lateral design of a’

robust controller. These models are developed using

" Reference 2 as a guide. Also the required 2x2 equation

for F.C.'s #2 and #3 are -included and) finally, the
required templates for the design of‘loopsfone and two are

shown..

Response Models--Bank Angle Command .

The upper bound or optimal response. selected for

the bank angle fesponse is a settling time of approximately

ZS seconds for a 30 degree command input. The derived

equation for this bound is:

50

S S CRE VN R N CR L)

(E-1)

The time domain specification for this model is given in

Table E-1. The log magnitude of_'b11 over the frequency of

interest is shown in Table E-2.

The worst acceptable response'fof a 30 degree

bank angle command ‘is selected as having a settling time of

- .
v v
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TABLE E-1

- b, ,--TIME DOMAIN SPECIFICATION

11

Rise time = 2.29 seconds
Settling time = 4.24 seconds
Peak value = 30.0

Final value = 30.0

TABLE E-2
LOG MAGNITUDE--b11
Freguency Magnitude Fréquency Magnitude
(Rad/Sec) " (db) {Rad/Sec) ‘ (db)
0.1 ~0.045 10 -30.0
0.2 -0.179 20 -45.3
0.5 -1.02 50 . -68.2.
1.0 -3.22 ' 100 -86.1
2.0 -7.80 - 200 , =104

5.0 ' -18.1 500 © -128

approximately 10 seconds. The derived equation for.this
bound is: '

Al = _ 25.0
11 " (s + .5)(s + 1)(s + 5)(s + 10)

(E-2)

The time domain specification for this model is given in
Table ?-3._ The log mdgnitﬁde of a,, over the‘fr*éuency

of interest is shown in Table E-4,
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TABLE E-3
w _ all-—-TIME DOMAIN SPECIFICATIONS
Rise time = 5.21 seconds
Settling time = 9.51 seconds
Peak value = 30.0 '
Final value = 30.0
TABLE E-4
LOG MAGNITUDE--all
Frequency - Magnitude Frequency Magnitude
(Rad/Sec) (db) + (Rad/Sec) (db)
0.1 -0.216 10 -56.1
3] 0.2 -0.824 20 -77.4
0.5 -4.03 , 50 -108
1.0 '~ -10.2 100 | -132
. 2.0 -20.1 200 -156
5.0 . -38.2 500 -188

" The upper bound or maximum acceptabl
'peak'value of 1 degree which set;les to zerg
equafion for this bound is:

b 1.859 s(s + 5)

12" Ts * .5 (s + L.3) (s + 20)

le response for

the sideslip response due to a bank angle command is a -

5. The derived

'(E-3)




is shown in Table E-6.

The time domain specification model is Jiven in Table E-5

The log magnitude of b12 over the frequency cf interest

A plot of log magnitude vs frequency for eéch of

the response models is shown in Figure E-1.

blz—-TIMB DOMAIN SPECIFICATIONS

Settling time = 15 seccnds
Time to peak = 1 second
Peak value = 1.0

Final value = 0.0

TABLE‘E-G
LOG MAGNITUDE--b,,
Frequency Magnitude - Frequency ‘M;;;itude
(Rad/Sec) (db) _ {Rad/Sec) (db)
0.1 -23.1 BN -20.7
0.2 . -17.6 : 20 -23.4
0.5 - -12.5 : 50 -29.2
1.0 -11.8 100 -34.8
2.0 s1309 200 ~40.8
5.0 2 A-4e:5._

-18.2 500

-
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Fig; E-1. Frequency Responseh—all, bi and b12

Response Mode1~rsidesi;p Command
The upper bound or optimal response selected on
the sideslip response is a settling time of approximately 9

seconds I.or a 5 degree command input. The derived equation

- for this bound is

' - 2.25 ‘ ' o
' ?22»f (s + .45) (s + 5) : | (E g)

The time domain specifications for this model are given

in Table E-7. The.log-magnitdde of béz over the frequency

of interest is shown in Table E-8.

-
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TABLE E-7

- b22--TIME DOMAIN SPECIPiCATIONS

Rise . time = 4.91 seconds
Settling time = 8.90 seconds
Peak value = 5.0

Final value = 5.0 .

TABLE E-8

LOG MAGNITUDE--bef

Frequéncy Magnitude Frequéncy Magnitude

(Rad/Sec) (db) - _ (Rad/Sec) (db)
0.1 -0.211 10 -33.9
0.2 ~0.790 - 20 ~ -45.3
0.5 -3.54 | f 50 -61.0
1.0 , -7.91 . 100 A,' | -73.0
2.0 - =13.8 | - 2Qo L -85.0
5.0 Z24.0 500  -100.0

The worst acceptable response for a 5.degree side-

slip .command is selected as having a settling time of

'approximatelyrls seconds. The derived equation for this

bound is:

a 1.5

I R | N R U Ry (B=3)

-
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] The time domain specifications for this model are given
£ in Table E-9. The log magnitude of a,, over the frequency

~of interest i=s shown in Table E-10.

TABLE E-9

azz--TIME DOMAIN SPECIFICATIONS

Rise time = 7.87 seconds
Settling time = 14.4 seconds
_Peak value = 5.0

Final value = 5.0

TABLE E-10
: . LOG MAGNITUDE--a
. , 22 .
fe - - —
Frequeﬁcy Magnitude Frequency Magnitude
(Rad/Sec" (db) . (Rad/Sec) A (db)
0.1 -0.503 10 -57.5
0.2 o -0.77 20 -74.8
0.5 ' - -6.78 ] 50 . -98.5
1.0, -14.0 : 100 : -116.0
2.0 . =24.2 200 - -134.0
5.0  ~41.6 . 500 -152.0

gt e

217




The'ﬁﬁper and lower bounds'or.maximum gcceptable
respénég for bank angle response due to a sicaslip command
is a peak vaiuelof 2 degfees'which settles to zz2ro. The
derived équatibn for this bound is:

b . .7643 (s) (s + 6)
21" 5 .50 (s + 2.3 (s ¥+ 200

(E-6)

TheutimeAdémain specifications for this model are givern
in Tabié E;il. The log magnitude of b21-over the frequency
of interest is shown in Table E-12.

tVA plot of log magn;tude vs frequenéy for each of

the response models is shown in Figure E-2.

e
TABLE E-11

bzl-—TIME DOMAIN SPECIFICATIONS

Time to peak = .68l seconds
Settling time = 20 seconds
Peak value = 2.0

Finalrvélue = 0.0

e
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TABLE E-12
- LOG MAGNITUDE—-bzl'
Frequency Magnitude Frequency , Magnitude
y (Rad/Sec) . {db) .. (Rad/Sec) (db)
D S 0. -34.2 10 S -28.2
0.2 -28.7 20 -31.1
0.5 - -22.3 50 . -36.9
1.0 -21.6 100 -42.5
2.0 . =22.3 : 200 , -48.4
5.0 -25.6 ' . 500 -56.3
| 4o
- FREGJENCY DOMA!IN SPECIFICATICNS - A22.B22 + 82
5
. EQ:
=
2
.
20
€1
p =2
g‘.t‘" QUM SIS e S 24P 0L At Shr S St S N S S L e .A.'(-,H:vc‘

FREQUENCY 'TRA/C7SL™Y

. Fig. E-2. Frequency Response-—azz,kbzz, and b21
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Equations for F.C.'s #2 and'jé

The required equations for F.C. #2 and F.C. #3 are:
_ 1 -
V= —5geqzc [(-0399458s + .04176)¢ - (s + .07625) &
—'.0076555w +.02735526 1 . (E-7)
(s® + .920643s - .016597)6 + (.3974s + 6.25223)8 .
= .46223¢  + 1.1116_ . (E-8)
(.0399466s% + .06167s+ .00821)¢ - (s® + .272719s + 1.88358)8
= (.0007655s + .02547)5 - (.0273552s + 1.3286)6, (E-9) _
S and in matrix form
e /

2 9T
(s°+.920643s-.016597) (.39745+6.25223) ®
(.03994585%+.06167s+.00821) -(s2+;2727195+1.8835?4 B.J

_|-ee2i3 ©1an .1_6w (E-10)

5

.0007655s + .02547  =.0273552s - 1.328

! —

F.C. #3:
1 - | o
y = 7§§§g§§$ [(.0316453s + .1370213)9 = (s + .129778)8

--.00242076w + .038196r] S (E-11)

-
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- (s + 1.11801s - .09548)¢ + (.69382s + 2.4876)¢8
o e 48)
T= 377575, = L36189¢, (E-12)
(.0316453s% + .22835s + .03271)¢ - (s® + .36853s + .60905)8
= (.0024207s + .01926)6 - (.03819s + .46618)5_
o (E-13)
and in matrix form
[(s?+1.11801s-.09548) (.69382s + 2.4876 6
L}.o316453s2¢3228355+.03271) - (s%+,368535+.60905) | | 8
.37757" ' .36189 -] L ‘
= , - | (E-14)
.0024207s + .01926  -.03819s - .46618| |&_
DE f
o Templates

The témplates for q,, are shown in Figure E-3 and

. the templates for dy1e are shown in Figure E-4.

Summary

ThisAappeﬁdix outlines the reéponge model developed
for the lateral design.. One set of models is for the com-
manded bank angle maneuver while the second set of models
is for the commanded sideélip maneuver. Also includeﬁlate
the required-lateral equations for FC #ZIand #3 and,

finally, the templates used in the design are shown.

-
. r
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-5.03 db

L17.8 db

-1.30 db

w:
DE
-62.5 db
¥ w=50

-4.90 db
-4.40 db
W= t~=4 ‘9.60 db
-17.7 db Do
"4.47 db '
~19.62 db

-20.89 db

~-14.45 db

-52.6 db

-67.8 db -73.9 db

E‘lig. E-3. Templates for‘qzz\‘

N
N
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-8 "db )

' ‘ » . =500
-61.6 db =100 /w=200 /
-f0.3a . ' -76.9d =~ 8503




., 16.67 db 11.16 db

. 8.24 db
4.29 db  -3.58 db,

-24.78 db

ﬁ. =1
f
~7.67
-6.91 db :
-19.12 db
1 -45.¢5 db ' |
~:=:46.29Adb x -58.34 db . -74.40 &
w=l. ,,f’S:;o | =50
-47.98 db -60.48 db
. ) - . i -76.39 db
© -86.59 db | -98.71 db
_ ] < . -114.7 &b
@ =100 f;=2oo 102500
-88.43 b -100.° db.' S 6.6 db

. Fig. E-4. Terplates for 910
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Appendix F: The 3x3 Design Data

and Response Models

Introduction

This appendix contains the required data for the
design of the Longitudinalb3x3 MIMO Systém. This data is
obtained using the computer'programs li;ted in Reference 19.
The first set of data is for the rigid aircraft while the
second set of data is for the rigid aircraft plus the
first and second bo&y bending modes. Also includéd are the
3x3 equations of the rigid aircraft for F.C.'s #2 and #3.
The next section contaihs the derived time domain specifica-
tions for the pitch pointing maneuver énd, finally, the

témplates of 9y and 933 for both the rigid and non-

932

rigid aircraft are included.

.Rigid Aircraft Data

The data listed in Tables F-1 through F-10 is only

given over the desired frequency of interest. Each table

‘gives:the magnitude of the desired qijlfor each of the three
. F.C.'s. -For each 9317 952 apd 933 the magnitude and phase

are given. Phase angle is given in degrees.

~
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TABLE F-1

225

MAGNITUDE (db) AND PHASE (Deg)—-qli
Frequency F.C. #1 F.C. #2° F.C. #3
(Rad/Sec) Mag Phase Mac Phase Mag I.’I‘lase ‘
0.01 82.49 -291.7 63.73  =-273.2 73.23  -281.0
0.1 51.04 -345.5 42.53  -299.6 46.61  -332.8
0.2 39.21 '-352.? 34,13 -318.6 35.31  -345.6
0.5 23.35  -357.0 20.20  -340.6 19.62  -345.1
1.0 '11.32 -358.5 8.535 =350.0 7.616 =357.1
2.0 0.7195 ' -359.3 -3.407 -355.5 -4.416 -358.5
5.0 ;16.64 -359.7  -19.30  -358.0  -20.23  -359.4
10.0 -28.68 - -359.9  -31.33 ' ?359.0 -32.37  -359.7
20.0 -40.72 -359.8  -43.37  -359.5  -44.41  -359.9
50.0 © =56.64 -360.0  -59.29  -359.8  -60.33  =359.9
" 100.0 -68.68 ?360.0 C-71.33 -350.9 - =72.37  -360.0
200.0 -80.72 -360.0  -83.37 " -359.9 | -84.41 ,-360;0
~500.0 -56.64 . =360.0  -99.29 ?360.0 -100.3 360.0




TABLE F-2

MAGNITUDE (db)--q,,

Frequency
(Rad/Sec) F.C. #1 "F.C. #2 F.C. #3
0.01 20.20 1.106 21.10
0.1 18.86 1.033° 16.16
0.2 16.20 .817 11.21
0.5 9.123 -.5276 2.983
1.0 1.018 -3.946 -4.755
2.0 -9.135 -10.87 -14.46
5.0 -24.38 -24.39 -29.41
10.0 -36.32 -36.01 -41.30
20.0 -48.34 -47.94 -53.30
50.0 -64.25 -63.83 -69.21
100.0 -76}29 -75.87 -81.25
200.0 785.33 -87.91 ~ -93.29
500.0 -103.8 -109.2

~
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TABLE F-3

MAGNITUDE (db)--ql3

Freguency .

(Rad/Sec) F.C. #1. F.C. #2 F.C. #3
0.01 © 32.34 30.47 17.23
0.1 | 22,34 30.47 17.23
0.z | 32.34» ' 30.47 17.23
0.5 | 32.34 30.47 17.23
1.0 32.34 30.47 17.23
2.0 32.34 130.47 17.23
5.0 v32.3§v 130.47 17.23

10.0 32034 30.47 17.23 .
20.0 C 32,34 30.47 17.23
50.0 32034 . 30.47 17.23

100.0 - 32.34 | 30.47 17.23

200.0 32.34 30.47 17.23

500.0 CL32.34 30.47 17.23

\\\‘




TABLE F-4

MAGNTTUDE (db)--q,,

-117.4

Frequency e :

" (Rad/Sec) F.C. #1 F.C. #2 F.C. #3
0.01 37.67 37.43 30.60
0.1 17.50 17.22 10.52
0.2 ©11.02 10-.63 4.267
0.5 .0.7319 -1.884 . =-5.033
1.0 -9.236 -10.27 -13.95
2.0 -20.56 -21.72 -24.€7
5.0 -36.25 -37,46 -40.13

10.r -48.26 -49.47 -32.10
20.0 -60.29 -61.51 -64.12
50.0 -76.21 =-77.42 -80.03
100.0 ;88.25 -89.46 -92.07
200.0 -100.3. - -101.5 -104.1.
sbo.o -116.2 -120.0°
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TABLE F=-5

MAGNITUDE (db) AND PHASE (Deg)-—q22

Freqg.
(Rad F.C. #1 F.C. #2 = F.C. #3
/Sec) Mag ‘ Phase Mag Phase - Mag - Phase
0.01 -24.64 -.1848  -25.18 -.1763  -21.66 -.2665
0.1 -24.64  -1.848  -25.18  -1.763 -21.66  -2.664
0.2  -24.65  -3.695  -25.19  -3.525 -21.68  -5.326
0.5  -24.70 -9.221  =25.23 -8.797  -21.78  -13.27
1.0 -24.86  -18.32 -25.38  -17.49 —22.12  -26.18
2.0 -25.50 -35.76 -25.97  -34.21 -23.36  -49.89
5.0 -28.99  =77.77 -29.22  -75.14 ~  -29.09  -98.61
0.0  -35.77 ~-116.4 -35.72 -114.0 -37.80  -133.5
20.0  -45.78 -145.6 . -45.58 . f144.o -48.76 -155.7
50.0  -61.04 -165.9 -60.77  -165.2 -64.34 -170.2
100.0  -72.98 -172.9  -72.70 ~i7z.6' ~76.31 "~175.1
200.0  -84.99 -176.9 -84.71 -176.3;' -88.37  -177.5
1500.0 -100.91 -178.6 .-100.6  -178.1 41043 -179.0
229
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~10000.0

1

TABLE F-6
MAGNITUDE (db) AND PHASE (Deg) q22€
Frequency F.C. #1 F.C.. #2 F.C. #3

(Rad, Sec) Mag Phase Mag Phase Mag Phase
0.01 24.64  -359.9 . -25.17 -359.9 ° -21.65 -359.9
0.1 -24.62  -359.9  -25.62 -359.8  -21.62 ~-359.8
0.2 24.62 ' -359.8  -25.15 -359.6  -21.61 ~-359.6
0.5 -24.65 -359.4  =-25.20 ~-358.8  -21.58 =357.9
1.0 -24 80 -357.2  -25.33 -356.3  -21.91 -347.1
2.0 27.58  -343.5  -20.47 -340.1  -29.79 -302.3
5.0 -47.92  -224.1  -45.36 -204.3  =57.53 -111.3
10.0 -57.25  -186.1  -54.77 ~181.3  =-59.99 -132.7

1 20.0 -68.48  -172.5  -66.13 1713 -68.85 ~125.8
50.0 -82.71  -154.5  -80.68 ~-155.3  -78.89 -107.8
100.0 -92:98  -139.9  -91.04 -140.4'  -85.3¢  -99.41
200.0 -101.6  -121.3  .-99.72 -121.6  -91.49  -94.77
500.0 -110.7  -103.7  -108.9  -103.9  -99.48  -91.92
10000 1170 -96.97 -115.1 . <97.06  -105.5  =-90.96
2000.0 ;123.o'< -93.50 -121.1  -93.55 -111.5  -90.48
" 5000.0 -131.0 . -91.41 ~-129.1  =91.42 =~119.5  =90.20
-137.0 90,71 -135. -90.72  -125.5  =90.10

-

230




TABLE F-7
MAGNITUDE (db) —=d,3
Frequency , : '
(Rad/Sec) F.C. #1 F.C. #2 F.C. #3
0.01 15.43 13.98 .0323
0.1 15.43 13.98 . .0323
6.2 - 15.43 13.98 .0323
0.5 15.43 13.98 .0323
1.0 15.43 13.&3_ .0323
2.0 | 15.43 13.98 .0323
Y 5.0 15.43 13.98 .0323
10.0 15.43 13.98 | .0323
20.0 15.43 ©13.98 .0323
50.0 15.43 | 13.98 - .0323
'100.0 15.43 - 13.98 ©.0323
200.0 | 15.43 . 13.98 0323
500.0 . . 15.43 1308 L0323

-
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TABLE F-8

MAGNITUDE (db)--q31

§3.

Frequency _
(Rad/Sec) . F.C. #1 F.C. #2 F.C.
0.01 37.37 34.28 ‘.4316§ o
0.0 ' 16.96 13.77 23.30
0.2 . 9.907 6.490. 16.31
0.5 | -2.010 -5.883 4.541
1.0 -12.99 -17.06 -6.371
2.0 724.72' -28.86 -18.08
5.0 -40.55 -44.70 -33.90
10.0 -52.58 5-56.73 -45.92
20.0 | -64.62 -68.77 -57.96
50.0 " -80.53 -84.69 -73.88 .
00,0 -92.57 -96.73 -85.92
200.0 -104.6 }103;8 ~97.96
500.0 . -120.5 'f L -113.9

- -124.7:

LY




TABLE F-9

MAGNITUDE (db)--q;,

-103.1 - ‘ -106.0

Frequency '

" (Rad/Sec) F.C. #1 - F.C. #2 F.C. #3
0.01 -28.3  f -32.47 -13.84%
0.1 -28.94 -32.48 -13.85
0.2 -28.96 -32.50 ~13.87
0.5 -29.13 | ;32.67. -14.03
1.0 -29.68 -33.23 - -14.57
2.0 -31.39 | -34.94 -16.31
5.0 -36.70 -40.24 -22.55

10.0 -42.75 . -46.22 -30.83
20.0 -50.51 .ﬁ -53.79 -41.40
50.0 -63.84 -66.87 -56.82
100.0 -75.35 . =78.30 -68.79 -
200.0 -87.25 -90.18 -80.81
~96.72

-
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' TABLE F-10

MAGNITUDE (db) AND PHASE (Deg)--q.,

Frequency F.C. #1 . F.C. #2 _F.C. #3

(Rad/sec) Mag Phase Mag Phase Mag Phase
0.01 8.102  -30.90 4.159  -28.35 3.377  -6.681
0.1 -6.228  -80.52  -9.517 -79.50 -3.151 -49.52
0.2 -12.16  -85.23  -15.43 -84.71  -4.685 -66.89
0.5 =20.09 -88.09  -23.36  -87.88 -12.04  -80.32
1.0 -26.11  -89.05 ~29.37 -88.94 -17.97  -85.13
2.0 -32.13 -89.53  -35.39 -89.48 -23.97  -87.56
fe 5.0 -40.09  -89.82 . -43.35  -89.79 -31.92  -89.03
| 10.0° . -46.11 -89.91  -49.37 -89.90 -37.94  -89.52
20.0 .- -52.13 -89.96  -55.39  -89.95 -43.96  -80.76
50.0 -60.09 -89.99  -63.35 -89.99, -51.92  -89.91
100.0 . -66.11 -90.00  -69.37 ¥9o.po ~57.94 - -89.96
200.0’ 7213 -90.00  -75.39  -90.00 -63.9  -89.98

500.0 ~ -80.09  '=90.00  -83.35 - =-90.00 ~-71.92  -90.00

-
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Aircraft Data--Rigid, First and

Second Bending Mode

“The data listed in the following tables is obtained

using the programs listed in Reference 19. The natural fre-

quency forlthe first bending mode occurs ét approximately
11.6 réd/sec and the natural frequency of the secoﬁd bend-
inglmode occurs at approximately 23.4 rad/s . For the
design of the longitudinal controller? the 1 equencies at
and around the.bendihg moaes natural. freqguencies are of
interest because of changes in both magnitude and phase.
Thus the data in fables F-11 through F-20 is éxpanded
around the natural frequencies of the first and second

body bending modes. Note: the change in magnitude and.
phase Qf'the non-rigid model is very small from that‘of the

rigid model.

-




" TABLE F-11

236

i MAGNITUDE AND PHASE q;
Frequency F.C. #1 F.C. #2 F.C. #3
(Rad/Sec) Mag Phase Mag Phase Mag Fhase
0.0 82.48 -290.8 63.73  -273.2 73.23  -280.9
0.1 51.04 -345.5 42.53  -299.6 46.61 -332.7
0.2 39.21 -352.6 34.13 -318.6 '35.31 -345.6
0.5 23.35. =357.0 20.20 -340.6 19.62 -354.1
1.0 11.32 -358.5 8.54 = =350.0 7.62 -357.1
2.0 -7.19 +=359.3 -3.41 -355.0 - =-4.42 -358.5
5.0 -16.64 -359.7 -19.30 ~358.0 -20.33 -359.4
*10.0 -28.68 -359.9 -31.33 =359.0 ~32.37 -359.7
11.0 -30.33. -359.9 -32.99  -359.1 ' -34.03 -359.7
11.5 -31.11 -359.9 -33.76 - -359.1 ~34.80 -359.7
12.0 -31.85 -359.9 ~34.50 -359.2 -35.54 -359.8
12.5 - . =32.55 -359.9 -35.21 -359.2 - -36.25 -359.8
13.0 -33.24 -359.9 -35.89  -359.2 -36.93 -359.8
' **%20.0 -40.72 -359.9 -43.37 -359.,2  -44.41 ,-359.9
') ® 22.0 -42.37 -359.9 -45.03 -359.5 -46.07 -359.9
- | 22.5 -42.77 -359.9 ~45.42 -359.5 ~46.46 -359.9
23.0 -43.15 -359.9 -45.80 -359.5 ~46.84 -359.9
23.5 -43.52 -359.9 . -46.17 -359.6 -47.21 -359.9
24.0 ~43.89 -359.9 -46.54 -359.6 -47.58 -359.9
50.0 -56.64 -360.0 - -59,29 -359.8 -60.33 " -359.9
100.0 - -68.68 -360.0 -71.33 -355.9 -72.37 -360.0
, '200.0 -80.72 . =360.0 -83.37 -359.9 ~-84,41 -360.0
- .—...500.0 ~96.64 -360.0 -99.29. ---360.0 -100.30 -360.0
* First bending mode .
~** Second bending mode. .




TABLE F-12

'MAGNITUDE (db)--q,,

Fi‘equency : L :
(Rad/Sec) F.C. #1 F.C. #2 F.C. #3
0.01 20.19 1.10 21.10
0.1 18.86 1.03 16.16
0.2 16.20 0.82 11.21
0.5 9.12  -0.53 2.98
1.0 ~1.08 -3.95 -4.76
2.0 ©-9.14 £10.87 -14.46
5.0. -24.38 -24.39 -29.41
10.0 -36.32 -36.01 -41.30
11.0 -37.97 -37.64" -42.95
11.5 -38.74 -38.41 -43.71
12.0 -39.48 -39.14 -44.45
12.5 -40.19 -39.84 -45.16
13.0 -40.86 -40.51 -45.84
20.0 -48.34 -47.94 -53.30
22.0 -49.99 -49.59 -54.95
22.5 -50.38 -49.98 -55.34
23.0 -50.76 -50. 36" ~55.72
23.5 =51.13 -50.73 -56.10
24.0 -51.50 -51.10 -56.46
. 50.0 -64.25 -  -63.83 -69.21
1100.0 -76.29 -75.87 -81.25
200.0 -28.33 -87.91 -93.29
. 500.0° -104.20 © -103.80 -109.20
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- TABLE F-13

MAGNITUDE'(db)--q13

Frequency , _
(Rad/Sec) F.C.. #1 F.C. #2 F.C. #3
0.01 32.34 30.47 . 17.23
0.1 . 32.34 30,47 17.23
0.2 1 32.34 30.47 17.23
0.5 32.34 " 30.47 17.23
1.0 32.34 : 30.47 . 17.23
2.0 32.34 30.47 17.23
5.0 . 32.34 - 30.47 17.23
10.0 - 32.34 ’ 30.47 17.23
11.0 32.34 30.47 17.23
11.5 32.34 | 30.47 E 17.23
12.0 32.34 30.47 ' 17.23
12.5 ' 32.34 30.47 ' 17.23
13.0 32.34 30.47. o 17.23
20.90 . 132.34 ' 30.47 . 17.23
22.0 32.34’ 30.47 . 17.23
22.5 32,34 1 30.47 ; 17.23
23.0 . 32.34 | 30.47- - . 17.23
23.5 32.34 ' 30.47 17.23
24.0 | 32.34 30.47 - 17.23
50.0 | 32.34 C'30.47 . 17.23
100.0 32.34 . 30.47 . 17.23
200:0 - 32.34  30.47 | 17.23

500.0 ' 32.34 | 30.47 , 17.23

~
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- . ' TABLE F-14
' MAGNITUDE (db)--q,,
Frequency o
(Rad /Sec) F.C. #1 F.C. #2 F.C. #3
‘ | 0.01 - 37.67 37.42 ©30.60
o 0.1 17.50 17.22 | 10.52
0.2 ' 11.02 10.63 4.27
0.5 7.32 -0.02 ‘ -5.03
1.0 -9.24 -10.27 -13.95
2.0 -20.56 ' -21.72 . =24.67
5.0 -36.25 -37.46 -40.13
10.0 -48.26 -49.47 -52.10
11.0 . -49.91 -51.13 - - -53.75
‘ e 11.5 | -50.68 © -51.90 -54.52
£ 12.0 . -51.42 -52.64 -55.26
- 12.5 © 252,13 ~ -53.35 -55.97
13:0 -52.81 ~, -54.03 ° -56.65
20.0 4 - -60.29 | -61.51 -64.12
22.0 ' <61.94 -€3.16 , -€5.78
22.5 E . -62.34 | -63.55 . «66.17
23.0 -62.72 -63.93 -€6.55
23.5 . . -63.09 . -64.31 -66.92
24.0 . -63.46 -64.67 . -67.29
50.0° - -76.21 -77.42  -80.03
100.0  -88.25 | -89.46 - -92.07
200.0 -100.30  |-101.50 -104.10
500.0 © -116.20 -117.40 . -120.00




MAGNITUDE (db) and PHASE-—q22

TABLE F-15

Frequency F.C. #1. F.C. #2 F.C. 43 ,
(Rad/Sec) Mag Phase Mag Phase Mag Phase .

0.01 -24.64  -360.0 -25.18  -360.0 -21.66  -360.0
0.1 -24.65  -360.0 -25.18  -360.0 -21.66  -359.9
0.2 -24.65  -359.9 -25.18  -359.9 -21.68  -359.8
0.5 -24.70 ©  -359.8 -25.23  -359.9 -21.78  -359.6
1.0 -24.86  -359.7 -25.38  -359.7 -22.12 . -359.2
2.0 © =25.49  -359.4 -25.95 . -359.5 -23.40  -358.6
5.0 -28.92  -359.1 -29.17  -359.1 -29.21  -358.2
10.0 -35.63  =359.1 -35.64  -359.1 -37.96  -359.7
11.0 -36.85  -358.8 -36.83  -359.1 -39.38  -358.8
11.5 -37.44  -358.9 -37.40  -359.1 -40.06  -358.9
12.0 -38.03  -358.9 -37.96  =359.2 -40.72  -358.9
12.5 -38.59  -358.9 -38.52  -359.2 -41.35  -358.9
13.0 -39.14  -359.3 -39.05  -359.2 - -41.97  -358.9
20.0 -45.61  =359.3 -45.45  -359.4 . -48.95  -359.3
22.0 -47.13  -359.5 -46.95  -359.5 -50.53  =359.3
22.5 ~47.49  -359.5 -47.30  -359.6 -50.91 =359.4
123.0 -47.84 . -359.5  -47.68 = -359.7 -51.28  -359.4
23.5 . -48.20 = -359.6 -48.03  -359.6 . -51.65 -359.4
24.0 -48.54  -359.6 -48.37  -359.6  =52.00  ~359.4
50.0 . -60.85  =360.0 -60.46 - -360.0 -64.54  -360.0
100.0 =72.79 - -360.0 -72.57  -360.0 -76.54  =360.0
200.0 -84.81  -360.0  -84.58  -360.0  -88.57  -360.0
500.0 -100.70 -100.50  -360.0  -104.50.  -360.0

-360.0

-

- 240




EEEGEEEEEEEEEEEEESSSSSS |
&
]  TABLE F-16
MAGNITUDE (db)=--q,,
Frequency . . .
(Rad/Sec) " F.C. #1. F.C. #2 _ F.C. #3
. 0.01 15.43 13.98 . 32.45
0.1 : 15.43 13.98 32.45
0.2 15.43 ' 13.98 32.45
0.5 - 15.43 13.98 4 32.45
1.0 15.43 13.98 . 32.45
2.0 15.43 13.98 32.45
5.0 ‘ 15.43 | 13.98 32.45
10.0 ©15.43 ~13.98 | 32.45
1.0 15.43 . . 13.98 132.45
Je 11.5 o+ '15.43 0 13.98 . 32.45
4 12.0 15.43 13.98 . 32.45
12.5 15.43 : 13.98 32.45
113.0 15.43 13.98 . 32.45
20.0 15.43 . 13.98 32.45
22.0 | | 15.43 13.98 . 32.45
22,5 15.43 © 13.98 32.45
23.0 15.43 13.98 ' 32.45
23.5 j 15.43 " 13.98 . 32.45
24.0 15.43 C13.98° ©32.45
50.0 o 15.43 - 13.98 . 32.45
£ 100.0 : 15.43 13,98 | 32.45
200.0 15.43 | 13.98 | 32.45
500.0 . 15.43 13.98 , 32.45
© 241
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TABLE F-17

MAGNITUDE (db)--qy,

Fregquency A '
(Rad/Sec) F.C. #1 F.C. #2 F.C. #3
0.01 37.46 34.45  43.74
0.1 16.97 12,77 23.30
0.2 9.91  6.49 16.31
0.5 -2, -5.88 4.54
1.0 -12.99  -17.06 -6.37
2.0 -24.7: -28.86 -1£.08
5.0 -40.55 -44.70 -33.90
10.0 -52.5% -56.73 -45.92
11.0 -54.23 -58.39 ~47.58:
11.5 -55.01 - -59.16 -48.35
12.0 -55.75 - =53,90 -49.09
12.5 -56.45 ~60.61 -49.80
13.0 -57.14 '-61.29 -50.48
20.0 -64.62 -68.77 -57.96
22.0 -66.27 - =70.43 . -59,62
. 22.5 - -66.66 -70.82 -60.01
23.0 -67.04 -71.20 -60.39
23.5 -67.42 -71.58 -60.76
24.0 -67.78 =71.94 -61.13
50.0 -80.53 -84.69 -73.88
100.0 -92.57 -96.73 -85.92
200.0 -104.60 -108.80 -97.56
500.0 -120.50 -124.70 -113.90
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TABLE F-18

MAGNITUDE ' (db)--q,,

Frequency : '

(Rad/Sec) F.C. #1 F.C. #2 F.C. #3
0.01 -15.80 -19.17 -4.96
0.1 -16.18 -19.77 -4.87
0.2 -16.56 -20.14 . -4.90
0.5 -18.52 -22.12 . =5.10
1.0 -22.14 -25.76 -5.82
2.0 -27.31 -30.93 -8.45
5.0 -35.21 -38.81 -18.27

10.0 -41.94 -45.44 -29.15
11.0 -42.95 -46.42 -30.74
11.5 -43.44 -46.89 -31.49
12.0 -43.91 -47.35 -32.21
12.5 -44.36 -47.80 -32.90
13.0 -48.80 -48.23 -33.5%
20.0 +50.07 . -53.35 -40.90
22.0 ©-51.35 -54.59 -42.54
" 22.5 ~51'. 65 -54.90 ~42,92
23.0 -51.96 -55,21 ~43.30 .
23.5 -52.26 -55.50 <43.68
24.0 -52.55 -55.78 ~44.05
50.0 -63.73  -66.75 -56.74
100.0 -75.32 -78.27 -68.77
200.0 -87.24 -90.17 - -80.81
500.0 10 . -106.00 -96.72

~103.
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- TABLE F-19

MAGNITUDE (db) AND PHASE (Deg) -=q 4,

Frequency F.C. #1 F.C. #2 F.C. #3
{Rad/Sec) ' Mag Phase Mag Phase Mag Phase
0.01 9.02 =34.58 4.39  -28.97 3.79  -6.97
0.1, -6.23  -80.53 -9.52  -79.50  -3.12  -49.54
0.2 -12.16  -85.23  -15.43  -84.71  -4.69  -66.89
0.5, -20.09  -88.09  -23.36 -87.88  -12.04  -80.32
1.0 -26.11  -89.05  -29.37  -88.94 -17.97  -85.13
2.0 -32.13  89.53  -35.39  -89.48 - -23.97  -87.56
s -40.09  -89.82  -43.35  -89.79  -31.92  -89.03
100 -46.11  -90.00  -45.37  -90.00  -37.94  -90.00
11.0 -46.94  -90.00  =-50.20  -90.00  -38.77  -90.00
11.5 -4,.32  -90.00  -50.58 -90.00  -39.15  -90.00
12.0 -47.69  -90.00  =50.95 - =-90.00  -39.52  =90.00
12.5 -48.05  -90.00  ~51.31  -90.00  -39.88  =-90.00
13.0 -48.39  -90.00 . ~-51.65  -90.000 -40.22  =90.00
20.0 -52.13  -90.00  -55.39  -90.00  -43.96  -90.00
22,0 -52.96 - -90.00  -56.22  =90.00  -44.79  -90.00
22.5 . -53.15  -90.00  -56.41  -90.00 -44.98  -90.00
23.0 -53.34  -90.00 . ~56.50  -90.00 . -45.17  =90.00
23.5 . -53.53  =90.00  -56.79  -90.00  ~45.36  =90.00
24.0 ° -53.71 ' -90.00  =56.97 -90.00  =45.54  =90.00
50.0 -60.09  -90.00  -63.35  =90.00 =51.92  -90.00.
100.0  ~66.11 -90.00  '~69.37 ' -90.00  ~57.94  =-90.00
200.0 -72.13  =90.00 -75.39  =90.00  -63.96  =90.00
50C.0 -80.09  -90.00 = -83.35  =£4.00, =71.92 ° =90.00

-
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TABLE F-20

MAGNITUDE (db) AND PHASE '(Deg)’--qzze ‘
Frequency F.C. #1 - F.C. #2 . F.C. #3
(Rad/Sec) Mag Phase ‘Mag Phase Mag Phase
0.01 -24.64  -360.0  =25.17  -360.0  -2i.66  =-360.0
0.1 -24.64  -359.9  -25.17  -359.9  -21.67  -359.9
0.2 -24.64  -359.9  -25.18  =359.7  -31.66  -359.7
0.5 -24.67  -359.5  =25.25  =-359.0  -21.64  -358.2
1.0 -24.85  -357.4  -25.49  -356.4  -22.00  -347.7
2.0 -27.63  -343.3  -29.52  -339.8  -29.85  -302.9
5.0 -47.92  -224.1  -45.36  -204.3  -57.54  -111.3
10.0 -57.29  -186.1  -54.77  =-181.3  -59.99  -132.7
11.0 -58.77  -183.9  -56.28  -179.9  -61.17  -132.6
1.5 -59.47  -183.0  -57.00  =-179.2  -61.73  -132.5
12.0 -60.15  -162.1  -57.69  -178.6  -62.27 . -132.3
12.5 -60.80  ~-181.3  -58.35  -178.0  -62.79  -132.0
13.0 -61.43  -180.5  -58.99 - ~-177.5  -63.30  -131.7
20.0 -68.48 . -172.5  -66.13  -171.3  -68.85  -125.8"
22.0 -70.05  -170.6  -67.72  -169.9  -70.04  -124.0
22.5 -70.41  -170.2  -68.10  -169.5  ~=70.32  -123.5
23.0. -70.77  .-169.7  -68.46 . -169.1  -70.59  -123.1
23.5 «71.13 -169.3  -68.81°  -168.7  -70.84  -122.6
24.0 -71.47 . -168.8  -69.16  -168.4  =71.09 = =122.2
50.0 -82.71  -154.5  -60.68  ~-155.3  -78.89  -107.8
100.0- - -92.98 ° ~139.9  -91.04  -140.4  -85.34  -99.41
200.0’ -101.60  -121.3  -99,72 . ~i2l.6  -91.49, =-94.77
1500.0 ~91.92

T

-110.70  -103.7 ~108.90 .- ~-103.9  -99.48
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Rigid Aircraft Equations

|-.260927s S+ 1.09229S+ 1.0743 -.0318452 u

. Listed below are the derived equations of the longi-
tudinal mode for F.C.'s #2 and #3. Note that these equa-
tions are derived in the same manner as the equation derived

in Chapter V for F.C. #1.

F.C. #2:
— ' . ) _.".._-
' .0411S .560066S - .02669 .S +.0029646 h |
! It
1-.074319S°% - 035475 .006307S + .47902 ©.004865 5[%
| . l
'-.17891 s+ .814938S + 2.46095 =-.009104 I u
~ ' s /
' .010498 -.079813  .034: l:e |
! , P
= i -.01862 .027303 o] % .
1‘ o : l Sbl
-1.75799 .217951 0 | |<. |
A o0 e
F.C. #3:
r ~ : '
.10B10s | © .1660307S - .13914 . S+ .1234233| | h
-.24@8352 .18986S .033514S + .77841 .1591737 || &
) .

.0064484 ~.063125 ,1268| 8,

1]
]

(023

.0375145 ,064588 0
sb

O

-l.921844 194512 0

-
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Response Mddels—-Pitch

Angle Command

_ The upper bound or optimal response selected for
the.pitch angle response is a settling time of approxi-
mately 6 seconds for a 4 degree command input. The derived

equation for this bound is:

b - 0.9550 ~
"22 (S + 1.018) (S +0.6665+ 30.7028)
The time ~~main specifications for this model are given in

TableIF-Zl.

. TABLE F-21

b

22-—TIME DOMAIN SPECIFICATIONS

Rise Time = 2.93 seconds
Settling Time = 6.26 seconds
Peak Value = 4.08 seconds

Final Value = 4.00 seconds

Theilog magnitude of b22 over the frequency of interest

is shown in Table F=-22.

Lo
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TABLE F-22

. | LOG MAGNITUDE--b

22

Frequency Magnitude Frequency ' Magnitude

(Rad/Seg) (db) (Rad/Sec) ) (db)
0.1 -0.038 10 - -60.4
0.2 '~ -0.153 - 20 -78.5
0.5 -1.12 - s0 - 102
1.0 -5.99 , 100 =120
2.0 -19.59 S 200 - -138
5.0 ’ -42.5 | 500 -162

The worst acceptable case for a 4 degree pitch angle
'command 1s selected as having a settling time of approxi-
mately 10 seconds."The derived equation. for this bound is:

) 0.4875 - -
322 T 7S # 0.51) (S + 1.018) (S + 0.6665 £ 30.7028)

The time domain specifications for this model are given in
Table F-23.
TABLE F-23

ay,~=TIME DOMAIN SPECIFICATIONS

Rise Time = 5.08 seconds
Settling Time = 10.1 seconds

Peak Value = 4.00 seconds

-

Final Value =‘4;00 seconds

~
~
N
N
\\
\
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The log magnitude of a over the frequency of interest is

22
shown in Table F-24.

TABLE F-24
LOG MAGNITUDE—-aZZ

Frequency ' Magnitude | Frequency ; Magnitude
(Rad/Sec) (db) (Rad/Sec) . (db)

0.1 - ~ =0.133 , 10 -86.3

0.2  -0.766 20 -110

0.5 o -4.04 50 -142

1.0 -12.8 . 100 -166

2.0 - =31.7 200 -190

5.0 -62.4 | 500 -222

The upper bound of maximum acceptable response for
the altitude response, h, due to a pitch angle command is
a peak value of 0.5 ft. which approaches zefo as time
increases. The derived. equation for this bound is:

b = .. 11.86S(S + 5) -
12 (S + 0.4 * 30.3165)(S + 10) (s + 10)

The time domairn specifications for this model are given

in‘Table F-25. 'The log magnitude of b12 over the,freduency

Oof interest is shown in Table F-26.

n
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TABLE F-25

b, ,~-TIME DOMAIN SPECIFICATIONS

12

Time to Peak = 2.11 seconds
Settling Time = 9.92 seconds
Peak Value = 0.500 seconds

Final Value = 0 seconds

TABLE F-26

LOG MAGNITUDE--b,,

Frequency Magnitude Freguency Magnitude .

(Rad/sec) {db) (Rad/Sec) {db)
0.1 -12.9 | 10 -23.6
0.2 -7.22 20 -32.2
0.5 -2.59 ' 50 -46.8
1.0 ~10.4 200 -70.6
5.0 -86.5

-17.5 500

The upper bound or maximum acceptablelresponSe for

- the perturbation velocity, u, due to a pitch angle command

is a peak value of 1.0 ft/sec which approaches zero as time

-

-7 b

. 4.755(5.+ 5) ‘
(S + 0.4 + j0.3165) (s + 20)

increases. The derived equation for this hound is:




.‘D.

The time domain specifications for this model are given in

Table F-27. The log magnitude of b , over the fregquency of

3

interest is shown in Table F-28.

TABLE F-27

b,,~-TIME DOMAIN SPECIFICATIONS

32

Time to Peak = 1.94 seconds
Settling Time = 9.76 seconds
Peak Value = 1.00 seconds

Final Value = 0 seconds

Taﬁle F-28
LOG MAGNITUDE--b32
Freguency 'Magnitude . Frequency Magnitude
I(Rgd/Sec) (db) (Rad/Sec) (db)
0.1 ‘ ~6.89 | 10 -12.5
0.2 -1.18. .20 . ' -15.2
0{5' | 347 | 50 S -2l
1.0 . 10.906 ~ w0 “26.6
2.0 -4.07 200 o *fv‘.-32.5
5.0 | -9.76 500 -40.5

C A plot cf Log;Magnitude_vs Frequency for each of

-

the response models is showh in Figure F-1. .
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Fig. F-1. Frequency Response--a b
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Templates g; 9717 9557 322e and 953
for the Rigid and Non-Rigid Design

The templates for the design of the rigid and non-

rigid aircraft models are shown in Figures F-2 through F-8.
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51.04ab

39.21db

. = .2 rad/sec 11.32db

‘1 rad/sec, Foar 35.31db , |
' | 8.535db¢ |o=1 rad/

: } _ . sec
2,5.35d 7.616db
= .5 rad/sec

42.53db" 20.20db  19.62db

Note that the templates for w > 2 rad/sec are straight
"lines with magnitude of 3.69db.

‘ Fig. F=2. Templates"q'll“Rigid"Aircraft

~
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~23.36db o o -35.77db

Ne « =.2 rad/sec , ,

2 -25.50db \ -28.99db "2 10 rag

-29.09db — | . , w = rad/sec
o 5 -29.22db . ~-37.80ab
25.97db .
= 5 rad/sec \
-45.58db 60.77db

.= 20 rad/sec .= 50 rad/sec

-48.76db 64 3aab

Note that the tempiates for 0.1 <. < 1.0 rad/sec and
w > 100 rad/sec are straight lines with magnltudc of
3. SOdb and 3. 64db respectlvely.

‘ Fig.-F-B. Templates--j,,--Rigid Aircraft
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-80.687b

-54.77db
=27.57db

.[:::::iizi¥i.rad/sec L _ \\\\i=-10 rad/sec
-29.47db =29.79db _55 29ap -\\;:::::§ ‘

-45.36db -53.9db

-47.924b
. = 5.0 rad/ééc
-66.13db
[~\\\;\\;\i\if rad/sec ’ :
-68.48db ~68.85db ' \\§§§~

-55.53db
-78.89db

~~ = 50 rad/sec - -85.34db

-82.71db , f?jf/l
' ~91.49db o .

~ =91.04db w = 100 gaQ/sec

200 rad/sec

-101.6db

Note that the templates for & < 1.0 rad/sec are
straight lines with magnitude of 3.48db and
w > 500 rad/scc straight lines with magnitude 11.05db.

. T Fig. F-4. Tcmplates--qéze~~Rigid Aircrafc
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.2 rad/sec

-12.
. = .1 rad/sec

-9.517db

m6.2284b -15.43db

Note that EhO'tcmplépes for « - 2.0 rad/sec arc
straight linecs with magnitude of 11.404db.

Fig;:F-S{ Templatcs--q33-FRiqid and. Non-Rigid Aircratt
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-23.36db '
' w = 2 -rad/sec
~25.5048b’

=29:09¢b _—= "7\

. =25.97db

-45.58ab
" /w= 20 rad/sec

-48.76db

Note that the templates for 0.1 ¢

~-78.99adh
—

w * 5 rad/ceq

.“-C ]
/

/(,. 50

-63. 344>

////Gijlolrad/sec
'-29,22db “=~37.80db

-35.77db

D

-

rad/sec

w< 1.0 rad/sec and

w > 100 rad/sec are straight lines with magnitude of

3.50db and 3.64db respectively.

~ Fig. F-6. Templates--q,,=--Non-Rigid Aircraft

257




Wy,

R e e

L/

vy

~ 51.04ab

39.21éb

w= .2 ;ad/sec' 11.32db

o . , 35.31db
w = .l’rad/sec34il3db.

se

23.35db . 7.6168b
w=.5 rad/sec '

42.53db ' 20.20db 19.62db

Note that the templates for w > 2rad/sec are stralght

lines ‘with magnltude of 3.69db.

-
r

. Fig. F-7. Témplate’s--qll_--_Non-_-Rj.qi'd Aircraft
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o LS.,

L ~54.77db
-27.57db
&Mtadlsec' w= 10 rad/sec
~29.47db "29.798b _g; 29dp
| -45.36ab | + =59.9db
-47.92db
w = 5.0 rad/sec.
'=66.13db u |
. N’ rad/sec
-68.48db ~68.85db =
S -55.53db

Fig. F-8(a). Templates--q,, --Non-Rigid Aircraft
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- cemewae

~78.89db.
-80.68db

w = 50 rad/sec -85.34280

-82.71db

-91.49db

-91.04db % = 100 rad/sec

- ~92.98db
w = 200 rad/sec

-99.72db
-101.6db -

1

Note that the templates for w < 1.0 rad/sec are
straight lines with magnitude of 3.483b and -
w > 500 rad/sec straight lines with magnitude 11.5db.

-
[4

" Fig. F=-8(b). TempIAtes--qzzé--Non-R;gid Aircraft
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Summary

- This éppendix contains the required ﬁagni;udes for
each of thelqij's for the design of the 3x3 longitudingl
controllers for boch the rigid and nonrigid models. The
aircraft equations for F.C.'s #2 and #3 are highlighted and
the time domain specification models are pfesented. These
models are used in the development of a pitéh angle con-
troller for the longi;udiﬁal mode. Finally, the tehplates

required in the design of each controller are included.

- o~
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Appendix G: 2x2 Simulation Programs

-
‘I, .

- Introduction
This appendix contains the computer programs used

in the simulation of the 2x2 design. The programs used

dufing the 3x3 design phase for the numerical amalysis and

simulations are contained in Reference 19.

2x2 Simulation ' o

The following programs are used in the simulation of
the 2x2 design. Shown in Figure G-1 is the feedback struc-

ture used in this simulation.

€1 4
o f11 9 0OY;
[ ] P
e d
2 2 y
r,yO— £55 g, ,_O 2
-1
= L Fig. G-~l1. Simulation Block Diagram

1and G2 are the two

designed compensators, and fll apd~f22 are the two desgired

"Where P is the plant matrix, G

pre-filﬁers: The first program is fhe procgdure file used

. . ° . to compile, load and run the desired simulation programs.
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JFROC,YR1.
X YR1

X

XX

%% ROQUTINES FOR THE 2X2 SIMULATION

L3 :

CLEAR.,

RFL,130000.

GET,DERV.
FTINS,I=DERV,L=DERLIST,ANSI=0,L0=R/A/S/M.
XL IBGEN(F=SURY. '
GET,YDATA,

FINS,I=YIATA,L=DATLIST, ﬁNSI 0,LQ=R/A/S/M.
XL IBGEN (F=5URYD.

GET, YSIMU. L
FING,I=YSIMU,L=SIMLIST,ANSI=0,L0=R/A/S/M.
¥SETFLOT(FEN1=BLACK/LIQ3,FEN2=REDI/LIG2).
GET,DEGOL.

FTNS,1=IEGOL,L=DEGLIST,ANSI=0,L0=R/A/S/M.

XCET,FLOT,
XFTNS, I=FLOT,L=FLOLIST,ANSI=0,L0=R/A/S/N,
( ) . ¥ATTACH,HCESLIB/FLIE,FOOL.,
> GET,SUELF.
FTNS, I=SURLF,L= sUBLIST,ﬁNSI 0,LO=R/A/S/M.
LOAD(DERV, YDIATA, YSIMU,DEGOL , SURLF) ,
XGET,SUERL.
XGET,SUK,
XLOADER,LIB=HCESL1&/SUR/SURR/SURYI/SURY,
SETTL=7000,
XSETLIM,CF=5500,
LGO. :
REFLACE, DATALF,
REFLACE, IATAQUT,
LAYFILE,YLIST,
REFLACE,YLIST.
EXIT. <
DAYFILE,YLIST,
REFLACE,YLIST,
REVERT,NOLIST
ENII OF FILE

-
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L3 THIS FROGRAM COMFILES, LOALS AND RUNS THE REQIURED
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This subroutine contains the required data for the

input/outpﬁt equations over the three flight conditions of

interest.

00000 EOOO0N0OOO

(]

X2

- — e -

- - —

LYY AR

SUEROUTINE DATA

. SYSTEM

THIS SUERQUTINE CONThINS THE DATA QF THE 2X2

INFUT/0UTFUT MATRICIES. THE EQUATIONS ARE IN
THE FORM: MY = N DELTA WHERE M IS THE OUTFUT
MATRIX ANI' N IS THE INFUT MATRIX. Y IS THE

QUTFUT VECTOR AND DELTA IS THE INFUT VECTOR

DIMENSION ===--

" DIMENSION UM11A(3),UM11E(3),UM11C(3)

DIMENSION UM12A(3),UMI2E(3)
DIMENSION VUM21A(3),VUM21K(3),UM21C(3)
DIMENSION VM22A (), VM22E(3) ,UM22C(3)

DIMENSION UN11ALZ)

DIMENSION UN12A(Z) . -
DIMENSION V N”ih(3)yUN“IB(o)
JIMENSION UN22A(3),UN22KR(3)

COMMON  —==-=

COMMON /VMit/ UMII&.UMIIB UHIIC
COMMON /UM12/ UM12A,UM12E

COMMON /UM21/ UM21A,UM21E,UM21C
COMMON /VUM22/ UM22A,VUM22K,UM22C

COMMON /UN11/ UN11A
COMMON /UN12/' UN12A
COMMON /UN21/ UN21A,UN21R
COMMON /UN22/ UN22#,UN22K
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C-—==== DUTPUT MATRIX DATA —~———=
c .
c - ‘
. DATA UM11A/1451.451.7
~DATA UM11R/.74028,.,920643,1.09665/
DATA UM11C/~-+010714,-.016597,-.09548/
DATA VM12A/.24789,.3974,.69382/
DATA VUMI2B/4.46897,6.25223,2.48764/

DATA
DATA
DATA
DATA
DATA
DATA

UM21A/.039665,.0399458, .0314645/
UM21B/.06142..06167,.22833/

‘UM21C/ ., 0065, .00821,.03271/

'JHZZA/-lop“lOQ-I o/ :
UM22R/=~,227437,=.272719,-.368629/

VUM22C/~1.,43226,-1.88298,-.4609055/

C----—- INPUT .MATRIX DATA

- DATA
DATA
DATA

. DATA
" DATA

DNATA -

UN11A/.364455,,46223,.37757/
UN12A/.708183,1.111,.3618%9/
UN21A/.,00074615, .0007655, .0024207/
UN21K/.020812,.025464,.01926/
UN22A/-.026647,-.0273552,~.038190/
UN22K/-1.01677,-1.3286,-.46618/

RETURN ‘

END

END OF FILE

LY
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This subroutine contains the stave space equations
of the plant, compensators and pre-filters.. ™z remainder

of the équations in this vpr:  jram are derived from Figure G-1.

SURRJUTINE DERV(T,Y,YF)

c
C UFDATEY 08/21/84
c -
C ¥x - C
C *x THIS SUEROUTINE CONTAINS THE AIRCRAFT EQUATIONS, %X
C ¥ FRE-FILTER EQUATIONS, AND' COMFENSATOR EQUATIONS. XX
C %%  IN STATE SFACE FORM. THE TERM YF IS THE *X
C *x DERIVATIVE NF Y WHERE Y IS THE STATE. XX
C %X A .
c
c .
DIMENSION Y(18),YF(18)
c
CRIHOKIKOKKORK KKK COMMON *t****t**#*t#t*
c
COMMON /C11/ c11a,c11s,c11c
COMMON /C12/.C12A,C12F
COMMON /C21/ C21A,C21E,C21C
: COMMON /C22/ C22A,C22K,C22C
c . - A
 COMMON /D11/ D11A,D12A,B21A,021K,0224,022K
c , o
COMMON /F/.F1K,F1F1,F1F2,F2K,F2F1,F2F2
c L ' . :
' COMMON /G1/ G1K,G121,6122,6123,6124
COMMON /G1F/ G1F1,51F2,G1P3,G1P4,G1PS,G1F6
c o o '
. CCHMMON /G2/, G2K,6221,62F1,62F2,62F3
c ' .
: COMMON /R/ R1,R2
COMMON /C/ C1,C2
COMMON /It/ D1 ,02,001,D02
C . . N L
C‘—‘-.-u— ) F'(S) - i i )
C *x o -
C x* INFUT/OUTFUT MATRICIES IN EQUATION FORM XX
C *x '
C.
- YR(1) = Y(2)
S OYF(2) = ~CLIRRY(2) =~ C11C#Y(1) = Ci2eevca) - C12EXY(3)
YR(2) = YR(2) + D11AXD1 4 [12AK0D -
YF(2) = YF(2)/Ci1A
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e

C1 = Y(1)
c.
- YP(3) = Y(4)
YP(4) = -C21AXYP(2) - C21BXY(2) - C21Cy (1)
YP(4) = YP(4) -~ C22EXY(4) -~ C22C%XY(3)
YP(4) = YP(4) 4+ D21AXDIN + D21RxH1
YP(4) = YP(4) + D22AXIID2 4 D22KXD2
YP(4) = YP(4)/C22A -
c _
C2 = Y(3I)
c .
C-——- F1(S) —=—m-
c
C xx
C xx PRE—FILTER/LDOP TWO %xx
C xx
c YP(18) = R1 - ,58XY(18)
c F1A = .58x%xY(18)
c :
C
c YP(S) = Y(&)
c YP(8) = F1A -~ FIP1XY(6) ~ FIF2XY(S)
c
c Fi1 = FI1KXY(%)
c
YP(S) = R1 - F1P1%Y(5)
YP(6) = FIKXY(S) - FiP2%Y(4)
c . i
F1 = Y(&)
c . .
Co==es F2(8) wwwwa '
c .
C xx
C xx PRc-FILTER/LOOP TWG %%
C xx
c4
C
c YP(7) = Y(8)
¢ YP(8) = R2 = F"PltY(B) - F"P XY ()
c
g F2 s F2KXY(?)
YP(?) = R2 = F”Ple(7)
YP(S) = F”K#Y(?) - F"P”*Y(B)
c

F2 = Y(8)

‘g
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e

 END OF FILE

----- 631(S) —=---
o | |
¥k COMPENSATOR DESIGRED FOR LOOF ONE ¥Xx
B .
- E1=F1-C1
: TYP(9) = Y(L0) .
YP(10) = E1 - GIF1XY{10) -G1P2XY(?)
GlA = GINX(Y(10) + G1Z1xY(9))
c .
o YF(11) = GlA - G1P3xY(11}
4 GiE = YP(11) 4+ G1Z2xY(11}
- C . ‘
YF(12) = G1R ~ G1PAXY(12).
“G1C = YP(12) ¢+ G1Z3xY(12)
C. .
YP(13) = G1C - GI1FSxY(13)
GID = YP(13) 4+ G1ZAXY(13)
Cc ' ‘ _
YF(14) = Gili - GIF&6XY(14)
c : )
1 = Y(14?
Uit = YP(14)
c N ,
C-~——-~ G2(8) =~m—=
c
C x¥% .
_C XX COMPENSATOR DESIGNED FOK LOCP TWO XX
C xx '
E2 = F2 - C2
C
o YP(1S) = Y{16) ‘
YP(14) = E2 - G2FP1XY(14) - (2P2%Y(15)
G2A = G2Kx(Y(16) ¢+ G2Z1xY(15))
YP(17) = G2A - G2F3xY(17)
c o - S ' '
. p2= Y(17)
. b2 = YPU7)
¢ .
C xx. | |
:C‘** CQNTRGL SURFACE SATURATION. XX
C xx COr iROL WHEEL AND RUDDER. xx
. C XX
. C :
IF (N3 .GT. 90.) 1" = 90.
CTF (DI LLT. =-90.,) D1 =-90,
. IF (D2 6T, 17.) 2 = 17,
i IF (D2 LTe=174) 2 = «17,.
C , ' :
: - RETURN -
END
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L% iR T e

This subroutine contains the required program that

calculates the desired time response from the system of

equations developed in the other subroutines.

C ¥
-C %%
C xx

c
c
c
c

10

" AKRSEFS

SURROUTINE DEGOL(F,NEQN,Y,T,TOUT,RELERF,
+ ABSERR,IFLAG,ITMAX)
THIS SURRQUTINE IS USED IN DETERMINING X%

THE DESIRED RESFONSE FROM A GLVEN xx
. SYSTEM OF EQUATIONS., XX
INTEGER N
REAL HOLD

LOGICAL START, CRﬁSH)STIFF

DIMENSION Y(NEQN),FSI(12)

DIMENSION YY(30), UT(30);FHI(30,16) F(30) YF(30)
DIMENSION YFOUT(30)

EXTERNAL F

IATA FOURU/.44E-15/

MAXNUM=MAX0(S00, ITMAX)

IF(NEGN LLT. 1 ,0R. NEGN .GT, 30 GO TO 10
IF(T +EQ., TOUT) GO TOQ 10 '

IF(RELERR .LT. 0.0 .0OR. AESERR .LT, 0.0) GO 710 10
EFS = AMAX1(RELERR,ARSERFR)

IFC(IFLAG .EQ. 0) GO TO 10

ISN = ISIGN(1,IFLAG)

IFLAG = TIARS(IFLAG)

IFCIFLAG .EQ.,'1) GO TO 20

IF(IFLAG .GE. 2 ,AND: IFLAG .LE. $) GO TO 20
IFLAG = 6

RETURN

DEL = TOUT - T

AERSTICL = ARS(DEL)

- TEND = T 4+ 10,0%DEL
CIFCISN LLT. 0) TEND = TOUT

NOSTEF = O,

NLE4 = O

LIAFF = JFALDE Y ‘

RELEFS = RELEHR/EFS
= AKRSERR/EFS

IFCIFLAG +EQ. 1) GO TO 30
IFC(ISNOLD LT, O) GO TO 30.
TF(DELSGNXDIEL .GT., 0.0) GO TO 50

O START ANIt RESTART ALSO SET WORK VARIAKLES. X
PNDL YY(¥), STONC THE DIRECTION OF INTEGRATION
ANL INITIALIZE THE STCF SIZE

30

-
L 4

40 .

START = ,TRUE.
X =T
[0 40 L = 1.NCON -
YY(L) = YLL)
DELSGN = SIGN(1.0,TEL)
H = SIGN(AMAX1(AKSTTOUT=X),FOURURAES (X)), TOUT=X)
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PR} U

K LU PR

L

mNnMno

6

C
C
c

IFC(AES(X-T) ,LT. AESDLLY GO TO 60

CALL INTRF(X,YY,TOUT,Y,YFOUT,NEGN,KOLE,FHI,FSD
IFLAG = 2

_=TOUT

TOLD = T

ISNOLDl = ISN.

RETUEN

IF CANNCT GO FALT OHTFUT FOINT ANL SUFFICIENTLY cLoce,
EXTRAFOLATE AND FETURN

0

70

IFC(ISN GT, O JOR. AES(TOUT-XI .GE. FOQURUXAES (X)) GU

H = TOUT - X
CALL F(X,YY,YM)
D0 70 L = 1,NEQN’

CYAL)Y = YY(L) + HXYF(L)
IFLAG = 2
T = T0OUT
TOLDL = 7
ISNQLD = 1SN
RETUFN

YEST FGR TOC MUCH WONK

8¢

?0

O

[

IF(NOSTEF LT. MAXNUMY GO TO 100
IFLAG = ISN¥4 ‘
IFCSTIFF)Y IFLAD = ISH*L

po 20 .L = 1,NEQGN
Y(LY = YY(L)

T =X

T 0 = 7

IGNOLD = 1

RETUEN

IMIT CTER SIZE, CUTWLIGHT VCCTOR AND A STEW

¥ = CIGNIAMIND (AR SUHDY o AR TEN] Y)),H)
Lo 150 L = AyNLUN
WTL) = RELETOSYARTOYY(LY) ¢ PLSEF'
CALL STEF(X,YY,F,NCON,H,EFS,LT, STﬁRTg
4 HOLL, fphDLD CRASH, FHX,F YF'F

TEQYT FOR T EFANF' & TOG CMALL

I7¢ NCT, Cr~Z4) S0 10 30
IFLAS = TSN

SELEFR = EFTwlTLERS

AEGLRM = EFS¥ALLITG

o 120 L = 1,NCON

. Y(L) = YY(L)

To= X,

T0L0 = 7T

1I8HNOLLL = )

RETUNN B

MUIGMENT COUNTED, On WOP ANT TEST FOR STIFFHISS
o 270
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. Wy,

[ NI AT

fe

130 NOSTEF = NOSTEF +.1
KLE4 = KLE4 + 1
IF(KOLDT ,GT. 4) KLE4 =
IF(NLE4, GE. S0) STIFF
GO TC SO 1 :

" END '
Cttittttttttxttttt*tiltttttltttit#ttt*tttltiittl
c © SUBROUTINE STEF
Ct*tt##tttttttttt*xttit!ttttt*ttttntnxtttntttttt
SULRCUTINE STEF(X,Y,F,NEQN,H,EFZ, WY, TAKT,
+ HOLD.R.NOLU,CRASH,FHI,P,YP,FSI)
LOGICAL STAFRT,CRASH,FHASEL,NORND
DIMENSION YONEGNY JWT(NEGNY ,FHI(NEGN, 16),P<NEQN3
DIMENTION YFONEGN),FSI(12)
DIMONSION ALFHA(IZ),EETACLDY, Q1G<13w,Uf1"». 1(12),6¢13),
+ GSTR(13),TWO(1X)
EXTEFNAL F
DATA TWOW/, 220157
"DATA FOURU/,.44E-15/ .
AT A Tu0/200'4t.008v°'16 0,32.0, 64»0v1:80‘:"y:‘:~é'0v512007
+ 1024.0,2048 0,4096,0,2192,.0/
"DATA GSIR/N.S .o 0€23,0.0417,0.,0244,0.0168,0.0143,

0
= LJTRUE.

+ 0.0114,0. 03¢16 0.00729,0.00672,0.00592,0.,00524,0,004408/

DATA GC1)Y G2V 1.0, 0.4/.’16(1)'1 o/ ,
(RASH = ,TFRUE.

IF(ALS(HY OG0, FOURURAEZ(¥Y)YY GO TQO €

H = qx.Nrrournyhgﬁ(v,,Hs ,

RETURN

FYLEFS = O0.S%LFPS

N

8 . o
L IF ERROR TULEKANCE 1S TOO SMALL, INCREASC 1T TO AN
C  ACCE-TAELE VALUC
C .
ROUNDI = 0.0
I0 10 L = 1,NEGN o
10, POUND = ROUND 4 (YL /UT(LY)**2

CROOND = TWOUSLOD T CROUNTN
Irersoee ,CC. ROUNID ©N 70 1S
£'S. = 2,08L.0UNLRCI 0 + FUURL) : .
: RCTURN : B ' '
1% CRACH = ,FaALSE,
IF(.NOT.START) GO TO 99

C  INITIALIZE. COMFUTL APPROMREIATE STEF STZE FUR FITVOT STER

COALL FoxX,Y,YI
ou™ = 0.0
D0 20 L = 1,NEGN
FHIC(L,1Y = YF (L)
JHIW,2Y = 040 :
20 ‘SU'M = SUM 4 (Y"L\/UT(L)\tt"
UM = SOTT(SUM,
ABSY = ARS(H)
IF(LFS LT, 16, ,0%CUMSHEH) AKS: = O 2S®CARTILFS/SUM)
o= SICN(AMAY](AL'SH, FOWFH#AW:tY\),H) : A
HOLU\- O ¢ S
AN , .27
N T




K = 1
KOLTr = O
START = ,FALGE.,

.- FHASLL = JTRUC.

N ' NORND = . TRULC, o
TIF(FSEFS JGT. 100. OtFOUNh‘ GO TO. 99
NOCND = ’ALQE.

0 25 L = 1,NEQN

2 FHI(GL,;i5) = 0.0

99 1IFAIL = ¢

Xk EXND RLOCN O ax

LA S REGIN EBLCOCN 1 T KKK
COMFUTE COEFFICIENTS OF FORMULAS FOR THIS STEF. AVOID
COMPUTING THOSD QUANTITIES NOT CHANCGID+ WHEN STEr SIZE 1S
NOT CHANGED,

kXX

OO0O0NMHMNO oY

.100 KF1
KF2
AM1
KM2

N+l
N42
N-1
K=-2

NS IS THE NUMELR OF STEFS TAKEN WITH SIZE H, INCLUDING
THE CUMRENT ONE. WHIDN K.LT.N53, NO COLFFICIENTS CHANGE

nNoaomon

IF(H NC. HOLID NS = 0
NG = MINO(NGH1,NOLDH1)
| @e - ‘NSF1 = NS+1
: ' CIF(K LT, NS) GO TO 199

COMFUTE THOSF.COHPONEQTS OF ALFHACK) ,EETA(K),FSI(X),SIGC%)
EHICH ARE CHANCED ‘

NoOnoO

FETA(NSY = 1.0
RCALNG = NS -
ALFHA(NG)Y = 1,0/REALNS
TCMFPL = HYREALNS
S SIGI(NGFY1)Y) = 1,0
, IF(K LT« NSF1) GO TO 110
' DO 105 I = NSF1,K
‘ IMI = I-1 ,
TEMS2 = PSI(IMI1)
FOICIMLY) = TCMPL , .
EETACI) = RUTACIML, 80 ST CIMIY ITEMFD
TEMIL = TOMN2 4 H ' :
ALFRA(T) = H/TEMF1
-~ REALI =1 ' o ,
105 SIG(I+1) = REALIXALFHACI)I®SIG(I:
110 L FPSIKK) = TEHF‘

Dnru?c CCEMFICIENTS G(#)'

INITIALIZE V(%) AND U(*’y‘ G(2y 18 <CT DATA STATEMENT

2 Yo NeXals!

IT*NS .CT, 1) CT ‘701:0 A ~
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.

S

Oe

o0oNn

[0 115 1Q = 1,N

TEMFIZ = IQ%(IQ+1)
VIIQ) = 1.0/TEMFX
11% Wlgy = vaias
GO 7O 14cC
C - ' ,
C IF ORLLFR WAS TIAISEDL, UFLATE LIAGONAL FART 0OF V(x)
C .
1

20 IF(N LLE. KOLIN GO TC 130

TEMT4 = h%NF]
Vir) = 1.0/TEMF 4
NSM2 = NG§-2
IF(NTM2 ,LT. 1) GO 70O 130
0o 125 J = 1,NSM2
I = K-UJ

125 V(1) = V(1) - ALPHﬁ(J+1)*U(I+1)

UFDATE Vix) ANDt SET W(Xx)

120 'LIMIT1 = KF1 - NG

C
C
c

NMOOOE 00000

C
C

TEMFS = ALFHA(NS)
[0 135 10 = 1,LIMITL

VIIRY = V(IQ) - TEMFSRV(IQRL)
135 WweIg) = vi1q '
G(NSF1) = W(1l)
COMFUTE THE G(x) IN THE WORK VLCTOR W(k)

140 NSF2 = NS + 2

C IF(KF1 .LT. NSF2) GO TO 199
[0 150 I = NSF2,KF1
LIMIT2 = KF2 -1
TEMF6 = ALFHA(I-1)
[0 145 IQ =1,LIMIT2 -

145 WAIAY = W(IQ) - TEMFEXW(IN41)
150 G(I) = W(1) .
159 CONTINUE

XXX END' BLOCK 1 "x*t

, *xx’  EKEGIN KLOCK 2 xx« |
FREDICT A SOLUTION P(X), EVALUATE DERIVATIVES. USIN
FREDICTED SOLUTIUN, ESTIMATE LOCAL CRROE AT ORLLK N AND

ERROFS AT ORDERS Ky K-1, K-I AS IF CONLTANT STEF S12 WERE USED.

CHANULL FH1 TO FH1 STAK

IF(K LT, NSI'1) GO TO 21%

[0 210 I = NSF1,K

 TEMPL = BLTA(DL)

« DO 20% L = 1,NEQN
cS 7 FHICL,I) = TEMEO#MHIC(L, 1Y -
1 CONTINUC oo '

FRLDICT SOLUTION AND: DIFFERENCLS
' 273 .
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[y
o

*
[X]
>

~ee e
240
LT

270

275
O
-t

C
C
c

noe

-t

290
c.’
C .
¢
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Lo 22¢ L = 1,NEGH
-~ FHI(L,KF2) = FHI(L,AFD)
FHI(L,KF1) = 0.0
F(LY. = 0.0
L0 230 4 = 1,KN
I = KF1. - J
IF1 = 141
TEMF2 = G(ID.
D0 225 L = 1,NEQN
F(L)Y = F(L) 4 TEMFP2XFHI(L,D)
FHI(L,I) = PHIC(L,I) + FHI(L,IF1)
CONTINUE
IF (NQENID GO TQ 240
o 235 L = 1,NEGN
TAU = HXF(L) - FHI(L,1%)
F(L) = Y(L) + TAU ,
FHIC(L,14) = (F(L) - Y(L)Y) - TAU
GO TO 250 :
0 245 L = 1,NEGN
F(L) = Y(L) 4+ HXF(L)
XOLD = X ,
X = X + H
AESH = AES(H)
CALL F(X,F,YF)

ESTIMATE ERRORS AT ORDICRS K, K-1, K-2

0.0
0.0
0

ERKMZ =
ERKM1 =
EfRty = 0.
D0 265 L 1,NEGN
TJEMFZ 1.074T(L)
TEMF4 YF(LY - PHI(L,1)
IF(KM2Y2465,260,255 '
FREMZ = ERKMD? 4 ((FHI(L;’F])+TEMT45*TEHF17**6
EFRAMLI = EREmMYI 4+ ((FHICL, h‘+TENF4‘$Ter’)V‘
Ehiy = ERN 4+ (TEMPAXTEMF3) %x2
IF(?\"H)”E0727 T4270
ERKM2 ﬁP H*qIG(hHI)*CSTR(fMﬂ)¥"GﬁT(ERhHﬁ)
ERKML BCHI‘IG(R)*GJTR(NHI)ﬂSQﬂT(EEkH¥¥"
TEMFS = AESHXGQRT(ERK) -

ERR = TEMFSX(G(KY = G(NF1))
RN = TEMESXCIG(KPI)YRCGSTR (K
KNTW = N '

" YEST IF ORDLR SHOULL EE LOWERD

IF(NM2) 299,290,285

IF (AMAX1{ERNMI,EREM2) JLE. ERRY KNNEW = KM1
GO 70 29¢ .

IF (ERRMT LT, OL5ACRRY KNCW = NM1

TECT IF STCF SUTCELSTUL

"1FLEFF. JLE. EFS) GO TO 400
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L33 4 ENDII ELOCK 2 1 33,3

L33 REGIN RLOCK 3  $ 3
TRE STEF IS UNSUCCESSFUL. RESTORE X, FHI(X,%),
FSI(x)., IF THIRD CONSECUTIVE FAILURE, SET ORIER TO ONE.
IF STEF FAILS MORE THAN THREE TIMES. CONSIDER AN OFTIMAL
STEF SIZE. DOURLE ERROR TOLERANCE AND RETURN IF ESTIMATED
STEF SIZE IS 700 SMALL FOR MACHINE FRECISION. .
Xx¥

RESTORE X, FHIC(X,%) ANDI FSI(%)

nooOonNONMNoOnNooOnNmnN

FHASE1 = .FALSE,
X = XOLD
10 310 I
TEMF1 = 1,0/KETA(D)
IF1 = 141 |
IO 305 L = 1,NEQN
305 FHICL,I) = TEMF1R(FHI(L,I) - FHIC(L,IF1))
310 CONTINUE
"~ IF(K JLT. 2) GO TO 320
[0 315 I = 2,K
315 FSI(I-1) = FESIC(I) - H

1,K

Lol I

c ON THIRD FAILURE, SET ORDECR TG ONE, THEREhFTER; ust
c OFTIMAL STEF SIZE : ' :

IFAIL + 1
0.5

220 IFAIL
TEMF2
IFCIFAIL - 3 335,320,125 :

305 IF(FSEFRS LLT. 0.2SxERE) TEHF” = SART(FSEFS/ERK)

230 KNEW = 1

325 H = TEMF23H

" K = KNEW
IF(AES () LGD. FQURUXAES(X') GO TO 340
CrRASH = ,TRUL, ‘
H = SIGN(FOURL'XARS(X )Y, H)
EFS = EF5 + EFS

RETURN
40 GO Y0 100 . .
c. L 33 © END KLOCK 3 1 334
C ' .
C xx ECCIN RLOCK 4 1A% _
C THE STEF 16 SUCCECLFL. COFFCCT THE rFEDICTEU SOLUTION,
. C EVALUATID THE ULR}UATIUF* U:lnc THE CONGECTEL SGLUTION
c ANDt UFLATLC THE IIFF'RLNCE DETERMINEG BRLCT AND SI2E
C  FOR NCXT 511:. , :
C
400 KNOLDI = K
‘ *HOLD - H
C

C  CDRECET AND! EVALUATE

TEMFL = HEG(NF1)
IF CNOENDD GO TO 410




)R

c : - - _
C  WITH NCW ORDCK DCTERMINE APTROFRIATE STEF SIZL FOFR NEXT STEF

[0 405 L = 1yNEGN ,
RHO = TEMPLIX(YF(L) - FHI(L,1)) - FHICL,1&)
Y(L) = F(L) + RHO
405 FHI(L,15) = (Y(L) - F(LY> - RHO

GO TO 420
410 [Cr 415 L.= 1,NEQH .
415 - Y(L) = F(L) + TEMPLK(YF(L) - FHICL,1))

420 CALL F(X,Y,YF)

UFLATE DIFFCRENCES FOR NEXT STEF

nonn

po 425 L = 1,NEGN
‘ FHICGL,KF1) = YF(L) - FHI(L,1)

42¢ FHI(L,KF2) = FHI(L,KF1) - FHI(L; KF2)

‘[0 435 1 = 1,K
[0 4320 L = 1,NCON ‘

430 FHI(L,I) = FHI(L,I) + FHIC(L,KF)

425 ACEl = JFALSE.
IF(FHASEL)Y GO TO 450
IF(KNEW LEQ, KM1) GO TO 4T5C
IF(KF1 ,GT. NE&) GO '

TO 440
[0 440 L 1,NCQON

440 EFrFl ENRFL 4+ (FHI(L,RF23/RT(L) I %2

' ERKF1 = ARSHXLSTR(KF1)XSATT(ERLFL)

It o#

US*NG ESTIMATED CRROR AT ORDER K41, DETERMINE
AFTROFRIATE ORDER FOF. NEXT STEF

IF(N JGT. 1> GO TO 445

IF(ERNF1 JGE., O.S¥ERK) GO TO 460

GO TO 45
44% IF(ERKM1 LE. AMIN1(ERN,ERNF1)) GO TO 455
IF(EFRKF1 LGE. ERK  LOR., K. +EQ. 12) GO 70 460

c

C HErr EFVRT WLT. ERK JLT. ASANICERSMI,ENHMTY DRG0
SRR WOULD HeVE FECN LOWSRED IN BLODK 2. THRIG ChDEF
C 1¢.-70 I’ reICCl

c .

C RAISE ORDER

[ng . .

450 K = KF1
ERN = ERKFL
GO TD 440
c .
C Loure Qroih
4% KN = KMl
ERK = EFRNMS

C ) .

440 HNCW = H 4 H
IF(MRASELY GO TG 465 :
IF(FSENG L GF, EFL¥TWOCKY1)) GO TO 465
HMEW = B
1F(recrs L6E. ERK) GO TO 4¢S
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TEMFD2 = K41
R = (FSCFS/ZERKIXX(1,0/TEMFD)
HNEW = ARSHY¥AMAX1(0.S,AMAX1(0.5,R))
HNCW = SIGN(AMAXI(HNEW,FQURUXAES (X)), H)
445 H = HNEW

BETURN

c TOREX END KLOCK 4 133
END

Ct*txtt*#***xtxxxx*xti*t#t**t#******************#

©  SUERTOUTINE INTRF

LXK R0K KKK KOKOK KR KKK IR KKK OK Kk K K8 K KK Kok
SURFOUTINE INTRF(X,Y,X0UT,YOUT,YFOUT,NEGN,KOLD,FHI,FSI)
DIMENSION Y(NEGN),YOUT(NEQGN) , YFOUT(NEGN),FHI(NEGN,16)
DIMENSION FSI(12)
DIMENSION G(13),W(13), an0(13)
npATA G(1)/1.0/7, RHG’I)/l 0/
H1 = YOUT ~ X L
KI = KOLD' + 1
NIFF1 = KI + 1

c
C  INITIALIZE W(¥) FOR COMFUTING G{X)
c ‘
0 S 1 = 1,KI
TEMFL = I
5 W(I) = 1.0/TEMF1
TERM = 0.0
C :
€ COMFUTE G(XO
c

oo 15 J = 2,K1
M1 = g - 1
FSIOML = FEI(JIML)
‘GAMMA = (HI + TERM)/FSIJMI
ETA = HI/FSIJML :
LIMITY = NIF1 - J
G 10 1 = 1,L1M1ITL :
10. WOI) = GAMMARW(I) - ETAXW(I41)
G = Wi ' :
: RHO(D) = GAMMAXEHO( IM1) .
15 . TERM = FS1UM1

INTERCOLATE

cOoO0

LG 20 L = 1,NUG
YFOUT(L) = 0.0
20 YOUT(L) = 0,0
00 30 J = 1,KI
1 = KIFL =~ J
TEMF2 = G(I)
TLMF3 = RHOC(T)Y
T DD 25 L = 1,NEGN
YOUT(L) = YOUT(L) + TEMPF2RCHI(L, D)

29 . YROUT (L)Y = Y*OUT’L) + TLMF'UH-HI(L'I!
20 OCOMTINUE ‘ .
o r0 T L os 1.nEeW

217 )




P

35 . YOUT (L)
" RETURN
END
CND OF FILE

N

YL)

+ HIXYQUT(L)
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This subrouvtine generates a plot of the desired

response which can be printed on a line printer.

SUBRGUTINE LPLOTS(NXPMAX,NYPMAX,IPLOT)
c R |
c RSO R RO
cx LIBARY OF PLOT SUBROUTINES , X
. C# PLINT OUT ON LINE PRINTER ONLY. - x
- —— T e LTS LSt bbb

c
c ******#****#**t******#******

c SUR LPLOTS

€ RKKKKRKERRKRRRECRRERRKKKXK
C ,

c

DIMENSION IXY(101,71),IBUF(100)
COMMON /MOPY/ IP0,XOLI, YDLIp ANXT
COMMON /LIXY/ IXY,NXyNY -
DATA IELANK/® */
NX = NXPMAX
NY = NYPMAX
00 1 I = 1,NX
DO 1 J o= 1,NY
T IXY(IsJ) = IELANK
1 CONTINUE

IF0 = IPLOY o : :
c 1F(IPO .GE. 1) CALL PLOTS(IBUF,!OO,B.S;II.p'PRIN300*‘)
c 1IF(IF0 GE. 1) CALL PLOTS(0,0,4HPLOT) i
RETURN . ' o :
END
c '
Cﬁ##****!#**#*#***#*##****##**t*t#*#
c SUR LTITLE
C**##!##****#****t*#tl*********t#**#
c. .

SUEROUTINE LTITLEC(NITT/ITT)
, "HIMENSION IT(4),1TT(4)
c COMMON /Z1.1T/ NIT,IT

NIT = NITT
DO 11 = 1,4
IT(I) = ITTUD)
.1 CONTINUE
c

RETURN
© END
c s 4
D S T 1L LE et RIS S LRt
. C SUE . LXAXIS

AR ER R R R KRR R R
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c

C---

T g

101

© 102

REWIND 9
CWRITE(S,101)(ITX(I},1=1,4)

FORMAT (1X,40M1)

C JAN, 27, 1964

SURROUTINE LXAXIS(XXMIN, XXMAX,NXXI, ITX,NITX)
DIMENSION ITX(4),ITTX(80)

DIMENSION IXY(101,731),XLAEL(11)

COMMON /LIXY/ IXY,NX,NY

COMMUN /LITX/ NITTX,ITTX

COMMON /LXX/ XMIN,XMAX,NXIt, X[, NXFT

COMMON /LXL/ NXLARL,XLARL

COMMON /HOFY/ IFOQ,XOLD,YOLL,ANXD

DATA IELANK/® */yIDAGH/ " ===~/ , IFLUS/ 4444/

NXDI = NXXD

ANXD = NXD

XMIN = XXMIN :

XMAX = XXMAX ' | |
X-LINE =-- |
NXD't = NXD + 1

NXFT = NXD%10 4 i

D0 1 I = 1,NXFT
IXY(I,1) = IDLASH
CONTINUE

X-MARK ===
IX = 1 - 10
e 2 I = 1,NXI
IX = IX + 10
IXY(IX,1) = IFLUS
CONTINUE ‘

X-LAREL . =--
X = (XMAX - XMIN)/NXD
NXLAEL = NXIi
X = XMIN - XD
D0 2 I = 1,NXLARL

X = X + XI

XLAEBL(I) = X !
CONTINUE'

X-TITLE -=~
041 = 1,60

- ITTX(I3 = IRLANK
CONTINUE

MELANK = (NXDX10 - NITX)/2

IF(NELANK 'WLT. 1) NELANK = 1
NITTX = NELANK + NITX

REWIND 9, .
N1 = NEUANK 4+ 1 S
READN(9,102) (ITTX(I)yI=N1,NITTX)

FORMAT(1X,4A10)
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0OO00O0O000nNn Mo 0000 o000 N0

c
c
c

FRAME = =—- ,

IFCIFD LGE. 1) THEN
CALL NEWFEN(2)- .
CALL PLOT(1.,1,,~3)

- CALL SYMEROL(0.,0.,0.28, 3,0 ,-1)

M CALL qYHBOL(O.,ll.,O.-B,B{0..'1)
CﬁLL SYMBOL(B»»A'O«100~8’v37°0"'1)
. CALL S“WB“L(B.;,II.,O.-B 3;0.p-1)

IF(IFO .GE, 3) THEN _
CALL SY“".BOL(OQ’1;.0,0028’3’00,_1)‘
CﬁLL SYHf‘QL(Oo;-Zo70028y31009"1)
PALL SYME‘SL(8$\J'1..0|~ 8;310., 1)
CALL SYMBU' (805'7230 yOo..e 3 00"1)‘

ENDIF .

CALL FLGT(l.u,-.g,—i)

CALL NEuFEN(l)

ENDIF

AXIS  <--

IF(IFD \GE. 1) CALL AXIS(Q. 0.y TTX,=NITX,ANXI',0 0 XXMIN, XD
IF(IFO LGE. 3) CALL AXIS(O.s12.,1TX,=NITX,ANXI,0.,XXHIN,XI)
XOLD = 1,E49 | | |

RETURN
END

CREKIKN KKK KRR K KKK IR KK

SUER LYAXIS

(R332 22332 3332223333 233320888 88

€  JAN, 27, 1984

c

SURRQUTINE LYﬁXIS(YYMIN YYHAX,NYYU,ITY,NITY)
DIMENSION IT(4) ‘ :
GIMENSION ITY(4),ITTY(7D)

DIMENSION IXY(IOI;?I):YLABL(B)

COMMON /LIXY/ IXY,NX,NY

COMMON /LIT/ NIT,IT

. COMMON /LITY/ NITTY,ITTYL'

' COMMON /LXX/ XMIN,XMAX,NYIi, X[, NXFT

COMMON /LYY/ YMIN,YMAX,NYD, YR, NYFT

. COMMON /LYL/ NYLAERL,YULAEL

COMMON /HOFY/ 1FO,X0OLL, YOL D, ANXD :
DATA IBLANK/® */y ISLOT/'....'/ IFLUS /'++1+ /

NYD = NYYD
ANYD = NYD
YMIN = YYMIN

YMAX = YYMAX

Y-LINE = ===
NYD1 = NYD 4 1

LY




SoMNoonoOonNonNOonNoonn

(9]
[y
oo
r'JP‘" .

!
{
!

NYFT = NYDI*10 + 1
DO 1 I = 1,NYFT

IXY(1,1)
CONTINUE

Y-MARK ~--

Iy =1 - 10

=1

0 21 = 1,NYI
IY = IY + 10
IXY(1,1Y) =

CONTINUE

Y-LABE. ---

NYLAEL = NYIH
Y = YMIN - YI -,
IO 3 1 = 1,NYLAEL

SLOT

IFLUS

Y=Y+ YD
YLARLCI) = Y
CONTINUE
Y-TITLE —--
o 41 =1,71
ITTY(I)> = IRLANK
CONTINUE

YD = (YMAX - YMIN)/NYD

NELANK = (NYDX10 - NITY)/2
IF (NELANK LT,
NITTY = NELANK + NITY

REWIND 9

1) NELANK = 1

WRITE(?,101)CITY(I),I=1,4)

REWIND ¢

N1 = NELANK + 1
READ(9,102) (ITTY(I),I=N1,NITTY)

FORMAT(1X,4A10)

FLOT TITLE.
IF(IFO LGE,
IF(IFQ .GE.

IF(IFD .GE.
IFCIPD .GE,
IF(IFQ .GE.
IF(IFD .GE.,

IF(IFO .GE.
IF¢(IFO  .GE.

IF(IFD .GE.

IF(IFO ,GE,
IFCIFD JGE,
IFCIFQ JGE,

RETURN

FORMAT (1X,40A1)

R
1)

1)
1)
1
2 )

U YOLD = 1.E49

CALL
CaLL

CALL
CALL
CALL
CALL

CALL

CALL
CaLL

CALL

CALL
caLl

SYMECL (1, yANYD41.50.14,1T50.,NIT)
SYMECL (1. ANYD412.41,,0.14,1T,C. NIT)

FLOT(ﬁNXDvO.73)
FLOT(ANXD, ANY1, 2)
FILOTC(O, yANYD, 20
FLOTCO,30.,%)

AXIS (0,04, ITY,NITY,ANYL, 90, , YYMIN, YI)
AXIS (O, ,ANYD,* *,1,ANXT1, 0.y XNIN,XII)
AXIS(ANXIpOuy® *p~1,ANYL, 90, , YYMIN, 1)

AXIS(0.s124,ITY,NITY,ANYD, S0, , YYMIN, YD

AXIS(O.pANYDIH124 4 *,1,ANXD; Oy XMIN, XI)
AXIS(ANXD,12.5°% ¢ ~1,ANYD, 0., YYMIN, YID)
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c “UR LGRID
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C -
C JAN, 27, 1984
c ol
SURRQUTINE LGRID(XGRIL,YGRIDD
DIMENSION IXY(101,71)
COMMON ZLIXY/ IXY,NX,NY
COMMON /LXX/ XMIN,XMAX,NXD, XD, NXFT
COMMON /LYY/ YMIN,YMAX,NYI,YL,NYFT
DATA IDOY/*sees®/
c
C--- X-GRIDI ---
GO = XGRID/XDX10.
GX = 0 "
Do 1 I =1,101
GX = GX 4+ GO
IX = GX + 1.5
IF(IX +GT. NXFT) GO TO
o 3 J = 2,NYFT
IXY(IX,3) = L0T
3 CONTINUE
1 CONTINUE
2 CONTINUE
c A
C--- Y-GRID ---
G = YGRID/YDX10,
GY = 0 _
o411 =1,71
BY = GY + GI
IY = GY + 1.5, : ‘
IFCIY GT. NYFT) GO TC S
0 & J = 2,NXFT
, . IXYC, 1Y) = IDOT
6 CONTINUE
4 CONTINUE
s CONTINUE
c
RETURN
: : END
c : .
‘C*****Ytt#t*****i*t*tx*#t*#r*t*
SUE LFLOT - -

C UFLATEY MAY. 31, 1984
£ ORIGINALXZ JAN. 27, 198
C %

SUEFOUTINE LFLOT(X,Y, IMARK , HMARK , IL INE)

HIMENSION IXY(101,71),ICH(A0)
COMMON /LIXY/ IXY,NX,NY

. COMMON /LXX/ XMIN,XMAY ) NXIy XTI NXET
COMMON /LYY/ YMIN,YMAX,NYI, YL, NYFT.
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COMMON /HCOFY/ IF0,XOLLy, YOLL,ANXD 3

DATA ICH/1H1,1H2,1H3,1H4,1HS,1HA,1H?,1HB,1H9,1HO,
lHﬁpiHEylHCQlHl‘ylHE,IHr'IHGylHH’IHIylHJ,
1HN, 1HL , 1HM, 1HN, 1HO, 1HF , 1HGQ, 1HF, 1HS, 1HT,
IHUy 1HU,1H“,IHXy1HY,1HZ,1H?91H‘y1H"’1H+/

y o+

IX = (X - XMINY/XDX10. + 1.5
IY = (Y - YMINY/YDX10. + 1.5
IFCIX LT, 1Y IX = 1

IF(IX LGT. NXFT) IX = NYFT
JIFCIY LT, 1) 1Y =1

IF(IY .GT. NYFT) IY = NYFT
IXYCIX,1Y) = ICHCIMARK)

IF(IFO LT, 1) GC TO 21 .

IF(X .GT. ¥MAX LOR. X ,LT. XMIN) GO 7O 21

IFCY .GT. YMAX L,0R., Y ,LT. YMIN) GO TO 21

X = (X - YXMIN)/XD

Y = (Y - YMIN)/YD .

DIST = SARTC(XOLD = XIR(XOLIr = X) 4 (YOLLI - Y)XR(YOLD - Y))
IFCDIST LLT. 0.1 .AND. DIST oLT. 0.1 GO TO 11

HIGH = 0.072HMARN

IF(HICH .LT. 0,07) HIGH = 0.07

IFCILINE LT, 1) CALL SYMBOL(X,Y,HIGH,ICH(IMARK),0.,1)
IF(IFO GE. 3) CALL SYMBOL(X,Y412.,HIGH,ICH(IMARK) ,C.41)
XoLD = X

YOLD = ¥

X = XMIN + X*XI

Y = YMIN 4+ YxYL

CONTINUE

RETUKN

END

CRERREN KA RN KF T IR RT N AN S

c

c

c

c

. C---

A T T T e TR T T TR IT
C '
>

© DIMENSION XIN)»Y(N),X1(1000),Y1(1000)

SUE LLINE

MAY. 30, 1984 |
- SURROUTINE LLINE(X,Y,N)
COMMON /LXY/ YMIN,XMAX ,NXI. ¥YQt,NYFT'
_COMMUN /LYY/ YMIN,YMAX,NYD,YD,NYFT "
COMMON ZHUDY, TFU,X0LL, YOLL ,ARY]D

TF(IF0 LT, 1) GO TO 3

LINE -——-

-0 1 I = 1,N

. ¥ = X{I»

oYY = Y(D
IF (XX LY. XMINY XY = ¥YMIN
IFCYY LT, YMIN) YY = YMIN
IF (XX JGT, YMEX) XYY .= XMAX

= YMAX

IFLYY LCT,. YMAX) YY
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X1(1) = XX
Y1(I) =YY
1 CONTINUE
NFF = N + 2
X1 (NF-1) = XMIN
X1(NF) = XD
Y1(NF=-1) = YMIN
: YI(NF) = YD
C CALL LINE(Xi,Y1,N,1,0,0)
3 CONTINUE
RETURN

END

C

CREXXXRRER KX RK00b JOK KRR KKK KK
c "~ SUE" LSYMEO

vCi**tt**tttt*tti#ttttt****#**

C UFDATEZ HAY. 31, 1984
C ORIGINALXZ MAY., 31, 1984

C . :
: SUEKROUTINE LSYMEO(XS,YS,ITTS,NITTS)
: DIMENSION ITTS(4) ‘
c COMMON /LXX/ XMIN,XMAX,NXI, XIt,NXFT"
.C COMMON /LYY/ YMIN,YMAX,NYD, YL NYFT
c COMMON /HCOFY/ IFQ,XOLK, YOLIt, ANXD:
c .
C--- SYMEQL = -=-

X = (XS - XMIN) /XTI

: Y = (YS - YMIN)/YD
c IF(IF0 .GE. 1) CALL SYMIQL(X,Y,0.14, ITTS,O.,NITTC‘
C IFCIFO JGE. 3) CALL SYMEOL(X,Y+12.,0.14,ITTS,0.,NITTS)
c ' : _
' RETURN

END!

c
Ct*t**i*t*iitittt‘iii****¥*l**#
c SUR LIRINT
Cli#‘*#tlt*l*t#‘#*titt#*#**i#**
c

C UFDATEXZ AFR. 13, 1984

- C "ORIGINALXZ JAN. 27, 1984

C X
SURROUTINE LFPRINTCIFAGE)
DIMENSION IXY(101,71)
DIMLNSION IT(4)
DIMUNSION I7TX(60),XLAKL(11) -
DIMENCION ITTY(71),YLALL(®)
‘COMMON /LIXY/ IXY,NX,NY
COMMON /LIT/ NIT,IT
COMMON /LITX/ NITTX,ITTYX
COMMON /LXX/ XMIN,XMAX,NXD, XD, NXFT
LOMMOY ZLXL/ NXLAKL,YLALL
COMMON 7LITYZ NITTY,ITTY
COMMQH 7LYY/ YHIN.YHAX.NYU.YD,NYPT
COMMON /LYL/ NYLAERL,YLARL
COMMON /HOFY.” IFC,XOLL,YOLL, ANXT
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"DATA TELANK/® y

- C

c
C--- FRINT FAGE --- '
-IF (IFAGE -.GE. 1) WRITE(7,100) .
C JIF(IFAGE .GE. 1 JANDI. IFD .GE. 1) CALL FLOT(B.,-3.5,-3)
C IF(IFAGE .LT. 1. ,ANI, IFO .GE. 1) CALL FLOT(8.,-3.,5,-3)
€ . IF(IFAGE .GE. 2 ,AND. IFD .GE. 1) CALL FLOT(0.,0.,95%)
.C '
C--- FRINT TITLE ---
WRITE(7,106)IT
| WRITE(7,105)
C .
C--- FRINT IXY ---
ICOUNT = o0,
ILAEL = 0
D0 1 I = 1,NYFT
K =NYFT - I 4 1
ICOUNT = ICOUNT 4 1 '
IF CICOUNT LEQ., 10) ICOUNT = 0
IFCICOUNT JEQ. 1) ILARL = ILAEL + 1
IFCICOUNT .NE. 1) GO TO 2
IL = NYLAEL - ILAEL + 1
WRITEC?,1010ITTY(I), YLARLCIL)  CIXY(J,K),d=1,NXFT)
2 CONTINUE '
C--- CLEAN IXY ---
c .

[0 4 I = 1,NX
10 4 0 = IQNY .
IXY(I,J) = IERLANN

4 CONTINUE
C

C---  FORMAT ===

100 FOFRMAT(1H1)

101 FOFMAT(IX,AL,1X,F72.2,1>,1C1A1)
102 FORMATC(IX,A1,1X,7Y,1X,101A1)
102 FORMAT(1X,4X,11(F9,2,1X))

104 FORMAT(/,1¥,11X,101A1)

105 FORMAT(//)

106 FOFMAT(12X,10X,4M10)

FETUFN
. ENDy
END OF FILE

-
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This routine is the main program for the simulation.
It calgs all subroutines listed above and the final output
is the tabulated data of the desired time response for a
given input and desired'output(s). This data is used iﬂ the
generation oflthé CALCOMP plots of each response and control

surface deflection.

FROITAM YSIMUCINGUT,QUTHUT DA TALP , LATADUT ,FLOT,TAFT,

4 o TAFE&=CLUTFUT , TANC7=DFTALT , TAPLS=DATALUT)
' . ‘
C 2XZ2 SYSTEM
c _ .
C %%  THIG 1S THD MAIN SIMULATION PROGRAM, THIC s
C »¥ FROGRAM CALLS ALL SURMOUTINIS REGUIRCD IN k3
C ¥% THE SIMULATION FROCLLS, ' *
C »x .
SYTIT2233¢3 2" DIMEWSION  dskddnzdindkndyx
c )
C--—~-- B of 1o SR
. DIMUNSION IFV(10),ICV(10)
c----- LGOL -----

REAL Y(30)

EXTERNAL DERV _ :
DIMOELION XX(SO0) y YY (SO0 ,YYLI(SCO) ) YY L (RO, YYI(S00) ,YY&IS00)
LIMENDION YYS(S00),YY&L500)

c

C--mm=  FLANT  —=---

C " i

: DL MINGTIN UMTIALE) JUMISTET) UM T0A )
LIMENGION UMIDACZ) ,URI2E ()
DIMENGIC VELULACZ Ul el 2y, Uriae ()
DM nCTON UMIIACR) JUMIIIC ) M0
VINLNSION, UNITACD) .
DIFENSION VHI2ACR)

CDIMINSION UNDIACZ)  UNZ2LL(3)

DIFINSION YR22A(3) ,UNZD2LCD)

c . : 4 .

CREmRT Uy mwdenins COMMON SR s¥Kat¥nRRyuyw

C

Common #0117 Claf,01181,C11C
N AR Bd G AR N Baf 0N i B4 ©

[N TR L NN v . “r ey ’
O S A (-.- 0;---'...'.

COMPON 7002/ CooA,Coll,Cutd

COMMIN/DLS/ DLt A, L120, U1, I21E, LIIA, LDk
ffPPuN /K7 FALGFIF1,FIT2,F 2K, F2FL,F2F2
COMMOY /€17 GIN,G1Z1,6322,0322,6124

Cumpin /G217 G "1 Glr:.c PR GIF4, (IS, GIT¢
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c
CUMMON /G2/ G2K,6221,62F1,G2F2,62FX
C '
COMMON /R/ R1,R2
COMMON /C/ C1,C2 ‘
- COMMON /Dv/ D1,D02,001,002
c
C----- DATA -----
C .
CC~MON /UM11/ UM11A,UMI1E,UM11C
C'iMON /UM12/ UM12A,UMI2E
CLHMON /UM21/ UM21A,UM21E,UM21C
COMMON /UM22/ UM22A,VUM22EK,VUM22C
C
CCMMON /UN11/ VUN11A
COMMON /UN12/ UN12A
COMMON /UN21/ UN21A,UN21E
, COMMON /UN22/ UNZ2A,UN22K
c .
C-~~== CASE =~——- '
C
LATA NC/1/
[ATA IRV/2,1,1,1,1,1,4%0/
DATA ICV/3,1,1,1,1,1,4%0/
C .
CCRMNIORKRRKZRRERKX MAIN FROGRAM  ¥:0F 50ROk ¥ ¥k X
c , . .
C-m—-= F(S) =——==
C .
CALL DATA
c ‘
C--~-= F1(8) =—===-
c
C xx .
C %% FRE-FILTER VALUES FOR LOOF ONE *%x
C xx :
c
C Fl".=, 063*063
Fll\ = ,9 ‘
e .
C FlF'l = 20*»7*063
Fi1F1 = ,9 '
c FIF2 = ,63%,62
c
C-~mmm F2(3TY ===~
c
C ¥ ' ,
C x%x FRC-FILTER VALUCS FOR LOOF TWO  xx
C %%
e
¢ FIN = 1,2%1,2
’ FON = ,512
c _
C

F2F1 = 2,%,7%1,2
5

FZF'I = o
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3
k-
% X-

0 coOoOoO00O00

¥ X
ok
X ¥

KaXzXz

KIOKK¥

-

COMFENSATOR VALUES FOR LOOF ONE

G1K = 1,946E+10

Giz1 = 4,
G1Z2 = 4,

G1z23 = 17.
61z4 = S0,
GlF1l = 1800,
G1F2 = 2,25E06
GiF3 = 10,
CiF4 = 10,
G1FS = 83.
GlFé =

100.

32(8) ==t
COMFENSATOR VALUES FOR LOOF TWO

G2K = 2,36E07

G221 = 7.
G2F1 = 192,
G2F2 = 25400,

G2F3

S0.

INFUT R(I) =-=== .

R1 =.30.

R2 = S,

xx

XX

WOKKRFRKKE DATA CHECK Kbk K0ORKORKE K

IF(NC .NE. NC) THEN
pee1=1,3 . '
CWRITE(?,%)/,/,/4*CACE = *,1

WEITE(Z7,%)/47,°M11°,UMLI1AC(]I),UMI1ECT),UMI1C(])

WRITE(Z,X)/,7,"M12°,UMI12A(I)

PUMI2EK(TI)

WEITE(7,%) /57" M21°,UM2IACI) ,UM21ECI) ,UM21CK(T)
WRITEC(74%) /7,7y "M22°,UM2ACT) ,UM22E(T) ,UM22C(I)

WRITE(7,%)/,/,"N11°,UNTIACT)

WRITE(7,%)/,/,°N12" ,UNI2ACI)

WRITEC7,%)/ 4/, N21°*yUNDIAL])

WRITC(7,%)/,/,*N22°,UN22ACIT),
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et 4

CONTINUE

0

URITE(?,X)/./,'FI(S)'./;'GAIN = *,FIK
WRITE(Z,%)/, FOLE %",/4F1F1,/,F1F2

WRITE(7,X%X)7,/,*F2(8)",/,"GAIN = *,F2K
WRITE(Z,%X)/,"FOLE Z°*,/,F2F1,/,F2F2

WRITE(7,%)/,/,"G1(S)*,/,"GAIN = *,G1K .

WRITE(?,%)/,*ZERQ %*,/,6121,/,G122,/,6G123,/,G124

WRITE(Z7,%x)/,°*FOLE %*,/,61F1,/,G1F2,/,G1F3,/,G1F4,
+ /3G1FS,/,GiF6

URITE(? X)/y/y*G2(8)*,/»GAIN = *,/,G2K

WRITE(7,%)/,°ZERO %*,/,G6271

WRITE(7,%)/,"FOLE %Z*,/,62F1,/, GZFZ;/ Gz F1

STOF
ENDIF
C > .
Cxdokiokkkxorkokioky [0 CASES kiR k¥ X
C ' .
oo 16 111 = 1,NC
C .
IR = IRV(III)
IC = ICVU(IID)
c
R1 = 0.
IF¢IR LEQs 1) R1 = 0.
IF(IR .EQ. 2) R2 = 0,
C ' ‘a
C
Ceomme M1l —----
c o .
Cilp = UMLIACID
Cilik = UMILIE(IO)
C11C = VMI1C(IO)
o) : L '
Co=e- M12 -
c .
' Ci12A = UMIZACIC)
C12F = UMI2BR(ID)
C e ML e
C ,
' C21Aa = UM2LIACIC)
-C21RB = UM21IR(TID)
C21C = UM21C(IC)
€ .
Comw== M22 =—=---
',C ! .
: £22A = VHMIZACIC)
C22B = UM2DECIC)
€22C.= UM22CCIC)
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CRXRK KK
C
“C kX

L C XX
C XX
c

- C1

0
bl

Lo2 = 0.

L=
[V
(WY
>
n

-—————

=]
[
3]
>
L]

UN21ACIO)
UN21ER(IC)

UN22ACIC)
UN22E(IC)

=]
[
Jd +J
>
no#

ODOOKKKEKKX INTEGRATION %0000k KKK

SET-UF REQUIRED' VALUES FOR SURROUTINE DEGOL

INITIAL CONDITIO
0 3 :
0.
0.
0.

0.

L]

cz
b1
02
nng =

wioun

[ 1}

1,NE
0.

00 30 1
Y1)

ITERATION  —=ee-
I1 =0

IIXy = 1

KKXY = N/NP )
IF (KKXY LT, 1) KKXY = 1

1O 40 I = 1,N

- - —

SYY(IIDD ’
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40
C

CRRKKX

I1 = I1 4+ ¢
"PRINT 122,11 T0,C1 C2.D1 nny,n2,nn2
XX¢(II) = TO
YY1(II) = 1
YY2(II) = C2
YYZ(IIY = Inl
YY4(II) = oI
YYS(II) = D2
YY&(IIY = D2
IIXY = IIXY + KKXY
ENDIF .
CAaLL DEGOL -—----
FRINT 122,1 T0,C1 »C2, D1, DDi,DZ,DD”
IK = 1

CaLL DEGOL(DERU NE,Y,T0,T1,RE,AE,IN, MAX)
IFCIK +NE. 2) THEN
FRINT X,IN,T0,T1
STOF
ENDIF
TT =71 + H

RAME INFUT %%

+AND, T1 JLLE. 1) R1

IF(IR JEQ. 1 = 30.%T1
IF(IR LEQ. 1 «AND, T1 .G7T. 1) R1 = 20,
IFC(IK +ER., 2 +AND, T1 LLE. 1) R2 = S5,x%T1
IF(IR +EQ. 2 +ANDI, T1 .GT, 1) R2 = S
CONTINUE ‘ '

KOO0 FLOT  R00000000E KKK K
NXY = II S |
FRINT %,NXY

S WRITE (G, 121)NYY

3

WEITE(?7,121)NXY
0 S0 I = 1,NXY

CWRITEC(E,122)1,¥X(1),YY1(I), YY2(I),YY3(I),YYA(I),

)
c
c
C¥ Rk
121

122
c

TALL LPL(NXY,XX,YY1,1)
CALL LFRINT(Z ~

HAXKE FORMAT  RORKOK KKK -
FORMAT (1X,15) ,
FORMATC(IX,19,7(1X,E9,3))

STOF
END

€ KK KO8 KK KKK KK ¥ K KKK KK K KKK R

c

SUR LFL

C********#*****i#*¥**##***#¥**¥¥¥*** 

c
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C

UFDATEZ  AUG. 12, 1984
ORIGINALZ AUG. 12, 1984

o000

SUBROUTINE LPL(N,X,Y,IO)
DIMENSION X(N),Y(N)
DIMENSION IIM(10),ITT(4),ITY(4),ITX(4)

DATA NITT/ 23/,ITT(4)/°FLT CONLD */
DATA NITX/10/,1TX(4)/°TINE (SEC)*/

DATA NITY/S/,ITY(4)/"Y1 s
ODATA IFLOT/0/,ILINE/1/4HMARK/1./

DATA IIM/11,12,13,14,15,146,17,18,19,20/
DATA NX/S/,XMIN/O/,XMAX/10./,XG/2,/
DATA NY/Z4/,YMIN/O./,YMAX/40./,YG/1C./

IF(IC .EQ, 1) THEN

C CALL LFLOTS(101,71,IFLOT)
IFCIFLOT .GE. 1) CALL FACTOR(.S)
CALL LTITLEC(NITT,ITT)
CALL LXAXIS(XMIN,XMAX,NX,ITX,NITX)
CALL LYAXISCYMIN,YMAX,NY,ITY,NITY)
CALL LGRID(XG,YG)

ENLIF

Cmmormem LFLOT —==—-
IMARK = TIMCIC)
0 21 = 1,N
CALL LFLOT(X(I),Y(I), IMARK,HMARK, ILINE)
2 CONTINUE

c
C--—-- LINE -~—=—- :
IF(ILINE .GE., 1 .AND. IFLQT ,GE, 1) THEN
CALL LLINE(ny;N) ) ’
ENLIF
c-
c : '
FETURN
END
C ‘ ' ' .
CRORR KO KKK KKK KK KKK ROR KK K ORI KK K K KK X
c SUEK LFL1
.f#****X***#X**t**#*##x***#*t#***#?**
c.
C UFDATEV AUG, 12, 19€4
» ORICINA' AUG. 2, 71984
QUBROJTINE LELI(N,X,Y, IC)
DIMENSTION XAN),Y(N)
BIHENQION IIM(10>,ITT(4> ITY(4),1TX(4)
C

DHTA NITT/237,1TT(A)/7°FLYT -COND
DATA NITX/10/7,1TX(4)/*TIME (C:C)'/'
DATA NITY/S/,1TY(4)/7°Y2 v/
DATA IFPLOY/0/,ILINE/L/ yHMARK/L ./
DATA IIH./'lv2v3v4v5;6y7p8,°p‘10/
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C

C:.......:..._..

DETA NY/S/,YMIN/OW/,YMAX/4.257/,YG/1.25/

IFCIC JEQ. 1) THEN
CALL LFLOTS(101,71,IFLOT)
CALL LTITLE(NITT,LITT) .
CALL LXAXIS(XMIN,XMAX,NX, ITX,NITX)
CALL LYAXISC(YMIN,YMAX,NY,ITY,NITY)
CALL LGRIL(XG,YG)

ENDIF '

LFLOT  ===—m
IMARE = TIMCIC)

D0 2 I'= 1,N

CALL LPLGT(X(I),Y(I).IHARK;HHﬁRN,ILINE)
CONTINUE

LINE —=-m- '

IFCILINE GE. 1 JANDI, IFLOT .GE. 1) THEN
CALL LLINE(X,Y,N) -

. ENUDIIF

ENI' OF

g

RETURN
ENIY
FILE
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Conclusion
". " . ) K3 a » . B
-This appendix gives a brief overview of the program
and subroutine used in the simulations of the 2Zx2 lateral
| . design. A more detailed explanation of programs and sub-
| routines is contained in Reference 19.
|

“ e
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Appendix H: Simulation Responses for

F.C.'s #1 and #2

Introduction

This appendix contains the simulation responses.
for F.C.'s #1 and #2. The characteristics for each

response are shown in the accompanyinq tables.

Simulation Responses for F.C. #l--

‘Bank Angle Cominand

The respoﬁses for a 30 dégreé s‘ep input bank
angle command are showﬁ in Figures H-1 and H-2 (éomplex
pre-filter roots). The control surface deflections are
shown in Figures H-3 and H-4.  The characteristics for

this F.C. are outliﬂed in Table H-1l.

' TABLE H-1
 BANK ANGLE COMMAND-~F.C. #1

= e : e
Peak Final Rise : * Settling
Value Value “Time Time
4 (deg) " 30.6  30.6 . 5.45 7.35
g (deg) 0.002 . 0.0016 - S
sr (deg) . "0.264 hoded . o u ) - -
8, (deg) . 16.6 . w- *f o -

."'l
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The responses for a 30 degree step input bank

irf' aisle command are shown in Figures H-5 and H-6 (real pre-
filter }oles).. The control surface deflections are shown
in Figures H-7 and H-8 while the response characteristics
are outlined in Table H-2.
TABLE H-2
BANK ANGLE COMMAND--F.C. #1
Peak Final . Rise Settling
Value Value ‘Time Time
2 (deg) 30.0 30.0 3.60 6.10
Z  ideqg) 0.003 - 0.0016 - --
e i (deg) 0.328 -- - --
‘W (deg) 66.0 - - --
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BANK ANGLE

45.00

1

(DEG)
30.00

1

15.00

.00

G0 2.50 5.0 7.50

TIME(SEC)

16.GG

Fig. H-5. Bank Angle Response--F.C. #1 "
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f
()

6.63

-0.01

.03
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: T - Y Y
.GO 2.56_ . 5.60 . 7.5C

TIME(SEC)

10.60

Fig. H-6. Sideslip Response=-F.C. #1
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‘Fig. H-8. Rudder Deflection--F.C. #1
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The responses shown in Figures H-9 through H-12
- are for a 30 degree bank angle command with real pre-
filter .zeros. The command input is'a ramp with a rise

time of 1 second. Table H-3 outlines the characteristics

of the responses.

TABLE H-3

BANK ANGLE COMMAND-~F.C. #1

Peak . Final Rise Settling
Value , Value Time Time
6  (deg) 30.0 30.0 ' 3.48 : 6.60
5 (deg) 0.0025 0.0016 - -
He . (deg) 0.323 - - --
2, (deg) 43.5 - -~ --

-
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O . . !
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,
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- Fig, H~12. . Rudder Deflection--F.C. #1
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Simulation Response for F.C. 32}-

Bank Angle Command

- The responses shown in Figures H-13 and H-14 are

for a 30 degree step input bank angle command (complex-

pre-filter poles). The control surface deflections:are

characteristics of each response.

TABLE H-4

BANK ANGLE COMMAND--F.C. #2

Peak

- shown in Figures H-15 and H-16. Table H-4 outlineé the

-Settling

Final Rise
Value Value Time Time
¢ (deq) 30.6 30.6 4.32 7.35
B (deg) .0.0017 0.0016 ~— -—
§,. (deg) -0.216 -- -- --
Sy (éeg) 15.0 - - -

e
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Fig. H-13. Bank Angle Response--F.C. #2
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| 306




(DEG)
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.GO
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2.5 5.60 7.50 1. 60
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Fig. H-15. Control Wheel Deflection--F.C. #2
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'Fig. H-16. Rudder Deflection=-F.C. #2
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The responses shown in Figures H-17 and H-18 ‘are

for a 30 degree step input bank angl~s command (real pre-

-

filter -poles). The control surface deflections are sh0wn

in Figures H-19 and H-20. Table H-5 outlines the. charac-

teristics of each response.

TABLE H-5

BANK ANGLE COMMAND--F.C. #2

Peak Final . Rise Settling
Value Value Time Time
o} {deg) 30.0 ' 30.0 3.40 6.10"
8 (deq) 0.0017 0.0015 = —- -
&, (ceg) ~0.223 - R --
5, (deg) 53.0 S -- --
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The responses shown in Figures H-29 and H-30 are

degree step input sideslip command (real pre-

filter poies). The control surface deflections are shown

'in Figures H-31 and H-32.

- teristics of each response.

TABLE H-8

SIDESLIP COMMAND---F.C. #1

Table H~-8 outlines the charac-

Peak Final Rise S.ttling
Value Vqlue Time Time
g (deg) 5.0 5.0 4.99 8.85
o -(deg) -0.322 -0.322 -- --
.ér (éeg) '7.?5 : - - -
¢, (deg) 45.7 -- - -

g
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Fig. H-29. Sideslip Response--F.C. #1
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“The responses shown in Figures H-33 and H-34 are
for.a 5 degree sideslip command (real pre-filter pole).
The input is é ramp with a rise time of 1 second. The
control surface deflections are sthn in Figures H-35

and H-36; Table H-9 outlines the characteristics 2f each

response.
TABLE H-9
SIDESLIP COMMAND--F.C. #1

Peak Final Rise Settling

Valiue Value Time Time
2 (deg) 5.0 5.0 5.0 ~ 8.85
¢ (deg) -0.320 -0.320 - --
i (deg) 7.92 -- | - —
¢, (deg) 45.6 -- C-- --

-
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Fig. H-33. Sideslip Response--F.C. #1
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Simulation Responses for F.C. #2--

" Sideslip Ccmmand

jThe responses shown in Figures H-37 and H-38 are

for a 5 degree.step input sideslip command (complex pre-

filter poles). The control surface deflections are shown

teristics of each response.

TABLE H-10

SIDESLIP COMMAND--F.C. #2

‘in Figures H-39 and H-40. Table H-10 outlines the charac-

Peak Final Rise Settling
Value Vvalue Time Time

8 (deg) 5.17 . 4.94 4.86 8.85

6 (deg) -0.337 -0.337 - -- -

§,. (deg) 7.92 - _— _—

-
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The responses shown in Figures H-41 and H-42 are

for a 5 degree step input sideslip command (real pre-

. filter -poles). The control surface deflections are shown

in‘Figures H-43 and H-44. Table H-1l outlines the charac-

teristics of each response.

TABLE H-11

.SIDESLIP COMMAND--F.C. #2
Peak . ' Final Rise Settling
Value Value Time Time

8 (deg) 5.0 5.0 4.95 8.25

s (deq) -0.340 -0.340 - -

'5r (deq) 7.99 S— - --

£, (deg) 48:3 - - -

a
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- The responses shown in Figures H-45 and H-46 are

. for a 5 degree éideslip command. The input is a ramp with

a rise ‘time of 1 second. The éontrol surface deflections

are shown in Figuies H-47 and H-48. Table H-12 cutlines

the characteristics of each response.

TABLE H-12 -

SIDESLIP COMMAND-~F.C. #2

Peak Final Rise Settling

Value Value Time Time

8 (deg) 5.0 ' 5.0 4.0 9.35

¢ (deqg) -0.338 -0,338 ‘ - -

s, (deg) 7.96 -— - -

5,, (deg) 8.1 - - .-
"
N
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Simulation Response for F.C. #i-~

Pitch Angle Command (Rigid Aircraft)

jThe responses for a 1 degree pitch angle command

are shown in Figures H-49 through H-51 and the control

surface deflections are shown in Figures H-52 through

H~54. Table H-13 outlines the characteristics of each
~response. |
TAQLE H-13
PITCH ANGLE COMMAND--F.C. sl
Peak ' Final Rise Settling
Value Value Time " - Time
1.0 . 1.0 4.76 8.45
h -0.0503 -0.6242 -; --
s -0.286 -0.243 -- --
o -0.198  -- -- --
b 16.0 -- - ==
:T 26.4 -~ -- --
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- Simulation Responses for F.C. #2--
‘ iﬁr_ Pitch Angle Command (Rigid Aircraft)

-~ The responses for a 4 degree pitch angle command
are shown in Figures H-55 through H-57 and the control
surface deflections are shown in Figures H-58 through

H-60. Table H-14 outlines the characteristics of_each

response.
TABLE H-14
PITCH ANGLE COMMAND--F.C. #1l
Peak - Final ~ Rise "Settling
Value . Value Time . Time
1.0 1.0 6.1 7.70
) h _ 0.219 ~0.219 . - -
u L -0.450 -0.374 == -—
e 0.802 | L= - -
‘sb ' 16.7 - o - -
“p | 39.1 | - - - : -

-
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Simulation Response for F.C. #1---

Pitch Angle Command (Non-rigid . Al*craft)

_ The responses for a 1 degréé pitch angle command
are shown in Figures H-61 through H-63 and the control
surface deflections are shown in Figures H-64 through

H-66. Table H-15 ontlines the characteristiCS'of each

response.
TABLE H-15"

PITCH ANGLE COMMAND--F.C. #1

Peak " Final - Rise 'Settliﬁg

Value ‘Value " Time ‘ Time
5 - 1.0 1.0 © 5.1 8.4
h' 0.50 0.50 .- : -
1 -0.318 -0.257 - --
. 1.82 -- - -
ée
p 17.2 -- - -
6sb ,

. 29.0 - Y e -

Eop ‘ ' T ,

Sy
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Simulation Responses for F.C. #2--

Pitch Angle Command (Non-rigid Aircraft)

~The responses for a 1 degree pitch angle command
are shown in Figures H-67 through H-69 and the control
surface deflections are shown in Figures H-70 through

H-72. Table H-16 outlines the characteristics of each

response.-
TABLE H-16

‘PTTCH ANGLE COMMAND--F.C. #2

. Peak . Final Rise ”Settiing

Value Value Time Time
0 1.0 1.0 5.2 | 8.4
h ' 0.661 0.661 . —— -
u -0.498 °  -0.425 = -- -
8 2.42 - - -
A | 19.3 - — -
5.1. 45.1 - - - -

*
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Summary

This appendix contains the simulated responses

for both the lateral and longitudinai designs for F.C.'s

2] and #2.

LY
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