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Abstract

A multiple input-multiple output flight control

design, on the KC-135 aircraft is completed using the Quanti-

"tative Feedback Theory (QFT) developed by Dr. Isaac Horowitz,

Weizmann Institute of Science, Rehovot, 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

* 0 two maneuvers over a wide range of the aircraft flight

envelope.

Second, the three degreep-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 remove the rigid body constraint and

a robust control is developed for the non-rigid.aircraft.
Finally, the robust controllers developed for the.,

lateral and longitudinal modes are simulated over a large

range of the aircraft's flight envelope.

The conclusion drawn from the-research is that the

methods developed by Dr. Horowitz are very effective 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 TIHE KC-135 TRAN1SPORT AIRCRAFT

I. Introduction

An aircraft in flight is a nonlinear, multiple

input-multiple output (MIMO) control system. New design

O techniques have been developed which give the design engi-

neer more insight into the design of such MIMO systems.

Two such design techniques, the Dr. Brian Porter technique

and the Dr. Isaac Horowitz technique, have been demon-

- strated to be effective means of designing these MIMO

*: systems.

STwo designs have been demonstrated using the

KC-135 transport aircraft as a model (3; 17), one using

the Porter approach and the other, the Horowitz approach.

Both design methods'have proven-to be effective methods

for the design of robust controllers for MIMO systems.

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

ver in the lateral mode which included two inputs and two

outputs. Sinut there was only one command input, the

"design considered only one column of the set of equivalent

SISO 'systems.
• ". \
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The Porter design approach (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 envelope of'the KC-135 aircraft. 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 flight envelope. Three controllers

were developed, one for each flight condition.

This thesis is an extension of the work completed

on the KC-135 aircraft using the Horowitz design approachi
(3). The design is for similar maneuvers as demonstrated

by the Porter technique (17).

I •' I-i 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 developed by

Dr. Isaac Horowitz to design two robust controllers for

this aircraft. The first design develops a robust'con-

troller to handle two maneuvers in the lateral mode. This

system includes two inputs and two outputs. The second

design develops a robust controller to handle one maneuver

in the longitudinal mode. This design includes three'

inputs and three outputs. Both controllers are designed to

operate over the entire flight envelope of the aircraft.

• 2
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1-2 Scope

- This study examines both a longitudinal and

lateral flight control design-for the KC-135 transport.

The lateral robust 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
F.C. rmach 0.77)

F.C. #3: Approach (sea level at mach 0.21)

The resulting design is compared against compensator band-

width for each flight condition. A qualitative comparison

is also completed between this design and the design com-

pleted by Captain Locken using the Porter design tech-

nique.(17).

1-3 Absumptions

The following assumptions are used to simplify the

design' process (4:21):

1. The aircraft is a rigid body (lateral mode
only).

• .' . • . •3
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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 equilibrium 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 ýsimu-

lations or analyseswill provide realistic responses of

the aircraft motion during each flight maneuver..
0

1-4 Approach

The first step in the approach to this design is

* E. to develop the required lateral equations of motion for

the aircraft, thus developing the required matrix equa-

tions for the three F.C.'s which are to be used for the

p lateral control design.

The second step is to' develop the longitudinal

equations of motion for the-aircraft, thus developing the

* required matrix equations for the three F.C.'s which-are

"to be used for the longitudinal control design.

The third step is to derive a frequency domain

* representation of the desired specifications for each of

the lateral and longitudinal control designs. These speci-.

fications are obtained from the design using the Porter

I technique (17).

4
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The fourth is to apply the Horowitz design tech-

nique to the resulting aircraft matrices. The lateral and

longitudinal robust controllers arethus designed to the

required specifications obtained in step three.

U The fifth step is to simulate the design on a

=- computer-aided design program. The aircraft responses are

- plotted for different control'inputs for each of the three

* flight conditions.

The last step is to compare the design in terms of

"compensator bandwidth against each of the Quantitative

Feedback Technique designs, one for each maneuver. A quali-

tative comparison is made between the Horowitz design

"approach and the Porter design approach, using the work com-

* •. pleted by Captain Locken (i7) and this design.

1-5 Presentation

This thesis is contained in seven chapters.

Chapter II contains an overview of the SISO and MIMO design

technique with an in-depth look at the 3x3 design philoso-

phy. Chapter III describes the basic KC-135 aircraft and

the derived aircraft equations of motion for both the

"lateral and longitudinal modes. Chapter IV covers the.

design of the robust lateral controller for a 2x2 system.

Chapter V outlines the design of the robust longitudinal

controller for a 3x3 system. Chapter VI shows the simula-

tion of the robust controllers designed in the preceeding

S m • .. .. .
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two chapters. Chapter VII draws 'conclusions from this

study and outlines recommendations for future study in

this area.

• E6.
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II. Quantitative Feedback Design Theory

II-1 Introduction

This chapter contains a basic overview of the SISO

and MIMO system designs with emphasis placed on a 3x3 sys-

tem. The SISO system design philosophy is outlined in

detail in Appendix A and the MIMO (2x2) system design is

outlined in Appendix B. Thus the emphasis in this chapter

is placed on the 3x3 design using Dr. Horowitz's technique.

Also the improved technique is discussed.

11-2 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

approach.

The SISO design approach assumes that there are

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

readily accessible and measurable quantities). Thus the

probleln is defined such that there are two elements, F and

G, which are designed 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.

ý7 7



Once the problem is defined; the time domain design

specifications, which describe the upper and lower limits

of the closed loop system for an acceptable response to a

desired input or disturbance, are transformed into the

frequency domain. These specifications generate an upper

and lower bound on the acceptable responses for a desired

input. The last boune required for the SISO design is tho

maximum allowable response of the system to a disturbance

input. This specification is normally defined in the time

domain and thus it must also be transformed to the fre-

quency domain. There is only a maximum or upper bound on

the disturbance response since the only concern in the

design is that the response be below a certain maximum

allo;wable value.

Once the problem is defined and the specifications

are transformed to the frequency domain, the actual design

can now be completed. One of the most important tools in

the, design is the Nichols Chart. The uncertainty in the'

plant is plotted on the Nichols Chart for a given frequency

which generates a template of the uncertainty in the plant

at that particular frequency. This is done over a desired.

range of frequencies, and the resulting templates are then

used in the design of the nominal loop transmis'-ion L0,

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

for the nominal plant. This nominal loop transfer function

* is derived from the use of •these templates (plant

.\



uncertainty) and the upper and lower bound specifications

on the acceptable responses for a desired input. In design-

ing the nominal 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 designed,

then the compensator, G, can be obtained directly from the

nominal loop transmission function (i.e., Lo = GP ). The

last part of the design process is to synthesize the pre-

filter-V, which positions the desired response within the

frequency domain specifications.

The above is a brief description of the SISO design

approach and is not meant to be a comprehensive outline of

the design approach. For a complete understanding of the

design technique refer to Appendix A.

11-3 MIMO Design Tneory (2x2 System)

The MIMO design is accomplished using the SISO

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

be designed which enables the system to track 'a desired

input and to reject.any unwanted disturbance input. For

a 2x2 system, there are two loops which have to be designed.

Thus as the size of the system increases, the, number of

loops increases by a factor of n, where n is the size of

the system (i.e., the number of inputs-outputs). This

appears to be a limiting factor to the size of the system

which can be designed using this technique. However, this

9



is not the case as there are many methods for reducing the

complexity of the system required in the design process

(to be discussed later in this chapter). For a complete

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

11-4 MIMO Design Theory (3x'3 System)

This section is devoted to a 3x3 MIMO system struc-

ture with extension to a general nxn system. Several

methods are discussed of ways to reduce the complexity

required in the 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-filter matrix.

The purpose of G and F is identical to those of the SISO

system. Figure 2-2 shows the 3x3 MIMO structure with G

being diagonal. The general form of the aircraft equations

of motion,,for a 3x3 MIMO system, are of the form:

(aS + b)Y 1 + (cS + d)Y 2 + (eS + f)Y 3

- U 1 + hU2 + iU3  (2-1)

(jS + k)Y 1 + (1S + x) Y2 + (nS + oY3

"iPnp + qU2 + rU0 (2-2)
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(tS + v)Y1 + (wS + x)Y2 + (aaS + bb)Y 3

ccU1 + ddU + eeU (2-3)

1 2 ee. 3

Where a through ee are constant coefficients. Equations

'(2-1) through (2-3) can be written in matrix notation as:

aS + b cS + d eS + f Y, g h i U

jS+ k 1S + m nS + o Y2 p q r U2

ts+ v wS +.x aaSL+b Y•3 i c dd el U

(2-4)

Equation (2-4) is of the form:

_MX=_Nu .(2-5)

where the output matrix M multiplies the ouytput vectory

and the input matrix N multiplies the input vector u.

Equation (2-5) is manipulated to

, Nu (2-6)

where P = M'N (2-7)

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

becomes

X= PU (2-8)

The remaining elements of the 3x3 MIMO system can be repre-

sented in matrix form as:

12



11  12  13

F f f f G G0 g2  0 (2-9)

f[ f f 0 g0

L. 21 22 f33] L [0

In this thesis G is treated as a diagonal matr..x but G can

be a full matrix which gives the designer 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 pln arxP must be invertible. That
is, PJmut exist (i.e., P must not be

* . singular).

r

. 2. As S-_-

m jl11 2.2. 33j. IPllP23P2'I1'J P2131

* K+ JP12P23P31J + iPl3P22F31n IP1P2P3

for all possible plants (10).

The first constraint ensures that the plant is control-

lable. If constraint 2 is not satisfied, then the original

order of the input andwoutput matrices may be changed to

ensure that this constraint isomet. it is to be noted

-that constraint 2 isnot required.for the improved design

method. The only requirement is that the diagonal terms

do not change sign as exi (i.e., q1 , q22  through b

where i sJ).
s

"*2 AN÷
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Effective SISO Loo2s

First define a matrix Q'=P having elements q!

"and a matrix Q=[qij] where qij =/qij. Thus qij are the

n effective transfer functions that are needed for the QFT

technique. Using the above transformation the 3x3 system
2

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

shows the resulting nine effective. SISO loops. Note that

the first subscript on dij, fi and yij refers to the ith

input and the second subscript to the jth output. Since

"qij.=l/q! j, therefore Q can be represented in matrix form as

! ll q2 ql12 13

Q = 21 q2 2  q 2 3  (2-10)

I 31 q32  q33j

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

as:

tij =YiI/r '12-11)
ijJ 1) ii

where r = 1

Therefore the final equations for the nine SISO effective

U , loops are:

f• fl-glqll1 qlldil

11 1+ glqll 1 + lqll 2-12

14.
o . -. ,
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f' fl2 glqll + qlldl12(21a

12 = 1 glqll + glqll .

.- fl3glqll qlldl

1 + 1 3-- ~ (2-12b)
' " 13 1 + glqll 1 +glqll (-1b

21g2 q2 2 d 2 1t 21 91 +1 + (2-12c)

92gq2 q22d22.

= + (2-12d)t22 1 +g2q22 1+ g 2 q 222'

f + q22d23(2-12e)t23=1 + g2q22 1 9+ g 2q 22

f f3193 q33  q 33 d2-31
1q33d31

q + 1 + (2-12f)31 + g3q33  1+ 93q3 3

f 3293 q 33 q 3 3 d 3 2

t2 1 + g 3 q3 3  1 + 1g 3 q 3 3

d1 2 = 3 + 93/q 3 3 (2-12g)

"-.-• 33g9q33 + 33 33:i•.~9 t3,,i+gq3 + A~3 2-12h)

-'•' whe re :

d = -[t2/ + t 3 /q 1 3  (2-13)

d12 22/12 t32/13

d 13 "-. [23/g122 + t33 /q131 (2--13b)"

,. 16



d - (t 11t/q 2 1 + t 3 1 /q 2 31 (2-13c)

d = - [t 1 2 /q 2 1 + t 3 2 /q 2 3 ] (2-13d)

a2" = - [t/q 2 1 + t 3 3 /q 2 3 3 (2-13e)d d23 t1

d 3 1 = - [t 1 11q 3 1 + t 2 1 /q 3 2 ] (2-13f)

d 3 2 = - [t 1 2 /q 3 1 + t 2 2 /q 3 2 ] (2-13g)

d 3 3 = - [t 1 3 /q 3 1 + t 3 3 /q 3 2 ] '(2-13h)

Finally,, the above equations can be written in a general

form for any n2 equivalent single loop feedback structure

(10:680). Thus in general form:

= fijgiqii + dijqii (2-14)• tij 1 + gigi

OFF where: dij =- Tkj/qik andk#j

Equation (2-14) can be expressed as

fijLi + Ldijqii

ti . ' .(2-15)

where ti= giqii

17

, -•,,



"Simplification of the
Single-Loop Structure

The single-loop structure in Figure 2.-.3 has two

components, one due to the input r. (assume r.=l) and one
1

"* due to the disturbance input d.,. Therefore, the control

ratio t.. is the sum of control ratios each involving the

jth input and can be written:

tij jTij +Td. (2-16)
1J

f..L. d..q..
where T = ] " (2-17)

• j 1 + L -3 1 + L

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

" ItijImax occurs at

dItk /qkma (2-18)
•-iijlmax k j kia

Since the relative phases of Tk/qik are not known, the

design process must use the extreme cases:.

A Z .tj~a Z b..
-. £ ltkma = kilb d. (2-19)

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. -
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Performance Tolerances

The performance tolerances are divided into two

separate portions. One set of tolerances for the inter-

acting loop (tracking loop) and a second tolerance for the

Basically Non-Interacting (BNIC) loop (Appendix A). Thus,

- for the BNIC loop it is necessary that:

""ij d+ "d.(J) max I max + ijmax

Smax m

The above equation can be justified since the relative

phase of the two terms (Ti (jw) 'and Td (jw)) are not

known. Then .T i (jw) can be forced to zero by simply select-

ing fij for i=j, to be zero. 'b (jw) is the upper bounds

K for the design specification on the disturbance rejection

(10:681). The performance tolerance for the interacting
S~ loop is:

(W<) (I~jiW) +1)W j(-1
.where'aij and bij are the upper and lower bounds of the

design specifications for the interacting loop. Applying

theabove tolerances to the BNIC loop results in the fol-

loding inequality:

• • I~~i3 l " t ,+ Li I -.

d 9 I
J.i.. I b.i 2- )

'[" [1'9L

• , 9



where for the 3x3 system
•"-

Idiji = lbkj/qj + bkiiqikl k#i

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

lkb/qjk + bki/qi(311l + Lil > k ib ij ik x Iq ii (2-23)

l 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:

f..L. d...
1 -1 i . T • 311 (2-24)

) l+L. d. i. 1+Li

where the- bounds on Td are found exactl a~s outlined

* above and the bounds on T' are determine using the plant

uncertainty (templates) and the given tol rances a and

bi on the interacting loop. It muist be roted that the

* tolerances given by a.ij and bij are for tie bounds on the

entire interacting loop. Therefore, the tolerances must

"be divided between the interacting and BNIC cases. If

* one of the equations of Equation (2-24) i much more

dominant than the other, then the entire ounds can be

dedicated to that particular portion. Th designer is
2
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- cautioned that if one of T or Td dominates-, it must be

-.- -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 technique this correlation between the t s is

I taken into account for the second and subsequent loop

design. This technique is highlighted using a 3x3 MIMO

system as an example.

Assume that loop one is the first loop to be

designed. Therefore the general equation'for these three

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

. •and is given as:

-fijL + dltqll j = 1,2,3 (2-25)tlj 1 + LI1

3
"and Ll "glqli ; dl; kti /

k~i

Using Equation (2-25) the element L1 and fil are designed

" such that t i's are stable and meet the desired tolerances.

* or specifications. With loop one design completed, the

second loop design can now be accomplished. The general

"equations for loop two are obtained using Eauation (2-14)..

* The resulting equation is:
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t f 2jL2 d 2jq22 (2-26)t2j =L 22 j 1 + L2

3

t2 kEi j = 1,2,3

By solving for tij in Equation (2-25) and substituting
1)

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

t f2jL2e + d2e (2-27)t2j = 1 + L 2e

gq2
where L2 222 (2-27a)

2e 1 - y12 "(l+Ll)

qllq 22 (2-27b)! 12 q q~lq2

q (1 + LI)
S22e= (1 + L1) -12 (2-27c)

d L 2--e tj q2lq1

2j =g 2  3j + 1

- fljLl5 1 (2-27d)

q2l (1 + L1)

U using equations (2-27a) through (2-27d) the elements L2 e

and f can be designed to meet the desired tolerances
2j

since L1 and flj are known from the first loop design.
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The final loop is accomplished in a similar manner

as the second loop. design. The resulting equations are:

t 3J 3e _ 3e (2-28a)t3j (1 + L~e
3e

L3e 3 (2-28b)

I 32e q Heg3 (2-28c)

- q 3 3 C (2-28d)q33e"- e-A

'A = Y2 3 (1 + L1 ) + Y1 3 (1 + L 2 )

I Ie - 1(y2 ui + Y1 3u 2 ) (2-28e)

(1= (1 + Lg) (1 + L2 ) - (2-28f)

qu= ;21q - q 3 1 q 2 2
q2 3 q3 1  q3 2 q2 1  (2-28g)

qllq=22 3 q 2 2q 3 3
Y12 q q2 3q3 2  12-28h).

=13 q 1 1 q3 3  (2-28i)

q 1 3 q 3 1

: 23
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fli Llq 3 3 n1 + f 2 iL 2 q 3 3 n 2•Z "d i = - A (2 - 2 8 j )
3i E

n q 22  - (l + L 2)/q (2-28k)
nI =22131

= (1 + Ll)/q 
(2-28L)2 q12q31 3

In Equations (2-28a) through (2-28L) L1 , 'L2 , flj' f2j' are

all known; therefore, the only unknowns are f3i and g3 '

These now constitute single-loop uncertainty problems and

can be designed using the methods outlined in Appendix A.

The required elements are designed to the desi.red tolerances

or specifications. This completes the improved 3x3 MIMO

I fQ design technique. If all loops are designed to meet the

given tolerances, then the desired response from the MIMO

'system is guaranteed.

EquilibriUm and Tradeoffs

Equilibrium exists When it is impossible to reduce

the burden on any Lif without increasing it on some other1

L. (10:683). This simply states that some of the design-J

tolerances may 'be decreased or increased for certain loops

without making it more difficult on other loops. This

results in only one column of the equivalent SISO systems

being dominant. However, after equilibrium is reached,

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

24



another. This involves "tradeoffs" between the different

loops. It should be noted that these tradeoffs, when used,

always make it harder on one loop when reduction,is

"accomplished in another.

11-5 Summary

This chapter describes the design technique used

* "in the design of, single input-single output and multiple

"input-multiple output systems. First, the SISO system

technique is outlined and, second, the technique is

expanded to the MIMO system. Finally, the guidelines for

*O reducing the MIMO system to a simple SISO system problem

is illustrated with a 3x3 design overview with extension

2
-- to any general n MIMO system.:aE
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III. Aircraft Model
4°.

1•I-1 Introduction

The model used in this thesis is the KC-135 trans-

port aircraft. A linear three degree-of-freedom model is

generated for both the lateral ýnd longitudinal modes for

each of the three selected flight conditions (F.C.).

These conditions are selected to represent the aircraft

over a wide range of performance which represent the uncer-

tainty in the plant parameters. This uncertainty is the

variation in the aircraft stability derivatives between

the respective F.C.'s. One robust controller is designed

to operate over a wide range of the aircraft flight

envelope which is represented by the given F.C.'s. The

conditions selected for this design are a high altitude,

high speed cruise at 45,500 feet and Mach 0.77 (745 ft/

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 the basic air-

- craft, sign convention, axis system, and the linearized

equations of motion used in the design for this thesis.

Appendix C also outlines the conversion of the nondimen-

sional stability axis derivatives to the dimensional body

axis and the addition of the first and second body bending

26
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modes for the longitudinal plane which is used in this

thesis.

111-2 Equations of Motion

The aircraft models used in this thesis are devel-

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

is assumed that there is no coupling between the lateral

and longitudinal modes of operation. Thus the six degree-

of-freedom model is reduced to two models'with three

degrees-of-motion. One model for the lateral plane and a

second model for the longitudinal plane.

* The assumptions stated in Chapter I are used in

the development of these models in conjunction with the

following assumptions:
S£,I. o :Po Q0o Ro 0

0 0

2. X= Z= 0

3. U0 = Constant & V = =0
0 ~ 0 0

4. W=Ucaz& W=Ucta
o 0

•. .v= Us a Uo

o 0

The equations of motion developed for the lateral plane

are as follows:

v=-U r + gcos-O+ Y~ + ypP+ U p + Yrr

+ y rr +Yw6W (3-1)
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S= (Ix/xr + LS + Lpp + Lrr
p=( /1 )i r

+ L 6 + Lw 'S3-2)
'Sr r WS w(-2

Sr= Ix/Iz) + N8 + Npp + Nrr

.+ N• 'r + N 6 (3-.3)a rw
r w

. = p. (3,-4)

=r (3-5)

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

bations from, equilibrium are assumed to be small. The

relationship between the sideslip velocity v and the side-

slip angle 8 is given by the following:

,tan $ = (3-6)

0

Since S is small, the small angle approximation is used

and assumed valid for this thesis., Therefore,

o=v (3-6a)
U

- 0F.. 'r and 6w represent displacement 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 Transform yields the following three equations:

2
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(S - Y /U)8 - [(Y /U + a)S + gcos 0 o/Uo]i

+ [1(1 - Y_!U)S]= Yr/U6  r + Y /U 6 (3-7)

2 2-L 8 8 + (S - L pS)4 - [(I xzI xx)S + L Sli

= Lr 6r + L6 6 w (3-8)
wr w

-N 8 8 -. ['xz/Izz)S2 + NplS] + [S - NrS],P

.N ( r N 6 w (3-9)
6r 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:

(S, - Y, PS + Y0,10 - (YrIS)*

r ,W.

+ (S 2  Lp (Lr,

inL"6 ',+ + L6 - w(3.
r wJ2

S-N., - (N ,S)O + (S - NrS)N

N6  r + NS '2
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Equations (3-10) to, (3-12) are the actual equations used

-.in Chapter IV for the design of a robust lateral controller.

The equations developed for the longitudinal plane

are as follows:

ri -gecoseo + XuU + xa + X.q- U0 q

•,+ X 6Se + X t6sb + aXSTST (3-13)•""e sbT

Sw= Uq -gesinO +Zu+ Za + Z a + ZqS0 u a

+ z ee + Z(sb (3-14)

,.-.."q M MUu + M-a + M a + Mqq + M e6 + M s6s (3-15)
u a a q 6M e e 6 sb 5sb (-5

e( q (3-16)

h U(0=-a) (3-17)

w= Uo0 a (3-18)

U ¢(3-19)
0

where 6e tsb' and 6T represent displacement in eievator,

* speed brakes, and thrust respectively. Substituting

"Equations (3-16) to (3-19) into Equations (3-13)'to, (3-15)

".- and taking the Laplace Transform yields- the following

three equations:

30
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X Sh/U -[SX + (X -gcose) e + (S -X) u
aL 0 q a0 U

X e 6 s + +X6 (3-20)
6b e X6sb X 6T -T

(S Z /Ud)(O Sh/Uo) - [S(l + Z qU0 + gsin 180

Z u u/U= [Za 6- + Z 6 sbl/uo (3-21)
U e 6 sb

2(Se -MuU- MC (e -Sh/U) - MqSo

=M 6 + M 6sb (3-22)6 e 6 sbe s

e Using Appendix C, Equations (3-20) to (3-22) are converted

to a primed, notation which now places all coefficients in

the body axis.. Thus, the equation becomes:

(S - Xu)U - [SXq, + (Y-X Xo,]e - Xa hUo

= X6e~e + sbsb + XTT (3-23)

-Zu,u [S(l z,) - (Ze, + Za ,i)] + S(S - Z ,)h/Uo

S= + (3-24)
e .6 sb

7" =6'ee sb~s

Su 2 - M( - M ,)] - (M ,S)h/U
M~U + I + (Me 0

"=MS , e + Ms 6S (3-25)
e sb

"• S
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Equations (3-23) to (3-25),are used in Chapter V for the

design of a robust controller in the longitudinal plane.

111-3 Summary

This chapter outlines the lateral andlongitudinal

ra equations of motion. These equations are used in Chapters

IV .and V for the design of the lateral and longitudinal

controllers. Appendix C gives a basic aircraft descrip-

"4 tion, sign convention, and the conversion of the nondimen-

sional stability axis derivatives to the dimensional body

axis system. Finally, Appendix C develops the first and

6 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 considered for the i;ngitudinal

Scase.

23.
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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

4 angle commands with minimum sideslip). The second maneuver

is a commanded sideslip with minimum bank angle. This

design is completed using the improved design technique

outlined in Chapter III and in Appendix S.

* The qij s are determined using the 2x2 input and

"output matrices which are required in this design. The

specifications are modeled in the time domain and converted

to the frequency domain. Using the above specifications,

the nominal loop transmission, L2o, is designed by the stan-

dard' QFT technique and the required pre-filter, F 2 2 , is

* developed. The improved design technique is used to

synthesize the nominal loop transmission, L1 oand the,
4

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

filter F11 which places the derived response within the

frequercy domain specifications.

33
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IV-2 Input and Output Matrices

.- The required equations of motion developed in

Chapter III are as follows:

-(Yo, + YpS)ý + (S- - XrS, = Y•, 6w + Ya, tar
, - w + r

(4-1)

(.- - L S)o - LB, - -rS = L,, 6w + L , r (4-2)

w r W r

Np,S - N8 8 + (S - Nr,S)i = N6 , 6w + NP, 6r (4-3)Sw r

* Substituting the dimensional body axes coefficients

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

-(.039665S + .04322),o + (S + .0769178 + .99629Sp

S- .000746156w + .0266476r (4-4)

S(2 + .75011S)1 + 4.44998 - .24613S,

.36331036w + .6186466r (4-5)

2.012277Sp - 1.425978 + (S + .15052S)1

= .0207756w - 1.016536r (4-6)

The resulting, equations for F.C.'s #2 and #3 are included

in Appendix E.

* Equations (4-4) to (4-6) have two inputs and three

outputs. This design technique requires that the number

of inputs be equal to the number of outputs. Thus, one of

the outputs'mu-t be. eliminated from these equations. The

34
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desired outputs are bank angle 4 and sideslip 0; therefore,

the output ' is mathematically eliminated from the equa-

tions. This is accomplished by solving for P in Equation

(4-4) and substituting this into Equations (4-5) and (4-6).

'Therefore, solving for P in Equation (4-4) yields:

.- = l / s [. 0 3 9 8 1 S + . 0 4 3 3 8 ) ¢ - (S + . 0 7 7 2 )

.- 00749 6 w + .026756Sr] (4-7)

Substituting Equations (4-7) into (4-5) and (4-6)

* yields the desired two input-two output model,. These

equations are:
2

(S2 + .74628S - .010714) ¢ (.24789S + 4.46897) 8

- .363103 6 w + .61846 6 r (4-8)

S:: (.039665S 2  + .06142S+ .0065) 1 - (S2  + .227437S +'1.43226)a
( 1.00074615S + .207051)6w - (.026647S + .909021) 1r

(4-9)

Equations (4-8) and (4-9) no longer explicitly

represent the rol'ling and yawing movements of the aircraft
I.

0 since sideforces are now included in'each equation'. How-

e * ver, the mathematical representation of the aircraft in

"flight is retained.

S, As outlined in Appendix B, input and output

. vectors are defined respectively as:

°. rg..6,=and 
Y Its

35
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Also define an input matrix N which premultiplies

"-" the input vector and an output matrix M which premultiplies

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

can be represented in matrix form as:

( 1+.74028S-.010714) (.24789S+4.46897)

.2 2
(:.039665S +.06142S+.0065) (S +.227437S+1-43226)j

V.363103S .618646 1 F (-10

(.0074615S+.207051) -(.026647S-.909021) i (

* Representing Equation (4-10) in general terms

Let P = MN-I

Sand P 1 =N-M =

The first constraint on the system is that the

inverse of P exists. Since the inverse of N exists (i.e.,

N is non-singular), then' the inverse of P exists. Like-

wise, the inverse of M exists; therefore P is non-singular.

- is computed using a computer program and the

resulting q!j s are obtained. The qij s required in the1) 1

design process are: qij s = 1/q'ijIs

The resulting qij s for each of the flight condi-

tions are as follows:
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"Flight Condition #1:

.3906 (S + 45.19)qll S - .00732) (S + .7675) (S + 35.02) (4-11)

= -. 01656 (S + 45.19)
12 (S + 2.114) (S - 2.44.2) (4-12)

i

" 21= 13.64 (S + 45.19)

(S - .03275) (S + .7104) (S + 258.2) (4-13)
U

= .0279 (S + 45.19)
(S + .1884 t j 1.983) (4-14)

* Flight Condition #2:

.4897 (S + 44.36) (4-15)

qll = (S - .01033) (S + .9217) (S + 46.40)

q = -. 01333 (S + 44.36) (4-16)
(S + 2.219) (,S + 2.590)

( 17.49 (S + 44.36)
21 (S + .4450) (S.- 1.152) (S + 11.09)

"q 2.0280. (S + 44.36)
(S + .1480 t j 1.485) (4-18)

"Flight Condition #3:

ql .4006 (S + 11.36) (4-19)
= (S + .07322)(S + 1.026 t j 1.494)

".4503 (S + 11.36) ....... -q q12 (S + .05108 t j .6652) (4-20)
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q (S - 6.318 (S + 11.36)

q2 1  (S .1196) (S + 1.049) (S + 181.6) (4-21)

.04033 (S + 11.36)
22 (S'+ .6041 t j 1.789) (4-22)

The second constraint on the system is:

IP11  P 2 2 1 > IP21,p121 as S÷-+

I
or P2 1 pI 2  <1

Pll P 2 2

and equivalent

S, l q 22

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 Systems

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

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

tems are shown in Figure 4-1.

38
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21 22

• • T.1 _7;

Fig. 4-1. Effective SISO Systems

-In this design the command inputs, r 1 and r 2 are:

r (Bank angle command) = 30; r 2 (Sideslip,angle command)

-5. It is desired that the outputs Y1 l and Y track the

inputs rI and r 2 respectively and the outputs Y12 and Y

responses due to r 2 and r1 respectively be ideally zero.

* , Thus the next step in, the design is to model 'the desired

responses that are considered acceptable for the system for

any given, input.

IV-4 Response Models

The response models used in this thesis are devel-

oped from Reference 17 which demonstrated identical maneu-

* vers for the Porter design technique. However, it is not

-. required that such specification be available. For example,,

the user will specify an acceptable range of response or

specification which is desired from the system. These

39
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specifications are normally in the form of t5 , Ts, Mp,

(U • Tp, etc. These specifications are modeled in the time

"domain and then transformed to the frequency domain.

"The specifications used in the design of this

a 'thesis are as follows:

* 1. Bank Angle Command:

TU -Optimal settling time, ts, of 4 seconds

fi (i.e., ts, is + 2% of final value).

TL - Worst acceptable case is a settling time,

t , of 10 seconds., S

*O TD The acceptable or worst case for sideslip

during the coordinated turn maneuver is

a peak value, Mp, of 1 which settles to

'U *. •zero in approximately 10 seconds.

2. Sideslip Angle Command:

T - Optimal settling time, ts, of 8 seconds.
U

TL - Worst acceptable case is a settling time,

t , of 15 seconds.

T D- The acceptable or worst case for bank

0 angle • during the sideslip maneuver is

a peak value, M of 1 which settles to

zero in approximately 20 seconds.

* The time domain specification models are included in

Appendix E.
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IV-5 Loop Two Design

The selection of which loop to design first is

entirely up to 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 improved design

technique. This reduces the overdesign inherent in the

4 design technique. 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 first is for the system

to track a given input (i.e., r 2 ) and the second is to

reject the unwanted output Y2 1 due to the bank angle

command; i.e., for Y2 1 to be ideally zero.

The SISO systems used in this design are shown in

Figure 4-2. d d
Ii21, 22

I-r 1 01 i y21 r 2 o2. Iy22
21i 92 q q22 fg2 2 q 22

"(a) (b)

* Fig. 4-2. Loop 2 S1so Systems

. Since it is desired to have Y2 1 approach zero

(Figure 4-2a), the pre-filter f21 can be selected to equal

zero. Therefore, this loop now becomes a BNIC (Appendix A).
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2
1

Y21
g 2  .q 2 2

/ 
-1

The equation for the BNIC loop is given as:

_q_22_d__21 (4-23)
St2 1 + q2292

where d 2 1  = -llq21

Therefore t Eq2221] l t1l (4-24)
21 = 1 + L 2

where L 2 = g2 q 2 2

It is desired that the magnitude of t21 be below

some acceptable maximum (i.e., the bound TD = b2 1) and

that the worst case for tll is the maximum allowable

response (i.e., the bcund tu=b Therefore, Equation

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

Iq221

Iq 211hll
Therefore jl + L1 q221fb 1  (4-26)
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Equation (4-26) is used in the design to determine the

required bounds on the nominal loop transmission, L2o'

for the BNIC loop.

The second equation of interest is derived from

Figure 4-2b. This equation is:

t f 2 2 g 2q 2 2 + d 2 2 (4-27)

t22 1 + g 2 q 2 2

where d =(-t1*q q

22 f2 22 2

f 22L2 ti2_q_22
Therefore 22 1+ L2  q 2 1 (1 L2 ) (4-28)

"Since there are two inputs, a commanded input and

a disturbance input, the bounds on t 2 2 must be broken into

two parts.

Therefore t = T22 + T (4-29)

Figure 4-3 illustrates the use of Equation (4-29).

10

*db 0

-10

-20

4-30 T L22TI

-40 '22

-50

"-60 22.

SFig. 4-3. Upper. and Lower Bound Specifications
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The relative weighting placed on T22 and Tdd can

22
C •- be determined from the following equations.

f L22 2
.2 = I +2 (4-30)

2

il-. - 12 q-22
and Td = (4-31)

'- 22 q2 1 (1 + L2)

If, for example, Equation (4-31) has a much smaller magni-

tude than Equation (4-30), then the entire bound on

can be used for Equation (4-30). However,' if this is not

* the case, the designer must select the ratio of T22 to

Tdd22"

Since f is to be designed, there is no uncer-22

- E •)tainty in the pre-filter. Thus, for the design of loop

two (Figure 4-2b) set f 2 2 equal to one (note: this is for

"design purposes only).

L2
Therefore' t 2 2 = (4-32)22 1 + L 2

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

design of the nominal loop transmission for loop two.

The design process is illustrated for 'determining

"the bounds on L at one particular frequency.

44
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BNIC Loop

SThe 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.

.-21

-11

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

The design equation for this loop is given as:

"+ +L 2  >Iq 2 2 1b1 1b
S+. L2 1> b2 1  q2 1 (4-33)

Where b1l and b2 1 are the upper bounds or specifications

on the two responses. The .magnitudes only are required

for the above inequality for determining the bounds on L20.

Thus this equation can be redefined using log magnitudes

as

,9 Lm (1 + L2 ) = Lm (q2 2 ) + Lm - Lm (q 2 1 ,

"- Lm (b 2 1) (4-34),

* To ensure positive phase and gain margin the universal

high frequency bound is selected to be the -3db contour

line on the, inverted'Nichols Chart .as outlined in Appendix A.

. ' . Thua the design requires ,that - -.
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Lm (1 + L2 ) > -3db

SThe magnitudes of the q2 2 's for each of the three flight

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

L2 0 , flight condition #3 is selected as the nominal plant.

The nominal loop transmission is defined as
Ii.".

• ~~-g 2 q2 2 q2 2 o 4-5g2 q2 oq

FREQUENCY RESPONSE - G22S - F.C. -1. *2. -3

01

bL q

hereforeOENCY"RRo/Sr ri

design is for the nominal loop tr nsmission., L2 o and not

S~~for L.._

Thus Lm(L Lm(L 2 ) + Lm(q 2 2 o) (4-36)
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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

ELEMENT FOR DESIGN EQUATION AT w=O.l RAD/SEC

Element F.C. #1 F.C. #2 F.C. #3

4b ill -0.05 -0.05 -0.05

lb211 -34.2 -34.2 -34.2

I q22ol -17.8 -17.8 -17.8

Iq q2 1 1 30.0 42.46 7.63

Iq22 1 -9.87 -5.03 -17.8

Note: F.C. = Flight Condition.

For each of the three F.C. the bounds on Lm(I + L21

are determined using Equation (4-33). These bounds are:

F.C. #1: Lm (1 + L2) =-5.72db

F.C. #2:. Lm (1 + L2 ) ff-13.34db

F.C. #3: Lm (1 + L2),= 8.72db

On the inverted Nichols Chart the Lm (I + L2 ) isS.2

given by the contour lines and Lm (L2 ) can be obtained

from the vertical scale of the Nichols Chart.

Converting the loop transmission to nominal loop

transmission requires that the contour of Lm (i + L2 )

!.must be translated up or down the Nichols Chart the

.47 .
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required amount given by Equation (4-35). For example,

F.C. #1 requires that

Lm (1 + L2 ) > -5.72db

Now Lm, = Lm (L + Lm (q -Lmr 2oL2 q22o) Lmq22)

And for this example, the variation in Lm (L2 ) is approxi-

"" mately -6.2db to 3db. The maximum magnitude is selected

to determine the allowable magnitude of 12o.

Thus Lm (L 2 ) = 3db - 17.8db + 9.87db = -4.92db

Therefore, Lm (1 + L2o) > -10.64db which means that, for

F.C. #1, the nominal loop transmission must be on or above

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

* remaining two flight conditions. The dominant bounds for

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

Lm (1 + L2 O) > 8.72db

Tracking Loop

The next step in the design is to determine the

required bound on the tracking loop. This loop is shown in

Figure 4-6. There are two inputs for this loop. The

* command input, r 2 , and a disturbance input, d 2 2 . The dis-

turbance input being the interaction of loop one with loop

two. The equivalent SISO systems for this portion of the

* design are given in Figure 4-7.
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a222

r1r2 f ... tq" Y22
f2 2  g 2 . 1 22

- Fig. 4-6. SISO System - L2 - Tracking

-I __ ld22

r2.. e. , Y22 q 'Y22

922 g2  q2 2  92  22
o* -1 -1

(a) (b)

Fig. 4-7. Effective Loops--Tracking

Equation (4-31) is used in the determination of

the-bounds required for'Figure '4-7 (b). Dividing top and

i bottom' of' Equation (4-31) by q2 2 0 and rearranging yields

'the'following design equation:',

1 x q "22  (437)

T d L (q 2 2 /q 2 2 o 1

The, magnitude of T can now be determined using Equation,

(4-37) and Table 4-2.

nr

ro
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TABLE 4-2

I •-ELEMENTS FOR DESIGN EQUATION AT w=0.1 RAD/SEC

Element F.C. #1 F.C. #2 F.C. #3

lb 1 -23.11 -23.11 -23.11
12

la221 -0.5025 -0.5025 -0.5025

lb 21 -0.2208. -0.2208 -0.2208

|Iq22 1 -9.87 -5.03 -17.8

Iq 21 1 30.0 42.46 7.63

Iq22 oI -17.8 -17.8 -17.8

22

The magnitude 11/1 + L2 I is the required bound

on the BNIC loop. Thus to determine the magnitude of

1+ L 2 oq 2 21q 2 2  L2 o must be adjusted by the amount given

by the magnitude of q 2 2 /q 2 2 o. Therefore, the bounds on

Ed22 are as follows:,

222 SF.C. #1: -d2 - 79.63db

F.C. #2: Td2 - '92.12db

F.C. #3: d > - 57.26db
22

The above bounds on Td are considered small.

Therefore, the entire bounds can be devoted to the T22

22/
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term in Equation (4-29). For w = 0.1 radians/second,

r ~these bounds are given by

Lm (b 2 2) -Lm (a 2 2 ) = 0.282db

* Now determine if the bounds on the BNIC loop satisfy

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

It 221max minus It 2 2 1min. The template of q22 (the uncer-

* tainty in 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 q22

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)

* UiI 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

S�w = 0.1 rid/sec. Thisbound is generated by using the

template Df q2 2 as outlined in Appendix A. The templates,

of q2 2 fo each of the frequencies of'interest are included

ill Appendix E.

T is process is repeated every octave over the

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

is to be ioted, as shown in Figure 4-8, that for certain

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

dominates for a portion of the bound on L 2o and the track-,

ing loop lominates for the remaining portion. Thus, the
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40

Tracking LoopS, Bound

S=I 20

UHDFBound
3db 'ontour W = .1 rad/sec

BNIC Bound 0.0 db

-20

-40

-- 60
-300 -240 -180 -120 -60 0.0

S Deg

Fig. 4-8. Bounds on L for w = .1 Radians/Sec.
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composite of the two bounds must be used to form the

bounds on the nominal loop transmission, L2o. At and

above w = 1 rad/sec the BNIC loop generates the dominant

bounds on .L 2o* 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 shown in

4 Figure 4-9. This completes the determination of the

bounds on L2 o.

Shaping the Nominal

Loop Transmission, L2o

The shaping of the nominal loop transmission is a

crucial step in the design process. The designer must

C ensure that, for each frequency, the nominal loop tranc-

mission is on or above the bound at that given frequency.

It~is important that, for'each bound, the nominal loop

transmission falls a's close as possible' to the bound for

each frequency. As-the nominal loop is shaped care must,

be taken to guarantee that L2o' does not penetrate the UHF

* bounds which ensure positive phase and, gain margin. The

resulting L2o as shown in Figure 4-9 is as follows:

5
L ( (9.523)10 (s + -7) (s + 11.36)

2o (s + .6041 ± jl.789) (s + 50) (s + 96 ± j128)
(4-38)

.and using the relationship

2o g 2 q 2 2 o
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3 b Contorr 1I0 rac:/sec-.,d
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-40

S. .- 60
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Fig. 4-9. Bounds and Nominal Loop Transmission,. L
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* the corresponding compensator g2 is

(2. 361)10 (s +'7)
9g2 = (s + 50) (s + 96 j128) (4-39)

SThe magnitude and phase of L2o is shown in Figure 4-10.

t"ACRITUDE AND P4IASE - CCP 1q'4SMI!SSICN -L2C

Ilk*u -1

UO

Fig. 4-10. Magnitude and Phase of Nominal

IV

Loop Transmission of Loop Two

Pre-Filter Design F 22

The design of.loop one using the improved design

technique requires that the pre-filter f2 be known.

[[Therefore, f2 is determined using the approach •stated in

Appendix A. The resulting pre-filter that places the

Qa

•desired response within the frequency domain specifica"

"' ~~~tions is derived from Figure 4'-i1 and is:.....•
0.512(4 4

F22' (s + .512) (s + 1) (-0
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Fig. 4-11. Required Bounds on Pre-Filter f22

IV-6 Loop One Design

C I This loop is designed using the improved design

technique; that is, the elements designed in loop two are

now used in the design of loop one. The equation required

in the design of loop one is briefly highlighted. "'As in

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

r 0 dll r. 1

i'f 11 l9 qll1 f 12 g 1L qll

(a) .(b)

Fig. 4-12., Effective SISO System for Loop One

65.
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It is .required that the sideslip response, due to the

commanded bank angle, be ideally zero. Therefore, the

pre-filter f 1 2 ,in Figure 4-12b can be set equal to zero

resulting in the SISO system:

cd12""g 1 2.[9 g qll1

-1

Equation (4-41) developed from the above diagram is

d12 qll 1- 1
t12 = 1 +q (4-41)

where L= glqll and d =1 - t22/q12

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

given as:

f 11lLI1 dllqll1

t1 1., 1+ L + 1+ LI (4-42)

- where d li = -t21/l2

Using the design developed for loop two, the ele-'

. ments which are known are now substituted into Equations

(4-41) and (4-42) (i.e., the equations for t 2 1 and t22).

The resulting equations can be manipulated into the follow-

. ing form (111:02),

'5.7



"1. For the tracking loop:

f L
11 ile '(4-42a)tl 11 1 +L e

le

where Lle = glqlle (4-42b)

"-i qll(I + L2
and qlle I + L 2  (4-42c)

I2
qland 2 (4-42d), q12q21

f

2. For the BNIC loop:

1dl2e (4-42e)
12 =1 + Lle

S0)'where Lie is given in Equation (4-29a) and

f 2 2 L 2 qll
d = ( (4-42f)
12e q 1 2  + L

where y is given in Equation (4-42d). The design of Lloe

can now be accomplished as a simple single loop problem

where qlloe is the nominal plant transfer function.'

Therefore, the required design equations to be used in

this design are given in Equations (4-43) and (4-44). The
I

required tracking loop design equation is:

Ble
1 + L (4-43) -•

r4

5 5_9
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-. since fll is to be designed and is considered to have no

uncertainty. The required BNIC .oop equation is:

1+ LeI> Idl 2 eI (4-44)

re Ib12 I

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

not for Lle. Therefore, Lioe is given as:
le'eqloe

Ll e 'q o (4-45)
Lie - 1q 110

0 The equivalent q 's for each of the three flight

conditions are as follows:

F.C. #1:

___-___.3726(s + 12.76 _ j4.644) (s + 56.45)
qle= (s - .00712) (s + 8.476 ± j6.512) (s + 65.21) (Cs + .7681)

SF.C . #2:

q .4625(s + 57.43)
le =(s- .01005) (s + .9221) (s + ,54.46)

F.C. #3:

.3791(s + 4.53 ± j4.51)
q =le (s + .06889)(s + .7536 ± jil.665) (s + 3.24)

The magnitude response for each of the equivalent

" qe sis given in Figure 4-13.

,59

--- " . . . . 5 9 .. ..



FREQUENCY RESPONSE - HtE'S - F.C at. -2. 4 -3

PU

L.J!

g~ ~ ~ ~ c i i C C

0 Fig. 4-13. Magnitude vs Frequency of Equivalent q le'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 par-

* ticular frequency, it is checked against the required

bound for the tracking loop (i.e., use of the templates

which represent the uncertainty in the plant). If the

bQund on BNYC loop does not satisfy' the bound on the track-

ing loop; then the bound on the tracking loop is used in

L the determination of the nominal loop-transmission.df

t AS an example, the detemnination of the bound for

w= 1 rad/sec is illustrated. Using design Equation (4-44)

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

tion is:SIdi2el

11 + ie I lb

S[ *\60



From Table 4-3 the bound on 1i + Llei is determined.

TABLE 4-3

ELEMENTS FOR DESIGN EQUATION AT w = 1 RAD/SEC

Element F.C. #1 F.C. #2 F.C. #3

qlle -7.67 -8.91 4.29

I qlloel -8.91 -8.91 -8.91

Idl2eI -0.675 0.827 -6.77

I b 12 1 -11.76 -11.76 -11.76

The resulting bounds for each of the three flight condi-

tions are:

SF.C. #1: 11 + LleI > 12.35db

F.C; #2: 11 + LleI > 12.59db

F.C. #3: H. + L1e > 4.99db

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

0 sion is required. Flight Condition #2 is selected 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 loe by

L L le qlop
Loe = qlle

e61:



Thus, using the above relationship, the dominant

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

ji + Lioe1 > 18.19db

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., b1 l - all) and as can be seen from Figure

4-14 the bound on the BNIC loop also satisfies the required

bound on the tracking loop. At and above w = 4 rad/sed

0 the bound on the BNIC loop becomes the -3db UHF contour.

Therefore, at and above this frequency, the only concern

is that the template of qlle over the entire frequency

Srange of interest (i.e., w = 4 rad/sec to 500 rad/sec),

does not penetrate the 3db UHF bound. Thus, these tem-

plates generate bounds for each particular frequency as
shown in Figure 4-15. The templates of qlle for each of

the frequencies of interest are included in Appendix E.

Shaping the Nominal'

' Loop Transmission,, L1 e

The nominal loop transmission is shaped in the

same manner as for L2o . The resulting nominal loop trans-

* mission is shown in Figure 4-14.
192

(9)10 (s + 4)2 (s + 17).(s + 50) (s + 57.43)
L 12se (s - 0.01005) (s + .9921) (s + 10)+(s + 54.46) (s + 83)

x(s + 100)(s + 900 ± j120.0)

S~62
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Fig. 4-14. Bounds' on Lloe
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* Fig. 4-15. Magnitude and Phase of
Nominal Loop Transmission for Loop One

and using the relationship

Lloe =glqlloe

* The corresponding compensator g, is

(1.946)10 (s + 4 )2 (s - 17) (s - 50)
g 1 2(s + 10) (r + 83)(s + 100)(s +.900 ± j1200)

The magnitude and phase of Lloe is shown in Figure 4-15.

Pre-Filter Design F1 1

The -design of the 'pre-filter is accomplished in,

the same manner as for the pre-filter f 2 2 . .-The required

bounds of f are shown in Figure 4-16. The resulting
11

pre-filter is:

6-1
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Fig. 4-16. Bounds on Pre-Filter F11

0.9
11 (s + 0.9) (s + 1)

This pre-filter now positions the desired response within

.the given frequency tolerances.

This concludes the design of the robust'lateral

controzller for the sideslip and coordinated turn maneuvers

IV-7 Summary

This chapter illustrates the method used in the

development of the required 2x2 MIMO system by mathe-

matically eliminating the yaw angle output from the model

This 2x2 MIMO system is then used to shcw the design

"methodology in'developing the required elements, g 1  g2 P
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filand f 22 ' used to develop a controller which is capable

of operating over the three flight conditions selected fur

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-I. introduction

This chapter contains the design of a robust longi-

tudinal controller for the KC-135 aircraft. Thkie three-

degrees-of-freedom model developed in Chapter 211 is used

in the design to perform one maneuver. Thi:. is a commanded

pitch pointing maneuver. For this maneuver. a io :-degree

pitch angle is commanded with minimum charge in altitude

h, and horizontal velocity u. Ideally, che outputs wanted

for h and u respectively are zero. The design of the longi-

tudinal controller iE completed :inj the improved design

technique outlined i , Chapter :1I.

The qij's are det:ini ,ea using the 3x3 input and

output matrices which ire requirec in 1-his designi. The

specifications are ricd-led in the time. domaiZn and con-

verted to the frequency domain, 1.o.- t.-ese specifications,

the nominal loop. transmission L i3 dsigned. The second

loop designed is loop 1 and the nominal loop transmission

LAO is obtained using the unimproved design technique.

The last loop designed is loop two and the required nominal,

loop .transmission L is obtained using the improved design
20

approach. The first-part of this design is accomplished

using the equations for the rigid aircraft. The second

6
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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 for the qij 's derived from the

numerical analysis program. Also outlined in Appendix F

are the required models for F.C. 's #2, #3 and the time

domain speci'fication models required in this design., The

numerical analysis program and required subroutines are

included in Reference 19.

V-2 Input and Output Matrices

The equations of motion required in this design

are developed in Chapter III. The required equations are:

(X IS)h - X 'xS + (X - X )] + (S - X U

U U I U
0q

= x_ + x. (5-,1)
e e sb b -T T

-S(S - Z ,h)
S+ [S_ _ - Z - (Z'; + Z ,)1ý - Iu,;U qe

Z, + Z (5-2)
=Z e "sbe sb

(M ,S)h 2 ,U [ - M q S - (M•. + M ,)9 -MuU

____ M + i M

UO ~q

= 0e + M ; •sb (5-3)
8sb
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Substituting the primed body axis coefficients listed in

Appendix C for F.C. #1 into Equations (5-1) to (5-3) and

writing in 'matrix form yields:

.0411S .53477S- .02669 S+ .0029646 h'
2I

-. 07691S - .0417S .007034S + .54404 .004883 0K- I
21507S S2 + .7537S+ 2.79589 -. 010529 u

.011617 -. 082712 .0495 1
-. 021319 .031962 0 S sb (5-4)

-1.64897 .173339 0 TI

The resulting equations for F.C.'s #2 and #3 are included

in Appendix F.

Equation (5-4) is in the general form

Y = N6

where P M N

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 exists; therefore, P is non-

singular.
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Q' Is computed using a numerical anallsis program

(Reference 19) and the resulting magnitude and phase of qi.

are obtained. The qj 's required in the design process

are: qij = 1!q!.. Therefore, the inverse of the q'Ij's

are obtained. The resulting qj'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 #1.:

-3.673
ql 1= S(S + 0.0271)

-2.253887
q22 = (S + 6. 359) (S - 6. 147)

0.0498
q33 - (S + 0.01663)

Flight Condition #2:

-2.71289
qi, = S(S + .175125)

-2.36022
q22= (S ÷ 6.545) (S -, 6.4353)

0.034
q 3 3  (S + 0.01846)

Flight Condition #3

- -2.40529
1 S(S + 0.051)
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-1.49166
q 2 2  (S + 4.385) (S - 4.1163)

q 33 0.126802
(S + 0.0854)

For this design the improved design technique is

used. Therefore, the second constraint on the system is

that, as S- ql1, q 2 2 and q 3 3 do not change sign. This

constraint is met for the above functions.

V-3 Effective SISOSystems

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

f .L. + d ijqiit =. 13 1. (5-5)
+ L.

where Li = giqii

and d - tkj/qii 'for k # i
k

For this aesign the command inputs r1 and r 3 are

zero. The command input r 2 (pitch angle) is 4 degrees.

It is desired that for the given input, r 2 , the output

Y tracks the input and the outputs Yi 2 and Y3 2 be

ideally zero.
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d1  d dd1
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rlY 2 1 g2 r2 - 22 • g2 -q 2 2 | Y22 r 3  g2  1 2 3C)-1q11 1-21 ~ 1 -11 3

dd 22d'

31 32, 33

13 21 13 3 fq 3

1 31  g3  q33  31 r f3 2  gJ3  333  y93 ~ 33

Fig. 5-1. Effective SISO Systems for 3x3 MIMO Problem
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V-4 Response Models

The response models for this design are developed

from Reference 17. In this reference an identical maneuver

was designed and demonstrated using the Porter design tech-

nique. The specifications selected for this design are as

follows:

Pitch angle command (pitch pointing maneuver):

T -- optimal settling time, ts, of 6 seconds

(i.e., ts is ±2 percent of final value).

TL -- worst acceptable case is a settling time,

t s of 10 seconds.

TD the acceptable or worst case for the out-

puts h and u (Y3 2 YX1 2) is a peak value,

Mp, of 0.5 and 1.0 respectively and they

approach zero in approximately 10 seconds.

The above time domain-spicification models are included in

Appendix F.

V-5 Loop Three Design

The design of loop three, is selected to be designed

first since it has the smallest amount ot uncertainty.

Also, loop three is a BNIC loop which simplifies the

design process since the only requirement on this loop is

that the output Y32 be below a certain allowable maximum,

TD, for the given input r 2 .
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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 r1 and r 3 are zero and the pre-filter f 3 2 is

selected to be zero. Therefore, the three effective loops

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

d
32

Sg L q• Y32
-1(g3  q3 3

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

where d -l + _2

3q 1

The required equation for the design of the loop trans-

mission is as follows:

- t1 2q3 3  t 22q33 (5-6)
32 q3 1 (1 + L3 ) q 3 2 (1 + L.

where L 3 g 3 q 3 3

It is desired that the magnitude of t 3 2 be below

some acceptable maximum (i.e., the bound T= b 3 2 1. Also,

the magnitudes selected for t and t 2 2 are the maximum

allowable responses. These responses are b 1 2 and b22

respectively. Thus equation (5-61' is rearranged into

the desired design equation (5-7).
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" "b_ 12_q_33 b 2 2 q3
1 1+ Lj b +(573 b32 q q31  i (57)

For low frequencies assume L3 " 1; therefore, the q33

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

(5-7) by q 3 30 and assuming the worst case situation yields

IL > q 33oi I1bl 21 + lb 2 2 1]

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

bounds on L3o at low frequencies. To ensure positive phase

and gain margins the universal high frequency bound is

selected to be the -3db contour line on the inverted

Nichols Chart as outlined in Appendix A. Thus the design

requires that

Lm 11 + L3 1 >_-3db

The magnitudes of q 3 3 for each of the three F.C.'s

are shown in Figure 5-3.

For the design of L3o' F.C. #2 is selected as the

nominal plant. Table 5-1 contains the magnitude of the

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

L3o for w m 0.1 rad/sec.
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G33 S F. I. *2 40 03

FREQJE4CY RqO.,•ECý

Fig. 5-3. Magnitude of q33 for F.C.'s #1, #2 and #3

SeTABLE 5-1

DESIGN EQUATION ELEMENTS FOR w = 0.1-RAD/SEC

Element F.C. #1 F.C. #2 F.C. #3

lb121 -12.9 -12.9 -12.9

l 22 0 0 0

lb 2  -6.9 -6.9 -6.9

I1 3 oi -9.6 -9.6 -9.6

iq311 17.0 13.8 23.3

1321. -28.9 -32.5 -13.9

76

m



For !ach-of the three F.C.'s the bound on-Lm[L I
30

is dete-n•ned using Equation (5-8). The bound for each

flight condition is az follows:

F.C. #1: Lm I L3 oI > 26.2 db

F.C. #2: Lm L 3o 29.8 db

F.C. #3: Lm IL 3 o >_ 10.9 db

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

Therefore, at this frequency, L must be on or above3o
29.8db. It is to be noted that at this frequency the

assumption that IL 3 1 >> 1 is a good assumption.

At and above w = 1.0 rad/sec the approximation

given by Equation (5-8),no longer holds true. Therefore,

at and above w = 1.0 rad/sec, the template of q33 must be

ur-d in the determination of the required bounds on L3o

in conjunction withEquation (5-7).

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

-3db contour (UHF bound) becomes the constraining bound on

L3 o.* The other constraint is that at each frequency the

template q 3 3 not penstrate the -3db contour. 'The template.

of q 3 3 at and above w a 1.0 rad/sec is a straight line with

a macnitude of 11.4db.. The bQunds for the lo,'.p transmission,

L 3o' "re shown in Figure 5-4. Note that the magnitude of

the q33 template generates the length of the barrel
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w0.1 L3o
=0.1 ;:ad/sec
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2-= 0 .2 , 2 0
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I3. 0S5=3.0
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-300 -240 -180 -120' -60 0.0
Deg

Fig. 5-4. Bounds and Nominal, Loop Transmission, L3o
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- -9 t T -9 C

o.6

extending down from the 3db contour. The templates of q33

are shown' in Appendix F.

The nominal loop transmissioi, L3 , is derived

using Figure 5-4 and the resulting nominal loop transmis-

Ssion is as follows:

L 7290 (S + 2)

L3o =S(S +0.5)(S +-10)(S + 18 ± j24)

and the resulting compensator, a3 , is derived from

L3o 9g3 q 3 3o

* 5
Therefore (2.144) (105) (S + 2) (S + 0.01846)

g 3  S(S + 0.5)(S + 10)(S +,18 ± j24)

The magnitude and phase of L3o is shown in Figure 5-5.

MNAL LOOP TRANSM!S5! CN - L3C

-C-.

S ' Fi 74., 5-5.MgiueadPae
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Loop One Design

This loop is selected to be designed second since

loop one-is al-.o a BNIC loop. The effective SISO system

reduces to the form shown in Figure 5-6.

12g ql YI2

-l1

Fig. 5-6. Effective SISO System,
for Loop One

The required design equation developed from Figure 5-6 is

_dl 2 qll

•I 12 1 + L 1159

t3

where d 1 2  q22 +32

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

1 1j!;b2 2  3 2 .1 'b1, ':l+ q 1 2  q1 3 1  (5-10)

where t 1 2 , t 2 2 , and t 3 2 are selected as the maximum allow-

able design specification responses b]i2 ,,b 2 2, and b 3 2

respectively. However, at low frequency, it is assumed

that L01 . Therefore ql' in Equation (5-10) cancels.

Thus multiply Equation (5-10) by q110 it can be written as
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!bblb
•._ Ll q -- i 22' + 32 ;

L 1! + l3 2- (5-11)

Note that Equation (5-11) is only valid over the frequency

range where L1 >> 1. Thus it must be verified that the

assumption is a good approximation. The development of

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

loop transmission, L3 o. Thus the design of this loop is

not highlighted. The resulting bounds and the nominal loop

transmission, Llo, are shown in Figure 5-7. The nominal

loop transmission is:,.

L 3940(S + 4) (5-12)

10 S(S + 0.1751)(S + 24 _ j32)

and the resulting compensator g, is,

1 -1455(S + 4) (5-13)
- (S + 24 _ j32)

The magnitude and phase ofLl, are shown in Figure 5-8.

Tracking Loop (Loop Two)

The last loop to be designed is loop. 2 and this is

accomplished using the improved design technique. Thus

the next step in, the design is to determine the required

bounds on the tracking loop. The effective SISO system

for this design is shown in Figure 5-9.
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-2.0

5. -0.0 db

S-/51 0.0 2.0
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Fig. 5-7. Bounds and Nominal Loop Transmission,
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Fig. 5-9. EffectiveSISO System,, Loop 2
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Equation (5-14) is developed from Figure 5-5 and is

f 22L2+d22q2
f 22 2 + d 2 2 q 2 2  (5-14)

t1+L 2
F 11 t32ý

where. d '1222 q 2 1  q
2 2-3

The design of loop two is accomplished using the improved

design technique. The required equations as developed in

Chapter III are:

f L -d
f 22 2e 22e (5-15)t22 1 + L 2e (-5

L Le

where L - 2 (5-16)
2e ~+:

= (1 + LI) (1 + L3 ) -I3

732 (1 +LI) + Y12 (l + •) '13'2 + 12'3)

92 q ci22 q33
' 2e g22e 32 q

2q3 2q 2 3

qllq-22 qllq3 3S12., q12 q21 Y13 q 13 q31

q 3 1 q 2 2  q 2193'3
u2 q32q21 q23q3i

q2'
and 2 2 2- (5-17)'

q22e L-
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f12Llq22n + f 32L3q22n2
1d 32 3  (5-18)

Since f12 and f32 are zero; then the design is a simple

tracking loop problem. Thus the bounds on L are

determined using the templates of q22e" The nominal point'

selected for this design is F.C. #2 and the desired q22oe

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

templates of q22e are included in Appendix F.

0.001745 (S+0.6237±jl. 177) (S+0.9812±j3.163) (S+0.i808) (S+125)
122e= (S+0.585±jl. '09) (S+I.944±j i.479) (S-I.394±j2.122) (S+0.1718)

(5-19)

Therefore, using the templates generated by q 2 2 e

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

responses, the bounds on L2 o ire determined. The desired

bounds on the loop transmission L2oe are shown in Figure

5-10. Using these bounds the resulting loop transmission

is

6
(7.846) (106) (S+!) (S+0.6237±jI.177) (S+0'. 912±j3. 163) (S+0. 1808) (S+125)2o -(S+0.585±jl.209) (S+1.944±jl.479) (S-1.394±j2.121)(S+30)

x(S+390±j520) (S+0. 1718)

(5-20)

where L 2 oe 9g2 q 22oe

9(4.496) (1•0 ) (S+l) (5-21)
Therefore g2 = (S+30) (S+390Z±520)

It is to be noted that the q 22e's for each of the

three F.C.'s have two poles in the right half plane.
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Therefore, these poles must be included in the shaping of

L2oe to guarantee a stable response.

A very important result is obtained in the design

of this loop. If this lQop is designed using the unim-

proved design technique a stable response cannot be

obtained. This is due to the' fact that q 2 2 's for each of

the three F.C.'s has only one pole in the right half plane

while the q22e s has two poles 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 L2 oe is shown in Figure 5-11.

EFFECT!VE NOMINAL LOOP TRqNSMISS!ON - L2EO

"Fig. 5-11. Magnitude and Phase, L 2oe
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The last part of the loop two design is the devel-

opment of the required pre-filter, 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-filter is

f - 0.3506
22 = (S + 0.5)(S + 0.54 ± j0.64) (5-22)

This concludes the design of the 3x3 MIMO system

which considers the aircraft as a rigid body. The next

section removes the rigid body assumption and treats the

aircraft as being elastic (i.e., the first and second body

bending modes are included in the 3x3 model).
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V-6 Longitudinal Design

(Non-Rigid Aircraft)

This design is accomplished using the numerical

data 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 qll, q 2 2 and q 3 3 "

Addition of First and Second

Body Bending Modes

The first step in this design is to incorporate the

bending and rigid models to form a non-rigid model. The

form of the rigid aircraft equation is

MY = N (5-23)
* R- -R--

where MR and NR are defined as the rigid output and input

matrices respectively. The form of the elastic aircraft

equation is

M Y =N 6 (5-24)--e- -e

where Me and N are defined as the elastic output and input

matrices respectively. The required elastic equations are

included in Appendix C. Equations (5-23) and (5-24)'are

written in the following form

MR & (5-25)
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and Y= M N 6 (5-26)
-- -e -e-

The input vector 5 is defined' as

1eb

Lb]

and the cutput vector Y is defined as

h

Y= e

u

Combining the rigid and bending mode equations yields

[ R + e] e (5-27)- - -e 5

Therefore P M N + N
-R -- e -e

However, ,p- is required in the design process. Therefore,

P-1P is

~-1 M- N~2 (5-28)

Equation (5-28) is evaluated using numerical-

analysis with the aid of a computer program (Reference 19).

The generated data points for the qi 's are included in

go)
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Appendix F. Thus with the required magnitudes of the q ij.'s,

the design of the 3x3 system including bending modes can

now be completed. It is to be noted tnat the magnitudes

of the qi's at low frequenci .s are essentially unchanged

from that of the rigid case. The differences in magnitude

and phase occur around the bending mode's natural frequency.

V-7 Loop Three Design

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

pleted for the rigid aircraft. Since there is no change

in the magnitude and phase of q 3 3 over the three F.C.'s,

-he bounds on L3o do not change over the entire frequency

of interest. The only concern in the design of this loop

is that the magnitudes of q 3 1 and q 3 2 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 bound, at w = 1 rad/sec and

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

q and q 3 2 have no effect on the bounds of L at the

natural frequencies. Therefore, the nominal loop trans-

mission, L design for the rigid aircraft is also used

for the non-rigid design.
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V-8 Loop One Desiqn

The design of this loop is similar to the design

completed for loop one for the rigid aircraft. The only

difference between the two designs is that at and around

the body bending mode fretuencies, large changes in magni-

tude and phase can occur. However, foc" 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 qll between the rigid and non-rigid

aircraft.

The bounds and the nominal loop transmission Ll0

are shown in Figure 5-12. The :-esulting nominal loop trans-

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

(5-30). The magnitude and phase of Llo are shown in Figure

5-13.

3940 (S + 4)
l= S(S + 0.1751)(S + 24 t j32) (5-29)

and

-1455 (S + 4)
gj =(S + 24 ± j3-2)
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Fig. 5-13. Magnitude and Phase--L 1 0

V-9 LooP Two Design

The design of loop two is completed using the

* improved design technique. Thisdesign is similar to the

design of loop two for the rigid aircraft. The only differ-

ence is that any uncertainty introduced by the body. bending

modes must be taken into account during the design process.

The difference in maqnitude and phase of q 2 2e between the

rigid and non-rigid design is very small. Thus the design

of this loop; is similar to the designof loop two-for the

rigid aircraft.' This design will not behighlighted since

it is similar to the design of loop two completed for the

rigid aircraft. 'The 2 s for each of the three F.C. s

are i'- luded in Appendix F.
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The resulting bounds and nominal loop transmission

are shown in Figure 5-14. The required nominal loop trans-

mission, L2o' is shown Ln Equation (5-31) and the resulting

compensator, 'g 2 ' is shown in Equation (5-32).

2 (7.846) (106) (S+I) (S+0.6237±jl.177) (S+0.912±j3. 163) (S+O.1808) (S+125)

L2o (S+0.585t3l.209) (S+l.944±jl.479)(S-i.394_j2.121) (S+30)
x(S+390±j520) (S+0.1718)

(5-31)

and

(4.496) (10_) (S + 1) (5-32)
g 2  (S + 30)(S + 390 ± j520)

The magnitude and phase of L2 ar. shown in Figure 5-15.

The desired pre-filter, f 2 2 " is obtained as outlined in

O Appendix A and the resulting pre-filter is shown in Equa-

tior. (5-33).

f 0.3506
22 = (S . 0.5) (S + 0.54 ± jO.64) (

This concludes the design of the 3x3 system.
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V-10 Comparison of Rigid• and
•I Non-Rigid Designs

The design, over the entire frequency, for both the

rigid and non-rigi Id models is essentially the same. 'Thus

the design completed for the rigid aircraft is the same

as the design for the non-rigio aircraft. The reason that

the addition of the fi.rst, and second body bending modes

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

magnitudes of both these bending modes.
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V-lI Summary

This chapter highlights the design of a 3x3 system

with only one ', mmand input. The design is first accom-

plished using the rigid aircraft model and second, the con-

t;oller is redesigned with the first'and second -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.

j-
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VI. Simulation

VI-i Introduction

This chapter contains the simulated responses for

both the lateral and longitudinal robust controllers. The

first section illustrates the simulated responses obtained

for F.C. 13 using the controller 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 controller developed for the

longitudinal maneuver and robustness of the design is also

illustrated. The simulated responses for F.C.'s 61 and #2

a're included in Appendix H.

VI-2 Lateral Simulation (2x2 Design)

The simulation of this design is obtained using a

cktmputer-aided program (Appendix G). It is assumed that

this simulation yields realistic motions of the aircraft

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

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

Sminimum bank angle. This dcsign is demonstrated using two

different pre-filters. The first pre-filter has a pair of

complex poles with a damping factor of c = 0.6. The

second pre-filter has a pair of real poles. The difference

* in the response to a step command input is highlighted.
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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 6-4 are

for a 30 degree step input bank angle command (complex pre-

filter poles). As can-be seen from Figure 6-1, the bank

angle response has very desirable characteristics. 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

6-2 is the sideslip response due to the bank angle command.

Figures 6-3 and 6-4 are the control surface deflections

due to a 30 degree step bank' angle command. The character-

istics of these responses are giv n -in Table 6-1.

TABLE 6-

BANK ANGLE COMMAN -- F.C. #3

Peak Final Rise Settling
Value Value Time Time

4 (deg) 30.6 30.0 5.52 7.35

S(deg) 0.0276 0.0181 ....

; (deg) 3.56 .-..
r

w (deg) 21.9 --
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Theresponses shown in Figures 6-5 through 6-8

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

pre-filter poles). It is to be noted that the response due

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

face rates are 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

Peak Final Rise Settling
Value Value Time Time

S(deg) 30.0 30.0 3.50 6.05

B (deg) 0.0361 0.01:79 ....

6 r (deg) -4.68 a- a --

6w ('deg) 64.8 a8a.a
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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 havina a.rise time of 1 second.

This is a more realistic output response. As can be seen

from Figure 6-9, the bank angle response is similar to

that generated by the complex pre-filter but now the

settling time is reduced by approximately 0.8 seconds.

The response is thus' very close to that of the bank angle

model which is used as the design criteria. Table 5-:-

shows the characteristics due to a 30 degree bank angle

command.

TABLE 6-3

BANK ANGLE COMMAND--F.C. #

Peak' Final Rise Settling
Value 7alute Time Time

Q (deg) 30.0 30.0 3.60 6.55

6 (deg) 0.0354 0.0179 ....

6 (deg) -. 222 ......r

S(deg) , . 36 .9 -- ..
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Fig. 6-9. Bank Angle Response--?.C. *3
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Fig.- 6-10. Sideslip, Response--P.C. #.s
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Sideslip Command

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

are for a 5 degree step input sideslip angle co-.and

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

a 5 degree conmand input has desirable characteristics

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

outlines the characteristics of the responses due to a

5 degree sideslip conmmand.

TABLE 6-4

SIDESLIP COM.MAND--F.C. #3

Peak Final Rise Settling
Value Value Time Time

(deg) 5.18 4.94 1.78 4.50

"(deg) -. 179 -. 179 .....

r (deg) 12.0 ......

(deg) 28.3 ......
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Fig. 6-13. Sideslip Response--F.C. #3
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Fig. 6-14. Bank Angle Rtlsponse--F.C. #3
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The responses shown in Figures 6-17 through 6-20

are for a 5 degree step 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 complex poles for the pre-filter. This may be

desirable, since the rates of the control surface deflection

decrease due to the slower rise and settling times.

Table 6-5 outlines the characteristics of the responses.

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

S (deg) 5.0 5.0 4.98 9.25

€ (deg) -0.181 -0.181 --..

r (deg) 7.58 -- ....

w (d eg ) 2 5 .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

response 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

S (deg) 5.0 5.0 5.0 8.75

S(deg) -0.180 -0.180 0 0

r (deg) 7.55 ......

6w (deg) 25.6
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Robustness 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

developed during the design process. Thus this design

method has demonstrated that it is a very effective tool

for the design of multi-variable control systems. This

concludes the 2x2 design simulation.

C

CO

CZ 0

z 0

~J00. 25 5.00 7.50 10.00
TI ME(SEC)

SFig. 6-25. Robust Controller-Bank Angle Response.
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•-. Fig. 6-26. Robust Controller--Sideslip Response

VI-3 Longitudinal Simulation
(3x3 Design)

This design is completed for a one command input.

The simulation is for a 4 degree pitch angle command and

the input is a ramp which rises to a magnitude of 4 in

1 second. The output responses of the rigid aircraft for

F.C. #3 are shown in Figures 6-27 through 6-29 and the

control surface deflections are shown in Figures 6-30

through 6-32. Table 6-7 outlines the characteristics of

each response. These responses do not include control

surface deflection saturation.
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TABLE 6-7

PITCH ANGLE COMMAND-F.C. #3

Peak Final Rise Settling
Value Value Time Time

e 4.0 4.0 4.3 6.65

h -0.581 0.'.07 --

u -0.277 -0.171 ---

-2.30 ....e

Lsb 48.4 ....

6T 19.7 --

CcO'

cr.

a-

Go'O 0.00 .0.GT IM E (SEeC

Fig. 6-27--Pitch Angle Response--F.C. #3
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Fig. 6-28. Perturbation Velocity Response--F.C. #3

I4

Fig. 6-29. Altitude Responsc--F.C., '3
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I ~Fig. 6-32. Thrust Increase--F'.C. #3

The output responses for the non-rigid aircraft

design ar~e shown in Figures 6-33 through, 6-35 and -the con-

trol surface deflections are shown in Figures 6-36 through

6-38. The simulation is for a 1 degree piich angle com-

mand. The input is a ram'p which rises to .a magnitude of

1 in 1 second. T-able 6-8 outlines-the' characteristics of

each response.

I1
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TABLE 6-8

PITCH ANGLE COMMAND--F.C. #3

Peak Final Rise Settling
Value Value Time Time

1.0 1.0 5.6 8.3

h 0.349 0.349 ....

u -0.073 -0.065 --

1.27 -
e

12.2 --
sb

7.05 --
T

CD

07•

Th.cc 2.So S.CO 7.SO ! co
T I MEf SEC 1

Fig. 6-33. Pitch Ang1p Pc-pornse--F.C. #3
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*Fig. 6-36. Elevator Deflection--F.C. #3
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Fig. 6-37. Speed Brake Deflection--F.C. #3
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Fig. 6-38. Thrust Increase--F.C. #3

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

surface saturation. Thus the responses of the rigid air-

craft design with control surface deflection saturation

for F.C. #2 are shown in Figures 6-39 through 6-44. The

simulation is for a 4 degree pitch angle command. The input

is a ramp which rises to'a magnitude of 4 in i 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

S3.49 3.30 4.45 10.0

h 1.13 1.13 ....

u -18.8 -18.8 --

6 4 . 9 5 . .. .. .
e

sb 60.0 ---

T 50.0 --

S.D

LU

C.: C

I

CLc

T".oo 2,.50 5Jo0 7.bo !0.0O
T IMEf SEC)

Fig. 6-39. Pitch Angle Response--F.C. #2
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Fig. 6-40. Perturbation Velocity Response--F.C. #2
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Fig.. 6-41. Altitude 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

d grees to 1 degree. The responses for the command input

a e included in Appendix H. Figure 6-45 demonstrates robust-

ness of the 3x3 design of the rigid aircraft for a 1-degree

command input..
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CDC

0jj

Fg.0 6-45 Pitc Angle 7epne-.C SG G,

#2, and #,3 (Rigid Aircraft)

Figure 6-46 demonstrates robustness of the 3x3

design withi the first and second body bending modes

included. These responses are for a 1-degree ramp command

input which rises to 1 in 1 secpnd,.
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Fig. 6-46. Pitch Angle Response--F.C.'s #1,
#2, and #3 (Non-Rigid Aircraft)

VI-4 Summary

This chapter outlines the simulations for both the

lateral and longitudinal designs. The simulations are

illustrated for F.C. #3. Finally, robustness of both

/ designs is highlighted.
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VII. Conclusions and Recommendations

VII-I Thesis Summary

This thesis denmonstrated the applications of

Dr. Isaac Horowitz's Quantitative Feedback Theory tc the

design of multiple input-multiple output control systems.

Chapter I is an introduction and an explanation of

the design problem including the assumptions used in the

design process. Chapter II outlines the basic single

.input-single output design process which is expanded to.

the design of a 2x2 and 3x3 MIMO system and finally expanded

.to an nxn system. Chapter III is the development of the

required aircraft equation for both the lateral and longi-

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

lateral and longitudinal controllers respectively.

Chapter VT contains the simulations and a demonstration of

robustness for each design is highlighted.

Appendices A and B contain a detailed derivation of

the SISO and MIMO systems. Appendix C out'.inss the basic

aircraft and includes the transformation of the stability

axis derivatives to the body axis system., Also included

are the required equations for tht first and second bending

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

used in this transformation. Appendix E is, the time
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response mciels derived for the 2x2 lateral design. Appen-
IC dix G is the computer programs used in the simulation of

the 2x2 lateral design. Appendix H contains the numerical

analysis data and time response models used in the 3x3 longi-

tudinal design.

VII-2 Discussion

C This design has demonstrated the transparency of

the quantitative design technique developed by Dr. Horowitz.
An important result is obtained during the design of the

3x3 longitudinal controller for the rigid aircraft equa-

tions. The first design attempted was done using the

unimproved design tcchnique. The three loop transmissions

are designed, taking into account the riaht half plane poles

(i.e., contained in qa,, q 2 2 and q 3 3 ), so that each loop

transmission is on or above the required bound at each

S.•- frequency. This desion was simulazed and the system was

unstable. The question is: why is the sy.stem unstal;'le since

none of boe bounds is violated? This-'design technique

ensures a stable response if all the bounds on the systum

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

the unimproved technique,, is that the desiqn of the first

two loops is not taken into account in the design of the

last ivep. The last luup dvsiij!:ud is loop two and the

(22s for each fl.ight condition have one pole in the ricqht

* half plane. However, due to the desiqin of loops one and

1 5



three, a second pole in the right half plane appears in the

effective q22's for each of the three flight conditions.

Since this additional -183 degree phase change was not

accounted for in the unimproved design, a stable response

could not be obtained. When this phase change is taken into

account, using the impro-ed design techniaue, a stable

response is obtained. Thus it is shown that this technique

is very transcarent in isoiatin" and determining problem

areas durina the design process. This technique also allows

the desicn-e-. to determine if such problems can or cannot be

resolved and thus obtain the desired response from +he

VI-J CoarPson tO -r Tec-nizu,:

The dos=ins accomplished during this thesis are for

th,.L sac-e. mane-'.vers as snown in Reference 17. This refer-

encu covers the desi::ns accomplished by Captain Locken

using the Porter TechniQue. The results obtained usinQ the

quantitIative feedback technique are quite similar to those ,

achieved via the Porter Technique. The contro. sirface

du'flection and out:-ut responses are the same for' oth

designs. T.Yr, is only one difference between the two

designs and this a•:ears in the control surfc,- H,

'Tne cont'rol surfaccc ratus obtained from this desiqn are

lower than tho,;e o.tin', using the Porter Techniiue.

This is possibly due to the fact that the Por-ce Technique

1 36



"uses high gain feedback thus causing highar control surface

rates. Since each control surface has a maxinu- allowable

rate, this may be critical in some design aotlications.

The s%:c3nd comparison made between the two design

technioues is 'that a robust controller could not be

obtained for the pitcn .o..ntin maneuve'r using the Porter

Technique. Fe'dwever, while usingq the Quantitative Feedback

I arou st controller was obtained. One possiblo

ex::Kanation is in usinz the Porter Technique, the problems

encountered and recognized in the Quantitative Feedback

Techniaue are not apparent, thus the ,cannot be accounted

for in Porter's desi:n process.

One very important difference between the two tech-

niaues is that the desired responses wanted from the system,

using the Quantitative Feedback Technique, are taken into

account at the beginning of each design while this is

not done in the Porter Technique. Also, the bandwidth of'

the system is known, using QFT while with the Porter Technique

this is unknown. The bandwidth of the system is important

since the larger the bandwidth the greater the effect noi'.

will •have on the overall system.

At present, a design using the .'orter Technique

can be accomplis:ned zvorc quickly than that '.sunq QFT.

This is due to the use of a computer-aic-d a'aic. tackaqe.

However, if a number of iterations are required, then the
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de'sign process may indeed take much longer than the Quantita-
V v-

"- tivr Feedback Technique.

The results obtained using this technique compare

well with the results obtained using the Porter Technique.

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

is very transparent and compensator bandwidth is known for

each design.

VII-4 Conclusion

This thesis concludes that the Quantitative Feed-

back TechniquL developed by Dr. Isaac Horowitz is an effec-

tive tool in the -design of multiple input-multiple output

control systems. The insight given thedesigner due to the

transparency of the design process is extremely important.

The design engineer, using this technique, has the ability

to make'design tradeoffs between the design responses,

compensator bandwidth, and determine whether a stable

response is achievable.

"The addition of the first and second body'bending

modes has very little affect on the overall design of the

non-rigid aircraft. The uncertainty in the 'plant of the

rigid and non-rigid models is essentially the same.

1
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This technique is a viable method in the design of

multiple input-multiple output robust flight control sys-

tems.

VII-5 Recommendations

It isrecommended that this design technique be

demonstrated using an aircraft where the longitudinel and

lateral modes are not decoupled. The advantages of. this

design technique can be readily applied to such a flight

control design problem.

It is highly recommended that a computer-aided

design package be developed to allow the design of larger

and more complex flight control systems. With the develop-

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

complex systems using the insight given by this technique.
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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 Technique 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 the material. The technique is valid for the

general nxn case. However, for simplicity, the examples

below are either single loop or 2x2 systems. A discussion

of the 3x3 case is outlined in Chapter II.

The flight control problem involves a multiple

input-multiple output (MIMO) plant requiring regulation

and control due to parameter uncertainty and disturbances.

The mathematical equations describing the motion of an air-

craft are highly nonlinear. For design purposes, these

equations are linearized about a point in the flight

envelope or flight condition. Uncertainty arises as the

linearized coefficients-vary with airspeed and altitude

(see Chapter IV).

The Quantitative Feedback Synthesis Technique

developed by Dr. Isaac Horowitz uses feedback to achieve

closed-loop system response within performance tolerances
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despite plant uncertainty. The range of plant uncertainty

* •" and the output performance specifications are quantitative

parameters in the design process (12:81). The fundamentals

of the design method are presented in the discussion of

the single input-single output design. The multiple input-

multiple output design procedure is described in Appendix B,

using the fundamentals developed in Appendix A.

Problem Definition

The general single input-single output (SISO)

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

Stain parameters (gain, poles, and zeros)kknown 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 controller forcing

the plant output to satisfy performance tolerances over

the range of plant uncertainty.
4

The basic SISO control loop structure is. shown in

Figure A-1.

d(t)

F G P
r(t) o y 0 0 Y(t)

x(t)

,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 compensator, 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 acceptable responses,

despite the uncertainty in P and the disturbance input d(t).

The plant input signal, x(t), is identified since it is

generally of interest because of physical constraints.

The signals, r(t) and y(t) are assumed measurable quanti-

ties and the latter is available for feedback. Access to

both signals allows the use of the two degree-of-frdedom

structure of Figure A-1 and provides the designer with two

independent compensator elements, F and G (13:13). It is

also assumed that r(t), y(t), and (for now) P, such that

y(t)= Px(t), are all Laplace transformable functions

(13:8).

There are four transfer functions of interest in

Figure A-1l where the loop transmission, L, is defined as

L = GP. The system output due to the command disturbance

inputs, respectively, are:

TR Y(s)/R(s) = F + G G , GP (1 +GL) (A-l)

T = Y(s)/D(s) (1 1 = (A-2)D (1 +U P) (1 + L)

and the plant input due to the command and disturbance

inputs, respectively, are:
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I = X(s) /R(s) F G F G3)
R ( + G P) (+ L)

I= X(s) /D(s) = -G G- (A-4)
D 1l+ G P (1 + L)

The design specifications may impose constraints on aný

or all of these transfer functions, but for the pu i:ose of

this example, only the first two are considered.

Design Specifications

The design specifications, Or closed-loop system

response tolerances, descr.ibe the upper and-lower limits

for acceptable output response tp a desired input or dis-'

turbance. Any output response between the-two bounds is

assumed acceptable. The response specifications must be

determined prior to applying the design method. Typically,

response specifications are given in the time domain, such

as the figures of merit Mp, ts, tp, and Km based upon a

step forcing function (8:346), or as a bounded region as

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

initial test of system response. Bounds (TL) and (TU) of

the figure are the acceptable lower and upper lirnits'of a

system's tracking performance to a step input. Desired

system response to a step disturbance generally requires

maintaining the output below 'a given value, thus only an

upper bound is necessary as shown by curve (TD) in

Figure A-2. Additional similar bounds are needed if other

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

The design technique is a frequency domain approach;

therefore, the time domain specifications must be trans-

lated to bounds in the frequency domain. Desired control

ratios, T MR =_ [Y/R] MR and T MD =[Y/D] MD' are modeled to

satisfy the performance specifications using the, pole-zero

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.

A(s + z)
TM (s +2 ws5+ wfs (A- 5)

n .n) (s 3.)

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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x s-plane

x

Fig. A-3. Third'Order Control Ratio Pole-Zero Pattern

D . The -frequency domain characteristics are considered

during the response modeling. It is desirable to keep the

magnitude difference (as a function of frequency) between

the upper and lower bound models of TMRl(j) as large as

possible at all frequencies. Choosing a lower bound'model

with a greater pole to zero ratio than the upper one

ensures that the magnitude difference approaches Infinity

in the limit as w approaches infinity.

Errors made during this modeling process manifest

themselves in' one of two ways. First, if the worst accept-

-able response model is not zeally acceptable, the system

may not meet the specifications over the assumed range of

uncertainty in P. And, second, if the entire ran e of
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allowable outputs is not considered, the bandwidth of the

compensation will be higher than necessary, increasing the

cost of the compensator (13:5).

Once control ratios are obtained for each time

response bound, a magnitude plot of the frequency response

(Bode plot) for each TM(jw) is made on the same graph as

shown in Figure A-4. These plots are the frequency domain

representation of the design specifications on TR and TD.

These derived frequency domain specifications are used to

obtain the bounds on the loop transmission, L(jw), as

described later.

fREGAJNCY OOMAIN' $PEC!F!CAT!ONS - tJ.rL. QNO TO

VI•

-J

'a

M .JECY (RAOfSECI

* Fig. A-4. Frequency Domain Specifications

Nichols Chart

The primary tool used in the design of the comp-

pensator elements, G and F is the Nichols chart, shown in
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Figure A-5. If the open loop transmission of a unity feed-

back system (L=GP, azsuming F=l for now, in Figure A-i)

is plotted'using the horizontal and vertical scales on the

chart, then at any given frequency, the magnitude and phase

angle of TR=L/(l+L) can be read directly from the curved

scales. Conversely, any point corresponding to the magni-

tude and angle of TR on the curved scales provides a point

corresponding to the magnitude and angle of L on the hori-

zontal and vertical scales (8:332-334). This correspondence

between L and TR on the Nichols chart is very important.

Likewise, the Nichols chart can be used for the

disturbance response. Recall thht TD=I/(l+L). By way of

Sidi's transformation, L=I/m (1:152-155) the system control

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

of the same form as TR=L/(+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.e.,

-190 becomes -170, -210 becomes -150, etc.), and reversing

the signs on all magni-ude lines, the chart can be used

directly to design L'itself. The horizontal and vertical

lines still correspond to the magnitude ind angle of L,

and the curved magnitude lines correspond to the magnitude

of (1+L) (1:155). For design purposes, only the magnitude

of (1+L) is required. Therefore, the curved angle lines

147



20

B

10

0.0 db

-10

= 4

-20

-300 ~ 40~ -30

-300 -240' -180 -120 -60 0. 0
Deg

Fig. A-5. Nichols Chart with Plant Templates

148

-... .- .



on the chart can be ignored. In practice, Sid"'s trans-

€ k-& formation is merely imlied bv turning the chart

upside down and modifying the scales as described above.

The du-r:y variable, m, need not be considered ..rther.

Plant Temnoates

-A pant template is a plot or the Nichols chart of

the range of uncertainty in the piant P at a given fre-

,quency (14:290). Consider the example P(s) = K s(s-a)

where the aain K is described by: 2 K- 8., and the loca-

tion of the second no> is given by: 0..5 a .2..
I

infinite nu7-.ber of possible P's exIst due to the var:a .a n

in parameters, K and a; however, each :ar. .a . s a

MCrbCr of a se ihfntebound-arie~s. 1'k-:s 1 t

ma'-nitude Q and :bse antic cf all -,oss.-, t's l-e within

f inite boundaries when 1 lotte at a, , n :rt.:uincy Th<i[ ,plart template is cb-ain- n 0d iottin- .Lm'P . ) vs.

Ang j . f for all )ossibe ) 's, that is o'cer the

range o: uncerta:nty at a given frecuency on the Nichol.

chart. Note, only the outer edges of the te,.plate need

be calculated. The plant tra'nsfer functions at the boun-

deries are found by, holding (-.n. raramcvt'er cons5tant at a.

boundary -alue, i.e., set Ký2, and vary a in increments

f,'om 0.5 to 2. 0 The frocuen( repo r:;e at. lor the

s obtained above ,')rov,.idf s a set of t-oCints from A,

(KY-2, a-0. 5), to, D, (K?2, A=2), on the Nichols chart

ji :;I:;h'own in 1'•il'irrc A. 5. 71h pr,,c s. 1; cont inued until'
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the complete template is formed. For example, for a=.0.5,

r ' var3 K from 2 to 8 to obtain the line from A, (a=0.5,

K=2), to B, (a=0.5, K=8). Templates are needed for a

number of frequencies taken. at regular intervals, such as

i every octave. A set of tem-.•ates is shown in the figure

to demonstrate the zhanze in size and location of the

range of uncertainty P for different frequencies.

Nom:na. ,iant

To facii•tate the shaping of the loop transmissicn,

". . .des-. erneeds a reference or nominal plant transfer

function. Ths nominal plant, P , chosen by .the designer,

is ncth!inq .crre than a reference plant ýo be used in the

ntLn and hatno of• the nominal booz transmIssion,

L =CT There ar, no rules or constraints on the selec-
o 0

t1on of P It doesn't even have to be from the set of0

possib le P's, but it is usually convenient to choose Pi ,, 0

such that it Iles at a recognizable point on the teiplates.

It is convenient, as is the case with the examAle, to

select.P such that it lies at the lower, left hand cornerSo 0

of the templates. This choice for P keeps the bournds on
0

1 OF-to be- described next, as near the center of the Nichols.

chart as possible. Once selec'ted, the P 0point should be

marked on each temolate, as in Figure A-5.. For the example,

the plant described by Po 2/(s + 0.5) is chosen as the

6-nominal plant..
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Derivation of Bounds on L

* • The svstem ster. resoonse y(t) is uniaUelv deter-

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

a stable, mini., phase syste.-. (no right-half-plane pdles

j or zeros), 's c=moýe tely specified by the magnitude of .the

freu•-~ncv response T(- ) as described in References 13 and

14. Fr-:n the design specifications, the frequency response

oof the o, -u"! ) can vary from the value: of the bound

(7..) to the .alue on the bound (T,) at a given frequency

(sec F4c ure AI-).' o % ov-en examnole, at the frequenc,_

i, assue that %7() can var. From 0.'db to -0. 8db.

The relative variation in Y(7I) is (0.7)db - (-0.8)db or

I.Sdb. In zeneral, the allowable relative change in Y(-.)

I • at a given fre2qency is expressdd as:

-.- ( )• Lm=U(~ ) - 7m. . T (-, '• (A-,;)

Lm i, Lm

where T_.(;. ) andT _(J.) •are'the frequency domaiin bot-nds

onY(j ).

The -relative change in the output is relat-d tc t no

* control' ratio as follows. From Figure A-i and Equation

(A-I), LmY = LInT = Lm[FL'(1+L)] where L = GP and it is

assumed that no uhce'•iainty exists in G and F. Then,

,Lm ['. (j.i)] = /Lm (T(j.),] .i.Lm L(j .)
1~ [+ L(j.)

Likewi6e, the relative change i., L(jý,,) is equal to the

relative change in the plant.
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P.Li [L(jý i) Lm [P j i):A-8)
L

The variation in P arises due to parameter uncertainty,

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

chanqe requirements on the closed-loop response are satis-

fied for the entire uncertainty range of P. The design

specifications state the requirements on the closed-loop

I response Y(- ) and thus T(j ) as given by Equation (A-7)

Constraints on the loo transmission L(j.) are desired

(14:291; i3:S)

L( ) Bunds :n the Nichols Chart

.ho relat:v'e uncertainty in L is shcwn to be eaual

"c th< . . ran ., c,"' un. erta,'nty in P by Equation (A-8) . As

,described earlier, th. plant template ks.a plot on the

Nichols chart of the ran:e of uncertainty in P at a given

frequenct. Becau e Lm (L) = Lm (P) + Lm' (G) and also

Anq (L) = Ang (G, a template may be translated. (but not

rotated) horizont ily or vertically 'on the Nichols chart,

where, horizontal nd vertical translations correspond to

the angle and mag.itude requirements on G(j.) respectively

at a given freque cy (14:290). Drawing a line on each of

the templates par llel to the, horizontal or vertical grid

lines (see Figure A-5) of the Nichols chart is. •uggested

to maintain corre t 'template orientation.

With the template corresponding to 1 of.

Figure A-5, translate it to position I 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 correspondence between L and T on the Nichols

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 difference

between the maximum and minimium values is greater than

the allowable variation in T at the frequency if,

that is (-Lm IT(jl)] as given by Equation (A-7) and deter-

mined from Figure A-4, shift the template vertically, as

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

I 1I Lm[T(jl)] (to position 2). Conversely, if the difference

is less than that allowed, move 'the template vertically

downward until the equality is obtained. When the position'

of the template achieves the equality (position 2 of the

exa,7ple), mark the nominal point Po of the template on
0

the Nichols chart. The point marked corresponds to a bound

on the magnitude and phase angle values of L0 (jl) read from

the horizontal a'nd vertical scales of the Nichols'chartj

where the nominal loop transmission, L (j Ai is given by:
-0 1

Lo (j i) = G(j ,i)Po(Joi) (A-9)

Repeat:the process horizontally across the qhart at differ-

ent values of Ang(Lo). The points marked on the chart
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form a curve, BR(j-i), representing the boundary of L (j-i)

at the given frequency of the template. As long as L (J0.i),

lies outside or above the boundary, BR(j.i), corresponding

to . at the frequency =i' the variation in T due

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

tive change in T allowed by the design specifications at

that f .e..uenc. Repeat this boundary, BR(j•.i) , derivation

for various freauencies, - . using the corresponding plant

templates to obtain a series of bounds on L (j. ) (14:1
-0 1

291-292)

Likewise, the step disturbance response specifica-

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

L (j). In order to effectively reject the disturbance
0

D the following inequality must be satisfied:

1/1 ' + L(j. ) ' _ C(j,.J) (A-10)

where C(j.) is the magnitude of the boundary, (TD), on

Figure A-4. Converting the magnitudes to decibels and

rearranging terms,' the inequality can be expressed as:

"Lm [1 + L(j.)] - Lm [C(j,.) '(A-11)

Now a template i's placed on the inverted Nichols chart

such that its lowest point rests directly on the contour

of constant Lm rl + L(j,')] equal to -Lm tC(j],)I at the

frequency, .i' for which the template is drawn. The point,'

Po' is marked and the template slid along the same contour

.0\



forming a bound, BD(J-i) for Lo. Bounds are formed for

each frequency, in this manner using each template. Using

the rectangular (Lm L) grid, transcribe the bounds, BD(j~i),

on L onto the upright Nichols chart which already contains
0

the command response bounds, BR(j.), on L as shown in

Figure A-7. For each frequency of interest, erase the

lower of the two L bounds, where the remaining bound is

labeled, B (j,). The point here is that the worst bound

must be used in the shaping of L0

Universal Frequency Bound

The universal frequency (UF) bound ensures the

loop transmission, L, has positive phase and gain margins,

whose values depend on the oval of constant magnitude

chosen (see Figure A-7). As the frequency, ., increases,

the plant templates become narrower and can be considered

vertical lines as approaches infinity. The allowable

variation in T increases with frequency also. The result

is the bounds of Lo(j-i) tend to become a very narrow

region around the 0db, -180 degree point (origin) of the

Nichols chart at high frequency.. To avoid placing closed-

loop poles near the j2 axis resulting in oscillatory dis-

turbance response, a UF bound is needed on the Nichols

chart. With increasing u, the bounds on Lo approximately

followthe ovals encircling the origin. Choose one of the

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

constant magnitude equal 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 displacement,

'v, in-db. -v may be accurately determined by finding

the maximum change in Lm[P(j•)] in the limit as • goes to

infinity. Translate the lower half of the 5db oval down

the length of the template, i.e., 2.v db, as shown, thus

obtaining the UF bound (see Figure A-7). (Note: Professor

Horowitz refers to this bound as the Universal High

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

Shaping of the Nominal

Loop Transmission

The shaping of a nominal loop transmission conform-

ing to the boundaries of L0 is a most crucial step in the

* design process. A minrimnum bandwidth design has the value

of L0 on its corresponding bound at each freque-.cy. In

practical designs, the goal is to have the value of L0

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 Lo" Note, any right-half-

plane (rhp) poles and/or zeros of P must be included in

L to avoid any attempt to cancel them with zeros of P0

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

avoid any implicit cancellation of roots in determining G.

Solving for G

The compensator, G, is obtaiined from the relation:

G = L /PO. If the LO found above does not contain the
00
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"" roots of P then the compensator G must cancel them.

Note, cancellation occurs only for, purPoses of design

using the nominal plant transfer function. In actual

implementation, exact cancellation does not result (nor

is it necessary) since P can vary over the entire uncer-

tainty range.

Provided the nominal loop transmission, Lo, is

shaped properly, i.e., meets the requirement of being on

or above the bound, B (jwi), at each corresponding fre-

quency, the variation in, T resulting from the uncertainty

in P is guaranteed to be less than or 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

final step in the design process.

Design of F

Design of a proper L only guarantees the variation
0

in T(j•j is less than'or equal to that-allowed. The purpose

of the pre-'filter is to position Lm[T(jw)] within the fre-

quency domain specifications. For the example given

above,' the magnit-ude of the frequency response must lie

within the bounds shown in Figure A-4 which Are redrawn

* in Figure A-8. One method for determining the bounds on

the pre-filter, F,.is as follows. r'ace the nominal point

of the' = I template on the Nichos chart where the L'(J0)-0

point 6ccurs. Record the •_.ximum and minimum values of

15.9 \,
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Fig. A-8. Requirements of F
z

4 Lm(T), 1.2 and 1.0 in the example, obtained from the

curved magnitude contours. Compare the values found above

to the maximum and minimum values allowed by the frequency

domain specifications of Figure A-4 at .w = 1 (0.7db and

-0.8db). Determine the range, in db, Lm(T) must be raised

or. lowered to fit within the bounds of the specifica-

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

within [Lm(Tu) = 0.7 db] > Lm[T(jl)] > [Lm(TL) -0.8db].

But, from the plot of Lo, the actual range of Lm(T),is:

1.2db > Lm[T(jl)] > 1.0db. To lower LmtT(jl)l from the

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

is required: (0.7 - 1.2db) > Lm[F(jl)] > (-0.8 - i.0db,

or -0.5db > Lm[F(jl)] >'-l.Sdb (see Figure A-B). The

proces• is repeated for each frequency corresponding to

the templates used in the design of L0 . Therefore,
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in Figure A-9 the difference between the T and 'a
U .:iax

curves and the difference between the Tu and Tmin curves

indicate the requirements for F as a function of fre-

quency.

Bounds of F, [Lm(TU) - Lm(Tmax)] > Lm(F) > [Lm(T..)

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

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).

Lm F
w

U T .max"

Fig. A-9. Frequency Bounds on the Pre-filter, F
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The single loop design is completc with the design

"of F. The system response is guaranteed to remain within

the bounds of the design specificationa, provided the

uncertainty in P stays within the range assumed at the

beginning of the design process (14:258).

Summary

This appendix presents an overview of the SISO

design technique of Professor Horowitz for the single loop

systems with uncertain plants. The technique is entirely

based in the frequency domain, and makes considerable use

of the Nichols and Bode plots. Much of the designing can

be done by graphical methods.

Design specifications are translated into the fre-

quency domain and constitute limits or boundaries on the

frequency'response of the system control ratio and the loop

transmission. Two compensator ele:nents, G and F, are

synthesized to control the system response to inputs and

disturbances.
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Appendix B: Multiple Input-Mu]ii'e Output Theory

(This appendix was taken from Refez ýrze 3 mith '.* n~r
changes.)

Introduction

• The design approach for each loop of the MIMO

I system is identical to that for the SISO system described

in Appendix A. But first the MIMO system mujt be separated

into SISO loops which are equivalent to the actual MIMO

4 model.

-in general, an nxn MIMO system can be represented

in matrix notation as y = Pu, where y is the vector of

I E* plant outputs, u is the vector of plant inputs, and P is

the plant matrix of transfer functions relating 2 to y.

This P matrix is formed from either the linear differential.

I equations describing the system or directly from the ystem

state space representation.

Pro'essor Horowitz has shown, by the use of fixed

point theory,, that the inverse of the P matrix, refer ed

to as 0', contains elements which, are the inverses of n

single loop transfer functions equivalent to the 'riginal

a MIMO plaiit. The MIMO problem is then broken up into

loop designs and n pre-filter/disturbance problems, wl ich

are eacb handled as described in Chapter II (10:677).
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The MIMO Plant

I • Consider the multiple input-multiple output plant

of Figure B-I. 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 x*

U1  Y

u2 Y2

tin Yn

Fig. B-I. MIMO Plant

Note that the input and output vectors are-assumed to be

of the same dimen ion. Although this may appear to be a

restrictive assumption, it can be shown that with n inputs,

at most n outputs can be independently controlled tl5:

.530-536). Thus, if the existing model defines an unequal

number of inputs and outputs, the first step is to modify

the model such that the dimensions of the input and'output

vectors are equal. An example of such a modification is

presented in Chapter IV.

SThe plant matrix P, can be derived directly from

the set of coupled, linear, t'ime-lnvariant 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)yI + (bs + c )Y2= (f)ul + (g)u 2

i (ds)yI + (e)y 2  = (h)uI + (i)u 2  (B-i)

where a through i are the constant coefficients, and Y's

are the outputs, and the u's are the inputs to the plant.

The system of Equation (B-i) can be represented in.matrix

notation as:

a bs+c Lf ]u (B-2)

dS e h,

I Define the matrix multiplying the output vector as M and

" the matrix multiplying the input vector as N. The system

is now described by:

= Nu (B-3)

The plant matrix needed is .defined by:

"" = Pu (B-4)

Thus the plant matrix, P i:; simply:

P = MIN (B-5)

. The standard state space representation for a

system is described by the equations (11:93):
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x = Ax + Bu (B-6)

The block diagram for this system is shown in Figure B-2.

I

Fig. B-2. Standard State Space Diagram

Although any number of states may be represented,

it is again assumed that the input and output vectors, u

I •and y respectively, are of the same dimension. Assuming

the system is linearized and the A, B, and C matrices are

time invariant, the plant matrix is:

"P C[sI -A] B (B-7)

TThis plant.matrix is actually a representative

member of a set of possible 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 Chapter II. The
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basic MIMO control structure is shown in Figure B-3 where

P is the uncertain plant matrix, G is a diagonal compensator

matrix,: and F is a pre-filter matrix. Designs involving a

non-diagonal.G matrix are not considered in this thesis

(11:14).

r (t) F G P Y(t)

Fig. B-3. MIMO ControlStructure

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 where:

0 f11 f 1 Pi P12

92 Lf2 1 f22l K 1  P22]

Constraints on the Plant Matrix

The set of P matrices must be tested to ensure that

two critical conditions are met (12:86-90):

1. P must not be singular for any possible com-

bination of plant parameters; i.e., P 1 must exist.

-2. As s- I P1 1 P2 2 I> !pi 2 P2 1 1for all

possible plants. This is the requirement for a 2x2 plant.
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r2 .2

f22 g , - •

Fig. B-4. Two-by-Two MIMO.System

For explanation of'the constraint inequality for the

3x3 or highe:- cases, see Reference 12 and Chapter II.

The first condition is absolutely necessary to

ensure controllability of the plant. The inverse of P

produces the effective transfer functions used in the

design. If condition 2 is not satisfied, it may be pos-

I o sible to change the ordering of the input or output vector

which changes the ordering of the P matrix elemehts.

Effective SISO Loops

Now define a matrix Q' = P which has elements,

q!,. The n2 effective transfer functions needed are:

q. = 1/q! . Reference 12 contains the derivation and

proof of this equivalence. The nxn MIMO system is now

treated as n2 SISO problems. Figure B-5 shows the four

effective SISO loops resulting from the 2x2 MIMO system

(10:682).

Each loop in Figure B-5 is handled' as an individual

SISO design problem in accordance with the procedures

- presented in Appendix A. The f's and gIs are the
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rI c"70 Yll r2 o- ý2; Y12

fll 91 qI. I f2 g! 4iqll

ii

f21 92 q22 fy22 2 q22

Fig. B-5. Effective SISO Loops

compensator elements F and G described previously. The

disturbances, d.ij represent the interaction between the

loops.

b1
-d. k j k 4 i (B-8)

* k

The bkj in the above equation is the 'upper response

bound, (TU or TD in Figure B-4), for. the respective

input/output relationship. These are obtained from the

design specifications (10:68i-684). Note that the first

digit of the subscript of bkj refers to the output and the

second digit to the input. Thus, bkj is.a function of the

response requirements on the output, Yk' due to the input,

r..
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A recent improvement in the design technique

W involves modification of the a's on the second and subse-

quent loops based on the g's already designed. 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 IV.

Basically Non-interacting (BNIC) Loops

When the response of an output, Yk' due to an

input, rj, is ideally zero, the Ykj loop is called a

basically non-interacting (BNIC) loop (10:679). Due to

loop interaction and plant uncertainty, this ideal response

is not achievable. Therefore,, the performance specifica-

tions describe maximum r sponses 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 theMIMO system into separate SISO

loops is presented via' inverse of the P matrix. After the
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equivalent SISO loops are determined, each is designed in

accordance with the SISO design theory presented in

AppendiX A.
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Appendix C: Aircraft Equations

(This appendix 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 berd-.

ing modes is also included.

Aircraft'Description (5)

The KC-135 is a four-engine jet-powered tanker/

cargo aircraft. The swert 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

weight of approximately 106,000 pounds, depending on equip-

ment installed/, and a maximum gross weight of 287,000

pounds. -All control surfaces, except the spoilers, are

aerodynamically balanced and operated by means of control

tabs. A hydraulically boosted rudder is installed on all

ai.rcraft. The lateral control system is composed of

integrated aileron and spoiler control surfaces. The

spoilers may also be used as speed brakes when operated

symmetrically. Movement of the inboard ailerons causes
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a corresponding movement of the outbcard ailerons if the

wing flaps are 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 ailerons from

moving. Lateral trim, of both the rudder and ailerons is

-accomplished manually by rotating a trim wheel which posi-

ti)n trim tabs on respective control surfaces.

Longitudinal control is' provided by an all move-

able stabilizer and elevator system. The stabilizer posi-

tion is set by a trim wheel which can be operated elec-

trically or manually. All three F.C.'s used in this

thesis assume a horizontal stabilizer setting, which

Se results in no elevator d-leflection required to maintain

that flight condition. It should be noted that no flight

control surface, either lateral or longitudinal, is modi-

f'led for the purpose of this thesis and all functions as

described by the current Technical Order Specification at

the time of this thesis (20).

The four Pratt and Whitney J57-P-59W or -43WB

engines are mounted individually below the wing on forward

swent struts. The engines are each rated at 12,845 pounds

thrust for a standard day at sea level (15 deg. C, 29.29

inches of mercury). Other related geometric data as found

in Reference 5 is as follows:
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Characteristic Symbol 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 aerodynamic

chord. Further data for the KC-135 aircraft can be found

in References 5 and 20.

:ontrol Inputs

Control inputs available include two lateral con-

trols, the rudder 66 r) and the ailerons and spoilers (6W).

w is modeled as the control wheel movement and its limitsw

are set at ± 90 degrees. A control 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. 6 r is

rudder displacement and its limits are set at ± 17 degrees.
Longitudinal control includes the elevator (6 e), the speed

brakes U sb), and the thrust G T). 6e is elevator dis-

placement and its limits are set at ± 25 degrees. It

should-be noted that constant elevator displacement repre-

sents an out of trim condition and is normally trimmed off

** by an appropriate hOrizontal stabilizer position. However,
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this is not possible with the model representation used

in this thesis. 6 sb is speed brake deflec'.ion which is

symmetkical spoiler deployment and has a limit of 0 to

60 degrees. 6 T is modeled in terms of 100 percent of

Ar available thrust and limits vary depending upon altitude

*- and gross weight.

Since the equations are decoupled and the theory

U requires the same number of inputs and outputs, two

lateral and three longitudinal outputs are chosen. The

lateral outputs are the roll angle ¢ and the sideslip e.

The longitudinal outputs are the pitch angle 6, 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, are shown in Figures C-l,

o C-2, and C-3. Figure C-2 shows lateral sign conventions

whale Figure C-3 shows longitudinal sign convention.

Rudder (6r): Rudder deflection to the 'left isr
"defined as positive. This produces a positive 8, positive

v, negative N, and negatiie R.

SControl Wheel (6w Control wheel-deflection to the

right, which cause right aileron up and right spoiler up

along with left aileron down is defined as positive. This

°1 products a positive L, positive €, and positive P. Note,
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yv

XPu NR< *

Z,w

L - Rolling Moment
P - Roll Angular Velocity

M- Pitching Moment
Q - Pitch Angular velocity

N - Yawing Moment
R - Yaw Angular Velocity

- Roll Angle
X,Y,Z - Aerodynamic Force

Components . - Pitch Angle

u,v,w -Velocity Components - Yaw Angle.

Fig. C-I. Sign Convention
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SFig. C-2. Lateral Sign Convention'
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SFig. C- 3. Longitudinal Sign Convention
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that this definition of positive aileron is not standard,

but does conform with Reference 4.

-- Elevator (5e): Control column movement forward
e

which causes down elevator deflection is defined as posi-

tive. This positive elevator produces a negative 6,

negative M, and negative Q.

Speed Brakes (Usb): Spoilers when used symmetrically

are defined as speed brakes, which when deflected positive

are up.

Thrust (iT): 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.ntrol derivatives are given in Reference 6 as

S'.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 longitudinaI-stability axis

-derivatives to body axis are:

* (Cz)b (-CL CD )oS2 o + (-CD .22CD)sin2 o

+ + (-CL - CL - CD )cos o0 sinao0  (C-I)
SU

(C: )b -CLCosa (C-2)
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(C '-c 2CLCosa + (CD -CL)sin2 a
(zb (-CL-2C)°2oo
zu Lu

+ (CL - CD, - CD)cosaosin° (C-3)
ci u

(Cz)b =-CL COSco -C sinao (C-4)

(Cx'b = (-CD + CL )cos 2 o + (C + 2C sin2 aSL 0L

+ (-CD - CD + CL )cosa 0 sinao0  (C-5)

"(Cx)b =CL sina 0  (C-6)
Sq- q

(Cx)b =(-CD - 2 CD)Cos 2 o + (-CL -C) sina2 a
u u

+ (CD + CL + C )Cosc0 sincO (C-7)

(C ) =- CD CoSao + CL sinco (C-8)

OL a(CM ~b = CM c°SCLo + (CM + 2 CM) sincio (C-9)

(CM.)b = CM.cOSao (C-10)

(CM )b = (CM + 2 CM)Cosao - CM sincoa (C-i1)
u u

(CM )b = CM (C-12)
q b q

(c C (C- 13)
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Where ( ) is used to distinguish body axes from stabilityb
axes.. The equations used to convert lateral derivatives

to body axes are:

(C1 )bCL CosCL - CN sina (C-14)

(1 ~b LQ 2

(C b C Csao + C sin •o,p p r

- (C1  + Cn )sin0Cosa 0  (C-15)
r p

2
(C1 ) = C cos :•o- (C - C )sini cosaOr b Ir o nr p o

+ C sina0 (C-16)
p

(C1 b = CL COSA 0 CnC sinao (C-17)

(C) =C cosa + C sina C-18

(C n b Cn Cos 2 " (C-n C1 )sina0osao0p p , r
2

- C. sin a (C-19).r

r r(Cnr):b CnCOS co + (Cr+ Cnp)sin°OcOsaO

+ C 1 Si.2o (C-20)

p

C nb ) n Coso + C sinna (C-21)

C ) =,C (C-22)
YB b
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(Cyp~b = C cosDO - C sina (C-23)
p b Yp Yp

C Yb = - Cosa0 + C sina (C-24)

(C y5 = YC- 25)

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:

Z = ZC (C-26)

Z = [(Z C)/2Uo)] Cz (C-27)
q 0 q

z (Z/uo) Cz (C-28)
u

Z= Z CZ (C-29)

X =X C XC-30)

X = [(X C)/(2U O] Cx (C-31)q q .

Xu = (X/Ud) CX (C-32)
u

X = X C.X (C-33)

M. = MI(C) (C-34)M. b

M = (M C)/(2U ), (C (C-35.)
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M = [(M C)I(2Uo) (CM )b (C-36)gq q

Mu = (M/Uo) (CM)b (C-37)
u

M = M(CM )b (C-38)

Where Z = (qs)/m, X = (qs)/m, M = (qsc)/Iy, and 4 =
yy

dynamic pressure, s = surface area of the wing, m = mass

of the aircraft, and I = body axes moment of inertiaYY

about the y-axis. The equations for dimensionalization of

the lateral control derivatives as given in Reference 16

are as follows:

N= N(C ) (C-39)
nb

Np = [(N b) / (2Uo )](Cn )b (C-40)

N = [(N b)/(2U o)](Cn )'b (C-41)
r

N. -* N(Cn )b (C-42)

L= L(CI (C-43)

Lp =[(L b)i(2U0 ) ] (Cl)b (C-44)

p~p.

Lr = [(Lb)/(2U)j ](Cl)b (C-45)

r

L= L(Cl)b (C-46)

Y" = Y(Cy,)b. (C-47)

Y = [(Y b)/( 2 UO) (Cy)b. (C-48)
p 0 Yp b
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rY = [ (.Y b)/i2Uo)] (Cyr)b (C-49)Sr r

Y6:= Y(C)b (C-SO)

Where N = (qsb)/(Iz), L = (qsb)/(Ix), and Y = (asb)/m
zz xx

aid q = dynamic pressure, s = surface-area of wing, m =

mass of the airczaft, b = wing span, Izz= body axes moment

of inertia about z-axis, and I = body axes moment about

X-dxis.

Appropriate dimensional body axes derivatives are

changed to the prime notation using:

X , =- g cosa 0  (C-51)

Xq, =X -U (C-52)

Z , = (-g/Uo) sinS0 (C-53)

Zu, =Zq/Uo (C-54)

Zq = (Z q/Uo) + . (C-55)

z , =Z/U0  (C-56)

* Z6 , = z•UO (C-57)

MAI M, Z., (C-58)

Mu M + M.ý (Zu/Uo) (C-59)
u u c

M M. + M*(Z/U0) (C-60)
0

184



"MN M + M.[I(Z/U) + ] (C-61)
q' q cz qo 0C6

M6 r M, + M(Z/u) (C-62)

Y, g/U (C-63)

Y6= Y /Uo (C-64)

"Y Yp, ( / + 0o (C-65)

Y = Yr/U 0  (C-66)

S6' Y6/Uo1 (C-67)

Li + (I xz/Iz )Ni
1 (1XZMIxI ZZ 1LN = 1- (I xz) /(I xz (C-68)

161

xz xx zz•." N. + (Ixz/1z)L.
*N. = 1- (Iz) /(I x~z) (C-69)

0 0 =(Uo)/57.3 (C-70)

Note that i in Equations (C-68)' and (C-69) represents b,

p, r, 6r, and 6 and that in Equations (C-57), (C-62),

and (C-67) implies 6 e, 6sb, 6 , or 6w as appropriate.

Also body axes inertias are, used.

Now actual transformation from nondimensional

stability axes derivatives to dimensional body axes is

accomplished using a computer program created by A. Finley

Barfie~d (2) which utilizes the equations summarized in

this appendix. A sample run of this, program for F.C.
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number 2 is shown in Appendix D. Data received from this

program has the units of radians, radians per second, and

feet per second. This data was converted by Capt. J. Locken

(17) into units of degrees, degrees per second, and feet per

second. Body axes derivatives for the three F.C.'s are

listed in Tables C-5, C-6, and C-7.

Percent thrust is modeled in terms of thrust avail-

able and is given by

_ Thrust available ft/sec2

(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: High altitude, high speed cruise at
Mach 0.77 and 45,000 feet.

F.C. #.: Medium altitude, heavy weight cruise at
Mach 0.77 and 28,500 feet.

F.C.. #3ý Landing configuration at Mach Q.21 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 respectively. The dimensional body axes deriva-

tives for the input and autput matrices are listed in Tables

C-5, 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 zero.
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TABLE C-i

KC-135 AIRCRAFT DATA

Condition #1 #2 #3 Units

Altitude 45,600 28,500 sea level ft

Mach 0. 77 0.77 0.21 --

Weight 130,000 284,000 130,000 lbs

Centre of
Gravity 32.1 24.2 32.1 %MAC

124,.8 279.7 65.9 lbs/ft 2

s (wing area) 2433 2433 2433 ft 2

b (wing span) 130.83 130.83 130.83 ft

c (wing MAC) 20.16 20.16 20.16 ft

Uo (true) 745 771 235 ft/sec

e0 (body) 2.4 2.4 -0. deg

ao (wing) 4.4 4.4 4.4 deg

•o (body) 2.4 -2.4 2.4 deg

1 2,050,000 2',930,000 2,050,000 slug ft 2

I 2,460,000 4,660,000 2,466,000 slug ft 2

yy

1 4,360,000 7,480,000 4,360,000 slug ft 2

xz

Note: All inertias are in body axis reference
system,
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TABLE C-2

NONDIMENSIONAL STABILITY AXES DERIVATIVES
FOR F.C. #1

CL 0.426 CM 0.0 CD 0.024

C 0.0 CM. -6.79 C 0.0

CL M.D,
u U

CL 5.329 CM -1.1747 CD 0.'2417

CL 5.1545 C -15.65L mq q

CLý 0,2114 CM -0.6647 CD 0.0

e e e

C. 0.3189 C 0.07259 C 0.0497

sb Csb ' sb

C -0.223 C 0.166 C --0.762

C -0.435 C -0.005 C. -0.233
1n V

p p "p

C 0.155 C -0.194 C 0.428
1 rn rYrr

C 0.0315 Cn -0.113 Cy 0.264

r r r

C1  0.0189 C 0.00149 C -0.0074
n6 

,6

w w

Note: Units are radians-1
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TABLE C-3
NONDIMENSIONAL STABILITY AXES DERIVATIVES

FOR F.C. #2

" CL 0.426 CM 0.0 CD 0.024

CL 0.0 CM. -6.57 CD 0.0u Cu

CL 4.727 CM -0.8595 CD 0.2143

C, 4.825 CM -14.65 --

q q

C 0.1862 CM -0.5988 C 0.0
6 6 6e e e

CL -0.2751 C 0.07639 CD 0.04779
0sb M6  , sb

Cl -0.198 C 0.166 C -0.762

c -0.345 C -0.005 C -0.211
p yp

-. C1  0.155 C -0.194 C 0.428
- r ,r Y

SC1 0.0315 Cn -0.113 C 0.264

r r r

*" CI 0.0153 Cn6  0.00149 C -0.0074

"w w w

Note: Unitz are radians
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TABLE C-4

NONDIMENSIONAL STABILITY AXES DERIVATIVES
FOR F.C. #3

CL 0.8108 C 0.0' CD 0.0905

CL 0..0 CM. -5.52 C O 0
U u0.0

CL 4.475 CM -1.0027 CD 0.3863

CL 4.6275 C m -14.05
q q

cL 0.2222 C -0.7105 CD 0.0

e e e
C -0.3857 CM 0.0879 CD 0.075

M.
Csb sb 6 sb

CI1 -0.229 Cna 0.132 Cy , -0.768
ni

C1 -0.385 Cn -0.055 C -0.2.02
p p yp

C1  0.248 C -0.186 C 0.380
ir nr' r

C 1r, 0. 0287 Cn6r -0. 098 CY6r 0.226

C 1 6 0.0372 Cnw 0. 002,4 C Y'6 -0.0143

w w

Note: Units are radians .
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TABLE C-5.

DIMENSIONAL INPUT AND OUTPUT MATRIX COEFFICIENTS
FOR F.C. #1

X -0.0029646 i/sec L•, -4.4499 1/sec 2

X 0.53477 ft/sec2  L -0.75011 1/sec
A deg p

Xq, -0.53477 ft/seCg L 0.24613 1/sec

deg r
-0.56146 ft/sec2  2deg L•, .701583 i/sec2

r

X 0.011617 ft/sec2  036464 /se
6e deg 061w

X -0.82712 ft/sec2 Ns 1.42597 2/sec2
6 sb deg 1

XT- 0.0495 ft/sec Np, -0.012277 1/sec
T%RPM p

0.010529 deg N, -0.15052 1/sec
MU, 0ft(sec)

M_, -2.7963 ./sec2  N -1.01653 1/sec 2

r

Mq, -0.7537 i/sec N6, .020775 1/sec2

w

2met .00041339 1/sec YS' -0.076917 1/sec

M6 , -1.64897 1/sec 2  Y 0.039665
e

M6 , 0.173339 1 /sec2 Y -0.99629
sb
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TABLE C-5--Continued

"z u -0.004883 deg/ft Yr, 0.026647 1/sec!r
Z c, -0.54223 1/sec Y6, -0.000746 1/sec

w

Z , 0.992966 YO, 0.04322 1/sec

Z"1 -0.0018099 1/sec Z6, 0.031962 1/sec'
sb

ft /sece -0.021319 1/sec U0  13.001715 deg
2deg
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TABLE C-6

DIMENSIONAL INPUT AND OUTPUT MATRIX COEFFICIENTS
FOR F.C. #2

Xu -0.0029479 1/sec LS, -6.22193 1/sec2

2
X .551527 ft/sec 2 -0.936318 1/sec(• ~~~~deg L, -. 961 /e

Xq, -0.56006 ft/sed L 0.395991 1/secq deg r
i 2

Xe, -0.56146 ft/sec 2, . i0013 I/sec2
deg L6 11031/er

X 0.010498 ft/sec2  2
6 deg L 6 ' 0.46253 1/sec

x I:~. -0.079813 ft/sec2 2
6 sb deg NS, 1.87524 1/sec

X 0.034 ft/sec. N -0.012103 1/sec%REM p

e0.0091035 f e Nr, -0.196469 1/secMu, .013 ft (sec) r

M, -2.40739 I1/sec 2 , N6 -1.32796 1/sec 2

r

Mq, -0.814938 1/sec N6, 0.02541 1/sec 2

w

Met 0.0004419 1/sec2 YB, -0.078921 1/sec

M -0.018616 1/sec2  y 0.0399458
e

M6, 0.0273034 .1/sec2  Y , -0.996444
sb r
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TABLE C-6--Continued

Zu, -0.-004865 deg/ft Yr, 0.0273552 1/sec

Z , -0.477268 1/sec Y -0.000766 1/sec
w

Z q 0.993693 Y-, 0.041764 1/sec

Z8,, -0.001749 1/sec Zsb 0.218002 1/sec
sb

• ft/sec
Z -1.758 1/sec Uo 13.4555 deg

e
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TABLE C-7

DIMENSIONAL INPUT AND OUTPUT MATRIX COEFFICIENTS
FOR F.C. #3

Xu -0.0234233 1/sec L -2.39756 1/sec2

X 0.422S202 ft/sec Lg., -1.11861 1/secSdeg p

Xq, "0.1660307 ft/sec L 0.683707 1/secSdeg r'
22

Xn, -0.5619546 ft/sec 2 L6, .0.335391 1/sec2
deg r

X6 0.0444 ft/sec 2 2
X e 0.0064484 deg L6f 0.379249 1/sec

e W

X- -0.063125 ft/sec2  L8344 I/sec2c sb deg 0

20.1268 ft/sec 2 -0.0 85262 1/sec 2

T p

d r.0318452 deq 'N -0.238751 1/secMu, 385 ftlsec) l

M , -1.07422 1/sec 2  NA, -0.465479 i/sec2

r

-. 09229/s N6 , 0.0190316 i/sec
w

Me, -0.000074 1/sec2 Y ' -0.129778 1/sec

M e -0.92184 1/sec2 Y 0.0316453 --
e P'p

M6, 0.095412 1/sec 2  Y -0.982538
sb r1"
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TABLE C-7--Continued

Zus -0.0591737 deg/ft 0.03819 1/sec
r

Z -0.778653 1/sec Y6, -0.002421 1/sec
r

Zq, 0.966486 y, 0.1370213 1/sec

Ze, 0.000239 1/sec Z5, 0.064588 1/sec
sb

Z -0.037515 1/sec Uo 4.101222 ft/sec
•0 "deg
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Body Bending Modes

I . To eliminate the rigid 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 model for' the longitudinal plane:

s]s} + (1[2 IS] + 0 V '[C. ]){•s}
s

2 •.~ V2

s + 0 o [C E S}
S S

=- 0 v2 [ (C)q + (CO)a + (C )e + (C6 sps

+ (C ) ](C-71)

{'Z} = [Cnz{Es} (C-72)
nz s

{e} =sc I (C-73)

where:

I = Mass moment of inertia, slug--in.

{£) Elastic mode displacement, in.

= Viscous damping factor.

Wn = Frequency, rad/sec.

_P = Air density, lb-sec 2/in.4

I .V = True airspeed, in/sec.
0
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C Derivative for structural modes.

Z = Vertical acceleration, up pos., g.

-e = Pitch acceleration nose up pos., rad/sec.

MACq = Pitch rate, rad/sec x 2 nose up pos.

a = Angle of attack, wind from below pos.,
radians.

6 = Elevator displacement, T.E. down pos.,e radians.

6 = Spoiler displacement, (L + R)/2, R.
s spoiler up pos., radians.

a= Vertical gust angle, from below pds.-, radians.g

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 0 11.44]

11 161.5 0 ; Wn 23.41 (C-74)
00 15.87 17.94

.02 7.42,5(10)

.02 C = 3.617(10)4 (C-75)L]=L

.02 6.363(10)4

5.970 (10) ,

C^ = -7.664(i0)4 (C-76)

r4

~4.l74(lo)j
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4 4l
""'•6.~70911014 5.561110)4 2.11811013

C= 3.899(10)4 9.183(10)4 -6.194 (10)3 (C-77)

5.753(10) 6.461(10)3 6.793(10)

27.92 270.5 -6.1.68

C= 36.65 -175.8 -131.8 (C-78)

L:16. 02 19.10 256.6J

F-1.430(10) 410.
C -1. 583(10) ; C6 = 0.0 (C-79)

Le 2 4] spLoi
4.271010 .

2.618(10;4 1.764(10;3 -1.334(10)3] BS = 194.5

2.469(1071 5.952(10)4 -3.496 (105 BS = 584.2

C = 2.578110D4 2.165(1!04 4.522 (1074 BS = 855.6

3.992(10).4 2.086 (1074 1.697 (104 BS = 13'21.0

L5. 024 110y4 4.141(10)4 -4.741(10)4 BS = 1504.5

.(C-80)

'7.34(810)1
Ca = 3574110) 4(C-81)

g 236-(10).

*Note: BS = Body Station.
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1.924 (10)5 1.275(10)3 -1.406 (1Oy3 BS = 194.5

"3.975(10)7 8.091(10)4 -9.473 (10)4 BS = 584.2

C- -4.636(10)5 3.024(10)4 -4.068(10)4 BS = 855.6

-1.877 10)4 -2.925(1074 9.671 (104 BS = 1321.0

-2.445 (104 -5.753(10]" 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:

1 0

03 0 0 8.76
0 =113.1 0 1; n 2.76 (C-83)

0 21471 L23.62C-3

.02, F8.403(10) 4 7.538 (10j4

S.02 ; .114(10) Cq 2.461(10)

.02 8659(10) 45080(10)5

(C-84)

6.77(10)• 2.795(10o' -1.366(lo)
C* = 1.777(10)3 7-.691(10)4 -3.34(1 ) (C-85)

-4. 2.13(l10) 3 -2.239(10) 4 7.839 (10)4tz0 oO80lii
r80.35 181.7 -108.4

C 31.22 -281.2 -216.7 (C-86)

-9.809 -109.3 254.0
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-1. 38(10) 40.0

C --. 629(10) ; Cz 0 (C-87)
•e sp

781(10) 0.0

8.309(10) 4

C 1.809(10)3 (C-88)

g .594 (10) 4(

-- 4
1.107(10)4 4.018(10) _ -1.444 (10)4 BS = 584.2

n 1.772(10)4 3.072(10[5 2.583 (10)4 BS = 855.6

3.784 (10)4 2.087 (10'4 -2. 049 (10)4 BS = 1321.0

4.863(10 5.600(10 -9.129 BS = 1504.6

(C-89)

-8.642(10)5 1.288(1073' -1.180(1073 BS = 194.5%

-8.873(10) 8.307(10)4 -8.143(10)4 BS = 584.2

C- = -1.159(104 2.467 (10T4 -2.827(1074 BS = 855.6

-2.099(10)4 -5.501(10;4 1.125(104 BS = 1321.0

-2. 420 (1074 -9.325 (l0y4  1.866 (104 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

there is no cross co':pling between the first and second

201,
' __________



body bending modes. Also, the units are converted by the

author to correspond to the units of the rigid aircrafc

equations. The elastic equations of motion for the longi-

tudinal mode are:

F.C. #1:

First Body Bending Mode:

6 + 1.318; + 134.074e = -119.45q 148.56a + 28.6125=e (C-91)

Second Body Bending Mode:

6 + l.112 + 545.026e = 22.843a - 10.781a + 5.523-e (C-92)
e

F.C. #2:

First Body Bendinn Mode:

6 + l.'848; + 93.164e' = -268.953q - 299.816:, + 48.456C (C-9?)
e

Second Body Bending Mode:

6 + 1.196e + 517.212e = 147.744q- 1.269- + 15.7835e (C-94)
e

F.C. #3:

First Body Bending Mode:

6 +,1.893e + 131.014e = -62.847q -78.164: +'15.0546 (C-95).
e

Second Lody Bending Mode:

6 + 1.229, + 547.77e = 12.019q -5.672'% + 2 . 9 0 6Ve tC-96)

Using Equations (C-72) and (C-73) the body bending

modes are converted to the desired matrix form, which is

in an equivalent form as the -quation for the rigid air-

craft. The' final form is:
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Si

S•a b o h e 0, •0 •

S-d(C-97)
c d] oe f o 0 Tb

Where for F.C. #1:

-- a = -0.0769S2 - (0.00023/A + 0.000113/A)S

b = (1 + 0.00241/A- 0.0031/B)S + 0.00299/A + 0.0031/B

c = -(0.00022/A + 0.00106/B)S

d = + (0.0023/A- 0.02912/B)S+0.00286/A+ 0.0137/A

e = 0.000576/A+ 0.000749/B

, its,
f = 0.00055/A + 0.00704/B

A = 2 + 1.318S + 134.074

"2
B = S + 1.112. + 545.026

For F.C. #2:

* 2
a = -0.0743S - (0.000038/A + 0.000011/B) S

'" b'= (1 0.00046/A -O.01748/B),S + 0.00051/A + 0.0015/B

Dc (0.00189/A -0.000121/8)S

-- S2
d ( (0.02276/A + 0.1903/B)S - 0.02537/A + 0.00163/B

e 0.000083/A + 0.00187/B
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f = -0.0041/A + 0.0203/B

A = S2 + 1.848S + 93.164

B = 2 + 1.196S + 517.212

For F.C. #3:

a = -0.2438S2 - (0.00122/A + 0,00059/A)S

b = (1, + 0.00401/A - 0.00517/B)S + 0.00499/A + 0.00244/B

c = - (0.000366/A + 0.00178/B)S

p2
d =S + (0.00121/A - 0.011548/B)S + 0.0015/A + 0.00731/B

e = 0.000961/A + 0.00125/B
''y-

f = 0.00(29/A + 0.00374/B

2
A = (S + 1.893S + 131.014).

I
"B = (S + 1.229S + 547.77)

"The above bending mode equations are developed for

body station 194.5 which is located at the pilot/copilot

area.

Summary

This appendix sumiarizes 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 given

for each of the three flight conditions studied. The

development 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-

tudinal design (Chapter V).



Appendix D: Sample Run of CAT Program

COMMN- ATTACN,CATI,IT• T8:6
"PPM IS
CATI
AT CY" 01 Vs'FIT

COMMlAND- CATI

IO, AZIS TRLASFO1ATt01 PMU0RM t smimum

E0TER STABILr? AHIS COEFICIENTS FOIR TRANSFORMATION
TO BODY AIIS. TRIM ALPHA IS NEEDED FOR CONVERSION.
MOMENT COEICIXFFTS AND SIDEFDRCE COEFFICIENTS NOT
REQUESTED REMAIN UNCHANSED.
NOTE: ALL COEFFICIENTS ARE RE2UESTED WHEN CI•FUTINr
DIMENSIONAL DERIVATIVES.

TO TRANSFORM ONLY LONSIT1DINAL DATA - TYPE
TO TRANSFORM ONLY LATERAL-DIRECTIONAL BATA - TYPE LAT
TO TRANSFORM DOTH LOUI AND LAT-DIR DATA - TVYE 10TH
KE`YND aOTH

ARE DIMENSIONAL OY AIlIS DERIVATIVES REIJIMI 7 (YES/NO)YEl

o (DYNAMIC PRESSURES - LJSIFT2) s124.8

S (WINS REFERENCE AREA - FT2) s243

C (WINS MEAN AERODYNAMIC CORP - FT) .26.16

I ieINS PAN - FT) v131.183

VT (TRIN VELOCITY - FT/SECi ,745

THETA (PITCH ArGLE - DESSt '2.4,

V (WEIGHT *US) v13Ugg

INERTIAS MUST INT IN JODY AIlS.
III ISLLU4T2) *2131111

IYY (SLI64T2i s2461010

Ill (SLUG-FT21 "4361HI

III (SLUS-FT2) .o
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AIRCRAT PARAIWETES
0 (DYNAMIC PRESSURE -LJSIFT2) a 124.800
8 (NINO REFEENCE AREA - FT2) * 2433.906
C (NINO MEAN ALOMVNAMIC CROR - FT) a M1169
I cullO $PAN -VFT) - .131.830
WT (TRIN VELOITY -. FT/SEC) a 745.9NO
THETA a 240M1
I (WEISHT - US) * 1999.
III LUS-MT) a .2fl3flE47
IYT SUIS-FT2), a .. 4U66E.U7
IZZ (3110-Ml) a jUM~9E.47
IIZ (SLUB-FT2) a #.

1S THE Eli51 DATA CORRECT-? (YES/NS) YES

kKA IDES) x2.4

CL a.4209

WL 1DES) 8.9~3

CME (1DES) *JgulfS

CLI (1KDS) i-.U557

CL IR(11) a5*j545

CLAD IWRA) o

CLU 1I(FTSECI) a#

CO #240

CDA (1DES) a.N4?I8

ONE 1/DES 80

CDDV WNW~l ".9000674

CPU (1/FTSEC11 at

CN a

Cm (1/Dl) 8-.9213

ROIE (1/DS) .-,911&

CRDF (1DES) @.0#1207

CHOI WRAP) a-15.45

CRAD W1RAD) 0-6.79
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CMI(/(FT/SEC)) 4

LONITUDINAL STABILITY AXIS COEFFICIENTS
ALPHA a 2.4199

CL a .42U899 'CR a #. CO a .240#99C-1l
01 a .f39999E-f9 CA a -.29I99iE-#t CDA a ,421118E-#2

CLK a .368999E-92 CN a -.1169E-4t1 UE a 9
MJ a -.5"6719RE-2 DF a .1269K-Rf CODF a .867499E-f3
MGa 5.15459 Mea -13.43H

0U.6 , 9. olwla 4."79#0
C.U 9. L J" 9. COU" s .

H*H•*4HI4•4H4**#**#**lt s4#il~tt4 *I*IfOIHfffHfl4mlf9** 0 HH

.IS THE ENTERD DATA CORRECT 7 (YES/Nl) YES

H4I#IIHIHHfl ttt4**tIHIHf~l@**fHHflO4*H**tI4, l44,H*lI410tttt41*t

LOMITU•INAL IODY AXIS COEFFICIENTS1 (11/I)

Cl a -.42601 CI " -.413992E-#2
CZA a -5.37114 CRA " -1.173M CIA " .4#7432

CIDE a -. 211171 CdDE " ,l15R9E42
CIV a .316695 ClIP o -. 63917E14!
Cza a -5.1499M CIG a .215848

ClAD" 9. WiA -6.7M494 C.IAD. #.
C1 -. &28894 C0U a .4911561-f! CIV a -. 29?71E-91

**I'4HH'4t'4'H 4•t41# *4*I'44**4*eO i@$*H990*O4*He* H#104**0t09*Ht iff, IH ~g t

LrOLM BODY AXIS DI?.ESIONAL DERIVATIVES
Z a -129542. N 9. I a -164.32

ZA a -493.998 Ma -2.92917 U a 3#.6425
Zi a -15.82 flu'a -1.6,584 IN a ..65•73
Za a 23.8115 F .18a63 .'F "a -4.739#4
ZI a -5.24957 NO a *.526903 I a .219445
ZAP a 0. M D a .-22845 lAD - #o
RU a -. 63487'E-ft No a .164203'03 IU -".2946SE1-2

LON• BODY AXIS PRIMD DINENSPNAL DERIVATIVES
ZAI a -. 542223 M' " a 2796-32 WA a 31.6425

ZDE' a -. 2131881-'1 NIE' a -1.64897 IDE' a .663470
ZOP' a .3196171491 iP' a .17=339 IN' a -4.73#94
to' a ."2964 No" a -. 75.791 I0' i -M3.91168
ZU' a -. 1352186144 lJ' a .183741-R3 RU' 1 ".294465-92

ZTHETA' •-.18993E-f2 ITHE'A' • .413KNEW '5-0 ITHETV', -32.1711

CUI (1101E) B.992897 '-

CIP (lR/M) -.. 95

"CUR (1/MD) '-.194

CUOR (1/016) @-.991972

C.-A .lI DE6l ',99#026
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CUDT (IDES) ad

CNIC (VIEW) of

0CU W1KDS) *-Jot3

0P UA/W) -.4339

0.1(1/381)u.155

CLU WKS) a9995497

CUD? (I/DES) of

CLC (I/DES) of

'M WK/DS) in-.113291

CI? UA/W 0-.233

MV Ul/WI 2.425

CYR (1/KS) .0

CVII (1/DES 9-.9U129

MOTD WK/DS) 40

CYIC (1DE) of

UAT-DIR STADILITY II:! COURCIENlTS
CNI a .2ff7ffE-#2 0.1 a -.38990142 CyI a *32?1914
OIP a -. 500 9-f 0)P a -.4339104 CY? -. 239900
Co a -.00499 CLA a .15590 CYR,* .428009

CND a -. 117299-f? PA a .54f701-55 CVI a .449799-92
CIAa .249191E-04 CLDIa .329901-43 MAI a -. 1291943-5

CND?. a9. CUD?. 9. CMOT a 9.
CNPC a . MIac 9. CICa .9

13 THE 6(11*1 UTA CURECT ( YES/MO)YES

UT-I311 NM 11H CDEFICIENlT9
CMI a 454597 Ml1 a -. 229636 MVI a*.74191
CIO a -1534421-fl CL? a -.446W5 CV? a -.291111
coP -.180147 0.1 a .144464 CYR a .417386

CNNI -.?916992E-9 CLII a .3114191-ft CVII a .263962
CXPA s OVE747-2 CUOA a .138172E-91 CVII a -.7391144-2

CIOD? 9. CLII?. 9. dUD?' 9 f
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CNOC 9. CLDC 1 . CYDC "'.

LAT-DIR lOOY AXIS DIMENSICOAL DERIVATIVES
8 x 1.42597 Li , -4.4499" YT -v57.3131
NP a ".12277ZE-91 LP, -. 75•111 TP a -1.65568
l a -. 152525 UL s .244128 T a 2.75949

NOR a -. 991384 LIM a .618955 YTO a 19.323
VIA .2977a6E9f 1 LIA a .364641 yM a -. 55M5a1

GDOT a 9. DIJT a . NT Da L
NK aL. LIC . TaL, a .L

LUT-IIR WOOY AXIS M•IED DIMENSIONK DERIVATIVES
Nil' a 1.42597 U' a -4.4499" oI' a -. 769169E-ft
HP' • -.12277E-9 LP' a -. 7511!1 YP a .396A55E-9
a,' * -. 15#52 Li' a .246128 aI' a -".9206

NOR' a -. 918384 LOt' a .618955 YORI' * .26473E-#1
IDA' a .97716E-9f LOUP .364641 TIA' a -. 746149E-13

HOT' a 1. LOOT' 1. Y9OT' a 1.
30Cc a L LOCI 2 0. YTC 9.

IS ANOTHER PROGA RU DESIRE ? (YES/NO)NO

924399 MAIMUM EXECUTION FL.
Ito 1.312 CP SECONDS EXECUTION TIME.
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Appendix E: Time Response Mod ls

Introduction

This appendix outlines the response models 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 loops, one and two are

shown.

Response Models--Bank Angle Command

The upper bound or optimal response selected for

the bank angle response is a settling time of approximately

5 seconds for a 30 degree command input. The derived

equation for this bound is:

50
= (s + s 5(s t 5)s + 10) (E-l)

The time domain specification for this model' is given in

Table E-7. The log magnitude of'b 1 1 over the frequency of

interest is shown in Table E-2.

The worst acceptable response for a 30 degree

bank angle command is selected as having a settling time of
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"TABLE E-1

b -- TIME DOMAIN SPECIFICATION

Rise time = 2.29 seconds

Settling time =' 4.24 seconds

Peak value = 30'.0

Final value = 30.0

TABLE E-2

LOG MAGNITUDE--bl 1

Frequency Magqnitude Frequency Magnitude
(Rad/Sec) (0b) (Rad/Sec) (db)

0.1 -0.045 10

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:

25.0
ail (s + .5) (s + 1) (s + 5) (s + 10)

The time domain specification for this model is given in

Table E-3. The log magnitude of a11 over the fr-quency

of interest is shown in, Table E-4.
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TABLE E-3

a1 1 -- 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--al 1

Frequency Magnitude Frequency Magnitude
(Rad/Sec) (db) (Rad/Sec) (db)

.0.1' -0.216 10 -56.1

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 acceptable response for

the sideslip response due to a bank angle c mmand is a

peak value of 1 degree which settles to zero. The derived

equation for this bound is:

1.859 s(s + 5)

12 (s + .5)(s + 1.3)(s + 20) (E3)
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The time domain specification model is given in Table E-5

The log magnitude of b12 over the frequency of interest

is shown in Table E-6.

A plot of log magnitude vs frequency for each of

the response models is shown in Figure E-1.

TABLE E-5

b 1 2 -- TIME DOMAIN SPECIFICATIONS

Settling time = 15 seconds

Time to peak = 1 second

Peak value = 1.0

Final value = 0.0

TABLE E-6

LOG MAGNITUDE--b
12

Frequency Magnitude Frequency Magnitude
(Rad/Sec) (db) (Rad/Sec) (db)

0.1 -23.1 10 -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 -13.9 200 -40.8

5.0 -18.2 500 -48.6.
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FRECJENCY DOMMM! SPEC!F!CqT!CMS 812

, -. .'

i"

Fig. E-1. Frequency Response--a 1  bi and b.

Response Model-.-Sideslip Command

I ~ The upper bound or optimal response selected on

the sideslip response is a settling time of approximaiely 9

secon~ds i:.'r a 5 degree command input. The derived equation

f or this bound is

b2.25 ,.(E-4)

2. (s + .4)s+5

The time domain specifications for this model are given

in Table E-7. The log.magnitude of b2 2 over the frequency

of-interest is shown in Table E-8.

2I15
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TABLE E-7

b TIME DOMAIN SPECIFICATIONS

Rise time = 4.91 seconds

Settling time = 8.90 Seconds

Peak value = 5.0

Final value = 5.0

I
TABLE E-8

LOG MAGNITUDE--b 2 2

Frequency Magnitude Frequency Magnitude
(Rad/Sec) (db) (Rad/Sec) (db)

0.1 -0.211 10 -33.9

S0.2 -0.790 20 -45.3

0.5 -3.54 50 -61.0

1.0 -7.91 100 -73.0

2.0 -13.8 200 -85.0

5.0 -24.0 500 -100.0

The worst acceptable response for a 5 degree side-

slip command is selected as having a settling time of

approximately 15 seconds. The derived equation for this

bound is:

a 1.522 = (S+ .3)(s + 1)(s + 5) (E-5)
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The time domain specifications for this model are given

in Table E-9. The log magnitude of a 2 2 over the frequency

of interest is shown in Table E-10.

TABLE E-9I
a 2 2-- 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

Frequency Magnitude Frequency Magnitude
(Rad/Sec (db) (Rad/Sec) (db)

0.1 -0.503 10 -57.5

0.2 -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
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The upper and lower bounds or maximurm acceptable

response for bank angle response due to a sideslip command

is a peak value of 2 degrees which settles to zero. The

derived equation for this bound is:

b .7643 (s)(s + 6) (E-6)21. (s + .5) (s + 2.3)(s + 20)

The time domain specifications for this model are given
in Table E-l. The log magnitude of b21 over the frequency

of interest is shown in Table E-12.

A plot of log magnitude vs frequency for each of

the response models is shown in Figure E-2.

TABLE E-11

b -- TIME DOMAIN SPECIFICATIONS
21

Time to peak = .681 seconds

Settling time = 20 seconds

peak value = 2,.0

Final val'ue = 0.0

2
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TABLE E-12

LOG MAGNITUDE--b 2 1

Frequency Magnitude Frequency Magnitude
(Rad/Sec) (db) (Rad./Sec) (db)

0.1 -34.2 10 -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

FRECJE4CY COM!N SPEC!rF!CqTfCkS - 22.8ZZ 82,

L

fRECJE1IC1 !RqC'SL'

F-ig. E-2. Frequency Response-- 2 , b 2 2 , and b21
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Equations for F.C.'s #2 and #3

The required equations for F.C. #2 and F.C. #3 are:

S.99644s [(.0399458s + .04176)¢ - (s + .07625)P

.0076556 + .02735526 r] (E-7)

(s2 + .920643s- .016597)¢ + (.3974s + 6.25223)S

.46223w + 1.1116 (E-8)

(.0399466s2 + .06167s+ .00821)¢ - (s2 + .272719s + 1.88358)B

(.0007655s + .02547)6 - (.0273552s + 1.3286)6 (E-9)
w r

and in matrix form

(s2+.920643s-.016597) (.3974s+6.25223)

L(0399458s +.06167s+.00821) -(s +.272719s+1.88358j L:J
.42 w (E-10)

000 655s + .02547 -. 0273552s- 1.3286l6

F.C. #3:

. [(.0316453s + .1370213)¢ - (s + .129778)6S=.982538.,

-. 0 2 4 2 0 7 6 w + .038196 r] (E-1)
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2(s + 1.11801s - '09548)¢ + (.69382s, + 2.4876)1

".377576 = .36189r (E-12)_w r

2 2(.0316453s 2 + .22835s + .03271)¢- (s + .36853s + .60905)a

= (.0024207s + .01926)6 - (.,03819s + . 4 6 6 1 8 )6rwr
(E-13)

and in matrix form

r(S 2 +1.11801s-.09548) (.69382s + 2.4876

. +.22835s+.03271) -(s +.36853s+.60905)

.37757 .36189 1= (E-14')

.0024207s + .01926 -. 03819s - . 4 6 6 1 8  E

"Templates

The templates for q 2 2 are shown in Figure E-3 and

the templates *for qlle are shown in Figure E-4.

Summary

This appendix outlines the response 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 sideslip maneuver. Also included are

the required lateral equations for FC #2 and #3 and,

finally, the templates used in the design are' shown.

%
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-5.03 db -4.90 db

-4.40 db

S=.i w=2 -9.60 db=4

-17.8 db -17.7 db
-17.7 db

-1.30 db 4.47 db

-19.62 db

w1 -7.50 db -20.89 db

-3.54 db w:2,

-15.8 db
-28.78 db

-492 db

-37.4 db

w=10w=2

-52.6 db
-44.1

d (b
-67.8 db -73.9 db

-62.5 db =500
-=50 -61.6 db 00 =200

0-0.3 db ' -76.9 db -85.03 db

- Fig. E-3. Templates for 22
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16.67 db 11.16 db

23 3 ..45 d

-24.78 db

4.2 -3.58 \&305

- . •i db -24.78 db kc.=2

-7.67J
-19.12 db

-45.c'5 db
-46.29 db -58.34 db -74.40 db

1. -20 =5
-47.98 db -60.48 db

.- 76.39 db

-86.59 db -98.71 db
-114.7 db

w=100 V =200 w =500

88.43 db -100. ,d -116.6 db

'Fig. E-4. Te-plates for qlle
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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 Longitudinal 3x3 MIMO System. This data is

obtained using the computer programs listed 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 body bending modes. Also included are the

3x3 equations of the rigid aircraft for F.C.'s #2 and #3.

The next section contains the derived time domain specifica-

tions for the pitch pointing maneuver and, finally, the

templates of qll, q 2 2 and q 3 3 for both the rigid and non-

rigid aircraft are included.

Rigid Aircraft Data

The data listed in Tables F-l through F-10 is only

given over the desired frequency of interest. Each table

gives the magnitude of the desired qij for each of the three

F.C.'s. For each qll, q 2 2 and q 3 3 the magnitude and phase

are given. Phase angle is given in degrees.
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TABLE F-I

MAGNITUDE (db) AND PHASE (Deg)--q 1 1

Frequency F.C. #1 F.C. #2 F.C. #3
(Rad/Sec) Mag Phase Mao Phase Mag Phase

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 -352.7 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 -4.4.16 -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 -71.33 -359.9 -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 -100.3 360.0
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TABLE F-2

MAGNITUDE (db)--q1 2

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

VQ 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

200.0 788.33 -87.91 -93.29

500.0 -104.2 -103.8 -109.2
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TABLE F-3

MAGNITUDE (db) -- ql3

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 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

20.0 32.34. 30.47 17.23

50.0 32.34 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-4

MAGNTTUD E (db) -- q 21

Frequency
(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 -20.5r -21.72 -24. E7

5.0 -36.25 -37.46 -40.13

i0.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.

500.0 -116.2 -117.4 -120.0
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TABLE F-5

MAGNITUDE (db) AND PHASE (Deg)--q 2 2

Freq.
- (Rad F.C. #1 F.C. #2 F.C. #3

/Sec) Mag Phase Mag Phase Mag Phase

0 -
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

10.0 -35.77 -116.4 -35.72 -114.0 -37.80 -133.5

20.0 -45.78 -145.6 .- 45.58 -144.0 -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 -172.6 -76.34 -175.1

200.0 -84.99 -176.9 -84.71 -176.3 -88.37 -177.5

500.0 -100.91 -178.6 -100.6 -178.1 -104.3 -179.0

2
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TABLE F-6

MAGNITUDE (db) AND PHASE (Deg)--q22e

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 -25ý15 -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 -25.39 -356.3 -21.91 -347.1

2.0 -27.58 -343.5 -29.47 -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

20.0 -68.48 -172.5 -66.13 -171.3 -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' -85.34 -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

1000.0 -117.0 -96.97 -115.1 -97.06 -105.5 -90.96

2000.0 -123.0 -93.50 -121.1 -93.55 -111.5 -90.48

5000.0 -131.0 -91.41 -129.1 -91.42 -119.5 -90.20

10000.0 -137.0 -90.71 -135.1 -90.72 -125.5 -90.10
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TABLE F-7

MAGNITUDE (db)--q2 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

0.2 15.43 13.98 .0323

0.5 15.43 13.98 .0323

i.0 15.43 13.9.8 .0323

2.0 15.43 13.98 .0323

.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

50.0.0 15.43 13.93 .0323
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TABLE F-8

MAGNITUDE (db)--q3 1

Frequency.
(Rad/Sec) F.C. #1 F.C. #2 P.C. #3

0.01 37.37 34.28 43.67

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 -24.72 -28.86 -18.08

5.0 -40.55 -44.70 -33.90

10.0 -52.58 -56.73 -45.92

20.0 -64.62 -68.77 -57.96

50.0 -80.53 -84.69 -73.88

100.0 -92.57 -96.73 -85.92

200.0 -104.6 -108.8 -97.96

500.0 -120.5 -124.7' -113.9
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TABLE F-9

MAGNITUDE (db)--q 3 2

Frequency
(Rad/Sec) F.C. #1 F.C. #2 F.C. #3

0.01 -28.3 -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 -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

500.0 -103.1 -106.0 -96.72
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TABLE F-10

MAGNITUDE (db) AND PHASE (Deg)--q 3 3

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

02 -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

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 -89.76

50.0 -60.09 -89.99 -63.35 -89.99, -51.92 -89.91

100.0 -66.11 -90.00 -69.37 -90.00 -57.94 -89.96

200.0 -72.13 -90.00 -75.39 -90.00 -63.96 -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 for the first bending mode occurs at approximately

11.6 rad/sec and the natural frequency of the second bend-

ing moCe occurs at approximately 23.4 rad/s For the

design of the longitudinal controller, the i equencies at

and around the.bending modes natural frequencies are of

interest because of changes in both magnitude and phase.

Thus the data in Tables F-lI through F-20 is expanded

around the natural frequencies of the first and second

body bending modes. Note: the change in magnitude and

phase of the non-rigid model i. very small from that of the

rigid model.
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TABLE F-li

MAGNITUDE AND PHASE q11

Frequency F.C. #1 F.C. #2 F.C. #3
(Rad/Sec) Mag Phase Mag Phase Mag Phase

0.01 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 -22.68 -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 -359.9 -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.
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TABLE F-12

MAGNITUDE (db)--ql 2

Frequency
(Rad/Sec) F.C. #1 F.C. #2 F.C. #3

0.0i 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 -J9.14 -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

100.0 -76.29 -75.87 -81.25

200.0 -98.33 -87.91 -93.29

500.0 -104.20 -103.80 -109.20
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TABLE F-13

MAGNITUDE (db)--q1 3

Frequency
(Rad/Sec) F.C. #i F.C. #2 F.C. #3

0.01 32.34 30.47 17.23

0.1 32.34 30'.47 17.23

0.2 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 3.0.47 17.23

11.5 32.34 30.47 17.23

12.0 32.34 30.47 17.23

12.5 32.34 30.47 17.23

13.0 32.34 30.47. 17.23

20.0 32.34 30.47 17.23

22.0 32.34 30.47 17.23

22.5 32.34 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 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 2 1

Frequency
(Rad/Sec) F.C. #1 F.C. #2 F.C. #3

0.01 37.67 37.42 30.60

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

11.5 -50.68 -51.90 -54.52

12.0 -51.42 -52.64 -.55.26

12.5 -52.13 -53.35 -55.97

13.0 -52.81 -54.03 -56.65

20.0 -60.29 -61,51 -64.12.

22.0 -61.94 -63.16 -65.78

22.5 -62.34 -63.55 -66.17

23.0 -62.72 -63.93 -66.55

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
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TABLE F-15

MAGNITUDE (db) and PHASE--q 2 2

Frequency F.C. #1 F.C. #2 F.C. #3
(Rad/Sec) Mag Phase Mag Phase Mag Phase

0.01 -24.64 -360.0 -25.18 -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 -359.'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

23.0 -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 -48.3"7 -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 -360.0 -100.50 -360.0 -104.50. -360.0
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TABLE F-16

MAGNITUDE (db)--q2 3

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 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

11.0 15.43 13.98 32.45

11.5 15.43 13.98 32.45

12.0 15.43 13.98 32.45

12.5 15.43 i3.98 32.45
13.0 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 15.43 13.98 32.45

24.0 15.43 13.98 32.45

50.0 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
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TABLE F-17

MAGNITUDE (db)--q3 1

Frequency
(Rad/Sec) F.C. #1 F.C. #2 F.C. #3

0.01 37.46 34.45 43.74

0.1 16.97 13.77 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 -24.7ý -28.86 -16.08

5.0 -40.55 -44.70 -33.90

10.0 -52.56 -56.73 -45.92

11.0 -54.23 -58.39 -47.58

0 11.5 -55.01 -59.16 -48.35

12.0 -55.75 -59.90 -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 -710.43 -59.62

22.5 -66.66 -70Y.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 -97.96

500.0 -120.50 -124.70 -113.90
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TABLE F-18

MAGNITUDE (db)--q 3 2

Frequency
(Rad/Sec) F.C. #1 F.C. #2 F.C. #3

0.01 -15.80 -19.17 -4.96

I. 0.1 -i16.18 -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 -i1.49

12.0 -43.91 -47.35 -32.21

12.5 -44.36 -47.80 -32.90

13.0 -48.80 -48.23 -33.56

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 -103.10 -106.00 -96.72
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TABLE F-19

MAGNITUDE (db) AND PHASE (Deg)--q 3 3

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

5.0 -40.09 -89.82 -43.35 -89.79 -31.92 -89.03

10 0 -46.11 -90.00 -49.37 -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.Ou -51.31 -90.00 -39.88 -90.00

13.0 -48.39 -90.00 -51.65 -90.00 -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 ,-56.60 -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

500.0 -80.09 -90.00 -83.35 -%i.00 -71.92 -90.00
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TABLE F-20

MAGNITUDE (db) AND PHASE (Deg)--q22e

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 -21.66 -360.0

0.1 -24.64 -359.9 -25.17 -359.9 -21.67 -359.9

d.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

11.5 -59.47 -183.0 -57.00 -179.2 -61.73 -132.5

12.0 -60.15 -182.1 -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 -80.68 -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 -121.6 -91.49, -94.77

500.0 -110.70 -103.7 -108.90 -103.9 -99.48 -91.92
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Rigid Aircraft Equations

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. t2:

.0411S .560066S - .02669 S + .00296461 h I

-. 074319S 2 -. 03547S .006307S+ .47902 .004865 j

1-.7891 S2 + .814938S+ 2.46095 -. 009104 u

77-
.010498 -. 079813 .034i K

= -. 01862, .027303 0

...,1-1.75799 .217951 0 iL T

F.C. -3:

.103lOS .1660307s -. 13914 S +1.234233 h

2
.24383S .189865 .033514S+ .77841 .1591737

-. 26 927S S2 + 1.09229S + 1.0743 -. 0318452

.0064484 -.063125 .1268] F6 ]
- -. 0375145 .064588
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Response Models--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. Th• derived

equation for this bound is:

0.955022 (S + 1.018) (S + 0.6665 ± j0.7028)

The time 'nmai~n specifications for this model are given in

Table F-21.

TABLE F-21

b 2 2 -- TIME DOMAIN SPECIFICATIONS

Rise Time = 2.93 seconds

Settling Time 6.26 seconds

Peak Value 4.08 seconds

Final Value = 4.00 seconds

The log magnitude of b 2 2 over the frequency of interest

is shown in Table F-22.-
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TABLE F-22

LOG MAGNITUDE--b 2 2

Frequency Magnitude Frequency Magnitude
(Rad/Sec) (db) (Rad/Sec) (db)

0.1 -0.038 10 -60.4

0.2 -0.153 20 -78.5

0.5 -1.12 50 -102

1.0 -5,99 100 -120

2.0 -19.59 200 -138

5.0 -42.5 500 -1.62

The worst acceptable case for a 4 degree pitch angle

command is selected as having a settling time of approxi-

mately 10 seconds. The derived equation for this bound is:

0.4875
22 (S + 0.51)(S + 1.018')(S + 0.6665 _ jO.7028)

The time domain specifications for this model are given in

Table F-23.

TABLE F-23

a' -- TIME DOMAIN SPECIFICATIONS
22

Rise Time = 5.08 seconds

Settling Time = 10.1 seconds

Peak Value = 4.00 seconds

Final Value = 4.00 seconds
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The log magnitude of a 2 2 over the frequency of interest is

shown in Table F-24.

TABLE F-24

LOG MAGNITUDE--a 2 2

Frequency Magnitude Frequency Magnitude
'(Rad/Sec) (db) (Rad/Sec) (db)

0.1 -0.193 10 -86.3

0.2 -0.766 20 -110

0.5 -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 or maximum acceptable response for

the altitude response, h, due to a pitch angle command is

a 'peak value of 0.5 ft. which approaches zero as time

increases. The derivedequation for this bound is:'

b 1.86S(S + 5)
12= (S + 0.4 ± jO.3165)(S + 10)(S + 10)

The time domain specifications for this model are given

in Table F-25. The log magnitude of b12 over the frequency

of interest is shown in Table F-26.
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TABLE F-25

b 1 2 -- TIME DOMAIN SPECIFICATIONS

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 1 2

Frequency Magnitude Frequency 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 -17.5 500 -86.5

The upper bound or maximum acceptable response 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

increases. The derived equation for this bound is:

"b "4.75S(S,+ 5)
32 (S + 0.4 ± jO.3165)(S + 20)
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The time domain specifications for this model are given in

Table F-27. The log magnitude of b32 over the frequency of

interest is shown in Table F-28.

TABLE F-27

b 32--TIME DOMAIN SPECIFICATIONS

Time to Peak = 1.94 seconds

Settling Time = 9.76 seconds

Peak Value = 1.00 seconds

Final Value = 0 seconds

Table F-28

LOG MAGNITUDE--b 3 2

Frequency Magnitude Frequency Magnitude
(Rad/Sec) (db) (Rad/Sec) (db)

0.1 -6.89 10 -12.5

0.2 -1.18 20 -15.2

0.5 3.47 50 -21.1

1.0 0.906 100 -26.6ý

2.0 -4.07 200 -32.5

5.0 -9.76 500 -40.5

A plot of Log Magnitude vs Frequency for each of

the response models is shown in Figure F-1.
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C

Fig. F-1.' Frequency Response--a 2 2 ' b 22 ' b12 and b3

Templates of 11 S22' q22e and 3
for the Rigid and Non-Ri5,id 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. 04db

39. 21db

.2 rad/sec l3d

=.1 rad/sec 3d d 35.31db
3.3b8.535db rad/

sec

2j35db 7.616dbJ w .5 rad/sec

42.53db' 20.20db 19.62db

Note that the templates for > '2 rad/sec are straight
lines with magnitude of 3.69db.

-Fig. F-2. Templates-q-1 --Rigid Aircraft
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-2 3.36db -35.77db
= 2 rad/sec•'.- "• -25. 50db -8. .99db

-2-20.d99�db=10 rad/sec
-29.09db- -27 2 2dbb

-5 975 rad/sec

S-45. 58db -60,77db

= 20 rad/sec = 50 rad/sec

-48.76d'b S - 64.3'4db

Note that the tempiates for 0.1 < . < 1.0 rad/sec and
S> 100 rad/sec are straight lines with magnitude of
3.50db and 3.64db respectively.

SFig. F-3. Templates--4 2 2 -- Rigid Aircraft
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-54. 77db

27. 57d 2.0 rad/sec =10 .rad/sec

-29.47db -2.9b-52.29db

-45.6db-59. 9db

-47. 92db

:-66. 13db

*-68.48db

-55. 53db

-78. 89db
-80.68Th-

=50 rad./sec -85.34db

-82.71db

-91.49db

-91.0'4db10rasc

-92. 98db

-99.7db =200 rad,/sec

-101. 6db

Note that the templates for . 1.0 rad/sec are
stra'iqht lines wi'th maqInitude of 3.48db and
w > 500 rad/scec straight lines with mag~nitude 11.5,db.

~Fi. F-4. Templates--q2  -Rigid Aircraftý
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-4, 687,db

-12. 16db =.2 radlsec

1 rad/sec

-6.228db -9.517db-6.228db-15.43db

Note that the'temp1at~es for 2.0 rad/sec are
straight 1ineF' with magnitude of ]1ý.4Odb.

Fig. ~F-5. Te2mp~ates--q 3 3-- Riq id and Non-Rigid Aircrart
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#5. 23. 36db 2rdec-35. 77db
2 I IlI d/i

-25..50db' -'8. 99dh

- 25. 97db ý-29. 22db -37.80Odb
=5 rad/ca

-4b. 58db

in20 rad/sec 50/d/e

-48.76db '43u

Note that the templates for 0.1 <w< 1.0 rad/see and
w >100 rad/sec are straight lines with magnitude of
3.50db and 3.64db respectively.

Fig. F-6. Templates--q 22 --N n-R~igid Aircraft
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51. 04db

1 03
39.21db

w=.2 rad/sec 1.3d

* =.1 rad/sec 35.31db
*34..13db. 8.535db w=1r

se
23.35db 7.616db

w 5rad/sec

42.'53db 20.,20db 1.62db

Note that the templates for w > 2 rad/sec are straight
lines' with magnitude of 3.69db.'

Fig. F-7. Templates--qll--Non-Rigi'd Aircraft



-'54. 77db
-27. 57db

~~A =2.0 rad/sec 
w= 10 a/e

i -2i7~~-2929.79d -52.29dib

-47. 92db

'-66.13db

w 00rad/sec

-68.48db -88d

-55.53db

F~ig. F-8(4). Template s--q2 2 e--N-igdAraf

2.59



-78. 89db.
-80.68b

=50 rad/sec -85.34dz

-82.71db

-91. 49db

-91.04db W '0 a/e

-92. 98db
w=200 rad/sec

-99.'72db

-101. 6db*

Note that the templates for w < 1.0 rad/sec are
straight lines with magnitude 3f 3.48db and

4j>500 rad/sec straight lines with magnitude 11.5db.

Fig. F-8(b).. Tepae-q2.-o-ii Aircraft
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Summary

-This appendix contains the required magnitudes for

each of the qi s for the design of the 3x3 longitudinal
1)

controllers for bc,'h the riqid and nonrigid models. The

aircraft equations for F.C.'s #2 and #3 are highlighted and

the time domain specification models are presented. These

models are used in the development of a pitch angle con-

troller for the longitudinal mode. Finally, the templates

required in the design of each controller are included.
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Appendix G: 2x2 Simulation Programs

Introduction

This appendix contains the computer programs used

* in the simulation of the 2x2 design. The programs used

during the 3x3 design phase for the numerical analysis and

simulations are contained in Reference 19.

2x'2 Simulation

The following programs are used in the simulation of

the 2x2 design. Shown in Figure G-l is the feedback struc-

ture used in this simulation.

Sel dI

rl1 1

P

-9 Fig. G-1. Simulation Block Diagram

Where P is the plant matrix, G1 and G2 are the two

designed compensators, and f and f are the two desired
11 22

pre-filters. The first program is the procedure file used

to compile; load and run the desired simulation programs.
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.PR~ocYR1.
* YR1

** THIS PROGRAM COMPILES, LOADS AND RUWS THE REGIURED'*
** ROUTINES FOR THE P2X2 SIMULATION *

CLEAR,
RFL, 130000.
GETpt'ERV.
FTNSI=t'ERVL=DERLISTANSI=0,LO=R/A/S/M.
*L'II4EN(P=SUEPY.
GET, YDATA.
FTN5, I=YE'ATA,L=t'ATLIST ,ANSI=OLO=R/A/S/M.
*LIE'GEN(P=SU4Y11,
GET,YSIMU.'
FTN5, I=YSIMU, L=SIMLIST, ANSI =0, LO=R/A/lS/M.
*SETF'LOT(F*EN1=BLACIý./LIO3,F'EN2=REE'/LI02).
GET ,DLEbOL.
FTN~5, I=DEGOL, L=t'EGL IST, ANSI =6, L=R/A/S'/M.
*(OET ,PLQT.
*FTN.5,1=FPLOT,L=PLOLISTANSI=OLO=R/A/S/M.
*ATTACH,HCE4SLIEB/PLIUc,IOOL#

E GET, SUEBLP.

LOAD (DERV, YEATA pYSIMU r DEGOL, SUE4LP),
*GET,SUE'D.
*GET,SUt',
*LAi~LBHBLi/SPSP/UY/,UY
SETTL=7000.
*SCTLIM ,CP=~550.
LGO.
REF-LACE, LATeiLP,
REPLACE,rDATAOUT.
DAYFILE ,YLIST.

* REPLACE,YLIST.
.EXIT.

* t'AYFILE,YLIST.
REPLACE, YL IST.
REVER:TpNOLIST.
END OF FILE

263 *-



This subroutine contains the required data for the

input/output equations over the three flight conditions of

interest.

SUBROUTINE DATA
C
C 2X2 SYSTEM
C
C
C** THIS SUBROUTINE CONTAINS THE DATA OF THE 2X•2
C ** INPUT/OUTP'UT MATRICIES. THE EQUATIONS ARE IN **
C ** THE FORM: MY = N DELTA WHERE M IS THE OUTPUT **
C ** MATRIX AND N IS THE INPUT MATRIX. Y IS THE **
C ** OUTPUT VECTOR AND DELTA IS THE INPUT VECTOR **
C
C
C ----- DIMENSION -----
C
C

DIMENSION VMIIA(3),VM11B(3),VM11C(3)
DIMENSION VM12A(3),VM12B(3)
DIMENSION VM21A(3),VM21B(3),VM21C(3)
DIMENSION VM22A(3),VY122P(3),VM22C(3)

C
DIMENSION VN11A(3)
DIMENSION VN12A(3),
DIMENSION VN21A(3),VN21P(3)
"DIMENSION VN22A(3),VN.22B(3)

C
C
C----- COMMON
C

COMMON /VM11/ VM11AVM11BVMi1C
COMMON /VM12/ VM12A',VMl2B
COMMON /VM21/ VM21AVM21B,VM21C
COMMON /VM22/ VM22AVM2•2,VM21C

C
COMMON /VNII/ VN11A
COMMON /VN12/'VN12A
COMMON /VN21/ VN21AVN210
COMMON /VN22/ VN22AVN22B

C

2
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C------OUTPUT MATRIX DATA-------
C

DATA VM11A/1.v1.vl./`
DATA VMllB/*74028, .920643,1.09665/
DATA VMIIiC/-,010714,-.0i,6597,-.09548/
DATA VM12A/,24789, .3974, .69382/
DATA VM12B/4 .46697,6.252239,24876/
DATA VM21A/.039665, .0399458v,.031645/
DATA VM21B/*06142r.06167, .22835/
DATA VM21C/.,0065F .00821, .03271/
DATA 'VM22A/-i.,--1.,-1./
DAY', VM22B/-.227437,-.2727i9,-.368629/
DP.'A.VM22C/-1 .43226,-i .68298,-.609055/

C-----.- INPUT-MATRIX DATA
C

DATA VN1iA/.364455,.46223,.37757/
DATA VN12A/*708183,i.1ii,.36189/
DATA VN21A/.00074615, .0007655, .0024207/
DATA VN2iB/*020812, .02546v,.01926/
DATA VN22A/-.026647,-.0273552,--.038190/
DATA VN221'/-1 .01677,-i .32S66,-46618/
RET URN
END

END OF FILE
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This subroutine contains the st'.tue space equations

of the plant, compensators and pre-filters. ''e remainder

of the equations in this Pr: dram are derived from Figure G-1.

SUBRJUTINE BERV(T,Y,YF')
C
C UP'DATE% 08/21/84
C
C **
C ** THIS SUBROUTINE CONTAINS THE AIRCRAFT EQUATIONS, **
C P* FRE-FILTER EQUATIONS, AND COMPENSATOR EQUATIONS. **
C ** IN STATE SPACE FORM. THE TERM YP IS THE **
C * DERIVATIVE OF Y WHERE Y IS THE STATE. *
C
C
C

DIMENSION Y(1N),YF*(18)
CC•*********** COMMON * • •,
C

COMMON /Cll/ C11AIC11BC11C
COMMON /C12/ C12A,C12B
COMMON /C21/ C21AC21BC21C
COMMON /C22/ C22A,C22B,C22C

C
COMMON /Ill/ t:I1A,Dt2A,rt2lA,D21B,D22A,D22-B

C
COMMON /F/.FlKFIFIFlF2,F2KF2PlF2P'2

C
COMMON /Cil/ G1K,GIZ1,GlZ2rGlZ3,GlZ4
COMMON /G1P/ G1Pl,1FP2,GIP3,GIP4,G1P5,GF'6

C
rCNIMON /G2/, G2KG2ZI,G2PI,G2P2,G2P3C
COMMON /R/ R1,R2
COMMON /C! ClC2
COMMON /V/ V ID!2,DD i ,tLD2

C----- -P(S)
C **
C ** INPUT/OUTPUT MATRICIES IN EQUATION FORM **
C•C .*

YF(I) Y(2)
YF'( 2) = -CIIB*Y(2) - CIIC*Y(1) - C126*Y(4) - CI2B*Y(3)
YF'(2) a YP(2) + 1I11A*t•[ + D12A*V2
YP (2) x YFP(2)/CIIA
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CI Y(1)

YPM -C2A*YP(2) -C21B*Y(2 - C21C)Y'.,l

YP(4) =YP(4 C221'*Y(4) -C22C*Y(3)

YP(4 = YP(4) +D2lAZEIEDl + D2lE*'ll
YP(4 = YPM4 + D22A*r't2 + E'22B*E'2
YP(4) = YP(4)/C22A

C
C2 =Y(3

C-,---- Fl(S) ---
C.

C **PRE-FILTER/LOOP TWO *

C YP(10) = RI - 458*Y(18)
C FIA =-.58*Y(18)
C
C
C. YP(5) = Y(6)
C YP(6) = FlA - Pli*Y(6) -FlP2*Y(5)
C
C Fl =FlK*Y(S)

Yec
YP(S) =RI -ýFIPI*Y(5)
YP(6) =FIK*Y(5) -FIP2*Y(6)

C
Fl Y(6)

C
C-------F2(s)
C
C *
C **PRE-4-ILTER/LOOP TWU ~
C

C YP(7) re Y(s)
C YP(8) a R2 FV2P1*Y(S) F2P2*Y(7)

* C F'2** F2K*Y(7

YP(7 = R2 -F2P1*Y(7)
YP(S) us P2K*Y(7-) - 2P2*Y(S)

F2 Y(s)
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C-G G(S)

C

C **COMPENSAIOR DESIGNED FOR LOOP ONE *

El = Fl - Cl

YP(9) =Y(10)

YP(10) El - G!Pl*Y(l0) -GlP2*Y(9)
GlA- GlK*(Y(l0) + GiZi*Y(9))

C
YP(li) =GlA -G1P3*Y(ll?

GIB = YP(ll) + GlZ2*Y(ll)
C.

YP(12) = GIBt - GIP4*Y(12)
GiC = YP(12) +- GlZ3*Y(12)

C C
*YP(13) = 01C - GlP5*Y(13)
* OlD YP(l3) + G1Z4*Y(!V3)
C

YP(l4) = Gilt GiP6*Y(14)
C
* 'l Y(141,

Litill YF(.14)

C
C---- b2(S)---
C
C *
C **COMPENSATOR DESIGNED FOR LOOP TWO ~
C ~

E2 F2 - C2
c

YP(15) =Y(1l6)
YP(16). = E2 - G2"Pi*Y(16) - G2P2*Y(15)
02A =G2K*(Y(16) + G2Zl*Y(15))

C
YP(17) G2A - 2P3*Y(17)

C
D2 Y 1-7),
DD2 =.YP(i7)

C

C **CONTROL. SURFACE SATURATION.'*

C **Cbt iRO'L WHEEL AND RUDDER. *
C *

IF (DI .GT. 90-o) t.l1 - 90.
TF (D.& *LT.. -90.) DIi =-90s
IF (D12 .GT* ¶7.) D12 = 17~.
IF (D2 .LT.-I-7.) D12 *-17.

C
RETURN
END

END OF FILE**26



"This subroutine contains the required program that

calculatesthe desired time response from the system of

equations developed in the other subroutines.

SUBROUTINE DEGOL(FNEQN,Y,T,TOUT,RELERR,
+ ABSERR,IFLAG,ITMAX)

C ** THIS SUBROUTINE IS USED IN DETERMINING **
C ** THE DESIRED RESFONSE FROM A GIVEN **
C ** SYSTEM OF EOUATIONS.

"INTEGER K
REAL HOLD

LOGICAL START,CRASH,STIFF.
DIMENSION Y(NEON),PSI(12)
DIMENSION YY(30),WT(30) ,PHI(30,16),F'(30),YF(30)
DIMENSION YPOUT(30)
EXTERNAL F
DATA FOURU/.44E-15/
MAXNUM=MAXO(500, ITMAX)
IF(NEQN oLT. 1 ,OR. NEON .GT. 30) GO TO 10
IF(T .En. TOUT) GO TO 10
IF(RELERR .LT. 0.0 .OR. ABSERR .LT. 0.0) GO TO 10

F'S = AMAX1(RELERR,ABSERR)
IF(EF'S .LE. 0.0) GO TO 10
IF(IFLAG .EO. 0) GO TO 10
ISN - ISIGN(1,IFLAG)
IFLIAG = IABS(IFLAG)
IF(IFLAG .EQ.'1) GO TO 20
IF(IFLAG .GE. 2 .AND. IFLAG .LE. 5) GO TO 20

10 IFLAG = 6
"RETURN

S20 DEL = TOUT - T
ABSDEL - ABS([EL)
"TEND = T + 10.0*DEL
IF(ISN .LT* 0) TEND' = TOUT
NOSTEP = 0,
KLE4 0

RELEFS = RELEr-cR/EFS
A!'SEFS = ABSERR/EFS
IF(.IFLAG .E0. 1) GO TO 30
.IF(ISNOLD'.LT. 0) GO TO 30,
IF(EtELSGN*,,EL .GT, .0.0) 0O TO 50

.6I C
C ON STAPT AND' RESTAF-I ALSO SET WORN VARIALBLES. X
C AND YY(*), STOr'E THE DIRECTION OF INTEGP:ATION
"C AND INITIALIZE. THE. STEP SIZE

30 START = .TRUE.'
-X = T

"DO 401= L I.NE ON
40. Y.Y(L) YKL.)

'"ELSGN = SIGN(1.0,.IEL)
H = SIGN(,MAXI(AFS(TOU.T-X),FOUr{U*AtS(X)),TOUT-X.)
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50 IF(AlDS(-T *LT. AE'SDLL) COTO6

CALL INTRF(X, YY TOUTY,Y ,YOUT, NEON, KOLD, PHI, PSI)

IFLAG =2

U T =TOUT
TOLD = T

ISNOLD =. ISN
RET LWfN

C
C IF CANNOT GO PAS;T OUTPUT POINT AND' SUFFICIENTLY CLOSIP

C EXTRAPOLATE AND FLT'Ur;N

60 IF(ISN .GT. 0 .OR. AIES(TOUTV-XI .GE. FMOUFU*AL:CŽ(X)') GC' TO .

H =TOUT - X

CALL F(x,YY,Yr,)
DO 70 L = 1PNEON'

70 .Y(L) YY(L) + H*YF'(L)
IFLAG =2

T = TOUT
TOLD = T

ISNOLD = ISN

RE TURN MUHwo;

C TESI For,' TOO MC'M
C

8o ir-(NCjEJTF, .LT. MAXNUM) GO TO 100
IFL6G = ISN*4

90 Y(L) =YY(L)
T =X
TO' Vi = T
IS3NOLE' 1
RET UF:N

C LIMIT CTPFr SI-F, £t7Tw~r'ýsH- VFCTOr' AND A SlLP

DO 110 L =1,ON

110 WT(L) z PcLLr'c*AlW'(YY(L)) 4 1PL:SEF-J*

CALL STEFP(X ,YY ,F,NCO)N,H,E PS,WT, STRT,

C
C E.Si F 0ri T CLEFAN JC S TO0 C-1 .

It Ni'OT, .r-Mh) TO Ll30

PELEr'R ~r*~L

r'0 120 L =1,NUOr

120 Y'L) =Y'Y(L)

T01. D = T
ISNOLI' z

C
L'(3MýN1T CCUNTLr LINJ WOFr.' AW? TL~ E r or, IF"~
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130 NOSTEF =NOSTEP- + 1
K'LE4 = KLE4 1
IF(KOLt' GCT. 4) KLE4 0
!FU\LE4. GE.* 5.01 STIFF'= TPLIE.
60 TO 5.0

C SUE FOLITIN STEF'

SLI(FF:OLITINE SqTE,FP(X,Y,F,NELr4,H,EFSý-,WT,V.TAFrýI

*LCKUCAL STt~r:T,C'A'Sh,F'HA'El ,NOr.NEI
111IMEN I ON Y ýNEDN I .WT (NEr4NPH I(NEdN, 16) , F(NE(4N)
ttIMEN'.IQN YF'(NECQN),F*SI(12)

+ G3TF:.:(3),TWO(13-)
E.YTEF:NAL F
rDATA TWOU'!l.22C-151/

DATA. TW0)/2.0,4.0,EG.0V16..,32.c,64 .0 , 12e.,'2cd.-6. 0 ir 1. 0,

+ 0.0:,14,.O.0,19;36,0.00O73';QO0O06'9,0.005J92,O.O0Sj24,0.0046P/

C r.'AS T .F:ULE.
IF(ADS(H) .GC. FOURL *Al'Cf' C, ~' TO t

Il). EP-EF = .5*LF'S

.C IF PFr:OR TOLERFANCE Ica TOO SMAýLL, INCF;EAI$E IT TO AN
c ACCDFTAEýLE VALUE

ROUIND = 0.0
110 10 L = 1,NEON

10 r~c)ut.,n ' POcy~rl 4 (YýLlVT(LI)**2

IF( ¶ C-C. ROUINI' C-1- TO 1o5
ElS= 2,.0*r.OtIN'tlw(l.0 + FrUF:UL)

I5 CRAýý! = .FA!SE.
IF(.NOT.STAkF;T) GO TO 990

C INITIA#LIZE. *C[rPrUTt. fArFF:r'r;0r.F;TE, .T E STZE F Qr.: rlST 'STEt

1, 0 .0
D'O 20 L l 1NEODN
FI-I(L,1) =YP(L)

20 -SUM CM + (YfI"Ll/WT(L))**2
-.UM s~lrT (SUM

Ir(ErS.LT. 16.0*WUM*!l*H)- AMA .2*~~iSS M

HOLD'= 0.v
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IK

KOLE' 0
STAF;T =FALC-IE.

PHIASE I .TFRUEr
NORNI, ..TRUE.
-IF (P E.S .CT. 100.0*F'OLIN10 GO TO 99
-NOr:Nfl = FALSE.

DO0 2-d L = ,NEQjN
2~T F'HI(L,'15- = 0.0

99 IFAIL = C'

c *5 EGIN 14LOCK~ 1
C CQMFLITC COEFFICIENTS OF FOFRMULAS FOR THIS STEP. AV'OID
C COMPFUTING THOSE GUANTM-IES NQT CHAN(2E' WI4N STEr' SIZE IS
C NOT Ck'ýNGEPi.
C *
C

l K Nl = N+l
KF`2 =K2

K M2 =K 2

C N I TH NIME.F orSTPSTAKEN WITH SIZE V, INCLUMiNO
C THE C,,.r:rýENT ONE. WHEN K.LT.NS, NO COEFFICIENTS CHAiNGE
C

IF(H .NC. HOLD) NS = 0
Nf= MINO':NC-11,sOLE'41)

'NSFP1 = NS+l
IF(K .LT. NS) GO TO 199

C
CCOMPUTE THOSCF,COMF*ONENTS OF ALPHA(*),EBETA(*),FPSI(*),SIG(*)

C EHICH ARE CHANCEL,
C.

PETA(NSo = 1.0
K~ALNS. = N
ALFHoA'W) = 1.(''REfALNS
TCMFl -` H*F".EALNS
SIG(NSF'1) = 1.0
IF(N .LT,. NSr'l) 0O TO-110
P'o 10" I NSF*1,K

IMI = I-1
TEMP2 =PFSI,(IMI)
F ,I(TIl) = IEMFP1

PETA(I) =UAII*''VM TMI
T E'M "TLh-2 4 It
ALPHA( I) = I/TE!MFIl
REAL! = I

1 ow, IG(1+1 REriLI*ALPHA(I )*SIG(I'.
110 PSI(K) = TEMPI

C
C CZMr*UTE Cl'Err1C1ENIS 0(*)
C
C INlTlALIZE V(*' AND'W I(W), G(4) IS SET DATA STATEMENT
C

I -(N CC-T. 1) C. T01120'
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TEMF- I*1Q1
= 1.0/TMF*3

I115 W(10) =V(IQ'A

U' ~GO TO 140
C
C IF .oFr-,IY : WArC r.ASEI,,, UPDATE DIAGONAl- PAPRT Or V(*)
C
12 0 IF(N .LE. KOLDl) 00 TO 130

TEMr*4 = K*KFJ
V(t\) 1 1.0/EMF*4
NSM2 N S-21
IF(NCM'2 .,LT. 1) GO TO 130
['0 125 J = 1,NSM2

I = K- J
125 V(I) =V(I) - ALF'HA(J+1)*V(I+l)

c

C UPDAiTE V(*) AND SE', W(*)
C
130 *LIMITi = KF1l - NS

TEMF'5 = ALFHA(NS)
['0 135 10 1,LIMIT1

V(IO) =V(IQ') TEMFt3*V(IOV1)
135 W(IQ) =V(IG)

G(NSFP1) =W(l)

C
C COMPUTE THIE G.(*) IN THE WOFýN VECTOR W(*)
C

10NV NOIF(KFP1 -LT* NSF'2') GO TO 199
DO0 150 I NSF2, KP1

LIMIT2 '= KP2 -1
TEMP'6 ALF'NA(I-1)

rio 145 IQ =1,LIMIT2-
145 WfIQ) W(iQ4) - TEMF't*W(I'41)
15 0 G(I) = W(1)
199 CONTINUE

C END BLOCK 1
C
C BEGIN BLOCK 2
C P'REDICT A SOLUTION P(*), EVALUATE TIEF:IVATIVESUSING
C PRE DICTLIt SOLUTION, ESTIMATE LOCAL ERF.Oý, AT OF.61IR ýý AND

C EPROPS AT ORDERS K, K-1, K-I AS IF' COWCJANT STEP SIZ WERE USED'.

C
C CHANUL flil I L PH 1 STAR
C

ir(K -LT. NSr1l 0.0 To 1215

PO, 210 1 - NSPI,K
TEMP1 = 1,{TA(l)
[D0 20g-7. L , NEON

211) CONTINUE
C
C PREI'C1 SOLU1ION ANT: wrIF_:E;ENLl,.

273



2 15 DO0 2"21 Q L 1 1N EcD
F'HI(L,KF'2*' = PHI(LrkF'1)
Fit!I(Lv.F1) = 0.0

22 P(L).= 0.0
DaO 230 J l 1K

I 1= KF1. -* J
- 11 = 141

TEMF-2 = G(I),
DO( 225 L =1.,NEOIJ

P(L) P F(L) + TEMF'2'*F*HI(L,I)
22PHI(L,I) =PHI(L,I) + F'-i(L,1Fl)

2130 CONTINUE
IF(NOFRNt' GO TO 240
DtO 213 L = 1, NEON

TAU =H*F'(L) - F'HI(LP15)
P'(L) =Y(L) + TAU

2135 PHI(L,1L) = (P(L) - Y(L)) TAU
GO TO 200

24, [D0 2 45I L I 1,N EQ N
2 45. P(L) =Y(L) + F.*F(L)
250 XOLE' = X

X = X + H
AEBSH = AE:S(H)
CALL F(X,PYF-)

C
C ESTIMATE ERRORS AT OrrCprC t(, K~-1, K-1
C

ERKM2 = 0.0
ERKxMI = 0.0
Ekt% = 0.0
DtO 2.65 L = 1,NEGN

TEMP? = 1.0/WT(L)
TEMP4 = YP(L) - PHI(L,l)
IF(hKM2)2V5-,2.60,255

FFRNM2 EFrNKM2 4 ((Pll L 9 K*M I +TEMr-4) *TEmrP3) **2
-A e, fVr""NMl EF~t ml + ((PHI (L, K)+1 LMF4) *TLthr2,)**

S ~ =EFRK + (TEMFP4*TEIF,3)**2

2"0 ERKM2 = A 4SH*SIG(I'M1).GSTR(r'M2)*2ýORT(ERKM2ý)
275 Ef.,NMl = AP~~:GKicRK1*QTEKt-
2 0 TE MP 5 = AEPSHVSPFýT(ERK)

-ERP. TEMF5 *(G(N ' ) - G(KFP1))

Kwt w N

C TEST IF ORtLFP SHOULL' EC LoUwrrli
C

2 S. I F AMA X I( Er NN M1IIfRlýM-' ) .LE. ERK) KNEW = IMI
GO TO 299

29(' 1F(EFtMl .LC. 0.t*CF:t*.) KNIW = M1
C.
C TEC.T IF~ ý.TEP SUtLEc.srUIL

2,9IF (E~F'- L.. UFS) 0O TO 40'0
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C END B'LOCK 2
C

"C EBEGIN BLOCK 3
C THE STEP IS UNSUCCESSFUL. RESTORE X, PHI(*,*),
C PSI(*). IF THIR1t CONSECUTIVE FAILURE, SET ORDER TO ONE.
C IF. STEP FAILS MORE THAN THREE TIMES, CONSIDER AN OPTIMAL
C STEP SIZE. DOUBLE EFRROR TOLERANCE AND RETURN IF ESIIMATED
C STEP SIZE IS TOO SMALL FOR MACHINE PRECISION.
Ci c
C RESTORE X, PHI(*,*)- ANt F'SI(*)
C

PHASEI = .FALSE.
X = XOLI,
DO 310 I = 1,K

TEMF'I = 1.0/BETA(I)
IFI = 1+1
1'0 305 L = INEUN

305 F'HI(L,I) = TEMFI1*(PHI(L,I) - F'HI(L,IP1))
310 tONTINUE

IF(K .LT. 2") GO TO 320
DO 315 I = 2,K

315 PSI(I-1) = PSI(I)- H

C ON THIRD FAILURE, SET ORDER TO, ONE. THEREAFTEFR, USE
C OPTIMAL STEF' SIZE
C

320 IFAIL IFAIL + I
TEMP' = 0.5
IF(IFAIL - 3) 335,330,325

325 IF(PSEPS .LT. 0.25!ERK) TEMF'2 = SQRT(PFSEF'S!EFRK)
330 KNEW = 1
335 H = TEF"2*H

K = KNEW
IF(ADS()H C .0[. FOURFU*AI:S(Y1) O0 TO, 340
CPA'vH = . TRUE.
1 = SIGN(FOUF;U*A(S(Y),Iv)
EPS = EPS + EPS
RETURN

340 GOTO 100
C. END BLOCK 3 **
C
C BFEGIN BLOCK 4 **
C T'4E STEP I SUCCEC.-.JL., CoFr'ECT THE rF'EDICTEll SOLUTION
C EVALUAI[ THI DEhT' vA1IVE[ .t'U.NC-N THE CC..':LCTEI, SOLUTION
C AND UFIATE THE r;IFFrF;['NCES. ITERMINE PLC.T AND SIZE
C F09: NCXT SLEF'.
C

400 NOLD' K
H HOLD . H

C Cor<4,CET ANrt EVALUATE
C

TEMrI = H*c'(tSP1)
IF(NOt"N[,• 'O0 TO 41V
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DO 40r" L =1'jNEQN

RHFO TEMiA*,lYF'4L) -PHI(Lyl)) -PHI(LtIL)

.Y(L) =Fi(L) + RHO
401ý PHI (L,15 lc 4 -L ( RHO

£10 TO 420

410 110r 415 L-= 1,NEQN
415, - Y(L) = F(L) + TE:MF'1*(YF'(L) - PHI(Lr1))

420 CALL F(XvYPYF.

c
c UFIATE D;IFFER~ENCES FOR NEXT STEP
£

VO 4 215 L = 1,pN E Q N
F*HI(,LpKF1) = YF'(L) - PH T(L,1)

4 2) F'HI(L,KF,2) = F'HI(L,KF1l) - FHI(LIKF:2)

110 435 1 = 1,K
DO0 430 L = INCON

430 F*HI(L,I) = PHI(L,I) + PHI(L,KPI)

4 35 ASEE1 = .FALSE.
IF(PlAASEl) GO TO 450
IF(KNEW .E0. KM1) GO TO 45-

IF(KF'1 G.6T NE-) GO
TO 460

riO 440 L = I,N[IQN
44') E'r:KFP = Eir;KF' + (F'HI(L,t' ' /WT (L) **2

ERNF'l BF*ERK1)Sr(FL1
c
C USING ESTIMATED ERRFOFP AT ORDEER K+l, E;ETER01INE
c Ar~r*RO-FPIATE M0ffE'E FOF: NEXT STEP

'IF(K *GT. 1) G0 TO 445-
I F( E r-F .JlGE* 0.5*EF:K) GO TO 460

GO TO 4510
445 IF(ERNM1 .LE. AMILN1(ERK,ERtSP1)) GO TO 4-51"j

IF(EFJJF1 .GE. ERK .or:. K, .EQ. 12) GO TO 460

C ý HrI. r "P .LT. * r" !r t -l. C '1 EE", ~~~
- 0:i' F W~'ZDHi'.EILN LOW5FA INR2* 11T CF:11CF:

C V., -C0 IC f.[

C RAISE 0 Fr*tiE r"

Grj To 460,

C L 0 0r or:Fr,:

E UstK =EF:NM'

C WITH NEI. QFrt'LF< DETERMINE AvrmorF:IATE S'TET' SIZL F.UP NEXT STFF,

46.0 NC4EW H 4 H
IF~ E 1 G' TO. 4t.5

1r r,z r sr ,3 CIC . Et:ITWC'(KilY GO TO 465.

ir (UrSrr r .tEi . EFR K,) 0O TO 44-5
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TEMF*2 K41
R4 (FPSEPFS/EF;N)**(1.,O/TLMF'2)
HNEW =AFPsH*AMAX1(0.5,AMAIN1(0,rn
HNEW =SIGN (AMAX1 (HNEW,FOU-RU*ABS(X)H),

465 H= HNEW
R~ETURN

C -END' BLOCK 4
* ~ENri

c SUEprnrUTINE INTRP

SUE4POUTItJE INTFPP(0, YrXCUT, YOUT, YF'OUT, NEON, KOCL', PHI,FPSI)
DIMENSION Y(NEQN),YOUT(NEQ,N),YF'OUT(NEON),FHVI(NEOIN,16)
DIMENSION PSI(12)

* DATA t3(1)/1.0/,RH0'(1Y!1.0/
HI = YOUT- X
KI =KOLt' + 1
tKIF. = KI + 1

C
C INITIALIZE W(*) FOR COMPUTING G(*)
C

DAO 5 I = 1,KI
TEMPI I

-) W(I) =1.0/l1EMPI

TERM = 0.0
c
C COMPUTE G(*)

DAO 15 J =2tKI

PSCIJMiL = SI(JM1)
GAMMA =(HI + TEF:M)/FSIJMI
ETA =HI/PSIJM1
LIMITI KIF'1 - J
tDO 10 1 1,LiMI'tl

10. W(f) - ~rr~()-ETA*W(I14:
G(J) = W(1)

* RHO(J) = V.MMA*RHO(!M1)
is TERM = V$1JMI

C
C
C INTLRIOLATE
C

UOC 20 L 1 TC..
YPOJT(L) 0.0

20 YOUT (L = . 0
r'O 30 J = - ,t(I

I = K I P -- J
T TE MP2 o (1)

* CMF'3 RO
D rio 245 L = IotECIN

YOUfT(L) =YOUT(L) + TEM'2l*(A4I(,LI)
25 * 'WOUT(L YFQOUT(L) 4. T[CMPF3*PHI(L,

7 0 ~CQJTl I N'.E
tO ID L
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351 YOUT(L) Y(L) + HI*YOUT(L)
RETURN
END

ENDi OF FILE
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This subroutine generates a plot of the desired

response which can be printed'on a line printer.

SUE'RGUTINE LPLOTS (NXPMAX pNYPMAX, IPLOT)

C
C
C*LIBARY OF PLOT SUBR(OUTINES

PSNTCT NLIEPRINTER ONLY~

C*
C
C

C SUP' LPLOTS
C
C
C

DIMENSION IXY(101,71)918UF(100)
COMMON /HOPY/ IPOpXOLDrYOLDphNXD
COIMMON /.LIXY/ IXYNXNY
DATA IE(LANK/" a
NXY NXPMAX
MY - NYPMAX
Do I. I W ,NX

IXY(IJl 1E'LANK

I CONTINUE
'IPO =IPLO7

C IF(IPO .0t. 1) CALL PLOTS(IE'UP,1OO,8.511,tPRIN
300*-)

C IF(IPO *GE* 1) CALL PLOTS(OO,4HPLOT)
RETURN4
END

C

C SUB' LTITLE

C,
SUBIROUTINE LTITLE(NITTv'ITT)'
DI?¶ENSXQON'IT(4),ITT(4)

C CO~tMO1N /1-IT/ NI1,IT
C

"NIT m HTTT
'Do 1 I - 1,4

IT(1) - ITT(1)

I CONTINUE

C* RETURtN

* END

* C SUB IXAXIS
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C JAN. 27, 196:4

C SUEFPOUTINE LXA&XIS(XXMIN,XXMAXNXXI, ITX,NITX)

DIMENSION ITX(4),ITTX(60)
D1IMENSION IXY(1O1,74.)?XLAEBL(11)

-COMMON /Lixy/ IXY,NX,NY
-COMMO~N /LITX./ NITTXtITTX
COMMON /LXX/ XMIN,XMA#X,NXDl,XD,NXPT
COMMON /LXL/ NXLA1BLrXLAECL
COMMON /HOPY/ IF'O,XOLD,YOLDl,ANXD,
DATA 1I4LANK/ /ItAH---/ILS*+'I

C
NXD NXXD
ANxD NXD
XMIN XXMIN
XMAX =XXMAX'

C
C-- X-LINE --

Nxrii NXD + 1
NXFT =NXD*10 +1
rDO 1 1 = 1,NXPT

IXY(I,l) = IDASH
1 CONTINUE

C
C---- X--MARK --

IX = 1 -10

DO 2 I1 1,NXD41
IX I X + 10

2 CONTINUE ILU

C---- X-LABEL --
xD = (XMAX - XMIN)/NXD
NXLABL = NXV1
X= XMIN - XD:

DO 3 I 1,NXL6tL
X = x + XDi
XLAEqL(I) =X

3 CONTINUE'
C
C---- X-TITLE

DO, 4 I' = 1 60
.ITTX(I) = 14L.ANK

4, CONTINUE

NBLANk (NXV*10 - NITX)/2,
IF(NELANt< '.,LT* 1) NE:LANK
NITTX = NE'LANI( + NITX
REWIND 9

*REWIND 9.
Ni N"'LANKY + 1
REAI,(9,102) (ITTX('I) ,1=N1,NI.TTX)

C
.101 FORMAT(1X,4A.10)

*10 2 FORMAT(1Xr4061)
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C
C---- FRAME --

IF(IP) .GE. 1) THEN
C CALLNEWPEN(2)-

C CALL PLOT(l,,I.p-3)
C -CALL SYME4OL(OsO.,O.28,3,O ,l)
C -CALL SYME4OL(O.,11,,O,28,3,O.j,-.)
C CALL SYMEBOL(8G.5,O.P.28,3,O.,-1l)
C CALL SYME4OL(8.5,11.0.O28,3,O. -1)
C

IF(IFO .GE. 3) THEN
C CALL. SYrE40L(O, ,12. ,O.28,3,0. ,-1)
C CALL SYMfIOLCO. ,23. ,O.28,3,0. ,-1)
C CALL SYMk3L(8.5,12-. rO28q3,0. ,-l)
C CALL SYMSO(jL(8,5,23.,O.28,3,O.,-1)-

ENDtIF
C CALL FLOT(l,5,2.f',-3)-

C CALL NEWPEN(l)

C
C--- AXIS
C
C IFUFPO tGE. 1) CALL, AXIS.(O.,O.,ITX,-NITX,ANXE',O.,XXMIN4,Xt')
C
C IF(IPO .GE. 3) CALL AXIS (0. 121.,ITX,-NITrX, ANXDO.,XXMINIXEO
C

XOLE' = *9
RETURN
END'

C

C SUBc LYAXIS

C
C JAN. 27, 1984
C

SUBIROUTINE LYAXIS(YYtIIN,YYMAX,NYYt',ITY,NITY)
DIMENSION IT(4)
D'IMENSION ITY(4,)pITTY(71)
DIMENSION IXY(1O1,7l)rYLAE4L(8),
COMMON /LIXY/ IXY,NXNY
COMMON /LIT! NIT,IT-
COMMON ILITY/ NITTYITTY
COMMON /LXX/ XMIN4,XMAX,NXE',Xt,NXF*T
COMMON /LYY/ YMIN,YMAX,NY',vYD'.NYPl
'COMMON ?LYL/ NYLABL,YL6Pt.
COMMON /HOPY/ IPOPXQLE',YOLDANXti
D(rTA flPLANKP //M TO.,/tFLI/4+Tg

C
NYE' NYYD
iSNYE' NYD

,fI YYMIN
YMAX- -YMAX

C--- Y-LINC-
NYVI NYC' + I
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NYPT NYr'*10 +1
rio 1 1 = 1,NYFT

IXY(1,I) =ISLOT
1 CONTINUE

C
C--- Y-MAFRR --

60O 2 I1 1,NYI11
ly= IY + 10
IXY(1,Iy) = IFLUS

2 CONTINUE
C
C---- Y-LAP.E'.

,YI=(YMAX - YMIN)/Nyri
NYLAE4L = NYDIX
Y = YtMIN- YDa
DtO 3 I1 1,NYLABEL

Y = Y + YDI
YLAEPL(I) = Y

3 CONTINUIE
C
C--- Y-TITLE

11O 4 I = 1,71
ITTY(I) = IPLANt\

4 CONTINLUE

NPLANK = (NYE'*10 - NITY)/2
IF(NE4LAN( .LT. 1) NIBLANK=1
NITTY = NJBLANK + NITY
REWIND 9
WRITE(9, 101)( lTY( I), 1=1,4)
REWIND 9
Ni = NBLANK + I.
REAri(9p,102)(ITTY(,I),I=N1,NITTY)

C'
101 FOr-MAT(1X,4A10)
102 FORMAT(lX,40AI)

C--- PLOT TITLE',---
C IF(IFO .GE. 1) CALL SYMIDOCLtt.,'AN~Yri+1.,0.14,IT',0.,,NIT)

C IF(IPO *GE. I1) CALL. symEoL(l.,ANY,.t+12.+1.,0.14,IT,C.?NIT)'
c
C IF (IPO BGE. 1) CALL PLOT (.ANX', 0.,3)
C IF('IPQ GE'. 1) CALL PLOT (NXI, .ANYD,2)
C' I~FQ(IP GcE.- 1) CALL PLOT (0. tANYD, 2'~
C IF(IPO .GE. 1) CALL PLOT(O'.,0.,3)

C IF(1F0 .GE. 1) CALL AXIS(0.,0.,ITY,NITY,ANYD,790.,YYMIN,Ytl)
C IFIPO .GE. 2) CALL AXIS(0,,ANYD,* ',1,ANXfI,0.',XMIN,Xri)
C IF(IPO .GE. 2) CALL AXILS(ANXE'0.vo * ,-1,ANYlD,90.,YYMIN,'-t)
C-

c IF(IFO .GE. 3) CALL AXIS (0. 412. ,ITY,NITY,AN.YtI,PO. ,YYMIN,Ytl)
C IF'(IF-0 .E. ~'CALL AXIS(0.,ANYI'+12.,* %,1,ANXLI;0.',XMIN,XDY-
C. IF (lF PO E. 3) CALL AXIS (ANXII, 12.'. 4t-1,ANYrD,96.,YYMIN,,YD)

YOLD =1.E+9
RKfURN
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END

C

-UPC LeRID

C JAN. 2-7, 1984
C

SUBCROUTINE LGF:ID(XGRILI,YGPIDt)
DIMENSION IXY(1O1,71)j COMMON /LIXY/ IXY,NX,NY
COMMON /LXX/ XMIN,XMi)X,Nxrt,XI',NXF-T
COMMON /LYY/ YMIN,YMAX,NYri,YE',NYFT
DIATA IiOI*/*....O/

C
C---- X-GRIt'

or' = XGRID/XD*1O.JGX= 0
DO 1 1 = 1,101

GX = GX+4 GI'
IX = GX + 1.5
IF(IX .GT. NXF*T) GO TO 2

S rD'o3 J = 2,NYPT
IXY(IXPJ) =AIDiT

*3 CONTINUE
1 CONTINUE

2 CONTINUE
C
C--- Y-GF;IE'

'Gri = *YoRiD/Yr'*lo.
GY = 0
rio 4 I1 1071

GY =Gy + GI,
l y GY + 1.5,
IF(IY .GT. NYPT) GO TC 5
['0 6 J = 2',NXFPT

IXY(J,IY) = I10
* 6 CON'TINUtE

4 CONTINUE
.5 CONTINUE

c
RETURN
END

C
* ~~c****************************

C SUP' LFLOT

C
C UPD'ATE%' MAY. 31, 1984
CORIGINAL% JAN.. 27, 1984

OUE4F:OUTINE LFLOT(X,Y,, MAFK,HMARK,ILINE)
6i1MENSION IXY(101,71) ICH(40)

* COMMON /LIXY/ IXYINX, II
COMMON /LXX/ XMIN,XMA r,NXL',XD,NXF1l
COMMON /LYY/ YMIN,YMA C,NYrt,YEI,NYFr..
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COMMON /HCOPY/ IFPOXO'LDYOLLlFANXDi
DATA ICH/lHi ,lH2,1H3,lH4,1lH5J1H6,1.H7,lH8,lH9,lHO,

+ 1 HA, IHE., IHC. 1iH1, p1 HE,11Hr, I [G, 1 VH, 1H I , 1 J,
+ 1HK, 1HL,lHM, 1HN,lHO,1'4F~rHQ,lHP,lHS,IHT,
+ 1HU,IHV,lHW,1HX,lHY,1HZ,lH?,lH*,lH-,lH+/

C(X XI/X*.+1.
-.IX=(X-X.N/I*0+15
IY =(Y - YMIN)/YDI*1O. + 1.5.
IF(I( .LT., 1) IX '=1
IF(IX .GT. NXPT) IX = NXF'r

5 *IF(IY .LT. 1) IN' = 1
IF(IY .GT. rNYFT) IY = NYPT

C
IF(IPO .LT. 1) GO TO 421
IF(X .GT. YMAX .OR- X .LT. XMIN) GO TO d21
IF(Y ..GT. YMoýX .Or, Y' LT. Y'I1N) GO TO, 21
X = (X' - XMIN)/Xra
Y' = (Y' - YMlN)/YD
DlIST = SQR1((XOLl' -X)*(XOLri - X) + (N'OLD - Y)*(N'OLE: -N)l

IF([IIST .LT. 0.1 .AN[. D'IST LT. 0.1.) G0 TO 11'
HIGH = 0.07*HsMAr~t,
IF(HIc.H .LT. 0.07) HIGH = 0.07
IF(HIG! .Gl. 1.) 'HIGH = 0.07

C IFlILINE .LT. 1) CALL SYME40L(X,Y,HIGH,ICH(IMAF:N),0.,1)
C IF(IFPO .GE. 3) CALL S'rME'QL(X,Y412.,HZGN[,ICH(lMAlF:tK),O..,1

XOLrl = X'
YOLte = Y'

IE .11 X' = XM IN + x*xr'
N' = N'MIN + Y*Yli

21 CONTINUE
RET U F N
END'

C

C SUPE LLINE

'C
'C MAY. 30, .11984
C

SUEF;UTNELLINET(X,Y,N)
* rIMENS ION X(N),N'(N),N'1(1000),Y1(1000)
COMMON /LXY:/ YMIN,XMAX,NXE'.-Yt,NvFT
COMMON /LN'Y/ YMIN,YMisx,NYl.,YrI,NYN'r

C'1F(1.FO .LT. 1) 'Go TO 3

C
C---- LINE

* fO 1 1, 1,N
yx X(I)
YY =Y(I)

IF(XX *LT, XMIN) XY = )'MIN
IF('Y .LT. N'MIN) YY = YM,IN.
I r ( x.xGT. YMfY) *YY.=XM~x

IFYN' *T. N'MA)() YY a Y.MAW
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Xl(I) = XX
YI(I) = YY

1 CONTINUE
NP = N +2
Xl (NP'-i) =XMIN

X1 (NP) =XD'
Y1(NP'-1) = YMIN
Y1 (NP) =YD'

C CALL LINE(XL,Yl,N,1,O,O)
3 CONTIN'UE

RETURN
ENED

C

C SUPt LSYME4O

C UPE',ATE% MAY. 31, 1984
C ORIGINAL% MAY. 31, 1964
C

SUB~ROUTINE LSYME'O(XS,YS, ITTS,NITTS)
DIMENSION ITTS(4)

C COMMON /LXX/ XMIN,XMAX,NXEI,Xlt,NXP*T
C COMMON /LYY/ YMIN,YMAX,NYDl,Yi,iNYFPT
C COMMON /HCOPY/ IF'O,XOLEI,YOLE',ANXE'
C.
C--- SYMPOCL--

X =,(XS - XMIN)/XE,
Y = (YS - YMIN)/YE'

C I.F(IPO .GE. 1) CALL SYME'OL()X,Y,O,14,ITTC,O.,NITTS)
C IF(.IPO .GE. 3) CALL'SY'MltOL(X,Y+1l2.,O.l4,ITTS,O.,NITTS)
C

RETURN
ENED

C

C S U B Lr'l.I N T

C LIFE'ATE% APR. 13, 1984
C ORIGINAL% JAN. 267, 1984
C

SUB4ROUT INE LPRINT( IPA(SE)
E'IMCNSION IXY(1O1,71)
EImLNSION IT'4)

*rIIMLNr-I0N IV.TX(6O),X(L.AEL(11)
-'M~4ION lTTY(71b,YLALCL(8)

COMMON /LIXY/ IXY,NX,NY
COMMON /LIT/ NIT,IT
COMMON /LIT.X/ NITTX,ITTY
COMMON /LXX/ XMIN,XMAX,,NXri',XE',NXFT
tQMMQ'i /LYL/ NX!_Ai4LvYLAl!L
COMMON /LITY/ NITTY,ITTY
COMMO'J /LYY/ YMIN,YMAX,NYE',YE',NYP'T
COMMON /LYL/ tJYLAPtL,YLAPtL
COMMON /HOF*Y,' IrO0,X0LD',YoLlI,ANXEI
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D'ATA IEBLANK/' .
C
C---- PRINT PAGE --

-IF(IFAGE .GE. 1) WflITE(7,100)
C -IF(IPAC'E .GE. 1 .AND'. IPO, .GE. 1) CALL FLOT(8.9-3.5,-3)
C IF(IF'AGE .LT. 1, AND. IPO .GE. 1) CALL PLOT(B.,-3.5,-3)
C IF.<IPA.GE .GE. 2 .AND'. IPO 6GE. 1)> CALL PLOT(O.,0.,999)

C--- PRINT TITLE. -
WRTTE(7,106)IT
WRTTE( 7,105)

Cl--- PRINT IXY
ICOUNT =0.

DO 1 1 1 NY*PT
K= NYPT -1I+ 1
ICQUNT = ICOUNT + I
IF(ICOLZNT .EQ. 10) ICQUNT =0

IF(ICOUNT .ED. 1) ILAE'L = ILAEPL + 1
IF(ICOUNT .NE. 1) GO TO 21
IL =NYLAPL -ILAEL + 1
WRITE(7,101)ITTY(I),YLAEcL(IL),(IXY(J,K),J=1,NXF'T)

2 CONTINU'E

C
C--- CLEAN IXY
C

[10 4 I = 1PNX
[P0 4 1 = 1,NY

IXY(IPJ) =II4LANK

4 CONTINUE
C
c--!- POr;MAT

100 FOPM(ýT(IHI)

___ 102 FOrMAT( 1X,A1 ,l1X,7Y, IX,,l~lA1)
103 FP0F:m-eT.(lX,4Ypl1(F9 21X ))
104 FORMAT(/,1%,11.X,l0iA1)
1005 FOR~MAT(//)
106 FQ.PMAT.12X,10X,4A1o)

C
,E.TUlFNt

ENII
END OF FILE
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This routine is the main program for the simulation.

It calls 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 in the

generation of the CALCOMP plots of each response and control

surface deflection.

, TAF'E6-C,' FL'T ,T t.,"7=r' TALr , T(6'L .E:= >.AT(,2'L!T)

C 2X.2 SYSTEM
C
C *w Tk I S I 1H- MAIN SIMIf1,7,ilO FP,:C, r.AM. THil" *v
C s) F'RCGP'A CALLS ALL Su2rwEUTjNE RE. F'JIUDI IN A*
C ** THE SIMULATION FiRC, LLS.

C

C- ...... CASE -.. ..

IIMNSION IF:V(1O),ICV(10)
"" C ... DKGOL

FPEAL Y(30)

EXTLENAL ,EV1V

r.IMCN'.LCI'N YY5(tPOC),YY6,,&OC0)
C

.'LANI
C

l~l•N.'C,,. £ I' 2A "),,VP,' 121 •:

ItI'.M[.N'._: V,.2: t , V 2 ' ( . , •
r T, " • 1C,• t ,(•

*iIr-0.ýSIN VN' 2A(3)
, IMLNS 1 ON VN21 (Z).,V N21U7(7.I)

DI :NZ ION Vrt22A3VN:2 (32 )

C
COr..M11Oi,10 /C1.1/ Cilt-,,Cl19.cliC

, C , C ',C 'C

*CttMi•'3Q4I'1iI/ 1',A ,L,12A,, b:1.•?,, 211 , L2:'A,tCb21

* "Q.N /F/ 't.,F) ,I r, r2, ,F2Frj,F2 '.
/C1 .. (5.9l1 1 >•:,oIn , Z', G,4,ZFG 114'

"C L: ,C. /•GI V/ P,:'1 ,c1i2,C.:. 3, G 3 P4,c.l',Gr'
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C
CCAIMCN /G2/ G2nK,G2Z1 ,G2Fi ,G2P2F"-,G2r'3

C
COMMO3N /R/ Ri,R2
COMMON /C/ CiC2

- COMMON /r,/ Eli ,r'2,t'I'i ll,Z't
C

C--- -DATA

C
CC ,MONJ /VMii/ VM1iA,VM1iFB,VM11C
C' ifMON /VM12/ VM 1 21A ,V Ml 2F
CL. ItMQN / VM221!/ VM2iA,VM21)_Ei,VM21lC
CC.MMON / VM212 / VM.2.27A , V K2 2 B,V M 2C

COMMON /VNii/ VN11A
COMMON /VN12/ VN12A
COMMON /VN2i/ VN2ilA,VN'2iE

COMMON /VN22/ YN2,2A ,VN22E4

C,----- CASE ---
C

DiATA NC/il
DATA IRV/2,i,i,i,i r1,i4*O./
DATA ICV/3, 1,1,1,1,1,4*0

f C
*C**'****~****MAIN PR;OGRAM *¶t******'**

C
C-----------

CALL DATA
C
C-------Fi(S)
C
C *
C **PRE-FILTER VALUES FOR LOOP ONE *

(

C FlKI = .63*.63
FIK = .9

C
C FIPI = 2**.7*.63

FlPl = .9
C FlF'2 = .63*.6"!

Fi1Pd2 = I1

C
C--- -F2(CT ---

C

* C ** PL-FILTER VALUCS FOR LOOP TWO *

C

* C ~F2F'K

C F"Pl 2= *?ii
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C F2F-2 1 12*1 .2
F2F2 =1

C-------------
C

c** COMP'ENSATOR VALUES' FOR LOOP. ONE *

C

1K= 1.946E+10
C

GIZ1 = 4.
GlZ2 = 4i
G1Z3 = 17.
G1Z4 = 50.

C
GO1 l = 1800.
G1P2 = 2.25E06
G1P,3 = 10.
C1F'4 = 10.
GiP5 = 83.
G1F'6 = 100.

C
C----- 62(S)

C
C *
C **COMPENSATOR VALUES FOR~ LOOP TWO *

C

G21( 2..36E07

G2Z1 7.
C

G 2 P1 192.
G2P2 = 25600.
G.2ý3 = 50.

ci
C
C-------I NPUT R(I)

Rl =.30.

C
C*****.****** DATA CHECK *******

C XF(NV- .NE. NC) THEN
c ttO I = 13

C
C WrITE(7,*)/,/,*Mll1,VM11A(I) ,VM11I'(I),VM1IC(I)
C WRITE(7,*)/,/,3 M12,',IVtI12A(I) ,VM12E4(I)
C WF:ITE(7,*)/,/,'M?!18,VM-A(I) ,VM2?(I) ,VM2ic(I)
C WFITE(7,*)/,ý/,'M226"-,VM22f11(I)om ,V 2( I) ,VM22C(I)
c
C WPITE(7,*)/,/,*NI1 ,VN11A(I)
C WRITE(7,*)/,/r@Nl-'PVN12A(X)
C WfV *ITE(7,*)/,/,lN'l%*VN2jAfI),VN21ýI
C WRI TE (7,4 )/1/,,NT ,VN22A( ) VN!2L'( I)
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C
C 9 CONTINUE
C
C WRITE(7,*)/,/,-Fl(S)s /,'GAIN = ,F1I(
C WRITEI(7,*)/,OFOLE %',/,FlF'1,/,FIP-
C
C WFRITE(7,*)/,/,'F2ý(S)',//,GA6IN = SF2tK
C WRITE(7,*)/,F'POLE Xo,/,F2F'1,/,F2-F,.-
C
C wJIE7*//'1S,,AN=,G1N
C WRITE(?,,*)/,GZEF;O V ,/,GlZl,/,GlZ2ý,/,G1'Z3,/,C'1Z4
C WRITE(7,*'h/, 'FOLE V ,/,GlFPi,/,G1P2,/,G1F'3,/,GlFP4,
C + /rG1F'5,/?GlAP6
C WR~ITE'k7,*)/,/,OG2(S)',/,'GAIN. = @,/,G2K
C WRITE(7,*)/,@ZERO V',/,G2Zl
C WRITE (7,*)-POLE V',/,G2F'1,/,G2P2-,/,G2'!-F'3
C
C STOP
C ENDIF

C
C********~******* 110 CASES********
C

110 10 111 1,NC
C.

IFR = IRV(III)
Ic = .ICV(III)

C
RI 0.
R2 =0.

IF(IR .EQ. 1) Ri = 0.
IF(IR .EQ. 2) R.2 = 0.

C
C
C ------- tll ---
C

Ci11A = VM11f'(lc)
CuE' = Vmu1Ep(IC)
C11C = VM1IC(IC)

C
C----12A M2(C
CC1' = VM12A(IC)

C12

C21A = VM21A(lC)
C-1EB = VM2114(IC)
C21C = VM21C(IC)

C---1-- M22--

C22A' VM22A(IC)

C22C= VM22C.IC)
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C
C - -- Ni-
C

-DIlA VN1A(IC)
C
C---:-- N12
C

1'12A = VN12A(I:)
C
C--------N21

C
D 21A = VN21A(IC)
D21B = VN21B(IC)

C.

C----- N22----N?
C

It22'A VN22A(IC)
Dr22B = VN22B.(IC)

C.

C***.,* (**** (*** INTEGRATION **********,*(**
C

;C **

C ** SET-UP REQUIRED VALUE'S FOR SUBROUTINE DEGOL **
.C **
C

NE = 17
AE = 1iE-5
RE = 1.E-6.
"MAX = 1000

• H = 2.E-4

N = 100000
"NP = 100
TO = 0.
Tl= Hc

C------ INITIAL CONDITION
Cl = 0.
C2 = 0.
til = 0.
D42=0.
lDl1= 0.

D'12 0.
C

DO 30 I = 1.,NE
30 Y(I) = 0.

C
C--------ITEf:ATION

Il = 0
IIXY --1

KKXY = N/NP
IF(KNXY *LT, 1) KKXY 1

C-
". 1O 40 I =.I,N

C
""..C---. YY(II)

"IF(I ,EO, IIXY) THEN
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PRINT12,IOC1,2E1EE1r,'D
XX(II) ='TO
YY 1 (II) = C I
YY2 (I I = C2

-YY3 ( II = D 1
*YY4( I I = DDEI

YY 5( I I = ['2
*YY6(II) = D'2

IIY IIXY*+ tKNXY
ENDIF

C
C-------CALL D'EGOL ---
C PRINT 122,I,TO,C1,C2,E'1,r'r',D'2:,rD2.,

IK= I
CALL rDEGOL(E'ERV,NE,YT0,Tl,RE,,AE,Iw,MAX)
IF(IK *NEo 2) THEN

PRINT *tIK,TO,Tl.
STOF'

END[IF
Ti =Tl + H

C
C *
C **RAMP INPUT *

C

IF(IR .EG. I ANEI. Ti .LE. 1) RI 30.*Tl
IF(IR EQ. 1 *ANE'. TI *GT. 1) RI = 30.
IF(IR EQ'# 2 .AND, TI .LE, 1) R'l = .T
IF(IR E0. 2 .ANE'. T1 .GT, 1) P2 =5.

40 CONTINUE.
C
C************.*** PLOT********

NXY =II
PRINT *,NXY

C
WR'IT (89121)WXY

c WF~lrE(7, 121 )NXY
110 50 1 = 1,NXY

CALL LFPL(NXY,>XXYY1,1)
CALL LPRINT(.2

C

Ci********* F~tr:MAT **~~*
121 FORMAT(lX,15)
1422 F0F;MAT(lX,I5,7(lX,'E9,3~)

C
STOP
END

C -

C SUP' LPL

C
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C UFPrATE% AUG. 1.2, 1984
C, ORIGINAL% AUG. 12, 1984
C

SUE'ROUTINE LPL(N,X,YIC)
DIMENSION X(N),Y(N)
DIMENSION IIM(10) ,ITT(4) ,ITYT(4) ,ITX(4)

C
DATA NITT/ 23/,ITT(4')/'FLT CONE' V
DATA NITX/i10/,ITX(4)*/ITIME (SEC)o!
DIATA NITY/5/,ITY(4)/'Yl S/
DATA IFLQT/O/,ILINE/1/,HMARiK/lo/
DATA IIM/il ,12,13,14, 15ý,16,,17,18,19,20/
DATA NX/5/,XMIN/0./,XMAXý/10./`,XG/2./
DATA NY/4/,YMIN*/0,/,YMAX!/40./,YG/1O./

IF (IC .EO. 1) THEN
C CALL LFLOTS(101,71,IF'LOT)

IF(IF'LOT .GE, 1) CALL FACTOR(.5)
CALL LTITLE(NITT,ITT)
CALL LXAXIS(XMIN,XMAX,NX,ITX,NITX)
CALL LYAXIS(YMIN,YMAX,NY,ITYNITY)
CALL LGFUE'(XG,YG)

END I F
C
C------ LFLOT---

IMARK =IIM(IC)

DO 2 I1 1,N
CALL LFPLOT(X(I) ,Y(I) ,IMARtKHMARK,ILINE)

2 CONTINUE
Ace C

C-------LINE7--
IF(ILINE .GE* 1 *AND'. IPLOT .GE. 1) THEN

CALL LLINE(X,Y;N)
ENDl1F

C,
C

P. ET U."
END1

C SUP~ LF'LI

C.
C' lUFDATEV% ONUS 12, 1964
C ORIGINAL-% AUG. 12., 1984

SUPROUTI'4E LF'LI(NpXpY,!C)
DIMENSION X(N),Y(N)
DIMENSION IIM(1') ,ITT(4) ,ITY(4) ,ITX(4)

C
DiATA NITT./23`/, ITT (4)/ FLT CONr' .
DATA NITX/10/,ITX(4)/TIIME(C/
DATA NITY/5/rlTY(4)/*Y2 a/
DATA IFrLO.T/O,,ILINE*/1/vHMARK/l./

- . ~~~DATA IM/,,,,,,,,,O
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* DATA NY/5~/,YMINý/O../,YMAiX!/6.25!j,YGý/l..25/

IF(IC *ED. 1) THEN

CALL. LF'LOTcS(1O1,71,IF*LOT)
CALL LTITLE(NITT,ITT)
CALL LXAXIS(XMIN,XMAXNX,ITX,NITX)
CALL LYAXIS( YMIN,YMAXtNY, ITYNITY)
C 'CALL LGFUirixG,YG)

EN ri IF
C
C---LPLOT---

IMVJ: * = IIM(IC)
DO0 2 I'= 1,N'

2 CONTINUE
c
C-------LINE

IF(ILINE *GE. 1 .AND. IF'LOT .GE. 1) THEN
CALL LLINE(X,Y,tN)

ENDIF
C
C

R:E T U R; N
END

ENT, OPF I I:-:
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Conclusion

-,This appendix gives a brief overview of the program

and subroutine used in the simulations of the 2x2 lateral

design. A more detailed explanation of programs and sub-,

routines is contained in Reference 19.
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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 #i and #2. The characteristics for each

response are shown in the accompanying tables.

Simulation Responses for F.C. #1--

Bank Angle Coimnand

The responses for a 30 degree step input bank

angle command are shown in Figures H-i and H-2 (complex

pre-filter roots). The control surface deflections are

shown in Figures H-3 and H-4. The characteristics for

this F.C. are outlined in Table H-I.

TABLE H-1

BANK ANGLE CO2MMAND--F.C. #1

Peak Final Rise 'Settling
Value Value Time Time

(deg) 30.6 30.6 5.45 7.35

(deg) 0.002 0.0016 ....

r (deg) -0.264 .....

w (deg) 16.6 -- ..
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The responses for a 30 degree step input bank

a;.a.,le command are shown in Figures H-5 and H-6 (real pre-

filter poles). The control surface deflections are shown

in Figures 1-7 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

(deg) 30.0 30.0 3.60 6.10
ideg) 0.003 0.0016 ....

(r deg) 0.328 ....

w (deg) 66.0 .....- 7
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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 isia 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

¢ (deg) 30.0 30.0 3.48 6.60

S (deg) 0.0025 0.0016 ....

OJ r (deg) 0.323 --

S(deg) 43.5 --
w
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Simulation Response for F.C. #2--
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

shown in Figures H-15 and H-16. Table H-4 outlines the

characteristics of each response.

TABLE H-4

BANK ANGLE COMMAND--F.C. #2

Peak Final Rise Settling
Value Value Time Time

0 (deg) 30.6 30.6 4.32 7.35

B (deg) 0.0017 0.0016 --

6r (deg) -0.216 ..... --

5 (deg) 15.0 -- -- --
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The responses shown in Figures H-17 and H-18 are

for a 30 degree step input bank anglV command (real pre-

filter -poles). The control surface deflections are shown

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

S(deg) 30.0 30.0 3.40 6.10

• (deg) 0.0017 0.0015 ....

r (deg) -0.223 ...... 'r

6• (deg) 53.0 ....

3.
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The responses shown in Figures H-29 and H-30 are

for a 5- degree step input sideslip command (real pre-

filter poxes). The control surface deflections are shown

in Figures H-31 and H-32. Table H-8 outlines the charac-

teristics of each response.

TABLE H-8

SIDESLIP COMMAND---F.C. #1

Peak Final Rise S,-ttling
Value Value Time Time•

S(deg) 5.0 5.0 4.99 8.85

y (deg) -0.322 -0.322 ....

- (deg) 7.95 ....r

S(deg) 45.7w
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The responses shown in Figures H1-33 and H1-34 are

for a 5 degree sideslip command (real pre-filter pole).

The input is a ramp with a rise time of 1 second. The

control surface deflections are shown in Figures H-35

-and H-36. Table H-9 outlines the characteristics of each

response.

TABLE H-9

SIDESLIP CMMAND--F.C. #1

Peak Final Rise Settling
Value Value Time Time

(deg) 5.0 5. 0 5.'0 8.85

(deg) -0.320 -0.320- -

r (deg) 7.92 - --

(deg) 45.6 - --

w
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Simulation Responses for F.C. #2--

Sideslip Ccmmand

The 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

in Figures H-39 and H-40. Table H-10 outlines the charac-

teristics of each response.

TABLE H-10

SIDESLIP COMMAND--F.C. #2

Peak Final Rise Settling
Value Value Time Time

a (deg) 5.17 4.94 4.86 8.85

¢ (deg) -0.337 .- 0.337 ....

6 (deg) 7.92 ......
r

6w (deg) 50.9 -- --

323



0

LUJ

.0
-O_

C!)LUD
cr)

• O0 2 .50 5 . cOc 7.50 10.00 1
T IME( SEC)

Fig. H-37. Sideslip Response--F.C. #2

LJ0

LJO

Z•r-0

•-'. 02'.50 5'.00 7'.50 !O. GO

T [ME(SEC)

Fig. H-38. Bank Angle Response--F.C. #2

324



I

"° C

mrr

L.J

SC

LAJ

Ch. cc 2. SO 5.0 COS 50C. cc

* o..

Fig. H-39. Coto Ruder l Deflection-F.C. '#2

,2CDLI--

- o

'CI O 2.50 5-.00 7.50 CC
I ME ( SEC

Fig. -H-40. CnRuddWeel Deflection--F.C. '#2

32



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-il outlines the charac-

teristics of each response.

TABLE H-li

SIDESLIP COMMAND--F.C. #2

Peak . Final Rise Settling
Value Value Time Time

S(deg) 5.0b 5.0 4.95 8 .25

S(deg) -0.340 -0.340

r (deg) 7.99 -----

w (deg) 48.3 - --
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The responses shown in Figures H-45 and H-46 are

for a 5 degree sideslip command. The input is a ramp with

a rise -time of 1 second. The control surface deflections

are shown, in Figures 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

ý (deg) 5.0 5.0 4.0 9.35

ý (deg) -0.338 -0.338 ....

6 (deg) 7.96 --...r

6 w (deg) 48.1 ....
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Simulation Response for F.C. *I--

Pitch Angle Command IRigid Aircraft)

"The 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.

TABLE H-13

PTTCH ANGLE COMMAND--F.C. #1

Peak Final Rise Settling
Value Value Time Time

1.0 1.0 4.76 8.45

h -0.0503 -0.0242 . G..

-0.286 -0.243 ....

-0.198 -- ' ..e

:sb 16.0 --

T 26.4 --T
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Simulation Responses for F.C. #2--

___ 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. #1

Peak Final Rise Settling
Value Value Time Time

1.0 1.0 6.1 7.70

h 0.219 0.219 ..--

u -0.450 -0.374

S0.802 --
e

sb 16.7 --

39.1 --"T
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Simulation Response for F.C. #1--

Pitch Angle Command (Non-rigid Aircraft).

The responses for a 1 degree 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 outlines the characteristics of each

response.

TABLE H-15'

PITCH ANGLE COMMAND--F.C. #1

Peak Final Rise Settling
Value Value Time Time

8 1.0 1.0 5.1 8.4

l h 0.50 0.50

u -0,318 -0.267

e 1.82e

S17.2sb

T' 29.0 -- -"
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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

PITCH ANGLE COMMAND--F.C. #2

Peak Final Rise .,Settling
Value Value Time Time

e 1.0 1.0 5.2 8.4

h 0.661 0.661 ....

u -0.498 -0.425

. 2.42 --

6 sbh 19.3 .....

6 45.1 -- --
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Summary

This appendix contains the simulated responses

for both the lateral and longitudinal designs for F.C..'s

#1 and #2.
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