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1. Introduction

This constitutes the semi-annual progress report for the period
7/31/82-1/31/83 on the research being performed by the School of Aeronau-
tics and Astronautics, Purdue University, for NASA's Langley Research
Center under grant number NAG-1-254. The subject area of the research
includes flexible aircraft dynamics, handling qualities of flexible air-
craft, and active control for good handling characteristics for such

vehicles.,

2. Technical Progress

During this first year of grant activity, almoda1 analysis technique
has been developed for evaluating the effects of elastic modes on aircraft
dynamic response, and the handling qualities implication of these effects.
This technique will be discussed, along with results of application of the
technique in a technical paper entitled

A Modal Analysis of Flexible Aircraft Dynamics With
Handling Qualities Implications .

This paper will be presented at the 1983 AIAA Atmospheric Flight Mechanics
Conference, to be held in Gatlinburg, Tenn. in August. The extanded
abstract for this paper is included as Appendix A of this status report.
As discussed in the paper's abstract, the analytical technique for
the analysis of flexible flight vehicle dynamics includes the analysis
of the vehicle's dynamic modes, and specifically includes the dynamic
model of the atmospheric disturbance and pilot lags in the analysis.
Fundamental results obtained in such an analysis are not only the eigen-

values and eigenvectors for the system modes, but also the degree of



controllability (disturbability), observability, and impulse respnnse

residues for each system mode. By obtaining these important measures of
response to meaningful system inputs, such as those from the pilot and
turbulence, the significance of the participation of each mode may be
.3sessed. The analytical methodology is briefly summarized in Table I
included here.

As of the date of this report, the longitudinal dynamics of a family
of eight vehicle math models have been evaluated, and the lateral direc-
tional dynamics are under investigation presently. These eight configu-
rations were evaluated by Yen in a fixed-base laboratory simulation study.
The geometry of all of these configurations is similar to the B-1 air-
craft, but the structural stiffness of each configuration is varied para-
metrically in such a way that the elastic mode shapes remain unchanged,
hut the in-vacuo frequencies are reduced. These eight configurations
thien are identified in terms of their e2igenvalues in Table II. Shown in
Figs. 1 and 2 are the attitude tracking results and subjective ratings
obtained in Yen's simulations.

Note, for example, that in terms of eigenvalues alone, it is not
at all clear why the results for configuration 3 were so much worse than
for configuration 4. Both had unstable phugoid roots, and one rather low-
frequency aeroelastic mode. In the case of confiquration 3, this low-
frequency mode included a large amount of fuselage bending, while for
configuration 4, the eigenvectors indicated that the low-frequency mode
included a good deal of wing bending. This factpartially explains why

attitude tracking would be more difficult for configuration 3.



TABLE I

SUMMARY OF MATH METHOD

Have models

white noise

vehicle Xy = Axv + Bxp + ng
X = +
gust xg Agxg Ggwg
ilot X =AX +G
4 p ™ p%p T Tptp

Xrigid__
- where Xy = | Xelastic

xp pilot states
xg gust states
Form
T — 0 - - —
X Ay 0 | X G;W
= +
xg 0 Ag 0 xg 0 |w
_fv_ _P D Av__ _§V_ | 0]

and outputs (responses)

y va + Exp + Fx

[E FC] [x~

vehicle states
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The remaining piece of informaticn about these configurations relates
to the magnitude of the participation of the modes in the attitude response
of the vehicle. This is measured by the relative magnitudes of the resi-
dues of the modes.

Now four vehicle responses known to be significant in longitudinal
dynamics are flight path angle y, vertical acceleration at the cockpit n,»
rigid-body pitch attitude 0, and pitch rate 0. In addition, the local
indicated pitch attitude and pitch rate (01,61) are also important for flexible
vehicles. Local indicated attitude differs from rigid attitude in that
the former includes the local elastic slope of the structure relative to
the rigid-body axis. This local attitude angle is referred to as "indica-
ted" since this is the quantity measured by a sensor placed at the
fuselage station in quescion.

Shown in Figs. 3-6 are the residues fur the two rigid-body modes
(Phugoid and short-period) and as well as four aeroelastic vehicle modes
(E1-E4) for four of Yen's eight configurations, Two of thesemodes (E1
and E3) are the two modes included in the configurations simulated by
Yen (who did not include the two less important modes E2 and E4 in his
math model). A1l these modes are identified from their eigenvectors.

Now the problem with configuration 3 is clear. Unlike the other three
configurations, the rigid-body attitude response, 0, is dominated by
elastic mode E1 rather than by the rigid-body short-period mode! This is
evident from the relative magnitudes of the modal residues in the theta
responses. Note here that the input is an impulse passed through the
pilot's lag model, or the actual input if the pilot attempted to input

an impulse. From this result, it is clear that any attempts by the pilot
to track a commanded attitude would be amost impossible. Also, character-
izing the configuration handling qualities in terms of the rigid-body

eigenvalues is meaningless.
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(DUE TO PILOT INPUTS] '

GAMMA NZ
o 1.0 ’ § 1.0
E 5 = .5
(4]
£ 9 e T s
PH SP E! E2 E3 EH PH 8P E1 EZ2 E3 EY
MODES MODES
THETR THETA-I
Lt 1,0~ ‘wl.0
= =
% 5 - % 5
% .D r-—-l [r—) % .0 | —— | I
PH SP E1 E2 E3 EY PH SP E1 E2 E3 EY
MODES MODES
THETA DOT THETA DOT-1
W 1.0 L 1.0
>
£ .5 § .5 :
(L]
S 0 1] % 0 N —
PH SP E! E2 E3 EY PH SP E1 E2 E3 EY,
MODES MODES
RESIDUES FOR ERACH QUTPUT RRE NORMALIZED SO f

THRT THEIR SUM 1S5 1.0

Figur:



ORIGINAL PAGE IS 12
OF POOR QUALITY
~
RESTDUE MAGNITUDES
(DUE TO PILOT INPUTS)
CHSE 3 -
GAMMA NZ
1.0 == E;l.U
5. s .
[} . - . :Z; .
2 ([ S —
PH SP EI E2 E3 EY PH SP E1 E2 E3 EY
MODES MODES
THETA THETA-1
w1.0 w1.0
-
P;‘ .5 = .5
ég .0 r-—1r——1 é? .0 —
PH SP E1 E2 E3 EY PH SP E1 E2 E3 EY
MODES MODES
THETA DOT THETA DOT-I
L 1.0 L 1.0
S .5 g: .5
§ .0 == §§ .0 = —
PH SP E1 E2 E3 EU4 PH SP E1 E2 E3 EU4
MODES =

MODES

RESIDUES FOR EACH OUTPUT ARE NCRMRLIZED $0

THRT THEIR SUM 15 1.0

Figure 5




e L RS b s L RN S

o
iy i L
. GHT

kb2t
P
-

v
a4

sk
RS

11l ] .D

...
=
P
-
o

€7

MEEHITUL:

‘D

ORIGINAL PACE v
OF POOR QUALITY

RESTOUE MAGNITUDES

(DUE TO PILOT INPUTS)

b

ﬂ SN e W :}

CP E3 EN

b

CP CB Eu

ll 1 | \

k2 E3 CEY PH SP Cl

THETR DOT

ESIDUES FOR ERCH QUIPUT ARE NORNALIZED 50
T THEIR GUR 18 Jub e NIRALIZED S

THETR DOT-1

MEBNITUDE

ER EB EN
DES



14

Included as Appendix B are the residues for all eight configurations
for all six responses to pilot-filtered impulses, Also given in Appendix
B are the risidues for the same vehicle responses to atmospheric turbulence
input, This input cansists of an impulse passed thrcugh a Dryden gust model,
and thereby orovides indications of wodal contributions to the vehicle's gust |
response,  Upon comparing the "gust response residues" to the "pilot response
residues” we note for example that the situation regarding v residues on con=
figuration 3 and 4 s very diffevent. In the case of "gust response" the
attitude o response is dominated by wode E3 for configuration 4, while that
was not the case for the "piiot rosponse" for this configuration. This
would indicate that a task involving attitude response in turbulence would
bo very difficult for configuration 4, while this configuration was much
better than configuration 3 in attitude tracking, which doesn't jnvolve
vehicle gust response. Finally note the large participation of the elastic
modes in the acceleration response (nz) of all configurations for both types
of inputs.

With vegard to the lateral-divectional dynamics, two pilot inputs,
ajleron and rudder, are involved of course, and the significant vehicle
response variubles must be selected before residues may be found, Impor-
tant airgrart vesponses in this axis include sideslip (B) and bank (¢)
angles, roll (p) and yaw (r) rates, and lateral acceleration at the cock-
pit Ny In addition to these, experimental evidence points to the fact
that the rate of onset of acceleration may be more jmportant than the wag-
nitude of lateral accelevation in ride and Flying qualities, Thevefore,
an additional response ¥s included in the analysis, and it is defined as
"ateral jerk," or dny/dt. Finally, both the rigid-body portion of these

response variables as well as the total, or indicated responses, which
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include rigid plus elastic contributions are included in the response
variables considerad, The "total" responses are again referred to as
indicated since these variables would be measured by the appropriate
sensor, and include total (rigid plus elastic) response. Consequently,
the vector of responses consideved in the Jateral directional anafysis
is taken as

7

a [hairs Pgres Pger D i dpr Pys Pps Ny oy Ry ]
L.D. rig® Prig® "rig” Yot Yoot I R T YI Yy

rig  rig

The vector of control inputs is T = [GA, sR]. And finally, pilot lags
on rudder and aileron are included in the dynami. Jodel, along with a
Dryden gust model appropriate for this axis.

For the baseline B~1 type vehicle, the elgenvalues are listed below,
while the residues for pilot and gust vesponses are shown in Figs. 7-9,
Figs. 7 and 8 include the response residues for an impulse input through
the pilot (1ag) ailevon and rudder, respectively. Fig. 9 includes the
gust response residues. The significance of the elastic modes in many of
these ajreraft responses is quite evident, even for the baseline configu-
ration.

Atterition is now turning to the pavametric variation of in-vacuo
frequencies for the lateral-directional model, and thereby generate a
family of "wore flexible" configurations, as in the longitudinal case.
Analysis will proceed then on these configurations, along with planning

a fixed-base simulation,
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Table III

Lateral-Directional Eigenvalues (Ba’eline)

Spiral, - .050

Elastic 1, »1.959 + 16.389j
Roll, -2.19] Elastic 2, -0.570 + 15,599j
Dutch roll, -0.159+2,002] Elastic 3, -0.286 * 20.288j

Elastic 4, -3.753 + 23,849

3. Personnel and Plans

Three graduate students are currently supported on this grant project.

They are Mr. Marty Wasak, an M.S. student currently responsible for the
dynamic analysis of the longitudinal axis.

Mr. Wasak will also perform
a Neal-Smith analysis of these configurations via an optimal control pilot

model, as developed in research projects here at Purdue.

This work will
constitute Mr. Wasak's M.S. thesis to be completed in Aug. 1983.

He has
just indicated that he plans to remain after August to pursue doctoral

studies, and will therefore continue to be supported by this grant.

Mr. Frank Leban is the second M.S. student supported by the grant,
t

and is currently completing the computer software for the lateral-directional
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dynamic analysis. This software should be completed by May, 1983, and
results from this analysis will thereby be available for the next status
report,

The third student recently starting on the project is Mr. John
Davidson, also an M.S. student. Mr, Davidson began investigating a modal
control technique considered applicable to structural mode control, This
control synthesis method is based on a method described by Moore, and
extended by Cunningham of Honneywell. As yet, it had not been applied
to flexible vehicle control, but it appears to be a prime candidate for
shaping the response of such vehicles. In application of this method,
optimum handling characteristics, will be the goal.

A fourth student, Mr., Willjam Smith, will also contribute to this
research project, though as an Air Force officer he will not be financially
supported by the grant. Mr., Smith's responsibilities are expected to
focus on the fixed-base simulation of the lateral-directional dynamics of
a family of flexible vehicle configurations analogous to the eight confi-
gurations on which the longitudinal analysis has been performed. It is
hoped that these simulations will begin this summer. Roll tracking will
be the task investigated, and it is to be noted that the Purdue's simula-

tions will all be fixed base,

MR T T e e
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Extended Abstract
of
A Modal Analysis of Flexible Aircraft
Dynamics With Handling Qualities Implications

by

David K. Schmidt
School of Aeronautics and Astronautics
Purdue University
W. Lafayette, IN 47907

to be presented at the
1983 AIAA Atmospheric Flight Mech. Conf.
Gatlinburg, Tenn,
Aug., 1983

This research was suppgrted by the NASA Langley Research Center under
grant NAG-1-254. Mr. Wm. Grantham, technical mon‘tor.
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A Modal Analysis of Flexible Rircraft
Dynamics with Handling q Qualities laplications

by

David K. Schmidt
Schonl of Aeronautics and Astronautics
Purdue University
ezt Lafayztte, IN 47707

Extendsd Abstract

r
The "flying qualities”" or "handliny qusalities” c$f a

flight we=hicle refer to the esase or difficulty with which

the pilont i= able to control the wehicle2 in performing thve

warioss wmisszions  for which the =gstem was designed. In
this definition we s=ee thresz important factors, They
ivezlude

The manusl controllability of & dynamic sgystem

Thu use of subiective MESZUTSS

{Paase, ,  Jdifficultiss”)

lTI

T multiplicity of missions and tazks.

Interernt in the first two is the 311  important  fact
that a bunan iz involwsd, hence pc chological and phusio—
lngical factors strongly come into play. Through extensive
training of pilots, the attenpt is made to minimize the
deviation among these wvariables and to minimize inherent
honan  limitations. Howewver, biazes of opinion, likes,
dislikes, and so forth, are still present. This fact,

coupled with the use of subjective wmeasures make the
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evaluation of flyiny qualities, not to montion the dzsign
problem, quite challenging, However, with a careful and

systematic approach, both can b2 accomplished.

Historically, the =ubjective opinions from highly
trained test pilots on the performarce and workload
inwvolyad in performing the missions were correlated with
the danping and frequency of  the vehicle’s rigid body

modes ., Thee

1]
0t

e paramzters (damping and fregquencyd were then
uzed o infer the handling qualities of future wehicles

or for handlinog qualities specification=.L11]

Thi= approach was wvery successful over the ysars, but
in a wery real way caosed many of the problems {(primarily
conceptiual) experienced recently with modern, more complex

vehicles, This damping and fregquencsy became synonmoUs

with the wehicle’s handling qualities. That is, they
tezcamz  thought of as the handling qualities rather than

two parameters that affect the handling qualitices!

Hzre iz the key point — the handling qualities of a

wehicle are not, determined by the damping and frequency in

s Lransfer funckion, but by She dynamic behavior, the Hims
ZEROTISE, of the wehicle sgstem. Thiz simple fact

explains why the classic approach was successful for
rinid, wnaugnented aircraft, while high—order dynamic
effects Caerozlastic or control suystem dynamicsd have been

found to =o significantly affect the pilot opinion as to
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ronder the approach useless,

The purpose of the work to be presented in this paper
is to address the question, "Can dynamic asaroslastic
effects significantly asffoct siveraft handling quelities,
and i¥ 3o, how?" By answering this question we are then
ahle to consider the enhancement of the handling quali-

tiex, 1if required, through active control or structural

To mave toward answering this question, we will dis-
cuss  an  analytical approach  for ovaluwating a subject
vehicle’s dunamics, and apply the method to a spectrum  of
aguneric  wehicles  for which  experipental  data has boeen
obtained, The conplaete methodology inclodes not only  open
1nop  analyzes of the aircraft dunamics, bot also an

analytical pilotAvehicle analuysis to be presented.

Modal @Analusis Concepts

. Lo, T ey

In the transfer function for the short-period approx-—
imation  for longitudinal aircrart dynamics, the numerator
depends on the same dinensional stability derivatives as
thogse in the characteristic equation. 2 So the transyer
function dozs not involyve four independznt parameters (huo

poles, a =ero, and gQain? hut  rather more like three,

3

Therefore, once the stick gain is fixed, and short period

damnping and frequency are specified, wvery little
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variability remsins, Ax & result, note that the short
paviod time vesponse ix exsentially specified zs uell
Coaxxuming the linzar mode)l to ba valid), The point s
that in thix caze, specifying the rigid body pogdal charac—-
tevistics noarly completely specifies the tine response ax
well,

Clearly, for systems for which a simple, rigid-body
transfer function is a poor model, the parancters in that
transfer function cannmot guarantes: good or bad handling
qQualities, for they cammot alone determine the systoem”s
time responze., Thix is our flest lopovrtant point - paran
etong in & wzhicle dunamig model are impovtant i£ bhey
gignificantly affect the suystea’s time  posponse,  Note
that  this ig an oparvational definition for & systoms dom-

inant modes, but is more goneral,

Let us now turn o how  paranctors In a  dynamical
mochal affect: time rezponse, Rgain, assuning & linear
madel to be valid (or valid onowgh to gain  inzightd,  the
impulse  regponse may  be found From the partial fraction
axpansion of the transfer function. Taking the inportant

pitech attitude vezponze, For exanple,

. T R
8¢sy m E =i
jmg TR

where
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n = order of the system
Ri = jth residue hi

Ai = jith system pole or eigenvalue

Then the tine response is

Now for a classical rigid wvehicle a good model was
obtained with n sinply 2qual o two (2>, or a short pericd
approximation, Now n may have to be largsr than two for a

aood model

Hare ratbher than the time vesponse expressed in tevrns
of eigevvalues, it will convenient to the use the zystewm”s
mades, Sa we may express the samsz time regponse as

e

i

De
'
=4
~z
1l
nmz

IR, te cos Ca.t + 4, )
RII Q= lt ‘fi

where N o= nanber of sustem apdes

* . . . .
Jw, = X, Ai Cconjuaate pair of eigenvalues)

-y
i i i,

[+

¥.J
Ri = IRiI e i {residue associated with root ki)
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So the time reszponsze is completely determined by +the
r=al and imaginary parts of the eigznvalussz Cai and ©;, OT

by ei and oni). And the magnitude and phase of the resi-

dues (IRiI and ?i) associated with each mode., Or not only
the modal damping and frequencies are involved in defining
the time response, but the residuves as well. Furthermore,

in general these are the minimum number of variables

e geeammema | et e e — p—v

required — 4N.

Returning for a moment to the «classic, 1rigid body
case, the wuse of only the short period damping and fre-
quency in specifying the handling qualities is Jjustifiable
since the rtesidues depend on the interaction between the
poles and zeros of the transfer function, and as cited
previously, the numerator characteristics are not indepen-
dent of the denominator in a rigid aircraft transfer func-
tion. Therefore, the variation in residues was limited.
Note also, that the rigid-body assumption implies the
residues for the infinity of elastic modes actually
present in all vehicles are small compared to those of the

rigid-body modes.

This is certainly not so with the introduction of
significant aeroelastic effects and control system dynam-
ics, for example. The modal characteristics are still
fundamental in their affect on <time response, but the

"numerator dynamics" or the interactiaon between the poles
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and zeros arz =ignificant in terms of their offezt on the
residues, The zero’s locations in  themselves are Tnot
important, but rather how the position affects the reszi-

dues,

Let’=s consider a simple example involving the short-
period plus a3 single elastic mod=, for which the trarnsfer

furction might be

éis) _ K<=+=2> (52+as+b>

sisd . 2 .,..2 2
+ 22 owp s + 05p>(a + 22 0y, s+ ml>

*1

The impulse (time) response of this vehicle may be

written as

- t —-3,t

* . — k=7 = R . o 1 .
gty = IR_ le '_Ob':&)sp t + *Sp) + IR, Ie l..0=~(u>1t + ¥t )

|

with

[}
pu)
U]
s
V]
g
(U]
.
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the affect of thz flexible mad2 on the time response

etz of three coaporents,

l'l

Th

[}t

coupling affzct on the short psriod modal
characterizsticz (changing agp and msp>

The coupling affect on the short period residues
Lchanging IRSPI and ¢ p>

The time response of the mode itself (eFlex)

Thiz lzads to & =econd important point. The offect

(U]

higher—order modes many be gquantified in terms of thes

04

cts on the dominant (uwsually rigid bodyd modsl chs

teristice and residues, as well as the Limse pesponze of
the higher modes themselves.

ot
aTal

high

=t at

able, and although the aolti-input, aolti-cotput cas

-

3

The abows pressntation was a review of knoun facts

demonstrates concepts upon which we hawve dzwelopwed our
ytical spprosch. For more mealistic dynamics (ile.
er—order?, tomerical  analysis using aulti-—variable

emns technigques is appropriate. We sz=ume &  linsar

e—sariable repressntation for ths wehicle is awail-

o

“x.g. B and n_) will be treated, consider for now the case

aloiony

=, oOr BHRE We hawe

= A% + BS

Xl

C| L
N
2
AV

il
Ly
Xl
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Now diagonalizing the system wia thz model matrix T con-
sisting of the system sigenvestors ﬁi, or

— - ——

T = [1)11)2 ‘e vn:l

one obtains

- - "'1
A= AT+ T RE

the vehicle dynamics expressed in modal coordinates [31.

With the pitch rate expressed in terms of the system modes

as

where A = diagonal matrix of eigsnvaluss, hi = -0, Jw;

-1 :bl :
T B = Modal controllability matrix, ‘E |
b
1" nl
CT = Modal chzervability matrix, [Cl .. .t_nJ

And the partial fraction expansion of the system’s impulse

response is simply

. n ¢. b
ce> = g A
i=1 573y
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obtained directly from Laplace transforming the abowe
equations. So wz have the residues Ri simply as the pro-
duct ¢.b,, available by inspection from the system’s modal

representation, The thr=e effects of a higher-order mode

discussed previously may therefore be found numerically,

The Analuysi=s Approach - Qverview

Slthmeagh 2ll  the abowve ididess are available from
linzar sustens thémrg, blind use of thezsz idzas will lead
to dincorrect answers to our fundamental questions cited &t
the ouvbszet, The straightforward modal analysis of this

lingarized math model of the asircraft dyramics alons

i

imromes the salient characteristics of the actual distor—
bances exciting thesze dynamicz in actual flight condi-

tions, T such disturbances of nherest here are the

1Y

pilot’s control input and ateosphere turbulence. Neither

[x]
+

these may be treabted asz "white" random processes, for
zxanple. The significant characteristics of these "excit—
ing subagstems”  mwst be taken into accomt,.,  How this is
azcompliste=d will thoroughly explained in the complste

papaT.

The counterpart to this "open—loop" analysis is the
pi lotezhic e ansly=si=s, performed wsing an optimal-—-
control-theoretic mod2l of the pilot’/s control loop clo-

sures. MHe will show, unlike the reduced-order piloct model
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of Swaim [4), how our full-order pilot mode). consistent
with that of Ref. [5), may be used to obtain good correla—
tion betwsen tracking errov statistics obtained analyti-
cally and those obtained from 'Fixed base =imulation.
T?ﬁ%ough this pilot modezling approsch we are able to infer
a different piloting strategy rather than a different
pilot "internal model" (4] in the control of flexible air-
craft dunanics, and this supported by both simolation
reswlts and the open—loop aircraft analusis presented pre—

winwsly,

N
iU
=
U
ot
Wt
X3
i
ki
C
el
<t
LU

Shown in Figure I are the rTms attitude E$vracking
errors obtained from previows fixed base =imuvlation of
seweral generic flexible wehicles (5], The only difference
betisen these wehicles is  their stroctoral stiffhness,
quarntified in terme of the in-wvacuo vibration modal fre-
qQuenciss, The effectzs of Fflexibility in  the wehicle

dymamics are o lear

-’
[
[
ap
<
[
L
i
e
<

in the increased tracking
error, particularly in configuration Ca. Mhat is not
clear iz why configuration 04, an equally flexible confi-
auration to C8 in terms of elasztic modal frequencies,
resulted in =zignificantly betfer +Eracking. The modal
anzlyziz techniques outlined abowe and to be described com—
pletely in the paper will reveal the anzwer to this para-

dox. In addition, how the full-order pilot model is
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applizd to achiceve the correlation betwzen analytical and
expeErimzntal results shown in the figure will also be dis-
cuszed, These are just four of eight wvehicle configurs-
tions that will be pressnted, with analytical results comn—
parmaed to sxperinental.  In all cases, sxcellsnt .correla-
tion i= obtained. Fimally, the modal analysis method is
used to demonstrate the affecte of flexibility on &
variety of wehicle responszes, in addition to pitch atti-

tiade, and these results will be presented asz well.
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