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Abstracts

This paper follows up on a presentation held
on the 27th SDM Conference (20. - 22.05.86) in
San Antonio, USA (1) and develops a further
aspect of EFCS in connexion with the loads
situation,

In order to understand the influence of EFCS
on A/C loads calculation the main points of
that presentation have been repeated.

Here, however, the effect of the variation of
control law data on loads will be the major
point of discussion.

Up to the present our work has primarily con-
cerned itself with the influence of new air-
craft (A/C) features (control laws and side
stick) on the current means of compliance

(MC) as to the possible necessity of regulation
revision.

Here especially the problem was, whether the
introduction of a side stick and the (possible)
danger of pilot-induced oscillation (PI0) could
result in horizontal tailplane overloading,
when proceeding according to former MGC.

In this presentation results of a study will be
shown which draw a comparison between con-
ventional A/C and those with control laws in-
cluding the implementationn of the side stick,

Among other things flight- and handling qua- -

lities of the EFCS controlled A/C depend on a
given control law and the gains and time con-
stants introduced. These are said to be sub-
ject to modification up to the successful com-—
pletion of the flight testing. The sensitivity .of
loads on changes in gains and time constants
is demonstrated in this study.

1. Introduction

1.1 Former Situation

Based on past experience, it can be main-
tained, that the currently used MC and inter-
pretations of existing Vertical Design Maneuver
Requirements (2) guarantee an acceptable level
of safety for the so called conventional A/C.

Copyright © 1986 by ICAS and AIAA. All rights reserved.

86

1.2 Today and Future Situation

The new A/C features such as control laws
along with the introduction of EFCS, as well
as side stick and A/C protection laws cause
the question to arise as to whether former MC
can guarantee at least the same level of safe-
ty for this new generation of aircraft.

The manufacturer is convinced that this de-
mand is necessary. It must be possible to
reap the benefits of these new A/C features
not only where handling quality {(HQ) is con-
cerned but regarding structures as well, with~
out conflicting with current safety standards.

2. Vertical Design Maneuver

Vertical design maneuvers are

-~ stylized, artificial maneuvers
- created to produce max. loads on the A/C
esp. on wing
horizontal tailplane
rear fuselage
- not intended to
handling properties.

define stability and

Of course, these design maneuvers will also
strongly be affected by the new EFCS-control
laws as will be shown later.

Results of a study supporting the new vertical
design maneuver interpretation demonstrate
this while remaining in accordance with
existing requirements.

3. Main Differences between Conven-
tional A/C and EFCS controlled
A/C with respect to Design Load
Criteria

3.1 Comparison of Requirements

The basis for the investigation of the design
loads calculation is the Joint Certification
Requirement (JAR- 25) for European large
transport A/C, which complies with the FAR 25
requirenments in all major points and additio-
nally takes into consideration the national
European variants.

In table 1 a short review of the requirement
situation for both the conventional and EFCS
controlled A/C is given.



3.2 Philosophy of Control
Surface Actuation

For the EFCS controlled A/C the mechanical
power transmission has been replaced by elec-
trical wires (thus Fly-by-Wire), therefore,
electrical signals are transmitted via on-
board-computers.

That means, the pilot no longer has full au-
thority over the control surface deflections,
their deflections now depend on the present
flight conditions processed by the fitted con-
trol laws (in the on-board-computers). Such a
control law acting on the longitudinal A/C
motion is shown in the following figure:
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LONGITUDINAL CONTROL LAW (C*-LAW)

The existing requirements (related to conven-
tional A/C only) for vertical design maneuver
define specific control surface deflections
regardless of the pilot's input,

The Table 2 shows a comparison between con-
ventional and EFCS controlled A/C and high-
lights the main differences arising due to the
application of computer technology with the
special emphasis on design loads criteria,

Results from Checked Maneuver

4.
Study
The introduction of a side stick with nearly
no artificial feel in place of the control

column with a hand force dependent on flight
speed (up to 90 daN at high speed) has made
it indispensable to investigate the aircraft
behaviour when excited by varying frequen-
cies.

Thus, to validate the checked maneuver philo-
sophy, a study (4) has been carried out
showing the effects of the variation of the
command input period.
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To accomplish this the differential equations
of the conventional A/C have been extended by
adding the longitudinal control law (called
C*-Law) as expressed by its specific differen-
tial equation.

This study has been carried out twice:

- firstly for conventional A/C
- secondly for EFCS-controlled A/C.

A frequency variation in control surface
excitation for a conventional checked maneu-
ver, which has not been required by Airwor-
thiness Authorities up to now, was performed
to show the behaviour of an open loop system
in comparison to that of the EFCS controlled
A/C (closed loop).

The checked maneuvers have been carried out
in the total flight envelope for all critical
mass/C.G. configurations.

In the last analysis the results of these ex-
tended calculations define the loads envelope

of each component in relation to checked
maneuvers.
One critical case from that loads envelope

giving the max. negative shear at horizontal
tailplane has been selected for the present
study of frequency variations.

Fig. 1 to 4 show time histories of system
disturbance, loadfactor and horizontal tail-
plane {(HTP) loads (shear and bending) for the
conventional A/C as function of wmaneuver
period (resp. frequency). Fig. 5 to 9 show
those of the EFCS controlled A/C.

Fig. 1 displays the elevator deflection of the
conventional A/C as an initial disturbance of
the system.

The increase in deflection amplitude at high
frequencies (shortening of maneuver period)
results from the JAR-interpretation to achieve
an A/C loadfactor of

2.5 g

over the whole range of frequencies calculated
(fig. 2). The upper boundary ({of frequency
range) is formed by the control surface hy-
draulics which prevent the establishment of
the deflection amplitude necessary to achieve
this required loadfactor within the desired
time,

Taking into account the a.m. criteria shear
and bending at HTP (fig. 3 -~ 4) become max.
values for the highest possible frequency.

The initial disturbance of the EFCS-controlled
A/C results -with respect to design loads-
from the pilot's action on the side stick.



The relationship between side stick deflection
and incremental loadfactor command is des—
cribed by a linear slope:

L

onze (system limit incremental
commanded loadfactor)

4 1.5¢ w o

<+ 1.0g «.

SIDE STICK CHARACTERISTICS

Fig. 5 gives the incremental loadfactor com-
mand An G’ the amplitude being constant for
all calculited periods.

The highest possible frequency is independent
of the control surface hydraulics but influ-
enced by the pilot's ability to move the stick
very quickly.

Deflection shape of the elevator surface is
shown in fig. 6. Here the effects of control
surface hydraulics can be seen at high fre-
quencies. After a steady increase of deflection
amplitudes with a raise in frequency these
amplitudes are reduced as a result of the
max. hydraulic elevator hinge moment,

Achieved A/C loadfactor, shear and bending at
HTP are given in fig. 7 to 9.

5. Sensitivity of HTP Loads on
Changes in Control Law Data

The effects of control laws on both A/C flight-
and handling qualities and loads are based
on two major factors:

- the law architecture (evaluation and
combination of A/C moving parameter for
feedback signals)

- the applied control law data (gains and
time constants, limits etc.).

While the architecture of the control law is
clearly defined before the A/C's first flight,
gains and time constants are subject to modi-
fication. Final tuning of control law data is
completed during flight testing.

The reasons for doing so are

- flight- and handling
(flight crew demands)

quality aspects

- differences in aerodynamics between the real
full flexible A/C and its windtunnel mo~
delling

- fine adjustment of EFCS with regard to A/C
structural response.

The nominal gain KNZ which is situated in
the direct lane side % command / elevator,
has been tuned to within the range of

0-33 Kz < Kvz < 3 Knzw)

The associated variation of the other gains
has been defined in such a way as to main-
tain constant damping.

By tripling nominal value K during a de-
fined stick maneuver (fig. 1%% the amplitude
of elevator deflection is amplified (fig. 11),
resulting in an increased loadfactor (fig. 12)
and increased HTP loads (fig. 13 - 14).

Reduction of K to one third of the nominal
value causes smoother A/C motion and, there-
fore, a loads level less than the nominal one.

6. Conclusions

Following main results of this study shall be
highlighted:

"The HTP-loads-sensitivity on maneuver
frequency is significantly lower for the
EFCS controlled A/C than for conventional
ones."

Fig. 15 describes the load development in re-
lation to frequency for conventional A/C as
opposed to EFCS controlled A/C.

The slope gradient for conventional A/C is
significantly steeper than that of EFCS con-
trolled A/C. Thus in EFCS-aircraft the load
increase becomes relatively independent of fre-
quency, especially at higher frequencies.

In conventional A/C the checked maneuvers
had to be calculated in the short period mode.
This practice has long been in use and has
been generally accepted by the AA.

In view of the relative constant values in
load development occuring in EFCS controlled
A/C it is definitely a good approach to per-
form the checked maneuver in the short period
mode (whichis determined by the effect of the
control law on it).



A frequency variation for EFCS controlled A/C
therefore becomes less mandatory than it could
have been for conventional A/C, without in-
fringing on the level of safety.

Today it is commonly known that the European
Authorities, e.g. the French (DGAC), the
British (CAA), thée Dutch (NLR) and the
German (LBA) have acknowledged the interpre-
tation for EFCS controlled A/C (5) whereby the
study results (4) have been treated as official
supportive background material, but with the
additional note, requiring a study to be
carried out for each new aircraft to validate
this relationship.

Because of the shown influence of gains and
time constants on the loads and thus on stress
a loads check -using modified control law
data within the expected range- must be car-
ried out to

- justify the A/C structure

- prevent structure reinforce-

ments.

additionally

Tuning outside of the investigated range, e.g.
due to handling quality aspects, could cause
structural overloading, thus endangering the
level of safety. Therefore the variation of
control law data must be carefully analyzed
with respect to design loads before flight
testing.
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TABLE 1

Airworthiness Requirements for Vertical Design Maneuvers

of both Conventional and EFCS-Controlled A/C

Conventional A/C

EFCS-Controlled A/C

Joint Certification JAR 25.331 JAR 25.331
Requirement
Interpretation ACJ) 25.331 SCTF 02/84 (ref. 3)

Balanced Maneuver
Main Conditions

JAR 25.331 (b)

zero pitching accelerat.
loadfactor nz_. to

nz min
totrgflelight envelope
all mass/C.G. config.

JAR 25.331 (b)
needs no specific interpretation
same manner as conventional A/C.

Pitching Maneuver
Maximum Elevator

Displacement at VA

JAR 25.331 (c) (1)

pitching control surface
moved to achieve extreme
nose-up pitching

limitat. of time history

by nzmax

or by
max. aerodynamic

load on HTP whichever
criterion appears first

JAR 25.331 (c) (1)

~ cockpit pitching control device
moved at critical displacement
rate to achieve extreme nose-up
pitching

- limitation of the time history:

same as conventional A/C

Checked Maneuver

between‘VA and VD

control surface
deflection (elevator)

dqg(t) = dqmax sin wt
with
o dg amplitude

necessary to achieve
loadfactor nz or

max
zZero

0 w: undamped natural
frequency of short
period mode whereby

I v

2 v

V, is the maneuver
design speed

V is the speed in
question both at the
relevant altitude

w =

loadfactor nz
has to be
achieved

or zero

- limitation of loads eva-

luation to initial three
quarters of the period
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- cockpit pitch control device

movement

sin wt

(t)

9stick = Ygtick (max)

with

0 q_,.: being the system
hsntﬁ%ls((o %tick movement

0 w: circular frequency of the
movement of the cockpit con-
trol device, equal to the na-
tural frequency of the short
period rigid mode including
the EFCS-effect on its fre-
quency but not being less
than

-~ the transient load factors due to

the response of the A/C need not
exceed nz equal to the maxi-
mum maneuvering loadfactor

nz . equal to zero
min

- limitation of loads evaluation

to initial three quarters of
period



TABLE 2

Comparison of Conventional Aircraft and EFCS-Controlled Aircraft

Features of Pitch Control Actuation

Conventional A/C

EFCS—Controlled A/C

Pitch Control

Control Column

Side Stick

Artificial Feel in
Pitch

Force up to 90 daN as
function of speed

Constant friction independent
of flight speed

Signal Transmission
Cockpit-Control Surface

By steel cables
(bowden)
Transmission is not
subject to loads calc,

By electrical wires

Transmission is subject
to loads calc.

Maneuver Actuation

Pilot demands a change
in control surface
position

Pilot demands a change in
attitude; control surface
position is controlled by
the control laws

Flight Envelope
Protection

Non active systems; only
lamps or acoustic
warnings

Active protection system have
a certain authority above the
pilot
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o T=1,10s, f = 0,91 Hz
CONVENTIONAL A/C A T=1.20s, f=20.83 Hz
CHECKED MANEUVER + T=130s, f=0,77 Hz
SINUSOIDAL POSITIVE X T=140s, f=0.71 Hz
o T.=1.50s, f=0.67 Hz
(short period) + T = 1.69 s, f = 0.58 Hz
X T=200s, f=0.5 Hz
' NI zZ T=3.00s, f=0.33Hz
T (8)
FIG 1 FIG 2
ELEVATOR DISPLACEMENT TO OBTAIN NZA/C = 2.5 G AIRCRAFT LOAD FACTOR AT C.G, (Z-DIRECTION)
AS FUNCTION OF PERIOD AS FUNCTION OF PERIOD
0.0 1.0 2.0 3.4

MkHTP
QZHTe
FIG 3 FIG 4
SHEAR AT HORIZONTAL TAILPLANE (ROOT STATION) BENDING AT HORIZONTAL TAILPLANE (ROOT STATION)

AS FUNCTION OF PERIOD AS FUNCTION OF PERIOD
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ANZC

T {s)

1
3.0

NZasc

1
3.0
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(Short Period

T {s)

3.0
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EFCS ConTROLLED A/C
CHECKED MANEUVER
SINUSOIDAL POSITIVE

FIG 5
INCREMENTAL LOAD FACTOR DEMANDED
BY PILOT (FUNCTION OF PERIOD)

FIG ©

ELEVATOR DISPLACEMENT RESULTING
FROM INCREMENTAL LOAD FACTOR
DEMAND AND ACTUAL FLIGHT PARAMETERS
(FEEDBACK) AS FUNCTION OF PERIOD

FIG 7
AIRCRAFT LOAD FACTOR AT C.G.
{Z-DIRECTION)

o T=20.50s, f=2.00Hz
) a T=0.60s, f=1.67Hz
incl. FBW) + T =0.64s, f = 1.56 Hz
x T=0.70s, f=1.43 Hz
o T =20.80s, f=1,25Hz
+ T=1.00s, f=1.00Hz
x T=1.20s, f=20.83Hz
z T=1.405s, f =0.71 Hz
vy T=1.69s, f=0.,5 Hz
x T =200s, f=0.50 Hz
* T =23,00s, f=0.33 Hz



EFCS CONTROLLED A/C o I:hdef-t
CHECKED MANEUVER (Short Period incl. FBW) 4+ T =0.64 s, f =1
x T=0.70s, f=1
SINUSOIDAL POSITIVE o T=0.80s, f=1
+ T=1.00s, f=1
x T=120s, f=20
z T=1.40s, f=0.
y T=1.69s, f=0
x T=200s,f=0
0.0 - 2.0 5.0 ¥ T=3.00s,f=20
T (s)

QZHT!
v FIG 8
SHEAR AT HORIZONTAL TAILPLANE (ROOT STATION)
AS FUNCTION OF PERIOD
0.0 1.0 2.0 3.0

T (s)

FIG 9
BENDING AT HORIZONTAL TAILPLANE (ROOT STATION)
WHHTP AS FUNCTION OF PERIOD
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EFCS CoNTRoLLED A/C
e SENSITIVITY ON
GAIN VARIATION

F16 10
S e 9 INCREMENTAL LOAD FACTOR DEMAND

) oKy = KLUNOMINAL
a K4 =1/2 KiN AND ASSOCIATED
+ K4 = 2 KN VARIATION
X K4 = 1/3 KUN OF  OTHER
o K4 = 3 KUN GAINS
Fig 11
ELEVATOR DISPLACEMENT RESULTING
FROM INCREMENTAL LoAD FACTOR
DEMAND

Fi16 12
AIRCRAFT LOAD FACTOR AT C.G,
(Z-DIRECTION)




Gznte EFCS ConTROLLED A/C

SENSITIVITY ON
GAIN VARIATION

Fig 13
SHEAR AT HORIZONTAL TAILPLANE

© MXHTP

oKy = KUNOMINAL

a4 = 1/2 KiN AND ASSOCIATED
+ K4 = 2 KuN VARIATION

x K4 = 1/3 KUN OF  OTHER
o4 = 3 KN GAINS

.........

AN N o Fl6 13
. \T:\w BENDING AT HORIZONTAL TAILPLANE

(12)
‘ ‘ ____rReauency £ (i) COMPARISON OF CONVENTIONAL A/C
I 0.5 1.0 1o *

AND EFCS CoNTROLLED A/C

Fi6 15

SHEAR AT HORIZONTAL TAILPLANE
AS FUNCTION OF FREQUENCY

POSSIBLE  MAXIMUM
FREQUENCY :

PHYSICAL STRENGTH
AND CAPABILITY OF

FBW ConTROLLED A/
Ve

SHORT PERTOD MODE]
at/scrr 02-84

acy 25,331

F=-
Va
NZ, e = 2,56 nNoTl
ESTABLISHED  DUE
TO CHARACTERISTICS]
OF A/C  HYDRAULICS]
[POSSIBLE MAXIMUN|
FREQUENCY :
PHYSICAL STRENGTH
lAND CAPABILITY OF
QzHre AMAN BEINGS.

96



