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Abstract

Flight Research Institute iz conduct-
ing researches using the in~-flight simula-
tor based on the Tu~154M transport air-
craft. It was degsigned for a complex in-
vestigation of advanced control concepts
and as a result of it optimization of the
nilot-airplane” gystem parameters. The
gimulator is equipped with sidestick con~
trollers, a mini-wheel, digital flight
control system and head-up displays., Besi~
des it is possible to control the simuls-
tor using the ground-based computer inclu-
ded into the felemetry sirplane~ground-alr
plane control link.

Bvery experimental systen as well as
the simulstor dymamic one has variable~in-
flight characterictics.

The paper discusses the ideoclogy of
experimental system realization on the
simulator. There are presented certain
regults of optimization and comparison of
parameters of mini~controllers of different
types and determination of the transport
aireraft hendling gqualities depending on
the type of the controller. Also there are
given results of using mini-~controllers
together with advanced highly augmented
control laws for transport aircraft. For
the flight testing there were determined
in acccordance with the aircraft conitrol
laws optimum foymats of flight navigatio-
nal date presentation.

1. Introduction

The flight safety and conirol guslity
of apn aircraft are to a considerable exiernt
determined by the characteristics of those
systems which form up the control loop and
with which the pilet is directly irferac-
ting. They include a flight-navigational
data presentation system, controllers and
control system or control laws to be more
exact which together with the alrframe
characteristice determine the dynsmics of
8 modern aircraft.

Recent improvements of the onboard
equipment resulted in introducing on civil
sirplanes colour electronic displays for
flight-navigational data presentation,
sidesticks and mini-controllers. The use
of advanced digital control laws provided
new handling charscieristics of an air-
craft and made 1t possible to automate
certain control funciions and to combine
manual and automatic control modes. These
meane allow to get the most effective
"man-machine® interface, though it is
necessary while determining the optimum
"man~-machine” system characteristics o
evaluate a great number of paramebers as
well as to take dnto account subjective
factors of real flight. There is required
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a complex evaluation of such factors as
control precision, pilod workload, his
fatigue, the adaptation level efc., with
taking into consideration & possible
variation of the pilot characterisbics
both in normal flight and in failure one.
411 of the mentioned problems can be sol-
ved on the in-flight simulator (FS) al-
lowing a flexible and fast vearying of
charsocterisics of the control loop and
sirveraft dynamics in flight in order to
directly compare different characteristic
variants and determine the most effective
combination of thaw.

2. In-flight simulator description

To conduct flight resesrch of new
control snd dynamics concepts the Flight
Research Institute has developed S based
on the Tu-154N three-engined medium-range
aircraft {see Pig.1). Concretly speaking
P3 is desigred to evaluate advanced cont=-
rols and highly augmented conftrol laws
and to work out a concept of flight-navi-
gational data presenitation on electronic
displays for new gensration civil alr-
craft. The left seat in the cabin is a
research one {sse Fig.Zand Fig.4).

The conventional wheel and mecheanical
1inks have heen removed Trom that seal.

4+ is equipped with fittings for instal-
lstion of the left and right sidesiticks
of different tvpes and also of a centre
mini-wheel. Conventional panel instiumen~
tation is replaced by a colour elechtronic
display and head - up flight-navigetional
data display. FS is controlled by a digi-
$al fly-by-wire (FBW) aystem. All experi-~
mental systems of the control loop as well
as FS dynamics have varisble characteris-
tics. )

There have been investigated sides-
ticks of different forms which provide
pitch, bank and, if neccessary, yaw cont-
rol. 411 the stick controllers have for-
ce transducers. The sgidestick parameters
(location, pivot point,force-~displacement)
are variable.

The stick construction allows to change
the stick from e forete controller fo a
controller requiring up fto +5Sem displace-
ment. A special block mekes it possible
to change the control sensitivity in
flight. The miniwheel provides similer
functions. PS is controlled by the left-
seat pilot by means of a digital FBEW sys-
tem (see Mig.3). The on-~board computer
has & high-level langusge and it can be
in resl time reprogrammed in flight. The
computer provides different aircraft and
engine confrol laws for manual and aubo-
matic control. It is possible to change
the FS handling qualities in flight in
order to evaluate and optimize them and



algo to simulate advanced airplane dyna-
mics. Simpler control laws can be reali-
zed with the help of a triple-redundant
analog fly-by-wire system. Besides, the
onhoard telemeltry up and down links and
the ground-based computer provide FA real
time advanced control laws. The time de-
lay does neot exceed 0,05 sec. A number of
auxilisry ground-based computers provide
data analysis during flights. Experimen-
tal FBW systems (using both on~board and
ground-based computers) are comnected %o
conventional aectuators of the Tu~154M air-
craft. When PBW is operated mechanical
control system and the right column fol-
lows the surface position. This incresses
flight safety and provides smooth trangi-
tion to conventional control in case of a
FBW failure.

A colour electronic head-down dis-
play and also head-up one are fed from the
on~-board digital mini-computer which ge-
nerates in real time graphic imagery. A
macrolanguage specially developed iz useéd
for a quick reprogramming of the computer.
This allows to present to the pilot in
flight different formats of flight-naviga-
tional data to be directly compared or
corrected so that the optimum variasnt
could be determined.

Let us discuss some of the resulbs recei-
ved.

3. Flight regsearch results

We know about succesaful flights of
the A~320 aircraft with a sidestick and
positive experience of the sidestick rese-
arch at our Institute. It was considered
ngcessary to carry out additional rese-
arch of the sidesiick together with a di-
gital highly augmented control system in
order to confirm a high degree of vrelia-
bility and perfect hindling quality. Itfs
necessary to carry oubt a combined optimi-
zation of controller parameters and alr-
craft handling gqualities taking into ac-
count human factor, The main problems
discussed are as follows:

- the influence of the sidestick ty-
pe and location on pilot ergonomic rating:

-~ optimum force-~displacement charac~
teristics of the sidesgtick and handling
qualities of the aircraft with a sidesg-
tick installed;

=~ plilot workload in flights inclu-
ding long duration ones;

- quickness of pilot adapiation %o
the gidestick and some other problems.

It was of special interest a possibi~
lity of flying with the left sidestick
both din normal conditions and failure
ones taking into sccount different quali-
fication levels of pilots.

Thirty test-pilots of different fly-
ing experience, qualification and age to-
ok part in the flight research of the gi-
destick to ensure objectiwe results. Also
& group of test pilots of long flight ex-
perience with maneuverable sircraft pap-
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ticipated in the tests. The research was
conducted in different weather conditions
and flight vegimes including visual and
instrument approaches and landings.
Teating sidesticks of different forms
and evaluations mede by a great majority
of test pilots helped to reveasl the advan-
tage of the sidesgtick shown in Fig.5.
In accordance with the objective data and
the pilot retings & sidestick is conveni~
ent Tor pitch and bank conbtrdl, but adding
of vaw control disturbs the established
control menner and makes conbrol diffiecult
for the pilot in an emergency.

The optimum location of fthe sidestick
ig the one on the arm-rest with necessary
regulation of its position in height and
along the arm-rest., The longitudinal axis
orientation is 28 deg. forward and
12-15 deg dinside the cabln.

The convenient pivod point ldcation
is at the base of the stick. It provides
ease and precision of control.

The flight research showed that for
transport aircraft the sidestick with the
medium displacement range (approximatelg
+2,5 = +3,0 om from the stick mid-point
Ts most acceptable., For the main part of
the £light envelope for pilois of diffe-
rent physicel abilities the amount of sbidk
force required per unit of stick displace~
ment is 0,9-1,1 kg/cm in pitch and
0,7=0,9 kg/om in bank control {see Fig.6).
Bank control forces are asymmetric. The
breaskouts of +0,4 kg and 0,3 kg for piltch
and bank corvespondingly prevent any crosg
-goupling of these chamnels and provide
the required control presision. It is inte-
resting to note that separate pilots foom
the fighter-pilot group gave the same eva-
luations when the sidestick was practical-
1y immovable.

Before the flight testing some of the
pilots were rather scepbical about the
left sidestick. However the results showed
that in this case reliable and effective
control can be schieved for all regimes
including approaches and landings. The
precision of the sidestick control and
conventional one was practically equal.

Dynamic characteristics of the clo-
ged pilot-sircraft loop with different
controllers were studied. Por that purpose
& quasi-random signsl with the appropriate
spéctrum was sent to the surface actuators
by the ground computer or on-board one.
The pilotts task was to stabilize fthe aiy-
craft in these conditions. A combined ans-
lysis of the input and oubput date allowed
to determine the loop dynamic response for
different type of conitrollers. The frequ-
ency characteristics of pilot contrel show
that the sidestick provides less time de-
lays in the loop compared with the conven-
tional column. The frequency characteris-
tics of pilot in the sidestick conbrol
loop vevesaled his differentiating function
which speaks of his prognostic ability
{gee Pig.7)s

1% is necessary to point oult that
pilote almost irrespective of their guali-
fication level and flight experience becow



me quickly adapted to the sidestick cont-
roller,

Ag a rule & 1-1,5 hour flight and three
to four approaches were gulie sufficient
for the pilot to acquire positive skills
of piloting the airplane with s sidesbick
in normal conditions.

On the whole the optimum pilot work-
load and sidestick force-~displacement pa-
rameters determined in the couwse of
flight testing provided for the comford
of the alrplane handling. Flights of suf-
ficiently long duration (three to four
hours) made by the airplane with the side-
gtick control {conditions similar to the
sutomatic control system failuve) showed
that flying such & plane according to the
pilots causes much less fatigue than when
using the control wheel. The flight re-
sults also showed that a choice of sides-
tick parameters must be mede most thoro-
ughly for flights in turbulence and fo
prevent disturbances in the control loop
and pilot induced oscillation,

The mini-conbtroller benefits {of the
gidestick, in particular) are revealed o
8 grester exbtent when the controllers are
integrated with the highly augmwented con-
trol system. The existing digital equip-
ment allows to implement a flexibvle divi-
glon of the manuval and aubtomatic control
functions to best consider human factor.

There was studied a digital control
law ueing piteh, g-loads and other Tlight
parsmeters in positional and integral
feedback (see Fig. 8). Such a law provi-
des & number of important features for
the airplene dynamice which affect the
méthod and quality of piloting:

1. Neutral stability of alrcrall
when speed is changing., In this case the
controller position is neot an additional
indicaetion of the current flight speed to
the pilot. But in case of & small mini-
controller displacement this conventional
characteristic loses its significance.
A1l the pilots were positive in evaluating
this fealure noting thad Tlying the plane
became easier when the flight speed chan-
ged and that there was no need for cont-
rol force trimming.

2., Possibility of setting rather
simple elgorythmic limitations to exiti-
cal flight parameters (angle of attack,
g~loads, maximum speed etc.). This pre=-
vents exceeding of limitations for
shori-period parameters even when mini-
controller is fully deflected which is
possible in stress conditions. If the
limiting speed (maximum or minimum) is
exceeded the surfaces are automatically
set (for a nose up or down correspondinge
1y) keeping the aircraft within the speed
limite. According to the pilots this con-
cept does not violate the usual conirol
marmer, but it mekes piloting simpier and
is adopted easily by the crew. It allows
pilots to feel more sure of themselves
and pay more asttention to checking the
systems state and observing the oulside
scens, which increases flight safety es-
pecially during maneuvering in the alr-
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port zone.

31, Increased control precision. The
integrated system is characterized by an
increased aircraft stablility on the
flight path. This i perticularly impor-
tant for precision conirol regimes, Tor
example, approach.

The Flight test resulfs showed that the
use of the control law with integral fe-
edback considerably increases the conb-
rol precision and reduces the pilot work-
load. (see Fig.9 and 10).

Of importence is also the concept
of %transition from the menual o automa-
tic conbtrol mode and visa versa. On F3
there was posibtively evaluasted a concept
providing & trensition to the autopilot
control when no force is applied to the
gidestick and a return fto the manual con-
trol when the sidestick force is applied.
The corresponding delay time of approxi-
mately 1,0 sec and 0,1 sec prevents any
random autopilot engagement and its quick
disengagement by the pilot. The maximum
values of the aubopilot engagement/disen-
gagement forces are taken equal to the
sidestick vreskout forces. The resulie of
the objective data analysis and pilots
opinionas speak of & conslderable reducti~
onn of pilot worload:
the freguency of the pilot control inputs
decreases and the pilot pays more atben~
tion to monitoring the alrecraft flight
trajectory, equipment operation, efc. A
the same time control precision noticeab-
ly incresses. In pilots' opinion this type
of control must be the main control mode
for civil airplanes,

During fiights there were svaluated
optimum hapdling qualities ranges of
transport aircraft equipped with the
gidestick controller and highly sugmented
system, 45 a result of averaging the pilots
Cooper-Harper ratings there were dejer-
mined optimum sidestick force amounts per
unit of control response (mee Pig.11).

In accordance with the concept of
advanced conbrol laws discussed the pilokss
main Flight task 1s to perform attitude
and navigation control, while the tasks
of flight parameter stabllizatlon, keep-
ing within limitations etc. must be per-
formed mutomatically. This concept musgt
ve vealized in the logic of flight-navi-
gational date presentation on displays
for the pilot. Proceeding from this it
is most patural o use the information of
the vector velocity. It is worthwhile
using graphics providing perspective 3-D
imagery. This allows to make use of the
pilots intuitive attitude control ability
in the conbtrol process and make closer
graphiec -dats perception on héad-down and
hesd-up displays vhen the symbols of the
latter are "superimposed” on the outside
view, At present there are no formal met-
hods of optimizing graphic formats of the
flight-navigational date preseniation on
displays. In flight conditions when there
are many contradicting factors acting
upon pilots it is rather difficult to
determine any meassurable connection bet-



ween many of the elements of the graphic
data presentation and the pilot workload.
Thus the optimum format is determined by
iteration, and for this participation of
a great number of pilots and their expe-
rience are necessary as well as compari-
son of their evaluations of different
formats. On-ground simulator and FS rese-
arch results show that the optimum for-
mat provides the required quality of con-
trol and landing within the Cat III con-
ditions. The format also provides for ad-
ditional future data visualization of
predicted flight paths and the touchdown.
In order to compare ° different formats
of flight-navigational data presentation
on displays there are used pilot ratings,
their answers in the questionnaire,
objective data of the control precision
%nd ergonomic measures of the pilot wark-
oad.

Fig.1. GENERAL VIEW OF THE Tu-154M

Conclusions IN-FLIGHT SIMULATOR
1+ The in-flight simulator with
in-flight variation of the controller type THE Tu-154M IN-FLIGHT SIMULATOR

and characteristics, control laws, flight-

-navigational information presentation
systems and dynamics is a highly effecti-
ve means of optimizing the "pilot-air-
craft" system in investigating new control
concepts for transport aircraft.
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DIGITAL CONTROL SYSTEM
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