Innovation: Pilot — aircraft system technique
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Pilot—vehicle system (PVS) peculiarities

1. Pilot and aircraft interaction takes place in closed-loop system
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2. Specific feature of pilot-vehicle close-loop system is the influence of the
piloting task on all its elements (task variables)
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MeToauka aHaJIM3a CUCTEMbI CaMOJIET-JIeTYHK,
He00XoAMMAas JJIsl PelleHUs CJAeAYIIMMX NMPUKIATHbIX
3aJaa4:

- [lMpoekTnpoBaHMe BbICOKOABTOMAaTU3UPOBAHHBIX CUCTEM
ynpasJieHus, BKIoYasa pa3paboTky Kputepue Bbibopa
MUITOTAXXHbIX XapaKTEPUCTUK;

- PaspaboTka gucnnees;

- Co3aaHve HOBbIX aKTUBHBIX pblYaroB yrpaBreHus;

- PaspaboTtka TpeboBaHuim U anropMTMoB NOACUCTEM
MUNOTaXHbIX CTEHAOB




g CtpykTypHasi Mmojejib

e the structure of models for W (jw) and S, , (@) (or only W (jw)) are
defined,;

e the rules for definition of model’s parameters are used.

Two modification of pilot describing function W,(jw):

1. McRuer model (traditional model)

2. Hess model and its modifications

Two modification of remnant spectral density S, (@)
1. Levison model E ~N 1

2. MAI modification B 1




McRuer model

Several versionswith different level of complexity:
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Selection of parameters:

Adjustment rules
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Remnant spectral density model
Levison model
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Criteria used for pilot-vehicle system design - flying qualities criteria

«Flying qualities of an aircraft are those properties which describe
the ease and effectiveness with which it responds to pilot commands
in the execution of some flight task». D. McRuer

N . . M. Cock
1. Traditional criteria
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2. Pilot—vehiclesystem (PVS) approach
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Criteria—are the requirementsto the FQ



Accepted principle in specification
- Davison of requirementson the class of aircraft

Class| Maneuverableaircraft (n, =7)
Class 1l  Aircraftwith limited maneuverabilityn,=3.5+5 (m <5060 ton)
Class 111 Non-maneuverable aircraft

Illa— n, <3.5

I11b — heavy aircraftwith weight > 100 T

Phase of flight: A — precise tracking tasks, maneuvering tasks;
B — take-off and landing tasks;

C —tasks which do not require precise control.

Level pilot rating: level 1 — satisfactory FQ
level 2 — acceptable FQ

level 3 — unsatisfactory FQ 9



Cooper-Harper ratingscale

( ADEQUACY FOR SELECTED TASK OR AIRCRAFT . DEMANDS ON THE PILOT
REQUIRED OPERATION* CHARACTERISTICS IN SELECTED TASK OR REQUIRED OPERATION*
Excellent Pilot compensation not a factor for
Highly desirable desired performance
Good Pilot compensation not a factor for
Negligible deficiencies desired performance
Fair ~ Some mildly Minimal pilot compensation required for
unpleasant deficiencies desired performance
Minor but annoying Desired performance requires moderate
deficiencies pilot compensation
Is it Deficiencies :
satisfactory without warrant gﬂec;?ebrauzly objectionable Adoq;ataab‘peﬂog?ance rer:n;ltr;s
improvement? improvement clencies considerable pilot compe n
Very objectionable but Adequate performance requires extensive
tolerable deficlencies pilot compensation
' Adequate performance not attainable with
Major deficiencies maximum tolerable pilot compensation.
Deficlencies iontmﬂability not in questfosr:ﬂ -
require . onsiderable pllot compensation is required
Pl Major deficiencies for control
Intense pilot compensation Is required to
Major deficiencies retain control
Is Improvement ’ Control will be lost during some portion of
it controllable? mandatory ‘ Major deficlencies required operation
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Pa3paborka kputepueB Bbioopa I1X
BbICOKOABTOMATU3UPOBAHHOIO JIA

1) Co3nanue 0a3bl JAHHBIX

2) PazpaboTka kpuTepHeB KaK TPeOOBaHMI K MapaMeTpaM
BbICOKOABTOMATU3UPOBAHHBLIX CAMOJIETOB

3) Paspaborka kpurepueB Kak TpeOOBaHMH K mapaMeTpaMm
CUCTEMBbI CAMOJICT-JIETUYUK

12




DEVELOPMENT OF CRITERIA FOR THE FLYING QUALITIES AND PIO
PREDICTION

Database: a number of in-flight investigations executed in 70 — 90 of
the last century

_K(zs+1) 1 (7 p+])
(Tzs+1) (522+2é:18+1](822+2é:23+1] pL p22 i Cfs;) p+1J
@W; Wy o, o, o, o
In-flight simulator T-33
(Calsplan Co)
Data base:

- W, {Have P10 (17), LAHOS (49) Neal-Smith (51)}; > ——
- Ratings PR, PIOR; \
- Piloting tasks; —
- Questionnaire — M




Modified criteria

1. Criterion for FQ prediction

based on requirementsto the pitch

response parameters

div=L% ¢ At
AQ,

3. Criterion(z—ay,)”" for PIO
prediction.

2. Criterion for FQ prediction based
on requirements to the effective time
delay (') and bandwidth ;)
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SHORTCOMINGS OF DATA BASES

Inaccuracy of FO and P1O prediction
111 Conf. 1:
| -In-flight PR =5,
11 -From criterion FQ -1 level

2 .

; Conf .1\ conf2  -In flight PR=3,
| PR=5°\ PR=3  -From criterion FQ 2 level
Osy radisec 'f

Some reasons of data bases imperfection:

Tp sec

1) Limited number of in-flight tests executed
for each configuration (in many cases one
flight and one rating)

’ R1
2) Considerable variability of PR for some - 11T X} % 5 1o |
: ) ) ] 5 [m A
configurations i || o] 2 A K
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Modified criteria for FQ prediction

Correct prediction
Boundaries Intotal | | level | lllevel | Nl level
1. The requirements to the pitch rate response parameters
Initial version 29 from 42 11 from 11 12 from 18 6 from 13
69 % 100 % 66.7 % 46.2 %
Modified criterion 37 from 42 11 from 11 13 from 18 13 from 13
88.1 % 100 % 72.2 % 100 %
2. Wy, — T, for FQ prediction
Initial version 39 from 48 8 from 11 18 from 21 13 from 16
81.3% 72.7 % 85.7 % 81.3%
Modified criterion 45 from 48 10 from 11 20 from 21 15 from 16
93.8 % 90.9 % 95.2 % 93.8 %
Categ Categ. 4
* llevel "‘. o llevel
B level o R
/ Il level :; M I level
_!iﬂtla.l Jma'ls ——itial
. b = e o
’ VEersion 0.05 version
¢ H|e By [ | [ ]

; o d e
Dy 10 | 50

Oy 1Al | sSCC




CRITERIA BASED ON CONSIDERATION OF PILOT-AIRCRAFT SYSTEM
PARAMETERS

ne
i e 1 : .
W, (o)W, (jo) e =1
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Criteria are the requirements to the parameters {a;} of pilot and closed-loop
system frequency response characteristics (W, (jo),W,, (jo)}

Potentialities: prediction of FQ level

A

a 11 level
(Neal-Smith criterion (1971))
Parameters: I' - resonant peak of W (j@)
Ag|,_, - pilot workload
> Definition of r, App — crossover pilot
a, model + additional rules L, &

_m . —
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MAI CRITERION AND ITS MODIFICATION.
ORIGINAL MAI CRITERION (1995)

Parameters:
A, =max{|Ap” |, Ap"}; T,
Ap =g, IvvC 4 IvvCopt

Two approaches to the definition of

parameters:
1. Experiment

2. Math modeling by use pilot optimal

control model
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b. Criteria based on calculation of pilot rating

Anderson (1969), Dillow (1970):

- Approach: parametric optimization
- Pilot model is the crossover model

Potentiality of the approach — prediction of pilot raiting

General principle proposed by MAI
PR = f(PRi,PRj)




1. Criterion for prediction of pilot rating in single loop pitch
tracking task

|+ Two groups of configurations:
; ?( - Lgroup of configurations:
: B : PR, = f(q,) PR= 11(1+ina,)
. H b > 1l_group of configurations:
] : PR, = f(pilot workload) PR=-11A
3 \x—%’ : - ¢- (p ) (D
N L Criterion
o E B PR =max (PR,, PR,,,)
Prediction of PR by mathematical modeling
Structural pilot model Wp(jw) Pilot optimal control model
PR =11(1+In(-04 +1.68C, a) PR¢=—0.11(14+A¢M06) PR;=11(1+In(-0.052+1.126 G, ., )  PRp=-011(14+0.952 AQ}, )
R r.lsc-meT - / ’R noJter
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Evaluation of FQ in multimodality tasks

Developmentof criterion for prediction of flying qualitiesin roll
control tracking task taking into account motion cues.

il
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McLATHOS LATHOS
'§ (ﬁxed-:asc simulator) (in-flight simulator) /
g " From: &
-l J.R.Wood
£ © AIAA-83-2105
8
B
8

o

o 045 0.5 Q15 rpam

- Disagreement between the ground-based and in-flight simulation; E' |

Influence of controlled element gain coefficient on the results.
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Calculation of PR= f[PR__,PR,]

1)PR=max[PR__., PR ]

K

Ty |I level of FQ — 0.28+1.1sec

From experiment
_ PR,, =—8.428+9.166Ina,, \y _
=
o
ny PRy =34.433+11.66In 0,
Kc=4
] 9.5 K =3.125
i 8
i Level 3 / K¢ =2:25
e —
i /71/ / ]
i /4 Level2 I— K =1.25
. 1.8
] el ol |
] —
J T 514 T
1 2 3 |4 5 6 YTy

5. SEFs +1)




2)PR, =max(PR’ ,PR’_)—3

From experiment PR, =-1.75+5.25In(—4+2.50,)

PR «
e PR, =2.34-14In(—4+2.50,)
~ I:)Rvest T T
PR From experiments
Mathematical modeling with pilot
Results of ground-based simulation structural model
o PR .
T;/ |I level of FQ — 0.23+1sec /




The general principle of any system

The elements of any system:

-plant
-controller l :
-Sensor i System: y
—1 -plant, >
-controller
-Sensor

General requirements to any system:

-Agreement between output and input signals x=i

-Low sensitivity to disturbance d(t) el =0

-Stability (X = Xiniva, When 1(t) will return to Zero) e |
-Suppression of the inaccurate knowledge of the plant dynamic s_ P

Plant - aircraft, automobile, ship ... t

Controller (autopilot, pilot,...) applies the control action (energy) to the
plant accordingto the rules in order to make specified system response
conform as closely as possible to some standard or criterion



Two types of the system

Open-loop system

__________________________________________

system ld
| Controller, | ¢ Plant, A
F, F,
__________________________________________ Example:
1 _ d

a) d=0; i#0; F = ?2’ to get x=i F, :j = F, has to be equal todt
b) i=0; d#0; x=d X /

c)if F,F, unstable é — The aircraft id divergent /

d) F,=F +AF X =iFRF, + AFFi g

=

Conclusion:

=
)

controller law is too complicated,;

open-loop system does not suppress a disturbance
the instability can not be suppressed
Impossibility to suppress the inaccurate knowledge of the plant dynami«:?s5 r




Closed loop system

e ld """" i
. ' X
228 Controller, C_|Plant, (e -
i I' F F i
c. Provision of stability
S
a. d=0 )-(:F1F2|FF>>151 S—a
i FF,+1"
F,=a
bi=0 d=0 X= 1 | ~p
' d 1+FRF, "7 X _ 2 i(t)
I s+(a-0.1)

Example: if F, :J then F =K, (K>>1)
a>0.1 system is stable

In closed - loop system: _ F, = F*(s) + AF (s) A B
-controller law is simpler considerably; L, L
-the disturbance might be suppressed,; X= R, +I7(s) . L i
-provision of stability of the system for unstable plant; 1+ F[FR +I(s)]

-suppression of the inaccurate knowledge of the plant for FF,>>1 y=i
dynamics 26




Different types of controller

_V(s) _b(s) B b(s)v(s) :
R=40) " =30 V) = 2)d(s) +bevE)

1. (v(s)=K; d(s)=1) = u(t)=K_(i—Yy) - proportional type

e b(s) K ~
X ‘t—)oo a !I—To a(S) + b(S) K K>>1 =

2.d(s)-1  v(s)=Kps u(t) =Ky sfi(t)-y(®] PD - controller

ST Ksb(s)
X ‘t—)oo - Islgo] a(s) + Ksb(s)

3.d(s)-s  v(s)=K - Integrator control

_ b(s) K _
to= 550 a(s)s+b(s)K

!
0

X| 1




CucremMbl YHpaBJCHHUA C ACTATHYCCKUMHU 3aKOHaAMH

ynpaBJieHUs
InpumMep
Xg K(1+Tp) W 5B=Wc @,
= p r W, =1
200, =—M P +Y* w| M2 (p¥)
v O/ CiMe=0 VRO, T
ol =-M% —M >y Mi=0 (p=M&)(p+Y %)
— 5 — 5 — A
w, KMZ»@1+Tp) . 200=M2>KT —M *

XB—p2+2§0)p+0)2’ W’ =K




Cucremsl ynpaBJjieHUsI C 3TAJOHHOU MOIEJIbIO

X B * @,
—> WC :(%— K » WC >
— KWC —
1+ KWe |y 4
4
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CucremMsbl yrpaBJjieHus, 0a3MpyromMecss HA NMPUHIIUIIE
oOparHasi TMHAMHUKA

e
=C Z) ch WC

e=1—-1WW;, —eW W,

=

v

(1-WW, 1
e= ( | C):>GCJ'II/IW|=—=>GIO!

14+W W, -

a,p"+a,p ... m
1pm bzpm_l T.K.m>n=>W, :blpn+"'
b,p” +b,p™ " +... ap"+.. -
W, :WI* _ Wo  yro6sr MOPSIOK YUCIUTEIS ObLT HE
Wc  BbImre mopsaka 3HAMEHATEIIA
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Cucremsl ynpaBJjieHUsI C OpraHaMHi HENoCpPeACTBEHHOIO
yHpPaBJEHUA A3POAUHAMUYECCKUMH CHJIAMH

1

WCD
W, "= OHYIIC

2

Cucrema nmo3BoJisier:
1) Peasqim3oBath HOBbIE (hopMBbI ABMKeHHs1| B yacTtHOCTH:
a)Aa=var b)Aa =0

AG=0 AZ = var

2) CylecTBEHHO YIIPOCTUTDH JHHAMHUKY CAMOJIETA
9 K(p+Y?) ~ K —
Xy p(p*+2op+al)  p(p-M)

3) [lomaBUTH HEYCTOHYMBOCTD B JJIHHHONEPHOANYECKOM ABUKEHHUH




Pa3padoTka ajaropurMoB 1Jis
AMCILIeeB



Path control piloting task

Aircraft control Space vehicle control

* Refueling  Landing at the Lunar surface
« Landing (including the curved glide slope « Docking with 1SS

landing)

* Docking with ISS

* Carrier landin
: » Docking at the Lunar orbit

» Terrain following

» Remotely control of the Lunar rover

Peculiarities:
* High pole order in the origin — pilot has to close the several loops,
* Increased requirements to the control accuracy,

» Sufficient time delay in flight control or in case of command signal transmission



Provision of the required flying qualities

Pilot-aircraft system technique — the basis for solution

3ajagya NUJIOTHPOBAHMS +

bl Pl Gl d
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Pilot-aircraft system characteristics depends on the display and input signal
considerably

Display
Compensatory Pursuit

o
- NI

D D

»




Director indicator e (t) =W, X,

transformation of the controlled element dynamics

i _e(s) _
(= W= T O

«Tunnel in the sky» - 3D image of the target (planned) trajectory

Command Flight Path
A Vo, (Tunnel)

ol i(t, + At)

\erAt

Cross Section of
at Prediction Time

V/S —1500

A. Grundwald (Israel inst. Of tech.)
G. Sachs et al. (TUM)
M. Mulder (Delft University) >



Selection of the law for predictive display

S
pr 7/pr Lpr
T
. . . . pr 3 —
Aircraft:  y =y + 7/7 Aerospace vehicle — y, =y

IVVC | . |,dB

&, calculated
\\\\\\\ according to eq.(1)

-
S
-

__ &, calculated
according to eq.(2)

o, rad/sec
~180 ™~



Ground-based facilities used for the experiments

Ground-based simulators




Effectiveness of predictive display
Refueling

O p.[M] Approach velocity
0.12 .
i N B S EESRREE O - Constant color
0.1 -3
e A - Variable color

006 —mm — —— | [T TTTTTTTTTTTTTTTITTTTTTY

0.04 -

0.02

0 -

1) without predictive display

2) with predictive display

Carrier landing

without predictive with predictive

__ display _ . display Effectiveness:
- Decrease of m.s.e. in 4.5 times (in
5 longitudinal channel) and in 4 times
il ﬁ%‘ in lateral channel, PR | from 6 up to
A 35
) i-,"?-o - Suppression of reversal control
cantrol
P g
| i
-0 . 38




Landing at the runway

« Landing with director indicator

« Landing with predictive display

Decrease of variability of touchdown point in 2.7 (long.) and 2 (lateral) times

39



General principle of suppression of time delay with help of
predictive display

Mathematical model W o

! 2
8pr _gpr +8pr

&, — Measured angle

of aircraft realized in
on-board computer

Measured state W Epr (t=7)

i(t+T,,) g2, — calculated angle

: Pilot
variables
) T AH .
Foraircraft: e, =7 =~ & =(F—+7)e"
|WC ;48 Tl? O-A 5 B
?, de; :
-180 m

~1 <2
10 10

o, rad/sec

(without compensation) (with compensation)




Dockingwith ISS

Spacecraft + predictive display dynamics

Kc(€™ +sT,,)

0.06

0.05

0.04

0.03

0.02

0.01

s without feedback

#  With feedback

N with predictive display

N\

NN




Integration of predictive and previewdisplay

Block-diagram

> Wad \ \
e TR ey \ ......
O W &—w T
\ > /\i/_/_\/,/-*/”: .....
I
1.2
T y-m
1
0.8
0.6
04
0.2
0
0 2 3 . a 5 6 7
T , sec

Optimum: T ~2=+3sec



