Innovation: Pilot — alrcraft system technique

Dynamics
of flight

,?é umber
of chapters

rom .
mathematics

Pilot — aircraft
system technique

Control

theory Psychology




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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METOI[I/IKa AHaAJIN3a CUCTEMbBI CAMOJIECT-JICTYUK,
HEOﬁXOI[HMaH AJHA PCIHICHUA CICAYIOIIUX IPHUKIIAAHBIX
3aaav.

- [MpoekTpoBaHMe BbICOKOABTOMATU3UPOBAHHbLIX CUCTEM
ynpasneHusi, BKoYyas pas3paboTky kputepues Bbibopa
MUNOTaXKHbLIX XapaKTePUCTUK;

- PaspaboTtka gucnnees;

- Co3pgaHue HOBbIX aKTUBHbIX pbl4aroB yrnpaBreHus:;

- PaspaboTka TpeboBaHuii 1 anropuTMOB NOACUCTEM
MUNOTaXHbIX CTEHO0B
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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.

CTpyKTypHasi MOaeJIb

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 > I

2. MAI modification B N




McRuer model

Several versions with different level of complexity:

1. w =k elor TJ®H1 «crossover» model
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Selection of parameters:

Adjustment rules
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Remnant spectral density model
Levison model
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Hess model and 1ts modification
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@ Criteria for evaluation of pilot—vehicle system stability

+ W,

e for additive noise (n, = &(t)) stability does not depend on its spectral

density;
e for multiplicative noise (n, = e(t)-£(t)) stability depends on its spectral
density.
Singleloop system
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Multiloop system
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Influence of aircraft configuration on PVS parameters
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a) Hess model
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3a1a4M KOMIIEHCATOPHOIO CJIE/KEHUS:
- IloJser mo mpudopam;
- IlpunenuBanue Ha ¢oHe HedA.

3aayu ynpaBJ/ieHUs C Ipecie/I0BAHUEM:
Jo3anpaBka TOIJIMBOM B I0JIETE;
IHpuueauBanue Ha (poHE 00JIAKOB UM 3€MJIN;
IMoaer cTpoem.

3ajauu ynpaBJieHUs ¢ NPeABUICHUEM:

- BusyajbHBIH OJIET [0 MAPLIPYTY; 1 i(t, + At)
P . e(ty) 1 °

- Pyaexxka mo BIIII;

- YupasieHue aBTOMOOHIIEM. {, §+At




HccaenoBanus 3aaa4 CJIeKeHHUs C MpECJaCaI0BAHUEM U ITPCABUIACHUEM

Wasicko (1966), Grunwald (1984), Sachs (2006), Mulder (1994-...)
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PesyJbrarsl HCC/ICOBAHMN B CPABHEHHMH € 3aa4Yeil KOMIICHCATOPHOIO CJIEKeHMS:
Pa3ziuuyue B XapaKTepuCTHKAX ACCTBUH oneparopa;
Yiay4duieHue TOYHOCTH;

Hoseb1ii Tun aucmiiees (3D, tunnel-in-the-sky).

Cross Section of Tunnel

at Prediction Time
10.6 ™




DyHIaMEeHTAJbHbIE HCCIEI0BAHUSA

HUccaenoBanue 3aKOHOMepHOCTeﬁ MOBCACHUA JICTYNKA IIPH BbINMMOJIHCHUH 3a1a4 KOMIICHCATOPHOI'O

CJICKCHUSA, MPECTCAOBAHUA N ITPCABUIACHUA

Aucnnen f—p

JléTyuk

Camonér

3ajgaya npecJie0BaHUS C

Komnencaropnas 3agaua 3ajaya npecJea0BaHus

npeaBUAeHUEM

v



Baunsinue 3aga4u cJie;KeHHsI HA XAPaAKTEPUCTUKHA CUCTEMbI CAMOJICT-JICTYMUK IIPH

Pa3HOM TUHAMUKE 00bEKTA yIpaBJIeHUS
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Oﬁmee NNPpEeaACTABJICHUC MOBCACHUSA JICTYNKA B PA3/IMYHBIX 3aa41ax
IMAJIOTHUPOBAHUSA
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F — 610k BocupusTus i(t + At) ¥ IpeBapUTENbHON KOPPEKLIUN JEHCTBUN JIETUNKA

3amaya KoMIeHCATOPHOTO cJexkeHusi: F =0

3apauya npecaegosanus: F =W,

3agaua npeciaenoBanus ¢ npeasuaenuem: F = (K, i(t + At,)) E” L




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
M. Cock

1. Traditional criteria

Parameters of

Controlled responses
»| element >
dynamics AN

A

Specification
(criteria) °

2. Pilot—vehicle system (PVS) approach

Specitication
(criteria

PVS parameters

\ 4

Controlled
element
dynamics

\ 4

v

18
Criteria — are the requirements to the FQ



Accepted principle in specification
- Davison of requirements on the class of aircraft

Class| Maneuverable aircraft (0, =7)
Class Il Aircraft with limited maneuverability n,=3.5+5 (m <50+60 ton)
Class 111 Non-maneuverable aircraft

llla— n, <35

[11b — heavy aircraft with 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 19



Cooper-Harper rating scale

( 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
deficlencies pilot compensation
Is it Deficiencies :
satisfactory without warrant :’aacﬁerauzly 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 attainabie with
Major deficiencies maximum tolerable pilot compensation.
Deficlencies iontmﬂability not in questfosr:ti -
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 1 Maor deficlencies required operation

) -
[ Piotdecisions Cooper-Harper Ref. NASA TND-5153 s o e Erpaeigrition of fight phase and for




Aircraft dynamics (airframe) describes the relationship between the
state variables x(0, v ,o...) and controls 6(oe, 6a...)

0 X

W—>

It is described by the system of 12 (in general case) differential
equations:

3 equations of forces describing the relations between the applied

forces and linear accelerations ( m‘i'j\t/: F(x,5,t) )

-3 equations of moments describing the relation between the
moments and angular accelerations ddK: M (x,5,1):K = l
t

+ Kinematics equations:

3 Euler equations describing the relationship between the angles
(0, v, 0) and angular velocities (p, q, r)

3 equations determining the relationship between the linear

displacement (h, X, y) and Euler angles (6, v, ¢) 21



Equation of aircraft motion

Euler equations

9=w,siny +w, cosy;

y =0,—

(a)y COSy — @, Sin y)-tg&;

wZL( COSy —w sin;/)
cosd "’ Z

Equations of moments

do, _
[, Tt =(l, - 1,)o,0, + Mg ;
dw
Iyd—ty:(lz_lx)wxwz—l_MRy;
do,
l, It =(l,-1,))oo,+Mg .

22



Equations for forces
m(t)% = Pcos(a +¢,) cos B— X, —[cos a cos Bsin §—(sin Ssin y +sin acos Scos y)cos Jmg
m(t)V, cosﬂ%—? =mV, (—a)x cosassin B+, sinasin S+, cosﬂ)— Psin(a +¢,) —Y, +[sin asin 9+ cos a cos y cos $]mg

m(t)V, %—'tg =mV, (coX sina +m, COSa)— P cos(a +¢,)sin B+ Z, +[cosasin Bsin $+(cos Fsiny —sin asin Scos y)cos 9mg

Equations for linear motion

dX : : . . . : : :
dtg =[cosacos/5‘cos&cosw—(sm ysmz//—0037/sm,9cosz,//)smacosﬂ+(c037/3|my+S|n7/s|n,9(:osz//)sm,8]\/k

H : : : :
<l =[cosa cos fsind — (sm,b’ siny +sina cosf cosy)cosS]Vk

dz : . ! . : : . i i
[-cosa cos S cos Isiny —(sin y cosy +cos ysin Isiny )sin o cos S +(cos y cosy —siny sin 3siny )sin SV,

—y

dt
23



The equations are nonlinear X = (X, J,1)

Linearization procedure is used

dAY, _ < do d .
= Z A +Zd5M‘ (*)

dgo; dgo ~ const , equation (*) becomes a linear
dx, -~ do, equation with constant coefficients

i s == A(S)-Xx(s)=B-g5(s) — linear algebraic equations

!

X(s) N (S)

5(s) — — transfer function

D(s)

24



MAV = XAV + XZAa + X AP, + X2 AS, + XEAB+ XAy + XZAZ

mAV, = AX;

mV,(Ac —Aw,) =AY,

mV, (Af —sina,Aw, —CosayAm,) = AZ,
L Ao, + (1, —1,)0, Ao, =AM ;

|, Ao, + (1, — ;)0 Ao, =AM ;

|,Aw, =AM,

AS=Aw,;

Ay = Ao, 199, (Ao, — w,,Ay),
1

C0SY,

Ay = (Ao, - w,,4).

Longitudinal motion (AB=Ay=Aw®, =Aw, =0)

mAV = AX;
mV,(Ad — Aw,) = AY;
I,Aw, =AM, ;

A% =Aw,.

25



Lateral motion
mV, (AS —sina,Aw, —Ccosa,Aw,) = AZ;
L Ao, — 1, Ao, + (1, —1,)o, Ao, =AM ;
|, Ao, — 1 Ao, + (1, —1,)o, Ao, =AM ;
Ay = Ao, —198 (Ao, — o,,Ay).

Linearized equations for linear motion + 1 Euler equation

e _ AV sing, -V cosb, (A% - Aa);
dt
dAX :
9 _ AV €080, —V c0s6, cosy, (AS— Aar): These equations can be calculated
) separately from the other
AZ

Y=V, cos6,(Ay — Ap);

dt
Ay =secd (Ao, —w, Ay).

Linearized equations for the longitudinal motion

AV, = XAV + X*Aa + X?AG+ X®AS, + X AP, ;

6id !
Ad=Aw, —Y AV Y “Aa~Y*AS, ~Y AP, , + \?sin 0,A9;

Ad, =MiAa+ M Aw, + MEAa + MPEAS;

A% =Aw,.
26



Linearized equations for the lateral motion

AB =sina Ao, +cosa,Ao, +Z7AB + \?cos&oAy +ZMAS, +ZAS;

0
Ao, =MIAB+MIAB+M Ao, + M Ao, + MY AS; + MFAS,;
Ao, =MIAB+MPAB+MY Ao, + M " Ao, + MY AS; + MFAS,;

Ay = Ao, —t99,Aw, . : i i
- Longitudinal motion

The equation in Laplace transform
(P=XYWV(s)— X“a(s) - X H(s) = X*5,(s) + AP —sW, (s)

YW (S)+(P+Y “)a(s)—w, (s) ==Y %5,(S) + Sex, (S)

~MzV (s) = (M7 +sM7)a(s) +(s=M7* ), (s) = M6, (s)

9(s) =
s9(s) = @, (5) A(s)X(s) = B(s)u(s) + E(s)W (s)
= va Xé‘e 1
B X") (—Xf ) ° : V?g g-|7" O
B v P+Y* -1 ; = 2 M /
ATl my —eMieMs) oMy of O Te Mgeo
; » 177 9(s) 0 0

4 & 2
A=sS"+aS +a,5 " +a,5+a,

p— Laplace operator

p=S

27



Transfer functions

o 4 V
Wa(s) — Ayi (S) Wg(s) szi—(S) WV (S) _ Ayi (S)
Yi A(S) Yi A(S) Vi A(S)
0 ~X* 0 g
AV YR (PHYT) 10
Mg (Mg +Myg) (s—Mg7) 0
0 0 — S
K(p) Bl Bz B3 B4
Y A Se N @2 N ANA e I L
A5 | 1 0 - Xy (Xj E/I‘Z i Mo+ g(M2Y % — MY “)
+gY "M —gM;")
V Os NA @z I R I L
M| L ye | UM YR S XYRE | g(7Y M - MY )
+ XYY % + M
N (Y@ YV N (VVYe  YVya
A1 0 Vv Mi (Y_ _X )+_ ME (Y_X_ X_Y _)+
+Y2(XYMS —=MY) | +Y*(XYMy - X*M))
Y_tse _)?V _I\W(oz . |\WZGY_M +Y_59[>TV (I\Wza + I\W;e (Y_V )?a —)?VY_M —
Any MS Y_5e ( z V2 N O v V VA AVAR VKA
1y v +M72)-M/] —gYV)+YH (XYM -

- X*M} +gM))

Q@ a as a
G i —MZY*—ME - (XYM + XYM -

- z = v Vv a v ay V AVAR VKA V2V % R ., —
e v [TV XYY XYM XM 4 gy eg - g M

‘ + XV (M2 + M) [+gMY —gY'M ¢

28



Division of motion on short period motion and path motion

A=(S"+ 285+ ax )(s” + 28,048 + )

®, >> W,

Sk >> &4

Ly 2pad
6 = =
51—
4 _-/
3
z 0 10 20 30 40 50 60 70 80 90 100 ¢
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\—/
| — £
& 0 10 20 30 40 50 60 70 80 90 100 #¢
9, epao
15
" A \ N
5 .—// \\ / \\
0 ,/
[ NS
. = 0 10 20 30 40 50 60 70 80 90 100 ¢
y KM/4
600 T
480
360 —
240
120
0% 10 20 30 40 50 60 70 80 9 100 7, ¢
H, m
1000
.....
600
400 // i 1
_/ — —
0
0 10 20 30 40 50 60 70 80 90

100 ch



Short period motion

(s+Ya(s)—w,(s)=-Y %5, +sa;

~(M7 +M7s)a(s)+(s—Mz*)w, =My'3,

S9 = w,

W Transfer function Simplified equation
a(s) ~Y*s+Mg +Y*My” M or
VA& a S, a

o W G
9(s) 2 M2 M2 Mg (s+Y“)
5,(5) ’ sA SA
n, (s) \é[\?‘*sz +Y % (-My” —M7)s +(\7“M§“ -Y* l\ﬁ;’)] Mgy “ v
5@ (S) A A g
(s) Yos? Y% (=M —M$)s+Y “Mg Y *M ¥ MZY“
(8) SA S(s* + 25,05+ @, )

30



W Transfer function
a(s) s(s—M %)
ar (S) A
9(s) M7
los A
no_ vV O6E) \és[(—l\ﬁg’ +\7“)s—l\ﬁ§’2\7“]
245 g o A
o(s) (M +Y*)s—MeY
245 A
A(S) =S’ +25E oS+
o =—M§ —M &Y
25,0, =—M —I\WZO" +Y“
__a)z_MdY_oc Caqsb
- : 2__~y1 " &, o= T(M,H)
YT @ = T o O ’
2-M g —M &Y ,
c, m;” __2m
o, =m, +7 where u 5D,

31



©,, pao/c

n; =40

o,
T
100
20
w, 18
n =10,0
V y
> ’
A\ P O 36 16 Yposens 11
//ﬁwvu .
1
10 \'\’06‘3‘“‘ 14
12,5
« (n)', 12
~ 11U #=016
- m‘"‘\‘b i ; 10
B § o Vposens I (knace 1, 2) i (’l’)f =0,096
§ § / ,//;'\,m‘““ 8,0 Vposens 1
1,0 - /'/
NsE 6.0
. k. 4,0
Yposens I (knacce 3, 4) 275
2,0
0025 1,3
015 m 0 n LS L0 TS 20
Kareropus A Kareropus b
YpoBuu 2 2 2 2
[0 2 o 2 (0] 2 o, 2
OIIEHOK =~ [1/k7] [ 1ef] < [1/7] < (1]
Y min ny max Y min ny max
| 0,28 3,6 0,16 3,6
Il 0,16 10 0,096 10
YpoBeHs Kareropun A u b
OLICHKH
n gxmin gxmax
1 0,35 1,3
2 0,25 2,0
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Pa3paborka kputepueB Boioopa 11X
BbICOKOABTOMATU3HUPOBAHHOIO JIA

1) Co3nanue 0a3bl JaHHBIX

2) Pazpa0doTka KkpuTepHueB KaKk TPpeOOBaAHMH K MapaMeTpaM
BbICOKOABTOMATH3HMPOBAHHBIX CAMOJIETOB

3) Pa3zpaborka kpurepueB Kak TpeO0OBaHUM K mMapaMeTpam
CUCTEMbI CAMOJIET-JICTYUK




DEVELOPMENT OF CRITERIA FOR THE FLYING QUALITIES AND PIO
PREDICTION

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

_ K(gs+)) 1 (74, P+1)
c 2 2 . 2
(7,5+1) (SZ+2§13+1](82+2§25+1] p[ p2 +§5§ p+1J
W, W, (O (ON a)sp a)sp
In-flight simulator T-33
(Calsplan Co)
Data base:

- W¢ {Have P1O (17), LAHOS (49) Neal-Smith (51)}; > Bl
- Ratings PR, PIOR; \
- Piloting tasks; — =¥,
- Questionnaire — T




Modified criteria

1. Criterion for FQ prediction

based on requirements to the pitch

response parameters

div=L% ¢ At
AQ,

3. Criterion (7 —a,)" for PIO
prediction.

P, deg Wy,

2. Criterion for FQ prediction based
on requirements to the effective time
delay (7)) and bandwidth ;)

O | a8

1 ampliede margin
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SHORTCOMINGS OF DATA BASES

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

o

\ Conf. 2:

- confa\ conf2  -In flight PR=3,

’ PR=5¢\ PR=3  -From criterion FQ —2 level
(’ rad/ ;e: | !‘ /

Some reasons of data bases imperfection:

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

flight and one rating) . : e s 1y Cenee = 12
- - - - ’ Rl "’/
2) Considerable variability of PR for some - T % s g —=
: : , _ ot E A
configurations e || I 2 oA B
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Modified criteria for FQ prediction

Correct prediction

5 10 15

) Yele Tl
O g T | 50

Boundaries Intotal | | level | lllevel | Il 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, — 7, 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 %
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Bl level -
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CRITERIA BASED ON CONSIDERATION OF PILOT-AIRCRAFT SYSTEM
PARAMETERS

i e lne X —>{a;}

\ 4
A\ 4

) 4

LW, (ja) =W, (jo)

— PR

Criteria are the requirements to the parameters {a;} of pilot and closed-loop
system frequency response characteristics {W,(jw),W,, (jo)}

Potentialities: prediction of FQ level

A

1l level

(Neal-Smith criterion (1971))
Parameters: I' - resonant peak of W (jo)
Ap|,_,, - pilot workload

. Definition of r, Ap — crossover pilot

a model + additional rules L &
2 e

)



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

Parameters: g ANt
- \( -
A A A - 40 —&— Real object \\ ’ NG
— maX = : ; r ~4-  Optimal object : \. i E
Prmax {l 14 | 4 } max o @ [rad’ sec) 10
Agp =g, |WC —Pp |WC S i o
opt 20+ Ayaie i
Two approaches to the definition of o} MWW?Q%
parameters: 20} UL D
1. Experiment 40 . e “‘
2. Math modeling by use pilot optimal O Al e
control model o emees
* PR=1.0~3.5 o”
Bl @ PR=31.5~6.5 1
. o I"I.t=l|‘|.ﬁ--.lil.1l i .
+
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0
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b. Criteria based on calculation of pilot rating

Anderson (1969), Dillow (1970):

- Approach: parametric optimization

_ - 2
PR = m'EU‘%;(_?'e Tu)  _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

PR noer — + Two groups of configurations:

. *jj ° | group of configurations:

. = = ( _ - PR_=f(c,) PR = 11(1+Ins,)
. % A L =1l group of configurations:

| oo - PR, = f(pilot workload) PR=-11A
.| AT Criterion
o L e N PR = max (PR, PR(/,)
Prediction of PR by mathematical modeling
Structural pilot model Wp(jw) Pilot optimal control model
PR_=11(1+In(-04+168 O;Moa) PR, = _0“11(14+A¢M0a) PR;=11(1+In(-0.052+1126 G, ,) PR,=—011(14+0.952A¢%, )
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Evaluation of FQ in multimodality tasks

Development of criterion for prediction of flying qualities in roll
control tracking task taking into account motion cues.

il

i | |
!

McLATHOS LATHOS
°§ (ﬁxed-;ase stmulator) (in-flight simulator) /
3 " From: &~
i J.R.Wood
g - AIAA-83-2105
2
B
8

o

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

Influence of controlled element gain coefficient on the results.




Calculation of PR= f[PR__,PR, ]

1)PR =max[PR .., PR ]

From experiment
- PR,, =—8.428+9.166Inc,,  _ ¢ __ Ko

~ = 5 s(Ps+1
O
n PR, =34.433+11.66Inc, . S+
y
KC=4
To
secl

i 9.5 Kc =3.125
20

] 8

7 Level 3 / K =225
15 e

_ /71/ / ]
o ] 56— /

i f :/ Level 2
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*

2)PR, =max(PR ,PR’_)-3

Vis !

From experiment PR\;S =-1.75+5.25 In(—4 + 2.50‘e )

PRfS PR, =2.34-14In(-4+250,)
= PRvest T T
PR From experiments

Mathematical modeling with pilot

Results of ground-based simulation structural model

[:\/CTI PR Ke=1.4l/e] _Ke=10 r:
0 1 2 3 4 ”-]-;“/5] 1.5 2 25 3 3.5 4 4.5 PRme _ 1
Ty |Ilevelof FQ — 0.23-+1sec /
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The general principle of any system

The elements of any system:

-plant
-controller l :
ol .| 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) & =0

-Stability (X = Xinita, When i(t) will return to Zero) __ip

-Suppression of the inaccurate knowledge of the plant dynamms* pe

Plant — aircraft, automobile, ship ... t

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



Two types of the system

Open-loop system

system ld

i i | Controller, | ¢ Plant, | X
— —> — + >
: Fl Fz |
Example:
= ' h b I :

a) d=0; i#0; F = Ez to get x=I F, =f = F, has to be equa tOdt
b) i=0; d#0; x=d X Y
c)if F,F, unstable ﬁ — The aircraft id divergent /
d) F,=F +AF X =iFRF, + AFFi t

Conclusion: BUA |

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 dynamié?



Closed loop system

___________________________________ system
i ld |
i . € Controller C Plant, X
—:»@—» > —| L,
I' Fy FZ i
c. Provision of stability
FF F, = —
a. d=0 5: L |F1F2>>l; i s—a
i FF,+1
; F,=a
: X
b.i=0 d=0 ~=-_ ~0
d 1+ F1F2 |F1F2>>1 L_ a

| i “st@-on U
Example: if F, :I then F, =K, (K >>1)

a>0.1 system is stable

In closed - Ioop_sygtem: _ E, = F*(s)+ AF(s) A -:
-controller law is simpler considerably; — —
-the disturbance might be suppressed; w=_ RFR+1(s) .

-provision of stability of the system for unstable plant; LRI+ 1)

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

dynamics



Different types of controller

_Vv(s) _b(s) B b(s)v(s) :
R=16 R =306 V) = 3®)d ) b))

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

x| =lim— 29K

~ 1
e sowa(s)+b(s)K|,

1

2. d(s)-1 v(s) = K;ys u(t) = Ky sfit)-y(t)] PD - controller

o Ksb(s)
Xl =0 kst

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

_lim b(s)K
t>= 550 a(s)s+b(s)K

%
0

X|




CucremMbl YiipaBJdCHHUA C ACTATHYCCKUMHA 3aKOHAMHU

ypaBJieHUS
npumMep
Xg K@1L+Tp) = §B;W @,
% P La S W, =1
20w, =—M % +Y* W _ MZE(pY¥Y)
TaA NN A CiMe=0 7, T
ol =-M% - M %Y MI=0 (p=M2)(p+Y%)
7o ek ome
o, KMZ%®1+Tp) . 200 =M%KT - M¢

Xy p2+2lop+a® o =K




CucremMbl YIIpaBJCHMUSA C TAJOHHOM MOI€CJIBIO

Xg X @,
— WC ;(%— K > WC >
oo KW |,
1+ KW, Kot
)




CucremMbl ynnpaBJjieHUsI, 0a3UpyrolMecs HA PUHIAIIE
oOparTHasi JTMHAMHUKA

e
=C i) W, We

e=1—-1WW;, —eW W,

_1E-W,We)
1+ Wy W,

=

v

=> eClIu WI :i:>e:O!
C

Henocrarox W, = a,p"+a,p"" +. T k.m>n=>W = bp™+...
b, p™ +b,p™ a,p"+.. -

Wo 410661 MOPSA0K YUCIUTENS ObLIT HE

*
[ToaTomy W, =W, =
We  BBIIE mopsaka 3HAMeHaTENs




CucremMbl yIIpaBJeHUA C OPraHaMH HENMOCPEACTBEHHOI0
ylnpaBJieHUsI AIPOAUHAMUYECKUMH CHJIAMH

Cucrema nmo3BoJisier:
1) Peanu3zoBarh HOBBIE (pOpMBI ABMKeHHs | B yacTHOCTH:
a)Aa=var b)Aa=0

AS=0 ASG = var

2) CyliecTBeHHO YIPOCTHTH IHHAMHUKY caMoJieTa
_ 9 K(p+Y?) . K —
© Xy p(PP 22w p+ear)  p(p—M)

3) IlogaBUTH HEYCTOHYHNBOCTDH B JJIMHHONEPHOAHYECKOM JIBHKEHIH




Pa3pa0orTka aJropmrmMoB /Il
NUCILJIEEB



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

3ajaya MANOTHPOBAHMS | *
€ l Pl Gl d
JIéTank I ﬂ
Y I
1 - ' c c
i HCILIEH e | Prraar c amoner +CY | x
(W) i W" —’I yIpaBiIeHUSA =
| (W)
A :

L =5

Pilot-aircraft system characteristics depends on the display and input signal
considerably

Display
Compensatory Pursuit

(e o7
.. N

D D

<




Director indicator e (t)=ZW X,

transformation of the controlled element dynamics

i e _
(T We=3 e T2 O

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

Command Flight Path
v 1V (Tunnel)

at Prediction Time

A. Grundwald (Israel inst. Of tech.)
G. Sachs et al. (TUM)
M. Mulder (Delft University)
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Selection of the law for predictive display

E. .=V +AH
pr — Zpr T
Lpr :
Aircraft: Vor =V + 7}% Aerospace vehicle  y, =7

IVVC | . |.dB

&, calculated
according to eq.(1)

_ &, calculated
according to eq.(2)

/_\ nE
-180



Ground-based facilities used for the experiments

Ground-based simulators




Effectiveness of predictive display
Refueling

Approach velocity

012 3

26 - 1 - Constant color
0.1 28

2
0.08 - 2 i} /\ - Variable color
0.06 ~ 1

14
0.04 - 0‘ é

0.02 . .
0.5 1 15 2 25

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
1 L : n%” : in lateral channel, PR | from 6 up to
P %P0 3.5

. = i R O S IO _

|9 9,° - Suppression of reversal control

Thrust control

A

B | | | , | . ; [ | .

Ommenonexue PYA ©




Landing at the runway

« Landing with director indicator

« Landing with predictive display

t

H®O =0, +Hye " —H,

ITOUKA KacaHus

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



General principle of suppression of time delay with help of

Mathematical model
of aircraft realized in
on-board computer

predictive display
Eor = Ep +Ep
Epr £y — Measured angle
J i(t+T,,) &5, — calculated angle

Measured state
variables

W eh (t—7)

)

Pilot }

@, deg

-45 |-

For aircraft:

)
)

10

o, rad/sec

1 1]2

(without compensation) (with compensation)




Docking with ISS

0.06

0.05

0.04

0.03

0.02

0.01

NN

NN

s Without feedback
s with feedback
N with predictive display




Integration of predictive and preview display

Block-diagram

i(t)

v

ag ™M

0.8
0.6
04

0.2

3
o
1 . sec

Optimum: T =2-=:3sec
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