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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The general principle of any system

The elements of any system:

-plant
-controller l :
-sensor i System: y
— -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 = Xiniia, When i(t) will return to Zero)

-Suppression of the inaccurate knowledge of the plant dynamics

Plant — aircraft, automobile, ship ...

Controller (autopilot, pilot,...) applies the control action (energy) to the
plant according to the rules in order to make specified system responses s9
conform as closely as possible to some standard or criterion



Two types of the system

Open-loop system

__________________________________________

system ld
| Controller, | ¢ Plant, X,
i F, F,
__________________________________________ Example:
1 | d
a) d=0; iz0; FL = ?2 to get x=i F, :j — F, has to be equal to .
b) i=0; d+0; x=d X /

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

d) F,=F +AF X =iFF*+ AFFi
Conclusion:
- controller law is too complicated;
- open-loop system does not suppress a disturbance
- the instability can not be suppressed %0
- Impossibility to suppress the inaccurate knowledge of the plant dynamics

(o



Closed loop system

, ! d |
[ Controller, Plant, i X
; F, " F. - —
x  FF, - c. Provision of stability
a. d=0 —=—2- =1
. EF’2 + 1 FE,>1 1
142 F‘Z =
1 s—0.1
b.i=0 d=0 = =0 F,=a
d A J .

Example :if Ezjthenﬁi :K,(K > 1)

In closed-loop system:

-controller law is simpler considerably;

-the disturbance might be suppressed;

-provision of stability of the system for unstable plant;

: —mi(f)
a>0.1 system stable
F,=F (s)+AF(s)
F(F"+A(s))

-suppression of the inaccurate knowledge of the plant dynamics P F, ( F™+A( S))

for FF,>1y=i



Task variables:
Controlled element dynamics —
Dynamics of the system: vehicle + control system

From l ) :
. ——— Filter —><%— Control law [ Actuator ~ \ehicle |

v

. operator

(pilot)

VEHICLE:
AUTOMOBILE DYNAMICS

3 degree of freedom (waw, lateral, longitudinal)

Car ¢
\rﬁ% Lone ¢ ) Aim Point
y ] DL
/
v
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AIRCRAFT DINAMICS
« The aircraft motion has six degree of freedom in space.

yaw

T linear
+ 1.1, motion
—

>\}<:1f0;;

« The rotations of aircraft () lead to the change of angles.

« The reasons of the rotations are the applied moments

« Moments are aroused by the deflections of control surfaces (o)

* The linear displacements are aroused by the change of angular
position.

« The angular and linear motions are coupled 94



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

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‘ij\t/: F(x,5,t) )

3 equations of moments describing the relation between the

moments and angular accelerations 0:;:: M (x.6.1): K = | @

+ Kinematics equations:

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

«3 equations determining the relationship between the linear

displacement (h, x, y) and Euler angles (6, v, o) 105






Equation of aircraft motion

Euler equations

9=aw,siny+w,cosy;

4 =a)x—(a)y oSy — w, Sin 7)'t9 4,

,)y:i( COSy — @ Siny)
cos 9"’ i '

Equations of moments
do,
*dt

daw,

it

=(l, - 1,)o,0, + Mg ;

I :(Iz_lx)wxa)z+MRy;

do,

. dt

=(l,=1,)o,0, + Mg .
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Equations for forces

m(t)% = Pcos(a +¢,)cos f— X, —[cosa cos Bsin 3—(sin £sin ¥ +sin a cos S Cos ;/)cos F]mg
m(t)V, cosﬂ%—f‘ =mV, (—a)X cosasin B+, sinasin S+ o, cosﬂ)— Psin(a +@,) =Y, +[sinasin 9+ cos « cos y cos 9Jmg

m(t)V, O(lj—'f =mV, (a)X sina + w, CoS a)— Pcos(a +¢,)sin B+ Z, +[cosasin Bsin 9+ (cos Bsin y —sin asin Scosy ) cos Jmg

Equations for linear motion

dX : : : . . i ! :
dtg =[cosa cos B cos gcosy —(sin ysiny —cos ysin $cosy )sin  cos B +(cos y siny +sin y sin dcosy )sin BV,

CZI =[cos a cos Bsing — (sin,Bsiny + sin & cos [ cos 7/)cos GV

dz . . ) . : : . : :
[—cosa cos S cos Isiny —(sin y cosy +cos ysin Jsiny )sin o cos S +(cos y cosy —sin y sin Isiny )sin SV,

ht _

dt
108



The equations are nonlinear X = ¢(x, 5,1)

Linearization procedure is used

dAtX _ngoA +Zd¢A5 *)

if dgp; do ~ const , equation (*) becomes a linear
dx, dé, equation with constant coefficients

I s == A(S)-x(s)=B-5(s) — linear algebraic equations
dt ﬂ

«s) _ N(S)

5() — — transfer function

D(s)

109



L_inearization

MV, +AV) = (P, + AP) cos(a, + Aa + $) cos(B+ AB) — (X,, +AX,) —[cos(e + Ac) cos(B, +AB)sin(S + AF) —
—cos($) + AI)sin( S, + AB)sin(y, +Ay) —sin(e, + Acr) cos(f, + AB) cos(y, + Ay)cos(I, + AF)]mg

AP =PYAV + AP,
AX, = XJAV + XZAa+ XPAS, + XPAB

U

MV, +AV) = X_+ X Aa+X®AS; + XPAP, + Xg AV + XEAB+ X{Ay + X§AS,

ynp

where

X, = By cos(ay +dy) cos B, + X, —[cos a, cos A sin G, +sin S, sin y, cos 3, +sin «, COS /3, COS y, C0S % ]mg;
Xo =—Xo —Rysin(a, + ) cos 5, + (sin a, €os 3, sin 3, —Cos o, COS /3, COS y, COS &) Mg;

X& =—Pycos(a, + ) sin By — X£ —(—Cos ez, Sin 3, €OS y, +C0S B, SiNn 7, €0S 3 —€0S 3 Sin &, Sin 3, €OS 7,)My;
X =—(cos &, cos f3,cos 9, —sin A3, sin y, sin 3 —sin a, cos S, cos y, sin g )mg

Xy =—(sin 3, cos y, —sin &, €os 3, sin y,)mg Xy =Py cos(a, +@,)cos £, — X,

X& =P cos(a, + ¢, )cos S, X =—X :OB 110



MAV = XJ AV + XZAa+XEAP,  +XPAS, + XEAL+ XAy + XZAZ

ynp

mAV, = AX;

mV,(Ag — Aw,) = AY;

mV, (Af —sin a,Aw, — C0s ayAw,) = AZ,
LA, + (1, - 1,)o,, Ao, =AM ;

| Ao, + (1, —1;)0, Ao, =AM ;

|,Ad, =AM,

A% =Aw,;

Ay = Ao, 198 (Ao, — w,,Ay);
1

oS 4,

Ay = (Aa)y _a)zoA7/)-

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

MAV = AX;

mV,(Aca —Aw,) = AY;

I,Aw, =AM, ;

A% =Aw,. 111



L ateral motion
mV, (Af —sin ayAo, —Cos a,Aw,) = AZ,
L Ao, — 1, Ao, + (1, —1,)w, Ao, = AM,;
| Ao, — 1 Ao, + (1, —1,)o, Ao, =AM ;
Ay = Ao, -9 (Ao, — o, ,Ay).

Linearized equations for linear motion + 1 Euler equation

il = AV sing, -V cos 6,(A9 - Aax);
dt
dAX :
9 _ AV €00, —V €050, oSy, (A9 — Aa); These equations can be calculated
) separately from the other
AZ

= 2 =-V,cos0,(Ay — Ap);
Ay =sec (Ao, —w,,Ay).

Linearized equations for the longitudinal motion
AV, = XVAV + X“Aa + XA+ X A5, + X"AP, ;

ynp?
Ad =Aw, —YYAV =Y *Aa -Y%2AS, —YTAP + Ysing AG:
Z B ynp 0
V

Ad, = MiAa+ M7 Aw, + MY Aa + MPAS;

A% =Aw,.
112



Linearized equations for the lateral motion

AB =sinayAw, +cos ayAw, + Z A+ \?cos Ay +ZMAS, +Z7AS;

0

Ad, =MIAB+MIAB+MZAw, + M Ao, + M AS, + MHAS,,;
Ad, =MPAB+MIAB+M Ao, + M Ao, + M2AS, + M AS,;

Ay = Ao, 109, Aw,. i i :
- Longitudinal motion

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

YW (S)+(P+Y “)a(s)—a, (s) =Y *5,(s) +sa, ()

~MzV (s) = (M7 +sM7)a(s) +(s— M7* ), (s) = M76,(s)

SH(s) =y, (s
(8) = @ (s) A(s)x(s) = B(s)u(s) + E(s)W (s)
an = )?58 :
) 1 oy BT O
| AN P+Y* -1 0. =2 g o
AT My oMMy M) o) O Tlae) i
v ; 1 S 9(s) 0 O

4 3 2
A=S"+a5 +a,5" +a,5+a,

p— Laplace operator

p=S

113



Transfer functions

9 v
a A(;/li (S) 9 _ Ayi (S) WV _ Ayi (S)
WY' (S): Wy- (S)_ Yi (S)_
PTAE O=30 AG)
0 —X“ 0 g
AV |V (P+Y*) -1 0
% IME —(sMS+ME) (s—Mg) 0
0 0 — S
Kp) B, B, B; B,
a_ﬁe_wz__a_()e N L
gl 1| o _xeya | COYIME XM g fey e — Mgy )
+gY *M7 —gM7")
I I U B SR B £ R T BTVl TR )
+ XY % + M2
é a _5e vV @ v .
AL 0 M2 — Moy M (Y« = X" )+_ M:(Y X = XYY )+
#VO (K ME M) |+ (XY ME - X“MY)
y _ _ _EY_a +Y5E XV '\Wa_i_ NS (VV Y @ )?VY_a_
Any —S Y(se Y " (_XV _MZZ B ’ 2] _a[ ( ’ Z_V N/ % [V VN @
19 _We) +M72)-M/] —gYY)+Y (XYM ¢ -
z - —
- X"M; +gM;)
A=s"+as +a,5" +a;5+a,
aq a as a,
Go e, _|[TMEYT=ME = | XYM 4 XYM
- z v Vv o Y avyy VAAVA wy 7@ N - -
o - XYY+ X +|— X YVMZ - X M;’+ M;/Yag_ngMza
z + XV (M2 +MY) [+ gMy —gY'M ¥ 114




Division of motion on short period motion and path motion

" T ... |
A=(S°+25m S+ X)) (S + 28,045+ ) 4_/\/

3
24 10 20 30 40 0 60 7 80 9% 100 7.¢
5 2pac
0 4 ! { | | { \ /
S
& >> &, 1 NI |
,;1 0 10 20 30 40 50 60 70 8 90 100 7,¢
3, 2p
15

A AN B =

_Sg 10 20 30 40 50 60 70 80 9% 100 t,¢

0% 10 20 30 40 50 60 70 80 90 100 7,c
i

0 10 20 30 40 50 60 70 80 90 100 f,c=



Short period motion

(s+Y“)a(s)—my, (s) =-Y %5, +sa,

—(M7 +MZs)a(s) +(s—Mz* )@, =M7'5,

SY = w,

W Transfer function Simplified equation

a(s) ~Y%s+ Mg +Y*My” IV
v O a vV O NA &
]| g

9(s) v M, M; M2 (s+Y %)
J,(s) z SA SA
n,(s) ![W‘sz +Y (-Mg” =M{)s+(Y“M —Wﬂl\ﬁg)] MYy
5,(9) : A g

6 A g
0(s) Y*s® 1Y% (-Mg” —M7)s+Y "My Y My MY “
() SA s(s? +25 S+ @,)
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W Transfer function
a(s) s(s—M )
o (S) A
9(s) My
ar A
n_ Ve \és[(—l\ﬁg+\7“)s—l\ﬁ§’2\7“]
245 g oy A
o(s) (—M7 +Y*)s—MxY*
%% A
A(S)=s*+2& o S+ ax
wf =N — M2y
25 g =M% % +Y*
__a)Z_MdY_a Caqsb
— 2 __“yHiTra . =f(M,H
2\/—M§—M§’ZY“ ) |Z Op Sr ( )
o, =m> +m_zajz where u= 2m
z 1 Sh,
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Time responses

e 5! sin 1- 2wt +¢ S
An, =An 1- y_yem
ya yaycm \/]?

_ny-AX+MJK,

2

Where = arcsin /1-&2; An, . =
_ “’k Ing,

:n—arcsinafl—gf_ t 3 . e

cp J nepz y o —e )
o \1-& S £l “
0,(5) _ WK (s+7) e
Xels) s'+26m5+af B O

@,|_, =AX-M; K,

characteristics @, &, Ny

Cbz|t:0 _ 0)3
n, (t — OO) n;‘

Static characteristics

A56 a)kz Cy hor. fl. O, C
Xny _ On“y hor. .
T MK
m; K.,

5n :émy _ —0, C
S y hor. fl.
nya mzs

The dynamic and static characteristics (handing qualities (flying qualities)) change fkpadly
in H, V range



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

. L. M. Cock
1. Traditional criteria

Parameters of

Controlled responses
»| element >
dynamics A—

A

Specification |
(criteria) a

2. Pilot—vehicle system (PVS) approach

Specitication
(criteria

PVS parameters

\ 4

Controlled
element
dynamics

\ 4

v

119
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

Illla— n, <3.5

I11b — 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 120



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
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

e b nd
[ Piotseoions Compor s ol A THDS155 D et amen it cvcrakn o B s s




Requirements to static handling qualities

Aircraft class I T ! X"
a 0 Bmax £3
| ) ><nymin
Xt | —— 10 20 30 45 1
| ea.mep |
Polh | — 10..-30 | -30...-100 | -100...-300 | -150...-450
| ea.mep |
Requirements to dynamic handling qualities
I, 11 Il a 1 b
A <0.15 <0.2 <0.3
B <0.25 <0.3 <0.3 Oy,
C <0.25 <0.35 <04
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®,, pao/c

W,
T
100 n; =40
20
w, 18
V T=ll),0
-
P 1 P D 36 16 Yposens 11
Al n
W' ;
1
10 7% 14
12,5
o 12
P 11 rT‘=0,m
s 7 N D> m; 10
3,:. Vposens I (knace 1, 2) : T Tf=0.()96
78 : ooV
g E / ,//s[’\‘"“t“ 8,0 Yposenw 1
i )
L0 f/
3t 6,0
B 4,0
Yposens I (knacce 3, 4) 275
2,0
0°0.25 1.3 £
0,11’0 10 00 ' - ,5 0 715 20 25 &
Kareropus A Kareropus b
YpoBuu 2 2 2 2
0] 2 0] 2 (1) 2 o 2
OIIEHOK = [1/k7] n"; [1/c7] = [1/c7] n:‘ [1/c7]
Y min Y max Y min Y max
I 0,28 3,6 0,16 3,6
Il 0,16 10 0,096 10
YpoBenb Kareropnu A u b
OILICHKH 5 ) 5
K min K max
1 0,35 1,3
2 0,25 2,0
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(p— XYW (p)—X“a(p)+g9(p) = AP — pW,(p);
YV (p)+(p+Y “)a(p)— p9(p) =-Y *5,(p) + pery;

Path motion
—M7V (p) —M5a(p) =My 8, (p);

YpomieHHoe BmpaxceHMe*) W(p)

Tounoe BoipaxkeHue W (p)
V(s) L e A1 W (K )5 SV |
5.(s) (X“-9) Mz (X“-g)
e A A
a(s) — - Mgg( VY -y Mz M7 [s?+5(-X")+gV" ]
M7 [s*+s(-X")] ™2 g VI z
59(8) A ar A 2 A
Mg{sers(Y"XVM; - H
9(s) A -+ V2[5 +5(77 — X¥)+ X7 - X7 ]
—s [ Gav  Tvoa o MyY%  MEXVY?
e (S) M?[x A R ] A
* A
Migs| 7o - MY’
B
O(s) A * I\Zfﬂs\?“%—)@?“ﬁﬂ()@—g))}
. (8) M2 —XVY‘”+(X”—g)\7V—(X“—g)M\Z/Y" Mz XY™ A
. ‘ M M
A
e Y/ M ¢ YYMZ +Y*MY
A_a)f[s%rs(—xv—(X“—g)zzzﬁL(XVY“—X“VV) COE }+g[ sz 2zl [SZ+2§oa)dS+a)§]
e b k,

If we will suppose that Aa =0 then

For small X"

2
(p—X)AV(p)+gHp)=0 willbe V-AV +g-V-A-AH =0 ||:>V7+gH:const

Y'YV (p) - pI(p) =-Y *&,(p);
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C
V2mZy Y.t Yh.t
C\V v
c vV
oy, =|m | 1+=—= - m
Vv l: Z { 2CYhf) ZCyh.f. Z}
O-V <0 a)§ >O

c, V

v =m,” _ECYh.f m\Z/
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Static handling qualities characteristics

AV _26\/ g

2

AV o, V?

&, 2C

1)

s =
my V

Yh.t.

From the transfer function 2Y(S)

Ao, (S)

For the speed stable aircraft oy <0

(

__AP
0,01IM

P, H

oy >0
XV >0 XV, PY - Speed handling qualities characteristics
YpOBEHb OLIEHKU IlentpanbHas pyuka IlIrypBan
| 11 24
I 18 24
Il 24 56
YPOBEHB OLIEHKH [lentpanpHas pyuka [HtypBan
I 34 76.5
I 68 153
Il 100 220
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What are the flying qualities

«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
?
How to select the flying qualities” M. Cock
1. Traditional way
Parameters of
Controlled responses
< element =
dynamics A —
Specification |
(criteria) -
2. Pilot—vehicle system (PVS) approach
Specitication
(criteria)
PVS parameters
Controlled
s element =
dynamics
141

Criteria — are the requirements to the FQ



CRITERIA: - effectiveness in fulfillment of piloting tasks (accuracy)
« flight safety

Criteria — used now for flight control system design

a. Effectiveness is provided by flying qualities corresponding to the specific boundary of Aircraft + Flight
Control System parameters f(a;, a,, ...)

Flying
_ qualities
FCS ——>| Aircraft > 2y level
T a,
i >
B. Flight safety is provided by fixed reliability of aircraft subsystem
probability of accident _
for passenger aircraft subsystems

airplanes p =107

]

142



@

Main task variables influenced on adaptation:
— controlled element dynamics, input signal

Open loop “crossover model”

Wow, =

e_ja)z-e

jo T, =

Crossover pilot model

W :KTja)+l

Plo. P T jo +1
Wczﬁ = W
jo

W, = — e
jo(Tjo +1)

- jor

- jor
= K,

:>sz

K, (T, jo +1)etor

Some regularities of pilot behavior
Adaptation of human behavior

“A mathematical investigation
of controlled motion is rendered
almost impossible on account of
the adaptability of the pilot”

W. Crawley (1930)

= f(W¢,S;)+Ao (o))

f(We,S; (o))

143



-40
[deg]

Example: Experimental investigation of pilot
adaptation

[dB]

-40

[deg]

o 1
10 <[1/s] 10
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Table from WL-TR-96-3109

d [sm] 0.5 1.0 1.5 2.0
r [dB] 8.15 7.53 6.3 2.3
Agp [deg] 45 40 27 12
PR 8.5 8.0 6.0 3.5

@ Considerable influence of task performance parameter

Agreement between Cooper—Harper pilot rating (PR) and Weber—Fechner law

Stimulas, (s)

operator

§_

PR=1+5.36 In(d)

variability PR

- d

4 S

Data base:

1. Neal Smith
2. Have P10
3. LAHOS

Response, (R)—> R = 3 + b -In §

Y.
\

=

145



CoBpeMeHHBIN CaMOJIEeT — CaMOJIET ¢ BLICOKOABTOMATU3MPOBAHHOM CUCTEMOU
ylIpaBJIeHUS

XapakTepHble 0COOEHHOCTH COBPEMEHHOI0 caMoJieTa:
1) Crarnvyecku HEYCTOMYHUBBIN CaMoOJIeT

2) CyumecTBeHHOE BJIHMSIHHE OTPAHUYEHHUH HA CKOPOCTH OTKJIOHEHUS PYJIeBOI0
NMPUBOAA HA TUHAMHUKY 00beKTa YIIPABJIEeHUS

3) HeB03MOKHO OMHUCATH AMHAMUKY JABHKEHUA CAMOJIETA 3B€HOM BTOPOI0
nopsiika

4) 3HauyMTeJbHOE YKBHMBAJIEHTHOE BPpeMs 3aNa3AbIBAHUS B TPAKTE yIIPaBJICHUS

S) /Iunamuka o0beKTa ynpaBJeHHUs ONpeNaeasieTc CHCTEMOH YIIpaBJIeHUs



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

(6 dB) __ ¢ |2a)180 _1800
20,5, *57.3

o, rad fsec

Wgy = MaX{@gy, , CUBW@}

1] —_—

-10

argar
-180° T (p=45")

«200

.,

4. Gibson criterion used for PI1O e B

orediction. Parameters: APR=2% and @,
Wg0 b b
Ap = Ag0|w:2wl —180, deg




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
. L B
gi: o > |

L T6.5550 (-7

N




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 %
Categ.C Categ. 4
* |level o
Bl level -
/ 1 level § o2
— Initil Q““MS
. h i
S version 005
¢ H|e Hy [ | [ ]

+ llevel
Bl level
Il level

— |nitial
version

= = Modified
version




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 .
+
2 r . a
1 . :
0

-R0 =60 -40 11




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¢%, )
PR :OI'IET — ’R noster
45 < 4
L A B

‘ o / X 35 35—

35 —m— 7 1 021
17 ’ T T 0
3 s - X a7 o4l
25 . 051

25 T f/X, = ) 923 =
2 el . r 2 *
15 15

1 1 |

1 15 2 28 9 49 4 48 9 1 15 2 25 3 35 4 PRnporuos

PR nporHo3
4




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

: /o/
5 {A/// 1.8

_ . Level 1

] s L — T 4
0 J | 5.4 __.

0 ‘1 2 3 R 4 5

Ty |I level of FQ — 0.28+1.1sec



*

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 /

44




Cunre3s AJTOPUTMOB CUCTEMBI YIIPaABJICHUS

Controller, Plant,

A 4
A 4
+

F. F.

v =



Different types of controller

_V(s) _b(s) B b(s)v(s) :
R=36) R =36 V) = 25)d(s) +bvE)

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

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

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

L Ksh(s)
X ‘t—)oo N Isl_rB a(S) + KSb(S) B

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

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

!
0

X| 1

92



CucremMbl YHpaBJACHHUA C ACTATUYICCKHUM 3aKOHOM VIIpaABJICHUSA

npumMep
XB K(1+Tp) > Wnp 53 > W, >
_% p w,, =1
Caywau M: =0
2w, =—-M* +Y° - 2 (p¥)
W] =~ —M?Y“ T (o M2 ) (¥
o, KM (1+Ip) 26w, =M KT —M?
X, p +2w.p+o; w, =M*K :




BBeaeHue J0MOJTHUTEIBLHOIO ONEpPeKaI0Iero KOHTypa

> K1
e + y
| KTp+1 W, R
_ p
—5
Cryuati M* =0 —>W, = Mz_w
p-M>
W W, +K]
YT v,

KM? £T+I]i_l)p+l

P+ (M +KT) pM* +(KTH )




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




Co31anue NPOrHo3HOro aucIies



Bbi0op 001mka u anroputmo COU

COMU oroOpaxaer:

A) TpoeKuuIo MPOrHO3HOIO yIjia HAKJIOHA TPAEKTOPHH HA IIOCKOCTH, YIAJIEHHYI0 Ha paccTosinnu L,

oT AH L
an:6?+ np gQ:an-FL—:y T;@p: np
2 np V
X, ==&t —=H £
¢ AH(p) |
=0 = £(T,,) — =/(T,)
Xy £y(p)
O0beKT ynpaBjieHust Biok rapmonnzanmnu
npoueccos &yu H




AHaJIM3 BIIMsIHUsA napameTpa T, , Ha nepeMeHHbIe CHCTEMBI
CaMOJIeT-JICTYUK

W =f(L

np)

H(@) o e

- _
‘ M.(%ﬁ’. JUCILIEH »| meTunk o > Wczf(an) Y% |
2
A) Brusiane T, , Ha OOBEKT yIpaBlICHUS F. K. (TM pl+2p+ TJ
_ & _ i

b) Bimsiane T, , Ha G0k rapmMoHM3aruu nepeMeHHbIx y(t) u H(t)

“5.(p) 2p7(p* +2eap+@*)

1. 3amaum mocagku u objera penbeda MECTHOCTH

_H,.(p) _ 4

C

np

2. 3apada no3anpaBKu

B) Biusinre Ha BXOAHOM CUTHAJ

£(P) T]92+2]9+T2

np

. V —
‘+Y%p+—XY°
W :ggmek(p):p p L
T
gg(p) £p2+p+i
2 T
2 -
GAH
L2

- iH,-(t)



Biausinue mapamerpa Trnp Ha TMHAMHUKY 00beKTA YIIPaBJICHUSA

YBeanuenue Trnp npuBOAMT K NMOBBIIIEHUI0O TOYHOCTH OTCJICKUBAHUSA
IPOrHO3HOM MH(OPMALTUU

Magnitude (dB)

Phase (deqg)

Biode Dizgram
Gm = InfdE [zt Infradfsec) , Pm = 12.1 deg (at 0.355 radisec)

Frequency (radisec)

W = Ee(p) -

C

K Epp2+2p+

c

2

hp

S 5.(p) 2P (PP +2ewp + @)

—_— -Tnp=0.1

-Tnp=1.0



Biausinue mapamerpa Thnp Ha rapMOHHM3ALUIO MPOLECCOB

YBesanvenne T,, IPUBOANT K HAPYUICHHIO TAPMOHH3ALMI MEXKTY

curHataMmu ym H_

2V

= (4

- Tnp

-Tnp =2.0

574 deq (at 10 radfsac)

Biode Diagran

nfradisec) , Pm

Inf B (at

i I
[ [} [ m
L=} -IJ.{_ ] n.._.U ﬁﬂr

(9p] aprjube 1y

L

(Bapl as=UH

Frequency (radisec)

Poct Tnp — ymMeHbIIEHUE TUCIIEPCUN BXOAHOIO CUTHAJIA — POCT MOPOTOB BOCHPUATHUSA



JKCNEPUMEHTAJIbHbIE HCCJIEI0BAHMSA HA padoUed CTAHIUHA

i* _Ag, &g
il >
—2 —>
O-Age cF/_\.H
| | | i | I [
1.0 Ag, =i—¢g, 0.9 AH = H (1) - H(1)
0.8 -
0.8 \ i
0.7 | = v
0.6 0.611% _ - .
\ 0.5 h . sl //
0.4\ ' \\\ P —
\ 0.4 o
0.2 s ' il
\___“_'_-_-_-_:--....__________ 0.3
0 0.2
05 07 09 11 13 15 17 19 T, 05 07 09 11 13 1.5 1.7 19

= MaréMaTru4cCKoOC MOJCINPOBAHUC

------ AKCIIEPUMEHT



KoMneHcanusi BpeMEeHHBIX 3a/1ePKeK ¢ OMOIIbIO IIPOTrHO3HOI0
AUCILIeS



@ Time delay in vehicle dynamics
We(jo)=We(jo)e ™
“Buran” (Space Shuttle) UAV
%l P

7=0.2+0.8s
Remotely control of Lunar rover

r=upto1+1.5s



Peculiarities of human-operator and vehicle interaction

Docking

Control mode

Controlled element dynamics

Requirement to the pilot

behavior response

Manual control

a) Rotation doesn’t cause translational
motion;

b) Possible coupling between control
channels;

¢) High pole order in the origin

from K XY
_% rd %
HO | _/ s*(Ts +1)

y

Closure of several control

channels and loops

High lead compensation (7, >>1sec)

Teleoperator

control (TORU)

a, b, ¢ + additional considerable time

delay (")

Extremely high lead

compensation

Consequence: high human-operator workload, low safety of mission




@

90}

-180(

-270

Influence of time delay on pilot-aircratt (UAV)
system characteristics

Increase of pilot lead compensation; S ()= i
i (0)2 A a)i2 )2
Increase of error;

Increase of resonant peak;

Increase of PI1O tendency;
PIO (fOl‘ TZO.S S) 7=0,s
R P i w  [[dB] mr =025
- mr =04,s
/ + [deg]
1 e 4
10" a[1/s] 10




@ Suppression of time delay effects

For “small” time delay (t<0.2+0.3, s):

Usage of means synchronizing pilot actions and flight control system
characteristics

-Synchronizing command filter

>
From . law 1: quick change of K,
pilot 4 b | > law 2: restoration of initial gaincoefficient K
K : 1/s
- g % max To actuator
2. |[&—K;

- Manipulator with variable stiffness

J = W, Ve |— __’?—’ K . _/I/_ » 1/p |
iy
W, — nonlinear standard prefilter 10 o _|_0”
Additional force regulation law ”': =" =0
P px Tps+(1-a) 20 s

0.1 1 1 10 ™, 1/5



Higher time delay (=0.5, s)

General approach

Suppression of time delay by use of predictive display

a — projections of the vehicle velocity
vector calculated without tacking
into account time delay;

b — center of corridor;

c — center of display;

_|Math model of controlled O,
element dynamics i (t+T.)

v

Predictive Human
display operator

\ 4

v

Vehicle dynamics




@ Transformation of controlled element dynamics
with help of predictive display

Docking task

- K. (e -|—STpr)
~~~~~ S Tprsz(ns—kl)

Lo
-~
- —
e ——
-
-
-
-

Magritude (dB)

-
.
~

se (deg)

Pha

Results:

- Suppression of phase delay;

- Provision of the slope nji. — _zod_B in wide frequency range
dInw dec



Optimization of 7,

- Selection of pilot and pilot-vehicle system characteristics from the single

loop system for each 7,

———————————————————————————————————————————————————————————————————————————

. Neural
Additional ik :
H . {1 muscular |
\ compensation 1,
i 1 system
1

" n. (1) i
1

- Definition of mino, —> T .

* n, \l/TL,Kp,...
I Ag JL i &g

> W > W, F=>Q—

0.03 1

0.025 (

AE

0.015

20

25

30 35

"Bhi

7

_Ql

Q

0.9

0.8

0.7

0.6

0.5

20

25

pr?
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Ground-based simulator
a. Development of scenario for computer
generated visual system (docking task)
Stage of work:

1. Development of scenario for the Earth image

2. Development of the scenario for the ISS image

Development of scenario for the Earth image
_Database

e

3D modeling

MAI software

——
DpenGl WVist
\\_\J_p:,‘jll,l,. g,‘fl‘!.a‘C++'




Development of scenario for the ISS image

Scenario based on

3D modelling MALI software

Data base

-l

Sl |I]]]
g T




Docking with ISS

11



Scenario for Lunar rover control task

Moon surface area in details (15x15 km)

Sky, stars, Sun, Earth




The ground-based simulator used for preliminary
experiments

Two visual systems:

- Mono;

- Stereoscopic.

13



Experimental investigations (docking task)

Influence of:

- Predictive display;

- Feedback of ¢, 7 ;

- Eccentricity of engine used for the vehicles linear motion;
- Threshold in control law;

- Uncertainty of knowledge of vehicle dynamics

Fr=—==== ST T T T 1 AP [ q, r
' jet I >
| | I
1 I
from : H : Jg_1 N H, 7
operator V| Is+1 - | AP
| |

14



Pitch, deg

without rate
® feedbacks

with rate
feedbacks

X IB+PD

without rate
¥ feedbacks

with rate
feedbacks

X IB+PD

without rate
¥ feedbacks

with rate
feedbacks

N IB+PD

without rate
¥ feedbacks

" with rate
feedbacks

N IB+PD

without rate
¥ feedbacks

with rate
feedbacks

N [B+PD

without rate
¥ feedbacks

with rate
feedbacks

\ IB+PD
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Pitch angle (mono)

Without stereo
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Preliminary design of predictive display (rover control)

without prediction

S

eL=Z+y, L

Yy

w }—

Without predictive information With predictive information

manipulator, c(t) manipulator, c(t)

40 : : : . ‘ . 40

, mm

manipulator
manipulater, mm

40 i | i i | i | A0 i 1 i i L i 1
40 B0 a0 100 120 140 160 180 200 40 G0 a0 100 120 140 160 180 200
time, sec

time, sec

- Transformation from “stop and go” type of pilot actions to manual

results: control type 17
- Increase of rover speed in 2+2.5 times.



	Слайд номер 1
	Слайд номер 2
	Слайд номер 3
	Слайд номер 4



