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Any created technical system (its features and
characteristics) iIs defined by customer requirements +
existed potentialities

Technical and scientific potentialities:

— achievements in aerodynamics, materials, propulsion;
- subsystems design and technology (computers, actuators, avionics, etc).

Customer requirements are defined by the challenges

Challenges are different in different historical periods




PREHISTORY ERA
Challenge — just to fly

To fly ... ancient dream of man
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FUNDAMENTAL BASIS DEVELOPED IN THE PAST

A. Penaud N. Zhukovsky L. Prandtl |



POWERED FLIGHT
Piston engine era

The first piston engine for Wright brother’s flyer



STAGE OF “TRIALS AND ERRORS TECHNIQUE”

o

Wright brothers
1903

Trials and error technique is based on experience

and similarity of configuration




MILITARY AIRCRAFT IN THE FIRST WORLD WAR




COMMERCIAL VEHICLES

— Airships (Zeppelin, 1900)

W




APPLIED SCIENCES AS THE BASIS FOR
TECHNIQUE USED IN AIRCRAFT DESIGN

Flight mechanics
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AERODYNAMICS

Wind tunnel
(TSAGI,Russia, 1925)

v
R
X

10



PROPULSION

Propeller .
Theory ‘ size, form of propeller, power P,

P=n®, =T%
NAVIGATION AND INSTRUMENTS
. Radar: ILS:
Sensors: ; : :
_first gyros and autopilot (Radl% Igﬁgeicntég)n and (Instrusrgllg?e’[rrl;)andlng

(Sperry, 1911)

(Watson Watt, 1935)  (GB, Germany, 1930t




Technique for flight performances estimation
and selection of main aircraft parameters
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Improvement of flight performances
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FLYING QUALITIES

(characteristics of stability and controllability)

“Men already know how to construct wings or
airplanes..., how to build engines and screws of sufficient
lightness and power...Inability to balance and steer still

confronts students of the flying problem... When this one

feature has been worked out, the age of flying machines

will have arrived .”

W. Wright (1901)
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Stability — aircraft feature to return back after disturbance

L,

—
3

S > ) )
— o T Installation of stab
o B causes the increase of
- = 3 stability

forM<1 == x, =const
X, <0 (Cma < 0) h feature of stability

Controllability - aircraft feature to respond (by
(handling qualities) corresponding way) on pilot’s input

Handling qualities requirements of that period

1) to balance aircraft XM =0 (2’ Cm = 0)
2) to provide reasonable forces applied by pilot to wheel
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The technique developed in 30t — 40™ for provision
of flying qualities requirements

[
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REQUIREMENTS:

a) aircraft balance (trim) in horizontal flight

¥C_=0 (Em, =0)
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controllability
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END OF PISTON ENGINE ERA

To the end of 11 World War
V .~ 700+ 750 km/h

Piston engine does not allow to increase these velocities

XP
T=",F © D=V

At the end of 11 World War
the jet engine aircraft was created
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JET AVIATION ERA

MILITARY AVIATION

PASSANGER AVIATION

Me-262, 1943

“Comet”, 1952
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SUPERSONIC FLIGHT
First supersonic flights

F-86 “Saber” (USA), 1947
(supersonic velocity was reached in decent)

La-176 (USSR), 1948
(supersonic velocity was reached in decent)

MiG-17 (USSR), 1950
(supersonic velocity was reached in horizontal
flight) 18




Potentialities of supersonic aircraft

Considerable improvement of flight performance

max

Subsonic
Subsonic

<V
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Jet passenger and transport aviation
General features:
Increase of velocity
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Jet passenger and transport aviation
General features:
Increase of range

R, km
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Aeroaynamic forces

e increase of Cy

—

j — increase of required thrust

1.0

e decrease of L/D ratio

— decrease of range




Aerodynamic moments
— change of aerodynamic center location

x('.g. xn
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— decrease of control surface effectiveness:
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Aerodynamic moments

— Increase of hinge moment
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Conseqguences: considerable deterioration of flying qualities

P il

/ M<L — considerable change of dynamic

Il‘

responses

5.A

| -

Controls provided horizontal flight

C
m, +m,"C, +m’S5=0
Speed 0 y z
3.A instability
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/X/ - 0, —elevator deflection 5 = My, + I
. =

F

AN — considerable increase of forces (F )

J/ \ v IN transonic region

Conclusion: stability — did not guarantee necessary controllability




Solution of problems
Increase of wing sweep y

M
4" M =M-C
— °
L (A 4
Effect:
MG -0 S
, MiG-15
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Several stages of wing sweep changes:
— sweep wing with subsonic leading edge MiG-21 (3 = 60°), thickness 4 +~ 5%
— sweep wing with supersonic leading edge MiG-25 (y = 409), thickness 3 +~ 5%
— sweep wing with variable sweep MiG-23 (y = 16° +~ 749), thickness 3 +~ 4% -



Aircraft with variable of wing sweep
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Use of Flight Control System (FCS)
o)

: —= - mechanical link
syFs%(IQIm — s;l/-gtlgnm j{ —— —electrical link
' o) .
Ratio e [Airframe] X
change - Actuator dynamics
Servo Fe%g?ﬁck Sensors

Typical features in FCS design:

— mechanical stick-to-elevator link
— aircraft is stable statically in longitudinal motion

— FCS influences on poles
D(s) only:

W~ X(8) _NG)
" 8,(5) D(s)
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Use of flight control systems and actuators
Advanced control law for passenger aircraft Tu-154

o, = f(n,,q)

Tu-154
first flight — 1968

Tu-154 is the first passenger aircraft with triplex redundancy
of hydraulic system 29



Use of wing high-lift devices

B-737-700 \
<l
G O\
gQ:E%
B-767
@
Ny AN
o (I o =
& B727 S\
R \
B-367-80 (B-707) \
<
B47/B52 >
e 1.8 1.78 2.79 2.55 2.45 2.57 2.78
landing
l—lj oy 10.5 9.7 10.0 10.0 12.6 12.6 11.5
take off
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Current challenges and potentialities

31



Human factor IS a main source (70+80%) of accidents in
aviation

This factor was not taking into account in design many years
before.

Human factors are defined by:

-Pilot’s errors 71 — /5 %

- Other reasons (low professional level of technical maintenance,
airport service, ATC, etc)
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Components of pilot’s errors

50

%, of errors

45 -
40 -
35 -
30 -
25 -
20 -
15 A
10 A

O 162 pilot errors (aircraft)

| 279 pilot errors (helicopters)

[
professional ~ psychological environmental ergonomics physiological

other

conditions

Professional — pilot wrong actions in case of failure, critical regime, etc.

Psychological — low stability to stress, impossibility to predict the situation.

Environmental condition — wind shears, fog ....

Ergonomics — unsatisfactory location of instruments, manipulators, brightness of

symbols ...

Psychophysiological — collusions, action of acceleration lower then threshold, very
limited time margin for recognition of failure.
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The ways for reduction of pilot’s errors:

- Pilot training
- Aircraft system design provided necessary level of flight safety

The ways for the solution of problem:

- To exclude the human operator from the control (autonomous
control)

Role of operator is passive (monitoring, realization of supervisory
control). He participates in control to change the program or regime
In accident case or sudden change of environmental conditions.

- To participate in control activity (manual control), by the best
Integration of operator and machine.
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Challenges for military aircraft

— Effectiveness and cost

mil. USD

‘ F-117A HF-22

100
F-22 &

80 /J—SF/
/ o
60 F-14A —

B F-15 F-18E/F ¢

- F:" 0] @ r-18 JSF
A-6A A-6E M6
7/.‘ & B — final cost |
2D W F-4 F-16 € — preliminary (announced) cost
W A4 ‘
1950 1960 1970 1980 1990 2000 2010 Years

— Flight safety
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Challenges for civilian aircraft
(formulated by European council for aeronautical research)

— quality and affordability;

— environmental preservation (halving full consumption
per pax. km, cutting NO, by 80%, reducing perceived
external raise by 50%) ;

— safety: reduction of accident rate by 80% and reduction
of human error in four times;

— efficiency: increase of the air transport system in terms of
capacity to accommodate three times more aircraft
movement in 2020 to ensure on time flights;

— security, the goal being Zero successful attack or hijack.
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All these challenges can be achieved only by
cosideration of a global system approach involving

For military aviation: For civilian aviation:

—aircraft; — air transport system;
— group of different _ airport;

vehicles (space, ground, . :
enemy); — alr traffic management;

— management system — aircraft

37



Technical and scientific potentialities:

— achievements in aerodynamics, materials, propulsion;
— multidisciplinary approach to design;
— reliability of subsystems (computers, actuators, ...)

Challenges + potentialities

A

New principles

— change of flight control system role and its technology;
— optimization of wing aerodynamics;

— super maneuverable flight with unlimited angles of attack;
— Interface friendliness;

— unmanned air vehicles
— International cooperation in aero / astro area 28



Innovations based on new principles

-

Break through in aviation

e
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New principle: Change of FCS role and its technology

In the past — FCS system is a subsystem
— for:

a) realization of piloting task;
b) improvement of flying qualities;

— characterized by mechanical linkage between stick
(wheel) and effectors (actuator)

Current — FCS system Is a subsystem
— for:
a) Improvement of flying performances;

b) provision of necessary flying qualities;
c) provision of necessary flight safety level,

— characterized by electrical linkage between stick
(wheel) and actuator (FBW technology)

40



New principle: Change of FCS role and its technology

a) FCS for improvement of flight performances

Innovations:
a.l) increase of instability and provision of
controllability with FCS

C,, ®0+5%

C,, ~10+15%

3
" C,, =20+25%
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IToBbIlIeHHE TPEOOBAHUM K IPUBOAAM

— Increase of required power for unstable aircraft

Required power, kwt
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/ //
500 o //
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a.3.1. Transformation of aircraft to “more electrical aircraft”

Hydro—
mechanical

Transformation of actuators

=)

Electro hydraulic

=)

Electrical

1950 eesssssssssmly- 1070 ss——————)- 2005 = 2010
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a.3.2. Actuator with adaptive law
Self-adaptation of actuator

input

o] Servo

» Model

Adabtive ]

controller

» output

Actuator frequency response

—

—

-

-Improvement of
frequency
characteristics

-Reduction of
requirements to rate
limit, Opay
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S"A

a.4. Active Flight Control System (AFCS) for:

— suppression of flexibility and atmosphere turbulence;

— decrease of bend moments on wing in maneuvers

Necessity of such system:

o,

a

Sp

— frequencies of oscillation modes
of flexible structure

— short period frequency

@y , l/sec | @, , 1/sec

In the past

30 +30 2 =k

now




b)

M =L, Ay In maneuverAyI, LWI—bMI

Consequence:

— decrease of service life;
— discomfort;

— Increase of probability of flutter
49
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Structure of active FCS

FCS law [«

Sensors

— 0

«— N

Actuator

Additional control
surfaces (DLC);
elevator

Effect of active FCS
a) Decrease of effects of flexibility and atmosphere turbulence

m— — Without AFCS
= — with AFCS

2
GI

(c,)°
1.0

0.2

A

)

Without AFCS

O, — mean square of n

for aircraft without AFCS

With AFCS
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b) Decrease of bending moment

T 'L,, Ay
MTI qu o

AW, %
5
o4 //
; P
f
1
o

0 10 20 30 AM, %

_
0L

AM — decrease of bending
moment

AW — increase of weight
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New principle: Change of FCS role and its technology
b) FCS for provision of necessary flying qualities

HA FCS is able to provide any dynamic response

_ Wa unstable
Unstable y(®

X alrcraft

W
h ¢ y(t)

—3] Unstable |——

X aircraft -
+EC 81 typical
AR
—| Unstable &)
X alrcraft unusual
+FCS,

What type of response is necessary?

or

~—ty




New approach

FQ has to correspond to optimal FQ (W opt) In each piloting task

| level

WC unstable

Questions:
— What does it mean optimal flying qualities?

— How piloting task influences on W
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Innovation: Pilot — aircraft system technique

Dynamics
of flight

Af\ umber
of chapters

rom .
mathematics

Pilot — aircraft
system technique

Control

theory Psychology
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Pilot—vehicle system (PVS) peculiarities

1. Pilot and aircraft interaction takes place in closed—loop system

]

ERE

TASK

Y

HUMAN — OPERATOR

i DISPLAY
—_—
(W)

|

Ne

[

MANIPULATOR

d

J

CONTROLLED
ELEMENT -

(Wo)

<—
B

>

—
<
<

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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PVS technique:

— techniques for ground and in—flight
experiments;

— algorithms for mathematical modeling
of pilot response characteristics;

— software for simulator’s computers and
data reduction system,;

— equipment: simulators, workstation,
different devices for investigations;

— data base on regularities of pilot behavior.

56



Application of PVS technique

1. Optimization of aircraft dynamics

task | Technique for definition | Pilot’s limitations (PL)
D of W opt ‘

1 WCopt (task,PL)

N K W, .
B ! Sii= yTr T oL I d%l’
- H I 32 3“2
b 0 %—? T—@-w e <
3 I~ 20 ﬁ 1.0 4 1.0 4
—l — - Ir W
j— Rty I c .
= 0.?5 ~ | ) wgpt =_|_,_=,J_ 0. 05
[- -Tw.=k/s]| " =, ALT;_ﬁ/s W" . =
dec
I SEE L
, - -90 ™ K
=17 - -
m=3 -180 " 3
0.1 1 w,l/s 0.1 w,i/s

2. Application to FCS design

— optimization of aircraft dynamics in aim-to—-aim tracking task,

— FCS design of aircraft with DLC,

— compensation of time in pitch tracking task,

— FCS design in refueling task,

— unification of automatic and manual FCS in aim-to—aim tracking task. 57
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New principle: Change of FCS role and its technology
c) Provision of necessary flight safety level

Factors influenced on controlled element dynamics:
a) variability of H,V and aircraft parameters;

Conseguence: non optimal aircraft dynamics
b) variability of nonlinear FCS dynamics for different input signal

[ dB

wc
X N I . 20,
B On Inear a. b ANA L[S
—— . é (i
prefilter Nl 5
'4d°' i, - ﬁi
ce Brax?? B2
|ch| Xy > _gzl ]
\st ' RN
-i20. "\\
-z70. I'}'
‘ XBl\’\XBZ ! T

0. w, 1/sec

Conseguence: deterioration of flying qualities
c) failure of hydraulic station

Consequence:
satisfactory FQ ==» unsatisfactory FQ
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Innovations:
c.1. FCS with adaptive law

—> Model —»| |[dentification

A
Control
(R
\ 4

) Controlled
—>| Adaptation —> g lament

— Improvement of Flying Qualities

— Suppression of variability in aircraft parameters and failure effects

— Self adaptation is a mean for reduction of required 8
(in 1.5+2 times)

€ maXx
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c.2. Means for conjunction of pilot action
and FCS potentialities

The manipulator with changeable spring stiffness Adaptive prefilter
from FCS
) from FCS
]
2 X - v v S
prefilter O 4 5 S
—)—| Law 1, 5 1 —
S
servoj— a "
F X
AP = F
- P F an -
Linear model of prefilter without suppressor with suppressor
. _ ]
—s+1 A IR AWAY, WAW. B P WA AN YY)
1 P B TV ATY WV Y]V i AVAYI LAY S VAV Vo
F= =P 1-g)d=d— s —C ar— e
Tistl  Ux T+l g AR T A A LR
t ' | i RN L
N |“ N o | ]4_ IR AE é:u :!m I N i - hu_ UU-
0. y;— . o N de H Suppresson e H
= T TS - ﬂ @ A o ,,%' @
oy &
—an . —an 1‘. -z20. -z0. -
e = -40. -a0. | K
0. L ol %P S de3 des |
-o0. ) -=20. In “h..‘l' -50. 30, I APl
! M Actuatot i
270 “\ -z70 =t -=7a. ;
- . A 1. 10w, iss A 1. 0. w, i/s
' ' - o, ct ' o, ct 60
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c.3. Distribution of control signals
between different control surfaces

Left canard g

00

Left leading edge

Left brake

—
a9

Left flaperon

#

CCS
computer

=

Left stabilizer

( )rudder

Left

—_—— e —— —— ¢

Left
nozzle

Right

Side
control
stick

g Right canard

B C——

Right leading edge
Right brake

i

nght flaperon

Right

nozzle ]

=] =

Right stabilizer
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c.4. Aircraft automation
General tendency

Number of functions of automation

20

A

Tu-204
A-320

Fly—by—wire (FBW)

11-96

i

1 An-124

10 — Hydro mechanical o)
/ A767
A-300
B757
o)
/0 /

Tu-154
Oli-62 Mechanical
1960 1970 1980 1990 2000 Years
Examples:

— collision avoidance systems;
— autothrottle;

—automatic landing



c.4.1. Collision avoidance systems

Automatic recovery
to the level flight

Estimated trajectory,
wich provides given elevation

over surface relief

Automatic return to the base
in case of pilot’s incapacitation

Automatic ground

surface avoidance \

Automatic =

ejection

Estimated trajectory

In manual control
with maximalg = "= ="

¢ Heject 0 O

63



o

T . —
N =
m

c.4.2. Autothrottle

V, (unstable) \

ESTOL
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Longitudinal variability

Aircraft

Vi Control | % |  + Vi
- law 1 engine '
dynamics

Results of experimental investigations

100 100
2
E
50F . £ 50r
0 g
O ©
C
0 S @
o 2 7 g 0r
8 2
o
-
T 0 50 Pl 0
Lateral variability Lateral variability

Without autothrottle With autothrottle



c.4.3. Automatic landing

"

First worldwide automatic landing based on
satellite navigation in Braunschweig (1989) aerospace vehicle “Buran” (1989)

First worldwide automatic landing of
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c.4.4. Envelope protection systems

— Limiters of pitch and bank angles
— Critical regime warning and barrier system (CRWBS)

Integration of the system with FCS

from
pilot

____________ > » to actuator
Control LAW

o D/S
max pilot’s %
input 6
C max S N Kl

T 8input max Olmax

at steady state
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New principle: Change of FCS role and its technology
d) FBW technology

Manipulator, :
switches I-" Display
Computers
Sensors I—» Actuator

Necessity:
— Increased weight and limitation on throughput (for mechanical linkage);

— realization of features and potentialities of highly augmented FCS;
— suppression of nonlinear effects in mechanical linkage

Change in Throughput (mips)

35
30
25
20
15 AVMS
10 8'28‘[0 vg;zic-ﬂ ;.IAS-39
F-180F-15

68



Next Generation — Fly-by-Light technology

First Generation Fly—by-Light

Rudder
WDM Digital Code Trailing Edge Flap
(Litton Poly-Scientific) @ WDM Analog Ratio
(BEI Motion Systems)

Stabilizer
WDM Digital Code
(Litton Poly-Scientific)

S8
Air Data Temperature
Fluorescent Decay
(Rosemount, Inc.)
Pitch Stick
WDM Analog Ratio
(BEI Motion Systems)

Rudder Pedal

WDM Digital Code
(Litton Poly-Scientific)

Power Lever Control
WDM Digital Code
(Lirton Poly-Scientific )

Electro-Optic Architecture
(Litton Poly-Scientific)

Nose Wheel Steering
WDM Analog Ratio

Leading Edge Flap (BEI Motion Systems)
WDM Digital Code Total Pressure
(Allied Signal - Bendix) WDM Analog Microbend
(Babcock & Wilcox)

Second Generation Fly—by-Light

cross electrical power

channel flight
data link control
computer

pilot’s
control

actuators aero surfaces

fiber optic WDM network
sensors (5] - WOM add/drop devices

electrical power
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The First FBW aircraft —T-4 (100) (Sukhoi company)

First flight — Aug. 1972

Main features:
FBW in all channels
Weight -100 tons

I\/Icruise =3

Additional control surface

Quadruple redundancy

Reduced stability margin — 0% (£ 5%)

C.g. control system 70






There were developed 20 FBW aircraft
In Russia




New principle: Optimization of wing aerodynamics
Innovations:
1. Wing with extension




2. Adaptive wing

[ leading edge ]

Deflections of
flaperon (d5) and
leading edge (010)
are a function of a

0.02

0.01

Classic airfoil

Supercritical airfoil
I generation

Supercrtttcal airfoil
2" generation

<P

3. Supercritical wing

C,=0.5; Re=3-10°

AV =100 km/h




New principle: Super maneuverable flight
with unlimited angles of attack

Combination of innovations:
— specific aerodynamics;
— decreased stability;
- HAFCS;

—margin of pitch moment for dive;

— thrust vectoring control
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Thrust—vectoring control
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New maneuvers of super maneuverable
alrcraft




New principle: Interface friendliness

\=

o

- W

1

Current
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Tomorrow display

Command Flight Path

Predictor

Cross Section of Tunnel

at Prediction Time
10.6 NM
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New principle: Unmanned air vehicle (UAV)




UAV Vision

« Enable Autonomous
Unmanned Operation
For Any Mission

* Freely Share The Sky
With Manned Aircraft

o Attack in Mass to
Overwhelm Opponents

Vision Assumes UAVs As Reliable And Safe As Manned Aircraft
This Is Not The Case Today




The Autonomy Continuum

UCAV: Operator Directed

. . Multi -UAVs
Predator: Remotely Piloted

Or Operator Directed

Pioneer
Hunter T RN o
~ " Global Hawk: Operator
Directed Single UAV
Remote Remote Remote Remote
Pilot Operator Supervisor Customer

Increasing Autonomy
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AIRVEHICLE

AIr VVehicle Attributes

33.8 ft

~15,000/ 7,500 Ib Gross/Empty Weight
High Subsonic Med/High altitude
500-1000 nmi Mission Radius
1000-3000 Ib Weapons Payload

Wide range of Current & Advanced
Weapons

All Electric
Affordable Stealth to the Next Level

A

A

—~ 26.3ft —
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Developed Unmanned Combat Vehicle




Miniature Unmanned Aerial VVehicle

LTVE LA

GPS Receiver
and "X” Antenna

S e,

Elevon Actuator

Receive/Transmit
Circuitry and
Antennas

Pitch, Roll




Micro aerial vehicle (MAV)

B3JIeTHASI MACCA, KT . uuunniiiveennnnnasssssccccssssscncnssnssssscnsess3
MakcuMAaJIbHASA CKOPOCThy KM/Ueueteereessessssssssassnsssnssonns. [0
IIpomoIKNTETLHOCTD MOJETA, ereererserecosnsssscssnsssscses 40 1,0
Macca mo1e3HOM HATPY3KHM, Kl eteveareoresscosesscssasscssassssses..0.03
D137 001 (0 ) 17 N 4 11 PO 1| 8 3 5

Ha3una4denue.........HaA0/II00€eHNE 32 YIAaJeHHBIMU 00bEKTAMHU
rpynmnamMu Jiraéu, CTpOeHUsIMHU, JIeCHBIMH MAaCCUBAMU,
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New principle: International cooperation
In aero / astro area:

— design and manufacturing;
— research:;

— teaching
Example of innovation projects:

JSF X-35 RRJ

A-380

France, Germany, GB, Italy,

_ Spain
Russia, France, Germany, USA 88

USA, GB, Holland



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 =iRF, + 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

___________________________________ system
i ld
|5® e Controller, C _|Plant, B
c. Provision of stability
- _
a. d=0 )-(:F1|:2|FF>>1;]‘ $—a
i FF,+1"7"
F,=a
bli=0 d=0 X=_1 | =~
' d 1+FF, "7 S a

Example: if F, :I then F =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;
-suppression of the inaccurate knowledge of the plant
dynamics

i :s+(a—0.1)i(t)

a>0.1 system is stable

F, =F (s)+AF(s)

_ kK "‘F(S)
EITEEIG)

for FEF, >>1, y=i

91



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
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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

93

Uop, Total Velocity



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



Coupling of linear and angular motion

Change of pitch angle: . L
C'g‘b g 5%%

0, >AY =M, =AL-L=q=6(t) = a(t)

_6 A

e

> 1

J | a(t) = AY = (H)

. change § = change of H

AH
(through the change of a)

> 1

The elevator is a control surface for change of pitch angle and
altitude o5



Change of bank angle

change of aileron position — moment

% | M, =2L-AY = o, = ¥(t)

W, | -
,7 \ y() =Y, =Ysiny = Z(t)

- t
| N
_ 1 Change of y = change of Z
AZ / (through the component of Y)
- t

Aileron is a control surface for change of bank angle and lateral
position




Change of yaw angle

x, 1 ¥
X
5, . ‘
. A N L
M . o, =>L- A= o, = y(t)
174
/ . w(t) = A1) = Z(t)
1 fM Change of y(t) = change of Z
> 1 (through change of ) uses

rather seldom.
Rudder iIs a control surface for
change yaw angle (and f(t))



Velocity control

a. Thrust control.
Regulation of fuel = thrust 1| = velocity 1|.

b. Devices for deceleration.

— parachute

— reverse thrust




Velocity control

c. Aerodynamic deceleration surface.

ﬂ

o, =C (D)I=V !

L
g

5D\ s

Space Shuttle, «Burany.



Different control surfaces used for control
In longitudinal channel.

™

|
U
elevator
A o
R
Concord, Su-33.
VLA Su-35, A —
el T «Burany, Eurofight |/~ 24 11
Space or
Shuttle
elevons

canard



Thrust vectoring control




In lateral channel

Z §
Interceptor

|

Bank control

"
g

adl

N

flapperon stabilizer




In directional channel

Yaw control

I -

rudder vertical tail



Control surface changes its position in result of displacement
of manipulator

7 2 X
+P
M;, <0
0,>0
Types of manipulators:
. I
— central stick
— wheel for change of positions of aileron,
— side stick d elevator, .....
— pedals )

throttle lever ==>  for change fuel amount



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 .

107



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
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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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COMBINATION OF ALL AUTOMATIZATION IN THE SINGLE
(ON-BOARD SYSTEM

Improvement of flying qualities
Automatization of the initial flight regime
Autonatization of flight along the trajectory (path motion)

Tasks: ;
2
3
b,

Limitation of critical regimes

FCS consists of the 3 main system

Guidance-navigation system

b

Actuators
Sensors
On-board computer

Computer

Display

> (instruments)

FCS

Actuator

Radio system

A

Pilot

Computer

Inertial system

Path contral

GRS

system (PCS)

Sensors

Air pressure
signal

angular contral;
path contraol;
glide contral;
takeoff control

- Vv, 8y

inertial system;
linear motion;
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GUIDANCE AND NAVIGATION SYSTEM

Phase coordinates

e — — — — — — — — — — — — — —
2

——————————— V,H,L, v, 9,7, B 0..
|
|
)
| Display of ||ne:':|r.'and ——————— :I Pilot
angular position 7
7
-
// y
- — e Automized
Director indicator [ flight manual
T control system
| Navigation | | Pathcontrol Angular

system

system

control system |t

—————— — — — — — — —

Control
surfaces

Aircraft




FOUR TYPES OF CONTROL

Automatic path control

Path control by use director indicator

Automatic angular control

Manual control with augmented flight control system

General scheme

Summarizing of the
signal

Actuator —

frumx

automatic system and sensors
Ways of joining of actuator with pilot and sensor elements

In the past - by use of servo

0 e S ey

. 2 I cC—
o 1 2

~




MODERN WAY: FLY-BY-WIRE

Additional elements spring with the requlation of its stiffness

- Mechanism for regulation of gain coefficient;
- Trimming mechanism.

"
i Hy/ %




FLIGHT SAFETY - IS THE MAJOR REQUIREMENT
T0 THE FLIGHT GONTROL SYSTEM DESIGN

- Provision of the best flying qualities for all piloting tasks;

- Provision of conditions for suppression of possible nonlinear effects;

- Redundancy

- Limitation of critical regimes
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MATHEMATICAL MODELS OF FCS ELEMENTS

ACTUATOR
from pilot W J I~ J1
and/or autopilot ? P — P
| B . 1
. Simple case W,,,, = K Linear model W = T+l
Requirements:
I 50+, @y, - short period frequency

T

a

2) 6. >30 °s for civilian aircraft

3 0
Omex > 60 /'S fop military aircraft

3) Power of actuator P, > 2P,

B, - power necessary to suppress the high moment



SENSORS

- Pitch rate sensor W = 1 , 1 _100 1/¢
T°p*+2£Tp+1 T !

- Accelerometer W = 1 1 200 1/c¢
Tp*+25T.p+1° T, !

The same dynamics of sensors « and /3 - the same

- Hydroscope sensors \W =1

INDICATE VELOCITY
0.8 Vis =V /A A:%
03 W:TVr:JL+1 T, =0.3+0.8

£=07

£=07



Pitch rate damper

A

A

I

I

I

| o

o) v v/ &
K. Actuator —%: W M7(s+Y")

| 2 s* + 2Ews + o
Damper F—{K :

I

w,
Ka)z | “ ! da

/ O 1 i<i
Y <C()O <T—a Ta Tda
—K, M{(s+Y*%)

5 (52 + 2§spa)spS + a)szp)(TaZSZ + 2éi’;la)as + wzf)(Tdisz + 2é:daa)daS + a)dza)

Y_a a)ip 1/Ta 1/Tda o, :_szmzqo

W, maxy o _

45 0| -180] —360 ) Do = —KGTMP ==

K, M7 g

+20 —20 S

—] AP M
(08 Z _M Z(DTa M Z(DTa
—60 134
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W, M?(s+Y %)

d. = = — — —
Tl Worly o SPQRE0—K, Mf)s+af —~M?K, M?Y*

26 =2E0— K, MY
. 26w—-05K, M7

- JoR—K, MY

0P =af K, M ¢

If f*zé:req — Ka)z;

K, =min{K, ., K, !

;

Ko Influence of K, on static characteristics
\ o =md e 2P
q
AmY =M?K,, E)/—

%
Ao, = g K m, <0 —>static stability increases — w, T
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AX a)2 a)2 _Y—amz(pKa) n g
= — = — I — X — Kw =
An,  M?ny M?n] 'V
Example: I1L-86 H=5 M =0.78
Yo - \% n% =0.865 [1/] o =2.62 [1/5%] M? =-2.28
w, =1.62 [1/5] 2 =1.684 o, =10m, =16.2 [1/5]
T, = 1 _o005 [s] K' = 025 _,, w, = 20; 25; 33 [1/5]
@ © MJT,
K, 0 0.5 1.0 1.5 2.0 2.2
26w | 1684 | 2.824 | 3964 | 51 | 6.224 | 6.684
@ 1.62 1.9 214 | 236 | 256 | 2.64
£ 052 | 0.743 | 0.426 | 1.08 | 122 | 1.27
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FCS with @,and n, feedbacks
Ap, =K, o, +K, An,

Total signal to elevator
=K. X, + sza)z + KnyAny

Structure scheme — An,
> ny —
Ag | A ) — @
DK—-|<C4>@_.Wa | 2p o s+Y%—
Aa I\/Iz(p . 1)
2 2 K ] @ |,
Ap  s°+2LE w5+ (X)‘—“ o gl
@, a V & An
Aa Y —Ko, I+ ' ny
W. = 1 . v / O v/ Q.
a _TZSZ +2§na)ns+1’ Wfﬂ :_Ka)z (S+Y )_KnyY :_Ka)z (S+Y* ),
AN A K,, [M?|(s+Y.%)
K WOLa = 202
A= (5°+ 285, @y s+ o )(T,5°+ 2T, §a+1) 137



Wi 0, =K M 5K, =t
Z T TMY
K,
&= K : - defines amplitude margin
Q @, Max
\
0 Y.” - T, - characterizes phase margin
(decrease of Y.“-T, - increase of
4 — phase margin)
—o _ 0.2
£<0.15; VoS
Let’s define the desired values
A K e D000 OO0
a w'V!z _ Q2 . N 2 NPV A
AX. = 2eft (5) Aeff (s)=s"+2( o, —0.5K M/ )S+ﬁ)hﬁd\ﬁﬁﬁﬂ
@yé, +0.50,

2 2 va _
Wetp = W +a)cY*a éc eff — > —
«/a)k + @, - Y
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*

Y =Y+ Ang

o, and & desired values of @, and &

=2

o, = D
Then Y."
2
(024 +050,)° &) -
Y.” =
a)C
A =250 - &) Vg <22
> | " , areq
Y_*(r):aq — 2 r_a)k 0 1 "/ O
oM A" = — (Yareg
o e
Rational values
K,, =min{K?; 0.25K,, 1 }
K, =2°K,,

After it is necessary to define

K, (q); K =A
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After regulation

O =@k ~MING (S K, K )

Aoy = AmE + AT o KoMV ey e
Y7 : b, mg

m;qS g 1 _pSh,.

AO-n mg (Kny + Ka)z _)1 U om

Amer _ Komg pSHVOV._ v me o gy
i pa/ 2mgV 2 mg !

Thus the feedback lead to increase of the stability.
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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

]
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@

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.
\

=
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Influence of the regulator on the static handling qualities

a 2 Ny
Any:nny’KC X" — aa)keff _9 (K —+K )
X ok MK, Ko
influence of automatlzatlon
Ny _i N 3
X _KC[KC +(K,, o+K, )]=¢
F(q.H)
n, _ Mg o, v F(q,H)
Sm? c

C

FCS with integral law and @,,n, feedbacks (integral regulators)
9=KX, +K,o. +K, n, +K j (An, + K, AXdt)
An, =n, -1 AX =X, = Xpa
desired - balance curve
The specific peculiarities of such regulator

1. Provision of the constant X ™ Opal

»

2. Suppression of the “balance trim curve”

peculiarity /\/
Y4

V<
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For the steady flight:

@ = CONst;

@, =const;  An, = const;

X, =const;

AX = const;

For the steady flight integral has to be equal zero

An, + K, AX =0 )‘!’he scheme:
! Sensor " K, Actuator —>
xny _AXE 1
Y Isteady X — AX K K
Xdes XS
S
a)Z
Damper K.,
n
Accel ', Kny + K,
for the ideal sensor’s dynamics A
K, + KW} 10 | I .
I _____________ -
®a I _sz ’ , o, :
| Ao I
I
I
Lk, + T ne | 147
I vy g ;




Aa M?

because of =— ’
Ap  §* +2Ewm,5 + ol
w, _ V & — K K
=S+Y 2 a Ny _a [—
A ST+ (Y i ny)s+K ny ) .
Wfb:_Ka) @, @, :—Kw S +2hls+(()l
pA S ; S
Incasewhen W,=—_
T,s°+2&5T,s+1
. K., ‘MZ‘/’ (s* +2hs + @)
(8% + 28,5+ @l )(TST + 25,,5+1)
-20
Wl 1
@, =K, M7
-20 JA;(O - 1
, ==
| lTa |
K 1

Requirements to amplitude and phase margins R Y

- Amplitude margin ¢ =——=<0.4
<015 148

- Phase margin max(@y, @) <<=



1 : _h
Let’s select &°=0.4; @ = (0-1+0.15)T—; £ =0.8; &= 20,

a

02
sz - Kny - (2h1 _Y_a)ia I‘<(?)z K.[O = a)la ng

y y

Procedure for selection of coefficients kK, and K,

In that case K =¢&°

Let’s define the closed-loop system
The scheme of initial open-loop system is the following

AX K K K M/ Aa An,
] NN XN —_ W > “ >
15 6+ K. ) S? +2&, 0,8 + y
K
%(82+2hls+a)f)
Transform it to the following
AX 2 W, A An
S Kxa)ca)l (S+ﬂ'0) > ; z > na i )
here o, =K, [M?|==%; . , 2
d T’ —?‘:(S +2hs+ary)
K
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In case actuator with the ideal dynamics:

1
K, @, “(S+4y) 5
2 2 2 2
AX S(S* +2&,0,5 + W5 ) + @, (5° + 2h S+ @)
From here An,|  _An,j
AX steary AX =0 "

t—oo

ny

We can select i :‘L
b

desired

4 1S the reason of the oscillation of the close-loop system. Its selection can be
carried out by the following way:

The denominator of the (*) =

— 5’4 (2,0, + @,)s” + (2ha, + a)szp)s +a,0f =(s°+2h,s+af)(s+A,)
0

W\ = ), hA%hl, = Xlza)c:-él;_n

K 0 KO KO
Select =4 = (Cj= L _ éTn

a, E

This requirement will suppress the effect of A, 150
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FCS with the feedbacks N, and @, for statically unstable aircraft

For statically unstable aircraft

o’ :_q?ba o, <0
Xny: _ S (g
K K
- Duﬂﬁﬁm DDDDDDDDH

The necessary sign = ( -) is provided by (*)

In that case the open-loop system WA =

[
o

A=s? + 28w, S+’ o =(s+A4)(s—4)

K., |[M?|(s+Y)

(s+A)(s—A)(T,s" +2£,T,s+1)
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The provision of necessary phase margin

K
0.15 o 015 g
T, K., T.ny

2.5K,,

@, Max

<K, <0.4K;

®, Max
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THANK YOU FOR ATTENTION!

153



